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Exploration of pressure-resistant materials largely facilitates their operation under extreme conditions
where a stable structure and properties are highly desirable. However, under extreme conditions, such as
a high pressure over 30.0 GPa, fluorescence quenching generally occurs in most materials. Herein,
pressure-induced emission enhancement (PIEE) by a factor of 4.2 is found in Ga,Os nanocrystals (NCs),
a fourth-generation ultrawide bandgap semiconductor. This is mainly attributed to pressure optimizing
the intrinsic lattice defects of the Ga,Oz nanocrystals, which was further confirmed by first-principles
calculations. Note that the bright blue emission could be stabilized even up to a high pressure of
30.6 GPa, which is of great significance in the essential components of white light. Notably, after
releasing the pressure to ambient conditions, the emission of the Ga,Os nanocrystals can completely

recover, even after undergoing multiple repeated pressurizations. In addition to stable optical properties,
Received 3rd April 2024 hrotron radiation shows that the GasO tal in in the cubic structure described b
Accepted 9th June 2024 synchrotron radiation shows that the Ga,Os nanocrystals remain in the cubic structure described by
space group Fd3m upon compression, demonstrating the structural stability of the Ga,Os nanocrystals

DOI: 10.1039/d4sc02204a under high pressure. This study pays the way for the application of oxide nanomaterials in pressure anti-
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Introduction

Luminescent materials in response to environmental stimuli
have drawn increasing research interest for their potential
applications in information storage, optoelectronic devices and
sensors.”™ Over the past few decades, various kinds of lumi-
nescent materials, including halide perovskites, organic mole-
cules and quantum dots, have shown interesting pressure-
induced photoluminescence (PL) changes.®® For example,
pressure-induced emission (PIE) and piezochromism were
found in the compelling materials of Cs,PbBrg nanocrystals
(NCs) and Rb,TeCls microcrystals (MCs), respectively.'**>
However, above-mentioned materials usually suffered from PL
quenching under extremely high pressures of over 30 GPa,*”*°
resulting from the non-radiative contribution. In addition, few
materials could retain their initial optical properties after full
pressure release, which greatly limits their practical
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applications. Therefore, there is an urgent need to explore
materials that can keep their intense PL intensity under high
pressure.

Compared to the above-mentioned materials, semi-
conductor oxides have shown relative stability in response to
external pressure.”*™* At the turn of the century, Jiang et al.
performed a study of the effects of pressure on ZnO NCs,
revealing that the ZnO NCs maintained structural stability over
15.0 GPa, while it was only 9.9 GPa for bulk ZnO. This finding
sparked interest in the pressure-related stabilization of semi-
conductor oxide NCs."* Wang et al. further reported that (-
Ga,0; NCs exhibited no structural transition after reaching
16.4 GPa." The optical properties of the oxide NCs also have
attracted research interest because of their unique defect
emission mechanism. Oxygen vacancies in nanocrystalline
oxides are known to be common and prevalent defects, acting as
emission centers and radiative traps in luminescence
processes.’*>' They can also form defect levels in the band gap
and contribute to mid-gap luminescence.® However, few
studies have focused on the pressure-dependent change in their
optical properties. Considering the structural stability of the
semiconductor oxides under pressure, it is imperative to study
their optical properties that can glow sustainably under
pressure.

Herein, we conducted a systematic investigation on the
optical properties and crystal structure of y-Ga,O; NCs under
high pressure. We observed a 4.2-fold increase in the PL
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intensity of Ga,0; NCs under pressure. This phenomenon was
attributed to pressure-induced optimized lattice defects. First-
principles calculations showed the defect reduction and
lattice optimization of the Ga,O; NCs under pressure are related
to a decrease in oxygen vacancy formation energy, which
corresponds to a resulting increase in the PL intensity. Notably,
even at an elevated pressure of 30.6 GPa, the PL intensity of the
Ga,0; NCs remained stronger than that observed under normal
conditions. Furthermore, our results from high-pressure
absorption spectra and ADXRD revealed that the band gap
and crystal structure of the Ga,0; NCs exhibited remarkable
stability and exceptional resistance to high pressure, respec-
tively. Because of their outstanding stability and super “pres-
sure resistance,” the Ga,O; NCs can potentially enable multiple
copying functions under pressure, thereby enhancing device
longevity and positioning themselves as promising candidates
for next-generation stable ultra-pressure-resistant luminescent
materials.

