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‘’Nano’’ is one of the most used world in the research community today. Nanomaterials 

by definition are materials having at least one dimension lower than 100 nm. One of the first 

scientific reports on nanostructured materials is the colloidal gold particles synthesized by 

Michael Faraday in 1857. By the early 1940’s, precipitated and fumed silica nanoparticles were 

being manufactured and sold in USA and Germany as substitutes for ultrafine carbon black for 

rubber reinforcements.  

Nanostructure science and technology is a broad and interdisciplinary area of research 

and development that has been growing explosively worldwide in the past few years. It is already 

having a significant commercial impact, which will assuredly increase in the near future. 

Nanostructure materials are of interest due to their unique optical, magnetic, electrical, and other 

emerging properties. These properties allow great impacts in electronics, medicine, energy 

harvesting, sensors and other fields. Engineered nanomaterials are resources designed at the 

molecular (nanometer) level to take advantage of their small size and novel properties which are 

generally not seen in their conventional, bulk counterparts. 

The two main reasons why materials at the nanoscale can have different properties are : (i) 

increased relative surface area and (ii) new quantum effects. Nanomaterials have a much greater 

surface area to volume ratio than their conventional forms, which can lead to greater chemical 

reactivity and affect their strength. Also at the nanoscale, quantum effects can become much 

more important in determining the materials properties and characteristics, leading to novel 

optical, electrical and magnetic behaviors. According to Siegel, nanostructured materials can be 

classified as: 

· Zero dimensional (spheres and clusters) 

· One dimensional (nanofibers, wires, rods, etc.) 

· Two dimensional (films, plates, and networks) 

· Three dimensional nanostructures (nanophase materials consisting of equiaxed 

nanometer sized grains).  

 

Among nanomaterials, nanostructured semiconductors are known to show various non-

linear optical properties. Semiconductor Q-particles also show quantum confinement effects 

which may lead to special properties that can be promising in solar cells, UV sensing and others 

applications. Nanostructured metal-oxide thin films for instance are receiving a growing 
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attention for the realization of gas sensors (NOx, CO, CO2, CH4 and aromatic hydrocarbons) with 

enhanced sensitivity and selectivity. 

Nanomaterials designing can be basically described by two approaches: 

· The top down approach refers to slicing or successive cutting of a bulk material to get 

nanosized particle. 

· The bottom up approach refers to the approach to build a material up from the bottom: 

atom-by-atom, molecular-by molecular or cluster-by-cluster. 

Using these 2 approaches, many different methods have been used to design 

nanostructures such as wet chemical synthesis of nanomaterials, mechanical grinding, heating 

and gas phase synthesis of nanomaterials (CVD, PVD, ALD, laser ablation and others). The gas-

phase synthesis methods are of increasing interest because they allow controlling process 

parameters in order to be able to design the size, the shape and the chemical composition of the 

obtained nanostructures. Among the gas phase synthesis methods, the Atomic layer deposition 

(ALD) shows several advantages in the synthesis of nanostructured materials such as: 

· A wide range of deposition materials: oxide, nitride, carbide and others 

· A conformal coating ability on high aspect ratio templates 

· A thickness control on the angstrom range 

· A high chemical purity of the deposited films 

· A high chemical composition control of the deposited layer 

In this context, the aim of this PhD work is the synthesis of different nanostructured 

materials based on ALD oxide thin film (Al2O3, ZnO and Al2O3/ZnO nanolaminates) deposited 

on different types of substrates such as silicon substrate, glass, nanofibers, multipores and 

monopores membranes, PET and gold coated nickel dogbones. ALD deposition was performed 

on those substrates with changing the film thickness (number of cycles), the deposition 

temperature, and the film composition (doping, multilayers etc.). After the ALD deposition 

chemical, structural, optical, electrical and mechanical characterization were performed on the 

ALD deposited layer in order to study the influence of the deposition parameters on the thin film 

properties. 
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 The deposited and characterized ALD films were investigated on different fields: 

· Optical properties for solar cell applications (Chapter 2)  

· UV detection (Chapter 3) 

· Protective coating and gas barrier (chapter 4) 

· Ionic transport, water desalination, Mass spectrometry, DNA sequencing and Gas 

purification (chapter 5) 

The atomic layer deposition technique combined with nanostructured templates show 

several advantages on several application fields that will be reported on this thesis. The structural 

and properties evolution of the ALD thin film with the deposition parameter evolution leaded to 

a doped ZnO layer and Al2O3/ZnO multilayer with tunable optical, electrical and mechanical 

properties that can be interesting for different applications such as solar cell and UV detection.  

The conformal coating on high aspect ratio template with the angstrom range thickness control 

offered by the atomic layer deposition technique meted our target on nanopores diameter tuning 

for different applications on the nanometeric range such as gas purification. Moreover the 

compatibility of the deposited materials with some biological function leaded to a combination 

between nanostructure materials and biological function that shows promising results for 

different applications such as ionic transport, water desalination, mass spectrometry and DNA 

sequencing.
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1. Introduction 

Device miniaturization, enhancement of device efficiency and low cost fabrication present 

the largest interest of the innovation research. Nanotechnologies are the new technology brand 

that deal with small size structures materials (sub-nanometer to several hundred nanometers). 

The concept of nanotechnology is attributed to the Nobel Prize winner in 1959 Richard 

Feynman. However the first scientific report on a nanomaterial elaboration is the colloidal 

gold particles synthesized by Michael Faraday as early as 1857 [1]. The development of 

nanotechnologies has been enabled by the invention of too techniques: the Scanning 

Tunneling Microscopy and the Atomic Force Microscopy in 1986 [2]. Recent developments 

in the field of nanomaterials have resulted in exciting of new possibilities in numerous 

applications, such as energy application, pollution, electronic device and others. 0D, 1D and 

2D nanomaterials presents particular properties versus the bulk materials due their unique 

structure in term of chemical composition and geometry. Optical, electrical and mechanical 

properties of those nanomaterials can be tuned at the nanometric scale. Nanostructure 

materials include nanoparticles, nanorods, nanowires and thin film have been widely 

investigated on the last 10 years due to their large application field. Many technologies have 

been used to fabricate nanostructures and nanomaterials based on two approaches: 

· The top down approach refers to slicing or successive cutting of a bulk material to 

get nano sized particle. 

· The bottom up approach refers to the approach to build a material up from the 

bottom: atom-by-atom, molecular-by molecular or cluster-by-cluster. 

Among the different techniques used to fabricate nanostructures we can note [3]: 

· Vapor phase growth: including laser reaction pyrolysis for nanoparticle synthesis, 

chemical vapor deposition of thin films, atomic layer deposition and so on. 

· Liquid phase growth: including colloidal processing for the formation of nanoparticles 

and self-assembly of nanolayers, and the sol–gel method for the preparation of 

metallic nanoparticles 

· Solid phase formation: including phase segregation to make metallic particles in glass 

matrix and two photon induced polymerization for the fabrication of three dimensional 

photonic crystals 

· Hybrid growth: including vapor-liquid-solid (VLS) growth of nanowires 
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Among different kinds of nanomaterials, thin layers are a nanomaterial category widely 

used and investigated for different applications in electronic field, optical field, energy, 

environment and others. Different thin layer materials are largely used today due to their 

needs for the nanotechnologies evolution. In this chapter we will introduce different thin film 

deposition techniques and then we will focus on the Atomic Layer deposition which is the 

deposition technique investigated during this PhD thesis. 

 

1. 2. Thin film preparation methods 

Thin film deposition methods were largely investigated and used for laboratories study 

and industrial applications. Thin film depositions methods can be divided into two sections: a 

liquid phase deposition process and a gas phase deposition process. 

2.1. Liquid phase deposition 

2.1.1. Spin-coating 

Spin coating is a deposition method used to deposit uniform thin films on flat 

substrates. A droplet of the coating liquid is applied on the center of the substrate. The 

substrate is then rotated at high speed in order to spread the coating material by centrifugal 

force. Alternatively the liquid solution may be applied while the substrate is spinning. The 

thickness, morphology and surface topography of the final film obtained from a particular 

material in a given solvent at a given concentration is highly reproducible. Rotational speed, 

spinning time, viscosity, volatility, diffusivity, molecular weight and concentration of the 

solutes are 7 parameters to investigate during the spin-coating deposition process[4]. 

 

2.1.2. Dip-coating 

The dip coating process is a deposition technique based on the immersion of a 

substrate in the coating solution fixed it for a while inside the solution then pulls it up with a 

constant speed. The thin layer deposits itself on the substrate while it is pulled up. This setup 

can be repeated several times to increase the layer thickness. The immersion speed, resident 

time, solution viscosity, and solvent volatility are parameters to investigate during the dip-

coating deposition process. The surface activity and morphology of the substrate influent the 

deposition process [5]. 



  Chapter1. Bibliography 

12 
 

2.1.3. Electrodeposition 

Electrodeposition process is a deposition technique based on an electrical field applied 

between a cathode and an anode immerged into a solution that contains a salt which 

incorporate in his molecule the desired element to be deposited. Only conductive element can 

be deposited using this technique. Metals, metal alloys and semiconductors materials can be 

deposited using the electrodeposition technique. The electrodeposition technique has been 

widely used for surface recovery to enhance electrical, mechanical and optical properties for 

different applications. Due to its unsophisticated setup, large production scale, highly 

reproducibility, and total surface recovery, this technique is largely used for industrial 

application [5]. 

 

2.1.4. Electroless deposition 

Electroless plating is a non-galvanic plating method that involves several simultaneous 

reactions in an aqueous solution, which occur without the use of external electrical power. 

The most common electroless plating method is the electroless nickel plating, although silver, 

gold and copper [6]. 

 

Liquid phase deposition techniques are of such importance due to their large scale 

production ability with low fabrication coast and time. Those techniques are widely used for 

different industrial applications. Despite their advantages liquid phases techniques present 

several disadvantages in term of conformal coating and thickness control in the nanometric 

range. 

 

2.2. Physical vapor deposition 

2.2.1. Evaporation 

Evaporation under Vacuum is based on two basic processes: the evaporation of the 

source and the condensation of the evaporated material on the substrate. The deposition 

process is carried out at low pressure (10-3-10-10 Torr). Heating the source is performed by 



  Chapter1. Bibliography 

13 
 

passing an electric current or by an electron gun. This deposition technique offer a non-

conformal coating due to the one directional deposition process [3]. 

 

2.2.2. Laser ablation 

Laser assisted deposition or laser ablation involves the vaporization of the material 

under the laser impact. The evaporated species are ejected perpendicular to the surface of the 

target and then deposited on the substrate. During deposition, the atmosphere is controlled by 

a dynamic pressure of gases (O2, O3, Ar, N2 ...). Laser ablation shows a large ability in the 

deposition of complex thin film. The control of the vapor phase composition is one of the 

laser ablation advantage however the complex system design is a disadvantage [3]. 

 

2.2.3. Sputtering 

Sputtering involves bombarding a target consisting of the desired material with ions of 

inert gas (generally Ar+). Particles are detached from the target and form a vapor that is 

deposited on the substrate placed in the opposite side. The polarities of the target (cathode) 

and the wall (anode) are selected to accelerate ions from the anode to the target to create the 

vapor phase [3]. 

There are two kinds of sputtering techniques: 

· DC sputtering: A DC voltage is applied between the target and the walls of the 

deposition chamber. It can then sputter conductive materials even weakly conductors, 

as well as metal alloys. However a dielectric material sputtering is not possible since 

the charges provided by the ions cannot flow through the insulating material of the 

target, which results in the creation of defects layer. 

· RF sputtering: This method uses an electric field of very high frequency allows the 

flow of charges on the surface of insulating material so we can deposit all types of 

dielectric materials (oxide and nitride). We can sputter directly a dielectric target or a 

metallic one under reactive gas like oxygen or nitrogen. 

The necessity of ultrahigh vacuum is the main disadvantage of the sputtering technique. 

However this method has different advantages; For instance, the deposition can be achieved at 

low temperature and the obtained material is not contaminated. Due to her directional 

deposition process, the sputtering technique cannot be used on high aspect ratio substrate. 
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2.3. Chemical vapor deposition (CVD) 

Chemical Vapor Deposition (CVD) technique consists of growing a solid phase 

material from a gas phase material. The precursors are introduced simultaneously into the 

reactor; they react together on gas phase to give the final film. The secondary products of this 

reaction must be on the gas phases to be removed from the reactor. The CVD technique can 

be coupled with a plasma system as activation energy instead of thermal activation and it is 

called PECVD [3]. The CVD technique presents several advantages and disadvantages. 

Advantages of CVD 

· Complex Materials formulation can be deposited. 

· The films exhibit good compliance against the PVD. 

· Deposits can be selective in some cases (deposit on certain materials and not others). 

Disadvantages of CVD 

· The material obtained is sometimes contaminated by elements contains in the 

precursors (often carbon). 

· The precursors react in the gas phase which can lead to the formation of parasitic 

deposits in the gas phase (homogeneous nucleation) and contamination by particles on 

the substrate. 

Liquid phase deposition, physical vapor deposition and chemical vapor deposition are 

different thin film deposition techniques widely used for laboratory and industrial applications 

that present different advantages such us conformal coating thin film deposition ability in the 

micrometeric range, low deposition temperature, and a non-contaminated film. Despite those 

advantages, the miniaturization process needs a super-deposition technique with nm and 

angstrom resolution having a 3D deposition ability with high chemical properties for different 

material types such us conductive materials, semiconductors and insulators which is difficult 

with the methods described above. 
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3. Atomic Layer Deposition (ALD) 

Atomic Layer deposition (ALD) is a vapor deposition method of ultrathin layers. It 

was known for his debut under the name of ALE (Atomic Layer Epitaxy) [7]. Some sources 

give the origins of ALD to Professor Aleskovskii and his team in 1960 that realized the 

deposition of TiO2 from TiCl4 and H2O, as well as deposits of GeO2 from GeCl4 and H2O[8]. 

Atomic layer deposition is a deposition technique derivate from the CVD (Chemical Vapor 

Deposition) technique. It based on 2 self-limiting reactions absolutely separated in gas phases 

[9]. When 2 precursors A and B react on gas phases during the CVD deposition to produce a 

thin film on the surface of the substrate, the same precursors react separately in ALD with the 

substrate surface to produce a uniform coating. ALD deposition principle is based on the 

splitting of the deposition reaction in 2 separated self-limiting reactions (Figure 1) due to the 

deposition mechanism described in Figure 1. No other thin film technique can approach the 

conformity achieved by the ALD on high aspect ratio structures. 

 

Figure1.  Schematic representation of both CVD and ALD Process 
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Table1. Difference between ALD and CVD 

CVD ALD 

Reactants with low reactivity are preferred The high reactivity of the reactants is preferred 

The reactants react together on the surface and 

also on the gas phase 

The reactants react separately with surface: 

surface limited reaction 

The precursors can decompose at the deposition 

temperature 

Precursors should not decompose at the 

temperature of deposition. 

An uniform reactants flow are needed to obtain 

an uniform deposition 

The deposition uniformity is ensured by a 

saturation mechanism 

The thickness is controlled by the process time. The thickness is controlled by the number of 

cycles. 

 

3.1. ALD setup 

As we described before the ALD is a deposition technique based on 2 self-limiting 

reactions absolutely separated in gas phases [9]. To be able to perform those two self-limiting 

reactions,4 steps were required [10]: 

Step 1: Pulse precursor 1 (introducing the first precursor to the deposition chamber to 

react with the substrate surface and form a chemisorbed and physicsorbed layer) 

Step 2: Purge to eliminate both of the physicsorbed layer and the by-products of the 

reaction. 

Step 3: Pulse precursor 2 (introducing the second precursor to react with the 

chemisorbed layer resulting by the reaction of the first precursor with the substrate. As for the 

step 1 the chemisorbed and physicsorbed layers were formed). 

Step 4: Purge to eliminate both of the physicsorbed layer and the by-products of the 

reaction. 

The Self-limiting reaction on the surface of the substrate make from the ALD a special 

technique for the deposition on high aspect ratio [9]. ALD films remain extremely smooth and 

conformal to the original substrate because the reaction are driven to completion during every 

reaction cycle [9]. Due to the necessity to decompose the reaction in 2 separate reactions to be 

able to limit the deposition on the surface of the substrate, 2 purge steps were needed after the 

exposition of the substrate to both precursors. This mechanism makes from ALD cycle a long 
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cycle with a deposition in the angstrom range, that’s means a slow deposition rate. This 

disadvantage of ALD is an advantage for some applications that needs a high degree of 

thickness control in the angstroms range. 

3.2. ALD of Al2O3 as typical ALD model 

Atomic Layer Deposition of aluminum oxide (Al2O3) using Trimethylaluminum (TMA) 

and water as precursor has been developed as a model for the ALD system [9]. The surface 

reaction during the ALD deposition mechanism can be described by those too surface 

reactions: 

(A) AlOH*+ Al(CH3)3  AlOAl(CH3)*2 + CH4 

(B) AlCH3* + H2O           AlOH* + CH4 

Where the asterisks denote the surface species. 

The overall reaction is: 

2Al(CH3)3+ 3H2O                      Al2O3 + 3CH4            ∆H=-376Kcal  

This reaction has one of the highest ALD reaction enthalpies. The growth per cycle for 

one AB reaction is about 1.1-1.2 A°[11, 12]. This value has been obtained using various 

techniques such as ellipsometry and SEM. 

 

3.3 ALD deposited materials 

Different materials have been deposited using the ALD technique such as oxide, 

nitride, carbide, chloride and others. Table 2 adapted from the review published by M. Ritala 

and J. Niinisto, in Chemical Vapor Deposition (Royal Society of Chemistry, 2009) [13] 

presents the different materials deposited by ALD. 
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Table2. Different types of materials deposited by ALD adapted from the review published by M. 

Ritala and J. Niinisto[13] 

 

 

Oxide dielectrics 

 

Al2O3, TiO2, ZrO2, HfO2, Ta2O5, Nb2O5, Sc2O3, Y2O3, MgO, B2O3, SiO2,GeO2, 

La2O3, CeO2, PrOx, Nd2O3, Sm2O3, EuOx, Gd2O3, Dy2O3, Ho2O3,Er2O3, 

Tm2O3, Yb2O3, Lu2O3, SrTiO3, BaTiO3, PbTiO3, PbZrO3, BixTiyO, BixSiyO, 

SrTa2O6, SrBi2Ta2O9, YScO3, LaAlO3, NdAlO3, GdScO3, LaScO3, LaLuO3, 

LaYbO3, Er3Ga5O13 

Oxide 

conductors or 

semiconductors 

In2O3, In2O3:Sn, In2O3:F, In2O3:Zr, SnO2, SnO2:Sb, Sb2O3, ZnO, ZnO:Al, 

ZnO:B, ZnO:Ga, RuO2, RhO2, IrO2, Ga2O3, VO2, V2O5, WO3, W2O3, NiO, 

CuOx, FeOx, CrOx, CoOx, MnOx 

Other ternary 

oxides 

LaCoO3, LaNiO3, LaMnO3, La1-xCaxMnO3 

Nitride 

dielectrics or 

semiconductors 

BN, AlN, GaN, InN, Si3N4, Ta3N5, Cu3N, Zr3N4, Hf3N4, LaN, LuN 

Metallic nitrides TiN, Ti-Si-N, Ti-Al-N, TaN, NbN, MoN, WNx, WNxCy, CoxN, SnxN 

II-VI 

semiconductors 

ZnS, ZnSe, ZnTe, CaS, SrS, BaS, CdS, CdTe, MnTe, HgTe 

II-VI based 

phosphors 

ZnS:M (M=Mn,Tb,Tm); CaS:M (M=Eu, Ce, Tb, Pb); SrS:M(M=Ce,Tb, Pb) 

III-V 

semiconductors 

GaAs, AlAs, AlP, InP, GaP, InAs 

Fluorides CaF2, SrF2, MgF2, LaF3, ZnF2 

Elements Ru, Pt, Ir, Pd, Rh, Ag, Cu, Ni, Co, Fe, Mn, Ta, W, Mo, Ti, Al, Si, Ge 

Other 

semiconductors 

PbS, SnS, In2S3, Sb2S3, CuxS, CuGaS2, WS2, SiC, Ge2Sb2Te5 

Others La2S3, Y2O2S, TiCx, TiS2, TaCx, WCx, Ca3(PO4)2, CaCO3 
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3.4. ALD Growth characteristics 

The saturation of the surface is determined by the exposure to the reactant (the flow 

and the time of exposure). These factors may affect the increase of the thickness for one ALD 

cycle. Under saturated conditions, all the chemical reactive groups at the surface are occupied 

which creates new species on the surface. Reactive sites change at each half-reaction to allow 

the growth of the film. The adsorbed material must not be desorbed during the purge phase. 

Adsorption can be done through two mechanisms [14]: 

· The physical adsorption is the low energy interaction between the substrate and the 

molecule ∆Hads= 20-80 KJ/mol. However this reaction is reversible and it is not 

considered in the ALD growth. It is eliminated during the purge process between 

cycles. 

· The chemical adsorption is the new chemical bonds formed between the molecule and 

the surface with high energy ∆Hads = 300-400 Kj/mol. It is the non-reversible 

reactions that contribute to the ALD growth .The "chemisorption" is a single layer on 

each cycle. 

The chemisorption process can be achieved through three mechanisms: 

· By ligand exchange: When the precursor molecules arrive on the surface, they react 

with the functional groups (active sites). The molecule of the reagent interchanges one 

or more ligands with those active sites (Figure 2a). 

· By Dissociation: The molecule is associated with the active sites on the surface 

(Figure 2b). 

· By association: The reactant molecule forms bonds with the reactive site on the 

surface without decomposition (Figure 2c). 
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Figure2. Chemisorption process mechanisms: a) by ligand exchange, b) by dissociation, 

and c) by association. 

 

3.5. ALD precursors 

Due to the necessity of a surface limited reaction to assure a good ALD process the 

ALD precursors must have[15]: 

• Sufficient volatility at the deposition temperature. 

• No self-decomposition allowed at the deposition temperature. 

• Precursors must react with the surface sites. 

• Sufficient reactivity towards the other precursors, e.g. H2O. 

• No etching of the substrate or the growing film. 

• Availability at a reasonable price. 

• Safe handling and preferably non-toxicity. 
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ALD precursors can be divided into two main sections: ALD precursors for metals and ALD 

precursors for non-metal 

· Non-metals ALD precursors can be divided to different sections: oxygen based 

precursors, Nitrogen based precursors, carbon based precursors and fluorine based 

precursors. We have also Sulfur, Selenium, Tellurium, Phosphorus, Arsenic and 

Antimony based precursors. Table3 reports the different ALD precursor’s types.[16] 

 

Table3. Non-metals ALD precursors adapted from ALD Precursors and Reaction Mechanisms 

book [16]. 

Oxygen based precursors H2O, H2O2, CH3OH, C2H5OH, O3, O2 plasma 

Nitrogen based precursors NH3, NH4, N2, NO 

Carbon based precursors Acetylene gas, Formic acid vapor 

Fluorine based precursors HF, WF6 

Sulfur Sn, H2S 

Selenium H2Se, (Et3Si)2Se 

Tellurium (Et3Si)2Te 

Phosphorus PH3 

Arsenic AsH3 

Antimony SbCl3, tris(dimethylamido)antimony 

 

· Metals ALD precursors can be divided to different categories (Table4) [16]: 
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Table4. Metals ALD precursors adapted from ALD Precursors and Reaction Mechanisms book 

[16]. 

 

Halides 

 

 

Alkoxides 

 

  

b-diketonte-complexes 

 

  

Alkylimides 

 

 

Alkilamides 

 

 

Amidinates 

 

 

Alkyls 

 

 

Cyclopentadienyls 
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3.6. Parametric study of ALD deposition 

Different parameters should be studied before starting an ALD deposition. One of 

those most important parameters is the ALD windows.The precursor pulse time, exposure 

time and purge time are also important parameters to investigate. 

 

3.6.1. Parametric study of ALD window 

The ALD deposition mechanism can be performed on a temperature range called ALD 

Windows (Figure 3). We call a ALD window, a temperature interval inside of it we assure a 

constant growth per cycle and we avoid other undesirable phenomena such as condensation, 

decomposition, incomplete reaction, desorption or loss of surface species [9]. 

 

Figure3. ALD Windows 

 

Actually low temperature privileges 2 undesirable phenomena: the first one is 

precursors or by-products condensation because of a thermal energy lack to desorb the 

reactants, than we are in a CVD process. In the same case, low temperature could lead to an 

incomplete reaction and then only a fraction of monolayer will be formed in an ALD cycle. 

Same that for the low temperature, high temperature can privilege 2 other undesirable 

phenomena: the first one is the decomposition of the precursors that is not desirable in an 
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ALD process and the second one is the desorption of chemisorbed layer due to the crack on 

the chemical bonds under the high temperature effect. 

We must note here that the ALD Window is not valid for all ALD systems because in 

some case, we have precursors decomposition on the minimum temperature required for the 

surface reaction. TiN using tetradimethylaminotitanium (TDMAT) and NH3 can be one of 

those systems. 

 

3.6.2. Parametric study of ALD deposition setup 

To assure a 100% ALD growth film with no CVD, we should optimize a number of 

parameters: 

· Pulse time: the pulse time should be optimized in order to assure the saturation of the 

surface with both precursors: that’s means optimizes the pulse of precursors to assure 

a perfect saturation of the surface with no precursors waste. 

· Exposure time: the exposure time should be controlled to assure an adequate exposure 

time to both precursors and allow the maximum of reaction with the surface. 

· Purge time: it is necessary to assure that no by-product or no physicsorbed phases stay 

in the reactor chamber or on the substrate surface. 

 

3.7. The growth per cycle 

During the ALD process the chemical composition of the surface changes due to the 

deposition of new materials. The first cycles occur on the original substrate, the following 

cycles will occur on two materials: the substrate and the ALD film, and after several cycles, 

deposition occurs only on the deposited material. Since the surface chemistry changes, the 

growth rate per cycle may evolve during deposition. 

The evolution of the ALD growth based on number of cycles can be classified into four 

groups [9] as shown in Figure 4. In all cases, it is recognized that growth reaches a steady 

state where the growth rate is constant as a function of the number of cycles. 

· Linear growth [17, 18]: The growth rate is constant from the first cycles. This regime 

may appear if the number of active sites remains unchanged throughout the deposition. 
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· Growth activated by the substrate [19, 20]: In this mode there is one transition state 

where the growth rate is higher in the first cycles and then it decreases after to reach a 

steady state. We can meet such mode if the number of active sites on the substrate is 

higher than the number of active sites on the deposited material. 

· Growth inhibited by the substrate [21, 22]: In this mode, the growth rate is lower at the 

beginning of the growth, it means that the number of active sites is greater on the 

material deposited than the initial substrate. 

Based on this classification, tow behavior are observed: In type II [23], the growth rate 

passes through a maximum before returning to the steady state. In type I [24] we do not have 

this maximum. It has been reported in the literature that the growth inhibited by the substrate 

(type II) is due to a preliminary islets growth [25]. 

 

 

Figure4. Evolution of the growth rate depending on the number of cycles [9] a) Linear 

growth b) Growth activated by the substrate, c) Growth inhibited by the substrate (type 

I), and d) Growth inhibited by the substrate (type II) 

 

 

 



  Chapter1. Bibliography 

26 
 

3.8. ALD reactor 

In 1977 and 1983,T.Suntolain describes in his patents many ALD reactor designs [26] 

then he discussed different new versions of ALD reactors in his reviews[10, 27]. 

Those reactors can be divided to 2 categories: 

· Viscous flow reactors 

· Vacuum reactors  

In the viscous flow reactors type, the reactants are exposed with a carrier gas flow, than a 

carrier gas has been used in the purge step. The optimum pressure for viscous flow reactors 

(with nitrogen as carrier gas) is around 1 Torr because this pressures value corresponds to a 

mean free path of N2 about 50mm. This small mean free path of N2 indicates that N2 gas is in a 

viscous flow at 1 Torr. The advantage of this type of reactors is their much shorter ALD 

cycles comparing with the second reactors types (without carrier gas). 

In the second type, the reactant is exposed without using a carrier gas and sometimes 

with throttled pumping. In the next step the reactant is evacuated by completely opening the 

pump. The absence of the carrier gas leads to slow ALD cycles comparing with the first type. 

Different types of reactors based on those 2 categories have been designed for 

industrial application. Figure 5 adapted from reference [28] shows those different reactors 

types. Bath reactors are industrial type reactors; they can coat multiple simples in the same 

time (Figure 5-b). This type of reactors can improve the cost and the time. In-line spatial ALD 

reactor as designed by SoLayTec[28] (Figure 5c), in-line spatial ALD reactor as designed by 

Levitech (figure 5d), roll-to-roll ALD reactor as designed by Lotus Applied Technology [142] 

(Figure5e), and roll-to-roll ALD reactor as designed by Beneq[29] (Figure 5f), are other 

industrial types of ALD reactors. 



  Chapter1. Bibliography 

27 
 

 

Figure 5. Schematic representations of various ALD reactor designs: (a) showerhead 

type single wafer ALD reactor; (b) batch ALD reactor [30]; (c) in-line spatial ALD 

reactor as designed by SoLayTec[31]; (d) in-line spatial ALD reactor as designed by 

Levitech [134];(e) roll-to-roll ALD reactor as designed by Lotus Applied Technology 

[142]; (f) roll-to-roll ALD reactor as designed by Beneq[29]: Adapted from reference 

[28]. 
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After that we introduce the growth mechanism used in the ALD technique and the 

different deposition parameters to be optimised before to start the ALD deposition and the 

different types of ALD reactors, we will illustrate now a bibliographical study on the different 

applications of ALD. 

 

4. ALD nanostructuring and applications 

Thin film coating for high aspect ratio substrate for electronic industry has been one of 

the main motivations for the recent development of ALD. High permittivity gate oxide 

AL2O3, ZrO2 and HfO2 have been developed by ALD for MOSFET applications. Three 

dimensional DRAM capacitor development with a new dielectrics gate with high conformal 

coating to be an alternative to SiO2 with a permittivity value above 200 pushes the researcher 

for the elaboration of a new ternary and quaternary compounds using the ALD technique like 

SrTiO3[32] BaTiO3[33]. Low electron leakage dielectrics for magnetic read and write heads 

has almost developed by ALD[34]. ALD deposition was used also for copper diffusion 

barriers in backend interconnects[35]. A large number of metal oxides are used in ALD for 

different applications such as sensor [36, 37], solar cells[38, 39], fuel cells [40-

44]photocatalytic[45-50], gas diffusion barriers [51-59], encapsulate organic light emitting 

diodes [60, 61], organic solar cells [62, 63], a dielectric gate for polymer-based transistors 

[64], to the Enhancement of the photoprotection and nanomechanical properties of 

polycarbonate[65]. Due to the ability to achieved low temperature deposition using the ALD 

technique, ALD has been used on polymers substrate to functionalize the polymer surface, to 

create inorganic/organic polymer composites [9] and to deposit gas diffusion barriers on 

polymers [9]. Low temperature ALD was also used on biological templates [66] such as 

tobacco mosaic virus (TMV) and ferritin [67]. 

Transition metal nitrides like TiN and TaN was also deposited by ALD [68, 69] and 

used as metallization barriers to avoid Cu diffusion into the surrounding insulators and the 

silicon substrate and to prevent Cu contamination due to the reverse diffusion from the 

insulators to Cu, both are also used as metal gates for MOSFET applications. TiN has been 

deposited from TiCl4 and NH3 at 400°C. However the HCl by-product of this reaction is a 

disadvantage [68]. Metal films by ALD are a big challenge due to the unsuccessful trials to 

use CVD precursors on the ALD Metal system. Despite that many metals have been deposited 
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by the ALD technique like amorphous tungsten from WF6 and Si2H6, Ru and Pt from 

organometallic precursors and Oxygen [70, 71]. 

 

4.1. ALD on high aspect ratio structures 

As a typical prove on the ability of the ALD to do homogeneous film on high aspect 

ratio materials, anodic aluminum oxide with an aspect ratio of 1000 approximately reduced by 

different types of oxide using the ALD technique can improve the capacity of the ALD on 

high aspect ratio substrates [72-87]. ALD was also used in polycarbonate porous membrane to 

tune the pores size [88]. ALD on particles was achieved as well. ALD has been used to 

modify the surface chemistry of particles, to deposit protective and insulating coating on 

particles to prevent particles oxidation [89], to improve electrical conductivity [90], and to 

modify the optical [91] and mechanical properties [92]. A fluidized bed maintaining particles 

under agitation to allow the gas precursor to reach all the particles surface and to avoid 

particles agglomeration during the deposition has been used [93]. 

4.2. Nanolaminates structures by Atomic layer deposition 

Nanolaminates materials are nanocomposites materials formed by alternating layers of 

different materials. Those nanolaminates often show physical, chemical and electrical 

properties which are not observed in the constituent layer materials alone. Due to her precise 

thickness and control ability, the ALD can be an important technique for such materials 

fabrications. Nanolaminates and alloys of different types of oxides with different ratio has 

been developed using the ALD technique. HfO2/Ta2O5 nanolaminates was been used as low 

leakage dielectric film [94], Al2O3/Ta2O5 and HfxAlyOz for dram capacitors application [95]. 

Al2O3/TiO2 with layer thicknesses smaller than the wavelength of light have been used to tune 

the optical refractive index of the nanolaminate films from 2.4 (TiO2) to 1.6 (Al2O3) [96]. 

Aluminium oxide/titanium oxide deposited on silicon wafer by ALD than characterized by 

TEM cross-section assure the ability of parallel nanolaminate deposition using the ALD 

technique [97]. ZnO/Al2O3 nanolaminates synthetized by ALD [98, 99] show a smooth 

surface compared to the monolayer of ZnO and this roughness decreases when the bilayers 

thicknesses decreases. This roughness change has been associated with a ZnO crystalline 

phases disappearing. Fundamental properties of ZnO can be tailored by doping. It is known 

that doping of ZnO with Al or/and Al2O3 modified its structural, electrical and optical 
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properties. Hafnium, Zirconium and Aluminium oxide nanolaminates has been prepared by 

ALD with different thicknesses and deposition temperature [100]. AFM measurement on 

hafnium oxide and zirconium oxide shows a decrease in the surface roughness when the 

deposition temperature decreases from 250°C to 150°C. To avoid this roughness increases 

when the deposition temperature rises, nanolaminates of crystalline/amorphous materials has 

been used to stop the nucleation process or the crystals growths of the crystalline phase when 

the thickness and the deposition temperature increases. (Al2O3/ZrO2/Al2O3) nanolaminates 

have been elaborated by ALD [101] then characterized using medium-energy ion scattering 

spectroscopy, and x-ray photoelectron spectroscopy. (Al2O3 /ZrO2 /Al2O3) shows a thermal 

stability under vacuum up to 1000°C plasma nitridation. After a Pt deposition and 

photolithography and etching metal–oxide-semiconductor MOS devices has been achieved 

and characterized by capacitance–voltage (C–V), and current density–voltage (J –V) 

measurements and shows excellent electrical properties. 

Compatibility problem between copper and TiN and WxN as diffusion barrier has been 

solved by a nanolaminate structure of WxN/TiN and WNxCy/TiN elaborated by ALD 

[102].Those nanolaminate structures show a strong adhesion and no pitting on the copper 

surface. W/Al2O3 nanolaminates have been deposited by ALD as temperature barrier [103]. 

This study shows a decrease on the thermal conductivity with increasing the interface density 

that can achieve 0.6 watts per meter per kelvin. Despite this advantage a thermal stability at 

high temperature has been noted. Nanolaminate of aluminum oxide/hafenium oxide 

elaborated by ALD than annealed at 700°C [104] show a greater dielectric constant against 

amorphous Al2O3 and monoclinic or tetragonal HfO2. 

5. ALD for energy applications 

The development of new materials for applications in energy field is currently an area 

of intensive research. Nanostructured materials appear highly promising in this field because 

of their new properties combined to the device miniaturization. On the nanostructured 

materials synthesis, the ALD technique meets the requirement of such fields in the 

reproducibility and the conformal coating. The thickness control of the ALD layers combined 

to the conformal coating opens a new fields of nanostructured synthesis using nanopatterning 

by area selective ALD [105-107], porous[49, 108-112] and nanostructured templates[81, 113-
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118], novel nanostructured materials can be elaborated by ALD. Those nanostructured 

materials have been used in different energy applications fields such as solar cells [62, 119-

123], catalysis [124-126], photocatalysis[80, 127-135] and gas and liquid purification [127, 

136-138]. 

5.1. ALD for solar cell applications 

Based on the photophotovoltaic effect, solar cell converts the energy of light directly 

into electricity. The conversion efficiency and the cost of a solar cell is the challenge of the 

day in the solar cell research field. Due to the conformal coating of the ALD and the large 

number of metal oxides deposited using this technique, ALD can be widely used in the 

fabrication of new photo-electrodes. ZnO nanotube photo-anodes have been synthetized using 

the ZnO ALD coating on AAO membranes for use in dye-sensitized solar cells 

(DSSCs)[139]. Compared to similar ZnO-based devices, ZnO nanotube cells show high 

photovoltage and fill factors (FF), in addition to power efficiencies up to 1.6%. Concentric 

nanotubes of conducting and semiconducting materials have been elaborated using ALD. 

AAO has been coated subsequently by indium oxide (ITO) and TiO2 and used as 

photoelectrodes[140]. Higher current density has been detected due to the radial collection of 

electrons. Low density templates with high surface area have been coated by ZnO ALD then 

incorporated into DSSCs displayed. Good light harvesting efficiency and excellent power 

efficiencies compared to other ZnO based DSSCs [141]. ZnO has been also deposited on 

CdSenanocrystal to improve electron transfer between quantum dots [142]. Nanocrystallite 

aggregates of ZnO have been coated by TiO2 ALD [143]. Higher power conversion efficiency 

(PCE) of 6.3% and an open circuit voltage of 709 mV has been obtained compared to 5.2% 

for the ZnO-based solar cell. TiO2 nanotube array have been coated by In2S3 ALD as a 

semiconductor sensitizer, a low quantum efficiency of 10% in Co2+/Co3+ electrolyte have 

been reported due to recombination losses and charge injection/collection processes. SnO 2 

doped Al2O3 with different ratio have been investigated using ALD in order to increase the 

electrical resistivity of SnO2 that can be used as a hole-blocking layers in solar cells[144]. 

Quantum dots of PbS ALD have been fabricated during the ALD nucleation stage[145]. The 

photoluminescence measurements on the quantum dot/nanowires composites show a blue 

shift when the number of ALD cycles is decreased, suggesting a route to fabricate unique 

three-dimensional nanostructured devices such as solar cells. TiO2 coating on ZnO 

nanoparticles has been carried using the ALD in order to increase the temperature annealing 

of ZnO from 350°c to 450°C to enhance the efficiency of DSCs without any change in the 
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structured of the ZnO nano-crystallites. A 30% enhancement in the efficiency of DSCs has 

been reported [146]. 

5.2 ALD for catalysis applications  

The development of heterogeneous catalysis materials is an important research topic 

due to the large application sectors such as pollution, hydrogen production and others. 

Nanostructured materials are very promoting on this field due to their high surface area. Thin 

layer deposited by ALD has been used as catalysis materials or protective coating [109, 147-

163]. ALD coating of AAO before loading it with VOx showed higher specificity toward the 

oxidative dehydrogenation of cyclohexane[74]. Nanoparticles of Au/TiO2 have been covered 

by SiO2 using ALD which covered TiO2 particles totally and partially the gold particles. 

Despite the partial recovery of gold nanoparticles which blocks some active catalytic sites 

SiO2/Au/TiO2 showed an improved sintering resistance, maintaining a comparable activity 

toward CO oxidation upon thermal treatment [164]. Porous gold has been stabilized by Al2O3 

and TiO2. The ALD/porous gold showed a three-fold improvement of CO oxidation activity 

due to a higher thermal stability and to the gold oxide interaction [165]. Pt nanocatalysts 

deposited by ALD on porous carbon aerogel enhance the catalytic activity even with 2 Pt 

ALD cycles [166]. Supported Ru-Pt bimetallic NPs on Al2O3 nanoparticles have been 

elaborated by ALD. Due to the conformal coating and the thickness control, the ratio of 

Ru/PT can be controlled by the number of cycles of each one. Ru-Pt bimetallic NPs supported 

on Al2O3 show a higher methanol conversion compared to the pure metallic particles [163]. 

 

5.3. ALD for photocatalysis applications 

Today Global warming, depletion of fossil fuels and pollution pushed the development 

of several research field based on the renewable nonpolluting energy. Hydrogen is one of the 

most important energy vectors for the future because of its high energy density and 

environmental friendliness. Among the different generation methods of hydrogen, 

photocatalytic semiconductor-based water splitting methods using solar energy has attracted 

wide attention. Due to his importance, semiconductor-based water splitting methods take a 

large place in the today research. Different nanostructures for photocatalytic applications have 

been elaborated by ALD then characterized and tested. TiO2/TiSi2 core/shell nanostructures 

have been elaborated using the ALD and CVD technique [167]. An efficiency of 16.7% under 

monochromatic UV illumination has been observed. ALD WO3 has been deposited on ITO or 
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on TiSi2 as catalyst to enhance the hole transfer from the semiconductor to the solution [168]. 

A thin ALD coating of Al-doped zinc oxide and titanium oxide has been deposited on cuprous 

oxide to prevent photocathodic decomposition in water then Pt nanoparticles has been 

electrodeposited in order to activate the nanostructure [169]. ALD of TiO2 transparent well-

aligned nanotube arrays have been performed on Glass using free-Standing porous anodic 

alumina template than functionalized by Pd sputtering than tested in the Photo-degradation of 

aqueous methylene blue (MB) solution and solid stearic acid (SA). The obtained materials 

show a photodegradation efficiency of 76% after 4 h of UV irradiation [170]. 

 

5.4. ALD for Batteries 

Portable power system sources are one of the most needed energy system for different 

types of applications. Batteries are an electrochemical energy sources with an efficiency that 

can be increased by improving the electrodes properties in term of electron and ion 

conductivity and surface area. Despite that ions battery are a high performance rechargeable-

battery there is a serious demand for higher storage capacity and density, faster charging and 

discharging rates and improved cycling stability which pushes the research to develop new 

electrode materials. Solid electrolyte interface (SEI) layer of Al2O3 to suppress the 

undesirable side reactions has been deposited by ALD on LiCoO2 nanoparticles or directly on 

the electrode delivers a high discharge capacity and currents (250% improvement in 

reversible capacity compared to the bare nanoparticles)[171]. 3D hollow nano-ribbons of 

TiO2 have been synthesized by coating a peptide assembly with TiO2 by ALD. The well-

connected network and the hollow structure of Nanoribbons ensure the effective transport of 

electrons and Li ions[172]. Nanotubular metal–insulator–metal capacitor arrays for energy 

storage has been made using a successive ALD layers of metal (TiN), insulator (Al2O3) and 

metal (also TiN) into an AAO nanopore templates[173]. These highly regular arrays have a 

capacitance per unit planar area of 10 mF cm-2 for 1 mm thick AAO and 100 mF cm-2 for 

10mm thick AAO. Those values are largely higher than other reported elsewhere for metal–

insulator–metal capacitors in porous templates. Al2O3 ALD coating has been performed on 

MoO3 nanoparticles in order to increase the stability and the capacity retention [174]. 
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5.5. ALD for thermoelectric materials application  

In a temperature gradient, thermoelectric materials convert the thermal energy to an 

electrical energy. Those types of materials can also work as cooling system. If we deliver an 

electrical current to a thermoelectric material, a temperature gradient will be established. 

Electrochemical ALD has been used to synthesize PbSe/PbTe super-lattices with 4.2 nm and 

7 nm sequences corresponding to 10 PbSe ALD-cycles and 100 PbTe ALD-cycles. A 

PbSe0.44Te0.56 has been formed using those sequences[175]. Thermoelectric misfit-layered 

oxide, [Ca2CoO3]0.62[CoO2] has been synthesized using the ALD technique with Ca(thd)2, 

Co(thd)2, and O3 as precursors [176]. The synthesized film has been treated under oxygen at 

550°C to crystalize it. Then the film was treated under N2 to decrease the oxygen content 

which result on an enhancement on the Seebeck coefficient. 

6. ALD for sensor application  

Gas sensors, UV sensors, biological sensors as well as other sensing applications 

require high surface detection area in order to enhance the sensor properties such as response 

time, recovery time, and others. Due to their unique properties nanomaterial’s shows an 

interesting feedback on different sensing applications such as optical sensors[177], gas 

sensors[178],UV sensors [179]and others. Due to their ability for high aspect ratio deposition 

on different templates structures, ALD can be a promising technique for sensors 

application.Ultrathin tin oxide films were deposited on SiO2 nanoparticles using atomic layer 

deposition (ALD) techniques with SnCl4 and H2O2 as the reactants[180]. These SnOx films 

were then exposed to O2 and CO gas pressure at 300°C to measure and understand their 

ability to serve as CO gas sensors.O2 pressure was observed to decrease the SnOx film 

conductivity. The ultrathin SnOxALD films with a thickness of 10 Å were able to respond to 

O2 within 100 s and to CO within 10s. ZnO nanotubes with a wall thickness on the order 

of nanometers were produced by utilizing an organic template and atomic layer deposition 

(ALD)[181].The ZnO nanotube with a wall thickness of 10 nm was wholly depleted and thus 

highly responds to the adsorption of chemical species on its surface. Accurate control of the 

wall thickness of the ZnO nanotubes is crucial to make ZnO nanotube sensors with high 

response.Ivo Erkenset al.[182] report on the room temperature sensing performance of atomic 

layer deposition (ALD) prepared i-ZnO and Al-doped ZnO sensing devices. The sensitivity of 

these devices has been catalytically enhanced with ALD Pt nanoparticles (NPs). It was shown 

that the size distribution of the Pt NPs can be controlled by the number of Pt-ALD cycles. The 
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Pt-enhanced sensing devices showed a reversible, proportional change in current response at 

RT upon exposure to O2 and CO. O2 could be detected, diluted in N2, down to 0.5%. CO 

could be detected, diluted in N2 in the presence of O2 and H2O, down to 20 ppm. Reference 

devices without Pt NPs showed no response, indicating the importance of the Pt NPs for the 

sensing mechanism.Kimet al.[183] report on the fabrication of SnO2 nanotube network by 

utilizing electrospinning and atomic layer deposition (ALD), and the network sensor is proven 

to exhibit excellent sensitivity to ethanol owing to its hollow and nanostructured character. 

Different publications reports on the promising sensing properties for the ALD fabricated 

sensors which make from this technique highly suitable for sensor applications. 

