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Abstract: As narrow band gap nanocrystals become a viable building block for the design of infrared sensors,
device design needs to match with their actual operating conditions. While in the near IR and shortwave
infrared room temperature operation have been demonstrated, longer wavelengths still require low
temperature operation requiring specific design. Here, we discuss how field-effect transistors (FETs) can be
compatible with low temperature detection. To reach this goal two key developments are proposed. First, we
report gating of nanocrystal films from SrTiOs used as a ferroelectric material leading to high gate capacitance
with leakage and breakdown free operation in the 4-100 K range. Secondly, we demonstrate that this FET is
compatible with a plasmonic resonator which role is to achieve strong light absorption from a thin film used
as the channel of the FET. Combining three resonances, broad band absorption from 1.5 to 3 um reaching
30% is demonstrated. Finally combining gate and enhanced light matter coupling, we show that detectivity
can be as high as 10'? jones for a device presenting a 3 um cut-off wavelength and 30 K operation.

Keywords: narrow band-gap nanocrystals, ferroelectric, field-effect transistor, infrared, plasmonic resonator.



Over the recent years large progresses have been obtained in the design of low-cost infrared sensors'3
using narrow band gap nanocrystals as active material.* Key progresses include (i) high performance
photodiodes, (i) multicolor detection®®, (ii) gas sensing’=®, (iv) enhanced light matter coupling with the
introduction of light resonators®'°, and (v) on chip integration of devices', especially to make focal plane
arrays'2.

When long wavelengths (3 um and more) are targeted, room temperature operation is generally not possible
due to the large thermally active carrier density which generates dark current and finally noise. For 5 um cut-
off wavelength cryogenic operation, typically around 80-100K, is still required. Recent material developments
for the growth of even longer wavelengths nanocrystals'®, with absorption reaching the THz range'*'%, may
require even lower operating temperatures. This generates the need to design a new generation of
nanocrystal-based devices compatible with low temperature operation while most of the effort were focused
on room temperature operation so far.

Among possible geometries for light detection, phototransistors'®-'® have been quite successful because they
offer post fabrication tunability of the carrier density. Gate bias can be used to bring the device in condition
where dark current is minimized. In this paper, we target the design of a phototransistor with (/) large gate
capacitance to strongly tune the carrier density, (i) which operation are compatible with cryogenic use and
(i) where light matter coupling is controlled thanks to plasmonic resonators to achieve a strong device
absorption.

Conventional design of nanocrystal-based Field effect transistors (FETS) relies on the use of a dielectric layer
used as a gate?. When this dielectric is silica?!?2, the capacitance value is generally a tradeoff between
leakage and breakdown. Electrolyte?®*2° and ionic glasses®®3® can be used to obtain higher gate
capacitances (>1 uF. cm™). However, in this case gating relies on ion displacement requiring to operate the
device above the freezing point of the electrolyte/glass. This prevents low temperature tunability of the carrier
density. Thus, to be compatible with low temperature operation required by the infrared sensing it is
preferable to look for gating methods not relying on ion migration. In this case, high-k dielectrics such as
AlL,Oz**35, ZrO,337, and HfO,, can be used to achieve high capacitance. Nevertheless, the increase of
capacitance remains generally modest compared to silica and these materials require dedicated sputtering
or atomic layer deposition setups. To go beyond traditional high-k materials, ferro-electric gating has also
been explored. When a paraelectric material is cooled down below its Curie temperature, a phase transition
toward a ferroelectric phase occurs. Around the Curie temperature, the dielectric constant of the material
diverges, enabling the design of high capacitance FETs. Near room temperature, this concept has already
been applied to nanocrystal based FETSs, using ferroelectric polymers based on PVDF and its derivatives3&3.
In this case, the dielectric constant ranges from 20 to 40. When it comes to low temperature operations, other
ferroelectric materials should be considered. SrTiOs (STO) is a frustrated ferroelectric (ie a ferroelectric with
a negative T¢), also called a quantum paraelectric. Below 100 K, the dielectric constant of STO increases and
finally saturates at low temperature due to quantum fluctuations*’, reaching a dielectric constant above
10 000 which is a factor of 1000 larger than the one of usual high-k materials. However, the use of such ultra-
high-k materials for gating remains currently limited to superconductors, where a STO gate*' is used to control
the carrier density in the LaAlOs/ SrTiOs interface*?*® and to 2D materials.*44°

In this paper, we apply the ferroelectric gating to thin films of narrow band gap (HgTe and PbS) nanocrystals
and demonstrate that this strategy leads to high capacitance gates which can be used in cryogenic condition
(4-100 K). In a second step, we demonstrate that this gating strategy is compatible with plasmonic resonators
and show a broad band enhanced absorption.