Results and discussion

The Ga,O3; NCs were synthesized by a modified colloidal hot
injection experiment.'®>* Fig. 1a shows the morphology and
microstructure of the Ga,0; NCs, characterized by transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM). It is observed that synthesized
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Ga,03 NCs are homogeneous nanoparticles with a well mono-
dispersed spherical shape. The inset in Fig. la shows
a Gaussian fit of the Ga,O; NCs with an average diameter of
approximately 3.2 nm. The Ga,O; NCs exhibit a broad blue PL
emission at an excitation wavelength of 355 nm (Fig. 1b). The
biexponential equation fitted the results well (Fig. S1 ESIf),
indicating that the average fluorescence lifetime of the Ga,O3
NCs is approximately 2.5 ns. The photoluminescence quantum
yield (PLQY) is measured to be about 16% for the Ga,O3; NCs.
We modified XRD patterns with the corresponding refinement
and residual by GSAS. In terms of the peak width of (311)
planes, the particle size is estimated to be about 3.07 nm, as
determined by the Scherrer formula.>® XRD analysis and struc-
tural simulations show that the synthesized Ga,O; NCs belong
to the y-Ga,0; cubic structure described by space group Fd3m
(Fig. 1c and d).*#>*>*

We further investigated the optical properties of the Ga,0O;
NCs under high pressure. Experiments were performed using
silicone oil as a pressure medium, which remains quasi-
hydrostatic up to 4 GPa.*® For more details on the experi-
ments, see ESL{ As shown in Fig. 2a, the PL intensity of the
Ga,03 NCs increased significantly and reached its highest
intensity at 6.0 GPa, which was 4.2 times the initial intensity.
Comparative experiments with commercial bulk Ga,0;
demonstrated that bulk Ga,O; did not show the PIEE
phenomenon. The luminescence stability of the Ga,O; NCs is
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(a) TEM image of the Ga,Oz NCs. The top inset shows the high-resolution TEM image whose scale bar is 5 nm. The bottom inset shows the

corresponding size distribution of as-prepared Ga,Oz NCs. (b) Steady-state absorption spectra and PL spectra excited by 355 nm mono-
chromatic light. The inset shows a fluorescence photograph under 365 nm excitation. (c) Rietveld refinements of the Ga,Oz NCs at 1 atm. (d)

Schematic of the cubic crystal spinel structure of the Ga,Oz NCs.
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(@) and (b) PL spectra of the Ga,Os NCs under high pressure. (c) Chromaticity coordinate diagram where the green dashed line shows

a region of ambient pressure and release for the selected chromaticity values of the Ga,Oz NCs. (d) Absorption and emission spectra of the
GayO3 NCs at 1 atm pressure, 30.6 GPa and decompression. (e) PL micrographs of the Ga,Os NCs upon compression under 355 nm photo-
excitation. (f) Changes in peak position and intensity of repeated compression emission from the Ga,Oz NCs. (The error of all pressures measured

in the experiments is 0.1 GPa.)

