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ABSTRACT: The layered oxychalcogenides BiCuChO (Ch =
S, Se, Te) represent a unique family of two-dimensional
semiconductors with extraordinary optoelectronic and thermoelectric properties. Chemical strategies such as elemental
doping have been used to modify their crystal structures and
electronic conﬁgurations for better photocatalytic performances. Herein, we report the pressure impact on the crystalline
and electronic band structures of BiCuChO (Ch = S, Se) with
in situ synchrotron X-ray diﬀraction, Raman spectroscopy,
electric resistivity and photocurrent measurements, and ﬁrstprinciple calculations. Under pressure, the crystalline lattices
shrink continuously without symmetry breaking, which
enhances the crystal ﬁeld splitting; on the other hand, the
pressure-induced charge delocalization causes the band broadening. The competition between the crystal ﬁeld and charge
delocalization demonstrates an eﬃcient tool for band gap engineering: the electrical conductivity is enhanced below 12 GPa and
monotonically decreases up to 40 GPa. In addition, BiCuSeO exhibits considerable photocurrent up to ∼40 GPa, which
suggests its potential application in pressure-responsive optoelectrical devices. The comprehensive studies of the pressure eﬀect
on the crystal structure and electronic properties in two-dimensional semiconductors provide and in-depth understanding for
developing new optoelectronic materials under extreme conditions.

■

INTRODUCTION
Quaternary mixed-anion semiconductors with the general
formula LnMXO (Ln = trivalent rare earth cation, M = Ag, Fe,
Cu; X = pnictogen or chalcogen), usually adopt the tetragonal
ZrCuSiAs-type structure. Within such a two-dimensional (2D)
structure, the M2X2 layer oﬀers a carrier conduction path,
which is sandwiched between the charge receiver Ln2O2
layers.1,2 Conduction carriers are two-dimensionally conﬁned
in the M2X2 layers, leading to strong interactions among the
electrons. Thus, those compounds established with distinct
element combinations exhibit luxuriant physical properties,
such as superconductivity in oxypnictides1−3 and good
optoelectronic performance in oxychalcogenides.4,5 Among
them, LnCuChO (Ch = chalcogen) semiconductors are
frequently studied as promising transparent p-type semiconductors with wide band gaps and a good optical
transmission at both the visible and near-infrared ranges.4,6
© 2018 American Chemical Society

Previous studies showed that the full substitution of trivalent
lanthanide cations by Bi3+ in these oxychalcogenides could
achieve much narrower band gaps while maintaining their
crystallographic symmetry.7 Particularly, BiCuSeO with a
moderate band gap (0.8 eV) and intrinsically low thermal
conductivity has attracted intensive research interest and has
developed into a new promising thermoelectric (TE) material
in the medium temperature range.8,9 In the past decade,
signiﬁcant achievements have been gained in optimizing its TE
performance through various strategies including modulation
doping,10 band structure engineering,11,12 and microstructure
regulation.13 These chemical manipulations can boost the TE
performance of BiCuSeO from the initial ZT value of 0.76 for
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Figure 1. (a) Powder XRD patterns of as-prepared BiCuSO and BiCuSeO. (b) The crystal structure of BiCuChO with antiﬂuorite OBi4 tetrahedra
and ﬂuorite CuCh4 tetrahedra stacking alternatively along the c axis. Cyan, brown, light violet, and purple spheres represent O2−, Bi3+, Cu+, and
Ch2− ions, respectively. Light green and cyan polyhedra represent the edge-sharing CuCh4 and OBi4 tetrahedra.

transport behavior of BiCuSeO observed experimentally under
high pressure.

