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4�DE��	�>��C�B4>CC������A�C�%E���A�C�EDE�B��C�D�,�B����ZAD�,��2D��D������CF����C���C�4>C�E��C�E���DC�
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D"�B� solide
gE � �%D��A��C���A��C��C�CD�!��	��	DB��CB������F� ** , he mm 	DCC�C��!!�B��"�C�A�������B���E����

A������F� or εε , ���	����"���C����D��"�����A��"�A�F����D(�E�A����D��D���B���F�A�D���C�+��C��A�D��A���
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gE �A�	�E�����������%D��A��EDE�B��C�D��A���EA����D��DC��A���D�ED�����	/	��A��

	D����D�� 	DCC�!�� -�� C�B�EA� ���	�� 	�E���� ���� ��� %D�� �!!�B��!� A�� �D� �D���B���� �C�� �E"��C�	�E��

���������EE������\����D�%	�E������C��������D(�E���A�	�E������B�E��D���F��������C��	�����	�F��E����	���

A�D���DB���E� B����	���EE�� �E���� ��� ����� ��� �����B���EF� � �E%�EA��� �E�� A�	�E����E� A�� %D�� ���C���� ��
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function  []= transformqxdefinitif(fichier,nbligne,counttime ,min,max)  
  
%On charge la ref dans la matrice Ref  
load barewater.txt ;  
xr = barewater(:,2);  
yr = barewater(:,1);  
zr = barewater(:,3);  
Ref=zeros(255,1290);  
for  i=1:327406  
     Ref(abs(yr(i)-255)+1,xr(i)+1)=zr(i end  
  
  
%On charge le doc à analyser dans la matrice M  
load fichier.txt ;  
x = fichier(:,2);  
y = fichier(:,1);  
z = fichier(:,3);  
M=zeros(255,1290);  
for  i=1:nbligne  
     M(abs(y(i)-255)+1,x(i)+1)=z(i end  
  
  
%On soustrait la ref de M en faisant bien attention  au temps de comptage  
  
S=(M/counttime)-(Ref/10); %ici pas  pb de count time 30 vs 10  
  
 
%définition de qx  
qxO=232.5;  
qzO=130;  
u=zeros(nbligne,1);  
thetaf=zeros(nbligne,1);  
qx=zeros(nbligne,1);  
alphaf=zeros(nbligne,1);  
qz=zeros(nbligne,1);  
for  j=1:nbligne  
    u(j)=x(j)-qxO;  
    thetaf(j)=u(j)/(219*2);  
    qx(j)=4*pi*(13.3/12.4)*sind(thetaf(j));  
     
    alphaf(j)=(y(j)-qzO)/219;  
    qz(j)=2*pi*(13.3/12.4)*sind(alphaf(j));  
     
end ;  
clims = [ min max ]; %échelle en z 
 
%imagesc(S,clims);pour afficher espace réel  
imagesc(qx,qz,S,clims);  
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 Colloidal semiconductor nanocrystals or quantum dots (QDs) 
have the appealing property to emit at a tunable wavelength 
determined by their chemical composition and size. These 
characteristics make them attractive for applications in lighting 
and fl at-panel displays. Solution-processed quantum dot light 
emitting diodes (QDLEDs) open the way for the low-cost fabri-
cation of color saturated displays. [  1  ,  2  ]  The electroluminescence 
spectra of QDLEDs exhibit a narrow bandwidth (full width 
at half maximum  ∼ 30 nm) and QD-based displays offer high 
color purity and saturation. Despite these unique characteris-
tics and recent research breakthroughs, some drawbacks need 
to be overcome to achieve mass production of QDLEDs and QD 
displays. At present, cost reduction and improved homogeneity 
of the QD layers are among the main challenges. Because of 
their high molecular weight, QDs cannot be evaporated like 
small molecules used in organic light emitting diodes (OLEDs). 
Prepared in colloidal solution, they are commonly spin-coated 
onto devices with the goal to achieve one or a few monolayers, 
the low thickness being required for effi cient charge injection 
into the emissive QD layer. The spin-coating process involves 
a large loss of material and the used solvent must not dissolve 
underlying layers, which limits its choice. Also, in many cases 
poor homogeneity of the deposited layers is observed, which 
has a strong impact on device color purity and effi ciency. Here 
we present a new cost-effi cient technique overcoming all these 
issues. 

