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Abstract: HgTe nanocrystals (NCs) enable broadly tunable infrared absorption, now commonly used to
design light sensors. This material tends to grow under multipodic shapes and does not present well-defined
size distributions. Such point generates traps and reduces the particle packing leading to a reduced mobility.
It is thus highly desirable to comprehensively explore the effect of the shape on their performance. Here, we
show, using a combination of electron tomography and tight binding simulations, that the charge dissociation
is strong within HgTe NCs, but poorly shape dependent. Then, we design a dual-gate field-effect-transistor
made of tripod HgTe NCs and use it to generate a planar p-n junction, offering more tunability than its vertical
geometry counterpart. Interestingly, the performance of the tripods is higher than sphere ones, and this can
be correlated with a stronger Te excess in the case of sphere shapes which is responsible for a higher hole
trap density.

Keywords: HgTe, electron tomography, tight binding simulation, p-n junction, field-effect transistor, gate
effect.
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[I-VI semiconductors are the most mature materials under colloidal quantum dot (CQD) form and have been
extensively used for optoelectronic applications. Among them, HgTe is certainly offering the widest spectral
tunability and the most impressive device performance for infrared light emission' and detection.** Over
the recent years, the integration of HgTe CQDs as absorbing layers in IR sensors has been developed from
the basic demonstration of IR photoconduction,”® to highly complex devices including focal plane arrays®'®
and unconventional detectors with enhanced light-matter coupling to increase their light absorption.™'8 A
significant part of the efforts has been dedicated to improve the device, including the development of vertical
geometry devices (i.e. photodiodes) thanks to the development of hole extracting layers' and unipolar
barriers?®2' suitable for narrow band-gap materials. In addition, planar geometry devices (i.e.
phototransistors)'8222%  enable to efficiently control the carrier density by applying a gate bias, which
maximizes the signal to noise ratio.

As the field gains maturity, the material itself may become a limitation. The decrease of the non-radiative
recombination rates? has been identified as a key element to reduce the noise in detectors. The surface
chemistry, through the control of traps and surface dangling bonds, plays a major role in the decrease of this
non-radiative processes. However, this is not the only source of traps. Size polydispersity, via quantum
confinement, induces that the largest particles behave as traps. In the case of HgTe, the material synthesis
has been focused on increasing the material size to push the absorption and emission toward longer
wavelengths. It is worth pointing that most syntheses (either based on aqueous or organic paths) lead to non-
spherical shape particles such as multipods?>?. The uncertain shape definition results in a clear broadening
of the size distribution and finally generates traps. Such traps might offer beneficial roles such as the
formation of a three-level systems for low threshold lasing? or the demonstration of memory effect.?” In HgTe
CQDs, it can also lead to poor transport properties with lower transport activation energies, which reduces
performance increase upon cooling.? Beyond the formation of traps, the growth of multipodic shape particles
may also induce a poor particle packing within the film, resulting in a distribution of particle distances which
consequently limits the film mobility and generates noise?. Only recently, the growth of quasi spherical HgTe
CQDs have been achieved®®*' which has reduced the size distribution and has finally lead to improved film
mobilities higher than 1 cm?V-'s™1.2930 However, their spectra are broader than the ones obtained from
multipodic HgTe, in spite of a better size control.?* It is thus of utmost interest to reveal how the shape is
linked to the performance obtained so far for IR detection.

In this paper, we investigate how the structural and electronic properties of HgTe nanocrystals are connected
to each other and how they impact the device performance. To reach this goal, we use a two scales approach.
First, at the single particle level, we combine electron tomography and tight binding simulations to reveal the
wavefunctions and their overlap for realistic particle shapes. Then, in a second step, we integrate the grown
material into a dual gate field-effect transistor (FET), enabling us to design, on-demand carrier density
profiles. While this strategy is widely used in the field of 2D materials and mesoscopic physics®4°, it has not
been applied yet to CQD-based devices. The dual gate FET enables the design of planar tunable p-n
junctions from which we can estimate the influence of the local morphology, including the trap distribution,
and electronic structure, on the charge dissociation at a mesoscopic scale.
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Figure 1. a. Infrared absorption spectrum of HgTe CQDs with a 4000 cm™ (or ~0.5 eV, HgTe 4k) band-edge energy. b.
Transmission electron microscopy image of those HgTe 4k CQDs. The inset is a high resolution image of a single CQD.
¢. Reconstruted morphology of a HgTe CQD as revealed from electron tomography. d. (resp. e.) Square modulus of the
3D hole (resp. electron) wavefunction for a HgTe tripod revealed from tomography.

