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ABSTRACT

Mercury telluride (HgTe) nanocrystals (NCs) are promising materials for infrared photodetection due to their size-tunable band edges and
compatibility with colloidal synthesis. While optical studies have established the temperature dependence of their relative bandgaps, the evo-
lution of their absolute electronic spectrum with cooling remains poorly understood, despite its critical role in the device operation. In this
work, we investigate in situ the temperature-induced absolute energy shift of HgTe NCs’ electronic states with varying band edge energies,
using X-ray photoemission spectroscopy. We observe a systematic and reversible rigid shift of core levels toward lower binding energies upon
cooling, reaching approximately 80meV per 100K, four times larger than the corresponding optical band edge shift (�20meV). This behav-
ior is consistent across different NC sizes, making the impact more dramatic for the narrower bandgap NCs. Such absolute energy shifts can
significantly alter carrier densities and interfacial band alignments, potentially creating Schottky barriers and reducing extraction efficiency in
photodiode architectures. Our findings highlight the necessity of accounting for temperature-induced absolute energy shifts in the design of
next-generation HgTe NC-based infrared detectors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0308025

Semiconductors, through their strong interaction with light and
their ability to be electrically driven, are central building blocks of
optoelectronics. In the visible range, despite its indirect bandgap,
which leads to weak absorption and prevents efficient light emission,
silicon plays a key role in CMOS sensors and solar cells. The massive
integration of Si-based technology has significantly advanced the
understanding of this material. Its structural and electronic parameters
are known with great accuracy, enabling modeling of the electronic
structure across the entire Brillouin zone using 30-band k�p
methods.1–3 When it comes to infrared wavelengths, silicon, with its
1.12 eV bandgap, becomes ineffective, and alternatives must be used.

Among the most mature platforms, HgTe is highly valued
because of its ability to cover the entire infrared range, either through
alloying4 or quantum confinement.5,6 This spectral tunability is

enabled by the specific electronic structure of bulk HgTe [see
Fig. 1(a)]. Compared to other II–VI semiconductors, the heavier
atomic mass increases the spin–orbit (SO) coupling and generates an
inverted band ordering. As a result, the C6 symmetry band is not the
conduction band (CB) but lies deep in the valence band. In the litera-
ture, the negative bandgap of HgTe [ranging from �0.15 eV at room
temperature to �0.3 eV at 4K, see Fig. 1(e)] describes how far the C6

band is located below the Fermi energy. TheC8 bands, usually acting as
valence bands (heavy hole, HH, and light hole, LH), now lie closest to
the Fermi level and become the optically active bands. HgTe is also a
semimetal (i.e., a zero-bandgap semiconductor) because the LH and
HH bands meet at the Brillouin zone center. Optical transitions in
HgTe occur between the HH and LH bands. Under quantum confine-
ment, the transition shifts from the C point to a larger wavevector
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given by p/L, with L being the confinement length. The curvature of
the HH and LH bands is highly asymmetric (unlike PbS, where they
are similar). The HH band has an effective mass close to that of the
free electron, while the LH band disperses much more strongly. This
results in a conduction band effective mass typically 2 orders of magni-
tude lighter than that of the valence band.7 For bulk and thin films,
this yields high electron mobility (>104 cm2V�1 s�1 range at room
temperature8,9). In quantum-confined HgTe, quantization produces a
stronger confinement energy for electrons than for holes. Combined
with the absence of a bulk bandgap and the large dielectric constant of
the material (er¼ 10–20),10 which weakens Coulomb corrections, the
energy of an optical transition in HgTe quantum dots is dominated by
electron confinement energy. As shown in Fig. 1(a), it is worth noting
that the LH band dispersion is extremely non-parabolic and only over-
laps with a parabolic dispersion (dotted line) over �1% of the
Brillouin zone, while its dispersion is mostly linear across the most rel-
evant wavevector range.7 Figure S1 quantitatively illustrates this
significant difference, both near the Brillouin zone center and farther
away.

