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ABSTRACT

The application of static high pressure provides a method for precisely controlling and investigating many fundamental
and unique properties of semiconductor nanocrystals (NCs). This study systematically investigates the high-pressure
photoluminescence (PL) and time-resolved carrier dynamics of thiol-capped CdTe NCs of different sizes, at different
concentrations, and in various stress environments. The zincblende-to-rocksalt phase transition in thiol-capped CdTe
NCs is observed at a pressure far in excess of the bulk phase transition pressure. Additionally, the process of
transformation depends strongly on NC size, and the phase transition pressure increases with NC size. These peculiar
phenomena are attributed to the distinctive bonding of thiols to the NC surface. In a nonhydrostatic environment,
considerable flattening of the PL energy of CdTe NCs powder is observed above 3.0 GPa. Furthermore, asymmetric and
double-peak PL emissions are obtained from a concentrated solution of CdTe NCs under hydrostatic pressure, implying
the feasibility of pressure-induced interparticle coupling.
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INTRODUCTION

Water-soluble thiol-capped CdTe NCs have been demonstrated to be the most robust and highly fluorescent nanoparticles
that can be directly synthesized in aqueous solution.'” The use of short-chain thiols, such as thioglycolic acid (TGA) and
mercaptopropionic acid (MPA), favors control of the kinetics of the NCs synthesis, passivation of the surface dangling
bonds, and extension of the surface functionality to various hybrid structures.”® Although the fundamental properties of
thiol-capped CdTe NCs and their wide range of applications that use Forster resonance energy transfer (FRET) have been
extensively studied under ambient pressure,””'" whether the short-chain thiols influence the photostability, crystalline
stability, phase transition, and carrier dynamics of water-soluble CdTe NCs under high pressure remain unexplored. High
pressure changes the surface states, structural phases and electronic properties of NCs, as well as the spacing between
adjacent particles, modulating nearest-neighbor and long-range interactions. Alivisatos and co-workers performed
pioneering high-pressure research on semiconductor NCs to study the effect of finite size on the solid-solid phase
transformation of CdSe NCs."' The phase transition from wurtzite to rocksalt in CdSe NCs is strongly size dependent
unlike the corresponding bulk material, occurs several GPa higher, and is highly hysteretic. Yuan et al.'* and Fan et al.”®
investigated the electronic and vibrational states of CdSe/ZnS core/shell NCs under high pressure and found that the ZnS
shell dominates the electronic state and structural stability of a such system. While recently examining CdSe QD solids at
an elevated pressure, Grant et al. demonstrated that the pressure medium significantly affects the dependence of the PL
emission on pressure.'*

This study comprehensively investigated the electronic states, crystalline stability, and carrier decay dynamics of
water-soluble thiol- capped CdTe NCs using high-pressure PL and time-resolved PL (TRPL) spectroscopy. The bonding
of the stabilizer thiols to the NC surface determines the phase transition pressure and the dependence of the emission
energy on pressure. To study thoroughly the surface effects, high-pressure measurements of thiol-capped CdTe NCs of
different sizes, at different concentrations, and in various stress environments are carefully made. The optical and
electronic properties of NCs are strongly related to their crystalline stability and surface conditions. Accordingly,
understanding the effects of the surface on the phase transition and carrier decay dynamics at the nanoscale would
facilitate the development of nanomaterials and devices.
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EXPERIMENT