strontium-doped samples to 1.5 for Ca and Pb dual-doped
samples.9,14 All aforementioned approaches aim to optimize
the TE performance in terms of the structural stability,
electronic structure, and related physical properties of
BiCuSeO. In addition, Berardan et al. performed comprehensive studies on the structure and transport evolution of
BiCuChO under diﬀerent chemical pressures generated via
chalcogen solid solution method.15,16
External pressure, as an alternative factor of temperature and
chemical composition that can aﬀect the structural and
electronic properties of condensed matters, provides a unique
method to explore new materials with tailored electrophysical
properties.17,18 Recently, Ma et al. reported an abnormal phase
transition from sodium metal to an optically transparent highpressure phase of sodium with a band gap of 1.3 eV at ∼200
GPa, which was attributed to the pressure-driven p−d
hybridizations of the valence electrons and their repulsion by
core electrons into the lattice interstices.19 Likewise, in
semiconductors, pressure often plays an important role on
broadening the conduction band and valence band to enhance
the electric transport performance. For example, in TiO2 and
Ta2O5, improved electrical conductivities compared with those
of the raw materials were achieved via pressure-induced phase
transitions and amorphization.20,21 The layered semiconductor
BiOCl was reported undergoing a tetragonal to tetragonal
isostructural phase transition at 22.1 GPa, accompanied by the
redistribution of Bader charge among the Bi, O, and Cl ions.22
More comprehensive studies of semiconductors under high
pressure are suggestive to the ambient chemical manipulations
of Birich photocatalysts at ambient conditions.23−26
In this paper, oxychalcogenides BiCuChO (Ch = S, Se) are
selected as representatives to study the pressure impact on 2D
semiconductors. In situ characterizations including synchrotron X-ray diﬀraction, Raman spectra, and photocurrent and
transport measurements were performed under high pressure.
Meanwhile, we also discussed the origins of enhanced electric
conductivity and better optoelectric properties with band
theory from the competition between pressure-induced band
gap opening and charge delocalization. Theoretical calculation
was also applied to conﬁrm the mechanism of the abnormal

■

EXPERIMENTAL DETAILS
Sample Syntheses. BiCuSO and BiCuSeO polycrystals
were synthesized by using a high-temperature high-pressure
method followed by spark plasma sintering (SPS). First, highpurity Bi2O3 (powder, 99.999%), Bi (shot, 99.999%), S/Se
(shot, 99.999%), and Cu (powder, 99.999%) in a stoichiometric ratio were mixed uniformly in an agate mortar. Then,
the mixture was shaped into a cylinder with about 10.8 mm in
diameter and 6 mm in height and loaded into a standard
assembly cell made by graphite heater and h-BN crucible for
high-pressure and high-temperature synthesis with the
conditions of 1073 K and 3 GPa for 0.5 h. Finally, the
prefabricated BiCuChO cylinders were ground into ﬁne
powders for the subsequent SPS sintering at 953 K and 60
MPa for 0.5 h, in order to generate homogeneously dense wellcrystalline solids.
Structural Characterizations under High Pressure. In
situ high-pressure angle-dispersive X-ray diﬀraction (XRD)
measurements were performed with a synchrotron source at
beamline 16 BM-D (λ = 0.3066 Å) and 13BM-C (λ = 0.434
Å)27 of the Advanced Photon Source (APS), Argonne National
Laboratory (ANL). A symmetric diamond anvil cell (DAC)
with a 300 μm culet diameter was used to generate high
pressure. Rhenium gaskets with holes that are 45 μm in
thickness and 150 μm in diameter served as sample chambers.
BiCuChO samples were ground into ﬁne powders and then
compacted and loaded into the sample chamber together with
silicone oil as the pressure-transmitting medium. Pressure was
measured and calibrated by using the ruby ﬂuorescence
method.28 The 2D XRD patterns were integrated by using the
Fit2D software29 and reﬁned with the Rietveld method using
the General Structure Analysis System (GSAS) and graphical
user interface EXPGUI package.30 High-pressure Raman
spectra were measured with a 633 nm laser of 1.73 mW
power. It has been veriﬁed that the local heating eﬀect from the
laser during data acquisition can be neglected. Raman studies
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Figure 2. Selected angle-dispersive XRD patterns of (a) BiCuSeO under compression with an incident wavelength of 0.3066 Å at room
temperature. (b) and (c) show the pressure dependence of c/a and volume (V) for BiCuChO. The bond lengths of BiCuSeO as a function of
pressure are given in the inset of (b). The solid line in (c) shows the ﬁtted third-order Birch−Murnaghan EOS.