 

7. ALD for membrane applications 

The high efficiency and the low cost of membrane technologies make it a promising 

technology for different applications such as gas purification, water desalination, catalysis and 

environmental issues. One of the separation processes is the Molecular sieve mechanism. It is 

a size based mechanism that depends of the particles size and the pore diameter in porous 

membrane. Most of industrial porous membranes have a sub-nanometer up to micrometers 

pores diameter. However some separation process especially in gas separation process 

required an angstrom pore size range. From the different methods to control the pore 

diameter, ALD has attractive attention due to the conformal coating and the high thickness 

control offered by this technique. 

Track etched polycarbonate membranes with a diameter and thickness of 25 mm and 6 

mm respectively with 30 nm pores size has been reduced by Al2O3 ALD. SEM image shows 

the continuously pore reduction when we increase the number of ALD cycles from 10 to 300 

cycles. TEM image after dissolving the polymers shows a uniform coating along the pores. 

The Al2O3 ALD inorganic coating improves the membrane hydrophilicity and enhanced the 

chemical stability to acids and organic solvents. A decrease in water flux and more protein 

retention has been detected when the pores size decreases [88]. In situ N2 and Ar conductance 

measurements have been performed in Alumina Tubular Membranes during the Al2O3 ALD 

cycles demonstrated that the ALD can reduce the pore diameter to molecular size [184]. The 

same experiment has also performed on Alumina Tubular Membranes during SiO2 and TiO2 

ALD cycles [185]. The N2 conductance measurements shows a progressive reduction in pores 
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diameter during the SiO2 and TiO2 ALD cycles corresponding to 1.3 ±0.1 Å per SiO2 cycle 

and 3.1 ±0.9 Å per SiO2 cycle. Cross-sectional scanning electron microscopy (SEM) and 

electron probe microanalysis (EPMA) have been performed on anodic alumina  membranes 

with Al2O3 ALD and shows a uniform coating using sufficient reactant exposure times [186]. 

EPMA measurement following ZnO ALD of anodic alumina membranes shows the 

infiltration of Zn into the nanopores when we increase the exposure times. Monte Carlo 

simulation of the Zn diffusion profile assuming a Knudsen diffusion mechanism. Meso-

porous silica membranes have been tuned using catalyzed atomic layer deposition (C-ALD) 

of silicon dioxide and pyridine as catalyst to reduce the deposition temperature [187]. Gas 

separation measurement shows a transition from the Knudsen diffusion mechanism to a 

molecular sieving mechanism. A selectivity of 8.6 between CH4 and H2 has been measured at 

473 K after the SiO2 ALD deposition. In order to increase membrane selectivity, ALD has 

been used to enhance surface reaction between the membrane surface and the gas phases by 

activating the membrane surface with different functions. 

ALD amino functionalization has been performed on silica membrane in order to 

enhance CO2 transport. FTIR measurement shows that the amino modified membrane has 

positive CO2 activation energy due to the higher mobility of chemisorbed CO2 and to the pore 

reduction [188]. Track etched polycarbonate membranes have been also tuned by TiO2-ALD 

and then gas conductance measurements were performed to assure the tailoring pore sizes in 

PC membranes using the TiO2-ALD [189]. Diatom frustules have been coated by TiO2-ALD 

[190] to reduce the pores size from 40 nm to less than 5 nm in order to enhance the filtration 

properties of the membrane. High-density polyethylene (HDPE) particles (16 and 60 nm) 

have been coated with a thin layer of Al2O3 using a fluidized bed reactors [191] than a 

polymer/ceramic nanocomposite membranes were fabricated by extruding alumina coated 

HDPE particles. An inclusion of 7.29 vol.% alumina flakes leads to reduce of the diffusion 

coefficient to the half compared to the uncoated particles. Due to the voids formed during the 

extrusion process at the polymer/ceramic interface, an increase in the permeability of the 

membrane has been detected. 

Electrofluidic applications or Electrical manipulation of charged species like ions, 

DNA, proteins, and nanoparticles have a high importance in solid state membrane fabrication. 

In such systems pore diameter and the surface chemistry (surface charge, hydrophobic, 

hydrophilic etc.) have attracted attention. Controlling such parameters can lead to the 

fabrication of electric circuit elements, such as diodes and transistors or to biological elements 
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for DNA or proteins sieving and sensing. ALD of TiO2 has been performed on multipores of 

Si3N4 sandwiched between 2 TiN layers (TiN 30nm/Si3N4 20 nm/TiN 30 nm) membrane after 

an E-beam lithography and reactive ion etching (RIE) processes to make the pores[192] and 

to reduce the pore diameter to sub 10nm.This membrane has been used as ionic field effect 

transistor (IFET) which is the Electrofluidic version of the semiconductor field effect 

transistor (FET) that works on ions instead of electrons. Nano-porous supported QI-phase 

LLC polymer membranes has been modified by Al2O3 ALD [193] to reduce the pore diameter 

to the angstrom range for gas separation application. 10 cycles of Al2O3 ALD has been 

enough to enhance the selectivity of H2/N2 from 12 to 65 with a decrease of 40% in the H2 

permeability. 

The surface of nanoporous alumina membranes has been modified by ZnO-ALD for 

biological applications [194]. ZnO coating enhanced the antimicrobial activity of the alumina 

membrane against Escherichia coli and Staphylococcus aureusbacteria. A volatile organic 

compounds filter has been elaborated with 2 different structures: the first one is the TiO2 ALD 

modification of an AAO membrane, and the second on is the TiO2 ALD modification of a 

nanodiamond substrate [195]. Adsorption capacities test for toluene such VOC shows that the 

TiO2 surface can allow adsorption of toluene. Ceramic microfiltration membranes with an 

average pore size of 50 nm has been tuned using Al2O3 ALD [196]. After the Al2O3 ALD 

deposition, the membranes show a decrease in water flux, and an increase in the retention of 

bovine serum albumin. After 600 ALD cycles water flux decrease from 1698 L (m2 h bar)−1 to 

118 L (m2 h bar)−1, and BSA retention increases from 2.9% to 97.1%. 

 

8. General conclusion 

Atomic Layer deposition (ALD) is a vapor deposition method of ultrathin layers. It was 

known for his debut under the name of ALE (Atomic Layer Epitaxy). Atomic layer deposition 

technique is a thin film deposition technique based on 2 self limiting reaction limited at the 

surface of the substrate. The non presence of the gas phase reaction on ALD give this 

technique several advantages such as high aspect ratio deposition ability, high thickness 

control in the angstrom range, high deposition purity  and others. Those advantages make 

from the ALD a suitable technique for different application on different field such as 

electronic field, optical field, optoelectronic, sensors, battery and others. We reported on this 

chapter the ALD deposition mechanism, the ALD deposition parameter that can affect the 
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deposition, the different types of ALD reactors and finally we reports on the different 

application for the ALD. 

 

9. Thesis objectives 

The aim of this PhDthesis is the synthesis of different nanostructured materials based on 

ALD oxide thin film (Al2O3, ZnO and Al2O3/ZnO nanolaminates) deposited on different types 

of substrates such as silicon substrate, glass, fibers, multipores membrane, monopore 

membrane, PET and gold coated nickel dogbones. ALD deposition was performed on those 

substrates with changing the film thickness (number of cycles), the deposition temperature, 

and the film composition (doping, multilayers…). After the ALD deposition chemical, 

structural, optical, electrical as well as mechanical characterization were performed on the 

ALD deposited layer in order to study the influence of the deposition parameters on the thin 

film properties. The deposited and characterized ALD films were investigated for different 

applications: 

· Optical properties for solar cell applications (chapter 2)  

· UV detection (Chapter3) 

· Protective coating and gas barrier (chapter 4) 

· Ionic transport, water desalination, Mass spectrometry, DNA sequencing and 

Gas purification (chapter 5) 
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1. Introduction 

Thin film coating of semiconductors insulators and conductive materials has such importance in 

the electronic and optical field. Miniaturization of electronic devices to improve their properties and to 

reduce their cost motivates the researcher to the development of several new techniques for the 

elaboration of thin film materials and to improve their properties in term of high chemical purities, 

conformal coating, and high thickness control ability. As demonstrated in chapter 1, among all the 

deposition techniques used for thin film elaboration, Atomic Layer Deposition (ALD) meet all those 

request in term of chemical purities, conformal coating on high aspect ratio materials and high 

thickness control ability. Different types of materials have been elaborated by ALD for different 

applications (Chatper1). In this chapter we will report on the synthesis of ZnO and Al2O3 /ZnO 

nanolaminates by ALD method with their structural and optical properties investigation using different 

characterization techniques. Different parameters have been calculated such as thickness, grain size, 

refractive index, extinction coefficient, Urbach energy and band gap. A correlation between the 

structural and the optical properties have been established in order to extract the structural behavior on 

the optical properties. ZnO and Al2O3/ZnO nanolaminates show promising structural and optical 

properties that can be appealing for different applications. 

 

2. Bibliographic records of ZnO films, Al2O3films and Al2O3 /ZnO 

nanolaminates 

2.1. Zinc oxide 

Zinc oxide (ZnO) is an n-type transparent conductive oxide (TCO) with excellent 

optoelectronic properties, a wide band gap (3.36 eV), a high dielectric constant, a high exciton binding 

energy (60 meV), and a high thermal stability[1]. Hence it is an important material for different 

applications in devices such as gas sensors [2], biosensors [3],transducers [4], solar cells [5-7], 

electronic and optoelectronic instruments (i.e. ultraviolet photo-detectors) [8], surface acoustic wave 

(SAW) gadgets [9], and transparent electrodes[10]. ZnO crystals with a grain size in the range of 1–50 

nm have demonstrated interesting optical properties, such as a UV shift of the absorption edge and 
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strong photoluminescence at room temperature caused by quantum confinement[11] and, an 

improvement of the photovoltaic and sensor performance due to a high surface area[12, 13 ]. ZnO 

nanostructures are obtained as nanoparticles [14], nano-tubes [15], nano-wires [5, 7], and ultra-thin 

films[16, 17]using different elaboration techniques. Ultra-thin ZnO films can be synthesized using 

different deposition techniques such as sol–gel [18], chemical vapor deposition[19],electro-deposition 

[5-7],RF sputtering,and atomic layer deposition (ALD) [16, 17].It is well known that the 

optoelectronic properties of zinc oxide thin film[20, 21] are strongly dependent on their structure [11, 

22]. Crystallinity and stoichiometry of the film determine the concentration of point defects (zinc and 

oxygen vacancies, interstitial zinc and oxygen)[20]. The band gap of ZnO nanostructures decreases 

from 3.29 to 3.23 eV with an increase of the grain size [21]. The electrical conductivity of ZnO is 

affected by a defect concentration and diminishes at annealing in an oxygen environment (oxygen 

vacancy healing) [21]. One of the methods applied to analyze the crystalline structure and defect level 

in zinc oxide is photoluminescence. It has been shown that ZnO exhibits a narrow UV emission band 

in the 378–381 nm range and a broad emission band in the range of 480–620 nm [23-25]. The UV 

emission band in ZnO has been related to exciton emission, whereas the visible emission has been 

related to radiative transitions involving intrinsic defects point (O/Zn vacancies and O/Zn interstitials) 

[23, 24]. In this chapter we will discuss the evolution of the microstructure and related optical 

properties of ZnO grown by atomic layer deposition[25]. 

2.2. Aluminum oxide 

Aluminum oxide (Al2O3) is an electrical insulator with low dielectric constant (approx. 9), a 

relatively high thermal conductivity of (30Wm−1K−1) and a large band gap. Hence Al2O3 is an 

important material for different applications in optical and electronic fields such as a dielectric films 

for non-volatile semiconductor memories (NVSM)[26], dynamic random-access memory 

(DRAM)capacitors[27],and metal–oxide–semiconductor field-effect transistor(MOS-FETs)[28]. It 

was also used as gas diffusion barrier on polymer substrate[29] and to tune the pore size of anodic 

aluminum membranes for different applications such as gas separation[30]. ALD of Al2O3 was the 

typical model of ALD, different studies and characterization for different applications have been 

achieved and reported [31-40]. 
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2.3. Al2O3 /ZnO Nanolaminates 

Composites materials with novel properties have attracted attention in different fields. One of 

those structures is nanolaminates: composite films formed by alternating layers of different materials, 

with an individual layer thickness on the nanometric scale [41-43]. These multilayered structures often 

demonstrate unique properties such as high dielectric constants and advanced mechanical, electrical 

and optical properties [17, 44, 45]. The latter depends on the constituent materials, forming the 

nanolaminates [41-43]. Fundamental properties of ZnO can be tailored by doping[1]. It is known that 

doping of ZnO with Al or/and Al2O3 modified its structural, electrical and optical properties [46-51]. 

ALD technique is a powerful method for the fabrication of superlattice materials. ALD 

deposited Al2O3: ZnO (1:x) nanolaminates with the number of deposition cycles, “x” , ranging from 5 

to 30 have been studied [49, 52]. A Comparison of the XRD spectra of ZnO and Al2O3: ZnO(1:x) 

nanolaminates indicated the change of the ZnO growth direction and the deposition of ZnO parallel to 

the substrate surface when deposited on Al2O3 layer. Surface roughness of Al2O3:ZnO (1:x) 

nanostructures was lower than for the bare ZnO on glass. The roughness value decreased at the range 

of 2-10 % Al doping and then slightly increased in the range 12-24 %[52].Investigation of optical 

properties of Al2O3/ZnO (1:x) showed the increase of the band gap versus Al doping concentrations 

from 3.28 to 3.7[49, 52]. Blue shift of band gap could be explained by Al doping of ZnO layers and 

high concentration of oxygen vacancies (Burstein-Moss effect) and quantum confinement effects [49, 

52]. It was found that Al2O3 buffer layer led to an increase of near band edge (NBE) emission and a 

decrease of deep level emission (DLE) emission[53]. The ratio of NBE/DLE intensities was above 60. 

The decrease of the DLE of ZnO films with Al2O3 buffer layer was directly related to the decrease of 

oxygen vacancies concentration on the interfacial layer. The proposed model supposed the oxygen 

atoms to be removed from the amorphous Al2O3 layer and occupy the oxygen vacancies at the initial 

stage of the growth of ZnO films to improve its crystallization [41, 42]. Bi-layered ALD deposited 

Al2O3/ZnO nanolaminates have been investigated by Wang et al[53]. Quantum confinement effects in 

ZnO can appear in case of encapsulation into a dielectric core, changing electrical, dielectric and 

optical properties [54, 55]. Due to this, ZnO thin layers (thickness less than 50 nm) surrounded by 

dielectric media, formed by Al2O3 are expected to demonstrate quantum confinement effects. Despite 
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a high number of papers on nanolaminates fabrication and their structural and mechanical properties, 

optical properties of Al2O3/ZnO nanolaminates are not investigated yet.  

3. Development of the Atomic layer deposition (ALD) setup 

Our ALD reactors (Figure 1) is a homemade reactor that combines a low-vacuum system based on 

a rotary vane pump, a circular vacuum chamber with 2 inch sample stage heated up to 230°C, three 

pneumatic three way valves and a too ways valves supplied by Swagelok fixed to the circular chamber 

using VCR connections. Those three pneumatic three way valves consist a double input valves that 

was used as precursor input (input1 related to the precursor bottles; input 2 related to the gas vector). 

Valves can be controlled manually to do some purge step before starting the deposition and after the 

precursor refilling. Manifold (input valves support) and exhaust channel can be heated up to 250°C. 

Beside this a heating option for too precursor bottles is available up to 120°C to enhance the vapor 

pressure of some precursors. ALD precursors were filled into a stainless bottle from Swagelok in a 

glove box under argon atmosphere due to the high precursor reactivity under oxygen and moisture 

atmosphere. A mass flow that can be controlled between 0 and 100sccm, has been used to control the 

gas vector during the pulse and the purge steps. A Pirani gauge was coupled to the reactor with a 

manual valve to protect it during deposition. Five omicron temperature controllers have been used to 

control the chamber, exhaust, valves and precursors temperatures. The entire system can be controlled 

electronically by Labview. Our Labview program is based on 6 different functions reported in table 1. 

Table 1. ALD function description 
Function Setup 

Pulse precursor 1 Valve 1 open; Exhaust closed; Mass flow can be controlled between 0 and 100 sccm 

Pulse precursor 2 Valve 2 open; Exhaust closed; Mass flow can be controlled between 0 and 100 sccm 

Pulse precursor 3 Valve 3 open; exhaust closed; Mass flow can be controlled between 0 and 100 sccm 

Exposure All valves are closed; Mass flow is set to zero 

Purge Valves 1,2, and 3 are closed; Only exhaust valve is open; Mass flow can be set between 0 
and 100sccm 

Evacuate Valves 1,2, and 3 are closed; Only exhaust valve is open; Mass flow is set to 0 sccm 
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Figure 1. The homemade ALD reactor 
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We should note that the system has been coupled to an argon gas bottle (Ar) as gas vector 

beside an air generator compressor for pneumatic valves supplying. The air pressure was fixed at 6 

bars for a proper valves operation. 

3.1. Atomic layer deposition of zinc oxide thin film 

ALD ZnO was performed using Diethyl zinc (DEZ) and water. Before loading the substrate 

into the reactor chamber, substrate was cleaned by ethanol then washed with distilled water and finally 

dried with a dry air flow. After loading, the ALD chamber was purged for 2 min under 100sccm argon 

flows than evacuated for 1 minute to reach the 10-2 mbar pressure. Due to their high vapor pressure at 

room temperature, both of precursors have been kept at room temperature. To avoid precursor 

condensation into the precursors input valves and the exhaust unit, manifold and exhaust unit have 

been heated at 20°C higher than the ALD reactor chamber. 

Before starting the ALD deposition of Zinc oxide, many parameters should be fixed such as 

ALD windows, pulse time, exposure time and purge time for both of DEZ and H2O to assure a good 

ALD process and to avoid precursor decompositions or CVD process. Different ZnO ALD windows 

were reported in the literature for DEZ such as 100-170°C[56] and 200-300°C [57]. Different 

parameters can be behind these different values such as precursor purity or temperature dispersion 

issues inside the reactor chamber due to different setup design. To avoid this mismatch we start to 

define our ZnO ALD window (Figure 2) matching our home made reactors. 250 cycles was performed 

in a temperature range between 50 and 230°C with the highest pulse exposure and evacuation times 

(Table 2) to assure a complete ALD reaction and to avoid CVD. Than those samples have been 

characterized by Elipsometry and SEM. 

Table2. Setup used for ZnO deposition during the identification of the ZnO ALD window. 

 DEZ Pulse Exposure purge Water pulse Exposure Purge 

Time/flow 2s/25sccm 60s/0sccm 60s/100sccm 4s/25sccm 60s/0sccm 60s/100sccm 
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Figure 2. ALD windows du ZnO 

 

Figure 2 shows a constant growth per cycle of 2.4 A per cycle in the extended temperature 

range from 60 to 230°C. After the identification of the ZnO ALD Windows, all ZnO deposition 

hasbeen performed between 60 and 180°C.  Lim et al.[58] report the GPC of ZnO in a temperature 

range between 100and 250°C,the growth rates increase with increasing temperatures at low growth 

temperature, reaching highest value of 2.0 Å/cycle at 175 °C. Above 175 °C, the growth rates decrease 

again to 1.12 Å/cycle at 250 °C. The same behavior was reported on our case: an increase of the GPC 

up to 160°C with a decrease at higher temperature. Tapily et al.[56]show the ALD window of ZnO to 

be between 100 and 170°C, with a growth rate of 0.2 nm per cycle. This difference between the GPC 

reported in our case and the corresponding value reported in the literature can be due to the different 

deposition parameters such as purge and exposure time. Moreover the reported study on the literature 

has been performed on others ALD reactors coupled with highest vacuum system capability. 

After the identification of the ZnO ALD windows, pulse, exposure and purge time for DEZ 

and water was investigated (Table 3). 
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Table 3. Step times investigation of ZnO ALD 

Step Time interval (s)/Argon mass flow(Sccm) 

Pulse DEZ 0.1-2/25 

Exposure for DEZ 10-60/0 

Purge of DEZ 10-60/100 

Pulse water 0.1-4/25 

Exposure to water 10-60/0 

Purge of Water 10-60/100 

 

250 cycles have been deposited at 100°C using those different parameter times. 

Unconformable coating was visually detected for exposure and purge time less than 40 seconds 

(figure3a) indicating inadequate exposure time and incomplete evacuation. Also a non-conformal 

coating was visually detected for DEZ pulse under 0.2 seconds and water pulse under 2 seconds 

(Figure3b) indicating an insufficient amount of precursor. Table 4 shows the optimized parameters 

used for the deposition of ZnO on flat substrates. 

 

Figure 3. Unconformable ZnO ALD coating; due to inadequate exposure time and incomplete 

evacuation (a), due to insufficient amount of precursors (b) 

 

Table 4. Setup used for ZnO deposition on flat substrate at 100 °C. 

 DEZ Pulse Exposure purge Water pulse Exposure Purge 

Time/flow 0.2s/25sccm 30s/0sccm 40s/100sccm 2s/25sccm 30s/0sccm 40s/100sccm 
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By reducing the exposure and purge time from 60s to 30s and 40 s for both of DEZ and water 

precursors, the ALD process was become 50% faster. 

3.2. Atomic layer deposition of Aluminum oxide 

For the Al2O3 ALD deposition, trimethylaluminium (TMA) and water was used as precursors. 

The same cleaning and loading process were used as for ZnO. In order to define the Al2O3 ALD 

window, 250 cycles of Al2O3 was performed in a temperature range between 40 and 230˚C using the 

following sequence (Table5), than characterized by SEM cross-section and ellipsometry to extract the 

growth rate per cycle. 

Table5. Setup used for Al2O3 ALD deposition during the identification of the ALD window 

 TMA Pulse Exposure Purge Water pulse Exposure Purge 

Time/flow 2s/25sccm 60s/0sccm 60s/100sccm 4s/25sccm 60s/0sccm 60s/100sccm 

 

Figure 4. Al2O3 ALD Window 

 

Figure 4 shows a constant growth per cycle of 1.7 A° per cycle in the extended temperature 

range from 50 to 200°C.Groner et al.[59] reports approximately the same Al2O3 ALD window with a 

growth rate per cycle that change between 1.1 and 1.24 A per cycle when the deposition temperature 

go from 33°C to 175°C. After the identification of the Al2O3 ALD window, all Al2O3 deposition was 
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performed between 50 and 200°C. After the identification of the Al2O3 ALD window, pulse, exposure 

and purge time for TMA and water have been investigated (Table 6). 

Table 6. Step times investigation of Al2O3 ALD. 

Step Time interval (s)/Argon mass flow(sccm) 

Pulse TMA 0.1-2/25 

Exposure for TMA 10-60/0 

Purge of TMA 10-60/100 

Pulse water 0.1-4/25 

Exposure to water 10-60/0 

Purge of water 10-60/100 

 

250 cycles have been deposited at 100°C using those different parameter times. 

Unconformable coating was visually detected for exposure and purge time less than 40 seconds 

(Figure5a) indicating inadequate exposure time and incomplete evacuation. Also a non-conformal 

coating was visually detected for water pulse under 1 seconds (Figure5b) indicating an insufficient 

amount of precursors. TMA pulsed of 0.1 s was enough to fill up the entire reactor chamberdue to the 

high vapor pressure of TMA. Table 7 shows the optimized parameters used for the deposition of 

Al2O3 on flat substrate. 

 

Figure 5. Unconformable Al2O3 ALD coating; due to inadequate exposure time and incomplete 

evacuation (a) due to insufficient amount of precursor (water) (b) 

 

Table7.Setup used for Al2O3 deposition at 100 C. 

 TMA Pulse Exposure purge Water pulse Exposure Purge 

Time/flow 0.1s/25sccm 30s/0Sccm 40s/100Sccm 2s/25Sccm 30s/0Sccm 40s/100Sccm 

 

  



 Chapter 2. Synthesis of ALD Zinc oxide thin film and zinc oxide/Aluminium oxide nanolaminates: studies of their 
structural and optical properties.

61 
 

4. Chemical and structural Characterization of ZnO ALD 

thin film 

Atomic layer deposition of ZnO thin films with different numbers of cycles between 100 

and 1000were elaborated using the setup mentioned in Table3 at 100°C on silicon and glass 

substrates. Then it was characterized by SEM, EDX, DRX, TEM, GIXRD, and AFM. Optical 

characterization such as absorption, transmittance and photo-luminescence tests were also 

performed. 

 

4.1 SEM cross section  

SEM cross section was performed on the ZnO ALD films elaborated and mentioned above 

using an emission field Hitachi S-4800 microscope. Figure 6 shows the SEM cross-sections of 

200,500 and 1000 cycles of ZnO, due to its low thickness the 100 cycles sample was not 

observed by SEM.  

 

 

Figure6. Cross-section SEM a) 200 cycles ZnO; b) 500 cycles ZnO and 1000cycles ZnO 

 



 Chapter 2. Synthesis of ALD Zinc oxide thin film and zinc oxide/Aluminium oxide nanolaminates: studies of their 
structural and optical properties. 

62 
 

SEM cross-section images (Figure 5) show a conformal ZnO ALD coating with a 

columnar growth increasing with the layer thickness inducing an increase of surface roughness. 

Table8 reports the thickness measured by SEM and the extracted GPC. 

 

Table 8. ZnO thickness of 100, 200,500 and 1000 ALD cycle extracted from the SEM cross section 
measurement 

Number of ZnO cycles Thicknesses(nm) measured by SEM 

100 - 

200 45±5 

500 120±5 

1000 241±5 

GPC 0.238±5 

 

4.2. Ellipsometry 

Ellipsometric measurement was performed on the same series deposited on Si substrate using a 

Semilab GES5E spectroscopic ellipsometer (of extended visible range:1.23–5 eV) under 

conditions of a fixed incident angle of 75° close to the Brewster’s angle of silicon substrate, and 

variable wavelength between 300 nm and 1 μm. Winelli II software was used to fit the 

experimental tan(ψ) and cos(δ) data in the full wavelength range by using Cauchy dispersion 

law and a single layer ZnO adjusted model to obtain the film thickness.Table9 shows the 

thickness value extracted from the ellipsometry measurement with a correlation coefficient of 

0.99. 

Table 9. ZnO thickness of 100, 200,500 and 1000 ALD cycle s extracted from the ellipsometric 

measurement. 

Number of ZnO cycles Thicknesses(nm) measured by ellipsometry 

100 25 

200 49.8 

500 124 

1000 250 

GPC 0.249 
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SEM and ellipsometry thickness measurements show the same growth per cycle value 

about 0.24nm per cycle. A growth rate of 2 angstrom per cycle was calculated in the ALD 

process window[60]. As we discuss above in paragraph 3.1 this difference between the GPC 

reported in our case and the corresponding value reported in the literature can be due to the 

different deposition parameters such as purge and exposure time. Moreover the reported study 

in the literature has been performed on others ALD reactors coupled with higher vacuum 

system capability. 

 

4.3. Energy-dispersive X-ray spectroscopy (EDX) 

EDX measurement was also performed on the same samples in order to have a 

qualitative/quantitative representation of the chemical composition of the ALD ZnO Layers. 

EDX measurement was carried out using a Hitachi S-4500 microscope coupled with a 

Thermofisher EDX detector. EDX has been calibrated with commercial ZnO powder of known 

stoichiometry. Figure 7 presents the EDX measurement performed on 100,200,500 and 1000 

cycles of ZnO ALD at 100°C. Table 10 reports the quantitative composition of the ZnO layers 

with the O/Zn Ratio. 

 

Figure 7. EDX measurement of100,200, 500 and 1000 ZnO ALD cycles 
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Table 10. Quantitative compositions of ZnO layers and the O/Zn Ratio for different ZnO ALD 

thicknesses. 

ZnO number of cycles O content (% at) Zn content (% at) O/Zn ratio 

100 66 33 2 

200 63 37 1.7 

500 58 42 1.38 

1000 56 44 1.27 

 

A non-stoichiometric ratio between Zn and O (˃1) indicates an Oxygen excess that can be 

due to residual OH- and a partially hydroxylated phase ZnO (OH) due to the incomplete 

removal of excess H2O at such a low temperature or to a fraction of unreacted hydroxyl groups 

observed earlier[61, 62]. As seen from Table 9, the O/Zn ratio decreases with increasing the 

thickness. 

 

4.4. Grazing incidence X-Ray diffraction (GIXRD) 

In order to identify the crystalline phases of the deposited ZnO layers, Grazing incidence 

X-Ray diffraction (GIXRD) was carried out on the same ALD ZnO samples using A Bruker 

D5000 instrument. GIXRD has been performed instead of normal XRD because it is more 

adapted method to characterize the crystallinity of thin layers (Figure 8). 
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Figure9. GIXRD of 100,200, 500 and 1000 ZnO ALD cycles 

 

GIXRD measurement reports a transition from an amorphous state to a crystalline state 

when the ZnO thickness increases. We note here that the used GIXRD machine has a limit for 

detecting the minimum size for nanocrystals of 4 nm. So an amorphous state at 25 nm can be 

due to a crystalline grain size less than 4 nm or to an amorphous structure. At 49.8nm ZnO 

thickness, two weak peaks appear at 2θ = 31.74 and 36.22° respectively corresponding to (100) 

and (101), those too peaks become more intense at 124 and 250 nm with an additionally peak at 

2θ =34.42°. Using the GIXRD diagram, the warren averbach techniques with winfitsoftware, 

lattice constant,grain size and lattice strain were calculated.The Lattice constants calculated 

from GIXRD diagram of 49.8, 124, and 250 nm thick ZnO films are equal to a = 0.325 nm and 

c = 0.52 nm. No drastic changes of lattice parameters are observed with increasing the film 

thickness. The maximum values of the texture coefficients (TC) for 49.8, 124, and 250 nm thick 

ZnO films calculated according to Rivera et al. [63] (1.2, 1.66, 2.12, respectively)match the 

preferred growth in the (100) direction. Grain size and lattice strain evolution over the ZnO 

layer thicknesses are reported at Figure 10.An increase in the ZnO grain size with a decrease on 

the lattice strain extracted from the GIXRD measurements is observed on Figure 10. 
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Figure10. Grain size and lattice strain in ZnO ALD films of different thickness. 
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4.5. Transmission Electron Microscopy (TEM) 

TEM cross-section was performed at 1000 ZnO ALD cycle (Figure 11).  

 

Figure 11.Cross section TEM image of a 1000cycles ZnO ALD film deposited on Si 

substrate. 

 

TEM cross section shows an amorphous ZnO layer below 20 nm. Nanocrystalline grains 

randomly oriented in the ultrathin films are observed between 20 and 50 nm thick films. Finally 

a columnar growth for a thickness higher than 50 nm is observed. This result confirms the SEM 

observations and the GIXRD measurement. 
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4.6. Atomic force microscopy 

Surface morphology of the samples was studied by atomic force microscopy in order to 

identify the relation between the layer thickness and the surface roughness (Figure12a). 

 

Figure 12. AFM measurement for the ALD ZnO films of different thicknesses: a) AFM photo for 

different ZnO thicknesses; b) the mean-square roughness Rq versus thickness. 

 

AFM images show a smooth surface for ALD ZnO layer with the thickness less than 

100nm. Well shaped 100-150 nm elevations are observed on the surfaces of thicker samples. 

The mean-square roughness (Rq), calculated from AFM data increases with the ZnO thickness 

(Figure 12b). 

 

5.  Optical characterization of ZnO ALD thin films 

After the chemical and structural characterization of the ZnO ALD thin films series, optical 

characterizations have been performed on the same samples in order to study the evolution of 

optical properties when the ZnO thickness increases. Transmittance, absorbance and 

photoluminescence were performed. A Shimadzu UV-1700 spectrophotometer was used to 

study the optical properties of ZnO thin films by 1 nm step over the 300–1100 nm range, and 

photoluminescence in the 370–800 nm range. A solid state LCS-DTL-374QT Nd:YAG 355 nm 



 Chapter 2. Synthesis of ALD Zinc oxide thin film and zinc oxide/Aluminium oxide nanolaminates: studies of their 
structural and optical properties. 

69 
 

laser source (Russia) at the intensity of 19 mW/cm2 was used to excite the luminescence. 

Emission spectra were registered by the experimental setup described elsewhere by Viter et 

al.[64]. 

5.1. Transmittance test 

Transmittance tests were performed on the ALD ZnO films with different thicknesses 

(Figure 13). 

 

Figure 13.Transmittance spectra of the ZnO ALD films with different thicknesses . 

 

As shown in Figure 13, ZnO layers with a thickness less than 100nm are transparent in 

the 500-1100 nm range. ZnO layers with a thickness higher than 100 nm show a maximum and 

minimum transmittance in the same range. 

5.1.1. Band gap and Urbach energy calculation  

Based on the transmittance spectra and the n-Type proprieties of ZnO with the direct 

optical transitions, graphical estimation of the band gap (Figure14) was performed using 

equation 1 and equation 2. 
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(Equation 1) 

 

Where D is the optical density and T is the optical transmittance. 

 

(Equation 2) 

Where hv is the photon energy and Eg is the band gap. 

 

 

Figure 14. Band gap estimation of the ALD ZnO samples with different thicknesses  

 

Band gap values corresponding to the different ZnO thicknesses extracted from the 

transmittance spectra are reported on Table 11. 
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Table 11. Band gap value calculated from the transmittance spectra for different ZnO thicknesses  

ZnO thickness(nm) Band gap (eV) 

25 3.26 

49.8 3.24 

124 3.28 

250 3.3 

 

The Urbach energy E0has also been calculated using the Urbach law (Equation 3), and reported 

in Table 12.         

         (Equation 3) 

 

Table12.Urbach energy E0 calculated using the urbach law for different ZnO ALD thicknesses 

ZnO thickness(nm) Urbach energy (eV) 

25 0.16 

49.8 0.18 

124 0.075 

250 0.056 

 

The estimated Band gap and the calculated urbach energy were reported against the ZnO 

thickness in Figure 15. 
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Figure 15.Band gap and Urbach energies of ZnO ALD films of different thicknesses 

 

As shown in Figure 15,an uncharacteristic change of the band gap and the urbach energy 

have been observed when the ZnO thickness increases. 

 

5.2. Photoluminescence and absorption 

Photoluminescence and absorption measurement was performed on the ALD ZnO films 

with different thicknesses and reported in Figure 16. According to the Beer–Lambert law,the 

penetration depth of the laser spot in the ALD deposited thin films is between 40 and 44 nm 

which mean the photoluminescence comes from the substrate and the ZnOfilm for the 25 nm 

thick layer. For the thicker layer the photoluminescence is limited to the ZnO layer. 
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Figure 16. Photoluminescence and absorption spectra of 25 (a), 49.8 (b), 124 (c), and 250 

nm (d) thick ZnO ALD films. 

 

The shapes of the PL bands have been fitted to a Gaussian peak function by the Origin 

7.0 software and presented in Figure 17. 
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Figure 17. Gaussian fit of PL spectra for 25, 49.8, 124, and 250 nm thick ZnO ALD films. 

 

PL spectra of ZnO films of different thicknesses show two emission bands at 3.08-3.30 

eV (UV band) and 1.80-2.28 eV(VIS band).Peaks intensity increases when the ZnO thickness 

increases. Photoluminescence peaks position and absorption values are shown in Table 13.Cui 

et al.[65]attributed the 3.28-3.30eV PL Peak in the Absorption edge region to the band–band 

transitions. Giriet al.[66] reported that the 3.21–3.24 eV peaks is related to a transition in the 

band-tail states of ZnO. Wanget al.[67]attributed the observed 3.21–3.24 eV emission to 

electron transitions from tail states of the conduction band to tail states of the valence band. 

According to Djurišićet al.[68]the 3.08–3.14 eV UV peaks correspond to defect states formed 

by neutral Zn vacancies (V(Zn)0).Chen et al.[69] suggests that the visible emission is caused by 

defect points. The 2.21–2.25 eV peaks are attributed to oxygen interstitials (Oi) According to 

Wanget al.[18].Emission bands at 1.9–2.0 eV of ZnO ALD ultrathin films are due to doubly 

ionized oxygen vacancies (V(O++)) [70].Absorption spectra have tails and peaks in the 3.2–1.78 

eV range matching the optical transitions defect state-valence band and the defect state-

conduction band. 
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Table13. Positions of absorption and PL peaks of ZnO thin films of different thicknesses. 

 

5.2.1. ZnO band gap estimation based on Photoluminescence and absorption 
measurement. 

 Equation 4 was used to estimate ZnO band gap(Table14) where Ex is the exciton 

emission energy, Eg is the band gap, Eb is the exciton binding energy(Eb=0.06ev). ћ, k, mex are 

respectively the Plank’s constant, wave vector, and effective mass of the exciton. 

 

(Equation 4)  

Table14. Band gap estimation based on photoluminescence and absorption measurement. 

Thickness (nm) ZnO band gap estimation 

25 3.34 

49.8 3.31 

124 3.35 

250 3.36 

 

Thickness 

(nm) 

Peak positions 

V(O++) 

(eV) 

(Oi) 

(eV) 

V(Zn0) 

(eV) 

Band tail states 

(eV) 

25 2.01103  3.08374 3.21019 

49.8 1.96819 2.24953 3.09573 3.22453 

124 1.88601 2.12068 3.14621 3.24162 

250 2.01575 2.24768 3.12942 3.2352 
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Since ZnO is a direct band gap semiconductor, the wave vector k=0 and the value of the 

energy gap of the samples, according to Eq. 4, is around 3.35-3.36 eV.The difference between 

estimations and the experimental data are due to structural defects. 

 

6. Correlation between optical and structural properties. 

ALD ZnO Crystallinity, grain size, roughness and stoichiometric ratio have been tuned by 

the ZnO film thickness. A transition from an amorphous phase to a crystalline phase with an 

improvement on the crystallinity when the ALD ZnO film thickness increases was clearly 

observed by the GIXRD measurement. The quantitative composition of the ZnO film was 

measured by the EDX. A O/Zn ratio higher than 1 is observed. In addition it decreases when the 

ZnO film thickness increases. This non-stoichiometric oxygen-rich film can be due to Zn 

vacancies, oxygen interstitials and oxygen interstates[71]. Comparing to the GIXRD 

measurement with the AFM and EDX measurement, low ZnO ALD thickness correspond to 

low grain size, high grain boundaries surface, in other terms when the ZnO thickness increases 

the grain boundaries surface decreases and the oxygen/Zinc ratio decreases which can be due to 

an absorbtion oxygen layer localized on the grain boundaries forming a negative surface charge 

and depletion layer as well as to residual OH- and a partially hydroxylated phase ZnO (OH). 

The electric field of the surface charge in the depletion layer would stimulate the dissociation of 

the excitons in ZnO. 

PL spectra reported defect states at 3.08-3.14eV due to the neutral Zn vacancies. It shows 

also a peak at 2.21-2.25eV that identifies interstitial oxygen. Due to those 2 peaks, PL spectra 

shows oxygen-rich samples correlate well with the EDX results. Another peak at 1.9-2 eV 

related to double ionized oxygen vacancies are also found in the PL spectra related to the active 

role of the surface effect in the emission spectra. The band gap energy widening, the UV 

emission intensity increase, and the urbach energy decrease are related to the enhancement of 

ZnO crystallinity due to thickness increase. 

Increasing the ZnO film thickness leads to the decrease of the grain size inducing a decrease 

of the active surface area and affects negatively the concentration of oxygen adsorbed on the 

grain surface. This oxygen percentage decreases due to thickness increases, decreasing the Vis 



 Chapter 2. Synthesis of ALD Zinc oxide thin film and zinc oxide/Aluminium oxide nanolaminates: studies of their 
structural and optical properties.

77 
 

PL peak related to the adsorbed oxygen on the grain surface leading to a growing of the UV/Vis 

intensity ratio in ZnO PL  as reported on Figure 18. 

 

Figure 18. UV/Vis intensity ratio of ZnO ALD films of different thicknesses. 

 

According to Liu et al. [72] and Reshchikov et al.[73], the photo-generated electrons 

and holes in the depletion region are known to be separated by a strong electric field. The 

negative charge at the surface and the band bending upward are primarily caused by the 

adsorbed species (oxygen, hydroxyl groups, etc.). According to Reshchikovet al.[73] under the 

steady-state conditions, the equilibrium is achieved between the flow of holes to the surface and 

the flow of electrons to the “bulk” region. The flow of holes reaching the surface reduces the 

surface charge and, therefore, the bending of the surface band. As result, the near-surface 

electric field and the width of the depletion region decrease when the intensity of the excitonic 

PL increases. 

Liao et al.[70] and Wang et al. [18]reported that the decrease of the depletion layer in 

ZnO nanostructures being capable to stimulate transitions between neutral, single-charged, and 

doubly ionized oxygen vacancies assisted by a UV shift of the visible emission. The neutral 

oxygen vacancies are located in the bulk, whereas the doubly ionized vacancies are located in 

the depleted region. 

However, in the present study neither the UV shift of the visible emission, nor emission 

peaks corresponding to neutral oxygen vacancies have been observed. By the UV/Vis ratio 
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completely depleted and partially depleted, ZnO grains can be distinguished[18,48].The first is 

related to the case of the UV/Vis ratio being much less than 1, the latter is related to the UV/Vis 

ratio exceeding 1. Since the UV/Vis ratio exceeds 1 in all measured cases, the samples should 

contain partially depleted grains. Thus, the oxygen vacancies could be formed as point defects 

mostly in the surface region in an oxygen rich environment, the concentration in bulk of the 

grains being negligible. Therefore, the change of the width of the depleted layer should not 

affect the emission from oxygen vacancies. 

7. Conclusion 

Different thicknesses of ultra-thin ZnO films were grown using the atomic layer deposition 

technique (25 nm to 250 nm). A transition from amorphous to polycrystalline state was reported 

when the ZnO thickness increases. An increase of the crystalline grains size is accompanied by 

a decrease of lattice strain, a rise of the Zn/O ratio, and an uncharacteristic change of the energy 

gap due to a decrease of the defects point concentration and an improvement of the film 

crystallinity. Due to those structural defects, ZnO thin film band gap is lower than bulk ZnO 

crystals band gap. UV and Visible photoluminescence emissions peaks in ZnO thin films 

correspond to band-edge and defect-related transitions, respectively. Additional UV emissions 

are observed from band-tail states. The defects related to observed PL bands are identified as 

neutral Zn vacancies, interstitial oxygen, and doubly ionized oxygen vacancies. The optical 

properties correlate with the crystalline structure, the point defect concentration, the grain size, 

and the depleted layer. The Crystalline structure improvement when the ZnO thickness 

increases, was reflected in the photoluminescence spectra by an increasing on the UV emissions 

intensity. The oxygen excess is attributed to formation of Zn vacancies, oxygen interstitials and 

adsorbed molecular oxygen on the surface of grains. 
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8. Al2O3 ALD thin film 

Al2O3 ALD films with a number of cycles varying between 100 and 1000 cycles were 

elaborated using the setup mentioned in Table 6 at 100°C on Silicon substrate. The samples 

were characterized by SEM, EDX and ellipsometry. 

 

8.1. SEM observation  

SEM cross section was performed on the Al2O3 ALD films elaborated and mentioned above 

using a high Resolution Scanning Electron Microscope (HRSEM), Hitachi S-4800 microscope. 

Due to their dielectical properties, metallization have been realized before the SEM observation. 

Figure 19 shows the SEM cross-section of 1000 cycles ofAl2O3. 

 

 

Figure 19. SEM cross-section of films deposited using 1000 Al2O3 ALD cycles. 

 

SEM cross section image shows a conformal coating. Table 15reports the Al2O3 

thickness measured by SEM for films deposited using 200, 500 and 1000 Al2O3 ALD cycles 

and the extracted GPC. Due to the dielectric properties of aluminum oxide the thinnest layer 

corresponding to 100 cycles Al2O3 was difficult to be observed by SEM. 
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Table 15. Al2O3 thicknesses of 100, 200 and 500 ALD cycles extracted from the SEM cross section 

measurement. 

Number of Al2O3cycles Thicknesses measured by SEM cross section 

100 - 

200 37.5 

500 82 

1000 170 

GPC 0.17 

 

The growth rate per cycle for Al2O3 ALD at 100°C extracted from the SEM cross-section 

measurement is about 0.17nm per cycle. 

 

8.2. Ellipsometry 

Ellipsometric measurement was performed on the same samples deposited on Si substrate using 

a Semilab GES5E spectroscopic ellipsometer (of extended visible range:1.23–5 eV) under 

conditions of a fixed incident angle of 75° close to the Brewster’s angle of silicon substrate, and 

variable wavelength between 300 nm and 1 μm. Winelli II software was used to fit the 

experimental tan(ψ) and cos(δ) data in the full wavelength range by using Cauchy dispersion 

law and a single layer Al2O3 adjusted model to obtain the film thickness.Table16 shows the 

thickness value extracted from the ellipsometric measurement with a correlation coefficient of 

0.99. 
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Table 16.Al2O3 thicknesses of 100, 200, and 500 ALD cycle extracted from the ellipsometric 

measurement. 

Number of Al2O3cycles Thicknesses (nm) measured by ellipsometry 

100 19.9 

200 36.5 

500 80 

GPC 0.17 

 

A growth per cycle of 0.17nmwas extracted from the SEM cross-section observation and 

the ellipsometry measurements.The reported Al2O3 growth per cycle in the literature is about 

0.11 and 0.12 nm per cycle[74, 75]. 

 

8.3. Energy-dispersive X-ray spectroscopy (EDX)  

EDX measurement was also performed on 1000 cycles Al2O3 ALD layer deposited on 

silicon substrate. EDX measurement was carried out using a Hitachi S-4500 microscope 

coupled with a Thermofisher EDX detector. EDX has been calibrated with commercial Al2O3 

powder of known stoichiometry. Figure 19 presents the EDX measurement performed on 1000 

cycles of Al2O3 at 100°C. 

 

Figure20. EDX measurements for 1000 cycle Al2O3 deposited at 100°C. 
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 Figure 20 shows a stoichiometric ratio between Al(38%) and O(62%).Moreover the EDX 

measurement does not show any residual carbon which confirms a complete ALD reaction 

between trimethylaluminium (TMA) and water at 100°C. The stoichiometric ratio Al/O and the 

complete ALD reaction verified by the EDX measurement confirmed the sufficient purge time 

used in Table 6. 