Colloidal nanocrystals (NCs) provide a strategy to grow HgTe in
the quantum confined regime.5,6,11 Over the past decade, they have
emerged as a promising platform for the development of infrared sen-
sors and imagers. In nanoparticle form, the electronic spectrum results
from the interplay of bulk electronic structure, quantum confinement,
and surface chemistry, making their spectra more complex. However,
advanced integration cannot be achieved without a thorough under-
standing of the electronic structure. The first step in this direction is
the choice of particle size, which determines the band edge energy
through quantum confinement. Here, sizes are chosen to be large
enough so that their bandgap is clearly below that of silicon and
instead matches the range covered by InGaAs technology and mid-IR
detectors for the narrowest bandgap. By tuning the HgTe particle size
in the 6–12nm range, the band edge can be adjusted from the short-
wave infrared (SWIR, 1.8lm cutoff) to the extended SWIR (2.5lm
cutoff) and up to the mid-wave infrared (MWIR, 3lm cutoff) for
room temperature absorption, as shown in Fig. 1(b). The HgTe NCs
are grown using the procedure given in Ref. 12 and will be later
referred to their room temperature band edge given in wavenumber.

FIG. 1. Electronic structure of HgTe and thermal dependence of the optical spectrum. (a) Electronic structure of bulk HgTe at 300 K for states around the Fermi level using a
14-band k.p formalism. The dotted line is the effective mass parabolic dispersion. (b) Absorption spectra of HgTe NCs with three different sizes associated with HgTe 6k, 4k,
and 3k studied throughout the text. The peak at 0.36 eV corresponds to the C–H resonance from ligands. (c) Absorption spectra from HgTe 4k at various temperatures showing
a redshift of the band edge as the temperature is reduced. (d) Band edge energy normalized by its low temperature (10 K) value for the three sizes of HgTe NCs under consid-
eration. (e) Electronic structure of bulk HgTe at 293 and 0 K. Data from parts (a), (d), and (e) are adapted, with permission from Moghaddam et al., “The strong confinement
regime in HgTe two-dimensional nanoplatelets,” J. Phys. Chem. C 124(42), 23460–23468 (2020). Copyright 2020 American Chemical Society.
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For example, HgTe 4k relates to HgTe NCs with a 4000 cm�1 (2.5lm
or 0.5 eV) band edge.

For infrared sensors, an important consideration is the operating
temperature. As the targeted cutoff wavelength increases, the band
edge energy decreases, and thus the photoactivation of carriers
that generate photocurrent increasingly competes with phonon activa-
tion. As a result, the operating temperature decreases with increasing
wavelength. For example, room temperature is still suitable for SWIR
sensing, but in the MWIR range, cryogenic conditions (80–200K,
depending on the cutoff and performance targets) remain the norm,
though progress toward room temperature operation has been made
recently.13–15 In a photoconductive device, the current density is given
by the following equation:16

J ¼ e:nðTÞ � lðTÞ:F; (1)

where e is the elementary charge, n(T) the carrier density, l(T) the car-
rier mobility, and F the applied electric field. The carrier density is the
sum of two terms,

n Tð Þ ¼ ndark Tð Þ þ nlight Tð Þ; (2)

where ndark(T) is the density at equilibrium and is strongly thermally
activated. For NCs, the activation energy usually ranges from EBE/2

17

to EBE/10, where EBE is the optical band edge, which depends on the
specific material, surface chemistry, and native doping. This typically
corresponds to an activation energy in the 100–200meV range
(Fig. S3). Reducing ndark(T) is the main motivation for cooling.
nlight(T) is the light-induced carrier density, which depends on the
material’s absorption cross section and the photocarrier lifetime. This
term generally shows a much weaker thermal dependence, driven
mainly through the temperature dependence of the carrier lifetime.14

