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Abstract: 1I-VI 2D nanoplatelets (NPLs) are, among nanocrystals (NCs), those with the narrowest
optical features. This property remains true for Hg based NPLs, despite a cation exchange
procedure to obtain them from Cd based NPL which leads to structural defects (poorly defined edge
and voids) inducing inhomogeneous broadening. Here, we propose an optimized procedure for
which solvent, surface chemistry and reaction condition are rationally considered. The procedure is
applied to the growth of alloyed HgSeixTex NPLs with various compositions. We report bright
photoluminescence for all compositions. Because structural properties are now well defined, it is
now possible to study the electronic properties of these objects. To do so, we combine k-p modeling
of quantum confined structures with X-ray photoemission. In particular, we clarify the origin of the
similarity of the absorption spectra of CdTe and HgTe NPLs, while bulk band structures are so
different. Last, static and time resolved photoemission unveil a crossover from n- to p- type behavior
in HgSe1xTex NPLs while increasing the Te content.
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Introduction

Among nanocrystals (NCs), 2D nanoplatelets'=3 (NPLs) offer a unique playground. The well-defined
facets enable a growth with a monolayer control.#® Their photoluminescence (PL) spectrum is also
the narrowest among NCs ones and finally the large particle volume reduces Auger effect,®’
enabling high performing light emitting diodes®-1° (LED) or low threshold lasers.-13

Initially proposed for cadmium chalcogenides with visible band gap, the concept of 2D NPLs has
been extended to infrared materials such as lead'**® and mercury chalcogenides'®2?* (HgX).. HgTe
NPLs being obtained from Cd based NPLs with atomic layer control on the roughness, the
associated PL signal is the narrowest reported among NCs ones in the near-IR. The synthesis of
HgTe NPLs has already been established however it suffers from several issues. (i) First, the
synthesis is not direct: HgTe NPLs are obtained from CdTe NPLs by cation exchange. As we will
discuss later, the current exchange conditions remain unoptimized, leading to poorly defined NPL
edges and to the presence of holes, see electron microscopy image in Figure 1c. (ii) Secondly, they
lack spectral tunability. Even though a redshift of the band-edge can be obtained by modifying the
surface chemistry,2%24 only 3 monolayer (ML) NPLs have been reported so far (3 ML NPLs present
4 planes of cations alternated with 3 planes of chalcogens). Cation exchange appears to be self-
limited to surface cadmiums (likely due to the bulkiness of Hg cations and the topotaxial exchange)
and attempts to perform cation exchange of thicker NPLs have led to core/shell structures where
the inner cadmium planes remain unaffected.?? Moreover, while alloying,?>?’ doping,?-3! and
electrical charging3? appear as possible alternatives to quantum confinement to shift the spectral
response for Cd based NPLs, none of these strategies have been reported yet for Hg based NPLs.
(i) Last, PL has only been reported for HgTe NPLs, while HgSe NPLs remains non emissive until
recent of core shell structure3.

These restrictions call for an optimized procedure to obtain HgX NPLs. Here, we first highlight the
limitations of the current procedure and show that cation exchange can affect the NPL morphology.
Using k:-p simulations, we unveil the influence of structural defects in the inhomogeneous
broadening. We then propose an optimized procedure where the solvent, the temperature and the
surface chemistry have been revisited. In a second step, we apply this procedure to the growth of
alloyed HgSei-xTex NPLs and show that all compositions can be obtained while preserving the NPLs
morphology and their PL. Finally, we use k:p modelling, static and time resolved X-ray
photoemission (XPS) to explore the electronic structure of the HgSei1xTex NPLs. We in particular
reveal why the spectrum of the HgTe(Se) NPLs looks similar — though shifted — to the one observed
for CdTe(Se), while the bulk electronic structures are significantly different. Moreover, we bring
evidence for a cross over from n-type to p-type as the composition of HgSei1-xTex NPLs switches
from Se rich to Te rich. Beyond color change, this result is promising for the pn junction design that
remains undemonstrated using NPLs34,