better than that of the bulk counterpart, as shown Fig. S2.1 Note
that, although the PL intensity of the Ga,0; NCs started to
weaken slowly when the pressure exceeded 6.0 GPa, the emis-
sion of the Ga,0; NCs still stronger than that under normal
pressure up to 30.6 GPa (Fig. 2b). Meanwhile, the PL peak
position of the Ga,03; NCs remained almost unchanged under
high pressure, which highlights the stability and super “pres-
sure resistance” of the Ga,O; NCs. Pressure-dependent color-
imetry coordinates (CIE) indicate that the fluorescent color of
the Ga,0; NCs is less affected by pressure, indicating that the
optical properties of the Ga,0; NCs show excellent stability
under pressure (Fig. 2¢). In Fig. 2d, the absorption and emission
spectra of the Ga,O; NCs are almost identical under 1 atm,
30.6 GPa and release. The optical microscope images of the
Ga,0; NCs versus pressure in a diamond anvil cell chamber
clearly illustrate the variation in PL brightness (Fig. 2e). We also
designed repeated high-pressure experiments for the synthe-
sized Ga,0; NCs to further demonstrate the “pressure resis-
tance” of the Ga,O3; NCs under high pressure (Fig. S31). As
shown in Fig. 2f, the changes in emission intensity and peak
position of the Ga,0; NCs remained consistent, with good
stability and reproducibility throughout four compression
cycles. When the pressure was fully released to ambient
conditions, the sample almost reverted to the initial PL inten-
sity and color (Fig. S47). The reversibility of the Ga,O; NCs

© 2024 The Author(s). Published by the Royal Society of Chemistry

under pressure can effectively improve the material reuse life of
a pressure sensor (Fig. S51).

An in situ high-pressure cycle experiment on ultraviolet-
visible absorption spectra was performed to characterize the
bandgap evolution in the Ga,O; NCs (Fig. 3a and S67). It is
observed that the 355 nm absorption edge of the Ga,0; NCs
underwent only a minor redshift during pressurization. The
alteration in the band gap was estimated using the Tauc plot
fitted with the absorption spectrum. The band structure and
density of state of the Ga,O; NCs were calculated using first-
principles density functional theory (DFT) calculations, which
confirmed that the Ga,O; NCs belong to the direct bandgap
(Fig. 3b).>* Fig. 3b shows that DFT underestimates the band-gap
energy, which is a typical feature of DFT calculation.?® According
to Fig. 3c and S7,7 the Ga,0O3; NCs exhibited a decrease in band
gap when compressed from ambient conditions to 4.0 GPa,
followed by a slow decrease. It is found that there is only
a marginal overall variation of approximately 0.2 eV in absorbed
and emitted energy during compression. After the pressure was
fully released, absorbed energy and Stokes displacement
remained nearly unchanged compared to their initial values,
indicating structural reversibility (Fig. 3c). The relationship
between the stable optical properties and structure of the Ga,03
NCs investigated by  high-pressure =~ ADXRD
experiments.'®*”%° Experimental results from ADXRD showed

was
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(a) Pressure-dependent optical absorption spectra of the Ga,Oz NCs. (b) DFT-calculated band structure and projected density of states of

Ga,O3z NCs under ambient conditions. (c) Absorption and emission energies of the Ga,OsNCs upon compression. (d) High-pressure ADXRD

pattern for the Ga,O3z NCs.

that the Ga,0; NCs maintained a stable phase structure as the
pressure reached 30.6 GPa (Fig. 3d). We carried out a trans-
mission electron microscope (TEM) test of samples after the
restoration of environmental conditions. It was found that the
morphology of the samples under atmospheric pressure and
after releasing pressure are nanoparticles without obvious
changes (Fig. S8t). Therefore, all of the optical properties,
structure and morphology of the Ga,0; NCs can remain stable
after pressure treatment. The volume data was fitted with
a third-order Birch-Murnaghan equation of state:***

7 5
3By | (Vo\E (V)3 3/,
-2 (7) ‘(7) g (m-4)

P(V)

where V, is the volume at zero pressure, B, is the bulk modulus
at ambient pressure, and B'0 is a parameter for the pressure
derivative. The fitting of the Birch-Murnaghan equation

M370 | Chem. Sci, 2024, 15, 1367-11373

indicated that the isothermal bulk modulus B, for the Ga,O;
NCs was estimated as 137.34 GPa, much higher than that (85.9
GPa) of the bulk counterpart® (Fig. S9f). Materials showing
higher bulk modulus are more difficult to compress, which
further illustrates the stability of the Ga,0; NCs.

