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Abstract: Nanocrystals (NCs) have gained considerable attention for their broadly tunable
absorption from the UV to the THz range. Nevertheless, their optical features suffer from a lack of
tunability once integrated into optoelectronic devices. Here, we show that tunable absorption with
bias can be obtained by coupling a HgTe NC array with a plasmonic resonator. Up to 15 meV
blueshift can be achieved from a 3-um absorbing wavelength structure under a 3 V bias voltage
when the NC exciton is coupled with a mode of the resonator. We demonstrate that the blueshift
arises from the interplay between hopping transport and inhomogeneous absorption due to the
presence of the photonic structure. The observed tunable spectral response is qualitatively
reproduced in simulation by introducing a bias-dependent diffusion length in the charge transport.
This work expands the realm of existing NC-based devices and paves the way towards light
modulators.
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Introduction

While nanocrystals (NCs) are claimed for being essential building blocks for optoelectronic devices,
the actual number of devices based on these colloidal nanoparticles remains mostly limited to solar
cells,’3 light-emitting diodes,*> and, more recently, infrared focal plane arrays.®® Thus, many
concepts of devices remain unexplored in the case of colloidal NCs.

One of the most striking successes of NCs comes from their broad spectral tunability. By combining
guantum confinement to the extensive library of materials that can be grown under the colloidal
form, a significant part of the electromagnetic spectrum - from UV to THz® - can be addressed.
However, once integrated into a device, their spectral response is set by the choice of the synthesis
parameters. This limitation can be overcome by engineering the light-matter coupling with light
resonators and cavities.'%1! This approach has been used to design spectral filters,? as well as to
broaden the absorption'® of NC thin films.141> While this strategy offers post-synthesis tunability,
this remains a non-agile method, where device geometrical factors now determine the spectral
response.

Nevertheless, reconfigurable responses are still of utmost interest not only for light sensing and
emissiont® but also for devices such as light modulators. Several strategies to achieve a
reconfigurable spectral response have been explored: exploiting the Stark effect,*” with a redshift of
the band edge under an electric field application,*®-2! or electrochromism, by charging the NC film.??
The field required to induce a tunable response is extremely large, typically above 100 kV.cm™. This
strong electric field is generally not compatible with electrical transport due to electrical breakdowns.
As a result, only the optical features can be tuned by these approaches. More recently,
reconfigurable spectral responses have been obtained from phase change materials?32* and MEMS
actuators,? but these strategies are not straightforward to be applied to NC-based films.

Here, we design a spectrally tunable NC-based device by carefully coupling the electromagnetic
field and the charge collection resulting from hopping within a NC assembly. To build such a device,
we combine a HgTe NC?® thin-film absorbing in the extended short-wave infrared (e-SWIR) with a
plasmonic resonator. The latter induces a spatially inhomogeneous spectral response within the
device. We show that, by applying a small electric field (<40 kV.cm?), the spectral response of the
photodetector is shifted up to 15 meV.

Results and discussion

We design a device based on HgTe NCs. The latter are grown using the Prado et al. procedure.?’
Briefly, HgBr2 and TOP:Te are mixed at room temperature and react to form seeds that later grow
when heated in a hot oleylamine solution. TEM observations (Figure 1b and S1) show that the
obtained particles have a slightly faceted spherical shape, with a typical diameter close to 10 nm.
The resulting absorption spectrum (Figure 1b) shows an exciton resonance at 4200 cm™ (=2.4 um)
and a narrow doublet at 2900 cm! resulting from the C-H bond resonance of the capping ligands.
The plasmonic cavity is fabricated on a sapphire substrate to ensure good transparency in the 1-3
um range, see figure S2-5 for design and S7-9 for fabrication. On top of the substrate, a gold grating
is fabricated by e-beam lithography, as sketched in Figure 1a. The period p of the grating is chosen
so that a surface plasmon polariton resonance overlaps with the HgTe NC exciton one when it is
excited in the vicinity of the first diffraction order of the grating?®. The refractive index of HgTe NCs
film being 2.35,%° p is estimated to be around 1350 nm.?8 This grating is also used as interdigitated
electrodes: bias is applied between two adjacent electrodes to generate photocurrent. The NC film
is deposited on the top of the grating by spin-coating an ink containing HgTe particles capped with
HgCl2 and short thiols. Atomic force microscopy (Figure S9) reveals that NC deposition on the
grating is quasi-conformal. Finally, a top gold layer is added to generate the spoof surface plasmon
whose wavelength is selected by the bottom grating period. A thin PMMA (20 nm) layer is added
between the NC film and the top electrode to be used as a gate and controls the NC film carrier
density.
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Figure 1: HgTe NCs coupled to plasmonic resonator. a. Schematic of the plasmonic resonator
coupled to a HgTe NC film. b. Room temperature absorption spectrum of the HgTe NCs. The
background is a transmission electron microscopy image of those HgTe NCs. c. Experimental
reflectivity spectra measured at room temperature and at 15° incidence angle for a NC film deposited
on a gold layer (blue circles), and for the device depicted in part a with s = 500 nm and p = 1350
nm. The top panel presents the experimental (green circles) and simulated (red line) reflectivity
spectrum with TM polarized radiation, the bottom one presents the experimental spectrum in TE
polarization. The inset also shows the electric field map associated with the resonance at 3200 cm-
1 (spoof surface plasmon resonance) and 2160 cm-! (patch cavity mode) in TM polarization, and in
correspondence to the broad feature observed in TE.