 Since the fi rst hybrid QDLED presented by Colvin et.al. in 
1994 where CdSe nanocrystals were embedded in a  p -para-
phenylene vinylene (PPV) layer, several research groups have 
tried to improve device performances. [  3–8  ]  It was realized that 
in order to take full advantage of the outstanding emission 
properties of QDs, it is necessary to deposit them in a compact 
and homogeneous fi lm avoiding voids, grain boundaries, and 
interstitial spaces. [  1  ]  If this layer is non-continuous, emission 
can occur outside the QD fi lm, decreasing both the device color 
purity and device effi ciency. Furthermore, if the roughness of 
the QD fi lm is too high, micro short-circuits can appear, which 

are also detrimental for the device performance. In the past 
15 years, several techniques have been implemented to control 
both thickness and roughness of QD fi lms, as briefl y described 
in the following. Spin coating has been tested fi rst either with 
pristine QD solutions or with polymer matrices doped with 
QDs. [  4–6  ]  Unfortunately, despite the simplicity of this technique, 
the roughness and homogeneity of QD layers were only poorly 
controlled and performances remained low. In 2002, Coe-
Sullivan et.al. implemented a phase segregation approach to 
form homogeneous QD monolayers by spin coating a blend of 
hole-transporting small molecules of  N , N ′-diphenyl- N , N ′-bis(3-
methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD) and QDs. [  7  ]  
They observed the self assembly of QDs above the layer of 
small molecules and obtained improved performances, namely 
a luminance of 2000 Cd m  − 2  at 125 mA cm  − 2  and an external 
quantum effi ciency (EQE) of 0.4%. [  7  ]  However, in addition to the 
low cost effi ciency of spin coating based deposition processes, 
the required solvents interfere with the use of sub-layers made 
of evaporated small molecules, whose cohesion is only main-
tained by weak van der Waals forces. Therefore either polymers 
have to be used as sub-layers in combination with the choice of 
an appropriate set of orthogonal solvents, or other techniques 
have to be found to deposit QDs on evaporated layers without 
damaging them. [  8  ]  

 In this context Kim et al. proposed in 2007 a solvent-
free stamping method to form a homogeneous QD mon-
olayer fi lm. [  9  ]  In the fi rst step, QDs were spin coated on a 
poly(dimethylsiloxane) (PDMS) stamp covered with parylene 
C. The obtained QD fi lm was transferred onto the hole trans-
port layer (HTL) of the device. Colored pixels were achieved by 
patterning PDMS and stamping QDs of different sizes on the 
same device. This example was the fi rst demonstration of incor-
porating QDs in an evaporated small molecule stack yielding 
improved performances. For red devices, the reported EQE was 
2.3%. [  10  ]  Nevertheless, one disadvantage of this method is the 
requirement of parylene C as a protective layer above PDMS. 
Indeed, PDMS is swelled by non-polar solvents such as toluene 
and chloroform, commonly used to disperse QDs. [  11  ]  Parylene 
C prevents this swelling but requires an additional costly step 
of chemical vapor deposition. Furthermore, the wastage of QDs 
during spin coating on the stamp, the QD layer inhomogeneity, 
and the relatively small size of the stamped devices remain 
problems to be solved. 