The cause of the luminescence in Ga,0Oj; is generally believed
to be acceptor-donor pair (DAP) recombination, and oxygen
vacancy defects are crucial in DAP recombination.®*?7*337 For
the DAP recombination model, the energy (E) of the emitted
photon depends on the distance (r) between donor and acceptor
sites and can be expressed by the following equation:

(:’2

(1)

E(r) = E; — (Ea + Ep) +W>
where the first term E, is the band gap energy of Ga,Os; second
and third terms EA and ED are the binding energies of the
acceptor and donor; and the fourth term is the coulombic
energy between the acceptor and donor, where r is the distance
between the acceptor and donor.

We analyzed the behavior of the oxygen vacancy defects
under pressure by simulating the formation energy of the
oxygen vacancy defects at different pressures,'®***® which can be
represented by following equations:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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AH = Eo — Ep + o (2)
(Ep — Eg,)

_ \BP~ ZGa) 3

Mo 32 ( )

where E is the energy of containing the oxygen vacancy defects;
Ep is the energy of completeness; Eg, is the energy of containing
only Ga atoms; , is the chemical potential of oxygen in Ga,0;
NCs; and AH is the energy of formation of the oxygen vacancy
defects.

The oxygen vacancy formation energy (AH) of the Ga,0; NCs
was calculated at atmospheric pressure, 1.5 GPa, 3.0 GPa and
4.5 GPa (Fig. S10t). The results show that AH increases in the
low-pressure region (<1.5 GPa), resulting in the suppression of
oxygen vacancy defect formation. This contributes to a certain
degree of lattice optimization of the Ga,O; NCs.>”*** In the
high-pressure region (>1.5 GPa), because of the excessive degree
of lattice distortion in the Ga,0O; NCs, AH decreases. The
proposed mechanism regarding the pressure increase of the
oxygen vacancies is fully coherent with the broadening of XRD
peaks, as shown in Fig. 3d, and decrease in signal intensity,
which is probably due to pressure-driven disorder in the crystal
structure.** This trend promotes an increase in defects, giving
rise to a slow decrease in emission. The suppression of oxygen
vacancy defect formation will lead to a decrease in the distance

© 2024 The Author(s). Published by the Royal Society of Chemistry

(r) between the acceptor and donor in the DAP complex,**® and
hence a shift in DAP emission towards higher energy
(Fig. 4a).'*?°*%%” This finding further supports the blueshift
observed in the Ga,O; NCs under low-pressure conditions.
Furthermore, defects in crystals exhibit two primary types of
behavior: (1) non-radiative leaps and (2) DAP lumines-
cence.'®'*?7%53¢ The majority of the oxygen vacancy defects in
the Ga,O; NCs participate in non-radiative transitions, while
only a small proportion are involved in DAP complexes.”
Combining theoretical calculations, a reasonable conclusion is
that the non-radiative leaps in the Ga,O; NCs are suppressed
under pressure, which eventually leads to the enhancement in
emission of the Ga,0O; NCs.?”

Conclusions

Based on the well-established theory of oxygen-vacancy point-
defect-induced emission in the Ga,03 NCs, we devised a high-
pressure engineering approach and successfully achieved
remarkable PIEE, as well as significant repeated compression-
stable emission of the Ga,O; NCs. During the compression
process, the blue emission intensity of the Ga,0O; NCs is
enhanced by approximately 4.2 times, which is attributed to
pressure optimizing the intrinsic lattice defects of the Ga,0;

Chem. Sci., 2024, 15, 1367-11373 | 11371
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NCs. Note that the bright blue emission could be stabilized even
up to a high pressure of 30.6 GPa. In contrast, bulk materials
exhibited an opposite trend with reduced emission intensity
upon compression. High-pressure ADXRD data further
confirmed that the Ga,O; NCs do not undergo a structural
phase transition because of their inherent stability and resis-
tance to pressure effects. Our study elucidated the correlation
between the structure and properties of the Ga,0; NCs, which
aligned with the general theory of oxygen-vacancy point-defect-
induced emission and offered valuable insights for potential
applications in third-generation oxide semiconductors and
optical pressure sensor materials.
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