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To reveal the pressure effects on BiOX semiconductors, we performed in-situ Raman spectroscopy and
electrical transport measurements on BiOl up to 26.1 GPa and 19.2 GPa. BiOl showed good structural
stability, while the electron conduction characteristics maintained dominance throughout the pressure

range. The influence of grain boundary conduction disappeared at pressures above 9.2 GPa. With

pressure elevation, the pressure-induced lattice fragmentation and grain refinement introduced a large

number of relevant levels in the energy gap and resulted in a significant increase in the conductivity of
BiOl under compression. The conductivity increased by 10° at 19.2 GPa from the initial value and
maintained an increase of 102 after depressurization until ambient conditions were attained. At the same

time, the space charge polarization of the crystal interface layer became weaker with pressure elevation
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resulting in a decrease in the relative permittivity of BiOl. The calculation results of the complex
permittivity showed that the frequency of orientation polarization response decreases with pressure
elevation, and the complex permittivity becomes constant in the high-frequency region. Our work

proves that pressure could significantly increase the carrier concentration and mobility, thus effectively
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1 Introduction

In recent years, the demand for solar energy to alleviate energy
and environmental stress has led to extensive research on new
BiOX (X = F, Cl, Br, and I) semiconductor materials." BiOX
semiconductors are V-VI-VII semiconductor materials with a
PbFCl-type layered tetragonal structure. BiOI, as a representa-
tive, has good optical, electrical, and magnetic properties and is
mainly used as an ionic conductor and ferroelectric material
and has applications in photocatalysis and other fields.*™®
The pressure effects on BiOX materials have attracted much
interest due to their robust layered structure at lower pressures.
In the typical layered crystal structure of BiOX, [Bi,0,]*" and
X"~ along the [001] direction, weak van der Waals forces
connect two adjacent X"~ layers indicating that the ionic radius
and electronegativity of X" significantly affect the phase
transition behavior of BiOX materials under higher pressures.
Xu et al. predicted that BiOI has no phase transition at
pressures below 60 GPa.’ Zhao et al. found an isomorphic
phase transition of the P4/nmm phase of BiOCl up to 40 GPa
using in situ high-pressure angle-dispersive X-ray diffraction
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improving the conductivity of BiOX semiconductors.

techniques and the first-principle calculations.’® Zhou et al.
predicted that BiOF shows transitions from the initial PbFCl
phase to the Pnma, P3m1, and Cmcm phases up to 300 GPa."
However, systematic experimental studies of the effects of
pressure on its electrical transport properties are still lacking.

Currently, BiOI has become a hotspot due to its easy strip-
ping layer structure, relatively narrow band gap (2.2eV), small
effective electron mass, low synthesis temperature, good
absorption characteristics in the visible light range and the
best photocatalytic activity for the degradation of organic
pollutants."*"* However, most of the research on BiOI is mainly
focused on doping modification, emphasizing the improve-
ment of its carrier mobility efficiency.'*'® These studies
undoubtedly offer advantages for different optical applications
of BiOI. However, as an effective means to regulate the struc-
ture and properties of materials, pressure can better display the
relationship between the structure and the properties.'”° For
example, by compressing multiple layers of ReS,, Yan et al
found that pressure can be used to effectively modulate the
photoelectric properties of transition metal disulphide (TMDS)
by controlling the atomic displacement, which has potential
applications in the design and manufacture of various stacked
nanoscale devices.”! Tong et al. showed that the frequency of
the input signal could regulate the electric transmission opera-
tion of Bi,O; under high pressure. Bi,O; behaves like an ionic
solid electrolyte at high frequencies but as an electronic resistor
at low frequencies.® These studies prove that research using
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high pressure can reveal more novel properties of materials and
provide new possibilities for expanding and improving the
application of materials. A systematic study of the pressure
effects on BiOI's electrical transport properties would better
reveal the potential and correlate pressure with the further
exploration of BiOX semiconductors.