In NCs, charge transport occurs via hopping conduction, which
introduces a thermally activated behavior of the mobility. The associ-
ated activation energy is usually much smaller (in the order of tens of
meV) than that of the carrier density. Nevertheless, it also influences
the photocurrent. Consequently, an optimal operating temperature
exists that minimizes the dark current without significantly degrading
the photocurrent. As mentioned above,

ndark Tð Þ a exp �EBE=½c:kb:T�ð Þ; (3)

with kb the Boltzmann constant and c a material-dependent term, but
typically in the 2–10 range. In such an expression, the bandgap is
assumed to remain constant; however, in practice, it also shifts with
temperature, as shown in Fig. 1(c). In bulk HgTe, cooling leads to a
redshift.18,19 This behavior is also observed in the case of NCs7,20

[Fig. 1(c)], but the shift depends on the particle size and can even flip
sign for the most confined form of HgTe.7 A misleading interpretation
will be to assume that lattice contraction upon cooling leads to a
change in NC size and therefore to quantum confinement. Such an
effect appears negligible.20,21 The thermal dependence of the optical
energy transition actually results from the thermal dependence of the
term Eg [the C6–C8 gap; see Fig. 1(e)], which results from electron–
phonon coupling. With cooling, Eg increases, affecting the curvature of
the LH band through the coupling term Ep

22 (also called the Kane
parameter). In other words, as the temperature changes, the effective
mass is affected [Fig. 1(e)], and this tunes the electron confinement
energy and, therefore, the optical bandgap magnitude. Since optical

probing only ascertains the difference in energy between the bands, it
remains unclear how a given band shifts in absolute value, which is the
focus of this paper. This dependence of the optical bandgap generates
a refinement to Eq. (3), since the band edge itself depends on the tem-
perature: ndark(T) a exp(�EBE(T)/[c.kb.T]).

Optical measurements are well-suited to capture changes in the
energy difference between bands but miss possible variations in abso-
lute energy. However, absolute band alignment is critical for charge
conduction. The best-performing HgTe NC-based detection devices
rely on photodiode stacks.23–28 In such devices, the HgTe NC absorb-
ing layer is surrounded by charge transport layers. Their role is to
selectively extract one type of carrier through resonant band alignment
with the desired band while maintaining a significant offset with the
other band to act as a tunnel barrier, preventing the transfer of carriers
through their limited transparency. The design of these diodes depends
on accurately determining the energy of each band on an absolute
energy scale—either relative to vacuum, as in photoemission measure-
ments, or relative to a reference electrode potential, as in electrochemi-
cal studies. Measurements are generally performed at room
temperature and are often assumed to remain only marginally affected
under operating conditions. However, this assumption must be veri-
fied, since potential shifts in absolute energy could introduce Schottky
barriers that reduce the photocarrier extraction efficiency or alter car-
rier density profiles. Addressing this issue requires in situ measure-
ments, which cannot be performed with electrochemistry at cryogenic
temperatures, as electrolytes freeze and lose their ability to control the
Fermi level. For this reason, we focus here on in situ X-ray photoemis-
sion spectroscopy (XPS) conducted across a temperature range rele-
vant to infrared sensor operation with HgTe NCs.

To initiate this study, we use a series of HgTe NCs, as previously
introduced, presenting a band edge in the SWIR, extended SWIR, and
MWIR. The electronic spectrum of these NCs is studied using XPS
(PHI GENESIS setup, source Al Ka at 1486.6 eV with 100lm spot
size), where a high-energy photon source (i.e., far above the material’s
work function) is shone on the sample and promotes an electron out
of the sample. Its energy is measured with an electron analyzer,
allowing the determination of its binding energy (BE) through the
energy conservation law. The binding energy provides direct evidence
on the semiconductor doping and chemical environment. To conduct
such a measurement, the ligand-exchanged NCs are deposited on a
gold-coated silicon substrate. This procedure presents a dual benefit:
(i) by increasing the film’s conductance, we reduce the risk of photo-
induced shifts of the photoemission spectrum; moreover, (ii) it
matches the procedure used to deposit the active layer in a photodiode,
so that the measured NCs experience the same dielectric environment.
The survey spectrum acquired at room temperature [Fig. 2(a)] displays
contributions from Hg, Te, and C. The latter directly relates to the
ligand capping the NCs: mercaptoethanol in this case. It is worth
stressing that despite being in prepared in air and the lack of an
annealing step, the films do not display any contribution from O 1s,
which is expected to have a binding energy (BE) of 532 eV, consistent
with the previously reported robustness of the material
against oxidation.29

