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ABSTRACT: Despite broad applications in imaging, energy conversion, and tele-
communications, few nanoscale moieties emit light efficiently in the shortwave infrared

(SWIR, 1000—2000 nm or 1.24—0.62 eV). We report quantum-confined mercury
chalcogenide (HgX, where X = Se or Te) nanoplatelets (NPLs) can be induced to emit & &
bright (QY > 30%) and tunable (900—1500+ nm) infrared emission from attached quantum v
dot (QD) “defect” states. We demonstrate near unity energy transfer from NPL to these

QDs, which completely quench NPL emission and emit with a high QY through the SWIR.  HgTe QD on A/ N\
This QD defect emission is kinetically tunable, enabling controlled midgap emission from nanoplatelet ‘9507700 1300 1500
NPLs. Spectrally resolved photoluminescence demonstrates energy-dependent lifetimes, with Wavelength (nm)
radiative rates 10—20 times faster than those of their PbX analogues in the same spectral

window. Coupled with their high quantum yield, midgap emission HgX dots on HgX NPLs provide a potential platform for novel
optoelectronics in the SWIR.

Normalized PL

hotons in the shortwave infrared (SWIR) spectral window Recently, highly confined three-ML HgX nanoplatelets

are lower in energy than most molecular HOMO—-LUMO (NPLs) have been synthesized through a cation exchange
gaps yet higher in energy than vibrational states. Without from three-ML CdX NPLs using a mercury salt precursor.'*
natural sources of background radiation or absorption, imaging NPLs are two-dimensional (2D) structures with quantum
in this spectral window shows superlative contrast and feature confinement along their integer atomic thicknesses, where the
resolution."”” Decreased Rayleigh scatter for longer wavelength number of monolayers is defined by the number of anionic
light also results in improved penetrative imaging through fog, layers; e.g., a three-ML HgX NPL will consist of three layers of
foliage, skin, and bone."” Fluorescence microscopy in the X and four layers of Hg. The spatial extent, material
SWIR has already shown extraordinary background-free deep constituents, and self-assembly of NPLs can be tuned to
tissue imaging in living animals.*® Increasing the scope of achieve an extremely versatile set of photophysical properties
SWIR absorbing and fluorescing materials may enable and applications, including a near unity exciton and biexciton
applications in sensing biological, chemical, or physical changes quantum yield, efficient lasing, electroluminescence, and use as
in complex and opaque environments. substrates for photodetectors.'*~*’

Mercury chalcogenides make up a class of binary semi- Building upon previous work, we find that ligand exchange
conductors with narrow or negative band gaps used primarily of two and three monolayer HgSe and HgTe NPLs produces
in infrared photodetection.6_8 Like their more commonly growth of emissive QD-like defects on the NPL surface, similar
studied cadmium chalcogenide analogs, quantum confined to dot-on-platelet heterostructures. This gives a continuously
HgX (X = S, Se, Te) nanocrystals (NCs) can be synthesized tunable set of midgap states with a high degree of synthetic
with size-tuned band gaps that vary from near zero to 1 eV.”"° control over the wavelength of emission arising from the

colloidal growth of the QD while maintaining a high QY. In

Despite a few reports of high infrared quantum yields (QYs),""
the exemplar case, three-ML HgTe exhibits tuned narrowband

HgX nanocrystals have not been extensively explored as
compact fluorophores for the short or midwave infrared, unlike

their PbX analogues.'”" In this work, we demonstrate that Received: March 26, 2020
ligand-exchanged two- and three-monolayer (ML) HgX Accepted:  April 15, 2020
nanoplatelets show previously unreported highly tunable Published: April 15, 2020

emission in the SWIR while maintaining size-confined
nanoplatelet absorption features. These materials represent a
new platform for SWIR optoelectronics.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpclett.0c00958
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Figure 1. TEM shows the morphology of the NPLs is maintained after exchange. (b) Absorption (dashed line) and PL (solid lines) of three-ML
HgTe NPL show band-edge emission after synthesis and midgap emission that appears and red-shifts over the following days. Typical QYs for
these states are 25—35%. The PL spectra are corrected for solvent absorption to better visualize the position and width. Uncorrected data and
details are provided in the Supporting Information. (c) Cation exchange in three-ML HgSe and two-ML HgTe shows similar behavior.

