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Layered bismuth oxychalcogenides have been considered exciting material systems with potential
applications in superconductivity and thermoelectricity, but their optoelectronic properties still require
greater diligence. The pressure-driven 2D-3D structural reconstruction is an efficient strategy to in situ
tune the electronic configuration of functional materials, and yet has remained a challenge for both
fundamental studies and technological applications. Here, we present the pressure-driven buckling
effects of the layered bismuth oxysulfide BigO;5S¢ on a 3D network structure. Although no
crystallographic symmetry change was observed up to 58.1 GPa, the layer and bonding distances
between and within BiO and BiS layer changed dramatically, which drives the enhancements of electric
conductivity by 6 orders of magnitude, increasing the photocurrent by 4 orders of magnitude, and
significant narrowing down of band gap from 1.34 eV to 0.45 eV. These findings may open a new avenue
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1. Introduction

Layered bismuth oxychalcogenides have attracted enormous
scientific and engineering interest due to their anisotropic
crystal and electronic structures with intriguing physical prop-
erties, such as superconductivity,’ thermoelectricity,** ultra-
high electron mobility and quantum oscillations.*” In contrast
to the extensively studied superconductive and thermoelectric
properties, few efforts have been devoted to their photoelectric
performance, in spite of the fact that many chalcogenides have
been considered as the potential candidates for power genera-
tion as well as solar energy conversion, such as Cu(In,Ga; _,)Se,
(CIGS),*® Cu,ZnSnS, (CZTS)" and CdTe." Recently, in view of
the suitable band gap and rapid photoelectric response, several
layered bismuth oxychalcogenides Bi,O,Se,” Bi,0,S" and
BigO, 5S¢ (ref. 13) have been reported as promising light-
absorbing materials for solar cell applications. However, their
photocurrents are much lower than that of CIGS, CZTS and CdS;
therefore, no further investigation has been done on promoting
their photoelectric performances to date. Furthermore, theo-
retical studies have assessed the use of BiOCusS for photovoltaic
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for discovering and designing high-efficiency photodetectors and energy-harvesting materials.

applications with a high conversion efficiency of 18.8%."* Due to
the environmental friendliness and structural stability, these
new light-absorbing materials with enhanced photoelectric
performances would, of course, be more desirable.

As a significant technique to tune the crystal structure and
electronic configuration of functional materials,"* high pres-
sure has been demonstrated as an efficient route to modify the
photoelectric-related properties. For instance, the pressure-
induced anomalous visible-light response has been studied in
organometal halide perovskites.’>* In those studies, improved
optical and electronic properties have been observed in GaAs
nanowires under external pressure,> and enhanced ferroelec-
tric and photoelectric properties has been reported in multi-
ferroic KBiFe,05.”> Among these, enhanced photocurrent can be
achieved only in KBiFe,Os, but the photocurrent density is still
relatively low (~3.2 pA cm ™ for 5 mW cm ™2 illumination at 30.5
GPa). Considerable modifications of the band gaps and
conductivity of photoelectric materials could be realized by
applied pressures, but no results with giant pressure-enhanced
photoelectric performance have been reported so far. More
interestingly, pressure-induced large emission enhancements
have been achieved recently in several luminescent-related
compounds, such as Cs,PbBrs and CdSe,**** providing a prom-
ising way for tuning bright-fluorescence imaging in response to
an externally applied pressure. Thus, if significant enhance-
ment in the photoelectric performance can be realized by
pressure, hydrostatic pressure has immense potential for
practical applications in photovoltaic devices as a switcher or
controller due to the excellent stability and controllability.

J. Mater. Chem. A, 2019, 7, 4019-4025 | 4019


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ta11168e&domain=pdf&date_stamp=2019-02-14
http://orcid.org/0000-0002-2742-3017
http://orcid.org/0000-0001-8436-8731
https://doi.org/10.1039/c8ta11168e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA007008
SH-USER1
Text Box
HPSTAR
719-2019


Published on 24 January 2019. Downloaded by Fudan University on 4/29/2019 8:31:38 AM.