the known tetragonal P4/nmm structure, and no secondary
peaks were observed, indicating that phase-pure BiCuChO
powders were fabricated successfully. The broader peaks for
the sulﬁde than those of selenide here come from the diﬀerent
X-ray scanning conditions such as step size, dwelling time, and
incident slits, rather than the extent of disorder of copper
vacancies. This also can be validated by the later synchrotron
XRD results, as collected from ﬁne powders with submicron
grain sizes. The reﬁned lattice parameters are a = 3.867(2) Å
and c = 8.546(5) Å for BiCuSO and a = 3.927(2) Å and c =
8.926(5) Å for BiCuSeO, which are close to those given in the
literature.35,36 The lattice constants of BiCuSeO raise a little
for that the radius of sulfur is smaller than that of selenium.
Both BiCuSeO and BiCuSO are built up of edge-sharing OBi4
and CuCh4 tetrahedra, which are alternatively stacked along
the c axis, as shown in Figure 1b. It is considered that the
equivalent substitution of selenium by sulfur takes place only in
the [Cu2Ch2] layer of the structure, which should not
signiﬁcantly inﬂuence the local structure of the [Bi2O2] layers,
and the Bi−O bond lengths should remain almost the same.
The intralayer and the interlayer bond lengths are 2.329(2) Å
and 2.303(2) Å for Bi−O and 3.24(3) Å and 3.205(3) Å for
Bi−Ch, for the Se and S polymorphs, respectively, according to
the Rietveld reﬁnement results.
To investigate the structural stability and lattice evolution
under high pressure, synchrotron XRD was performed on ﬁne
powders of BiCuSeO and BiCuSO. Figures 2a and S1 present
the XRD patterns of BiCuSeO and BiCuSO as functions of
pressure. Under compression, all of the diﬀraction peaks
shifted to higher angles simultaneously, corroborating the
volume compression. The original tetragonal structure was
preserved to the highest pressure without any emerging new
XRD peaks, implying the robust stability of the BiCuChO
crystal structure. The broadening of the Bragg peaks under
high pressure originate from the grain size reduction and the
increased local stains between them as well as the nonhydrostatic pressure after high-pressure treatments, which has
commonly been observed in high-pressure experiments. It is

were performed under the same sample conditions as the XRD
measurements.
Transport Measurements under High Pressure.
Electrical resistance measurements were carried out by using
the four-probe resistance method. A thin cubic BN layer was
inserted between the steel gasket and diamond anvils to
insulate the metal gasket from the sample. Four platinum wires
(2.5 μm in thickness) were arranged to contact the sample
surface in the chamber. A Keithley 6221 current source, 2182A
nanovoltmeter, and 7001 switch systems were used as the
current supply, voltmeter, and voltage/current switcher,
respectively. The resistivity was determined by the Van de
Pauw method.31 For the photocurrent measurements, the same
sample setup was applied as the transport measurements. A 50
W incandescent lamp was used as the irradiation source (∼5
mWcm−2 on the sample). The photo response was measured
in the dark and under illumination at selected pressure points.
Theoretical Calculations. By relaxing the atomic
structure, we performed the electronic structure simulation
of BiCuSeO at diﬀerent pressures using the density function
theory (DFT) and projector augment wave method (PAW) as
implemented in the Vienna ab initio Simulation Package
(VASP).32 The Perdew−Burke−Ernzerhof (PBE) was treated
as the exchange-correlation potential within a generalized
gradient approximation (GGA).33 The cutoﬀ energy of the
plane wave was set to 600 eV, and a Monkhorst−Pack k-mesh
of 31 × 31 × 13 was used to sample the Brillouin zone for
integrations in reciprocal space. The energy convergence
criterion was 10−6 eV per unit cell, and the force on all relaxed
atoms was less than 0.03 eV/Å. The on-site Coulomb
interactions (DFT+U) method was chosen to calculate the
electronic structure. The eﬀective Coulomb repulsion parameter U was set to 4 eV referring to the similar material
systems.34