We then further track the Hg 4f and Te 4d core levels, acquiring
high-resolution spectra. Hg 4f [Fig. 2(b)] comes as a doublet due to the
spin–orbit (SO) coupling of the 4f orbital (4f5/2 and 4f7/2, SO
splitting¼ 4.1 eV), with each peak slightly asymmetric toward higher
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binding energy. Decomposition of the spectrum reveals a main contri-
bution (Hg 4f7/2 BE¼ 100.3 eV) related to Hg bound to Te, while a
second weaker contribution (Hg 4f7/2 BE¼ 101.0 eV) presents a rela-
tive weight that depends on the incident photon energy.29 The latter is
more intense using surface-sensitive conditions (i.e., low photon
energy) and was therefore associated with Hg surface atoms bound to

thiols (present in the ligands). In the case of the Te 4d state [Fig. 2(c)],
a single contribution appearing at BE¼ 40.2 eV (Te 4d5/2) is attributed
to Te bound to Hg, with a 1.5 eV SO splitting.

We then cool the sample over a temperature range relevant for
infrared detection and matching our instrument capability (i.e., down
to 173K in our laboratory setup and down to 80K, as shown in the
supplementary material, at the TEMPO beamline at synchrotron
SOLEIL). We observe a shift in the core level toward lower binding
energies; see Fig. 3(a). The shift is observed for all sizes of NCs
[Fig. 3(b) and S4]. Notably, the shift is fully reversible, and warming
the sample restores the spectrum to its initial BE value (Fig. S5).

The shift appears as a rigid shift of the whole photoemission spec-
trum, since similar shifts are also observed for Te 4d and Te 3d
(Fig. S6) core levels and the valence band; see Fig. S7. We confirmed
that the observed shift is not related to any artifacts of our setup, as the
same behavior was consistently observed in measurements performed
on a different setup at a synchrotron facility (Fig. S8). Upon cooling,
the drop in the carrier density is expected to make the sample more
resistive, which may favor photocharging (i.e., accumulation of photo-
holes). However, the latter should lead to an increase in binding
energy, whereas we observe the opposite trend. Therefore, we can
exclude that photocharging is at the origin of the observed behavior.

It is interesting to note that the BE redshift is quite large, reaching
around 80meV already at 173K, and saturates at about 100meV at
80K (see Fig. S8). This shift magnitude must be compared with the
tuning of the optical bandgap under the same cooling [Figs. 1(c) and
1(d)], which redshifts by about 20meV only (�200leVK�1,7 slightly
larger for large NCs). This suggests that, on an absolute energy scale,
both the valence and conduction bands shift with temperature, and
that the difference in their relative shift rates is smaller than their over-
all energy displacement.

To finish, we propose a reconstructed energy diagram for the
three sizes of HgTe NCs under cryogenic conditions [Fig. 4(a)],
accounting for both the change in the optical bandgap and the shift of
the bands relative to the Fermi level. To determine this graph, the

FIG. 2. X-ray photoemission spectra from HgTe NCs. (a) Survey spectra acquired
at 1486.6 eV for HgTe 4k NCs. (b) [respectively (c)] Hg 4f (respectively Te 4d) core
level from HgTe 4k NCs. Data have been acquired at room temperature.

