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Abstract: HgTe colloidal nanocrystals (NCs) have become a promising building block for infrared
optoelectronics. Despite their cubic zinc blende lattice, HgTe NCs tend to grow in a multipodic
fashion, leading to poor shape and size control. Strategies to obtain HgTe NCs with well-controlled
sizes and shapes remain limited and sometimes challenging to handle, increasing the need for a
new growth process. Here, we explore a synthetic route via seeded growth. In this approach, the
small HgTe seeds are nucleated in the first step, and they show narrow and bright
photoluminescence with 75% quantum yield in the near infrared region. Once integrated into Light
emitting diodes (LEDs), these seeds lead to devices with high radiance up to 20 W-Srm= and a
long lifetime. Heating HgTe seeds formed at the early stage leads to the formation of sphere-shaped
HgTe with tunable band edges from 2 to 4 um. Last, the electronic transport tests conducted on
sphere-shaped HgTe NC arrays reveals enhanced mobility and stronger temperature dependence
than the multipodic shaped patrticles.

*To whom correspondence should be sent: el@insp.upmc.fr



Introduction

Infrared detection technologies have long been driven by epitaxially grown semiconductors, such
as InSb, HgCdTe and quantum well-based heterostructures. Over recent years, colloidal narrow
band gap nanocrystals’ (NCs) have emerged as a possible low-cost alternative. Among the
potential candidates, HgTe is, along with lead chalcogenides, one of the most promising materials.
HgTe NCs cover a spectral range similar to that of bulk HgCdTe alloys, while their spectral tunability
comes from quantum confinement instead of alloying. Thus, 10 years ago, the material challenge
was to achieve large particles to reach extended shortwave infrared (SWIR)*° and midwave infrared
(MWIR) absorption.®” A significant part of the research effort during the past decade has been
focused on integrating HgTe NCs in devices to obtain gate control,®1! enhanced light-matter
coupling*?~1%> and imaging using focal plane arrays.'6-20 The material side has not been neglected,?!
and the most striking developments include the observation of intraband absorption in self-doped
nanoparticles,?223 the growth of bright emitters in the SWIR region,?4?° pushing absorption up to the
THz range?®, shape control with 2D nanoplatelet growth,?’ large-scale syntheses (several grams)
using liquid Hg as a precursor?® and the demonstration of core-shell growth?°30 to control
nonradiative pathways.

Now that the colloidal growth of HgTe NCs has reached a mature level, it is possible to correlate the
material structure with physical properties, as opposed to the former situation where surface traps
were used to dominate all the physical properties. In particular, significant efforts have been
dedicated to correlating the shape of the particles with the resulting properties. HgTe, in spite of its
cubic lattice (i.e., zinc blende structure), tends to form nonspherical particles. The exact shape of
the HgTe particles has been revealed using electron tomography and appears to be tripods3! for
particle sizes of approximately 10 nm, which switches to tetrahedrons with well-defined facets for
particle sizes of approximately 15 nm.3? Coupling tomography with atomistic tight-binding
simulations has demonstrated that the shape does not greatly affect wavefunction overlap (i.e., the
exciton binding energy) but can lead to a significant shift in the band-edge energy with respect to
the sphere.3!