Journal of Materials Chemistry A

Commonly, layered structures show extremely large electronic
anisotropy between in-plane and cross-plane conductivity, which
are considerably sensitive to the external conditions.**** Moreover,
due to the unusual variation of electronic states, the pressure-
driven 2D-3D structural evolution in layered chalcogenides is
quite different from the structural transition of other 3D mate-
rials.”?® Thus, the desired electronic structure can be tuned by
high pressure and promoted photoelectric performance can be
expected in similar layered bismuth oxychalcogenides. In this
study, we chose layered BiyO;5;S¢, a newly synthesized two-
dimensional (2D) oxysulfides with a suitable band gap (1.27 eV)
and a rapid photoelectric response (~50 ms) for solar energy
applications,” as the candidate material for a step study toward
this goal. The pressure-induced crystal structure evolutions,
resistivity variations and the visible-light photoresponse of
BigO; 5S¢ were studied by in situ X-ray diffraction (XRD), photo-
luminescence (PL) spectroscopy, electrical resistance (ER) and
optoelectronic properties measurements. Giant enhancement of
electrical conductivity and visible light response have been ach-
ieved by the pressure-induced 2D-3D structural transition, which
suggests that the hydrostatic pressure technique is a powerful
route to tune the structural, electronic and optoelectronic prop-
erties of the layered bismuth oxychalcogenides towards better
photovoltaic performances.

2. Experimental
2.1 Sample preparation and characterizations

The detailed synthesis route for BiyO; 5S¢ has been previously
described.” The sample was confirmed as pure R3m phase using
a lab X-ray diffractometer (a Rigaku D/Max-2000 diffractometer
with Cu Ko radiation (A = 1.5418 A) at 40 kv, 100 mA and
a graphite monochromator at the secondary beam). The
morphology and composition of the pristine samples were
investigated using a scanning electron microscopy (SEM) and
energy dispersive spectrometer (EDS) with a FEI Quanta 200F
microscope operating at 20 kV.

2.2 In situ high-pressure characterizations

A symmetrical DAC was employed to generate high pressure. A T-
301 stainless steel gasket was pre-indented to 30 pm in thickness
followed by laser-drilling the central part to form a 130 pm
diameter hole to serve as the sample chamber. Pre-compressed
Biy0;.5Ss powder pallet and three small ruby balls were loaded
into the chamber. In situ high-pressure angle-dispersive X-ray
diffraction (ADXD) experiments were performed at the 16 BM-D
station of the High-Pressure Collaborative Access Team (HPCAT)
at the Advanced Phonon Source (APS), Argonne National Labora-
tory (ANL). A focused monochromatic X-ray beam with about 5 pm
in diameter (FWHM) and a wavelength of 0.3099 A was used for
the diffraction experiments. Neon was used as the pressure-
transmitting medium (PTM), and the pressures were deter-
mined by the ruby fluorescence method.” The diffraction data
were recorded on a MAR345 image plate and the two-dimensional
(2D) patterns were integrated to one-dimensional (1D) patterns
with the Fit2D program.* Rietveld refinements of the synchrotron
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XRD patterns were performed with the general structure analysis
system (GSAS) code.** Transmission electron microscopy (TEM)
was performed using a JSM-2100F/HR microscope at an acceler-
ating voltage of 1600 V. The morphology and composition of the
pristine samples were investigated using SEM and EDS with an
FEI Quanta 200F microscope operating at 20 kV. High-pressure PL
spectra were recorded on a Raman spectrometer at HPSTAR with
an Nd-YAG 532 nm laser and an optical grating of 1200 g mm ™.
Electrical resistance measurements were conducted with a four-
probe resistance test system in a diamond-anvil cell at pressures
up to 58.1 GPa. In order to achieve the electrical insulation
between the electrical leads and metal gasket, a cubic boron
nitride (c-BN) layer was inserted between the steel gasket and
diamond culet. Four platinum wires were arranged to contact the
sample in the chamber for resistance measurements. A Keithley
6221 current source, 2182A nanovoltmeter, and 7001 switch
system were used as the current supply, voltmeter, and voltage/
current switcher, respectively. The resistance was determined by
the Van der Pauw method.** For the photocurrent measurement,
a Zahner IM6 electrochemical workstation was used to record the
I-t data by applying a constant voltage of 0.5 V. A fiber optic LED
lamp with the max output ~100 mW was used as the irradiation
source (~20 mW cm > on the sample).