Experimental section

Chemicals: Octadecene (ODE) (Sigma-Aldrich, 90%), Cadmium Acetate anhydrous (Cd(Ac)2)
(Sigma-Aldrich, 99.995%), Cadmium Oxide (CdO) (Strem 99.99%), Dodecanethiol (DDT, Sigma-
Aldrich, 98%),1,2 Ethanedithiol (EDT, Fluka, 98%), Mercury acetate (Hg(Ac)2, Merck, 99%), Myristic
Acid (Sigma-Aldrich 99%), Propionic Acid (Sigma-Aldrich 99%), Sodium Oleate (Sigma Aldrich,
>82%) Selenium powder (Se) (Strem chemicals 99.99%), Tellurium powder (Te) (Sigma-Aldrich
99.99%), Oleic Acid (OA) (Sigma-Aldrich 90%), Oleylamine (OLA, Acros, 80-90%),
Trioctylphosphine (TOP) (Alpha Aesar, 90%), Chlorobenzene (CB, Alpha Aesar, 99%), Chloroform
(Carlo Erba), Dichloromethane (DCM, Sigma Aldrich, >99,8%), n-Octane (SDS, 99%),
Tetrachloroethylene (TCE, VWR) Toluene (VWR 99.5%), n-Hexane (VWR 99%), Ethanol (VWR
96%). All chemicals are used as received. Mercury compounds are highly toxic. Handle them
with special care.

1 M TOPTe precursor: 2.54 g of Te powder are mixed with 20 mL of TOP in a three-neck flask. The
flask is kept under vacuum at room temperature for 5 min before the temperature was raised to 100
°C. Degassing is conducted at this temperature for 20 min. Then, the atmosphere is switched to N2
and the temperature is raised to 275 °C. The solution is stirred until a clear orange coloration is
obtained. The flask is afterwards cooled down to room temperature and the color turns to yellow.
Finally, this solution is transferred to a nitrogen-filled glove box for storage.

1M TOPSe: 1.58 g of selenide powder are mixed and stirred with 20 mL of TOP overnight until
complete dissolution of the selenium. This solution is then stored inside the glove box.

Cadmium Myristate: In a 50 mL three-neck flask, 2.56 g of CdO (20 mmol) and 11 g of myristic
acid (50 mmol) are mixed and degassed for 30 min at 80 °C. Then, under argon flow, the
temperature is set to 200 °C until the solution becomes colorless. At 60 °C, 30 mL of methanol are
added to solubilize the excess of myristic acid. Cadmium Myristate is precipitated using a centrifuge
tube with methanol. The washing process is repeated at least three times. The final powder is dried
overnight under vacuum at 70°C.

Cadmium propionate: In a 100 mL three-neck flask, 5.18 g of CdO (40.3 mmol) and 50 mL of
propionic acid are mixed and heated at 70 °C for 1 h under argon atmosphere. When the entire solid
is dissolved and a colorless solution is obtained, the heating is stopped and acetone is added to
precipitate Cadmium Propionate. The powder is centrifugated and washed at least 3 times with
acetone then set under vacuum over the night.

CdSeixTex NPL synthesis: In a 50 mL three-neck flask, 120 mg of Cd(Myr)2 and 12 mL of ODE
are mixed and degassed at room temperature for 30 min. The atmosphere is switched to argon and
the temperature increased to 230°C. A mix of 60 mg of Cd(Ac)2and 160 mg of Cd(Prop)zis added.
1 min later, a mix of 150 pL of different ratios of TOPTe and TOPSe, 200 pL of OA and 2 mL of ODE
is added at a 8 mL.h! rate. After 30 min, the reaction is quenched by cooling down and adding oleic
acid. The NPLs are centrifugated twice with 15 mL of hexane and 15 mL of ethanol then redispersed
in 10 mL of hexane. Different ratios of Se:Te have been used to modify the composition of the
nanoplatelets and are in good agreement with the measure realized.

CdSe NPL synthesis: In a 50 mL three-neck flask, 240 mg of Cd(Ac)2 and 15 mL of ODE are mixed
and degassed at 60 °C for 30 min. Under argon flow, the temperature is set to 190 °C then a mixture
of 600 pL of TOPSe 1M, 200 uL of OA and 5 mL of ODE, is added dropwise at a 4 mL.h! rate. The



mixture is then cooled down to room temperature. The NPLs are centrifugated twice with 15 mL of
hexane and 15 mL of ethanol then redispersed in 10 mL of hexane.

CdTe NPL synthesis: In a 100 mL three-neck flask, 390 mg of Cd(Prop)2, 240 pL of OA and 30 mL
of ODE are mixed and degassed at 90 °C for 1 h. Under argon flow, the temperature is set to 210
°C. Then, a mixture of 300 pL of TOPTe 1M and 1.5 mL of ODE is added to the mixture. After 30
min at 210 °C, the mixture is cooled down and 1.7 mL of oleic acid is added. The NPLs are
centrifugated twice with 15 mL of hexane and 20 mL of ethanol then redispersed in 30 mL of hexane.