Shen et al. reported a chemical strategy to grow monodisperse spherical HgTe NCs.?? Such a
rounded shape seems beneficial for the transport mobilities,3® probably by enabling better packing
of the NCs and more efficient ligand exchange at the price of an increased exciton linewidth.3* To
obtain spherical HgTe NCs, Shen et al. used a highly reactive Te precursor, bis(trimethylsilyl)
telluride 22 ((TMS)2Te), as opposed to more conventional tellurium complexed with trioctylphosphine.
However, (TMS)2Te presents clear drawbacks, including a high cost, a relatively short lifetime and
the need for full air-free handling. It thus is of the utmost interest to develop alternative strategies to
grow sphere-shaped HgTe NCs. Here, we explore the possibility of obtaining spherical HgTe NCs
using a seeded growth approach. The concept is clearly inspired by recent works from Zamkov’s®®
group on CdSe NCs. They demonstrated the possibility of performing the dissolution recrystallization
of small CdSe seeds while heating them in the presence of an amine and cadmium oleate. Here,
we demonstrate a strategy to grow very small HgTe NCs with a band edge in the near IR region
with very good photoluminescence (PL) responses and a high quantum yield (QY) up to 75%. We
show that these seeds can be used to design light-emitting diodes (LEDs) presenting very high
brightness (up to 20 W-Srt-m). In the second step, we apply the strategy developed by Zamkov's
group®® to HgTe, and we identify growth conditions that enable the transformation of these small
seeds into sphere-shaped HgTe NCs with tunable band edges in the shortwave and midwave
infrared region (from 2 to 4 um exciton peaks). Using tight binding simulations, we reveal that the
linewidth has clear homogeneous contribution. Finally, we probe the electronic transport and
photoconductive properties of spherical HgTe NC arrays and confirm that they exhibit better
photoconductive properties (higher mobilities, larger transistor on-off ratios, higher activation
energies) than nonspherical particles.



Experimental section

Chemicals: Mercury chloride (HgCl2, Sigma-Aldrich, 99%), mercury bromide (HgBrz, Alfa Aesar),
mercury iodide (Hglz, Touzart & Matignon), and mercury compounds are highly toxic. Handle
them with special care. Tellurium powder (Te, Sigma-Aldrich, 99.99%), lead oxide (PbO, Strem
Chemicals, 99.999+%), hexamethyldisilathiane (TMS2S, Sigma Aldrich, synthesis grade), zinc
acetate dihydrate (Zn(CHsCOO)2, Sigma, 99.999%), trioctylphosphine (TOP, Alfa, 90%),
octadecene (ODE, Acros Organics, 90%), oleic acid (OA, Sigma, 90%), oleylamine (OLA, Acros,
80-90%), dodecanethiol (DDT, Sigma-Aldrich, 98%), trioctylamine (TOA, Aldrich), 1,2 ethanedithiol
(EDT, Fluka, 98%), butylamine (Alpha 99%), potassium hydroxide (KOH, Sigma 90%),
tetramethylammonium hydroxide pentahydrate (TMAOH, 98%, Alfa Aesar), ethanolamine (Aldrich,
=298%), hydrochloric acid (HCI, Mieuxa, 25%), anhydrous absolute ethanol (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 dimethylformamide (DMF, VWR),
chloroform (VWR), chlorobenzene (VWR), tetrachloroethylene (TCE, VWR), toluene (VWR, 99.8%),
dimethyl sulfoxide (DMSO, 299.9%, Sigma-Aldrich), and ethyl acetate (VMR) were used. All
chemicals were used without further purification.

1 M TOP:Te precursor: Te powder (2.54 g) 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 the flask was conducted for the next 20 min. The atmosphere
was switched to nitrogen, and the temperature was raised to 275 °C. The solution was stirred until
a clear orange coloration was obtained. The flask was cooled to room temperature, and the color
changed to yellow. Finally, this solution was transferred to a nitrogen-filled glove box for storage.

Seed growth: In a 20 mL vial, 144 mg (0.4 mmol) of HgBr2 was dissolved in 3.6 mL of oleylamine
at room temperature in air. Then, under stirring, 0.4 mL of TOP:Te (1 M) was added. Next, the
reaction was quenched by adding 3 mL of a solution of DDT in toluene (10% v/v). The content of
the flask was transferred into a centrifuge tube, and MeOH was added. After centrifugation, the
formed pellet was redispersed with toluene. The solution was precipitated a second time with
absolute EtOH. The formed pellet was redispersed in toluene. At this step, the nanocrystals were
centrifuged in pure toluene to eliminate the lamellar phase. The solid phase was discarded. The
solution was precipitated a last time with MeOH, and the pellet was redispersed in toluene. We
typically obtained 10 mg of dried powder from this synthesis.