Since the Al2O3 elaborated by ALD present an amorphous structure[76], GIXRD was not 

done on the ALD Al2O3 samples. Growth rate per cycle and chemical characterization have 

been achieved in order to use the Al2O3 as a doping material for ZnO ALD layer and to 

investigate his effect on the structural and optical properties of Al2O3/ZnO nanolaminates. A 

growth rate per cycle of 0.17 nm per cycle at 100°C has been extracted from the SEM and the 

ellipsometric measurements. Moreover the EDX measurements confirm the stoichiometric ratio 

and the complete ALD reaction between trimethylaluminium (TMA) and water at 100°C. 

 

9. ALD ofAluminum oxide/ Zinc Oxide nanolaminates 

In this study, three different Al2O3/ZnO ALD nanolaminates sequences were elaborated 

by ALD(Table17) at 100°C using the ALD setup reported on Table 18. 1000 cycles of ZnO 

were also deposited in order to be used as reference during the characterization.  

Table 17. Three nanolaminates sequences of Al2O3/ZnO. 

 

Samples 

Sequences 

Nbr of sequences*(number of Al2O3 

cycle/number of ZnO cycles) 

A1 1000 cycles ZnO 

A2 2(250/250) 

A3 10(50/50) 

A4 50(10/10) 
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Table 18. Al2O3 and ZnO ALD deposition setup 

 Al2O3 setup 

P1=TMA; P2=H2O 

ZnO setup 

P1=DEZ; P2=H2O 

P1 Pulse time 0.1 0.2 

Exposure to P1 30 30 

Purge 30 30 

P2 Pulse time 2 2 

Exposure to P2 30 30 

Purge 40 40 

 

9.1. Chemical and structural characterization of Al2O3/ZnO nanolaminates 

SEM cross section, EDX, GIXRD and AFM were performed on the nanolaminate with 

different sequences in order to study the chemical and structural properties of the obtained 

materials. 

 

9.1.1. SEM observations 

SEM cross section images have been realized on the ZnO and the nanolaminates structure 

in order to assure the ability to perform nanolaminates structures using the ALD technique with 

a conformal coating. Figure 21 shows the SEM cross-section images of A1,A2 and A3 samples.  
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Figure 21. SEM cross section image of samples A2, and A3 samples. 

 

SEM cross section shows a conformal coating with a well-defined nanolaminates 

structure for the thickest bilayer thicknesses (A2, A3). Due to her thinnest bilayer thickness(less 

than 3nm), the nanolaminates structures of the A4 sample was not observed by SEM.The 

growth rates per cycles of Al2O3 and ZnO in the nanolaminates vary between 1.4to2 Å per cycle 

and 1.8 to 2 Å per cycle respectively. Since the surface chemistry changes, the growth rate per 

cycle may evolve during deposition. 
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9.1.2. Energy-dispersive X-ray spectroscopy (EDX)  

EDX measurement was also performed on the nanolaminates with different sequences 

deposited on silicon substrate.EDX measurement was carried out using a Hitachi S-4500 

microscope coupled with a Thermofisher EDX detector. Figure 22 present the EDX spectra 

performed on the nanolaminates.  

 

 

Figure 22. EDX measurement of A1,A2,A3, and A4 Samples 

 

Figure22 reports the Al, Zn and O presence without any residual carbon confirming the 

ALD complete reaction at such temperature with the setup mentioned above in Table 18. As we 

can show in Figure 22, when the bilayer number increases the Al and O atomic percentage 
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increases and the Zn atomic percentage decreases. This Zn atomic percentage decreases when 

the bilayer number increases can be related to the ZnO etching by the Al(CH3)3 precursor 

during the Al2O3 ALD cycles as reported elsewhere at 177°C by Elam et al.[77]. The Al atomic 

percentage increases can be related as well to the increase of the Al2O3 density deposited on 

ZnO due to the residual OH- and the partially hydroxylated phase ZnO (OH) on the surface of 

the ZnO grains as reported in paragraph 4.3. 

 

9.1.3. Grazing Incidence X-ray Diffraction 

Grazing Incidence X-ray Diffraction was performed in all the deposited samples 

mentioned in Table 17 in order to understand the Al2O3 interlayer effect on the ZnO 

growth(Figure 23). 

 

Figure 23. GIXRD spectra of A1, A2, A3and A4 samples 

 

Figure 23 shows a transition from amorphous state to crystalline state on the GIXRD 

spectra when the bilayer thickness increases. In addition, when we compare the nanolaminates 

to the ZnO monolayer, a change of the crystalline direction is observed. The thinnest bilayer 

thickness sample (A4) showed a weak broad X-ray diffraction peak at 34.26° that can be due to 

their amorphous structure or their crystalline size below 4nm. When the bilayer thickness 

increases three XRD peaks appear at 2θ = 31.82° and 34.35° and weak peak at 2θ = 36.1° 
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corresponding to (100), (002) and (101) reflections of ZnO, respectively. For the thicker bilayer 

thickness, “A2”, strong peaks at 2θ = 31.74° and 34.35° have been observed with a low 

intensity peak at 36.1-36.2°. When we compare the thicker nanolaminate sample “A2” to the 

single ZnO film “A1”, a transition in the preferential growth orientation can be clearly seen.  A 

strong (002) and a weak (101) XRD peaks is observed for A2 samples. A weak (002) and strong 

(101) XRD peaks is observed for the A1 sample. Table 19 reports the lattice constants, the d-

spacing between the atomic planes, the texture coefficients (TC)and the grain size for ZnO 

single films and Al2O3/ZnO nanolaminates with different sequences calculated using the XRD 

peaks. 

 

Grain size calculation 

Debay-Scherer equation has been used to calculate the grain size (Equation 5): 

( )qb
l

cos

.
D

×
×

=
90

    (Equation 5) 

Where λ, β and θ are X-ray wavelength, full width at half maximum (FWHM) and diffraction 

angle, respectively. Table 19 shows the grain size value calculated using the Debey-Scherrer 

equation. Since the particles are of unknown morphologies, the shape factor is set to 0.9. 

Table 19. lattice constant, d-spacing, texture coefficient and grain size  

 Al2O3/ZnO 

50 (2/2 nm) 

A4 

Al2O3/ZnO 

 10 (10/10 nm) 

A3 

Al2O3/ZnO 

2 (50/50 nm) 

A2 

ZnO 

(100 nm) 

A1 

Lattice constant 

a(nm) 

 

c(nm) 

 

 

- 

 

0.523 

 

0.3244 

 

0.5218 

 

0.3247 

 

0.5215 

 

0.3253 

 

0.5213 

d-spacing 

d (100) (nm) 

d (002)(nm 

 

 

0.2615 

 

0.2809 

0.2609 

 

0.2812 

0.2607 

 

0.2849 

0.2606 
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d (101) (nm) - 0.2481 0.2485 0.2478 

Texture coefficient 

[100] 

[002] 

[101] 

 

 

- 

- 

- 

 

0.66 

2.07 

0.27 

 

1.28 

1.52 

0.2 

 

1.66 

0.237396 

0.468436 

Grain size 2 7 14 16 

 

When the bilayer thickness increases the lattice constant (a) increases and the lattice 

constant (c) decreases. Nanolaminates lattice constant (a) for samples A2 and A3 is lower than 

ZnO lattice constant (a) “A1”.Contrariwisenanolaminate lattice constant (c) for samples A2, A3 

and A4is higher than ZnO lattice constant (c)“A1”.This increases on the lattice parameter (c)can 

be related to the interstitial Al incorporation in the interface between ZnO and Al2O3[48]. This 

Al doped ZnO interlayer can vary from 0.1 to 1 nm when the bilayer thickness increases from 

4nm to 100nm. The d-spacing (100) is higher for ZnO single layer ’’A1’’ compared to that of 

Al2O3/ZnO 2 (50/50 nm) ‘’A2’’and Al2O3/ZnO 10 (10/10 nm)’’A3’’.For the d-spacing 

(002),samples A2, A3and A4, it is a bit higher than for ZnO single layer’’A1’’. For the 

nanolaminate with higher bilayer thickness has higher d-spacing (101), contrariwise ZnO d-

spacing (101) is lower than the nanolaminates d-spacing (101).Nanolaminates Texture 

coefficients (TC) calculation demonstrated that the (002) direction is the preferred growth 

orientation. In thicker bilayers (Al2O3/ZnO 2 (50/50 nm)), lateral growth in (100) direction was 

observed (TC = 1.28). 

 

9.1.4. Atomic force microscopy (AFM) 

The surface morphology was studied by AFM (Figure24).AFM measurements were 

performed on an Asylum Research MFP-3D atomic force microscope, operating in tapping 

mode and equipped with a commercial silicon tip. The size of the AFM images was 3 μm × 3 

μm.  
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Figure 24. AFM measurement of different nanolaminate sequences and ZnO monolayer 
 

The thinnest bilayers Al2O3/ZnO 50 (2/2 nm) and Al2O3/ZnO 10 (10/10 nm) showed 

smooth surface with lowsurface roughness. Well-shaped hill features with average lateral 

dimensions 50−100 nm has been observed on the Al2O3/ZnO 2 (50/50 nm) sample surface. The 

mean square roughness, calculated from AFM data, showed linear behavior vs the increase of 

bilayer thickness (Figure 25). Amorphous Al2O3inhibitsthe ZnO crystal growth and forces the 

ZnO to renucleate on the Al2O3 surface. We note that the surface roughness of nanolaminates 

was lower than the surface roughness of 200 nm thick ZnO mentioned before at paragraph 4.7 

(Figure 25). 
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Figure 25.  Blue Square: Roughness vs the film thickness of the single layer of ZnO; black 

square, Roughness vs the top layer of ZnO in the Al2O3/ZnO nanolaminates  

 

9.2. Optical Characterization of Al2O3/ZnO nanolaminates 

Optical properties of Al2O3/ZnO nanolaminates elaborated by ALD have been studied 

with UV−VIS transmittance (UV−VIS spectrophotometer Shimadzu UV-1700, spectral range 

300−1100 nm, 1 nm step) and photoluminescence spectroscopy (spectral range 370−800nm). 

The excitation of luminescence was performed by a solid state laser source (Nd:YAG, LCS-

DTL-374QT, Russia, 355 nm, 13 mW/cm2). 

 

9.2.1. Transmitance measurement 

The transmittance spectra of the Al2O3/ZnO nanolaminates with different bilayers 

thickness are reported on Figure 26.  
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Figure 26. Transmittance spectra and of Al2O3/ZnO nanolaminates with different bilayer 

thicknesses and single ZnO thin film 

 

Transmittance spectra show that all the nanolaminates samples were transparent in the 

range of 550-1100 nm. An absorption edge is observed in the 370-410nm range. A blue shift of 

the absorption edge is observed when the nanolaminates bilayers thickness decreases. Based on 

the transmittance spectra, we calculate the absorption coefficient α and then we estimate the 

band gap value of the Al2O3/ZnO nanolaminates. 

 

Absorption coefficient α 

Based on the transmittance spectra and the direct optical transitions properties of ZnO 

and by assuming that the Al2O3is totally transparent and the observed absorption edge was 

related to ZnO layers, the absorption coefficient α has been calculated using Equation 6. 

( )
n

n
a

h

Eh g

2-
=

         (Equation 6) 

Where hv and Eg are a photon energy and a band gap values, respectively. The Absorption 

coefficient α is related to the transmittance of the sample Tby the Equation 7: 
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Where d is a thickness of the sample. 

Band gap estimation 

Considering equation 6 and equation 7 and using the optical density D= d.α, we plot the 

(D×hv)2vshv in figure 27 then we calculated graphically the Band gap values Eg in the linear 

part of the absorption edge. 

 

Figure 27. band gap estimation of Al2O3/ZnO nanolaminates with different bilayer 

thickness and the single ZnO thin film 

 

Table 20 reports the band gap value estimated graphically of the Al2O3/ZnO 

nanolaminates with different bilayers thicknesses and the single ZnO thin film. 

 

Table 20. Band gap value of Al2O3/ZnO nanolaminates with different bilayer thicknesses and 

single ZnO thin film extracted from transmittance spectra 

Samples Eg (eV) from transmittance 

Al2O3/ZnO 50 (2/2 nm) 3.41 

Al2O3/ZnO 10 (10/10 nm) 3.3 

Al2O3/ZnO 2 (50/50 nm) 3.28 

ZnO (50 nm) 3.24 
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As shown in Table 20 when the nanolaminates bilayers thickness increases, the band gap 

decreases. This band gap variation can be related to structural defects (interstitials, vacancies, 

etc.) and impurities. According to Wang et al.[78] and Charpentier et al.[79], the observed blue 

shift could be determined by three physical phenomena[80, 81]: 

1. Quantum confinement effect of small nanograins 

2. Doping of ZnO by Al 

3. The improvement of crystalline quality of the single layer. 

Quantum confinement due to small nanograins can only occur for nanolaminates with 

bilayer thickness of 4 nm. For other samples, the doping by Al and the improvement of the 

crystalline structure reported on the GIXRD spectra (Figure 22) are the most possible 

explanations for the observed blue shift. 

9.2.2. Ellipsometry  

Bilayers thickness, refractive index and extinction coefficients have been investigated 

using the ellipsometric measurements realized on the single ZnO and Al2O3 layers as well as on 

the nanolamiantes (Figure 28). 

 

Figure 28. a) Refractive index of Al2O3 single thin film and Al2O3 in Al2O3/ZnO 

nanolaminates with different bilayer thicknesses. b) Refractive index of ZnO single thin 

film and ZnO in Al2O3/ZnO nanolaminates with different bilayer thicknesses. 
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Different models have been used to analyze the regression. ZnO layer was characterized 

using Psemi-MO and two Gausian oscillators from ‘Complete Ease’ software. Al2O3 layers 

were characterized using Cauchy dispersion function that is commonly used for transparent 

materials as dielectrics and semiconductors. Starting by fixing the thickness value and fitting 

the dispersion function, optical constants and layer thickness of single Al2O3 and ZnO layers 

deposited on Si substrate were obtained. Cauchy constant used for Al2O3characterization are A 

=1.716, B=2.36×10-2 and C=1.57×10-3 and a thickness of layer (d = 40.81nm) were determined 

from regression analysis. This optical constant value is close to that reported by Barker et al. on 

α -Al2O3 lattice belongs to the trigonal crystal system[82]. The single layer of ZnO optical 

constants and the layer thickness (d = 48.63nm) was obtained from regression analysis with 

following Psemi-Mo oscillator values: Amp1 = 2.542, Br 1=0.0798, Eo1=3.288, WR1=2.2419, 

PR1=0.631, AR1=0.542, O2R1=-0.565, Gaussians oscillator values were: Amp2 = 2.53, Br2 = 

2.53, En2 = 6.47, Amp3 = 0.265, Br3 = 0.46, En3 = 0.885. The calculated optical constants of 

ZnO nanolayers obtained by ALD is in good agreement with ZnO having hexagonal crystals 

structure reported by Dai et al.[83]. 

In order to study the optical response of ellipsometric parameters of multilayer system 

(nanolaminates) composed of Al2O3 and ZnO layers deposited by ALD method during 

regression analysis, the thicknesses of layers were fixed parameters, meanwhile coefficients in 

optical dispersion functions were free fitting values. As noted above, the obtained optical 

constants for single Al2O3 and ZnO layers were used as a starting point for the regression 

analysis based on the evaluation of ZnO/Al2O3 nanolaminates.  

For the Al2O3/ZnO 50 (2/2 nm) nanolaminate, the Bruggeman effective media approach 

was used for regression analysis. Firstly, the total thickness was obtained in a range from 400 

nm to 1000 nm. After that the coefficients of optical constants functions were fitted in spectral 

range from 300 to 1000 nm to evaluate the peculiarity in UV range. Bruggemans effective 

media approximation model gives possibility to evaluate the percentage of materials from 

which the layer consists and usually is used for the evaluation of polycrystalline materials. After 

the fitting of percent’s in effective media model, using ‘Complete Ease’ software, it was 

calculated that the part of Al2O3 takes 54.9 % and ZnO 45.1 % of total volume. We note here 

that due to the roughness of the interface between layers, the ultrathin (about 2 nm) layers 
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fluctuations can be of the same order as the thickness of this layer. It can be seen from XRD 

measurements that demonstrated the amorphous of layers having thickness below 2 nm. This 

means that such nanolaminates are more close to the dispersed system than to the regular one. 

Thus, the effective medium approach could be a good tool for the calculation of the effective 

refractive index. Since the exact shape of such fluctuations is unknown, the Bruggeman 

approach is most preferable because it is better to use it in the case of absence of any 

independent information about microstructure and describing film roughness and intermixed 

layer effects[84, 85]. However the investigation of nanolaminates using He-ion microscope 

reported elsewhere had demonstrated layered structure of the total film[17]. In order to estimate 

the error which could be generated due to this anisotropic structure, we used linear approach of 

effective medium and Hashin – Shtrikman limit[86] with known volume fractions of the 

components (55%/45%). This estimation showed that the difference between dielectric 

constants along and perpendicular to the nanolaminate structures is only 0.1%. This 

demonstrates that our choice of Bruggeman effective medium approach is able to give enough 

accurate results. 

The main parameters of single ZnO and Al2O3 layers (refractive index n and extinction 

coefficient k) were calculated from ellipsometry measurements. It was found that Al2O3 was 

transparent in the whole UV and Vis range of the wavelength (Figure 28a). We note here that 

ellipsometry allows obtaining the optical constants n (real part of refractive index) and k 

(imaginary part of refractive index). This was used in the present work: n vs wavelength was 

plotted to analyze correlation with the structural properties. However, no drastic changes in n 

values were observed when we plot n, sqrt(n2 - k2) and sqrt(n2 + k2) in the UV-VIS range 

(Figure 29). 
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Figure29. Refractive index of ZnO single thin film of 50 nm 

 

ZnO single layer demonstrated absorption peak in the range from 360 to 410 nm (Figure 

28b). It is known that extinction coefficient k and absorption coefficient α are related as:[87] 

l
p

a
k××

=
4

         (Equation 8) 

Where λ is a wavelength. Using equations 6and7, band gap values of ZnO single layer were 

calculated (Table 15). 

 

Table 21. band gap value of Al2O3/ZnO nanolaminates with different bilayer thickness and single 

ZnO thin film extracted from the e llipsometric measurement 

Samples Eg (eV) from ellipsometry 

Al2O3/ZnO 50 (2/2 nm) 3.45 

Al2O3/ZnO 10 (10/10 nm) 3.36 

Al2O3/ZnO 2 (50/50 nm) 3.31 

ZnO (50 nm) 3.25 
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The calculated Eg values were similar to the ones, obtained by transmittance 

spectroscopy (see Table 20). It was found that average refractive index of ZnO single layer in 

nanolaminates was higher than that for the single ZnO films. No drastic changes in refractive 

index of ZnO in nanolamitates were observed in the range of 450 - 700 nm. The peak between 

350 and 400 nm corresponds to the band gap transition of ZnO[88]. Blue shift of the peaks in 

dispersion curves (n (λ)) were observed with the decrease of the single ZnO layer thickness in 

nanolaminates due to grain size decrease, doping by Al or the improvement of the crystalline 

quality[88]. The observed blue shift peak is in good correlation with the calculated band bap 

values. 

Doping of ZnO by Al resulted in changes of optical properties, such as band gap and 

refractive index[89, 90]. It was shown, that refractive index of ZnO doped by Al decreased with 

the concentration ratio of Al dopant [89, 90]. The observed results of refractive index of ZnO 

showed the increase of refractive index in comparison to single ZnO films. Recently we 

demonstrated that 50 nm ZnO film on Si was barely nanocrystalline with average grain size 

about 6 nm[25]. It was considered that shift of the refractive index is related to the packing 

density of the film:[89, 91, 92] as the packing density increases, the n value increases [89, 91, 

92]. In fact the packaging density (density per volume) is related to the microstructure of the 

films. The higher the packing density the less moisture/voids are inside ZnO thin film. ZnO has 

a columnar microstructure and a columnar growth is proved. When we deposited ZnO on 

Al2O3, lateral growth can take place. The deviation from the columnar growth can change then 

the microstructure and increase the packing density and the refractive index as reported by 

Krishna et al.[93]. According to the XRD analysis, the larger grain size in nanolaminates 

increased with the bilayers thickness. It might be considered that no significant doping occurred 

in ZnO single layers but the increase of refractive index of ZnO was based on improved 

crystalline properties. We suppose that the Al doping at the ZnO/Al2O3 interface did not make 

an influence to the refractive index of ZnO layers.  

The refractive index of Al2O3 single layer in nanolaminates increased in comparison to 

single layer of Al2O3, deposited on Si (Figure 28b). This layer had amorphous structure [17]. In 

the present work Al2O3 also had amorphous nature as no XRD peaks, related to this material 
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were observed. This result is not fully understood yet, however, we could consider the 

improvement of the structure in amorphous Al2O3, similar to ZnO, which resulted in the 

increase of the refractive index and/or the Zn incorporation at the ZnO/Al2O3 interface. 

 

9.2.3. Photoluminescence 

Photoluminescence tests were performed on the nanolaminates structures series. Figure 

30 shows the photoluminescence spectra of different nanolaminates bilayer thickness.  

 

Figure 30. Photoluminescence spectra of 50 nm thick single ZnO film and Al2O3/ZnO 

nanolaminates with different bilayer thicknesses. 

 

Figure 30 reports a UV and Vis emission bands, usually observed in ZnO nanostructures. 

According to Wanget al.[13], the UV peak corresponds to free exciton emission and the Vis 

peak corresponds to defect level emission. Moreover an increase in the UV peak intensity with 

the increase of the bilayer thickness in the nanolaminates was reported by the 
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photoluminescence spectra. The intensity of the Vis peak does not follow the same tendency. 

According to Jinet al.[20] and Zandiet al.[80] the ratio of UV/Vis emission could be a 

parameter of the crystalline structure quality of ZnO inside the nanolaminates.  

The high surface/volume ratio of the Al2O3/ZnO 50 (2/2 nm) combined with the low 

crystalline properties can be behind the low intensity of the UV peak. Origine 7 software has 

been used to analyze the PL spectra of the nanolaminates by splitting the spectra on separate 

peaks with the Gaussian fitting (Figure 31).The obtained data is presented in the Table 22. 

 

Figure 31. Photoluminescence spectra of ZnO single thin film of 50 nm thick and 

Al2O3/ZnO nanolaminates with different bilayer thicknesses 
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Table 22. Peak positions of ZnO single thin film and Al2O3/ZnO nanolaminates with different 

bilayer thicknesses 

Al2O3/ZnO 

50 (2/2 nm) 

Al2O3/ZnO 

10 (10/10 nm) 

Al2O3/ZnO 

2 (50/50 nm) 

ZnO (50 nm) 

425.3 380 378 382 

560.5 389 386 391 

653.1 414 417 406 

- 566 552 518 

- 600 637 619 

 

Excitonic peaks at 377-378 nm and phonon replicas at 386-388 nm fit with the previously 

published results [65, 66, 94, 95].Peaks at 413-425 nm could be induced by neutral Zn 

vacancies and/or surface defects [65, 66, 94, 95]. Peaks at 536-565 nm and 635-656 nm 

correspond to oxygen vacancies and the interstitial oxygen[96].  

Photoluminescence spectra show that UV/Vis intensity of nanolaminates did not increase 

monotonically with the increase of the single layer thickness (Figure 29). It could be affected by 

structural changes during the layer growth and/or doping by Al. According to Yogamalar et 

al.[97], the Al3+ ions could substitute Zn2+ and therefore Zn vacancies are formed, which are 

increasing the visible PL band. Yogamalaret al.[97] mentioned also that the Al doping results in 

the increase of electron concentration what could stimulate the defect-based luminescence and 

the formation of surface defects, which could be a luminescence centers as well. 

A strong peak at 413 nm (Figure 29) confirms additional defects at Al2O3/ZnO interface. 

According to Willanderet al.[96] and Liang et al.[98] the peaks at 413-426were related to 

neutral Zn vacancies or/and Zn interstitials. Based on the ellipsometry and XRD measurements, 

that does not approve any Al doping. The increase of the peak intensity could be the result of 

higher concentration of Zn vacancies/Zn interstitials at Al2O3/ZnO interface. 
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9.3. Conclusion 

Optical and structural properties of Al2O3/ZnO nanolaminates elaborated by ALD have 

been investigated. Nanolaminates structures allow the tailoring of structural and optical 

parameters. Single layer thickness, grain size, band gap and PL have been calculated. From the 

analysis of optical and structural properties, it was determined that Al diffused into the interface 

of ZnO/Al2O3 bilayer, forming defect states which increased the visible peak of 

photoluminescence spectra. The improvement on the ZnO crystalline quality leads to a blue 

shift of band gap and excitonic peak position of ZnO single layers and was explained by the 

quantum confinement. 

10. General Conclusion 

This first experimental chapter was devoted to the optical and structural study of zinc oxide, 

aluminum oxide and Al2O3/ZnO nanolaminates in order to investigate the behavior of the 

deposition parameter on the structural and optical properties. Before starting this study, view 

that the reactor used on this thesis is a homemade reactor, several established experiments were 

necessary before starting the ALD deposition such as homogenizing the temperature, solve the 

software problem, optimizing the deposition parameter such as precursor pulse time, exposure 

time, purge time, and others. After that, the setup of the ALD window was studied between 50 

and 230°C. Based on the SEM and ellipsometric measurement, the ALD window was found to 

be between 50 and 200°C for the Al2O3 with a growth rate per cycle of 0.17 nm per cycle and 

between 60 and 180°C for the ZnO with a growth rate of 0.24 nm per cycle. Those results were 

matching the literature data. 

After the identification of the ALD window and the growth per cycle, ZnO layers with 

different thicknesses between 25 and 250 nm have been deposited at 100°C in silicon and glass 

substrates and then characterized by SEM, GIXRD, TEM, EDX, AFM, transmittance test and 

photoluminescence.SEM cross section shows a conformal coating with a columnar growth 

when the ZnO thickness increase leading to a rough surface. GIXRD measurements shows a 

transition from an amorphous to polycrystalline state when the ZnO thickness increases. 

Moreover GIXRD shows an increase of the crystalline grains size with increasing the ZnO 

thickness. TEM shows an amorphous ZnO layer below 20 nm, nano-crystalline grains randomly 
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oriented in the ultrathin films observed between 20 and 50 nm thick films and a columnar 

growth for thickness higher than 50 nm which confirms the SEM and the GIXRD 

measurements. AFM images shows an increase on the mean-square roughness (Rq) extracted 

from the AFM images when the ZnO thickness increases which match the SEM 

observation.EDX measurements report a non-stoichiometric ratio between Zn and O (˃1) 

indicate Oxygen excess that can be due to residual OH- and a partially hydroxylated phase 

ZnO(OH) on the surface of the ZnO grains. Moreover the O/Zn ratio decreases with increasing 

the thickness.  Transmittance tests show a transparent behavior on the 500-1100nm range for 

ZnO layers with a thickness less than 100nm contrary to the ZnO layers with a thickness higher 

than 100 nm that shows a maximum and minimum transmittance in the same range. 

Based on the transmittance spectra the band gap energy and the urbach energy were 

calculated. An uncharacteristic change of the band gap and the urbach energy have been 

reported when the ZnO thickness increases. PL spectra of ZnO films with different thicknesses 

reported a defect states at 3.08-3.14eV due to the neutral Zn vacancies. It shows also a peak at 

2.21-2.25eV that identifies interstitials oxygen. Due to those 2 peaks PL spectra shows an 

oxygen-rich samples correlate well with the EDX results. Band gap was also calculated based 

on the photoluminescence and the absorption measurements. In summary an increase of the 

crystalline grains size is accompanied by a decrease of lattice strain, a rise of the Zn/O ratio, and 

an uncharacteristic change of the energy gap due to a decrease of the defects point concentration 

and an improvement of the film crystallinity. 

Due to those structural defect ZnO thin film band gap is lower than bulk ZnO crystals band 

gap. UV and Visible photoluminescence emissions peaks in ZnO thin films correspond to band-

edge and defect-related transitions, respectively. Additional UV emissions are observed from 

band-tail states. The defects related to observed PL bands are identified as neutral Zn vacancies, 

interstitial oxygen, and doubly ionized oxygen vacancies. The optical properties correlate with 

the crystalline structure, the point defect concentration, the grain size, and the depleted layer. 

The Crystalline structure improvement when the ZnO thickness increase was reflected in the 

photoluminescence spectra by an increasing on the UV emissions intensity. The oxygen excess 

is attributed to formation of Zn vacancies, oxygen interstitials and adsorbed molecular oxygen 

on the surface of grains. 
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After this optical and structural study on ZnO films with different thicknesses, optical and 

structural properties of Al2O3/ZnO nanolaminates elaborated by ALD have been as well 

investigated. Three different nanolaminates sequences have been elaborated and characterized: 

· 2 x (250 cycles Al2O3/250 cycles ZnO) 

· 10 x (50 cycles Al2O3/50 cycles ZnO) 

· 50 x(10 cycles Al2O3/10 cycles ZnO) 

· A monolayer of 1000 cycles ZnO as reference. 

SEM, GIXRD, AFM, Ellipsometry, transmittance tests and photoluminescence 

characterization have been performed on different nanolaminates sequences. SEM cross section 

images show a conformal coating with well-defined nanolaminates structures. GIXRD reports a 

transition in the preferential growth orientation on the thicker bilayers sequences and a 

transition to an amorphous state for the thinnest one. Moreover when the bilayer thickness 

increases the grain size increases, the lattice constant (a) increases and the lattice constant (c) 

decreases. AFM images show a decrease on the mean square roughness when the bilayer 

thickness decreases. 

Transmittance spectra show that all the nanolaminates samples were transparent in the 

range of 550-1100 nm. An absorption edge is observed in the 370-410nm range. A blue shift of 

the absorption edge is observed when the nanolaminate bilayer thickness decreases. The 

extracted band gap from the transmittance spectra reports a decrease behavior when the 

nanolaminates bilayers thicknesses increase. Ellipsometric measurements report a band gap 

values close to the ones obtained by transmittance spectroscopy. Moreover it was found that 

average refractive index of ZnO single layer in nanolaminates was higher than that for the 

single ZnO films. Photoluminescence spectra show an increase in the UV peak intensity with 

the increase of the bilayer thickness in the nanolaminates. The intensity of the Vis peak does not 

follow the same tendency. In summary nanolaminates structures allow the tailoring of structural 

and optical parameters. Single layer thickness, grain size, band gap and PL have been 

calculated. From the analysis of optical and structural properties, it was determined that Al 

diffused into the interface of ZnO/Al2O3 bilayer, forming defect states which increased the 

visible peak of photoluminescence spectra. The improvement on the ZnO crystalline quality 
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leads to a blue shift of band gap and excitonic peak position of ZnO single layers and was 

explained by the quantum confinement. 

Coupling the ability to modify optical properties and active surface with the 

biocompatibility properties of the deposited films, our materials show a good capacity for the 

development of different applications such electrical, optical sensors and biosensors, 

photocatalytic, membrane etc. It will be shown in the following chapters. 
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1. Introduction 

Due to their large application fields (civil and military applications) such as secure space-

to-space communications, pollution monitoring, water sterilization, and flame sensing [1], UV 

photodetectors have attracted attention for the research. After the structural and optical studies 

performed on ZnO deposited by ALD in chapter 2, this chapter will be devoted to the design of 

ZnO 1D nanostructures and their investigations as UV photodetectors. Polyacrilonitrile fibers 

synthesized by electrospining will be used as a template for ZnO ALD deposition in order to 

enhance the specific surface of the ZnO based UV Photodetectors. Structural, chemical and UV 

photoresponse properties of the obtained materials will be investigated. We should note here that 

ALD ZnO UV detection was not extensively studied in the literature. Shan et al.[1] performed a 

short study on ZnO ALD films deposited on glass substrates for UV Photodetection. They show a 

photoresponse current of ZnO based photodetectors (0.7 A/W at 5V bias) without the 

investigation of other parameters such as recovery time, response time and device stability. The 

design of high surface electrode based ALD deposition and the investigation of ALD conditions 

such as temperature, thickness and others parameters have not been addressed yet.  

 

2. Bibliographical introduction on UV photodetector 

UV photodetection has been widely studied in the last few years [2-11]. The 

semiconductor based UV photodetectors process is a simple physical phenomenon based on 

electron-hole generation into a semiconductor under photon shelling. Those pairs of electron-hole 

are collected before any recombination process (Figure1). When a photon with energy larger than 

the band-gap energy of semiconductor is absorbed, an electron-hole pair would be produced, 

there by changing the electrical conductivity of the semiconductor. 
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Figure1. Electron-hole generation under photon shelling collected before any recombination process. 

 

UV range can be divided to four spectral regions [12, 13]: 

· UV-A (320 nm ˂ λ ˂ 400 nm) 

· UV-B (280 nm ˂ λ ˂ 320 nm) 

· UV-C (200 nm ˂ λ ˂ 280 nm) 

· Far UV (10 nm ˂ λ ˂ 200 nm) 

Solar radiations cover all the UV spectra. The UV-C and Far UV emitted from the solar 

radiation are absorbed by the atmospheric ozone layer and the UV-A and UV-B reach the Earth. 

UV photodetectors with high sensitivity on the UV-A, UV-B, UV-C regions and far UV and with 

a low sensitivity for the visible range (400-700nm) are called Visible-blind photodetectors. UV 

photo-detectors with high sensitivity on the UV-C and far UV regions compared to the UV-A, 

UV-B regions are called Solar-blind [14]. A high-performance photo-detector should satisfy the 

5S requirements of high sensitivity, high signal-to-noise ratio, high spectral selectivity, high 

speed and high stability[15]. 

 

3. Semiconductor based UV photodetectors 

Low band gap energy semiconductor has been widely used for UV photodetection 

especially the Si-based photodetectors (Eg = 1.1 eV). Despite their high sensitivity and quick 

response advantages, low Eg UV photodetectors are sensible to low energy photon such as visible 

and IR light which requires the insertion of protection filters to avoid signal noise related to those 

low electron energy. Moreover an ultra high vacuum and a very high voltage supply were 
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required [16]. Those entire disadvantages of the low Eg based photodetectors disappear for the 

high band gap semiconductors. Moreover, wide-band gap materials are chemically and thermally 

more stable which reflects an advantage for devices operating in harsh environments [17-19]. In 

the following part we will introduce the different types of high band gap semiconductors used for 

UV photodetection applications. 

3.1. Group-III nitrides based photodetectors  

Different types of thin film semiconductors have been elaborated using different 

techniques for UV photodetection applications. Group-III nitrides semiconductors such as AlN, 

GaN, InN, AlxGa1-xN, and In0.1Ga0.9N have been widely used on the UV photodetection field due 

to their advantages such as the ideal spectral selectivity with wide direct band-gap, high 

breakdown field, high thermal stability, radiation hardness and expected high responsivity [20]. 

AlxGa1-xN and InxGa1-xN provide the full UV region photodetection[21, 22]. With Al percentage 

higher than 40, AlxGa1-xN presents solar-blind detection properties. Nevertheless achieving this 

high Al percentage presents a big challenge due to the crack formation and the high density 

defect on the AlxGa1-xN layer. Using the interlayer technique, a percentage of 30% was achieved 

without any cracks formation [23]. 

 

3.2. SiC based photo-detectors 

Due to its high chemical and thermal stability with wide band-gap (2.0 eV ≤ Eg ≤ 7.0 eV), 

SiC has been widely used for flame detectors (UV-C range). p-type and n-type SiC can be 

realized by doping with Al and N respectively. Due to the little Fermi-level pinning, the SiC 

Schottky barrier height highly depends on the work function of the contact metal. Razeghiet 

al.[24] and Kosyachenkoet al.[25] report a 6H-SiC Schottky photodiodes based on n-type or p-

type, working in the 200–400 nm spectral range. Anikinet al.[26] reported the high-quality 

Schottky junction on n-type SiC with the Schottky barrier height of 1.4–1.63 eV using Au. 4H-

SiC-based Metal/Semiconductor/Metal (MSM) photo-detector has been widely reported on the 

literature [27, 28]. p-i-n SiC based junction presents a low-noise and high-speed response with an 

insensibility to the visible and IR photon [29]. The 6H-SiC UV p-i-n photodiodes had already 

been fabricated and commercially available [29]. Biondoet al. [30] reports a 4H-SiC p-n junction, 
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UV-photo-detector with a spectral responsivity of 0.03 A/W at 280 nm. Liu et al.[31] reported a 

4H-SiC p-i-n avalanche photodiodes (APD) with dark current density of 63 nA /cm2, and 

quantum efficiency of ~40%. 

3.3. Diamond based photodetectors  

Single crystal diamond based UV-Photodetectors meet the 5S requirement due to his wide 

band gap of 5.5 eV with extreme properties such as a high thermal conductivity, high carrier 

saturation velocity and mobility[15]. S-doped diamond shows high sensitivity, high speed, and 

relative blindness to visible radiation that can be due to defects generated due to the doping [32, 

33]. Smith et al. [34] reports a p-type conductive diamond using boron. n-type doped diamond is 

difficult to achieve because of the close packing and rigidity of the diamond lattice. However 

Koizumi et al.[35] and Sakaguchiet al.[36] report n-type diamond that can only achieved by 

phosphor incorporation on (111) oriented surfaces. Interdigitated-finger MSM photoconductor, 

MSM photodiode, and Schottky photodiode based on diamonds were also reported [17, 37-40]. 

3.4. ZnO based photo-detectors 

Among the high band gap semiconductors category, ZnO was one of the most 

semiconductors used for UV photo-detection due to its high chemical stability, low cost, and 

large band gap of 3.37 eV at room temperature. Mollowet al. reports in 1940 the first UV 

photoresponse in ZnO films[41]. Since then, many complex ZnO-based photodetectors with high 

performance were reported, such as p-n junction, p-i-n junction and Schottky junction [4, 42-49]. 

Different types of ZnO based UV detectors has been reported such as photoconductors types [50-

62], metal-semiconductor-metal (MSM) [4, 63-65], Schottky photodiodes [66-68] and p-n 

junction photodiodes[69-73]. 
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3.4.1. Design of ZnO photoconductors  

A photoconductor is a radiation-sensitive resistor with too Ohmic contacts coupled with a 

load resistance[24]. The load resistance should be much smaller than the device resistance 

(Figure 2). Due to their high internal gain at room temperature, photoconductors can operate 

without any amplifying equipment. Despite this advantage photoconductors device present a low 

discrimination ratio between UV and visible light and persistent photoconductivity effects. ZnO 

based photoconductors device has been elaborated and tested using different techniques. 

Different electrode types have been as well used for ohmic contact (electrodes) such as Au, Al, 

Pt, Al/Au, Ni/Au, and ITO [50, 52-54, 58, 61, 62, 74-78]. Table 1 adapted from the review of Liu 

et al.[79] shows the different ZnO photoconductors devices elaborated by different techniques 

and their performance.  

 

Figure2.  Schematic structure of photoconductors 
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Table1. Different fabrication methods of ZnO photoconductors and their performance : Adapted 
from the review of Liu et al.[79] 

Fabrication 
Method 

Electrodes Doping or 
treating 

Dark current Responsivity Response time Ref 

PLD Al - 0.2mA/5V - 50s(rise time) 
120s(fall time) 

[4] 

MOCVD Al N-doping 450nA/5V 400A/W 
At 5v bias 

1ms (rise time) 
1.5ms(fall time) 

[14] 

RF-Sputtering Al - 38mA/5V 18A/W 
At 5V bias 

100ns(rise time) 
1.5ms(fall time) 

[15] 

RF-Sputtering 
 

Au 
 

- 250nA/3V 
 

30A/W at3V 
 

20ns(rise time) 
10ms(fall time) 
 

[16] 

RF-Sputtering Al, ITO - 640mA/5V 1616A/W at 
5V 

71.2ns(rise time) 
377ms(fall time) 
 

[17] 

RF-Sputtering Al Oxygen 
Plasma 
treatment 

400pA/3V 1-10A/W 50ms(fall time) [18] 

MBE 
 

Ni/Au 
 

 38 mA/ 
(100V/cm) 
 

˂0.05A/W 
 
 

0.556ms(falltime) 
 

[19] 
 

MBE  HCl 
treatment 

0.1-0.2 
mA/4V 

0.141A/W 
at 10V bias 

- [19] 

P-MBE Al/Ti 
 

Ga-doping 10mA/5V 1.68A/W 
At 20V bias 

95s(rise time) 
2068s(fall time) 

[23] 

Sol-gel Au - -8mA/5V -0.03A/W at 
5V bias 

160s (drop to 
50% of its 
maximum value) 

[24] 

RF-Sputtering Al Ga-doping - 2.6A/W at 
10V bias 

10ns(rise time) 
960ns(fall time) 

[27] 

 

Different post treatments have been used to enhance the ZnO photoconductors 

performance [53, 76, 80]. According to Liu et al.[53], oxygen plasma treatment enhances the UV 

detection properties of ZnO, reduces the decay time constant (to below 50 μs) and increasing the 

on/off ratio of photocurrent (to over 1,000) with a high UV responsivity (1–10 A/W). The reason 

for this result may be that oxygen plasma treatment can effectively suppress the chemisorption 

effect and the oxygen vacancy in ZnO films. Chang et al.[54] reports a photoresponse increases 

of ZnO photoconductor after a HCl treatment. Li et al.[80] reports the same effect after a SiO2 

covering, but they also report an increase on the dark current due to the damage of ZnO films 

generated during the SiO2 covering. Sun et al.[60] reports a Ga-doped ZnO film on quartz by RF 

sputtering that offers higher performance from the n-type doped ZnO in term of rise time (10ns) 
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and fall time (960s). This fast response can be attributed to the enhancement of tunnel 

recombination across the potential barriers generated by surface and defects in ZnO:Ga sample. 

Similar behavior has been reported by Monroy et al. [13] in Si-doped AlxGa1−xN 

photoconductive detectors. 

 

3.4.2. Metal-Semiconductor-Metal (MSM) Photodiodes.  

A MSM photodiode is a semiconductor with too integrated Shottky contact on the top of 

the Semiconductor (Figure 3). 

 

Figure3. Schematic structure of MSM Photodiodes 

 

MSM photodiodes have faster recovery time due to their low capacitance per unit area. 

Despite this advantage, the metallization shadow on the semiconductors decreases the 

photoreponse current. This device cannot operate at a zero bias. ZnO MSM photodiodes has been 

elaborated using different deposition techniques such as MOCVD [68, 81], laser assisted 

molecular beam deposition (LAMBD)[82], radio frequency (RF) magnetron sputtering [83-85], 

atomic-layer deposition (ALD) [86] and molecular beam epitaxy (MBE)[87, 88]. Different 
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electrode types such as Au, Ag, Pt, Ni, Pd, Cr, Al, and Ru have been elaborated and investigated 

in term of performance. According to Li et al.[82], large Schottky barrier height at metal–

semiconductor interface leads to increase of the on/off ratio of photocurrent (small leakage 

current and high breakdown voltage). An increase on the Schottky barrier height can be achieved 

using metals with high work functions [89]. The Schottky barrier height at the Ru/ZnO, Ag/ZnO, 

Pd/ZnO and Ni/ZnO was evaluated to be 0.76, 0.736, 0.701 and 0.613 eV, respectively [87, 88]. 

 

3.4.3. Schottky Photodiodes  

Schottky photodiodes device is a semiconductor sandwiched between an Ohmic contact 

and a schottky electrode. Figure 4 shows the schematic representation of the Schottky 

photodiodes device. 

 

Figure4. The schematic structure of the Schottky photodiodes device 

 

This device has many advantages such as high quantum efficiency, high response speed, 

low dark current, high UV/visible contrast, and possible zero-bias operation [24, 90]. The first 

ZnO based Schottky photodiodes device has been reported by Fabriciuset al. [91] on 1986 with a 

rise time around 20 μs and a decay time of 30 μs. Since then, different publications have reported 

on this type of device using different substrates, different ZnO deposition techniques, and 

different types of metal electrodes. Kim et al. reports a highly sensitive ZnO Nanowires 

ultraviolet photodetectors based on mechanical schottky contact [67]. The high conducting 
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nanowire-based photodetector concurrently achieved a high photocurrent signal, fast response, 

and fast recovery time, compared with high conducting films and low conducting nanowires 

photodetectors. 

 

3.4.4. p-n Junction Photodiodes.  

This device is simply a p-n or p-i-n diodes, light transparent. Figure 5 shows the 

schematic structure of this device. This device has many advantages such as fast responding 

speed, low dark current, and working without applied bias (suitable for space applications). 

 

Figure5. Schematic structure of p-n Junction Photodiodes  

 

Different mono and hetero junction ZnO based photodiodes has been reported on the 

literature. Purnimaet al. [92] reports a ZnO/Si heterojunction diodes fabricated by ALD technique 

without using a buffer layer. A contrast ratio of ~ 1115 and responsivity of ~0.075 A/W at 2 V 

reverse bias voltage was detected. Alkiset al. [93] also reports a UV/Vis range photodetectors 

based on thin film ALD grown ZnO/Si heterojunction diodes. 

Different ZnO based UV photodetectors have been studied using different elaboration 

techniques and different photodetection setups such as Photoconductors, Metal-Semiconductor-

Metal (MSM) photodiodes, Schottky photodiodes and p-n junction photodiodes. 
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Nanostructured ZnO for UV detection was also investigated and showspromising results 

in term of photoresponse current rise time and fall time [94-103]. 

 

4. One dimensional nanostructured UV Photodetectors. 

Due to their small size, low fabrication cost, low operation cost, high active surface area 

combined with the large ability of structural and chemical tuning, one dimensional 

nanostructured UV photodetectors have attracted attention in the last decade. Different works 

have been reported on this field on nanostructured UV detectors based on ZnO or GaN. Due to 

the high relation between these nanostructures form in term of physical shape, structural state, 

chemical composition and its optical and electrical properties, ZnO is an important candidate for 

UV detection. 

Wang et al. [94] reports the photoconduction mechanism in a single ZnO nanowire 

(Figure 6). Under UV illumination electron-hole pair will be generated. Holes migrate to the 

surface and recombined with the O2 species adsorbed on the surface, the unpaired electrons are 

collected at the anode under an applied voltage, which leads to the increasing of the nanowire 

conductivity. 
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Figure 6. Photoconduction mechanism in a ZnO nanowire: Reproduced from Kind et al.[95] 

 

According to Kind et al. [95], a transition from a fast photoreponse under oxygen to a 

slow photoreponse under vacuum assures the oxygen roles. Huang et al. [96] reports a three order 

enhancement on the UV photoreponse of ZnO nanowire due to a polystyrene coating. Lao et al. 