 Keeping in mind all mentioned constraints, we implemented 
a new method combining both stamping and the Langmuir–
Schaeffer technique. [  12  ]  We will demonstrate that this choice 
enables us to profi t from the advantageous features of both 
techniques. The main steps of our approach are presented in 
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 Figure    1  . First, in order to form a QD monolayer, a Langmuir 
trough in hydrophobic Tefl on is used. A known quantity of 
QDs is dispersed in chloroform and spread on the surface of 
deionized water. Typically, only 30  µ L of a 10 mg mL  − 1  solu-
tion are required, which is much less material consuming than 
in the case of the spin-coating process where commonly mil-
liliters of colloidal solution are used. Moreover, this quantity is 
enough to cover a 200 cm 2  area. After the evaporation of chloro-
form, the barriers are closed to compress the nanocrystals and 
form a compact fi lm. The surface pressure is monitored with 
a Wilhelmy plate and compression is performed until a given 
surface pressure of typically 30 mN m  − 1  is achieved. A PDMS 
stamp (without parylene C) is then approached horizontally to 
the surface and gently pulled out of the water. After drying, the 
QDs are ready to be stamped on devices by regular stamping 
and subsequently layers of organic materials and the metal 
electrode can be evaporated. After the fi nal step of encapsula-
tion, electro-optical tests can be performed.  

 Some advantages deserve to be highlighted. First, our 
process is an organic-solvent-free method and QDs can be 
stamped on various substrates, in particular on LED stacks con-
taining small molecules. Moreover, a large variety of QDs can 

be used: the basic requirement of immiscibility with water is 
generally fulfi lled for all types of QDs synthesized in organic 
solvents and whose stabilization is assured by steric repulsion 
induced by surface ligands with long alkyl chains. Second, the 
QD organization in large area fi lms is better controlled than 
with classical spin coating, which is very important to obtain a 
better color purity of displays. The potential of the Langmuir–
Blodgett method for the preparation of very homogeneous QD 
layers, PbS in that case, on relatively large areas (more than 
square centimeters) was demonstrated by Justo et al. [  13  ]  Third, 
the thickness of the QD layer can be controlled by the number 
of times the PDMS stamp is brought into contact with the QD 
Langmuir fi lm. High-resolution patterning is also possible by 
molding PDMS stamps before using them, which is a crucial 
point for developing full-color displays. [  1  ]  Finally, in contrast to 
spin coating, no wastage of QDs occurs in our process, leading 
to a signifi cant reduction of the QDLEDs’ production costs. 

 In order to optimize the QDs’ organization and reduce 
cracks, the formation of the QD fi lm was observed in situ 
during the compression thanks to a Brewster Angle Microscope 
(cf.  Figure    2  ) and the surface pressure was monitored in par-
allel. This microscope is based on the fact that at a given angle, 

     Figure  1 .     Step-by-step description of the developed QD deposition method. QDs are compressed and deposited on a PDMS stamp using the Lang-
muir–Schaeffer technique. Subsequently the QDs are transferred on organic materials used in a OLED stack. (HIL: hole injection layer, HTL: hole 
transport layer, HBL: hole blocking layer, ETL: electron transport layer).  

     Figure  2 .     a) In situ observation of QD compression with a Brewster Angle Microscope. b) Isotherm curve of pressure surface vs. area during compres-
sion of QDs. Inset: QD fi lm under UV light. c) Langmuir trough and Brewster Angle Microscope.  
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shows the QD monolayers after their transfer 
from the water surface to PDMS stamps. 
Importantly, the inset reveals that the transfer 
from the stamp to the device is effi cient. At 
the same time the diode layout can clearly 
be distinguished. To explain the successful 
transfer steps, we have to consider that the 
surface ligands covering the QDs (stearic acid, 
oleylamine) contain long hydrophobic chains. 
For this reason, the transfer from water to the 
stamp is energetically favorable. On the other 
hand, the surface energy of PDMS is very low 
(21.5 dyn cm  − 1 ) and therefore, when transfer-
ring from the stamp to the device, the QDs 
are “glued” onto the small molecules layer. [  14  ]     