Spherical shaped HgTe NC growth: In a 50 mL three-neck flask, 18 mL of oleylamine was
degassed under vacuum and heated to 120 °C for 1 h. Then, the atmosphere was switched to N2,
and the temperature was set at 120 °C. Meanwhile, in a vial, 72 mg of HgBr2 (0.2 mmol) was
dissolved in 1.8 mL of OLA under sonication. Then, after degassing, the solution, 0.2 mL of TOP:Te
(2 M), was added (tw=0). Then, after a waiting time of tw = 10 min, the solution was transferred to
the syringe, and the content was quickly introduced into hot OLA (120 °C). The solution color quickly
turned dark brown. After 3 min, a cold mixture (i.e., freezer cooled) of 1 mL DDT in 2 mL of toluene
was injected, and an ice bath was used to quickly decrease the temperature. The content of the
flask was transferred to a centrifuge tube, and NCs were precipitated by adding methanol. After
centrifugation, the formed pellet was redispersed in toluene. The solution was precipitated a second
time with absolute ethanol and redispersed in toluene. At this step, the NCs were centrifuged in
toluene to eliminate the lamellar phase. The solid phase was discarded, and the stable solution
phase was transferred to a weighed centrifuge tube and finally precipitated using methanol. Again,
the formed pellet (45 mg of dried powder was typically obtained) was redispersed in toluene.

Material characterization: For TEM imaging, a drop of diluted NC solution was cast on a copper
grid covered with an amorphous carbon film. The grid was degassed overnight under secondary
vacuum. A JEOL 2010F system was operated at 200 kV for the acquisition of images. For infrared



spectroscopy, we used a Fischer Nicolet iS50 system in attenuated total reflection (ATR) mode. The
spectra are averaged over 32 acquisitions and have 4 cm™ resolution.

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 900 nm with a Xe lamp, and the photons were collected with an InGaAs detector cooled
by liquid N2. HgTe NCs were dispersed in tetrachloroethylene to decrease the absorption of the
solvent. A series of solutions with optical densities from 0.014 to 0.084 at 900 nm were measured.

Tight binding simulations: We used the tight binding model of ref 36 to calculate the electronic
structure of the HgTe NCs. Each Hg or Te atom is described by a double set of sp3d°s* orbitals, one
for each spin orientation. Surfaces were saturated by pseudohydrogen atoms characterized by a
single s orbital. Tight-binding parameters, i.e., on-site energies, nearest-neighbor hopping matrix
elements and spin-orbit coupling terms, were determined to provide a very good description of the
band structure of bulk HgTe (at 300 K). For all NCs, we calculated 60 (1200) conduction (valence)
states, and we computed dipolar matrix elements between them as described in ref 36,

Results and discussion

To understand the need for a new synthesis of HgTe NCs, it is important to estimate the limitations
of the current procedure. The method proposed by Keuleyan et al ¥/ is certainly the most commonly
used for device integration. First, it is now established that the polydispersity of the obtained HgTe
NCs is clearly reduced while growth is conducted under dilute conditions,” which increases solvent
consumption and the associated cost. Second, in the hot injection method used for NC growth, the
nucleation and growth steps are ideally uncoupled to obtain a single nucleation step. This can
typically be obtained by the fast injection of the anion precursor into a solution containing cations,
ligands and solvent. Part of the issue with the current procedure comes from the strong mixing of
these two steps, as was already pointed out by Brennan et al.®® in the early 90s. In Figure S1, we
show that the slow injection of TOP:Te into the oleylamine and mercury solution does not lead to a
broadened band edge feature with respect to that resulting from fast injection. By switching to a
more reactive Te precursor, Shen et al. demonstrated that a better size distribution can be
achieved??.

Here, we used a different approach and grow sphere-shaped particles from a seeded synthesis
approach. The concept has been explored recently for HgTe NC growth by Kershaw et al. while
conducting growth in polar solvents?*. In our case, we focused on growth in a nonpolar reaction
medium typically made of an amine used as a coordinating solvent. The first step relates to seed
growth. The reactivity of mercury compounds with Te is high, which enables the synthesis of HgTe
NCs at fairly low temperatures (60-120 °C). At room temperature, the reaction rate is reduced, but
nucleation still occurs. We preserved the same reaction scheme (mercury halides + TOP:Te in
oleylamine, see Figure 1a) as that used by Keuleyan et al.3” while conducting the reaction at room
temperature. This reaction is followed by UV-vis spectrometry. It clearly shows that a reaction occurs
with exciton formation at approximately 900 nm (see Figure 1b), followed by an increase in its
magnitude without presenting an energy shift with time. The trend is observed with all halides (Cl,
Br and 1); see Figure 1c and S2. In the following, we focus on mercury bromide,*® as it leads to the
slowest kinetic growth at room temperature, enabling a higher degree of control. Moreover, chloride
salts present the drawback of lower solubility in OLA, while bromide and iodine are fully soluble. The
reaction rated appears to be fasten by the presence of water, see figure S3-4.