Discussion

We start by growing narrow band gap nanocrystals (NCs) made of HgTe and PbS, see experimental section
and supplementary information (figure S1-4) for details about syntheses, we focus on HgTe with a band gap
in the extended SWIR (4000 cm™' cut-off, later called HgTe 4k) and in mid wave infrared (2000 cm™ cut-off,
later called HgTe 2k). The particles are grown using the procedure of Keuleyan et al.*® The obtained particles
are depicted in Figure 1. They present a slightly non spherical shape as revealed by transmission electron
microscopy (TEM, see Figure 1) and better highlighted by electron tomography (Figure 1b and movie S1).
In particular, a 3D reconstruction of the particle clearly shows facets. The absorption spectrum of the particles
is given in Figure 1c and presents a cut-off at 2000 cm™ (=5 ym or =250 meV). To understand how the
particle non sphericity impacts the absorption spectrum, the particle shape is used as the input of atomistic
tight-binding simulations of the electronic structure. From these simulations we calculate the optical spectra
using the Fermi Golden rule'®47:48. A comparison between the experimental spectrum and the one resulting
from tomography and tight binding simulation is depicted in Figure 1c. We note that the band-edge energy
and the slope at higher energies is well reproduced. For sake of comparison the spectrum obtained from a
spherical shape particle including the same number of atoms as the one obtained from tomography is given
in Figure 1c. On the sphere shape spectrum, the exciton appears as a double peak followed by a dip which
is not observed experimentally. This dip has been recently shown*® from ensemble measurements on
spherical nanocrystals. For this type of shape, which appears as a marginally reshaped sphere, the impact
on the spectrum remains nevertheless smaller than the experimental broadening. On the other hand, it still
may play a role in their collective behavior by affecting their packing, and thus the film mobility.
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Figure 1 Structure of HgTe NCs and its impact on the electronic spectrum. a. TEM image of
the HgTe CQDs with a cut-off wavelength around 5 um. c. 3D visualisation of a tomographic
reconstruction of an HgTe CQD with a cut-off wavelength around 5 um.c. Infrared spectrum for HgTe
CQDs with a cut-off wavelength around 2000 cm? (=5 um or =250 meV). The narrow doublet at
2900 cm' corresponds to the C-H bond from the ligands. The simulated spectrum resulting from
tight binding simulations are also provided using the shape determined from tomography and using
a spherical shape (10 nm diameter) while keeping the total number of atoms (15400) constant.

Before integrating the NCs into a FET, we confirm the ability of STO to lead to ultra-high dielectric constant.
To do so, we design a capacitor from the STO substrate as depicted in Figure 2a. Using Atomic force
microscopy, we check the quality of the STO surface which presents a low roughness (Figure S5) of the
order of 1.4 nm which is much lower than the NC size (12 nm). Under bias application, the Ti** ions move
from the center of the perovskite octahedrons (Figure 2b) leading to a polarization. The obtained capacitance
and equivalent dielectric constant are given in Figure 2c. As it may have been anticipated, we see a clear
rise of the dielectric constant as temperature is cooled, from 300 at room temperature up to 30 000 for low T
(T=10 K). In spite of the thick aspect of the substrate (500 ym thickness), capacitance larger than the one
resulting from SiO» can be obtained.
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Figure 2 Principle of ferroelectric gating.a. Sketch of a capacitor based on STO as ferroelectric.
b. Zoom on the Ti based octahedron of the perosvkite material. As Ti ions move away from the
octahedron center, a polarization appears. c. Sheet capacitance and dielectric constant for the STO
Substrate, later used as gate.

