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Low-dimensional materials, particularly quasi-2D semiconductors like bismuth oxychalcogenides (BiOX),
offer unique advantages for advanced photodetection due to van der Waals integration and quantum-
confined properties. In this research, Bi,TeOs nanosheets were successfully grown using a chemical
vapor deposition method. The resulting Bi,TeOs photodetector exhibited remarkable performance
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characteristics. Specifically, it demonstrated an open circuit voltage of —1.14 V, a depolarization field of
57 x 107 V. m™ a remarkably low dark current of 107 A, an impressive on/off ratio of 10% a
responsivity of 466.80 mA W, a detectivity of 4.23 x 102 Jones, and an EQE of 218.44% at 8 V bias.
The work highlights the significant potential of Bi,TeOs and provides new design strategies for
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Introduction

Low-dimensional materials possess unique properties, making
them strong alternatives to traditional photodetection materials.
The interlayer connections in two-dimensional (2D) materials
are facilitated by van der Waals forces, which effectively address
the lattice mismatch issue between substrates and materials,
thereby simplifying integration and processing procedures.'™
Furthermore, when materials are scaled down to the nanoscale,
their energy band structure transitions from quasi-continuous to
discrete quantum energy levels, leading to changes in absorbed
photon energy and bandgap width.®® These defining characteris-
tics distinguish low-dimensional materials from bulk materials,
opening up exciting possibilities for optoelectronic detection tech-
nologies. In recent years, a new class of quasi-2D semiconductor
materials—bismuth oxychalcogenides (BiOX, X = S, Se, Te)—
has been demonstrated to exhibit outstanding optoelectronic
properties.'®

Within the bismuth oxychalcogenide family, Bi,TeOs crys-
tals were identified as classic nonlinear optical (NLO) materials
as early as the 1980s and subsequently studied."”*® Research by
Lopez et al. revealed that Bi,TeOs crystallizes in an orthorhom-
bic structure with the space group Aem2. This structure features
BiO3, Bi,Os, and BizO; polyhedra sharing vertices with TeO;
trigonal pyramids, arranged in a three-layer configuration.
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developing next-generation 2D photodetectors.

The stereochemically active lone-pair electrons of Bi** and
Te** cations are oriented away from the strong covalent bonds.
Crucially, the uncompensated lone-pair electrons of Bi**
throughout the structure are responsible for the NLO properties
of Bi,TeOs.'® Furthermore, Bi,TeOs is renowned for its excel-
lent air stability and thermal resistance, maintaining its phase
stability at temperatures exceeding 900 °C. Its (100) plane is a
cleavable surface, and the material exhibits a band gap of
3.21 eV. Bulk Bi,TeOs possesses properties including photore-
fractivity, photochromism, photoelectric effects, and holo-
graphic memory capabilities.>*>®

Following the exploration of Bi,SeOs as a 2D dielectric for
device fabrication, structurally similar 2D Bi,TeOs has also
garnered research interest. Han et al. grew 2D Bi,TeOs on mica
substrates via chemical vapor deposition (CVD) for ferroelectric
characterization. Density functional theory calculations indi-
cated the presence of glide-mirror symmetry in the Bi,TeOs
monolayer. A cooperative mechanism involving a 0.11 A dis-
placement of Bi*" cations along the a-axis and a 40° rotation of
BiOs polyhedra around the b-axis induces an in-plane sponta-
neous polarization along the a-axis through atomic-scale
reconstruction.”® Kumar et al. synthesized 2D Bi,TeOj; flakes
of varying thicknesses using a microwave-assisted method,
demonstrating the feasibility of Bi,TeOs nanosheets for photo-
detector applications.>” Li et al. optimized CVD parameters
using a disordered bismuth tellurite buffer layer, enabling the
growth of Bi,TeOs nanosheets at a relatively low temperature
(500 °C).?® Zhang et al. successfully synthesized high-k Bi,TeOs
nanosheets via CVD, which exhibited outstanding electrical
performance in photogating configurations.>® Nevertheless,
research on the growth and optoelectronic properties of 2D
Bi,TeO5s materials remains at a nascent stage.
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In this work, high quality Bi,TeOs nanosheets with a
band gap width of 3.49 eV were successfully synthesized
through meticulous control of growth parameters, including
temperature, time, and gas flow rate, utilizing CVD to grow
on a substrate. Notably, they exhibited a remarkably low dark
current of 10~ A. Their responsivity (R) was 466.80 mA W~ "
and the EQE reached 218.44% under 265 nm at 8 V.
This work provides new ideas and research directions for
further exploration and development of new materials for 2D
photodetectors.
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Results and discussion