2.3 Electronic structure calculation

In order to determine the band structures, the projector
augmented wave (PAW) method® was used in the density-
functional theory (DFT) calculations, which included the PBE
version of the generalized gradient approximation (GGA) to
describe the exchange correlation functional.** Here, the cutoff
energy of plane wave was chosen at 350 eV. For structure opti-
mizations, 6 x 6 x 6 Monkhorst-Pack grids** were used for the
primitive cell and 4 x 4 x 2 k points for the conventional cell. The
relaxation of geometry optimization was performed until the total
energy changes within 10°° eV per atom and the Hellmann-
Feynman force on all atomic sites was less than 0.02 eV A~

3. Results and discussion

Hydrothermal method has been utilized to synthesize the
BigO5 5Se crystals as was reported previously.” The structure
and morphology of the as-grown crystalline BigO;5Ss were
characterized using XRD, SEM and EDS as given in Fig. S1.7
From the in situ synchrotron X-ray diffraction measurements of
BisO5 556, all patterns are consistent with the hexagonal struc-
ture and no crystallographic symmetry change is observed up to
45.6 GPa and decompression at room temperature (see Fig. 1).
Decompression of the sample shows that the shifts of all peaks
are reversible. However, above 22.7 GPa, a 2D layered to 3D-type
networked structural transition has been accomplished by the
bonding of interlaminar Bi and S atoms upon the Rietveld
refinements (Fig. S21 and Table S17). Considering the layered
structure of BigO,5Se (see Fig. S3t), the pressure-induced
structure deformation will mainly take place in the interlayer
due to the weak interaction of van der Waals force. From the side
and top views of 2D-type and 3D-type structures at ambient
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Fig. 1 Selected synchrotron XRD patterns of BigO;5S¢ during
compression up to 45.6 GPa and decompression. (a) The raw 2D XRD
patterns and (b) integrated 1D profiles. The XRD pattern after
decompression can be indexed with the same crystal structure (space
group R3m) of the pristine materials.

pressure and 22.7 GPa (Fig. 2), a tiny difference in BiyO, 5Ss
structure can be realized by systematically shifting O atoms in the
Bi,0, layers, resulting in the decrease of the interlayer spacing.
The detailed structural evolution will be discussed later.

Fig. 3 shows the in situ optical microphotographs of single-
crystal BigO; 5S¢ in DAC during compression and after decom-
pression. Below 23.5 GPa, the single-crystal sample remained
a hexagonal plate-like morphology with a good transparency.
Above 23.5 GPa, the sample became completely non-
transparent and possessed a little larger top surface than the
initial one. The change of transparency can be attributed to the
polycrystalline transition driven by high pressure confirmed by
TEM studies. From HRTEM micrographs (Fig. S4t), three well-
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Fig. 2 The side view (projected on ac plane) and top view (projected
on ab plane) of R3m structure in BigO5 5Se at ambient pressure (a and b)
and 22.7 GPa (c and d). The dashed lines show the nominal Bi—S bonds
at ambient pressure.
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Fig. 3 The optical microphotographs of single-crystal BigO;5Sg in
DAC during compression up to 45.6 GPa and after decompression.

resolved crystallographic planes (009), (110) and (101) can be
observed in both samples, which indicate the phase stabiliza-
tion after decompression corresponding to the XRD results.
From the SAED images (inset of Fig. S47), it was clearly revealed
that all diffraction points can be well indexed with the structural
model obtained from the XRD data. However, after the pressure
treatment, the diffraction points tend to be dispersed, indi-
cating the polycrystalline nature of the sample. The morphology
and elemental distribution of the sample before and after high-
pressure treatment were also checked by SEM (Fig. S5t). The
polyhedral morphology of the sample can be maintained after
decompression. EDS mapping analysis of selected regions
showed a uniform composition distribution for both samples.