We synthesize HgTe CQDs following the procedure by Keuleyan et al.?® The obtained particles present
absorption in the extended short-wave IR (SWIR) with a cut-off wavelength at 2.5 um (4000 cm™ or =500
meV), see Figure 1a and S1-S4. Electron microscopy clearly reveals the branched shape of the obtained
CQDs (see Figure 1b and its high-resolution inset image). To further reveal the actual CQD shape, we use
electron tomography to obtain a 3D reconstruction of the particle, see Figure 1c, Figure S5, S8 and video
S1. While from TEM the particle shape has for long been inferred to be a tetrapod,? it appears that the actual
shape is more in agreement with a tripod.

This measured shape is then used as an input for atomistic tight-binding simulations of the electronic
structure. The absorption spectrum is calculated using the Fermi Golden rule*'3, see Figure S6. Due to the
strong mass asymmetry in HgTe** (a hole is about 25 times heavier than an electron), the hole wavefunction
is more localized in the center and its presence at the edge of the tripod arms is weaker compared to the
electron, see Figure 1d-e and S7-S10. From these wavefunctions, we can quantify the wavefunction overlap
(see table S1) which is directly linked to the binding energy of the electron-hole pair. The overlap appears to
be weak around 0.4, but poorly dependent on the particle shape. In HgTe, due to the strong effective mass
asymmetry, the electron is strongly confined and its wavefunction explore the whole structure while the hole
with its large mass stay located in the center of the structure. This contrasts with materials such as PbS
where the electron and hole effective masses are identical. In this sense, the electronic structure of HgTe
favors electron-hole dissociation in nanostructures, while the shape plays no role in the charge dissociation.

Since the particle shape is barely impacting the HgTe CQD quantum state overlap, we further explore how
particle geometry affects the photocurrent. We demonstrated that the charge dissociation is independent of
the particle shape, but it may still have an effect through trap distribution, film packing, etc... Vertical geometry



photodiode is certainly the most effective strategy to achieve detection with high signal to noise ratio, but it
suffers from a lack of post-fabrication tunability to determine improvement strategies. By contrast,
phototransistors?? can offer more flexibility thanks to an efficient tunability of the carrier density in the channel
by applying gate bias. Here, we use a planar dual gate FET to explore the effects of doping and particle
geometry for detection. From a pure detection point of view, vertical geometry enables a better charge
extraction since the device size is reduced down to the short carrier diffusion length resulting from hopping
mechanism. However, our strategy due to its tunability, is used to reveal the origin of the observed low Voc
in current HgTe photodiodes.
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Figure 2 a. Sketch of the dual gate device inducing charge dissociation. b. Cross section, along horinzontal red dashed
line according to image in part c, of the device using scanning electron microscopy. c. Top view of the device acquired
from optical microscopy. d. Transfer curves (drain and gate currents as a function of the applied gate bias while the
drain source bias is set to 1 V) while gate 1, gate 2 (with the other gate is floating), or gate 1 + gate 2 are tuned. e. Map
of the I-V curve asymetry (defined here as the log of the ratio of the current under +0.5 V and -0.5 V) as a function of
the applied biases of gate 1 and gate 2. f-i are respectively the I-V curves in the n-p, n-n, p-p, and p-n. All measurements
are conducted at 250 K.

The gates from the FET device need to match two strong requirements: first, (/) it has to enable a large carrier
density modulation (i.e. presents a large capacitance) to generate a large in-built electric field. Second, (ii) it
needs to be compatible with microfabrication methods to design a p-i-n junction where the intrinsic zone size
remains close to the ones used in vertical geometry devices (i.e. the distance between the two gates should
be similar to the thickness of a photodiode =500 nm). While various high capacitance gating strategies have
been explored recently for HgTe CQD films including electrolyte,*54¢ ionic glasses,?**” and ferroelectric'®
materials, none of these methods appear to be convenient to spatially define the gate. This is why we chose



a more conventional approach based on Al2Oz grown using atomic layer deposition (ALD) as a high-k
material. The design of the device is given in Figure 2a-c and S11-12.

