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ABSTRACT: Semiconductor quantum dots (QDs) are promising materials PLla.Sfr
for stress/strain sensing applications owing to their pressure-dependent 1.96
photoluminescence (PL) and nanoscale size, while the impact of stress and S 1.92
microstructure on their optical properties still awaits in-depth investigations < .
W 1.8}/

under more realistic loading conditions. Herein, bare CulnS, QDs and core— L]

shell structured CulnS,/ZnS QDs are investigated under repetitive pressure Pf yist j2939 4 g4 4

. . /‘ / f CulnS,/ZnS
loadings to elucidate the pressure-dependent PL responses over many i TS At S TS At
pressure cycles. The CulnS,/ZnS QDs not only show higher PL intensity but t P(GPa) P(GPa)

also exhibit a reliable and simple relationship between PL emission peak

energy (Ep.) and external pressure (P), which is desirable for actual application in stress/strain sensing. Specifically, the Ep —P
relationship of bare CulnS, QDs changes after the first loading—unloading cycle, while the Ep; —P relationship of CulnS,/ZnS QDs
shows repeatable trajectories under different cycles. This research provides experimental support for designing QD-based stress/
strain sensing materials and explains how the shell and surface microstructure will affect the mechanical-luminescence responses of

QDs.
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B INTRODUCTION response in hydrostatic compression, a nonmonotonic depend-
ence between the PL peak shift and external pressure is
observed in both shock compression and uniaxial compression
experiments due to the axiality of stress states and the crystal
orientation of the QDs,"”***

Quantum dots (QDs) are appealing nanoscale stress/strain
sensing materials (SSMs) because of their small size, high
photoluminescence (PL) intensity, and tunable band gap

governed by the quantum confinement effect. ™ For example, which would lead to inaccurate

the potential of QDs applied to detect the pressure induced by pressure sensing performance.

explosion, shock, or extreme conditions in experimental Although the research on QDs under different pressure
biology is enormous due to their GPa-level pressure-sensitive loading conditions has provided valuable information for
merits.7_9 Moreover, Q_DS can also be employed for in situ developing Q_D-based SSMS, there still remains much work to
stress/strain detection in highly heterogeneous materials be done for more realistic conditions. For example, the
because of their nanometer size.” Based on the potential of pressure-dependent PL response of QD-based SSMs has to be
QDs for stress/strain sensing, the PL responses of QDs related repeatable under repeated loading—unloading cycles for long-
to external pressure under several loading conditions have been term experiments, and stress/strain sensors are usually used in
studied over the past few years. Because a majority of QDs are dynamic systems. However, studies on the PL response of QDs
synthesized by liquid phase-based chemical approaches, most under such repeated loading—unloading cycles are less
related reports focus on’ the PL of QDs under hydrostatic common. Moreover, because the direct chemical synthesis of
compression conditions.'"~* It is reported that in most cases, core—shell QDs becomes mature, research on the mechanical

hydrostatic compression leads to a blueshift of the PL,"""*>"*

which can be used as an indicator for pressure sensing.
However, the PL often disappears when it is loaded to a critical
pressure regime.”'” Phase transformation is the most possible - 5
reason accounting for the disappearance of the PL, and thus, Received: February 7, 2022
many efforts have been put into the underlying phase Acce_pted: Mar.ch 23, 2022 :
transition mechanism of QDs through both experimental'°~"’ Published: April 5, 2022
and theoretical methods.”” In addition, QDs as SSMs under

shock compression"” and uniaxial compression”'~** have also

been investigated recently. In comparison with the PL

properties of QDs is no longer limited to bare QDs. Core—
shell QDs represent several advantages over bare QDs in terms
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of performance and structure, such as, enhanced PL to start
with;*° ™' being less susceptible to interfering effects like
oxidation;*” and higher phase transition pressures.”> Never-
theless, the impact of repetitive pressure loading on the PL
properties of core—shell QDs still remains to be mapped out.
Such a study would trigger further developments in the QD-
based sensing field under more realistic conditions.

