Pressure-Stimulus-Responsive Behaviors of Core—Shell InP/ZnSe
Nanocrystals: Remarkable Piezochromic Luminescence and
Structure Assembly
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Piezochromic luminescence materials that their optical properties can be adjusted (especially, the most sensitive color
ranges from red to green of the human eye), provide powerful means for information acquisition in various applications.
Inorganic quantum dots, typically based on heavy metals such as cadmium and lead, have congenital advantages as
luminescence materials, including strong inoxidizability and excellent photoelectric properties. However, small band-gap
shifts under pressure have hindered development of inorganic-based piezochromic materials. Here, we combine in situ high-
pressure photoluminescence (PL) and absorption measurements with synchrotron X-ray scattering spectra to elucidate the
remarkable modulation of optical properties and morphologies by pressure, particularly that of the piezochromic
luminescence, in all-inorganic core—shell InP/ZnSe nanocrystals (NCs). We observed a stepwise PL color changed from red
to green and an ultrabroad bandgap tunability of 0.46 eV was observed from 1.99 to 2.45 eV in the pressure range of 14.2
GPa for InP/ZnSe NCs. Moreover, two-dimensional (2D) InP/ZnSe nanosheets were synthesized by stress-driven attachment
of nanoparticles. These results demonstrate the ability of the pressure-stimulus response to trigger remarkable
piezochromic luminescence and 2D nanosheet assembly in InP/ZnSe NCs, which paves the way for new applications of all-

inorganic InP-based semiconductor NCs.

walter the lattice constant (interatomic distance) and modify the
electronic energy gap, such that their electronic and optical
properties can be regulated significantly.18-21
Similar to the compressive strain, the application of an
external pressure can precisely alter the intrinsic interatomic
»sdistances and therefore modify the energy positions of the
valence and conduction bands.?2224 These changes have
significant influences absorption and emission
properties.?>22 Such pressure-stimulus optical responsive
characteristic provides powerful means for information
soacquisition in various applications, from pressure sensing,
anticounterfeiting, to optoelectronic memory.2%30 Up to now,
piezochromic luminescent materials have been mainly focused
on organic polymers and compounds containing organic
molecules, whereas they suffer from instability under ambient
ssconditions.30-32 All-inorganic semiconductor nanocrystals (NCs)
have the strong ability to resist photooxidation,1% 33 however,
there is a formidable challenge to develop all-inorganic
semiconductor NCs that could exhibit dynamic colour tunability,
especially, the most sensitive color ranges from red to green of
wothe human eye, in response to variations in pressure.34 In llI-V
semiconductors, the s-orbital and p-orbital states occupy the
conduction band minimum (CBM) and valence band maximum
(VBM), respectively. The s orbitals are more affected by the
interatomic distance variation than the p orbital.’® The
ssapplication of external pressure causes a decrease in the

Introduction

Inorganic semiconductor quantum dots (QDs) have emerged as
an interesting class of luminescent materials because of their
unique optical properties, such as high photoluminescence (PL)
squantum vyields, good photochemical stability and precisely
tunable emission.12 Such properties also make them potentially ;
useful for light-emitting diodes, infrared photodetection, solar on  their
energy conversion, etc.3® Following the restrictions on Cd and
Pb, -V InP QDs have become Vviable

walternatives, which exhibit tunable emission covered the visible-

semiconductor

to-near-infrared region.2 7-8 By means of constructing core-shell
heterostructures with ZnSe shell, the PL performance of InP QDs
can be boosted due to the passivation of defects and
suppression of oxidation from the core surface.®>° Moreover,
isthe thick shell also effectively suppresses blinking and Auger
recombination within InP QDs.1*12 |n the core—shell
heterostructures, the epitaxially grown shell typically produces
tensile or compressive strains on the core, attributable to the
lattice mismatch.13-17 The tensile and/or compressive strains
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intrinsic interatomic distances, resulting in a rapid increase of
the conduction band energy.!® Our previous reports have
confirmed that InP/ZnS NCs have remarkable piezochromic
behavior, where color change from orange to green.2®
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Compared with the 7.7 % lattice mismatch rate between ZnS
and InP, the lattice mismatch rate between ZnSe and InP is only
3.2 %.1 This makes InP/ZnSe have a narrow emission spectrum
compared to InP/ZnS and ensures the luminescence purity of
sInP/ZnSe NCs, thus providing more pronounced color changes
for piezochromic behavior studies. The low lattice mismatch
also makes it easier for ZnSe to epitaxially grow on the InP core
and precisely adjusts the size of the core-shell structured NPs.
Moreover, ZnSe has a smaller bulk modulus (62.4 GPa)
wcompared to ZnS (77.1 GPa).'® This means that the lattice of
ZnSe is readily compressed and its electronic energy bands shift
to a large degree under compression. We therefore speculate
that broadly tunable piezochromic luminescence may be
induced in core—shell InP/ZnSe NCs by precisely manipulating
isthe interatomic distance.