As a result of the co-action of the carrier concentration and
the carrier mobility, electronic transport property is one of the
critical factors for photovoltaic materials.>***” To explore the
pressure-induced conductivity evolution of BigO;5Ss, we per-
formed in situ resistance measurements in a DAC device during
the compression and decompression (shown as insert in Fig. 4).
The Van der Pauw method®* was adopted for the resistance
determination with the equation, exp(—mR;/Rs) + exp(—TR,/Rs)
= 1, where R; and R, are the two resistances measured by the
four-probe method and Rs is the sample resistance. Fig. 4 shows
the resistance evolutions of BigO; 5Se as a function of pressure.
With increasing pressure, the resistance of the sample shows
a rapid decrease till 10.5 GPa and then reach a shoulder peak at
22.1 GPa, followed by a fast drop up to 58.1 GPa. Definitely, the
crystal and electronic structures tuned by pressure could result
in the resistance change, as demonstrated in previous high
pressure studies.*®** The first sharp decreasing of resistance
below 10.5 GPa can be attributed to the broadening of the
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Fig. 4 Pressure-dependent electrical resistance of BigO; 5S¢ during
compression and decompression (the inset displays microphotograph
of the sample in DAC with Pt probes).

valence and conduction bands which caused by the shortening
and bending of bonds.***® As confirmed by the synchrotron XRD
results, there is no structural symmetry change detected in
BigO5 5S¢ under high pressure up to 45.6 GPa. Thus, the resis-
tance decreases gently above 10.5 GPa and shows a shoulder
peak at 22.1 GPa corresponding to the evolution of the crystal
structure from 2D layered structure to 3D network structure,
which result in the change of electronic structure as reported in
many semiconductors while without pressure-induced crystal
structural transition.””** Upon further compression (>22.1 GPa),
the second sharp decreasing of the resistance should be asso-
ciated with a new 3D network structure generated under high
pressure. The minimum resistance reaches almost 6 orders of
magnitude lower than the starting value.

Considering the promoted electrical conductivity, in situ
photocurrent measurements of BigO; 5S¢ under high pressure
were conducted by using two-point-probe within DAC devices as
schematically shown in Fig. 5a. The photocurrent densities (/)
of BigO,5Ss are given as a function of pressure in Fig. 5a.
Initially, the photocurrent grows gradually with increasing
pressure and can reach up to about 0.41 pA (~3.34 mA cm > for
20 mW em™? illumination) at 10.5 GPa which is 4 times of that
at 0.6 GPa. Above 10.5 GPa, the photocurrent decreases slowly
up to 22.1 GPa, which is properly attributed to the transition of
the electronic structure. Subsequently, the photocurrent
increases rapidly with increasing pressure and reaches up to
7.03 pA (~ 58.58 mA cm > for 20 mW em™ > illumination) at
58.1 GPa, which is 78 times of that at 0.6 GPa and 4 orders of
magnitude higher than the one reported at ambient pressure
(~8 pA ecm™? for 100 mW c¢m™? illumination).”® This signifi-
cantly enhanced photocurrent is even higher than those of
traditional PV materials under 100 mW cm™? illumination,
such as CIGS (25.7 mA cm ™ %),® CZTS (12.40 mA cm ?)* and
CdTe (23.26 mA cm™?)."* In fact, the photocurrent data were
collected for several cycles of high pressure treatments. During
the second compression cycle (see Fig. S67), the photocurrent
below 22.1 GPa is slightly larger than that in the first cycle,
which can be ascribed to the improved density of the ceramic
sample or the recrystallization effect as reported previously.*®
However, above 22.1 GPa, the photocurrent is very closed to that
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Fig. 5 (a) Photocurrent density (Jpn) of BigO75S¢ as a function of
pressure (the inset shows the schematic of the high pressure DAC set
up). I-t characteristic of BigO;5Se during compression: (b) for the
region from 0.6 GPa to 22.1 GPa and (c) for the normalized current
under the pressure from 22.1 GPa to 58.1 GPa. The dashed lines show
the photocurrent generated in two processes.