Following our previous works on the synthesis of semi-
conductor QDs**™>¢ and considering the advantages of CulnS,
QDs such as safety, stability, and pressure-sensitivity in the
GPa-level,® herein, we report the repetitive pressure loading
effects on the PL emission properties of both bare CulnS, QDs
and the counterparts, core—shell structured CulnS,/ZnS QDs.
Two important optical parameters, in terms of PL emission
intensity and emission peak energy, were particularly
investigated to elucidate the PL response behaviors of these
QDs under more realistic pressure loading conditions. It was
demonstrated that QDs after shell coating exhibited a more
reliable and simple relationship between PL emission peak
energy and external pressure during pressure loading—
unloading cycles. We further discuss the role of the shell and
surface microstructure governing the mechanical-luminescence
response of QDs.

B EXPERIMENTAL METHODS

Chemicals. Indium acetate [In(OAc);, 99.99%] was purchased
from Alfa Aesar. 1-Dodecanethiol (DDT, 98%) was purchased from
Macklin. Copper(I) iodide (Cul, 99.95%) and zinc stearate (ZnSt,,
90%) were purchased from Aladdin. Acetone, cyclohexane, ethanol,
and toluene were of analytical reagent grade and purchased from
Sinopharm Chemical Reagent Beijing, Co., Ltd.

Synthesis of Bare CulnS, QDs. The CulnS, QDs were
synthesized by a previously reported method,®” as illustrated in
Figure 1. In brief, 0.2 mmol In(OAc); and 0.2 mmol Cul were mixed

In(OA), Zn(St),

4 CulnS,
Qx0:-On0.- 0x0
o%oooeooo%o
Q[0 0000
0“0 00 00

() °Cu

Figure 1. Scheme of synthesis approaches and structures of CulnS,
and CulnS,/ZnS QDs.

with 12 mL of DDT. The mixture was first degassed under vacuum at
80 °C for 30 min until it turned into a clear solution. Then, the
solution was purged with nitrogen and heated to 200 °C. The reaction
was allowed to stand for 60 min under nitrogen protection. The
resulting CulnS, QDs were precipitated by acetone and isolated by
centrifugation, redispersed in cyclohexane, and subsequently
precipitated by using acetone for three cycles. The QDs finally
obtained were redispersed in toluene for further pressure loading
experiments.

Synthesis of Core—Shell CulnS,/ZnS QDs. Following the
aforementioned procedures for synthesizing bare CulnS, QDs, a
parallel reaction mixture was prepared by 60 min reaction at 200 °C.
Thereafter, 0.5 mmol ZnSt, was introduced at room temperature
without applying the purification procedures to the mixture. The
mixture was degassed under vacuum at 120 °C for 30 min and then
purged with nitrogen gas. The resultant reaction mixture was heated
to 230 °C and kept at that temperature for 60 min. The purification
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procedures for the CulnS,/ZnS QDs were the same as those of the
bare CulnS, QDs mentioned above.

Hydrostatic Pressure Loading Experiments. The hydrostatic
pressure loading experiments were performed using a symmetric
diamond anvil cell (DAC) with a culet size of S00 pm. Specifically, a
gasket hole with a diameter of 400 um served as a sample chamber for
sealing a toluene solution of QDs in the anvil. The element
concentrations of QDs are listed in Table S1. A small ruby particle
was also put into the cavity for pressure calibration. Two loading
modes were applied to QDs from the same samples. In the first mode,
QDs in the DAC were loaded quasistatically to a critical pressure (P,,)
until the emission of the QDs disappeared. In the second mode, in
order to prevent the emission from disappearing, loading—unloading
cycles were performed with a suitable maximum pressure less than P,.
In both modes, PL spectra were recorded by a spectrometer with the
probe keeping at almost the same distance from the sample.

Characterization. The transmission electron microscopy (TEM)
images were obtained on a JEM-2100F electron microscope operating
at an accelerating voltage of 200 kV. The powder X-ray diffraction
(XRD) patterns were recorded on a Bruker D2 Phaser X-ray
diffractometer at 150 mA with Cu Ka radiation. PL spectra were
recorded at room temperature on an Aurora4000 fluorescence
spectrophotometer equipped with a 405 nm laser as a single
wavelength excitation source (15 mW). The absolute PL quantum
yield (PLQY) measurement was performed on an Edinburgh FLS980
spectrometer equipped with an integrating sphere upon 350 nm
excitation and calculated from the number of emitted photons per
absorbed photons. The chemical composition and concentration of
the two QD samples were determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) using ICP-AES 6300DV
after the decomposition of QD particles with a concentrated nitric
acid.

