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semiconductors, colloidal NCs simplify 
the coupling to the read-out circuit[9–11] 
(i.e., no hybridization step through indium 
bumps). Beyond the cost reduction, it also 
eases pixel pitch reduction, bringing it 
closer to the diffraction limit,[12,13] from 
15 to 5 µm typically.

Among potential material candidates, 
HgTe offers the widest spectral tunability. It 
can be grown under highly confined forms 
such as nanoplatelets[14–16] with band-
edge around 800  nm, or as larger sizes 
(≫Bohr radius) with NCs absorbing in  
the THz range.[17,18] Over the recent years, 
significant progresses have been made 
on the device performance as their geom-
etries have been improved. Compared 
to initial poorly ligand-exchanged films 
deposited on interdigitated electrodes, 
complex photodiodes,[4,19] and photo
transistors presenting a reduced dark 
current and an enhanced photocarrier 

dissociation are now proposed. The control of the light-matter 
coupling is certainly one of the directions that have led to the 
most recent improvements. Cavities[20,21] and plasmonic reso-
nators[22–24] have been introduced to obtain strongly-absorbing 
thin films. The interest for the light-matter coupling control is 
not only limited to the material absorption. It also raises interest 
in light emission[25] and also potentially in lasing regarding the 

The limited investigation of the optical properties of HgTe nanocrystal (NC) 
thin films has become a bottleneck for the electromagnetic design of devices. 
Using broadband ellipsometry, the refractive index (n) and the extinction 
coefficient (k) are determined for a series of HgTe NC films relevant to 
infrared sensing applications. Electromagnetic simulations reveal that the n 
value of HgTe NC thin films can conveniently be approximated by its mean 
spectral value n = 2.35 ± 0.15. This complex optical index is then used to 
design a diode with i) a reduced amount of Hg containing material (thin film 
< 150 nm) and ii) a thickness of the device better-matched with the carrier dif-
fusion length. It is demonstrated that introducing an aluminum grating onto 
the transparent conductive electrode leads to an enhanced absorption while 
reinforcing the work-function difference between the two electrodes. Broad-
band (≈1 µm), non-polarized, and strong absorption up to 100% is designed. 
This leads to a responsivity of 0.2 A W−1 and a detectivity of 2 × 1010 Jones for 
2 µm cut-off wavelength at room-temperature, while the time response is as 
short as 110 ns.

1. Introduction

Infrared nanocrystals (IR NCs) raise great promises for the 
design of low-cost IR sensors.[1,2] This especially includes the 
demonstration of focal plane arrays[3] in which the active layer 
is made of NCs operating in the short-wave,[4] extended short-
wave,[5,6] and mid-wave IR.[7,8] Compared with epitaxially-grown 

Dr. P. Rastogi, A. Chu, T. H. Dang, Dr. Y. Prado, C. Gréboval, J. Qu, C. Dabard,  
A. Khalili, E. Dandeu, Dr. B. Gallas, Dr. E. Lhuillier
Institut des NanoSciences de Paris (INSP)
CNRS UMR 7588
Sorbonne Université
Paris 75005, France
E-mail: el@insp.upmc.fr
A. Chu, Dr. B. Fix, Dr. G. Vincent
ONERA—The French Aerospace Lab
6, chemin de la Vauve aux Granges, BP 80100, Palaiseau 91123, France

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202002066.

T. H. Dang
Laboratoire de Physique de l’Ecole Normale Supérieure (LPENS)
CNRS UMR 8023
PSL Research University
Sorbonne Université
Université de Paris
Paris 75005, France
C. Dabard, Dr. X. Z. Xu, Prof. S. Ithurria
Laboratoire de Physique et d’Etude des Matériaux (LPEM)
CNRS UMR 8213
ESPCI-Paris
PSL Research University
Sorbonne Université  
10 rue Vauquelin, Paris 75005, France

Adv. Optical Mater. 2021, 2002066

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202002066&domain=pdf&date_stamp=2021-03-05


www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2002066  (2 of 11)

www.advopticalmat.de

recent demonstration of low threshold stimulated emission in 
HgTe NCs.[26]

However, the design of such optically active nanostructures 
relies on the accurate understanding of the electromagnetic 
properties of the involved materials. Indeed, the design of such 
cavities and resonators relies on electromagnetic simulations 
based on finite-difference time-domain (FDTD) or rigorous 
coupled-wave analysis (RCWA) methods. These simulations 
use the complex optical indices of the materials as an input. 
While systematic measurements of the dielectric constant have 
been conducted for cadmium and lead chalcogenides,[27] no 
studies have been carried out on HgTe, preventing accurate 
electromagnetic designs. Current strategies consider that the 
complex part of the optical index and the absorption spectrum 
can be assimilated, and its value at the band edge is calibrated 
using the absorption coefficient.[28] The real part is often taken 
as a constant value around two, which is smaller than the bulk 
refractive index ( ∈ −[3 4]HgTe

bulkn )[29–32] due to the presence of 
organics and voids. Even though this value HgTe

NCn = 2 leads to 
realistic simulations,[20] it lacks of experimental support. The 
bulk complex optical index also remains poorly determined 
due to a lack of consistency between data with a broad range 
of material contents (from HgCdTe with various alloy con-
tents[33,34]) and spectral ranges (from visible to far IR).[35,36] This 
suggests that additional experimental data are required to be 
further used as input for the electromagnetic designs of IR NC-
based device structures.