 Finally, we implemented the described QD deposition 
technique to develop QDLEDs. A detailed description of the 
device fabrication is provided in the Experimental Section. 
In brief, on an ITO-coated glass substrate, a p-doped layer of 
2,2′,7,7′-tetra( n , n -di-tolyl)amino-spiro-bifl uorene (spiro-TTB) 
doped with tetrafl uorotetracyano- p -quinodimethane (F4TCNQ) 
has been deposited. Next, a HTL of  N , N ′-diphenyl- N , N ′-bis(1-
naphthyl)-(1,1′-biphenyl)-4,4′-diamine (NPB) was evaporated. 
The QDs were transferred onto this layer by using the method 
described above. Finally, a layer of 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP), an n-doped layer, and silver were 
thermally evaporated. Electro-optical characterizations of the 
obtained diodes are given in  Figure    5  a and  Figure    6  . The energy 
levels of the materials used in our device are represented in 
Figure  5 b. The emission of the device is dominated by the 
narrow peak of the QDs whose solution photoluminescence 
spectrum is centered at 620 nm with a FWHM of 25 nm. A 
broadening (FWHM: 35 nm) and a slight red-shift of 8 nm are 
observed in the electroluminescence spectrum. This is attrib-
uted to the fact that in the device the QDs are deposited as a 
close-packed fi lm. Charge transfer processes are affected and 
interparticle energy transfer becomes possible by this environ-
mental change resulting in apparently reduced quantum con-
fi nement. [  15  ]  When plotted on the Commission International 
d’Eclairage (CIE) chromaticity diagram, the CIE coordinates 

the Brewster angle, an incident ray of light polarized in the inci-
dence plane, is completely refl ected by the surface and can be 
collected by a camera properly placed in the refl ected ray direc-
tion. In our case, with a water surface in contact with air and a 
laser source of 532 nm, this angle is 53 ° . In Figure  2 b, a typical 
surface–pressure isotherm of CdSe/CdS/ZnS QDs is presented. 
This curve can be easily interpreted by means of the Brewster 
Angle microscopy images shown in Figure  2 a. When QDs are 
just spread on water, their behavior is close to that of a gas and 
no interaction between them is observed. At a given surface 
pressure, QDs, or more precisely QD ligands, start to touch each 
other. As the surface pressure increases liquid phase behavior is 
obtained. As soon as the QDs cannot move anymore because 
of the lack of space, they exhibit solid phase behavior. Under 
further increasing pressure the surface becomes too small com-
pared to the total surface occupied by the QDs, which leads to 
collapsing and cracking of the QD fi lm. Cracks after collapsing 
of the QD layer can be clearly observed under UV light (cf. inset 
of Figure  2 b). In  Figure    3   scanning electron microscopy (SEM) 
and atomic force microscopy (AFM) images of a QD monolayer 
transferred onto a silicon substrate reveal that at a given surface 
pressure (between 25 and 30 mN m  − 1  in this case) the QDs are 
very well organized in a compact and homogeneous monolayer. 
The surface coverage determined from SEM is at least 95% 
and the surface roughness from AFM is 3.2 nm RMS.  Figure    4   

     Figure  4 .     QD monolayers after transfer onto PDMS stamps using the 
Langmuir–Schaeffer method (left) and after transfer onto an OLED device 
(right; the device structure is visible).  

     Figure  3 .     SEM (a) and AFM (b) image of a QD monolayer transferred onto a silicon 
substrate.  

     Figure  5 .     a) Photograph of the obtained QDLED under operation (bias 
voltage: 4 V). b) Photoluminescence spectrum (blue) in hexane using an 
excitation wavelength of 405 nm and electroluminescence spectrum (red) 
showing high color purity. Maximum intensities are measured for 620 nm 
(FWHM 25 nm) and 628 nm (FWMH 35 nm), respectively. c) Energy level 
scheme of the materials used in the QDLED.  
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of a mixture of zinc ethylxanthate (2.5 mmol) in TOP (30 mL) and zinc 
stearate (7.5 mmol) in ODE (100 mL), corresponding to the estimated 
quantity for 2.5 ZnS monolayers within 45 min. 

