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Abstract: HgTe nanocrystals offer a unique combination of broadly tunable optical absorption in the infrared from 1
to 100 um and photoconductive properties. Here, we discuss some of the recent developments relative to their
integration into photodiodes. We discuss concepts such as the development of colloidal unipolar barrier, development
of ink to achieve strongly absorbing and conductive film as well as the recent proposition of intraband photodiode.
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INTRODUCTION

Nanocrystals present widely tunable optical features, and, contrary to organic materials, their absorption can be
pushed in the infrared range (IR). As a result, nanocrystals appear as an interesting platform for the design of low-cost
infrared sensors. Lead chalcogenide nanocrystals have been widely investigated to harvest the infrared part of the
solar spectrum. ! They nevertheless present a limited tunability, typically from 800 nm to 3 um, because of PbS bulk
band gap. Mercury chalcogenides, thanks to their semimetal nature, present a wider tunability from the near infrared
(1 um) up to the far infrared (100 pm).'** This article is dedicated to the recent developments relative to the
integration of mercury chalcogenides photovoltaic devices, especially for the short wave (below 2.5 um) and mid wave
(3-5 um) infrared.

Among mercury chalcogenides, HgTe is the one which has attracted the most attention due to its vicinity to the HgCdTe
alloy commonly used for IR detection. While HgCdTe tunability results from the Cd content, it is the quantum
confinement which leads to spectral tunability in the case of HgTe nanocrystals. As a II-VI compound, HgTe benefits
by many aspects from the synthetic development made for CdSe. Even though the amount of work remains far weaker,
significant progress has been obtained over the last decades.® Undoubtedly the most striking progress has been the
expansion of the spectral range from the near infrared,” to short wave infrared,’® mid wave infrared,” long wave
infrared™® and finally now reaching the THz range.**3! Highly monodisperse HgTe nanocrystals can now be
synthetized and present an atom-like spectrum in the infrared range.** Synthetic progress also includes shape control
with the synthesis of nanoplatelets™ and heterostructures.l***1 Another striking observation from a material point
of view is the observation of self-doping.!*”?®l Mercury chalcogenides nanocrystals can present an air stable intraband
transition??2l in the mid and far infrared. For long, the observation of such transition was only achievable using optical
and electrochemical'?® pumping. In mercury chalcogenides, the narrow band gap nature of the material brings the
Fermi level of the environment above the conduction and the stable form of the nanocrystal is negatively charged.
Such degenerate doping is not specific to mercury chalcogenides and can be observed in many narrow band gap
nanocrystals such as PbSe¥ or Ag,Sel>>28 for example. The presence of intraband transition considerably expands
the possibility for the design of the energy landscape of infrared nanocrystal based device, and this aspect will be
discussed in the last section of the paper. Because the doping drives the presence of the intraband transition and the
dark current magnitude, it must be controlled precisely to be exploited in infrared-sensing materials. The level of



doping has been determined using method such as (spectro) electrochemistry?*3% or photoemission,*Y and appears
to be strongly dependent on the capping molecules.!*”32

Significant improvements were also obtained regarding the integration of the material into devices. Recent device
developments include the demonstration of HgTe-based field effect transistor®¥ and phototransistor,3+3!
introduction of resonators to enhance the device light absorption,®*3” achieve pixel level spectral filtering!®® or to
achieve polarization sensitive detector.®** Devices with multicolor detection have been demonstrated either in the
visible and in the infrared,” or in different infrared fields such as SWIR/MIWR®! and MWIR/LWIR.?! Thanks to the
narrow band gap nature of the material, the use of multi exciton generation becomes possible at relatively low photon
energy.[***%lIntegration of the material is no longer limited to a single pixel in planar geometry. Also, proof of concept
for flexible substratel”#647 and deposition on focal plane array have been obtained.[**=>% Maturity of the material has
become good enough to start considering stability issues: low temperature or encapsulation allow operation of the
devices over several months.®*? One of the most important drawback of the latest mentioned device is the fact that
it relies on planar geometry and operates in a photoconductive mode. Hence, the dark current and its associated 1/f
noise™! are generally quite detrimental for the performance of the IR sensor device. This is why the most recent
developments in the field have been focused on designing devices operating in a photovoltaic mode.®*>*! Here, we
discuss recent progresses that have been obtained in our group in the extended short-wave infrared using interband
transition in HgTe nanocrystals and in the mid wave infrared relying on intraband transition in HgSe nanoparticles.