In this study, we loaded InP/ZnSe NCs into a diamond anvil
cell (DAC) and systematically studied their optical properties
under pressure using in situ PL and absorption spectra. Under a
pressure of O to 5.6 GPa, the PL color of the InP/ZnSe NCs

gradually changed from red (619 nm) to green (546 nm). To the
best of our knowledge, this is the largest piezochromic PL tuning
range in the visible light range for traditional inorganic
semiconductor nanomaterials.26, 3536  Simultaneously, an
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ultrabroad bandgap tunability range was observed from 1.99 eV

25(0 GPa) to 2.45 eV (~14.2 GPa). In addition, in situ small-angle
synchrotron X-ray scattering (SAXS) measurements and
transmission electron microscopy (TEM) images demonstrated
that core—shell InP/ZnSe NCs were sintered under high
pressure, resulting in the formation of two-dimensional (2D)

sonanostructures. Our findings enrich the understanding of the
relationship between the optical properties and morphology of
the InP/ZnSe NCs and pave the way for their future applications
in piezochromic luminescence.

Results and discussion
ssPreparation and Characterization of InP/ZnSe NCs

We synthesized core—shell InP/ZnSe NCs through a modified
procedure (see Supporting Information).3” The synthesis
involves two main steps: (1) the preparation of InP core and (ll)
the epitaxial growth of the ZnSe shell on InP core. Imaging of

awthe NCs using TEM shows that, following ZnSe shell growth, the
average diameter of the particles increases from 2.5 (SE 0.1) nm
for the InP core (Fig S2) to 6.2 (SE 0.1) nm (Fig 1a),
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Fig. 1 (a) Representative TEM image of the InP/ZnSe NCs. Inset: corresponding size distribution histogram. For size distribution, at least 300 NPs were analyzed, from 3
areas on the sample TEM grid. The average size of the InP/ZnSe NCs was 6.2 nm with a standard error (SE) of 0.1 nm. (b) High-resolution (HR) TEM image of the InP/ZnSe
NCs. Inset: schematic of the core—shell InP/ZnSe NC. (c) Angle-dispersive X-ray diffraction (ADXRD) patterns of the core InP and core—shell InP/ZnSe NCs. (d) Ambient
ultraviolet—visible (UV-vis) absorbance spectra of InP NCs (green dotted line) and InP/ZnSe NCs (orange solid line) together with the PL spectrum of InP/ZnSe NCs (violet
solid line). Inset: corresponding photograph of InP/ZnSe NCs under UV irradiation (Aex = 355 nm).
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Fig. 2 (a) PL microscopic images of the InP/ZnSe NCs under high pressures. A UV light was used for the excitation (Ae, = 355 nm). (b) PL peak position changes from 619 to 546 nm
with the increase in the pressure from 0 to 5.6 GPa. Inset: PL peak position as a function of pressure. (c) Pressure-dependent chromaticity coordinates of the emissions. (d) Shift of
the bandgap energy with pressure. Inset shows the Tauc plot of the InP/ZnSe NCs under ambient conditions.

corresponding to a shell thickness of ~1.9 nm (~6 monolayers).
According to the HRTEM image (Fig 1b), the synthesized
InP/ZnSe NCs reveal a high crystallinity with continuous lattice
fringes throughout the whole particle. The XRD pattern
sconfirms that the InP phase is consistent with that of bulk zinc
blende (ZB) InP (Fig 1c, blue). The core—shell samples exhibit
diffraction peak shifts toward higher 20 angles compared to
that of ZB-type InP. The lattice parameter of ZnSe shell (5.67 A)
is smaller than that of the InP core (5.87 A),! which results in a
wcontraction of the crystal Ilattice, attributable to the
compressive strain induced by the heteroepitaxial ZnSe shell.
The optical properties of the InP and InP/ZnSe NCs were
investigated via absorption and PL spectra, as shown in Fig 1d.
Compared to the InP core (518 nm), the absorption of InP/ZnSe
1sNCs is red-shifted to 576 nm (by 0.2 eV). The InP NCs show weak
and broad emission in the 500-900 nm region including both
band edge and trap-mediated emissions (Fig S3). By contrast,
the InP/ZnSe NCs exhibit obvious band edge emission peak at
about 619 nm with full width at half-maximum of 51 nm, which
wresults from the passivation of the surface trap states in InP by
the epitaxial growth of the ZnSe shell. The InP/ZnSe NCs exhibit

This journal is © The Royal Society of Chemistry 20xx

bright red PL under 355 nm UV light (inset of Fig 1d) and dark
brown under daylight (Fig S4).

