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Abstract: For short wave infrared (SWIR) sensing, InGaAs is the leading technology combining high
carrier mobility, high homogeneity and complete control over n-to-p doping. In the meanwhile,
numerous alternative materials have tried to compete with InGaAs. Among them, colloidal
nanocrystals with narrow band gap can address the current issue in designing cost-effective sensors
for the SWIR range. Rather than pitting these two materials against each other, here we design a
synergistic duo in which HgTe nanocrystals are used to broaden the spectral range of InGaAs while
lifting the lattice matching constraints. We propose a diode geometry where a p-type HgTe NC array
is coupled with n-type InGaAs wires which are used as high mobility (u>1000 cm?.V-'s™") minority
carrier extractors. This approach also demonstrates that Van der Waals heterostructures are not
limited to graphene-like materials and that bulk-like IlI-V semiconductors can also be light sensitized
by colloidal nanoparticles. This work paves the way toward further synergies between epitaxially
grown and colloidally grown semiconductors for infrared detection.

*To whom correspondence should be sent: el@insp.upmc.fr
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Wide band gap nanocrystals (NCs) with optical features in the visible are now commercially used
as down-converters for displays. For narrow band gap NCs, it is rather their absorption properties
that draw attention. They have been used to absorb the infrared (IR) tail of the solar spectrum in
solar cells' or to design infrared cameras.?=® In the latter case NCs are often promoted as cost-
effective alternatives to existing technologies that are heavily relying on epitaxially grown
semiconductors. In the short-wave infrared range (SWIR), InGaAs technology® is certainly the most
effective, combining high external quantum efficiency (EQE), low noise and a high uniformity. This
causes historical and emerging technologies to often compete with each other.

Here, we demonstrate synergistic properties resulting from an InGaAs wire array’ epitaxially grown
coupled to an array of colloidal HgTe NCs. NCs being synthetized in solution, they are completely
released from lattice-mismatched constraints with the substrate, which considerably eases the
spectral tunability. On the other hand, InGaAs epitaxially obtained presents a high crystallinity
leading to high carrier mobilities as well as a careful control of the doping. Here, we design and
fabricate a diode structure where the InGaAs wires are used as electron extractors to form a p-n
junction at the interface with the overall p-type HgTe NCs. Introduction of wires and rods as carrier
extractors is a strategy already reported for solar cells and detectors. These examples are mainly
based on ZnO and TiO2 wires generally obtained from solution growth methods and are used to
form bulk heterojunctions.8® However, in the specific case of short wave infrared absorbing device,
the band alignment of such wide band gap oxide appears suboptimal since it has been proven that
the photocurrent is also filtered by the oxide layer, leading to very small device responsivity.'® Thus,
alternative material presenting more favorable band alignment have to be tested. Here, we use high
mobility epitaxially grown nanowires with a band gap suited for IR sensing.

Recently, the combination of 1D wires with a matrix of a second material has been generalized
under the concept of mixed dimensional van der Waals heterostructures.!” The idea was initially
proposed for 2D materials such as graphene and transition metal dichalcogenides'®'3 (TMDCs), but
rapidly it appeared that such 2D materials could be functionalized by molecules,'* nanoparticles'®®
or even bulk materials.'” Beyond their remarkable mechanical and electrical properties, the ease of
functionalization of the 2D materials has become one of their most striking properties. However,
these 2D materials also suffer from clear limitations: the graphene has no gap and the flake size of
TMDC (few tens of um) hinders the design of large-scale devices. These challenges (material
stability, high mobility, doping control, large scale processing...) can easily be overcome using the
high maturity of Silicon'® or Ill-V semiconductors, while their coupling to nanoparticles remains
mostly unexplored. Here, we demonstrate synergistic properties resulting from the IllI-V wire array
and the 1I-VI NCs. In particular, we show that the spectral response of the hybrid structure can
handily be designed to absorb longer wavelengths than the cut-off of bulk InGaAs. We also show
that our strategy seamlessly leads to the formation of a p-n junction with a strongly rectifying I-V
curve while such design relies on the complex choice of the surface chemistry and the coupling to
carrier transport layers for all NC-based photodiodes. -2