Highly luminescent CdTe NCs were directly synthesized in aqueous solution, following a procedure that has been
published previously.” The water-soluble CdTe NCs that were used in this study were surface-stabilized by applying
3-mercaptopropionic acid (MPA). The sizes of the MPA-capped CdTe NCs with diameters of d = 2.3, 3.4, and 5.1 nm
were determined according to the sizing curve that was obtained by Rogach et.al by both transmission electron
microscopy (TEM) and powder X-ray diffraction (XRD) analyses.’ The MPA-capped CdTe NCs exhibited a narrow size
distribution of ~ 5 % and were highly crystalline with a zincblende (ZB) structure under ambient conditions.
Room-temperature absorption spectra were recorded in air using a Cary 50 spectrometer (Varian). High-pressure PL and
TRPL measurements were all made at room temperature using a ruby-calibrated diamond anvil cell (DAC)."”> The
pressure-transmitting medium was Milli-Q water (Millipore), and the pressure gradient was less than 0.2 GPa throughout
the sample chamber. The PL and TRPL of the CdTe NCs and the ruby fluorescence were excited using a 200 ps pulsed
laser diode (405 nm/2.5 MHz/1 mW), which was focused onto the sample using a 20x Olympus objective with a long
working distance. Signals were dispersed using a Horiba iHR550 spectrometer with a 1800 gr/mm grating and detected
using a multichannel LN,-cooled charge-coupled device (CCD) and a photon-counting avalanche photodiode. The decay
traces were recorded by time-correlated single photon counting (Time-Harp, PicoQuant).

RESULTS AND DISCUSSION

Figure 1 shows the absorption and PL spectra of MPA-capped CdTe NCs (d = 2.3, 3.4, and 5.1 nm) in aqueous solution
under ambient conditions. The CdTe NCs provide blue, red, and near-infrared emissions, centered at 530, 615, and 720
nm, respectively. At ambient pressure, a slight Stokes shift of the emission peaks relative to the excitonic absorption
peaks is observed, revealing that the near-band-edge emissions, rather than the deep traps dominate the PL of
MPA-capped CdTe NCs. The NC concentrations are all fixed at 250 nM, such that the interactions between the adjacent
NCs of slightly different sizes within the entire ensemble are negligible, on which high-pressure research on NCs with
short-chain surface ligands depends.
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Figure 1. Absorption and PL spectra of aqueous (250 nM) MPA-capped CdTe NCs under ambient pressure.

Figure 2(a) shows the pressure-dependent PL spectra of aqueous CdTe NCs (d = 3.4 nm; 250 nM) that are recorded under
increasing pressure up to 6.3 GPa. As the external pressure is applied, the PL peaks shift monotonically toward lower
wavelength. These shifts are accompanied by significant falls in emission intensities. The large PL energy blueshift of
the NCs is caused by the pressure-induced reduction in lattice constants. When the pressure is slowly increased to a
critical value of around 6.3 GPa, the PL emission of CdTe NCs suddenly disappears and the sample darkens. The above
phenomena at high pressure are strong evidence of the pressure-induced metallization of CdTe NCs."*"* This tendency of
transformation was first identified in a high-pressure resistivity study of bulk CdTe crystals, whose resistivity abrupt
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drops over three orders of magnitude at around 3.8 GPa.'® Additionally, XRD measurements of CdTe bulk indicate that
the phase transformation from a fourfold-coordinated ZB to a sixfold-coordinated rocksalt (RS) structure is complete at
around 3.8 GPa with a 16 % reduction in volume."” This finding demonstrates that the pressure-induced metallization of
CdTe occurs when the crystalline phase transforms from ZB to RS. Obviously, the ZB-to-RS transition pressure of 3.4
nm CdTe NCs (6.3 GPa) exceeds that of the bulk CdTe (3.8 GPa). Similar experimental results have also been obtained
for CdSe NCs, in which the wurtzite (WZ) phase of CdSe NCs is stable under pressures that are two to three times above
that at which the bulk is stable (2.0 GPa), depending on the size of the NCs."" The transition pressure of the NCs is
higher than that of the bulk because of the surface energy effects. The phase transition pressure can be obtained by a
common-tangent construction between the energy-volume curves of the two phases (Pr = - dU/dV)."" Restated, the
changes in transition pressure can be determined from differences between the surface energies of the two phases.
Although the surface energy raises the energy of the ZB(WZ) phase NCs relative to the ZB(WZ) bulk, it increases the
energy of the RS phase NCs by even more relative to that of the RS phase bulk. Accordingly, the slope of the
common-tangent line (phase transition pressure) is higher for NCs.
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Figure 2. Pressure-dependent PL spectra of aqueous (250 nM) (a) 3.4 nm and (b) 5.1 nm MPA-capped CdTe NCs.