In situ High-Pressure PL Propertie of InP/ZnSe NCs

xsWe employed the Mao-Bell-type symmetric DAC as a high-
pressure generator (see Supporting Information).3® The
InP/ZnSe NCs were loaded into the DAC chamber along with a
ruby ball and silicon oil (150 cst, Aldrich). The actual pressure
was measured using the standard ruby fluorescence
sotechnique.3® The silicon oil was utilized as the pressure-
transmitting medium (PTM) to provide a hydrostatic
environment.*® When the pressure was applied to the InP/ZnSe
NCs, the PL color of the sample gradually changed from bright
red to dark green. A series of PL micrographs of the InP/ZnSe
3sNCs were obtained from the DAC interior under the same laser
excitation (Fig 2a). The evolution of the PL spectra of the
InP/ZnSe NCs with applied pressure are presented in Fig 2b. The
PL peak position of the InP/ZnSe NCs exhibits a continuous blue
shift from 619 nm (0 GPa) to 546 nm (5.6 GPa). When the
swpressure was released from 5.6 GPa, the PL intensity and peak
position reversibly returned (Fig S5). Upon further compression,
the PL peak position showed a continued blue shift until the PL

J. Name., 2013, 00, 1-3 | 3



completely disappeared at 8.7 GPa (Fig S6), which is consistent
with the decreasing PLQYs (Table S1). The pressure-induced PL
peak energies of the InP/ZnSe NCs within 5.6 GPa are shown in
the inset of Fig 2b. The following quadratic equation is used to
sfit the experimental data

E(P) = Ey + aP + BP?, (1)

where E(P) is the PL peak energy and Eo=2.012 eV is the PL peak
energy at which can be obtained
experimentally. The fitting parameters (pressure coefficients) a

wand B are 53 meV/GPa and -2 meV/GPa?, respectively, whereas,
experimental values of 75-84 meV/GPa and -1.2 to -1.8
meV/GPa? have been reported for a and B of the bulk ZB-type
InP.41 The decrease of a was attributed to the highly confined
energy levels in the InP/ZnSe NCs.*2 Further, we recorded the

ispressure-dependent chromaticity coordinates of the emission
from the InP/ZnSe NCs (Fig 2c). The ability to alter the emission
chromaticity by high-pressure technologies indicates that the
core—shell InP/ZnSe NCs have a high potential for use as
piezochromic materials.

ambient pressure,

20ln situ High-Pressure Absorption Propertie of InP/ZnSe NCs

The pressure-dependent absorption spectra of the InP/ZnSe
NCs exhibit a considerable blue-shift up to the maximum
pressure of ~14.2 GPa (Fig S7). The initial blue-shift of the
absorption edge could be attributed to the enhancement of
xsquantum confinement effect due to the pressure-induced
contraction of the crystal lattice.> When the pressure was
completely released from ~14.2 GPa, the absorption spectrum
indicated the absorption edge returned to its initial state (Fig

S8). When a considerably higher pressure (above 14.2 GPa) was
sapplied, an abrupt red shift of the absorption edge and a broad
absorption tail at higher energies were observed (Fig S7 and S9).
The red shift of the absorption edge may be explained by the
phase transition and/or morphological change of the InP/ZnSe
NCs under high pressure.** After a compression cycle of 0-21.0
3sGPa, the absorption edge exhibits a red-shift in comparison with
the initial edge (Fig S10). Based on the in situ high pressure
absorption spectra, the bandgaps of InP/ZnSe NCs were
estimated at different pressures (Fig 2d).*> As pressure
increased, the bandgap of InP/ZnSe NCs gradually blue shifted
wbelow 14.2 GPa and an ultrabroad bandgap tunability range was
generated from 1.99 to 2.45 eV. Compared with that of InP NCs
changed from 2.24 (1 atm) to 2.25 eV (9.0 GPa) (Fig S11 and
S12), InP/ZnSe NCs show a greater bandgap tunability range.
We believe that the coating of the soft shell ZnSe makes the
ssbetter elasticity of the core InP, thus allowing the regulation of
a higher level in bandgap engineering. The widely and precise
bandgap tunability of InP/ZnSe NCs under pressure would
provide an effective access to the fabrication of InP-based
sensors and switch devices.

soln situ High-Pressure ADXRD Measurement

To clarify the relation between the crystal structure and optical
properties of the InP/ZnSe NCs, in situ high-pressure ADXRD
measurements were carried out. Fig 3a shows typical ADXRD
patterns of the InP/ZnSe NCs during a compression cycle of 0—