[97] reports a five order magnitudes enhancement on the UV photoreponse of ZnO nanobelt due 

to a surface functionalization with a high UV absorption ability polymer. UV photoreponse was 

also enhanced by Ag-ZnO nanowire Schottky contact[98]. Aluminium-doped ZnO nanorods 

arrays were also developed for UV photodetection[99]. According to Suobaiet al.[100] the 

potoresponse current increases linearly with the number of NWs connected in parallel. A 

significant improvement on term of fast response and recovery times was also reported. Pt has 

been deposited by focused-ion-beam (FIB) technique[101]. Contact resistance measurements by 

the transmission line method reports that Pt deposited by the FIB technique reduces the contact 

resistance. Pradeset al. [102] suggests to diminish the distance between the electrical contacts or 

increasing the width of the photoactive area, or improving the electrical mobility of the 

nanomaterials to enhance ZnO nanowires responses. Lin et al. reported a Zinc Oxide ALD on 

multiwalled carbon nanotubes for UV photodetector applications [103]. 
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Al-doped ZnO nanorods arrays were also reported by Mamatet al. [99] for UV 

photodetection. Lin et al.[104] reported on a photoconductor device that was sensitive to 

illumination with below-gap light by electrospinning of a single Al doped-ZnO (AZO) nanowires 

followed by a calcination process at 550°C for 3h to obtain well-aligned polycrystalline AZO 

nanowires. Al-doped ZnO nanowires show higher conductivity than ZnO nanowire. The highest 

conductivity was reported at 5% Al doped ZnO. Alumina acts as a cationic dopant in the ZnO 

lattice, that is, the trivalent Al3+ ions occupies the divalent Zn2+ sites allowing electrons to move 

to the conduction band easily. 

In this chapter ZnO 1D nanostructures based photodetectors will be elaborated using the 

atomic layer deposition technique combined with the electrospining techniques. PAN/ZnO 

core/shell nanotructures were elaborated and characterized for UV photodetection. 

 

5. Elaboration of ZnO 1D nanostructures for UV Photodetection 

5.1. Electrospining  

Starting from a polymer solution, sub-micron nanofibers can be synthesized using the 

electrospining techniques. The electrostatic field applied between a syringe and a disk collector 

provides the transformation of the droplet to a Taylor cone. The droplet is stretched under 

electrostatic field to form a sub-micron fiber after the evaporation of the solvent [105]. Figure 7 

shows our electrospining homemade setup. A 60 Kv high voltage power supply from ISEG, a Kd 

Scientific syringe pump, an aluminum collector disk and a glove box was used to build up the 

setup. 
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Figure7. Homemade electrospining setup 

 

5.2. Synthesis of polyacrilonitrile nanofibers  

Electrospining solution was prepared by dissolving 10 wt. % of Polyacrilonitrile (150000 

(Typical)) in Dimethylformamide. The solution was maintained under agitation for 1 hour then 

heated at 80°c in an oil bath for 20 min. The polymer solution was electrospuned at room 

temperature in ambient atmosphere under an applied voltage of 25kv with a flow rate of 1 ml/h 

using a 0.7 mm diameter syringe related to the positive output of the generator. The aluminum 

disk placed on 15 cm from the tip of the syringe was related to the negative output of the 

generator. 10*20 mm glass substrate was fixed on the aluminum disk using carbon tape. Silver 

glue was used as ohmic contact on the glass substrate separated by 5 mm distance as shown on 

Figure 8. Supported PAN nanofibers have been elaborated with different electrospining time: 30, 

60, 120, 240 and 600 s in order to increase the specific surface. 
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Figure8. PAN fibers supported on glass substrate with Ag Ohmic contact 

 

5.3. Atomic layer deposition of zinc oxide  

ZnO ALD was performed using Diethyl Zinc (DEZ) (Zn(CH2CH3)2, 52% purity) and 

water. Due to the high surface area created by the electrospuned PAN fibers, the ALD deposition 

setup has been modified in order to assure a conformal coating. Pulse and purge times have been 

raised. Table 2 reports the ALD setup used for the ZnO deposition on PAN nanofibers. 

Table2. ALD setup for ZnO deposition on PAN nanofibers  

 Pulse DEZ Exposure Purge Pulse water Exposure purge 

Time(s) 1.5s/25sccm 30s/0sccm 60s/100sccm 3s/25sccm 30s/0sccm 60s/100sccm 

 

ZnO has been elaborated using different number of cycles 250, 500, 750 and 1000 cycles. 

ALD deposition temperature was also varied between 50 and 100 °C. All ALD /PAN nanofibers 

sensors were characterized using SEM, EDX and XRD. 

 

6. Chemical and structural characterizations 

Before starting the UV photo-response characterization for the ZnO nanofibers, structural 

and chemical characterizations were performed in order to extract the evolution of the structural 

properties when the ZnO thicknesses increase and the deposition temperature changes. All ZnO 

ALD samples were characterized by SEM, EDX and XRD. 
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6.1. X-Ray diffraction (XRD) 

XRD measurement was performed on 2 batches of samples. As noted in chapter 2 the 

used XRD machine has a limit for detecting the minimum size for nanocrystals of 4 nm. The first 

one is a 50 nm ZnO deposited at different temperatures between 50 and 130°C (Figure9). The 

second one is 250, 500, 750 and 1000 cycles of ZnO deposited at 100°C (Figure10). 

 

Figure 9. X-Ray diffraction spectra of 250 cycles ZnO elaborated at different temperatures 

between 50 and 130°C 

 

As shown in Figure 9, XRD spectra at different temperatures 50, 80, 100 and 130°C 

shows three different peaks at 2θ = 31.74°, 34.42° and 36.22° respectively corresponding to 

(100), (002) and (101) matching the ZnO growth orientation reported on chapter 2. A change in 

the preferential growth orientation is observed when the deposition temperature increases from 

50°C to 130°C. The preferred growth orientation go from (100) to (101). 
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Figure10. X-Ray diffraction spectra of 250, 500, 750 and 1000 cycles of ZnO deposited at 

100°C 

 

At 250 cycles ZnO, three weak peaks appear  at 2θ = 31.74°,3 4.42° and 36.22° 

respectively corresponding to (100), (002) and (101), those three peaks become more intense at 

750 and 1000 cycles ZnO. We can clearly notice that X-ray pics on PAN nanofiber are more 

intense then the X-ray pics on ZnO thin films deposited on silicon substrate [106] (chapter 2, 

Figure 9) due to the high amount of ZnO materials deposited on the high surface area of the PAN 

fibers. Moreover the XRD measurements report a preferred growth in the (100) direction. This 

preferred growth direction match the one reported for ZnO deposited on silicon substrate [106]. 

 

Debay-Scherer equation was used to calculate the grain size (equation1): 
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Table 3 shows respectively the grain size of 50 nm ZnO elaborated at 50, 80, 100 and 

130°C. Table 4 reported the grain size of ALD ZnO elaborated at 100°C with 250, 500, 750, and 

1000 cycles. 

Table 3. Grain size values of 50 nm ALD ZnO elaborated at 50, 80, 100 and 130°C 

ALD 

Temperature(°C) 

50 80 100 130 

Grain size(nm) 26.287 23.064 18.34 17.042 

 

Table 3 shows a decrease of the grain size when the ALD deposition temperature 

increases. This decrease on the grain size with the deposition temperature increment leads to a 

higher specific surface. This unexpected finding could be explained by the different ZnO 

nucleation behaviour on PAN nanofibers as the function of the temperature involving different 

mechanism of precursor diffusion into the polymer [107-108]. 

Table 4. Grain size calculation of ALD ZnO elaborated at 100°C with 250, 500, 750, and 1000 cycles  

Number of ALD 

cycles 

250 500 750 1000 

Grain size (nm) 18.3 23.009 25.052 25.9 

As shown in table 4, the grain size increases from 18.3 nm to 25.9 nm when the number 

of ALD cycles increases from 250 to 1000. The same tendency was reported on chapter 2 for 

different number of ZnO cycles deposited on silicon substrate. This behavior was attributed to the 

columnar growth of the ZnO deposited by ALD. This increment on the grain size leads to a 

decrease in the specific surface. 

 

6.2. Scanning electron microscopy (SEM) 

SEM images were performed on PAN nanofibers obtained with different spinning times 

30, 60, 120, 240, 600s coated with 250 cycles of ALD ZnO at 100°C using an emission field 

Hitachi S-4800 microscope (Figure11). 
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Figure 11. SEM imagesof PAN nanofibers obtained with different spinning times 30 (a), 60 

(b), 240 (c), 600s (d) coated with 250 cycles ALD ZnO at 100°C 

 

As shown by the SEM images (Figure 11) the fiber density increases when the spinning 

time increases. At higher magnification (Figure 12), a rough morphology is observed on the 

surface of the nanofibers inducing a higher specific area of the sensor nanomaterials. 
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Figure 12. SEM image of 250 cycles ALD ZnO deposited at 100°C on PAN fibers with 600 s 

spinning time 

 

7. UV characterization 

Characterizations of electrical conductivity of ZnO samples deposited under different 

conditions were performed on dark and under UV illumination in order to study the behavior of 

ZnO 1D nanostructures based photodetectors. Cyclic voltammetry between -3V and 3V with a 

scan speed of 50 mV/sec was realized. Chronoamperometry measurement was also performed 

with On/Off UV illumination in order to extract the photoresponse current and the recovery time. 

UV detection cell is a homemade cell made from a black box, a UV (365 nm), 4W source from 

Roth, France and a 265A potentiostat from EG&G instruments (Figure 13).During the electrical 

measurement the UV cell was covered with a black box to assure a perfect light isolation. After 

that, I(V) and I(t) data was plotted using origin 9.0 software. 
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Figure13. UV detection cell 

 

 

7.1. UV characterization of Different ZnO thicknesses deposited on 

PAN nanofibers. 

Supported PAN nanofibers with 240 seconds of electrospinning time have been used for 

this part of this study in order to investigate the effect of the ZnO thickness on the UV detection 

properties. Four different samples of ZnO with different numbers of ALD cycles were deposited 

on the PAN fibers: 250, 500, 750 and 1000 cycles which correspond to 50, 100, 150 and 200 nm 

thick ZnO respectively. All those samples were performed at 100°C using the experimental 

conditions mentioned above in Table 2. 
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7.1.1. Cyclic Voltammetry 

A cyclic voltammetry scan between -3 and 3 V with 50 mv/s scan rate has been 

performed on the different ALD ZnO thicknesses. Figure 14 shows the cyclic voltammetry of the 

50, 100, 150, 200 nm ZnO deposited by ALD on supported electrospun PAN fibers (240 s time) 

in Dark and UV (365 nm).

 

Figure14. Cyclic voltammetry of 250, 500, 750, and 1000 cycles ZnO ALD thick deposited on PAN 

NFs, in Dark and UV 365nm. 

 

The cyclic voltammetry of all ZnO sensors confirm an ohmic contact between the ZnO 

nano-fibers and the Ag contact. Table 5 reports the UV and dark current of different ZnO 

thicknesses with the UV/Dark current ratio at -1V bias. 
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Table5. UV and dark current of different ZnO thicknesses with the UV/Dark current ratio at -1V 

bias 

Number of ZnO cycles Dark current (A) UV current (A) UV/Dark ratio 

250 5.33x10-6 5.04x10-4 94.5 

500 9.9x10-6 5.34x10-4 53.9 

750 2.6x10-4 8.41x10-4 3.23 

1000 2.62x10-4 5.6x10-4 2.13 

 

As shown on table 5, the UV current of different ZnO thicknesses stay in the range of 10 -4 

A when the number of cycles increases (ZnO thickness increases). On the contrary the dark 

current increases (resistivity decreases) when the number of cycles rises. Due to this Dark current 

increment, the UV/Dark ratio decreases from 94.5 to 2.13 when the number of ALD cycles goes 

from 250 to 1000. This resistivity decreasing when the ZnO ALD cycles increases was reported 

by Tapilyet al.[109]. The conductivity increases (resistivity decreases) can be attributed to the 

change of the amount of OH group in the ZnO ALD films. The OH group decreases when the 

thickness increases (as shown by the EDX results: chapter 2; paragraph 4.3). The influence of the 

OH groups on the free carrier concentration was reported by Guziewiczet al.[110]. They 

demonstrate that the low fraction of OH group on the ALD ZnO layer leads to high free carrier 

concentration. 

 

7.1.2. Chronoamperometry 

Chronoamperometry measurement at -1V has been performed on the same samples for 

3000 seconds in order to extract the UV photoresponse current (ΔI) defined as: ΔI = I – I0 (where 

I0 is the dark current and I is the photoresponse current under UV illumination) and the recovery 

time (τ), defined as the time for the photoresponse current to drop to 1/e (37%) of the maximum 

photoresponse current [100]. Table 6 shows the UV on/off setup used for this measurement. 

Table6. UV on/off setup 

Time interval (s) 0-100 100-200 200-3000 

UV off on Off 
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Figure 15 shows the Chronoamperometry measurement for samples with different ZnO 

ALD thicknesses 50, 100, 150, and 200 nm deposited on 240s supported PAN nanofibers. The 

UV photoresponse and the recovery time are reported on table 7. 

 

Figure15. Chronoamperometry measurement for samples with different ZnO ALD thicknesses 50, 

100, 150, and 200 nm deposited on PAN nanofibers with UV illumination (365 nm) ‘on’ between 100 

and 200 s. 

Table 7. UV photoresponse current and the recovery time for the samples with different ZnO ALD 

thicknesses: 50, 100, 150, and 200 nm deposited on PAN nanofibers. 
 

ZnO thickness (nm) ∆I (A) Τ (s) 

50 5.7x10-4 144 

100 4.14x10-4 985 

150 2.9x10-4 763 

200 4.11x10-5 162 
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In order to understand the influence of ZnO thickness on the UV photoresponse 

properties, the UV photoresponse current and the recovery time has been plotted against the ZnO 

ALD layer thicknesses on Figure 16. 

 

Figure16. UV photo-response current and recovery time versus ZnO ALD layer thicknesses  

 

As shown on Figure 16, the UV photoresponse current ∆I decreases when the ZnO 

thickness increases due to the dark current increment which can be due to the decrease on the 

amount of OH groups [110]. Liu et al.[53] demonstrates that a O2 plasma treatment for ZnO can 

enhance the UV photoresponse due to the oxygen vacancies filling at the ZnO surface. This 

observation confirms the oxygen role on the UV photoresponse. This UV response ∆I decreases 

behavior can also be related to the increscent on the grain size when the ZnO thickness increases. 

That leads to a decrease on the specific surface of the ZnO sensor [106]. Despite the linear 

behavior of the photoresponse current, the recovery time shows too different performances: it 

rises with the thickness increases between 50 and 100 nm than decrease between 100 and 200 
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nm.These uncharacteristic changes on the recovery time can be due to the non-reproducible PAN 

nanofiber structure by the electrospining technique that lead to an uncharacteristic change on the 

contact point between the nanofibers. Aligned fibers spinning on a rotatory collector can be an 

interesting perspective for reproducible PAN nanofiber structure. The ZnO film with 50 nm has 

been used to carry on the next part of this study due to her highest photoresponse current 

combined with the low recovery time. 

 

7.2. UV characterization of different electrospining times  

The sensors specific surface area can be controlled by the PAN electrospinning times. In 

order to investigate the influence of active surface on the UV photoresponse, five samples with 

different electrospinning times between 30 and 600 s were elaborated. A glass sample without 

PAN nanofibers deposition has been used as reference. 50 nm of ALD ZnO was deposited at 

100°C using the experimental conditions reported in table 2. 

 

7.2.1. Cyclic Voltammetry 

A cyclic voltammetry scan between -3 and 3 V with 50 mv/s scan rate has been 

performed on the sensor samples with different PAN electrospinning times. Figure 13 shows the 

cyclic voltammetry of sensors with different electrospinning times 0, 30, 60,120, 240, and 600s in 

Dark and under UV illumination (365 nm). 
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Figure17. Cyclic voltammetry of sensors with different electrospinning times 0, 30, 60, 120, 240, and 

600 s in Dark and under UV (365 nm) 

 

The cyclic voltammetry measurement of all sensors confirms an ohmic contact between 

the ZnO nanofibers and the silver glue. Table 8 shows the UV and dark current with UV 
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photoresponse current at -1V bias of different electrospining times PAN fibers covered with 250 

cycles of ALD ZnO. 

 

Table8. UV and dark current with UV photoresponse current at -1V bias of different electrospining 

time PAN fibers covered with 250 cycles of ALD ZnO. 

Electrospining time (s) Dark current UV current DI 

0 1.01x10-6 2.26x10-5 2.15x10-5 

30 2.91x10-6 4.31x10-5 4.09x10-5 

60 7.09x10-5 3.19x10-4 2.48x10-4 

120 4.48x10-5 4.02x10-4 3.55x10-4 

240 5.33x10-6 5.04x10-4 4.98x10-4 

600 9.88x10-5 4.01x10-3 3.91x10-3 

 

As we shown in table 8, when the electrospining time increases the dark current stay in 

the range 10-5-10-6 A. In the contrary, the UV current increases from 2.26x10-6 to 4.01x10-3. This 

UV reponse increment was expected due to the enhancement on the specific area of ZnO fiber 

exposed to UV light when the spinning time increases. This UV current increment leads to the 

increase the ZnO detectors DI photoresponse from 2.15x10-5 to 3.91x10-3 when the electrospining 

time increases from 0 s to 600 s. 

 

7.2.2. Chronoamperometry 

Chronoamperometry measurement at -1V was performed on the same series for 3000 

seconds. Table 3 report the UV on/off setup used for this measurement. Figure 18 shows the 

Chronoamperometry measurement with UV (365 nm) illumination between 100 and 200s of 

different PAN spinning times based photodetectors. 
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Figure18. Chronoamperometry measurements of sensors with different electrospinning times 0, 30, 

60, 120, 240, and 600 s with UV (365 nm) illumination between 100 and 200s  

 

The UV photo-response current (ΔI) and the recovery time (τ) was extracted from Figure 

14 and reported on table 9, then plotted in figure 19 versus the PAN electrospinning times. It 

allows illustrating the relation between the PAN electrospinning time and the UV photo-response 

properties. 

 

Table9. UV photoresponse current (ΔI) and recovery time (τ) of sensors with different 

electrospinning times 0, 30, 60, 120, 240, and 600 s  

Samples ∆I (A) Τ (s) 

0 s PAN 2.36x10-5 99 

30 s PAN 4.207 x10-5 378 

60 s PAN 2.7x10-4 312 

120 s PAN 2.53x10-4 192 
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240 s PAN 5.7x10-4 144 

600 s PAN 6.068x10-3 132 

 

Figure 19. UV photo-response current and recovery time versus PAN electrospinning time 

 

As shown in figure 19, the UV photoresponse current increases when the PAN 

electrospinning time increases which confirm the cyclic voltammetry tests. This behavior is 

related to the active surface enhancement. This behavior was also reported by Suobaiet al. [100]. 

The photoreponse current increases when the number of NWs connected in parallel increases. 

Moreover the recovery time decreases when the PAN electrospinning time increases due to more 

contact points between the nanofibers when their amount increases. Increasing the PAN 

electrospinning time enhances the UV photoresponse on both UV photoresponse current and 

recovery time properties. We should note that the UV photoresponse current has been enhanced 

by a factor of 250 when the PAN electrospinning time go from 0 to 600 s. An increase by a factor 
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of 1.3 of the recovery time has been observed which is negligible versus the huge amount of 

current enhancement. 

 

7.3. UV characterization of ZnO ALD deposited at different 

temperatures  

ZnO ALD deposition temperature effect was also investigated. Four different samples 

with ZnO ALD deposited at different temperatures between 50 and 130°C were investigated on 

600s PAN electrospinning time substrate. The thickness of the deposited ALD layer was about 50 

nm. The ZnO ALD thickness and the electrospining time have been set according to their best 

performance reported in section 7.2. 

 

7.3.1. Cyclic voltammetry 

A cyclic voltammetry scan between -3 and 3 V with 50 mv/s scan rate has been 

performed on the different ALD deposition temperature photodetectors. Figure 20 shows the 

cyclic voltammetry of 50, 80, 100 and 130 °C ZnO ALD UV photodetectors in Dark and under 

UV illumination (365 nm). 
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Figure20. Cyclic voltammetry of sensors with different deposition temperature; 50°C (a), 

80°C (b), 100°C (c), and 130°C (d). Cyclic voltammetry with different deposition temperature s in 

dark (e), cyclic voltammetry with different deposition temperature s under UV (f) 

 

Based on the cyclic voltammetry measurement Figure 20 (a), (b), (c) and (d), it is clear 

that for the ZnO deposited between 50°C and 100°C, the UV illumination leads to a shift on the 

I(V) curve. The ZnO deposited at 130°C does not show any shift under UV (figure20d). 
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Moreover Figure 20(e) shows an increase in the dark current when the deposition 

temperature increases from 50 to 130°C. This dark current increment can be due to the OH group 

decreases when the deposition temperature increases which lead to higher free career charge 

[110]. This results also match Hubyet al.[111] observations that report an increase on the 

conductivity when the deposition temperature increases. This dark current increment when the 

deposition temperature increases lead to a negative behavior on the UV photoresponse. In 

addition, when increasing the deposition temperature we decrease the grain size as reported on 

table 3. This grain size decreases when the deposition temperature increases lead to a higher UV 

current as reported on figure 20(f). The interference of those two opposite behavior on the UV 

photoresponse when the temperature increases lead to the high UV photoresponse for the ZnO 

deposited at 100°C. 

 

7.3.2. Chronoamperometry 

Chronoamperometry measurement at -1V was performed on the same samples for 3000 

seconds. Table 3 reports the UV on/off setup used for this measurement. Figure 21 shows the 

chronoamperometry measurement with UV (365 nm) illumination between 100 and 200s for four 

different ZnO based photodetectors (600 s spinning time, 250 cycles ZnO) at 50, 80, 100 and 

130°C. 
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Figure21.Chronoamperrometry measurement of PAN/ZnO ALD with different temperatures 50, 

80, 100 (a) and 130°C (b) with UV (365 nm) illumination between 100 and 200s. 

 

The UV photoresponse current (ΔI) and the recovery time (τ) was extracted from Figure 

20 and reported on table 6. The data were plotted in Figure 22 versus the ALD deposition 

temperatures to investigate the relation between the ALD deposition temperature and the UV 

photoresponse properties. 
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Table6. UV photoresponse current (ΔI) and recovery time (τ) of PAN/ZnO ALD with different 

temperatures 50, 80, 100 and 130°C.  

ZnO ALD temperature (°C) DI(A) T(s) 

50 1.8x10-3 138 

80 3.34x10-3 480 

100 6.06x10-3 132 

130 - - 

 

Figure22. UV photo-response current and recovery time versus ZnO ALD deposition temperatures  

 

As shown in figure 22, the UV photoresponse current increases when the ZnO ALD 

deposition temperature increases between 50 and 100°C. This behavior can be due to the 

overcome of the surface area increment (positive effect) on the dark current increment (negative 

effect).Contrary for the ZnO deposited at 130°C the dark current increment (negative effect) 

overcome the active surface increment (positive effect) to lead to a zero photoresponse. Moreover 

an uncharacteristic change on the recovery time is observed. This behavior is not well understood 

for the moment. More experiments are in progress to better illustrate this phenomena. Aligned 

fibers spinning on a rotatory collector can be an interesting perspective to better illustrate this 
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phenomena. Another perspective of this study will be to study the deposition temperature effect 

on the recovery time using flat substrate such as glass substrates. 

 

8. Different ohmic contact distances 

Sample with 600s PAN electrospinning time and 50 nm ALD ZnO (250 cycles) at 100°C 

show the higher photo-response and the lower recovery time (6.06x10-3 A; 132s). In order to 

study the effect of the distance between the electrodes, UV photoresponse test was performed on 

the same type of sensor on larger substrate (16.5 mm) with nearest electrodes distance (3 mm) in 

order to keep the same working area (Figure 23). 

 

Figure23. PAN/ALD ZnO sensor with different electrode distances  

 

Due to the nearest electrodes distance with the same illuminating area, the UV 

photoresponse current was approximately the same (6.17x10-3 A). In addition, the recovery time 

decreases from 132 to 108s due a lower electron path between the electrodes that leads to faster 

discharge. This results was reported elsewhere by Pradeset al.[102]. Shotcky contact can lead to 

lower recovery time due to the lower electron path between the electrodes. However, this type of 

contact cannot be achieved on the PAN nanofiber structure due to the high PAN nanofiber layer 

thickness. 
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9. Device stability  

The 600 s electrospinning time photodetectors with 3 mm electrodes distance coated with 

50 nm ALD ZnO (250 cycles) at 100°C shows the higher photoresponse and the lower recovery 

time (6.17 x 10-3A; 108s). Figure 24 shows the device stability test performed on this sensor. 

 

Figure24. Device stability test on 600 s PAN electrospinning with 250 cycles  ZnO at 100°C 

 

The UV photo-response current and the recovery time was extracted from Figure 24 and 

reported on table 7. Then it was plotted against the number of cycles on Figure 25. 
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Table7. UV photoresponse current and recovery time of cycle 1, 2 and 3  

Cycle number UV photoresponse current(A) recovery time(s) 

1 6.17x10-3 108s 

2 4.85x10-3 108s 

3 4.47x10-3 108s 

 

 

Figure25. UV photo-response current and the recovery time against the number of cycles 

 

As shown in table 7 and Figure 25, the UV photoresponse decreases from 6.17x10-3 to 

4.47x10-3mA. This finding can be related to the non total recovery of the dark current due to the 

insufficient time between the cycles (Figure20). However, the recovery time remains constant for 

the 3 cycles. 
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10. Conclusion and perspectives 

Combining the electrospining technique and the atomic layer deposition, ZnO 1D 

nanostructures have been synthesized. Different parameters have been investigated such as the 

electrospining time, the ZnO thickness and the deposition temperature. XRD and SEM 

measurements have been done on those samples. SEM observations on different electrospining 

time show an increase of the PAN fibers thickness and that lead to high specific area. XRD 

measurements for the ZnO with different thicknesses show three structural peaks corresponding 

to the (100), (002) and (101) direction. A preferred growth in the (100) direction have been 

reported for the different ZnO thicknesses. Moreover the XRD measurement shows an increase 

on the grain size when the ZnO layer thickness increases.  

XRD measurements have been also performed on 250 cycles ALD ZnO deposited at 

different temperatures. A change in the preferential growth orientation is observed when the 

deposition temperature increases from 50°C to 130°C. The preferred growth orientation goes 

from (100) to (101). Moreover the grain size decreases when the deposition temperature 

increases. This grain size decreases lead to an enhancement on the specific area. Cyclic 

voltametry and chronoamperometry measurements have been done on the different ZnO based 

photodetectors samples. Increasing the PAN fiber density shows an increase on the UV 

photoresponse and a decrease on the recovery time. This behavior has been linked to the 

increment of the specific surface and the contact point between the ZnO fibers. Moreover tests 

performed on different ZnO thicknesses report an increase on the UV photoresponse when the 

ZnO ALD layer thickness increases. Cyclic voltametry measurement reports an increase on the 

dark current when the ZnO thickness increases due to the decrease of OH group which lead to 

higher conductivity.  

UV photoresponse tests have been also realized at different temperatures. An increase of 

the UV photoresponse has been reported between 50 and 100°C due to the increment of the 

specific area reported by the XRD measurement. A decrease of the grain size is observed when 

the deposition temperature increases. We should note that the same tendency was not observed 

for the 130°C deposition temperatures due to the high dark current measured on this sample. In 

order to decrease the recovery time, we decrease the electrodes distance. A decrease of 24 s for 
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the recovery time has been reported between 5 and 3 mm electrodes distances. Finally the device 

stability was tested. Device stability tests show a small decrease on the UV photoresponse current 

with a constant recovery time after 3 UV on/off cycles. Due to the promising results showed by 

this study, different studies are in progress in our group on ZnO doped Al2O3, SnO2 and TiO2 for 

UV detection applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

152 
 

References 

1. Shan, C.X., et al., Ultraviolet photodetector fabricated from atomic-layer-deposited ZnO 
films. Journal of Vacuum Science &amp; Technology B, 2009. 27(3): p. 1765-1768. 

2. Gu, X., et al., Photovoltaic Properties of ZrxTi1-xO2 Solid Solution Nanowire Arrays. 
Journal of Nanoscience and Nanotechnology, 2014. 14(5): p. 3731-3734. 

3. Huang, H., et al., Growth and fabrication of sputtered TiO2 based ultraviolet detectors. 
Applied Surface Science, 2014. 293: p. 248-254. 

4. Inamdar, S.I. and K.Y. Rajpure, High-performance metal-semiconductor-metal UV 
photodetector based on spray deposited ZnO thin films. Journal of Alloys and 
Compounds, 2014. 595: p. 55-59. 

5. Jin, Z., et al., High-performance flexible ultraviolet photoconductors based on solution-
processed ultrathin ZnO/Au nanoparticle composite films. Scientific Reports, 2014. 4. 

6. Kim, D.Y., et al., Air-Stable, Solution-Processed Oxide p-n Heterojunction Ultraviolet 
Photodetector. ACS applied materials & interfaces, 2014. 6(3): p. 1370-4. 

7. Rostami, A., et al., High-responsivity AlGaN-GaN multi-quantum well UV photodetector. 
International Journal of Numerical Modelling-Electronic Networks Devices and Fields, 
2014. 27(2): p. 309-317. 

8. Tsay, C.-Y. and S.-H. Yu, Optoelectronic characteristics of UV photodetectors based on 
sol-gel synthesized GZO semiconductor thin films. Journal of Alloys and Compounds, 
2014. 596: p. 145-150. 

9. van Schalkwyk, L., et al., Implementation of an AlGaN-based solar-blind UV four-
quadrant detector. Physica B-Condensed Matter, 2014. 439: p. 93-96. 

10. Xie, Y., et al., High-performance self-powered UV photodetectors based on TiO2 nano-
branched arrays. Nanotechnology, 2014. 25(7). 

11. Zhang, M., et al., Solar-Blind Photodetector Based on LaAlO3 with Low Dark Current. 
Journal of Nanoscience and Nanotechnology, 2014. 14(5): p. 3827-3830. 

12. Lin, C.-H. and C.W. Liu, Metal-Insulator-Semiconductor Photodetectors. Sensors, 2010. 
10(10): p. 8797-8826. 

13. Monroy, E., F. Omnes, and F. Calle, Wide-bandgap semiconductor ultraviolet 
photodetectors. Semiconductor Science and Technology, 2003. 18(4): p. R33-R51. 

14. Sang, L., M. Liao, and M. Sumiya, A Comprehensive Review of Semiconductor 
Ultraviolet Photodetectors: From Thin Film to One-Dimensional Nanostructures. Sensors, 
2013. 13(8): p. 10482-10518. 

15. Liao, M., et al., Comprehensive Investigation of Single Crystal Diamond Deep-Ultraviolet 
Detectors. Japanese Journal of Applied Physics, 2012. 51(9). 

16. Munoz, E., et al., III nitrides and UV detection. Journal of Physics-Condensed Matter, 
2001. 13(32): p. 7115-7137. 

17. Liao, M.Y., Y. Koide, and J. Alvarez, Thermally stable visible-blind diamond photodiode 
using tungsten carbide Schottky contact. Applied Physics Letters, 2005. 87(2). 

18. Munoz, E., (Al,ln,Ga)N-based photodetectors. Some materials issues. Physica Status 
Solidi B-Basic Solid State Physics, 2007. 244(8): p. 2859-2877. 

19. Toda, T., et al., Operation at 700 degrees C of 6H-SiC UV sensor fabricated using N+ 
implantation. Japanese Journal of Applied Physics Part 2-Letters, 2004. 43(1A-B): p. 
L27-L29. 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

153 
 

20. Jain, S.C., et al., III-nitrides: Growth, characterization, and properties. Journal of Applied 
Physics, 2000. 87(3): p. 965-1006. 

21. Nanishi, Y., Y. Saito, and T. Yamaguchi, RF-molecular beam epitaxy growth and 
properties of InN and related alloys. Japanese Journal of Applied Physics Part 1-Regular 
Papers Short Notes & Review Papers, 2003. 42(5A): p. 2549-2559. 

22. Wu, J., et al., Unusual properties of the fundamental band gap of InN. Applied Physics 
Letters, 2002. 80(21): p. 3967-3969. 

23. Jung, Y.R., et al., Pt/AlGaN metal semiconductor ultra-violet photodiodes on crack-free 
AlGaN layers. Japanese Journal of Applied Physics Part 1-Regular Papers Short Notes & 
Review Papers, 2003. 42(4B): p. 2349-2351. 

24. Razeghi, M. and A. Rogalski, Semiconductor ultraviolet detectors. Journal of Applied 
Physics, 1996. 79(10): p. 7433-7473. 

25. Kosyachenko, L.A., V.M. Sklyarchuk, and Y.F. Sklyarchuk, Electrical and photoelectric 
properties of Au-SiC Schottky barrier diodes. Solid-State Electronics, 1998. 42(1): p. 145-
151. 

26. Anikin, M.M., et al., UV PHOTODETECTORS IN 6H-SIC. Sensors and Actuators a-
Physical, 1992. 33(1-2): p. 91-93. 

27. Su, Y.K., et al., 4H-SiC metal-semiconductor-metal ultraviolet photodetectors with 
Ni/ITO electrodes. Solid-State Electronics, 2002. 46(12): p. 2237-2240. 

28. Zhang, Y.G., A.Z. Li, and A.G. Milnes, Metal-semiconductor-metal ultraviolet 
photodetectors using 6H-SiC. Ieee Photonics Technology Letters, 1997. 9(3): p. 363-364. 

29. Edmond, J., et al., 6H-Silicon carbide light emitting diodes and UV photodiodes. Physica 
Status Solidi a-Applied Research, 1997. 162(1): p. 481-491. 

30. Biondo, S., et al., 4H-silicon carbide thin junction based ultraviolet photodetectors. Thin 
Solid Films, 2012. 522: p. 17-19. 

31. Liu, H., et al., 4H-SiC PIN Recessed-Window Avalanche Photodiode With High 
Quantum Efficiency. Ieee Photonics Technology Letters, 2008. 20(17-20): p. 1551-1553. 

32. Abdel-Rahman, M.A.E., A. Lohstroh, and P.J. Sellin, The effect of annealing on the X-
ray induced photocurrent characteristics of CVD diamond radiation detectors with 
different electrical contacts. Physica Status Solidi a-Applications and Materials Science, 
2011. 208(9): p. 2079-2086. 

33. Mendoza, F., et al., Ultraviolet photosensitivity of sulfur-doped micro- and nano-
crystalline diamond. Journal of Applied Physics, 2011. 109(11). 

34. Smith, S.D. and W. Taylor, OPTICAL PHONON EFFECTS IN INFRA-RED 
SPECTRUM OF ACCEPTOR CENTRES IN SEMICONDUCTING DIAMOND. 
Proceedings of the Physical Society of London, 1962. 79(512): p. 1142-&. 

35. Koizumi, S., et al., Growth and characterization of phosphorus doped n-type diamond thin 
films. Diamond and Related Materials, 1998. 7(2-5): p. 540-544. 

36. Sakaguchi, I., et al., Sulfur: A donor dopant for n-type diamond semiconductors. Physical 
Review B, 1999. 60(4): p. R2139-R2141. 

37. Adivarahan, V., et al., SiO2-passivated lateral-geometry GaN transparent Schottky-barrier 
detectors. Applied Physics Letters, 2000. 77(6): p. 863-865. 

38. Blank, T.V., et al., Temperature dependence of the photoelectric conversion quantum 
efficiency of 4H-SiC Schottky UV photodetectors. Semiconductor Science and 
Technology, 2005. 20(8): p. 710-715. 

39. Bouhdada, A., et al., Electrical and optical proprieties of photodiodes based on ZnSe 
material. Applied Physics Letters, 2003. 83(1): p. 171-173. 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

154 
 

40. Looi, H.J., M.D. Whitfield, and R.B. Jackman, Metal-semiconductor-metal photodiodes 
fabricated from thin-film diamond. Applied Physics Letters, 1999. 74(22): p. 3332-3334. 

41. Mollow, E. in Photoconductivity Conference. 1954. New York, NY, USA,: Wiley,1954; . 
42. Ali, G.M., et al., Effect of Embedded Pd Microstructures on the Flat-Band-Voltage 

Operation of Room Temperature ZnO-Based Liquid Petroleum Gas Sensors. Sensors, 
2013. 13(12): p. 16801-16815. 

43. Al-Salman, H.S. and M.J. Abdullah, Fabrication and Characterization of Undoped and 
Cobalt-doped ZnO Based UV Photodetector Prepared by RF-sputtering. Journal of 
Materials Science & Technology, 2013. 29(12): p. 1139-1145. 

44. Hu, Z.-S., et al., Recovery of thermal-degraded ZnO photodetector by embedding nano 
silver oxide nanoparticles. Applied Surface Science, 2013. 279: p. 31-35. 

45. Lee, S., et al., Impact of transparent electrode on photoresponse of ZnO-based 
phototransistor. Applied Physics Letters, 2013. 103(25). 

46. Li, D., et al., Low-Frequency Noise Characteristics of Zinc-Oxide-Film-Based 
Photoconductive Detectors. Japanese Journal of Applied Physics, 2013. 52(8). 

47. Moore, J.C. and C.V. Thompson, A Phenomenological Model for the Photocurrent 
Transient Relaxation Observed in ZnO-Based Photodetector Devices. Sensors, 2013. 
13(8): p. 9921-9940. 

48. Yu, J., et al., ZnO-based ultraviolet avalanche photodetectors. Journal of Physics D-
Applied Physics, 2013. 46(30). 

49. Li, G., et al., ZnO based UV detectors with Surface Plasmon Polariton enhancement on 
responsivity. Solid-State Electronics, 2014. 92: p. 47-51. 

50. Liu, Y., et al., Ultraviolet detectors based on epitaxial ZnO films grown by MOCVD. 
Journal of Electronic Materials, 2000. 29(1): p. 69-74. 

51. Liu, K.W., et al., Ultraviolet photoconductive detector with high visible rejection and fast 
photoresponse based on ZnO thin film. Solid-State Electronics, 2007. 51(5): p. 757-761. 

52. Xu, Q.A., et al., ZnO thin film photoconductive ultraviolet detector with fast 
photoresponse. Journal of Crystal Growth, 2006. 289(1): p. 44-47. 

53. Liu, M.J. and H.K. Kim, Ultraviolet detection with ultrathin ZnO epitaxial films treated 
with oxygen plasma. Applied Physics Letters, 2004. 84(2): p. 173-175. 

54. Chang, S.P., et al., Surface HCl treatment in ZnO photoconductive sensors. Thin Solid 
Films, 2009. 517(17): p. 5050-5053. 

55. He, Y., et al., Study of the photoconductive ZnO UV detector based on the electrically 
floated nanowire array. Sensors and Actuators a-Physical, 2012. 181: p. 6-12. 

56. Bi, Z., et al., A high-performance ultraviolet photoconductive detector based on a ZnO 
film grown by RF sputtering. Journal of Electronic Materials, 2008. 37(5): p. 760-763. 

57. Bian, X., et al., Fast-response photoconductive metal-semiconductor-metal ultraviolet 
detector based on ZnO film grown by radio-frequency magnetron sputtering. Optical 
Engineering, 2008. 47(6). 

58. Mandalapu, L.J., et al., Ultraviolet photoconductive detectors based on Ga-doped ZnO 
films grown by molecular-beam epitaxy. Solid-State Electronics, 2007. 51(7): p. 1014-
1017. 

59. Sun, J., et al., The ultraviolet photoconductive detector based on Al-doped ZnO thin film 
with fast response. Science China-Physics Mechanics & Astronomy, 2011. 54(1): p. 102-
105. 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

155 
 

60. Sun, J., et al., Fast response ultraviolet photoconductive detectors based on Ga-doped 
ZnO films grown by radio-frequency magnetron sputtering. Applied Surface Science, 
2010. 257(3): p. 921-924. 

61. Xu, Z.-Q., et al., Ultraviolet photoconductive detector based on Al doped ZnO films 
prepared by sol-gel method. Applied Surface Science, 2006. 253(2): p. 476-479. 

62. Zheng, X.G., et al., Photoconductive ultraviolet detectors based on ZnO films. Applied 
Surface Science, 2006. 253(4): p. 2264-2267. 

63. Tian, C., et al., Performance Enhancement of ZnO UV Photodetectors by Surface 
Plasmons. ACS applied materials & interfaces, 2014. 6(3): p. 2162-2166. 

64. Wang, P., et al., Dark current suppression of MgZnO metal-semiconductor-metal solar-
blind ultraviolet photodetector by asymmetric electrode structures. Optics Letters, 2014. 
39(2): p. 375-378. 

65. Xu, Q., et al., A metal-semiconductor-metal detector based on ZnO nanowires grown on a 
graphene layer. Nanotechnology, 2014. 25(5). 

66. Cheng, G., et al., ZnO nanowire Schottky barrier ultraviolet photodetector with high 
sensitivity and fast recovery speed. Applied Physics Letters, 2011. 99(20). 

67. Kim, D.C., et al., Highly Sensible ZnO Nanowire Ultraviolet Photodetectors Based on 
Mechanical Schottky Contact. Journal of the Electrochemical Society, 2012. 159(1): p. 
K10-K14. 

68. Liang, S., et al., ZnO Schottky ultraviolet photodetectors. Journal of Crystal Growth, 
2001. 225(2-4): p. 110-113. 

69. Fallert, J., et al., Surface-state related luminescence in ZnO nanocrystals. Journal of 
Applied Physics, 2007. 101(7). 

70. Ryu, Y.R., et al., ZnO devices: Photodiodes and p-type field-effect transistors. Applied 
Physics Letters, 2005. 87(15). 

71. Lopatiuk-Tirpak, O., et al., Influence of electron injection on the temporal response of 
ZnO homojunction photodiodes. Applied Physics Letters, 2007. 91(4). 

72. Ohta, H., et al., Fabrication and photoresponse of a pn-heterojunction diode composed of 
transparent oxide semiconductors, p-NiO and n-ZnO. Applied Physics Letters, 2003. 
83(5): p. 1029-1031. 

73. Ohta, H., et al., UV-detector based on pn-heteroj unction diode composed of transparent 
oxide semiconductors, p-NiO/n-ZnO. Thin Solid Films, 2003. 445(2): p. 317-321. 

74. Basak, D., et al., Photoconductive UV detectors on sol-gel-synthesized ZnO films. Journal 
of Crystal Growth, 2003. 256(1-2): p. 73-77. 

75. Bi, Z., et al., A Back-Illuminated Vertical-Structure Ultraviolet Photodetector Based on 
an RF-Sputtered ZnO Film. Journal of Electronic Materials, 2009. 38(4): p. 609-612. 

76. Chang, S.P., et al., ZnO photoconductive sensors epitaxially grown on sapphire 
substrates. Sensors and Actuators a-Physical, 2007. 140(1): p. 60-64. 

77. Liu, K.W., et al., Zn0.8Mg0.2O-based metal-semiconductor-metal photodiodes on quartz 
for visible-blind ultraviolet detection. Journal of Physics D-Applied Physics, 2007. 40(9): 
p. 2765-2768. 

78. Zhang, D.H. and D.E. Brodie, PHOTORESPONSE OF POLYCRYSTALLINE ZNO 
FILMS DEPOSITED BY RF BIAS SPUTTERING. Thin Solid Films, 1995. 261(1-2): p. 
334-339. 

79. Liu, K., M. Sakurai, and M. Aono, ZnO-Based Ultraviolet Photodetectors. Sensors, 2010. 
10(9): p. 8604-8634. 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

156 
 

80. Li, Y.F., S.W.; Sun, J.Y.; Xie, X.S.; Yang, J.; Zhang, Y.Z.; Lu, Y.C. .  and p. 947-949. 
The Study of ZnO 

Photoconductive UV Detector. in 8th International Conference Solid-State and 

Integrated Circuit Technology Shanghai, China, October 23-26, 2006;. 
81. Liu, C.Y., et al., Fabrication and characterization of ZnO film based UV photodetector. 

Journal of Materials Science-Materials in Electronics, 2009. 20(3): p. 197-201. 
82. Li, M., et al., Laser annealing of laser assisted molecular beam deposited ZnO thin films 

with application to metal-semiconductor-metal photodetectors. Journal of Applied 
Physics, 2006. 100(5). 

83. Ji, L.-W., et al., Characteristic Improvements of ZnO-Based Metal-Semiconductor-Metal 
Photodetector on Flexible Substrate with ZnO Cap Layer. Japanese Journal of Applied 
Physics, 2010. 49(5). 

84. Jiang, D., et al., Ultraviolet Schottky detector based on epitaxial ZnO thin film. Solid-
State Electronics, 2008. 52(5): p. 679-682. 

85. Li, M., et al., Radio frequency sputtered zinc oxide thin films with application to metal-
semiconductor-metal photodetectors. Thin Solid Films, 2007. 515(18): p. 7357-7363. 

86. Shan, C.X., et al., Ultraviolet photodetector fabricated from atomic-layer-deposited ZnO 
films. Journal of Vacuum Science & Technology B, 2009. 27(3): p. 1765-1768. 

87. Lin, T.K., et al., ZnO MSM photodetectors with Ru contact electrodes. Journal of Crystal 
Growth, 2005. 281(2-4): p. 513-517. 

88. Young, S.J., et al., ZnO metal-semiconductor-metal ultraviolet sensors with various 
contact electrodes. Journal of Crystal Growth, 2006. 293(1): p. 43-47. 

89. Auret, F.D., et al., Electrical characterization of 1.8 MeV proton-bombarded ZnO. 
Applied Physics Letters, 2001. 79(19): p. 3074-3076. 

90. Nakano, M., et al., Schottky contact on a ZnO (0001) single crystal with conducting 
polymer. Applied Physics Letters, 2007. 91(14). 

91. Fabricius, H., T. Skettrup, and P. Bisgaard, ULTRAVIOLET DETECTORS IN THIN 
SPUTTERED ZNO FILMS. Applied Optics, 1986. 25(16): p. 2764-2767. 

92. Purnima Hazra1, S.K.S., and S. Jit1,*, Ultraviolet Photodetection Properties of ZnO/Si 
Heterojunction Diodes Fabricated by ALD TechniqueWithout Using a Buffer Layer. 
JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, 2014. 14: p. 
117-123. 

93. Alkis, S., et al., UV/vis range photodetectors based on thin film ALD grown ZnO/Si 
heterojunction diodes. Journal of Optics, 2013. 15(10). 

94. Wang, Z.L., ZnO nanowire and nanobelt platform for nanotechnology. Materials Science 
& Engineering R-Reports, 2009. 64(3-4): p. 33-71. 

95. Kind, H., et al., Nanowire ultraviolet photodetectors and optical switches. Advanced 
Materials, 2002. 14(2): p. 158-+. 