■

RESULTS AND DISCUSSION
The ambient XRD patterns of the as-prepared BiCuSeO are
shown in Figure 1a. All of the peaks could be well assigned to
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worthy to note that the (102) and (110) peaks at around 9°
(2θ) approach each other during compression and merged
together eventually, owing to the larger pressure-induced
shortening of the interlayer Bi−Ch bond lengths along the c
axis (as shown in the inset of Figure 2b). While for the
interlayer Bi−Se bonds, they show larger shrinkages than those
of the intralayer bonds, such as Cu−Se and Bi−O bonds.
Copper deﬁciency was not taken into consideration here, for it
had little eﬀect on the change of bonds (details are provided in
Figure S2). Moreover, peaks located at around 17° indexed to
(220), (106), (214), and (221) split up as pressure increased
(Figure S3), instead of new peaks appearing, which is
conﬁrmed by the Rietveld reﬁnement in Figure S4. All of the
Rietveld reﬁnement results can be found in Table S1 of the
Supporting Information. Along with the decreased lattice
parameter ratio (c/a) under compression, all of these clues
indicate an anisotropic compressibility along diﬀerent crystallographic axes, as shown in Figure 2b. These structural behaviors
of BiCuChO are quite diﬀerent from those of other similar 2D
compounds such as NdOFeAs37 and BiOCl,22 in which
isostructural phase transitions were observed under compression. The anisotropic compressibility of BiCuChO could be
associated with the distinct electronic conﬁgurations in the
alternative conductive and insulating layers.
To further elucidate this phenomenon, the equation of states
(EOS) of BiCuChO were ﬁtted using the third-order Birch−
Murnaghan method38 (as shown in Figure 2c)
P=

Figure 3. Raman spectra for (a) BiCuSeO at various pressures. (b,c)
The pressure dependence of selected Raman peaks for BiCuSeO and
BiCuSO.