It is possible to extract these seeds from the reaction medium by quenching the mixture with a long
chain thiol (DDT). The quenched seeds present a band edge reaching 1100 nm, suggesting that
surface thiols are involved in charge delocalization. The approximate size of these seeds is found
to be approximately 2.7 nm according to TEM and X-ray diffraction (see Figure 1le and S6). This
corresponds to a cluster containing 300 atoms. Such a small cluster is consistent with the formation



of magic-size clusters, which would explain why we do not observe a band edge shift during the
reaction. For the sake of comparison, a band edge at 900 nm is similar to that observed with 3
monolayer nanoplatelets whose sizes are approximately 1.1 nm.40
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Figure 1 a. Chemical reaction conducted to obtain small HgTe seeds. b. UV-vis absorption spectra
for a mixture of HgBr> and TOP:Te (1:1 Hg:Te ratio) in oleylamine at room temperature, leading to
HgTe seeds at different times after mixing the Hg and Te precursors. c. Absorption at the exciton
as a function of time for the seeds, while the mercury halides are HgCl,, HgBr2. and Hgl.. d.
Absorption and photoluminescence spectra of the quenched HgTe seeds (HgBr2 was used as a
precursor, the Hg:Te ratio was 1:1, and the reaction proceeded at room temperature). e.
Transmission electron microscopy image of the HgTe seeds.

Interestingly, these seeds also show PL, as shown in Figure 1d. The latter is narrow and presents
a quality factor (the peak emission energy divided by the full width at half maximum) of 10, while the
quality factor is 7.5 for the HgTe NCs obtained from the procedure of Geiregat et al.** with a similar
PL wavelength; see figure S7. In addition, the PLQY reached 75%, while with the previous strategy,
the PL efficiency was below 50%.4? This shows that the seeds on their own are actually of the
greatest interest for LED design. Paradoxically, minimal efforts have been dedicated to HgTe NC-
based LEDs.#*?#* Recently, Qu et al.,*> using a strategy initially developed for PbS NCs,*®
demonstrated that HgTe NCs can be efficient radiative recombination centers once they are
integrated into a solar cell-like diode structure. Here, we use the same structure based on a
glass/ITO/ZnO/ZnO-HgTe/PbS/Au stack (see Figure 2a) while using small HgTe seeds as the
emitting material. In this structure, gold/p-type PbS is used as a hole injector, while ITO/ZnO is used
as an electron injector. The band gap of the PbS layer is chosen to be larger than that of HgTe so
that the PbS layer does not behave as a recombination center.*®* The emitting layer is a bulk