We start by growing an array of InGaAs nanowires. To do so, we use an InP substrate that is coated
with silica by plasma enhanced chemical vapor deposition (Figure S1a). Then, the latter is patterned
using e-beam lithography to define some openings down to the InP substrate (Figure S1b). This
functionalized substrate is then introduced into a molecular beam epitaxy chamber to conduct the
in-plane wires selective area growth (Figure S1c). We obtain an array of 200 wires which are 20 um
long and 130 nm wide. Various spacings (500, 700 and 1000 nm) between wires have been tested,
though the results in the paper focus on the smallest period. To minimize the array resistance, a few
perpendicular wires have also been included, see optical (Figure 1a) and electron microscopy
image (Figure 1b and c). The wires are n-doped with a doping at 3.5x10'8 cm™=.

Then, we deposit metal contact electrodes to define the diode area (Figure S1d). One electrode
overlaps with the wire array, while the second one is not contacted to the IlI-V semiconductor. Then
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the device is coated with an HgTe NC array that is spread all over the surface. To ensure that the
charge transport goes through the wire array, the metallic electrode is further insulated by a silica
patch (purple area in the false color microscopy image, see Figure S1e and Figure 1a) which role
is to prevent conduction in the NC array only. Finally, we grow HgTe NCs?? using the procedure
developed by Keuleyan et al.?® The size of the particle (<8 nm) is chosen so that their band edge (2
pm cut-off) is redder than the one of the InGaAs (1.6 um cut-off). The absorption and
photoluminescence (PL) spectra of the material are shown in Figure 1d. The band gap, determined
at the maximum of the PL signal, is at 1.75 pm (=700 meV) while the cut-off wavelength reaches =2
um after ligand exchange to make the film conductive. The film of HgTe NC presents a 200-400 nm
thickness (Figure S1f).
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Figure 1InGaAs wires/HgTe NCs hybrid device. a. False color microscopy image of the patterned
nanowires. As a convention the wires are connected to the source in the following of the paper. The
right side inset is a shematic of the device once coated by a HgTe NCs film. b. SEM image of the
InGaAs wires array. c. Zoom on the InGaAs wires array. d. Normalized absorption and
photoluminescence spectra of HgTe NCs. The background is a TEM image of the same HgTe NCs.

Before discussing the transport and photo-transport properties of the hybrid structure, we
characterized the conduction properties of the two materials independently. In order to probe the
conduction in the wire only, a dedicated device where the wires are connected on both ends has
been prepared. Due to their highly n-doped nature, the InGaAs wires only present a weak
temperature dependence. The drop of the resistance upon cooling, see Figure 2a, can be attributed
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to the increase in the electron mobility as the phonon scattering is reduced. |-V curve reveals an
ohmic behavior (Figure 2b) while the Hall mobility is found to be =3000 cm?.V-'s'. By gating the
wires array with an electrolyte, we confirmed that conduction rises under electron injection, see the
inset of Figure 2b. The transport in the HgTe NC array is also associated with an ohmic behavior,
consistent with a limited offset of the material with the gold electrode, see Figure 2d. Field effect
measurement reveals conduction only by holes, see the inset of Figure 2d. This is related to the
localization of the Fermi level in the bottom part of the band gap as revealed by photoemission for
this HgTe NC size.* The temperature dependence of the current Figure 2c) is consistent with a
thermally activated transport. The activation energy of the current is found to be =220 meV, which
is slightly smaller than the half band gap value (Ec/2=350 meV) expected for an intrinsic
semiconductor with the same band gap.
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Figure 2 Transport properties of the InGaAs wires array, of the HgTe NCs array and of the
hybrid structure. a. Current (Vps=1 mV) normalized by its value at room temperature as a function
of the temperature for an array of InGaAs wires connected on both ends. b . Dark I-V curve, at room
temperature, for the InGaAs wires array. The inset is the tranfer curve (drain current in red and gate
current in grey) as a function of the applied gate bias (Vps=3 mV). c. Current (Vps=1 V) normalized
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by its value at room temperature as a function of the temperature for an array of HgTe NCs. d. Dark
I-V curve, at room temperature, for the HgTe NCs array. The inset is the transfer curve as a function
of applied gate bias (Vps=100 mV). Parts ¢ and d are measured on gold interdigitated electrodes. e.
Current (Vps=1 V) normalized by its value at room temperature, as a function of the temperature for
the hybrid structure made of the InGaAs wires (connected to only one end) coated by an HgTe NCs
film. f. Dark |-V curves, at various temperatures, for the hybrid structure.