  Langmuir Compression:  A Nima 712 trough was used to produce QD 
monolayers. Typically, 30  µ L of a QD colloidal solution at 10 mg mL  − 1  
in chloroform were dispersed on the water surface. Before closing the 
barriers at 10 cm 2  min  − 1 , chloroform was allowed to evaporate for 
3 min. During compression, a Wilhelmy plate monitored surface pressure. 
Usually, the surface pressure target was 30 mN m  − 1 . At this point, PDMS 
stamps were approached horizontally to the surface and gently pulled 
out of the water. The obtained QD fi lms were dried for 10 min in an oven 
at 70–120  ° C to eliminate water from the stamp. 

 PDMS (Sylgard 184) was prepared using a 10:1 ratio of polymer and 
curing agent. Five hours at 60  ° C were necessary to bake the mixture, 
previously molded on a silicon wafer. 

  QDLEDs:  The structure of the prepared QDLED consisted of a multi-
layer stack, comprising the emissive QD layer sandwiched between 
layers of small molecules. The latter were obtained by evaporation at a 
pressure below 10  − 7  mbar with a growth speed of approximately 1 Å s  − 1 . 
Holes are injected from the precleaned ITO anode through a 32 nm 
thick layer of spiro-TTB doped with F4TCNQ. A 10 nm thick HTL of NPB 
was added. The QDs were transferred on this layer using the method 
described above. BCP was chosen as the HBL (8 nm), and a 40 nm thick 
layer of n-doped 4,7-diphenyl-1,10-phenanthroline (Bphen) was used for 
electron injection. Finally, a cathode of silver (100 nm) was evaporated 
to complete the fabrication of the device. Before further characterization, 
the device was encapsulated with a glass cover. 

  Electro-Optical Characterizations : SEM analysis was performed using 
a Zeiss ultra-55 microscope. Electro-optical performances of QDLEDs 
were measured with a Keithley 2000 and a Spectra Scan Photo-Research 
650. All the measurements were performed at room temperature in air.  
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of our device are (0.57; 0.4) corresponding to an orange-red 
color. The low value of the QDLED turn-on voltage of 2.4 V 
shows that charge balance in the device is equilibrated. More-
over, the observed leakage current densities of 10  − 5  mA cm  − 2  
are similar to those obtained with diodes entirely composed of 
small molecules. The maximum luminance of 170 Cd m  − 2  is 
reached at 6 V and the maximum EQE accounts for 0.11% at 
2.4 V (cf. Figure  6 ). For a reference device of identical structure 
but without emissive QD layer, a maximum EQE of 0.12% is 
obtained at 4.3 V. We can therefore conclude that the compa-
rably low effi ciency results from the device architecture whose 
optimization is currently underway.   

 In conclusion, we have developed a solvent free method for the 
deposition of colloidal nanocrystals on organic materials. Using 
this method, it is possible to obtain compact and homogeneous 
QD monolayers on large substrates, which is a key point for 
developing light-emitting devices of high color purity. We have 
implemented this technique to realize a QDLED showing narrow 
emission, low turn-on voltage, and low leakage current. In view 
of its advantages, it is very likely that the described technique will 
contribute to the development of more effi cient devices in the 
future, notably through the optimization of the device architec-
ture. Combining cost-effi ciency and simplicity, it also paves the 
way for QDs to be used in displays for mass-production.  

 Experimental Section 

  Quantum Dot Synthesis:  The synthesis of CdSe/CdS/ZnS core/shell/
shell QDs has been described by Protière et al. [  16  ]  In brief, the core CdSe 
QDs were synthesized using cadmium stearate (8 mmol), stearic acid 
(184 mmol), oleylamine (66 mL, 200 mmol), and 1-octadecene (ODE, 
400 mL). This mixture was heated to 250  ° C and 100 mL of a 0.4  M  
solution of selenium in trioctylphosphine (TOP) were quickly injected 
(reaction time: 15 min). In a second step, a CdS/ZnS shell was grown 
on the obtained 4 nm CdSe nanocrystals by dispersing 5  µ mol of 
nanocrystals in a mixture of ODE (285 mL) and oleylamine (275 mL). 
At 200  ° C, a mixture of cadmium ethylxanthate (0.62 mmol) dissolved 
in TOP (7.8 mL) and cadmium stearate (1.86 mmol) dispersed in 
ODE (21.7 mL), corresponding to the estimated quantity for 1.3 CdS 
monolayers, was injected within 30 min using a syringe-pump. The 
temperature was then set to 235  ° C for 10 min, followed by the addition 

