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Résumeée

Cette theése porte sur la réalisation de photodetecteurs infrarouges combinant des nanocristaux
colloidaux de HgTe et des résonateurs plasmoniques. Dans le cas des photodétecteurs a base de
nanocristaux, l'utilisation de résonateurs est particuliérement bénéfique en raison du transport
a courte distance résultant du caractére polycristallin du film. En effet, dans un réseau de
nanocristaux de HgTe, le mécanisme de « hopping » limite la longueur de diffusion des porteurs
a quelques dizaines de nanomeétres, une longueur significativement plus courte que la
profondeur d’absorption du matériau. Cette décorrélation entre les longueurs caractéristiques
de I'absorption et du transport conduit a un compromis entre I'absorption optique et I'efficacité
de la collecte de charges. Les résonateurs plasmoniques permettent la manipulation de la
lumiére a des échelles inférieures a la longueur d'onde. Ils peuvent ainsi étre exploités pour
focaliser la lumiere sur des films de nanocristaux ultrafins compatibles avec le transport de
charges. Dans ce travail de thése, nous démontrons une amélioration des performances des
détecteurs grace a l'utilisation de résonateurs. De plus, nous montrons que des fonctionnalités
avancées, comme la modulation électrique de la photoréponse des dispositifs, peuvent étre
obtenues en couplant les nanocristaux avec des structures plasmoniques. Le transport par
hopping, souvent considéré comme une limitation pour les dispositifs optoélectroniques, est
dans ce cas un ingrédient bénéfique. Enfin, une photodiode avec une architecture basée sur des
résonateurs plasmoniques sera présentée. Le dispositif obtenu est parmi les photodétecteurs a
nanocristaux les plus sensibles et les plus rapides rapportés jusqu'a présent dans le moyen
infrarouge a température cryogénique. De plus, nous démontrons que larchitecture
plasmonique utilisée permet d’obtenir une réponse multi-longueur d’'onde, reconfigurable avec
la tension. De nouvelles fonctionnalités peuvent aussi étre démontrées avec ce dispositif, telles
que la réjection de bande et la bidirectionnalité du courant.

Mots clés : infrarouge, nanocristaux colloidaux, HgTe, structures photoniques, photonique
active, réponse reconfigurable.



Abstract

This thesis focuses on the use of optical nanostructures in nanocrystal-based infrared
photodetectors. Integrating optical structures into photodetectors has been demonstrated to
improve the devices' speed and sensitivity. In the case of nanocrystal-based photodetectors,
using optical resonators is particularly beneficial. Indeed, because of the hopping mechanism,
carrier diffusion lengths in a nanocrystal array are several times shorter than the material's
absorption depth. This limited transport leads to a trade-off for the thickness of nanocrystal
films between optical absorption and charge collection efficiency in photodetectors. Optical
nanostructures enable the manipulation of light at subwavelength scales. They can thus be
exploited to focus light on ultrathin nanocrystal films compatible with carrier transport. In
addition to the enhanced performance of the sensing devices, we also show that advanced
functionalities can be generated by coupling nanocrystals with optical structures. Such
functionalities result from the bias-reconfigurable photoresponse of the devices. We show that
hopping transport, often seen as a limitation for optoelectronic devices, is a crucial ingredient
for bias reconfigurability and the design of active photoconductive nanocrystal devices. Lastly,
a combination of a photodiode structure and plasmonic resonators will be presented. The
obtained device is among the most sensitive and fastest mid-wave infrared photodetectors
reported so far based on colloidal nanocrystals operating at cryogenic temperature.
Furthermore, we demonstrate that combining our plasmonic structures with a single diode
stack can generate a multicolor bias reconfigurable response and introduce new functionalities
such as band rejection and current bi-directionality.

Keywords: infrared, colloidal nanocrystals, HgTe, photonic structures, active photonics,
reconfigurable response.



Acknowledgements

First of all, I would like to thank Jean-Pierre Hermier, Riad Haidar, Agnés Maitre, Roman
Krahne, and Jean-Christophe Lacroix for accepting to be members of my jury and for their
interest in my work.

[ am grateful to my PhD advisors, Angela and Emmanuel, for giving me the opportunity to work
on this fascinating project and for their supervision and countless support over the last three
years. My PhD journey would not have been so enjoyable without their confidence and
encouragement for my work.

I am thankful to Carlo for always being friendly and supportive. I am always impressed with his
deep knowledge of device physics and enthusiasm for scientific discussions. I would like to
thank Yanko for many helpful and joyful conversations. I thank Djamal for always being willing
to help and the instruction for many experiments.

I am lucky enough to work with many great collaborators. I want to thank Grégory Vincent and
Baptiste Fix from the ONERA for many interesting scientific discussions and for their efforts
with SNOM measurements. I wish to acknowledge Christophe Delerue from IEMN, Lille, for the
tight-binding simulation that helped us understand the Stark effect in HgTe quantum dots.
Thanks to Alexei Baranov from IES, Montpellier, for providing the 2.5 um laser diode for
response time measurements of the broadband detectors. Thanks to Armel Descamps-Mandine
from Centre de MicroCaractérisation Raimond Castaing, Toulouse, for the magnificent cross-
sectional image and EDX mapping. Last but not least, thanks to Yoann Prado, who provided
excellent nanocrystals that are a central part of this work.

I am also grateful to all the cleanroom technical teams I worked with during this PhD. Thanks
to Erwan and Loic from INSP for keeping the cleanroom running and providing a pleasant
working environment. At ENS, thanks to Michael for teaching me ebeam lithography and for
helping me become familiar with other equipment; thanks to José for his help with RIE and for
always being supportive.

I would like to acknowledge as well all the members of the QUAD team at LPENS and the OCN
team at INSP for making my PhD experience very enjoyable. Andy, for introducing me to the
COMSOL Blog, where I am still learning more about electromagnetic simulation. Thomas, for
teaching me the very first measurements with FTIR and infrared alignment. Audrey, for many
tips and tricks with lithography and much knowledge about device characterization, you
showed me how to carry out my PhD! Charlie, for the ink recipe that I (and everyone in the
OCN team) still follow today, for many interesting discussions on measurements, for Blender
ideas, for the football game tickets, for your delicious cakes, and so on. Adrien, for showing me
how to build a diode and always being in a positive mood. Corentin, for the unlimited jokes and
interesting stories. Mariarosa, for sharing (and suffering in) the same office, for the inspiration
in fine arts, for the food experiences, and for being Italian. Huichen, for introducing me to the
best spicy (and affordable) foods in Paris. Erwan, for being so pleasant to work with. Claire, for
always being friendly. Rodolphe, for the football jokes and discussions. Nicolas, for many
interesting conversations and for your food passion. Debora, for always being so kind and easy



to talk to. Further thanks to other past and current members from both teams, in random
orders: Junling, Sang Soo, Prachi, Stefano, and Eva from the OCN team; Mohsen,
Mohammadreza, Jihye, Marta, Usama, Livia, Hamza, Azzurra, (young) Thomas, Etienne,
Grégoire, Joel, Jiawen, and Francesco from the QUAD team. It has been a great pleasure and
privilege to work with these wonderful people.

These three years would not be possible without the support of my friends and family, who
helped me keep a balance between work and personal life. I am thankful to Phwong, my
girlfriend, for always being the nicest, most supportive, and most optimistic person I can share
everything with. Many thanks to Christian for showing me around in Miinster, for the fantastic
Dortmund game, for being so open-minded with food, and for many other unforgettable
memories. Thanks to Juliana for letting me take care of the birds (and Christian) from time to
time, for many great chats and stories, and for always making me feel so welcome. Thanks to
Joaquin for being so fun, for helping me with the mice traps, and for having great lunchtimes
together. Thanks to Zixin for many great conversations about life and physics and for teaching
us how to make dumplings. Thanks to Linh for nearly 10 years of friendship, for hosting me in
Cologne, and for many deep and shallow conversations. Thanks to Thanh, Ptrc Anh, Thai, anh
Huy for the long walks around Paris talking about various important topics that I can(not)
remember. Thanks to many other Vietnamese friends in France for many great moments
together and for making me feel at home from the time I began my master's here until today:
T4, Mit (Duyén), Quy, Trac, Minh, Van Anh, 2 Yén, Hoan, anh Dtrc, chi Nga, Phong, and Mai.
From more than 10,000 km away, [ am grateful to my dear friends in Viet Nam: Quéang, Huyén,
Hoa, Ptrc Anh, for many discussions about life and carrier, for their presence at the right
moments, and for reminding me about where I come from.

Finally, I want to especially thank my parents, who have always been there for me. Con cam on
b6 me vi ludn ting ho con trén con dwong ma con da chon! Con mong rang nhirng nd lwe nay
sé lam b6 me tw hao va hi vong rang b6 me sé tiép tuc tng hd con trén nhirng chdang dwong sap
téi!



Contents

List of abbreviations i
Preface iii
Chapter 1: Nanocrystal-based infrared photodetectors 1
1L Infrared photOdeteCtion. ..........cevuivuieiiirieieeieeeeeee et 2
LLL Historical background ............ccocevieiiirieriiiieeeee e 3
112. Photoconductors and photodiodes ...........cocceveriiririiiniiiinieeceeeeee e 4
113. FIGUIES Of TNETIL c..eviiiiieiieiieiecieeeeee ettt st et se e saeenaesneenees 8
1.2. Infrared photodetection with colloidal nanocrystals ..........ccccceeeereerienienienieniennene 12
1.2.1. Quantum confinement in NANOCTYSLALS .....c..eoueeiieriiiiiinieieeieeee e 13
1.2.2. Colloidal synthesis of NANOCTYSLALS .......ccevvieieriieiierieieeieieeeee e 15
1.2.3. Colloidal HgTe nanocryStals........cocueceeiereeieniieieseeie sttt s 16
Electronic structure and optical Properties ...........coceveeveerieneniieneniieneee e 17

TTANSPOTL PTOPETLIES ...ccueiiiiiieiiieeeitee ettt ettt et e et e ettt e et eeste e e et e e sbeeesabeesaeeeeas 18

1.2.4. Emergence of nanocrystals for infrared photodetection.........c..c.cceccecerenercnencnnene 26
Photoconductive deteCtOrsS ......cc.eiueruieriiriiiieeiieieete ettt st 26
Photodiodes.........coueiiiiiiiiiiieiee et 28
PROtOITANSISEOTS ....eeuvieiieeiieiie ettt st e s ete e e e s e saee 30

Beyond single-pixel deviCes..........ccooiiriiriiiiniiiiiiieieeeeee e 32
Challenges and objectives of this WOTK .........cccceceriririniniinininrcrsceeseee 34

Chapter 2: Photonic structure for nanocrystal-based infrared photodetectors 36
2.1 3T 8 Yo Ta 18 Ladu o) o HHS NPT 37
2.1.1. Hopping transport vs. material absorption in HgTe nanocrystals............c.ccccuenneene. 37
2.1.2. Photonic structure-enhanced NC-based infrared photodetectors ...........c..cc.e....... 38
2.2. Plasmonic cavities based on metal-dielectric-metal structure ............cccccveevveennenee. 39
2.2.1. Cavity mode resonance under TM polarization ...........cccceevueevienieniieenienieeeeieee 41
2.2.2.  Surface plasmon resonance under TM polarization...........cccceeceerierieneniienennieneenne. 43



2.2.3.
2.3.

2.3.1
2.3.2.
2.3.3.

2.4.

Chapter 3:
3.1

3.2.

3.2.1L
3.2.2.
3.2.3.
3.2.4.
3.3.
3.3.1.
3.3.2.
3.4.
3.4.1.
3.4.2.
3.4.3.

3.5

Chapter 4:

response

4.1

4.2.

4.2.1.

4.2.2.

Fabry- Perot resonance under TE polarization..........c.ccoceeveneeiinieninnncnecnenene 46

Broadband NC-based photodetectors..........cccuevueeieriieiienieerienieieeeeie e 47
Electromagnetic design for geometrical parameters...........ccocceververiereerieneeniennenn 47
Fabricating NC-based photodetector with MDM structure...........ccccceceeveereeniennnene 50
Device operation as a photoconductive infrared detector ............cceceveevierveneennnene. 53
CONCIUSION.....eiiieiieiieceee ettt e e e et e s e e e s e e beessaeense e beessaeenseenseennns 57
Bias reconfigurability in nanocrystal-based photodetectors 58
INEFOAUCEION ...ttt st 60
Bias-induced shift of the photocurrent spectrum in a plasmonic cavity................. 62
Device structure and optical Properties...........occevereeveneerienienenieneneeseeeeseeeens 62
Observation of spectral shift with applied bias ..........ccccecvevereerinienenieeeeee 64
Discussion on possible mechanisms of the spectral shift ...........cccccocenviiiininennne 66
Interplay between the transport and absorption inhomogeneity.............cccoccuenneene. 68
Spatial design of the absOrption MapP........ccceeeverieerierieiierieie e 72
Spectral design of the resonances with a metallic grating ..........c.ccccceveeevenienennnne. 73
Device CharaCteriZatiON ..........cccvieeiuieeerieeeiieeeiteeeeteeeeteeeeteeeereeeetveeeetaeeeeteeesnseeensneeens 77
Tuning spectral response with controlled charge collection .........c..cccceceverencncnnene 81
| DI Talcll =103 4 Uar= Y (o) s TSRS 83
Infrared scanning near-field optical microscopy measurements.............cceccevueneene. 84
Defining the charge collection area for bias reconfigurability...........ccccccceneenneee. 85
(@03 s el U T3 T ) o H SRS 87

Highly sensitive MWIR NC-based photodiodes with bias-selectable spectral

88
3T 8 yoTa LR Tadu (o) o USRS 89
Metallic structure to replace TCO layer in MWIR photodiode .............ccceeuennen.e. 90
Optical loss in the TCO contact of NC-based photodiodes...........cccccecverierieninnnnne. 90
Overcome optical loss in the mid infrared with metallic structures........................ 92

Optical properties of the metallic StrUCtUre ..........cceeeerieeiierierieceee e 92



| DIV TalS =103 4 (er=Va (o] s SRR RS 93

4.2.3. Device CharaCteriZation ...........cceevuieruieeieeiieeeie e et eseeeeeereesaeeebeereesreeesaeenseenaeeenns 95
Impact of the grating on optical properties of the diodes...........c.cceevreieririeniennnne. 95

Impact of the grating on electrical properties of the diodes..........ccccceceeririenenncee 97
Photodetection Performance............ccoeecuerieerienieeieniieiesieeie sttt 98

Other metals for the bottom electrodes ..........cc.cocceeverereneneneniennrreeeeee 100

4.3. Multiplexing the photodiodes for bias-selectable detection band .......................... 101
4.4. CONCIUSION ..ottt ettt et e st e s tae et e e aeesabeesse e saesaseeseessaesaneens 104
Conclusion and perspectives 105
List of publications 107

Bibliography 111



i|Page

List of abbreviations

Abbreviation Meaning
NC, NCs Nanocrystal, nanocrystals
IR Infrared
NIR Near-infrared
SWIR Short-wave infrared
MWIR Mid-wave infrared
LWIR Long-wave infrared
FIR Far infrared
TGS Triglycine sulfate
DTGS Deuterated triglycine sulfate
MCT Mercury cadmium telluride
QWIP Quantum well infrared photodetectors
QCD Quantum cascade detector
CSIP Charge sensitive infrared photodetectors
FPA Focal plane array
EQE External quantum efficiency
IQE Internal quantum efficiency
NEP Noise equivalent power
BLIP Background-limited performance
HOT High operating temperature
NETD Noise equivalent temperature difference
VB, CB Valence band, conduction band
MBE Molecular beam epitaxy
MOCVD Metal-organic chemical vapor deposition
TOP Trioctylphosphine
TOPO Trioctylphosphine oxide
TEM/SEM Transmission/scanning electron microscope
HH/LH Heavy hole/ light hole
PL Photoluminescence
EDT Ethanedithiol
DDT Dodecanethiol
MPOH 2-mercaptoethanol
DMF N,N dimethylformamide
LED Light emitting diode
FET Field-effect transistor
ITO/ FTO Indium Tin Oxide/ Fluorine-doped Tin Oxide
PMMA Poly(methyl methacrylate)
uv Ultraviolet
ROIC Readout integrated circuit
VGA Video graphics array
CMOS Complementary metal-oxide-semiconductor



ii|Page

GMR
MDM
TE/TM
SPP
AFM
EDX
FIB
MEMS
ALD
SNOM
TCO
ACN

Guided-mode resonator
Metal-dielectric-metal
Transverse electric/ transverse magnetic
Surface plasmon polariton
Atomic force microscopy
Energy dispersive X-ray
Focused ion beam
Micro-electromechanical systems
Atomic layer deposition
Scanning near-field optical microscopy
Transparent conductive oxide
Acetonitrile



iii | Page

Preface

Discovered more than 200 years ago, infrared radiation has become one of the most essential
and applicable parts of the electromagnetic spectrum. Initially motivated by the strategic
military advantages on the battlefield, infrared detection now can be found in numerous civilian
applications, including industrial, scientific, commercial, and medical purposes. However, high-
performance infrared detection primarily relies on epitaxial III-V and II-VI semiconductors,
which require expensive equipment and highly complicated processing. These factors
contribute to the extensive price of current infrared sensing devices. As a result, infrared
detection is generally regarded as an expensive technology.

Recent years have seen the emergence of colloidal nanoparticles in infrared optoelectronics.
These nanocrystals are prepared with chemical methods, thus enabling mass production of the
materials and solution-processability for device fabrication. Initial demonstrations of infrared
sensors based on colloidal materials have already shown great potential for fast and sensitive
detection. Thus, colloidal nanocrystals are a highly promising platform for the development of
cost-effective and high-performing infrared sensing devices.

Thanks to recent progress in material development, colloidal materials are now ready to be
integrated into advanced device architectures. This thesis focuses on the use of photonic
structures for light manipulation in nanocrystal-based infrared sensors. The main objectives of
this work include: (i) improving the device’s detection performance, and (ii) obtaining active
spectral response shaping through light-nanocrystal coupling. While the first goal is the ultimate
challenge for detecting systems, the second objective is a domain mostly unexplored in
nanocrystal-based infrared sensors. The ability to actively control the device’s optical response
is of great interest for infrared sensing applications since imaging contrast could be substantially
improved by tuning the device’s spectral response.

During this project, several photonic structures have been explored. A significant part of my
work involves designing and optimizing optical structures, fabricating the detectors with
material and device processing, and infrared optoelectronic characterizations.

This manuscript is divided into four main chapters. The organization and main topic of each
chapter are presented as follows.

Chapter 1 will review the historical progression of infrared detection technology and the
current status of the field. Specifically, the underlying physics and working principles of
quantum infrared photodetectors will be described. In addition, key figures of merit for
evaluating and comparing the performance of different infrared detection technologies will be
introduced.

Chapter 2 provides an overview of the current status of photonic structures for nanocrystal-
based infrared photodetectors. Subsequently, we introduce our optical structure for achieving
broadband infrared photodetection based on colloidal HgTe nanocrystals and metal-dielectric-
metal cavities.



iv|Page

Chapter 3 focuses on bias reconfigurability and presents our strategy to achieve this
functionality in nanocrystal-based infrared sensors. The field-dependent hopping transport
mechanism is a key property, which will be exploited in combination with optical resonances
generated by our photonic designs to generate actively reconfigurable photoresponse. This
approach offers a pathway toward active photonics based on colloidal nanocrystals.

Lastly, in Chapter 4, we show our strategy to optimize the optical design of a photodiode
structure. Compared to the commonly used design in which transparent conductive oxides
(ITO, FTO...) are used as electrodes, our optimized structure allows for significant nanocrystal
absorption enhancement, leading to a state-of-the-art detection performance in the mid-wave
infrared for a nanocrystal-based photodetector. Furthermore, by multiplexing an array of
plasmonic resonators on the same substrate, we show that the multicolor bias-selectable
photoresponse on a single diode stack can be obtained.
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Chapter 1: Nanocrystal-based infrared photodetectors
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1.1. Infrared photodetection

The infrared is generally defined as the spectral range with wavelengths longer than the
visible, as shown in Figure 1.1. Thus, infrared radiation is not detectable by human eyes. For
this reason, the development of infrared technology has been closely associated with military
applications, in which “see without being seen” brings significant advantages on the battlefield.
However, several civilian applications also benefit from infrared. Non-military uses of the
infrared involve telecommunications, spectroscopy, facility inspections, biological analysis,
and environmental monitoring. Therefore, there is a great interest in making these
technologies cost-effective and accessible beyond specific military uses.

10 1 0.1

— — i :

Visible NIR SWIR  MWIR LWIR FIR
—_— e

y Wavenumber (x103 cm™)

| p——t—t— it Wavelength (um)
1 3 8 10 15 100
Figure 1.1: The infrared range in the electromagnetic spectrum. Subdivisions of the

infrared are also presented. The top axis provides relevant values in the unit of wavenumber
(cm™).

As the infrared covers a broad spectrum of wavelengths, it is typically subdivided into smaller
bands with specific bandwidths. A typical subdivision scheme includes:

e The near-infrared (NIR) covers the wavelength range from 0.7 to 1.4 um. Applications
of NIR detection involve astronomical spectroscopy, remote sensing for Earth
monitoring, food inspection, and telecommunication.

e The short-wave infrared (SWIR) is typically defined from 1.4 to 3 um. SWIR is important
in fiber optics communication (the wavelength range 1530 — 1550 nm) and active
imaging. Furthermore, some objects are transparent in the SWIR but not in the visible,
such as silicon. Therefore, SWIR is also used in wafer inspection in semiconductor
industry.

e The mid-wave infrared (MWIR) expands from 3 to 5 ym. The main interest in this
spectral range comes from the atmospheric transparency window, which allows
thermal imaging without significant loss caused by the ambiance.

e The long-wave infrared (LWIR) deals with wavelength range from 8 to 15 ym where
complete passive imaging of objects with temperatures higher than room temperature,
such as the human body, can be implemented.

e The far infrared (FIR) covers the wavelength range above 15 uym. This range is also
useful for passive thermal imaging. In addition, FIR spectroscopy is used in astronomy
to study galaxies and large energy sources.

The significance of the infrared for applications has led to the development of various detection
technologies. This section will briefly review the historical progression of infrared detection
and the current status of the field. Specifically, the underlying physics and working principles
of quantum infrared photodetectors will be described. Finally, key figures of merit for
evaluating and comparing the performance of different infrared detection technologies will be
introduced.

Chapter 1: Nanocrystal-based infrared photodetectors
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1.1.1. Historical background

The first experiment of infrared detection can be traced back to 1800 when William Herschel
used a prism to refract and detect light beyond the red part of the visible spectrum. In this
experiment, infrared radiation has been measured through temperature increase in a
thermometer. Although most detectors used for infrared detection in the XIX century were
based on thermal effect, as early as 1850, Antoine Becquerel observed that some materials
respond to light by generating an electrical current [1]. This observation can be seen as the
first experimental demonstration of semiconductor detectors. However, it took almost one
century to physicists to develop the quantum theory of condensed matter, which could explain
Becquerel's observation satisfactorily.

Element under copyright, unauthorized distribution
Figure 1.2: Infrared photodetectors developed in the 20th century. From reference [2].

Nowadays, although various technologies for infrared photodetection have been developed,
the classification of detectors based on their working principles remains. Photodetectors are
commonly divided into two main categories:

o Thermal detectors, which are based on a temperature change of the active material
under infrared illumination. This change in temperature leads to changes in physical
properties, which can be evaluated electrically. Typical thermal detectors include:

- Thermopiles, whose working principle is based on the thermoelectric effect [3]. A
thermopile is usually an array of thermocouples connected in series. Voltage is
generated in response to temperature difference, which is caused by infrared
thermal radiation (i.e., black-body radiation).

- Pyroelectric detectors (e.g., TGS and DTGS crystals), which are based on the
pyroelectric effect [4].

- Bolometers, whose electrical resistance depends on the temperature [5]. The active
material of a bolometer is typically a resistor with a large temperature coefficient of
resistance. As a result, incident infrared radiation could heat the detector and
causes a significant change in the resistance.

e Photoconductive and photovoltaic semiconductor detectors, or photon detectors, in
which optical transitions between quantum states cause variations in the material’'s
electrical conductivity. This group can be further subdivided into:

- Interband detectors, which operate based on optical transitions between the
conduction and valence bands, thus involving two kinds of carriers, electrons and
holes: HgCdTe (MCT) [6], IlI-V-based photodiodes (InSb, InGaAs) [7], [8].

- Intraband detectors, which rely on transitions between subbands within the same
band (i.e., either conduction or valence band), thus are influenced by only one type
of carriers: quantum well infrared photodetectors (QWIP) [9], quantum cascade
detectors (QCD) [10], charge sensitive infrared photodetectors (CSIP) [11].

The development of infrared detectors began first with thermal detectors. Thomas Seebeck
discovered the thermoelectric effect around the 1820s and demonstrated the first
thermocouple soon after. Around 1829, Nobili built the first thermopile consisting of various
thermocouples in series. Themopiles became the most popular infrared detectors until the
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introduction of Langley’s bolometers around the 1880s. The newly developed bolometers were
more compact, more sensitive, and faster than all other infrared devices known at the time.

The development of semiconductor photodetectors only began in the XX century with the
invention of quantum physics and progress in materials science, specifically in semiconductor
manufacturing. The first infrared photoconductors, based on a compound of Thallium and
Sulphur (TI:S), were developed by Theodore Case around the 1920s [12]. However, these
detectors present a high level of instability with high noise, low saturation threshold, and
ultimately lack of reproducibility [13]. The 1950s saw the introduction of lead salt polycrystalline
photodetectors for the SWIR from 1.3 to 3 ym. The materials were produced with vacuum
evaporation and chemical processes [14], followed by a sensitization step. Indium antimonide-
based detectors (InSb), which work in the MWIR from 3 to 5 ym, were developed a few years
after.

The rapid progress in semiconductor alloys at the beginning of the 1960s led to the
introduction of various narrow-gap materials, including InAsSb, PbSnTe, and in particular,
HgCdTe (MCT). The first detectors based on MCT alloys present a strongly tunable bandgap,
enabling infrared photodetection up to 12 ym [15]. Until now, MCT remains the most widely
used material for infrared photodetection.

Intraband photodetectors appeared in the 1980s thanks to the advancements in growth
processes, which enabled the development of heterostructure semiconductors with
unprecedented levels of purity. The QWIP based on GaAs/AlGaAs was first demonstrated
during this period [9]. With respect to MCT, GaAs/AlGaAs quantum wells present numerous
advantages, including the use of mature processing technologies, well-controlled growth
process for large wafers, thus higher fabrication yield and lower cost, and more thermal
stability. Fundamentally, QWIPs possess very fast response. However, due to the nature of
intraband transitions, QWIP generally have low quantum efficiencies (see section 1.1.3) and
narrow spectral response band.

It should be noted that progress in photodetectors was not only made from the material side
but also from device architecture development. Particularly, a lot of attention has been paid to
integrating infrared materials onto focal plane arrays (FPA) for infrared imaging. Figure 1.2
summarizes the main achievements in infrared sensing technologies of the last century.

1.1.2. Photoconductors and photodiodes

As mentioned in the previous section, the most widely used infrared photodetectors are
currently based on interband transitions. According to their charge separation mechanisms,
these devices are further separated into two classes: photoconductors and photodiodes. This
section recalls the physical phenomena behind the working principle of these device operation.

Photoconductors

In photoconductors, incoming photons with energies higher than the material’s bandgap cause
the generation of electron-hole pairs. This results in an increase in the conductivity of the
material, which is called photoconductivity. The generated charges contribute to the flowing
current in the circuit, which increases as a function of the photon flux (i.e., light intensity).
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Figure 1.3: Photoconductive devices. a. Simplified band diagram of a photoconductive
detector under applied bias. Upon light absorption, the charge carriers are generated. Electron
and hole extractions occur thanks to the applied bias. b. Typical current-voltage (I-V)
characteristics of a photoconductor under the dark and illumination conditions. The |-V curve
shows a typical Ohmic behavior.

A typical energy scheme for photoconductors is illustrated in Figure 1.3a. Upon light
absorption, the photon’s energy is transferred to an electron-hole pair in the photoconductor,
which will be extracted by the applied bias. In the absence of Schottky barriers, the typical
current-voltage characteristic of a photoconductor is linear (i.e., Ohmic behavior), as
presented in Figure 1.3b. In the absence of the incoming light, the I-V curve features the
device’s dark current, which is also present in the device’s total current (i.e., dark current +
photocurrent) when being illuminated. Dark current is the main noise source that leads to the
limited sensitivity of detecting devices.

It is possible to establish the relationship between the material’s physical properties and the
photogenerated current in a photoconductive device [1]. Consider a thin slab of
photoconductor with dimension w x | x d, as indicated in Figure 1.4.

The irradiance at depth z into the semiconductor can be written as
¢(2) = poexp(—az) (1.1)

where ¢, is the flux of incident photons and «a is the absorption coefficient of the
semiconductor. The generation rate (in cm2 s?) of electron-hole pairs under illumination is
given by [1]

Gop(2) = apoexp(—az) (1.2

Chapter 1: Nanocrystal-based infrared photodetectors



6|Page

Photon

v 2 y

_—

w
Zp oy \
T
X =
Figure 1.4: A photoconductive detector under illumination.

Assuming the material under consideration is a p-type semiconductor, the population of
electrons governs the photoconductor operation. The generated carriers, with volume density
An, face two possibilities: they recombine or will be extracted by the applied electric field. The
equation that describes this mechanism is written as

An d? _ _
—— D@An = Gop(2) = apoexp(—az) (2.3)

T

where 7 is the electron lifetime, and D is the diffusion coefficient.