Optimized cation exchange procedure: In a glass tube, add 200 pL CdSeixTex (4 pmol of Cd)
redispersed in 3 mL of TCE. The tubes are stored in a fridge until the temperature reaches 5°C.
Then, 50 pL of Hg(OA)2 (0.08 M in OA) and 2 eq (for CdTe), 4 eq (for CdSeo.2sTeo.75), 6 eq (for
CdSeosTeos), 8 eq (for CdSeo.7sTeo.25), 10 eq (for CdSe) of Hg(Ac)z2 (0.1 M in OLAm; 1eq = 40 pL)
are added. The reaction is over when the absorption features stabilize. The NPLs are then
precipitated by adding few drops of ethanol and centrifugated at 12000 rpm for 1 min. The NPLs are
finally suspended in 1 mL of TCE.

Absorption spectroscopy: UV-visible spectra were obtained by a Cary5000 spectrometer.

Photoluminescence spectroscopy: Photoluminescence and excitation spectra are obtained with
an Edinburgh Instrument spectrometer. During the measurements, the NPLs were dispersed in
tetrachloroethylene.

Photoluminescence quantum yield (PLQY): The PLQY of HgTe NCs in solution was obtained by
an Edinburgh Instrument spectrometer equipped with an integrating sphere. The samples were
excited at 700 nm with a Xe lamp, and the photons were collected with an InGaAs detector cooled
by liquid No.

Diffraction: X-ray diffraction (XRD) pattern is obtained by drop-casting the solution of nanocrystals
on a Si wafer. The diffractometer is a Philips X’Pert, based on the emission of the Cu Ka (A=0.154
nm) line operated at 40 kV and 40 mA current.

Elemental analysis using X-ray dispersive spectroscopy (EDX): For EDX analysis the particles
are spread on a conductive carbon tape. The EDX analysis is performed by a FEI Magellan scanning
electron microscope operated at 15 kV and 1.6 nA. The X-ray analysis is made with an Oxford
probe.

TEM: A drop of diluted NCs solution was drop-casted onto a copper grid covered with an amorphous
carbon film. The grid was degassed overnight under secondary vacuum. Imaging was conducted
using a JEOL 2010 transmission electron microscope operated at 200 kV.

X-ray photoemission measurements: For photoemission spectroscopy, we use the Tempo
beamline of synchrotron Soleil. Films of nanocrystals are spin-casted onto a gold coated Si substrate
(the gold layer was 80 nm thick). The ligands of the nanocrystals are exchanged using the same
procedure as for device fabrication to avoid any charging effects during measurements. Samples
are introduced in the preparation chamber and degassed until a vacuum below 10-° mbar is reached.
Then samples are then introduced in the analysis chamber. The signal is acquired by a MBS A-1
photoelectron analyzer equipped with a delay line detector developed by Elettra.3> Acquisition is
done at constant pass energy (50 eV) within the detector. Photon energy of 150 eV is used for the
acquisition of valence bands and work functions while 600 eV photon energy is used for the analysis
of the core levels. A gold substrate is used to calibrate the Fermi energy. The absolute value of the
incoming photon energy is determined by measuring the first and second orders of Au4f core level



peaks. Then for a given analyzer pass energy, we measure the Fermi edge and set its binding
energy as zero. The same shift is applied to all spectra acquired with the same pass energy. To
determine the work function, we apply an 18 V bias, whose exact value has been determined by
looking at the shift of a Fermi edge.

Time resolved X-ray photoemission measurements (TrXPS): The sample is excited by a 405
nm pulsed laser diode. The pulse duration is around 40 us. The output equivalent CW power used
for the experiment is 100 mW and the beam spot is typically 300 um x 300 pum (synchrotron beam)
and 400 um x 2 mm (laser beam). The laser beam is spatially aligned to overlap with the synchrotron
beam on the sample holder. The pump probe TrXPS is conducted in a stroboscopic configuration
where the temporal resolution is given by the time response of the photoemission analyzer. The
latter is estimated to be 30 ns, limited by the spread of the electrons between the hemispheres.
Then, the photoemission spectrum of a given core level is acquired every 10 ns. Each spectrum of
the series is fitted by two Gaussians to extract the kinetic energy of each peak. This procedure
enables to follow energy shifts as small as 5 meV.