In this paper, we first determine the complex optical index 
of HgTe NC thin films using broadband (350–2500  nm) 
ellipsometry measurements for a series of NCs relevant to 
short-wave and mid-wave IR detection. We then focus on the 
importance of designing efficient light resonators to enhance 
the absorption of thin films, to reduce Hg-based materials 
consumption and to enhance charge transport efficiency. 
Thus, instead of focusing on thick structures as it has been 
done by other groups, we target thin devices (<150  nm). We 
show that the introduction of an aluminum grating enables 
broadband and high absorption (75% mean absorption over a 
bandwidth ≈ 1 µm), leading to a high detectivity >1010 Jones at 
room-temperature while presenting fast operation (110  ns as 
decay time).

2. Results and Discussion

2.1. Revealing the Complex Optical index of HgTe  
NC Thin Films

We start by growing a series of HgTe NCs (see microscopy 
image in Figure 1a) with various sizes corresponding to band-
edge energies from 1.05  eV (1.2  µm, 8500 cm−1) down to 
0.25 eV (5 µm, 2000 cm−1), see Table 1 and Figure 1b. We use 
the Keuleyan's procedure[37] where mercury chloride reacts with 
trioctylphosphine:tellurium in oleylamine. The temperature of 
the reaction is used to tune the particle size. In the following 
text, each population is labeled HgTe Nµ, where N is the wave-
length at the band-edge energy in µm.

The solutions obtained are deposited as thin films (see inset 
of Figure  1a). We use a liquid phase ligand-exchange leading 

to an ink (NCs capped with short ligands in solution:HgCl2 
combined with mercaptoethanol) later deposited as a thin film 
using spin-coating. Complementarily, we also prepare films 
using another surface chemistry (ethanedithiol:EDT), through 
a solid-state ligand-exchange approach (see Section 5) to reveal 
the effects of the ligands on the complex optical index.

We measure then the optical index for each film using a 
broadband spectroscopic ellipsometer (350–2500  nm), see 
Figures S2–S11, Supporting Information. It enables spectrally 
resolved determination of the real and imaginary parts of the 
optical index (and so the refractive index, n, and the extinction 
coefficient, k) up to the band-edge for three populations of HgTe 
NC thin films (HgTe 1.2μ, 1.7μ, and 2.2μ), see Figure 1c,d. We 
also provide the data associated with these spectra in the Sup-
porting Information. Repeating the measurement on a series of 
films made of HgTe 1.7μ (Figures S9,S10, Supporting Informa-
tion) with various thicknesses, we establish the error bar on the 
magnitude of the refractive index and extinction coefficient to 
be respectively 0.1 and 0.02.

In the extinction coefficient spectra, see Figure  1d, the 
spectral shapes expected from absorption measurements are 
recovered (Figure 1b). The refractive index reveals more unex-
pected results. First, typical values obtained for n are below 
the bulk value ( ∈ −[3 4]HgTe

bulkn ),[29–32] grayed area in Figure  1c). 
These results were anticipated due to the possible presence of 
organics and voids within the NC array. However, these values 
seem to be weakly connected to the band-edge energy or to 
the particle size. Regardless of the particle sizes or the surface 
chemistries, all samples fit with n = 2.35 ± 0.15. This value is 
larger than the one conveniently used in the electromagnetic 
design (n  = 2)[22,24] but matches well with the value recently 
used by Tang et  al.[38] This encourages a clear update of the 
input parameters for future simulation works. It is also worth 
noticing that the surface chemistry/film deposition method 
(see Figures S5, S7, and S8, Supporting Information) plays a 
larger role in the final n value than the particle size: a change 
in the film preparation can reduce the refractive index by 0.2 
(Figure S8, Supporting Information). Finally, consistent with 
the Kramers–Kronig relations, n has a relatively weak spectral 
dependence, with variations around 0.1 (i.e., ≈5%) over the 
whole spectral range, while the k values increase by a factor 
7 over the same range. This raises the question of whether or 
not, we should include the spectral dependence of n in future 
simulations.