5s21.5 GPa. When the pressure was increased from 0 to 14.2 GPa,
all diffraction peaks shifted to high 26 angles and the lattice
parameter decreased (Fig 3b), indicating the
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Fig. 3 (a) Representative in situ high-pressure ADXRD patterns of the InP/ZnSe NCs at various pressures. (b) The lattice parameter changes with the pressure. (c) Changes

in the unit cell volume with the pressure in InP/ZnSe NCs. (d) Representative in situ high-pressure SAXS patterns of the InP/ZnSe NCs at various pressures. (e)
Corresponding inter-NC distance during compression (black, peak pressure of 29.9 GPa) and decompression (pink). (f) SAXS patterns of the initial (black line) and

recovered (magenta line) samples.
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pressure-induced reductions of the interatomic distances. In IlI-
V and II-VI semiconductors, this change can largely affect the
overlap of wave functions, triggering the shifts of the
conduction band and valence band to higher energies.1? 23 First-
sprinciples calculations demonstrate that the CBM of bulk ZB-InP
is more affected by the variation of the interatomic distance
than the VBM, where the CBM has a large change, and the VBM
moves slightly under compression (Fig S13). Based on the above
analysis, schematic illustration of electronic energy levels for
10lnP/ZnSe core/shell NCs are shown in Fig S14. With increasing
pressure, the bandgap broadens due to a significant increase in
the energy levels of CBM. Therefore, the optical absorption and
PL spectra gradually shifted towards higher energies under
external pressure. With a further increase in pressure, two new
isdiffraction peaks appeared at 15.9 GPa, indicating the presence
of a pressure-induced phase transition. The new phase was
indexed to the rock salt (RS) phase based on Rietveld
refinement results (Fig S15) and remained stable up to the
highest pressure of 21.5 GPa studied in this work. The indirect
wbandgap of the RS phase can explain the vanishing PL and red-
shifting of the absorption edge in InP/ZnSe NCs at higher
pressure.*¢ Subsequently, the release of the pressure caused a
reversible phase transformation from the RS to ZB structure.
Compared to the initial sample, the diffraction peaks of the
;ssample after the pressure treatment became weak and
widened owing to the pressure-induced distortion or
amorphization of the partial lattice.4” As shown in Fig 3c, the
bulk modulus Bp of the InP/ZnSe NCs was estimated to be 57.1
GPa before phase transition by fitting the cell volume data with
sothe third-order Birch—Murnaghan equation of state:*8

2 - (|42 -] 1]}

P(V)
(2)

Upon compression, By of the high-pressure phase in InP/ZnSe
NCs is 71.9 GPa, implying a still relatively large compressibility

ssafter phase transition, which may be beneficial to bandgap
engineering.*?

In situ High-Pressure SAXS Measurement

In addition to the crystal structure, the morphology of the
crystal is also an important factor affecting its optical
sproperties.>0-52 Therefore, we acquired a series of in situ high-
pressure SAXS patterns to investigate the mesostructures of the
InP/ZnSe NCs. Figs 3d and 3e show typical SAXS patterns of the
InP/ZnSe NCs and calculated d-spacings of the first Bragg
reflection of the SAXS at various pressures, respectively. When
ssthe pressure was increased from 0 to 9.0 GPa, all SAXS peaks
shifted to higher g positions. Concomitantly, the d-spacing was
reduced from 83 to 63 A (Fig 3e). The continuous increase in the
pressure led to reversed shifts in the d-spacing, which indicated
that the InP/ZnSe NCs underwent a pressure-driven
sodetachment and rearrangement of surface ligands.5° Notably,
the threshold pressure of ~9.0 GPa was close to the PL
quenching pressure of 8.7 GPa. This suggested that the
detachment and rearrangement of surface ligands facilitated

This journal is © The Royal Society of Chemistry 20xx

the PL weakening. During the assembly of NPs, pressure-

ssinduced lattice distortion and bending of chemical bonds can
increase defect states, thus the PL became weaken and finally
disappeared. When the pressure was reduced to ambient
pressure, the d-spacing of the SAXS peak did not return to 83 A;
instead, it continuously increased to 120 A. Concomitantly,

soseveral adjacent SAXS peaks merged and the number of peaks
was reduced to 3 (Fig 3f). The three remaining peaks exhibited
a linear correlation of q/go=1/2/3, indicating the formation of a
lamellar mesostructure.>3-54