second A1g vibration mode from 176.0 to 152.7 cm−1 and
reduce the third Eg vibration mode. Moreover, a highfrequency peak marked as M6 is observed in BiCuSO (as
shown in Figure S5), which can be as assigned to the B1g mode
aroused from the motion of oxygen atoms. Under
compression, all of the Raman peaks shift to higher
wavenumbers because of the shrinking of bond lengths (as
shown in Figure 3b). The shift coeﬃcients under high pressure
are calculated to be 0.56, 0.93, 0.59, 1.35, and 1.94 cm−1/GPa
for the M1−M5 modes of BiCuSeO, respectively, and 0.77,
1.93, and 2.48 cm−1/GPa for M4−M6 modes of BiCuSO,
respectively (Figure 3c). The experimental data exhibit
coincident trends compared to previous simulations (1.08,
2.83, 4.48, 2.98, 4.62 cm−1/GPa).41 Upon decompression, all
of the Raman peaks regress to their original positions,
indicating a reversible structure change. All of these ﬁndings
are in good agreement with our XRD results.
The electrical transport property is one of the key
parameters for semiconductors especially in photovoltaic,
optoelectronic, and thermoelectric applications. In order to
evaluate the pressure impact on the transport properties of
BiCuChO, in situ resistance measurements were conducted for
BiCuSeO under pressure. We used the Van der Pauw method
to determine the resistivity with the equation exp(−πR1/Rs) +
exp(−πR2/Rs) = 1, where R1 and R2 are the two individual
resistances measured by the four-point probe method, and Rs is
the sample resistance. Considering the thickness t of 45 μm,
the electrical resistivity was calculated as ρ = RS × t. The ﬁrst
electrical resistivity of 97.5 mΩ·cm at 1.3 GPa was recorded,
which matches well with the resistivities reported at ambient
conditions.35,39 As shown in Figure 4a, the resistivity of
BiCuSeO decreases with increasing pressure in the ﬁrst stage
(P < 12 GPa), which is associated with the broadening and
eventual overlap of the valence and conduction bands (VB and
CB) caused by the shortening of bond lengths.19,20 Such
pressure-induced electronic transport enhancements were
frequently observed in other semiconductors.20,21 Above 12
GPa, BiCuSeO exhibits an abnormal resistivity increasing
under compression up to 30 GPa. Since there is no structural
phase transition for BiCuSeO, the resistance upturn is
supposed to the competition between the broadening of VB/
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The bulk modulus B0 values of 129(5) and 83(3) GPa under
pressure, as well as the derivative B0′ of 4.9(4) and 6.8(3) for
BiCuSO and BiCuSeO were determined, respectively. These
values suggest an increased compressibility and a decreased
elastic stiﬀness from Ch = Se to S. The ﬁtted bulk modulus B0
for BiCuSeO is close to the reported Young’s modulus values
of 76.536 and 78.8 GPa39 and matches well with the ﬁrstprinciple calculation result of 75.2(5) GPa. The calculated
value of the unit cell volume at ambient pressure V0 is 138.9(2)
Å3, which is close to that (137.8 Å3) obtained experimentally.
Raman spectroscopy was employed to characterize the
pressure-induced local structure evolution of BiCuChO, which
was considered sensitive to the subtle change of the vibration,
rotation, and other low-frequency modes of materials.
According to the group theory, there are in total eight
Raman active modes in BiCuChO system: ΓRaman= 2A1g + 2B1g
+ 4Eg.40 At ambient conditions, only four Raman modes can be
observed at 59.7, 88.0, 146.2, and 176.0 cm−1, corresponding
to Eg1, Eg2, A1g1, A1g2 (labeled as M1, M2, M3, and M4),
respectively. The locations of the experimental Raman modes
are consistent with the simulation results from DFT
calculations.41 The in-plane motion of Cu is involved in the
two lower-frequency Eg Raman modes (∼59.7 and 88.0 cm−1).
Bi and Se atoms in the tetrahedra are mainly involved in the
A1g modes due to the out-of-plane vibrations. With increasing
pressure, the second A1g2 peak of BiCuSeO splits into two
individual peaks at 18.3 GPa (as shown in Figure 3a). A similar
change is also found in BiCuSO around 24 GPa for the second
A1g mode (152.7 cm−1), as shown in Figure S5. These
emerging M5 modes could be assigned to another Eg mode
associated with the in-plane motion of Se and Bi. It is expected
that the substitution of Se by S should evidently shift the
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Figure 4. (a) Room temperature resistivity of BiCuSeO as a function of pressure. (b) The temperature dependence of resistivity at selected
pressures. The inset shows the derived activation energy evolution as a function of pressure. (c) Photocurrent of BiCuSeO as a function of pressure.

Figure 5. (a) Calculated band structure along high-symmetry directions at 0.1, 19, and 37 GPa. (b) Total and partial density of states at 0.1 GPa.
(c) The Brillouin zone of BiCuSeO. (d) The calculated band gaps of BiCuSeO as a function of pressure.

CB and the band gap opening under compression. The former
is dominant at low pressure, and the latter is responsible for the
precipitous resistance increase at higher pressures.
The temperature dependence of the resistivity was also
carried out for BiCuSeO at selected pressure points, as shown
in Figure 4b. All of the data were collected during the slowly
warming up stage from liquid nitrogen temperature (∼80 K).
BiCuSeO shows a typical semiconducting behavior in the
pressure range of 0−30 GPa, since all of the resistivity curves
decrease with increasing temperature. For an intrinsic
semiconductor, the electronic conductivity is mainly from
the contribution of thermally activated electrons jumping from