To answer this question, we build and optically characterize 
an HgTe NC-based diode structure previously reported in the 
literature.[19] This diode is designed for extended short-wave IR 
detection and relies on the glass/FTO/HgTe2.2μ/HgTe1.7μ/gold 
stack, see a scheme of the structure in Figure 2a. The fluorine-
doped tin oxide (FTO) is used as an electron collecting layer 
and the HgTe 2.2μ (0.55 eV, 2.2 µm) is the absorbing ambipolar 
layer. The HgTe 1.7μ is used as a unipolar barrier and the gold 
as the hole extractor.[19,39]

We then simulate the absorption spectra of the above com-
plex stack structure using n values obtained from the spectrally 
resolved measurements (from Figure 2c) and constant n values, 
see Figure  2b. We observe that the simulated curve including 
the spectral dependence of n clearly matches the one corre-
sponding to n = 2.25. This value appears to be the mean value 
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obtained as we average n over the whole spectral range, see 
Table 1. In other words, it appears that neglecting the spectral 
dependence of the refractive index is a good approximation, 
and only the updated average value needs to be considered in 
future simulations. To further confirm this, we compare the 
experimental spectrum (measured from reflectance) with the 
simulated one from the stack and obtain a very reasonable 
agreement, as shown in Figure 2c.

2.2. Design of a Short-Wave Infrared Diode

Following this first study, we use the measured complex optical 
indices to design a diode operating in the short-wave IR around 
telecom wavelengths (≈1.55 µm). Ackerman et al. observed that 
a layer of Ag2Te NCs (see Figure S1, Supporting Information), 
treated using HgCl2 (which induces a cation exchange), behaves 
as a high-performing hole extractor for a HgTe NC thin film.[40] 

Figure 1.  a) Transmission electron microscopy image of HgTe NCs with band-edge energy around 0.5 eV (HgTe 2.5μ). The inset is a picture of the film. 
b) Absorption spectra for various sizes of HgTe NCs. c) Refractive index as a function of the wavelength for various sizes of HgTe NCs. d) Extinction 
coefficient as a function of the wavelength for various sizes of HgTe NCs.

Table 1.  Optical properties for HgTe NC films.

Sample Exciton peak wavelength [µm] Exciton peak energy [eV] Absorption coefficient at the band-edge (×103 cm−1) Mean value of n and neq kex

HgTe 1.2μ-ink 1.2 1.05 8.2 2.5 0.18

HgTe 1.7μ-ink 1.7 0.74 4.2 2.4 0.13

HgTe 2.2μ-ink 2.2 0.57 2.6 2.25 0.1

HgTe 2.5μ-ink 2.5 0.50 2.6 2.2 0.12a)

HgTe 5μ-ink 5 0.25 1.8 2.25 0.13a)

a)Indicates that the band-edge value has been obtained from transmission measurements. The absorption coefficient (α) is defined so that the absorbance A is equal to  
A = αL with L the film thickness. α can be related to k using the expression 4

ln(10)
kα π

λ= ×  with λ the wavelength.
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They demonstrated this from 2.2 µm[40] and up to 5  µm,[41] 
but did not mention about any shorter wavelengths. Inspired 
by their concept, we build a diode based on the following 
stack glass/FTO/HgTe1.7μ/Hg:Ag2Te/gold, see Figure 3a.  
Under illumination, the I–V characteristic of such a diode pre-

sents a clear open-circuit voltage (Figure 3b) while having a fast 
time response (few µs—setup limited), see Figure 3c.

We simulate the absorption (taken as 1-R, with R the reflec-
tivity, since the transmission is null in the diode geometry 
due to the presence of a metallic reflective film used as an 

Figure 3.  a) Scheme of the diode based on glass/FTO/HgTe1.7μ/Hg:Ag2Te/Gold stack. b) I–V curves in the dark and under illumination for the diode 
depicted in (a). c) Time response of this diode under a pulse of light. d) Simulated total (contact + NCs) absorption spectra of the diode depicted in 
(a) while the thickness of the absorbing layer (HgTe 1.7μ) is tuned. e) Simulated NC absorption (i.e., excluding contact) spectra of the diode depicted 
in (a) while the thickness of the absorbing layer (HgTe 1.7μ) is tuned. f) Responsivity and open-circuit voltage of the diode depicted in (a) while the 
thickness of the absorbing layer (HgTe 1.7μ) is tuned. The error bar corresponds to a 15% error relative to the fluctuation of incident light power 
resulting from optical misalignment.