To confirm this promise, we then pattern the STO substrate with interdigitated electrodes using conventional
optical lithography. A film of nanocrystals is then deposited and their native capping ligands are exchanged
thanks to a phase transfer procedure proposed by Martinez et al.®> For sake of comparison, we also fabricate
FETs based on the same nanocrystals using a SiO. gate and an electrolyte gate. Sketches of the devices
are shown in Figure 3a-c

Electrolyte due to the freezing of the ions can only be used near room temperature, see Figure 3d. Current
modulation is lost for T lower than 280 K, see Figure S8. It also needs to be operated slowly, with a sweep
rate = 1 mV.sto let time for ion diffusion (otherwise hysteresis becomes dramatically large). However, due
to its large capacitance, electrolyte is the method which requires the lowest gate bias range (=2 V). With SiO2
as dielectric, low temperature operation (Figure 3f and S8) and fast sweeping (Figure 3h) can be obtained.
SiO: gate is also the only gate not to present an hysteretic behavior in the tranfer curve, suggetsing that
interface traps plays a reduced role contrary to the other gate method. However, in practice, even using SiO>
prepared with dry methods, sucess ratio to obtain unshorted devices remains far below 1 and electrical
breakdowns are observed for fast sweep rate operation. This issue is fully solved using STO, the latter being
a thick (500 um) strongly insulating substrate, devices are unshorted and no breakdown through the dielectric
is observed even under biases as high as 200 V. Note that not a single device has generated breakdown
over this study, whatever the applied biases and sweep rates. This makes that STO is the gating strategy
leading to the lowest leakage and so the highest drain/leakage current ratio. Even if it requires high operating
biases, the power used to drive the gate remains low due to the low leakage current.

As expected from the temperature dependence of the dielectric constant, see Figure 2c, STO FET requires
operation below 100 K (Above this temperature the current modulation gets very weak, see Figure S6 and
S8) and the on/off ratio is maximal around 50 K, see Figure 3e,g and S8-9. We also verify that STO gating
allows fast (ie with respect to electrolyte) sweeping of the gate bias, see Figure 3h. The mobility in this range
of temperature is thermally activated and drops from a value of 102 cm?V-'s™" around 100 K to 105 cm?V-'s"
at 10 K. It is interesting to point that the mobilities obtained from STO are weaker, by a factor 10, than the
ones measured from silica gates, see figure S10. Talapin’s group?' recently reported mobility values above
1 cm2.V-'s™ for HgTe CQDs with the same band edge and similar surface chemistries. This suggests that the
gate itself might be responsible for the reduced mobilities. As the gate dielectric constant is increased, the
formation of Frohlich polarons®® coupling the charge within the QD to the polar vibration in the substrate is
favored. This polaron formation and the higher interface traps density revealed by the hysteresis are
responsible for the reduced mobilities. In spite of an higher hysteresis and a lower mobilities than SiO», the
STO gate remains interesting for the design of phototransistors, since this substrate is transparent in the
visible and in the infrared enabling back side illumination for example which is not possible in the case of a
Si/SiO, wafer



Table 1 summarizes the FET figures of merit for the different gate strategies. To further demonstrate the
generality of the gating method, we apply STO gating to HgTe NCs with wider band gap (band-edge energy
of 4000 cm™ and 6500 cm', see Figure S2 and S3) as well as to other materials (PbS with band-edge of
6500 cm, see figure S4), see Figure S7.
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Figure 3 Comparison of various gate technologies for narrow band gap NC-based FETs. a.
Sketch of a FET based on a HgTe CQD channel and where the gate is based on electrolyte. b.
Sketch of a FET based on a HgTe CQD channel and where the gate is based on ferroelectric STO.
c. Sketch of a FET based on a HgTe CQD channel and where the gate is based on dielectric SiOx.
d-f are respectively the transfer curves (drain and gate current as a function of gate bias under
consant drain source bias) for electrolyte (T=300 K), STO (T=30 K) and SiO> (T=30 K) gate based
FET which channel is made of HgTe 2k NCs. g. On/off ratio and electron mobility from the FET
transfer curves as a function of the temperature, for ferroelectric gate (ie STO). h. On/off ratio from
the FET transfer curves as a function of the sweep-rate for the different gates.



