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Abstract: Thanks to their remarkable spectral tunability across the entire infrared range, HgTe
nanocrystals present a unique platform for designing infrared optoelectronic devices. While in recent
years, most of the significant advances in this domain have been made on devices at the single-
pixel level, there is a growing trend toward exploring the potential of this material for imaging
applications. However, until recently, focal plane arrays based on HgTe NCs have been limited to
the photoconductive mode, which is inherently associated with a large dark current. In this work, we
demonstrate a diode stack compatible with a read-out integrated circuit whose back-end processing
has been optimized to ensure compatibility with a complete diode stack deposition. The diode design
is also optimized to generate a Fabry-Perot cavity in which 50 % of the light is effectively absorbed
at the band edge. Finally, taking benefit from the full VGA format, high-resolution images are taken.

Keywords: nanocrystals, HgTe, infrared, photodiode, focal plane array, imaging.

*To whom correspondence should be sent: el@insp.upmc.fr



mailto:el@insp.upmc.fr

Colloidal nanocrystals (NCs) can operate at wavelengths beyond the bandgap of silicon? by
exploiting their inorganic nature and broadly tunable optical properties. In this spectral range, current
technologies are prohibitively expensive for mass-market applications, and organic materials are
ineffective due to the strong coupling between excitons and molecular vibrations. Among candidate
materials, PbS and HgTe have been extensively studied to generate infrared photoconduction and
have already been integrated into more advanced devices such as photodiodes3>,
phototransistors®-2, light modulators®, spectrometers'®!!, devices coupled to light resonators 12715,
and imagers16-20,

The development of PbS-based solar cells has led to the effective transfer of this material into
photodiode arrays, including at an industrial scale'®-'8, However, this yet to be the case for
HgTe,?1?? which in fact presents several advantages compared to PbS, such as a more tunable
absorption edge to explore the short, mid®® and long?42° wave infrared, and a reduced susceptibility
to oxidation?®. Moreover, efficient photodiode reports remain fairly recent®527-3! and thus most of
the reported focal plane arrays (FPA) based on HgTe NCs rely on the photoconductive
operation'®2°, While this approach simplifies fabrication by reducing the number of steps, the lack
of any built-in electric field enforces the need to apply bias, resulting in the generation of a dark
current and its consequent reduction of the signal-to-noise ratio. Recent efforts have focused on the
design of single-pixel HgTe NCs-based photodiodes that now reach high detectivity values of around
10 Jones for short-wave infrared operation at room temperature®>27-30, However, transferring
those diodes to FPA structures requires updates to the read-out integrated circuit's (ROIC)
morphology and possibly to the diode design. Mainly, there is a need to take into account the fact
that illumination can no longer occur through the substrate. In this paper, we explore the design of
an HgTe NCs photodiode array with a 1.9 um cut-off wavelength.