k-p modelling: The electronic structure is calculated using the three-dimensional, 8-band k-p model
for zinc-blende semiconductors grown along [001], proposed by Novik and co-workers®® . HgTe
parameters are taken from the same source,3® and HgSe parameters from Ref 37. The nanoplatelet
is modeled as a cuboidal box with a finite confinement potential of 4 eV outside the inorganic region.
Excitonic effects are disregarded on account of the large effective Bohr radius (tens of nm). The
resulting states are then multi-component spinors of the form W(r) = ¥8_, £,(+) u,(r), where £, ()
is the envelope function associated to the periodic Bloch function u,, (r). The latter corresponds to
states at the Gamma point of bulk, u,(r) = |T,j,), with ' indicating the band symmetry and j, the
Bloch angular momentum projection. Specifically, we considered u,(r) = |I, +1/2) and u,(r) =
|Ts, —1/2) — which we refer to as “electron” bands by analogy with the conduction band of most I1-VI
zinc-blende semiconductors— us(r) = |I, +3/2) and u,(r) = |I3,—3/2) — heavy hole bands -
us(r) = |Ig, +1/2) and ug(r) = |Ig,—1/2) — light hole bands - and - wu,(r) =|I;,+1/2) and
ug(r) = |I;, —1/2) — split-off bands. The weight of a given band within W(r) is estimated from (£, |f,.)-
For quantum well simulations, in-plane wave vectors were set to kx=ky=0 (subband edge), which
makes Hamiltonian one-dimensional. In this case, the 8-band Hamiltonian decouples into two 1-
band Hamiltonians (for heavy holes with either spin) plus two 3-band Hamiltonians (coupling
electron, light hole and split-off subbands with the same spin). Absorption spectra are calculated
using Fermi golden’s rule within the dipole approximation, considering intra and interband terms.
This provides the delta-like peaks in Figure 4d, which correspond to the onset of a quantum well
subband. To simulate the complete quantum well absorption, the peaks are broadened using
Lorentzian functions with a phenomenological width of 50 meV which accounts for coupling to
phonons, size dispersion, etc. Also, the absorption beyond the band edge (i.e. finite in-plane wave
vectors) is accounted for by adding a Fermi function at 300 K. The height of this function is taken to
be half that of the subband edge peak, which is a phenomenological representation of the lack of
excitonic interactions in the continuum. In 3D simulations (Figure 1), the gamma parameter ys is set
to 0.9 (instead of 1.3) to grant ellipticity of the differential equation system, and hence avoid spurious
states. We have tested this has a minor influence on the energies.



Results and discussion

To understand the need for an optimized growth of HgX NPLs, we start by discussing the limitations
of the current method.'® HgTe NPLs are obtained using a two step procedure. First CdTe NPLs of
3 MLs are synthetized using the procedure by Pedetti et al*®. They display a band edge at 500 nm
(2.47 eV), associated with an extremely narrow PL signal (30 meV for the full witdh at half
maximum), with a weak Stokes shift compared to the absorption edge, see Figure 1a. These NPLs,
suspended in toluene, are then exposed to Hg?* cations, through a mercury salt (Hg(Acz)) dissolved
in oleylamine. The presence of amines is essential to preserve the 2D aspect of the NPLs. With their
bulky lateral chains, long aliphatic chain amines are used to slow down the reaction and avoid shape
reconstruction®®. During the cation exchange procedure, the absorption band edge first disapears
before being recovered with a strong redshift (912 nm or 1.35 eV with a 50 meV Stokes shift), see
Figure 1b. Transmission electron microscopy (TEM) reveals that indeed the 2D shape is preserved,
but the morphology is partly damaged. The edges of the NPLs have a fractal structure and voids
are present in the inner part of the NPLs, see Figure 1c.
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Figure 1. HgTe NPL growth using cation exchange. a. Absorption and PL spectra of 3 ML CdTe
NPLs. b. Absorption and PL spectra of 3 ML HgTe NPLs. c. TEM image of 3 ML HgX NPLs using
the procedure from ref 18 (X: Se or Te or a mix). d. Calculated shift of the band gap in the presence
of geometric defects.



This change of morphology also impacts the spectroscopic properties of the NPLs. The ratio of the
full width at half maximum over the PL peak energy increases from 1.2% for CdTe NPLs to 6% for
HgTe NPLs. Moreover, although the Stokes shift was very weak in the case of the CdTe spectra, it
is clearly observed for HgTe. To better relate this change of band morphology to the spectroscopic
changes, we then model the electronic structure of HgTe NPL using k-p modeling. A cuboidal NPL
with dimensions 50x20x1 nm? is considered. It corresponds to the smallest NPLs observed in our
samples. We then compare the band gap in the absence and presence of surface defects, which
are modeled as small hole(s) in the NPL which surface is 5 x 5 nm3, see Figure 1d. If the number
of defects is small and off-centered, the impact on the band gap energy is minor (few meV shift <<
kbT or NPL PL linewidth, see left-most result in Figure 1d). However, an increasing number of
defects, and/or their presence near the NPLs center, efficiently reduces the area available for the
exciton, introducing lateral confinement and hence a blueshift of the band gap energy (mid and right-
most results in Figure 1d).