B RESULTS AND DISCUSSION

Representative TEM images of the bare CulnS, and CulnS,/
ZnS QDs together with their particle size distribution profiles
are shown in Figure 2a,b. The average diameter of the CulnS,
QDs is increased from 1.5 + 0.4 to 2.6 + 0.6 nm upon ZnS
coating, which supports the formation of an outer ZnS shell
with a thickness of around 0.55 nm. The ZnS shell overcoated
on the surface of the CulnS, core is also supported by the fact
that the relative standard deviation of the particle size is
decreased from 26.7 to 23.1% after ZnS shell growth. The
actual Cu/In ratios of the CulnS, and CulnS,/ZnS QD
samples were determined to be 1 (Table S1), in accordance
with the stoichiometric ratio in CulnS,. The well-resolved
powder XRD patterns shown in Figure 2¢ further confirm the
preservation of the chalcopyrite (tetragonal) phase structure
characteristic of the CulnS, core throughout the ZnS shell-
coating process.38 The lattice constants for CulnS, area = b =
5.517 A and ¢ = 11.06 A, while they are a = b = ¢ = 5.345 A for
ZnS with a zinc blende phase. The intrinsic lattice mismatch
between them is about 3% that is low enough to allow for
epitaxial shell growth.””** To further investigate the shell
coating effects on the PL properties under pressure loading,
bare CulnS, and core—shell CulnS,/ZnS QDs were separately
put into the gasket cavity together with a ruby particle (for
pressure calibration), as illustrated in Figure 2d. Pressure is
then applied when bringing the anvils together by controlling
the spring gasket. PL spectra are recorded by a spectrometer
with the detector at a fixed distance from the samples loaded
for monitoring the PL emission properties under pressure.
The PL spectra of CulnS, and CulnS,/ZnS QDs at different
pressure levels after the first pressure loading are presented in
Figure 3a,b, respectively. Obviously, the pressure-dependent
PL intensities for two samples are not monotonically varying,
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Figure 2. Typical TEM images and the corresponding size histograms (inset) of (a) CulnS, and (b)
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Figure 3. Pressure-dependent PL spectra of (a) CulnS, and (b) CulnS,/ZnS QDs. (c) Pressure-dependent PL intensity of CulnS, and CulnS,/
ZnS QDs. (d) Pressure-dependent PL peak energy (Ep) of CulnS, and CulnS,/ZnS QDs (solid points) and fitting results (lines).

and therefore, the PL intensity as a function of pressure is
further plotted in Figure 3c. The PL intensity of CulnS,/ZnS
remains higher than that of the bare CulnS, QDs at the same
pressure level. This can be attributed to the enhanced PLQY
after performing the ZnS shelling process, that is, from 6.2%
for bare CulnS, QDs to 20.2% for core—shell CulnS,/ZnS
QDs, due to the efficient passivation via the ZnS shell and a
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. .. . . 41—43
reduction of nonradiative recombination centers. Upon

pressure loading, it can be observed in both samples that the
PL intensity increases with the external pressure at the
beginning and similar characteristic has also been observed in
InP/ZnS QDs,"* which is directly related to the modulation of
pressure on self-trapped exciton binding energy** and confined
motion of the alkylthiol ligands. Thereafter, the PL intensity

https://doi.org/10.1021/acsanm.2c00573
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Figure 4. PL spectra after three loading—unloading cycles of (a) CulnS, and (b) CulnS,/ZnS QDs (the black curves represent the PL spectra of
samples at the initial state; the red, blue, and green curves represent the spectra after the first, second, and third unloadings, respectively). PL peak
energy evolution (symbols) and fitting results (lines) of (c) CulnS, and (d) CulnS,/ZnS QDs under three loading—unloading cycles. (Solid
symbols/lines represent loading/fitting results. Open symbols/dashed lines represent unloaded/fitting results. Circle, square, and triangle symbols

represent three load—unload cycles.)