emission from 1000 to 1500 nm with a full width at half-
maximum (fwhm) of ~100—200 meV and a QY of >30%
across this range. Although the emission line widths are slightly
broader than those of highly monodisperse PbS QDs, these
properties match those of the most emissive PbX/InAs
quantum dots>*"*® without any synthetic optimization, and
the emission is stable over several months. We correlate the
exchange of ligand type to the formation and tunability of the
SWIR emission and demonstrate how kinetic conditions
influence its rate of evolution. Finally, using superconducting
nanowire single-photon detectors (SNSPDs), we obtain time-
resolved band-edge and sub-band emission showing that the
radiative lifetime is significantly faster than that of PbX
analogues. Our results suggest that HgX NPLs are potential
substrates for tunable fluorescent applications, including
lighting, imaging, and materials for luminescent solar
concentrators.

Synthesis of SWIR Emitting NPLs. We synthesize HgX NPLs
based on the cation exchange procedures developed by
Izquierdo et al.'*”® (details provided in the Supporting
Information). For example for three-ML HgTe NPLs, three-
ML CdTe NPLs are first synthesized using slow injection of
trioctylphosphine telluride into a degassed solution of the
cadmium propionate precursor and oleic acid in octadecene at
215 °C.”” Once the reaction is complete, the NPLs are purified
by precipitation and resuspended in hexanes. FTIR spectros-
copy of the CdTe NPLs shows that they are passivated with
acetate and/or oleate ligands after synthesis (Figure S7). To
exchange to HgTe, mercury (II) acetate is dissolved in
oleylamine and introduced at room temperature to a solution
of CdTe NPLs in hexanes [ranging from 2.4% to 16% (v/v)].
Ligand exchange accompanies cation exchange where acetate
and oleate are exchanged for oleylamine (Figure S8), and
transmission electron microscopy confirms that the morphol-
ogy of the NPL is maintained (Figure 1a). A similar procedure
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is used for the synthesis and exchange of CdSe with HgSe as
described in the Supporting Information.

We monitor the progress of the cation exchange using
absorbance and photoluminescence (PL) (Figure S9). Unlike
previously reported NPL cation exchanges, when PL is
monitored several hours after exchange a bright Stokes-shifted
emission (~1000—1100 nm) appears along with band-edge
emission (Figure 1b). This new emissive state shifts further
into the infrared as a function of time while the band-edge
emission is quenched. Despite large continual changes in
observed emission, features in the absorption spectrum do not
proportionally shift. The PL line width of the red-shifted
emission is approximately 200—300 nm, and the quantum yield
(QY) remains high, centered around 30% (Figure 1b) but
reaching 56% in some preparations (Figure S6).

The high QY is consistent across a number of different
samples and appears to be stable over an extended period of
time. The absolute QY measured across different wavelengths
gives values between 10% and 56% (Figure S6), and systematic
error is explored using relative QY determination with a SWIR
emitting dye standard giving a consistent value of 18% (Figure
S7). These reported values do not account for losses due to
solvent re-absorption; however, we apply a correction to our
QY for the re-absorption of hexanes in Figure 1b (details in the
Supporting Information). After the NPLs had been aged for 8
months, we see they retain a QY of 32% (Figure S6), which
indicates the long-term stability of the emissive species.
Furthermore, this behavior consistently occurs given the
appropriate set of synthetic conditions and extends to other
systems of HgX NPLs such as two-ML HgTe and three-ML
HgSe, suggesting the mechanism of bright midgap state
evolution may be general and applicable to other materials
(Figure Ic).