Once the p-type HgTe NC array is deposited on the n-type wire array, a diode is formed as
evidenced by the strongly rectifying I-V curve obtained, see Figure 2f. At 200 K, the current
asymmetry reaches 3 orders of magnitude between the forward and reverse bias polarity, see
Figure 3a. Another synergistic effect of the coupling between the two materials is observed from
the temperature dependence of the current. The latter is strongly enhanced and the activation
energy of the transport now reaches 400 meV, see Figure 2e. This increased activation makes the
decrease of the dark current upon cooling even stronger.

We then focus on the photoconductive properties of the hybrid structure, see Figure 3. Under
illumination we observe a current modulation, that is particularly large under reverse bias, Figure
3a. Unfortunately, the I-V curve under illumination does not present any open circuit voltage (Voc).
We attribute this lack of Voc to the shunt resistance associated with the transport in NC along the
wires. This can come from hole conduction beginning at the interface between the wire and the NCs
up to the contact electrode and from a possible recombination of photogenerated carriers when the
latter travel along the long n-type wires. This lack of Voc prevents device operation under 0 V bias.
However, with our strategy the dark current |-V curve is strongly rectifying and low dark current is
maintained even under large negative reverse bias (even at -4 V). It contrasts with most diodes
based on HgTe NCs?*-30 in which the current asymmetry is generally lost above 0.4 V.

Photocurrent spectroscopy is then used to understand the origin of the photocarriers, see Figure
3b. Just below 1 um, the intense peak comes from the InP substrate. In the SWIR region, we observe
an absorption signal that matches the HgTe NCs absorption. No feature from the InGaAs is
observed. Moreover, the photocurrent is unpolarized. To understand these properties, we have
simulated the absorption map and spectrum of the hybrid structure with a finite element commercial
tool (see method), Figure 3e-f and S2-3. Even though it is intense below the band gap of InGaAs
(Figure 3e), the absorption of the 1lI-V material only accounts for a small volume of the total
structure. As a result, the absorption occurring within the InGaAs only accounts for a few % of the
total absorption, see Figure 3d. In other words, in this hybrid structure the roles are clearly split
between both materials. The HgTe NCs film drives the absorption, while the InGaAs drives the
transport and behaves as a unipolar barrier extracting the generated photoelectrons. The weak
absorption from the InGaAs also explains why the total absorption is not polarized despite of the
oriented wires structure, see Figure 3c. This simple strategy expands the spectral response of the
InGaAs by 400 nm (from 1.6 to 2 um cut-off wavelength), see Figure 3d and S2-3.
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Figure 3 Spectroscopic properties of the photocurrent. a. |-V curves of the hybrid structure in
the dark and under illumination by a laser diode (A=1.55 um). The indicated power is the one from
the laser diode. b. Photocurrent spectrum for the hybrid structure. The inset is a zoom on the spectral
range corresponding to the band edge of HgTe. c. Simulated absorption of the hybrid structure along
the TE and TM polarization. d. Simulated absorption of the hybrid structure along the TM polarization
(Figure S1 for TE) within the InGaAs wires and within the HgTe NCs. e. Absorption map of the hybrid
structure at 1.28 um (below InGaAs band gap). f. Aborption map of the hybrid structure at 1.87 um
(above InGaAs band gap). Maps from part e and f are simulated in TE polarization.