in the first cycle, revealing a good repeatability of the photo-
current measurements. This repeatability can be also confirmed
by the recovered value of J,;, after several decompressions (see
Fig. S61). From Fig. 5b and S7,T one can see that the dark
current increases fast with increasing pressure, which is related
to the pressure-induced enhancement of the conductivity. Two
distinct states can be revealed in the on/off current curves under
entire selected pressures. It is worth noting that two different
slopes can be observed in the current curves under both on/off
states starting from 22.1 GPa and more pronounced at higher
pressure (see Fig. 5c¢), which also confirm the change of the
crystal structure and electronic configuration. Under illumina-
tion, the initial sharp increase of the current could be assigned
to the intrinsic photocurrent, while the subsequent gentle
increase is associated with the photothermal effect that always

This journal is © The Royal Society of Chemistry 2019
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coexist with the photovoltaic effect.*** As marked with the
dashed lines in Fig. 5¢, the slope of the current inclines upward
notably with increasing pressure, indicating the enhanced
pressure-induced photothermal effect. Actually, high-pressure
studies have been conducted on several photovoltaic mate-
rials, such as organometal halide perovskites,"*?** GaAs* and
KBiFe,0s,”* only pressure-enhanced photoelectric performance
has been reported in KBiFe,Os so far. Thus, the giant pressure-
induced enhancement of the photocurrent in an optoelectronic
material is really scarce and may offer potential applications in
photovoltaic devices as switcher or controller.

The BM-EoS fitting results in Fig. 6a and normalized cell
parameters versus pressure data in Fig. 6b, as neither of them
exhibits any discontinuity, further confirm the absence of
a first-order structural transition. The pressure dependent cell
volume (V) could be well fitted to an isothermal Birch-Murna-
ghan equation of state (BM-Eo0S): p(V) = 1.5Bo[(Vo/V)"” — (Vo/V)”/
3] x {1 + 0.75(B}, — 4)[(Vo/V)*”® — 1]}, where B, and B, are the
bulk modulus and its pressure derivative, respectively.**** With
unit cell volume V, fixed at the experimental value of 444.80
A3,3 the fitting yields a bulk modulus B, ~ 66.4 + 1.1 GPa and
a derivative of bulk modulus B; ~ 4.5 + 0.1. At ambient
conditions, the crystal structure of BigO,sSe features two-
dimensional (2D) hexagonal layers of [BiS,] and [Bi,0,] alter-
nately stacked along c-axis, as shown in Fig. S5.f During the
initial compression, cell parameter ¢ is much more compress-
ible than a due to the weak van der Waals interaction between
BiS, and Bi,0, layers along c-axis, while higher pressure allows
them to have nearly isotropic contractions (see Fig. 6b). Since
(003) and (006) crystallographic planes correspond to Bi-O and
Bi-S layers, respectively, such a trend is more pronounced by
comparing the intensity ratios of (003)/(015) and (006/015) with
a turning point at 22.7 GPa (Fig. 6c¢), indicating an intrinsic
structure evolution driven by pressure. (015) was selected as the
highest diffraction intensity. The relative intensity of (006/015)
drops faster than that of (003)/(015) below 22.7 GPa, which is
related to Bi-S layers under a larger distortion. To verify this
statement, the comparison of the shrinkages between the Bi-O
and Bi-S layers under compression has been shown in Fig. S8.1
With increasing pressure, the normalized thickness of Bi-S
layer decreases more rapidly than that of Bi-O layer up to
22.7 GPa, and then shows a gentle slope similar to that of Bi-O
layer above 22.7 GPa. This trend is consistent with the evolution
of the bond length of Bi(1)-S. Additionally, upon forming 3d
network, the distinguished Bi-S layer is no more layered,
leading to the isotropic contraction above 22.7 GPa.

The gradual closure of the van der Waals gap is confirmed by
tracking the nominal bond length of neighboring Bi(2)-S
atoms, as well as the distance, between BiS, and Bi,0O, layers
(Fig. 6d). Both of these values decrease gradually with
increasing pressure and show a sudden downturn above
19.9 GPa. At 22.7 GPa, the bond length of Bi(2)-S (2.91 A) is
shorter than that in Bi,0,S (3.02 A, one of the longest bond
length reported for Bi-S**), suggesting the formation of a three-
dimensional (3D) network structure by the bonding interaction
of Bi(2)-S (as shown in Fig. 6d). Since there is no notable change
in Bi(1)-S layers due to the isotropic contraction, the slight