Herein, we prepared a BiOI sample with a layered structure
by hydrothermal synthesis, examined its behaviour under
compression by recording its Raman spectra, and monitored
its electrical performance at different pressures through impe-
dance measurements in a diamond anvil cell. The result proved
that pressure could effectively regulate the conductivity and
permittivity of BiOI, which is one step further into understand-
ing the properties of BiOX materials under compression.

2 Experimental details
2.1 Sample preparation and characterization

The experimental samples used in this paper are BiOI powder
prepared by hydrothermal synthesis. All reagents used in the
synthesis are from Aladdin Reagent Co. Ltd. In practice, we
slowly added Bi(NO3)3-5(H,0) (AR, 99.0%) to a glycol solution of
KI (AR, 99.0%) until the molar ratio between Bi and I reached 1.
The mixture was stirred for half an hour at room temperature
and then poured into a 25 ml Teflon-lined high-pressure
reactor. The reactor was kept in a muffle furnace at 160 °C
for 7 hours and cooled to room temperature before the
obtained pellet was collected, washed with ethanol and dis-
tilled water, dried, and then ground for use.

We used X-ray diffraction (XRD) and scanning electron
Microscopy (SEM) measurements to characterize the initial
sample. Specifically, for XRD and the SEM measurements a
Shimadzu XRD-6000 diffractometer and a MIRA3LMH scan-
ning electron microscope were used, respectively. The X-ray
source was a Ni-filtered Cu target with a wavelength of 1.5405 A.

2.2 Raman spectroscopy and impedance spectroscopic
measurements

The pressure generating apparatus in this work was a diamond
anvil cell (DAC) equipped with 300 um diameter anvils, a
130 pm diameter sample chamber and a T-301 stainless steel
gasket (200 pm initial thickness and 22.1 pm final thickness).
The sample thickness under pressure was determined using a
micrometer. Ruby fluorescence techniques were used to cali-
brate the pressure in this work.>* Parallel plate electrodes were
fabricated on the DAC to measure the impedance spectrum."®
We used two thin platinum foils as the electrodes and attached
them to the top and bottom of the sample. And a layer of a
mixture of Al,O; and epoxy was applied to insulate the elec-
trode from the gasket (as shown in Fig. 1). We used a no
pressure-transmitting medium throughout the experiment.
The Raman spectroscopic measurements were conducted
using a homemade Raman system equipped with a LabRAM
HR Evolution Raman spectrometer from the HORIBA company
and a tunable solid-state laser with a wavelength of 532 nm.
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Fig. 1 Schematic diagram of the DAC setup.

The Raman spectroscopy measurement range extends from
ambient pressure to 26.1 GPa with approximate intervals of
1 GPa. The impedance spectroscopic measurements were per-
formed using a Solartron 1260 impedance analyzer and a
Solartron 1296 dielectric interface meter. The sinusoidal AC
voltage was 1V, and the frequency was from 10 ' Hz to 10~ ® Hz.
The pressure range for impedance measurements was from
ambient pressure to 19.2 GPa with approximate intervals of
1 GPa.

It is worth noting that the Raman spectroscopic measure-
ments and impedance spectroscopic measurements were per-
formed in two separate runs but using the same DAC. The
insulation layer and electrodes were not inserted in the DAC for
Raman spectroscopic measurements.

3 Results and discussion
3.1 Characterization of the initial sample

The XRD pattern of the initial sample shows that the powder
had a tetragonal structure with the space group P4/nmm. The
position of the diffraction peaks corresponds to the standard
PDF of BiOI (PDF#00-010-0445), whose lattice parameters are
a =3.994 (A), b = 3.994 (A), and ¢ = 9.149 (A) under ambient
conditions (Fig. 2(a)). Therefore, we determined that the initial
sample was pure BiOI. Fig. 2(b) shows an SEM image of the
prepared BiOI powder. The image shows that the powder
consisted of rose-like microspheres with a 2-3 pm diameter.
These characteristic microspheres are self-assembled from
layered microsheets and essential for the light absorption,

Intensity(a.u.)