To build a photodiode using HgTe NCs, we use a diode stack similar to the one proposed by
Greboval et al.?’ relying on an FTO (fluorine-doped tin oxide)/SnO2/HgTe/Ag2Te/Au structure, see
Figure 1c. This particular stack can be operated in either an inverted or a non-inverted configuration,
a critical feature for its subsequent transfer to a ROIC. In this stack, the AgzTe layer is used as the
hole transport layer, while the SnO2 layer acts as the electron extractor. The absorbing HgTe NCs
are grown using Keuleyan’s procedure in which HgCl: is reacted with trioctylphosphine telluride in
oleylamine. The temperature (58°C) and duration (3 min) are chosen so that the final material
presents an exciton at 1.65 um, see Figure 1a. The resulting particles have a branched aspect and
a typical size in the 6-8 nm range according to transmission electron microscopy, see Figure 1b.
After deposition, the ligands in the material are exchanged to render the film electrically conductive,
which also shifts the photoconductive properties to longer wavelengths, resulting in a cut-off
wavelength of 1.9 um, see Figure 1d. This wavelength is chosen to highlight the benefit of
nanocrystals compared to the InGaAs alloy, which also exhibits some spectral tunability in this
range, but at the cost of lattice mismatch with the InP substrate. With NCs, however, the constraint
of epitaxy is lifted, allowing for the continuous tuning of the particle size and thus of the associated
bandgap in the short-wave infrared (2 um cut-off) and extended short-wave infrared (2.5 um cut-
off). The device presents a strongly rectifying IV curve even for room temperature operation, see
Figure 1e, with three orders of magnitude of difference in the current asymmetry under 0.4 V bias
operation. Under reverse bias, the current presents a limited hysteresis as bias with bias sweep
direction. This behavior is absent under illumination since the photocurrent prevails over any
parasitic effect such as ions migration. Under illumination with 4 mW of incident power, we observe
an open circuit voltage of 250 mV (1/3 of the bandgap). This diode stack also exhibits fast operation,
with a 90-10 % decay time of the photocurrent of approximately 3 ps after illumination by a 1 ns-
long pulse at 1.57 um, for a 1 mm? diode size.
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Figure 1 Single pixel diode. a. Absorption and photoluminescence spectra of the HgTe NCs with
a cut-off wavelength at 1.9 um. b. TEM image of the HgTe NCs. c. Schematic of the diode stack
used for SWIR sensing. d. Photocurrent spectrum measured at 0 V and room temperature. e. IV
curves of the photodiode stack depicted in part c under dark conditions and under illumination by a
laser diode (A=1.55 pm). e. Photocurrent as a function of time after illumination by a 1 ns-long pulse
at 1.57 pm.

For device area of 1 mm?, the measured responsivity was 290 mA.W-1, corresponding to an external
guantum efficiency of 23 % (Figure S1). Under 0 V bias, the noise in this diode stack follows a white
noise profile, see Figure S2. The specific detectivity, defined as the ratio of the responsivity over the
current spectral noise density and normalized by the square root of the optical area, is 1.2x10*
Jones at room temperature. The detectivity can be further increased by operating the device at
reduced temperatures, as this reduces the number of thermally activated carriers. Specifically, the
detectivity can be increased to 3.9x10! Jones and 2x10*? Jones at 250 K and 200 K, respectively.
Now that a diode stack with high performance is established, we aim to transfer it onto a ROIC.

This process presents several challenges. Firstly, the presence of the ROIC prevents illumination
from the bottom side. Secondly, the overall diode stack thickness falls within the 200 to 500 nm
range, which requires the ROIC to present an excellent surface smoothness to avoid the formation
of cracks and their associated electrical short. Furthermore, the usual deposition of the FTO
electrode, done at a high temperature (500°C) by chemical growth, is incompatible with the HgTe
NCs, that poorly sustain exposure to high temperatures?6. Lastly, it has been pointed out by Alchaar
et al.®? that some metals, such as Ag, are prompt to form an amalgam with HgTe NCs. This is why



we choose to replace the typical transparent top electrode by a thin gold layer in the present work,
which raises both opportunities and concerns, as discussed later.
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Figure 2 Fabrication of the photodiode array. (a). Step one is dedicated to the VGA format array
that is fabricated on an 8 inches wafer. (b). This wafer is then polished to obtain a flat surface. (c).
Electrode contacts are grown with a top gold plating to minimize amalgam formation with the HgTe
NCs deposited later. (d). The wafer is then sliced and packaged. (e). The diode stack is deposited
by spin coating; the top Au electrode is 20 nm thick and thus is semi-transparent.