     Figure  6 .     Current density and luminance vs. voltage showing the low 
turn-on voltage (2.4 V) and weak leakage current density of the obtained 
QDLED (solid lines). The characteristics of an identical device without 
QDs are shown for comparison (dashed lines).  
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ABSTRACT 
 

Solution-based printing and coating processes have the potential to dramatically reduce 
the production costs of Organic Light Emitting Diodes. This is particularly true for Quantum 
Dots Light Emitting Diode (QDLEDs), the newborn in the field of LEDs, due to quantum dots 
price prohibiting wastage. Here, we report our latest results on the development of solution-
processed QDLEDs. We have implemented a layer by layer strategy, from a whole evaporated 
small molecule based OLED to a hybrid QDLED developed by wet deposition techniques for the 
first layers and by evaporation for the last ones. Intermediate steps are discussed in this paper. 

 First, we have worked on a poly(3,4-ethylenedioxythiophene poly(styrenesulfonate)  
(PEDOT:PSS) layer. The PEDOT:PSS formulation for inkjet printing and spin coating were 
optimised: wettability on an ITO substrate, jettability of the inkjet formulation and baking 
conditions were studied. Additives as surfactant and ethylene glycol were added to the 
commercial inkjet grade solution to improve the deposition process. As a consequence to this 
study, anisotropic conductivity of PEDOT:PSS was observed and is reported here. In particular, 
ethylene glycol demonstrated a strong ability to increase the parallel conductivity by several 
orders of magnitude, but not the vertical one. 

Then, inkjet-printed and spin-coated device performances are compared to complete this 
first study. Hybrid devices with an efficacy of 12cd/A at 4V were obtained, with 2.17 % of EQE, 
and a luminance of 4000 cd/m² at 4V. 

 Finally, we succeeded in the development of our first QDLED based on CdSe core/ CdS-
ZnS shell quantum dots emitting at a wavelength of 600nm. Quantum dots were inkjet printed, in 
order to waste as little as possible this very expensive material.  
 
INTRODUCTION 
 

Small molecules-based Organic Light-Emitting Devices (OLEDs) are well mastered in 
research teams and evaporation processes are being transferred to the industry for applications 
like cell phone screens or TV set. Nevertheless, this technique is still very expensive and difficult 
to adapt for large area and mass production. That is why a way to reduce production costs has to 
be found. One way to face this issue could be the use of solutions. Polymers or solvable 
molecules could be deposited by spin coating or inkjet printing on a drop-on-demand mode, 
which could reduce wastage of active molecules by far, from 95% in evaporation machine to a 
few percents for inkjet process. Unfortunately, it is still difficult to master material properties in 
solution-based layers. Solvents must be chosen carefully to avoid interface troubles and 
dissolution of successive layers.  

Moreover, for specific applications, it is important to have a very narrow emission 
spectrum. Quantum dots (QDs) are particularly suitable because their emitted wavelength can be 
accurately tuned by their nature and their size. We chose to study those emitters by inkjet 
printing quantum dots (QDs) of CdSe core/CsD-ZnS shell [1],[2]. 

In this work, we present our first results of hybrid OLEDs and QDLEDs, using for the 
first layers both spin coating and inkjet printing processes. 

366



EXPERIMENT 
 

 In order to develop our first QDLED, we chose to adopt a layer by layer strategy 
to validate performances of individual layers, as described in Figure 1. Values of Indium Tin 
Oxide (ITO), PEDOT:PSS and Ag work functions are indicated. We started from a reference 
OLED stack without any PEDOT:PSS and changed layers step by step. We tried to develop 
deposition methods in order to compare their electro-optical performances and choose the best.    