The structure of Bi,TeOs is illustrated along the c-axis in Fig. 1a.
To enhance the clarity of its architecture, the BiOs cages, con-
structed by Bi*" and O° ions, are distinctly highlighted within a
blue frame. Layer “A” comprises BiO; cages interspersed with
Te'" atoms, while layer “B” consists of Bi*" and O~ atoms. The
Bi,TeOs structure exhibits a repetitive “-A-B-A-" pattern. Bulk
Bi,TeOs possesses a non-centrosymmetric orthorhombic crystal
lattice belonging to the Aem2 space group.'®*® From the lattice
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(a) The structural diagram of the layered Bi,TeOs structure along the different axes. (b) An optical image of the Bi,TeOs nanosheet. The spectral

characteristics of Te (c), Bi (d) and O (e) elements in the XPS spectra, respectively. (f) Variable-temperature Raman spectroscopy measurement diagram.
(g) Fitting curve of the Raman peak position varying with temperature. (h) The AFM test results of Bi,TeOs. (i) SAED pattern of the Bi,TeOs nanosheet, with
an inset illustrating the measurement area. (j) HRTEM image of the same region of the Bi,TeOs nanosheet.
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structure of CollCode36446 in the ICSD, it can be known that the
unit cell dimensions of Bi,TeOs are a = 11.608 A, b = 16.452 A, and
¢=5.518 A and right angles (o = f =y = 90°). An optical microscopy
image of the Bi,TeOs nanosheet grown on mica (KMgs(AlSizO,)
F,) is presented in Fig. 1b, with dimensions of approximately
24 pm in width and 50 pm in length.

To characterize the composition and structure of the synthe-
sized Bi,TeOs nanosheets, a comprehensive array of analytical
methods was employed. The valence state of Bi,TeOs was
precisely determined through X-ray photoelectron spectroscopy
(XPS). The XPS spectra of the Te element (Fig. 1c) distinctly
showecase two spin-orbit coupling splitting peaks positioned at
576.3 eV and 586.6 €V, corresponding to the core level peaks of
the Te 3ds/, and Te 3dj,, states, respectively, indicating a Te*"
valence state. Similarly, in the XPS spectra of the Bi element
(Fig. 1d), peaks located at 164.5 eV and 159.1 eV correspond to
the Bi 4f;;, and Bi 4f,, states, confirming a Bi’** valence state.
Additionally, the XPS spectra of the O element in Fig. 1e exhibit
a peak at around 533.0 eV, representing the O 1s state and
indicating an O®~ valence state.