The photodiode array is fabricated as described in Figure 2. First, VGA format ROICs (640x512
pixels - model NITquantum c) with 15 um pixel pitch are provided from a silicon foundry (Figure 2a).
In order to obtain a flat surface, the wafers are polished using mechanical polishing (Figure 2b).
Then, for each pixel, a gold electrode is grown with a thickness chosen so that the final electrode
slightly protrudes from the surface of the dielectric, see Figure S3-4. The circuits are then sliced and
packaged onto a ceramic chip carrier, see Figure 2d. Finally, the same diode stack as the one
depicted in Figure 1 is deposited via spin coating. To ensure some transparency of the top metallic
electrode, the thickness is set at approximately 20 nm, see Figure S4. Following fabrication, the
sample is kept in the air without further protection against oxidation.

In this chosen configuration, the active layer of the diode is sandwiched between two gold layers,
which favors the formation of a Fabry Perot cavity. Thus, the diode thickness can be optimized
generate a resonance that matches the HgTe bandgap. This strategy to shape the spectral response
comes in addition to the material band gap tunability and thus offers flexibility in the final shaping of
the spectral response. In a text book Fabry Perot cavity, the resonance condition is given by
nL=mA/2, with n the refractive index of the cavity, L the cavity length, m an integer, and A the
wavelength. The refractive index of HgTe after ligand exchange®3 being close to 2.3 (see Figure S5-
6), a resonance around 1.7 um should be obtained for a thickness of 180 nm. In order to get a more
accurate estimation of the device absorption while considering the properties of the other layers, we
have conducted an electromagnetic simulation using finite element simulation. The simulation of the
effective device absorption (i.e., the absorption in the NC layer and excluding metallic contacts)
shows a resonance that matches the band edge for a HgTe NCs layer thickness of 200 nm. Further
increasing the absorbing layer’s thickness does not enhance the absorption at the band edge but
only at higher energies, see Figure 3a. Consequently, a 200 nm thick HgTe layer has been targeted.
In this case, the absorption can reach 50 %, whereas, without the resonance, such a layer should



only absorb 10 % of the incident light. The drawback of this approach is the strong optical loss
occurring in the top metallic contact, see Figure 3b and c, which can reach 60 % near the cut-off
wavelength. For comparison, we also have simulated the diode stack where the top metal contact
is replaced by a thin ITO layer (50 nm thickness, see Figure S7). In this case, the absorption drops
by a factor 2 (around 25 % of the incident light), but the losses are also drastically reduced (4 % at
the resonance). These results point toward the need to determine the most effective strategies.
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Figure 3 Simulated optical properties of the diode stack. a. Simulated absorption spectra within
the NCs for three thicknesses of the HgTe layers. b. Simulated absorption spectra in gold and in the
NCs for a 200 nm thick diode stack. c. Absorption map of the diode same stack at 1.7 um (i.e.,
around the resonant wavelength).

The potential of the diode for SWIR imaging is then evaluated, see Figure 4a and b. A comparison
is made between the visible and infrared images of a scene, emphasizing the contrast of some
elements. Water, typically transparent in the visible, appears dark in SWIR imaging due to its
absorption band around 1400 nm, as does the ITO substrate. However, the Si wafer becomes
transparent due to its bandgap located around 1200 nm. The promising potential of this technology
for thermal imaging is highlighted by the strong signal resulting from the warm soldering iron in the
back. Note that contrary to our previous demonstrations based on a planar photoconductive
operation'®, where polarization required the use of one pixel out of two, the vertical transport in this
device allows us to take advantage of the entire VGA format. Thus, the image resolution is improved
compared to the photoconductor, which is better highlighted by imaging a test chart in Figure 4d or
a face in Figure 4c.