Table 1 figure of merit for different strategies of gating in field effect transistor based on
HgTe CQD as channel.

Gating Gating Typical Range of Sweep Leakage/ Ref
method process capacitance temperature rate relative
for comment to the
operation gating of
HgTe NC
thin film
Dielectric Charge on 10 nF.cm™ 4-300 K, fast Fragile easy  16:21.2251
dielectric to
surface breakdown
Liquid lons 1 uF.cm?  Above 200 K moderate Large 3
electrolyte displacement leakage
(freezing
point of gel) Air sensitive
lon gel lons 1 uF.cm?  Above 280 K slow Large 517
electrolyte displacement (freezing leakage
pointofgely  (MV.s7)
Air operable
lonic glass Vacancies 0.2 yF.cm? 200-250 K moderate Large 18,30
displacement leakage at
(freezing 300K
point of
vacancy) Low leakage
below 250K
Ferroelectric Charge on 50 nF.cm?  Below 100 K fast No leakage/  This work
dielectric (for SrTiOg3) no
surface breakdown

Even though relying on a thick substrate, (500 um) the capacitance achieved by the STO (C=50 nF.cm?)
corresponds to the one obtained for only 80 nm of SiO, while being a breakdown free gating method. This
result is even more promising given the recent developments relative to the growth of thin films of ferroelectric
oxides.®%* Such developments may lead to capacitances as high as the one of electrolyte without ion
displacement. This makes this method highly promising for the design of FETs and phototransistors operated
in cryogenic conditions.

Now that we have established the design of FET based on STO gate, we apply this strategy to the fabrication
of a phototransistor. Gate effect is generally a surface effect and thus high performing FETs rely on this films
which present a weak absorption. To overcome this difficulty, two strategies are possible increasing the film
thickness® or the control of the light matter coupling.5® Here, we focus on the latter strategy and show that a
plasmonic resonance®’-%° can be induced thanks to Guided Mode Resonators (GMRs).'% The GMRs rely
on a grating which role is to transform the single pass of the light through the film into a propagating mode
along the substrate enabling multiple passes of the light. While these methods have been applied to planar
photoconductive and vertical photovoltaic devices®, its implementation on phototransistors has not been
reported yet.

The GMR relies on a grating which period is proportional to =A/n where A is the resonance wavelength of the
grating and n the optical index. Here we apply the method to HgTe 4k (2.5 pum cut-off wavelength) which
leads to a period of 2 um. This is typically 10 times smaller than the period of the conventional interdigitated



electrodes used in the first part of this paper. This period reduction has a dual benefit. First, it leads to
enhanced absorption due to the introduction of the resonance. Secondly, the interelectrode spacing reduces
the transit time as well (time required for charges to reach the opposite electrode) and generates some
photoconductive gain, which further enhances the device responsivity. While GMR have been previously
reported for infrared NCs devices,®338 its implementation on STO substrate is more challenging because
of the low optical index of STO (n =2.25).5263 Compared to SiO. substrate (n=1.44), the index mismatch
between the NC film (n=1.9)%* and the substrate is drastically changed requiring an update of the geometrical

parameters.
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Figure 4 Design of Guided Mode Resonator onto a STO substrate. a. Scheme of the GMR
phototransistor based on a STO gate and a HgTe NCs channel. b. (resp. c.) Intensity of the
absorption in the TM mode at TM1 wavelength (resp. TE at TE1 wavelength). d. Simulated
absorption spectra in TM, TE and for unpolarized light. e. Simulated absorption spectra for a thin
and thick film of HgTe NCs on interdigitated electrodes and GMR phototransistor based on a STO

substrate.

A Sketch of the targeted structure is depicted in Figure 4a and details relative to design and fabrication
provided in Figure S13-17 In addition, a gold back side mirror is deposited on the bottom of the STO substrate
enabling a double pass of the light through the absorbing layer. Using RCWA simulations,®® we design a
structure (i) where the first resonance, in TM mode (mode TM1 in Figure 4d), of the grating matches the
material band edge. In addition (i) we optimize the structure in order that the TE resonance (mode TE1 in
Figure 4d) and the second order from TM mode (mode TM2 in Figure 4d) induce additional resonances in
the short-wave infrared to obtain a broad band enhancement of the light absorption. Last (iii), we also take
great care to localize the absorption within the HgTe absorbing layer rather that in the gold contacts which
would lead to thermal losses, see the electromagnetic absorption map in Figure 4b and c. Here, 85% of the

light absorption is occurring within the NC film.



