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Abstract : The use of intraband transition is an interesting alternative path for the design of optically active complex
colloidal materials in the mid-infrared. However, so far the performance obtained for photodetection based on
intraband transition remain much smaller than the one relying on interband transition in narrow band gap materials
operating at the same wavelength. New strategies have to be developed to make intraband materials more effective.
Here we propose to grow an heterostructure of HgSe/HgTe as a path to achieve enhanced intraband based
photoconduction. We first tackle the synthetic challenge of growing an heterostructure on soft (Hg based) material.
The electronic spectrum of the grown heterostructure is then investigated using a combination of numerical
simulation, infrared spectroscopy, transport measurement and photoemission. We report a type Il band alignment, a
reduced doping compared to core only object and boosted hole conduction. Finally, we probe the photoconductive
properties of the heterostructure while resonantly exciting the intraband transition by using a high power density
guantum cascade laser. Compared to previous generation of material based on core only HgSe, the heterostructure
have a lower dark current, stronger temperature dependence, faster photoresponse with time response below 50us
and a detectivity increased by a factor 30.
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INTRODUCTION

Adressing the infrared range of wavelength is a material challenge where narrow band gap materials'? are of utmost
interest®”’ but also present many difficulties such as a large amount of thermally activated carriers. Wavefunction
engineering using wideband gap materials has been an elegant path to overcome the difficulties relatives to narrow
band gap materials. In this case interband transitions are replaced by intersubband/intraband transitions. In relying
on such principle, quantum well infrared photodetectors®® (QWIP) and Quantum Cascade Laser® (QCL) have reached
a great level of success as detector and source in the infrared, respectively. Up to recently, such mid infrared transitions
were only possible with epitaxially grown 1lI-V semiconductor.’* However, a higher control of the doping level of
colloidal quantum dots (CQD) have been obtained over the recent years and the growth of doped nanoparticles with

1617 even proposed recently the

mid IR transition have become a reality.>"'* The Guyot-Sionnest’s group®® and others
design of photoconductive devices where the absorption relies on intraband transition in self-doped mercury

chalcogenides compounds.*®

While the introduction of stable intraband transition in colloidal device is conceptually a breakthrough, their use into
competitive device is not yet reached. Indeed, photodetectors based on intraband transition present a pretty high
photoresponse,®®® but suffer from a large dark current, which might be inherent to intersubband/intraband device. In
addition their time response is slow®>?° (>s) and some may argue that the observed modulation purely results from
bolometric effect rather than photoconduction. On the way to improve their performances, two main strategies have
been explored. (i) To make thin film of colloidal quantum dots conductive and photoconductive, a tuning of the surface
chemistry toward short molecule ensuring good inter CQD coupling is mandatory. Such increase of the conductance
has indeed been observed, however it was also notice that the ligand exchange leads to a dramatic change of the
absorption spectrum?™23 due to a surface gating effect which comes as side effect of the tuning of the ligands. Such
observation is both an opportunity to tune the doping level, but simultaneously leads to a dramatic sensitivity of the
film to its environment. (ii) Alternatively, it has been proposed to synthetize core shell structures where a wide band
gap material is grown over a doped core material of HgSe or HgS** CQD using a low temperature approach (C-ALD)%.
Early motivation was to boost the luminescence efficiency of the intraband transition.>?%?” However, the introduction
of the shell, similarly to the tuning of the surface chemistry, led to a complete disappearing of the intraband transition
and the final material is only presenting near-IR interband transition.

The use of intraband transition remains of utmost interest, especially to push the absorption toward longer
wavelengths while keeping a material with good colloidal stability, but it also requires new material approaches which
will boost the performances (reduced dark current, faster time response...) while preserving the intraband absorption.
In this paper, we investigate the possibility to grow HgSe/HgTe heterostructure to address this challenge. In addition
to the synthetic challenge to grow a heterostructure on mechanically soft (ie Hg containing) material, we discuss the
electronic structure of the obtained material using a combination of numerical simulation, infrared spectroscopy,
electronic transport and photoemission measurements. Finally, we bring evidence for the enhanced properties of this
new heterostructure compared to conventional core only HgSe CQD. In particular, films of HgSe/HgTe have lower dark
current and enhanced activation energy close to half the interband gap energy. Moreover, using a quantum cascade
laser as a source to resonantly excite the intraband transition, we bring an unambiguous proof for a fast (few tens of
us) photodetection based on intraband transition in a CQD based device.