Fig. 2 Characterization of the initial sample: (a) an XRD pattern and (b) an
SEM image of the prepared sample under ambient conditions.
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carrier separation, transport efficiency, and redox properties of
BiOX materials.>*

3.2 High-pressure lattice structure analysis

Under ambient conditions, the two characteristic Raman peaks
at 101.9 cm™ " and 149.0 cm ™! respectively correspond to the
Bi-I bond’s internal stretching modes, Ay, and E,. The peaks at
65.8 cm ' and 85.2 cm™ ' respectively originate from the Bi-I
bond’s external stretching modes, A, and Blg.25 With increas-
ing pressure, the Raman peaks blueshift while their intensity
gradually decreases. The blue shift originates from the
enhanced intermolecular force due to the reduced intermole-
cular distance under compression (Fig. 3(a)).%¢

The Byg(ex.) and Ey(in.) tended to merge at 26.1 GPa (at the
red double arrow), indicating that the two modes shifted at
different speeds with pressure. Raman displacements are line-
arly fitted by the Gaussian fitting method. As shown in Fig. 3(b),
no abnormal behavior emerged at the given pressure point,
indicating that no structural phase transition occurred
throughout the experiment. The increase in the shift
(Fig. 3(b)) and the FWHM (Fig. 3(c)) of the Raman modes with
pressure is due to the possible lattice breaking and grain
refinement caused by pressure elevation.>”*
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Fig. 3 Raman spectroscopic results of BiOl, (a) selected Raman spectra of
BiOl at pressures, (b) evolution of Raman shifts of BiOl with pressure, and
(c) evolution of the FWHM of Raman peaks of BiOl with pressure.
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In conclusion, no apparent anomaly has emerged in the
Raman spectroscopic measurements of BiOI at high pressure,
which further supports that the prepared sample is pure BiOI.

3.3 High-pressure AC impedance spectrum analysis

To determine the conduction type of BiOI and understand the
mechanism behind it, we plotted the Nyquist plot of BiOI in
Z' ~ o '* at 0.9 GPa (Fig. 4(a)). The low-frequency region Z'
and o ** are in a nonlinear relationship, indicating no ionic
conductivity in BiOI. Considering the large gap between the
grain and grain boundary conduction, we used the Z'-Z"/f
representation to process the impedance data of BiOI at
0.9 GPa (Fig. 4(b)).>® According to the analysis, three straight
segments with different slopes correspond to the contribution
of the grain, grain boundary, and electrode part from left to
right. The linear gradient of the corresponding electrode part is
always 0, indicating that the relaxation frequency of the elec-
trode part remains 0. Therefore, we did not observe the
semicircle of the electrode in the impedance spectrum.