The added value of the GMR electrodes is clearly highlighted in Figure 4e. Using a thin film (80 nm, typical
for traditional FET) of HgTe NCs only 2% of the incident light is absorbed at the band edge. Here, the use of
large capacitance gate allows the increase the absorbing NC film thickness (310 nm). The film thickness
increase enhances the absorption up to 10% of the incident light at the band edge. Once GMR are introduced,
a broad band absorption close to 30% is achieved in the whole SWIR and extended SWIR regions, see
Figure 4e. This corresponds to a 15 times enhancement of the light absorption compared to a traditional FET
design.

Figure 5 presents the characterization of the device relying on GMR electrodes. The spectral photoresponse
(Figure 5a) shows a polarized response, with a TE mode appearing between the two TM contributions.
Experimental data appears slightly redshifted and broader than the simulated spectrum from Figure 4d. We
attribute this discrepancy to the poor evaluation of the real part of the optical index of the NC film (taken as a
spectrally constant value of 1.9, see Figure S11 to see the effect of the real part of HgTe NCs film onto the
GMR absorption spectrum). Future work will have to be dedicated to a more accurate determination of the
complex optical index of this film.

Temperature dependence of the spectrum (Figure 5b) can further confirms the different origin of the feature
observed in the absorption spectrum. We clearly see that the energy peaks resulting from the grating (TM1
and 2 as well as TE1) are temperature independent in agreement with the fact that their energy is driven by
geometrical factors. On the other hand, the band-edge redshifts which is consistent with previous observation
for HgTe NCs presenting a positive value for dEc/dT=190 peV.K.6667

The reduction of the electrode spacing period from 20 ym to =2 ym increases the photoconductive gain. The
latter can be estimated using the expression g = S% with R the responsivity, n the device absorption, e the

proton charge and hv the incident photon energy. The gain in presence of the GMR is estimated to be 0.1,
below unity indicating that the photocarrier diffusion length remains much smaller than the inter electrode
spacing. Overall, the introduction of the GMR electrodes increases the photoresponse by a factor 33, as
shown in Figure S17. The latter decomposed over a factor 3 for the absorption enhancement (for same film
thickness) and factor =10 due to electrical gain.
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Figure 5 Detection properties of the GMR electrodes. a. Experimental photocurrent spectra in
TM, TE and for unpolarized light at 250 K. b. Temperature evolution of the photocurrent spectra of
GMR phototransistor based on STO. c. Noise current specral density for the GMR based device.
The blackline depicts the slope expected for 1/f noise. d. Photocurrent as a function of time as a
laser source at 1.55 um is turned on and off. For all graphs of this figure the gate is floating.

The noise in this device is found to be 7/f limited,%®¢° see Figure 5c. While the gate is floating, at 30 K and
for 1 kHz signal, the detectivity has been evaluated to be 1.6x108 Jones, mostly limited by the drop of the
mobility value at low temperature. The response time of the device is 14 us, see Figure 5d, fully compatible
with most IR imaging applications.

To finish, we test the potential of the combination of STO gate with the GMR electrode. Thanks to the large
capacitance of the gate, the gate effect remains effective on a film as thick as 310 nm and we observed a 5
orders of magnitude modulation of the dark current, see Figure 6. Similarly, the responsivity appears to be
gate dependent. Its maximum value reaches 150 mA.W-', which clearly benefit from the GMR electrodes
(same film on non-GMR electrodes, under same gate bias, presents a maximum responsivity of 4.5 mA.W",
see Figure S16). As a result, the gate can be used to shift the device operating point and we found that -50
V leads to an enhancement of the signal to noise ratio by a factor 12 000, which corresponds to a detectivity
as high as 1.9x10'2 Jones, for 30 K operation at 1 kHz, and for 3 um cut-off detection. This low temperature
operation enables to obtain the ultimate performance of the material and corresponds to the largest detectivity
value reported for HgTe NCs operating in the extended SWIR even though it is at the price of a strong
cryogenic cooling.
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and normalized ratio (by value at Vgs=0V) of the responsivity of over the dark current as a function
of the gate bias for the GMR device.