DISCUSSION

Early devices inspired by solar cell

Photovoltaic devices based on HgTe nanocrystals were at first strongly inspired by Gratzel’s solar cell. HgTe
nanocrystals were used as dyes to sensitize a porous TiO, nanoparticle network, see Figure 1la. As the targeted
application was solar cell, the devices were operated with small nanocrystal presenting absorption in the near”*® and
short-wave infrared.’). The TiO, network was used to extract the electrons and the holes were collected thanks to a
P3HT organic transport layer. The obtained diode presents a clear rectifying behavior, see Figure 1b, even though the
performances remain weaker than the ones obtained using PbS**®! and more recently perovskite nanocrystals.®”
Moreover, HgTe appears as a poor candidate for solar cell design for obvious toxicity issue. Its use has then been
focused on applications where no low toxicity alternatives exist, as this is currently the case in the extended short
wave and mid infrared ranges. In the short wave infrared range, the driving technology is based on InGaAs. The road
map for InGaAs technology only offers limited perspectives for cost disruption, slowing down the democratization of
IR technology for applications such as active imaging (defense, LIDAR detection, material sorting...). Also, InGaAs
presents limited spectral tunability which can be easily overcome using quantum confined nanocrystal.

In the recent years, HgTe has been widely used to explore devices with absorption above 2 um.B*%51 pyshing the
nanocrystal absorption toward longer wavelength requires to update the device architecture. In particular organic
ligands also absorb in the mid infrared, with resonance of C-H bonds occurring around 3 pm (2900 cm™). Because of
the near-field coupling of these ligands with the absorption of the inorganic semiconductor, the energy transfer from
the nanocrystal to the ligands is strongly efficient and leads to a quenching of the exciton. It is then critical to conduct
a ligand exchange step to prevent his energy transfer from the semiconductor exciton to organic ligands. Similarly, the
P3HT hole transport layer needs to be replaced

To avoid the use of organic layer, Jagtap et al.®? have proposed an all inorganic photovoltaic configuration using HgTe
nanocrystals based on the following stack: glass/ITO/TiO,/HgTe/gold, see Figure 1c. Thin ITO layer has to be used to
avoid excessive absorption in the short wave infrared range. The exact value of its thickness is a trade-off between the
electrode absorption and the contact resistance. The TiO- , thanks to its n-type nature,’®” is here to induce the hole
filtering and let the electron flow, this layer is responsible for the clear rectifying behavior of the device I-V curve, see



Figure 1d. The signal to noise ratio of the same film of HgTe (i.e. same thickness and surface chemistry) is enhanced
by a factor hundred as we switch from a photoconductive configuration to a photovoltaic configuration (see Figure
1e), mostly because of the dark current reduction made possible by the zero volt operation of the diode.
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Figure 1 : (a) Cross-sectional sketch of a NIR photovoltaic device, which combines the concepts of a solid-state
nanocrystal-sensitized solar cell and a nanocrystal/polymer-blend solar cell. ITO: indium tin oxide. Figure is inspired
from ref 571, (b) I-V curve with and without ethanedithiol treatment for the device of part a. Parts a and b are adapted
from ref [7]. (c) Cross sectional SEM image of a HgTe CQD based device in photovoltaic configuration. In this device,
HgTe nanocrystals absorb at 2.5 um. (d). | - V curve of the HgTe CQD device in photovoltaic configuration. (e)
Photocurrent over dark current ratio as a function of incident power for a photoconductive device consisting of a film
of HgTe nanocrystals between two gold electrodes (Au/HgTe/Au) and for photodiode with an ITO/TiO,/HgTe/Au
geometry.

Unipolar barrier

Another interesting concept that has recently been introduced for the design of infrared nanocrystal based
photovoltaic devices is unipolar barrier.!®® The basic concept is illustrated in Figure 2a. A barrier layer is introduced
between one contact and the absorbing layer. This layer has a resonant band alignment with the absorbing layer for
one type of carrier, which will let photocurrent flow, while it has a clear band offset for the other type of carriers which
will prevent the dark current injection.