Figure 1c presents the optical properties of our device by comparing the reflectivity of a nanocrystal
film deposited on a gold layer (blue symbols) to the reflectivity of the device in TM (top panel) and
TE (bottom panel) polarizations, measured at the incident angle of 15°. At 3800 cm™, we observe
the HgTe exciton. The peak is shifted compared to the value measured in solution due to interparticle
coupling generated by the ligand exchange and change of dielectric environment. The coupling with
the first diffraction order of the grating enhances the contrast of the exciton resonance in both
polarizations. We have verified that this enhancement corresponds to an increased absorptivity
induced by the cavity (see Figure S3a). The optical properties of the device are dependent on the
light polarization. In the case of the TM polarization, a second feature appears at 3300 cm™ in the
tail of the absorption of the NCs. This resonance is associated with a surface plasmon polariton
mode supported by the gold, nanocrystal, sapphire multilayer, excited in the vicinity of the first
diffraction order of the grating. As discussed later, the inhomogeneous spatial distribution of the



modes will play a central role in achieving bias tunability of the photoresponse. Note that the
plasmon mode has a strong dispersion (see Figure S2c), and at normal incidence, it is shifted
towards the excitonic peak. At 2200 cm?, corresponding to A=2.Neffective.S With Nefrective the cavity
effective index and s the patch size, a weak and broad dip appears. This feature is associated with
a resonance of the patch cavity formed between the top and bottom gold electrodes®° (right inset of
Figure 1c, top panel, and Figure S5).
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Figure 2: Detection performance. a. Photocurrent spectra under unpolarized illumination at 80 K
for the film in the plasmonic cavity. b. Responsivity (under blackbody illumination at 980 °C) and
detectivity (at 1 kHz) as a function of operating temperature for Vps=0.5 V. c. Current as a function
of time while the light (A=1.55 pym) is turned on and off. d. Currents (dark and under illumination) as
a function of gate bias, for Vps=0.2 V, at 150 K. The ratio of those two currents is plotted on the right
axis as a function of the gate bias.

The designed device presents photoconductive properties, see Figure 2a and S10-15 for
characterization. The introduction of the resonator clearly affects the spectral response of the
device. A more pronounced photocurrent peak is observed in the plasmonic resonator device (with
p=1.5 um) with respect to a reference device in which the NC film is connected to conventional
interdigitated electrodes (i.e., no top gold layer), separated by a period of 20 um, see figure S3b. In
terms of detection performance, the device responsivity under broadband illumination (blackbody at
980 °C) reaches 0.25 AW at 200 K (Figure 2b), corresponding to an external quantum efficiency
EQE=20%. Below this temperature, the responsivity drops due to the thermal activation of the
mobility.*®> Simultaneously the carrier density is also thermally activated, thus the dark current can
be drastically reduced thanks to cooling (see figure S15). Consequently, the prevailing 1/f noise