TEM and HRTEM Characterizations of InP/ZnSe Nanosheets

esTo verify that the InP/ZnSe NCs were sintered under high
pressure and formed a lamellar mesostructure, we also
performed TEM and HRTEM characterizations. Upon pressure
release, the recovered samples were carefully removed from
the DAC metal gasket, dispersed by the proper amount of
otoluene, and then transferred to a copper grid for
characterization. After decompression from 21.1 GPa, the TEM
images (Fig 4a) evidenced the formation and preservation of
pressure-driven lamellar InP/ZnSe nanosheets. The nanosheets
had an irregular geometry. The average size of the InP/ZnSe
7snanosheets was 139.9 nm (SE 9.2 nm). The HRTEM image (Fig
4b) showed a smooth nanosheet with the fusion of multiple
NCs. The typical lattice fringe spacing was ~0.33 nm, which
corresponded to the lattice spacing of the (111) planes of the
initial InP/ZnSe NCs. In addition, some irregular stripes were
soobserved owing to particle fusion driven by deviatoric stress.>>
The thickness of the InP/ZnSe nanosheets was approximately
27.5 nm (see Supporting Information), equivalent to the
thickness of several initial NCs.
Fig 4c shows a schematic of a possible model for the InP/ZnSe
ssnanosheet based on the HRTEM image. Driven by the external
pressure, the InP/ZnSe NCs are assembled to form a gumdrop-
cake-like nanosheet structure. The formation of the InP/ZnSe
nanosheet isillustrated in Fig 4d. Under ambient conditions, the
InP/ZnSe NCs maintained an ordered monodispersity owing to
wthe equilibrium among the hydrophobic attractions, van der
Waals forces, and charge—charge interactions. Upon
compression with low pressure (<9 GPa), the pressure was
insufficient to break the force balance among adjacent NCs,
where the InP/ZnSe NCs remained monodispersed (Fig S16a).2%
9523 Nonetheless, the pressure-induced lattice distortion and
bending of chemical bonds disrupted the crystal field. And the
overlap of the wave functions between atoms disordered.3!
Thus, the PL weakened by the application of pressure. This
phenomenon is repairable, according to the recovery of the PL
woand absorption after the pressure release (Fig 4e, left). Further
compression breaks the force balance among adjacent NCs and
drives the NCs to contact. However, the TEM image of the
sample acquired after releasing the pressure from 14.2 GPa
shows that the NCs maintain the monodispersity owing to the
wsinstability of this contact (Fig S16b). The PL peak position and
absorption edge returned to the initial positions (Fig 4e,
middle). The PL intensity was reduced to approximately 50% of
the initial value because of the increase in number of surface
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defect states by the separation of ligands from the NCs surfaces
after the

139.9+9.2 nm

e Released from

.y E 5.6 GPa - d‘;;‘
H] = s =
= < o <
o] £ =
Z = = =
wn wn

= =

2 500 600 700 800 2

£ Wavelength (nm) g

et

~ ——0.0GPa d

Released from 5.6 GPa

——— 04 GPa

Journal Name

Released from

| ~2oce

=

2

= bt ,
2| Noogpa 16TV
=

<

1.99 eV

500 600 700 800

500 600 700 800
Wavelength (nm)

Wavelength (nm)

—— 0.0 GPa
Released from 21.0 GPa

PL intensity (a.u.)

Released from 14.2 GPa

T T T T T
600 700 800 200 600

Wavelength (nm)

Tlli{l
Wavelength (nm)

T T T T
600 700 800 900

Wavelength (nm)

T T
800 900

Fig. 4 (a) Representative TEM image of the 2D InP/ZnSe nanosheets, acquired after releasing the pressure from 21.1 GPa. Inset: corresponding size distribution histogram. For size

sdistribution, at least 200 nanosheets were analyzed, from 3 areas on the sample TEM grid. The average size of the InP/ZnSe nanosheets was 139.9 nm with a SE of 9.2 nm. (b) HRTEM
image of the InP/ZnSe nanosheet. Inset: corresponding fast Fourier transform pattern. (c) Schematic of the InP/ZnSe nanosheet. (d) Schematic of the formation of the pressure-
driven 2D lamellar mesostructure. (e) Comparisons of the PL and absorption spectra in the InP/ZnSe NCs before and after the compression.

pressure treatment.>® With the increase pressure to 21.1 GPa,
the InP/ZnSe NCs changed to the RS phase. Upon the

wdecompression from 21.1 GPa, the InP/ZnSe NCs recovered to
the initial ZB phase. The TEM image shows the formation of
nanosheets. Simultaneously, the PL of the InP/ZnSe NCs
completely disappeared (Fig 4e, right), which can be attributed
to the increase in number of defect states due to pressure-

isinduced lattice distortion and bending of chemical bonds.56 This
pressure-induced fluorescence quenching and its irreversibility
also occur in a better hydrostatic pressure environment using
nitrogen as the PTM. The absorption edge exhibited a red-shift
in comparison with the initial edge, which originated from the