While this concept is commonly used for Ill-V semiconductor®*® it has only limited development in the field of
nanocrystals. The reason for that is the very limited knowledge of the exact energy of the valence and conduction
band states in the case of nanocrystals. This effort has been done in the case of HgTe using a combination of
photoemission and IR spectroscopy,®® see Figure 2b. It appears that the work function is almost independent of the
nanocrystal size and equal to 4.6+0.1 eV. Strongly confined nanocrystals of HgTe show a p-type character which shifts
to ambipolar and finally to degenerately n-type as the quantum confinement is reduced. Interestingly, we also observe
that confinement affects more strongly the conduction band energy rather than the valence band energy due to the
large difference between hole and electron effective masses. This offers an interesting possibility for unipolar barrier



design. Indeed, a layer of strongly confined nanocrystals can be used as unipolar barrier for less confined nanocrystals.
Jagtap et al.”®® used this concept in a photovoltaic device operated in the extended short wave infrared range. HgTe
nanocrystals with a band edge at 2.5 um were used as absorbing layer, while HgTe nanocrystals with a 1.5 um band-
edge were used to filter the electron dark current. The introduction of this layer led to an increase of the detectivity
by one order of magnitude compared to the same device without unipolar barrier, see Figure 2c and d.
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Figure 2 (a) Schematic of the band diagram for a unipolar barrier used to prevent electron dark current injection. (b)
Band alignment of HgTe nanocrystals with different values of band edge energy. In particular, we highlight the weak
valence band offset between 4000 cm™ and 6000 cm™ band edge energy materials. (c) Schematic of electrically active
photodiode including the unipolar barrier. (d) Detectivity as a function of the applied bias for ITO/TiO,/HgTe (ambipolar
- 4000 cm™)/Au and for FTO/TiO,/HgTe (ambipolar - 4000 cm™)/HgTe (p-type - 6000 cm™)/MoOs/Au photodiode.

Strongly absorbing film

A key limitation of the previously mentioned devices comes from their low absorption. For a 2.5 um band edge the
absorption coefficient of HgTe nanocrystal is around 3x10° cm™, which makes that a 200 nm thick layer only absorbs
= 10 % of the incident light. In addition, the relatively low mobility of ethanedithiol-capped HgTe nanocrystals makes
that the carrier diffusion length is short (10 nm) which makes that building thick film will only lead to marginal
improvement of the performance. For nanocrystal-based solar cells, a large effort has been dedicated to switch from
solid state ligand exchange to ink (i.e. in-solution ligand exchange).l®”-%°! This strategy has been made possible thanks
to the introduction of inorganic capping ligands by Talapin’s group.’®’Y This concept was first developed for field
effect transistors and its implementation for IR sensor took several years. Martinez et al.>® have proposed to use this
concept for HgTe nanocrystals and succeeded to build films with > 500 nm thickness in a single deposition step, see
Figure 3a and b, with a diffusion length close to 200 nm. Once combined with a unipolar barrier to filter the dark
current, the obtained diode presents responsivity above 20 mA/W at room temperature and zero volt operating bias,
see Figure 3c. Time response of such diode has been found to be as short as 370 ns which is quite promising for pulsed
active imaging system (LIDAR detection), see Figure 3d. The material was also coated onto the surface of a small focal
plane array (FPA) made of 10 x 10 pixels, see Figure 3e. This FPA was used to obtain an infrared laser beam profile, see
Figure 3f. Such application looks perfectly suited for nanocrystal based laser sensors since the large photon flux makes
that dark current is not limiting the performance.
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Figure 3 (a) SEM cross-section of the ink based diode. (b) Band alignment of the different components of the diode.
(c) Responsivity under blackbody illumination at 980 °C. (d) Time response of the diode measured with a 355 nm pulsed
laser (2 ns pulse). The time response value is obtained through single exponential fitting. (e) SEM image of a matrix
pixel with fake colors corresponding to different layers: yellow is the internal gold contact (columns), green is the
insulating silica between the two gold electrodes and orange is the external gold contact (lines) (magnified 3000x).(d)

Intensity collected by the different pixels while laser spot is focused on the FPA. The Gaussian shape has a FWMH of 75
um.

By the time of this article, Tang et al. has reported an impressive bi color photodiode operating in the SWIR and MWIR
with detectivity above 10*° Jones at 80 K in both bands.*! Ourresults can be compared with the ones from literature
on on Figure 4 and Table 1 which sum up the QD based infrared sensor state of the art
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Figure 4 : State of the art on SWIR and ESWIR detection based on narrow band gap nanocrystals. The corresponding
performances of these devices are reported in Table 1.