96. Huang, J.-H., et al., Enhancing ultraviolet photoresponse of ZnO nanowire device by 
surface functionalization. Acta Physica Sinica, 2008. 57(12): p. 7855-7859. 

97. Lao, C.S., et al., Giant enhancement in UV response of ZnO nanobelts by polymer 
surface-functionalization. Journal of the American Chemical Society, 2007. 129(40): p. 
12096-+. 



                               Chapter3. Atomic layer deposition on nanostructured materials for sensor applications 

157 
 

98. Tzeng, S.-K., M.-H. Hon, and I.-C. Leu, Improving the Performance of a Zinc Oxide 
Nanowire Ultraviolet Photodetector by Adding Silver Nanoparticles. Journal of the 
Electrochemical Society, 2012. 159(4): p. H440-H443. 

99. Mamat, M.H.K., Z.; Zahidi, M.M.; Mahmood, M.R., Performance of an ultraviolet 
photoconductive sensor using well-aligned aluminium-doped zinc-oxide nanorod 
annealed in an air and oxygen enviroment. J. Appl. Phys., 2011. 6. 

100. Bai, S., et al., High-Performance Integrated ZnO Nanowire UV Sensors on Rigid and 
Flexible Substrates. Advanced Functional Materials, 2011. 21(23): p. 4464-4469. 

101. He, J.H., et al., Electrical and optoelectronic characterization of a ZnO nanowire 
contacted by focused-ion-beam-deposited Pt. Nanotechnology, 2009. 20(13). 

102. Prades, J.D., et al., The effects of electron-hole separation on the photoconductivity of 
individual metal oxide nanowires. Nanotechnology, 2008. 19(46). 

103. Lin, Y.H., et al., Atomic Layer Deposition of Zinc Oxide on Multiwalled Carbon 
Nanotubes for UV Photodetector Applications. Journal of the Electrochemical Society, 
2011. 158(2): p. K24-K27. 

104. Lin, D.D., H. Wu, and W. Pan, Photoswitches and Memories Assembled by 
Electrospinning Aluminum-Doped Zinc Oxide Single Nanowires. Advanced Materials, 
2007. 19(22): p. 3968-3972. 

105. Huang, Z.-M., et al., A review on polymer nanofibers by electrospinning and their 
applications in nanocomposites. Composites Science and Technology, 2003. 63(15): p. 
2223-2253. 

106. Abou Chaaya, A., et al., Evolution of microstructure and related optical properties of ZnO 
grown by atomic layer deposition. Beilstein Journal of Nanotechnology, 2013. 4: p. 690-
698. 

107. Elias, J., et al., Electrochemical growth of ZnO nanowires on atomic layer deposition 
coated polystyrene sphere templates. Electrochimica Acta, 2013. 110: p. 387-392. 

108. Gong, B., Q. Peng, and G.N. Parsons, Conformal Organic - Inorganic Hybrid Network 
Polymer Thin Films by Molecular Layer Deposition using Trimethylaluminum and 
Glycidol. Journal of Physical Chemistry B, 2011. 115(19): p. 5930-5938. 

109. Tapily, K., et al., Electrical Characterization of ALD ZnO and HfO2 Thin Films, in 
Physics and Technology of High-K Materials 8, S. Kar, et al., Editors. 2010, 
Electrochemical Soc Inc: Pennington. p. 281-287. 

110. Guziewicz, E., et al., Extra-Low Temperature Growth of ZnO Thin Films by Atomic 
Layer Deposition. Journal of the Korean Physical Society, 2008. 53(5): p. 2880-2883. 

111. Huby, N., et al., Electrical behavior of zinc oxide layers grown by low temperature atomic 
layer deposition. Applied Physics Letters, 2008. 92(2): p. -. 

 



 Chapter 3: Atomic layer deposition on nanostructured materials for sensor applications 

158 
 

 



 Chapter4.Mechanical properties of Al2O3/ZnO nanolaminates 
 

158 
 

 

 

 

 

 

Chapter4. Mechanical properties of 

Al2O3/ZnO nanolaminates 

 

 

 

 

 

 

 

 



 Chapter4.Mechanical properties of Al2O3/ZnO nanolaminates 
 

159 
 

Mechanical properties of Al2O3/ZnO nanolaminates 

1.Introduction………………………………………………………………………………….160 

2.Mechanical properties of ALD thin films………………………………………………….161 

3.Atomic layer deposition of Al2O3/ZnO nanolaminate structure………………………...162 

4.Structural characterization of Al2O3/ZnO nanolaminates………………………………164 

4.1.SEM cross-section…………………………………………………………………………..164 

4.2.Energy-dispersive X-ray spectroscopy (EDX)………………………………………….......165 

4.3.X ray reflectometry…………………………...……………………………………………..167 

4.4.Grazing incident X-Ray diffraction…………………………………………………………169 

5.Mechanical characterization………………………………………………………………...172 

5.1. Stress-strain curve…………………………………………………………………………..172 

5.2. Crack formation…………………………………………………………………………….174 

5.3.Mechanical test setups………………………………………………………………………175 

5.3.1.UTS tensile stage………………………………………………………………………….175 

5.3.2.SEM-integrated EMPA microtensile stage………………………………………………..177 

6.Al2O3/ZnO nanolaminates tensile tests…………………………………………………….180 

7.Conclusion and perspectives………………………………………………………………...187 

 

 

 

 

 

 

 

 

 



 Chapter4.Mechanical properties of Al2O3/ZnO nanolaminates 
 

160 
 

1. Introduction 

Understanding the relation between microstructure and mechanical properties has always 

been one of the primary goals of materials science. A large amount of research was developed in 

order to understand the microscopic processes responsible for the mechanical behavior of 

materials and nanomaterials. In recent years, more and more attention has been devoted to the 

investigation of the mechanical properties of nanomaterial’s such as nanotubes, [1-7] nanowires, 

[8-16] and thin films [17-40]. 

Thin films coating was widely used on the last few years due to their large application fields 

on micro-electronic, optoelectronic, gas barrier, surface modification and surface protection 

against mechanical stress (e.g. wear) or chemical reaction (e.g. corrosion, oxidation). Thin films 

present promising properties in term of mechanical, electrical, optical and structural properties 

which give them an advantage over bulk materials. Due to their wide range of applications, thin 

films are subject to different mechanical stresses. Thin films incorporated in an electronic device 

for instance can be subject to thermal stress caused by the operating temperature of the device 

and the difference in the thermal expansion (DTE) between the film and the substrate. We should 

note that thin films can be subject to thermal stress during and after the deposition process. Thin 

film coatings as mechanical and chemical protection are also a subject to mechanical stress 

during their applications. 

Different setups were used for the investigation of the thin film mechanical properties such as 

tensile tests [41-53] and nanoindentation[21, 27, 54-68]. Various mechanical parameters can be 

extracted from those tests such as Yield strength, Young’s modulus, or ultimate tensile strength 

hardness, saturation crack density, critical strain, and critical bending radius. 

In this chapter we will investigate the mechanical properties of thin film deposited by ALD 

and their mechanical properties in comparison to other deposition techniques. We will focus 

mainly on the Al2O3/ZnO nanolaminates. 
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2. Mechanical properties of ALD thin films 

The mechanical properties of films grown using atomic layer deposition (ALD) were not 

widely studied. Jian et al.[69] studied by nanoindentation a ZnO thin film of 200 nm deposited by 

ALD. They reported that the fracture toughness of ALD-derived ZnO/Si(111) thin films is about 

3.1 MPa m1/2. Jen et al. [70] reports the critical strains of Al2O3 ALD film for both tensile and 

compressive strains. The results showed that the critical tensile strain is higher for thinner 

thicknesses of the Al2O3 ALD film on heat-stabilized polyethylene naphthalate (HSPEN) 

substrates. A low critical tensile strain of 0.52% was measured for a film thickness of 80 nm. The 

critical tensile strain increased to 2.4% at a film thickness of 5 nm. The fracture toughness for 

cracking, KIC, of the Al2O3 ALD film was also determined to be KIC=2.30 MPa m1/2. Trippet al. 

studies [71] the Al2O3 ALD films by nanoindention and show an elastic modulus E of 168–

182GPa. Tapilyet al.[72] reports the study of ALD HfO2 and Al2O3by nanoindentation as well. 

ALD HfO2thin films show hardness of 9.5±2GPa and a modulus of 220±40GPa, whereas the 

ALD Al2O3 thin films have a hardness of 10.5±2GPa and a modulus of 220±40GPa. Milleret 

al.[73]shows measurements of crack density versus applied tensile strain coupled with a fracture 

mechanics modelof alumina and alucone films deposited on polyethylene naphthalate substrates. 

From measurements of crack density versus applied tensile strain coupled with a fracture 

mechanics model, the mode I fracture toughness of alumina and alucone films was determined to 

be K(IC) = 1.89 +/- 0.10 and 0.17 +/- 0.02 MPa m(0.5), respectively. From measurements of the 

saturated crack density, the critical interfacial shear stress was estimated to be tau(c) = 39.5 +/- 

8.3 and 66.6 +/- 6.1 MPa, respectively.Latellaet al.[74] studied toughness and adhesion of atomic 

layer deposited alumina films on polycarbonate substrates. The strength and toughness of the 

alumina film was determined to be 140 MPa and 0.23 MPa m1/2, respectively. Adhesion of the 

alumina films was improved for substrates pre-treated with water–plasma. 

Raghavanet al.[75] shows the influence of the Nanocrystalline-to-amorphous transition in 

Al2O3/ZnO nanolaminates on the mechanical properties by nanoindentation. The softer and more 

compliant response of the multilayers as compared to the single layers of Al2O3 and ZnO was 

attributed to the structural change from nanocrystalline to amorphous at smaller bilayer 

thicknesses. Herrmann et al.[76] investigates the mechanical properties of Al2O3, ZnO and 

Al2O3/ZnO nanolaminates. Pure Al2O3 ALD was determined to have a modulus between 150 and 
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155 GPa and a hardness of 8 GPa, while the results for pure ZnO ALD indicated a modulus 

between 120 and 140 GPa and a hardness of similar to 5 GPa. An Al2O3/ZnO ALD alloy 

displayed a modulus of 140 - 145 GPa, which falls between the two pure films, and a hardness of 

8 GPa, which is similar to the pure Al2O3 film. We should note that tensile test on Al2O3/ZnO 

deposited by ALD was not reported yet. 

In this chapter Al2O3/ZnO nanolaminates will be deposited using the atomic layer deposition 

technique on PET dogbones, gold coated nickel dogbones and silicon wafer. Nanolaminates 

deposited on silicon will be characterized in order to have an idea about the chemical and 

crystalline structure evolution with the bilayer thickness using SEM, XRR and GIXRD. PET and 

gold coated nickel dogbones will be submitted to a tensile test and micro tensile test under SEM 

respectively. 

3. Atomic layer deposition of Al2O3/ZnO nanolaminate structure. 

Atomic layer deposition of Al2O3 and ZnO was performed using trimethylaluminium, diethyl 

zinc and water at 90°C using the experimental conditions reported below in Table 1. Precursor 

pulse was coupled with 25 sccm Ar flow and the purge step was also coupled with 100 sccmAr 

flow as a gas vector. 

Table 1. ALD experimental conditions for the deposition of Al2O3 and ZnO 

 Pulse(P1) Exposure Purge Pulse(P2) Exposure Purge 

Al2O3 0.1 30 40 2 30 40 

ZnO 0.2 30 40 2 30 40 

 

The ALD deposition was performed on different types of substrates: on Si wafer (for 

structural and chemical characterizations), on PET dogbones and gold coated nickel dogbones 

(for mechanical properties study). 

Table 2 shows 8 different sequences of Al2O3/ZnO nanolaminates deposited by ALD with 

different bilayer sequences. The total number of cycles was fixed at 1000 cycles. 1000 cycles of 

ZnO and 1000 cycles of Al2O3 were also deposited and characterized to be used as references. 
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Table 2. ALD deposition sequences of Al2O3/ZnO nanolaminates structures 

Samples Number of Al2O3 

cycles 

Number of ZnO cycles Number of bilayers 

PMS1 0 1000 1 

PMS2 1000 0 1 

PMS3 500 500 1 

PMS4 250 250 2 

PMS5 125 125 4 

PMS6 50 50 10 

PMS7 25 25 20 

PMS8 10 10 50 

PMS9 5 5 100 

PMS10 3 3 200 

 

Based on the growth per cycle extracted from the SEM cross section and the ellipsometric 

measurement of Al2O3(0.17 nm per cycle) and ZnO (0.24 nm per cycle) calculated on chapter 2, 

we report on table 3 the expected estimated bilayer thicknesses and the total film thicknesses of 

those layers. 

Table3. Estimated bilayer thickness and total thickness  

Sample bilayer thickness(nm) Total thickness(nm) 

PMS1  240 

PMS2  170 

PMS3 205 205 

PMS4 102.5 205 

PMS5 51.25 205 

PMS6 20.5 205 

PMS7 10.25 205 

PMS8 4.1 205 

PMS9 2.05 205 

PMS10 1.025 205 
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4. Structural characterization of Al2O3/ZnO nanolaminates 

The ALD nanolaminates sequences performed on silicon substrates were characterized using 

scanning electron microscopy, Grazing incident X-Ray diffraction and X-ray reflectometry in 

order to study the structural evolution of the nanolaminates when the bilayer thicknesses change. 

4.1. SEM observation 

SEM cross section was performed using an emission field Hitachi S-4800 microscope. 

Figure 1 shows the SEM cross section image of the PMS3, PMS4, PMS5 and PMS6. Samples 

with lower bilayer thicknesses were difficult to observe by SEM.

 

Figure  1. SEM cros s -s e ction of PMS3,PMS4,PMS5 and PMS6 s ample s

 

SEM cross-section observations confirm the nanolaminates structure of the ALD 

deposited layers. The SEM images indicate a conformal coating by ALD of the Si substrate. The 

SEM cross section proves as well that the sequence of alternating Al2O3 and ZnO interlayers was 

achieved throughout the total film thickness of the nanolaminates. In all nanolaminates, the first 

layer on Si substrate was Al2O3, and the top layer of the nanolaminates was ZnO. Thickness 

estimation was not possible by SEM cross section images due to the shift during observations. 
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4.2. Energy-dispersive X-ray spectroscopy (EDX) 

EDX measurement was also performed on the nanolaminates with different sequences 

deposited on silicon substrate. EDX measurement was carried out using a Zeiss EVO ED15 

microscope coupled with a Oxford X-MaxN EDX detector. As noted in chapter 2, the EDX has 

been calibrated with ZnO and Al2O3 powders of known stoichiometry. Figure 2 present the EDX 

spectra performed on the nanolaminates samples PMS4, PMS6, PMS8 and PMS10. 

 

Figure  2. EDX me as ure me nt of nanolaminate s  s ample s : PMS4, PMS6, PMS8 and 

PMS10 

Figure2 report the Al, Zn and O presence without any residual carbon confirming the 

ALD complete reaction at such temperature with the setup mentioned above in Table 1. As 

shown in Figure 2, when the bilayer number increases, the Al and O atomic percentage increases 

and the Zn atomic percentage decreases. This Zn atomic percentage decreases when the bilayer 

number increases can be related to the ZnO etching by the Al(CH3)3 precursor during the Al2O3 

ALD cycles as reported elsewhere at 177°C by Elam et al.[77]. The Al atomic percentage 
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increases can be related as well to the increase of the Al2O3 density grown on ZnO due to the 

residual OH- and the partially hydroxylated phase ZnO (OH) on the surface of the ZnO grains as 

reported in chapter 2 paragraph 4.3. Figure 3 shows the evolution of the Al/Zn molar ratio when 

the bilayer number increases. 

 

Figure  3. Al/Zn ratio e volution with the  bilaye r numbe rs  

 

As shown in Figure 3, the Al/Zn ratio increases when the bilayer number increases. This 

Al/Zn ratio increases when the bilayer number increases can be related to the ZnO etching by the 

Al(CH3)3 precursor during the Al2O3 ALD cycles as reported else where by Elam et al. for 

nanolaminates grown at 177°C [77]. This finding could be related as well to the Al2O3 GPC 

activation by the ZnO layer or the Al2O3 density increases due to the ZnO layer rich in OH group 

as demonstrated in chapter 2. The Al/Zn ratio lower than 1 can be obtained due to the change in 

the density of Al2O3 and ZnO films. Al2O3 ALD film densities of 3.0 g/cm3 at 177 °C and 2.5 

g/cm3 at 33 °C are reported by Groneret al.[78]. ZnO ALD film density of 5.6 g/cm3 is reported 

by Elam et al.[77]. 
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4.3. X ray reflectometry. 

X-ray Reflectometry (Bruker AXS, D8 Discover) measurements were performed by using 

CuKα (λ=1.5418 Å) radiation to characterize the coatings. The excitation voltage and current 

were set at 40 kV and 40 mA, respectively. The step size and the scan range used were 0.005 

degree and from 0.2 to 5 degree, respectively. Laptos 7.7 software provided by Bruker AXS was 

used to fit the XRR measurements. Figure 4 shows an example of the XRR measurements 

performed on the PMS3 sample and the theoretical fitting. Black curve represents the original 

data and the blue curve represents the simulated one. The XRR measurement was performed at 

EMPA (Swizerland). 

 

Figure  4. PMS3 XRR me as ure me nt curve  (black) and s imulate d curve  (blue )  

 

ALD deposition thickness and bilayer thickness can be extracted from the simulated 

models. The simulation models have been done on EVA software. Based on the SEM image and 

the estimated layer thickness, we suggest a superlatice model then we fit on the layer thickness to 



 Chapter4.Mechanical properties of Al2O3/ZnO nanolaminates 
 

168 
 

obtain the maximum correlation between the experimental data and the simulated one. Table 4 

shows the estimated bilayer thickness and the total film thickness extracted from the XRR fit. 

 

Table 4. Bilayer thicknesses and the total film thickness extracted from the XRR fit 

Samples Number 

of Al2O3 

cycles 

Thickness 

of Al2O3 

layer by 

XRR 

Al2O3 

Growth 

per 

cycle 

Number 

of ZnO 

cycles 

Thickness 

of ZnO 

layer by 

XRR 

ZnO 

Growth 

per 

cycle 

Number 

of 

bilayers 

Total 

thickness 

by XRR 

PMS1 0 0 - 1000 212 0.212 1 212 

PMS2 1000 181 0.181 0 0 - 1 181 

PMS3 500 90 0.180 500 107 0.214 1 197 

PMS4 250 - - 250 - - 2 - 

PMS5 125 22.9 0.183 125 28.4 0.2272 4 205 

PMS6 50 - - 50 - - 10 - 

PMS7 25 - - 25 - - 20 - 

PMS8 10 - - 10 - - 50 215 

PMS9 5 - - 5 - - 100 217 

PMS10 3 - - 3 - - 200 243 

 

PMS1 and PMS2 XRR measurement shows a growth per cycle of 0.18 nm for the Al2O3 

ALD and 0.21 nm for the ZnO which correlate the GPC extracted from the SEM measurements 

on chapter 2 paragraph 3.1 and 8.1 . As shown in Table 4, it was not possible to perform the 

theoretical fitting on all samples and specially on the thinner ones due to the complicated 

theoretical models for bilayer number higher then 10. Those results confirm the SEM cross-

section measurement and the ellipsometric measurement performed in chapter 2. Figure 5 shows 

the total thickness extracted from the XRR measurement versus the number of bilayer. 
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Figure  5. Total thickne s s  e volution ve rs us  the  numbe r of bilaye r  

 

As shown on Figure 5, when the bilayer number increases (the number of Al2O3/ZnO 

interface increases) and the total thickness increases. The thickness increases coupled with the 

EDX measurements that report an increase on the Al/Zn ratio when the bilayer number increases, 

with the constant GPC for Al2O3,allow concluding that the Al2O3 density increases due the ZnO 

layer rich in OH group as demonstrated in chapter 2. Moreover the thickness increases coupled 

with the GPC increases of ZnO (0.212 for PMS1; 0.214 for PMS3; 0.227 for PMS5) proves that 

at such low temperature (90°C) we did not observe the ZnO etching by the TMA precursor 

during the Al2O3 ALD cycles as reported elsewhere by Elam et al. at 177°C [77]. So we can 

conclude that at such low temperature, the Al2O3 deposition was activated by the ZnO layer. 

 

4.4. Grazing incident X-Ray diffraction. 

Grazing incidence X-ray diffraction (Bruker AXS, D8 Discover) measurements were 

achieved by using CuKα (λ=1.5418 Å) radiation to characterize the coatings. The excitation 

voltage and the current were set at 40 kV and 40 mA, respectively. The angle of incidence was 

kept constant at 0.5 degree. The step size and the scan range used were 0.02 degree and from 25 
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to 50 degree, respectively. Figure 6 shows the GIXRD spectra performed on the nanolaminates 

samples.The GIXRD measurements have been performed as at EMPA (Switzerland). 

 

 

Figure  6. GIXRD s pe ctra pe rforme d on the  nanolaminate s  s ample s  

 

As shown from the Figure 6, a transition from an amorphous to a crystalline state occurs 

when the bilayer thickness increases. This transition was reported elsewhere by Raghavanet 

al.[75] and AbouChaayaet al.[79]. PMS10, PMS9 and PMS8 nanolaminates with the thinnest 

bilayer thickness showed weak broad X-ray diffraction peak at 34.26° which can result from their 

amorphous structure or their crystalline size below 2 nm as reported by Elias et al.[80]. Thicker 

samples PMS3, PMS4, PMS5 and PMS6 demonstrate 3 structural peaks at 2q = 31.82°, 34.35° 

and 36.1° corresponding to (100), (002), and (101) reflections of ZnO, respectively. ZnO 

monolayer PMS1 shows the same structural peaks corresponding to (100), (002), and (101). A 

change in the preferential growth orientation is observed when comparing samples PMS5, PMS6 

and PMS7 (strong (002) and negligible (101) XRD peaks) to sample PMS4 (strong (100) and 

negligible (101) XRD peaks) and sample PMS3 (strong (100) and negligible (002) XRD peaks) 

and sample PMS1 (strong (101) and negligible (002) XRD peaks). The preferential growth 
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orientation of Al2O3/ZnO nanolaminates goes from (002) to (100) when the bilayer thickness 

increases from 3.25 to 185 nm. Moreover  the preferred growth orientation for ZnO monolayer 

PMS1 is (101) matching the results reported elsewhere for ZnO of 200 nm thickness[79]. 

Grain size was estimated from Debay-Scherer equation[81]: 

( )qb

l

cos

.
D

×

×
=

90

         (Equation 1) 

Where λ, β and θ are X-ray wavelength, full width at half maximum (FWHM) and 

diffraction angle, respectively. Since the particles are of unknown morphologies, the shape factor 

is set to 0.9. The obtained grain size values were reported on table 5 then plotted versus the 

bilayer thickness in Figure 7. 

 

Table 5. Grain size calculation of nanolaminates  

Sample PMS1 PMS2 PMS3 PMS4 PMS5 PMS6 PMS7 PMS8 PMS9 PMS10 

Grain 

size 

13.94 - 20.859 18.612 15.894 11.196 5.420 - - - 

 

 

Figure 7. Nanolaminate s  grain s ize  ve rs us  the  bilaye r thickne s s  
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As shown in Figure 7, the ZnO grain size increases with the bilayers thickness increment. 

This result matches our previous work on nanolaminates on chapter 2 performed at 100°C. 

 

5. Mechanical characterization 

Before starting the studies related on the mechanical properties of Al2O3/ZnO nanolaminates, 

we will describe first the mechanical tests techniques used in this work and the theory related to 

mechanical properties: stress strain curve and crack formation. 

 

5.1. Stress-strain curve 

Yield strength, Young’s modulus, or ultimate tensile strength can be extracted from the 

uniaxial tensile testing. In this test, a sample of certain geometry is subjected to a slowly but 

permanently increasing load until failure. During the test, both, the applied load and the 

elongation of the sample are being measured and plotted into a load-displacement-diagram. 

By knowing the initial cross sectional area A0 and the gauge length of the sample l0, the 

measured load F and elongation ∆l can be transformed to engineering stress  (normalized to 

initial area A0) and engineering strain  (normalized to the initial length l0) by applying the 

following equations [82]: 

          (Equation 2) 

          (Equation 3) 

Plotting engineering stress vs. engineering strain leads to the so called engineering stress-

strain-curve for which an example (ductile metal) [82]is shown in Figure 8. 
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Figure  8.  Stre s s-strain curve  e xample  of a ductile  me tal:  For s e ction I, II and III, s e e  

te xt. ΔL is  the  e longation at the  give n force  F. ΔL contains  ΔL pl ,  the  e longation from 

the  plas tic de formation and ΔL e l ,  the  e longation from the  e las tic part.  

 

The curve can be divided in three parts:  

(I) the linear portion of the curve is due to proportionality between the applied stress and the 

measured strain which is described by Hook’s law:  

=  (Equation 4) 

 

The Young’s Modulus (E) is a material constant, defined by the strength of the atomic 

bonding. It can be determined from the slope of the elastic portion. In the elastic regime of the 
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sample, no plastic deformation occurs in this part which means that if the load is released at one 

point in this regime the sample would retract to its initial length. 

(II) The yield point (σ_y) defines the end of the elastic regime of the sample. Beyond this point, 

plastic deformation occurs. The slope of the curve decreases slightly but the stress increases 

further due to strain hardening behavior. In this regime, the samples surface increases uniformly 

all over the sample without any change in cross sectional area (Poisson’s contraction). 

(III) The maximum stress of the sample allows without changes in cross sectional area is called 

ultimate tensile strength. Beyond this point, defects in the material like flaws, scratches or cracks 

lead to high local stresses and the sample laterally starts to neck where the local stress 

concentration is highest. This part ends by the rupture of the sample. 

Even if the sample undergoes a plastic deformation, the elastic part remains reversible. 

This means that after releasing the load, either on purpose in the regimes II and III or by rupture, 

the sample will retract for the amount of elastic deformation. Only the irreversible plastic 

deformation remains[82]. 

 

5.2. Crack formation 

When a coated substrate goes under a tensile stress, at some point, the first cracks appear. 

The corresponding strain is called the critical tensile strain. The cracks are perpendicular to the 

tensile stress. An interesting plot is the evolution of the crack density versus the tensile strain. 

The crack density is the amount of cracks on a certain length of substrate surface. Cracks with the 

same direction as the tensile stress may develop due to the Poisson contraction at large tensile 

deformations. The (1/h)1/2(where h is the film thickness) dependence for the critical tensile strain 

for cracking can be derived analytically using a shear lag model from Laws and Dvorak. The 

critical tensile strain εcis easily related to the critical tensile stress σcby Equation 5: 

c =           (Equation 5) 
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Where Ef is the elastic modulus of the film coating. An equation derived from the Equation 5. 

        (Equation 6) 

Where h is the film thickness and hs the substrate thickness. Since hs>> h, the critical strain can 

be simplified to the right hand term in Equation 6. With the critical tensile strain for cracking, the 

critical bending radius R can be derived, see Equation 7. The critical bending radius is the 

minimum radius that a coated substrate can be bent before the coating layer start to crack. 

=           (Equation 7) 

 

The crack density saturates for increasing tensile strain. For the relation between the 

saturation crack density cdsat and the film thickness, a generic relation of cdsat ~ h-1/m was found 

theoretically. m was found experimentally to be around 2 and the relation which gives the 

Equation 8: 

cdsat=( )1/2         (Equation 8) 

 

5.3. Mechanical test setups 
5.3.1.  UTS tensile stage 

UTS tensile stage is a tensile test setup installed at EMPA laboratory (Switzerland) 

(Figure 9). This setup was designed to test large scale samples. Two sample holders consisted of 

the UTS tensile stage: The first one is fixed to the chassis and the second one is a movable 

holder, speed controlled, with a speed range between 1 μm/s and 20 cm/min. The tensile test 

stage measures the force as well as the displacement of the sample holder. The maximum load is 

5 kN. The UTS tensile stage was coupled to a Keyence VH-Z100R camera. 
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Figure  9 . UTS te ns ile  s tage  s e tup at EMPA laboratory (Switze rland) 
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5.3.2. SEM-integrated EMPA micro tensile stage 

EMPA laboratory developed as well a Micro tensile stage (Figure 10) to be integrated into 

a SEM for micro samples testing with high resolution. This set up has been used as well for 

mechanical properties measurement. The maximum force for the load-cell is 2.5 kN. 

 

Figure  8. EMPA micro  te ns ile  s tage  for in-s itu me as ure me nt 

 

The resolution of an optical microscope is restricted by the wavelength of the visible light. 

In a light microscope, the wavelength is between 400 nm for the purple light and 800 nm for the 

red light. The resolution is roughly equal to the used wavelength. The Rayleigh criterion defines 

lateral optical resolution r as, 

(Equation 9) 

With n the refractive index of the medium between objective lens and sample (mostly air with 

n=1), λ the wavelength of light and  the half angle of the light that enters into the objective lens. 
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With typical values of n=1, λ=500nm (average), and NA=0.73 (Keyence camera), a resolution of 

r=418 nm was obtained in theoretical measurement setup. In order to increase the resolution, a 

mini tensile test stage (Figure 8) was coupled to the Zeiss DSM 962 SEM. The cell was 

integrated into the SEM. The operation conditions of the SEM were set to:  

-work distance (distance between sample and pole piece (objective)): 22 mm  

-spot size: medium, 13  

-acceleration voltage: 5 kV 

-emission current: 3 A 

In order to have an idea about the SEM resolution, we should note that the wavelength of 

the electron in the SEM is directly related to the acceleration voltage by the equation 12. The 

wavelength λ is related to the frequency f and the speed of light c (Equation 10). The energy E is 

directly proportional to the frequency f (Equation 11) and the energy E of an electron is given by 

the tension U (Equation 12). h is the Planck constant and e the elementary charge of the electron. 

Equation 13 is the combined form. 

 =c*f          (Equation10) 

E=h*f          (Equation11) 

E=e*U          (Equation12) 

λ=c*h/e*U (Equation13) 

  

For the 5kV acceleration voltage used in the SEM integrated tensile measurements, 

Equation 5 results in λ= 0.25 nm which gives a lateral resolution of r=0.21 nm according to 

Equation 2. The electron beam size (focus) in a SEM is also dependent on lens aberrations which 

lead to a much larger beam size than given by the Rayleigh criterion and must be measured by 

calibration samples, see Figure 11 below. 
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a) 

 

b) 

 

Figure  11 . SEM image s  of a calibration s ample  (gold grains  on carbon) at the  

conditions : 5ke V, 22 mm working dis tance , me dium s pot s ize  13. (a) Image  take n at 

20kx magnification which give s  a late ral re s olution of 75 nm indicate d by arrows . (b) 

Image  take n at 500x magnification and one  s e cond pe r frame  corre s ponding to the  

vide os of te ns ile s train e xperime nts. The  pixe l re s olution is  in this  cas e  210 nm x 210 

nm. The  s malle s t fe ature s  seen corre spond to 380 nm. We ll vis ible  are  fe ature s  of 750 

nm corre s ponding to roughly 3 -4 image  pixe ls [82]. 

 

From Figure 11 follows that the SEM has a lateral resolution of 75 nm under the 

described conditions. This corresponds to approximately 100 nm full width at half maximum 

(FWHM) of the electron beam. For the video, a representative area of the sample needed to be 

monitored within one second (one video frame) and a low magnification was used. In these 
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conditions, the pixel size became 214nm x 217nm and the lateral resolution limit was measured 

to be 380 nm. This means that the resolution is pixel limited. 2-3 pixels are needed to see a 

contrast change with confidence at 500 x magnifications[82]. 

 

6. Al2O3/ZnO nanolaminates tensile tests 

The Al2O3/ZnO nanolaminates deposited on PET dogbones substrates were tested using 

the UTS Test stage at EMPA. Tensile speed was fixed to 0.1 mm/second. Before starting the test, 

two pictures at 500X and 1000X magnification were taken as references. After the apparition of 

first crack, photos were taken every 10mm displacement (100seconds) at 1000x magnification. 

Two points were fixed on the pictures and tracked belong the measurement in order to calculate 

the strain. Crack densities extracted from photos were plotted against the applied strain. Figure 12 

shows an example of the tensile tests done on the PMS3 sample. 

 

Figure  12. PMS3 te ns ile te st a)at S=0%,1000x b) firs t crack apparition at s =1%,1000x 

c)at S=5.6%,500x and d) at S=16.66% 500x (s aturate d crack de ns ity) . 
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As shown in Figure 12, cracks were formed perpendicularly to the applied strain. After 

the apparition of the first crack, crack density starts to increase with the strain increases to 

achieve a maximum called saturated crack density. After the crack saturation established, the 

delamination process occurs. Figure 13 represents the Crack density extracted from photos 

plotted against the applied strain for the samples PMS1 to PMS10. 

 

Figure  13. Crack de ns ity e volution during te ns ile  te s ts  for s ample s  PMS1 to PMS10  

 

Figure 13 reports the evolution of the crack density when the applied strain increases from 

0 to 18%. As observed in this figure, crack density increases when the applied strain increases 

and then a maximum will be achieved indicating the saturation of those cracks. It is clearly 

shown in Figure 13 that when the bilayer thickness decreases, the saturated crack density 

decreases also. In order to evaluate the bilayer thickness effect on the saturated crack density, we 

plot in Figure 14 the saturated crack density versus the bilayer thickness. 
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Figure  14. Saturation crack de ns ity ve rs us  the  bilaye r thickne s s  

 

As observed in Figure 14, when the bilayer thicknesses decrease from 185 (PMS3) to 

0.92nm (PMS10) the saturation crack density decreases from 1600 cracks/cm to 550 cracks/cm 

with a saturation crack density of 2583 cracks/cm for ZnO monolayer PMS1 and 1350 cracks/cm 

for the Al2O3 monolayer PMS2. This behavior was linked to the bilayers delamination during the 

tensile test that leads to less cracks formation. Figure 15 shows photos taken at S=10 %, 500x 

magnification for PMS1 to PMS10 samples. 

0 20 40 60 80 100 120 140 160 180 200
0

200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000

S
a

tu
ra

ti
o

n
 c

ra
c

k
 d

e
n

s
it

y
(c

m
-1

) 

Bilayer thickness  (nm)

212nm ZnO

180 nm Al2O3



 Chapter4.Mechanical properties of Al2O3/ZnO nanolaminates 
 

183 
 

 

Figure  15. Photos  of PMS1 to PMS10 s ample s  at s =10% with 500x magnification  

200mm 
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As shown in Figure 15, when the bilayer thickness decreases the delamination process 

increases which leads to the decrease of the saturation crack density. PMS7, PMS8, PMS9 and 

PMS10 show higher delamination behavior due to their lower bilayers thicknesses. Figure 16 

shows the delamination starting strain versus the bilayer thicknesses. 

 

Figure  16. The  de lamination s tarting s train ve rs us  the  bilaye r thickne s s e s  

 

From Figure 16, we can observe that the delamination starting strain of the Al2O3/ZnO 

nanolaminates are lower then the corresponding value for the Al2O3 which consists of the first 

layer (interface polymer/nanolaminates). So we can conclude from Figure 16 that the 

delamination process is limited to the delamination of the Al2O3 which consist of the first layer. 

Coupling the suggestion with Figure 15, which reports the non delamination of ZnO layers, we 

can have as perspective to start the nanolaminates structure with ZnO layers to enhance the 

adhesion. 
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Critical tensile strain was also plotted versus the bilayer thickness see figure 17. 

 

Figure  17. Critical Strain ve rs us  the  B ilaye r thickne s s  

 

As shown in Figure 17, the critical strain of Al2O3/ZnO nanolaminates increases when the 

bilayer thickness increases. The maximum of the critical strain for the nanolaminates series was 

given for the PMS3 sample (1 bilayer of 500 cycles Al2O3/500 cycles ZnO) which shows the 

same value of the PMS1 sample (1000 cycles ZnO). None of the nanolaminates demonstrates a 

critical strain higher then the ZnO monolayer sample. 

Using Equation 7 we can calculate the critical bending radius which is the minimum 

radius that a coated substrate can be bent before the coating suffers from cracking. R values were 

reported on table 6 then plotted against the bilayer thickness (Figure 18). 
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Table 6. Critical bending radius of Al2O3/ZnO nanolaminates samples (PMS1 to PMS10) 

Samples Bilayer thickness (nm) R(mm) 

PMS1 180 nm ZnO 65.86 

PMS2 212 nm Al2O3 87.5 

PMS3 185 65.85 

PMS4 92.55 75.47 

PMS5 46.25 97.24 

PMS6 18.51 114.24 

PMS7 9.25 97.22 

PMS8 3.70 131.38 

PMS9 1.85 131.38 

PMS10 0.92 262.52 

 

 

Figure  18. Critical be nding radius  of the  nanolaminate s  s ample s  

 

Figure 18 shows the critical bending radius decreasing when the bilayer thickness increases. 

None of the nanolaminates reports a critical bending radius less than the ZnO layers. 
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7. Conclusion and perspectives 

Al2O3/ZnO nanolaminates were deposited by the atomic layer deposition technique at 90°C 

with different bilayer thicknesses (conserving the total number of ALD cycles at 1000 cycles). 

Nanolaminates were deposited on silicon substrate to be characterized by SEM, XRR and XRD 

and on PET and nickel coated dogbones to be tested mechanically using the tensile tests stage at 

EMPA laboratory Switzerland. SEM image confirm the ability of the nanolaminates deposition 

using the ALD technique with a conformal coating and a well define nanolaminates structures. 

XRR measurement has been performed in order to extract the bilayer thickness and to assure the 

non presence of ZnO etching at such low temperature. GIXRD performed on the 10 samples 

shows a transition from an amorphous state to a crystalline state when the bilayer thickness 

increases. A change in the preferential growth orientation from (002) to (100) is observed when 

increasing the bilayer thickness from 9.25 nm to 185 nm. 

Tensile tests measurement shows a decrease on the saturation crack density from 1600 

cracks/cm to 550 cracks/cm when the bilayer thickness decreases from 185 to 0.92 nm with a 

saturation crack density of 2583 cracks/cm for ZnO monolayers and 1350 crack/cm for Al2O3 

monolayer. This behavior was linked to the bilayers delamination during the tensile test that leads 

to less cracks formation. This behavior can also be due to the nanolaminates transition from a 

crystalline state to an amorphous state. We can also note that the delamination starting strain for 

the Al2O3/ZnO nanolaminates are lower then the corresponding value for the Al2O3 which consist 

of the first layer (interface polymer/nanolaminates). The critical strain of Al2O3/ZnO 

nanolaminates decreases when the bilayer thickness decreases, which can be due to the 

nanolaminates transition from a crystalline state to an amorphous state. In order to go dipper on 

this study we suggest solving the delamination process using three different approaches: 

1. PET surface treatment using Oxygen plasma in order to increase the active sites on 

the PET film 

2. NaOH surface treatment under UV in order to increase as well the active site on the 

PET film. 

3. Another suggestion will be to deposit nanolaminates with ZnO as first layer due to 

the non delamination of the PMS1 sample (ZnO layer). 
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Micro tensile tests performed under SEM on the gold coated nickel dogbones reports the 

same tendency as the tensile tests performed on PET dogbones. The results were not reported on 

this chapter due to the initial load calibration for the micro tensile stage. 
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1. Introduction 

Membranes technology has attractive attention in industrial and laboratory applications due 

their needs in different fields such as water and gas purification, catalysis, bio-sensor, and ion 

transport. The first membrane study can be attributed to Abb´eNolet in 1748 who described 

water permeation through a diaphragm[1]. Membranes technology found their first industrial 

application in the filtration of drinking water at the end of World War II[1]. Since 1960, 

membranes technology has grown from laboratory study to industrial applications after the 

seminal discovery of Loeb-Sourirajan of making a defect free high flux, asymmetric reverse 

osmosis membrane which consist of an ultrathin, selective surface film on a microporous 

support, which provides the mechanical strength[2]. In 1980, membranes technology entered the 

industrial gas separation and purification fields [1]. Polymeric membranes remain the most 

viable commercial choice and substantial research works on the design of polymers with 

improved separation performance and physicochemical properties are in progress. Most of 

industrial porous membranes have a sub-nanometer up to micrometers pores diameter.However 

some separation process especially gas separation process requires an angstrom pore size range. 

A variety of techniques have been employed to modify the pore size and surface properties of 

porous membranes such as chemical vapor deposition[3], sol gel procedure[4], and atomic layer 

deposition (ALD)[5]. From the different methods to control the pore diameter, ALD have 

attractive attention due to the conformal coating and the high thickness control offered by this 

technique. 

In the first part of this chapter, we will introduce the different types of membrane and their 

elaboration methods. In the second part we will focus on multipores PET membrane synthesized 

by the track etching technique then tuned by the atomic layer deposition technique in order to 

obtain a sub 10 nm pores diameter. Biological function has been added to the multipores PET 

membrane using Gramicidin confinement into the pores. Membranes were characterized and 

tested for ionic transport application [6]. In the third part of this chapter we will report a 5 nm 

single nanopore PET membrane with high length/diameter ratio, synthesised by the track etching 

technique and tailored by the atomic layer deposition of Al2O3/ZnO nanolaminates. After the 

nanopore design, Sebastien balme´s team (European institute of membranes) investigated the 

PEG translocation throw the nanopore. The translocation of neutral Polyethylene glycol (PEG) 
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and charged Polyethylene glycol-carboxylate (PEG- carboxylate) molecules of low molar mass 

(200 and 600 g.mol-1) through this nanodevicewas studied. Finally we will present our first 

results and our perspectives on polycarbonate track etched porous membrane tuned by ALD for 

gas purification applications. 

 

2. Membrane types 

Excluding biologicalmembranes,membranes can be divided to two categories: Symmetrical 

and asymmetrical membranes[1] (Figure 1). 

 

2.1. Symmetrical membranes 

Symmetrical membranes can be divided to three categories: 

· Isotropic microporous membranes: this is a conventional filter with high density 

interconnected pores (Figure 1a). Pore diameter can be in the range of 0.01 up to 100 mm. 

Particles with diameters larger from the pore size are rejected. Only molecules with significant 

diameter difference can be separated by this membrane type. Microporous membrane are 

generally characterized by the average pore diameter d, the membrane porosity ɛ (the total 

porous fraction of the membrane) and the membrane tortuosity τ which is the ratio between pore 

length and membrane thickness (membranes with straight pores, T=1). Isotropic microporous 

membrane are generally prepared by solution precipitation technique, irradiation of dense 

membrane (track etching membrane) and the expanded film technique based on a crystalline 

transition of crystalline polymers after a rapid dropdown temperature which leads to voids 

appearance between crystallites. 

· Nonporous dense membrane: it is a dense film pinhole free membrane (Figure 1b). 

Diffusion mechanism occurs under external forces (pressure, concentration or electrical potential 

gradient). Membrane selectivity is directly related to the transport rate within the membrane for 

each element which is relative to their diffusivity and solubility in the membrane material. 

Molecule size is not a separation parameter for this membrane type. This type of membrane is 

generally prepared by solution casting or by melt pressing. 
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· Electrically charged membranes: this membrane type can be porous or dense but 

generally it is a microporous membrane with the pore walls electrically charged by negative or 

positive ions (Figure1c). Based on Coulomb law, a positive charged membrane blocks the 

cations and lets the anions pass throw the pores, it is an anion-exchange membrane. A negative 

charged membrane blocks the anions and lets the cations pass throw the pore, it is a cation-

exchange membrane. Separation mechanism on an eclectically charged membrane is directly 

related to walls charge, ion charge and ions concentration in the solution. 

 

2.2. Asymmetric membranes 

Asymmetric membranes consist of a thin layer supported on a porous structure which 

functioned as a mechanical support only. The selective layer is the thin film deposited on the 

porous support that can be porous with smaller pores size than the support (Figure1d) or it can be 

dense (Figure1e). Membrane permeability is inversely proportional to the membrane thickness 

which reflects a higher permeability for thinner selective layer excluding the support thickness. 

High permeability is an advantage for this type of membrane. 

 

Figure 1: Symmetrical and Asymmetric membranes types 
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3. ALD for membrane applications 

Since many years, porous materials such as polycarbonate membrane, alumina membrane 

(AAO) or mesoporous silica have been coated by ALD. An early work reported the AAO pore 

tuning by Al2O3 ALD[7]. H2 and N2 gas diffusion measurements were consistent with the pore 

size reduction as a function of the number of ALD cycles. Moreover, no increase of the pore size 

distribution was observed with the increase of the cycles, highlighting the high conformality of 

the ALD coating. Later on, SiO2 and TiO2 ALD were successfully applied to the coating of 

asymmetric microporous tubular membranes[8]. The conductance measurements reveal that gas 

transport through microscopic pores is determined by pore diameters and the effect of the surface 

functional groups. Surface properties and diameter tuning of Si3N4 membranes were achieved by 

Al2O3 ALD[9].Such a membrane was used for the capture of DNA and other negative 

polyelectrolytes. Starting with large pores of any shape, correspondingly shaped single-

nanometer sized high aspect ratio channels can be produced by ALD. Alternatively, starting with 

an already small ion beam sculpted nanopore of known diameter in a thin membrane, a short, 

molecularly sized nanopore can be fashioned with atomic precision without the need for final 

TEM verification. 

In this chapter, we will focus on symmetrical isotropic microporous membrane elaborated 

by the track etching technique then modified using the atomic layer deposition with the vapor 

exposure process for surface modification. Membrane will be characterized before ALD then it 

will be tuned by ALD deposition of Al2O3/ZnO nanolaminates. After this step, a vapor exposure 

surface treatment is applied. Multipores membrane with sub 10 nm pores diameter will be 

impregnated with gramicidin A and tested as ionic transport membrane (section 3 of this 

chapter). In the same time, single pore membrane with 5 nm pore diameter will be tested as 

molecular PEG (Polyethylene glycol) sensor (section 4 of this chapter). Other applications have 

been done on the porous PET membrane controlled by ALD such as gas purification, DNA 

sequencing and gas barrier. Those results are in progress and will not be presented on this thesis. 
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4. Enhanced ionic transport mechanism by gramicidin A 

confined inside nanopores tuned by Atomic Layer Deposition 

The development of solid state ionic transport membrane with high ion permeability, high 

ion selectivity and energy less function mechanism, consists of an antagonist research field [10]. 