DISCUSSION

The investigation of the HgSe/HgTe heterostructure starts by the exploration of its band alignment phase diagram,
obtained by tuning the core and shell sizes and assuming a spherical geometry. HgSe will be used as the core material
as HgSe CQDs present self-doping and intraband absorption in the mid-IR. This doping results from the narrow band-
gap nature of HgSe CQDs (bulk HgSe is a semi-metal) combined with the large material work function, as discussed in
ref 2, HgTe is also a semimetal, however the presence of Te instead of Se, shifts the maximum of the valence band
toward the vacuum level and make that HgTe is mostly an intrinsic (i.e. undoped) narrow band gap material. To further
clarify the band alignment of the heterostructure, we solve the 1D time independent Schrodinger equation in spherical
geometry:

nwo(20 0°
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Where 7 is the reduced Planck constant, m*(z) the effective mass profile, V/(z) the energy band profile, E the eigen
energy and y/(r) the wavefunction. The numerical solving of the equation is further discussed in the supplementary

informations (SI). Material input parameters are the effective mass for electron (m*ugs.=0.06my*%;
m*ue1e=0.035m¢**3!) and hole (M*1gse=0.2mo>%; m*ug7e=0.5mo>**') and the position of the valence band maximum of
the two materials. For valence band offset, we used recently proposed values (-4.7eV vs vacuum for HgTe and -5.5eV
for HgSe) obtained from electrochemistry measurements in ref 3,

The model is rather simple since it neglects band non parabolicity, dielectric confinement®* and assume that the core
and the final heterostructures are spheres, thus we use it for qualitative discussion. Four types of band alignment have
been identified, see Figure 1a. For very small core and thin shell, the confinement is strong and both electron and hole
are delocalized over the whole structure, see Figure 1b. In this case only interband transitions are expected. As the
size of the shell is increased, see Figure 1c, the hole gets localized in the HgTe shell, while the electron stays delocalized,
corresponding to a quasi-type Il band alignment. Inversely if the size of the core is increased, see Figure 1d, the electron
gets less confined and localizes in the HgSe core. The energy of the 1S electronic state drops below the Fermi level of
the system (at -4.7 eV below vacuum according to ref ¥7) and intraband transition appears, while the interband
transition also presents a quasi-type Il band alignment, yet inverted compared to the zone 2. For large core and shell,
see Figure 1le, electron and hole are localized respectively in the core and in the shell, thus the interband transition
acquires a real type Il character. Moreover, intraband electronic transition is also expected in this range of sizes. This
area of the phase diagram is of great interest since it combines intraband transition and a poor overlap of the electron
hole pair which will prevent detrimental recombination for photo-excited electron.
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Figure 1 a. Phase diagram for the band alignment of an HgSe/HgTe heterostructure as a function of the core diameter
and the HgTe shell thickness. The red dashed line corresponds to the grown heterostructure later in the text. b, ¢, d and
e describe the energy profiles and wavefunctions for area of the phase diagram labeled with the same letter. The energy
profile of the bulk valence and conduction band appears as bold black line. Due to the semimetal nature of HgSe and
HgTe valence band and conduction band touch each other. Blue and red lines are respectively the hole and electeron
wavefunction. These curves have been shifted from zero, in order that the null density of presence of the wavefunction
corresponds to the eigen energy associated with each state.

To chemically grow a heterostructure made of HgSe/HgTe presenting an intraband transition, we first synthetize cores
of HgSe, with typical size around 5.2 + 0.7 nm according to the procedure given in ref ¥/, see electron microscopy of
the obtained material in Figure 2a. The material has a zinc blende structure according to its X-ray diffraction pattern
(Figure 2c). Its optical spectrum is made of an intraband transition around 2500 cm™ (*300 meV) and a broad interband
signal above 7000 cm™ (840 meV), see Figure 3a. Being soft materials, mercury chalcogenides are grown at low
temperature, they tends to quickly sinter into um scale objects once exposed to high temperature®. As a result most
of the efforts dedicated to grow a heterostructure of Hg based material are based on the low temperature colloidal
ALD (C-ALD) procedure. This procedure is easy to implement for sulfide and selenide but far more complicated in the
case of telluride material due to the fast oxidation of Te. Here, we propose an alternative method where mercury
precursor (Hgly) is mixed with HgSe cores and Te precursor (TOPTe) is introduced dropwise at a mild temperature (60-
100°C) with optimum temperature at 80°C. Note that the choice of Hgl, precursor is motivated by its lower reactivity
compared to other halide, when forming HgTe.3® The reaction with other halides or mercury oleate is also possible but
leads to a lower control of the final shape of the heterostructure and to stronger secondary nucleation. Indeed, due
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to their high reactivity with TOPTe, reaction with HgBr, and HgCl, leads to large nanocrystals (10-15nm) attributed to
side nucleation, see Figure S2 and S3.