Figure 2.  a) Scheme of a HgTe NC-based diode dedicated to infrared photodetection in the extended short-wave infrared. b) Simulated absorption 
spectra for the device of (a), while the refractive index of the HgTe 2.2μ layer is spectrally resolved (dashed line) and while different constant values of 
n are used. c) Measured and simulated spectra for the structure described in (a).
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electrode) of this diode for different film thicknesses, see 
Figure  3d. We assume in this simulation that the Hg:Ag2Te 
layer has a similar optical index as the underneath HgTe 
film. In this absorption map, yellow lines depending on the 
thickness correspond to Fabry-Perot cavities, see Figure  3d. 
Around 1.7  µm the absorption is a bit modulated due to the 
exciton peak of HgTe. The cavities are formed thanks to the 
low refractive index of the substrate (n = 1.5) compared to 
the NC film and the presence of the gold mirror on the other 
side of the diode. Absorption up to 70% can then be obtained 
for device as thin as 150 nm. However, in order to get effec-
tive performance, the absorption needs to occur within the 
NC layer. If the absorption is located within the contacts, 
no photocurrent is generated and only thermal losses are 
observed. Thus, we refine the map by considering the absorp-
tion only within the NCs, see Figure  3e. It appears that the 
first resonance is mainly induced by losses in the contacts. To 
achieve absorption beyond 50% in the NCs at 1.55 µm, a film 
thickness in the 400–500 nm range is required. We fabricate a 
series of devices in which the thickness of the absorbing layer 
is increased. From an optical point of view, the thicker the 
absorbing layer is, the higher the absorption will be. Experi-
mentally, we observe an increase of the responsivity and the 
open-circuit voltage with the increase of device thickness, see 
Figure 3f. However, for thicknesses above 300 nm, we observe 
a decrease of the photoresponse, a loss of the rectifying 
behavior, and a drastic reduction of the success ratio to build 
the device without electrical shorts (Figure  3f). This drop of 
the performance highlights: i) the difficulty to build thick 
films with high quality; and ii) charge collection becomes less 
efficient when transport occurs over distances longer than the 
diffusion length, which has been estimated around 170  nm 
from a previous study.[42]

2.3. Need for Resonators

To solve this issue, we aim to tune the light-matter interaction 
by coupling the absorbing layer with cavities and resonators. 
The first goal of these resonators is to concentrate the electro-
magnetic field into a slab of NCs thinner than the absorption 
depth (few µm) in order to absorb most of the light on a device 
that has a thickness compatible with the transport diffusion 
length. The second motivation is to obtain a certain spec-
tral shape thanks to the design of the resonator. In the case 
of NC-based devices, this concept remains poorly explored 
while, for the third-generation solar cells, the coupling of 
a thin absorbing layer with resonators has already enabled 
broadband absorption by combining several types of reso-
nances. Up to nine resonances have been associated to cover 
the whole visible range.[43] Tang et  al. have proposed to stack 
a Fabry-Perot cavity made of a SiO2 spacer with a metal–insu-
lator–metal resonator to enhance absorption.[20] Their struc-
ture leads to impressive responsivity but still relies on a thick 
absorbing film and requires multiple fabrication steps which 
might be incompatible with the targeted low-cost of NC-based 
devices. Here, we demonstrate that electromagnetic design 
can simplify this structure while obtaining up to 100% absorp-
tion of the incident light.

Our idea is to use the same electrically efficient structure 
(glass/FTO/HgTe1.7μ/Hg:Ag2Te/Gold) as before, but function-
alizing it with a grating. A 1D grating can be used to achieve 
polarized absorption (see Figure 4a) or a 2D grating (see 
Figure 5a) to maximize the absorption.

2.3.1. 1D Resonator with Polarized Response

To design a guided mode resonator (GMR), we functionalize 
the diode with a metallic grating. The typical period p of the 
grating is λ/n. For a resonance at 1.55  µm, this leads to p  ≈ 
700 nm, requiring an additional e-beam lithography step to be 
fabricated. To avoid possible damages to the active layer due 
to baking or exposure to bad solvent, we choose to build the 
grating onto the FTO side (i.e., before NC deposition). This 
strategy minimizes the degradation of the NCs. In addition, the 
grating should not affect the electrical operation of the diode. 
FTO being the electron extractor, we choose to use a low work-
function metal to fabricate the resonator. We observe that silver 
deposited onto HgTe NC film quickly turns to a black (i.e., a 
non-reflective layer), likely due to the silver telluride formation 
through a cation exchange process. We consequently chose to 
use aluminum to design the metallic grating. A sketch of the 
device is shown in Figure 4a.

The presence of the grating now enables to achieve strong 
absorption (>90% for the transverse magnetic (TM) polarized 
light and 60% for non-polarized light) for a device as thin as 
≈150  nm, see Figure  4d,e. The absorption spectrum reveals 
the presence of two contributions. At 1.55  µm, a first reso-
nance along the TM polarization (see Figure  4d) results from 
a GMR, see Figure 4f. The absorption map in this polarization 
(Figure  4b) confirms that the absorption mostly (70%) occurs 
within the semiconductor.