To rationalize the cation exchange procedure, we can decompose this process in two steps. First
the Cd?* ions have to diffuse out of the NPL,then Hg?* ions diffuse to the surface and finally within
the NPL, see Figure 2b. Thus, the energetic path corresponding to the reaction can be associated
with two energetic barriers®, see Figure 2a. To preserve, during the reaction, quasi equilibrium
conditions which will prevent a surface reoganization, our strategy consists in slowing down the
reaction. It has been previously demonstrated by Izquierdo et al*® that long amine chains
(oleylamine) slow down the cation exchange procedure compared to moderate length amines
((tri)octylamine). This strategy allows to minimize the disturbance of the anion lattice during the
exchange procedure. To do so, we tune three experimental conditions: (i) temperature (ii) solvent
and (iii) ligands.

First, one can play on the global system energy through the temperature. The usual procedure is
conducted at room temperature. We thus performed the reaction at 5°C and -20°C, see Figure 2e.
When the temperature is too low (i.e. -20 °C), the reaction is quenched and the CdTe excitonic
features is not fully transformed into HgTe features: there is a kinetic freeze, see Figure S4.
However, an intermediate temperature (+5°C) enables a full cation exchange and the formation of
HgTe NPLs with well-defined optical features and low diffusion at long wavelength.

A second strategy to slow down the reaction is to change the solvent. The latter is involved during
the cation exchange,*®*! by solubilizing or not the involved cations. We thus screen a series of
solvent to observe their influence on the final materials see Figure 2d and S2-3. For most of them,
we observe a clear tail of absorption at wavelengths beyond the excitonic peak. Consistently with
previous works, solvents such as chloroform completely etch the NPLs*’, see Figure S2.
Tetrachloroethylene (TCE) leads to the best performance while preserving the NPLs shape (Figure
2f) and with better defined excitonic features espcially in the case of CdSe, see Figure 2d. We
correlate that to the slower reaction kinetic observed in this solvent, see figure S3. Through its
chloride atoms, the TCE brings the presence of a soft base inside the system leading to a better
solvation of the Hg?* cation, making the cation exchange less thermodynamically favorable.
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Figure 2: Optimized cation exchange procedure. a. Energetic profile of the cation exchange
procedure from CdTe to HgTe NPL with two potential barriers. The first barrier relates to the diffusion
of the Cd ions toward the surface and through the ligand shell while the second results from the Hg
ions migration up to and within the NPL. b. Scheme of the cation exchange procedure conducted
with non-bulky precursors, Cd?* ions easily come out and Hg?* ions have fast access to the surface
of the NPL. c. Scheme of the cation exchange procedure conducted with bulky precursors, Cd2*
extraction is slowed down by capping ligands and Hg2* ions approach is also slowed down due to
lower diffusivity of the bulky ions. d. Absorption spectra of the HgSeosTeos NPLs while cation
exchange is conducted, at room temperature, in various solvents, see associated TEM pictures in
figure S2. e. Absorption spectra of the HgSeosTeos NPLs while cation exchange is conducted at
various temperatures in TCE. f. TEM image of HgSeosTeos NPLs obtained with optimized cation
exchange procedure.

Keeping this idea of cations solvation, we also change the ligands introduced during the exchange
to affect the reaction kinetic. First, ligands located in the coordinating sphere of the incoming cations
make it more bulky (similarly to what was previously observed in the case of oleylamine). These
ligands also lead to a modification of the surface chemistry and eventually an increase in steric
hindrance on the NPLs surface. Both phenomena induce an increase in the energetic barrier to
overcome and hence a slowing down in the cation diffusion toward the NPL surface, see Figure 2a-
c. We demonstrate here this trend using oleate as a bulky ligand, see Figure S6. Similarly to the
effect of temperature, there is a trade-off in the introduction of oleate. While no oleate leads to poorly
defined NPLs, an excess of it quenches the reaction and prevents the transformation of the CdTe
NPLs into HgTe NPLs, see Figure S6. We also notice that the introduction of oleates has a beneficial
role to stabilize the NPL surface, see Figure S5. In particular, the oleate helps to better preserve the
excitonic features after the NPL washing steps (Figure S5a), while TEM pictures show that in
presence of oleate the edges of the NPL are preserved..