heterojunction where electron conduction is ensured by ZnO and hole conduction is ensured by
HgTe. To make this layer conductive while preserving the PL signal, the initial long ligands are
replaced by dipping the film into a solution of HgCl2 (see the SI). This LED leads to bright
electroluminescence (EL), as shown in Figure 2b. The EL signal appears to be redshifted compared
to the PL signal shown in Figure 1d, which is the result of absorption, and the PL spectra shift with
time, even if the particles are stored in solution (see Figure S14). The turn-on voltage of the LED is
=0.6 V (Figure 2e) corresponding to subband-gap (=890 meV) operation. The maximum external
guantum efficiency (EQE) at roll-off reaches 0.25%, see Figure 2d. This value remains modest
compared to the values (reaching 8% EQE) achieved using PbS.4’ However, this diode presents
limited efficiency droop while operated with a high driving current. As a result, high radiance (>13
W-Sri.m2can be achieved during 80 h of operation; see Figure 2c. This matches the brightness of
PbS NC-based LEDs operating in the SWIR region, and this LED outperforms previously reported
devices based on HgTe NCs.4?# Under lower current operating conditions (corresponding to a
radiance of 2-5 W-Sr1.m?), we do not observe a decay in the performance but rather observe a slow
increase in the brightness after a week (>200 h) of continuous operation in air.
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Figure 2 a. Scheme of a diode made of ITO/ZnO/ZnO-HgTe seeds/PbS/Au emitting SWIR light. b.
Electroluminescence spectra of the diode depicted in part a operated under different biases. c.
Radiance as a function of time for a diode operated under constant current conditions (I= 3 mA for
the 2 W-Sr-m-2 (gray) initial radiance and 1=29 mA for the 15 W-Sr-1.m2 initial radiance (red)). d.
External quantum efficiency (EQE) and radiance as a function of the driving current. e. Current
density and radiance as a function of the applied bias.



To further explore the versatility of the HgTe seeds, we used the seeds formed at the early stage to
obtain spherical HgTe NCs with absorption in the SWIR and MWIR regions (see Figure 3a). To do
so, a solution of mercury bromide in OLA was mixed with TOP:Te under nitrogen at room
temperature for 10 min, leading to the formation of seeds, but at an early stage, the solution was
still yellow after 10 min of reaction. The process appears to be dependent on moisture (wet
atmosphere accelerates the reaction); see Figure S3-4. Such moisture dependence may further
reinforce the hypothesis of a magic-size cluster intermediate, since the latter is known to be
stabilized by protic molecules.*® The yellow colored solution was then injected in hot (100-150 °C)
oleylamine. The solution quickly became dark, confirming the growth of infrared absorbing NCs.
This observation is further confirmed by the absorption spectra (Figure 3b-c). Furthermore, X-ray
diffraction confirms that the material is HgTe with a zinc blende structure (see Figure S8). TEM
observations (Figure 3d-f) show a quasi-spherical shape, with no interparticle aggregation. The
largest particles clearly display some facets (Figure 3f) but are neither branched nor aggregated.
The vyield of the reaction (45 mg of QDs per 0.2 mmol of HgBr2) is similar to that obtained with
Keuleyan’s procedure®” (39 mg of QDs per 0.2 mmol of HgCl2). The fact that our process leads to
sphere-shaped objects contrasts with the idea that phosphines were responsible for the tripod shape
previously obtained.

While the synthesis is inspired by the procedure developed by Cassidi et al.*® for CdSe, the
mechanisms of the reaction appear to be quite different. In the case of CdSe, the seeds were
cleaned and later injected into hot oleylamine, and growth occurred through a dissolution
recrystallization process. In the case of HgTe, the growth of the seed in the presence of monomers
leads to larger particles. In addition, the lack of these monomers prevents the growth of sphere-
shaped NCs (see Figure S12). Thus, even if we cannot fully exclude the partial dissolution of the
seeds, the free monomers are clearly involved in the growth of spherical NCs.
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Figure 3 a. Chemical reaction is conducted to obtain round HgTe NCs. b. Absorbance and
photoluminescence spectra of a solution made of round HgTe NCs (Hg:Te=2:1; 30 s of reaction at
110 °C). c. Absorbance spectra of round HgTe NCs of various sizes. The smallest particles are
grown at 110 °C, and the largest are grown at 150 °C. d. Transmission electron microscopy image
of round HgTe NCs with a band edge at 2.5 um. e. High-resolution image of the population imaged
in d. f. High-resolution transmission electron microscopy image of sphere-shaped HgTe NCs with a
band edge at 4 pm.

The peak band edge can be tuned from 2 to 4 um (Figure 3c and S10) using the following
parameters: (i) the temperature of the reaction (the higher the temperature is, the larger the particle;
this is the main parameter driving the final size; see Figure S10a), (ii) the duration of the reaction
(the longer the duration is, the larger the particle; see Figure S10b), and (iii) the Hg:Te stoichiometry
(excess Hg tends to reduce the particle size; see Figure S5 and S10c). Scale-up of the reaction at
a constant concentration is possible, but we observe that an increase in the concentration above a
factor of 3 leads to the loss of the spherical shape (see Figure S11).