Fig. 5(a)-(c) shows the Nyquist plot of BiOI at different
pressures. BiOI exhibits a pure electron conduction process
below 19.2 GPa. At lower pressures (ambient to 8.3 GPa), the
Nyquist plot of BiOI consisted of two arcs, indicating that the
conduction of BiOI included both the grain’s contribution and
the grain boundary’s contibution. The arc to the left represents
the grain contribution in the high-frequency region, and the arc
to the right represents the grain boundary contribution in the
low-frequency region. As shown in Fig. 5(a), at low pressures
(0-3.4 GPa), the hindering effect of the grain boundary on
carriers is dominant, that is, the grain boundary resistance is
prevalent. In this case, the scattering of the electron is weaker
inside the grains than at the grain boundaries. With pressure
elevation (5.3-8.3 GPa), both arcs gradually shift to the right,
forming a double-arc structure, as shown in Fig. 5(b). The
impedance spectrum gradually turns into a single arc with a
further increase in pressure, as shown in Fig. 5(c). The trans-
formation indicates that the scattering effect of grains on
electrons becomes dominant. In contrast, the scattering effect
of carriers at grain boundaries decreases much faster than that
of grains until it disappears. At the same time, the intercept
between the semi-arc of the grain and the real axis Z’ decreases
gradually, indicating that the resistance of the grain and the
grain boundary decreases with pressure.
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Fig. 4 AC impedance spectrum of BiOl, (a) Z' ~ &~ *? plot at 0.9 GPa and
(b) Z'-Z"/f plot at 0.9 GPa.
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Fig. 5 Nyquist plots of the BiOl impedance spectrum in pressure ranges
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19.2 GPa. And the Bode plots of the BiOl impedance spectrum in pressure
ranges (d) from ambient to 3.4 GPa, (e) from 5.3 to 8.3 GPa, and (f) from 9.2
to 19.2 GPa.
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Fig. 5(d)-(f) shows the Bode diagrams of the BiOI that
describe the relationship between the imaginary part Z’ and
the frequency at different pressures. The evolution of the Bode
diagrams with pressure splits into two stages. Two relaxation
peaks emerge below 9.2 GPa, corresponding to the grain
boundary’s low-frequency relaxation peak and the grain’s
high-frequency relaxation peak (Fig. 5(d) and (e)). At the initial
stage of pressure loading (0-3.4 GPa), only one relaxation peak
appears in the low-frequency region with a pressure increase,
indicating a large number of crystal gaps in the sample. The
accumulating number of carriers trapped within the crystal
gaps resulted in a relatively high initial resistance detected in
the experiment. Upon compression, the crystal gaps gradually
evolve into grain boundaries and thus result in a double peak
pattern shown in Fig. 5(e). Meanwhile, grain boundaries’
resistance decreases rapidly when the scattering effect of grains
on carriers gradually becomes dominant with pressure eleva-
tion. The relaxation peak representing the grain boundary
effect decays rapidly as pressure increases. And the total
impedance value decreases with pressure, confirming that the
resistance decreases continuously, as revealed in the Nyquist
plot. At pressures above 9.2 GPa (Fig. 5(f)), the grain boundary
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Fig. 6 Nyquist plots and equivalent circuits of BiOl at (a) 6.3 GPa and
(b) 9.2 GPa.

relaxation peak disappears, indicating that the scattering effect
of the grains on carriers completely dominates the resistance of
BiOL*° When the pressure reaches 19.2GPa, the resistance of
the sample has decreased by 10° times compared to the initial
resistance.

To further analyze the effect of pressure on the electrical
transport properties of BiOI, we fitted the impedance spectra at
6.3 and 9.2 GPa using ZView2 impedance analysis software.
Fig. 6 shows the Nyquist diagrams with fitting results and the
equivalent circuits at different pressures. At 6.3 GPa, the
impedance spectrum showed a double-arc structure with dif-
ferent radii indicating a combined grain and grain boundary
conductivity (Fig. 6(a)). Thus, the equivalent circuit follows a
serial connection of two R and CPE parallel circuits, represent-
ing the grain and grain boundary’s electron conduction pro-
cess, where R1, R2, CPE1l, and CPE2 correspond to the
resistance and the charge/discharge process between electrodes
of the grain and grain boundary, respectively. At 9.2 GPa, the
equivalent circuit of BiOI follows a parallel connection of
resistance (R) and constant phase angle element (CPE) pattern
(Fig. 6(b)). The impedance spectrum shows a single-arc struc-
ture whose corresponding impedance spectrum expression is:**

Z=1/(1R + 1/Z) @)

where R and Z, represent the transferred electron and the
constant phase angle element (CPE), respectively. And Zg is
given using the following expression:

Zq = oq(jw) " 2)

where ¢4 is the coefficient of CPE, w (w = 2nf) is the angular
frequency, and n is the impedance factor, 0 < n < 1. The
conformance of simulated impedance spectra and the experi-
mental data suggest that the equivalent circuit describes the
carrier scattering and transport behavior of BiOI well.