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry A

a 440 b 100
O Experimental & <-ala,
T 40 —BM-EoS fiting | © 098] "2k
< \ -O-cle
> & <. A
£ 400 © 0.96 X
3 o <>.<>
S 380 SNoss sz%%
= 5]
[
3 360 £
£ £ 092
E o Bom004 =11 0Pa S %%%
B,=45:0.1 0.90 . X
3201 v,=4448A° %
088
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Pressure (GPa) Pressure (GPa)
c 12 d 34 28 =
O~ (003)/(015) z <
-0- < |
1 88\ -O-(006)/(015) v 330 22 8
I Q b/ (m] &
S s Bh N 32 AAD 21
S & Al °
© N e 3.1 5 b}
g, O\Eth:h@ 5 % 20 &
3 [03) CI:DEE\:“:‘:Q £ 30 Em e
g 4 % 8 O 3
= QDOQ) 2 29 %Q]j 18 i
4 QO-qpy| & 28 : )
0 Nominal F1.7
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Pressure (GPa) Pressure (GPa)
e f zs
H 7,
) = 26/ "H0OQ O
o) 8 osGpa Ol koo g Etll}_,/ 000
o) om |} 2 24 / 0.
‘W3 2 "9 & Mg a0
o) 222 -0-Bi(2-0()
l 22.7GpPa °/° -5 g e e —0-Bi(2)-0(1)
DA Ao o/? = 40 ~¥r—Bi(2)-0(1)
A} |
°\.)v \f‘ O{om 8 18 \*&
Pt v
16
0 5 10 15 20 25 30 35 40 45
Pressure (GPa)
g h
= 100
= 120 At = @‘f]
2 / Pomm.an S w kg
@ 116 Qj o
S 12 E\:‘D'I‘jﬂ] % 82 e
& -0-2Bi2)-0(1)-Bi(2)| & g
= 108 -O- Bi2-0(1)Bi2)| & / -0
N OQO N 84 O
3P 3, PRy
S 100 O-C0| g 8o
g \ oP 2 - /Bi(2)-0(2)-Bi(2)
o % &2 T 7 -O- /Bi(2)-0(2)-Bi(2)
& 0 5 10 15 20 25 30 35 40 45 § O 5 10 15 20 25 30 35 40 45

Pressure (GPa) Pressure (GPa)

Fig. 6 (a) Unit cell volume vs. pressure and the third-order BM-EoS
fitting. (b) Normalized cell parameters a/ag and c/cq versus pressure.
(c) The intensity ratios of (003)/(015) and (006/015). (d) The pressure-
dependent nominal bond length of neighboring Bi(2)-S atoms and the
nearest distance between BiS, and Bi,O, layers. (e) The schematic Bi-
O layers at 0.5 GPa and 22.7 GPa (left), the oxygen coordination
environment of Bi(2) (upper right) and hexagonal prism of BigOg (lower
right). The black arrows indicate the sliding path for the O(1) atoms
under high pressure. The bond length of Bi(2)-O (f) and the bond
angles of /Bi(2)-O(1)-Bi(2) (g) and £ Bi(2)-0O(2)-Bi(2) (h) at varied
pressures.