At 1.27 µm, we observe a second resonance. The dispersion 
map along the transverse electric (TE) polarization (Figure 4g) 
shows that this resonance is barely dispersive (i.e., no kx 
dependence) revealing its Fabry-Perot nature. This mode is 
similar to the one observed in the structure without grating (the 
cavity corresponds to the NC layer between gold and FTO) and 
consequently only 40% of the absorption occurs in the NCs for 
such thin structure, see Figure 4c.

2.3.2. 2D Resonator with Strong Non-Polarized Absorption

To further maximize the absorption, a non-polarized structure 
is designed. In this device the metallic stripes are replaced 
by metallic dots, while the period remains unchanged, see a 
sketch of the device in Figure 5a. By doing so, the TE and TM 
modes of the previous structure become degenerated under 
normal incidence, see Figure  5f,g. The absorption spectrum 
looks similar to the 1D case but the TE and TM nature are 
now entangled for each peak. As a result, it becomes possible 
to achieve a 100% absorption (Figure  5d,e) for non-polarized 
light, while having a broadband absorption which occurs 
mostly within the NCs (62% in the NC for the resonance at 
1.26 µm and 64% for the one at 1.55 µm), see the absorption 
map in Figure 5b,c.

Adv. Optical Mater. 2021, 2002066
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2.4. Short-Wave Infrared Photodiode with Broadband Response 
Based on <150 nm NC Film

We then fabricated the diode designed in the previous part. 
Compared to the diode without grating, the fabrication requires 
an additional step of e-beam lithography (Figure S13, Sup-
porting Information) but the benefit of the grating is clearly 
observed (Figure 6a; Figures S14–S16, Supporting Information). 
Not only the magnitude of the response is increased, but also 
the increase of the photocurrent occurs over a broader range 
(> 1  µm). This spectral shape is enabled by the combination 
of the nanocrystal band edge with the two resonances induced 
by the grating. Those two resonances are slightly blue-shifted 

compared to the targeted design (Figure 5d), indicating that the 
final film thickness is thinner than initially targeted (135  nm 
instead of 150 nm). This thickness fluctuation in the film is cur-
rently the physical factor limiting the exact reproducibility of 
the performances from device to device, see Figures S15, S16, 
Supporting Information.

The enhancement of the spectrally integrated photore-
sponse (×4.3) is also larger than the one expected from 
optical simulations (×2 or an increase from 40% without 
grating to 80% of absorption in the presence of the grating 
according to simulations). To understand the origin of this 
additional enhancement, we also fabricated a diode with a 
gold (instead of Al) grating. In this case, a photoresponse is 

Figure 4.  a) Sketch of a the diode based on glass/FTO:Al-1D grating/HgTe1.7μ/Hg:Ag2Te/Gold stack. b,c) Simulated absorption map along with the 
TM (respectively TE) polarization at the maximum of the absorption for this polarization. d) Simulated absorption spectra for a 125-nm thick layer 
of HgTe 1.7μ for TM, TE polarized and unpolarized incident light. e) Simulated absorption map as a function of the wavelength and the thickness of 
the HgTe 1.7μ layer along with the TM polarization. f,g) Angle-resolved specular absorption simulation as a function of σ = 1/λ, the wavenumber, and 

2 sin( )/π θ λ= ×k x  for the TM mode (respectively TE). Black dashed lines correspond to the absorption peak. White dashed lines correspond to the 
appearance/disappearance limit of the first diffracted order in the substrate.

Adv. Optical Mater. 2021, 2002066
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still observed (Figure  6d), but the I–V curves are no longer 
rectifying (Figure S14, Supporting Information) and the 
open-circuit voltage under illumination drops to almost zero, 
see Figure  6c. This confirms that the presence of metallic 
nanostructures onto the FTO is not only acting as an optical 
grating but also strongly affects the work-function of the elec-
tron extracting electrode. If gold is added onto the FTO, the 
asymmetry of the diode gets weaker, and the VOC is reduced, 
while, as a low work-function metal, the aluminum is further 
enhancing the work-function difference with the top gold 
electrode, leading to an increased VOC. Thus, the aluminum 
used to design the grating is also involved in the electrical 
operation of the diode.

Under broadband blackbody illumination (TBB  = 980  °C 
combined with Ge filter to suppress light below 1.8 µm), taking 
advantage of the two optical resonances, we observe a response 
of 0.2 A W−1 (EQE = 14%) at room temperature operation and 
with a cut-off wavelength of 2  µm. This value is close to the 
performance obtained by Ackerman et al.[40] for an HgTe diode 
at slightly longer cut-off wavelengths (2.2 and 2.3  µm), while 
their diode was relying on a three-times thicker (400 nm) film. 
A comparison of this diode performance with state-of-the-art 
HgTe NC-based IR sensors is provided in Table 2. The noise of 
this structure is 1/f limited. The best performing device leads 
to a specific detectivity of 2  × 1010 Jones under 0  V operation 
at room-temperature and at 1 kHz signal. Under a short pulse 