The benefit of the photovoltaic operation compared to the photoconductive mode is further illustrated
by tracking the dark current histogram, see Figure 4e. In the ROIC, the reading capacitance is
around C=170 ke". If we assume that the saturation of the signal, in analog digital units corresponds
to a full filling of the capacitance (C/t=adu range, with ti the integration time and adu range the
saturating signal=45 000, see Figure 4e), we can estimate the dark current to be around 10 pA for
a 10 ms integration time. Since the pixel size is 15x15 um?, the dark current density at -40°C is 4
HA.cm2, a value in the same range as the one observed for the single-pixel device, see Figure 1e.
Furthermore, by taking advantage of the built-in electric field of the diode structure, a reduced driving
voltage can be applied. Thus, the lower dark current and operating voltage enable longer integration
times (tens of ms) compared to the photoconductive mode, where the dark current saturates the
read-out capacitance for exposure times longer than a few hundred ps for the same active layer?.
By cooling the device to -40 °C (using a double Pelletier stage), an even higher integration time of
50 ms can be achieved without saturation.



Finally, since the output signal is digitized over 16 bits, we can determine the external quantum
efficiency (EQE) by tracking the photocurrent signal as a function of incident illumination power. The
EQE relates to the slope of the signal vs. power graph and is determined by comparing the slope
(Figure S8) with the one obtained for InGaAs, for which an EQE of 90 % has been previously
determined. We obtain a modest value of 0.33 % at 1.55 pm. The reading noise of this ROIC is
around 60 electrons per frame, while using a gain of 1.7 electron/adu, meaning that the dynamic
range is 58 dB. The large optical losses in the top metallic contact are, in part, responsible for this
value. Another clear reason can be attributed to the use of gold as the top contact, which tends to
limit the diode asymmetry. A previous study has shown that using gold on both sides of the diode
reduces the open circuit voltage by a factor of 2 compared to the case where FTO and gold are
used?32. Comparatively, the diode with a top ITO contact, which has a reduced absorption, achieves
an EQE almost double (0.6 %, see Figure S9). Though such better value remains far lower than
what is to date achieved for PbS NC-based imager, for which 2 um cut off device achieves 15 %
EQE3“. The performances achieved at the single pixel level, make us nevertheless believe that the
issue is purely technological and that far higher performances matching PbS can be obtained with
HgTe NCs.

At this stage, performances are still limited by the electrical properties of the diode stack rather than
by absorption. Therefore, future development efforts must focus on designing a top contact to
address these performance bottlenecks. Certainly, the use of gold (which has a large work function)
as the electrode on the electron extraction side is also sub-optimal. However, currently, gold is used
for its chemical stability since, as mentioned previously, it has been observed that some metals tend
to form amalgams with Hg>2.
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Figure 4 Imaging using HgTe NC based photodiode array. a. Visible image of a scene captured
by the 12 megapixels detector of a smartphone (Iphone 12 pro with f/2 aperture and 52 mm
equivalent focal length). Images acquired with the HgTe NC diode array of b. the same scene as
part a, and behind which a hot soldering iron tip (300 °C) has been added, c. the last author’s face,
and d. an 1S012233:2000 for measuring the resolution of electronic still-picture cameras. e.
Histogram of the dark current level for various integration time. f. Photocurrent signal measured in
adu (analog-to-digital units) as a function of incident light power of a 1.55 um laser diode. From the



slope of this graph, we extract an EQE of 0.33 % at 1550 nm. All infrared images and data are
obtained at -40°C.

In conclusion, we demonstrate a photodiode array with HgTe nanocrystals as the active layer.
Compared to conventional InGaAs alloy, the diode offers an extended photoresponse of up to 1.9
pm and is fully compatible with air exposure. Compared to the single-pixel device, the transfer to
the focal plane array level has been achieved by a surface modification of the ROIC, not only by
bringing the roughness below the diode thickness but also by a proper choice of metal that prevents
amalgam formation. The diode thickness is optimized to generate a Fabry-Perot cavity that enables
effective absorption of up to 50 % at the NC band edge. Present performances remain limited with
an EQE below 1 %, and future efforts will have to focus on the optimization of the top contact design
as well as the electron extraction.

SUPPORTING INFORMATION

Supporting Information include details about (i) noise measurement (ii) characterization of the
photodiode array morphology, (iii) Electromagnetic simulation of the absorption and (iv) EQE
estimation at the FPA level.
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