Solving equation 1.3, the total generated carrier over the semiconductor volume can be
obtained. Assuming the current only flows in the direction of the applied bias, z, the number
of generated carriers per unit surface is given by

Apor = fod An(z)dz = tpyexp(—ad) (1.4)

If we neglect the carrier inhomogeneity in the z direction, the photocurrent density is expressed
as

jphoto = AngorepeE/d = T@peu.Eexp(—ad)/d (1.5)

where E = V/l is the transverse electrostatic field, e is the elementary charge, and y, is the
electron mobility. The total photocurrent flowing in the device is obtained as:

Iphoto = jphoto XwXd=epoexp(—ad) Xw X (tu.E) (1.6)

The term u,E is the electron drift velocity. The transit time t;,qnsic = [/ (U E) is the time taken
for electrons to travel across the photoconductor. Thus, it is convenient to define the
photoconductive gain

g=—"]-= (1.7)

Ttransit

If the electron lifetime is longer than the transit time, the photoconductive gain can be greater
than unity. However, high gain also leads to a long lifetime of photogenerated carriers, which
limits the speed of the photodetector. This is the gain/bandwidth trade-off in photoconductors.
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Photodiodes

Photodiodes are based on heterojunctions or homojunctions of semiconductors. When a p-n
junction is formed, the built-in potential is responsible for charge circulation. The generated
charges in the depletion region are swept to the electrodes due to the high internal electric
field, as described in Figure 1.5a. Thus, an applied bias is not required for photodetection with
a diode.
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Figure 1.5: Photodiodes. a. Simplified band diagram of a p-n junction at equilibrium. Upon
light absorption, the charge carriers are generated in the depletion region. Electron and hole
extractions occur thanks to the built-in potential. b. Current-voltage (I-V) characteristics of a
photodiode under the dark and illumination conditions. The |-V curve shows rectifying
behavior. For the curve describing operation under illumination, short-circuit current (Isc) and
open-circuit voltage (Voc) are highlighted.

In the dark, no open-circuit voltage is present. The dark current in a photodiode is given by

ev
laari = Is(ekt — 1) (1.8)

where I is the saturation current of the photodiode, V' is the applied bias voltage. Under
illumination, the generated photocurrent contributes to the total current of the device. The
current flowing in the device is written as

eV

ltotar = laark + Iphoto = I (eﬁ - 1) + Iphoto (1.9)

There are two important quantities for the photodiode operation. The short-circuit current I
is identified in zero-bias operation (V' = 0) and is simply equal to the photocurrent Isc = Ippoto-
The open-circuit bias is identified in zero-current operation (I;,:5; = 0) and is expressed by

Voc = In(1 + 2222) (1.10)

Both quantities are connected to the intensity of incident light.
Photodiodes can operate in two detection modes:

- In photovoltaic mode, no external bias is required. Under illumination, the generated
open-circuit voltage is measurable directly without a load resistor.
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- In photoconductive mode, a reverse bias is applied across the p-n junction. Thus,
the |-V characteristic of the diode follows equation 1.9. The advantage of the
photoconductive mode is the fast detection response. However, applying an external
bias introduces noise, which limits the sensitivity of the device.

1.1.3. Figures of merit

The performance of photodetectors is characterized by a number of parameters. This section
introduces the most commonly used figures of merit for infrared sensors.

Responsivity

Responsivity is the ability of a photodetector to transfer photon energy into electrical output.
Typically, the unit of responsivity is A/W. The spectral responsivity is defined as

R() = % (1.11)

where Inot0 is the photocurrent signal, and ®(4) is the spectral radiant flux. The spectral
responsivity is typically measured with monochromatic light sources.

Apart from the wavelength-dependent responsivity defined above, blackbody responsivity is
also commonly used. Blackbody radiation is a standard means to calibrate the detection
performance of infrared devices. The blackbody responsivity is given by

_ Iphoto _ Iphoto
Rgg = ToMdi ~ Pog (1.12)
Here, the incident power Pgp is the integral of the spectral density of power from a blackbody
over the spectral detection range of the photodetector.

According to Planck’s law, the power irradiated per unit wavelength by a blackbody source at
temperature T is expressed as

d®  2hc? 1
== T—exp(%)_l (1.13)

where h is the Planck’s constant, c is the speed of light, and k is Boltzmann constant.

Figure 1.6a provides the radiance spectrum of a blackbody with different temperatures from
equation 1.13. As the blackbody’s temperature increases, the emission peak shifts towards
shorter wavelengths (i.e., higher energies), and the overall emission power increases.

Considering a detector with area A,,; absorbing incident light from the blackbody with a field
of view 6, as described in Figure 1.6b, the incoming power to the detector (the denominator in
equation 1.12) is calculated as:

. 0 2hc? 1
PBB = T[Adet . Sln2 (E) . f A;‘ mdl (114)
AkT
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Figure 1.6: Blackbody radiation. a. Spectral radiance of a blackbody with different
temperatures. The radiance peak shifts towards shorter wavelengths as the blackbody’s
temperature increases. b. Simplified scheme of responsivity measurement with a blackbody.
Blackbody responsivity can be determined from the photocurrent and the incoming power the
detector receives.

The blackbody responsivity Rz can be obtained experimentally by measuring the
photocurrent and the incident power onto the detector. Responsivity allows predicting how
much output signal one could expect for a specific application. Although responsivity is a good
indicator of high performance, it does not provide information about the intrinsic noise of the
device, and thus cannot reflect the level of sensitivity of the photodetectors. Other figures of
merit are needed for the comparative evaluation of different infrared detection systems.

Quantum efficiency

Quantum efficiency is the probability for a single photon to generate a carrier pair contributing
to the photocurrent. External quantum efficiency (EQE) is expressed in percentage and is
given by

N =3¢ (1.15)

where N, is the number of carrier pairs produced, N, is the number of incident photons. It is
important to differentiate EQE from the internal quantum efficiency (IQE), which is connected
to the number of photons absorbed by the device.

Both EQE and spectral responsivity are functions of wavelength. They are related by

() =12 x (1.16)

Noise current source and noise equivalent power

The current flowing in a photodetector has temporal fluctuations that cause electrical noise in
photodetectors. The current noise is thus directly connected to the magnitude of the dark
current. There are different mechanisms that generate current noise in a photodetector:
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- Thermal noise Sz = 4R£, which is generated due to random thermal fluctuation of
0

charge carriers inside the photodetector [16]. Thermal noise depends on the
temperature and the photodetector resistance R,.

- Generation — recombination noise S;_r = 4eglyqk, Which originates from the
fluctuations of generation and recombination rates of the charge carriers in
photoconductive detectors [1]. Under illumination, shot noise due to photogenerated
current needs to be considered. Note that for photodiodes, S;_r = 2egl4rk, With g
smaller than unity. The factor of 2 difference is attributed to the fact that
recombination and generation processes are uncorrelated in photoconductors,
which leads to higher detector noise [2].

- 1/ noise Sy, or pink noise, generally occurs in electrical circuits with noise density
depending on the frequency. The 1/f noise density is inversely proportional to the
modulation frequency. The origin of 1/f noise is still under debate and is explicitly
analyzed for specific systems. For instance, 1/f noise in solid film of quantum dots
has been shown to be dependent on the intercoupling between the particles rather
than the quantum dot material [17].

When characterizing a photodetector over a frequency integration bandwidth Af = 1/2t;,;,
where t;;,; is the integration time, noise current density can be evaluated. The noise current at
frequency w is the sum of all noise contributions:

iy = /Af-Z,-S} (@) = Iy(w)y/Af (1.17)

The signal-to-noise ratio can be calculated from the photocurrent and the noise current

I I
5 N — photo — photo 118
/ in in(w)y/Af ( )
The noise equivalent power (NEP) is the incident power that induces a signal-to-noise ratio
equal to unity. In other words, the NEP is the lowest detectable optical power for a
photodetector. Replacing equations (1.11) to (1.19), we obtain

NEP = M (1.19)

Thus, NEP can be calculated from the responsivity of the device. Since the noise depends on
the measured bandwidth, the NEP is determined over a fixed frequency band, typically with
the bandwidth of 1 Hz.

Detectivity and BLIP operation

Although NEP is convenient for evaluating a photodetector’s performance, it does not allow
comparing sensitivities between different technologies. As current noise scales with the
detector area, the universal figure of merit for a photodetector’'s performance is specific
detectivity, which is given by

* __ x/Adet _ R\ Adet
D* =Ner " in(w)/Af (1.20)
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where A, is the photodetector optical area. The unit of detectivity is ¢cm - Hz'/2- W1, or
Jones. Similar to NEP, detectivity is normally measured with modulated optical excitation at a
given frequency and determined over a bandwidth Af. It is thus important to specify these
guantities for a measured value of D*.

Obtaining higher detectivity is the ultimate objective when developing detecting devices.
However, there are practical limits that must be considered in device’s operation. While
thermal noise and dark current can be strongly suppressed by lowering the detector’s
temperature, the background photon flux sets the limit to the detectivity, called background-
limited detectivity Dg;;p. Background photocurrent can be determined as:

Ibg =R- ¢bg(Tbg) “Aget (1.21)

where ¢,,4(Ty,g) is the background photon incident power. Note that the background flux
depends on the background temperature T4, which differs from the detector’s temperature.

Dg;1p is reached when the shot noise, due to the absorption of background photons, dominates
all other noise sources. For a photoconductor, Dg;;p iS given by

R\ Adet _ R\/Adet (122)

D# = =
BLIP \/4'3.91bg \/439'R'¢bg"4det

where I, is the photocurrent generated by the background photons.

For the device operation, the BLIP temperature Tg;;p iS an important figure of merit. At this
temperature, the background photocurrent is equal to the dark current of the device. The
detectivity at Ty, ;p iS expressed by

" _ R/ Aget _ RJAger _ Dppp
D*(Tyure) = J*gUbg+laarky JZ4eglpy V2 (1.23)

In order to enhance the detector’s performance, cryogenic techniques are typically employed
to lower the detector’'s temperature. However, the cooling process requires bulky and costly
equipment, which is the main obstacle for MWIR and LWIR sensors. Therefore, it is necessary
to develop detectors with increased working temperature while maintaining high performance.
These devices are known as high-operating-temperature (HOT) infrared detectors, which
currently gain much interest from the infrared community.

Time response

Another essential characteristic of a photodetector is how fast the detector responds to a
change in the input signal. When light is shone on the detector, it takes a finite time for the
photocurrent to appear and reach a steady value. Similarly, the current needs a finite period
to decay when the light is turned off. Rise time and fall time are typically used to describe
those processes. Rise time is the time difference for the signal to increase from the value of
its 10% peak response to 90% peak response. Fall time, on the other hand, is defined as the
time between 90% peak response and 10% peak response when the signal decreases. It is
noted that rise time and fall time of a photodetector are usually different.

The response time of a photoconductive detector is determined by two factors: the lifetime of
the carriers and the RC time constant of the electrical circuit. In a photodiode, as gain is limited
to unity, the detector’s speed is ultimately set by the transit time of photogenerated carriers
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across the active layer, which depends on the width of the depletion region and the carrier
mobility. Regarding the RC time constant, it is important to minimize the capacitance in the
circuit to increase the detector’s speed. Inherent capacitance and resistance associated with
the device thus must be taken into consideration.

Noise equivalent temperature difference

Imaging in the MWIR and LWIR provides information about objects’ temperature, called
thermal imaging. The noise equivalent temperature difference (NETD) characterizes the
performance of the thermal imaging system. NETD is the minimal temperature difference
measurable by an infrared detector. Therefore, smaller values of NETD correspond to better
sensitivities. NETD can be determined experimentally from

NETD = iy + (1.24)
S

where iy is the rms current noise, Al is the signal difference induced by temperature
difference AT. It is noted that NETD is strongly affected by the background signal, and thus,
is limited by the background fluctuation noise. NETD is applicable for single element detectors.
However, it is more commonly used for focal plane arrays. Depending on the materials, NETD
of commercial semiconductor detectors are typically around 10 to 30 mK. For bolometer
arrays, NETD is typically from 30 to 75 mK.

1.2. Infrared photodetection with colloidal nanocrystals

Beyond the conventional infrared materials presented in the previous chapter, the last decade
observed the emergence of new classes of materials with great potential for infrared
applications, such as two-dimensional materials (e.g., black phosphorus [18], [19] and
transition metal dichalcogenides, notably PtSz, PtSez, PdSe. [20], [21]) and colloidal
nanocrystals (NCs) [22]-[25]. While the former group appears limited for device scalability,
the latter is very promising for practical applications. Colloidal NCs are prepared with chemical
methods; thus, mass production can be conveniently achieved. Additionally, device integration
has now become straightforward with NCs thanks to solution processability that eases all the
lattice-match constraints imposed in conventional semiconductors.

This sub-chapter will review the basic background of NCs synthesized via colloidal synthesis
and their emergence into infrared optoelectronics. Specifically, we will focus on narrow-
bandgap colloidal mercury telluride (HgTe) NCs and the integration of this material into
infrared-sensing devices. A significant part of the chapter will be dedicated to presenting the
critical properties that make HgTe NCs a promising material for infrared applications, as well
as state-of-the-art of actual NC-based infrared photodetectors.

The next sections will be organized as follows. Sections 1.2.1 and 1.2.2 will provide the
important features of colloidal nanocrystals and the general methods to synthesize this
interesting class of materials. Section 1.2.3 presents colloidal HgTe NCs with a focus on their
critical physical properties and potential as infrared active materials. Finally, in section 1.2.4,
the current status of sensing devices based on HgTe NCs will be exhibited.
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1.2.1. Quantum confinement in nanocrystals

Colloidal nanocrystals, or colloidal quantum dots, are solution-processed semiconductor
particles with dimensions on the nanometer scale. In a bulk semiconductor (Figure 1.7a), the
valence and conduction bands are separated by a fixed energy gap, which determines the
material optical and electronic properties. The situation for NCs is different since the particle’s
sizes are so small, comparable to the de Broglie wavelengths of the electrons and holes,
allowing for the observation of quantum confinement effect. This effect can be described by
the “particle in a box” model.

Bulk Nanocrystal

Conduction band

Epuik

Valence band

C. d.

Figure 1.7: lllustration on the effect of quantum confinement on small sized particles.
a. Bulk form with a fixed band gap that governs a material’s optical and electronic properties.
b. A nanosized patrticle from the same material presents size confinement. c-d. The band gap
of the nanoparticle increases due to quantum confinement.

Let us consider a particle of mass m confined in a spherical box (3D) with radius a, as
illustrated in Figure 1.7b. The eigenenergies can be written as

hZ

2ma?

Eny B (1.25)

where f3,,; is the nt" zero of the I** spherical Bessel function. Note that the corresponding
states are degenerate with respect to the magnetic quantum number. Here, n and [ are,
respectively, the principal and azimuthal quantum numbers that determine the radial
wavefunction. These two quantum numbers are conventionally labeled by spectroscopists
withn ={1,2,..}and [l = {s,p,d, f, ... }. Some values of ,,; are listed below.
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Table 1.1: The first few zeros of the spherical Bessel function S,

n=1 n=2 n=3 n=4
s 3.14 6.28 9.43 12.57
p 4.49 7.73 10.90 14.07
d 5.76 9.10 12.32 15.52
f 6.99 10.42 13.70 16.92

A spherical shape NC has an increase in the energy gap with respect to its bulk counterpart
from the same material due to the effect of quantum confinement. The NC effective band gap
is expressed by

B2 B2
Eg = Epuie + 5507 Bls + Wﬁ’fs (1.26)

where m; and m;, are electron and hole effective masses. m; and m; are not directly
connected to the real electron mass and are typically smaller. The last two terms in equation
1.26 represent the electron and hole confinement energies. The total confinement energy E.
of the system is the sum of electron and hole confinement energies:

Bis + Bis Bis (1.27)

2m a2 2my, a2 2my, a2

where m}, is the reduced effective mass: (m},)~! = (m3)~* + (m;) L.

When a semiconductor material is illuminated, the photon absorption process creates
electron-hole pairs bounded by the Coulomb interaction. This bounded state is called an
exciton. The separation distance between the electron and hole is called exciton Bohr radius
and is given by

amege h?

ap = (1.28)

my,e?
where ¢, is the semiconductor relative permittivity and e is the elementary charge. It is thus
necessary to consider electron-hole interaction for the eigenenergies of the system. According
to Brus [26], the optical band gap of the nanocrystals is renormalized by adding the
electrostatic interaction of the electron-hole pair:

1.8e2

E¢ = Epyuk + Ec + Ecoutomp = Epuik + 55—

Bis — (1.29)

2my, a2
The Coulomb term depends on the NC size as 1/a, while the confinement term is proportional
to 1/a?. Therefore, the band gap always increases for a small enough a, which has been
observed experimentally in various materials [27]-[30]. Note that equation 1.29 concerns only
the first excited electronic state. The absorption of NCs includes optical transitions from all
values of k vector in the Brillouin zone. Thus, optical absorption at energies above the band
gap is less sensitive to the particle size [26].

In practice, there are several ways to realize nanocrystals. Typical methods include epitaxial
growth, such as molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition
(MOCVD), as well as colloidal synthesis. While MBE and MOCVD permit the growth of
nanocrystals with relatively precise size and location, they also share the disadvantages of
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being expensive and time-consuming. Furthermore, the density of nanocrystals practically
obtained from these techniques is limited for many optoelectronic applications.

On the other hand, large batches of nanocrystals with size dispersion as narrow as 5% can
be synthesized with colloidal synthesis. This method offers scalability as a significant
advantage, making it highly promising for commercial applications. In the following section,
we provide an overview on colloidal synthesis for nanocrystals.

1.2.2. Colloidal synthesis of nanocrystals

The first efforts to develop semiconductor particles in liquid colloids [31]-[36] began in the
1970s, initially for the fundamental interest in spectroscopy as well as potential solar
applications. Understanding the growth process and reducing the size dispersion of the
particles were the main challenges in the early days.

Element under copyright, unauthorized distribution

Figure 1.8: Colloidal synthesis of nanocrystals. a. Photo of a typical setup for colloidal
synthesis. b. Absorbance spectra of CdSe NCs with different sizes. From reference [37]. c.
Emission from CdSe colloidal NCs of different sizes in solution when illuminated with UV light
(©Nexdot). d. Transmission electron microscope (TEM) images of CdSe CQD. The inset
presents a high-resolution TEM image of a single CdSe dot with an observable crystalline
structure. From reference [38].

In 1993, a major achievement was made by the Bawendi group at the Massachusetts Institute
of Technology with the introduction of monodisperse syntheses of colloidal NCs through the
hot injection method [37]. They demonstrated the growth of high-quality CdE (E = Se, Te, and
S) semiconductor NCs. Cadmium and chalcogenide precursors were rapidly injected into hot,
near 300°C TOP/TOPO solvent under an inert atmosphere, resulting in a nucleation burst.
The subsequent growth of the nanocrystallites can be controlled through the reaction
temperature and duration, and the presence of ligands. This method allows obtaining size-
selective NC solutions after precipitation steps. The monodispersity results in observable
absorption features and narrow band-edge emission that are size-tunable. A typical chemical
synthesis setup is shown in Figure 1.8a. Figure 1.8b-c show the size-dependent absorption
and emission properties of CdSe NCs. High-quality NCs with a narrow size distribution of less
than 5% in diameter can be routinely obtained through this synthetic route.

A variety of materials can now be obtained under the colloidal form. Some examples of the
semiconductor cores and surface ligands are given in Figure 1.9. These surface ligands,
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typically containing headgroups and functional tails, play a critical role in the material synthesis
and the electronic properties of the NCs, as will be discussed in the following sections.

Semiconductors: CdS, CdTe, HgTe, PbS,..

Figure 1.9: Colloidal nanocrystals. lllustration that highlights the semiconducting cores and
the surface ligands of colloidal nanocrystals.

Some primary purposes for the use of different types of ligands are the followings:

e Surface ligands allow controlling the growth process during the NC synthesis, helping
to regulate the size and shape of the synthesized NCs.

e The binding behavior of the functional tails governs the dispersibility in solution,
preventing aggregation and ensuring colloidal stability.

e The headgroup determines the inorganic-organic interface, which is correlated to
surface trap states in the NC energy gap. The surface ligands thus strongly impact the
NCs’ electronic and charge transport properties. As a result, carrier dynamic and
radiative/nonradiative relaxation mechanisms can be engineered with the surface
ligands.

Colloidal synthesis enables cost-effective, mass production of NCs compared to conventional
epitaxial techniques, which generally demand expensive equipment. Nowadays, colloidal NCs
have reached mass industrial-scale production, particularly for display applications. As the
field becomes mature, other uses of NCs can be targeted. Among many possibilities, infrared
photodetection is a field that can greatly benefit from all the advantages of colloidal materials.
High-performing infrared photodetectors are currently based on epitaxially grown materials,
which are not widely accessible for many applications due to the high manufacturing cost.
Therefore, the quest to find alternative materials that enable fast, sensitive, and affordable
infrared sensing is of utmost interest.

The next parts of this chapter will focus on HgTe NCs and their potential as a cost-effective
platform for infrared sensing applications. We first present the fundamental aspects, such as
the optical and transport properties of the materials, before reviewing the recent progress on
the development of HgTe NC-based devices that have demonstrated a great potential for
infrared sensing applications.

1.2.3. Colloidal HgTe nanocrystals

The synthesis of HgTe NCs was first demonstrated by Rogach et al. in the early 2000s [39]
with the initial targeted application for optical amplification. Soon after, in the following years,
initial attempts to develop photodetectors based on HgTe NCs were reported [40], [41]. The
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original interest stems from the desire to extend the optical feature of NCs into the infrared
range without being limited by the bulk energy gap. As bulk HgTe is a semimetal, the
absorption of colloidal HgTe NCs can be tuned from 1.5 eV for the most confined colloidal
form to virtually zero. This property is the first fundamental aspect to motivate the material
development.

Electronic structure and optical properties

In conventional wide bandgap II-VI semiconductors, such as CdTe, a hormal band ordering at
' point will present a conduction band with Ty, symmetry above the valence bands with Ty
symmetry, as shown in Figure 1.10a. Strong spin-orbit coupling and significant Darwin term in
HgTe cause a reversed order [42]. Essentially, the resulting band structure is flipped at the T
point with Iy states now above the Iy one, see Figure 1.10b. Furthermore, the Fermi level in
bulk HgTe lies between the two Iy bands. HgTe thus presents a zero bandgap in the bulk form
(Epuix = 0). This lack of the bulk band gap has a profound impact on the optical properties of
colloidal HgTe NCs.
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Figure 1.10: Bulk band structure of CdTe (a) and HgTe (b). The ordering of the conduction
and valence bands near the band gap at the I" point in HgTe is opposite to the one in CdTe.
In HgTe, the hole state is above the electron state. From reference [43].

Under the colloidal form, optical transitions in HgTe NCs (red arrow in Figure 1.10b) occur
between the I'y bands (denoted HH — heavy hole and LH — light hole). As a result of quantum
confinement, colloidal HgTe NCs naturally possess narrow optical bandgaps, well-suited to
address the infrared range. Indeed, colloidal materials based on HgTe have demonstrated
optical features covering a wide spectral range from the NIR to the THz range [44], [45].

Synthesis of the materials

As mentioned, a water-based synthesis process to obtain HgTe NCs was first reported by
Rogach et al. [39], [46], allowing for obtaining HgTe nanocrystals with tunable sizes from 3 to
6 nm. Later on, Kovalenko et al. [47] made an improvement with an additional Ostwald ripening
step that extended size tunability to around 10 nm and PL signal to 3.7 um. However, aqueous
syntheses use H;Te, which generally requires complex synthetic setups and careful handling.
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In 2011, Keuleyan et al. [48] introduced a simple approach for synthesizing colloidal HgTe in
organic solvents and demonstrated photoconduction up to 5 um for the first time, see Figure
1.11. This synthesis results in larger particles up to 12 nm. Nevertheless, size dispersity
remained a critical problem.
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Figure 1.11: HgTe NCs obtained from Keuleyan’s procedure. a. TEM image of HgTe NCs
having PL peak around 2500 cm™. The scale bar is 20 nm. b. Normalized absorbance spectra
of HgTe NCs solutions. ¢. Photocurrent spectra of HgTe NC films with different NC sizes. From
reference [48].

The last decade observed several advancements in synthesis techniques, which led to
improvements in the size and shape control of the nanocrystals [49]-[51]. Notable
achievements include the demonstration of 2D HgTe structures (i.e., so-called nanoplatelets)
from cation exchange [44] and the development of core/shell heterostructures [52], [53]. These
achievements enable, respectively, observation of narrow PL emission in the solution and
enhanced thermal stability of NC films. In particular, highly monodisperse HgTe NCs with a
size distribution of less than 10% can now be obtained [54], allowing the observation of narrow
optical features [54], and facilitating better NC packing and improved carrier mobilities in solid
films [55]. Thanks to the recent developments, optical properties now can be finely tuned
through the synthesis process, and transport properties of the NC solids have been strongly
improved. The latter is the second essential fundamental aspect to permit high-performing
optoelectronic devices.

Transport properties

Besides the optical feature, a sufficiently good electrical conductivity is also a requirement for
employing colloidal nanocrystals in optoelectronic applications, particularly for infrared
photodetection. In solid films of NCs, the semiconductor cores serve as nanometer-scale
building blocks to construct the solid form. The size, shape, and composition of the NCs
govern the film packing, and thus, NC separation distances, which dictate the intercoupling of
the semiconductor cores. Furthermore, due to the synthesis procedure, the transport
properties of NC arrays are directly related to the NC’s surface chemistry (i.e., surface
ligands). Early-developed HgTe NCs are limited in carrier mobilities, hindering many
possibilities for practical devices. Therefore, it is important to discuss this fundamental aspect
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and review the experimental approaches to overcome the limited transport from a material’s
point of view.

Hopping transport

Solid nanocrystal films are formed by depositing NC solution on a flat surface. In an ideal
picture, the NCs are monodisperse (i.e., the same size, shape, and composition) and have
the same surrounding environment (i.e., the same distribution of ligands). However, NCs are
synthesized with size deviation. As mentioned, the best synthetic methods could provide
samples with size dispersion varying from 5 to 10%. In addition, defects are usually formed
on the NC surfaces, and ligands are thus not uniformly distributed. The deposition processes
(i.e., spin-coating, drop-casting) to transform NC solution into NC films can also cause
pinholes and microbubbles, which act as energy barriers for the charge carriers. These non-
idealities lead to an inhomogeneous energy landscape in the NC films where electron and
hole states between semiconductor cores are weakly coupled. In order to reach the
electrodes, these carriers need to travel across the NC film by hopping steps from one NC to
the others, as illustrated in Figure 1.12a. This is referred to as hopping transport.
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Figure 1.12: Hopping transport in a nanocrystal film. a. Schematic of hopping transport in
a nanocrystal film. The film is deposited on two electrodes that are biased with voltage V. The
carriers transfer towards the electrodes by hopping. b. The schematized energy landscape in
the film shows the localized wavefunctions of electrons and holes in the nanocrystal film.

Hopping transport occurring between localized states, described in Figure 1.12b, is
responsible for the low mobilities of the charge carriers in NC arrays. In this regime, hopping
can only be supported by thermal activation energy or quantum tunneling through the barriers.
The hopping mobility, which can be derived from the tunneling coefficient and Einstein’s
equation [56], is expressed by

ea’E,
Hrop = 3hiar exp( Xl _ﬁ) (1.30)

where e is the elementary charge unit, a is the center-to-center distance between NCs, E, is
the activation energy for carrier transport, y is the extension of the carrier wavefunction in the
barriers (typically 1 A1), 1 is the barrier width, and h and kz are Planck and Boltzmann

Chapter 1: Nanocrystal-based infrared photodetectors



20|Page

constants, respectively. It is noted that lateral field dependence can arise in the hopping
transport mechanism as the applied electrostatic field lowers the transport barriers between
localized states, as will be discussed further in Chapter 3.

Improving charge mobility in NC films is essential to enhance the performance of NC-based
optoelectronic devices. However, it is equally important to preserve the quantum-confined
electronic states within these films. Engineering interparticle coupling without disturbing optical
transitions thus becomes crucial in NC processing. The following section focuses on ligand
exchange as a very effective strategy to achieve this objective.

Ligand exchange

As it can be seen from equation (1.30), the transport properties of charge carriers in NC films
strongly depend on the barrier width. In a solid NC film, these barriers mainly constitute the
surface ligands. In particular, long organic ligands are typically used in synthesis to quench
the growing process and maintain the NC solution’s colloidal stability. The as-synthesized NCs
thus normally form NC films with poor transport properties. With the necessity of high-mobility
NC films for optoelectronic devices, surface chemistry engineering by ligand exchange
processes has been one of the most investigated research topics in the NC field.

Nanocrystals capped with long ligands Replaced with short ligands

Narrowing
the barrier

Lowering
the barrier

Figure 1.13: Effect of ligand exchange on interparticle coupling. a. Schematic of
nanocrystal arrays capped with long ligands (top) and the associated illustration of energy
landscape (bottom). b. lllustration of energy landscape when shorter ligands replace the initial
long ones. c. lllustration of the energy landscape when new ligands can lower energy barriers.

The idea behind ligand exchange is described in Figure 1.13. Better coupling between the
NCs inside a solid film can be achieved by replacing the long organic ligands with shorter
ones. The new ligands offer narrower or lower tunnel channels, thus improving carrier
transport. An efficient ligand exchange process typically leads to both reduced barrier height
and shortened barrier length while maintaining efficient surface passivation. This technique
can be conducted in two different manners: in the solid-state phase and the liquid phase.

Solid-state ligand exchange is typically conducted by exposing thin slabs of NCs capped with
long ligands into a diluted solution of short ligands. The concentration of the short ligands must
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be optimized: a low concentration could lead to inefficient ligand exchange processes, and
concentrated short-ligand solutions could peel off the NC film from the substrate. As the long
ligands are replaced with the short ones, the volume of the NC film tends to reduce, which
causes the formation of cracks and voids inside the film, see illustration in Figure 1.14b.
Repeating the deposition and exchange process several times could thus help “heal” the
induced cracks while ensuring an efficient ligand replacement.

23
Solid-state g:.. & .. ..
ligand 999961

exchange

cracks, voids

Figure 1.14: Solid-state ligand exchange is conducted with solid films of NCs. Long
ligands capping NCs (left schematic) are replaced by shorter ones (right schematic), allowing
better coupling between NCs. The distances between the NCs are reduced. However, since
the process is conducted with solid NC films, cracks and voids (highlighted by the dark dashed
boundaries) can be formed during the exchange process due to volume contraction. Multilayer
deposition is typically performed to achieve smooth NC films.