Figure 5.  a) Sketch of a the diode based on glass/FTO:Al-2D grating/HgTe1.7μ/Hg:Ag2Te/Gold stack. b,c) Simulated absorption map along with 
the TM (respectively TE) polarization at 1.55 µm (respectively 1.25 µm). d) Simulated absorption spectrum for a 125 nm thick layer of HgTe 1.7μ for 
an unpolarized incident light. e) Simulated absorption map as a function of the wavelength and the thickness of the HgTe 1.7μ layer along the TM 
polarization. f,g) Angle-resolved specular absorption simulation as a function of σ = 1/λ, the wavenumber, and 2 sin( )/π θ λ= ×k x  for the TM mode 
(respectively TE). Black dashed lines correspond to the absorption peak. White dashed lines correspond to the appearance/disappearance limit of the 
first diffracted order in the substrate.

Adv. Optical Mater. 2021, 2002066
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(<2  ns) of light illumination, we found a time response of 
110 ns for the device, see Figure 6e.

3. Conclusion

In conclusion, we have determined the complex optical indices 
of HgTe NC thin films using ellipsometry spectroscopy. Con-
veniently, electromagnetic simulations give satisfactory results 
when using a constant value for the refractive index equal to 
its spectral average. This typical mean value is n ≈ 2.35 ± 0.15, 
and is less driven by the band-gap than the surface chemistry/
film deposition method. We then designed a diode that incor-
porates a resonator with a thin absorbing layer. We showed that 
a careful design of the resonator can be used to achieve broad-
band enhanced absorption (≈ 1000 nm large with a mean value 
above 75%) from an absorbing film thickness below 150  nm. 
The fabrication of the grating from aluminum also increases the 

work-function difference between the two electrodes resulting 
in further enhancement of the diode open-circuit voltage. The 
diode achieves responsivity of 0.2 A W−1 at room temperature 
and for a 2  µm cut-off wavelength. The specific detectivity is  
2 × 1010 Jones, while the time response is as short as 110 ns.

4. Experimental Section
Material Synthesis—Chemicals: Mercury chloride (HgCl2, Sigma-

Aldrich, 99%), mercury compounds are highly toxic. Handle them 
with special care. Tellurium powder (Te, Sigma-Aldrich, 99.99%), 
silver nitrate (AgNO3, Prolabo, 99.5%), trioctylphosphine (TOP, Alfa, 
90%), oleic acid (OA, Sigma, 90%), oleylamine (OLA, Acros, 80–90%), 
dodecanethiol (DDT, Sigma-Aldrich, 98%), trioctylamine (TOA, Aldrich), 
chloroform (Carlo Erba), 1,2 ethanedithiol (EDT, Fluka, 98%), ethanol 
absolute anhydrous (VWR), methanol (VWR, >98%), isopropanol (IPA, 
VWR), hexane (VWR, 99%), octane (Carlo erba, 99%), acetonitrile 
(VWR, 99.9%), 2, mercaptoethanol (MPOH, Merck, >99%), N,N 

Figure 6.  a) Photocurrent spectra for the glass/FTO/HgTe1.7μ/Hg:Ag2Te/Gold stack with and without GMR Al grating. b) I–V curves for the glass/
FTO:Al-2D grating/HgTe1.7μ/Hg:Ag2Te/Gold stack under different incident power. The illumination is performed with a 1.55 µm laser diode. c) Open 
circuit voltage of the diode as a function of the incident power without GMR grating and with an Au or Al based grating. Also see Figure S11, Sup-
porting Information, for associated I–V curves. d) The responsivity of the glass/FTO:Al-2D grating/HgTe1.7μ/Hg:Ag2Te/Gold stack as a function of the 
incident power using a 1.55 µm laser as source. e) Current as a function of time while the sample has been illuminated by a short (<2 ns) pulse of light 
(355 nm). Measurements are conducted under a 0 V bias operation and in ambient conditions.
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dimethylformamide (DMF, VWR), chlorobenzene (VWR), toluene (VWR, 
99.8%). All chemicals are used without further purification.

1 m TOP:Te Precursor: 2.54 g of Te powder was mixed in 20 mL of TOP 
in a three neck-flask. The flask was kept under vacuum at room temperature 
for 5  min and then the temperature was raised to 100  °C. Furthermore, 
degassing of flask was conducted for the next 20 min. The atmosphere was 
switched to nitrogen and the temperature is raised to 275 °C. The solution 
was stirred until a clear orange coloration was obtained. The flask was 
cooled down to room temperature and the color switches to yellow. Finally, 
this solution was transferred to a nitrogen filled glove box for storage.