Fig. 7(a) shows the contribution of grains and grain bound-
aries to the total resistance. The total resistance (Fig. 7(b))
decreases with no abrupt change as pressure increases through-
out the experiment, which is consistent with the previous
results of Raman spectroscopy and the previous calculation
results that no pressure-induced phase transition occurred in
BiOL° During decompression, the resistance of BiOI gradually
recovered but remained two orders of magnitude lower than
the initial value after complete depressurization. Besides, the
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depressurization processes, and (c) grain frequency and the grain bound-
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grain boundary resistance didn not show up throughout the
decompression process (as shown in Fig. 8). The difference in
resistance during the compression and decompression pro-
cesses is attributed to cube fragmentation and grain refinement
under compression. It is well-known that the pressure-induced
disruption of cubes can produce abundant boundaries and
microstrains in the sample, adding additional energy levels
into the band gap and increasing the concentration of free
charge carriers.”””*?
quency of the grain and grain boundaries with pressure
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Fig. 8 Comparison of the (a) Nyquist plots and (b) Bode plots at 4.9 and
9.3 GPa during the decompression process.
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Fig. 9 Evolution of relative permittivity of BiOl with (a) pressure and
(b) frequency at selected pressures.

indicates a negative correlation between the relaxation time
and pressure.

Fig. 9(a) shows the relative permittivity of BiOI (¢;) as a
function of pressure. The following formula is the typical
expression of &:

& = d/(2mRbeg f,S) (3)

where d is the sample thickness, ¢, is the vacuum dielectric
constant, and S is the effective electrode area in the experiment.
With pressure elevation, ¢, decreases and shows no disconti-
nuity in the entire pressure range. An apparent rate reduction
in the pressure-induced variation of ¢ is observed in the
experiment and related to the weakening of the spatial charge
polarization of the crystal interface layer.>®> To better under-
stand the dielectric properties of BiOI under compression, we
also plotted the frequency dependence of the real (¢') and
imaginary (¢”) permittivity at different pressures. The calcula-
tion formula is as follows:

g(w) = &'(w) — j&"(w) (4)
¢ = 17" [2me0SZ* (5)
& = 17'[2me,SZ” (6)

where [ is the thickness of the sample, ¢, is the vacuum
permittivity, and S is the area of the sample. As shown in
Fig. 9(b), when the frequency is below 1 Hz, ¢’ decreases with
the frequency increase due to the decreased contribution of
dipoles to polarization. When the frequency exceeds 1 Hz, both
¢ and ¢’ of BiOI become 0 due to the rapid polarization in the
external electric field and the ceased steering polarization of
the intrinsic electric moment of the molecule.** With a further
increase in pressure, both ¢’ and ¢” of BiOI gradually decrease
with frequency, indicating that the dielectric loss of this sample
originates from the enhanced electron conduction under
compression.

4. Conclusions

BiOI behaved as a pure electron conductor in the experimental
pressure range, whose resistance followed a combined pattern
of grains and grain boundaries below 9.2 GPa, and a grain
pattern at pressures above 9.2 GPa. The pressure effect on the
electrical transport properties of BiOI is evident and lasting.
Compared with the initial value, the conductivity of BiOI
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became six orders higher at 19.2 GPa and remained two orders
higher after complete depressurization. According to the
Raman results, these effects could be attributed to the frag-
mentation of the lattice, reduced grain size, and increased
correlated energy levels in the crystalline gap under compres-
sion. The weakening of the space charge polarization at the
interfacial layer of the crystal led to a decrease in the relative
dielectric constant with pressure. The complex permittivity
showed that the frequency of orientation polarization response
decreases to 0 at 9.2 GPa in the high-frequency region. The
findings of this study fully complement the research on BiOI in
the field of high pressure, and the significant improvement of
BiOI conductivity provides a new method for regulating the
electronic properties of BiOX materials. At the same time, it
also provides a reference for applying BiOX layered materials in
the direction of high-pressure electrical measurements.
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