Different elaboration techniques have been used in order to obtain an ionic transport 

membrane(ITM) owning unique properties in term of high permeability and selectivity. Conical 

track etched pore with charge surface modification consists one of those ITM elaboration 

technique[11]. For ITM with different types, anionic or cationic, selectivity is obtained under an 

electric field. Direct confinement of biological ionic channels inside cylindrical nanopores has 

been recently demonstrated [12, 13]. This membrane shows a good mechanical properties, a high 

suitability with the biological molecules and the ion solution. Moreover this membrane present 

biological selectivity properties offered by the confined biological molecule [14, 15]. Among 

those biological molecules used on this topic gramicidin A (gA) is one of the most widely 

studied due to its simple structure and to its selectivity to monovalent cations[16-18].gA is 

formed by a linear polypeptide of 15 hydrophobic amino acids which adopt β-helix structure. 

Inside the lipid membrane, the selective pore is formed by a head-head dimer of gA linked by H-

bond between C-terminal functions. With this conformation, a gA channel is only permeable to 

monovalent cations[19, 20] and blocks anions[21]. Even though gA is one of the simplest ionic 

channels, its properties are not easily transferred to solid state membranes.Presently, all attempts 

to confine biological ionic channels inside a nanoporehaveshowna loss or a modification of their 

ionic selectivity[22]. Indeed, in biological membranes, gAselectivity in the presence of 

monovalent ions is induced by head to head dimer structure as the junction between the 

monomers blocks the anions and allows the transport of cations. It has been shown that this 

dimer structure is lost in aqueous solution[5]. Thus according to experimental conditions, it can 

be assumed that head to head structure is lost before the gA confinement. 

Balmeet al.[23] reports the first studies about the synthesis of hybrid membranes by 

confining gA in the porous polycarbonate track-etched membranes.Thispolycarbonate membrane 

present several advantages related to its uniformity and density of nanopores, wide diameter pore 

range, flexibility and low cost of fabrication.However these membranes present several major 

drawbacks (i) the diameter cannot be controlled under 15 nmand(ii) they are hydrophilic. These 
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drawbacks constitute the prior limitation of these membranes. Indeed torecover the biological 

properties, an ionic channel must be incorporated inside a nanopore of diameter close to the size 

of the gAhydrophobic part (~1 nm). In addition, the pore must be hydrophobic.In thissection, we 

propose to investigate the ionic transport mechanisms of confined gA inside sub 10 nm 

hydrophobic nanopore. 

Due to their high aspect ratio deposition ability discussed in chapter 1, atomic layer 

deposition technique was been used to tune the pore diameter of a PET track etched membrane 

with 100 pores with an initial pores diameters of 36nm to a final pores diameter of 10.6, 5.7 and 

~2 nm. Nanolaminates of aluminum oxide/zinc oxide have been investigated for the PET pore 

reduction in order to assure a low roughness inside the nanopores preserving the main 

advantages of the polymeric membranes: uniformity of the nanopores and flexibility of the 

membrane. Then a Hexamethyldisilazane chemical treatment[24] allows coating the nanopore 

wall with -CH3 to mimic –CH2- / gA interaction such as in a lipid membrane. In addition, HMDS 

plays the role of a passivation layer preventing the corrosion of ZnO [25] in NaCl medium. 

Figure 2 shows the complete synthesis methods. The membrane ionic transport and selectivity of 

NaCl, before and after gA confinement, has been studied and is discussed based on the 

Michaelis-Menten model of ionic co-transport. 

 

Figure2. Schematic process for hybrid membrane synthesis 
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4.1. Track etching technique 

Nuclepore Corp which is now a division of Whatman, Inc was the first to develop the track 

etching technique[26]. A dense polymer film will pass throw two preparation step to give the 

final porous membrane. 

· Step 1: irradiation of polymer film with charged particles from nuclear reactor or other 

radiation sources. The irradiation step leaves behind it a sensitized/damaged track on the 

polymer film. 

· Step 2: irradiated film will be dropped into an etching bath which etches the polymer 

preferentially along the sensitized nucleation tracks to form pores. 

Pore density is directly related to the irradiation time (more time leads to more incident 

charged particles). Pore diameter is directly related to the etching time. 

Our Poly(ethyleneterephtalate) PET nanopore membrane has been synthesis by krypton 

irradiation of the PET film positioned on the trajectory of a diffracted 78krypton ion(9.5MeV) 

beam in GANIL (Caen,France).A detector is set behind the film to count the number of ions 

crossing the film. When the number of counts (number of pores) is reached, we stop the beam so 

we can control the pore number down to 1 pore. In this work the pores number was fixed at 100 

pores over an area of 1 mm2. After the Krypton irradiation, the tracked film is exposed to UV 

light (Fisher bioblock; VL215. MC, 312nm)for 24h in each side then the film will be immersed 

into a NaOH solution (3M) at 50°C. Pore size will be controlled by the NaOH immersed time. 

Finally the film was rinsed with demineralized water.PET membranes with a thickness of 5 mm 

have been used in this study. 

4.2. Pores diameter estimation of PET track etched membrane 

Due to the small pores diameter, we suggest to measure the pore diameter by conductive 

measurement. The average diameter pore size has been estimated by conductivity measurements 

at different NaCl concentrations (from 0.9 mM to 300 mM). The recordings of intensity/voltage 

(I/V) curve have been performed on potentiostat EG&G princeton applied research (model 

236A). These measurements used two Ag/AgCl electrodes (Tacussel), which have been prepared 

to have an asymmetrical potential less than 1 mV. The two compartments of the measurement 

cell have been separated by PET film containing ~100 nanopores (Table 1).Nanopores 

conductance (G) is directly given by the slope of the I/V curve. The both compartments have 
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been filled with 12 mL of saline solution at the same concentration from 0.9 to 300 mM. The 

current has been recorded for a voltage ramp between -250 mV and 250 mV with a step of 5 

mV.s-1.The conductance G corresponds to one pore for sake of comparison between the different 

membranes (nS.pore-1). All experiments have been performed 3 times at 24±1°C. Figure 3 

reports the conductivity evolution against the NaCl concentration. 

 

Figure 3. Conductance of nanoporesas a function of NaCl concentrations 

 

As shown in Figure 3, the conductance increases linearly with the NaCl concentration. 

Using equation 1, the pore size has been estimated to be around 36 nm. 

G=sk          (Equation1) 

G is the conductance, s is the solution conductivity and k=S/L (S=pore section area; L= pore 

length). 
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4.3. Tuning the Nanopore diameter using ALD 

Pores size of track etched PET membrane has been tuned by Atomic Layer Deposition of 

Al2O3, ZnO and nanolaminates of Al2O3/ZnO using alternating exposure of TMA(as precursor 

1;P1) and Water (as precursor 2;P2) for Al2O3 deposition and DEZ(P1) and Water (P2) for ZnO 

deposition. Due to high aspect ratio of the PET porous membrane and in order to assure a 

conformal coating along the pore, the ALD setup has been modified. Purge time has been raised 

to assure a complete evacuation inside the nanopore.All the ALD deposition on the PET track 

etched membrane has been carried at 60 °C.Table 1 shows the ALD deposition setup used for the 

tuning process of the PET porous membrane. 

 

Table1. Setup used for the ALD deposition of PET track etched membranes  

  P1 Pulse Exposure Purge P2 Pulse Exposure Purge 

Al2O3 0.1 20 40 2 30 60 

ZnO 0.2 20 40 2 30 60 

 

Precursor’s pulses have been carried with 25 sccm dry argon flux as gas vector. The 

purge steps have been carried with 100 sccm dry argon flux as well. We should note before 

starting the ALD process that the chemical etching of PET induces the formation of carboxyl 

groups on the surface of the film and on the surface of nanopores walls[27, 28]which provides 

actives sites for the conformal coating by atomic layer deposition (ALD)[29]. 

Our perspective is to control PET pore size using the ALD technique with conserving the 

flexible properties of PET membrane. We started our study by reducing the PET pore size using 

Al2O3 ALD deposition. After the ALD deposition, the PET membrane was brittle and difficult to 

handle. Switching to the ZnO ALD deposition, a non-flexible membrane, hard to handle is as 

well obtained. A study performed by Raghavanet al. [30]on Al2O3/ZnO nanolaminates 

synthesized by ALD reports asofter and more compliant response of the multilayers as compared 

to the single layers of Al2O3 and ZnO.These results have been attributed to the structural change 

from nanocrystalline to amorphous at smaller bilayer thicknesses. This study reports also a 

decrease of the elastic modulus when the bilayer thicknesses decrease due to a transition from a 

crystalline to an amorphous phase. The Al2O3/ZnO nanolaminates have been used to control the 
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diameter of the PET membrane. After the ALD deposition, hydrophilic surface due to the OH 

terminal on ZnO[30, 31] was converted to a hydrophobic ((CH3)3Si–) surface terminal by 

ahexamethyldisilazane (HMDS) vapor exposure for 24 hours. 

4.4. Structural and chemical characterization 

During the ALD deposition on porous PET samples, silicon substrates, non porous PET 

and track etched PC membranes have been added for characterization issues. The bilayer 

chemical composition was analyzed by EDX (Hitachi 4500 coupled with a TermofisherEDX 

detector). Bilayer thickness inside the nanopore was measured by SAXS (XenocsGenX equipped 

with a molybdenum anode and a MAR2300 2D imaging plate detector). In order to assure a 

conformal coating inside the nanopore, TEM measurement has been also performed. AFM 

measurements (AFM NANOMAN 5 from Veeco instrument controlled with a Nanoscope V 

software) were performed to obtain the roughness of the surface.XPS measurement has been 

realized using (ESCALAB250 Thermo Electron) and the Contact angle measurement (GBX - 

Digidrop, Romans,France) has been performed by applying a water droplet of 2.3 μL tothe 

surface. The contact angle was calculated usingcomputerized image analysis. 

 

4.4.1. Energy dispersive X ray 

Chemical composition was investigated using EDX on 35 repetitions of 5 cycles Al2O3/ 5cycles 

ZnO deposited on PET membrane. EDX measurement (Figure 4) shows as expected the presence 

of Zn, Al and O. 
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Figure 4. EDX measurement of 35 repetitions of 5 cycles ZnO/5 cycles Al2O3nanolaminates 

deposited on PET membrane 

 

4.4.2. SAXS measurements 

SAXS profiles have been performed on 35 sequences of 5 cycles Al2O3/5 cycles ZnO 

deposited on PC track etched membrane (Whatman-Nuclepore, with pores diameter of 200 nm 

and a density of 7.108 pore cm-2) before and after HMDS coating (Figure 5; curves were 

arbitrarily shifted for clarity). SAXS measurements were performed on PC membrane due to the 

high material quantity needed for this type of measurements. 
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Figure 5. Profiles obtained on PC track etched membrane after 35 sequences of 5 cycles 

Al2O3/5 cycles ZnO, before and after HMDS coating (curves were arbitrarily shifted for 

clarity) 

 

SAXS profile presents 2 main features:  

· A structure peak at q = 2.53 nm-1 corresponding to a characteristic distance of 2.48 nm in 

the real space. This distance corresponds to the width of a double-layer deposited by ALD. 

· A q-4 slope is observed in the low q region, characteristic of a sharp interface between the 

air in pores and the layers deposited by ALD [32, 33]. This proves the quality of the deposition 

in terms of width control and homogeneity. 

After HMDS grafting of the sample, the SAXS profile (Figure 5) appears unchanged in 

the q vector range accessible by our experimental setup. This is the proof that this grafting did 

not affect the quality of the ALD coating. 
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4.4.3. Transmition electron microscopy measurement 

TEM microscopy has been performed onmultipores PET membrane (average pores 

diameter 70 nm) with 12 sequences of 5 cycles Al2O3/5 cycles ZnO deposited by ALD and 

followed by the elimination of the PET membrane by dissolving using chloroform. Figure 6 

shows the TEM image of singlenanopore of ~10 nm inner diameter. 

 

Figure 6. TEM image of single nanopore of ~10 nm inner diameter 

 

Figure 6 shows the homogeneous coating induced by ALD technique inside the 13 µm 

length nanopore with an outer diameter of 70 nm corresponding to the membrane average pore 

diameter and an inner diameter of 10 nm after the ALD coating. 

4.4.4. AFM measurement 

AFM measurement was performed on 3 samples; the first one is 20 cycles Al2O3, the second 

one is 20 cycles ZnO and the third one is 2 repetitions of 5 cycles Al2O3/5cycles ZnO. All films were 

performed on Si substrate in order to evaluate the roughness of the surface. Table 2 reports the AFM 

roughness measurements. 
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Table 2. AFM roughness measurement 

ALD AFM roughness (Ra) (nm) 

20 cycles Al2O3 0.34 

20 cycles ZnO 0.32 

2 repetitions of 5 cycles Al2O3 / 5cycles 

ZnO/Si substrate 

0.25 

 

AFM measurement performed on thin film deposited on Si substrate shows that the 

roughness of the nanolaminates(Rq = 0.25) decreases significantly comparing to single layer of 

ZnO(Rq = 0.34) and Al2O3(Rq = 0.32). This could be related to the amorphous nature of the 

ZnO/Al2O3nanolaminatesas showed in chapter 2 and chapter 4. 

 

4.4.5. XPS measurements 

In order to assure the CH3 grafting after the HMDS exposure, XPS measurements was 

performed on PET membrane with 3 bilayers of 5 cycles Al2O3/ 5cycles ZnO before and after the 

HMDS vapor exposure step. Table 3 and table 4 report respectively the XPS Measurements 

before and after the HMDS exposure step. 

Table 3. XPS measurement on PET membrane covered with 3 bilayers of 5 cyclesAl2O3/ 

5cycles ZnO 

Name  Peak BE HeightCounts FWHM eV Area (P) CPS.eV Area (N)  At. %  Q  

Al2p 73.83 2921.12 1.43 4446.39 0.19 11.96 1 

C1s 284.82 9118.87 1.13 14606.54 0.34 21.40 1 

O1s 531.32 37845.89 2.33 90833.00 0.74 46.76 1 

Zn2p3 1021.56 117034.65 1.61 213266.32 0.31 19.88 1 
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Table 4. XPS measurement on PET membrane covered with 3 bilayers of 5 cyclesAl2O3and 

5cycles ZnO treated with HMDS. 

Name  Peak BE Height Counts FWHM eV Area (P) CPS.eV Area (N)  At. %  Q  

Al2p 74.01 2460.77 1.45 3867.09 0.16 11.42 1 

Si2p 100.38 404.69 1.50 666.70 0.02 1.30 1 

C1s E 283.20 801.51 1.22 1059.86 0.02 1.70 1 

C1s A 284.77 9619.08 1.17 12224.05 0.28 19.67 1 

C1s B 286.37 573.88 1.28 796.35 0.02 1.28 1 

C1s C 288.72 816.57 1.21 1069.60 0.02 1.72 1 

C1s D 289.75 755.76 1.23 1009.32 0.02 1.62 1 

O1s A 530.36 13152.76 1.56 22212.29 0.18 12.56 1 

O1s B 531.67 30823.88 1.61 53758.91 0.44 30.39 1 

O1s C 533.38 610.50 1.36 896.28 0.01 0.51 1 

Zn2p3 1021.66 91559.88 1.65 174181.21 0.26 17.83 1 

 

The success of the grafting has been attested by XPS measurement (Table 3 and Table 4). 

Silicon in low content was detected (Si 2p binding energies 100.38 eV) that corresponds to Si-

CH3 bond[34]. The last attribution is confirmed by the binding energies (283.20 eV) measured 

for the carbon element (C 1s)[34]. 

4.4.6. Contact angle measurements 

In order to confirm the hydrophobicity achieved by the HMDS treatment, contact angle 

measurement was performed on 3 bilayers of 5 cycles Al2O3/ 5cycles ZnO deposited on PET 

film (Figure7). A contact angle of 92° on the treated HMDS surface confirms the surface 

hydrophobicity. 
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Figure 7. Contact angleof a water droplet on 3 bilayers of 5 cycles Al2O3/ 5cycles ZnO 

deposited on PET film after HMDS treatment 

 

After this chemical and structural characterization of the Al2O3/ZnO nanolaminates in 

term of roughness, bilayer thickness, pore diameter estimation by conductivity measurements 

and the confirmation of the CH3 group grafting that assure a hydrophobic surface, three different 

ALD sequences have been performed on porous PET films and then functionalized by HMDS 

and finally confined with gramicidin A. Table 5 reports the PET membrane parameters before 

and after the ALD deposition and the HMDS grafting. 

 

Table 5. Three different ALD sequences performed on PET track etched membranes 

Nanopore Initial pore 

diameter 

Bilayers 

numbers 

ALD 

Layer 

Calculated mean 

pore diameter 

after HMDS 

grafting (nm) 

Pore 

length 

(µm) 

Pore 

number 

NP1 36 5 12.4 10.6 5 104 

NP2 36 6 14.9 5.7 5 114 

NP3 36 7 17.3 ~ 1 5 106 

 



 Chapter 5. ALD modified PET and PC membranes for different applications 

213 
 

4.4.7. Conductance measurements on ALD modified PET Membranes. 

Conductance measurements have been performed on the 3 samples mentioned before in 

Table 4. The same measurements setup mentioned in section 3.2 has been used. Figure 8 reports 

the evolution of the conductance against the NaCl concentration for those 3 samples reported on 

Table 5. 

 

Figure 8. Evolution of conductance as the function of NaCl concentration for nanopore 

diameter 10.6 nm (black square), 5.7nm (red circle) and ~1 nm (blue triangle) 

 

Based on Equation1 and the conductance measurement, the experimental length kexphas 

been calculated and reported on Table 6. Theoretical length κthhas been also calculated based on 

Table 4 and Equation 2 and reported on Table 6. 

         (Equation2) 

Where is the pore section area based on the calculated mean pore diameter after 

HMDS grafting from the SAXS measurements (Table4) and L is the pore length. 
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Table 6. Theoretical and experimental lengthof nP1, nP2and nP3 

Nanopore κexp(pm) κth(pm) 

NP1 11.95 19.8 

NP2 8.781 6.2 

NP3 7.120 0.26 

 

As shown in Table 6, the larger pores (NP1 and NP2) are in the expected order of 

magnitude of the pore dimensions. However it deviates significantly for the pore NP3 where the 

measured conductance was much higher than expected one. In this range of pore radius, 

confinement of electrolytes could induce large departure of conductivity from the bulk value. 

Moreover, roughness of the walls could also be an important parameter. The roughness of 

surface due to ALD deposition is 0.25 nm which isnot negligible in regard to the mean radius 

~0.5 nm. 

4.5. Gramicidin A confinement 

gA confinement throughout PET nanopore reduced by ALD and coated by HMDS has 

been performed as follows:the gA solution was prepared by mixing 10 mL of pure water and 

10µL of methanolicgA solution (10-4M). The membrane was impregnated with the solution 

during 72h at 6°C.gA characterization inside ~100 pores membranes cannot be performed by 

usual techniques such as circular dichroism and FTIR due to the too small amounts of confined 

gA. The proof of gA confinement was obtained by electrical measurement. Two types of 

experiments were carried out with gA-loaded PET membranes separating the two compartments:  

· First type: the analysis of transfer of sodium chloride through the membrane by diffusion 

under a concentration gradient was performed to determine the selectivity of confined gA via the 

inversion potential. 

· Second type: the analysis of current intensity as a function of voltage (I/V) with the same 

salt concentration in the two compartments was carried out as a function of NaCl concentration. 
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4.5.1 Sodium chloride transfer through the membrane by diffusion under a 
concentration gradient 

Gramicidin A loaded PET Membrane has been fixed between 2 compartments filled with 

asymmetric NaCl solutions: 

· The first compartment (in) was filled with a 250 mM Sodium chloride solution. 

· The second one (out) was filled with a 0.9 mM sodium chloride solution. 

Due to this sodium chloride concentration gradient with the non-presence of a current 

field, the average transport of electrolyte through the membrane will be unidirectional. The 

different interactions of sodium cation and chloride anion with the inner pores lead to different 

mobilities of the ions. In order to obtain the gA loaded PET membrane ion selectivity, the 

voltage E0has been measured at I = 0A. Measurements have been recorded with EPC800 patch 

clamp amplifier (HEKA). The reversed potential Erevwhich is the potential caused by the ions 

transfer mechanism was calculated according to the Equation 3. 

E0=Erev+DEp          (Equation3) 

Where E0 is the measured voltage and ΔEp is the junction potential induced by the 

difference of salt concentrationbetween both compartments of the measurement cell, calculated 

according to equation 4. In the present case the junctionpotential can be obtained by calculation 

because the zero of patch-clamp experiment is adjusted using a PET film without nanopore[35]. 

D          (Equation4) 

Where μ− and μ+ are the relative mobility of the anion andcation, respectively. R 

represents the gas constant; T is thetemperature; and F is the Faraday constant. 

The relative contribution of ions to the conductance is givenby the ratio of their 

permeability coefficient Pion. To obtainthese relative permeations, data analyses have been 

performedusing the Goldman−Hodgin−Katz [36](Equation 5). 

        (Equation 5) 
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Where PXis the permeation of ion X, and [X]i/orepresents X ion concentration inside the 

in and the out compartments, respectively (X = Na+ or Cl−). The permeability ratio PNa+/ 

PCl- has been calculated using equation 3, 4 and 5 on the NP1, NP2 and NP3 membranes loaded 

with gramicidin A. Values are reported in table 7 then plotted against pore size in Figure 9. 

Table 7. Permeability ratio of PNa+ / PCl- of the NP1 NP2 and NP3 membrane s loaded with 

gramicidin A 

Membrane PNa+ / PCl- 

NP1 0.027 

NP2 0.382 

NP3 0.785 

 

Figure 9. Permeability ratio evolution against pores size 

As shown in Table 7, all membranes permeability ratio PNa+ / PCl- are < 1. It means that 

confined gA exhibits a better permeability to chlorine anion than to sodium cation. As shown in 

Figure 9, the smaller is the pore diameter, the higher is the permeability ratio, which suggests 

that increasing confinement favors the cation mobility. However, the higher value corresponds to 

a higher permeability of the anion, contrary to the selectivity of the channel in biological 

membranes. In such membranes, the ionic transport properties through gA are strongly 

dependent on its structure. Firstly, the cationic permeation is affected by different helical 
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structures which gA can adopt depending on the phospholipid composition of the 

membranes[37]. Secondly the impermeability to Cl- is due to the change in the hydration state 

near head-head connection of two gAs and in the β-helix structure.[38, 39] It is very likely that, 

when gA is confined inside thenanopore, the dimer assembly broken in solution is not recovered 

therefore inducing the permeability of Cl-. This result is in accordance with the work performed 

by balmeet al.[23] where gA has been confined inside commercial polycarbonate track-etched 

membrane (diameter 15 nm). 

4.5.2. Sodium chloride transfer through the membrane by diffusion under an 
applied voltage 

Gramicidin A loaded PET membrane has been fixed between 2 compartments filled with 

symmetric NaCl solutions under an applied voltage between -250 mV and 250 mV in this case, 

the ionic transport through the membrane is bidirectional due to the applied voltage. The 

recordings of intensity/voltage (I/V) curve have been performed as well on potentiostat EG&G 

princeton applied research model 236A. These measurements used two Ag/AgCl electrodes 

(Tacussel), which have been prepared to have an asymmetry potential less than 1 mV. The 

current has been recorded for a voltage ramp between -250 mV and 250 mV with a step of 5 

mV.s-1. This experiment aimed to obtain information on transport kinetics of both Na+ and Cl- 

ions. This experiment was also carried out as a function of the concentration in order to check 

any possible saturation as observed in biological channels. This type of measurements was 

carried out on the NP1, NP2 and NP3 membranes with and without gramicidin A confinement in 

a NaCl concentration range between 0.9 and 300 mM. Figure 10 reports an example of this 

measurements series on the NP1 and NP2 membrane with and without gramicidin A 

confinement with a NaCl concentration of (a) 10 mMol and (b) 100 mMol. 
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Figure10. Exemples of I/V curve obtained with (black) and without (red) gA confined in (a) 

NP1 and (b)NP2 

 

As demonstrated in Figure 10, the measured I/V curves shows a linear dependence 

between the applied voltage and the measured current. This linearity fit the ohmic law. This 

same type of measurements reported on Figure 9 was carried out with different NaCl 

concentration between 0.9 and 300 mM. Figure 11 reports the membrane conductance with and 

without gA confinement as a function of NaCl concentration. 
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Figure 11. Evolution of nanoporesconductance with and without confined gA under NaCl 

symmetrical concentration. (a) NP1-gA(black square) and NP1(gray round),(b) NP2-gA 

(black square) and NP2 (gray round), and (c) NP3-gA(black square) and NP3 (gray round) 

 

As shown in Figure 11, the membrane conductance without gA confinement as a function 

of NaCl concentration increases linearly with a small slope. Contrary the membrane conductance 

with gA as a function of NaCl concentration exhibits two regimes (Figure11): 

· A large steep increase at low concentration  

· A smaller steep increase at high concentration 

Even in the range of high concentrations, the variation is still one order of magnitude larger 

than without gA (Figure 11). It is clearly shown on Figure 11 that the conductance in the low 

concentration domain is several orders of magnitude larger than the conductance in high 

concentration domains. This suggests that the gA has specific functions for enhancing the 

transport of ions with respect to bulk concentration. 

The nonlinear increase of the conductance with the concentration for the gA loaded PET 

membrane shown in Figure 11 is similar to the behavior observed for biological ionic channels 

including gramicidin A [16, 40]. This nonlinear increase of the conductance with the 
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concentration is described for single ion by a kinetic model involving the Michaelis-Menten 

equation (Equation 6). 

         (Equation6) 

Where G(C) is the nanoporeconductance, C is the ion concentration of the bulk solution, GMaxis 

the saturation conductivity (the maximum reached conductivity) and KMis the Michaelis constant 

which is referred to the dissociation constant in the equilibrium theory.This model assumes that 

ionic channel is selective to only one electrolyte and the conductance reaches an asymptotic 

value GMax where all ionic channel sites are occupied. 

The present system is not as simple as such, because the transport of the two ions exists 

and two types of populations for each ion are likely as ion pathways outside the gramicidin 

channels cannot be excluded. Considering this, we extended the model to Na+ and Cl- co-

transport, where ionic pore conductance can be described as the sum of both cation and anion 

conductance through confined gA(GgA) and a conductance outside gA (Gout) (Equation 7). 

       (Equation 7) 

Assuming that, at the entrance, each electrolyte should be assimilated to single-ion 

occupancy inside gA, it is possible to combine equations 6 and 7 that give the conductance in our 

case (Equation8).  

     (Equation 8) 

Experimental data has been fitted by this model and parameters are reported in Table 8. 

Regarding the anionic behavior demonstrated without electric field PNa+ / PCl-< 1, and the same 

dependency between Gion and Pion[41], the values of fitted parameters (gMax and KM) can be 

assigned in such a way that GCl->GNa+. 
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Table 8. Permeation ratio and conductivity experiments of nanopores confined gA 

Pore Size  

(nS) 

 

(M) 

 

(nS) 

 

(M) 

λout 

(nS.M-1) 

r2 PNa/PCl 

NP1-gA 0.02 0.018 0.03 0.978 10-4 0.21 0.99 0.027 

NP2-gA 0.77 0.360 1.23 1.58 10-4 0.00 0.99 0.382 

NP3-gA 0.75 0.370 0.74 4.40 10-4 0.00 0.98 0.785 

 

Table 8 shows that parameter λoutwhich presents the conductance outside gA is equal to 

zero excepted for NP1-gA which is the PET membrane with a calculated average pores diameter 

of 10.6 (Table5). In addition, the NP1-gA conductance is lower than the NP2-gA and NP3-gA 

ones. This result suggests the increasing of the relative contribution of the ion transport through 

gramicidin when the pore size becomes very small. The value λout (0.21 nS.M-1) obtained for 

NP1 is on the same order of magnitude than in the absence of gramicidin (0.15 nS.M-1), 

suggesting a bulk-like ionic environment, gramicidin excluded. The lack of Gout for both nP2-gA 

and nP3-gA shows that electrolyte transport occurs mainly through gramicidin and that 

conductance outside gA can be considered as negligible. It means that ions are docked inside gA 

sites, and thus it suggests an organization in β-helix gA structure, at least partially, such as in 

biological conditions. [42] 

4.6. Molecular Dynamic simulation 

From the theoretical point of view, to have an insight on the structural arrangement of the 

confined proteins, we have performed, using the same protocol and parameters than previously 

described by Wallaceet al. [18], dynamic molecular simulations of gA inside hydrophobic 

nanopores (diameters 2 nm to 7.5 nm) modeled here by an assembly of carbon atoms that mimics 

the experimental pore (Figure 12). Molecular simulation has been performed by Sebastian 

Kraszewski and Fabien Picaud in the Centre HospitalierUniversitaire de Besançon. 

 The full atomistic molecular dynamics (MD) simulations were performed using NAMD 

2.7b2 software [43]. To encapsulate the proteins in thepore of different diameters, constant 

temperature of 300 K (Langevin dynamics) and constant pressure of 1 atm (using theLangevin 

piston Nosé−Hoover method[44]) were used to recover experimental conditions. We calculated 
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the short- andthe long-range forces every 1 and 2 time steps, respectively,with a time step of 2.0 

fs. To evaluate the long-rangeelectrostatic forces, the classical particle mesh Ewald 

(PME)method[45]was used, while chemical bonds between hydrogenand heavy atoms were 

constrained to their equilibrium value.All systems (ions, water, membrane, gA) were modeled 

usingthe CHARMM27[46]force field. For water molecules, we appliedthe commonly used 

TIP3P model. No charge was attributed tothe nanopore carbon atoms. For nanopore carbons 

(C−C) ornanopore carbon vs water oxygen (C−O) interactions, we usedthe Bedrovet al.[47, 

48]Lennard-Jones potential parameters(CHARMM27 functional: σCC = 3.895 Å, εCC = 0.066 

kcalmol−1 and σCO = 3.58 Å, εCO = 0.0936 kcal mol−1). For theproteins, only the monomeric 

gA conformation (PDB code:1JNO) was used, corresponding to the equilibrium geometry 

adopted in the water solvent [49]. The gA monomers were firstpre-equilibrated for at least 5 ns 

and then were extracted andinserted into the suitable simulation box containing thenanopore and 

the solvent, as described below.To accelerate the calculations and prove the influence of thepore 

diameter on the protein structural arrangement, wechoose arbitrarily to mimic the experimental 

nanopore byneither (i) a (16, 16) (pore diameter 2.1 nm) nor (ii) a (55,55) (pore diameter 7.5 

nm), carbon nanotubes that present avery well-known geometry, contrarily to an experimental 

polycarbonate nanoporemembrane and a hydrophobiccharacter close to experimental conditions. 

All the simulatednanotubes presented a length of 5 nm, and the solvent wasprecisely composed 

of (i) 8017 water molecules, 15 Na+, and15 Cl− ions. The complete system (a total of 28 361 

atoms,periodic box of 38 × 38 × 194 Å3) was progressively filled by 6gAs monomers placed 

randomly in front of the nanopore (onlyone is shown for clarity in Figure 12a). The total 

simulation timeis 294 ns. (ii) 30 564 water molecules, 18 Na+, and 18 Cl− ions.The complete 

system (a total of 106 948 atoms, periodic box of85 × 85 × 142 Å3) was progressively filled by 

36 gA monomersplaced randomly in front of the nanopore (Figure 12b). Thetotal simulation time 

is 368 ns. 

For 7.5 nm diameter pore size, the simulations show a gA confinement in two steps : (1) 

The first gAs are adsorbed on the nanopore surface and lose their helix structure, (2) the 

following gAs are located in the pore center and keep the helix structure but lose the head to 

head dimer structures. Here, the small gA concentration used experimentally leads to only partial 

filling of the pore centre for high nanopore diameter (Figure 12b), in accordance with the 

significant contribution of bulk-like domains in the total conductance (Table 8). For 2 nm 
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diameter pore size, the simulation shows that only one gA can occupy the pore with its saved 

helix structure in these high confining conditions (Figure 12a), in accordance with the negligible 

contribution of bulk-like domains in the total conductance deduced for the smaller pores (Table 

8). 

 

Figure 12. Snapshots of gA confinement inside a hydrophobic nanopore (blue circles)of 

diameter 2 nm(a) and 7.5 nm (b) obtained by dynamic molecular simulation(gA are shown 

in ribbon representation with its surfacemodeling when they are folded):a) 2 gAs have been 

incorporated inside the nanopore and stabilized during 20 ns (the second protein is not 

shown for clarity), and b) 36 gAs have been inserted progressively inside the pore during 

270 ns. Some are unfolded principally on the pore wall while others keep their helix 

structure partially. 

 

According to Equation 5, for a given NaCl concentration, the ratio GNa+ / GCl-is higher for 

NP3-gA than for NP2-gA, typically for NaCl bulk concentration of 250 mM (0.257 for nP2-gA 

and 0.409 for nP1-gA, respectively). These values differ slightly to those obtained with the ratio 

PNa+ / PCl- under dissymmetrical concentration, probably because of the difference in the 

experimental conditions. However, the increases of both ratios induced by the pore size 

reduction are similar (factor 1.6 under symmetrical conditions and factor 2.0 under 
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dissymmetrical conditions). If we focus on electrolyte transport inside gA, it can be noted 

thatKM(Cl-) < KM(Na+). This Michaelis constant can be associated to dissociation constants. We 

attributed the lowest value to the chloride ion based on the preceding experiment on diffusion 

under a concentration gradient, which revealed the affinity of gramicidin A for the chloride 

anion. However gA affinity with Cl- decreases with nanopore diameter and thus it can be 

imagined to recover partially its selectivity properties for a hydrophobic pore diameter of 0.8 nm. 

 

4.7. Conclusion on gA confinement inside tuned ALD nanopores 

In conclusion, PET multipores synthesized by Track etching technique with an initial pore 

diameter of 36 nm has been tuned by atomic layer deposition of Al2O3/ZnO nanolaminates to a 

sub 10 nm diameter. HMDS was then grafted on the surface in order to make it hydrophobic and 

to protect the ZnO layer from the Cl- ions. Finally Gramicidin A was confined into the pores. 

The obtained biomimetic membranes keep their flexibility and have homogeneous nanopores 

with low roughness inside the pores. 3 different pores diameters were investigated (10.6, 5.7, 2 

nm). The resulting nanopores show a dominant anionic transport behavior explained by the loss 

of gA head−head dimer structure in the liquid solution. The conductance measurements reveal 

for the first time an enhanced of ionic transport mechanism through gA inside a polymeric solid-

state nanopore as in biological membranes. However, the trend observed when decreasing the 

pore size might leave hopefully possibilities to transpose biological mechanisms of ionic 

transport when an ionic channel is directly confined inside a synthetic nanopore. Membrane with 

pores diameters less than 10 nm (5.7 and 2 nm) with gA confined into the nanopores show a 

NaCl ionic transport mechanism through a hybrid nanopore similar to the biological ones. 
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5. Experimental and simulation studies of unusual current 

blockade induced by translocation of small oxidized PEG 

through a single nanopore 

Single nanopore technologies have different applications fields such as DNA detection[50, 

51] and sequencing[52, 53], Polyethylene glycol (PEG) mass spectroscopy,[54, 55] nanoparticle 

detection[56, 57] and ionic separation[58, 59]. Among these technologies, molecular sensors 

based on single nanopores can be achieved using two strategies: 

· The first strategy is inserting a biological channel inside the artificial phospholipid 

membrane [60]. This method has already been used successfully in PEG mass 

spectroscopy [54] and is presently developed for low cost DNA sequencing [51, 61]. 

However, the life time of such nanopores is limited due to the fragility of the lipid 

bilayers. 

· The second strategy is based on the production of solid state nanopores with either low or 

high length/diameter ratio (i.e. low or high aspect ratio). The nanopores with low aspect 

ratio are produced by the Transmission Electron Microscopy (TEM) irradiation of silicon 

based thin films (typically Si3N4). The dimensions of such pores could be varied easily 

with diameters ranging from 5 nm to 300 nm and lengths ranging from 10 nm to 500 nm, 

which stimulated their extensive studies.[56] 

The macromolecule discrimination is one of the applications of the nanopore technology. 

[54, 62] Typically, when a single macromolecule permeates through the nanopore, it induces a 

blockade of the background ionic current. The blockade event is characterized by the relative 

change of current intensity and the dwell time. Both observables are dependent on the 

macromolecule molar mass and the nanopore diameter. In this part of this chapter, we show that, 

in the case of single cylindrical nanopore with high aspect ratio (diameter 5 nm, length 13 µm) 

produced by track-etching and atomic layer deposition (ALD) techniques, small PEGs (Mw = 

200 and 600 g.mol-1) do not induce any blockade of ionic current. On the contrary, for oxidized 

PEG (noted PEG-carboxylate), an unexpected and unusual blockade of the current appears. It 

was shown that the characteristics of the blockade current depend on the PEG-carboxylate molar 

mass. Experimental results are also complemented by means of molecular dynamic simulations 
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of the model nanopore. An explanation of the unusual blockade of ionic current is proposed. 

Figure 13 shows the schematic representation of nanopore designed by atomic layer deposition 

and experimental setup of both carboxylate and neutral PEGs detection. 

 

Figure 13. Schematic representation of nanopore designed by atomic layer deposition and 

experimental setup of both carboxylate and neutral PEGs detection 

 

5.1. Nanopores synthesis and tuning 

Single nanopore on poly(ethylene terephthalate) (PET) film with a thickness of 13 µm, a 

length of 24 cm and width of 4 cm has been synthesized by the track etching technique described 

in paragraph 3.1. The single nanopore diameter was around 20 nm. Different sequence numbers 

(1 to 14) of 5 cycles of Al2O3 followed by 5 cycles of ZnO were used to reduce the pore diameter 

to the sub-10 nm range using the ALD deposition setup mentioned before in paragraph 3.3. The 

average pores diameter after the ALD deposition was between 1 and 5 nm. After ALD 

deposition, all samples were functionalized by a 24 hours Hexamethyldisilazane (HMDS) vapor 

exposure at room temperature in order to obtain hydrophobic surfaces. 

 

5.2. Ionic current recordings 

Single nanopore was mounted between two chambers of conductivity Teflon tubes 

containing a NaCl solution (σ≈80 mS.cm-1) with a Concentration of NaCl» 0.63 M. The current 

was measured between one Ag/AgCl electrode (XM410, Tacussel, France) in cis chamber and a 
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ground electrode (platinum, XM140, Tacussel, France) in trans chamber. The ion current was 

recorded by patch-clamp post amplifier (EPC800, HEKA electronics, Germany) using voltage 

clamp mode and a sampling frequency 25 KHz. Acquisition data were performed by Instrutech 

LIH 8+8 acquisition card (HEKA electronics, Germany) using a labmade routine on Igor Pro 6 

(Wavemetrics, USA). A Lab-made analysis software (Matlab, Matworks, USA) was used to 

analyze the current data in terms of duration (Δt), depth (ΔI), relative depth (ΔI/I0) and the 

difference between the maximum and minimum of current (ΔIspike) occurring over one 

translocation process.Recorded data was analyzed by balme group as described on annex A. 

Molecular Dynamics simulations was also performed and described on this work. 

5.3. Conductance measurements 

20 single nanopores membranes with a diameter close to 20 nm were synthesized and 

characterized. ALD deposition of Al2O3/ZnO was performed in order to tune the pore size 

between 5 and 1 nm. Conductance measurements were performed on a 5 nm nanopore 

membrane with different NaCl concentration between 0.2 and 5M. Figure 14 shows the 

evolution of the conductance of a 5 nm diameter nanopore as a function of NaCl concentration. 
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Figure 14. Evolution of the conductance of a 5 nm diameter nanopore as a function of NaCl 

concentration; black squares the experimental data, in dashed line the theoretical 

conductance assuming a bulk transport. 

 

As shown in Figure 14, the NaCl conductance concentration dependence is not linear at 

low concentrations. This behavior is usually observed for charged membrane or nanoslit [63]. In 

this case, the ionic transport inside the nanopore is induced by two phenomena: (i) the surface 

transport charge and (ii) the bulk transport charge as described previously[63, 64]. Here the 

nanopore surface exhibits a zeta potential of -50 mV at pH 7 even if the trimethylsilane function 

is not charged and the surface is hydrophobic. This result is not surprising since ions can be 

adsorbed on hydrophobic surface depending on their polarisability, the ionic solution strength 

and/or the pH[65]. 
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5.4. PEG detection 

The translocation of both PEGMw and PEGMw-carboxylate (Mw = 200 and 600 g.mol-1) 

from the cis compartment (Figure 13) at concentration 1015and 1013 molecules.mL-1 respectively, 

has been analyzed under 0.63 M NaCl solution, where the Debye length (0.75 nm) is smaller but 

of the same order of magnitude than the nanopore radius. 

 

5.4.1. Neutral PEG detection 

In order to detect the neutral PEG, a positive potential was applied to the cis chamber 

(compartment with 1015 molecules.ml-1PEG; Figure 13). Due to the prohibitive polarity of the 

applied voltage, PEG-carboxylates cannot translocate through the nanopore to be detected 

(Figure 15). 

 

Figure 15. Typical current traces recorded for neutral PEG 

 

As shown in Figure 15, no blockage current was detected. On the contrary, it has been 

already proven that PEG molecules could translocate through the nanopores[54, 66] as 

previously described by Robertsonet al. in the case of single nanopore such as α-hemolysin,[54] 

or by Siwy et al. in the case of polymer conical nanopore[67].In the latter case, PEG with Mw 

larger than 1000 g.mol-1 have been detected if its hydrodynamic radius was similar to the 

nanopore one. This contradiction was not surprising because the hydrodynamic radius of PEG is 

lower than the nanopore diameter and PEG molecules do not provide sufficient sterical blockage. 

The lattercan be verified by estimating the current blockade using the model proposed by 

Stojilkovicet al.[68]. The ratio of conductance in the presence (σ) and in the absence (σ0) of 

neutral PEG is equal to the ratio between the current (I) and the baseline current (I0) at constant 

voltage[69]. It varies according to Equation9: 
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        (Equation9) 

Here, φ represents the polymer volume fraction which, for one molecule in the pore, can be 

estimated as φ » rPEG
3/ (L rpore

2) » 10-5(L is the pore length, rPEG(0.37 for PEG with 

Mw=200g.mol-1 and 0.63 for PEG with Mw=600 g.mol-1)[70]and rporeis the radii of the 

nanopore). K (≈2.7) is an experimental factor which depends on the PEG mass[68]. In our case, 

Equation 9 leads to I/I0» 1-φ = 1 - 10-5. Thus the current blockade induced by the neutral PEG 

translocation is too small to be detected. 

5.4.2. PEG-Carboxylate detection 

In order to detect the charged PEG-carboxylate molecules, a negative potential was 

applied to the cis chamber. In the present case, the charged PEG-carboxylate molecules could 

enter the pore and we observed a blockade of ionic current between two characteristic spikes for 

all samples (Figure 16b and 16c). 
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Figure 16.Typical current traces recorded for: (a) neutral PEG; (b1-2) PEG200-carboxylate; 

(c1-3) PEG600-carboxylate 

 

Based on Equation 9 and the I/I0»1 - 10-5value, this result is unexpected. Moreover this 

kind of blockade signal has not been reported before in the literature for macromolecule 

detection using single nanopores. According to the experimental protocol described in the 

literature[54, 62] and the absence of signal for neutral PEG detection when positive potential was 

applied, these current blockades could only be assumed as coming from negative PEG-

carboxylate translocation through the nanopore. Three parameters could be used to characterize 

the blockade current (Figure 16 and Table 9): (i) the relative magnitude of the current blockade 
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ΔI/I0), (ii) the dwell time Δt and (iii) the spike magnitude ΔIspike. The histogram values of each 

parameter are shown on Figure 17. 

 

Figure 17. Detail of blockade current parameters are ΔI=I0-I, Δt and ΔIspike=Imax-Imin 

 

Table 9. Average and square deviation of the 3 parameters issued from the experimental 

measurements for the different PEG-carboxylate molar mass 

PEG-

carboxylate 

Mw (g.mol-1)   

ΔI/I0 ΔI spike (pA) Δt (s) rPEG
27 (nm) 

200 0.02 ± 0.01 6.7 ± 0.7 0.10 ± 0.05 0.37 

600 0.08 ± 0.04 31 ± 10 0.18 ± 0.08 0.63 

 

As shown in Table 9, those three parameters strongly depend from the molecular weight of 

the PEG carboxylate which is promising for mass spectrometry applications. Those experimental 

data were investigated and studied from the fundamental point of view by Balme team at the 

IEM laboratory (Annex-A-). This study contains also a simulation model in order to understand 

the blockage signal performed by Sebastian Kraszewski in the “Laboratoire de Nanomeìdecine, 

Imagerie et Theìrapeutique, Universities Franche-Comte, (Centre Hospitalier Universitaire de 

Besancon) (annex-A-)”. In summary, organized shell of cations around the PEG carboxylate 

molecules may play a major role on blocking the signal since it does not exist for neutral PEG. It 

can be noted that PEG carboxylate and cation move in the opposite way under an electric field. 

When the PEG carboxylate diffuses inside the nanopore, the mean ionic current is clearly 
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lowered compared to the situation where the nanopore is empty of charged PEG. The entrance 

and exit events lead also to sudden decrease and increase of the average current, similar to the 

experimental spikes. The higher PEG experimental residence time into the nanopore compared to 

the simulation can be explained by an interaction between the pore and the PEG molecule. 

5.5. Conclusion on PEG translocation 

We have studied the translocation of different PEG molecules with Mw = 200g.mol-1and 

600g.mol-1 through nanopores with high aspect ratio tailored by atomic layer deposition (ALD). 

Neutral PEG was not detected in a classical experimental setup. In contrast it is possible to detect 

the translocation of PEG-carboxylate molecules through the nanopores, which causes an unusual 

blockade of the ionic current, this blockade strongly depends of the macromolecule molar 

mass.Such a blockade is interpreted as a structuring of a cation shell around the PEG-carboxylate 

which perturbs the ionic transport near the surface of the nanopore. This work shows that the 

transport phenomena in the nanopore with high aspect ratio induced by the macromolecule 

translocation are not easy to understand. They require additional experimental and computational 

studies. It is also shown that it is possible to detect small charged macromolecules with 

hydrodynamic radius lower than the radius of the nanopore. However, more experiments should 

be performed using macromolecules, nanopores with different chemical functions/charges and 

other saline solution in order to better illustrate these phenomena. 