FIG. 3. Temperature-induced shift of the electronic spectra. (a) Hg 4f core level acquired at 1486.6 eV for HgTe 4k NCs under various temperatures. The inset is a zoom on the
peak relative to the Hg 4f7/2 state. (b) Temperature-induced shift of the Hg 4f core level, showing a drop in the binding energy, for three sizes of HgTe NCs. Data relative to Te
3d, Te 4d, and the valence band can be found in Figs. S6 and S7.
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signal relative to the valence band is measured at room temperature
and in cryogenic conditions (Fig. S9) and is used to determine the
energy of the valence band maximum with respect to the Fermi level.
Then, the energy of the conduction bandminimum is determined rela-
tive to the valence band by adding the optical bandgap. This relies on
the assumption that there is no Coulombic correction for the excitonic
structure, an assumption motivated by the large dielectric constant of
HgTe.10 For the low temperature dataset, we account for the size
dependence of the bandgap7 and the shift of the valence band.

In Fig. 4, the relative nanocrystal bandgap shifts with lowering
temperature correspond to the shifts predicted by the 14-band k.p
model, as illustrated in Fig. S2. The energies of the valence band
maxima are within the accuracy of the measurement, all the same.
This observation fits with the picture of the valence band being based
on a quasi-flat (i.e., heavy mass) band as shown in Fig. 1(a). This
makes the hole confinement energy weak and poorly dependent on
particle size. Conversely, the conduction band accounts for most of
the size-induced shift, as expected from a light, strongly dispersive
band.

Since the shift results in a decrease in binding energy and appears
rigid, the valence band moves closer to the Fermi level, making the
material more p-type (or less n-type). Because the shift is similar for all
NC sizes (Fig. 3 and S5), the effect is more pronounced for narrower
bandgaps. From the perspective of a photodiode, temperature reduc-
tion can induce a 100meV shift [Fig. 4(b)] in the energy of one of the
carriers within a 350meV optical bandgap. Such a Schottky barrier
becomes even more difficult to overcome at reduced operating temper-
atures. Assuming the Schottky barrier is overcome through an
Arrhenius process, the efficiency drops resulting from the
temperature-induced absolute energy shift (UB), can be estimated as
exp(�jUBj/kBT)� 10�3, for operation at 173K. This may require a
substantial redesign of the photodiode and illustrates the specific chal-
lenges relative to mid-IR sensitive NCs. Charge transport layers devel-
oped for the visible and even near-infrared ranges are difficult to
transfer, not only because of the presence of a massive offset but also
because the design strategy must account for the actual targeted

operating temperature. Absolute positioning of the band edges consti-
tutes a level of refinement certainly necessary for the development of
the next generation of MWIR NC-based photodetectors.

In conclusion, we have investigated in situ, using X-ray photo-
emission spectroscopy, the absolute energy shift of the electronic spec-
trum of HgTe NCs of various sizes relevant for infrared sensing. Upon
cooling to temperatures typical of infrared sensor operation, we
observe a rigid shift of the electronic spectrum, reaching about
100meV at 80K. This shift appears barely dependent on particle size
or band edge energy. Consequently, the resulting corrections in carrier
density and the formation of Schottky interface barriers are more
severe for narrow-bandgap materials, which are particularly important
for mid-infrared sensing.

See the supplementary material for details on (i) the method for
sample growth and preparation, (ii) the 14-band k.p modeling of
HgTe, (iii) the activation energy of the dark current, and (iv) additional
data documenting the thermal shift of the photoemission spectra.
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FIG. 4. Effective electronic spectra for HgTe NCs. (a) Valence band (VB), conduction band (CB), and Fermi level (EF) for three sizes of HgTe NCs, measured at 173 K (i.e.,
lowest temperature of the XPS setup). (b) Bandgap energy for the HgTe 4k at room temperature and at 173 K, highlighting the formation of a Schottky barrier for the electron.
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