In summary, we have demonstrated a new type of gate for nanocrystal films relying on STO ferroelectric
gating which is fully compatible with low T operation. Thanks to a dielectric constant as large as 30 000,
breakdown free, leakage free gating of nanocrystal film is demonstrated and can be applied to a broad range
of materials. This result is highly promising with the development of thin film growth of ferroelectric materials
which will allow to tune the Curie temperature and expand these results in the whole 4 K and 300 K
temperature range of operation. This will certainly raise new material challenges. Even though pulsed laser
deposition is currently the most used strategies to grow such ferroelectric oxides, this method is not
compatible with high throughput neither with large scale deposition. Thus, further progresses relative to
atomic layer deposition of oxides may offer an interesting alternative. We then address a key limitation of
phototransistors, which was their low absorption. We introduce a plasmonic resonator based on GMR. The
design is made to obtain three distinct resonances enabling broad band enhancement of the absorption from
1.5 to 3 um. The introduction of the resonators enhances the light absorption by a factor 15 compared to
conventional transistor geometry and also leads to electrical gain. Because we combine gate effect and
strong absorption, we identify an optimal operating condition, for this 3 um cut-off wavelength detector, which
detectivity is above 10'2 Jones for 30 K operation.



Methods

Chemicals for nanocrystal synthesis. Mercury chloride (HgClz, Strem Chemicals, 99%), tellurium powder
(Te, Sigma-Aldrich, 99.99%), trioctylphosphine (TOP, Cytek, 90%), oleylamine (OLA, Acros, 80-90%),
dodecanethiol (DDT, Sigma-Aldrich, 98%), lead chloride (PbCl,, Alfa Aesar, 99%), sulfur powder (S, Alfa
Aesar, 99.5%), oleic acid (OA, Alfa Aesar, 90%), 1,2,ethanedithiol (EDT, Fluka, 98.0%), lithium perchlorate
(LiClO4, Sigma-Aldrich, 98%), polyethylene glycol (PEG, My = 6 kg.mol™), chloroform (VWR), ethanol
absolute anhydrous (VWR), methanol (Carlo Erba, 99.8%), acetone (VWR), n-hexane (VWR), toluene (Carlo
Erba, 99.3%), N,N-dimethylformamide (DMF, Sigma Aldrich), mercaptoethanol (MpOH, Merck, >99%),
Methylisobutylketone (MIBK, VWR, >98.5 %). All chemicals are used as received. Mercury and lead salts
are toxic, handle them with great care.

1 M TOP:Te precursor: In a three-neck flask, 2.54 g of Te powder is mixed in 20 mL of TOP. The flask is
kept under vacuum at room temperature for 5 min and then is heated up to 100 °C and kept under vacuum
for 20 more minutes. The atmosphere is changed to N2 and the temperature is raised to 275 °C. The solution
is stirred until a clear orange coloration is obtained. Then the flask is cooled down and the color switches to
yellow. The flask is degassed again for 10 min at room temperature. This solution is finally transferred to an
N2-filled glovebox for storage.

HgTe CQD synthesis with band edge at 2000 cm™: The reaction is taken from Keuleyan et al.*¢ 510 mg of
HgCl> was added to 60 mL of oleylamine in a 100 mL round flask. The solution was placed under vacuum
and heated to 110 °C for 1 h. Then, the temperature is increased to 120 °C and solution placed to N2
atmosphere. 1.9 mL of TOP:Te (1 M) with 10 mL of oleylamine are added to the mercury solution. The solution
color gradually turns to dark brown and the reaction is stopped at 3 min. A solution made of 1 mL of
dodecanethiol and 9 mL of toluene is quickly added to quench the reaction. The nanocrystals are then
precipitated with ethanol. After centrifugation, the nanocrystals are redispersed in chloroform. The washing
step is repeated one more time. Synthesis for other band edge energies and other material are given in the
Sl