The ligand exchange process for HgTe NCs was introduced to replace the sintering technique,
the common approach to improve transport properties in the early days [57]-[59]. The solid-
state ligand exchange step is typically performed with ethanedithiol (EDT) treatment to replace
the initial long DDT ligands of the HgTe NCs [60]. The procedure has been inspired by
previously developed ligand exchange techniques for more mature materials, such as CdSe
[61], PbS [62], and PbSe [63]. Typically, the NC films are immersed in a solution of EDT in
ethanol (typically 1% in mass). Multiple NC deposition and ligand exchange steps can be
performed to obtain smooth, thick films up to 300 nm. However, building thicker films is
generally challenging as it could lead to flaking and, consequently, delamination.

Another ligand exchange technique recently developed for NCs is liquid phase ligand
exchange [64]-[68]. The original motivation for this technique is to overcome the problem of
crack and void formations in solid-state ligand exchange since, in this case, the film could be
achieved after one-step deposition. As described in Figure 1.15a, the ligand exchange is
conducted when the NCs capped with long ligands in a nonpolar solvent are blended with a
polar solvent containing short ionic ligands. After the exchange, the NCs become soluble and
migrate to the polar phase. The nonpolar solvent can be discarded, and we obtain a
concentrated NC ink for conductive film deposition. This technique allows thick films (i.e.,
thicker than 500 nm) of NCs to be achieved.

The initial development of liquid phase ligand exchange was introduced by the Talapin group,
who first demonstrated the exchange of long organic capping ligands for metal chalcogenide
ligands [64] on several colloidal materials in 2009. Following this study, the same group
developed the exchange process for metal-free inorganic ions, such as S#, HS-, Se?, HSe",
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OH-, and NH>" [65]. Subsequent works from the Sargent group, focusing on PbS films prepared
with liquid phase ligand exchange, have shown clear improvements in the performances of
photovoltaic devices [66], [68].
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Figure 1.15: Liquid phase ligand exchange. a. Long ligands capping NCs are replaced by
shorter ones in the liquid phase. The NCs capped with long ligands in a honpolar solvent are
mixed with a polar solvent containing short ionic ligands. b. Infrared absorption spectra of as-
synthesized HgTe NCs and the NC ink obtained from ligand exchange process. The NCs have
a cut-off wavelength of around 2.5 um. The initial solvent is toluene. Ligand exchange reduces
the C-H absorption and gives rise to the O-H bond from the short ligands (MPOH). From
reference [69].

Motivated by these results, the ligand exchange processes in the liquid phase for HgTe NCs
[55], [69] were introduced. Specifically, the DDT capped-NCs in toluene are blended with a
mixture of MPOH and HgCl, in DMF (i.e., the polar solvent). Phase exchange occurs when a
few drops of hexane (i.e., the nonpolar solvent) are added to the solution. At the end of the
process, the NCs migrate to the polar phase, and DDT ligands are replaced with short ionic
ones. The NCs are dispersed in DMF to form an ink solution, which can be directly used to
deposit conductive solid films. In general, the absorption spectrum of HgTe NCs is mildly
affected by the ligand exchange process. Notable changes in the ink absorption compared
with the original NC solution are a broadening of the NC band edge and the suppression of
the C-H band around 2900 cm™ due to the removal of the long ligands, see Figure 1.15b.
Interestingly, it has been shown that films prepared with liquid phase ligand exchange are
more stable under air conditions, which is beneficial for device stability [55], [69].

The development of ligand exchange has enabled significant improvement in carrier mobilities
of HgTe NC solids. With solid-state ligand exchange, mobilities in HgTe films are typically in
the order of 102 — 10! cm? Vst With liquid phase ligand exchange, record value of carrier
mobility up to 18 cm? V1 s has been reported [70]. These advancements on the transport
properties of the material are promising to push forward the device’s performance.

Effect of ligand exchange on carrier density

It should be noted that NC surface chemistry impacts not only interparticle coupling but also
the electronic states of the NCs. Surface ligands are associated with electric dipoles, which
result in surface gating. This effect induces band bending, which is given by

AE = —N£2 (1.31)

&p€&

where up is the dipole moment, N is the surface density of the dipoles, and ¢ is the relative
permittivity of the ligands. Note that AE is independent on the NC’s bandgap. Thus, the gating
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effect leads to a shift of the Fermi level with respect to the valence and conduction band, which
can be significant for narrow-bandgap materials. Brown et al. investigated the effect of different
ligand treatments on PbS NCs using ultraviolet photoelectron spectroscopy [71]. While the
NCs possess an optical bandgap of 1.23 eV that remains relatively unchanged, the authors
observed a maximum shift up of 0.9 eV of the valence band (and corresponding conduction
band) upon different ligand treatments.
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Figure 1.16: Impact of various ligands on electronic states in SWIR HgTe NCs. Relative
energies of the ground states of valence and conduction band, and Fermi energy in HgTe NCs
with 1.7 um cut-off wavelength with different capping ligands. From reference [72].

Chu et al. investigated a ranges of ligands compatible with transport in SWIR HgTe NCs [72].
They showed that the ligand-induced shift can be sufficiently strong to alter the majority
carriers, as depicted in Figure 1.16. Controlling carrier density is desirable for designing p-n
junctions in optoelectronic devices, such as photodiode sensors and light-emitting diodes
(LEDs). In this context, ligand engineering is attractive as doping can be introduced through a
simple ligand exchange step.

Field-effect transistors

As soon as conductive NC films are obtained, experimental methods are required to probe the
transport properties of the charge carriers in NC films. In solid-state physics, the two most
commonly used techniques for transport measurements are Hall effect and field-effect
transistors (FET). The former is generally complicated for low-mobility materials due to low
signal and sign-change of the Hall coefficient [73]. As a result, FET is the most popular platform
for investigating carrier transport of NC arrays.
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Figure 1.17: Field-effect transistor with NC film. a. Field-effect transistor with back-gate
configuration. Under applied gate bias, electrons are injected into the NC film to screen the
positive charges in the gate dielectric. This injection leads to a shift in the Fermi level in the
NCs. b. Field-effect transistor with an electrolyte top-gate. Under applied gate bias, Li* ions
percolate within the NC array, resulting in electron injection in the NC film to screen the positive
charges.

In the FET, three terminals are drain, source, and gate electrodes. Bias voltages can be
applied through drain-source (Vps) channel and the dielectric gate (Ves). Figure 1.17a
describes a FET with a typical back-gate configuration, in which the drain-source channel is
made of the material of interest (i.e., a nanocrystal film in our case). The gate is a dielectric
material (typically insulating oxides, such as SiO. or Al;O3), and the gate bias is used to
modulate the material conductivity. Tuning Ves electrostatically shifts the Fermi level and
allows modulation of carrier concentration in the NC film.

When the applied gate bias is positive (Vss > 0), positive charges accumulate in the gate
dielectric close to the interface between the gate and the NCs. Electrons are thus injected into
the NC film to screen the charge accumulation, see Figure 1.17a. Under a constant Vps, the
drain-source current Ips is dependent on Vgs and called the FET transfer curve. The evolution
of Ips provides information on carrier transport under electron injection. If Ips increases as Ves
increases, electrons are the majority carriers, and the material is an n-type semiconductor.
Similarly, transport properties can be probed under hole injection with negative applied gate
bias (Ves < 0). If holes are the majority carriers, the material is p-type. The NC film is called
ambipolar if the majority carriers change upon carrier injection.

A typical FET transfer curve measured on an ambipolar HgTe NC film is presented in Figure
1.18. The red curve is drain-source current Ips through the NC channel, while the blue curve
represents lgs, the leakage current through the gate layer. It is necessary that Ilgs stays well
below Ips in a reliable measurement. Here, the film conduction increases with the increasing
magnitude of gate bias voltages in both positive and negative directions, implying the
ambipolar nature of the material.

When Vps is small compared to Vgs, carrier concentration can be assumed to be uniform in
the drain-source channel. One can derive the relation between the drain-source current Ips
and the gate bias Vgs, which allows calculating carrier mobilities in NC films from the measured
transfer curves [74]. The carrier mobilities are given by

L dlps
T W.CiVps  9Vgs

u (1.32)
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where L is the channel length, W is the channel width, C; is the gate insulator capacitance per
unit area, and I is the drain-source current.
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Figure 1.18: Transfer curve measured with a NC-based field-effect transistor. FET
transfer curve at 150 K of a HgTe NC film on Si/SiO, substrate. The NCs present a cut-off
wavelength of around 2.5 um. The film conduction increases for both positive and negative
gate bias voltages, showing the ambipolar nature of the material.

In practice, the carrier concentration modulation in back-gated FETs only occurs in a thin layer
(around 50 to 100 nm) close to the gate/semiconductor interface, which might contain defects
that affect carrier mobility. For example, it is well known that SiO dielectric could introduce
trap states on the surface, lowering the effective electron mobility. Therefore, it is important to
consider the influence of the gate material on the investigated semiconductor.

Apart from the oxide gate dielectrics, ion-gel electrolytes [75]-[77] are commonly used as gate
media in NC-based FET. In this case, the FETs operate with a top-gate configuration, as
sketched in Figure 1.17b. For instance, LiClO, electrolyte can be employed as the gate
material [76], [77]. A copper grid is usually placed on top of the electrolyte to induce a
homogeneous electrostatic field inside the gate medium. Under applied bias, the Li* ions
percolate within the NC array, resulting in electron injection in the NC film to screen the positive
charges. Since this electrolyte gate typically has a large capacitance (around 1 pF.cm™)
compared to the traditional SiO; dielectric (around 10 nF.cm), strong modulation of carrier
concentration with electrolyte gate can be obtained by applying relatively low gate voltages.
However, electrolytes also face some limitations in terms of operating temperature, sweeping
rate, and not well-defined gate capacitances. While the last problem could be overcome by
adding a reference electrode, the other drawbacks inherently originate from the ionic nature
of the gate material. The gating effect in electrolyte-based FETSs is based on ion displacement,
which is intrinsically slow and thus limits the gate bias sweep rate. Furthermore, it is necessary
to operate the FETs above the electrolyte freezing point (above 200 K), which prohibits low-
temperature measurements. In addition, the applied gate voltage is also limited by the
electrochemical stability window of the electrolyte (typically less than 3 V). Despite these
limitations, electrolyte-gated FET is commonly used as a first examination of NC transport
properties due to its convenience and accessibility.

Chapter 1: Nanocrystal-based infrared photodetectors



26 |Page

1.2.4. Emergence of nanocrystals for infrared photodetection

The broadly tunable optical features of colloidal HgTe NCs in the infrared have generated
significant interest for potential applications in infrared sensing. In spite of this interest, only a
limited number of photodetectors based on HgTe NCs were reported in the first 10 years
following the introduction of colloidal HgTe [40], [41]. On the contrary, the last decade
witnessed tremendous progress in sensing devices based on HgTe NCs, which can be
attributed to the increased maturity of the materials. The availability of higher quality materials
has enabled the realization of more robust and sensitive sensors, as well as the development
of complex device architectures with novel functionalities. The following section of this
introductory chapter will focus on the device perspective and progress in developing infrared
photodetectors based on HgTe NCs.

Photoconductive detectors

The first HgTe-based infrared sensors were photoconductive thanks to their simplicity [41],
[42]. In these devices, the NC solution was drop-casted on silicon substrates with predefined
electrodes to form solid NC films. The authors demonstrated detection in the SWIR (up to 2
um) with organic-capped and closed-packed HgTe NCs prepared with the Rogach’s
procedure [39], see Figure 1.19a-b. However, the response was relatively slow. The
responsivity and detectivity of these initial detectors were not reported. Seong et al. exploited
the same material in the following work and developed the first vertical device structure with
HgTe NC film sandwiched between ITO and gold electrodes [78]. The schematic and |-V
characteristics of this detector are shown in Figure 1.19c.
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Figure 1.19: Early developed-photoconductive-detectors based on colloidal HgTe NCs.
a. The first reported detecting device using organic-capped HgTe NCs. b. I-V characteristics
of the device in part under dark and illumination conditions. From reference [41]. c. Schematic
and |-V characteristics of the first HgTe NC-based detector with vertical structure. From
reference [78]. d. Top view of the interdigitated contacts with ink-jet printed stripes of colloidal
HgTe NCs. e. Normalized photocurrent spectra of the device in part d with two different sizes
of NCs. HgTePD2:4nm and HgTePD3: 6 nm. From reference [79].

Around 2007, Wolfgang Heiss’ group, taking advantage of their progress in material synthesis
[47], demonstrated photoconductive HgTe detectors operating up to 3 ym [79], see Figure
1.19e. In particular, the devices were prepared using ink-jet printed HgTe NC film, as
presented in Figure 1.19d. This paper reported a high responsivity of 4.4 A-W-! under low
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illumination power. The device’s detectivity was 3.2x10!! Jones at the detection peak of 1.4
pm for room temperature operation.

It is worth noting that although SWIR HgTe NC-based devices showed promising
performance, there had been great competition to address this spectral range from colloidal
lead chalcogenides [24], [25], [80], [81]. However, due to their bulk energy gaps, extending
the photoresponse of lead-based compounds to MWIR is challenging since large-size
particles are required, which unfortunately show with poor colloidal stability. The advantage of
HgTe NCs thus explicitly appears above 2 um. The organic-based synthesis developed by
Keuleyan et al. [48] was, therefore, an important achievement. Colloidal HgTe NCs prepared
by this method and detectors based on these NCs present spectral responses up to 5 uym, as
previously shown in Figure 1.11. Many device advancements later on were based on NCs
synthesized through this procedure.
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Figure 1.20: Interdigitated electrodes and HgTe films prepared with novel methods. a.
Optical microscope image of gold interdigitated electrodes fabricated on a Si substrate. b.
False-color SEM image of patterned HgTe film made with PMMA-assisted transfer. From
reference [82]. c. Cross-sectional SEM image of original/imprinted HgTe NC film. The scale
bar is 100 nm. From reference [83]. d. Optical microscope image of NC patterns prepared with
direct optical lithography. The scale bars are 100 um. From reference [84].

Since photoconductive devices comprise a solid film of NCs and electrodes, improving the
devices’ performance is directly related to optimizing the film preparation process and
electrode patterning. Interdigitated electrodes, shown in Figure 1.20a, are the most commonly
used geometry for NC-based photoconductive detectors. The pattern consists of an array of
metallic stripes that act as current amplifiers for lateral carrier transport. Films can be
deposited on top of the pre-patterned substrate using popular deposition techniques, such as
drop casting [60], [85], spin coating [86], and spray coating [87]-[89]. In this direction, shrinking
the electrode spacing to introduce gain and optical resonances for NC-based photoconductive
devices has been proven an effective approach to enhance detection performance [90]-[92].

Regarding film preparation, other methods apart from the mentioned standard techniques
have also been explored for HgTe NC film, including PMMA-assisted transfer [82], imprinting
[83], and direct NC lithography [84]. Generally, they offer additional spatial control and
complexity for the NC structures, see Figure 1.20b-d. However, these methods demand
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specific preparation (i.e., suitable material and substrate for the transfer and imprinting, ligand
engineering for UV-sensitization) as well as a careful post-processing film quality evaluation.

Compared with the early devices, photoconductive detectors based on HgTe NCs now display
a great level of maturity. Detectivities around 10! Jones at room temperature can be
consistently obtained for devices working in the wavelength range from 1.5 to 2.5 ym. Similar
performances can be achieved with MWIR photoconductive detectors at cryogenic
temperatures (around 80 K). Furthermore, fast photoresponse can be obtained with HgTe-
based photoconductors. For MWIR sensors, a response time as short as 20 ns has been
reported [93].

Photodiodes

Photodiodes offer the benefit of reduced current noise through photovoltaic operation when
compared to photoconductive detectors. Multilayer deposition is required to construct diode
stacks, and band alignment between different layers is the key to charge extraction.

Element under copyright, unauthorized distribution

Figure 1.21: HgTe NC-based photodiodes of first generations. a. Schematic illustration of
the solar cell-like device structure using NIR HgTe NC absorber. b. Band energy diagram for
the device in part a. c. Absorption spectrum and TEM image (in the inset) of the NCs. From
reference [94]. d. Schematic of the first MWIR diode. e. Photocurrent spectra of some diodes
in part d. f. Current-voltage characteristic of a MWIR diode. The black curve is the dark |-V
with the thermal shield closed. The blue curve is measured with the shield open, implying the
detector reaches BLIP regime. The red curve is measured under blackbody illumination. From
reference [95].

Initial attempts on HgTe NC-based photodiodes [94], [96], [97] were inspired by dye-sensitized
solar cells [98]. In these devices, the NC layers play the role of NIR absorbers, see Figure
1.21a-c. Carrier transport is facilitated by blending the NCs with hole-conducting polymers and
electron conductors. However, this strategy presents limitations when extending to longer
wavelengths due to the strong organic absorption.In order to solve this problem, Jagtap et al.
proposed to replace the polymers with a layer of inorganic MoOs, and thus were able to
demonstrate SWIR photoresponse with NC-based diodes [86]. Nevertheless, their device
based on FTO/TiO2/HgTe/MoOs/Au presents a limited responsivity, around a few mA-W-2. This
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low signal was later attributed to the presence of the TiO, layer, which filters out not only dark
current but also photocurrent due to large band alignment mismatch.
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Figure 1.22: Recent advancements in MWIR and SWIR photodiodes. a. Schematic of the
first MWIR diode based on HgTe/Ag.Te stack. b. Thermal imaging capture with a MWIR diode
with structure in part a. From reference [99]. c. Schematic of SWIR with CdSe electron
transport layer. d. SEM cross-sectional image of the stack. d. Detectivity as a function of
temperature for the diode in parts ¢ and d. From reference [100].

The first MWIR NC-based photodiodes were introduced by Phillippe Guyot-Sionnest’s group
in 2015 [95]. The diode stack was formed by connecting MWIR HgTe NCs with NiCr and Ag
contact, see Figure 1.21d. Interestingly, the silver contact was made by depositing silver paint
on top of the NC film. Although having a simple structure, the device presents very good
detection performance when cooled down. MWIR response was obtained, as shown in Figure
1.21e, and the authors reported background-limited operation at 90 K, achieved for the first
time with a NC-based photodetector, see Figure 1.21f. Despite being a big success, using
silver paint is suboptimal. In terms of fabrication, defining the device area with silver paint is
complicated. Furthermore, the deposition process could easily lead to electrical shorts
between the top and bottom electrodes if the wettability is not well-controlled. In fact, the use
of silver was intended to introduce a hole-extracting Ag.Te layer at the Ag/HgTe interface
through the diffusion of Ag ions. However, the formation of this layer is hard to regulate using
silver paint.

In order to resolve above problems, the same group developed new diode stacks in which
Ag.Te NCs are directly deposited on top of HgTe films [99]. This step leads to a cation
exchange process to form a layer of p-doped HgTe/Ag.Te. At the same time, electron
extraction was promoted using a bottom ITO electrode. Figure 1.22a presents the schematic
illustration of this structure. Up to now, MWIR photodiodes based on this strategy present the
highest detection performances, with responsivity reaching 400 mA-W- and detectivity above
10 Jones at cryogenic temperatures. 1/f noise typically observed in photoconductive devices
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can be fully suppressed in photovoltaic operation. The high sensitivity also enables thermal
imaging with this device, as shown in Figure 1.22b. In addition to its success in the MWIR, this
strategy was also applied to the SWIR. Similar to their MWIR counterparts, SWIR diodes
using Ag-Te also showed highly competitive performance as a detectivity of 10! Jones at 2.6
MM was reported for a diode working at room temperature [101], comparable to commercial
InGaAs technologies.

In parallel with the development of the hole transport layer, much effort was put into improving
electron extraction. Notable results include the use of Bi.Se; [102], [103], SnO- [104], CdSe
[100], and Bi>S3 [105]. Adding these layers is electrically beneficial as they help to suppress
interfacial loss. By doing so, internal quantum efficiency of more than 90% with a SWIR
photodiode has been reported with CdSe [100], while the detectivity of this detector at 200 K
reached 9x10! Jones, see Figure 1.22c-e. With Bi,S3 [105], a detectivity of beyond 10* Jones
at room temperature was recorded.

At the moment, photodiodes are the best devices in terms of photodetection performance.
However, the development of the materials also enables many other device concepts to be
explored. In the next section, we explore phototransistors, which is the combination of a
photoconductive detector and a field-effect transistor.

Phototransistors

The motivation behind the development of phototransistors is the ability to preset the device
to a desired electronic state optimal for photodetection. Controlling the doping level of as-
synthesis NCs is challenging, particularly for narrow-band gap materials. In phototransistors,
the favorable state for detection can be obtained with a gate bias that balances the initial
doping of the NC film. The device's dark current can be minimized by setting the Fermi level
to the middle of the NC bandgap.

Thermally grown SiO; is the most common gate material. Using this strategy, Chen et al.
demonstrated the use of a HgTe-based phototransistor for CO detection [88]. In their
experiment, the presence of the gas is detected through the response of the phototransistor
to a laser source, see Figure 1.23a. In addition, it was shown in the same article that, although
the dark current can be reduced by tuning the gate bias, the photocurrent also presents a
similar behaviour, as shown in Figure 1.23b. The same correlation has been observed in other
HgTe NC-based phototransistors [106]-[109]. However, the photocurrent typically exhibits a
‘slower’ decrease compared to the dark current. It is thus beneficial to exploit the offset
between the two currents to increase the device’s sensitivity. Indeed, an increase in signal-to-
noise ratio up to 2 orders of magnitude has been reported by tuning the gate bias to optimize
the operation condition [106], [107].

Beyond the conventional SiO», there is currently interest in exploring other gating strategies.
Gréboval el al. investigated LaFs, an ionic glass that presents strong transparency in the
infrared. The authors showed that using a LaFz gate for NC-based phototransistors reduces
the required applied bias compared to SiO, while offering a faster sweep rate than an
electrolyte gate [106].
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Figure 1.23: Phototransistor based on HgTe NCs. a. Room-temperature photoresponse of
a HgTe NC-based phototransistor during CO gas sensing measurement. On the right is the
setup for gas sensing. b. Photocurrent and dark current of the transistor in part a as functions
of the applied gate voltage. From reference [88] c. Schematic of the phototransistor based on
ion glass and graphene electrodes. A planar p-n junction can be generated by applying a
drain-source bias comparable to the gate bias. From reference [107]. d. Schematic of a
ferroelectric-gated phototransistor. e. Current-voltage characteristics of the phototransistor in
part d. From reference [110].

Another interesting gating approach is the generation of planar p-n junction in a single NC film.
The first demonstration was reported by Noumbé et al. In this article, the authors showed that
instead of uniform doping, a p-n junction can be generated when a large drain-source bias is
applied between the non-conventional graphene electrodes in their transistors [107], see the
illustration in Figure 1.23c. Recently, further improvement in this direction has been made with
the use of dual gate [111] and ferroelectric materials [110]. The latter approach is particularly
promising as these materials induce gate effect in NCs with their inherent polarization.
Therefore, a p-n junction can be formed without continuous bias application. As a result, noise
can be strongly reduced for this type of phototransistor.

Investigating phototransistors is essential not only practically but also fundamentally.
Information about transport, doping, and their influence on the photoresponse of the material
can be revealed by using one single device structure. With the maturity of HgTe NCs, more
research could be expected in this fascinating direction.
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Beyond single-pixel devices

Infrared technologies are traditionally connected to applications in night vision and thermal
imaging. For these applications, the integration of infrared materials into FPAs is presently the
best strategy. The array consists of single-pixel elements scanned electrically by circuits
integrated with the array, as illustrated in Figure 1.24a. These readout integrated circuits
(ROICs) are responsible for reading the detector array and transferring the signal to output
taps for imaging.
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Figure 1.24: Focal plane arrays for infrared imaging. a. Process for hybridization of infrared
FPA for conventional materials. From reference [2]. b. lllustration for the direct deposition of
NC solution of a ROIC. From reference [22]. c. The first multipixel device for SWIR imaging.
d. A laser diode beam profile recorded with the array in part c. From reference [69] e. A laser
diode beam profile recorded with VGA FPA. From reference [72] f. Passive imaging with FPA
functionalized with HgTe NCs. From reference [112].

The hybridization step is typically performed with flip-chip bonding for conventional infrared
semiconductors, such as HgCdTe, InGaAs, and InSbh. This technique requires indium bumps
deposited either on the ROIC or both on the ROIC and the detector array. The array and the
ROIC are then brought into alignment and welded together. However, as the pixel pitch gets
smaller (i.e., typically 10-15 um for MWIR), the alignment process can become challenging,
which limits the fabrication yield.

The main advantage of colloidal NCs for FPA integration is solution-processability. They can
be directly deposited on the ROICs, as described in Figure 1.24b, which substantially eases
the fabrication process and opens up possibilities for smaller pixel design. The first
demonstration of NC-functionalized ROIC was reported in 2016 [113], [114]. The device,
responsive to the MWIR, exploited active material of HgTe NCs processed with solid-state
ligand exchange. For MWIR, thermal imaging is the main target application. NETD, which is
the main figure of merit for thermal cameras, was reported to be below 100mK for this first
HgTe NC-based FPA.

For SWIR, the first multipixel devices [69] were made with a matrix of detectors directly
fabricated on top of a glass substrate, see Figure 1.24c. These detectors were used as infrared
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beam profilers, as shown in Figure 1.24d. The improvements in SWIR imaging were later
reported by Chu et al. and Gréboval et al. [112], who employed VGA format ROICs coated
with SWIR HgTe films. Figure 1.24e-f, respectively, present an infrared laser beam profile and
the first passive imaging of an outside scene taken with these VGA imagers. In order to further
enhance the image quality, improving the material quality and deposition process are required.
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Figure 1.25: Recent progress on the development of HgTe NC-based imagers. a.
Schematic illustration of the flat ROIC compatible with NC deposition. On the right, the ROIC
is plugged into the camera for imaging. b. SWIR image of a chopper wheel at 170 Hz taken
with the ROIC in parts a. From reference [115]. c. lllustration of the working process of
trapping-mode photodetectors. d. Comparison of SWIR images of a soldering iron taken with
imagers in photoconductive and trapping mode. From reference [116]. e. The configuration of
visible pixel and SWIR pixel that are functionalized with perovskite NCs and HgTe NCs. From
reference [84].

Recent results from the collaboration between our group at INSP and New Imaging
Technologies include using specially designed flat ROICs, which are more compatible with
NC deposition [115]. Figure 1.25a shows the illustration of the flat ROIC coated with a HgTe
film. Particularly, this ROIC allows applying a bias voltage between two consecutive pixels,
which induces a homogeneous electric field in the NC film. The recent progress in film
preparation and the new ROIC configuration leads to a significant enhancement in the image
guality compared to the earlier generation of NC-based imagers and an external quantum
efficiency reaching 5% when the device is cooled with a Peltier stage. Furthermore, this
infrared camera is able to operate full frame with 200 fps and up to 340 fps for a reduced
region of interest [115]. An example is given in Figure 1.25b, showing a SWIR image of a
chopper wheel at 170 Hz.
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Other notable progress in FPA integration involves the introduction of new device architecture
for better imaging and multicolor operation [84], [116]. Instead of using a single NC layer,
Zhang et al. proposed to add one doped HgTe layer on top of an intrinsic one, see Figure
1.25c. This additional layer aims to generate trapping mode, which increases carrier lifetime,
and thus, leads to photoconductive gain. In the article, the authors show that the image quality
could be strongly improved when operating the imager in trapping mode compared to a
photoconductive one (Figure 1.25d). Another interesting concept introduced by the same
group is multicolor NC-based imagers [84]. In order to conduct multispectral imaging, the
authors employed CMOS-compatible imagers with broad spectral response from the
ultraviolet and visible to the SWIR range. These imagers were then functionalized with
perovskite NCs (i.e., CsPbXs with X = Cl, Br, or I) and HgTe NCs for multicolor photodetection,
as schematized in Figure 1.25e. Using these devices, images can be taken with different
spectral ranges, including the UV, visible and SWIR infrared.

Finally, it is worth emphasizing that cost-effectiveness is an important motivation for the
development of NC-based infrared sensors. It has been estimated that the current cost of a
NC film on a ROIC is less than €20 with the potential for further reduction with large-scale
syntheses [115], while the sensor cost is around €70. To this end, the cost of the active layer
based on HgTe NCs becomes negligible compared to the overall camera cost (a SWIR
objective costs around €500), which shows the potential and numerous opportunities for the
technology’s commercialization. However, there remains many problems to be addressed
before HgTe NC-based detectors could reach commercial status.

Challenges and objectives of this work

One of the challenges is related to improving the external quantum efficiency of the infrared
sensors, currently limited by the trade-off between the absorption depth (= 1 ym) and carrier
diffusion length (= 100-200 nm) in solid HgTe NC films [117]. Besides the improvement on the
material side, this issue can be addressed by exploiting light management strategies that
enhance NCs-light interaction. Integrating photonic structures into optoelectronic devices has
been demonstrated to be an effective approach for improving devices’ performances [118]—
[121]. Furthermore, light-matter coupling also introduces physical phenomena that could be
utilized to generate novel functionalities.

This thesis focuses on the use of optical and plasmonic resonators in HgTe NC-based infrared
photodetectors for two main objectives:

0] Improving the detection performance of the infrared sensors through enhanced
light absorption and charge collection with photonic structures.
(ii) Exploring advanced functionalities, particularly the active spectral response

shaping of HgTe NC-based infrared sensors.
The experimental chapters will be organized as follows:

Chapter 2 provides an overview of the current status of photonic structures for HgTe NC-
based infrared photodetectors. Subsequently, we introduce our optical structure for achieving
broadband infrared photodetection.
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Chapter 3 focuses on bias reconfigurability and presents our strategy to achieve this
functionality in NC-based sensors. The field-dependent hopping transport mechanism will be
exploited, in combination with optical resonances generated by our photonic designs.