decreases dramatically with pressure and disappears at a critical
pressure (P.). In the present experiments, the P_, of CulnS,
QDs is about 6.30 GPa, while it increases up to 8.71 GPa for
CulnS,/ZnS QDs. It should be mentioned that the P, here is
not corresponding to the pressure of the phase transition from
chalcopyrite to cubic,” since it is smaller than that (9.6 GPa)
of the phase transition pressure of bulk CulnS,.'***~*" The
weakening of the PL intensity in the experiments is related to
the distortion of the lattice and the QD-ligand bonding,8 which
leads to the trapping of photogenerated carriers and the
weakening or even disappearance of the PL emission."’
Moreover, at higher pressure levels, the decrease in PL
intensity induced by the distortion is much larger than the
increase in PL intensity by the modulation on self-trapped
exciton binding energy and the confinement motion of ligands,
and thus, it is observed that the PL intensity increases first and
then decreases with pressure loading. In order to obtain
sufficiently accurate data and avoid causing much larger lattice
deformations of the QDs, the maximum pressure (P,,,.) in the
following repetitive pressure loading conditions is limited to
about 5.50 GPa.

The evolution profiles of the PL peak energy (denoted as
Ep;) of CulnS, and CulnS,/ZnS QDs with the increasing
pressure are presented in Figure 3d. Epy is calculated from Epy,
= hc/ Ay where h is the Planck constant, c¢ is the velocity of
light, and A, is the wavelength at the peak maxima of PL
spectra. Epp is directly related to the band gap energy of QDs,
which is governed by the quantum confinement effect.***’
Diameter and lattice spacing of QDs decrease due to the
external pressure, which in turn enhances the quantum
confinement and leads to the increase in band gap energy.*”’
As a result, Ep increases with the loading pressure. However,
Ep, for the two types of QDs show different pressure
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dependencies. Specifically, a bilinear model can be used to fit
the pressure-dependent Ep; of CulnS, QDs'**

oyP+E; P<E,
Ep, =

P + Eoy P 2 K, (1)
where P, is the turning point of the bilinear model, a;, and E,
are fitting parameters in the low pressure regime, and ay; and
Eyy are fitting parameters in the high pressure regime. Ey is
the fitted extrapolated PL peak energy of the CulnS, QDs at
zero pressure. For the CulnS,/ZnS QDs, a quadratic function
is more suitable for fitting the Ep —P relationship'>'**°

Ep = aP + pP* + E, 2)
where a and S are the first-order and second-order coeflicients
obtained by fitting, respectively, and E, is the fitted PL peak
energy at zero pressure. The functions and related coefhicients
can be utilized as a reference for pressure sensing in
experiments. The parameters obtained by fitting the two
models are given in Figure 3d. It can be seen that P, for
CulnS, QDs is about 1.76 GPa. The slope before P, of CulnS,
QDs is 0.062 eV/GPa, which is much larger than that (0.007
€V/GPa) after P,. As for CulnS,/ZnS QDs, the initial slope at
a lower pressure level is about 0.028 €V/GPa, which is less
than that of CulnS, QDs. It is worth noting that although the
core size of the two types of QDs in experiments is similar, Ep;,
of CulnS,/ZnS QDs at ambient pressure is about 2.102 eV,
which is larger than 1.822 eV of CulnS, QDs. This difference is
mainly caused by the combined effects of surface passivation
by ZnS as well as the shrinking of the CulnS, core.”'

For the repetitive pressure loading conditions, the PL
spectra after three loading—unloading cycles with P, = 5.50
GPa are recorded and presented in Figure 4a,b. The PL
intensity of both bare and core—shell QDs decreases with
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pressure loading cycles but by different degrees. When
reaching the third pressure loading—unloading cycles, the PL
intensity of CulnS,/ZnS QDs is decreased only by a total of
14%, which is significantly less than that of CulnS, QDs
(85%). As discussed above, QD-ligand bonds can be distorted
or even broken under pressure, whereas the broken bonds are
difficult to recover, as described by Liu et al,’ leading to a
continuous weakening in PL intensity of CulnS, QDs with the
increasing number of loading—unloading cycles. However, for
the core—shell-structured CulnS,/ZnS QDs, the weakening of
PL spectra is mainly caused by the lattice distortion at the
interface, which can be almost recovered after unloading due to
the low lattice mismatch (~3%) between CulnS, and ZnS.® As
a result, the weakening of the PL intensity of CulnS,/ZnS QDs
is much lower than that of CulnS, QDs after three loading—
unloading cycles. The PL intensity of CulnS,/ZnS QDs
remains higher than that of CulnS, QDs regardless of the
repeated pressure loading cycles, benefiting from the higher
starting PLQY of the core—shells.