Figure 2(b) shows the up-stroke pressure-dependent PL spectra of large CdTe NCs (d = 5.1 nm; 250 nM). The
pressure-induced emission wavelength shifts are accompanied by significant declines in emission intensities. As can be
seen in Fig. 2(b), the PL emission band is still observable above 6.3 GPa upon compression. The emission band
gradually vanishes upon further compression and completely disappears by 7.6 GPa. Also, the sample in the DAC
abruptly changes from bright to dark. Restated, the ZB-to-RS phase transition of 5.1 nm CdTe NCs is complete at around
7.6 GPa, which value is higher than that of 3.4 nm CdTe NCs. However, close inspection of the transition of small CdTe
NCs (2.3 nm; 250 nM) reveals that the ZB-to-RS phase transition is complete earlier than that of large CdTe NCs (3.4
and 5.1 nm). Clearly, the phase transition pressures increase with NC size. This behavior is in contrast to that of the
4-ethyl-pyridine capped CdSe NCs, whose phase transition pressure increases as the NC size decreases.'’ The difference
between MPA-capped CdTe and the CdSe NCs with this weakly bound capping agent is attributable to their distinctly
different surface conditions.

The pressure-induced phase transitions typically nucleate on NC surface defects and proceed inward as the pressure is
increased."® Therefore, the surface control of NCs is crucial not only to photostability and PL QY, but also to crystalline
stability. Heteroepitaxially growing an inorganic shell of a wider band-gap semiconductor on the surface of NCs, such as
CdSe/ZnS core-shell NCs, whose shell acts as a barrier as well as a protector for the core, improves the luminescence
efficiency and increases the phase transition pressure.'>"* In the case of CdTe NCs with thiol as the surface stabilizer,
discussed herein, the thiols with a polar headgroup passivate surface dangling bonds and making NCs water-soluble.
Although an inorganic shell is not grown intentionally, an ultra-thin (a few monolayers) sulfur-capped surface (CdS shell)
is formed naturally because mercapto-groups are covalently attached to the surface cadmium atoms.® CdS is an excellent
shell material for CdTe cores not only because its band gap (2.5 eV) is larger than that of CdTe (1.5 eV) but also because
its lattice mismatch with CdTe (10.1 %) is smaller than that of ZnSe (12.5 %) and ZnS (16.5 %)."* Moreover, the bulk
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modulus of the CdS (62.0 GPa) exceeds that of CdTe (42.0 GPa).***' Thus, the CdS shell acts as a gentle protector of the
CdTe core. Earlier experimental results reveal that the increase in the amount of MPA(TGA) in solution at the synthesis
stage and prolonged heating of NC suspensions considerably increase the probability of stabilizer hydrolysis, resulting in
higher sulfur content in the NCs.* Consequently, longer synthesis corresponds to larger CdTe NCs that are covered with
thicker CdS surface shells. These facts explain the peculiar size-dependence of the ZB-to-RS phase transition pressures
of MPA-capped CdTe NCs.