current spectral density drops with temperature (Figure S13), and the specific detectivity increases
from 107 Jones at 240 K to 8x10° Jones at 80 K, see Figure 2b. The time response of the device,
as presented in Figure 2c, is around 5 ps, which is quite typical for devices based on HgTe NCs.?®
The top gate (PMMA) can be used to control the device carrier density. Figure 2d reports the dark
current (black line) and the current under illumination (red line) as a function of the gate bias. The
dark conduction increases as a larger positive gate bias voltage is applied, indicating the n-type
nature of the HgTe NC channel. This result is consistent with the measurement conducted with an
electrolyte gated field-effect transistor configuration, see Figure S16. By applying a negative gate
bias, the majority carriers are removed from the channel, and the film becomes more intrinsic,
leading to an increase of the photocurrent to dark current ratio up to a factor of 20 (green symbols).
The most striking feature of this device is its bias tunable photoresponse, see Figure 3a. As a bias
is applied between the two channel electrodes, a blueshift of the photoresponse is observed. This
blue shift is present in both TM and TE polarizations (see Figure S17 and S18) and is fully reversible
when bias is suppressed. Note that the blue shift is observed for both bias polarities (see Figure
S19). This blue shift is somehow counterintuitive: usually, applying an electric field on quantum-
confined semiconductors leads to a redshift as the wavefunction starts to leak in the barriers. Using
tight-binding simulations, we have checked that a redshift should indeed be observed in HgTe NCs
under electric field, see Figure S6. However, the calculated magnitude of this redshift is very weak.
Tight-binding simulations predict a 6 cm™ (<1 meV) shift under 100 kV.cm™ applied electric field,
while we observe an inverted shift reaching more than 15 meV under 40 kV.cm™ (3 V over 0.85 pm
electrode spacing) at 50 K, see Figure 3b. We can conclude that the observed shift is not induced
by an effect of the electric field on the electronic states of the NCs.

HgTe NCs present an inverted temperature dependence of the bandgap, leading to a blueshift of
the bandgap upon heating. To quantify this effect, we performed a series of photocurrent spectra at
various temperatures and found a 120 peV.K* value for dEg/dT, see Figure S21. As a bias is
applied, the current flowing within the device may generate heat due to Joule effect. However, the
15 meV observed shift would correspond to an increase of 120 K in temperature, which is
improbable to be induced by the small Joule dissipated power (RI2= a few nW under 1 V bias <<
several mW cooling power of the cryocooler at 80 K) in our device at low temperatures. Moreover,
this heating should be more critical when the device resistance is reduced (i.e., at higher
temperatures), while in our device, the opposite trend is observed (i.e., more noticeable shift as
temperature decreases), see Figure 3b.

We then use the gate to see its impact on the spectrum, see Figure 3c. In this case, no shift is
observed while the magnitude of the gate-induced electric field (1 V over 20 nm of PMMA)
corresponds to 500 kV.cm, which is one order of magnitude larger than the drain-source electric
field applied to generate the shift. As a consequence, the observed shift cannot be induced by a
variation of the carrier density.
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Figure 3: Bias-induced spectral shift. a. Photocurrent spectra for non-polarized light under
various applied bias voltages. b. Energy of the first photocurrent peak as a function of the applied
bias for various operating temperatures. c. Photocurrent spectra for non-polarized light for two
different gate bias voltages.

In order to understand the origin of the blueshift of the photocurrent spectrum, it should be pointed
out that no shift is observed for a HgTe film on conventional interdigitated (no cavity, no plasmon)
electrodes under bias voltage application, see Figure S14. Furthermore, even devices with smaller
electrode spacing, with =50 nm separation between the electrodes, and consequently with even
larger applied electric fields, do not present such a bias dependence of the photocurrent spectrum31.
Therefore, it is suggested that the special device architecture, generating a specific light-matter
coupling, is at the origin of this spectral response tunability. The simulated absorption maps,
obtained as described in section S3 of the SlI, reveal this coupling for TM (Figure 4a) and TE
polarizations (Figure S4a). In both cases, the absorption maps appear to be strongly
inhomogeneous. In particular, the NC absorption is concentrated between, rather than above, the
electrodes of the grating. The areas between the electrodes (region 1 of Figure 4a) present a
maximum of the NC absorption strongly blue-shifted compared to those above the electrodes
(region 2 of Figure 4a). Away from the cavity, when field enhancement is weak, the spectrum is
driven by the NC film only. In the cavity, the field magnitude is enhanced and the plasmon resonance
is spectrally overlapping with the exciton. As seen from Figure 1c and Figure S3 b, the plasmon has
been chosen to be slightly detuned compared to the exciton, thus enhancing the red part of the NC
spectrum. As a result, we have coupled the field enhancement with the redshifted spectrum, see
Figure 4b.
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Figure 4: Origin of the bias-induced shift for TM polarization. a. Simulated absorption map for
the TM polarization. For the device depicted in Figure 1a, we define two zones: region 1 is between
electrodes, while region 2 is above electrodes. b. Simulated absorption spectra in region 1 and 2
defined on part a. c. (resp. d.) Product of the absorbance by exp(-r?/2Lp?), with r the distance to the
electrode while Lp is set equal to 20 nm (resp. 100 nm). e. Normalized photoresponse (calculated