Finally, in Chapter 4, we show our strategy to optimize the optical design of a photodiode
structure. Compared to the commonly used design, the optimized structure significantly
enhances NC absorption, leading to a state-of-the-art detection performance in the MWIR for
a NC-based photodetector. In addition, by multiplexing an array of plasmonic resonators on
the same substrate, we show that the multicolor bias-selectable photoresponse on a single
diode stack can be obtained.
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Chapter 2: Photonic structure for nanocrystal-based
infrared photodetectors
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Material synthesis and device fabrication in this chapter have been performed with the support
of all the coauthors from the article. In particular, Yoann Prado (chemical research engineer -
INSP) synthesized the HgTe nanocrystals. The imaging and EDX mapping were performed by
Armel Descamps-Mandine (Centre de MicroCaractérisation Raimond Castaing, Toulouse). The
2.5 pm laser diode used in the response time measurement was provided by Alexei Baranov (IES
laboratory, University of Montpellier).
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Optical nanostructures enable the control and manipulation of light at sub-wavelength scales.
Integrating these structures into photodetector designs has been demonstrated to improve
device speed and sensitivity significantly. In the case of HgTe NC-based photodetectors, using
optical resonators is particularly beneficial because of the NC limited carrier transport. In a
HgTe NC array, hopping mechanism restricts carrier diffusion length to a few tens of
nanometers, several times shorter than the material’s absorption depth. This discrepancy
leads to a trade-off between optical absorption and charge collection efficiency in NC-based
photodetectors. In this chapter, we will present how this short-diffusion-length problem can be
overcome using optical nanostructures. The first part of the chapter will introduce state-of-the-
art photonic structures for infrared photodetection and fabrication constraints when applying
those structures to nanocrystal arrays. The second part will present a plasmonic cavity based
on a metal-dielectric-metal (MDM) structure, which generates multiple optical resonances to
enhance light-matter interaction in a NC film. Understanding the nature of these resonances
allows designing the spectral response of our photodetectors through the resonator’s
geometrical parameters. In the final part of the chapter, we combine a MWIR NC film with the
MDM structure to demonstrate broadband infrared photodetection, which is a subject of great
interest for many infrared applications, including sensing, communication, and infrared
imaging.

2.1. Introduction

Integrating photonic structures with optoelectronic devices has become increasingly popular
thanks to advancements in micro-nanofabrication [122]. Among various emerging
applications, plasmon-enhanced photodetection is of particular interest [123]. As shown in the
previous chapter, the basic element of a photodetector is a slab of semiconductor connected
to electrical contacts. Conventional photodetectors are thus constrained in lateral dimension
by diffraction limit and in thickness by the absorption depth of the active material. However,
miniaturizing the photodetector dimension below these limits provides many benefits,
including increased speed, lower noise, and less power consumption. The photodetector
response time is generally set by the carrier transit time or its resistance-capacitance constant
(RC constant). Reducing device dimension leads to a shorter transit time for carriers and lower
effective device capacitance, which scales proportionally to the device’'s area. Plasmonic
resonators allow confining light efficiently into deep-subwavelength volume, concentrating
light in both lateral and vertical dimensions, thus also reducing the material need. The use of
plasmonic resonators has been demonstrated not only as an efficient way to improve the
performances of photodetectors [119], [124]—-[126] but also to introduce new functionalities
such as polarization [127], angle, and wavelength selectivity [128]. For HgTe NC-based
photodetectors, employing photonic structures to improve detection performance is
particularly interesting since the detectors can benefit from substantial optical and electrical
gain. This section aims to clarify the last point.

2.1.1. Hopping transport vs. material absorption in HgTe nanocrystals

Photoconductivity relies on two main processes: light absorption and charge collection. Most
of the incident light onto the active material can be absorbed when the material thickness is
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comparable with the material’s absorption depth. However, to convert light into an electrical
signal, it is crucial that the generated carriers can reach the electrodes, given that charge
collection can only be efficient in the range of the carrier diffusion length. In colloidal HgTe
NCs, the absorption depth is typically in the order of a few microns, while carrier diffusion
lengths are limited to =200 nm [117]. This discrepancy results in a large portion of photons not
being absorbed by thin NC films (a 200 nm HgTe film absorbs approximately 12% of the
incoming light at the exciton wavelength) while building thick, high-quality NC films (= 600 nm)
can be technically challenging as well as inefficient for charge collection. On the material side,
a constant effort has been made to improve carrier transport in colloidal HgTe NCs over recent
years [50], [69]. Strengthening intercoupling between nanocrystals through ligand exchange
has become a conventional treatment in NC processing for optoelectronic devices.

Another approach to overcome this diffusion length/ absorption depth trade-off is to improve
light-matter coupling within the NC films. Plasmonic resonators can confine light within
subwavelength layers filled with NCs, enhancing NC absorption. This strategy effectively
reduces the absorption depth of the NC film, making it compatible with carrier transport. The
spectral response of the NC device is also modified in the presence of optical resonators.
Recently, this approach has become a subject of great interest for developing infrared
photodetectors based on colloidal HgTe NCs. Before presenting our resonator design, we
make a brief state-of-the-art of NC-based infrared photodetectors whose operation is
improved by the use of photonic structures for light harvesting.

2.1.2. Photonic structure-enhanced NC-based infrared photodetectors

Several concepts of optical resonators have been explored for HgTe NC-based
photodetectors. Ni Zhao and co-workers demonstrated the first example, in which they
coupled the longitudinal surface plasmon resonance of gold nanorods with a HgTe absorbing
film to obtain improved detectivity for a photodiode working in the NIR [129], see Figure 2.1a-
b. In the following work, Yifat et al. [130] applied the concept of nano-antenna arrays for a
photoconductive MWIR device to obtain a three-fold increase in responsivity for the
polarization parallel to the antenna orientation. Tang et al. [131] combined plasmonic disks
and an optical spacer to push further the performance of a diode stack working in the MWIR.
The authors reported an EQE of 45% and a detectivity of 4 x 10*! Jones at 85 K, as presented
in Figure 2.1c-d. Chu et al. [90] further optimized the use of optical resonators by designing a
guided-mode resonator (GMR). In this GMR, the diffraction grating is also employed as
electrical contact, significantly reducing the electrode spacing to obtain electrical gain, as
shown in Figure 2.1f. The GMR device using SWIR HgTe NCs achieved photocurrent
enhancement by three orders of magnitude compared to a reference structure without GMR,
see Figure 2.1g. Furthermore, the GMR design offers post-synthesis tunability, enabling the
device’s spectral response to be designed beyond the synthesized material. As presented in
Figure 2.1h, the detection peak of the GMR structure can be controlled by tuning the grating
period.

Other photonic structures, such as Fabry-Perot cavity [99], [102], Bragg mirror [132], and
metasurface [133] have also been demonstrated to be effective both in terms of absorption
enhancement and spectral response shaping. Depending on the quality factor Q of the
employed photonic cavity, the fabricated device can show intense, narrow absorption features
with strong light confinement (high Q) or broad absorption features due to high losses (low Q).
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A structure that obtains broadband absorption through the combination of several high-Q
resonances is thus highly desirable. One way to obtain this goal is to use an array of high-Q
optical cavities, each concentrating light at a different wavelength [132]. The number of
absorption peaks is thus set by the number of constructed cavities. Nevertheless, this
approach comes with the price of a laborious fabrication process, considering that having one
additional targeted wavelength requires at least one extra fabrication step.
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Figure 2.1: NCs coupled with photonic nanostructures for photodetection. (a, b).
Scheme of HgTe NCs/ZnO heterojunction photodiode with gold nanorods embedded within
the ZnO layer and the increased detectivity of the structure compared to a reference sample
without the nanorods [129]. (c, d). Scheme of a structure combining plasmonic nano-disks with
an optical spacer and the increased detectivity of the structure thanks to absorption
enhancement [131]. (f, h). Scheme of the GMR coupled to HgTe NCs and the increased
responsivity of the detector thanks to the improvement of both optical and electrical properties
by the GMR. h. Photocurrent spectra of the GMR photodetector with different grating periods,
demonstrating tunability of the photocurrent peak with the grating period [90].

Another way to obtain strong broadband absorption is to exploit multi-resonant photonic
structures, which allow to generate several resonances in the same cavity. In the following
section, we will explore the concept of the metal-dielectric-metal nanostructure, which
presents remarkable broadband absorption by combining multiple resonances. As we target
to apply the optical design for HgTe NC films, fabrication constraints for HgTe NC processing
will first be considered. Subsequently, a NC-compatible metal-dielectric-metal (MDM) will be
introduced.

2.2. Plasmonic cavities based on metal-dielectric-metal structure

A typical array of MDM cavities is shown in Figure 2.2a. A dielectric slab is embedded between
two metallic layers, one is made as a grating to allow coupling light into the cavity. This
coupling is controlled through geometrical parameters such as the grating stripe size s, the
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grating period p, and the thickness of the dielectric layer L. This type of cavity has been
exploited as an efficient means to confine and manipulate light in sub-wavelength dimensions,
especially in the microwave [134], [135], MWIR [136] and THz range [137]. Here, we apply
this concept for HgTe NCs in the SWIR and MWIR [138].

b. Substrate

Figure 2.2: Metal-dielectric-metal cavities. a. Scheme of conventional design for MDM
structure. A dielectric layer is sandwiched between two metallic layers, one of which is a
grating. Coupling of light into the structure is governed by the grating stripe width s, the grating
period p, and the dielectric layer thickness L. b. Scheme of our MDM structure adapted to
fabrication constraints of NCs. This design prevents lithography steps after NC deposition. A
substrate is required to support the grating and the NC film. The structure is thus illuminated
from the substrate side.

Employing MDM structure for photodetection in this wavelength range is advantageous for
various reasons:

e As shown in the following sections, MDM structure generates multiple resonances
with sub-wavelength spatial extension in the dielectric layer, which strongly
increases light-matter interaction in the dielectric material for enhanced absorption.

¢ The structure includes metallic layers, which can be utilized as electrodes for efficient
photocarrier collection, similar to the case of the GMR structure.

e The possibility of spin-coating the NCs on a gold layer makes the realization of MDM
resonators much easier than in the case of epitaxial IlI-V semiconductors, where
wafer-bonding the active region on gold is needed.

However, electromagnetic design needs to take into account the lower refractive index of the
NC film compared to IlI-V semiconductors, which leads to the leakage of optical modes into
substrate materials. Fabricating plasmonic resonators usually requires performing optical and
electron-beam lithography. These patterning steps are crucial yet require several treatments,
including intense UV or e-beam exposure, resist baking (typically from 90 °C up to 180 °C),
and resist development. These treatments can affect the surface chemistry of the NCs, leading
to sintering when NCs are exposed to heat [139] or non-solvents, and modify critical properties
of the material, such as carrier mobility, doping, and material bandgap. Therefore, fabrication
constraints need to be carefully considered when designing NC-based devices. It is suggested
that all lithography steps are conducted before NC deposition, and the fabrication procedure
should contain minimal post-deposition processing.

A conventional MDM structure (Figure 2.2a) would require patterning of the grating on top of
the dielectric layer. In order to avoid this step on the NC film, we propose a MDM structure
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compatible with NCs. In our design, the grating is supported by a substrate. As a result, the
layer of HgTe NCs can be deposited after the grating fabrication step, followed by a thin PMMA
layer deposition. The structure is completed with a top gold layer. This structure can be
illuminated from the substrate side, see Figure 2.2b. In addition to governing optical properties,
the grating stripes are also used as interdigitated electrodes when the structure operates as a
photoconductive detector. The PMMA is used to prevent possible electrical shorts between
two neighboring electrodes through the top gold layer, hence, can be made much thinner than
the NC layer. Considering the plane of incidence perpendicular to the stripes, the optical
properties of the structure are strongly dependent on polarization parallel (TE or s-polarization)
or perpendicular (TM or p-polarization) to the grating stripes. The MDM structure supports
three different resonances: cavity mode and surface plasmon under TM polarization and
Fabry-Perot under TE polarization. The following sections will present the nature of each
resonance and how these resonances can be exploited to design a broadband NC-based
photodetector.

2.2.1. Cavity mode resonance under TM polarization

The structure in Figure 2.2b enables electromagnetic confinement in the double-metal region,
which behaves as a resonator, supporting cavity modes. In order to understand this
confinement, let us first consider a MDM waveguide as sketched in Figure 2.3a for a wave
propagating in the x-direction [140].
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Figure 2.3: Metal-dielectric-metal waveguide. a. The electric field distribution for the zeroth,
first, and second-order TMm and TEn modes in a MDM waveguide. b. Calculated energy
dispersion relation for the first TM and TE modes, considering a MDM waveguide with perfect
metals and a dielectric layer of 300 nm HgTe NCs with a refractive index of 2.3. The dashed
line indicates cut-off energy for the TM; and TE; modes.

The waveguide supports electromagnetic confinement for both transverse-electric TE wave
and transverse-magnetic TM wave. The electric field solutions have the forms

E,~ cos(k,z) .e"~* for TEn modes

E,~ sin(k,z) . e*k=* for TM» modes
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with k, = mm/L since EM waves are confined along the z-axis, and m =1,2, ... The transverse
electric and magnetic mode, also called TMo, is another solution that also satisfies boundary
conditions, with E; being the only non-zero electric field component and constant along the z-
axis. Figure 2.3a illustrates the electric field distribution of the first TE, and TM, modes.

The energy dispersion relations of the confined modes can be obtained by solving Helmholtz

equation:
h .
E=f1h5+@+k§mmky=0mwkzz%¥ (2.1)

where h is the reduced Planck’s constant, c is the speed of light, and n is the refractive index
of the dielectric material. Figure 2.3b presents the dispersion relations of the modes in a MDM
waveguide whose dielectric layer is made of HgTe NCs with n = 2.3 and L = 300 nm. The TMn,
and TEn modes have the same energies for m = 1 and present cut-off energy

hcmm

Ecut—off iy (2.2)

The TMo, however, does not show cut-off energy and it is the only mode that can be excited
when the excitation energy is lower than the cut-off energy. In this case

E < Eeyeopy for L<= (2.3)

Because we are interested in light confinement in small volumes, we can choose a dielectric
layer thickness satisfying equation (2.3) for the structure in Figure 2.2b. Hence, the double-
metal region only supports TMo guided mode. In contrast to the double-metal region, the
single-metal region supports continuum plane waves. The modal mismatch at the boundary
of the two regions causes reflection of the TMo. The superposition of two counter-propagating
guided TMo modes leads to standing wave formation when

2Ngfs
Ak =_anf5 (2.4)

where Ak is the resonant wavelength, K = 1, 2, 3..., nexis the effective modal index, and s is
the grating stripe width. The field map in Figure 2.4 illustrates the case of K = 1 resonance.

Note that the effective modal index net is different from the material refractive index n since
the phase shift of the TMo mode due to the reflection at the boundary between the single and
double-metal regions is not an exact multiple of =. The standing wave condition states that the
field should recover its phase after a round trip in the double-metal region. Therefore, the value
of neft is actually higher than n.
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Figure 2.4: TM cavity mode in NC-adapted MDM structure. Coupling free-space
electromagnetic wave with the TMy guided mode in MDM cavity through the oscillation of
electrons in the grating stripe. The standing wave of E, electric field component is formed
under the double-metal region at the resonant wavelengths Ax = 2.new.s.K™. Here, the field
map for K = 1 is shown.

An intuitive description of the coupling of electromagnetic waves from free space into the cavity
is also described in Figure 2.4. The incoming wave induces the oscillation of electrons in the
grating stripes, and couples to this TMy mode in the MDM cavity. At resonant frequencies, a
standing wave pattern of the E; component is formed in the x-direction. The enhanced field is
thus mainly confined within the double-metal region. The MDM structure under this
configuration produces a localized mode, which differs from delocalized ones with defined
dispersion relations, such as guided-mode resonance and surface plasmon. Therefore, the
cavity mode is dispersionless (i.e., it possesses a good incident-angle tolerance) [136].

2.2.2. Surface plasmon resonance under TM polarization

The second resonance supported by the MDM structure is related to the surface plasmon
polaritons (SPPs), which are the propagating electromagnetic waves bound to both sides of
the interface between metal and dielectric materials. Conduction electrons govern the optical
response in metals. Collective oscillations of these quasi-free electrons are called plasmons.
The plasmons at the metal surface can interact strongly with an electromagnetic wave,
resulting in SPPs. In our MDM structure, the interface between the top continuous gold layer
and PMMA/HgTe facilitates the propagation of SPPs.

The existence of SPPs can be derived from Maxwell's equation, given the boundary conditions
at the metal-dielectric interface. A solution can only be found for TM polarization. Therefore,
SPPs do not exist for TE polarization [141]. We focus on the resulting properties of SPPs by
considering the interface between a metal of relative permittivity ¢,, and a medium with relative
permittivity €4, as illustrated in Figure 2.5a. The SPP dispersion relation is given by

spp _ E , Eméd
ki T hcAf emteq (2.5)

where k3P is the in-plane wavevector of the SPP. Note that &, is complex, and the metallic
properties imply negative values of Re(em) within the considered spectral range. Drude model
describes metal relative permittivity as
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EZ . 2
em(E) =1 -z with E, =h /2—; (2.6)

where Ep is the bulk plasma energy, y represents damping loss, N is the bulk electron density,
m is electron mass, and g, is the vacuum permittivity.
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Figure 2.5: SPPs at a metal-dielectric interface. a. Scheme of an interface with SPPs
propagating in the x direction with in-plane wavevector k3FF. The SPP wave is TM and bound
to the interface through the interaction with the plasmons in the metal. The color map
represents E; component of the electric field. Different colors (orange and blue) correspond to
different signs of E,, described by the arrow direction. b. Dispersion relation of SPPs at the
NC-Au interface (blue line). The light line is shown in red. The dashed line is surface plasma
energy. The yellow area represents the area for propagating waves. The blue area indicates
the area for evanescent waves.

In Figure 2.5b, we plot relation (2.5) for an interface between a NC film (i.e., ¢; = 5) and a gold
layer with g4, (E) = 1 — 2.29 x 107/ [E(E+i130)] with E in meV. The light line is the dispersion
relation of photons propagating in the same direction as the SPPs in the absence of the gold
layer, expressed by the linear relation E = ak,.c/n, with n the refractive index of the NC layer.
This light line separates propagating waves (yellow area) and evanescent waves (blue area).

When k, is small, the SPP dispersion curve is very close to the light line. When k, becomes
larger, the SPP energy asymptotically approaches surface plasma energy Esp = E, / /1 + &4,
indicated by the dashed line in Figure 2.5b. Figure 2.5a shows SPP field intensity decays

along the z direction. Decay length dqecay IS the characteristic length scale for SPP confinement
and is given by

gqw?

1~k 2.7)

1 .
5decay = lkj with kz =

Note that SPPs also suffer losses due to the penetration of electric field into the metal. The
propagation length Lg..q, is defined as the lateral distance over which SPP electric field
intensity decreases by a factor of e. Lg..4, can be calculated as

1
Laecay = 7703377, (2.8)
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The confinement of SPPs is thus highly effective for enhanced light-matter interaction when
the dielectric layer thickness is comparable to dqecay. HOWever, as can be seen in Figure 2.5b,
SPP dispersion curve is always below the light line. Photons propagating in the dielectric
medium (or air, since ¢4, =1 < g4) cannot couple directly to SPPs due to momentum
mismatch.
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Figure 2.6: Spoof surface plasmon in NC-adapted MDM structure. a. Scheme of SPPs
propagating at the interface between the dielectric layer and top metal layer in our adapted
MDM structure described in Figure 2.2b. The grating stripes play the role of scattering centers.
When diffraction comes into play, photons propagating in the substrate can couple with the
SPP, thanks to the presence of the grating. The color map represents the E, component of
the electric field. Different colors (orange and blue) correspond to different signs of E, also
described by the arrow direction. b. Dispersion relation of SPPs at the NC-Au interface in a
MDM structure (blue line). The light line is shown in red. The green dashed line is the first
Brillouin zone boundary. The SPP curve is folded back in the first Brillouin zone and appears
above the light line, thus, can couple with light from the substrate side. The yellow area
represents the area for propagating waves. The blue area indicates the area for evanescent
waves.

In our MDM structure (see Figure 2.6a), this deficiency of wavevector can be fulfilled thanks
to photon diffraction from the periodic shape of the grating. In a simplified picture, grating
stripes are scattering centers that give rise to constructive inference under certain values of

incident angle 6. The diffracted beam acquires extra momentum of m%nex from the grating

and thus can couple to SPPs. Here, m is an integer number, e, is the unit vector in the direction
of the x-axis. Momentum matching requires

k§"+m%nex= k3PP or kosin9+m2?”= kPP (2.9)

where k" is the in-plane wavevector of the incoming light in the substrate and k3P? is the SPP
wavevector. Condition (2.9), in combination with E (ki*) = E(k3PP), are represented by the
folding back of the SPP curve into the first Brillouin zone in the dispersion relation. Coupling
of SPPs with light in the substrate medium is allowed when the folded SPP curve is above the
light line. The first Brillouin zone limit depends on the grating period as kZTown — g /p,
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Figure 2.6b shows the SPP dispersion relation similar to that of Figure 2.5b but for an adapted
MDM structure with kBritovin — 5 m=1 (j.e., p = /5 um). Note that, here, the line light E =
hk,c/n is plotted for photons propagating in a sapphire substrate (n = 1.73), and we focus on
the small k, range where the SPP dispersion relation appears essentially linear (equation 2.5
with E « Ep). The optical feature of SPPs will be observed in our device, as presented later in
this chapter.

2.2.3. Fabry- Perot resonance under TE polarization

In our MDM structure, the single-metal regions between two neighboring grating stripes allow
light confinement with a Fabry-Perot cavity nature, as exemplified by the navy-blue dashed
boundaries in Figure 2.7a. The electric field, in this case, is localized in the single-metal
regions. For TE polarization, Ey is the only non-zero component of the electric field. Light is
confined in the horizontal direction (x-axis) due to the presence of the grating, which compels
E, to vanish on the dielectric-metal boundaries. Thus, the resonant wavelength of this Fabry-
Perot mode is governed by the opening of the grating slit o = p—s. This confinement along the
horizontal direction can be understood once again from the modal impedance mismatch
between the single-metal and double-metal regions. As mentioned in section 2.2.1, the TEn
modes present cut-off energies. No TE modes below the cut-off energy fict/nL can penetrate
the double-metal region. As a result, standing waves of TEn modes form in single-metal
regions.

X
X Ey sapphire [l

a.

Figure 2.7: TE Fabry-Perot resonance in NC-adapted MDM structure. a. Fabry-Perot
resonance in the horizontal direction. b. Resonance due to the interference in the vertical
direction. The presence of the grating and the top gold plane causes Ey to vanish on metal-
dielectric boundaries. The color maps show Ey, component of the electric field. Different colors
(red and blue) correspond to different signs of Ey. The field is confined within the single-metal
region indicated by the navy-blue dashed lines.

It is noted that the interference of the incoming and reflected wave can also give rise to
resonances with Fabry-Perot characteristics in the vertical direction, see Figure 2.7b. The field
enhancement happens in the single-metal region (indicated with the dashed lines) with the
spectral position governed by the NC layer thickness L. This resonance can be observed
under both TE and TM polarizations. Similarly, the self-interference of the incoming light on
the gold grating can also occur. However, the electric field maxima from this interference
localize in the sapphire substrate (the red circular spots in Figure 2.7b), thus, not enhancing
the NC absorption.
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2.3. Broadband NC-based photodetectors

The ability to detect light over a broad spectral range is important for many practical
applications, including sensing, communication, and, in particular, infrared imaging. In this
section, we present a photodetector based on the structure depicted in Figure 2.2b for
broadband photodetection in the SWIR and MWIR. As explained in 2.2, the geometrical
parameters of the structure specify electromagnetic field modes coupled with the NC film. In
the following, we first perform finite element method simulations to determine the geometrical
parameters for the optical design. The fabrication process following the simulated results is
then presented, starting with NC synthesis and NC film integration into the optical structure.
Finally, we characterize the obtained device as a photoconductive infrared detector.

2.3.1. Electromagnetic design for geometrical parameters

The electromagnetic modeling of our resonator was performed using COMSOL Multiphysics
in 2D, Frequency Domain Interface. Figure 2.8a shows the scheme of the simulation model.
Floquet periodicity is set for boundary conditions at the side edges. A periodic port to generate
incoming electromagnetic waves is placed in the substrate layer.
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Figure 2.8: Electromagnetic simulation. a. Schematic of the COMSOL model. b. Atomic
force microscope scan of a 300 nm NC film deposited on a 50 nm gold grating. c. Profile of
the grating area (gray dashed line in Figure 2.8b) measured by AFM showing a conformal
profile of the film. This conformity is considered in our simulation model.

The dissipated power per unit volume in the metals and nanocrystals can be calculated using
the formula P = —0.5w|F|?Im(e), where F is the electric field, w is the angular frequency of
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the incident wave, and Im(¢) is the imaginary part of the material permittivity [142]. The
absorption of one material is calculated by integrating the dissipated power over the volume
of the material, then divided by the incident power defined in the pre-defined periodic port. For
example, for nanocrystal absorption:

2
Absyc(w) = Pnc(@) _ [If 050l|FI?Im(e)dVic

Pincidence Pincidence

(2.10)

The absorption and reflection spectra are obtained by sweeping the frequency in the interested
spectral range. NC films are typically deposited using spin coating, which could result in a
conformal NC surface when deposited above a grating area. We have deposited a 250 nm
HgTe film on top of a 50 nm thick gold grating to examine this effect. AFM scan on the grating
area reveals a conformal manner of the NC film, as shown in Figure 2.8b-c. This conformity is
also considered in our modeled device geometry.

Sapphire was chosen as the substrate material to provide good transparency up to 6 um, as
we targeted photodetection in the SWIR and MWIR. Furthermore, the refractive index of
sapphire (Nsapphire = 1.73) is lower than that of NCs (nugre ncs = 2.35) in this spectral range,
reducing leakage of the confined electromagnetic field to the substrate side. We then
determined the geometrical parameters of the device to generate optical resonances within
the NC film: grating stripe width s, grating period p, and NC film thickness tnc for fabrication.
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Figure 2.9: Optical properties of the structure from electromagnetic simulations. a.
Absorption map of the device at 3 um corresponding to the TM cavity mode resonance
wavelength. b. Absorption map of the device at 2.5 pm corresponding to the TM surface
plasmon mode wavelength. c. Absorption map of the device at 2.25 um corresponding to the
TE Fabry-Perot resonance wavelength. The color scale corresponds to the absorption
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magnitude in arbitrary units. The maps are simulated for illumination at normal incidence. d.
(resp. €). NC absorption dispersion map (in color scale) for TM (resp. TE) polarization. The
continuous green line is the light line in the sapphire, while the green dashed lines represent
its diffracted orders. The yellow dashed line represents the calculated SPP dispersion,
together with its diffracted orders. The vertical black line indicates the edge of the first Brillouin
zone at k,, = m/p. The horizontal white dashed lines represent the Fabry-Perot cavity modes.

In order to ensure a high film quality and compatibility with NC carrier transport, the film
thickness was chosen to be around 250 nm. On the one hand, high-quality HgTe NC films at
this thickness can be reliably obtained by our fabrication method, as presented in the following
section. Having a smooth, mirror-like NC film for the optical structure is of particular
importance, as it is preferable to prevent optical scattering at the interfaces, thus, reducing
optical losses. On the other hand, building a thick film (= 500 nm) could lead to crack formation,
detrimental to the device’s transport and optical properties.

As we targeted a broadband photodetector, grating stripe width s and grating period p have
been chosen to be 250 nm and 1150 nm, respectively. The value of s allows light coupling
with the TM cavity mode at a resonant wavelength of around 3 um. This mode concentrates
the electric field and enhances NC absorption close to the grating stripes, see Figure 2.9a.
Simultaneously, the interface between the top gold layer and the PMMA/NC film supports a
surface plasmon mode. The surface plasmon electric field decays in the NC film and intensifies
NC absorption over extended areas between two adjacent metals, as shown in Figure 2.9b.
To this end, the PMMA thickness has been chosen to be around 10 nm, much smaller than
the SPP decay length, to minimize possible optical losses in the PMMA layer. With p being
1150 nm, the spectral position of the surface plasmon is set to be around 2.5 ym under normal
incidence, broadening the device’s absorption.

The dispersive characteristic of the SPP can be recognized in the TM dispersion map in Figure
2.9d. The calculated SPP dispersion following equation (2.5) can be used to reproduce the
results of the electromagnetic simulation. However, a slightly lower value of the refractive
index of the NC film had to be considered (2.1 instead of 2.35 as in the electromagnetic
simulation). This can be attributed to the presence of the PMMA layer.

In TE polarization, light confinement in the single-metal regions between two grating stripes is
associated with the Fabry-Perot mode, as presented in Figure 2.9c. The energy of this mode
is set to broaden further the device’s spectral response with an absorption peak at 2.25 ym.
Dispersion maps in Figure 2.9d-e show that both the TM cavity mode and TE Fabry-Perot
mode are non-dispersive unless they interfere with the diffraction line at large incident angles.
In the TE dispersion map, a second-order Fabry-Perot resonance also appears at higher
wavenumbers, around 5500 cm™ (= 1.8 ym).

Figure 2.10 compares the absorption of the NC film integrated into the MDM structure with the
absorption of a bare NC film with the same thickness at normal incidence. It is clear that the
MDM structure enhances NC absorption over a wide spectral range from 2 ym to 4 um. We
thus follow the outcomes of the electromagnetic simulation for device fabrication.
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Figure 2.10: Simulated NC absorption at normal incidence. Absorption of a NC film
integrated into our MDM structure and absorption from a bare NC film with the same thickness
(250 nm).

2.3.2. Fabricating NC-based photodetector with MDM structure

Synthesis and pre-processing of the NCs
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Figure 2.11: Characterization of the synthesized HgTe nanocrystals a. Transmission
electron microscopy image of the HgTe NCs prepared with Keuleyan’s procedure [48]. The
obtained particles have a size of around 10 nm and a tripod shape. b. Absorption of HgTe
NCs before ligand exchange (DDT capped, toluene used as the solvent) and after ligand
exchange (ink form, HgCl.-MPOH capped). A shift of the excitonic peak from 2.5 um to 3 um
can be observed.