Liquid state ligand exchange: Ligand exchange solution is prepared as followed: 15 mg of HgCl> are
dissolved in 9 mL of DMF, then 1 mL of mercaptoethanol is added. This solution is then used to prepare a
concentrated ink. 500 pL of NC solution at 50 mg.mL™" is mixed with 6 mL of hexane. 1 mL of ligand exchange
solution is added and mixed vigorously. NCs phase transfer is observed from the apolar phase to the polar
phase. The apolar phase is removed and another 6 mL of hexane is added to perform a second cleaning. At
this step 500 pL of fresh DMF is added. The apolar phase is removed and another cleaning step is performed.
Few drops of EtOH are added and the NCs are precipitated. Finally they are redispersed in DMF at a
concentration of =160 mg.mL".

Film deposition. 15 pL of ink solution is spin-coated of the substrate at 3000 rpm for 60 s to get a thin film
(<100 nm). For thicker film spin-coating is performed at 1300 rpm for 200 s before a drying step at 2500 rpm
for 120 s.

Transport and optoelectronic characterization. Procedures relative to electronic transport (FET
characterization) and optoelectronic measurements (spectral response, responsivity, noise, detectivity) are
given in the supporting information and more specially in Figure S11-12.

Infrared spectroscopy is conducted using a Fisher IS50 Fourier transform Infrared spectrometer. The visible
light source is used. To measure CQD absorption, we use the spectrometer in ATR configuration. A drop of
CQD solution is dried on the diamond cell. The source is a white light and the detector is a DTGS ATR.
Spectra are typically acquired between 10000 cm™ and 2000 cm™ with a 4 cm™ resolution and averaging
over 32 spectra. To measure a film absorption, an extended InGaAs detector is used and the source is a
white light. In case of extended SWIR device, the visible light is switch to a glow bar source combined with a
DTGS detector. Each spectrum is averaged 32 times and the resolution is set to 4 cm™'. Photocurrent spectra
are acquired as the sample is biased using a Femto DLPCA current amplifier which role is also to magnify
the current. The signal is then fed into the FTIR acquisition board.



For TEM pictures, a drop of a diluted CQD solution is drop-casted on a copper grid covered with an
amorphous carbon film. JEOL 2010F is used at 200 kV for acquisition of picture. For device characterization,
a FEI Magellan scanning electron microscope is used.

Electron tomography: Electron tomography of single nanocrystal was performed using a FEI Tecnai Osiris
electron microscope operating at 200 kV. A tilt series of high-angle annular dark-field transmission electron
microscopy (HAADF-STEM) images were acquired from -75° to 69°, with a tilt increment of 3°. The projection
images served as input for the 3D reconstruction performed through 20 iterations of the expectation
maximization (EM) algorithm® implemented in the ASTRA toolbox.®® The resulting 3D reconstruction was
then segmented by defining a threshold value using Amira 5.4.0. The volume was extracted in a form of a
3D matrix used as input for the tight binding simulation.

Tight binding simulations: We used the tight binding model of Ref #7 to calculate the electronic structure of
the HgTe NCs. Each Hg or Te atom is described by a double set of spd°s* orbitals, one for each spin
orientation. Surfaces are saturated by pseudo-hydrogen atoms characterized by a single s orbital. Tight-
binding parameters, i.e., on-site energies, nearest-neighbor hopping matrix elements and spin-orbit coupling
terms were determined to provide a very good description of the band structure of bulk HgTe (at 300K). For
the NC analyzed with electron tomography, we considered all atoms positioned on the zinc-blende lattice and
included in the NC volume (15406 atoms). For all NCs, we calculated 60 (1200) conduction (valence) states
and we computed dipolar matrix elements between them as described in Ref*’. For comparison with
experiments, the transition peaks are broadened by Gaussians of full width at half maximum of 41 meV

Electromagnetic simulations: Calculations have been achieved with Matlab library based on Rigorous
Coupled-Wave Analysis (RCWA).%° We considered incoming plane wave under normal incidence, either with
transverse magnetic (TM) or transverse electric (TE) polarization, i.e. with magnetic field or electric field
parallel with the slits of the gratings, respectively. Grating is supposed to be invariant along y direction and
repeated infinitely along x direction.
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The Supporting Information includes additional information regarding: 1. Nanocrystal synthesis, 1.1.
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