2
by [f,. fum Abs(r, 2). exp (— r—z) dS, with dS is surface element) for various Lp values. Data for TE
213
mode are given in figure S4.

Due to the polycrystalline nature of the film, the transport occurs through a hopping process, leading
to short diffusion lengths of the order of a few tens of nm.3! In a field-assisted hopping model,32-3%
the diffusion coefficient can be written D(F,T)= Do(T)+A(F,T).F2 (1), where Do(T) is the diffusion
coefficient in the zero-field limit, F is the magnitude of the electric field, and A(F,T) is a coupling
factor. This diffusion coefficient directly relates the diffusion length with the carrier lifetime = through

L,(F,T) =+/D(F,T) - 7. We see from equation (1) that the application of a bias tends to increase the
diffusion length. Thus, carriers that are photogenerated further away from the electrodes can be
collected. As a result, the weight from the absorption occurring in region 1 becomes more important,
leading to the observed blueshift of the photoresponse. As an illustration, we have plotted a map of
the product between the position-dependent absorption spectrum Abs(r, 1) and exp(-r?/2Lo?), with r
the distance to the electrodes. The latter term represents the collection efficiency in a diffusive
model. The Abs(r, 1) x exp(-r?/2Lo?) map is plotted for two values of the diffusion length, and we see
an apparent increase of the signal coming from region 1, see Figure 4c and d for TM polarization
and figure S4 c-d for TE polarization. Finally, we also have plotted the spectral response of the
device, taken as the surface integral of the product Abs(r, 1) x exp(-r?/2Lp?). A blueshift of the
resonance is observed for both polarizations (Figure 4e and S4e) as the diffusion length is



increased, which corresponds to an increase of the applied bias voltage. More quantitative
estimation of the diffusion length from the spectral shift requires considering the vectorial nature of
F, Do (T), and A(F,T), which is beyond the scope of this paper. Eventually, our model also explains
the temperature dependence of the shift. At high temperatures, the term Do(T) prevails in (1),3233
and only a weak shift is experimentally observed, see Figure 3b. At lower temperatures, the term
Do(T) is reduced, and the field-assisted component A(F,T).F? then prevails, which explains why a
more significant shift is observed at low temperatures.

CONCLUSION

To summarize, we have designed a plasmonic resonator coupled to the short-wave infrared
absorption of HgTe NCs. Here, we use a plasmonic resonance to introduce an inhomogeneous
electromagnetic field within the NC array. The diffusive transport, often seen as a limitation of NC-
based devices, is used to collect the charges over different device areas. Under low field,
photogenerated charges are only collected from the region close to the electrodes, where the
absorption spectrum is redshifted with respect to that away from the electrodes. In this sense, we
fully exploit the interplay between charge transport and optical properties, going beyond the usual
approach where cavity resonances are spectrally matched with material absorption. In our case,
we engineer the photoconduction by coupling on-demand electromagnetic maps and charge
collection through hopping. From this strategy, we obtain a bias tunable photodetector, where the
photocurrent peak can be tuned over 15 meV for extended short-wave infrared absorption.

Supporting Information

HgTe NCs synthesis and their characterization, electromagnetic simulation model, tight-binding
simulations, device fabrication process, electrical characterization and the description of associated
setup, and finally additional data relative to TE polarization.
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