The fabrication process begins with material preparation. The absorbing layer is HgTe NCs,
synthesized by Yoann Prado (chemistry research engineer - INSP), using the procedure
developed by Keuleyan et al. [48]. The obtained NCs have a tripod shape, see Figure 2.11a.
The absorption spectrum of the NC solution has been measured using attenuated total
reflection (ATR), showing an excitonic peak around 2.5 um. Liquid phase ligand exchange
was performed to replace the initial long capping ligands with the short ones (i.e., a mixture of
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HgCl, and mercaptoethanol) for improving carrier transport. The solution after ligand
exchange is called NC ink and will be used for solid film deposition. This step induces a red
shift of the excitonic peak and strongly suppresses the C-H bands around 2900 cm™ due to
the removal of the free ligands and ligand length reduction, as presented in Figure 2.11b.

Integrating NC film into the plasmonic structure

a - Sapphire substrate b - AZ5214E photoresist ¢-5nm Cr/ 50nm Au by
deposition thermal evaporation
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Figure 2.12: Fabrication procedure of the device. a-c. Optical lithography for the electrical
contacts of the device. d-e. Electron beam lithography for the gold gratings. The gratings are
connected to the macroscopic contacts as they are also used as interdigitated electrodes. f.
(resp. g). NC and PMMA deposition by spin-coating. h. Thermal evaporation of the top gold
layer. A shadow mask has been used to deposit gold on the grating area selectively. i. Cotton
swabs are used to remove the NC on top of the electrical contacts to ensure a good electrical
connection for measurements.

Figure 2.12 summarizes the fabrication procedure for the device. On a sapphire substrate,
electrical contacts and gold grating were fabricated using optical and electron-beam
lithography, respectively. The NC film was then deposited on top of the grating using spin-
coating. The film thickness can be well-controlled by tuning the NC ink concentration and
rotation speed. As mentioned in 2.3.1, we targeted a HgTe film of around 250 nm. Then, a
thin layer of PMMA (10-20 nm) is deposited on top of the NC film to ensure electrical isolation
between the electrodes and the top gold layer. This PMMA layer is obtained by spin coating a
diluted PMMA solution in toluene (20 mg.mL™?). Finally, we evaporate the gold through a
shadow mask for the top layer. Before device characterization, cotton swabs were used to
gently clean the materials (NCs, PMMA) from macroscopic pads to ensure good electrical
connections in measurements.
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Figure 2.13a provides a cross-sectional image of a fabricated device and confirms the
obtained structure is close to the targeted one (depicted in Figure 2.2b). EDX mapping in
Figure 2.13b shows the chemical composition of each area, while Figure 2.13c highlights the
presence of a thin PMMA layer (i.e., carbon composition) between the NCs and the top gold
layer. The TEM slice was prepared using a dual beam SEM/FIB fitted with a micromanipulator
for in situ lift-out. The imaging and EDX mapping were performed by Armel Descamps-
Mandine (Centre de MicroCaractérisation Raimond Castaing, Toulouse).
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Figure 2.13: NC-based photodetector with MDM structure. a. TEM image of the fabricated
device based on the NC-adapted MDM structure. b. Left panel: EDX mapping of the device
side view where the localization of O, Al, Hg, Te, and Au atoms are superimposed. Right
panel: maps for the same area of the device only depicting one atom population. c. Relative
mass composition for various atoms along the red line in part b. The composition profile
highlights an excess C content between the HgTe layer and the top gold mirror, indicating the
presence of the PMMA layer.

Note that the grating also functions as interdigitated electrical contacts for photoconductive
operations in our device. In the following parts, the transport is a planar electrical transport
between two consecutive grating periods. There is no vertical transport between the grating
and the top gold layer, thanks to the insulating PMMA layer. However, in some cases, the top
layer can be used as a gate electrode for carrier density control.
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2.3.3. Device operation as a photoconductive infrared detector

We first measured the device’s photocurrent spectra under polarized conditions and compared
the spectra with simulated NC absorption. Figure 2.14a shows the photocurrent spectrum of
the device under TM polarization, in which a doublet can be observed with a clear overlap of
two absorption peaks. The component around 4000 cm™ (2.5 um) is attributed to the surface
plasmon peak, while the redder component at 3100 cm™ (3.2 um) is associated with the cavity
mode and the excitons. Under TE polarization (Figure 2.14b), we observed two main features.
The first feature appearing around 3000 cm™ (3.3 um) is the absorption band edge of the NCs.
The second feature at around 4500 cm™ (2.25 um) corresponds to the Fabry-Perot resonance.
Note that the photocurrent spectra are in good agreement with the simulated absorption
spectra of the NC film presented as dashed lines. The main notable discrepancy between the
photocurrent and the simulated absorption spectra is a small shift at the band edge due to the
effect of the temperature. The photocurrent spectra were measured at 80 K, while the NC
absorption was calculated using the NC optical index extracted from room temperature
measurements [143].
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Figure 2.14: Broadband absorption enhancement of the device. a. (resp b.) Simulated NC
absorption and experimental photocurrent spectra of the device under TM (resp. TE)
polarization. Photocurrent spectra have been taken at 80 K. c. Experimental unpolarized
photocurrent spectra at different temperatures. d. I-V curve under dark condition at 80 K. The
inset is current-temperature (I-T) dependence fitted with an Arrhenius law, presenting an
activation energy of 125 meV.
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HgTe NC absorption redshifts upon cooling [144], [145], which can be observed in a series of
unpolarized photocurrent spectra of the device at different temperatures, as shown in Figure
2.14c. It is noticed that the spectra present slight differences in their shape at different
temperatures. The discrepancies are due to a change in the spectral overlap of the material
absorption with the cavity resonances. While the material bandgap strongly depends on
temperature, the cavity resonance energies barely change since the latter are mainly driven
by geometrical factors. Figure 2.14d presents the |-V curve of the device taken under the dark
condition at 80 K. The curve appears super linear for large bias voltages greater than 0.2 V.
In the linear regime, the current drops as the device temperature decreases. The current-
temperature curve can be fitted using Arrhenius law with an estimated activation energy of
125 meV. This activation energy is nearly half the bandgap energy (=155 meV) as expected
for suitable photoconductive materials.

To quantitatively assess the device’s photodetection performance, we have realized a series
of measurements to determine: (i) the device’s responsivity under broadband illumination, (ii)
noise current spectral density to determine the device’s specific detectivity, and (iii) time
response under illumination by a modulated laser.
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Figure 2.15: Responsivity under broadband illumination. a. Experimental setup for
responsivity measurement under blackbody radiation. b. Measured device’s responsivity as a
function of temperature. The applied bias was 0.2 V. The device was under illumination of a
blackbody at 980°C.

Figure 2.15a shows the experimental setup for the responsivity measurement. The device is
placed inside the cryostat. A Femto DLPCA 200 amplifier is utilized for biasing the
photodetector, acquiring and amplifying the photocurrent signal. The amplified signal is then
provided to an oscilloscope. Device responsivity was measured when the device was
illuminated by a Blackbody Omega BB-4A set at 980 °C. The incoming flux is chopped by an
optical chopper with a frequency varied from 1 Hz to 1000 Hz. In front of the sample, a Ge
window filters out radiation at wavelengths shorter than 1.9 ym. Thus, the incident power to
the sample can be computed using the formula:

. 0 Acut—off 2hc? 1
P(W) = mtAge; - sin? (E) [y e Wda (2.10)
T

where Ag,,; is the area of the photodetector, 6 is the field of view, h is the Planck constant, ¢
is the speed of light, k is Boltzmann constant, and T is the blackbody temperature equal to
980 °C. Acyi—ofy is taken from the absorption edge of the material.
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The measured device’s responsivity as a function of temperature under 0.2 V applied bias is
presented in Figure 2.15b. The responsivity ranges from 400 to 700 mA.W-1, depending on
the temperature. The responsivity drops below 120 K and above 200 K, which is connected to
the decrease in carrier mobility, as will be discussed in the following chapter.
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Figure 2.16: Noise and detectivity of the device. a. Measured noise current density spectra
of the device at various temperatures as the applied bias was set at 0.2 V. It is clear that 1/f
noise is the dominant noise source. b. Specific detectivity of the device as a function of
temperature.

The ultimate figure of merit for the device’s sensitivity is the specific detectivity. To determine
the detectivity of our device, noise current spectral density has been measured using an
SR780 spectrum analyzer. The device is biased with a Femto DLPCA 200 amplifier. For one
measurement, the final noise current density spectrum is obtained after averaging 100 scans.
Figure 2.16a presents the noise spectra at different temperatures of the device. 1/f noise
appears to be the primary noise source, as expected for a photoconductive NC detector.
Detectivity values have been extracted from D* = R+A/S;, where R is the responsivity of the
device, A is the device’s optical area, and S, is the measured noise current spectral density.
As the device is cooled down, the specific detectivity increases and reaches 2 x 10'° Jones at
80 K for our device with light modulated at 1 kHz.
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Figure 2.17: Device time response measurement. a. Experimental setup for response time
measurement with a laser diode. b. Current as a function of time under illumination of 2.5 um
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laser diode modulated at 10 kHz. The applied bias on the device was 0.2 V. Device
temperature was 80 K.

Finally, the device’'s response time has been measured using a setup similar to the
responsivity measurement, with the blackbody replaced by a laser diode, as sketched in
Figure 2.17a. The laser was provided by Alexei Baranov (IES laboratory, University of
Montpellier). The emission wavelength of the laser was 2.5 um, matching the absorption peak
of our photodetector. The device’s response time under the illumination of the laser is
estimated to be around 11 s, see Figure 2.17b. Note that this measured response time value
is probably setup-limited since our laser can only be modulated with a frequency up to 10 kHz.
However, for a device with broadband detection in the SWIR and MWIR, a demonstrated
micro-second response time is certainly promising for many practical applications, such as
sensing and imaging.

Table 2 compares the performance of our device with state-of-the-art devices based on HgTe
NCs presenting designed light-matter coupling. In particular, our device demonstrates one of
the highest responsivities for MWIR (4 pm cut-off wavelength) sensing devices thanks to its
broadband absorption enhancement. However, its detectivity is surpassed by a vertical
geometry photodiode coupled to two resonators [131] since the photodiode structure can
operate under OV bias, thus reducing the dark current. We will discuss specifically a
photodiode structure coupled with our MDM structure in Chapter 4.

Table 2: Figures of merit for HgTe NC infrared sensors with designed light-matter coupling

Optical design Cut-off Responsivity Time D* Operating
wavelength (AIW) response (Jones) temperature

(K)

Coupling to gold 1.4 um - 0.35 us 1.4x1010 300

nanorod structures

[129]

Coupling to nano 4-5 um 0.19 - 1.52x10%° 80

antennas [130]

Plasmon & Fabry- 4.5-5 um 1.62 - 4x1011 85

Perot for

photodiode [131]

Guided-mode 3 um 1 <35 us 1010 200
resonator [90]

Fabry-Perot [102] 2.2 ym 0.5 260 ns 7.5x1010 300
Distributed Bragg 2.08 pym 0.22 120 ns 100 295
mirror [132]

Metasurface [133] 1.6 um 8000 - 1.75x108 300
Broadband guided- 2 um 0.2 110 ns 2x101° 300
mode resonator

[143]
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Guided-mode 3 um 0.15 14 ys 1012 30
resonator with

phototransistor

[146]

This work [138] 4 um 04 11 ps 2x101° 80

(broadband MDM
structure)

2.4. Conclusion

In this first experimental chapter, | have demonstrated that broadband enhancement (over
2500 cm?, from 2 uym to 4 uym in the electromagnetic spectrum) in light absorption can be
obtained from a HgTe NC film integrated into a MDM structure. This simple combination allows
building a photodetector benefiting from three photonic modes: a double metal cavity mode, a
surface plasmon mode in TM polarization, and a Fabry-Perot mode in TE polarization. The
nature of each photonic mode has been presented, which establishes design rules for a
broadband infrared photodetector. The obtained device enables sensing in the SWIR and
MWIR regions (4 um cut-off wavelength), with a high responsivity (400 mA.W1), a detectivity
above 10 Jones for 80 K operating temperature, and demonstrated micro-second response
time.

In the next chapter, | will present how controlling light-matter interaction in a NC-based device
can be exploited to generate post-fabrication bias tunability, a domain barely explored for NC
photodetectors.
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Reconfigurable response is highly desirable for advanced infrared optoelectronic systems.
The ability to actively control the device’s optical response is of utmost interest for infrared
sensing applications since imaging contrast could be substantially improved by tuning the
device’s spectral response. Despite the interest, post-fabrication tunability has been a barely
explored domain in NC-based infrared devices. Conventional strategies, such as exploiting
the quantum confined Stark effect or integrating NCs with MEMS structures, require a large
electric field or fabrication techniques incompatible with NC films. In this chapter, we
demonstrate the bias-tunable spectral response of NC-based photodetectors by exploiting the
interplay between hopping transport and the spatial absorption inhomogeneity induced by
optical resonances. Various resonator architectures will be explored. We show that hopping
transport, often seen as a limitation for optoelectronic devices, plays a crucial role in designing
active photonic devices based on nanocrystals.

3.1. Introduction

The original interest in NCs comes from their size-tunable optical properties associated with
guantum confinement. When integrating them into optical resonators, the optical features of
NC-based devices can be further controlled through the resonator design, as presented in the
previous chapter. In those approaches, spectral tunability is limited to the synthesized
materials or to the geometrical parameters of the photonic structures. However, many practical
applications can benefit from the capability to actively control (i.e., post-fabrication) the
photodetector’s spectral response. By tuning the sensitivity of the device with respect to a
certain spectral range, spectral response reconfigurability can be combined with advanced
color processing algorithms for contrast enhancement in infrared imaging.

In optoelectronics, a common strategy to achieve active spectral modulation is to exploit the
guantum-confined Stark effect [147], which induces a spectral shift in the material absorption
upon application of an external electric field [148]-[151]. Nevertheless, Stark effect typically
requires a large electric field above 100 kV-cm™, equivalent to 0.1 eV energy drop over 10 nm
in a semiconductor film. This field leads to strong out-of-equilibrium in narrow-gap systems
and difficulties for carrier transport in NC arrays due to electrical breakdowns. In the context
of NC films, Stark effect is thus only suitable for tuning the NC’s optical features. Recently,
other approaches, such as the use of phase-change materials [152], [153] and MEMS
structures [154], have been emerging for active photonics thanks to developments in materials
science and fabrication methods. While a phase-change material varies its optical properties
as a result of phase transitions, MEMS structures allow reconfigurable device geometries,
both resulting in modifications of the device’s spectral response. However, these approaches
are complex to apply to NC-based devices due to their sophisticated fabrication requirements.

For infrared detection, bias reconfigurability obtained from back-to-back photodiode
configuration is a common strategy [2]. Figure 3.1a presents this configuration for a back-
illuminated structure in which a diode with a longer cut-off wavelength is fabricated on top of
a diode with short cut-off wavelength. The short-wave (SW) absorber thus acts as a long-
wavelength pass filter for the long-wave (LW) absorber. The operation of these diodes
depends on the polarity of the bias voltage applied to the contact. For example, when the LW
photodiode is reverse biased, the SW photodiode is forward biased. The photocurrent from
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the SW diode is shunted by its low forward-biased impedance, and only the photocurrent from
the LW photodiode contributes to the detected signal. Similarly, only the SW photodiode is
available when the bias polarity is reversed. For efficient diode operation, band-gap
engineering and doping control are critical for the structure design.

Element under copyright, unauthorized distribution

Figure 3.1: Bias-reconfigurable structure based on back-to-back diode configuration.
a. Sketch of the back-to-back diode for dual band photodetection. The equivalent electrical
circuit is shown on the right. b. Back-to-back diode from multiple layers of NCs in a tandem
structure. The spectral response on the diode can be selected by changing bias polarity, as
shown by the graph on the right. From reference [103].

Recently, the back-to-back diode architecture has been realized in a multilayer NC device
[103], which demonstrated dual-band photodetection in the SWIR and MWIR, see Figure 3.1b.
The diodes are constructed with a vertical stack of ITO/Bi.Ses/MWIR HgTe/Ag.Te/SWIR
HgTe/Bi.Ses/Au, in which the two HgTe NC layers are the main absorbing layers. However,
colloidal fabrication with a large number of layers can be highly challenging due to the
incompatibility between formed solid layers and solvents of the next layers, leading to
delamination or film dissolution.

This chapter presents an alternative strategy to generate a bias-tunable spectral response in
NC-based infrared photoconductors. We show that the bias-dependent spectral response can
be achieved in the photodetectors by exploiting the interplay between hopping transport and
the absorption inhomogeneity induced by optical cavities. The chapter is organized as follows:
(i) The first part will present the observation of a spectral shift with bias in our MDM structure
and discuss the observed spectral shift's mechanism, which allows us to establish the
fundamental requirements for bias tunability in NC-based devices [155]; (ii) the second part
will introduce a simple detector design based on our established rules, evidently
demonstrating the validity of our assumptions [156]; (iii) in the last part, we present a
photodetector design for optimized the bias tunability effect, which ultimately leads to a strong
optical band modulation of a photodetector [157].
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3.2. Bias-induced shift of the photocurrent spectrum in a plasmonic cavity
3.2.1. Device structure and optical properties

We consider a photodetector with an MDM structure similar to the broadband photodetector
presented in the previous chapter. For convenience, we present the front view of the design
in Figure 3.2a. Here, we have used HgTe NCs with a faceted spherical shape, developed by
Prado et al. [49]. Using rounded shape particles could enable better packing in the NC films,
which is beneficial for carrier transport. Figure 3.2b presents a TEM image of the synthesized
particles with a typical diameter of around 8 to 10 nm. The NC solution shows exciton
absorption around 2.4 ym (= 4200 cm™) at room temperature. Before making solid NC film,
liquid-phase ligand exchange was conducted to improve the intercoupling between the
nanocrystals. Interestingly, this step suppressed the C-H band intensity at around 2900 cm*
without leading to a significant shift in the exciton absorption, as opposed to what is commonly
observed in tripod shape HgTe NCs, see Figure 3.2c. Sapphire was again chosen as the
substrate material due to its good transparency in the extended SWIR range. The PMMA was
used to prevent electrical shorts and as a gate material when the top gold layer acts as a gate
electrode. In contrast to the broadband structure, here, we intended to match the TM surface
plasmon mode with the exciton absorption resonance.

Wavelength (um)
2 2.5 3 35 445

Exciton

== NCs in toluene
0 == NC ink

5 4 3
b. c.  Wavenumber (x10° cm™)

Normalized absorbance (a.u)

Figure 3.2: HgTe NCs as the active material of the photodetector. a. Sketch of the
plasmonic device with MDM structure. b. TEM image of the faceted spherical HgTe NCs. c.
Absorption spectra of the initial NC solution in toluene and the NC ink obtained after liquid
phase ligand exchange.

The choice of the MDM resonator dimensions was guided by COMSOL simulation. The
device’'s geometrical parameters were chosen as follows: a NC film thickness tnc of around
300 nm, a grating stripe width s of 500 nm, a grating period p of 1350 nm, and a PMMA layer
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thickness of around 20 nm, several times thinner than the surface plasmon decay length.
Figure 3.3 presents the optical properties of our device by comparing the reflectivity of a NC
film deposited on a gold layer (blue symbols) with the reflectivity of the device in TM (top panel)
and TE (bottom panel) polarizations, measured at the incidence angle of 15°. The exciton
absorption of the NC film can be recognized at around 2.5 ym, which is red-shifted compared
to the value measured in the solution due to the change of dielectric environment from the
liquid to the solid phase and the carrier wavefunction localization over the thiols. In TM
polarization, a second feature appears at 3.1 umin the tail of the absorption of the NCs. This
resonance is associated with the surface plasmon polariton mode. Note that the SPP mode is
dispersive, and, at normal incidence, it blueshifts towards the excitonic peak. At 4.5 ym, a
weak broad feature appears, which can be associated with the TM cavity mode formed
between the top and bottom gold electrodes. In this device, the cavity mode is not resonant
with the exciton and thus does not affect the NC absorption (i.e., ho impact on the device’s
spectral response). In TE polarization, the Fabry-Perot resonance results in a broad
absorption feature overlapping with the exciton. The simulated reflectivity (red continuous line)
is in excellent agreement with the measured one. The electric field maps of the modes are
presented in the insets. As discussed later, the inhomogeneous spatial distribution of the
modes will play a central role in achieving bias tunability of the photoresponse.
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Figure 3.3: Optical properties of the plasmonic device. Experimental reflectivity spectra
measured at room temperature and at 15° incidence angle for a NC film deposited on a gold
layer (blue circles), and for our MDM structure with s = 500 nm and p = 1350 nm. The top
panel presents the experimental (green circles) and simulated (red line) reflectivity spectrum
with TM polarized radiation, the bottom one presents the experimental spectrum under TE
polarization. The inset also shows the electric field map associated with the resonance at 3.1
um (surface plasmon resonance) and 4.5 um (cavity mode) in TM polarization, and in
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correspondence to the broad feature of the Fabry-Perot resonance observed in TE
polarization.

3.2.2. Observation of spectral shift with applied bias

In order to operate the device as a photodetector, we employ the grating stripes as
interdigitated electrodes. The generated current thus circulates in the plane upon bias
application since the presence of the PMMA layer blocks the vertical transport. The planar
transport is crucial to observe bias tunability in our device, as shown in the following. Figure
3.4a compares the normalized photocurrent spectra of the plasmonic device with a reference
device and with the absorption spectrum of the NC ink. The reference sample was prepared
by depositing 150 nm HgTe film on prepatterned array of electrodes separated by 10 ym
distance, much larger than the device operation wavelength. Therefore, no optical resonances
are expected in the reference device but only a photocurrent peak at the exciton energy.
Indeed, the reference device gives a photocurrent spectrum in good agreement with the ink
solution absorption. On the contrary, the plasmonic device’s spectrum presents a narrow peak
at the band edge, demonstrating the effect of the photonic structure. Furthermore, the
photocurrent spectra are clearly polarized, as shown in Figure 3.4b.
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Figure 3.4: Photocurrent spectra of the plasmonic device. a. Normalized measured
photocurrent spectra of the plasmonic device with MDM structure (green) under 0.2 V applied
bias at 80 K, the reference device (blue) under 1 V applied bias at 80 K, and absorption
spectrum of the NC ink at room temperature. The reference device’s photocurrent spectrum
follows very well the absorption spectrum of the ink solution, while the MDM structure presents
a strong photocurrent peak at the band edge. b. Photocurrent spectra of the MDM structure
under TE and TM polarizations at 80 K.

Noticeably, when the applied bias is varied, we observe a spectral shift in the photocurrent
spectrum of the plasmonic device, which was not observed in the reference device even under
much higher bias voltages (i.e., comparable induced electrostatic field), see Figure 3.5a and
c. Note that the spectral response in Figure 3.5a was measured with devices prepared with
the same geometrical parameters but with a different batch of NCs, thus the exciton peak is
slightly shifted compared with that of the spectra in Figure 3.4a. However, we consistently
observed the spectral shift with bias in all fabricated devices.
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Figure 3.5: Bias-tunable spectral shift. a. Photocurrent spectra with unpolarized light under
various applied bias voltages for the plasmonic device, measured at 50 K. b. Energy of the
photocurrent peak as a function of the applied bias at different operating temperatures. c.
Photocurrent spectra for unpolarized light at various applied bias voltages for the reference
device, measured at 80 K.

The shift with bias is present in both TM and TE polarizations, see Figure 3.6, and is fully
reversible when bias is suppressed. Furthermore, a blue shift is observed for both bias
polarities when the applied bias increases in magnitude. It was also noted that a stronger shift
with bias could be observed at low temperatures, as a 15 meV blue shift can be generated
when the applied bias is tuned from 0.1 V to 3 V at 50 K, see Figure 3.5b. This blue shift is
somehow counterintuitive because applying an electric field on size-confined semiconductors
usually leads to a redshift as the electron and hole wavefunctions “leak” into the potential
barriers. We thus look into possible mechanisms for the phenomenon.
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Figure 3.6: Effect of polarization on the spectral shift. a. (resp. c.) Photocurrent spectra of
the plasmonic device for TM (resp. TE) polarization under various applied bias voltages, at 50
K. b. (resp. d.) Energy of the photocurrent peak as a function of the applied bias for TM (resp.
TE) polarization.

3.2.3. Discussion on possible physical origins of the spectral shift

As mentioned in previous sections, a shift induced by applied bias is typically related to Stark
effect in quantum-confined materials. We examined this hypothesis with tight-binding
simulations [158], [159], considering a spherical shape for HgTe particles with a diameter of
6.4 nm under a uniform electric field. The simulations were performed by Christophe Delerue
(IEMN, Université de Lille) and predicted a 6 cm? (less than 1 meV) redshift of the ground
energy transition under 100 kV-cm™ external electric field, see Figure 3.7. In contrast, we
observed a shift of opposite sign of more than 15 meV under 40 kV-cm™ (3 V over 0.85 um
electrode spacing) in our device at 50 K. Furthermore, if the Stark effect were at play, we
should have observed a spectral shift in the reference device, as opposed to what was shown
in Figure 3.5c. We can conclude that the observed shift is not induced by an effect of the
electric field on the electronic states of the NCs.

The next possible cause of the spectral shift is Joule effect. As a bias is applied, the current
flowing within the device may generate heat. HgTe NCs present an inverted temperature
dependence of the bandgap, leading to a blueshift of the bandgap upon heating, as presented
in Figure 3.8a. To quantify this effect, we performed a series of photocurrent spectra at various
temperatures and found a 120 peV-K* value for dEg/dT for NCs at this size, see Figure 3.8b.
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Hence, the 15 meV observed shift would correspond to an increase of 120 K in temperature,
which is improbable to be induced by the negligible Joule dissipated power (RI2= a few nW
under 1V bias « several mWs cooling power of the cryocooler at 80 K) in our device at low
temperatures. Moreover, this heating should be more critical when the device resistance is
reduced (i.e., at higher temperatures). In contrast, in our device, the opposite trend is observed
(i.e., a more noticeable shift as temperature decreases). Therefore, we ruled out Joule heating
as the spectral shift’s origin.
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Figure 3.7: Tight binding simulation under static electric field. a. Absorption cross-section
of HgTe NCs under different applied electric field. The spectra show a clear red-shift trend
when a stronger electric field is applied. Under a large field (>100 kV.cm™), the two states in
the ground transition start to split, and two distinct contributions can be seen. b. Normalized
absorption cross-section of the 1% exciton transition. Stark effect on such confined HgTe NCs
leads to a conventional redshift of the spectrum and is thus not responsible for the observed
blueshift of our device. The simulations have been performed by C. Delerue (IEMN, Lille).

We then investigate if the spectral shift can be induced by a variation of the carrier density
with the electric field. For this, we use the PMMA layer as a gate dielectric to apply a large
electric field to the NC layer. No shift is observed while the magnitude of the gate-induced
electric field (1 V over 20 nm of PMMA) corresponds to 500 kV-cm™, which is one order of
magnitude larger than the drain-source electric field applied to generate the shift, see Figure
3.8c. As a consequence, the observed shift cannot be induced by a variation in the carrier
density.

It should be also pointed out that even devices with smaller electrode spacing, with =50 nm
separation between the electrodes [91], and consequently with even larger applied electric
fields, do not present such a bias dependence of the photocurrent spectrum. Therefore, it is
suggested that the device architecture, generating a specific coupling between the exciton
and the optical modes of the plasmonic structure, is at the origin of this spectral response
tunability. We thus discuss this light-matter coupling in the following section.
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Figure 3.8: Impact of temperature and carrier density on the photocurrent spectrum. a.
Unpolarized photocurrent spectra of the cavity device at various temperatures, with 0.3 V
applied bias. b. Energy of the first exciton as a function of the temperature. A linear fit with a
120 peV-K* slope is also shown. c. Photocurrent spectra for non-polarized light for two
different gate bias voltages.

3.2.4. Interplay between the transport and absorption inhomogeneity

The mechanism governing bias reconfigurability can be revealed by looking into the light
absorption of the device and the carrier transport properties of the NCs. In the following, we
begin with the field-dependence transport in HgTe NCs before showing how this property is
important to generate bias-tunability when combined with the specific NC absorption in a
plasmonic device.

Field-dependent transport in HgTe NC films

Concerning carrier transport, NCs present peculiar transport properties resulting from the
hopping mechanism. The diffusion lengths of the carriers are typically far below the device
size. As a result, charge collection is more efficient in the vicinity of the electrodes. However,
it has also been proposed that hopping conduction is a bias-dependent process, in which the
carrier mobilities and, thus, the diffusion lengths depend on the external electrostatic field
[160]-162]. In particular, Nenashev et al., considering a hopping system with Miller-Abraham
transition rates and Gaussian disorder model, show that the mobility of hopping carriers can
be strongly increased in the presence of applied electric field [163]. Recently, Xing et al.
suggested that an external electric field can enhance carrier mobility as a result of the
shortened effective path lengths across the NC film [164]. In order to probe the carrier
transport under applied bias, we built on a Si/SiO, substrate a field-effect transistor whose
conductive channel comprises a 150 nm HgTe NC film. Here, the gate insulator is a 300 nm
SiO; layer with a capacitance per unit area of 11 nF-cm?. A scheme of the FET device is
shown in Figure 3.9a.
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Figure 3.9: HgTe NC field-effect transistor. a. FET device on Si/SiO, substrate to probe
carrier transport. b. FET transfer curve as a function of gate potential Ves when a bias Vpg = 2
V is applied between the drain and source electrodes, at 120 K. Linear regions for hole and
electron transports are highlighted by the green and red lines, respectively.

We operate the FET in the linear regime, which allows field-effect carrier mobilities to be
extracted from the linear regions of the transfer curve, see Figure 3.9b. For a source-drain
voltage Vs negligible with respect to the gate voltage Vs, the mobility is calculated as:

L dlps
W-CiVps ~ 0Vgs

u (3.1)

where L is the channel length, W is the channel width, C; is the gate insulator capacitance per
unit area (11 nF.cm?), I is the drain-source current [74]. This formula is applied to extract
the electron and hole mobilities for different values of the source — drain voltage at different
temperatures.
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Figure 3.10: Carrier mobilities in HgTe NCs as a function of the applied bias. a. (resp b.)
Extracted electron (resp. hole) mobility as a function of drain-source bias (Vps) at various
temperatures. As the applied bias increases, we observe an increase in carrier mobilities.