As shown in transmission electron microscopy (TEM) images in Figure 2c-d and Figure S1, we obtain heterostructures
with a final mean diameter around 6.4+ 1.3 nm, corresponding to the growth of one lattice parameter of HgTe all
around the HgSe core. Note that the final material still presents a small size and is colloidally stable which is key feature
for the future integration of the material into geometry devices. TEM reveals that the shape deviate from a sphere,
see inset of Figure 2b-d, where in addition of core shell structure we observe januslike nanoparticles where some Se
rich part are epitaxially connected to Te rich part, see Figure 2d-f. While this shape deviation can introduce quantitative
deviation compared to simulation, the main results: (i) presence of intraband transition in the HgSe part and (ii) type
Il band alighment between the two materials remain unaffected. The X-ray diffraction combined with energy
dispersive X-ray spectroscopy (EDX) conducted with different amount of growth material confirms the presence of
both HgSe and HgTe phases, see Figure 2g and S1b.
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Figure 2 a. and b. Low and high-resolution TEM images of the HgSe core, respectively. c. and d. Low and high-resolution
TEM images of the HgSe/HgTe heterostructure nanocrystals. e. HAADF STEM image of an HgSe/HgTe heterostructure
and (f) the localization of the Se and Te from EDX mapping. g. X-Ray diffraction patterns for the HgSe core and for the
HgSe/HgTe heterostructure with different amounts of HgTe. Orange and blue diffraction peaks for the bulk HgTe and
HgSe, respectively.

As the amount of HgTe is increased, we observe a clear modification of the optical spectrum, see Figure 3a. Overall
the intraband signal stays unchanged, with only a slight broadening toward the low wavenumber part of the spectrum.
It is the first colloidal heterostructure which preserves the intraband signal in presence of an epitaxially grown shell.
On the other hand, the part relative to interband transition is far more affected. At first, we observe a debleaching of
the 1Sp-1S. transition as evidenced by the appearing of an excitonic feature at 5500 cm™. This suggests a filling of the
heterostructure close to 2 electrons per CQD, as confirmed by optical®® and photoemission measurements?’. Then, as
more HgTe is introduced, this new feature is redshifted and finally saturates around 4000 cm™. The final energy of this
peak depends on the growth temperature. The higher the temperature of the shell growth, the reddest the feature,
see figure S3. Typically the interband transitions falls around 5000 cm™ while the reaction temperature is 60 °C and is
pushed to 3500 cm™ for a reaction at 100 °C. In this case, interband and intraband signal spectrally overlap and make

their interpretation more complex.



As HgSe and HgTe are epitaxially connected, we may believe that the observed change of the optical spectrum may
result from the strain induced by the shell on the core. XRD indeed reveals a 4% change in the HgSe lattice parameter
as the shell is grown, see figure S4. It is thus of utmost interest to quantify how the induced pressure will affect the
spectrum. The lattice parameter of the shell (augre=0.6453 nm) is larger than the one of the core (angse=0.6085 nm).
The epitaxial growth implies that HgSe will tend to expand while the shell is constrained. In our case the mismatch is

Acore — Aghell : .
=" ~ —0.06. Assuming a spherical symmetry for the core shell heterostructure, the pressure at the core
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Where E is the young modulus and v the Poisson ratio. Given the vicinity of HgSe and HgTe materials and given the
large spreading of the reported values for their mechanical parameters, It is reasonable to assume Ecore=Eshei=E=40
GPa*” and Veore=Vshei=v=0.46.38 This allows simplifying the expression of the pressure to
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The evaluation of the band edge shift expected to result from the induced pressure is given by JE = a, P, , with a,=4.9

meV/kbar® the deformation potential due to pressure. We end up with a value of the shift due to pressure of only 68
meV, which is smaller than the measured shift of the interband transition (1500 cm™ or 180 meV). As a result, pressure
is not enough to explain the experimental shift which can be mostly attributed to a change of band profile.