Figure 3 plots the pressure-induced PL peak energy shifts of all of the CdTe NCs. The solid lines are the least-squares fit
to the experimental data using a quadratic equation, Ep,(P) = E, + aP + SP?, where Ep(P) is the PL peak energy in eV,
Ey is the PL peak energy at ambient pressure, a is the initial linear slop of the curve and is closely related to the bulk
modulus (the reciprocal of the isothermal compressibility) under ambient conditions, £ is the nonlinear factor which
indicates a variable bulk modulus under pressure, and P is the applied pressure in GPa. Thus, the pressure-induced PL
peak energy shifts directly reflect the pressure-dependent lattice compressibilities of the CdTe NCs. The pressure
coefficients derived from the fits to experimental data are displayed in Fig. 3. Several conclusions can be drawn. (i) None
of the energy-pressure curves could be fitted linearly. (ii) The slopes of all the curves decrease as the applied pressure
increases. (iii) As the NC size increases, the pressure coefficient a declines rapidly. (iv) The energy shifts (AE) for all the
CdTe NCs at the critical pressure of the phase transition are almost equal. The above findings imply that the nonlinear
factors greatly influence the relationship between PL peak energy and pressure. Owing to the volume change under
applied pressure, the bulk modulus is not a constant but increases with increasing pressure. This trend reflects the fact
that the NCs become more difficult to compress under higher pressures; consequently, the slopes decline. Additionally,
the decline in a with an increase in the size of the NCs indicates that the thiol-capped CdTe NCs with thick CdS surface
capping have a larger bulk modulus than the small NCs. The energy shifts of all the CdTe NCs within the ZB phase
before the phase transformation are similar, implying that the relative reduction of the unit cell volume in the NCs is the
same, regardless of the size before any transformation.
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Figure 3. Pressure-dependence of observed PL peak energies of aqueous (250 nM) MPA-capped CdTe NCs. Solid lines
are quadratic polynomial fits to experimental data.

The PL emission peaks and linewidths of the aqueous (250 nM) MPA-capped CdTe NCs shift smoothly and
symmetrically with pressure, as shown in Figs. 2 and 3. However, previous experimental results concerning CdSe QD
solids at high pressure show that, depending on the pressure medium, the PL energies either increase regularly as a
function of pressure or, after an initial increase, they flatten or even decrease with pressure.'* Asymmetric and
double-peak PL emission profiles were also observed. Grant et al. demonstrated that the anomalous PL behavior is
caused by nonhydrostatic stresses, but they did not definitively assign a mechanism of the asymmetric and double-peak
PL emission.'* To verify the dependence of nonuniform stress on the PL emissions, high-pressure PL measurements were
made in a nonhydrostatic environment. Figure 4(a) shows the pressure-dependent PL spectra of the CdTe NCs powder (d
= 3.4 nm) that was directly compressed in the absence of a pressure medium. At ambient pressure, the PL peak at 635 nm
(1.95 eV) exhibits a pronounced energy redshift from that in aqueous solution [Fig. 2(a)]. The energy redshift in CdTe
NCs powder is caused by the FRET between adjacent NCs of slightly different sizes in the ensemble.'” As the pressure
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increases, the emission wavelength passes through a minimum of 585 nm (2.12 eV) at around 4.7 GPa, and then remains
unchanged as the pressure is increased to 6.1 GPa. The flattening of the PL peak energy of the CdTe NCs powder results
from the shearing effects of nonhydrostatic compression.'* Notably, in Fig. 4(a), the PL emission vanishes at around 6.3
GPa, which is exactly the same phase transition pressure as that of aqueous (250 nM) 3.4 nm CdTe NCs. However, the
asymmetric and double-peak PL behavior is not observed in CdTe NCs powder under nonuniform environment.
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Figure 4. Pressure-dependent PL spectra of (a) 3.4 nm MPA-capped CdTe NCs powder and (b) aqueous (1.0 M) 5.1 nm
MPA-capped CdTe NCs.

Figure 4(b) shows the pressure-dependent PL spectra of aqueous CdTe NCs (d = 5.1 nm; 1.0 M). Similarly to aqueous
(250 nM) 5.1 nm CdTe NCs, under hydrostatic conditions, the PL peaks shift monotonically toward lower wavelength,
with falling emission intensities. The ZB-to-RS phase transition is complete by around 7.7 GPa, which value is close to
that obtained for dilute CdTe NCs (d = 5.1 nm; 250 nM). However, in contrast to the results obtained for dilute CdTe
NCs, an asymmetric and double-peak feature start to appear, especially at pressures of over 3.5 GPa. These phenomena,
which occur only under high pressures, are also observed in CdTe NCs of various sizes and become even more
pronounced for small NCs. This behavior is very likely to be caused by the transfer of energy by the pressure-induced
reduction of interparticle separation. To confirm the potential effect of energy transfer in concentrated solutions of CdTe
NCs at high pressure, high-pressure TRPL measurements were made.