HgTe NCs Synthesis with Band-Edge at 6000 cm−1 (1.7 µm): In a 100 mL 
three-neck flask, 540 mg of HgCl2 and 50 mL of oleylamine were degassed 
under vacuum at 110  °C. At this stage, the solution is yellow and clear. 
Meanwhile 2  mL of TOP:Te (1 m)was extracted from the glove box and 
mixed with 8 mL of OLA. The atmosphere was switched to nitrogen and the 
temperature was set at 57 °C. The pre-heated TOP:Te solution was quickly 
injected and the solution turned dark after 1 min. After 3 min, 10 mL of a 
mixture of 20% DDT in toluene was injected and a water bath was used to 
quickly decrease the temperature. The content of the flask was separated 
in four tubes and methanol was added. After centrifugation, the formed 
pellets were redispersed in one falcon with 10 mL of toluene. The solution 
was precipitated a second time with absolute ethanol. Again, the formed 
pellets were redispersed in 8 mL of toluene. At this step the nanocrystals 
were centrifuged in pure toluene to get rid of the lamellar phase. The solid 
phase was discarded and the supernatant filtrated. The procedure for other 
sizes of HgTe NCs are given in the Supporting Information.

Film Preparation: HgTe ink: 1 mL of HgTe NC solution in toluene was 
mixed with 1  mL of exchange solution (15  mg of HgCl2 in 9  mL DMF 
and 1  mL of 2, mercaptoethanol). 5  mL of hexane was added to the 
solution and mixed through vortex and sonication. After few seconds two 
phases were clearly visible and the top one was removed. The solution 
was washed with hexane one more time. At this step 100  µL of DMF 
was added to avoid a precipitation of the NCs. The solution was cleaned 
again with hexane. Then, the solution was precipitated by adding toluene 
and centrifuged at 6000  rpm for 4 min. The supernatant was discarded 
and the NCs were redispersed in 100 µL of DMF.

HgTe Solid State Ligand Exchange towards Ethanedithiol: 50 mg mL−1 
HgTe in toluene was spin-coated at 2000 rpm during 60 s on clean glass 
substrate. A solid-state ligand exchange was performed by dipping the 
substrate in 1% EDT v/v solution in ethanol for 30 s. After that, the 
substrate was rinsed in pure ethanol. This procedure was repeated until 
the desired thickness was achieved.

Material Characterization—Electron Microscopy: For transmission 
electron microscopy (TEM) pictures, a drop of the NCs solution is drop-
casted onto a copper grid covered with an amorphous carbon film. 
The grid is degassed overnight to reduce future contamination. A JEOL 
2010F is used for acquisition of pictures and operated at 200 kV.

Optical Ellipsometry: The spectroscopic ellipsometry measures the 
changes in the polarization state between the incident and the reflected 
light and is characterized by the angles ψ and Δ.

tanp

s

p

s

p s
r
r

r
r

e ei iρ ψ= = =δ δ( )− ∆

	
(1)

where rp and rs are the reflection coefficients of p and s polarized 
light, respectively, and where δp and δs are the phase shifts in reflection 
in p and s polarizations, respectively. The measurements are performed 
on a V-VASE ellipsometer (J.A. Woollam) in the 350–2500 nm range with 
steps of 10 nm and with angles of incidence of 55° and 65°.

Infrared Spectroscopy: The solution of nanocrystal is drop-cast onto 
cleaned glass substrate for the sample in the near-infrared. For sample 
with the reddest band edge (HgTe 5μ corresponding to a 5 μm cut-off 
wavelength), the glass absorbs at the wavelength corresponding to the 
band-edge, thus the nanocrystal film is deposited on sapphire substrate. 
The sample is then introduced into a Fourier transform infrared 
spectrometer (FTIR, Thermo Fischer iS50). Two sources have been used: 
a white light in the near infrared and a globar in the mid infrared. Two 
beam splitters have been used: a CaF2 beam splitter in the near infrared 
and an extended KBr in the mid infrared. Two detectors have been used: 
an InGaAs sensor in the near infrared and a DTGS in the mid infrared. 
In all cases, the background uses the same optical configuration but 
without sample onto the substrate. Spectra are typically acquired with a 
4 cm−1 resolution and typically averaged 32 times.

Reflectivity measurements are conducted using a Brucker Vertex 
70v FTIR spectrometer. To measure the diode reflection, we use the 
spectrometer in reflection configuration under ambient atmosphere and 
at room temperature. The source is a tungsten lamp and the detector is 
a DLaTGS. A CaF2 beam-splitter is used. Spectra are typically acquired 
with a 4 cm−1 resolution and averaging over 32 spectra at least. The 
reference is made with a gold mirror.

Electromagnetic Simulation: Calculations are achieved with Matlab 
library based on RCWA.[50] The Maxwell equations are solved in each 
layer and interface conditions are applied to find the final solution of 
the whole structure. We consider incoming plane waves under normal 

Table 2.  Comparison of state-of-the-art HgTe NC-based IR sensors. PC stands for a photoconductive device, while PV relates to a photovoltaic opera-
tion and PT to a phototransistor mode.