wreduced quantum confinement owing to the formation of the
nanosheets.**

Conclusions

6 | J. Name., 2012, 00, 1-3

In summary, the all-inorganic core—shell InP/ZnSe NCs
exhibited remarkable optical and morphological changes in
sresponse to the external stimulus of high pressure. Below 5.6
GPa, their PL spectrum blue shifted greatly with increasing
applied pressure and the PL color changed from red (619 nm) to
green (546 nm). This PL blue-shift tunability is fully reversible
and immediately responds to pressure changes.
Simultaneously, a widely bandgap tunability range is generated,
starting from 1.99 eV at 0 GPa to 2.45 eV at about 14.2 GPa. In
addition, the in situ SAXS patterns and TEM images confirmed
that core—shell InP/ZnSe NCs were sintered under high
pressure, transforming into lamellar mesostructures. Our work
shas enriches the understanding of the pressure-dependent
optical and structural assembly in all-inorganic core—shell NCs,
which might open up new opportunities to fabricate
piezochromic materials based on all-inorganic semiconductors.

This journal is © The Royal Society of Chemistry 20xx
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EXPERIMENTAL DEIAILS

Sample preparation and high-pressure generation.

Synthesis of InP nanocrystals (NCs): InP NCs were synthesized based on the
method described in the literature.! In a typical synthesis, 0.45 mmol InCls and 2.2
mmol ZnCl, were mixed with 5 mL oleylamine in a 50 mL three-neck flask. The
reaction mixture was degassed under vacuum at 120 °C for 30 min and then heated to
190 °C. Next, 0.45 mL (1.6 mmol) tris(diethylamino)phosphine was quickly injected
into the reaction flask, and the solution was continuously degassed and purged with
nitrogen for 30 min. Afterward, the reaction solution was cooled to room temperature.
The InP NCs were precipitated using acetone and centrifuged at 10000 rpm. The
precipitate was re-dispersed in toluene and precipitated with acetone. This process
was repeated a minimum of three times and the precipitation dried under vacuum for

1 h at 50 °C to get InP NCs powder.

Synthesis of Core—Shell InP/ZnSe NCs: An InP NCs synthesis is performed at
190 °C. Instead of cooling down the temperature, at 20 min: slow injection of 1 mL of
saturated TOP-Se (2.2 M). At 60 min: temperature is increased from 190 to 210 °C.
At 120 min: slow injection of 1 g of Zn(stearate), in 4 mL of octadecene (ODE).
Temperature is increased from 210 to 220 °C. At 150 min: injection of 0.7 mL of
stoichiometric TOP-Se. Temperature is increased from 220 to 240 °C. At 180 min:
slow injection of 0.5 g of Zn(stearate), in 2 mL of ODE. Temperature is increased
from 240 to 280 °C. At 210 min: injection of 0.7 mL of stoichiometric TOP-Se.
Temperature is increased from 280 to 320 °C. At 240 min: slow injection of 0.5 g of
Zn(stearate), in 2 mL of ODE. At 270 min: end of reaction. At the end of the reaction,
the temperature is cooled down. The washing and drying process was the same as that

described for InP NCs.

In situ high-pressure measurements: All in-situ high-pressure experiments were
implemented using Mao-Bell-type? symmetric diamond anvil cell (DAC) apparatus

furnished with a pair of 400 um culet diamonds (for pressures up to 40 GPa)’ at room
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temperature. A T301 stainless-steel gasket was pre-indented from a thickness of 250
um to ~40 um, and a center hole at 130 um in diameter was drilled to serve as the
sample chamber. The InP/ZnSe powder was loaded into the DAC chamber together
with a ruby ball and silicon oil (150 cst, Aldrich). The actual pressure was measured
using the standard ruby fluorescence technique.* The silicon oil was utilized as the
pressure-transmitting medium to provide a hydrostatic environment.® Figure S1 shows

a schematic demonstration of the sample-loading and stress distribution.

In situ photoluminescence (PL) and absorption micrographs of the samples were
obtained using a camera (Canon Eos 5D mark II) equipped on a microscope (Ecilipse
TI-U, Nikon). The camera can record the photographs under the same conditions
including exposure time and intensity. A semiconductor laser with an excitation
wavelength of 355 nm was employed for all PL experiments. Note that all the
parameters are fixed completely over each high-pressure PL experiment to avoid the
effects of different excitation laser intensities and luminous fluxes on the resulting PL
intensity. Meanwhile, the in-situ high-pressure absorption spectra were recorded with
an optical fiber spectrometer (Ocean Optics, QE65000) using a deuterium-halogen
light source.