We first confirm that both gates can be used with low leakage current, see Figure 2d and S13. Current
modulation is typically a factor around 100 at 250 K and shows a clear ambipolar behavior with both hole and
electron conductions. In the next step, we test the potential of the gates to induce non Ohmic I-V curves. We
quantify the rectifying behavior of the I-V curves through the ratio of current I(Vps)/I(-Vbs), see Figure 2e. We
clearly observe that, under conditions such as Vz1=Vg: (for example in n-n and p-p regime on Figure 2e), the
asymmetry ratio is small and the |-V curves show quasi-ohmic behaviors, see Figure 2g and h. On the other
hand, under gate biases such as Vs1=-Va2 (p-n and n-p regime), |-V curves get rectified (Figure 2f and i) and
the curve asymmetry is maximized, as expected for a p-n junction.

We then investigate the potential of the dual gate device for charge dissociation. In the phototransistor regime
(n-n or p-p part of the phase diagram), not any open-circuit voltage (Voc) is generated under the sample
illumination, see Figure 3a and b. On the other hand, in the diode regime (p-n or n-p in the phase diagram),
Voc are clearly observed. Those Voc can reach 180 mV under 1 W.cm? at 1.55 um (Figure 3c),
corresponding to 36% of the optical band gap value. The Voc of the dual gate device presents a linear
temperature dependence of 770 uV.K™' (see Figure S15), implying that the 180 mV value measured at 250 K
can be extrapolated to a Voc of 214 mV at room temperature (42 % of the band-gap). To obtain such Voc
values using a vertical geometry diode (ITO/HgTe/Ag.Te/gold structure*®), the band-gap of HgTe has to be
increased by 50% (reaching now 800 meV, corresponding to HgTe CQDs with band edge at 6000 cm™), see
Figure S19. Part of the discrepancy might be due to a lower performing diode. Nevertheless, particularly
under low photon flux, Voc stays much higher in the dual-gate device due to an optimized carrier density
profile.

Voc appears to be robust to the geometrical factor of the device. As the film thickness is reduced from 200
nm to 50 nm, only a small drop (=20 mV, which is in the range of the Voc fluctuations observed from device
to device) of the Voc is observed (Figure S14). It is also worth pointing out that such Voc are obtained with a
gate separation of 3 ym, which is wider than the thickness of a typical diode. This means that the screening
of the p- and n-doped regions is weak due to the limited dielectric constant of a nanocrystal film in presence
of organic ligands (&,<8). The reduced dielectric constant compared to the bulk (or PbS NCs) is certainly
responsible for the possibility to gate thick films of HgTe CQDs even using a back gating approach. It also
suggests that future designs of HgTe CQD-based diodes can afford the presence of thick intrinsic absorbing
layers between the p and n doped layers, used to extract electrons and holes, without any reduction of the
VOC.

While the Voc seems to be robust toward the geometrical factor, it appears to be dramatically impacted by
the size and shape distributions. To address this question, we intentionally prepare a polydisperse HgTe
CQD solution by mixing two batches of nanocrystals (Figure S20-21), while keeping the average cut-off
wavelength unchanged. In such mixture, the large CQDs are expected to behave as trap states, generating
states within the band gap of the smallest and more confined ones. This procedure should affect the Voc*®
as it is commonly observed for PbS CQD-based solar cells.’° HgTe CQDs, thanks to their non-dispersive
valence band,®" have been identified to be more robust to polydispersity than intraband materials such as
HgSe. However, a broad size distribution impacts the transport through a reduction of the current modulation
obtained in the FET configuration (Figure S21). As expected, the Voc is also reduced, see Figure 3c. Using
this polydisperse material, the Voc barely reaches 60 mV. This corresponds to a third of the value measured
from the material with better size distribution.
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Figure 3 a. I-V curves under illumination (@1.55 um - 1W.cm) while the device is operated in the n-p, n-n, p-p, and p-
n regimes. b. Open circuit voltage (Voc) map as a function of applied gate 1 and gate 2 biases. c. Voc as a function of
applied bias on gate 2, while the bias on gate 1 is set equal to +4 V for three population of HgTe nanocrystals :
monodisperse tripods, polydisperse tripods and round particles. All data are measured at 250 K.