To summarize, we now update the cation exchange procedure while conducting it into
tetrachloroethylene at a reduced temperature (+5°C), in presence of oleate. In the next step, we
apply this procedure to a series of 3.5 ML CdSei-xTex NPLs whose ratio x in Te is tuned from O to 1
by steps of 25 %, see Figure S1 and table S1 for the properties of the CdSe1-xTex NPLs. TEM reveals
that HgSe1-xTex NPLs, due to the higher softness of Hg based materials, mostly lie flat onto the
substrate, in comparison with CdSei1xTex NPLs that can easily roll on themselves, see Figure S7.
The absorption and PL spectra of the HgSei1xTex NPLs are given in Figure 3a and Table S2. All of



them present well defined absorption edges and luminescence properties. It is worth pointing that
PL efficiency was too weak to measure spectrum with the early cation exchange procedure!? in the
case of HgSe, while with optimized procedure the PL quantum yield span from 5 to 15 % depending
on the Se content. It is also worth mentioning that, contrary to our expectations, the linewidth of the
final NPLs is not narrower with this optmized procedure, we even notice a small increase from 60 to
80 meV of the full width at half maximum. This increase actually reflects that, using the optimized
procedure, the NPLs are finally capped by a mixture of amines and oleates, while surface chemitry
can strongly affects the final exciton energy by finely tuning the actual wave function delocatlization.

To confirm the alloy character of the NPLs, we use X-ray diffraction (XRD) and photoemission
spectroscopy (XPS). XPS (Figure 5a and S10) confirms the presence of Se and Te atoms in the
alloyed NPLs. On XRD patterns, the diffraction peaks shift to smaller angles as the Te content
increases in NPLs (Figure 3b). It is associated with a continuous increase of the lattice parameter
while changing the composition of HgSei-xTex NPLs from HgSe to HgTe (Figure 3c ). This shift
explains the rate increase observed during cation exchange as the Te content increases. Indeed,
this process is sensitive to the diffusion of the cation inside the NPL, thus, a larger lattice parameter
should induce a faster diffusion, see Fig S8. In addition, the fact that we observe a shift of the peak
rather than a doublet of peaks confirms the homogeneous composition of the alloy in the NPLs.
Interestingly, the band gap shift, contrary to the lattice parameter shift, is non linear with the NPL
composition. The latter effect, called bowing effect, was previously observed on CdSe1xTex NPLs.?®
The bowing factor is estimated to be b=0.36 for the HgSeixTex alloyed NPL, see figure S9. The
band gap of HgSei1xTex alloyed NPLs is very close to the one observed for the HgTe NPLs, even
for high Se contents. On the other hand, the linewidth is affected by the Te content and alloyed
NPLs tend to present broader PL.
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Figure 3: Spectroscopic and structural properties of alloyed HgSei1xTex NPLs. a. Absorption
(solid lines) and PL (dashed lines) spectra of HgSe1.xTex NPLs with various compositions. For the
sake of clarity, the spectra of various compositions have been vertically shifted. b. X-ray diffraction
pattern for a film made of HgSe1.xTex NPLs with various compositions. For the sake of clarity, the
diffractograms of various compositions have been vertically shifted. Vertical dashed lines are here
as guide lines of the peak positions for zinc blende HgTe (red lines) and HgSe (blue lines) of lattice
parameters angre=0.65 nm and angse=0.61 nm. c. Band-edge energy and lattice parameter of
HgSeTe NPLs as a function of the Te content.

To better understand the photophysics of HgTe and HgSe NPL, their band structure is analyzed
using k-p Hamiltonians. Studies on the band structure of epitaxially grown HgTe quantum wells are
available in the litterature,***° but these are few-nm thick objects with moderate band offsets. By



contrast, the NPLs we synthesize are in a much stronger quantum confinement regime, which calls
for specific assessment. For the present discussion, we focus on HgTe NPLs, but the same
observations hold for HgSe NPLs, see Figure S11.
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Figure 4: Band structure of HgTe and HgSe NPL. a. Dispersion diagram of bulk HgTe around the
center of the Brillouin zone (I point). The labels give the symmetry in the double group of Tq at I
(k=0). Vertical arrows indicate interacting bands away from k=0. b. Energy of HgTe quantum well
subbands as a function of the well thickness, with n the number of nodes along the confined
dimension. In a and b, Er is the bulk Fermi level and the line colors denote the band composition.
c. Schematic of the band mixing taking place in quantum confined systems. Vertical arrows indicate
interacting subbands. d. Calculated absorption spectrum of HgSe (top) and HgTe (bottom) for 1 nm
thick wells. Vertical lines show the onset of subband absorption and its oscillator strength.