In situ angle-dispersive X-ray diffraction (ADXRD) patterns of samples under
high pressure were recorded at beamline 15U1, Shanghai Synchrotron Radiation
Facility (SSRF). Both of the beamline stations at SSRF exploited a monochromatic
wavelength of 0.6199 A. CeO, was utilized as the standard sample for the calibration.
The Bragg diffraction rings were collected using a Mar-165 CCD detector with an
average acquisition time of 30 s for each pressure and then were integrated on the
basis of the Dioptas program, yielding 1D intensity versus diffraction angle 2-theta

patterns.

In situ small-angle synchrotron X-ray scattering (SAXS) patterns of samples
under high pressure were collected at beamline 12-ID-B at the Advanced Photon
Source. The monochromatic X-ray radiation of wavelength was 1 = 0.4859 A, and

X-ray energy was 13.3 keV. The 2D scattering patterns were radially integrated to
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obtain the data of 1D intensity versus g plot, where ¢ = 4nA! sin (6). The d spacing of
the lattice constant of the symmetric structure can be calculated by fitting the Bragg
peaks in the XRD spectrum, where d = A/(2sin #) = 2n/q. The lower d spacing (d) is

defined as the distance between NCs.

TEM, HRTEM and Size characterization: The resulting samples were
characterized by transmission electron microscopy (TEM) and high-resolution TEM
performed on a JEM-2200FS with an emission gun operating at 200 kV. The TEM
images were introduced into the Nano Measurer 1.2 software and the size of the
nanocrystals were calibrated. The calibrated NCs size data were introduced into the
originpro2017 software and fitted with Gaussian Function to obtain the average
crystallite size of the NCs. The measurement data were finally represented as the

mean + standard error (SE).

The thickness of the formed InP/ZnSe nanosheet was estimated by using the
Debye-Scherrer formula®:

D =0.891/(Bcos 0), (1)
where D is the thickness of the InP/ZnSe nanosheet in A, A is the wavelength of
scattered X-ray in A, @ is the diffraction angle associated with the first strongest
SAXS peak and B is the angular full width at half maximum (FWHM) of the first
strongest SAXS peak in rad. The first strongest SAXS peak of post-compression
samples was subtracted by baseline and shown in Figure S17. The thickness was
estimated by using the FWHM of the first strongest SAXS peak to the Scherrer
equation. The thickness of the InP/ZnSe nanosheet is about 27.5 nm, which is
equivalent to the thickness of several initial NCs.

Details of PLQY calculation: The PLQY can be calculated using the following

formula:!!

fFO\em) AR (Aex) n_Z 2
R [FROem) AQex) ng? 2

where @ is the PLQY, [F(hem) is the integrated intensity of emission, A(Aex) is the

D=9

percentage of light absorbed at excitation wavelength. n is the refractive index, and

subscript R denotes the reference data (i.e., the PLQY at ambient pressure). n can be
s4



estimated from the Clausius-Mossotti equation and Lorentz-Lorenz equation:

n?2-1 1 4m
m';:?'NA'a:RLL (3)

in which the density p can be calculated from the cell volume. Rrr is called the
Lorentz-Lorenz constant. Ryr is related to polarizability a. The refractive index n at
ambient pressure is 4.489.'2 By this way, the PLQY of InP/ZnSe NCs under high
pressures is estimated from the integrated intensity of emission and the percentage of

light absorbed at excitation wavelength, as shown in Table S1.

First-principles calculations.

Electronic band structures and structural geometrical optimization for InP were
performed using projector augmented waves (PAW) method based on density
functional theory as implemented in CASTEP code.”® We used the The
Ceperley-Alder localdensity approximation (CA-LDA) was used to describe the
exchange-correlation potential.” The kinetic cutoff energy was set to 640 eV, and the
Brillouin zone was sampled using the Monkhorst-Pack k-points meshes with a
resolution of 27 x 0.03 A-! to ensure the enthalpy converges to less than 1 meV/atom.
Based on the experimental data,'® the scissor was set 0.7 eV to obtain the final band

structure at various pressures.
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Figure S1 A schematic and detailed presentation of the DAC device. The gasket hole
with 130 pum in diameter and 40 um in thickness was drilled to serve as a sample
chamber. The sample was loaded into the chamber together with a ruby ball and

silicon oil.
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Figure S2 (a) Representative TEM image of the InP NCs. Inset: corresponding
HRTEM image. (b) Corresponding size distribution histogram with Gaussian fitting.

For size distribution, at least 300 NCs were analyzed, from 3 areas on the sample

TEM grid.
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Figure S3 Ambient PL spectrum of the InP NCs. The InP NCs show weak and broad
emission in the 500—900 nm region including both band-to-band and surface defect

states emissions.