 
 

   
 
Figure 1: A step by step strategy for QDLED fabrication, from one polymer layer (a), to our first QDLED (b)  

 
The devices based on ITO glass substrate as anode were fabricated as follows. First, we 

compared two coating techniques for the PEDOT:PSS layer. As inkjet printing requires special 
ink formulation with some given properties, we worked with two different grades : H.C. Stark, 
Clevios Al 4083 for spin coating experiments and Clevios P JET for inkjet ones using a  DMP 
2800 inkjet printer.  

For both processes, an O2 plasma treatment is done on the ITO substrate to improve 
PEDOT:PSS wettability on ITO. A contact angle measurement (with DSA100 by Kruss) gave us 
an angle of 63° before treatment and a total wettability after 1 minute of treatment at 265W. 

PEDOT: PSS, a water soluble polymer is helpful to planarize the ITO anode and improve 
the hole injection efficiency. We focused on ink formulation and baking conditions to optimize 
our deposition conditions.  

 

 
Figure 2: PEDOT:PSS molecule 
 

Then after the first polymer layer deposition, we evaporated small molecules in the 
organic chamber of our OLED cluster deposition tool, or deposited directly quantum dots, Figure 
1.                                     

a b 



To deposit quantum dots, we used inkjet printing, one of the most appropriate technique 
avoiding as much as possible wastage of this expensive material. We prepared a solution of CdSe 
core/ CdS-ZnS shell in chlorobenzene at 4mg/ml and inkjet printed it with a drop spacing of 10 
�m. Those QDs emit mainly at a wavelength of 600nm, Figure 3 (right). 

                         
Figure 3: Schema of a Quantum Dot with its core, shell and ligands (left) and absorbance/photoluminescence 
of QDs used in this study (right) 
 

A metallic cathode was deposited through a shadow mask by vacuum thermal 
evaporation in the metallic chamber of our OLED cluster tool, at the end of the process in both 
cases.  
 
RESULTS AND DISCUSSION  
 
A study of PEDOT:PSS as a hole injection layer above ITO 
 

Because of our printer requirements (viscosity 10-12cPs, surface tension 28-33 mN/m) 
and in order to improve PEDOT:PSS conductivity [3], we added Dimethyl Sulfoxid (DMSO) or 
Ethylene Glycol (EG) to the commercial inkjet grade. We managed to improve parallel 
conductivity by 3 orders of magnitude, from 2 mS/cm to 2 S/cm, Figure 4. As DMSO and EG 
have almost the same effect, we chose to use 5% in volume of EG for viscosity requirements.  
 

 
Figure 4 Improvement of pedot: pss parallel conductivity with EG and DMSO, and methods of measurement 
of parallel and perpendicular conductivities 

Perpendicular conductivity is around 2. 10-7 S/cm, which is coherent with already 
published data [4]  .This non-commonly-known anisotropy shall have a strong impact for our 
devices, because stacks are designed for perpendicular uses. We based our baking optimizations 
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on measurements of perpendicular conductivity. We added 5% in volume of ethylene glycol and 
a non-ionic surfactant for better inkjet conditions (viscosity, surface tension), and baked at 200°C 
for 15 minutes under nitrogen for Clevios P JET. We did not change the formulation of the 
PEDOT:PSS spin coating grade Al4083 but we applied a specific curing at 100°C for 15 minutes 
under nitrogen.  
 
 Then, we compared devices made with PEDOT:PSS inkjet printed or spin coated. The 
following Figure 5 gives electro-optics characteristics for both device types. 

 
Figure 5: Current density/voltage and luminance/voltage characteristics of device (a). Black and red arrows 
indicate that curves relates to the pointed axis. The inset shows the inkjet printed devices (stack a) with 
inhomogeneities due to PEDOT:PSS deposit by inkjet printing. Optical profilometer experiment reinforces 
this aspect as void (in blue) can be observed. 
 