Figure 4a shows the band dispersion of bulk HgTe near the center of the Brillouin zone, calculated
with an 8-band k:p Hamiltonian. At the I' point, the semimetal nature is clearly observed, with
degenerate p-like 's (heavy hole, HH, and light hole, LH) bands leaving zero band gap. The s-like
I'e band, which forms the electron (E) conduction band in most zinc-blende semiconductors, is here
below the Fermi level, thus providing the characteristic band inversion of mercury chalcogenides.
Away from the I point (i.e. when k#0), the LH band starts coupling with E and split-off (SO) bands
through the Kane parameter, as indicated by the vertical arrows. A first approximation to the band
structure of HgTe NPL was given within this bulk model?3, assuming that the measured optical gap
of 1.35 eV could be associated to a wave vector of k ~ 0.2 (2m/ay4r.), Where angre is the lattice
constant. This resulted in severe band coupling, with the conduction band having comparable LH
and E character (notice the blended green and orange colors in Figure 4a). Here, we revise this



conclusion using a truly quantum confined model. The lack of translational symmetry along the
direction of strong confinement of the NPL implies that the wave vector k; is no longer a good
guantum number, and it must be replaced by a momentum operator. A one-dimensional quantum
well Hamiltonian is then obtained, which has proved successful in describing the photophysics of
CdSe NPL.%¢ Figure 4b shows that the HgTe subbands calculated with such a Hamiltonian are
strongly influenced by the NPL thickness, L. A transition from semimetal to semiconductor takes
place at L, = 6 nm, with a band gap opening around the Fermi level. For L.=1 nm, the gap reaches
1.3 eV, in close agreement with our experiments.

Even though the eigenstates of the quantum well Hamiltonian are formed by a mixture of bands, we
find states above the Fermi level (EF) have mainly E-band character, with an increasing number of
nodes in the confined direction (n=0,1,2...). Likewise, states below Er show a dominant HH, LH or
SO character. The mixing is weak compared to the bulk approach??, and the thinner the NPL the
more so. For HgTe NPL with L,=1 nm, which is the experimental regime, the conduction band ground
state is 85% E-band. More details on the wave functions and band weights as a function of the NPL
thickness is given in Figs. S11 and S12.

The relative purity of the subbands near the Fermi level (Er) for thin NPLs can be understood from
simple selection rules. In the 1D 8-band k-p Hamiltonian, E and LH bands are coupled by the linear
momentum operator p;36. This operator is antisymmetric with respect to the inversion along [001].
On the other hand, envelope functions with even (resp. odd) number of nodes are symmetric (resp.
antisymmetric). Therefore, the matrix elements (fg"lpzlf[},) are only finite if n and n’ have opposite
parity (e.g. n=n’+1). A similar reasoning for the coupling between LH and SO bands, which is
mediated by p;2, shows that in such a case n and n’ must have the same parity (e.g. n=n’). These
symmetry considerations lead to the scheme of subband coupling depicted in Figure 4c. One can
notice that the lowest E state (n=0) couples to the first LH state with one node (n=1). Because
guantum confinement is very strong in the NPL, the n=1 LH state is far in energy, which makes the
coupling weak.

The electronic structure described above gives rise to the absorption spectra plotted in Figure 4d,
which we calculated for HgTe and HgSe NPL with L,=1 nm. All transitions involve E(n=0) as the
final state, and they arise — from longest to shortest wavelength — from the HH(n=0), LH(n=0) and
SO(n=0) subbands. This spectral assignment is very similar to that of usual metal chalcogenide
NPLs, such as CdTe and CdSe*®*8, in spite of HgTe and HgSe having qualitatively singular band
structure in bulk.

Now that the optical spectrum of the NPLs is unveiled, we still have to address its absolute energy
(i.e. vs vacuum level) which appears as a critical parameter for later integration of the NPLs into
devices. As already stated, the presence of both Se and Te is confirmed by XPS (Figure 5a). We
also notice the presence of S atoms coming from the thiol ligands used to make the film conductive
and thus to avoid charging effects. Note that the oxygen contribution is very weak despite the air
preparation of the samples, we can confidently exclude any oxidation of the NPLs. On the other
hand, C1s contribution is clearly visible and results from the capping ligands. Hg 4f states display a
strong contribution around 99 eV in binding energy with low effects from the Se content, see Figure
S10. A small Cd contribution (Cd 4d state at around 405 eV) is also visible but its presence is not
systematical, confirming that most Cd has been suppressed during the cation exchange procedure.