Mechanistic Study of Midgap State Formation. We explored
several mechanisms that could give rise to a large Stokes-
shifted emission. We discount the possibility of retaining any
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Cd in the three-ML structure by energy dispersive X-ray
(EDX) measurements that show complete exchange (Figure
S10) as well as a loss of CdTe features in the absorption
spectrum indicating no formation of type II CdTe/HgTe
heterostructures®® or Cd,Hg, ,Te NPL alloys.®® A lack of
change in the NPL absorption spectrum suggests that neither
aggregation nor relaxation of quantum confinement through
the growth of thicker NPLs plays a role in the emission. We
also do not observe any intraband transitions in the absorption
spectrum that could be indicative of electronic doping due to
the surface chemistry.’”’ Therefore, we hypothesize that a
midgap state is induced by conditions used during exchange,*”
especially as we do not observe midgap emission from the
CdTe NPLs prior to the addition of Hg in OLA. Immediately
after synthesis, we see no absorption features beyond the band
edge of the NPL; however, in aged samples (5 months), we see
features that resemble those of HgTe QDs. This suggests that
the SWIR emission arises from room-temperature colloidal
growth of HgX nanoparticles following cation exchange.'"****
We assign the midgap emission to these QDs as the spectral
changes follow the expected mechanisms of colloidal growth
and energy transfer; however, we cannot definitively reach a
conclusion about the mechanism of nucleation of QD or direct
attachment onto the NPL. Our structural understanding arises
from changes in the NPL, and further studies are needed to
elucidate the nature of the QDs. Nonetheless, we find the
formation of sub-band emission to be general in HgX NPLs
with varying compositions and thicknesses and focus our
efforts on the three-ML HgTe NPLs to explore the parameters
that give rise to the observed emission.

To explore the role of the exchange parameters in the
evolution of the midgap state, we vary (i) the amount of Hg
added in excess to the amount of Cd in the CdTe NPL
(Cd:Hg ratio), (ii) the amount of oleylamine added in
conjunction with Hg?* during exchange, and (iii) the length of
time the colloidal system is left in a solution of hexanes after
exchange. In Figure 2, we show how the PL changes for a
matrix of these synthetic variables. In Figure 2a, we plot the
band-edge emission obtained directly after cation exchange
and the evolution of the midgap emission, monitored over 75
days [although the temperature can control the rate (Figure
$19)]. The midgap emission red-shifts rapidly in the days
immediately after exchange and slows over longer time scales
toward a maximum that appears to be intrinsic to the amount
of excess Hg added (Figure 2b). In general, we obtain further
red-shifted emission with greater excesses of Hg, but having an
excess is not strictly necessary to induce formation; we see
evolution occur when using a 1:1 ratio (Cd:Hg). We also
explore the influence of oleylamine (Figure 2c) by changing
the concentration of dissolved Hg and monitoring the PL after
exchange (shown after S days). We find that a larger excess of
Hg will produce a larger red-shift while a larger excess of
oleylamine suppresses the rate of this shift. Therefore, the final
position of the midgap emission wavelength can be tuned
through the control of precursors.

Our results suggest that the formation of an emissive sub-
band state requires both cation and ligand exchange. During
the cation exchange reaction, the NPLs also experience a
change in coating from oleic acid/oleate ligand to oleylamine
(confirmed using FTIR in Figure S8). The formation of
midgap emission is thus accompanied by an exchange from X-
type ligands [Hg(O,R),] with L-type ligands such as
oleylamine (by the Green nomenclature).” X-Type ligands
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Figure 2. (a) Evolution of midgap emission over time for the
1:4:1266 Cd:Hg:OLA ratio used during exchange. The spectra have
been corrected for solvent absorption as described in the Supporting
Information. (b) The depth of the midgap state can be varied by
changing the Cd:Hg ratio used during exchange. (c) Synthetic
conditions explored to induce midgap emission by changing the
concentration of Hg?* in oleylamine (OLA), relative to that of
cadmium. The wavelengths are reported for day S after synthesis
(indicated by the dotted line in panel b).

are one-electron donors that form a covalent bond with the
metal, while L-type ligands are two-electron donors (often a
lone pair) that form a dative bond with the metal. This type of
ligand exchange from X to L has been explored in CdSe NCs
capped with oleic acid, where a displacement is observed when
an L-type ligand is introduced into a carboxylate bound to a
metal site.*”*® Because the metal-carboxylate [M(O,R),] can
act as a ligand itself, exchange with the L-type ligand removes a
surface metal atom with two carboxylates as one unit. Similarly,
in HgTe QDs, this type of ligand displacement can introduce
intragap emission, which has been attributed to surface-
localized states.”” We hypothesize that following this
mechanism, HgTe NPLs capped with oleic acid/oleate may
undergo this type of exchange with oleylamine, removing some
of the surface Hg atoms from the newly formed NPLs. This
could then introduce surface sites or defects from under-
coordinated Te or dangling bonds that are reactive toward the
growth of QDs.