The pressure-dependent Ep; values of CulnS, and CulnS,/
ZnS QDs under different loading—unloading cycles are further
shown in Figure 4c,d, respectively, together with the
corresponding fitting parameters that are listed in Tables 1

Table 1. Fitting Parameters in Figure 4c

cycle ay (eV/GPa) ay (eV/GPa) Ey (eV) Eyy (eV)
1st load 0.064 0.009 1.830 1.918
unload 0.058 0.010 1.835 1.907
2nd load 0.047 0.010 1.833 1.893
unload 0.045 0.010 1.833 1.893
3rd load 0.047 0.011 1.829 1.890
unload 0.047 0.010 1.834 1.891

Table 2. Fitting Parameters in Figure 4d

cycle a (eV/GPa) B (eV/GPa?) E, (eV)
1st load 0.030 ~0.002 2,092
unload 0.035 ~0.003 2.089
2nd load 0.035 ~0.003 2,089
unload 0.031 ~0.002 2,092
3rd load 0.030 ~0.002 2.090
unload 0.031 —0.002 2.089

and 2. The P, of each loading—unloading cycle is kept close
to 5.50 GPa, as described above. The variations of E, —P
relations of CulnS, and CulnS,/ZnS QDs with pressure

loading—unloading cycles are quite distinct. For CulnS, QDs,
as shown in Figure 4c, the first loading and unloading
trajectories basically coincide with each other, and Ep| returns
to the initial value when fully unloaded. Similar behaviors have
also been observed in InP/ZnS and CulnS, QDs in other
works.”'* However, the Ep; of the second loading trajectory
becomes smaller than that of the first loading trajectory at the
same pressure level. The fitting slopes a; and ay can
characterize the pressure sensitivity of QDs in different
pressure regions. a; decreases by 26.6% from 0.064 to 0.047
€V/GPa, while @ remains nearly unchanged (Table 1).
Therefore, the smaller Ep; after P,, is due to the decrease in ;.
After that, the subsequent unloading and loading trajectories
generally coincide with the second loading trajectory. It can be
noted that the P, of all the trajectories is similar and close to
1.76 GPa, which will be discussed later. In contrast, it is
obvious that the Ep —P trajectories of the CulnS,/ZnS QDs
basically remain the same during the three loading—unloading
cycles shown in Figure 4d (the fitting results are shown in
Table 2) due to the suppression of a surface plastic
deformation, which will be discussed later. The full width at
half-maximum (fwhm) of PL spectra of the two samples is also
pressure-dependent (Figure S1). For CulnS, QDs, the PL
fwhm increases by 240, 188, and 128% after the first, second,
and third loadings, respectively, indicating the broadening of
PL spectra, which is similar to that of bare InP QDs.**
However, the fwhm of CulnS,/ZnS QDs for all the three
loadings decrease only about 5%, which is much smaller and
similar to the results reported for CdSe/ZnS QDs."

To investigate the mechanism of the decreased Ep after the
first cycle observed in CulnS, QDs, experiments with different
P...x were performed and the results are shown in Figure 5.
Because the Ep; —P trajectories of the CulnS, QDs during the
second and third loading—unloading cycles are basically the
same, as shown in Figure 4c, we only performed two loading—
unloading cycles. From Figure Sa, it is observed that when the
P_..x value of 1.50 GPa is applied, the first and second loading—
unloading trajectories coincide with each other. In Figure Sb,
when increasing the P_,, up to 1.99 GPa, that is greater than
P, the Ep —P trajectory of the second cycle is significantly
lower than that of the first cycle, similar to that shown in
Figure 4c. Moreover, the CulnS, QDs were kept at ambient
pressure for over 10 h after the first loading—unloading cycle
and then continued the pressure loadings (Figure S2), showing
the consistent results with that shown in Figure 4c.