We then have a deeper look on the material band alignment, the photoemission signal from the cut-
off of secondary electrons and valance band are given in Figure S14. In this case the samples are
capped with shorter thiol ligands, not only to avoid charging effects during the XPS measurement
but also to be more representative of conductive films used into devices. The band gap of the
material capped with thiols is redshifted with respect to the NPL capped with oleate/amine ligands,
see Figure S13 and table S3. For example, HgTe band edge is shifted from 1.35 eV to 1.17 eV.
Considering this new band gap for each material and the relative energy of their valance band with
respect to the Fermi level, we establish the band diagram of the HgSe1-xTex NPLs as a function of
the Te content, see Figure 5b. The Fermi level shifts from the upper part to the bottom part of the
band gap as the Te content increases, while remaining in the band gap Thus, we can anticipate a
change from n-type to p-type as the Te content increases, as further discussed later. Another striking
feature that we can observe is a larger shift of the valence band than the conduction band. This
behavior contrasts with the one observed for size dependence of HgTe.*° Indeed, in HgTe, because
of the large asymmetry between the hole and the electron??® (mn*/me*=25 with mn* and me* the hole
and electron effective mass), the quantum confinement mostly affects the conduction band. In
mercury chalcogenides the valence band (I's— HH) is mostly made of p type chalcogenides orbitals,
the large change of valence band energy upon alloying thus reflects the difference of work function
between Se and Te®C. In this sense, alloying offers a complementary way to tune the band alignment
while keeping the band gap slightly unaffected.

To confirm the crossover from n- to p-type, we used time resolved photoemission (TrXPS). It is a
pump-probe approach, where a laser pulse at 405 nm (3 eV — 40 us pulse duration) excites the
NPLs and the synchrotron beam probes the core level. As light is absorbed, the band bending of
the surface of the sample is partly reduced which results in a shift of the core level binding energy.
In particular, this method is a convenient strategy to determine the nature of the majority carrier in
a semiconductor sample.?0:21.3551-53 A negative (i.e. reduction of the binding energy) shift under
illumination is the signature of a down ward band bending and is consistent with a p-type interface,
while an increase of the binding energy is assigned to a n-type interface. Here, we follow the Hg 4f
states while the HgSei1xTex NPLs are illuminated, see Figure 5c. We notice a change from a positive
to a negative shift as the Te content increases, see Figure 5c-d. This is consistent with static
photoemission measurements, even if they do not probe the same effect: p-type nature is observed
for Te content >50 % while samples with high Se content are n-type. Given the weak change of
band gap with alloying this approach is of utmost interest to build a pn junction.
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Figure 5: Electronic properties of HgSeixTex NPLs with various compositions. a. X-ray
photoemission overview spectra for HgSeixTex NPLs with various compositions. Analysis of the
core levels are given in Figure S8. b. Band alignment of the HgSeixTex NPLs with various
compositions. Analysis of the valance bands are given in Figure S12. c. Temporal shift of the binding
energy of the Hg4f states from HgSe1xTex NPLs with various compositions, followed by XPS while
sample is illuminated by a pulse of light at 405 nm. The dashed lines are base lines. d. Shift of the
Hg 4f binding energy measured by TrXPS as a function of the Te content for HgSe1.xTex NPLs.

CONCLUSION

We have shown that previous procedure to grow HgTe and HgSe NPLs was suffering from key
limitations and in particular a lack of PL in the case of HgSe NPLs. Moreover, the cation exchange
leads to a shape reconstruction of NPLs and tends to broaden the optical features as revealed by
k.p model. We then propose an optimized procedure where cation exchange is slowed down. To
reach this goal, the reaction has to be conducted at low temperature (5°C), using TCE as a solvent
and oleates as ligands. This leads to void-free NPLs with well-defined edges with reduced post
exciton absorption. The procedure is then applied to alloys of HgSei1xTex. Thanks to this optimized
procedure, all compositions now present PL, while the alloyed nature is confirmed by XRD. Since
the NPLs are obtained with a better-defined structure, it is now possible to discuss more clearly their
electronic structure. In this regard, we show that the strong quantum confinement and inversion
symmetry of NPLs induce the same transitions in Hg and Cd based NPLs. It explains the similar
spectral shape for the two NPLs despite different bulk band structure. Finally, XPS unveils a
crossover from n- to p-type in HgSeixTex NPL while the Te content is increased.

ASSOCIATED CONTENT

Supplementary material includes extra material discussing: (i) CdSeTe NPL growth, (i) Optimized
cation exchange procedure, (iii) Alloyed HgSeTe NPL, (iv) kp Modelling of HgTe and HgSe NPL, (v)
Band alignment of HgSeTe NPL.
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