We then further refine our simulation model to include the electrostatic effects due to the presence of electron and
to excess of cation localized on the surface of the CQD.* It was indeed recently suggested by Liu et a/*!, in a very
inspiring paper that non stoichiometry may induce some severe modifications of the energy band profile. Thus we
self-consistently solve the Poisson and Schrodinger equation, see Sl for details. The presence of Hg excess cation
results in a bending of the bands away from the vacuum level close to the surface of the nanocrystal, see figure S9,
which further favor the injection of electrons within the CQD quantum states. Our simulation reveals that the electron
wavefunction stays confined in HgSe and is overall poorly affected by the growth of the shell whereas the hole
wavefunction is strongly impacted, see Figure 3c. The energy of the 1Se state is poorly affected by the presence of the
shell, which is consistent with the absence of shift of the intraband signal. Due to the band offset between HgSe and
HgTe, the hole tends to be located into HgTe, see Figure 3d, which result in a severe shift of the energy of the 1Sh
state. However, due to significant deviation from an ideal spherical core-shell geometry, no quantitative agreement
should be expected.
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Figure 3 a. absorption spectra of HgSe core and HgSe/HgTe core shell structure for different amount of HgTe. The
intraband signal is barely affected by the addition of HgTe, while the interband signal is amplified and redshifted. b.
Energy of the 1Se and 1Sh state of an HgSe/HgTe heterostructure (2.6 nm of radius size for the HgSe core) as a function
of the HgTe thickness. c. Conduction band profile and electron density distribution for different values of the shell
thickness. d. Valence band profile and hole density distribution for different values of the shell thickness.

Further modifications of the electronic properties resulting from the heterostructure formation can be revealed using
electronic transport combined with photoemission measurements. Transport is probed using an ion-gel electrolyte
configuration, see methods and reference ** for more details on the sample preparation and Supplementary
Information for a scheme of the device. HgSe is a n-type material, see Figure 4a, with non-monotonic transfer curve
due to Pauli blockade when the 1Se state gets fully filled (ie at 2 electrons per CQD).Y” As HgTe is grown on HgSe core,
the material turns ambipolar and both hole and electron conduction are noticeable, see Figure 4b and S9. As expected,
the HgSe/HgTe heterostructure present an intermediate behavior in term of hole mobility between HgSe (without
hole conduction) and HgTe for which electron and hole mobilities are quite close, see Figure 4c. This change of
behavior can be understood thanks to photoemission. Initially in HgSe, the energy from Fermi level to valence band
(Vo-Ef)is 1.07eV, which corresponds to the sum of the interband energy and intraband transition in the HgSe core and
means that Fermi level is almost resonant with the 1Pe state, see Figure 4e. This observation is consistent with full
bleaching of the interband optical transition. A zoom on the low binding energy part (ie close to the Fermi level) of the
spectrum reveals that the quantity Vp-Ef is decreasing while the HgTe amount is increased, see the inset of Figure 4d
as well as Figure S7 and S8. Finally, the Fermi level end up being resonant with the 1Se state, corresponding to roughly
=1 electron per CQD and is further confirmed by the fact that intraband and interband absorption present similar
magnitudes. Thanks to this measurement we can propose an effective absolute energy spectrum for the

heterostructure, see Figure 4e.
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Figure 4 a. Transfer curve (drain current as a function of gate bias) for a thin film of HgSe CQD used as channel of an
electrolyte gated transistor. b. Transfer curve for a thin film of HgSe/HgTe CQD used as channel of an electrolyte-gated
transistor. c Ratio of the electronic mobility over the hole mobility for HgSe/HgTe heterostructure with different amount
of the two materials. d. Photoemission signal relative to the valence band for a film of HgSe/HgTe CQD with different
ratio of HgTe. The inset gives the relative energy of the valence band with respect to the Fermi level as a function of
the amount of HgTe. e. Reconstructed effective electronic spectrum for HgSe core and HgSe/HgTe heterostructure in
absolute energy scale.