Figure 5 shows that PEDOT:PSS is a good injection layer. It planarizes ITO and reduces 
leakage currents due to ITO roughness. It helps to reduce the turn-on voltage thanks to its work 
function of 5 eV, Table 1. 

 
The best obtained performances, using a green phosphorescent emitter, are as follows: an 

efficacy of 12Cd/A at 4V, an external quantum efficiency (EQE) of ~2% and a luminance of 
4000Cd/m² at 4V (inset photo of Figure 5). 
 

Besides, comparing performances of inkjet printed and spin coated devices, and even 
after optimizations of both formulations in terms of conductivity and jettability, spin coated 
devices seems to be better. Leakage currents and turn-on voltage are lower, Table 1. No doubt 
that this is due to the fact that inkjet printed layers are more inhomogeneous than spin coated 
ones which causes micro short-circuits.  

 
 

 Reference stack 
without pedot:pss 

Spin coated 
pedot:pss 

Inkjet printed 
pedot:pss 

Std evaporated 
stack 

Leakage current 
density (at 1V) 

 0,3 mA/cm² 1.10-3 
mA/cm² 

7 mA/cm² 1.10-5 mA/cm2 

Turn-on voltage 
(luminance >1 cd/m²) 

3V 2,4V 2,8V Not known for 
this emitter 

Table 1: Comparison of devices performances 

Best 
hybrid 
device 

0,0001

0,001

0,01

0,1

1

10

100

1000

0 1 2 3 4

Voltage (V)

C
ur

re
nt

 d
en

si
ty
 (m

A
/c
m

²)

1

10

100

1000

10000

Lu
m

in
an

ce
 (c

d/
m

²)

inkjet printed pedot:pss

spin coated pedot:pss

reference stack



Our first QDLED 
 

The QDLED stack was ITO/PEDOT:PSS (spin coated)/QDs (inkjet printed)/Electron 
Transport Layer/Ag. In order to achieve QDs inkjet, we adapted the piezo waveforms of the 
DMP cartridge instead of modifying their formulation as we did for PEDOT:PSS. 
 
Electro-optical characteristics of this device are given in the following Figure 6. 

 
 

Furthermore, Figure 6 reveals that we have important leakage currents, probably due to 
an inhomogeneous QD layer as we can observe on AFM and SEM images on Figure 7. 
Luminance was around 100Cd/m² which is a modest value but should be easily improved with 
some optimization tests, specifically on inkjet. The electroluminescence spectrum reveals a 
narrow emission spectrum, with a FWHM of 33 nm, which is coherent with the 
photoluminescence spectrum, Figure 3. For the first structure, the FWHM was 76nm.  
 
 

     
Figure 7: Observation of QD layer by AFM (left) and SEM (right) 
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Figure 6: Current density/voltage characteristics and electroluminescence spectrum of device (b). The inset 
photo shows the emitting QDLED 



In the future, optimization of our deposits will be studied. We will try to homogenize 
surfaces of QD layers using a new method of deposit based on stamping. Moreover, we will 
work on hole injection layers, optimizing inkjet parameters (QD concentration, drop spacing, 
printing strategy) and polymer formulations. Trials with new grades of PEDOT:PSS and new 
kinds of polymers are planned. We will also try to add a hole transport layer to make it easier for 
holes to reach the QDs layer for recombination. AFM and SEM studies will help us to 
understand links between electro-optical performances and roughness.  

CONCLUSIONS  
 

In summary, our first PEDOT:PSS based OLED gave us a good starting point to develop 
a QDLED. We studied different wet processes, and even if inkjet printing gave us lower 
performances than spin coating for PEDOT:PSS, this technique remains very interesting from an 
economical point of view, specifically for quantum dots deposit. Our first fabricated QDLED 
demonstrated encouraging characteristics which should be enhanced by working on inkjet 
printing parameters like drop spacing, QDs concentration and solvents. 
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