difference in crystal structure induced by high pressure mainly
originate from the Bi(2)-O layers. The sketch map of the Bi(2)-O
layer is shown in Fig. 6e. The oxygen coordination number of Bi(2)
is seven, with four O(1) atoms and three half-occupied O(2) atoms.
Six O(1) atoms and six Bi(2) atoms construct a distorted hexagonal
prism with a half-occupied O(2) atom located in the center. As
illustrated in Fig. 6e, one sliding path for O atoms was proposed
by the black arrows mainly due to the enhanced electrostatic
repulsive of S atoms driven by high pressure, which finally results
in the structural evolution from 2D to 3D model. The scenario of
the formation of Bi(2)-S bond can be also confirmed by the
evolutions of the bond lengths of Bi(2)-O (Fig. 6f) and Bi(1)-S
(Fig. S87), as well as the bond angles of / Bi(2)-O-Bi(2) (Fig. 6g
and h) and ZS-Bi(1)-S (Fig. S81) under high pressure. Above
22.7 GPa, a sudden change can be apparently observed in all of
them, corresponding to the bonding interaction of Bi(2)-S.
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Actually, it has been demonstrated that hydrostatic pressure
can greatly affect the physical/chemical properties of functional
materials, including the bandgap adjustment.”**** To detect the
pressure effects on the band gap of BigO,sSs, in situ PL
measurements on a single crystal under hydrostatic pressure up
to 32.8 GPa were carried out in a DAC (the microphotographs of
the sample in DAC were shown in Fig. S91). At ambient pressure,
two distinct PL emission peaks were found in single-crystal
BiyO,5S6, One is the near band edge emission at 1.34 eV (926
nm) close to the previously reported E, (1.27 eV) by Meng et al.,**
and the other shoulder peak at around 1.53 eV (812 nm) should
be attributed to the defect related emission as also observed in
other oxygen-deficient systems such as ZnO," TiO, (ref. 47) and
P,0,.”* As shown in Fig. 7a, the band gap can be extracted from
the PL peaks under pressure by fitting them with Gaussian
functions. The PL peak positions show a gradual red shift and the
fluorescence intensity decreases upon compression, which
confirms the closing of the bandgap. Above 10 GPa, the PL peaks
are hard to be detected. Actually, the distances of adjacent atoms
should be reduced by pressurization, which leads to enhanced
possibility of electronic orbital overlapping, spin flipping, spin-
orbital coupling, intersystem crossing, etc. Thus, the
pressurization-induced fluorescence quenching will take place
due to the activation energy transfer and excimer/exciplex
formation, as extensively reported in other chalcogenides and
arsenides.”"*>*° After decompression, the PL peak recovered back
to 930 nm as the restoration of the ambient crystalline structure.
The reduction of the bandgap was also confirmed by first-
principles calculations using the structure model refined from
high-pressure XRD data. As shown in Fig. 7b, the calculated
theoretical bandgaps up to 10 GPa are almost identical to the
value obtained from PL spectra. The bandgap E, decreased
sharply from ambient pressure to 23 GPa followed by a gentle
decreasing to the highest pressure of 45 GPa, corresponding to
the structural evolution from 2D to 3D phase. The electronic
band structure reveals the semiconductor nature of BigO55Se
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Fig. 7 Pressure-dependent PL spectra (a) and bandgaps (b) derived
from PL of BigO;5S¢ during compression and decompression. A
325 nm laser with 3 mW power was used for irradiation. Electronic
band structure (c) and calculated density of states from each element
(d) of Bi907_556 at 15 GPa.

4024 | J. Mater. Chem. A, 2019, 7, 4019-4025

View Article Online

Paper

with a direct-transition band gap below 10 GPa. However, the
relative energy positions of valence and conduction bands
between I' and A points are almost identical at 15 GPa (Fig. 7c)
and tend to be interlaced at higher pressures (Fig. S107), sug-
gesting the crossover from direct- to indirect bandgap transition
which properly leads to the decreasing in PL intensity under
pressure. According to the partial density of state (PDOS)
analyses shown in Fig. 7d, the valence band (VB) consists of Bi
6s, S 3p, and O 2p orbitals, while the conduction band (CB) is
mainly contributed by Bi 6p orbital. Thus, the bandgap closing
induced by pressure should be mainly attributed to the
shrinkage of [BiS,] and [Bi,O,] hexagonal layers.

4. Conclusions

In summary, the structural stability, electrical conductivity and
visible-light response have been studied in layered bismuth
oxysulfide BigO; 5Ss as a function of hydrostatic pressures up to
58.1 GPa at room temperature. In situ synchrotron X-ray diffrac-
tion studies revealed the R3m structure evolved from 2D layered
structure to 3D networked structure without symmetry breaking
under pressure, which is mainly associated with the shrinkage of
Bi,O, polyhedral layers. The in situ electrical conductivity and
photocurrent measurements show that pressure can significantly
affect not only the crystal structure but also the photoelectric
related properties. In particular, the giant enhancement of elec-
trical conductivity and photoelectric response can be realized
under high pressure, suggesting that the pressure-induced
structural evolution may offer potential applications in photo-
voltaic devices as switcher or controller and explore new mate-
rials with improved photovoltaic performance.
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