The spectra (Figure 3b-c) appear to be more structured (i.e., the observation of several bumps) than
the one obtained from tripod-shaped particles (see Figure S1). In particular, it is possible to correlate
the sphere shape to the presence of a dip in the spectrum following the first exciton (see Figure 4a).
However, the linewidth of the first excitonic feature is much broader than that achieved with PbSe,
another traditional infrared material or even with tripod HgTe NCs (see Figure 4a). This broad
linewidth is also observed from PL measurements (see Figure 3b). Hence, the full width at half
maximum is 352 nm for emission at 2.04 um, corresponding to Q=5.8. This value is indeed smaller
(i.e., corresponds to a broader PL signal) than the value obtained from the tripod NCs, Q=7.7.4° On



the other hand, this value is larger than the value obtained from the synthesis based on (TMS)2Te,
where Q is approximately 4.1.%?

The absorption spectrum is then fitted using a multiGaussian approach to highlight the different
transitions occurring in the nanoparticles (see Figure 4b). Three main contributions are clearly visible
and correspond to the transition from the valence band to the 1Se, 1Pe and 1De states of the
conduction band. Note from this fit that the energy difference between the 1Pe and 1Se states is
approximately 0.25 eV (2000 cm™). The infrared spectrum in this energy range (Figure S13) does
not show intraband peaks; thus, we can exclude that the NCs are doped.

To further unveil the electronic structure of these HgTe sphere-shaped NCs, we perform electronic
structure simulations using a tight binding approach;3® see Figure 4c. The band edge appears to be
composed of two contributions. This may explain the presence of a small feature in the low-energy
part of the PL spectrum, even though the presence of a trap state cannot be fully excluded.*! This
result is also consistent with a recent observation by Zhang et al.* who observed a dual feature
band edge in sphere-shaped HgTe NCs. Simulations also confirm that the density of states is sparse
(Figure 4c) at an energy just above the band edge, which explains the observation of the dip in the
absorption spectrum after the first feature (see Figure 4a).
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Figure 4 a. Absorbance spectra of tripod-shaped HgTe and spherical HgTe and PbSe NCs. b.
Absorbance spectrum of spherical HgTe NCs and its multiGaussian fit, showing the different
transitions occurring between valance and conduction bands. A parabolic background is used to fit
the data. The inset is a sketch of the electronic spectrum, and the colored arrows correspond to the
transition corresponding to the different transitions observed in the spectrum. c. Simulated
absorbance of single sphere-shaped HgTe NCs (5.25 nm in size) leading to a band edge similar to
the experimental data shown in part a. To compare the simulation with the experimental data, the
peaks are first broadened with a 1.2 nm FWHM to account for homogeneous broadening, and then,
we account for the particle size distribution as determined from TEM.

Thus far, we have demonstrated that shape control is possible, even using TOP:Te as a precursor.
The following probes whether the physical properties of the obtained sphere-shaped NCs resulting
from seeded growth match those of the spheres obtained using (TMS)zTe. In particular, the sphere
shape has led to enhanced carrier mobility.33



We then processed sphere- and tripod-shaped NCs with a band edge at 2.5 um into an ink and
deposited it onto interdigitated electrodes. The latter was then used as the channel of a field-effect
transistor whose gate can either be an electrolyte or a dielectric (SiO2). At room temperature, we
focused on electrolyte gating since this method is associated with a high capacitance. This enables
the good tunability of the current. At low temperature (below 280 K),*! ions froze in the polymer
matrix, and the gate effect was lost. In this case, we switched to a dielectric gate. The capacitance
decreased but was consistent with low-temperature use.