The absorption spectrum of the NPLs is also sensitive to
ligand type, and we see a red-shift characteristic of an OA to
OLA exchange.'****® In the case of exchange with a sterically
hindered amine, such as triisobutylamine, we find that the
NPLs do not experience this same behavior. They retain the
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oleic acid/oleate and acetate ligands by FTIR (Figure S8), and
while we do observe midgap emission, the evolution is arrested
(Figure S15). In addition, the absorption and emission spectra
do not show the slight red-shift as seen in the OA to OLA
exchange. Ligand exchange does not appear to be occurring in
the same manner, and midgap state evolution is hindered. This
suggests that the interaction of oleylamine with the surface is
critical for the evolution of QDs on the surface.

In Figure 3, we explore the emergence and evolution of the
midgap emissive state through absorption, emission, and EDX
spectroscopies. We find that the overall exchange is a multistep
process that we qualitatively divide by significant changes in
the absorption and photoluminescence spectra, beginning with
cation exchange from CdTe to HgTe. The behavior is similar
for different samples and conditions (Figure S16).

The rapid initial stage (I) occurs with the exchange of Cd
with Hg. Removal of the Cd atoms happens within the first
10—15 min, as we see the CdTe hh/lh disappear and give rise
to the HgTe hh/Ih in the absorption spectrum (Figure 3a).
These HgTe features then begin to red-shift and grow in
intensity during the second stage (II). During this first hour,
the formation of HgTe NPLs is monitored by the intensity of
the hh/Ih where the ratio is expected to be >1, indicating a
complete exchange.'* We find that by the first hour, this ratio
reaches 1.1 and EDX confirms the completed exchange of Cd
with Hg (Figure 3c, 60 min). Moreover, the stoichiometry of
the NPLs is 40:60 (Hg:Te), which suggests that Te is now in
excess and supports the notion of loss of Hg atoms occurring
simultaneously to a changing ligand environment. The 40:60
(Hg:Te) ratio suggests that surface Hg atoms are being
stripped as Hg-oleate ligands are displaced by oleylamine,
leaving two Hg layers and three Te layers in the NPL and
changing the charge at the surface. This is surprising given the
lack of a blue-shift in the absorption spectrum as would be
expected by a stronger confinement in thinner NPLs. We
cannot eliminate the possibility of severe depletion of Hg in
the system (perhaps from internal Hg layers) while
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maintaining the three-ML thickness, but further studies are
needed to fully characterize the sites of Hg loss in the NPL.

From 1 to 4 h (III), the hh:lh ratio stabilizes around 1.1
while the wavelength of absorption gradually red-shifts toward
860—880 nm. During this stage, the Hg:Te ratio does not
significantly change and Te remains in excess. Despite
significant changes in stoichiometry during the total reaction
(I-11I), the loss of surface Hg atoms precedes midgap state
emission and NPLs show only band-edge emission (~900 nm)
by this time point.

In the hours following exchange (IV), there is a decrease in
the hh:lh ratio suggesting some change in the electronic
structure, potentially arising from the physical changes on the
surface of the NPLs, although we see no continual changes in
the stoichiometry (Table S1). After the NPLs had been
washed at 3.5 h, the hh:lh ratio stabilizes again around 1. We
mark the final stage (V) as the formation and evolution of
midgap emission that occurs between 4 and 24 h after
exchange, depending on the conditions explored in Figure 2.
The band-edge absorption and emission remain around 880
and 900 nm, respectively, as the midgap emission begins to
red-shift into the SWIR.

TEM of NPLs after exchange shows the presence of
quantum dot-like moieties growing on or attached to NPLs in
aged samples that show midgap emission (Figure 4a). These
QDs survive washing steps by centrifugation and syringe
filtering, suggesting that they are growing from the NPLs
(possibly epitaxially) or attach to the NPLs after nucleation
(Figure S13). Given the influence of the excess precursor in
solution, this suggests that depletion of surface Hg atoms on
the NPLs following ligand exchange with oleylamine may be
giving rise to room-temperature colloidal growth of HgX
nanoparticles that act as quantum-confined defects.'"**** The
removal of surface atoms may be inducing a surface
rearrangement or simply providing reactive sites for the
growth of these nanoparticles without affecting the confine-
ment of the NPLs, as seen in the absorption spectrum of aged
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Figure 4. (a) TEM of three-ML HgTe NPLs showing quantum dot
growth after aging. (b) Absorbance (blue dashed line), PL (red solid
line), and PLE (gray solid line) for a sample aged for S months. (c)
Energy of midgap PL from solutions held at elevated temperatures
(solid lines) after exchange. When the samples are kept cold (blue
dashed line), no shift from band-edge emission is observed.