 

6. Polycarbonate porous membrane for gas purification 

Today Global warming, depletion of fossil fuels and pollution pushed the development of 

several research field based on the renewable nonpolluting energy. Among those renewable 

energy sources, Hydrogen is one of the most promoting energy vectors to the future. From the 

most known production methods reforming of natural gas or liquid hydrocarbons and biomass 

gasification are two large-scale production methods. Despite the large production advantage, the 

produced hydrogen are impure and must be purified [71]. Moreover environment pollution 

problem pushes the researcher to develop different purifications process to reduce the amount of 

toxins that they are the by-products of fossil fuels. Different technologies have been used for 

natural gas purification such as absorption, adsorption, and cryogenic distillation. But these 
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methods require high treatment cost due to regeneration process, large equipment’s, and broad 

area for the big equipment’s[72]. Among those purification processes, membrane technologies 

are promising on this domain due their lower capital cost, easy operation process, and high CO2 

removal percentage. Gas separation using polymeric membranes has taken its first commercial 

scale in late 1970’s after the demonstration of rubbery membranes back in 1830’s [73]. 

Polymeric membranes for gas purification process are an interesting topic due to the low cost 

and the large production scale. Despite this advantage, porous polymeric membrane synthetized 

by different techniques present a porous diameter on the nanometer range which is not suitable 

for H2/CO2 separation mechanism which takes place in the Angstrom range due to the kinetic 

diameter of H2 and CO2, 2.89 and 3.3 A respectively. In this section, we will present our first 

results and our perspectives on polycarbonate track etched porous membrane tuned by ALD for 

gas purification applications. 

 

6.1. Membrane preparation 

Commercial polycarbonate track etched membrane with an initial pore diameter of 15 nm 

has been used to perform this part of this study. Nanolaminates of Al2O3/ZnO were deposited on 

those membranes in order to reduce the pores diameter with conserving the flexibility and the 

pore smoothness properties of the membranes. The same ALD setup and sequences mentioned in 

paragraph 3.3 has been used. 

 

6.2. Gas separation setup 

A simple home made cell (Figure 18) was used to measure the permeability of the 

membrane. The cell was fixed into an oven with a fixed temperature of 25 °C. Three pressure 

detectors were used to measure the pressure in the input and the output of the system. The system 

was evacuated using a Turbo molecular pump. Input and output pressure were collected using 

Labview software. 
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Figure18. Gas separation setup 

 

Using Fick's second law (Equation 10) and Henry law (Equation 11), we can extract the 

permeability of the membrane (Pe) according tothe volume downstream of the unit (V),the 

thickness of the tested membranes, the surface area of the membrane (A), the temperature (T) 

and the upstream pressure (P1) (Equation 12). 

D           (Equation10) 

C=S.P           (Equation11) 

=S.D=          (Equation12) 

 

Pe: Permeability (mol.m-1.s-1.Pa-1) 

V: volume downstream of the unit (V = 3.74.10-5 m3) 

e: thickness of the tested membrane (15 mm) 
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A: Surface area of the membrane (A = 1.73.10-3 m2) 

R: gas constant (R = 8.314 J.mol-1.K-1) 

T: temperature (T = 298 K) 

P1: upstream pressure (P1 = 3.105 Pa) 

Where  is the slope of the measured output pressure in function of time which is the collected 

data (Figure 19). 

 

Figure 19. The output measured pressure as a function of time 

 

6.3. First results and discussion 

3 bilayers of 5 cycles Al2O3/5 cycles ZnO have been deposited on polycarbonate track 

etched membrane with an initial pores diameter of 15 to 20 nm. The estimated pores diameter 

after the Atomic Layer Deposition based on the SAXS measurement is between 0.12 and 5.12 

nm. After the ALD deposition, membrane permeability and selectivity was tested under He and 

CO2.Helium was used instead of hydrogen for security reason. We should note that the kinetic 

diameter of He and H2 are in the same order of magnitude 2.6 and 2.89 A respectively. Figure 20 

shows the output measured pressure before and after ALD for both Helium and CO2. 
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Figure 20. Gas permeability measurements a) CO2 on PC membrane without ALD 

deposition b) He on PC membrane without ALD deposition c) CO2 on PC membrane after 

ALD pores reduction d) He on PC membrane after ALD pores reduction 

 

Using equation 12, membrane permeability for He and CO2 has been extracted from 

Figure 20 and reported on Table 10. Moreover CO2/He selectivity which is the permeability ratio 

was calculated and reported on the same table. 

Table 10. Membrane permeability and selectivity on He and CO2 before and After Pores 

reduction by ALD. 

 PC before ALD PC after ALD 

Pe (He) Barrer 8305,41 38,94 
Pe(CO2) Barrer 2375,61 2,753 

S(He/Co2) 3,5 14,14 
 

As shown in Table 10, membrane selectivity between He and CO2 was enhanced from 

3.5 to 14.14 nm. This selectivity value was not reported yet on track etched membranes. Vijay et 
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al. reports on his study a H2/ CO2 selectivity between 1.5 and 4 on polycarbonate track etched 

membrane with an etching time between 1 and 35 minutes [74]. Despite this advantage a 

decrease on the gas permeability was observed. 

 

6.4. Conclusion and perspectives 

ALD modified polycarbonate membranes have been elaborated for gas purification 

combining the track etching technique and the ALD technique. This elaboration method offers 

several advantages such as a flexible membrane with a smooth surface inside the pores and a sub 

5 nm pores. Permeability measurements before and after the ALD modification show 

improvement of the (He/CO2) membrane selectivity from 3.5 to 14.14 with a decrease on the gas 

permeability throw the membrane. This first results opened different perspectives to be 

investigated. First, in order to solve the polydispersivity of the pores diameters on the 

commercial PC membrane, PET track etched membrane will be elaborated and then tested. 

Membrane permeability after the ALD deposition can be enhanced during the etching setup in 

order to obtain a high pores density membranes. A chemical functionalization of the inner pore 

surface can be also an interesting perspective. 
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7. General conclusion 

Track etched technique on PET membrane combined with the Atomic Layer Deposition of 

Al2O3/ZnO nanolaminates and the HMDS vapor grafting process lead to the elaboration of a 

flexible, homogenous, hydrophobic and smooth porous membrane. 

· Multipores membranes with sub 10 nm pores diameter can be grafted by biological 

function such as gramicidin A to synthesize a cationic transport membrane that 

demonstrate to the first time a NaCl ionic transport mechanism through a hybrid 

nanopore similar to the biological ones. 

· Single pore membrane with sub 5 nm pore diameter synthesized show an unusual 

signal blockage due to the translocation of PEG-carboxylate molecules through the 

pores. This blockade strongly depending on the macromolecule molar mass. 

· Polycarbonate track etched membrane tuned by Al2O3/ZnO nanolaminates shows an 

increase on the selectivity between He and CO2 from 3.5 to 14.1 when the pore 

diameter go from 15 to 0.3 nm. More studies should be performed on this field in 

order to increase the membrane permeability. As a perspective, high density track 

etched membrane can be an ideal solution to increase the membrane permeability. 

Conical pores can be another suggestion to increase the permeability and finally 

chemical modification of the inner pores surface in order to increase the selectivity. 
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General Conclusion 

 

In this work we reported the design of novel nanomaterials using the atomic layer 

deposition technique combined with other techniques such as electrospinning and track etching 

technique in order to investigate their properties and the influence of their chemical and 

structural compositions on the optical, electrical and mechanical properties. Different 

applications have been investigated and reported on 4 chapters. 

One of the most fascinating aspects of nanomaterials is their unique optical properties. In 

this thesis we report on the structural, chemical and optical properties evolution of Zinc oxide 

thin film deposited by ALD when the film thickness increases from 25 to 250 nm. The structural 

characterizations of this ZnO ultrathin films shows a transition from amorphous to 

polycrystalline state when the ZnO thickness increases coupled with an augmentation of the 

grain size and the Zn/O ratio. Due to a decrease of the defects point concentration and an 

improvement of the film crystallinity, an uncharacteristic change of the band gap and the urbach 

energy have been reported by transmittance measurements. The same behavior was observed by 

photoluminescence and absorption measurement.  Moreover the crystalline structure 

improvement when the ZnO thickness increase was reflected in the photoluminescence spectra 

by an increasing on the UV emissions intensity. The oxygen excess is attributed to the formation 

of Zn vacancies, oxygen interstitials and adsorbed molecular oxygen on the surface of grains. 

Optical and structural properties of Al2O3/ZnO nanolaminates elaborated by ALD have been as 

well investigated. Nanolaminates structures allow the tailoring of structural and optical 

parameters. Single layer thickness, grain size,  mean square roughness, band gap and PL have 

been calculated. From the analysis of optical and structural properties, it was determined that Al 

diffused into the interface of ZnO/Al2O3 bilayers, forming defect states which increased the 

visible peak of the photoluminescence spectra. The improvement on the ZnO crystalline quality 

leads to a blue shift of the band gap and the excitonic peak position of ZnO single layers and was 

explained by the quantum confinement. 

One of the advantages of the nanostructured materials is the increment of the active  

surface area. Combining the high surface area offered by the electrospining technique and the 

conformal coating on high aspect ratio advantage of the ALD technique, ZnO 1D nanostructures 
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have been synthesized then tested as UV photodetectors. An improvement on the UV 

photoresponse current with a factor of 250 was observed on the ZnO 1D nanostructures based 

photodetectors in comparison with the thin film of ZnO. Moreover, an improvement on the UV 

photoresponse current has been registered when the spinning time increases as well as a decrease 

on the recovery time. The influence of the ZnO layer thickness deposited on the polymer 

nanofibers has been also investigated. Electrical measurement shows a decrease of the dark 

current when the ZnO thickness decreases which lead to an increase of the UV photoresponse 

current. The temperature influence was also investigated. 250 cycles ZnO deposited at 100˚C on 

PAN nanofibers shows the higher UV photoresponse current and the lower recovery time. 

Electrode distance investigations show a decrease on the recovery time. Device stability test 

reports a small decrement on the UV photoresponse current with a stable recovery time. The 

investigation of Al doped ZnO and Al2O3/ZnO nanolaminates for UV detection application can 

be interesting perspectives for this PhD and is under investigation in our group. 

The second part of this work was dedicated to the study of the mechanical properties 

evolution of Al2O3/ZnO nanolaminates with different bilayers thickness. For this aim, tensile test 

was performed at the EMPA laboratory (Switzerland) on Al2O3/ZnO nanolaminates deposited by 

the atomic layer deposition technique. Structural properties studies of nanolaminates show a 

transition from an amorphous state to a crystalline state when the bilayer thickness increases with 

a change in the preferential growth orientation from (002) to (100) when increasing the bilayer 

thickness from 9.25 nm to 185 nm. Tensile tests measurement shows a decrease on the saturation 

crack density when the bilayer thickness decrease from 185 to 0.92 nm. This behavior was linked 

to the bilayers delamination during the tensile test that leads to less cracks formation. This 

behavior can also be due to the nanolaminates transition from a crystalline state to an amorphous 

state. We can also point out that the delamination starting strain for the Al2O3/ZnO 

nanolaminates are lower than the corresponding value for the Al2O3 which consist of the first 

layer (interface polymer/nanolaminates). The critical strain of Al2O3/ZnO nanolaminates 

decreases when the bilayer thickness decreases, which can be due to the nanolaminates transit ion 

from a crystalline state to an amorphous state. In order to go dipper on this study we suggest as 

perspective to perform tensile test on:  
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1. PET surface treated using Oxygen plasma in order to increase the active site on the 

PET film. 

2. NaOH surface treatment under UV in order to increase the active site on the PET 

film. 

3. Another solution will be to deposit nanolaminates with ZnO as first layer. This 

approach is supported by the fact that the ZnO films deposited on the PET substrate 

shows less delamination than the alumina films. 

 

 Based on these mechanical properties investigations and the nanoindentation tests 

performed by Raghavan et al., the Al2O3/ZnO nanolaminates have been used to tune the pores 

size of track etched PC and PET membranes with conserving the main advantages of the track 

etched membrane (flexibility and smooth pore surface). Multipores PET membranes with sub 10 

nm pores diameter after ALD deposition was functionalized by CH3 groups then grafted by 

gramicidin A to design a cationic transport membrane. The ALD tuned multipores membrane 

shows for the first time a NaCl ionic transport mechanism through a hybrid nanopore similar to 

the biological ones. Single nanopore membrane with sub 5 nm pore diameter synthesized with 

the same technique (track etching followed by ALD nanolaminates deposition and CH3 

functionalization) shows an unusual signal blockage due to the translocation of PEG-carboxylate 

molecules through the pores. This blockade strongly depends on the macromolecule molar mass. 

This single nanopore membrane can be promising for mass spectrometry and DNA sequencing. 

Polycarbonate track etched multipores membrane was also tuned by Al2O3/ZnO ALD and tested 

as gas purification membrane. Permeability tests before and after the ALD deposition show an 

increase on the selectivity between He and CO2 from 3.5 to 14.1 when the pore diameter go from 

15 to 0.3nm. As perspective to this work, high density track etched membrane can be an ideal 

solution to increase the membrane permeability. Conical pores can be another solution to 

increase the permeability. Finally chemical modification can be an interesting perspective in 

order to increase the selectivity. 

 During this PHD work different types of ALD reactors have been designed and installed. 

A radio frequency RF generator was coupled to the ALD reactor for nitride and carbide 

deposition for different applications such as gas sensor ,UV sensor, gas separation and others. 
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This reactor can be as well used for oxide deposition under plasma in order to investigate the 

plasma effect on the structural optical electrical and mechanical properties of ALD thin film. A 

fluidize bed reactor have been as well established coupled with a plasma system for ALD 

deposition on powders for battery applications. High temperature ALD reactors up to 1000˚C 

have been installed for nitride deposition for osmotic energy harvesting. 
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ABSTRACT 

Detection of the single macromolecule based on the use of artificial nanopores is an attractive and 

promising field of research. In this work, we report a device based on a 5 nm single nanopore with 

high length/diameter ratio, tailored by the track etching and atomic layer deposition techniques. The 

translocation of neutral Polyethylene glycol (PEG) and charged Polyethylene glycol-carboxylate (PEG- 

carboxylate) molecules of low molar mass (200 and 600 g.mol-1) through this nanodevice was 

studied. It was shown that charged PEG-carboxylate molecules, which permeate through the pore, 

promote an unusual blockade of ionic current whereas the neutral PEG molecules do not show such 

behaviour. The molecular dynamic simulation shows that both neutral and charged PEGs permeate 

through the nanopore close to its inner surface. The main difference among the two macromolecules 

is the existence of structured shell of cations around the charged PEG, which is likely to cause the 

observed unusual current blockade. 

 

INTRODUCTION 

Single nanopore technologies have opened the route to multiple applications such as DNA detection1, 

2 and sequencing,3 Polyethylene glycol (PEG) mass spectroscopy,4, 5 nanoparticle detection6, 7 and 

ionic separation.8, 9 There are two major strategies in using the single nanopores as molecular 

sensors. The first one is inserting a biological channel inside the artificial phospholipid membrane.10 

This method has already been used successfully in PEG mass spectroscopy 4 and is presently 

developed for low cost DNA sequencing.2, 11 However, the life time of such nanopores is limited due 

to the fragility of the lipid bilayers. The second approach is based on the production of solid state 

nanopores with either low or high length/diameter ratio (i.e. low or high aspect ratio). The 

nanopores with low aspect ratio are produced by the Transmission Electron Microscopy (TEM) 

irradiation of silicon based thin films (typically Si 3N4). The dimensions of such pores could be varied 

easily with diameters ranging from 5 nm to 300 nm and lengths ranging from 10 nm to 500 nm, 
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which stimulated their extensive studies.6 Single nanopores with high aspect ratio (length to 

diameter ratio larger than 1000) are produced by the single track-etching technique.8, 12 These pores 

could be either conical or cylindrical and their surface properties could be modified eas ily due to 

carboxylate functionalization induced by chemical etching which is possible for minimal diameter 

around 20 nm.13 However recent works have shown the possibility of designing the nanopores with 

high aspect ratio with diameter ranging from 2 nm to 10 nm using atomic layer deposition on PET 

track-etched membrane.14, 15 

The macromolecule discrimination is one of the applications of the nanopore technology.  4, 16 

Typically, when a single macromolecule permeates through the nanopore, it induces a blockade of 

the background ionic current. The blockade event is characterized by the relative change of current 

intensity and the dwell time. Both observables are dependent on the macromolecule molar mass and 

the nanopore diameter. This allowed detecting large PEG (Molar mass Mw > 1000 g.mol-1) for mass 

spectroscopy4 or estimating small diameter of conical polymer nanopores from the size of the 

smallest blocked macromolecule (or largest penetrating macromolecule) .17, 18 Experimentally, these 

characterizations are based on the ionic current detection through nanopore which is different from 

the bulk one. In other words, the influences of the Donnan effect and the diffuse double layer cannot 

be disregarded.19, 20  

In this paper, we show that, in the case of single cylindrical nanopore with high aspect ratio 

(diameter 5 nm, length 13 µm) produced by track-etching and atomic layer deposition (ALD) 

techniques, small PEGs (Mw = 200 and 600 g.mol-1) do not induce any blockade of ionic current. On 

the contrary, for oxidized PEG (noted PEG-carboxylate), an unexpected and unusual blockade of the 

current appears. It was shown that the characteristics of the blockade current depend on the PEG-

carboxylate molar mass. Experimental results are also complemented by means of molecular 

dynamic simulations of the model nanopore. An explanation of the unusual blockade of ionic current 

is proposed. 
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Materials and Methods 

Materials 

Diethyl Zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-20-0), Trimethylaluminum (TMA) (Al(CH3)3, 97% 

purity, CAS:75-24-1) were purchased from Sterm chemical. Sodium chloride (S9888), and 

Hexamethyldisilazane (HMDS) (reagent grade, ≥99%) were obtained from Sigma Aldrich. 

Demineralized water was obtained by milliQ system (Millipore). Poly(EthyleneTerephthalate) (PET) 

film (thickness 13 µm, biaxial orientation) was purchased from Goodfellow. Polyethylenglycol (PEG) 

was bought from MERCK-Schuchardt, Germany (Mw = 200 Da Art.807483 and Mw = 600 Da 

Art.807486). The infrared spectra of both PEG samples in a dry state have been recorded in order to 

detect precisely their structure and purity (Fig. SI1). The presence of a peak at 1720 cm-1 clearly 

indicates the existence of C=O groups, due to the oxidation of the alcohol terminal groups HO-

(CH2CH2O)n-CH2CH2OH to the carboxylates HOCH2-CH2O(CH2CH2O)n-CH2COOH.21 Thus the sample 

contained both the PEG-Carboxylate (less than 1%) carrying a negative charge (pKa~4-5) and the 

neutral PEG at pH 7. 

 

PET Nanopores production 

Single nanopore on poly(EthyleneTerephthalate) (PET) film has been built using a single track  

technique. PET film (thickness 13 µm, length 24 cm, width 4 cm) was placed on the trajectory of a 

diffracted 78Krypton ion (9.5MeV) beam in GANIL (Caen France). A detector was positioned behind 

the film in order to count the number of ions crossing the film. When the detector counted one, the 

beam was stopped. The PET film was kept in an inert Helium atmosphere to preserve the tracks. The 

chemical etching has been carried out by exposing the tracked film 24 h per side to an ultraviolet 
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light (Fisher Bioblock; VL215.MC, 312 nm), then immersing it during 5 minutes in NaOH solution (3M) 

at 50°C. Finally the film was rinsed with demineralized water. 

 

Design of 5 nm single nanopore and characterization 

Al2O3/ZnO ultrathin films have been designed using a custom-made ALD setup.22 Alternating 

exposures of TMA and H2O at 60 °C with the following cycle times: 0.1 s pulse (TMA), 20 s exposure, 

and 40 s purge with dry Argon and a 2 s pulse (H2O), 30 s exposure and 60 s purge were used to 

deposit the Al2O3 ALD ultrathin films. Alternating exposures of DEZ and H2O with the following cycle 

times: 0.2 s pulse (DEZ), 20 s exposure, and 40 s purge with dry Argon and a 2 s pulse (H2O), 30 s 

exposure and 60 s purge were used to deposit the ZnO ALD films. The experimental conditions were 

fixed conservatively to ensure completion of the ALD surface reactions and to prevent mixing of the 

reactive gases. The growth per cycle was about 2 Å/cycle and 2.1 Å/cycle for Al 2O3 and ZnO 

respectively.23, 24 

Different sequence numbers (1 to 14) of 5 cycles of Al 2O3 followed by 5 cycles of ZnO, were used to 

reduce the pore diameter to the sub-10 nm range. After ALD deposition, all samples were 

functionalized by a 24 hours Hexamethyldisilazane (HMDS) vapor exposure at room temperature in 

order to obtain hydrophobic surfaces. The expected result from the HMDS treatment was the 

replacement of the -OH bond on the surface of the ALD layer by a hydrophobic ((CH3)3Si–) bond.14, 15 

The nanolaminates structural and chemical compositions were analyzed by scanning electron 

microscopy (SEM, S-4800, Hitachi), Energy-dispersive X-ray spectroscopy (SEM, S-4500, coupled with 

a Thermofisher EDX detector), AFM (AFM NANOMAN 5 from Veeco instrument controlled with a 

Nanoscope V software) and SAXS (Xenocs GenX equipped with a molybdenum anode and a MAR2300 

2D imaging plate detector) as described elsewhere.14 The HMDS nanopores modification was 

validated by XPS measurements (ESCALAB 250 Thermo Electron) and the determination of the 
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contact angle (GBX - Digidrop, Romans, France).14 TEM nanopore imaging was obtained using a 

Transmission Electron Microscope (JEOL 2010). TEM was performed on 13 µm thick multipore PET 

membrane (average pores diameter 70 nm) after 12 sequences of 5 cycles Al 2O3/5 cycles ZnO 

deposited by ALD. In order to eliminate the PET membrane, the sample has been annealed at 450°C 

under air. 

 

Ionic current recordings 

Single nanopore was mounted between two chambers of  conductivity Teflon tubes containing a NaCl 

solution (σ≈80 mS.cm
-1) Concentration NaCl » 0.63 M. The current was measured between one 

Ag/AgCl electrode (XM410, Tacussel, France) in cis chamber and a ground electrode (platinum, 

XM140, Tacussel, France) in trans chamber. The ion current was recorded by patch-clamp post 

amplifier (EPC800, HEKA electronics, Germany) using voltage clamp mode and a sampling frequency 

25 KHz. Acquisition data were performed by Instrutech LIH 8+8 acquisition card (HEKA electronics, 

Germany) using a lab made routine on IgorPro 6 (Wavemetrics, USA). A lab-made analysis software 

(Matlab, Matworks, USA) was used to analyze the current data in terms of duration (Δt), depth (ΔI), 

relative depth (ΔI/I0) and the difference between the maximum and minimum of current (ΔIspike) 

occurring over one translocation process. 

 

Multivariate data analyses. 

All data analysis was performed using “The Unscrambler®X” v10.2 software (CAMO Software). The 

experimental data are gathered in a X matrix organized as follows: the rows represent different 

experimental events and three columns correspond to ΔI, Δt and ΔIspike values respectively. Then, 

each column was mean-centered and scaled to unit variance prior to further analysis to give each 

descriptor an equal influence on the analysis. The Principal component analysis (PCA) was obtained 
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as follow: The X variables are summarized by the matrix of scores, T. The loading matrix P T shows the 

influence of each variable on the projection. The data matrix X is then expressed as the product of 

these two matrices (T.PT, named as the principal components), plus an additional matrix of residuals 

(E) as X=T.PT + E. The rows in the residual matrix E represent the distance of a compound to the 

model. 

 

Molecular Dynamics simulations 

All-atom molecular dynamics simulations were performed using NAMD 2.7b2 software 25. The 

constant temperature of 300 K (maintained by the Langevin dynamics method) and the constant 

pressure of 1 atm (maintained using the Langevin piston Nosé -Hoover method 26) were used to 

mimic experimental conditions . The short- and the long-range forces were calculated every 1 and 2 

time steps respectively, with a time step of 2.0 fs. The classical particle mesh Ewald (PME) method27 

was used to evaluate the long-range electrostatic forces. The bond lengths between the hydrogens 

and the heavy atoms were constrained to their equilibrium values using the SHAKE/RATTLE 

algorithm.28 

CHARMM2729 force field was used with TIP3P water model. The nanopore was mimicked by an 

assembly of neopentane molecules with fixed position for the central carbon atoms of neopentane, 

while the methyl groups constituting each molecule were free. The mean distance between the fixed 

centers of masses of neopentane molecules is chosen according to the work of Makowski et al..30 The 

PEG-carboxylate molecules were pre-equilibrated separately for at least 6.5 ns and then inserted into 

the simulation box containing the nanopore and the solvent, as described below.  

The nanopore was composed of 150 neopentane molecules arranged in a tubular geometry to obtain 

a pore diameter equal to 6 nm and a length of 4 nm. A constant e lectric field of 20 mV/nm was 

applied along the pore to reproduce an experimental voltage of 200 mV in the simulation box (noted 
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that the electric field inside nanopore is E= 5 107 V.m-1). The compositions and simulation parameters 

of the studied systems were the following: 

(i) 11263 water molecules, 109 Na+ and 107 Cl- ions to ensure electroneutrality (Concentration 

0.54M). The complete system (36557 atoms, periodic box of 62.5x62.5x97.6 Å3) contains the PEG200-

carboxylate, charged and placed in front of the nanopore. The total simulation time was 15.6 ns. 

(ii) 11219 water molecules, 109 Na+ and 107 Cl- ions to ensure electroneutrality. The complete 

system (36513 atoms, periodic box of 62.5x62.5x97.6 Å3) contains the PEG600-carboxylate, charged 

and placed in front of the nanopore. The total simulation time was 208.6 ns. 

The same protocol was used by replacing the PEG carboxylates by the PEG and neutralizing the 

system by the corresponding number of the counter ions. 

 

Results and discussion 

Single nanopore fabrication  

A high aspect ratio 5 nm nanopore based on polymer nanopore designed by ALD (figure 1) has been 

built following a procedure described elsewhere.14, 15 In brief, single nanopores were produced using 

the track-etching technique on polyethylene terephthalate (PET) film (thickness 13 µm) following 

usual synthesis method.13 20 single nanopores with a diameter close to 20 nm were synthesized and 

characterized. In order to tune the size (5 nm ± 1 nm range) and the properties of the single 

nanopores, an ultrathin homogeneous film of oxides (Al 2O3 and ZnO) was deposited on the inner 

surface of the pores using atomic layer deposition (ALD) technique. With this technique, we control 

the thickness of each layer, due to two separated self-limiting surface reactions, that provide a high 

degree of precision, as demonstrated in the literature for high aspect ratio structures. 23, 31 The 

nanolaminate layer of Al2O3/ZnO provides a soft coating with good adhesion on the polymer 
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surface23, reduction of the roughness of the pore surface 32 and permits a homogeneous coating along 

the nanopore (Figure 2a). An oxide bilayer thickness of 2.48 nm was determined by SAXS 

measurement inside the nanopore for Al 2O3/ZnO nanolaminate.14 After the ALD deposition, the 

hydrophilic ZnO surface, covered with -OH groups, was converted to hydrophobic (CH3)3Si– surface 

by a Hexamethyldisilazane (HMDS) treatment (Figure 1).14, 15, 33 In addition, the HMDS plays an 

important role by preventing the corrosion of the ZnO coating in the NaCl solution. 34 

 

Figure 1: Schematic representation of nanopore designed by atomic layer deposition and 

experimental setup of both carboxylate and neutral PEGs detection. 
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Figure 2: Single nanopore characterisations (a) TEM image of single nanopore of ~10 nm diameter 

which shows the homogeneous coating induced by ALD technique inside the 13 µm length nanopore; 

The TEM image has been obtained on multipore PET membrane (average pores diameter 70 nm) 

after 12 sequences of 5 cycles Al2O3/5 cycles ZnO deposited by ALD and followed by the elimination 

of the PET membrane. (b) Evolution of the conductance of a 5 nm diameter nanopore as a function of 

NaCl concentration; black squares the experimental data, in dashed line the theoretical conductance 

assuming a bulk transport. 

 

The geometry of the 5 nm nanopore was characterized using concentration conductan ce 

dependence (Figure 2b) and a simple model of bulk transport in the range of NaCl concentration 

from 0.2 to 5 M. The diameter of the nanopore could be considered homogenous along its length (13 

µm) due to the conformal coating of ALD as shown on Figure 2a. The NaCl conductance 

concentration dependence is not linear at low concentrations. This behavior is usually observed for 

charged membrane or nanoslit19. In this case, the ionic transport inside the nanopore is induced by 

two phenomena: (i) the surface transport charge and (ii) the bulk transport charge as described 

previously.19, 20 Here the nanopore surface exhibits a zeta potential of -50 mV at pH 7 even if the 

trimethylsilane function is not charged and the surface is hydrophobic. This result is not surprising 

since ions can be adsorbed on hydrophobic surface depending on their polarisability, the ionic 

solution strength and/or the pH.35 The translocation of both PEGMw and PEGMw-carboxylate (Mw = 200 

and 600 g.mol-1) from the cis compartment (Figure 1) at concentration 1015 and 1013 molecules.mL-1 

respectively, has been analyzed under 0.63 M NaCl solution, where the Debye length (0.75 nm) is 

smaller but of the same order of magnitude than the nanopore radius.  

 

PEG detection 
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We attempted first to detect the neutral PEG by applying positive potential to the cis chamber. 

Under this condition, PEG-carboxylates cannot translocate through the nanopore due to prohibitive 

polarity of the applied voltage. On the contrary, it has been already proven that PEG molecules could 

translocate through the nanopores4, 36 as previously described in the case of single nanopore such as 

α-hemolysin,4 or polymer conical nanopore.17 In the latter case, PEG with Mw larger than 1000 g.mol-1 

have been detected if its hydrodynamic radius was similar to the nanopore one. In the present case 

the ionic current traces have exhibited no blockade events induced by PEG translocation (Figure 3a). 

This experimental result is not surprising because the hydrodynamic radius of PEG is lower than the 

nanopore diameter and PEG molecules do not provide sufficient sterical blockage. The latter can be 

verified by estimating the current blockade using the model proposed by Stojilkovic et al.
37 The ratio 

of conductance in the presence (σ) and in the absence (σ0) of neutral PEG is equal to the ratio 

between the current (I) and the baseline current (I0) at constant voltage38. It varies according to the 

relation:  

  (1) 

Here, φ represents the polymer volume fraction which, for one molecule in the pore, can be 

estimated as φ » rPEG
3/ (L rpore

2) » 10-5 (L is the pore length, rPEG (table 1) and rpore are the radii of PEG39 

and the nanopore respectively). K (≈2.7) is an experimental factor which depends on the PEG mass.37 

In our case, Equation 1 leads to I/I0 » 1- φ = 1 - 10-5. Thus the current blockade induced by the neutral 

PEG translocation is too small to be detected.  

 

PEG-Carboxylate detection 

When a negative potential was applied to the cis chamber (the chamber where the sample is placed),  

the charged PEG-carboxylate molecules could enter the pore and we observed a blockade of ionic 

current between two characteristic spikes for all samples (Figure 3b and 3c).  
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Figure 3: Typical current traces recorded for: (a) neutral PEG; (b1-2) PEG200-carboxylate; (c1-3) 

PEG600-carboxylate.  
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Figure 4 : detail of blockade current parameters are ΔI=I0-I, Δt and ΔIspike=Imax-Imin  

Taking into account the small size of the PEGs and the previous argument based on equation 1, this 

result is unexpected. Indeed, it is very likely that the translocation of the PEG-carboxylate could not 

be detected as for the neutral PEG. Moreover this kind of blockade signal has not been reported 

before in the literature for macromolecule detection using single nanopores. According to the 

experimental protocol described in the literature4, 16 and the absence of signal for neutral PEG 

detection when positive potential was applied, these current blockades could only be assumed as 

coming from negative PEG-carboxylate translocation through the nanopore. Three parameters could 

be used to characterize the blockade current (Figure 4 and Table 1): (i) the relative magnitude of the 

current blockade ΔI/I0), (ii) the dwell time Δt and (iii) the spike magnitude ΔIspike. The histogram 

values of each parameter are shown on Figure 5. 

There are several discrepancies between the observed experimental blockade current  and the 

theoretical estimations: 

(i) The average values of ΔI/I0 (0.02 and 0.08 for PEG200-carboxylate and PEG600-carboxylate 

respectively) differ by 3 to 4 orders of magnitude from the values expected from Equation 1, 

where the conductance would be affected only by the tiny 10-5 volume fraction of PEG-

carboxylate.  

(ii) The average dwell times measured for different molecules (0.1 s for PEG200-carboxylate and 

0.18 s for PEG600-carboxylate) are larger by a factor 2 or 4 than the translocation times 
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determined from their classical electrophoretic velocity v (equation 2), assuming that the 

monocharged macromolecule adopts a coil structure:  

  (2) 

where e = -1.6 10-19C is the electron charge, r is the effective radius of PEGMw-carboxylate (see table 

1) under experimental electric field of 1.54 × 104 V/m, and η is the viscosity of water. According to 

this formula, the translocation time for (PEG200 and PEG600)-carboxylate should be 0.041 s and 0.046 s 

respectively.  

(iii) The spikes of the current observed at the beginning and the end of the blockade current 

have never been reported in the case of artificial nanopores. Similar spikes were observed In 

the literature during the fusion of vesicles with the cell membrane40 that leads to an 

electrostatic capacitance modification of the cell membrane during the process (mainly due 

to the increase of the membrane area). 
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Figure 5: Distribution of the blockade current parameter: (a) dwell time Δt, (b) ΔIspike and (c) 

ΔI/I0 for PEGMw-carboxylate (Mw = 200 blue, and Mw = 600 green) (b) Map of the 

translocation events as ΔIspike vs ΔI/I0 (c) Principal component (PC) analysis 

We plotted the maps of the translocation events as a function of 2 out of 3 experimental 

parameters (Figure 5 and Figure SI2). Regardless of the choice of parameters, all events associated 

with the PEG200-carboxylate and PEG600-carboxylate form two well distinguished groups. With the aim 

of getting efficient mapping of the blockade current signals in relation with the different PEG-

carboxylate molar mass, a Principal Component Analysis (PCA) was performed on a set of 150 events 

randomly taken in the two groups of PEG-carboxylates (Mw=200 and 600). Each event was described 

by the raw experimental blockade parameters ΔI, Δt and ΔI spike. Figure 5c shows the score plot 

corresponding to the first two principal components (PC). The two PEG classes can be distinguished: 
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PEG200-carboxylate events are grouped in a well-defined cluster with a score on PC-1 equal to -20, the 

cluster of PEG600-carboxylate broadens between the score -5 to 40 on PC-1 without overlapping. The 

first component (PC-1) captures 99.89 % of the variance and can therefore summarize alone the 

information carried by the original variables (ΔI, Δt and ΔI spike). The projection of each event on PC-1 

allows therefore getting the greatest source of information in the data set. The weight of each 

original variable on PC-1, called loading, reflects how much the individual variable contributes to that 

PC, and how well the PC takes into account the variation contained in a variable. PCA results show 

that the ΔI, Δt and ΔIspike loadings on PC-1 are 0.069, -0.003 and 0.998 respectively meaning that 

ΔIspike contributes highly to the separation of the events on PC-1. The PC analysis clearly shows that 

signal can be assigned to the PEG-carboxylate translocation through the nanopore and allows 

discriminating PEG200-carboxylate from PEG600-carboxylate. In addition, the PCA result shows that 

unusual ΔIspike parameter is the more discriminant than the other ones. However, at this stage it is 

necessary to give an explanation of the unusual blocking currents. 

Table 1 Average and square deviation of the 3 parameters issued from the experimental 

measurements for the different PEG-carboxylate molar mass. Theoretical Δt according to 

(eq. 2) with E = 1.55 104 V.m-1 

PEG-carboxylate 

Mw (g.mol
-1

)   

ΔI/I0 ΔI spike (pA) Δt (s) rPEG
27

 (nm) Theoretical Δt (s) 

200 0.02 ± 0.01 6.7 ± 0.7 0.10 ± 0.05 0.37 0.041 
600 0.08 ± 0.04 31 ± 10 0.18 ± 0.08 0.63 0.046 

 

Molecular dynamic simulation 

In order to illustrate that both neutral PEG and PEG-carboxylate could be inserted into a single 

nanopore, all atom Molecular Dynamics (MD) simulations were performed. The PEGs molecules with 

different molar masss MW were used in order to reproduce experimental conditions (number of 

monomers n = 5, 13 for PEG Mw = 200, and 600 respectively). Each PEG molecule was placed at the 
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distance of 2 nm from the nanopore entrance at the beginning of the simulation. A nanopore made 

of neopentane molecules arranged in a tubular geometry, which mimics the dielectric properties of 

experimental conditions well enough, was used (the pore is covered by the methyl groups both in 

experiment and in simulations). The diameter of the nanopore was 6 nm and the length was 4 nm, 

mimicking an experimental nanopore entrance. A fixed voltage of 200 mV was applied along the 

pore. Spontaneous insertion of the PEGs into the nanopore  was observed in all simulations (Table 2). 

For PEG-carboxylate, the dynamics of the insertion shows dependency on the molar mass MW while 

the mechanism of insertion is quite similar in all cases. The PEG diffuses randomly in the solvent, 

adopting sometimes a compact spherical conformation, until one of its terminals attaches to the 

nanopore wall (Figure 6). Then the PEG- carboxylate molecule unfolds and permeates progressively 

into the pore until its total insertion. The unfolding time of the PEG-carboxylate depends on its molar 

mass. The most striking fact is that the PEG600 carboxylate molecule stays inside the nanopore during 

the whole simulation time (for 185 ns), while the PEG200-carboxylate is moving throughout the 

nanopore quickly in 4.9 ns. It can be noted that velocity ratio Vth/Vexp = 6.2 103 is in same order the 

electric field ratio Eth/Eexp = 3.2 103. For neutral PEG, the insertion mechanism is similar; however the 

insertion time does not seem to depend on the molar mass. Note that these molecular dynamics 

results have been obtained over a shorter nanopore length than the experimental one . They should 

thus be taken into account cautiously. However they suggest that both neutral PEG and PEG-

carboxylates can enter and translocate easily through the nanopores.  
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Figure 6: Snapshots of MD simulations from the insertion of PEGMw-carboxylate with 

different MW: (a) 200 and (b) 600 in a neopentane of 6 nm diameter and 4 nm length. Only 

one part of the PEGMw-carboxylate participates to the insertion of the molecule. Then, it 

diffuses rapidly along the nanopore wall until the complete molecular incorporation. 

 

Table 2. Theoretical times of insertion for the different neutral PEG and PEG-carboxylate 

molar mass in a nanopore with 6 nm diameter. The errors have been calculated through the 

fluctuations of the PEG position near the entrance of the pore. 

 Mw (g.mol
-1

)   Beginning of 
insertion 

End of insertion Insertion duration 

Neutral PEG 200 10.0 ± 0.1 ns  12.3 ± 0.2 ns  2.3 ± 0.2 ns 
 600 0.2 ± 0.1 ns  2.1 ± 0.1 ns  1.9 ± 0.2 ns 
PEG-carboxylate 200 7.2 ± 0.4 ns  7.6 ± 0.3 ns  0.4 ± 0.2 ns  
 600 15 ± 1 ns  16 ± 1 ns  0.7 ± 0.5  ns  
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To go further, a detailed analysis of the simulations results was performed to extract the different 

behaviors between both neutral PEG and PEG-carboxylates during their insertion into a nanopore. 

Figure 7 shows the normalized radial distribution as the function of the ion and the PEGs molecules 

in the simulation box. A value of 1 indicates the more favorable position between the two species 

during the simulations. 

It is clearly seen that the PEG carboxylates are located a little bit further from the pore wall than the 

neutral PEG. The maximum differences distance between the both neutral PEG and PEG carbolylate 

can reach 0.7 Å for the PEG200 and 0.9 Å for the PEG600 during the simulation. The ion distribution 

inside the nanopore is not homogenous as should be expected in a bulk system. They mainly 

organize in ring at around 10 Å of the surface wall. This kind of ionic organization has been previously 

reported by Cazade et al.41 in the case of carbon nanotube (diameter 3 nm). The radial distribution of 

the ions positions are affected by the PEG during the simulation (Figure 7). Due to the small shift of 

the mean center of mass and the different charges of both neutral PEG and PEG-carboxylates, the 

ions are located nearer the pore (around 10 ± 0.5 Å) with a charged PEG compared to a neutral one 

(around 11 ± 0.5 Å). It can be noted that the ions centers of mass are already moved away from the 

pore wall of a distance equal to around 1 Å when the macromolecule is inserted. Such small 

differences could not be at the origin of the blockade appearance. 
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Figure 7: Normalized radial distribution function (g(r)), normalized to the maximum, of both PEG-

carboxylate (black line) and neutral PEG (black line), ion Na+ (green line) and ion Cl- (blue line) as a 

function of wall pore distance for the PEGs molar mass 200 (a) and 600 (b). Here the position 0 Å and 

position 30 Å correspond to the wall of nanopore and center of nanopore respectively. 

 

The analyses of the ionic mean positions around both neutral PEG and PEG-carboxylate have also 

been performed (Figure 8). It is clear that the anions are not organized around the neutral PEG or 

PEG-carboxylate on a long distance. On the contrary, the cation distributions present clearly an 

important peak only around the PEG-carboxylates at a distance of 3 ± 0.5 Å. These peaks come from 

the global annealing of the charges around the PEG carboxylates and the attractive interactions 

regarding the negatively charged PEG and the cations that allow compensating the charges depletion 

around the PEG.  

 

Figure 8:  Normalized radial distribution function (g(r)), normalized to the maximum,  of ion Na+ 

(green line) and ion Cl- (blue line) as a function of the distance of the PEG-ion for the PEGs molar 

mass 200 (a) and 600 (b). Here the position 0 Å corresponds to the position of neutral PEG or PEG-

Carboxylate. 
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To sum up, our experiments have shown that neutral PEG translocation through 5 nm nanopore does 

not lead to the blockade signal of ionic current in accordance with the equation 1. In contrast, PEG 

carboxylate translocation induces blockades of ionic current between two unusual current spikes, 

which could not be predicted by any model until now. In addition, the dwell times of PEG 

carboxylates are longer than expected from equation 2. Finally the parameters of the blockade 

events are directly depending on the molar mass of the PEG-carboxylate. The possible explanation of 

this observation, based on the molecular dynamics results could be the following. 

The molecular dynamics simulations clearly show that both PEG and PEG-carboxylate (i) adopt 

unfolded structure on the pore entrance and inside the nanopore and (ii) have interactions with the 

nanopore surface which cannot be neglected during the permeation. This can explain long dwell 

times, which are not consistent with the model of transport of spherical coils in bulk solvent as 

assumed in equation 2. However regarding molecular dynamics simulation results, it is very difficult 

to point out particular evidence of the origin of the unusual blockade current. The only differences in 

overall ionic distributions between the PEG and PEG-carboxylates in our simulations are small shifts 

of the radial distribution maxima. This shift is so small that it is unlikely to cause such dramatic 

effects as blocking of the current. However, organized shell of cations around the PEG carboxylate 

molecules may play a major role since it does not exist for neutral PEG. It can be noted that PEG 

carboxylate and cation move in the opposite way under electric field. The ionic current through the 

nanopore has been estimated in Figure 9, together with the PEG200 mass incorporation where 

entrance and exit events have been obtained during the simulations. A value of 34 nA for the PEG 

corresponds to a total encapsulation of the molecules in the nanopore. As expected, the ionic 

current is very fluctuating, due to the random flow of charges in the nanopore. However, performing 

averages of the current depending on the PEG incorporation leads to specific values close to the 

experimental behavior. Indeed, when the PEG carboxylate diffuses inside the nanopore the mean 

ionic current is clearly lowered compared to the situation where the nanopore is empty of charged 

PEG. The entrance and exit events lead also to sudden decrease and increase of the average current, 
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similar to the experimental spikes. For the PEG, the same calculations lead to comparable 

observations. However, the blockade current (DI) is clearly lower (close to 0, as theoretically 

estimated) and the spikes values are so small that it could be not observed experimentally. The 

electrostatic interaction in the nanopore between the charged macromolecules and their 

neighborhood are thus responsible for a high current modification observed in our experiments. 

 

Figure 9:  Ionic current calculated by MD simulation (bottom) and macromolecule localization (top) 

for: (a) PEG200-carboxylate; (Mw=200g.mol-1) and (b) neutral PEG200.  

Experimental measurement of ionic (Figure 2b) current shows clearly that the nanopore exhibits 

similar conductance concentration dependence than surface charge nanopore while the 

trimethylsilane functional groups are not charged. The charge appears due to the ions located close 

to the pore wall, which form a pseudo electrical layer close to the nanopore surface. Thus the 

recorded current is composed by the ionic fluxes from both bulk solution (in the middle of the pore) 

and from bulk solution (in interaction near the wall). The latter acts as a capacitance and cannot be 

disregarded as suggested in the work performed by Schoch et al. and Shimizu et al. on nanoslits.19, 20 

Based on this and taking into account the position of the PEG carboxylates near the nanopore wall 

(shown by MD simulation), the charged macromolecule penetrates inside the nanopore with its close 

cation shell. Then it blocks the flowing positive charges (partially or over the full length of pore) and 

releases it only when it leaves the nanopore. This could contribute to perturb the ionic flow close to 
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the nanopore surface since these charges mobility should decrease compared to the ones which 

participate to the permanent current. It is possible to speculate that the PEG-carboxylate molecule in 

interaction with the cations impose a barrier to the opposite cation flow in the nanopore, which 

comes from the high difference of drift velocity between the macromolecule and the permeating ion.  

This should affect the nanopore conductance by lowering the current as observed in the experiments 

data. 

The spikes of the current observed at the entrance and the exit of the PEG-carboxylate molecules 

could also be explained by the same mechanism. When the PEG-carboxylate enters the nanopore, 

the organization of the cation shell partially blocks their pore entrance which induces charge 

depletion inside the nanopore. Thus, the ionic current should strongly decrease until the depletion is 

balanced by the influx of ions from solutions. In contrast, when the PEG-carboxylate molecule exits 

the pore, it does not partially block cation flux, which induces the entrance of cation inside the pore 

and causes a strong increase of the current before the ionic distribution recovers its equilibrium 

state. This phenomena could be linked to an increase of the pore capacitance upon the insertion of 

the PEG-carboxylates which is dependent on their cation shell directly connected with the PEG-

carboxylate molecular mass (Figure 5b). 

  

Conclusion 

We have studied the translocation of different PEG molecules with Mw = 200 g.mol-1 and 600 g.mol-

1 through nanopores with high aspect ratio tailored by atomic layer deposition. Neutral PEG was not 

detected in a classical experimental setup. In contrast it is possible to detect the translocation of 

PEG-carboxylate molecules through the pores, which causes an unusual blockade of the ionic 

current, this blockade strongly depending on the macromolecule molar mass. 
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Such a blockade is interpreted as a structuring of a cation shell around the PEG-carboxylate which 

perturbs the ionic transport near the surface of the pore. The volume polarization and capacitance 

effects caused by the difference of drift velocities between the PEG-carboxylate and small 

permeating cations may thus also induce such experimental behavior. 