The transistor transfer curves present an ambipolar nature, as shown in Figure 5a, with both hole
and electron conduction. The neutrality point lies in both cases under a negative gate bias,
suggesting inherent n-doping. This observation is consistent with previous photoemission
measurements performed on the material, revealing a Fermi level in the upper part of the band
gap.°® Qualitatively, doping appears independent of the shape. On the other hand, the current
modulation is much higher with the spheres (almost 3 orders of magnitude, whereas it was only one
for tripods); see Figure 5a. In particular, the sharper slopes suggest higher mobilities for the film
made of spheres (Spnere =3-8Mfripoas AN Pipnere=3.51fp0q), Which is consistent with previous
reports based on synthesis relying on TMS2Te.3® We also notice that with spheres, the current at
the minimum of conduction is also reduced, which suggests that the thermally activated carrier
density is also lower and that the Fermi level might be deeper within the band gap. The temperature
dependence of the current supports this observation; see Figure 5b. The spheres present a stronger
temperature dependence, and the activation energy of the current in the vicinity of room temperature
is 214 meV, quite close to the half band gap value (Ec/2=250 meV), whereas the activation energy
is approximately 120 meV for the tripods. The mobility of the film pg,,.,. is found to be approximately

2x102 cm?V-1s1 close to room temperature and drops by two orders of magnitude at 50 K, see
Figure 5c and S15.
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Figure 5 a. Transfer curves (drain current as a function of gate bias) obtained for thin films made of
sphere-shaped and tripod-shaped HgTe NCs with the same surface chemistry (mercaptoethanol-
HgCl.). The gate is made of an electrolyte, and the measurement is conducted at room temperature.
b. Current as a function of temperature for thin flms made of round and tripod-shaped HgTe NCs.
c. Mobility and current on/off ratio for a thin film made of round HgTe NCs. d. Photocurrent spectra



of a thin film made of round HgTe NCs at various temperatures. The inset shows the energy of the
exciton as a function of temperature. e. Photocurrent as a function of time while the sample is
illuminated by a pulse of light at 1.55 ym. f. Photocurrent and responsivity as a function of gate bias
(SiO2 gate here). For e and f, the measurements are conducted at 250 K. For all data, the applied
drain source bias is 0.5 V.

To finish, we probed the photoconductive properties of such sphere-shaped HgTe NC arrays (see
Figure 5d-f). Contrary to the tripods for which after ligand exchange, the photocurrent spectrum
becomes featureless, the spheres maintain the characteristic of the absorption spectrum, with a
clear exciton followed by a noticeable dip (see Figure 5d). As the temperature decreases, the
photocurrent is redshifted; see the inset of Figure 5d. The value of dEc/dT is found to be 144 peV-
K1, which is clearly smaller than the value obtained for tripods (190+20 peV-K1).5152 We observe
that the fast time response of the material is preserved in the case of spheres with turn-on and off
times on the order of 2-4 us (see Figure 5e), which is close to the experimental setup limitation.
Finally, we show that gate bias can be used to control the magnitude of the photocurrent over a
factor of 3; see Figure 5f. This observation is mostly interesting for operating the device in a situation
that maximizes the photocurrent to the dark current ratio, since the latter is more dramatically tuned
(a factor of 10 at 250 K, Figure S15) than the photocurrent (a factor of 3, see Figure 5e). Finally, the
detectivity has been determined to be 108 Jones at room temperature (see Figure S16), making it
worth integrating the material into a more complex diode geometry in the near future.

Conclusion

We demonstrate a hovel synthetic path for the growth of HgTe NCs using a seeded growth approach.
Room temperature-grown seeds present a sharp absorption and photoluminescence signal in the
shortwave infrared region, with a PLQY reaching 75%. Once integrated into LEDs, these seeds lead
to bright (>15 W -Sr1.m?) electroluminescence and stable performance. Once the seeds are heated
in oleylamine, they behave as nucleation centers for the additional monomers and lead to spherical-
shaped HgTe NCs with tunable band edges between 2 and 4 um. Our strategy offers an easy
handling synthesis for the growth of sphere-shaped HgTe NCs with an excellent yield. Electronic
transport within an array of sphere-shaped HgTe NCs reveals higher mobility and stronger
temperature dependence than that achieved within branched-shaped particles, suggesting fewer
traps within the bandgap. Last, this material is compatible with high responsivity and fast time
responses, which is of utmost interest for future integration into focal plane arrays.
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