We observe an increase in both electron and hole mobilities under increased applied source-
drain bias. Notably, at 120 K, electron mobility presents a 4-fold increase from 0.013 cm? V!
s1to 0.054 cm? V1 stwhen the drain-source bias increases from 0.2 V to 2 V. On the same
bias voltage range, hole mobility shows an even more significant, 26-fold, increase, from
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6.2x10* cm? V' s to 0.016 cm? V! s, see Figure 3.10. Furthermore, it is also worth noting
from Figure 3.10 that the increase in carrier mobilities with bias voltage is more significant at
low temperatures. This is due to the fact that at low temperatures, thermal effect does not
provide sufficient energy to support the carrier transport.

The bias-dependence of mobility was observed from 120 K to 240 K. This increase of carrier
mobility under applied electric field is rather significant, and it can be related to an increase in
the carrier diffusion length, Lp. Indeed, Lo=(D.7)*? with D the diffusion coefficient and T the
carrier lifetime. Einstein’s electrical mobility equation links the diffusion coefficient and the
carrier mobility p through D=pkgT/e, with ks the Boltzmann constant, e the elementary charge,
and T the temperature. This leads to Lp=(D.1)"?=(uks T/(e.7))?. Assuming that the carrier
lifetime 1T remains mostly unaffected by electric field application, the 4 and 26-fold increases
in mobility with bias correspond to 2 and 5-fold increases in the carrier diffusion lengths for
electrons and holes, respectively. In our plasmonic device, the applied bias induces
electrostatic field in the planar direction. The carrier diffusion lengths are thus expected to
extend horizontally as the applied bias increases.

Absorption inhomogeneity in the NC film and the origin of the spectral shift

We then analyzed the device absorption maps at the optical resonances. Figure 3.11a and c
show the simulated absorption maps at the surface plasmon resonance under TM polarization
and the Fabry-Perot resonance under TE polarization, respectively. In both cases, the maps
appear to be strongly inhomogeneous. In particular, the NC absorption is greatly enhanced
between, rather than above, the grating stripes. Furthermore, the normalized NC absorption
spectra in Figure 3.11c and d show that the areas between the stripes (indicated as Region 1
in Figure 3.11a and b) present a maximum of the NC absorption blue-shifted compared to
those above the stripes (indicated as Region 2 in Figure 3.11a and b).

As discussed in the previous section, increasing the applied bias between the electrodes leads
to an increase in the carrier diffusion lengths in the planar direction. Photocarriers generated
in Region 1 can thus reach the electrodes more efficiently as the bias voltage increases.
Hence, the weight from the absorption occurring in Region 1 becomes more important for
increased voltages, leading to the observed blueshift of the photoresponse. We then attribute
the bias-induced spectral shift to the interplay between the field-dependent hopping transport
in HgTe NCs and the inhomogeneous absorption induced by the plasmonic cavity.
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Figure 3.11: Absorption maps at the resonant wavelengths. a (resp. b). Simulated
absorption map for the SPP (resp. Fabry-Perot) resonance under TM polarization (resp. TE
polarization). For the NC film, we define two zones: Region 1 is between two neighboring
grating stripes, Region 2 is above the metallic stripes. The absorption map is strongly
inhomogeneous as the absorption is mainly enhanced in Region 1. ¢ (resp. d). Simulated
normalized NC absorption spectra in Region 1 and 2 defined on part a (resp. b). The
absorption in Region 1 is slightly blue-shifted compared to the absorption in Region 2.

To illustrate the effect for the case of the surface plasmon resonance, we have plotted the
maps of the product between the position-dependent NC absorption Abs(r) (Figure 3.11a) and
a Gaussian term exp(-r¥/(2Lp?)), with r the distance from the different positions in the NC film
to the electrodes. The Gaussian term is proportional to the collection efficiency in a diffusive
model. Abs(r) x exp(-r¥(2Lp%) maps thus represent the contribution from the different
positions in the NC film to the overall photocurrent signal. We plot the maps with Lp = 20 nm,
50 nm, 100 nm, and 200 nm at the surface plasmon resonance in Figure 3.12a-d. As Lp
increases, we see an apparent increase in the signal from the areas between the electrodes
(Region 1). Furthermore, we can plot the spectral response of the device, by integrating the
product Abs(r, 1) x exp(-r¥/(2Lp?)) over the NC film for each wavelength of interest. A blueshift
of the spectral response with increasing diffusion length, corresponding to experimentally
increasing the applied bias voltage, is observed for both polarizations, as shown in Figure
3.12e-f. Thus, using simple assumptions, our model nicely depicts the spectral shift resulting
from the field-dependent transport in the NC array.
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Figure 3.12: lllustration for the origin of the bias-induced shift. a-d. Absorption maps at
the SPP resonance normalized by a Gaussian term exp(-r/2Lp%), with r the distance to the
electrode while Lp is set equal to 20 nm, 50 nm, 100 nm, and 200 nm for a, b, ¢, and d,
respectively. As Lp increases, the contribution of the region between the electrodes becomes
more important. e (resp. f). Normalized calculated photoresponse for various Lp values for TM
polarization (resp. TE polarization). In both cases, we observe a blueshift in the modeled
photoresponse.

Overall, two requirements should be met to obtain reconfigurable photoresponse in NC-based
photodetectors: (i) the photonic structure needs to generate an inhomogeneous NC absorption
within the device, (ii) the charge collection needs to be electric field dependent. The last
condition is an inherent property of hopping conduction. Understanding the mechanism
leading to the spectral shift allows us to engineer novel NC-based devices with a controlled
bias-selectable spectral response. In the following sections, we present two devices, in which
on-demand electromagnetic maps and charge collection through hopping have been exploited
to provide novel functionalities through bias-dependent photoresponse.

3.3. Spatial design of the absorption map

The previous section shows that the field-dependent transport is an interesting property of
HgTe NCs, which can be employed to generate bias-tunable photoresponse in NC-based
photodetectors. However, the bias-induced spectral shift in the previous design was very
limited, as the shift remains considerably smaller compared with the linewidth of the exciton
absorption. In this section, we demonstrate a grating architecture with significant improvement
in the spectral control of the resonances. The bias modulation, as shown later, is related to
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two resonances located in the SWIR and MWIR ranges. Thus, the reconfigurable response
will be demonstrated between two optical bands. The section begins with introducing the
material and optical design of the photodetectors, followed by the demonstration of bias-
reconfigurability. In the last section, we will show some photodetection characterization of the
device at different applied bias voltages.

3.3.1. Spectral design of the resonances with a metallic grating

The geometry of our detector is depicted in Figure 3.13a. Despite being a simple geometry, a
grating coupled to a NC film offers several degrees of freedom for the design of the light-matter
coupling (i.e., the grating period p, the electrode size s, and the film thickness tnc). As we
target photodetection in the SWIR and MWIR, HgTe NCs with spherical shape and cut-off
absorption wavelength of around 3.5 ym at room temperature were synthesized, see Figure
3.13b. As usual, liquid phase transfer was performed to exchange the initial long capping
ligands for hybrid passivation combining short thiols and ions. Smooth, conductive NC films
were then obtained by spin-coating.

We also prepared a reference sample with a 150 nm photoconductive film of this material on
prefabricated electrodes (10 um electrode spacing, with no generated optical resonances in
the considered range). Figure 3.13c shows the photocurrent spectra measured on the
reference sample at 80 K under various applied bias voltages. Apart from the redshift
compared to the initial absorption spectrum owing to the ligand exchange process and the
temperature effect, the reference device presents no bias-tunable photoresponse.
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Figure 3.13: Design of the infrared sensor and HgTe NCs for the absorbing layer. a.
lllustration of the HgTe NC infrared detector with grating geometry on a glass substrate.
Optical properties of the device are defined by the grating period p and stripe size s. b. Room-
temperature absorption spectrum of the HgTe NCs in solution. The background is a high-
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resolution transmission electron microscopy image of those HgTe NCs. c. Photocurrent
spectra of the reference interdigitated device, with 10 pm spacing between the electrodes.
The spectra, obtained at different applied voltages, are almost identical.

For the resonator device, we intend to use the interdigitates electrodes also as grating stripes,
allowing a inhomogeneous NC absorption. Therefore, the objective of optical design is to
introduce two electromagnetic modes. The first mode is located in the vicinity of the electrodes
in order for photogenerated carriers to be collected under low applied electric fields. The
second mode is located away from the electrodes to generate photocarriers that will only be
collected under higher electric fields. We obtain this objective by exploiting two resonances
under TE polarization: a guided-mode resonance and a Fabry-Perot resonance.

Fabry — Perot resonance under TE polarization

A Fabry-Perot mode can be generated by taking advantage of the impedance mismatch
between the areas in the openings between the electrodes and those on the top of the gold.
The Fabry-Perot resonance, spatially located between the electrodes, can be generated as
long as the gold and NC film thicknesses are well-chosen, see Figure 3.14a. The resonance
wavelength of this mode is driven by the opening size 0 = p-S = 2-Nert -Arp, Where ner is the
effective index of the mode, p is the grating period, and s is the electrode size. By choosing
o= 1 um, we set the Fabry - Perot resonance to match the NC exciton, with a peak around 3.2
pum at low temperature, see Figure 3.14c. The TE dispersion map of the device confirms the
nature of this Fabry-Perot resonance with a dispersionless feature around 3100 cm™, resonant
with the exciton peak, as shown in Figure 3.14d. We then design the mode near the electrodes
by exploring optical resonances depending on the other geometrical parameters.
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Figure 3.14: Simulated optical properties of the device under TE polarization. a. Electric
field map |E| of the Fabry-Perot resonance under normal incidence. The strong field is
concentrated in between the gold stripes. b. Electric field map |E| of the guided-mode
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resonance under normal incidence. The strong field is concentrated on top of the gold stripes.
c-d. Simulated NC absorption spectrum under normal incidence in TE polarization and
dispersion map of the device with p = 1650 nm, s = 650 nm and tnc = 260 nm. The Fabry —
Perot resonance is indicated by the yellow dashed line. The diffraction order limit for m =1 in
equation 3.2 is indicated by the green dashed line. The GMR s indicated by the pink dashed
line. The light line for light propagating in air is indicated by the orange continuous line.

Guided — mode resonance under TE polarization

Thanks to the presence of the grating, the diffraction orders of the incoming light can be
coupled with a waveguide mode. This mode is mainly confined in the NC film thanks to its
greater refractive index (nnc = 2.35) compared to that of air (N = 1) and of the substrate
material (ngiass = 71.5). This is referred to as a guided-mode resonance (GMR) [90], [146].

More importantly, at normal incidence, the GMR focuses light on the NCs above the grating
stripes, spatially separated from the Fabry-Perot resonance, see Figure 3.14b. As it relates to
a diffraction phenomenon, the GMR absorption peak strongly depends on the grating period
p and the NC film thickness tnc, as shown in Figure 3.15. Here, we have set p = 1650 nm and
tne = 260 nm such that the GMR peak is around 2.2 ym under normal incidence, see Figure
3.14c.
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Figure 3.15: Impact of the grating geometrical parameters on the GMR. a. Simulated
absorption spectra under TE polarized radiation for fixed stripe size s = 650 nm and NC film
thickness tne = 260 nm with different grating period p values. b. Simulated absorption spectra
under TE polarized radiation for fixed period p = 1650 nm and NC film thickness tne = 260 nm
with different stripe size s values. c. Simulated absorption spectra under TE polarized radiation
for fixed stripe size s= 650 nm, and period p = 1650 nm with different NC film thickness tnc.

The GMR resonance is identified from the following considerations. Considering a TE
polarized wave incident on the structure depicted in Figure 3.13a, the wavevector k of the light
in the NC film satisfies:

k2 = k% + k% =nyolk,”

where k, is the wavevector in air, ny is the refractive index of the NC film. Note that k,, = 0
as we are considering TE polarization. Diffraction orders appear in the NC film as

k, = 0= nyck, =k,
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The grating coupling condition states that

2m
kT = ke £ m—
p
where m is an integer number, p is the grating period. So, the limit for this order to appear is
equivalent to

nycko = kx(m) (3.2)

Replacing E = fck, into equation 3.2 allows us to plot the limit for diffracted orders to appear
in the dispersion map. Figure 3.14d shows the limit for m = 1 (green dashed line) in our
structure. Furthermore, the slope of GMR must follow the slope of diffracted lines, as is the
case here. The dependence of the observed absorption feature on the incidence angle and
the existence of diffracted orders in the NC film confirm that the feature we are looking at is
associated with a GMR.

With the two modes designed to be separated spectrally and spatially (Figure 3.14a-c), we
expect to see bias reconfigurability when the device is illuminated under TE polarization. We
next discuss the infrared resonances under TM polarization.

Resonances under TM polarization

The dispersion map of our device under TM polarization in Figure 3.16a indicates that there
are different resonances spectrally overlapping with the NC exciton. The spectra confirm the
presence of several resonances since not obvious changes can be observed in the absorption
peaks when the geometrical parameters of the grating are varied, as presented in Figure
3.16b-c. We did not identify all the resonances under TM polarization and focus on the spatial
distribution of NC absorption.
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Figure 3.16: Optical properties of the device under TM polarization. a. Dispersion map of
the device with p = 1650 nm, s = 650 nm, and tne = 260 nm in TM polarization. The light line
is indicated by the orange continuous line. b. Simulated absorption spectra under TM polarized
radiation for fixed stripe size s = 650 nm and NC film thickness tne = 260 nm with different
grating period p values. c. Simulated absorption spectra under TM polarized radiation for fixed
stripe size s= 650 and period p = 1650 nm with different NC film thickness tnc.
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Figure 3.17a shows the electric field map at 4000 cm? under normal incidence in TM
polarization. The resonances strongly enhance the electromagnetic field and absorption of the
NC film above the electrodes. Expectedly, the simulated absorption of the NCs between the
grating stripes is much lower than that of NCs above the stripes, see Figure 3.17b. Therefore,
a negligible voltage dependence is anticipated for the device photoresponse under TM
polarization.
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Figure 3.17: Electric field map and NC absorption spectra at the resonance wavelength
under TM polarization. a. Simulated electric field map at 4000 cm™ (=2.5 um) under normal
incidence in TM polarization. b. Total NC absorption spectrum and NC absorption spectra in
the different areas highlighted with dashed boxes in part a. The figure shows that at resonant
wavelength 2.5 um, absorption by NC mainly occurs above the stripes.

3.3.2. Device characterization
Bias-modulated photoresponse

With the optical properties of the device established, we then conducted photocurrent
measurements to examine the bias dependence of the fabricated device. Figure 3.18 shows
the photocurrent spectra of the device as a function of various bias voltages at 80 K for TE
and TM polarizations. The photocurrent spectra under TE polarization, as predicted, present
two features associated with the GMR and Fabry-Perot resonances, in very good agreement
with the simulated NC absorption in the device (Figure 3.14c). Furthermore, a notable
photoresponse tunability with applied bias can be observed in Figure 3.18a.
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Figure 3.18: Bias tunability of the grating resonator. a. Normalized photocurrent spectra
of the device in TE polarization under various applied biases from 0.1 V to 1.5 V (step of 0.1
V), at 80 K. b. Normalized photocurrent spectra of the device in TE polarization under various
applied biases from 0.1 V to 0.8 V (step of 0.1 V), at 80 K.

In contrast, no significant change in the photocurrent spectrum was observed when the
incident light is TM polarized, see Figure 3.18b.

The amplitude of the TE Fabry-Perot resonance grows as the applied bias increases with
respect to the GMR resonance, as it can be seen in the photocurrent spectra normalized to
the GMR peak. Note that this spectral modulation is fully reversible (i.e., the Fabry-Perot peak
decreases when the applied bias decreases) and is not dependent on the bias polarity. Here,
Stark effect can be excluded as a possible mechanism to explain the origin of this bias
reconfigurability since we observed no bias tunability in the reference device (Figure 3.13c).
Moreover, Stark effect will affect both polarizations in the same way.
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Figure 3.19: Photocurrent spectra under TE polarization at 80K and bias modulation at
various temperatures. a. Photocurrent spectra (non-normalized) of the device in TE
polarization under various applied biases from 0.1 V to 1.5 V (step of 0.1 V), at 80 K. b.
Intensity ratio between the Fabry-Perot resonance and the GMR in TE polarization as a
function of applied bias at various temperatures.
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The bias dependence of the spectral response in our device under TE polarization was
observed in a wide range of temperatures, from 50 K to 240 K, see Figure 3.19b, while the
TM photocurrent spectrum remained almost unchanged. It should be noted that the intensity
ratio of the two TE resonances increases when the photocurrent signal from both resonances
also increases with the applied bias, see Figure 3.19a. We attribute this modulation to different
degrees of overlap between the electromagnetic resonances and the induced electrostatic
field. Since the grating is used as interdigitated electrodes, the in-plane electrostatic field
component dominates. A greater field strength is established in the slits between neighboring
electrodes than above the electrodes, as illustrated in Figure 3.20. Under low electric fields,
charge collection mainly occurs near the electrodes, which favors the spectral weight of the
nearby resonance, evidenced by a stronger spectral weight of the GMR in Figure 3.18a. When
a large electric field is applied, charge collection from areas between the electrodes becomes
more efficient. The spectral weight associated with the TE Fabry-Perot resonance, spatially
localized away from the electrodes, increases. The drastic change in intensity ratio also raises
a crucial point to NC-based infrared sensors’ design rules, which have mainly focused on
enhancing material absorption using optical resonators. It shows that spatially designing the
resonances well aligned with the applied electrostatic field is also essential for efficient charge
extraction, meaning that the optical modes can be effectively exploited. However, it is
noteworthy that, although the Fabry-Perot resonance field (Figure 3.14a) fits better with the
electrostatic field map (Figure 3.20a) than the GMR (Figure 3.14a), photocurrent is higher at
GMR resonance because of its stronger field enhancement.
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Figure 3.20: Electrostatic field map. a. Simulated electrostatic field map when a bias voltage
is applied between two neighboring electrodes. The color map indicates the magnitude of the
electrostatic field. The red arrows indicate the direction of the electrostatic field. NC film is
highlighted with the brown boundary. In the figure, electric potential of the electrodes on the
left and right are set to +1V and -1V, respectively. The electrical conductivity of air, NC film
and glass substrate are set to 10" S/m, 5 x 10* S/m and 10*? S/m, respectively. b. Magnitude
of the electric field along the dark dashed line in part a. This figure shows that the electrostatic
field is mainly located in the area between the electrodes.

Photodetection performance

The photodetection performance of the device was then characterized. First, the photocurrent
signal was quantified with responsivity measurements. Under broadband radiation (blackbody
at 980 °C), the device’s responsivity appears to depend strongly on the temperature. The
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measured responsivity of the device reaches a maximum of = 110 mA-W at around 160 K to
180 K when a bias of 0.1 V is applied, see Figure 3.21a. Noticeably, we observe a significant
decrease in responsivity when the temperature is higher than 200 K for a series of devices
fabricated using the same material. This decrease can be attributed to the electron mobility
drop above 200 K, previously shown in Figure 3.10a.
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Figure 3.21: Responsivity and dark current of the device at different temperatures. a.
Responsivity of the device under broadband illumination (blackbody at 980 °C) as a function
of the temperature when biased with 0.1 V. b. I-V curves at various temperatures of the device.
c. Dark current as a function of temperature of the device under 0.1V bias. Activation energy
of the material is estimated to be around 153 meV using Arrhenius’ fit.

We then examined the dependence of the dark current on temperature. The |-V curve under
the dark condition is linear at 280 K and appears more super-linear at low temperatures, as
presented in Figure 3.21b. The dark current decreases monotonically with decreasing
temperature. In addition, an Arrhenius fit for the current-temperature dependence gives an
estimated activation energy of around 153 meV. This value is close to half of the material
band-edge energy (=180 meV), which is an expected characteristic for intrinsic
semiconductors. Note that we do not rule out the existence of carrier doing in our sample, but
the transport is dominated by their intrinsic properties. A high activation energy is
advantageous for photodetection at low temperatures since the dark current can be drastically
reduced upon cooling.

The device operation at cryogenic temperature was then characterized. A typical transient
response of the device to 1.2 ns laser pulses using a 1.57 um laser source is shown in Figure
3.22a, where a quick increase in the photocurrent is followed by a slower drop to the dark
current values. The whole rise and decay process were estimated to be around 130 ns.
Responsivity grows as a result of increased applied bias, as shown in Figure 3.22c, from 70
mA-W to 320 mA'W* when the bias changes from 0.1 V to 1.5 V. However, current noise
density also rises as the bias increases, see Figure 3.22b. The detectivity (at 1 kHz) of the
device peaks at 7x10%° Jones for 0.2 V applied bias before steadily lowering while maintaining
a value of more than 10° Jones up to 1.5 V. Overall, our device, while can be straightforward
for the fabrication process thanks to the basic geometry design, presents a fast response time
while retaining a highly competitive detectivity in low-temperature operation.
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Figure 3.22: Photodetection performance of the device at 80 K. a. Photoresponse of the
device when illuminated with 1.2 ns laser pulses (A = 1.57 um), at 80 K. b. Noise measurement
at different applied bias voltages at 80 K. c. Responsivity of the device under broadband
illumination (blackbody at 980 °C) and detectivity (at 1 kHz) of the device as a function of the
applied bias, at 80 K.

The grating device shows the importance of an optimized structure to further exploit the field-
dependent transport for bias reconfigurability in NC-based photodetectors. Now that the key
elements for bias tunability are well identified, in the following section another optical design
will be proposed to further enhance the bias modulation effect.

3.4. Tuning spectral response with controlled charge collection

The work presented in this section was a collaborative effort between the ONERA, INSP and
LPENS. The resonator structure has been developed at the ONERA by Baptiste Fix and
Audrey Chu. The optical simulations were carried out with the help of Claire Abadie. Baptiste
Fix also designed the scanning near-field optical microscopy experiment and conducted the
field imaging measurements. | was involved in the photodetector fabrication and
characterizations, in collaboration with Audrey Chu and Claire Abadie.

As revealed in the previous sections, the field-dependent transport is an interesting property
of HgTe NCs. This section focuses on exploiting this property to generate bias-reconfigurability
with a new resonator design, sketched in Figure 3.23a. The key feature of this resonator
structure lies in a two-pattern periodic grating, in which the symmetry breaking in each period
induces two spatially and spectrally distinct resonances. Furthermore, using the grating as
interdigitated electrodes leads to different electrostatic fields generated in the large and small
grooves upon applying bias. The photocarriers from the two grooves, associated with two
different optical resonances, are collected differently when the applied bias varies. This effect
displays in the photocurrent spectrum under different bias voltages, that is, bias
reconfigurability. We begin this section by introducing the optical design of the structure and
presenting the structure’s optical properties simulated with COMSOL software. Afterward,
measurements using infrared scanning near-field optical microscopy will be presented to
support the simulated results. Finally, we will show strongly enhanced bias tunability obtained
with the new design.
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3.4.1. Optical design of the coupled resonators induced by symmetry breaking

We generate an inhomogeneous absorption map by introducing two optical cavities in one
structure. Our two-pattern periodic grating has been inspired by the coupled Fabry-Perot
resonator [165], which has been first proposed by ONERA group. The structure, sketched in
Figure 3.23a, was fabricated on a Si/SiO, substrate. Optical elements include a SWIR-
absorbing HgTe NC layer (Figure 3.23b), a gold grating layer on top of the Al,O optical spacer,
and a backside gold mirror. The grating design contains, within one period, two grooves of
different sizes. To generate a resonance that matches the NC band-edge, we select a 1 um
period for the grating, and the openings are 200 nm and 400 nm for the small and large
grooves of the structure in Figure 3.23a, respectively. Each groove confines the
electromagnetic field at a different wavelength in TM polarization.
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Figure 3.23: Optical properties of the coupled resonators. a. Scheme of our resonator. b.
Absorption spectra of the HgTe NCs used as infrared light absorbers and TEM images of the
nanoparticles. ¢ (resp. d). Simulated absorption spectra within the NCs for the structure
depicted in a. The absorption spectra for NCs in the large and small grooves are also plotted.
e (resp. f). Absorption map at 1.53 um and 1.7 um (corresponding to the two absorption peaks)
under TM polarization.

Figure 3.23 c-d present the absorption maps at the 1.53 ym and 1.7 um under TM polarization,
corresponding to absorption peaks of the large and small grooves, respectively. Note that,
even though Figure 3.23a shows NCs only within the grooves, in practice, spin coating
deposition leads to the formation of a quasi-conformal film with NCs both in the grooves and
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on top of the grating. We thus account in the simulation for the presence of the NC film also
on top of the electrodes. Due to the presence of the grating, the optical properties of the
structure are strongly dependent on the polarization of the incident light. Under TE
polarization, the structure presents a single absorption peak centered at around 1 um, see
Figure 3.23f. However, the absorption at the NC band edge is relatively weak. On the other
hand, strong absorption around the NC exciton resonance is obtained under TM polarization
at around 1.53 um, as shown in Figure 3.23e. Beyond the strong absorption, the asymmetric
structure allows the direct design of a bicolor structure where the two modes are spatially
disjoint. The design thus naturally satisfies the condition of an inhomogeneous absorption
map. We next follow the optical design to fabricate the photodetector.

3.4.1. Device fabrication

Step 1:
Deposition of the
gold mirror

Step 2:
Insulating dielectric

Step 3:
Deposition of
macroscopic pads

Step 4:
Grating fabrication

Step 5:
Nanocrystal film
deposition

Figure 3.24: Fabrication process for the coupled resonators.

The five-stage fabrication process to obtain the coupled resonator structure is described in
Figure 3.24. On a Si substrate, a backside gold mirror with a thickness of 80 nm was first
prepared with thermal evaporation. Atomic layer deposition (ALD) was then performed to
achieve a 40 nm Al,Os; optical spacer. The electrical contacts and the grating were
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subsequently fabricated with optical and electron beam lithography. The contact pad and gold
grating thicknesses are both 50 nm. Finally, 80 nm of HgTe NC film was deposited on top of
the grating using spin-coating. Here, the HgTe film can be much thinner than typical
photoconductive NC films (200-300 nm) thanks to the strong absorption of the optical
structure.

3.4.2. Infrared scanning near-field optical microscopy measurements

In order to verify the optical simulations, we have compared our simulated results with infrared
scanning near-field optical microscopy (SNOM) measurements. The measurements were
performed by Baptiste Fix and Claire Abadie at the ONERA using a SNOM imaging set up
from Neaspec GmbH, which allows obtaining the electromagnetic field maps at the sample
surface. The scattering-type scanning near-field optical microscope is based on a tapping
mode atomic force microscope. A 1.55 um DFB pro TOPTICA laser with a linearly polarized
beam was focused on an AFM tip, creating a strong near-field nano-focus at its apex, as
presented in Figure 3.26a. While the illuminated tip scans the sample surface, near-field
optical properties of the sample modify the tip-scattering light. The amplitude and phase of the
tip-scattered light contain information about the sample’s optical properties. In the
measurements, there is a 60° incidence angle between the laser beam and the normal to the
sample surface. The scattered light is measured by an InGaAs detector.
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Figure 3.25: SNOM sample with NC film replaced by SisN4. a. Coupled resonator structure
with HgTe NCs replaced by a layer of 140 nm SisN4. b. Simulated reflectivity spectrum of the
structure with SisN4 layer under 60° incidence angle.

Experimentally, conducting the SNOM measurement on a grating structure coated with NCs
is challenging since the NC film appears too soft for the scans. Thus, we have replaced the
NCs with a hard, dielectric thin film of SisN4 whose refractive index (nsisna = 2) is close to the
one of the NC film (nnc = 2.35) [143], as presented in Figure 3.25a. The SisN4 layer was
deposited using PECVD Corial D250 and has a thickness of 140 nm. Under 60° incidence
angle, the main resonance of the structure matches the laser wavelength (A = 1.55 um) of the
SNOM setup, see Figure 3.25b. As mentioned in the previous section, the simulation predicts
that (i) the signal is polarized, with a TM polarization much more intense than the TE one, and
(ii) under TM polarization, the signal at the main resonance is mainly localized within the large
gap, as predicted by the simulations and shown in Figure 3.23.
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Figure 3.26: Infrared near-field microscopy characterization of coupled Fabry-Perot
structure. a. Schematic of the SNOM measurements on a coupled Fabry-Perot structure in
which the NC layer is replaced by a thin SisN4 film. The laser comes with a 60° incidence
angle. Simulated electric field map |E|? at 1.55 pym in TM (b.) and TE (c.) polarization. d.
Topography map of the coupled Fabry-Perot structure. Blue and red arrows highlight,
respectively, the large and small grooves. Experimental electric field map |E|? at 1.53 pm in
TM (e.) and TE (f.) polarization, obtained from the SNOM measurements.

The top-view simulated electric field maps, accounting for the 60° incident angle, are shown
in Figure 3.26b-c. The topography map (Figure 3.26d) shows a periodic structure presenting
both large (highlighted with blue arrows) and narrow grooves (highlighted with red arrows).
The experimental maps of the electric field are given in Figure 3.26e-f for TM and TE
polarization, respectively. As expected, the magnitude of the field is much weaker for TE
polarization. Comparing Figure 3.26d and e, we can correlate the maximum field magnitude
under TM polarization with large grooves. The SNOM measurement thus confirms the validity
of our simulations: the two grooves generate two spatially and spectrally distinguishable
resonances. In the following, we will focus on the photoconductive properties of the NC-based
structure and investigate how they are affected by the presence of these two resonances.