Figures 5(a)-5(d) show the pressure-dependent TRPL spectra of aqueous CdTe NCs (d = 5.1 nm; 1.0 M) monitored at
630, 660, 720, and 750 nm, respectively. The insets in Figs. 5 summarize the dependence of intensity averaged PL decay
lifetimes (7.,) as a function of pressure. In Fig. 5(a), as the external pressure increases, the overall PL decay lifetime
sharply decreases. Additionally, the rapid decay within the initial few ns after excitation becomes pronounced as pressure
increases. These experimental findings can be understood as follows. Even though the TRPL spectra are all obtained at
630 nm, the PL emissions are generated by NCs under very different conditions. For example, the PL emission at 630 nm
under ambient pressure is generated primarily by a particular size fraction of the NCs. However, the emission at 630 nm
under 3.5 GPa is from larger, compressed NCs, whose electronic structure is altered by the external applied pressure.
Therefore, changes in crystal structure, surface condition, and NC size decrease PL decay lifetime. Reducing the CdTe
NC size caused the traps that originated from the Te surface atoms to move from outside to inside the band gap of CdTe
NCs, causing the initial fast decay.’

Although the external pressure causes a significant shift in emission wavelength, the TRPL spectra that are recorded at
630 nm over the entire range of pressures reflect mostly the decay dynamics of relatively small NCs. When the detecting
wavelength is increased to 660 nm [Fig. 5(b)], an increase in average PL decay lifetime is observed above 3.5 GPa,
where the detection energy approaches the PL peak. To gain insight into the decay dynamics of concentrated solutions of
CdTe NCs, the detecting position is shifted toward longer wavelengths. As can be seen in Fig. 5(c), the average PL decay
lifetime initially declines with increasing pressure up to 2.8 GPa and then monotonically increases with further
compression, yielding a relatively narrow decay lifetime distribution. These effects are even stronger in the
long-wavelength emissions, as presented in Fig. 5(d), in which the decay dynamics, recorded at 750 nm, are mostly from
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the relatively large NCs. However, in dilute CdTe NCs, only a monotonic, slow, and wavelength-independent reduction
of the overall PL decay lifetime is observed. The above TRPL results provide clear evidence of pressure-driven
nonradiative energy transfer from donors (small NCs) to acceptors (large NCs),>*'" which is responsible for the
asymmetric and double-peak PL emissions in concentrated solutions of CdTe NCs at high pressures. This behavior is not
exhibited by CdTe NCs powder in the absence of a pressure medium [Fig. 4(a)] because the NCs are already closely
packed in a dry powder, and the nonradiative energy transfer between the nearest-neighbor NCs leads to the PL peak
energy redshift under ambient pressure, already.
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Figure 5. Pressure-dependent TRPL spectra of aqueous (1.0 M) 5.1 nm MPA-capped CdTe NCs at (a) 630 nm, (b) 660
nm, (c) 720 nm, and (d) 750 nm. The insets show the pressure-dependent average PL decay lifetimes (7ay,).

CONCLUSIONS

This study investigated the emission properties, crystalline stability, and carrier decay dynamics in water-soluble
MPA-capped CdTe NCs under high pressure using PL and TRPL spectroscopy. The ZB-to-RS phase transition pressure
of the CdTe NCs increases as the NC size increases. As the NC size increases from 2.3 to 5.1 nm, the transformation
pressure increases from 5.8 to 7.6 GPa. However, the slope of the pressure-dependent PL peak energy falls as the NC
size increases. These experimental findings are attributed to the protection that is provided by CdS surface that forms
naturally owing to the stabilizer thiols, whose thickness is governed by the duration of NCs growth. Additionally, the
anomalous pressure-dependent PL behavior, a flattening or even a decrease in the PL energy above 3 GPa, is caused by
the nonhydrostatic compression. However, pressure-induced nonradiative energy transfer from small to large NCs in
concentrated NC solution, confirmed by high-pressure TRPL measurements, leads to asymmetric and double-peak PL
emissions under high pressure. These effects must be considered in any investigation of pressure-mediated phenomena.
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