This work shows that the transport phenomena in the nanopores with high aspect ratio induced by 

the macromolecule translocation are not easy to understand. They require additional experimental 

and computational studies. It is also shown that it is possible to detect small charged 

macromolecules with hydrodynamic radius lower than the radius of the nanopore. However, more 

experiments should be performed using macromolecules, nanopores with different chemical 

functions/charges and other saline solution in order to better illustrate these phenomena.  
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Figure SI1 : FTIR spectra of PEGs samples. 
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Figure SI2 : Map of the translocation events as a function of 2 among the 3 experimental 
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Nanowires with controlled porosity for hydrogen

production†

Mikhael Bechelany,* Adib Abou Chaaya, Fabien Frances, Ouardia Akdim, Didier Cot,
Umit B. Demirci* and Philippe Miele

Porous nanowires are of great interest for applications in solar cells, thermoelectrics, gas sensors, fuel cells

and catalysis. Here we report on a general methodology for NWs with highly ordered connected

macroporosity using a low-cost and scalable synthesis method based on the combination of hard

templating with electrodeposition. The greatly improved catalytic performance of these porous NWs

(ca. 600% increasing compared to dense NWs) in the hydrolysis of ammonia borane makes them

exciting materials for the implementation of hydrolytic boron hydrides as hydrogen carriers for fuel cell

applications.

A Introduction

Global warming, depletion of the resources and increasing costs

have made fossil fuels undesirable for our future. Alternative

solutions have been searched for and intense research has been

dedicated to hydrogen.1 Of the solutions envisaged, liquid-

phase hydrogen storage materials (e.g. aqueous solutions of

hydrolytic boron hydrides, hydrazine or formic acid) are

attractive by the fact that, in the presence of a metal-based

catalyst and under mild conditions, they are able to liberate

hydrogen.2 Catalytic hydrolysis of ammonia borane has partic-

ularly attracted a great deal of attention3 and most of the works

focused on developing cheap and reactive metal-based cata-

lysts.2 Cobalt is representative of that; it is known as one of the

less expensive metals and its reactivity can be improved via

various strategies. An efficient approach to tune the reactivity of

a catalytic material like cobalt is nanostructuring:4 e.g. mono-

disperse nanoparticles,5 nanoparticles dispersed onto a

support,6 core–shell particles,7 and alloys.8,9

From the abundant literature dedicated to catalysis in

hydrolysis of ammonia borane, it stands out that the catalytic

activity can be enhanced by (i) increasing the specic surface

area of the catalysts and (ii) preventing the nanostructures

agglomeration.4 Both are key factors, and our nanostructured

catalysts (discussed herein) were developed accordingly.

Moreover, in order to improve the performance of nano-

materials in environmental, health and renewable energy

applications, a lot of research is devoted to understand the

effect of size, morphology, organization, crystallinity and

porosity on the performance of the target devices.10 Nanodesign

of materials, with hierarchical nanometric channels,11 con-

taining both interconnected macroporous and mesoporous

structures, is under investigation for a wide range of applica-

tions in different elds such as solar cells,12 hydrogen genera-

tion13 and sensors.14 Among these nanomaterials, porous

nanowires (p-NWs) have attracted a lot of attention because they

present the advantages of both 1D nanostructures and high

surface area materials. Different methods have been investi-

gated for the synthesis of p-NWs including hard templating,15

block-copolymer self-assembly,16 dealloying,17 and hydro-

thermal growth.18

The present work describes the synthesis of Co NWs with

highly ordered connected macroporosity using an easy process

based on hard templating (track etched polycarbonate

membrane and polystyrene spheres) together with electrode-

position. Track etched polycarbonate membranes19 as well as

colloidal crystals20 are widely investigated as hard templates

due to their easy synthesis process and commercial availability.

Our study reveals a high performance of these hierarchical

nanostructures in the hydrolysis of ammonia borane. With

proper control of the size of the NWs, the macroporosity

dimension as well as the connection between the macropores,

the mass transport and the surface area along the materials

mass can be tuned and/or improved. In other words, nano-

designing the porosity inside the NWs may provide a solution

for the synthesis of practical catalysts for ammonia borane

hydrolysis and H2 generation as well as for applications in

different elds such as solar cells,21 thermoelectrics,22 gas

sensors,23 and fuel cells.24
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B Materials and methods

1 Materials

Ammonia borane (AB, NH3BH3) from Sigma Aldrich, 97%, was

stored and handled in an argon-lled glove box (MBraun

M200B, H2O < 0.1 ppm, O2 < 0.1 ppm) to prevent the sample

from moisture and air. Cobalt(II) chloride hexahydride

(CoCl2$6H2O), sodium chloride (NaCl), boric acid (H3BO3),

potassium iodide (KI), iodine (I2), ethanol, chloroform and

toluene were purchased from Sigma Aldrich and used as

received. Ultra-pure deionized water (Milli-Q grade; resistivity >

18 MU cm) was used to dissolve AB. Commercially available PS

microsphere suspension (radii ! 500 nm, 100 nm, 50 nm, and

35 nm, 4 wt% aqueous dispersion) was bought from Duke

Scientic. WhatmanCyclopore polycarbonate membranes

(25 mm membrane diameter and 13 mm membrane thickness)

with different pore diameters from Aldrich were used.

2 Synthesis of porous NWs

A commercially available polycarbonate membrane is used as

the nanoelectrode. In a typical experiment, a 200 nm thick gold

layer serving as the back electrode is evaporated using a

physical vapor deposition (PVD) process onto one side of the

membrane. Additionally, the specimens are immersed in water

at 80 "C for 30 min in order to activate the alcoholic functions

(–OH) and carboxylic acid groups (–COOH) on the surface of the

membrane and inside the pores. 20 mL of PS nanosphere

suspension (4 wt% aqueous dispersion) are diluted with an

equal volume of ethanol and deposited (drop-by-drop using a

micro-pipette) onto the surface of the membrane. The

suspension is then dried in air at room temperature for 30

min, and the spheres self-assembled into a close-packed

colloidal crystal structure with three-dimensional ordered

lattices via attractive capillary forces inside the pores

membrane. Aer drying, the PC membrane with PS is heated

in an oven (at 110 "C for 10 min) to sinter the PS and adhere it

to the membrane pores. Electroplating is done in a glass cell,

with a reference electrode and a counter-electrode consisting

of a Pt grid. The porous nanowires (p-NWs) formation, which

takes place inside the pores of the membrane, is carried out at

#2 V from a 1 M CoCl2, 6H2O + 0.7 M H3BO3 + 0.11 M NaCl

aqueous solution, without agitation and at room temperature.

By subsequently dissolving the PC membrane and the PS

spheres in chloroform and toluene, freestanding p-NWs are

obtained. !15 mg of NWs has been obtained in a typical

experiment.

The NWs are then observed by scanning electron microscopy

(SEM, S-4800, Hitachi), Energy-dispersive X-ray spectroscopy

(SEM, S-4500, EDX-Thermosher), X-ray diffraction (PAN-

AlyticalXpert-PRO diffractometer equipped with a X'celerator

detector using Ni-ltered Cu-radiation), BET (Micromeritics

ASAP-2020), and XPS (performed at “Science et Surface”, in

Ecully, France, using a PHI Quantera SXM spectrometer

equipped with an Al Ka, hn ¼ 280 eV, 47.7 W; the spectrometer

binding energy (BE) scale was calibrated using the position of

C 1s core level, 284.8 eV).

3 Hydrolysis of ammonia borane

The hydrogen generation measurement by hydrolysis of AB is

performed as follows. The catalyst (15 mg) is introduced into

the reactor consisting of a glass tube (27.5 mL) sealed with a

silicon septum. The reactor is then placed in a water bath

thermostated at 50 "C and connected to a water-lled inverted

burette. An acidic and a cold trap are put between the reactor

and the burette to condensate ammonia and steam. An aqueous

solution of NH3BH3 (1 M) is prepared. To start the hydrolysis,

4 mL of the NH3BH3 solution (ca. 120 mg of the hydride) is

injected into the reactor. The H2 evolution is then measured.

Actually, the experiment is video-recorded so that the H2

generation is analyzed aerwards. The hydrogen generation

rates (HGRs) in mL min#1 are calculated by dividing the H2

volume (ideally, at 50% of conversion of NH3BH3) by the time

necessary to reach this volume; a HGR inmLmin#1 gCo
#1 is also

calculated by dividing by the weight of the cobalt catalyst.

C Results and discussion

The schematic view in Scheme 1 illustrates the processes

involved in the formation of the p-NWs with highly ordered

connected macroporosity. The p-NWs have been obtained by

combining self-assembly of polystyrene spheres together with

electrodeposition. Aer evaporating a thin gold layer serving as

the back electrode on the PC membrane, the specimens are

immersed in water at 80 "C for 30 min in order to activate the

alcoholic functions (–OH) and carboxylic acid groups (–COOH)

on the surface and inside the pores of the membrane. The PS

nanosphere suspension is deposited onto the surface of the

membrane. The suspension is then dried. The PS spheres self-

assemble into a close-packed colloidal crystal structure with

three-dimensional ordered lattices via attractive capillary forces

inside the membrane pores. The PC membrane with the PS

spheres is heated in an oven (at 110 "C for 10 min) to sinter the

PS and adhere it to the membrane pores. The membrane is then

xed with the electrode facing down onto a conducting

substrate (Al plate) and the opposite area is exposed to the

electrolyte. Electroplating is done in a glass cell, with a reference

electrode and a counter-electrode consisting of a Pt grid. The

p-NW formation, which takes place inside the pores of the

Scheme 1 Schematic view of the synthesis route for p-NWs with controlled

connected macroporosity.
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membrane, is carried out at #2 V from a 1 M CoCl2$6H2O + 0.7

M H3BO3 + 0.11 M NaCl aqueous solution, without stirring and

at room temperature. By subsequently dissolving the PC

membrane and the PS spheres in chloroform and toluene,

freestanding p-NWs are obtained.

The NWs were then observed by scanning electron micros-

copy (Fig. 1). Fig. 1a shows that the electrodeposition of Co

inside the membrane channels followed by the membrane and

spheres elimination creates a close-packed array of aligned and

monodispersed p-NWs (see the movie in the ESI†). No residual

carbon was observed aer membrane and sphere dissolution as

attested by EDX characterization (Fig. 1d). The XRD diffraction

of the porous Co NWs is shown in ESI SI1.† The diffraction

peaks correspond to (100), (002) and (101) of the hexagonal

phase of cobalt that is generally observed for materials elabo-

rated by electrodeposition.25 The SEM image (Fig. 1c) of the

backside of a part of the membrane shown in Fig. 1 clearly

shows that these parallel and straight NWs are porous (see the

movie in the ESI†). The as-produced NWs show a uniform

radius (r ¼ 500 nm), which matches that of the PC membrane

channels.

Fig. 1c shows that 3D ordered macropores are formed inside

the submicron wire structures. These macropores are the

replication of the 100 nm radius ordered PS spheres. Fig. 1b

shows that smaller holes appeared to connect the macropores

between them; these holes result from the contact between the

original PS spheres. Our 1D nanostructures consist then in

hierarchical submicron wires. The macropores are all con-

nected together with holes.

The advantage of this PC membrane/PS sphere patterning

method compared to other lithographic methods is that it is

simple and fast. In addition, both the diameter of the NWs and

the size of the connected macroporosity can be controlled to a

certain extent so that pattern variations can be easily achieved.

By modifying the size of the PC membrane pores, p-NWs of

different diameters can be obtained and, effectively, were

elaborated in the present work. Fig. 2a and Fig. 2b and c show

p-Co NWs obtained by using PC membranes with r ¼ 100 nm

and r ¼ 200 nm, respectively. The radius (R1) of the PS spheres

was xed to 35 nm. By changing the size of the PS spheres, we

obtained Co p-NWs with different macroporosity. Fig. 2d and e

show the Co p-NWs obtained by using PS spheres of R1 ¼ 50 nm

and R1 ¼ 100 nm, respectively, inside PC membrane pores with

r ¼ 200 nm. Fig. 2f shows Co p-NWs resulting from using a PC

membrane with r ¼ 2500 nm and PS spheres of R1 ¼ 500 nm.

We note here that it is also possible to tune the porosity

inside the single p-NWs. Fig. 3a and b show SEM images of

porous Co NWs obtained by inltrating a PC membrane of r ¼
500 nm with a suspension of PS spheres (R1 ¼ 35 nm) followed

by a PS suspension of R2 ¼ 100 nm. Fig. 3b and c show p-Co

NWs obtained by inltrating a PCmembrane of r¼ 500 nmwith

a suspension of 50% PS spheres (R1 ¼ 100 nm) and 50% PS

spheres (R2 ¼ 35 nm). Fig. 3d shows p-NWs resulting from the

inltration of a PCmembrane of r¼ 2500 nm with a suspension

of 50% PS spheres (R1 ¼ 500 nm) and 50% PS spheres (R2 ¼
35 nm). It is also possible to tune the connected holes (meso-

porosity) inside the NWs by heating the PS spheres at different

times and different temperatures.26

The specic surface S1 (m2 g#1) of non-porous NWs is

reported below (see ESI SI2†):

S1

!

m2 g#1
"

¼
2

D

#

1

r
þ

1

L

$

(1)

where r is the NW radius, L is the NW length and D is the cobalt

density.

For p-NWs inltrated with one size of PS spheres, the specic

surface S2 (m
2 g#1) is (see ESI SI3†):

S2

!

m2 g#1
"

¼

pO2

2R1
#

1#
pO2

6

$

&D

þ
2

D

#

1

r
þ

1

L

$

(2)

where R1 is the PS sphere radius and D is the cobalt density.

Assuming that we use two kinds of different size PS spheres

R1 and R2 (R1 > R2), the specic surface area S3 (m
2 g#1) is:

Fig. 1 (a–c) SEM images at different magnifications of Co p-NWs obtained by

using a PC membrane with r ¼ 500 nm and PS spheres with R1 ¼ 100 nm and (d)

EDX spectra of the resulting Co NWs before (red spectrum) and after (black

spectrum) elimination of PC/PS.

Fig. 2 SEM images of Co p-NWs obtained by using (a) PC membrane with r ¼
100 nm and PS spheres with R1 ¼ 35 nm, (b and c) PC membrane with r¼ 200 nm

and PS spheres with R1 ¼ 35 nm, (d) PC membrane with r ¼ 200 nm and PS

spheres with R1 ¼ 50 nm, (e) PC membrane with r ¼ 200 nm and PS spheres with

R1 ¼ 100 nm and (f) PC membrane with r ¼ 2500 nm and PS spheres with R1 ¼
500 nm.
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The theoretical calculation of the specic surface area is

detailed in the ESI (SI2, SI3 and SI4†) and is in agreement with

another more elaborated model developed elsewhere by Cooke

and Rowe.27 The calculated specic surface area for typical

nanostructures is summarized in Table 1. This table shows that

the NW diameter, the macropore sizes and the surface areas can

be tuned in a wide range using PC membranes and PS spheres

with different radii. The specic surface areas have been

conrmed for some selected samples using the BET method

(ESI SI6†) and they are reported in Table 2. The experimental

measurements by BET of the surface area of the p-NWs are

slightly superior to the calculated values. This phenomenon

could be attributed to the Co NWs roughness induced by the

small Co nanocrystallites produced by electrodeposition (XRD

measurement; ESI, SI1†). The comparison of calculated surface

areas, BET results and the experimental measurements of the

hydrogen generation rate for different non-porous and porous

Co NWs are summarized in Table 2. The hydrogen evolutions

for non-porous and porous Co NWs are presented in Fig. 4a. As

expected, bringing a porosity to the Co NWs (r ¼ 100 nm; blue

curve vs. r ¼ 100 nm and R1 ¼ 35 nm; red curve) signicantly

improves the reactivity of the catalyst. The p-NWs hydrolyze

totally ammonia borane within 90 min whereas with the non-

porous NWs the conversion reaches sorely 33%. Hydrogen

generation rates of ca. 0.5 and 3.4 mL min#1 were calculated,

respectively. The improvement is concomitant with the increase

of the specic surface area (Table 2), and is in agreement with

Özkar's observations.4 Because of the magnetic properties of

cobalt, the non-porous and p-NWs were analyzed by XPS (ESI;

SI5†) in the presence of the polycarbonate membrane and/or PS

spheres (i.e. before its destruction). Carbon in high contents

was thus detected. The presence of oxygen may be attributed to

mainly O]C bonds (O 1s binding energies 531.5–532.2 eV), and

in a lesser extent to O–Co bonds (O 1s binding energies 530.1–

530.3 eV) and to O–B bonds (O 1s binding energies 533.0–

533.7 eV). The last attribution is conrmed by the binding

energies (192.3–192.4 eV) measured for the boron element (B

1s).28 With respect to Co 2p3/2, the binding energies (781.3–

781.6 eV) are ascribed to an oxidized state, which likely occurred

post-synthesis.28 The same samples were then analyzed aer

being used in a hydrolysis experiment. The characterization was

performed aer a thorough washing with deionized water. No

difference was observed in comparison to the fresh samples,

except for the fact that, as generally observed with the cobalt

catalysts,28 more boron in the borate form are found aer

hydrolysis. For example, its content on the surface of the p-NWs

was found to be higher than 25 at.%, whereas it was less than

1 at.% before hydrolysis.

The reactivity of the p-NWs was compared. The hydrogen

evolutions are shown in Fig. 4b. First, we varied the radius of the

Fig. 3 SEM images of Co p-NWs obtained (a) by infiltrating a PC membrane of r

¼ 500 nm pore with a suspension of PS spheres (R1 ¼ 35 nm) followed by a PS

suspension (R2 ¼100 nm), (b and c) by infiltrating a PC membrane of r ¼ 500 nm

with a suspension of 50% PS spheres (R1 ¼ 100 nm) and 50% PS spheres (R2 ¼
35 nm) and (d) by infiltrating a PCmembrane of r¼ 2500 nmwith a suspension of

50% PS spheres (R1 ¼ 500 nm) and 50% PS spheres (R2 ¼ 35 nm).

Table 1 Calculated surface area for non-porous NWs, Co p-NWs with one size of

PS spheres and Co p-NWs with two sizes of PS spheres

NWs radius
(r) [nm]

First PS spheres
radius (R1) [nm]

Second PS spheres
radius (R2) [nm] S [m2 g#1]

100 2.26

100 35 29.76
200 1.14

200 35 28.64

200 50 20.34

200 50 35 102.63

500 0.466

500 35 27.966

500 50 19.66
500 100 10.086

500 50 35 101.956

500 100 35 64.956

2500 0.107

2500 50 19.307

2500 100 9.727

2500 500 2.027

2500 100 35 64.597
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PS spheres (R1) while keeping constant the radius of the NWs

(i.e. r ¼ 500 nm). With the decrease of R1 from 100 to 50 nm,

thus of the pores size, the reactivity of the catalysts is improved:

2.2 (yellow curve) and 2.7 mL min#1 (violet curve), respectively.

This is consistent with the increase of the specic surface area

(Table 2), and conrms the results discussed above. Second, we

varied the radius of the NWs (r ¼ 500 and 2500 nm) while

keeping constant the radius of the PS spheres (i.e. R1 ¼ 50 nm).

The as-obtained materials showed similar specic surface areas

(Table 2). Such a change was however detrimental to the reac-

tivity of the NWs. The hydrogen generation rate decreased, with

values of 2.7 (violet curve) and 2 mL min#1 (green curve),

respectively. This may be explained by mass transport limita-

tions. With a radius of 2500 nm, the diffusion path is long and

the ammonia borane molecules have more chances to hydrolyze

on the reactive surface of the rst hundred nm than to diffuse

up to the NW core. From these results, we can conclude that (i)

the increase of the specic surface area of the NWs by providing

an internal porosity is an efficient approach to gain catalytic

reactivity, and (ii) the radius of the NWs is a critical factor due to

diffusion limitations. Therefore, we believe that the reactivity of

the NWs could be further tuned by mixing PS spheres with

different diameters; such a work is in progress.

D Conclusions

In summary, we have investigated a novel route to produce NWs

with highly ordered macroporosity by the combination of elec-

trodeposition and hard templating (PS nanospheres and PC

membrane). The process allows a good tuning of the porosity,

the specic surface area and the radius of the obtained Co NWs.

A signicantly improved catalytic performance in the hydrolysis

of ammonia borane has been observed. In this study we have

elucidated a correlation between the radius, the porosity size

and the specic surface area of the Co NWs, and the catalytic

activity. We can conclude that the increase of the specic

surface area of the NWs, which is provided by the porosity, is an

efficient approach to gain catalytic reactivity, and that the

radius of the NWs seems to be a critical factor likely due to

diffusion limitations. This method opens the door for the

synthesis of a wide range of metallic and semiconducting NWs.

The technique we propose herein is versatile since we are able to

synthesize metal NWs and bimetallic NWs with different

compositions using electrodeposition, but also oxide and non-

oxide using, for instance, atomic layer deposition. The possi-

bility of tuning the surface area, the size of the connected

macroporosity, and the chemical composition should allow the

applications of these p-NWs in other elds such as sensors,

photocatalytic, and photovoltaic applications.
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A highly efficient gold/electrospun PAN fiber
material for improved laccase biocathodes for
biofuel cell applications†

D. Selloum,‡ab A. Abou Chaaya,‡a M. Bechelany,a V. Rouessac,a P. Mielea

and S. Tingry*a

We explore for the first time the ability of a three-dimensional polyacrylonitrile/gold material prepared by a

low-cost and scalable synthesis method, based on the combination of electrospinning and sputtering, as a

new material with large surface area to provide high loadings of enzymes to enhance the electrochemical

performances of enzyme electrodes in biofuel cells (BFCs). An ethanol/O2 BFC has been developed based

on enzymatic reactions performed at both the cathode and anode with immobilization of the respective

enzymes and mediators on the three-dimensional nanostructured electrodes. The power density

delivered is 1.6 mW cm!2 at 0.75 V, which is five times the power density delivered by the BFC built on

flat bioelectrodes. The greatly improved performance of these synthesized nanostructured electrodes

makes them exciting materials for their implantation in biofuel cell applications.

A Introduction

Biofuel cells (BFCs) have recently attracted considerable atten-

tion for the conversion of chemical energy to electricity through

biological catalysts immobilized on electrodes.1 There are two

types of BFCs depending on the nature of the catalyst to perform

redox reactions at the electrodes: enzymatic BFCs use enzymes1,2

and microbial BFCs use bacteria.3,4 These devices are built from

the assembly of a bioanode, which oxidizes the fuel substrate,

and with a biocathode which reduces the oxidizer. Enzymatic

BFCs operate with fuels such as glucose, ethanol, methanol and

oxidant as oxygen. An important aspect of the performance and

stability of these devices is the density of electrochemically active

enzymes on the electrode.5 In recent years, effort has beenmade

to develop new materials for integrated enzyme electrodes that

maximize enzyme loading and move from the classic two-

dimensional loading to highly ordered three-dimensional

structures with improved enzyme stabilization.6 Some new

materials have been explored for electrodes in BFCs based on

carbon materials such as single wall7 and multiwall8 carbon

nanotubes, carbon nanobers,9 and carbonber papers10 as well

as on gold materials such as gold nanoparticles (NPs) loaded on

macroporous gold electrodes11 or on carbon paper.12 For

instance, very promising results have been obtained for glucose

biofuel cells with generated power densities of 1.3 mW cm!2 at

0.6 V with compressed carbon nanotube matrices,13 or 1.39 mW

cm!2 at 0.77 V with electrodes based on Au nanowires electro-

chemically grown inside the pores of anodized aluminium

oxide.14 A few ethanol biofuel cells have also been developed

based on dehydrogenase enzymes immobilized on carbon ber

paper as commercial conductive materials.10,11,14,15,32 Alcohol

fuels are oxidized to aldehydes in the presence of alcohol dehy-

drogenase and NAD+ as cofactor at the anode. At the cathode,

oxygen is reduced in the presence of the enzymes laccase or

bilirubin oxidase. For example, works on BFCs reported

maximum power output of 1.56 mW cm!2 at 0.55 mV15 and 0.39

mW cm!2 at 0.51 mV10 with the cofactor NAD+ in solution.

In this work, contrary to reported ethanol BFCs based on

commercial carbon ber papers, we have explored the synthesis

and the ability of a three-dimensional polyacrylonitrile material

prepared by electrospinning combined with sputtering as a new

nanostructured material. This material offers a large surface

area to provide high loadings of enzymes to enhance the elec-

trochemical performances of enzyme electrodes in BFCs. Elec-

trospinning is a unique process that effectively produces a mat

of small bers with controllable compositions and sizes in a

matter of minutes from a variety of polymer precursors.16 This

brous structure affords an easy handling and a high specic

surface area compared to bers obtained by a conventional

spinning method. Electrospun nanober mats are durable and

easily separable and can also be processed in a highly porous

form to relieve the mass-transfer limitation of the substrate

through the mats.17 Because of these attractive features,
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electrospun nanobers have generated much attention as

supports for enzyme immobilization. To immobilize enzymes

on electrospun nanobers, many approaches have been used,

including graing enzymes on a ber surface that possesses

reactive groups, physical adsorption, and incorporation of

enzymes into nanobers via electrospinning followed by

crosslinking reactions.17,18 This new approach of enzyme coat-

ings on non-conductive nanobers, yielding high activity and

stability, presents potential applications in the elds of bio-

catalysts for polymer synthesis, biosensors and biocatalysis/

separation.18 However, only a few studies describe the immo-

bilization of redox enzymes, such as catalase19,20 and peroxi-

dase,21 on poly(acrylonitrile-co-acrylic acid) nanobrous

membranes lled with carbon nanotubes to confer a conduc-

tivity to the membrane and to increase both the amount and the

activity retention of the enzymes.

In this paper, we show that starting from a polymer solution,

sub-micron bers are synthesized using the electrospinning

technique. With the aim of improving BFC electrical perfor-

mances, we present a method for the preparation of a new

material based on this electrospun PAN material modied by a

thin lm of gold obtained by sputtering in order to make these

nanobers conductive materials. Carbon nanoparticles mixed

with the enzyme laccase are loaded on the macro-porous ber

mat and the resulting electrode is proposed for the rst time as

an effective O2 reduction biocathode. Laccase is considered as

an attractive biocatalyst to reduce molecular oxygen to water at

very high redox potentials.22–25 The resulting Laccase/Au/PAN

biocathode is then associated with an alcohol dehydrogenase/

Au/PAN bioanode to construct an ethanol/O2 biofuel cell with

enhanced power output.

B Materials and methods
Materials

Polyacrylonitrile (PAN) (Mw ¼ 150 000) and dimethylformamide

(ACS reagent, $99.8%) were purchased from Sigma Aldrich. p-

Type (100) silicon wafer was obtained from MEMC Korea

company. Laccase from Trametes versicolor (20 U mg!1 solid),

diaphorase (3–20 U mg!1), alcohol dehydrogenase (300 U

mg!1), b-nicotinamide adenine dinucleotide sodium salt

(NAD+), 2-methyl-1,4-naphthoquinone VK3, acetone, poly-

ethyleneimine (PEI), 2,20-azinobis(3-ethylbenzothiazoline-6-

sulfonate) diammonium salt (ABTS), Naon® solution (5 wt%),

potassium hexacyanoferrate(III) (K3(FeCN)6), sodium phosphate

dibasic dihydrate (Na2HPO4$2H2O) and sodium phosphate

monobasic monohydrate (NaH2PO4$H2O) were purchased from

Sigma-Aldrich and used without further purication. The

phosphate buffer was prepared with Na2HPO4$2H2O and

NaH2PO4$H2O (pH 5, pH 7 or pH 9, 0.1 M).

Carbon nanoparticle powder as Super-P (0.04 mm grain size,

specic surface area 62 m2 g!1) was purchased from TIMCAL.

Electrode design

Electrospinning solution was prepared by dissolving 10 wt%

(weight ratio) of PAN in dimethylformamide. The solution was

maintained under agitation for 1 hour and then heated in an

80 #C oil bath for 10 min. The polymer solution was electrospun

at room temperature in an ambient air atmosphere under an

applied voltage of 25 kV with a ow rate of 3 mL h!1 using a

0.7 mm diameter syringe connected to the positive output of the

generator. An aluminum disk placed 25 cm from the tip of

the syringe was related to the negative output of the generator.

The electrostatic eld applied between the syringe and the disk

collector provides the transformation of the droplet to a Taylor

cone. The droplet is then stretched under the electrostatic eld

to form a net submicron ber aer the evaporation of the

solvent. The electrospinning machine is a home-made machine

using an HPx 600 605 generator (physical instruments) and a

KDS 100 syringe pump.

The schematic process for the design of the electrode is

reported in the ESI (Fig. S1a†). Silicon wafer was cut into (10$ 20

mm2) pieces and was xed on the aluminum disk using carbon

glue. Electrospinning was performed for 5 min in order to cover

the Si substrate with homogeneous nanober layers. Aer elec-

trospinning, PANnanobers werexed tightly on the Si substrate

using carbon glue in order to ensure mechanical adhesion and

electrical connection between PAN nanobers and the support

substrate (Fig. S1b, ESI†). Gold coating was performed using

sputtering (Edwards Scancoat Six) in an argon plasma discharge.

Operating conditions were: working pressure 10!1 mbar, voltage

1.7 kV, substrate temperature close to 20 #C, and current 10 mA.

The deposition timewas adjusted to obtain the desired thickness

of gold. Aer gold sputtering, an operating window was dened

on the substrate using Kapton tape (Fig. S1b, ESI†).

Electrode characterization

The structural and chemical compositions of the Au/Si elec-

trodes were analyzed by scanning electron microscopy (SEM,

S-4800, Hitachi), energy-dispersive X-ray spectroscopy (SEM, S-

4500, coupled with a Thermosher EDX detector), X-Ray

diffraction (PANAlyticalXpert-PRO diffractometer equipped

with an X'celerator detector using Ni-ltered Cu-radiation). The

thicknesses of Au layers were measured on Si substrates using a

Semilab GES5E spectroscopic ellipsometer (extended visible:

1.23–5 eV). The ellipsometric measurements were carried out at

a xed incident angle of 75#, close to Brewster's angle for the

silicon substrate, and a variable wavelength between 300 nm

and 1 mm. Then the experimental tan (j) and cos (d) data were

tted using Winelli II soware using a single homogeneous

layer Au adjusted model to obtain the lm thicknesses with a

goodness of t over 0.999 in the full wavelength range.

The measurements of electrical conductivity were performed

by the two point contacts method in which 2 contact pads were

connected on the testing sample surface. A constant current was

applied through the outer current probes using an EG&G

Instrument (Princeton Applied Research). The voltage drop

across the two inner voltage probes was measured. The elec-

trical resistivity R was calculated from the slope of the I–V curve

then the conductivity G ¼ 1/R was extracted.

Electrochemical measurements were performed on a

potentiostat Autolab (Eco chemie, Netherlands) at 25 #C in

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 2794–2800 | 2795
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phosphate buffer, with a conventional three-electrodes system

composed of a stainless steel auxiliary electrode, a calomel

saturated reference electrode and the electrode material as the

working electrode. Cyclic voltammograms were measured in

K3(FeCN)6 (10 mM) at pH 7 with a scan rate of 10 mV s!1.

Polarization curves were determined in dioxygen-saturated

phosphate buffer at pH 5 aer stabilization of the biocathode

open circuit potential. For the electrochemical characterization

of the biofuel cell, the biocathode was set as the working elec-

trode while the bioanode was plugged as the counter-reference

electrode. The two bioelectrodes were separated by a Naon®

117 peruorinated membrane. The cathode compartment of

the cell contained 40 mL phosphate buffer solution 0.1 M, pH 5

saturated with O2. The anode compartment of the cell con-

tained 40 mL phosphate buffer 0.1 M solution pH 9 with 160 mL

ethanol. The equilibration time was maintained for 5 min

before data collection to reach the maximum open circuit

potential.

Bioelectrode preparation

The biocathode to be employed in the electroreduction of

oxygen was prepared by adsorption of enzymes and mediators

on the surface of the electrodes by drop casting. 333 mL of lac-

case (15 mg mL!1) and Super-P (15 mg mL!1) in phosphate

buffer 0.1 M (pH 5) solution were mixed on a vortex mixer.

Sequentially, 100 mL of the solution was mixed with 90 mL ABTS

(5.4 mg mL!1) and 10 mL Naon. 10 mL of the resultant solution

was coated onto the dened area of the Si/PAN/Au electrode

(geometrical surface ¼ 0.15 cm2) and the electrode was dried at

room temperature and kept in a low humidity environment. The

enzyme loading was estimated to be 75 mg cm!2.

The bioanode to be employed in the oxidation of ethanol was

prepared by adsorption of successive coatings separated by a

drying step at room temperature. 167 mL of ADH (30 mg mL!1)

and Super-P (15 mg mL!1) in phosphate buffer 0.1 M (pH 7)

solution were mixed on a vortex mixer and 10 mL of the obtained

solution was pipetted onto the electrode and dried at room

temperature. The same procedure was conducted for the

immobilization of NAD+ (30 mg mL!1) and then diaphorase (20

mg mL!1). The last coating on the electrode consisted of

pipetting 10 mL of VK3 (60 mg mL!1), 190 mL acetone and 10 mL

PEI, followed by drying.

C Results and discussion
Characterization of the PAN/gold electrospun nanobers

Fig. 1(a) shows the SEM images of electrospun nanobers (NFs)

on Si substrates aer gold deposition. These images indicate a

conformal diameter (%200 nm) of the nanobers obtained by

this method. The PAN/Au NFs develop a rough surface with Au

nanoparticle diameters less than 20 nm as attested by HRSEM

images (Fig. 1a). In our case, thin layers of Au were deposited by

PVD (physical vapour deposition) through the PAN nanober

mat. We choose to use the sputtering (which provides a high

mobility of Au atoms) instead of thermal or electron beam

evaporation (which provides a line of sight vapor stream). In

fact, the high mobility of the Au atoms as well as the high

porosity of the mat during the sputtering process will enable the

Au to cover the entire nanober mat except where the PAN

nanobers contacted each other resulting on a mat of conduc-

tive PAN/Aumaterials.26,27Due to the shadowing effect related to

our deposition technique, the gold coating will not cover a

single PAN nanober by a homogeneous way from both sides.

However as shown in the SEM image (Fig. S2,† ESI cross-

section), the gold will cover all the PAN NFs and will reach the Si

electrode surface ensuring a good electrical contact between the

NFs and the substrate.

EDX measurement (Fig. 1b) was performed on the sample in

order to evaluate the chemical composition. The presence of Au,

C and N can be observed. XRD (Fig. 1c) shows peaks at 2q ¼

38.18, 44.39, 64.6, 77.6 and 81.7# corresponding to (111), (200),

(220), (311) and (222) of the centered cubic phase of gold, as

generally observed with the gold materials deposited by sput-

tering.26 The crystallite size calculated using the Scherrer

formula is %14 nm, which matched well with the SEM obser-

vations. The benet of PAN was illustrated by cyclic voltam-

metry with the evolution of ip as the peak current and DEp as the

separation between the oxidation and reduction peak poten-

tials. As shown in Fig. 1d, the presence of PAN notably improves

both the anodic peak current by 2.5 times and the reversibility

of Fe(CN)6
3!/Fe(CN)6

4! as DE decreases from 200 to 170 mV,

suggesting that the effective electroactive area and the elec-

tronic conductivity are increased, which is due to the 3D

nanostructure of the electrospun PAN bers.

Inuence of deposition parameters

The results of the ellipsometric measurements of Au thin lm

thicknesses deposited by sputtering on a at Si substrate are

reported in Table 1. Gold lm thicknesses of 70, 142, 213 and

284 nm were obtained respectively for 300, 600, 900 and 1200

seconds of sputtering that corresponds to an average growth

rate of 14.2 nm min!1.

Fig. 1 (a) SEM images at different magnifications of PAN/Au NFs

obtained by electrospinning for 240 s followed by sputtering for 600 s;

(b and c) EDX spectra and XRDpattern of the resulting PAN/AuNFs, and

(d) cyclic voltammetry of 10 mM K3Fe(CN)6 at Au electrodes and PAN/

Au electrodes in phosphate buffer pH 7; the scan rate is 20 mV s!1.
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XRD diffraction patterns of Au/PAN/Si electrodes with

different thicknesses of gold layers are shown in Fig. 2e. It was

found that the thinnest samples (Au thickness of 70 nm)

showed weak X-ray diffraction peaks at 2q ¼ 38.18 and 44.39

that can result from low (<10 nm) grain size dimensions. The

increase of thickness led to the appearance of stronger XRD

peaks. For thicker samples (213 and 284 nm), strong peaks have

been observed. The growth of Au layers is assisted by the grain

size growth (Table 1) as attested by the SEM images (Fig. 2a–d).

The optimized Aulm thickness wasxed from the electronic

conduction and the electroactive area of thematerial determined

from the cyclic voltammogram of the redox probe Fe(CN)6
3! in

solution. The values ofDEp (Table 1) show that thematerials with

gold thicknesses 142 and 284 nm show the best electronic

conductivity. However, the intensity of the oxidation peak

current is unusually low for the thicker material, suggesting a

poor electroactive area for the species attributed to the presence

of cracks as attested by SEM images (Fig. S3, ESI†) resulting from

the stress of the golddepositedonPANnanobers. TheAulmof

142 nm was thus selected to prepare the effective O2 reduction

biocathode based on electrospun PAN/Au NFs.

The dependence of the increase of the PAN quantity on the

electrode characteristics was evaluated. Table 2 shows the

conductivity of PAN/Au nanobers as a function of the PAN

quantity (different electrospinning times) for the same Au

thickness. For the lms between 30 and 240 s electrospinning

times, the conductivity decreases slightly. A dramatic decrease is

observed for the 600 s electrospinning PAN time, which could be

attributed to the decrease of the thickness of gold on individual

PAN nanobers resulting from the higher surface area of the

resulting PANelectrode. This induces and results in adecrease of

conductivity as shown in the previous section. The inuence of

the PAN quantity was conrmed by cyclic voltammetry with the

redox probe Fe(CN)6
3! in solution (not shown here). The PAN

quantity of 240 s electrospinning time was thus chosen for the

electrodes that correspond to a good compromise between the

electrical conductivity and the active surface area.

Application of PAN/Au NFs as bioelectrodes in BFCs

Bioelectrodes modied by enzymes are the key for the perfor-

mance of BFCs. Since the power output can be enhanced by

using electrode materials with high surface area, the electro-

spun PAN/Au NFs were thus used as a support for enzyme

immobilization in order to prepare bioelectrodes for oxygen

reduction reaction. The combination of laccase and ABTS, used

to facilitate the electron transfer by diffusion from the active site

of the enzymes to the electrode, has been reported showing a

number of attractive features for oxygen reducing fuel cell

Table 1 Grain size, electronic conductivity DE and anodic current

density ip as a function of the Au film thickness

Sputtering
time (s)

Thickness
(nm)

Grain size
LC (A)

DE
(mV)

ipox
(mA cm!2)

300 70 98.1 220 2.20

600 142 140.89 170 2.75
900 213 147.5 200 2.60

1200 284 156.88 170 1.63

Fig. 2 SEM images at differentmagnifications of PAN/Au NFs obtained

by electrospinning for 240 s followed by sputtering of 70 (a), 142 (b),

213 (c) and 284 nm (d) of gold. (e) XRD patterns of the obtained Au/

PAN/Si electrodes.

Table 2 Electrical conductivity of PAN/Au NFs as a function of PAN

electrospinning time for an Au film thickness of 142 nm

PAN electrospinning time (s) G (ohm!1)

30 0.08

60 0.07

120 0.03
240 0.015

600 4.5 $ 10!4

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 2794–2800 | 2797
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cathodes, like a direct 4-electrons reduction mechanism,

reducing O2 completely to H2O.
28 The pathway for electron

transfer between the PAN/Au NF biocathode and O2 is illus-

trated in Fig. 3a. Electrons are transferred from the cathode to

reduce ABTSox. Next, four equivalents of ABTSred are transferred

to the four active Cu(II) ions of laccase that acquires the

necessary electrons to reduce dioxygen to water.29,30 The PAN/Au

NFs were covered on the surface by a mixture of laccase, and

ABTS entrapped in the Naon® polymer. The enzyme was

previously mixed with carbon black nanomaterials as efficient

hosts for enzymes, providing an electrical connection between

the enzymes and the electrode and providing an additional

surface area for adsorption of active laccase.6,17

The electrochemical response of the constructed biocathode

(based on the geometric surface area) in phosphate buffer

solution pH 5 under O2 is shown in Fig. 3b and compared to the

control biocathode prepared by the same immobilization

technique on a thin lm of gold in the absence of PAN NFs. No

current response towards O2 was observed at electrodes in the

absence of laccase (data not shown). From the polarization

curves, the oxygen reduction current begins at 0.59 V vs. ECS,

without overpotential, and the current densities feature a semi-

plateau that indicates the control of the electrocatalytic reaction

by diffusion of the oxygen to the electrode surface. The elec-

trospun PAN ber biocathode shows the highest performance

increase (3 mA cm!2) by 3-fold compared to the control. This

result can be attributed to the porous structure of the PAN that

affords a close contact between the electrode material and the

enzymes, and relieves the mass-transfer limitation of the

species through the mat. This result shows the high benet and

the future applications of electrospun bers to increase the

performances of enzyme electrodes. In addition, the stability of

the biocathode was also investigated (Fig. 3c) from the evolution

of the polarization curve on the same day and aer keeping the

electrode in a humid atmosphere at 5 #C for 3 and 6 days.

Successive scans lead to a loss of 17% of the initial electro-

chemical activity. This loss increases to 36% and 42% aer 3

and 6 days, respectively, associated with a lower open-circuit

voltage value Voc ¼ 0.55 V. This phenomenon is mainly attrib-

uted to ABTS leaching from the matrix.14 The direct wiring of

laccase on gold/PAN bers without any addition of ABTS was

evaluated but the biocathode activity towards O2 reduction

showed very low current densities (Fig. S4, ESI†).

In order to have a clear idea on the effect of electrospun PAN/

Au NFs on the performance of a biofuel cell, the present bio-

cathode was evaluated with respect to a bioanode prepared in a

similar manner based on alcohol dehydrogenase (ADH), and

the complete BFC was evaluated towards ethanol fuel. Ethanol

is oxidized to aldehyde in the presence of ADH and its cofactor

NAD+. The regeneration of the cofactor is well achieved using an

additional redox protein diaphorase which operates efficiently

in the presence of the mediator VK3.
31 In this work, the immo-

bilization technique afforded the entrapment of all the reactive

species at the electrode surface. The electrochemical behavior

of the PAN NF bioanode (based on the geometric surface area)

has been studied in phosphate buffer solution pH 9 (Fig. S5,

ESI†) and compared to the control bioanode made on a thin

lm of gold. The bioanode exhibits activity for ethanol oxida-

tion with a Voc of around!0.3 V vs. ECS and a current density of

3.4 mA cm!2. However, the evolution of the polarization curves

with time and aer keeping the electrode in a humid atmo-

sphere at 5 #C for 10 days shows a stable Voc but a pronounced

loss of current densities mainly due to the loss of NAD+ (as

adding NAD+ in solution leads to 85% of the initial electro-

chemical activity).

The complete BFC was tested in the presence of a membrane

to separate the two bioelectrodes and operated with only

ethanol in the anode compartment and dissolved oxygen in the

cathode compartment. Fig. 4 shows the cell voltage and the

resulting power density of the ethanol/O2 BFC versus the current

density. In the absence of electrospun PAN NFs on the gold

electrode, the Voc of the cell is 0.90 V and the polarization curve

shows a potential drop corresponding to activation losses which

Fig. 3 (a) Schematic pathway for electron transfer between the PAN/

Au NFs and O2. (b) Polarization curves of a biocathode with and

without PAN NFs in O2-saturated phosphate solution (pH 5, 0.1 M).

Scan rate 3.3 mV s!1. (c) Stability of the PAN/Au NFs bioelectrode

evaluated from polarization curves plotted the 1st day after repeated

scans, after 3 h, and the 3rd and 6th days.

Fig. 4 Typical cell voltage (,) and resulting power density (D) versus

current density of the constructed laccase biocathodes with respect to

ADH bioanodes, built with andwithout PAN/Au NFs in compartmented

BFC. Scan rate 3.3 mV s!1.
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are the consequence of sluggish electrode kinetics. As expected,

the BFC based on electrospun PAN/Au NFs presents a higher Voc
(0.99 V) but especially a region of ohmic polarization signi-

cantly extended from 1 to 0.7 V, followed by clear mass transport

limitation of ethanol and O2 through the lms identied at

current densities around 2.2 mA cm!2. The maximum power

density delivered is 1.6 mW cm!2 at 0.75 V, which is ve times

the power density delivered by the BFC built from bioelectrodes

without PAN/Au NFs. The higher current densities measured for

the nanobers-modied electrodes are attributed to the porous

structure of the PAN/Au that contributes to high enzyme load-

ings and to efficient mass-transfer of the species through the

mat. The steady-state behavior of the BFC was also evaluated

from the power curve obtained at constant load discharges

(Fig. S6, ESI†). In that case, the BFC efficiency is lower due to the

equilibrium time to reach the steady state that contributes to

the instability of the bioanode.

The ethanol/O2 BFC, developed in this work, works from

enzymatic reactions performed at both the cathode and anode

with immobilization of the respective enzymes on three-

dimensional nanostructured electrodes synthesized by our

group. Although comparison with the literature is not

straightforward, this ethanol/O2 BFC presents high and

competitive efficiency with reported ethanol/O2 BFCs based on

the modication of commercial conductive materials as carbon

ber paper.10,11,32,33

Conclusions

In summary, the introduction of electrospun PAN NFs/Au to

construct bioelectrodes provides a high surface area for enzyme

immobilization and a better conductivity that result in reduced

ohmic losses under polarization conditions. A signicantly

improved performance in the BFCs has been observed. We can

conclude that the increase of the specic surface area of the

electrode, which is provided by the network of the PANNFs, is an

efficient approach to improve the power density of the BFCs.

However, the immobilization procedure was not sufficiently

efficient to prevent the leaching of the redoxmediatorsNAD+ and

ABTS that contributes to a low stability of the BFCs with time.

The possibility of tuning the surface area, the conductivity,

and the chemical composition should allow the applications of

these nanostructured electrodes in other elds such as sensors,

hydrogen production,34 and photocatalytic and photovoltaic

applications.35
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