3.4.3. Defining the charge collection area for bias reconfigurability

As the structure’s unit cell is not symmetric, the active electrical area of the device can be
determined by the way the grating stripes are connected to form electrodes. We consider two
different configurations: the “tuning fork” configuration (Figure 3.27a), where two consecutive
stripes are electrodes with the same sign, and the ‘interdigitated” configuration (Figure 3.27b),
in which two consecutive stripes are electrodes with opposite signs.
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In the “tuning fork” configuration, we focus on the “large tuning fork” structures, where the
large grooves separate two electrodes of the same sign, thus screening the applied
electrostatic field generated over the grooves. Therefore, only the small grooves are activated
under bias application, corresponding to the absorption map under illumination in Figure 3.23c.
We thus expect the photoresponse to follow NC absorption in the small groove (red spectra
in Figure 3.23e-f).
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Figure 3.27: Different configurations to form electrodes. a (resp. b). Scanning electron
microscopy image of the structure with tuning fork (resp. interdigitated) configuration. c
(resp.d). Photocurrent spectra of the “large tuning fork” (resp. interdigitated) device measured
at 250 K with applied bias of 500 mV. e (resp.f). Unpolarized photocurrent spectra of the “large
tuning fork” (resp. interdigitated) device measured at 250 K with various applied bias voltages.

On the other hand, the interdigitated configuration allows the electrostatic field to be applied
over both the large and narrow grooves. Therefore, a photoresponse with spectral features
from both gaps is expected. Indeed, the experimental photocurrent spectra of the “large tuning
fork” and the interdigitated configurations, presented in Figure 3.27c-d, show a good
agreement with the simulated absorption spectra in Figure 3.23e-f. In particular, the “large
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tuning fork” photocurrent spectrum under TM polarization depicts a single resonant peak, while
the interdigitated configuration shows a broad absorption with a narrow peak (at 1.6 pm) next
to a less intense feature (at 1.7 um) around the NC band edge.

Furthermore, the photoresponse of the interdigitated device presents a significant bias
tunability, as the intensity of the second feature is strongly dependent on the applied bias, see
Figure 3.27f. Noticeably, the feature around 1.7 ym can be switched ON and OFF as the
applied bias varies from 10 mV to 500 mV. On the contrary, bias dependence appears
negligible for the “tuning fork” device, as shown in Figure 3.27e. The bias dependence of
interdigitated device can be explained as follows: since the absorption is stronger in the larger
groove, the photocurrent from the large groove prevails at low electric fields. When the bias is
increased, the electrostatic field in the narrow groove becomes more important due to its
smaller size, and charges generated in the narrow groove are more efficiently collected thanks
to the NC field-dependent transport. Here, the increase of the applied bias effectively changes
the active area of the photodetector as a result of the broken symmetry of the periodic pattern.
The second feature that contributes to the photocurrent spectrum at high bias voltages thus
can be attributed to the NC absorption from the narrow groove. Therefore, the bias-tunable
response is substantial and can be observed up to 250 K in our structure.

In this section, we have demonstrated a new strategy to design a bias-reconfigurable
photodetector based on HgTe NCs and a two-pattern periodic structure. Optically, the
structure generates different resonances that are spatially and spectrally separated. At the
same time, the applying bias voltage induces different electrostatic fields on areas where the
resonances localize. Thanks to the field-dependent transport of the NCs, the tuning
electrostatic field leads to a change in the photodetector’s active area, which modifies the
device’s photocurrent spectrum upon increasing applied bias. Compared to the devices in the
previous sections, the observed bias-reconfigurable photoresponse of the new design is more
significant, with the full suppression of one resonance at low bias voltages. Furthermore, the
bias tunability has been observable up to 250 K, readily attainable without cryogenic cooling
systems.

3.5. Conclusion

This chapter presents an approach to bias reconfigurability in NC-based photodetectors. Here,
we have exploited the bias dependence of carrier mobilities in HgTe nanocrystal films. This
peculiar property and an inhomogeneous absorption in NC-based devices are then pointed
out as critical ingredients for bias-reconfigurable photoresponse.

We further demonstrate this point by fabricating different device architectures, demonstrating
tunable photoresponses from a spectral shift to bias-modulated optical bands. We show that
bias-dependent photoresponse can be obtained by combining a single film of NCs with
properly designed optical structures. Understanding the effect's mechanism lays the
groundwork for further studies of active photonic systems based on nanocrystals.
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Material synthesis and device fabrication in this chapter have been performed with the support
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Palaiseau) performed ITO coating on sapphire substrate. Djamal Gacemi (research engineer —
LPENS) designed and assisted in the rectification measurements.
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Boosting the performance of photodetectors requires optimizing the devices' optical and
electrical properties. Much progress in material development has recently been made,
allowing for obtaining highly sensitive MWIR HgTe NC-based photovoltaic devices. These
detectors present several advantages over their photoconductive counterparts; of particular
interest is the lower dark current thanks to the 0 V bias operation. However, on the optical
side, the typical design using transparent conductive oxide layers for the device's electrodes
is suboptimal. The issue arises from the significant optical losses of the electrodes in the
MWIR range. Alternative designs for electrodes of mid-wave infrared devices are thus actively
sought. This chapter presents a photodiode based on a carefully designed metallic grating as
an electrode. The grating generates a multi-resonant photonic structure over the diode stack,
allowing strong broadband absorption. The obtained device achieves the highest
performances reported so far for a MWIR nanocrystal-based detector, with detectivity of
7x10* jones at 80 K for 5 um cut-off wavelength and sub 100 ns time response. Furthermore,
we demonstrate that combining different gratings with a single diode stack can generate
multicolor bias reconfigurable response and develop new functionalities such as band
rejection and current bi-directionality.

4.1. Introduction

Photovoltaic devices typically rely on a vertical geometry, which concerns the bottom electrode
design and the choice of the substrate in case of back illumination. In the visible range,
transparent conductive oxides (TCOs) are traditionally employed as electrical contact thanks
to their good conductivity and high optical transmission. Nevertheless, these materials present
significant optical losses moving towards longer wavelengths, as exemplified in Figure 4.1.
When designing devices in the near-infrared, a trade-off between electrical conductivity and
optical losses in TCOs must be considered [166]. Indeed, while lowering the electrode
thickness reduces the contact absorption, it also leads to an increased contact resistance,
which prevents large current injection and fast operation of the device. In the MWIR, the high
losses of TCO contact become even more problematic considering the limited transmission of
substrate materials in this spectral range.
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Figure 4.1: Transmission of ITO in the visible and SWIR range. Visible image on the left
shows good transmission of an ITO-coated glass slide. On the right in the SWIR image, while
the glass vials still present good transmission, the glass slide coated with ITO shows strong
absorption.
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On the contrary, metals behave as nearly perfect conductors at low-frequency (i.e., at
frequencies much smaller than their plasma frequency) since only a minor fraction of the
electromagnetic wave can penetrate the metals. Optical losses of metallic structures are thus
significantly reduced in the infrared. Furthermore, appropriate patterning of metallic surfaces
can result in resonators, as discussed in previous chapters, which enable strong light
confinement [123] and extraordinary optical transmission [167]-[170] while offering excellent
electrical conductivity for optoelectronic engineering. Therefore, using metal structures [171]—
[173] for transparent electrodes is of great promise to improve the performance of photodiodes
working in the MWIR range.

This chapter focuses on the possibility of using metallic grating structures to replace the
conventional TCO contact layer in NC-based MWIR photodiodes. In the first part, we introduce
our metallic grating design aiming to generate multiple resonances in the NC absorbing film
of a diode stack, leading to broadband enhancement of the device’s absorption. We show that
the detectors using metallic electrodes present superior performance compared with a
photodiode stack using the conventional indium tin oxide (ITO) contact layer. The second part
of the chapter presents the use of these gratings as a strategy to achieve multicolor bias-
selectable photoresponse. So far, multicolor response in NC-based photodetectors is mainly
achieved by associating devices sensitive to different optical bands [76], [103], [132], [174].
On the other hand, stacking two photodiodes [103], [175] on top of each other is a common
strategy for reconfigurable photodetection, as presented in Chapter 3. However, multilayer
fabrication with colloidal materials is highly complicated. Here, we show that by employing
plasmonic resonators, a multicolor reconfigurable response can be obtained from a single
diode stack, tremendously simplifying the fabrication process required by conventional
approaches. Advanced functionalities, such as optical band selection and narrow-band
rejection, will be demonstrated. This chapter highlights the novel capabilities offered by
plasmonic resonators to NC-based systems beyond pushing the devices’ performances.

4.2. Metallic structure to replace TCO layer in MWIR photodiode

Besides using TCOs as electrode materials, the most common strategy to design a partly
transparent electrode is using a metallic grid [176]-[180]. In this case, the electrode
transmission is mainly set by the metal filling factor. On the one hand, the filling factor has to
be low to render the electrode transmission as high as possible. On the other hand, a low
filling factor not only presents a higher sheet resistance but also lengthens the collection
pathways of the photogenerated charges, which is strongly detrimental in the case of low-
mobility materials such as NCs. A combination of a metallic grid/pad and a thin TCO layer
[131], [181] has also been used as an approach to combine transparency and conductivity or
to tune the work function of the TCO layer [143]. In this section, we explore the design of
resonant metallic structures offering an alternative to TCO as a transparent electrode in the
infrared.

4.2.1. Optical loss in the TCO contact of NC-based photodiodes

At present, MWIR NC-based diodes are typically based on the HgTe/Ag.Te stack introduced
by Ackerman et al. in 2018 [99]. In such diodes, the mid-wave infrared absorption relies on
HgTe NCs, while Ag-Te NCs play the role of hole extractors. The bottom contact of the diode
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is commonly made of ITO thanks to its work function (®;7o = 4.7 eV) which is well-suited for
electron extraction from HgTe (®y 47, = 4.6 + 0.1 eV), see Figure 4.2a. On the bottom side of
the device, a sapphire substrate can be used when targeted detection wavelengths are less
than 6 uym. This design has become a common platform for HgTe NC-based photovoltaic
devices in recent years [100], [101], [103]-[105], [131].
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Figure 4.2: HgTe NC-based photodiode using a transparent conductive oxide as the
electrode. a. Schematic of a photodiode based on sapphire/ITO/HgTe/Ag-Te/Au stack. b.
Measured transmission spectra for a pristine sapphire substrate and for a substrate coated
with ITO layer with two different thicknesses. c¢. Simulated absorption spectra of the NC film
and of the ITO layer used as a contact in the photodiode. d. Absorption map (at 3 um) for the
diode stack depicted in part a.

Although widely used, the ITO bottom contact in MWIR devices exhibits a major issue: it
presents a strong absorption of electromagnetic waves above 2 um. Notably, the transmission
of a 50 nm thin ITO layer on a sapphire substrate is only 40 % at 5 uym, detrimental to the
photodiode’s efficiency, as shown in Figure 4.2b. This issue is evident in the simulated
absorption spectra of a typical diode stack (i.e., 350 nm thickness of NC stack, 50 nm ITO
contact layer), which shows that most of the light absorption occurs in the ITO layer, see Figure
4.2c-d. As a result, the incoming light transforms into ohmic losses rather than photocurrent
signals. It is thus necessary to find an alternative design for the bottom contact that reduces
the optical loss while maintaining a good electrical connection. The following section presents
our approach to addressing this problem with metallic grating.
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4.2.2. Overcome optical loss in the mid infrared with metallic structures

In order to improve the NC film’s absorption, we design a structure in which the ITO layer is
replaced by a gold grating, depicted in Figure 4.3a. Here, we target to enhance the NC
absorption in the 3-5 ym spectral range, where ITO presents significant optical losses. The
new diode architecture resembles the MDM structure presented in Chapter 2, thus inheriting
all the optical advantages from a plasmonic resonator. The generated resonances, as a result,
include the Fabry-Perot resonance under TE polarization and surface plasmon polariton and
cavity mode under TM polarization. Note that the measurements with the broadband detectors
presented in Chapter 2 have shown that surface plasmon resonance leads to the photocurrent
peak with strongest enhancement. Therefore, we optimize the grating mainly by following NC
absorption under TM polarization. Once again, the optical design was performed with
COMSOL software.

Optical properties of the metallic structure

Under TM polarization, the cavity mode’s resonant wavelength matches the exciton absorption
at 4.1 um when the grating stripe width s is set at 350 nm. The TM surface plasmon and TE
Fabry-Perot wavelengths are then controlled through the grating period p. Figure 4.3b-c show
the NC absorption spectra for different values of p from 1200 nm to 1800 nm under TM and
TE polarization, respectively. Under TM polarization, two features are visible, associated with
the cavity mode at 4.1 uym, and the SPP. The latter can be recognized by the pronounced
peak that shifts with different grating periods. In order to match the SPP wavelength with the
exciton absorption, the grating period is set to be around 1800 nm.
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Figure 4.3: Resonant 1D grating used as a transparent conductive electrode. a.
Schematic of a photodiode based on sapphire/1D Au grating/HgTe/Ag.Te/Au stack. b. (resp
c.) Simulated NC absorption spectra for the diode depicted in part a for various values of the
grating period p in TM (resp TE) polarization. The grating stripes s = 350 nm and the NC
thickness tne = 350 nm.

Under TE polarization, a similar behavior can be seen for the Fabry-Perot resonance. This
resonance depends on the opening o = p-s, thus shifts towards longer wavelengths as p
increases. At p = 1800 nm, the resonance does not match the exciton absorption and appears
slightly blue-shifted, see Figure 4.3c. Consequently, it contributes to the broadening of the
overall absorption spectrum.
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Regarding the diode stack thickness, hopping transport in NC films limits the carrier mobilities
in HgTe, and thus a thick NC film (=500 nm) is not favorable for the photogenerated carrier
collection. On the other hand, too thin NC film could result in poor light absorption. We thus
optimize the diode stack thickness to maximize the overall device absorption in the NC film,
considering that a reasonable film thickness for efficient charge transport is usually below 500
nm. Figure 4.4a-b show the simulated NC absorption spectra for the grating (s = 350 nm, p =
1800 nm) under TM polarization and the ITO device with unpolarized light, for different
thicknesses of the NC layer. The basic design guideline for ITO-based diodes is that the
thicker the NC film the higher the absorption. This is not the case for the grating structure.
Indeed, we identify an optimum thickness for the absorbing layer coupled to the grating
corresponding to tne = 350 nm. Thus, another advantage of the metallic structure is the
possibility of using a NC layer with lower thickness to reach the same absorptivity. This results
in a reduced material consumption and improved transport.

Wavelength (um) Wavelength (um) Wavelength (um)
c 2 3 4 5 - 2 3 4 5 c 2 25 3 35 4455
2 -200 nm——250nm T 2 —200 2%0n0m  |TO S 081 ' T
[R— E— [ nm nm -
g’ 0.64—300nm 350 nm g 06] —300nm 350 nm = 20 nm ™
® 400 nm —— 450 nm @ 400 nm ——— 450 nm % 061 40 nm
'(% —— 500 nm / '(% ——500 nm % ’ 60 nm
80 nm
LZJ 04 LzJ 041 % 0.4 100 nm
o - - | — 120nm
2 ; L 2
5 0.2-:/ Qe T 024 2 021
= NC thickness £ i £ Top Au thicki
® 504 . . . . @ 50/ N(? thlcknelss . . 2. .op u |.c ness . .
5 4 3 2 5 4 3 2 5 4 3 2
a. Wavenumber (x10® cm’) b. Wavenumber (x10° cm™) C. Wavenumber (x10° cm™)

Figure 4.4: Impact of NC film thickness and top Au layer thickness on NC absorption.
a. Simulated NC absorption spectra for the diode depicted in Figure 4.3a for various values of
the NC thickness tne in TM polarization. The grating stripes s = 350 nm and the grating period
p = 1800 nm. b. Simulated NC absorption spectra for the diode with ITO bottom layer (depicted
in Figure 4.2a) for various values of the NC thickness. c. Simulated NC absorption spectra for
the diode depicted in Figure 4.3a for various values of the top gold layer thickness in TM
polarization. The grating stripes s = 350 nm, the period p = 1800 nm, and the NC thickness
Ine = 350 nm.

Beyond the grating geometrical parameters, it is also worth mentioning that the choice of the
top gold layer thickness is also important. Usually, such metallic back reflector thickness is
designed to match the metal’s skin depth. Indeed, Figure 4.4c shows that a top metallic layer
with a thickness below 80 nm can be optically leaky and leads to reduced NC absorption.
Therefore, our structure was chosen with a top gold layer thickness ta, of at least 80 nm. The
optimized structures were fabricated with geometrical parameters s = 350 nm, p = 1800 nm,
tne = 350 nm, and tay, = 80 nm.

Device fabrication

We follow the outcomes of the simulation for the fabrication of the diode stack. For the
absorbing layer, HgTe NCs have been grown by Yoann Prado (chemical research engineer -
INSP) using the procedure developed by Keuleyan et al. [48]. The grown particles display an
exciton peak at around 3.5 um, as shown in Figure 4.5a. The cut-off wavelength will later be
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redshifted upon ligand exchange and cooling. Unlike the SWIR NCs with the tripod shape, the
obtained MWIR particle shape is the tetrahedron, see Figure 4.5b.
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Figure 4.5: HgTe NCs used in the diode stack. a. Absorption spectrum of the HgTe NC
solution after synthesis. b. TEM image of the HgTe NCs with MWIR absorption. Scale bar is
100 nm long.

The Ag.Te particles were synthesized by Adrien Khalili (Ph.D student - OCN team, INSP),
following the procedure in reference [104]. Briefly, ANO3 is mixed with oleylamine and oleic
acid in a three-neck flask. The flask is degassed and later filled with nitrogen before TOP/Te
is added for the reaction under controlled atmospheric and temperature conditions. The
synthesis results in a crude solution of Ag.Te that can be stored in a freezer at -20°C. Before
use, the crude solution is cleaned and dispersed in hexane/octane for device fabrication.

In order to have a consistent comparison of performances between the two structures depicted
in Figure 4.2a and Figure 4.3b, we built on the same sapphire substrate the diodes with the
ITO contact layer and grating structures. The fabrication process is described in Figure 4.6.

The sapphire substrate was first coated with 50 nm of ITO by sputtering (Figure 4.6a). This
sputtering step has been conducted by Xavier Lafosse at the C2N, Palaiseau. Afterward,
optical lithography was performed to obtain a mask on the ITO layer. The substrate was then
dipped in HCI to etch away the uncovered ITO. The remaining resist was removed by acetone,
leaving the ITO with an area of 100 um x 100 um on sapphire (Figure 4.6b). The macroscopic
contact pads were obtained with another optical lithography step and thermal evaporation of
5 nm Cr/ 50 nm Au layers (Figure 4.6¢). Then, electron-beam lithography was conducted for
the gratings (Figure 4.6d), followed by the deposition of the diode stack layers (Figure 4.6e).
The diode is formed when Ag.Te is deposited on a solid film of HgTe. The deposition is
conducted by gently casting cleaned Ag.Te solution (in hexane/octane) on the solid HgTe film,
followed by a few drops of HgCl, (10 mM in methanol) for the cation exchange process. The
film is then rinsed in IPA for 10 seconds before drying. This Ag.Te/ HgCl,/ IPA treatment is
repeated another time, resulting in a 50 nm increase in thickness compared to the initial HgTe
film. The deposition is finalized by dipping the film in acetonitrile (ACN) with EDT (1% in
volume) for 30 seconds, followed by the last cleaning step of ACN dipping for 30 seconds.
Finally, a complete device is obtained after the evaporation of the top electrode through a
shadow mask (Figure 4.6f).
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Figure 4.6: Fabrication process for the photodiodes. a. Sapphire substrate coated with
sputtered ITO layer. b. ITO area on the sapphire substrate after HCI etching form the electrode
with area of 100 um x 100 um. c¢. Macroscopic contact pads fabricated with optical lithography.
d. Gold grating structures fabricated with electron-beam lithography. e. Deposition of the
HgTe/Ag.Te stack. f. Deposition of the top gold contact though a shadow mask.

Note that the fabrication process allows for obtaining several devices on the same chip. These
devices share a common diode stack of HgTe/Ag:Te, while the bottom contacts can be defined
differently by electron beam lithography. We thus eliminate sample-to-sample variation due to
different NC film processing. The ITO-based device can then be used as a benchmark when
evaluating the performances of other metallic devices. In the following section, we first present
the impact of the metallic gratings on the diodes’ optical and electrical properties before
comparing the performances of grating-based devices’ and the reference ITO-based one.

4.2.3. Device characterization
Impact of the grating on optical properties of the diodes

The impact of the metallic grating on the optical properties of the photodiodes is shown in
Figure 4.7a-b. The photocurrent spectra for a series of diodes with different grating periods
agree exceptionally well with our simulated NC absorption spectra in Figure 4.3b-c. In
particular, the grating with a period of 1800 nm shows a clear resonance in the range from 3
um to 5 ym under TM polarization. However, under TE polarization, the resonance obtained
with this period is observed below 2 um, far from the exciton wavelength.
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Figure 4.7: Resonant metal structure for MWIR photodiode. a. (resp. b.) Photocurrent
spectra for the grating device with various values of the grating period in TM (resp. TE)
polarization.

In order to maximize the absorption amplitude at resonance for both polarizations, we switch
the 1D grating to a 2D grid with a square lattice, as shown in Figure 4.8a. Figure 4.8b
compares quantitatively the photocurrent signal under unpolarized illumination between a 2D
grid, a grating, and an ITO device based on the same HgTe/Ag-Te diode stack. The benefit of
the 2D grid over the 1D grating and the ITO layer is the selective increase in the device’s
absorption close to the material’s band edge. At shorter wavelengths, the photocurrent from
the 2D grid is reduced compared to the 1D grating. This decrease can be explained by the
enhanced reflection of the 2D structure in this spectral range since the 2D design also
increases the metal filling factor. When comparing the grid to the ITO device, we can see that
the photocurrent spectrum of the 2D grid device is significantly higher. Furthermore, the ITO
device presents no resonances. The increased photocurrent signal of the 1D grating and 2D
grid devices comes from the improved NC absorption and reduced contact resistance. The
latter will be discussed in the next paragraph.
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Figure 4.8: From 1D grating to 2D grid for the bottom contact. a. Schematic of a
photodiode based on sapphire/2D Au grid/HgTe/Ag.Te/Au stack. On the right panel, we show
an SEM image of a fabricated 2D gold grid on a sapphire substrate. The scale bar is 1 um. b.
Photocurrent spectra of the diodes with the bottom electrodes made of ITO, 1D grating, and
2D grid.
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Impact of the grating on electrical properties of the diodes

With the established optical and electrical properties, we next perform measurements to
guantitatively compare the detection performances of the gold-based and ITO-based devices.
Choosing gold to replace ITO raises concerns regarding the gold work function (®,4,= 5.1 eV),
which might diminish the rectification behavior of the diode stack. It is thus critical to check
that diode behavior is maintained for photovoltaic operation. The IV curves of the 2D grid
device at various temperatures are shown in Figure 4.9a. Indeed, the IV curves present a
strong rectifying behavior at low temperatures. Compared with the ITO device, the current
density in the Au grid device is higher under both dark and illumination conditions at all
temperatures, as shown in Figure 4.9c-d. Particularly, the open-circuit voltage of the 2D grid
device appears to be comparable with the ITO-based device under the same illumination
condition, see Figure 4.9b. These results show that the photovoltaic operation of the diode
stack is well preserved when replacing the ITO bottom contact with the gold structures.
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Figure 4.9: Rectifying behavior of the diodes. a. I-V curves of the 2D grid device under dark
condition at various temperatures. b. Open-circuit voltage under quantum cascade laser
illumination (A = 4.4 um - 15.6 mW nominal laser power) of the ITO and the 2D grid device at
various temperatures. c. I-V curves in dark condition and under illumination (A=4.4 um - 15.6
mW nominal laser power) measured at 80 K for the ITO device. d. I-V curves in dark condition
and under illumination (A = 4.4 pm - 15.6 mW nominal laser power) measured at 80 K for the
2D grid device.
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Photodetection performance

The benefits of the optical structures exhibit clearly in the devices’ responsivity. The maximum
responsivity of the 2D grid device measured with a blackbody at 600 °C reaches 2.9 A.Wfor
temperatures around 120 K. This value is very high, as it is very close to the responsivity of a
4 um device with 100 % external efficiency, calculated to be 3.2 AW, Figure 4.10a shows
that, at all temperatures, the responsivity of the 2D grid device is slightly higher than the 1D
grating device and significantly exceeds the responsivity of the ITO device. However, all
devices present a strong decrease in responsivity at temperatures above 150 K. This decrease
can be attributed to a decreased carrier lifetime caused by higher concentration of thermal
carriers [182].
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Figure 4.10: Photodetection performances of the diodes. a. Responsivity (in front of a
600°C blackbody source) as a function of the temperature for a diode in which the bottom
electrode is made of ITO film, 1D grating, and 2D grid. b. Noise current spectral density for 2D
grid device measured at various temperatures. c. Specific detectivity (at 1 kHz) as a function
of the temperature for a diode in which the bottom electrode is made of ITO film, 1D grating,
and 2D grid. d. Photocurrent as a function of the time in response to a 200 ns long pulse of
light emitted by a 4.4 um quantum cascade laser.

Note that the polarization independence introduced by the grid should have increased the
responsivity by a factor of two compared to that of the grating. However, one should also
consider the increased reflectivity of the grid and the increased metal losses due to the higher
filling factor. On the one hand, the reflection for out-of-resonance wavelengths increases due
to higher metal coverage. On the other hand, NC absorption resulting from the surface
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plasmon resonance in the 2D grid is not exactly double that of the 1D grating because the
additional metal stripes limit the spatial overlap of the mode with the NCs.

We next assess the noise current density of the devices. As opposed to photoconductive
operation, the photovoltaic operation allows the elimination of 1/f noise. For the 2D grid device,
white noise prevails at cryogenic temperatures, see Figure 4.10b. The specific detectivity of
this diode, calculated by D = RVA/S;, reaches 7x10* Jones at 80 K, a three-fold increase
compared to the device with the ITO electrode, as presented in Figure 4.10c. Interestingly, the
1D grating device also presents a detectivity comparable with that of the 2D grid, which can
be attributed to the lower dark current (i.e., lower device’s noise current density) thanks to the
reduced device’s electrical area (1D grating geometry vs. 2D grid geometry).

We determine the device’s response time with Tgo-10%, Which refers to the interval in which the
measured signal changes from 90 to 10% of the full span (e.g. the time taken for a 10 V signal
to decrease from 9 V to 1 V). The response to a pulse of light emitted by a quantum cascade
laser resonant with the particle band edge is around 80 ns (Figure 4.10d) for the 2D grid device
(with a device’s area of 100x100 um?2). This value is close to the laser’s rise time limit. Thus,
we also have used microwave rectification technique [183] to determine the device bandwidth,
as it is a characterization technique only exploiting dark operation of the device. The
measurements were realized with the help of Djamal Gacemi (research engineer — LPENS).
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Figure 4.11: Rectification measurement. a. Schematic of the rectification measurement with
a photodiode connected to both DC and AC sources. DC bias is applied by the Keithley
through the bias T. The AC power is supplied by the Keysight waveform generator. b. Electrical
power as a function of the signal frequency for the diode with ITO contact, 1D grating and 2D
grid as electrodes.

The rectification measurement is based on the inherent nonlinear I-V characteristic of the
diodes. The second derivative d?1/dV? of the IV curve depends on the AC frequency with a
relationship reflecting the transport behavior and the device’s architecture [183]. The
experimental setup for the measurement is shown in Figure 4.11a. The DC bias is applied
through a SHF BT 45R-D bias-T using Keithley 2450 Source Meter. The AC power is provided
by a Keysight 33600A Waveform Generator with a frequency up to 120 MHz. The -3dB
bandwidth of the 2D grid device measured by rectification is found to be around 20 MHz,
corresponding to a rise time of tise=0.35/f348=18 ns, comparable to the result obtained with the
optical measurement, see Figure 4.11b. This result suggests that the device’s dynamics are
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mainly determined by the capacitance of the diode. As a result, a faster response could be
attainable by optimizing the device’s architecture.

Table 3 summarizes the detection figures of merit of state-of-the-art mid-wave infrared-
operated NC-based devices. The performance of our 2D grid device is currently among the
most sensitive and fastest MWIR photodetectors reported based on colloidal NCs for 80 K
operation.

Table 3: Performances of light sensors operating in the MWIR based on NCs. (PC:
photoconductive, PD: photodiode, * set-up limited)

Operating

Absorbing Operating  Responsivity Response Detectivity temperature  Ref

material mode (AW time (Jones) )

Intraband
HgSe PC 5x 104 8.5 x 108 80 [184]
HgSe PC 0.7 8.75 ms 108 300 [185]
HgSe PD 5x 103 200 ns 2x10° 80 [176]
HgSe PC 77 x 103 1 s 1.7 x 10° 80 [186]
HgSe PC 0.145 2.1s - 300 [187]
Ag,Se PD 19 x 103 - 7.8 x 106 300 [188]
Ag,Se PC 13.3x 108 - 3x 105 300 [189]
Ag.Se PC 8 x 106 ~10s - 300 [190]
Ag2Se PC 350 x 106 - - 90 [191]

Interband
HgTe PC 0.25 - 2 x 10° 130 [57]
HgTe PD 1.3 1 us 3.3 x 1011 85 [99]
HgTe PD 1.62 . 4 x 101 85 [131]
HgTe PD 0.4 2.5 us* 3 x 1010 85 [103]
HgTe PD 2.7 - 2.7 x 101 80 [192]
HgTe PC 0.7 11 ps* 2 x 1010 80 [138]
HgTe PD 265 80 ns 7 x 101 80 vTvg'r‘T‘(

Other metals for the bottom electrodes

Using gold for both top and bottom electrodes might not be optimal for carrier extraction of a
diode stack. In this direction, improvement can be made by exploring other low-work function
metals which provide better band alignment for the diode operation. During device
optimization, we have also explored the possibilities of using aluminum (®4,= 4.08 eV) and
silver (®,44= 4.25 — 5.1 eV) to alternate gold (¥4, = 5.1 eV) for the bottom metallic grating.
However, each of these metals presents its issues.