Finally, we quantify the performance of this diode for IR sensing. Under illumination, the responsivity
appears to be proportional to the applied bias. The responsivity magnitude is weakly dependent of
the bias sign, see Figure 4a and reaches 16 mA.W-! at -4 V. Since the dark I-V curve is, on the
other hand, strongly dependent of the bias polarity, the optimal operating condition (i.e., the one
leading to the largest current modulation) appears to be under large (-4 V) reverse bias for this
diode. Upon cooling from 300 to 200 K the responsivity is reduced by a factor 2 (Figure 4b), while
the dark current drops by three orders of magnitude. In the nanocrystal array, the charge conduction
is occurring though hopping mechanism. The latter leads to thermal activation of both carrier density
and mobility. Under illumination the carrier density is set by the incident photon flux and thus the
temperature dependence of the response is mostly the result of the thermal activation of the carrier
mobility.

Finally, the responsivity depends on the incident photon flux (photocurrent scales as P%8, with P
the incident power) and larger responses are measured under weaker irradiations, see Figure 4c.
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Figure 4 Photodetection performance of the hybrid structure. a. Responsivity at 300 K of the
hybrid structure as a function of the applied bias, under illumination by a laser diode at 1.55 um with
an irradiance of 5x10° W.cm?. b. Responsivity of the hybrid structure as a function of the
temperature, under -4 V under an irradiance of 5x10° W.cm? at 1.55 um. c. Responsivity of the
hybrid structure as a function of the incident irradiance power, at 300 K under -4 V. d. Specific
detectivity under -4 V as a function of the operating temperature for a signal modulated at 1 kHz.
The inset is the noise current spectral density as a function of the signal frequency, while the device
is operated under various biases. e. Photocurrent response of the hybrid structure to a 1 ns pulse
of light at 1.57 um. The data are fitted by the product of an exponential decay curve with a sinus
curve accounting for the unperfectly impedance matching of the device with the acquisition scope.
Exponential decay time is estimated to be =14 ns.

The noise in the structure appears to be 1/flimited, see the inset of Figure 4d. This suggests that
the noise is mostly coming from the transport in the NC array,?' since charge conduction in high
mobility IlI-V semiconductor films is generally associated with white noise only (shot and thermal
noises). The detectivity of the diode is 7x107 jones at room T and reaches 10° jones at 200 K and
under -4 V for a 2 um cut-off wavelength and for a signal modulated at 1 kHz. This is weaker than
state-of-the-art diodes based on HgTe NCs. At similar wavelengths, those diodes achieve detectivity
up to 10'9-10"" jones at room temperature.?83233 But the achieved detectivity is similar to the one
reported for HgTe NC layer coupled to graphene for which detectivity are in the 108-10° jones
range.'®34 Certainly, our approach suffers from the lack of Voc preventing the zero volt operation.
On the other hand, thanks to its planar geometry, that is associated with a weaker capacitance than
the vertical geometry diode, fast operation can be achieved. Under illumination by a 1 ns pulse at
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1.57 um, our device shows an exponential decay of the signal with a characteristic decay time of 14
ns, see Figure 4e. This is two orders of magnitude faster than the value reported for the vertical
diodes.?® In this sense, the weaker signal-to-noise ratio is balanced by a higher device bandwidth.

For a long time, the design of IR sensors has opposed narrow band gap IlI-V semiconductors against
their colloidal II-VI counterpart. Here we demonstrate that Van der Walls heterostructures can be
obtained from these two types of semiconductors. We propose a geometry where high mobility n-
type InGaAs wires are used as electron extractors from a p-type HgTe NCs array. Our device tackles
the belief that such designs are limited to graphene-like materials with nanocrystals acting as light
sensitizers on top. Epitaxially and colloidally grown semiconductors can combine their advantages:
this approach has been conveniently applied to expand the spectral response of the InGaAs
technology toward longer wavelengths, while waiving all epitaxial growth constraints. The achieved
performances (R>10 mA.W-', D*>10° jones at 200 K, 14 ns decay time) paves the way to further
the explore this hybrid device combining epitaxially grown and colloidally grown materials. The next
challenge will be to combine the architecture with gate control and light management to further
enhanced the signal to noise ratio

SUPPORTING INFORMATION
Supporting Information include details about fabrication of the device, additional electromagnetic
simulation and setup for device characterization
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