the VB minimum to CB maximum. The conductivity in its
Napierian logarithmic coordinate ln(σ) vs 1/T should follow
the Arrhenius relationship and displays a linear trend: σ =
σ0exp(Ea/kBT), where σ0, Ea, and kB represents the preexponential constant, activation energy, and Boltzmann
constant, respectively. The obtained activation energy Ea for
BiCuSeO at various pressures by ﬁtting the intrinsic T region
above 200 K demonstrates a nearly linear increase of the band
gaps with pressure, as shown in the inset of Figure 4b. The
pressure-induced band gap opening indicated here could also
be conﬁrmed by the ﬁrst-principle calculations and will be
discussed later.
15933
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(Ch = S, Se). Their tetragonal crystal structure is robust up to
32.0 GPa without any symmetry change. An abnormal
pressure-induced upturn in resistivity was observed around
12.0 GPa for BiCuSeO, which is associated with the
competition between pressure-induced charge delocalization
and band gap opening. Moreover, BiCuSeO exhibits a greatly
enhanced photo responsibility under high pressure. These
results provide an in-depth understanding of the interplays
between lattice and electron in 2D semiconductors. This
demonstration also provides a promising band structure
engineering approach that may lead to better optoelectronic
performance.

In situ photocurrent measurements were also conducted for
BiCuSeO under high pressure. As shown in Figure 4c, a
negative photocurrent response with light irradiation on
indicates that the holes are the major carrier in this system.
Actually, p-type conducting behavior of BiCuSeO is a normal
case, since the copper vacancies will form unintentionally in
the preparation process. The photocurrent is steady and
reproducible during several intermittent on−oﬀ cycles. It is
worth noting that the photocurrent improves continuously
with increasing pressure and reaches almost twice enhancement at 30 GPa compared to that at the lowest pressure
(Figure S6). The photocurrent enhancement indicates that
either BiCuSeO has a higher separation rate of photoexcited
electrons and holes from the VB to the CB under high
pressure, or pressure plays a crucial role in inhibiting the
recombination of electrons and holes because of its ability of
engineering the electronic band structure. Our investigation
results thus point out a new route other than chemical doping
to improve the optoelectronics and may lead to the discoveries
of more optoelectronic materials with improved properties.
Although bandgap opening is a common contributor of the
resistivity increase, it is not the case in BiCuSeO when the
pressure is below 12 GPa. To get further insight into the
conducting behavior, the electronic structure at several
pressures was calculated on the basis of the DFT implemented
in the VASP package. Figure 5a,b describes the dispersion of
energy bands and density of states (DOS) of BiCuSeO, while
Figure 5c pictured the selected high-symmetry points at
various hydrostatic pressures. At ambient pressure, BiCuSeO
shows an indirect band gap feather as reported;7,34 to be more
speciﬁc, the CB maximum was located at the Z point, while the
VB minimum exists along the Γ−Μ line. The calculated band
gap of 0.54 eV for BiCuSeO at 0.1 GPa is quite close to the
values previously presented (0.38 and 0.47 eV, simulated by
employing PBE + U + SOC potential and PBE96 GGA
functional, respectively).7,34 A multiband structure featured
with several hole pockets at degenerated directions of the M−
X−Γ line is obvious in this study. These hole pockets
determine the electrical conductivity of p-type BiCuSeO and
become deeper with increasing pressure, leading to a better
conduction behavior.42 As shown in Figure 5b, the upper part
of the VB of BiCuSeO at 0.1 GPa is mainly due to the
hybridization between the Cu 3d and Se 4p orbitals in the
Cu−Se antibonding states. The Cu−Se antibonding states
become more hybridized as the result of the pressure-driven
CuSe4 tetrahedral shrinkage, which will lead to the resistivity
drop in the pressure range below 12 GPa. On the other hand,
the band gap increases monotonously with pressure from 0.54
eV at 0.1 GPa to 1.07 eV at 37 GPa (as shown in Figure 5d).
One can infer that it is Cu−Se bond length shrinkage instead
of CuSe4 tetrahedral tilting that is responsible for the pressureinduced band gap opening. This unusual interplay between the
crystal structure and the electronic structure has also been
observed in other semiconductors such as lithium cobaltite
oxides under hydrostatic pressure.43 Future eﬀorts on tailoring
the electronic conﬁguration of 2D semiconductors by employing external pressure will be expected to discover more
intriguing phenomena and novel pressure-responsive functional materials.
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