We have also tested spherical HgTe CQDs (Figure 3c and S22-25) and found an even lower Voc (=25 mV).
This may explain why, to date, the use of spherical shaped HgTe CQDs for diodes remains unreported. This
result highlights that monodispersity is not sufficient to obtain highly performing devices®?%® and that the
optimal surface chemistry clearly depends on the particle shape. To confirm this hypothesis, we have
performed Energy Dispersive X-ray spectroscopy (EDX) coupled to TEM (figure S3 and S4 for tripods and
S23-24 for quasi spheres of HgTe. While many previous reports® based on EDX coupled with scanning
electron microscopy (SEM) have claimed for quasi stoichiometric particles, EDX coupled to TEM reveals a
clear Te excess (55% Te atomic ratio in the case of tripods) that is even stronger in the case of quasi sphere-
shaped HgTe (63% Te atomic ratio). Such Te excess is known to generate hole traps.? We then quantize the
impact of the traps through transport (Figure S25). At room temperature, fast release from traps is possible
and the mobility appears higher for quasi sphere-shaped CQDs thanks to their better packing (Figure S25b).
At low temperature, thermal detrapping is reduced, and a higher mobility for tripods is observed (Figure
S25c¢).

The ability of the dual-gate device for light detection is better highlighted from the responsivity map, see
Figure 4a, S16-17. It is clear that the highest response values are obtained under gate conditions
corresponding to the diode regime (Ve1=-Vg2). Under the application of a small reverse bias (Vps=-0.5 V, see
figure S16-17), The achieved responsivity reaches a few tens of mA.W-', which is typical for photoconductive
devices operated in the hopping regime, see table S3 for a comparison of this device with state-of-the-art
devices. Currently the absorption (=10%) is limiting the device performance and a future challenge will be to
couple such geometry with light resonators to bring up the absorption close to 1.

The diode regime combines enhanced photocurrent and low dark current due to 0 V operation. As a result,
the current modulation under illumination at 0 V increases from 0 in the phototransistor regime (Vas>0) to
>10*for the diode operating mode (Vss<0), see Figure 4b. Such significant improvement of the light detection
properties is obtained while the time response remains fast with a turn-off time measured equal to 25 ps in
the diode mode (Figure 4c-d). This time is barely longer than the one obtained in the phototransistor mode
(5-7 us) which is setup limited. We estimate the detectivity to range between 108 and 10'° Jones range at
250 K and for 1 kHz operation at 1.55 uym (see discussion in the Sl, Figure S18 and Table S2-3).
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Figure 4 a. Responsivity map under null drain source bias as a function of applied gate 1 and gate 2 biases, highlighting
an enhanced photocurrent generation in the range of gate biases corresponding to the formation of p-n (or n-p)
junction. b. Short circuit current and current modulation (short circuit current divided by dark current) as a function of
Vez2 (Vs1 = +4 Vis constant) under an irradiance of 1 W.cm™ at 1.55 um. c. Current as a function of time as a laser source
(1.55 um) is turned on and off, while the gates are set to operate in the n-p regime (Vs1=4 V ;Ve,=-4 V). d. Current as a
function of time as a laser source (1.55 um) is turned on and off, while the gates are set to operate in the n-n regime
(Ve1=4 V ;Ve2=4 V). For parts ¢ and d, a small Vps=0.5 V is applied to obtain some signal in the phototransistor

configuration.

To summarize, we have studied the correlation between the particle morphology and the device performance
in HgTe CQD films used for IR sensing thanks to a combination of nanoscale (electron tomography and tight
binding simulations) and mesoscale (dual gate FET) measurements. In HgTe CQDs, there is a pre-existing
charge dissociation, which does not relate to the particle shape, but to the asymmetry of the effective masses.
We then use the dual gate FET to generate, on demand, doping profiles and create p-n junctions. The
obtained Voc is now reaching =40% of the optical band gap. Operation of the device in the diode mode allows
an increase in the photoinduced current modulation by more than 4 orders of magnitude, while presenting a
fast time response (25 ps fall time). We show that polydispersity can dramatically impact Voc of the dual gate
device in the diode regime. Moreover, the use of monodisperse sphere shaped particles is not leading to a
better performing device despite a higher film mobility at room temperature. Such interesting behavior is
attributed to shape-dependent stoichiometry of HgTe NCs; a larger Te excess is observed in the case of
spherical CQDs finally resulting in a larger hole trap density. Our findings suggest that more efforts will have
to be devoted in the future to the surface healing.
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