samples showing only SWIR emission. Additionally, we see a
dependence of temperature on the rate of evolution, which also
suggests a growth mechanism. In Figure 4b, we monitor the
evolution of the emission energy for the midgap state at three
temperatures. We observe a significant rate of PL shift increase
at elevated temperatures, which we fit to an activation barrier
of 44 kJ/mol (Figure S20). These temperature kinetics are
comparable to the bond energy in bulk HgTe (~78 kJ/ mol)*’

and may be consistent with bond-forming or bond-breaking
processes.

We hypothesize that the QDs are in direct contact with the
NPLs due to the quenching of the NPL band-edge emission,
suggesting a transfer of energy from a platelet to a dot, which is
much faster than radiative recombination in the NPL. We
believe that the system is experiencing a near field energy
transfer rather than a FRET process where we would expect
the QY to be limited to 10% by the donor (NPL band edge).
Rather, we find that the QY is consistently higher than 10%,
suggesting that the QD is either very close to or growing from
the NPL surface.

Similar large Stokes-shifted emission due to defects has been
seen in other colloidal NCs such as metal dopants in CulnSe,
or CdSe/ZnS™ and noncoordinated surface selenium in
ultrasmall CdSe;*' however, the tunability of these defect
states is dependent on defect dopant concentration, and these
systems do not display SWIR emission. Dot-on-nanoplatelet
heterostructures have been observed for CdSe/ZnSe"” and
more recently PbSe/CdSe,” but these systems do not show
the same continual room-temperature growth dynamics. Our
mechanism produces a new type of heterostructure SWIR
emitter with large Stokes shifts that can be tuned through the
SWIR. Our data suggest that these emissive states may arise
from energy transfer to defect-like SWIR-emitting nano-
particles attached to the NPLs that evolve over time, possibly
through structural rearrangement or colloidal growth.

Comparison of Quantum Yields and Lifetimes. Using super-
conducting nanowire single-photon detectors and a time-
tagged photon counting module, we are able to obtain time-
resolved photoluminescence of SWIR-emitting NPLs at
varying stages of midgap emission evolution (Figure Sa,b).
NPLs showing only a band edge have an average lifetime of 7.4
ns, while those that show midgap emission from the QDs have
an average lifetime of 130 ns (Table S2). Taking the QY of our
SWIR-emitting QD on NPLs to be (0.3), this lifetime suggests
a radiative rate of approximately 430 ns. Various midgap-
emitting NPLs (regardless of their central wavelength) show
similar dynamics (Figure S21), suggesting a common nature to
the midgap emission regardless of depth. The carrier lifetimes
for these SWIR-emitting HgTe NPLs are significantly shorter
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than those of PbS QDs, which are known to have lifetimes on
the order of microseconds,**™** and slightly shorter than those
of HgTe QDs, which are reported to be 480 ns.”” Recent work
toward 2D PbS NPLs has shown great improvement toward
decreasing these lifetimes, with values similar to those of this
work (50—60 ns); however, tunability into the SWIR while
maintaining a high QY has yet to be shown.””™>' While
maintaining fast radiative rates, our HgTe NPLs/QD
heterostructures demonstrate high QYs that are competitive
with other quantum dots that emit in this region of the
spectrum (Figure Sc).

We show bright and continuously tunable midgap state
emission in HgX NPL heterostructures by postsynthetic
growth of QD-like surface defects. Quantum yields for these
emissive states are >30%, making them comparable to those of
the best infrared-emitting PbX and HgTe QDs, while showing
markedly faster radiative rates of 430 ns without any added
optimizations. We find that the energy of this midgap state is a
function of both cation and ligand exchange properties and is
consistent with slow activated growth of HgX QD defects on
the NPL structure. The mechanism of SWIR evolution appears
to be applicable to the family of HgX nanoplatelets, including
two-ML HgTe and three-ML HgSe. Their highly tunable
emission and radiative lifetimes while maintaining the large
area NPL morphology give them potential applications in
higher-flux light emission technologies, such as light-emitting
diodes, sensors, and single-photon emitters.
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