It is critical to determine and quantify how the heterostructure behave once used as active layer of a mid IR
photodetector. A first noticeable difference is that for similar film thickness (=100 nm), the resistance of the
heterostructure is much higher (=100 kQ) than the one reported for core only object (=10 kQ). This reduction of the
dark current mainly results from the reduction of doping. The temperature dependence of the current reveals another
key improvement, see Figure 5a. HgSe presents a poor temperature dependence and the activation energy of the
current around room temperature present a low activation of only 40 meV. In other words, not only HgSe is presenting
a large dark current, but cooling even barely improves the performance level. HgSe/HgTe heterostructures present a
strongly enhanced temperature dependence. The current drops by five orders of magnitude between 300 K and 20 K,
see Figure 5a. The activation energy of the material around room temperature is now estimated to be 180 meV, which
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is just below the intraband energy and quite close to half the interband energy. One can also note that the obtained
value is very similar to the one obtained for pure HgTe CQD, see figure S12.
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Figure 5 a. Current as a function of the temperature for thin film made of HgSe core and for an HgSe/HgTe
heterostructure. The Arrhenius fit close to room temperature range is highlighted in red. b. Bode diagram (normalized
signal magnitude) as a function of the signal frequency for thin film made of HgSe core and for an HgSe/HgTe
heterostructure. c Temporal evolution of the photoresponse from an HgSe CQD film while the light (4.4 um QCL- 8 mW
of incident power) is modulated at 10 Hz. d. Temporal evolution of the photoresponse from an HgSe/HgTe
heterostructure film while the light (4.4 um QCL- 8 mW of incident power) is modulated at 1 kHz.

The time response of the devices made with core only material or heterostructures is also investigated: we probe the
selectively the intraband photoresponse by exciting the system with a high power density quantum cascade laser
operating at 4.4 um (2200-2300 cm™). Again, HgSe films present a slow time response, as revealed in the frequency
domain by the rapidly decaying Bode diagram or in the time domain with a rise/decay time of 7 ms. The HgSe/HgTe
heterostructure presents a much faster photoresponse with a flat Bode diagram up to 1 kHz. The corresponding time
response is estimated to be around 50 ps and is actually limited by the speed of the mechanical chopper used for the
measurements. Such fast photoresponse is unlikely to result from a bolometric effect and thus can be fully attributed
to photoconduction. To our understanding, the fastening of the photoresponse is the result of two effects. For a given
surface chemistry, HgTe present a higher mobility than HgSe,*? contributing for a small factor 10 to 100 in the fastening
of the time reponse: under interband excitation, HgTe presents a much faster time response than HgSe because of the
better charge carrier mobility. Since HgSe in only a n-type material, under interband excitation, the hole stay trapped.
To preserve the material neutrality, electrons will flow and recirculate as long as the hole remains (ie until it gets
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recombined with an electron or with some environment molecule). This generates gain® but slows down the response
since the latter is now driven by the minority carrier trapping time. In HgSe/HgTe heterostructure, as predicted in our
simulation, see Figure 1 ans S5, there is an interband absorption which is now overlapping with the intraband
transition. The latter has a type Il character with the hole localized in HgTe and the electron in HgSe. In this transition
the electron and hole are inherently spatially separated which unfavors their recombination and trapping, while giving
them a interband character similar to that of HgTe, hence allowing for fast detection

To finish, we have measured the responsivity and noise current density of a thin film made of pure HgSe and from
HgSe/HgTe heterostructure, see figure S13 and S14 to determine their relative specific detectivity (ie signal to noise
ratio). As expected for nanocrystal film the noise is limited by its 1/f contribution,* see figure S14. We have determined
that at room temperature and low frequency (10 Hz) the detectivity of the heterostructured material is already 30
times higher than the value obtained for pure HgSe, while these conditions do not benefit from all improvements
(larger activation energy and faster response) obtained in HgSe/HgTe.

CONCLUSION

So far, devices relying on intraband transitions into colloidal CQD were suffering from key limitations preventing the
obtention of competitive performances. Moreover, most attempts to tune the material were leading to a partial or
complete disappearing of the intraband signal. Here we demonstrate the growth of HgSe/HgTe heterostruture, where
the intraband signal is preserved. We investigate the electronic spectrum of this material using a combination of
numerical simulation, infrared spectroscopy, electronic transport and photoemission measurements. We bring
evidence for a type Il band alignment in our heterostructure, a reduced doping compared to pure HgSe core and
enhanced hole mobility. This modified spectrum is then used to obtain enhanced mid IR photonductive performances,
with a reduced dark current, stronger temperature dependence (ie even more dark current reduction at low
temperature), accelerated photoresponse with time response faster than 50 us and increased detectivity by a factor
30. Our strategy is very promising to bring performances of intraband-based materials to the same level of interband-
based materials.
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