Device structure Operation mode HgTe thickness 
[nm]

Cut-off wavelength 
[µm]

Operating  
T [K]

Responsivity  
[A W−1]

Detectivity  
[Jones]

Time 
response

Date

SiO2/HgTe/Au PT 80 2.5 300 0.5 2 × 1010 2017[44]

Al2O3/ITO/HgTe:EDT/Ag2Te/Au PV 400 5 230 0.1 109 1 µs 2018[41]

Al2O3/ITO/Au-disc/HgTe/Au/ITO/SiO2/Au PV 400 4.5 85 1.62 4 × 1011 - 2018[20]

FTO/TiO2/HgTe:EDT/MoO3/Au PV 200 2.5 300 0.001 3 × 108 - 2018[19]

Al2O3/ITO/Bi2Se3/HgTe/Ag2Te/HgTe/Au PV 400 4
2.5

85
85

0.4
-

3 × 1011

3 × 1011

2.5 µs 2019[45]

FTO/HgTe4k-ink/HgTe:6k/Au PV 560 2.5 300 0.003 3 × 109 260 ns 2019[42]

Al2O3/ITO/HgTe:HgCl2/Au PV 400 2.5 300 1 5 × 1010 1.4 µs 2020[40]

Au/HgTe PC 5
3.5

300
300

0.015
0.22

5.4 × 109

3.5 × 108

2.2 ms 2020[46]

SiO2/P3HT:HgTe/Au PT 2.5 300 1 1010 1.5 µs 2020[47]

Au/LaF3/HgTe/Graphene PT 200 2.6 220 0.006 109 7 µs 2020[48]

Au/HgTe/Au (nanogap) PC 300 2.5 200 1000 2 × 1012 25 µs 2020[49]

FTO/Al-GMR/HgTe-ink/Ag2Te/Au PV 135 2 300 0.2 2 × 1010 110 ns This work
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incidence, either with transverse magnetic (TM) or transverse electric 
(TE) polarizations, that is, with magnetic field or electric field parallel 
with the slits of the gratings, respectively. In 1D simulations, the grating 
is supposed to be invariant along y direction, and repeated infinitely 
along x direction. In 2D simulations the grating is repeated infinitely 
along x and y directions. The inputs needed for this simulation are the 
device structure and the optical index of the different materials.

Device Fabrication: For the device fabrication 70  nm FTO (ρs ≈ 
70–90 Ω sq−1) on glass substrate from Solems are used. To define 
the device area, FTO electrodes are patterned with optical UV 
lithography as described in ref. [42]. Before using it, the FTO/glass 
substrate is cleaned with acetone and IPA. The HgTe 1.7μ NCs ink 
is deposited onto the patterned FTO substrate via spin-coating.  
The thickness of the film is tuned with spin-coating speed and ink 
concentration in DMF solvent. On top of HgTe ink layer Ag2Te NCs 
layer is spin-coated at 2000 rpm followed by HgCl2 treatment. For HgCl2 
treatment, 50 µL of HgCl2 methanol (10 mm) solution is dropped onto 
HgTe film and spin-dried after 15 s. Then the film is rinsed with IPA. 
This procedure is repeated twice. Finally, an EDT ligand exchange is 
performed by dipping the film in 1% EDT acetonitrile solution for 30 s 
and rinsed with pure acetonitrile. A 80 nm Au top electrode is deposited 
with thermal evaporation under a vacuum of ≈10−6 mbar at the rate of 
3 Å/s. The thickness is monitored with an in situ quartz crystal. The 
substrate holder is rotated throughout the deposition to ensure an 
homogeneous thickness. The overlap area of both electrodes FTO and 
Au is defined as the device area of 1 mm2.

Device Characterization: The devices are operated in room conditions of 
pressure and temperature. The sample is connected to a Keithley 2634B 
used as a source-meter that applies biases and measure currents. For 
measurements under illumination, we use two types of source: a blackbody 
(omega BB4B) typically operated at 600 and 980 °C used as a broadband 
source and a 1.55 µm laser diode particularly used for time response.

Time-Resolved Measurements: For the time-resolved measurements, 
we use a pulsed laser (Crylas FTSS 355-50) at 355 nm. The laser beam 
is around 1 mm in diameter (i.e., poorly focused) to prevent excessive 
heating of the sample, which may lead to a drift of the photoresponse. 
The pulses are 1  ns long and repeated every 10  ms (100  Hz). A 
photodiode is used to trigger the signal. An oscilloscope (Rohde & 
Schwarz, RTE 1102) acquires the outcoming signal through a 50 Ω 
resistor, which is proportional to the current.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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