In devices with bottom aluminum electrodes, although rectifying behavior of the diode can be
observed, optical resonances appear to be lacking in the photocurrent spectrum, see Figure
4.12a. This lack of resonances can be attributed to oxidation, which partly transforms
aluminum into alumina (Al>Os) during the device processing, ultimately leading to the
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diminishment of the optical resonances [193], [194]. Further investigation and optimization are
thus necessary for the future use of aluminum as a plasmonic material in HgTe NC-based
devices.
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Figure 4.12: Al and Ag as alternative materials for the bottom electrode. a. Normalized
photocurrent spectra of diodes with ITO bottom electrode and Al grating electrode (s = 350
nm, p = 1800 nm, and tne = 350 nm). b. Top: image of Al films on a Si substrate and a HgTe
film. Bottom: image of Ag films on a Si substrate and a HgTe film. While the Al film does not
present any visible change, the Ag film on HgTe displays a clear dark color and a lack of
metallic shine. From reference [195].

Compared to aluminum, silver is more robust toward oxidation. However, when a silver film is
in contact with HgTe, a clear change in color of the silver surface can be noticed, indicating
possible chemical reactions between the silver layer and the HgTe film. A comparison between
aluminum and silver films deposited on different materials is shown in Figure 4.12b. The color
change of silver can be explained by the cation exchange process, which transforms Ag into
Ag-Te while releasing Hg to form an amalgam [195]. This process is detrimental as it alters
silver’s optical and plasmonic properties. Chemical instability is thus the main drawback when
using silver in HgTe-based optoelectronic devices. To this end, the use of gold is justified
thanks to its excellent optical behaviors for a plasmonic material, good electrical conductivity,
and chemical stability.

4.3. Multiplexing the photodiodes for bias-selectable detection band

In the previous section, we demonstrated that Au grids and gratings could replace TCO in a
MWIR diode stack advantageously. This section shows that the resonant electrodes open new
possibilities for obtaining novel device functionalities from a bias-reconfigurable response. For
this purpose, multiple gratings with different periods have been fabricated on the same chip,
as sketched in Figure 4.13a. Instead of operating the diodes in a vertical geometry, we apply
bias between two planar electrodes connected to the gratings. As shown in the previous
section, the grating period determines the diode spectral response (Figure 4.7a-b). Figure
4.13b describes the formation of back-to-back diodes. Here, the diodes are built from a single
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diode stack, which is less demanding in terms of fabrication compared to the conventional
tandem configuration [103], [175].

Figure 4.13: Back-to-back diode configuration based on a single diode stack. a.
Schematic of an array of back-to-back diodes in which the periods of the bottom electrodes
are varied. b. Schematic of two gratings connected to the same stack and the illustrated circuit
diagram. In the circuit, the diode on the left is in forward bias and does not respond to light.
The diode on the right, on the other hand, is in reverse bias, and thus, is photoresponsive.

In contrast to the vertical geometry in which the grating is connected as one electrode and the
top contact as the second electrode, back-to-back diodes are formed with two gratings
connected in series. The gratings are on the n-side, and the top gold layer is associated with
the p-side. Depending on the applied bias voltage sign, one diode operates in forward mode
(not photoresponsive) while the other is in reverse-bias operation (photoresponsive), as
illustrated by the simplified circuit diagram in Figure 4.13b. This operation is enabled by the
fact that the distance between the gratings within the plane (>100 um) makes the planar
transport very inefficient compared to the vertical transport, which only occurs over 500 nm.

Here, multiple operation modes can be generated by properly coupling diodes associated with
different gratings. Figure 4.14 presents the spectra resulting from pairing different gratings,
and each initially presents a distinct response, as shown in Figure 4.7a for vertical geometry.
Figure 4.14a shows an example when two gratings with p; = 1400 nm and p. = 1800 nm are
coupled. The photocurrent spectrum under photovoltaic mode (i.e., OV applied bias voltage),
presented by the red curve, changes its sign according to the illumination wavelength. As a
result, it is possible to use the photocurrent sign as spectral information since the current sign
is directly connected to the spectral range where the associated grating presents a resonance.
Thus, phase detection can provide spectral information of the illuminating light.
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Figure 4.14: Bias-selectable optical band of back-to-back diodes. a. Photocurrent
spectra, under various positive and negative biases, in case 1400 nm and 1800 nm period
gratings are coupled. By tuning the applied bias, the spectral response of the device can be
modulated. In the figure, positive biases correspond to the case when diode p; is activated. b.
Absolute value of photocurrent spectra under +/- 40 mV in the case where 1200 and 1600 nm
gratings are selected. With bias, the MWIR response can be switched ON and OFF. c.
Absolute value of photocurrent spectra, under positive and negative bias, in the case where
1400 and 1800 nm gratings are selected. With bias, the response of a narrow band can be
turned ON and OFF.

The back-to-back configuration can also be used for bias-selectable spectral response by
changing the applied bias. Figure 4.14a also presents a series of spectra generated at different
applied bias voltages. The spectrum associated with resonances from p1 = 1400 nm and p, =
1800 nm can be promoted/demoted depending on the sign and magnitude of the applied bias
voltage. This bias-dependent response allows optical band selection.

One example of this application is presented in Figure 4.14b. Switching bias between two
coupled gratings with periods of 1200 nm and 1600 nm makes it possible to switch the
response from broadband MWIR/SWIR to SWIR-only (Figure 4.14b). When the currents
flowing in the two diodes are equal in intensity, the device’s overall response becomes null
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since they are opposite in sign. A single device allowing band switching can be practically
useful for remote temperature monitoring and contrast enhancement in IR imaging [2].

Using plasmonic resonators also enables narrow spectral band rejection. So far, this
functionality has not been reported in NC-based photodetectors. In Figure 4.14c, we show that
the spectral response at 3 um can be turned OFF while MWIR detection remains strong (the
green curve) by applying proper bias voltages. A typical countermeasure strategy to prevent
infrared imaging is blurring the sensor using a high-power laser. Here, with the capacity to turn
off the response over a selected band, we can prevent possible saturation of the detector and
continue imaging even if the detector has been spotted.

Note that even narrower band rejection can be obtained if the exploited resonances are
optimized in terms of quality factor. The idea of back-to-back diodes with coupled resonators,
in fact, can be applied to any type of resonator as long as the bottom electrodes define the
spectral response of the fabricated device. The concept of coupling resonators for back-to-
back diodes based on a single p-n junction is general and not limited to a specific optical
design.

4.4. Conclusion

In this chapter, we introduce an approach to replace the transparent conductive electrodes for
NC-based MWIR detectors. We demonstrate that a careful design of metallic grating can
minimize optical loss while enhancing the effective absorption in the active semiconductor
layer. Here, we propose a strategy combining three resonances from a single metallic grating.
The polarization dependence of the grating structure can then be lifted using a 2D grid design.
The obtained device presents outstanding performances with responsivity up to 2.65 A.W for
a device with 5 pum cut-off wavelength and operate at 80 K. Detectivity at cryogenic
temperature reaches 7x10!! jones, while the diode response time under mid-wave infrared
excitation is below 100 ns.

We also demonstrate that different metallic gratings can be combined with a single diode stack
to form multicolor and reconfigurable photodiodes. The concept of back-to-back diodes based
on a single diode stack coupling with different resonators enables spectral filtering. Compared
to existing strategies, our approach allows obtaining devices far easier to fabricate while
offering new functionalities, such as band rejection, which can be used against
countermeasure applications.
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Conclusion and perspectives

This work is devoted to the realization of infrared sensors combining HgTe colloidal
nanocrystals and plasmonic structures. The main idea behind this research work is the
possibility of improving the performances of these sensors by confining the infrared radiation
into distances comparable with the carrier diffusion length in nanocrystal films. Several
plasmonic architectures have been explored in this work, resulting in several new functionality
such as bias reconfigurability, wavelength tuning and band rejection.

After an introduction on infrared detection and state of the art of HgTe nanocrystal-based
devices, in Chapter 2, we present a broadband infrared detector obtained by integrating a
HgTe film into an array of metal-dielectric-metal cavities. The device presents broadband
enhancement (from 2 um to 4 ym) in light absorption thanks to three generated optical
resonances. Design rules have been established based on the nature of each resonance. In
terms of detection performance, the broadband detector enables sensing in the SWIR and
MWIR regions (4 um cut-off wavelength), with a high responsivity of 700 mA.W, a detectivity
above 10 Jones for 80 K operating temperature, and demonstrated micro-second response
time.

Chapter 3 focuses on bias-tunable photoresponse with nanocrystal-based infrared sensors.
In this chapter, voltage-dependent carrier mobilities in solid nanocrystal films have been
exploited. We combine this peculiar property with inhomogeneous absorption induced by
optical modes generated by optical structures to demonstrate bias-tunable photoresponse in
nanocrystal-based photodetectors. The tunability has been presented from a spectral shift to
bias-modulated optical bands. We show that hopping transport can play a crucial role in
designing active photonic devices based on nanocrystals.

Finally, in Chapter 4, we investigate the coupling of a nanocrystal-photodiode for mid-wave
infrared sensing. We introduce an approach to advantageously replace the transparent
conductive electrodes with a metallic structure operating both as a contact and as a resonator,
minimizing the optical loss and enhancing the absorption of the active nanocrystal layer. The
obtained device presents outstanding performances with a detectivity reaching 7x10* jones
at cryogenic temperature, among the most sensitive MWIR NC-based infrared sensors
reported so far. Furthermore, we also demonstrate that different metallic gratings can be
combined with a single diode stack to form multicolor and reconfigurable photodiodes. Many
advanced functionalities have also been demonstrated, particularly narrow-band rejection,
which was presented for the first time in infrared detectors based on nanocrystals.

A perspective related to the study in Chapter 4 is the optimization of the diode structure by
replacing gold grating with other plasmonic materials better suited for electron extraction. In
this direction, dielectric materials with low optical losses can be explored.

A perspective for light-matter coupling study in nanocrystal-based infrared sensors will be the
integration of the optical structures onto focal plane arrays. The introduction of photonic
structures to nanocrystal-based infrared sensors has been demonstrated to be highly
beneficial. We thus expect this approach to have the same impact on the efficiency of the
current nanocrystal-based FPA imagers.

To this end, designing efficient resonant structures at the scale of a single pixel is necessary.
Some preliminary results have been obtained with the coupled resonators presented in
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Chapter 3, showing that the antenna effect can be expected when the resonator array area is
reduced [157]. The device’s effective optical area (i.e., related to the responsivity) can become
larger than its electrical area (i.e., related to electrical noise), thus improving signal to noise
ratio, and ultimately, detection performance of the device.

Finally, on a more fundamental side, the improvement of the synthesis of nanocrystals in the
longwave infrared could allow their coupling with resonators with reduced ohmic losses with
respect to those measured in this work. In this case, it could be possible to reach the strong
light-matter coupling regime. Several works have shown a modified carrier transport in the
presence of a strong coupling with a cavity mode [196], which is particularly beneficial in
materials where transport is dominated by hopping mechanisms.
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Light manipulation for enhanced photodetection performance and
novel functionalities in colloidal nanocrystal-based infrared sensing
devices

Abstract: This thesis focuses on the use of optical nanostructures in nanocrystal-based infrared
photodetectors. Integrating optical structures into photodetectors has been demonstrated to
improve the devices' speed and sensitivity. In the case of nanocrystal-based photodetectors,
using optical resonators is particularly beneficial. Indeed, because of the hopping mechanism,
carrier diffusion lengths in a nanocrystal array are several times shorter than the material's
absorption depth. This limited transport leads to a trade-off for the thickness of nanocrystal
films between optical absorption and charge collection efficiency in photodetectors. Optical
nanostructures enable the manipulation of light at subwavelength scales. They can thus be
exploited to focus light on ultrathin nanocrystal films compatible with carrier transport. In
addition to the enhanced performance of the sensing devices, we also show that advanced
functionalities can be generated by coupling nanocrystals with optical structures. Such
functionalities result from the bias-reconfigurable photoresponse of the devices. We show that
hopping transport, often seen as a limitation for optoelectronic devices, is a crucial ingredient
for bias reconfigurability and the design of active photoconductive nanocrystal devices. Lastly,
a combination of a photodiode structure and plasmonic resonators will be presented. The
obtained device is among the most sensitive and fastest mid-wave infrared photodetectors
reported so far based on colloidal nanocrystals operating at cryogenic temperature.
Furthermore, we demonstrate that combining our plasmonic structures with a single diode
stack can generate a multicolor bias reconfigurable response and introduce new functionalities
such as band rejection and current bi-directionality.

Keywords: infrared, colloidal nanocrystals, HgTe, photonic structures, active photonics,
reconfigurable response.



Résumé de la theése

Découvert il y a plus de 200 ans, le rayonnement infrarouge est devenu l'une des parties du
spectre électromagnétique les plus utilisées pour les applications. Initialement motivée par les
applications militaires stratégiques, la détection infrarouge peut désormais trouver de
nombreuses applications civiles, notamment a des fins industrielles, scientifiques,
commerciales et médicales. L'importance de l'infrarouge pour les applications a conduit au
développement de diverses technologies de détection. Cependant, la détection infrarouge haute
performance repose principalement sur les semi-conducteurs III-V et II-VI épitaxiés, qui
nécessitent des outils de fabrication couteux.

Ces derniéres années ont vu I'émergence de nanoparticules colloidales en optoélectronique
infrarouge. Les nanocristaux colloidaux, ou boites quantiques colloidales, sont des particules
semi-conductrices fabriquées en solution dont les dimensions sont nanométriques. Dans un
semi-conducteur massif, les bandes de valence et de conduction sont séparées par un intervalle
d’énergie fixe, appelé « bande interdite », qui détermine les propriétés optiques et électroniques
du matériau. La situation des nanocristaux colloidaux est différente puisque la taille des
particules est comparable a la longueur d’'onde de de Broglie des électrons et des trous, ce qui
permet d’observer 'effet de confinement quantique. Par conséquent, la bande interdite des
nanocristaux colloidaux peut étre controlée en fonction de la taille des particules.

De plus, ces nanocristaux sont fabriqués par des méthodes chimiques, permettant ainsi la
production en grande quantité des matériaux et la possibilité de traitement en solution pour la
fabrication de dispositifs. Ainsi, les nanocristaux colloidaux constituent une plateforme tres
prometteuse pour le développement de dispositifs de détection infrarouge rentables et
performants. Les premiéres démonstrations de capteurs infrarouges basés sur des matériaux
colloidaux ont déja montré un grand potentiel de détection rapide et sensible.

Grace aux progres récents dans le développement des matériaux, les matériaux colloidaux sont
désormais préts a étre intégrés dans des architectures de dispositifs avancées. Ce travail de thése
se concentre sur les nanocristaux de tellulure de mercure (HgTe) et leur potentiel pour les
applications de détection infrarouge. Comme le HgTe massif est un semi-conducteur sans
bande interdite, le seuil d’absorption des NC colloidaux de HgTe est déterminé par le
confinement et peut varier entre 1.5 eV pour la forme colloidale la plus confinée a pratiquement
zéro. Cette propriété est le premier aspect fondamental pour motiver le développement de ce
matériau.

Dans ce travail, nous présentons l'utilisation de structures photoniques pour la manipulation
de la lumiére dans des capteurs infrarouges a base de nanocristaux. Les principaux objectifs de
ces travaux comprennent : (i) 'amélioration des performances de détection du dispositif et en
particulier de I'absorption et (ii) le controle électrique de la réponse spectrale grace au couplage
lumiére-nanocristal. Alors que le premier objectif constitue le défi ultime pour les systémes de
détection, le deuxiéme objectif est largement inexploré dans le domaine des capteurs
infrarouges a base de nanocristaux. Néanmoins, la capacité de contréler activement la réponse
optique du dispositif présente un grand intérét pour les applications de détection infrarouge,
car le contraste de I'imagerie pourrait étre considérablement amélioré en ajustant la réponse
spectrale du dispositif.



Ce manuscrit présente les différentes architectures et dispositifs dessinés, fabriqués et
caractérisés pendant ma thése. Il est divisé en quatre chapitres, dont les résultats principaux
sont résumes ici.

Le chapitre 1 passe en revue la progression historique de la technologie de détection infrarouge
et |'état actuel du domaine. Plus précisément, la physique sous-jacente et les principes de
fonctionnement des photodétecteurs infrarouges quantiques sont décrits. De plus, les figures
de mérite pour évaluer et comparer les performances des différentes technologies de détection
infrarouge seront présentées.

Le chapitre 2 donne un apercu de 1'état de I'art actuel des structures photoniques pour les
photodétecteurs infrarouges a base de nanocristaux. Les nanostructures optiques permettent le
contrdle et la manipulation de la lumiére a des échelles inférieures a la longueur d'onde. Il a été
démontré que l'intégration de ces structures dans la conception de photodétecteurs améliore
considérablement la vitesse et la sensibilité du dispositif. Dans le cas des photodétecteurs a base
de nanocristaux de HgTe, l'utilisation de résonateurs optiques est particuliéerement bénéfique
en raison du transport a courte distance résultant du caractere polycristallin du film. En effet,
dans un réseau de nanocristaux de HgTe, le mécanisme de « hopping » limite la longueur de
diffusion des porteurs a quelques dizaines de nanomeétres, une longueur significativement plus
courte que la profondeur d’absorption du matériau. Cette décorrélation entre les longueurs
caractéristiques de l'absorption et du transport conduit a un compromis entre l'absorption
optique et l'efficacité de la collecte de charges dans les photodétecteurs a base de nanocristaux.
Dans ce chapitre, nous présentons comment la courte longueur de diffusion peut étre
surmontée a l'aide de nanostructures optiques. La premiere partie du chapitre présente les
structures photoniques a I'état de I'art pour la photodétection infrarouge et les contraintes de
fabrication lors de l'application de ces structures aux réseaux de nanocristaux. La deuxiéme
partie présente une cavité plasmonique basée sur une structure métal-diélectrique-métal, qui
géneére de multiples résonances optiques pour améliorer l'interaction lumiére-matiere dans un
film de nanocristaux. Comprendre la nature de ces résonances permet de concevoir la réponse
spectrale de nos photodétecteurs a travers les parametres géométriques du résonateur. Dans la
derniére partie du chapitre, nous combinons un film de nanocristaux absorbant dans
linfrarouge moyen avec la structure métal-diélectrique-métal pour démontrer un
photodétecteur infrarouge a large bande, qui constitue un sujet de grand intérét pour de
nombreuses applications infrarouges, notamment la détection, la communication et I'imagerie.
Le dispositif présente une amélioration de 1'absorption sur une large bande spectrale (de 2 pm
a 4 pm) grace a trois résonances optiques générées : le mode cavité, le plasmon polariton de
surface et la résonance Fabry-Perot. Des régles de conception ont été établies en fonction de la
nature de chaque résonance. En termes de performances de détection, le détecteur a large bande
permet une détection dans les régions infrarouges SWIR et MWIR, avec une responsivité de 700
mA.W™, une détectivité supérieure a 10 Jones a 8o K et un temps de réponse de l'ordre de la
microseconde.

Le chapitre 3 se concentre sur la reconfigurabilité de la réponse via I'application de tension et
présente notre stratégie pour obtenir cette fonctionnalité dans les capteurs infrarouges a base
de nanocristaux. Une réponse reconfigurable est hautement souhaitable pour les systémes
optoélectroniques infrarouges avancés. En effet, la capacité de contréler activement la réponse
optique du dispositif est de grand intérét pour les applications de détection infrarouge, car le
contraste de I'imagerie pourrait étre considérablement amélioré en ajustant la réponse spectrale
du dispositif. Malgré cet intérét, 'accordabilité post-fabrication reste un domaine a peine



exploré dans les dispositifs infrarouges a base de nanocristaux. Les stratégies conventionnelles,
telles que l'exploitation de l'effet Stark confiné ou l'intégration de nanocristaux avec des
structures MEMS, nécessitent un champ électrique important ou des techniques de fabrication
incompatibles avec les films de nanocristaux. Dans ce chapitre, nous démontrons des
photodétecteurs a base de nanocristaux avec une réponse spectrale dépendant du voltage
appliqué. Ce dispositif exploite l'interaction entre le transport par hopping et I'inhomogénéité
d'absorption spatiale induite par les résonances optiques. Nous montrons que le transport par
hopping, souvent considéré comme une limitation pour les dispositifs optoélectroniques, joue
un role crucial dans la conception de dispositifs photoniques actifs basés sur des nanocristaux.
Cette approche ouvre la voie a une photonique active basée sur des nanocristaux colloidaux.

Enfin, au chapitre 4, nous montrons notre stratégie pour optimiser la conception optique d'une
photodiode. Augmenter les performances des photodétecteurs nécessite doptimiser les
propriétés optiques et électriques des dispositifs. De nombreux progres ont été récemment
réalisés dans le développement de matériaux, permettant d'obtenir des dispositifs
photovoltaiques trés sensibles dans le moyen infrarouge a base de nanocristaux de HgTe. Ces
détecteurs présentent plusieurs avantages par rapport a leurs homologues photoconducteurs.
Le courant d'obscurité plus faible grace au fonctionnement photovoltaique est particuliérement
intéressant. Cependant, la conception reposant sur des couches d'oxyde transparent conducteur
(TCO) pour au moins l'une des électrodes n'est pas optimale du point de vue optique. Le
probléme vient des importantes pertes optiques du TCO dans l'infrarouge moyen. Des solutions
alternatives pour les électrodes dans le moyen infrarouge sont donc activement recherchées. Ce
chapitre présente une photodiode basée sur un réseau métallique jouant a la fois le réle
d’électrode et de structure optique. Par rapport a la conception couramment utilisée dans
laquelle des oxydes transparents conducteurs (ITO, FTO...) sont utilisés comme électrodes,
notre structure optimisée permet une amélioration significative de l'absorption des
nanocristaux, conduisant a des performances de détection record dans l'infrarouge moyen pour
un photodétecteur a base de nanocristaux. L'utilisation d'un réseau métallique permet de
générer une structure photonique multi-résonante, permettant une intense absorption large
bande. Le dispositif obtenu atteint les performances les plus élevées reportées jusqu'a présent
pour un détecteur a base de nanocristaux infrarouges dans le MWIR fonctionnant a des
températures cryogéniques, avec une détectivité de 7x10" Jones a 8o K pour une longueur d'onde
de coupure de 5.5 pm et un temps de réponse inférieur a 100 ns. De plus, nous démontrons que
la combinaison de différents réseaux avec un seul empilement de diodes peut générer une
réponse multicolore reconfigurable en polarisation. Cette propriété peut étre utilisée pour
développer de nouvelles fonctionnalités telles que la réjection de bande et la bidirectionnalité
du courant.

En résumé, ce travail est consacré a la réalisation de capteurs infrarouges combinant
nanocristaux colloidaux de HgTe et structures photoniques. L'idée principale de ce projet est la
possibilité d'améliorer les performances de ces capteurs en confinant le rayonnement infrarouge
a des distances comparables a la longueur de diffusion des porteurs dans les films de
nanocristaux. Diverses structures optiques et photoniques ont été explorées, aboutissant a
plusieurs nouvelles fonctionnalités, telles que la reconfigurabilité avec le voltage, 'accordabilité
en longueur d'onde et la réjection de bande.

Ce travail ouvre plusieurs perspectives, a la fois dans la physique fondamentale et dans les
technologies de détection infrarouge. La premiére perspective qui nous semble intéressante est
I'intégration des structures optiques pour implémenter des matrices dans des imageurs



infrarouges. L’'amélioration des performances observée au niveau du composant isolé pourrait
ainsi avoir un impact sur la conception des imageurs. Pour cette application, il est nécessaire de
concevoir des structures photoniques a I'échelle d'un pixel. Les résultats préliminaires présentés
dans cette thése montrent que cela est possible. Du point de vue de la physique fondamentale,
il nous semble intéressant d’explorer le régime de couplage fort entre un mode du résonateur
optique et I'exciton du nanocristal, et les éventuelles conséquences de ce régime sur le transport
de charge.
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Figure 1.26: Colloidal synthesis of nanocrystals. a. Photo of a typical setup for colloidal
synthesis. b. Absorbance spectra of CdSe NCs with different sizes. From reference [37]. c.
Emission from CdSe colloidal NCs of different sizes in solution when illuminated with UV light
(©Nexdot). d. Transmission electron microscope (TEM) images of CdSe CQD. The inset
presents a high-resolution TEM image of a single CdSe dot with an observable crystalline
structure. From reference [38].

Figure 1.27: Bulk band structure of CdTe (a) and HgTe (b). The ordering of the conduction
and valence bands near the band gap at the I" point in HgTe is opposite to the one in CdTe.
In HgTe, the hole state is above the electron state. From reference [43].

Figure 1.28: HgTe NCs obtained from Keuleyan’s procedure. a. TEM image of HgTe NCs
having PL peak around 2500 cm™. The scale bar is 20 nm. b. Normalized absorbance spectra
of HgTe NCs solutions. c. Photocurrent spectra of HgTe NC films with different NC sizes. From
reference [48].

Figure 1.29: Liquid phase ligand exchange. a. Long ligands capping NCs are replaced by
shorter ones in the liquid phase. The NCs capped with long ligands in a nonpolar solvent are
mixed with a polar solvent containing short ionic ligands. b. Infrared absorption spectra of as-
synthesized HgTe NCs and the NC ink obtained from ligand exchange process. The NCs have
a cut-off wavelength of around 2.5 um. The initial solvent is toluene. Ligand exchange reduces
the C-H absorption and gives rise to the O-H bond from the short ligands (MPOH). From
reference [69].

Figure 1.30: Impact of various ligands on electronic states in SWIR HgTe NCs. Relative
energies of the ground states of valence and conduction band, and Fermi energy in HgTe NCs
with 1.7 um cut-off wavelength with different capping ligands. From reference [72].

Figure 1.31: Early developed-photoconductive-detectors based on colloidal HgTe NCs.
a. The first reported detecting device using organic-capped HgTe NCs. b. |-V characteristics
of the device in part under dark and illumination conditions. From reference [41]. c. Schematic
and |-V characteristics of the first HgTe NC-based detector with vertical structure. From
reference [78]. d. Top view of the interdigitated contacts with ink-jet printed stripes of colloidal
HgTe NCs. e. Normalized photocurrent spectra of the device in part d with two different sizes
of NCs. HgTePD2:4nm and HgTePD3: 6 nm. From reference [79].

Figure 1.32: Interdigitated electrodes and HgTe films prepared with novel methods. a.
Optical microscope image of gold interdigitated electrodes fabricated on a Si substrate. b.
False-color SEM image of patterned HgTe film made with PMMA-assisted transfer. From
reference [82]. c. Cross-sectional SEM image of original/imprinted HgTe NC film. The scale
bar is 100 nm. From reference [83]. d. Optical microscope image of NC patterns prepared with
direct optical lithography. The scale bars are 100 um. From reference [84].

Figure 1.33: HgTe NC-based photodiodes of first generations. a. Schematic illustration of
the solar cell-like device structure using NIR HgTe NC absorber. b. Band energy diagram for
the device in part a. c. Absorption spectrum and TEM image (in the inset) of the NCs. From



reference [94]. d. Schematic of the first MWIR diode. e. Photocurrent spectra of some diodes
in part d. f. Current-voltage characteristic of a MWIR diode. The black curve is the dark |-V
with the thermal shield closed. The blue curve is measured with the shield open, implying the
detector reaches BLIP regime. The red curve is measured under blackbody illumination. From
reference [95].

Figure 1.34: Recent advancements in MWIR and SWIR photodiodes. a. Schematic of the
first MWIR diode based on HgTe/Ag.Te stack. b. Thermal imaging capture with a MWIR diode
with structure in part a. From reference [99]. c. Schematic of SWIR with CdSe electron
transport layer. d. SEM cross-sectional image of the stack. d. Detectivity as a function of
temperature for the diode in parts ¢ and d. From reference [100].

Figure 1.35: Phototransistor based on HgTe NCs. a. Room-temperature photoresponse of
a HgTe NC-based phototransistor during CO gas sensing measurement. On the right is the
setup for gas sensing. b. Photocurrent and dark current of the transistor in part a as functions
of the applied gate voltage. From reference [88] c. Schematic of the phototransistor based on
ion glass and graphene electrodes. A planar p-n junction can be generated by applying a
drain-source bias comparable to the gate bias. From reference [107]. d. Schematic of a
ferroelectric-gated phototransistor. e. Current-voltage characteristics of the phototransistor in
part d. From reference [110].

Figure 1.36: Focal plane arrays for infrared imaging. a. Process for hybridization of
infrared FPA for conventional materials. From reference [2]. b. lllustration for the direct
deposition of NC solution of a ROIC. From reference [22]. c. The first multipixel device for
SWIR imaging. d. A laser diode beam profile recorded with the array in part c. From
reference [69] e. A laser diode beam profile recorded with VGA FPA. From reference [72] f.
Passive imaging with FPA functionalized with HgTe NCs. From reference [112]

Figure 1.37: Recent progress on the development of HgTe NC-based imagers. a.
Schematic illustration of the flat ROIC compatible with NC deposition. On the right, the ROIC
is plugged into the camera for imaging. b. SWIR image of a chopper wheel at 170 Hz taken
with the ROIC in parts a. From reference [115]. c. lllustration of the working process of
trapping-mode photodetectors. d. Comparison of SWIR images of a soldering iron taken with
imagers in photoconductive and trapping mode. From reference [116]. e. The configuration
of visible pixel and SWIR pixel that are functionalized with perovskite NCs and HgTe NCs.
From reference [84].

Figure 2.18: NCs coupled with photonic nanostructures for photodetection. (a, b).
Scheme of HgTe NCs/ZnO heterojunction photodiode with gold nanorods embedded within
the ZnO layer and the increased detectivity of the structure compared to a reference sample
without the nanorods [129]. (c, d). Scheme of a structure combining plasmonic nano-disks with
an optical spacer and the increased detectivity of the structure thanks to absorption
enhancement [131]. (f, h). Scheme of the GMR coupled to HgTe NCs and the increased
responsivity of the detector thanks to the improvement of both optical and electrical properties
by the GMR. h. Photocurrent spectra of the GMR photodetector with different grating periods,
demonstrating tunability of the photocurrent peak with the grating period [90].

Figure 3.28: Bias-reconfigurable structure based on back-to-back diode
configuration. a. Sketch of the back-to-back diode for dual band photodetection. The
equivalent electrical circuit is shown on the right. b. Back-to-back diode from multiple layers



of NCs in a tandem structure. The spectral response on the diode can be selected by
changing bias polarity, as shown by the graph on the right. From reference [103]