Table 1 : State of the art on SWIR and ESWIR detection based on narrow band gap nanocrystals. The numbers in the
left column correspond to the data provided in Figure 4.

Operating .
. Acutoff Time
Ref. Material Mode temperature R (A/W) D* (Jones)
(um) response
(K)
103 HgTe PC 3,5 230 0,1 3,5x10%° =1us
50 40 Hz
2072 Pbs PC 2,4 230 3,4x10° -
@1,5um bandwith
Photo-
3061 HgTe ) 2,1 300 8x10? 10%2 <4ms
transistor
4146] HgTe PC 2,3 300 0,9 8x10° =20 ms
5034 Photo-
HgTe , 2 300 0,6 2x10%° =10 us
transistor
6l73] PbS PC 2,8 300 0,96 8x10° Unknown
7044 HgTe Diode 2,2 300 0,23 7,5x10%° 260 ns
0,14 3 kHz
874l PbS PC 3 300 1,1x10% _
@2,5um bandwith




g6el HgTe Diode 2,9 300 2x10* 3x108 <100 ps

10052 HgTe Diode 2,9 300 1x10* 10’ <100 ps

Intraband diode

To finish, we would like to mention the recent development of intraband photodiode. Quickly after the observation
of the self-doping in mercury chalcogenide nanocrystals, it has been proposed to use this transition for mid wave
infrared sensing.>7*! Arrays of HgSe however suffer from a slow response, a low activation energy (i.e. cooling barely
improves performances) and a large dark current. These issues can be solved either by growing a HgTe shell®® around
the HgSe absorbing material or by mixing HgSe and HgTe nanocrystals.l’® The strategy behind these approaches is to
uncouple the absorption from the transport. It thus becomes possible to reproduce from colloidal material the energy
landscape of Quantum Well and Quantum Dot Infrared detector based on IlI-V materials, where absorption occurs in
the well and charge transport occurs above the barrier, see Figure 5a and b. These hybrid metamaterials present a
weak dark current and a strongly accelerated time response, see Figure 5c. The hybrid material was then integrated
into the first intraband photodiode obtained from colloidal material. The bottom MWIR-transparent electrode is made
from an Al grid deposited on sapphire, see Figure 5d. A unipolar barrier is again used in this device to reduce the dark
current. Interestingly, the device presents photocurrent features in the SWIR, extended SWIR and MWIR, which
relative magnitude can be tuned with the applied bias, see Figure 5f.
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Figure 5 (a) Scheme of a standard GaAs/AlGaAs QWIP band structure under polarization. (b) Scheme of polarized band
structure of a random colloidal QDIP consisting of HgSe (absorbing material) and HgTe (barrier) quantum dots. (c)
Photocurrent temporal trace for arrays of HgSe with and without addition of HgTe, measured under illumination by a
4.4 um Quantum Cascade Laser chopped at 100 Hz. (d) Scheme of the device. lllumination is provided from the back-



side through a sapphire substrate and a patterned aluminum electrode allowing 70% of light transmission in the mid
wave infrared range. (e) Band alignment diagram of the diode structure. HgTe with a wide bandgap (0.7 eV, in orange)
is used as a unipolar barrier to filter injection of dark current into the active HgSe/HgTe layer. (f) Photocurrent spectra
measured at 80 K under 0 V and 1 V bias, showing photoresponse coming from the HgSe intraband absorption (green),
HgTe transport matrix (brown) and HgTe barrier (orange). The figure is adapted from ref.l’®

CONCLUSION

We have discussed recent developments relative to HgTe nanocrystal-based photodiodes, starting from concept very
close to solar cell. Recent improvements rely on the introduction of unipolar barrier, development of HgTe ink to
produce thick and conductive film or to the use of intraband absorption in a metamaterial where absorption and
charge transport are uncoupled. These new design strategies for colloidal materials have been used to obtain fast,
high detectivity (<3x10° Jones at room temperature and above 10%° Jones under cryogenic condition) devices, as well
as multipixel devices.

The absorption/diffusion length trends off appears as a driving parameter for the nanocrystal based device. Future
development will either have to identify strategies to reduce the effective absorption depth for example by introducing
plasmonic resonator. Early results®®3777) in this direction have been obtained. However in this direction it will be
critical to keep loss in metal low. In parallel it appears critical to keep developing new surface chemistry to further
extend the diffusion length and also to provide higher material stability.
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