The abovementioned complicated pressure-dependent Ep
under repetitive loading—unloading cycles of the CulnS, QDs
presented in Figures 4c and Sb could be related to their surface

(a)

(b)
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Figure S. PL peak energy evolution of CulnS, QDs under repeated loading—unloading cycles with (a) P,,,, = 1.50 GPa and (b) P,,, = 1.99 GPa.
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and internal deformation®"** when applying high pressure. It

can be understood from several perspectives:

(1) Different mechanical properties of the surface and
internal structure of bare CulnS, QDs lead to the
bilinear model of the Ep —P relationship. For the bare
CulnS, QDs with nanoscale size, there is a strong
surface energy, which leads to tangential tension
pressure in the core due to a large surface-to-volume
ratio.**** Furthermore, as indicated in Figure 4c, slopes
of the second and third loading—unloading cycles at low
pressure regimes are smaller than that of the first
loading—unloading cycle, but the slopes at the high
pressure regime are basically independent of the times of
the loading—unloading cycles. We therefore infer that
the slope is mainly controlled by surface deformation in
the low pressure regime and mainly by internal
deformation in the high pressure regime. The turning
pressure of these two deformation modes is close to Py,
as indicated in Figure 5. Moreover, the deformation on
the surface is unrecoverable, as shown in Figure S2.
Plastic deformation occurs in the surface structure of
bare CulnS, QDs after the first loading, which leads to
the change of slope in the low pressure regime.
Moreover, the plastic deformation strengthens the
modulus of the surface layer (work hardening), and
thus, the slope in the low-pressure regime decreases
when the second loading is performed. However, there is
no plastic deformation occurring in the internal region,
and so, the slopes of the respective high-pressure
regimes remain basically unchanged.

The ZnS shell of CulnS,/ZnS QDs can act as a
protective layer for the underlying CulnS, core. In some
regards, the ZnS shell coating is similar to the surface
layer of CulnS, QDs in configuration, but only the
internal CulnS, core deformation affects the PL
behavior of CulnS,/ZnS QDs. That is to say, the
Ep —P relationship of the CulnS, core remains nearly
unchanged regardless of any plastic deformation in the
ZnS shell. Therefore, a single quadratic model can be
used to fit the Ep —P relationship, and it shows
repeatable trajectories under different loading—unload-
ing cycles.

()

3)

B CONCLUSIONS

In summary, repetitive pressure loadings are applied to bare
CulnS, QDs and core—shell CulnS,/ZnS QDs to disclose the
pressure-dependent PL responses under more realistic
conditions. It is demonstrated that core—shell CulnS,/ZnS
QDs are more reliable as stress sensing nanomaterials in
comparison with the bare CulnS, QDs for several perspectives.
First, the PLQY of CulnS,/ZnS QDs in this case is higher than
that of CulnS, QDs by a factor of approximately 3. Moreover,
the decay of the PL intensity of the CulnS,/ZnS QDs due to
the compression load is 20% of that of CulnS, QDs. Although
it is inconvenient to use PL intensity as an indicator of
pressure, the higher intensity and lower decay of the intensity
can ensure sensitive response and a larger detection range for
the spectrometer system employed. Second, the relationship
between PL peak energy and the external pressure of CulnS,/
ZnS QDs is simpler and more robust than that of CulnS, QDs.
Obviously, the PL blueshift should be used as a pressure
indicator when using QDs as SSMs given its monotonic
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dependency. The quadratic fitting model of CulnS,/ZnS QDs
is simpler than the bilinear model used for CulnS, QDs. Third,
the structure of core/shell CulnS,/ZnS QDs is more stable
during repeated pressure loadings in the pressure regime
chosen. The ZnS shell can act as a protective layer for the
CulnS, core, which not only renders the PL of CulnS,/ZnS
QDs stronger and more stable but also is less prone to effects
stemming from plastic deformation. As a result, under
repetitive pressure loading—unloading cycles, CulnS,/ZnS
QDs show a more stable and repeatable relationship between
PL peak energy and external pressure. Therefore, the current
study could in large perspective be extended to unfold the
mechanical-luminescence responses of core—shell QDs, for the
rational design of advanced QD-based stress/strain sensing
nanomaterials.
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