Figure S4 Image of the initial InP/ZnSe powder. The sample was dark brown in color

under daylight.
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Figure S5 PL peak position and intensity comparison of the InP/ZnSe NCs before and
after ~5.6 GPa pressurization. Inset: PL microscopic images of the InP/ZnSe NCs
under UV irradiation (Aex = 355 nm) showing PL color and intensity change under
high pressures. After a full pressure cycle of 0—5.6 GPa, the PL peak position and
intensity returned to the initial state. This abnormal phenomenon could be reproduced

in our repeated experiments.
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Figure S6 (a) Changes in the PL spectra of the InP/ZnSe NCs with the increase in the
pressure from 0 to 8.7 GPa. With the increase in pressure, the intensity of the
band-to-band emission spectrum weakened and the peak position blue-shifted until
the PL completely disappeared at 8.7 GPa. The trap emission is generally less
sensitive to pressure. Inset: The low-energy part of the spectra is zoomed in inset. (b)

Normalized PL intensity of the InP/ZnSe NCs as a function of the pressure.

S10



Pressure (GPa)

Released

Absorbance

8.0
6.5

=
\ zﬁz

0.0

500 600 7 00 800 900
Wavelength (nm)

Figure S7 Absorption spectrum of the InP/ZnSe NCs as a function of the pressure.
The pressure-dependent absorption spectrum of the InP/ZnSe NCs exhibited a
blue-shift with the increase in the pressure from 0 to 14.2 GPa. When a considerably
higher pressure (above 14.2 GPa) was applied, an abrupt red-shift was observed up to
the maximum pressure study point of 21.0 GPa. When the pressure was released from

21.0 GPa, the absorption edge exhibited a red-shift in comparison with the initial that.
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Figure S8 The absorption spectrum and band gap energy comparison of the InP/ZnSe

NCs before and after ~14.2 GPa pressurization. Inset: Direct band gap Tauc plot of

the InP/ZnSe NCs collected at 0 GPa and 14.2 GPa, respectively. After a compression

cycle of 0—14.2 GPa, the absorption spectrum and band gap energy returned to its

initial state.
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Figure S9 The absorption spectrum and band gap energy of the InP/ZnSe NCs at 17.0

GPa (left) and 21.0 GPa (right), respectively. Inset: corresponding direct band gap

Tauc plot of the InP/ZnSe NCs.
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Figure S10 The absorption spectrum and band gap energy comparison of the
InP/ZnSe NCs before and after ~21.0 GPa pressurization. Inset: Direct band gap Tauc
plot of the InP/ZnSe NCs collected at 21.0 GPa. After a compression cycle of 0—21.0

GPa, the absorption spectrum and band gap energy show a red-shift compared to the

initial that.
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Figure S11 Absorption spectrum of the InP NCs as a function of the pressure.
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Figure S12 Shift of the bandgap energy of the InP NCs with pressure. Inset shows the

Tauc plot of the InP NCs under ambient conditions.
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Figure S13 Energy band of InP at different pressures, (a) 0 GPa; (b) 2 GPa; (¢) 4 GPa.
(d) Energy of conduction band minimum (CBM) and valence band maximum (VBM)

of InP with increasing pressure.
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Figure S14 Schematic illustration of electronic energy levels for InP/ZnSe core/shell
NCs at ambient conditions (left) and high pressure (right). The red lines depict the the
changed energy levels under pressure, and dashed lines are the intrinsic band

alignments.
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Figure S15 Rietveld refinements of the experimental (blue line), simulated (red
circles), and difference (black line) ADXRD patterns of ZB structure at 0 GPa (a),
mixed-structures at 15.9 GPa (b), RS structure at the pressure of 17.2 GPa (¢), and ZB
structure acquired after releasing the pressure from 21.5 GPa (d). Purple and orange

vertical markers indicate the corresponding Bragg reflections of ZB and RS structure,

respectively.
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Figure S16 (a) Representative TEM image of the InP/ZnSe NCs, acquired after
releasing the pressure from about 9.0 GPa. (b) Representative TEM image of the

InP/ZnSe NCs, acquired after releasing the pressure from about 14.0 GPa.

1.0 4
Released from 21.0 GPa
(Subtracted by baseline)
£
2
S 0.5
=
]
0.0 T I r T .
0.5 1.0 1.5
20 (deg.)

Figure S17 The SAXS spectrum (first SAXS peak) of post-compression samples was

subtracted by baseline.
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Table S1 The PLQY s of InP/ZnSe NCs under different pressure.

Pressure PL integral Cell volume Refractive index PLQY
(GPa) intensity I/Io ViVy square n?

0.0 1.000 1.000 20.151 30.09
0.6 0.836 0.992 21.408 26.72
1.7 0.616 0.979 23.727 21.83
2.5 0.524 0.970 25.793 20.18
3.5 0.417 0.958 28.778 17.92
6.6 0.192 0.924 45.118 12.94
7.7 0.139 0.911 57.604 11.96
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