A comprehensive Raman spectroscopic analysis was carried
out using a 532 nm excitation laser (Fig. S1a, SI), revealing
characteristic peaks of Bi,TeOs; at 110 cm " (assigned to the
bending vibrations of the Te-O-Te bonds), 231 cm ™ (arising
from the bending vibration of the Bi-O bonds), and 762 cm ™"
(associated with the bending vibration of the Te-O bonds).>®
Fig. S1b, SI shows the Raman spectra of Bi,TeOs nanosheets at
a polarized light angle of 0°-180°. The initial angle of the
polarizer is defined as 0°. With the increase of the polarization
angle, the Raman peak intensity of the Bi,TeO; nanosheet first
increases and then decreases, reaching a relatively small value
again at 90°. With the increase of the angle, the Raman peak
intensity of the Bi,TeOs nanosheet increases again and then
decreases. Fig. Slc and S1d show characteristic peaks at
110 em ™' and 762 cm™*, respectively, with the polarization
angle of 532 nm polarized light. The characteristic peaks with
the polarization angle of the incident light indicate the asym-
metry of the Bi,TeOs nanosheets. To gain deeper insights into
the vibrational dynamics of Bi,TeO5 nanosheets, temperature-
dependent Raman spectroscopy was performed (Fig. 1f), covering
a temperature range from 140 to 280 K. As the temperature
increased, broadening of the full width at half maximum (FWHM)
and a notable increase in peak intensity, particularly at 762 cm ™,
were observed. This phenomenon can be attributed to the
suppression of lattice vibrations at lower temperatures, where
photons excite more electrons to participate in scattering,
resulting in a robust Raman scattering signal. However, as
the temperature increases, thermal fluctuations promote elec-
tron excitation from their original energy levels to neighboring
ones, broadening the Raman scattering and reducing the peak
center intensity. Interestingly, the peak center intensity at room
temperature exceeded that at lower temperatures, indicating
an augmentation of the Raman cross-section for a specific
vibrational mode. Notably, the peak at 231 cm™" is not visible
in Fig. 1f due to its relative weakness compared to the peak at
110 ecm ™. The relationship between the Raman peak positions
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and temperature was accurately described using the linear
eqn (1).
o(T) = we + 4T (1)

where T represents the testing temperature, w, corresponds to
the phonon frequency at 0 K, and y signifies the first-order
temperature coefficient. As presented in Fig. 1g, our results
yield y values of —0.00758, —0.02138, and —0.01731 cm " K *
for the 110, 231, and 762 cm ™ peaks, respectively. These values
strongly indicate the presence of a robust strain-phonon cou-
pling within the Bi,TeOs; nanosheets.

As shown in Fig. 1h, the surface information of Bi,TeOs
nanosheets was characterized by atomic force microscopy (AFM).
The measured thickness of Bi,TeOs nanosheets was approximately
20 nm, with an arithmetic mean roughness (R,) of 1.72 nm,
indicating a relatively smooth surface and low microscopic inho-
mogeneity. The triangular projection of the nanosheet indicates
the (111) crystal plane orientation. The selected area electron
diffraction (SAED) pattern is shown in Fig. 1i, with the inset figure
showing the measurement area, and with the zone axis (001), the
sample distinctly exhibits a square symmetry, corresponding to
the crystal faces (020), (004), and (024). The high-resolution
transmission electron microscopy (HRTEM) image of the Bi,TeOs
nanosheet (Fig. 1j) reveals a crystal spacing of 2.89 A, corres-
ponding to crystallographic directions along (004). These HRTEM
and SAED results further confirm the exceptional crystal quality of
the Bi,TeOs nanosheet. Fig. Sle-g, SI presents the corresponding
energy dispersive spectrum (EDS) elemental mapping of the
Bi,TeOs nanosheet, revealing homogeneous distribution of Te,
Bi and O elements that correlates well with the low-power TEM
image in Fig. 1h. No additional elements were detected in the EDS
analysis.

The synthesis of Bi,TeOs nanosheets involved the utilization
of Te powder and Bi,O; powder in an Ar-rich environment,
employing CVD techniques within the high-temperature zone
of a tube furnace, as schematically shown in Fig. S2a, SI. As
shown in Fig. 2, the ratio of Bi,O; to the Te raw material plays
an important role in the final growth of the material; when the
ratio of Bi,O3:Te was 5:1, the grown material was Bi,O;. With
an increase in the proportion of Te in raw materials, when the
ratio of Bi,O3;:Te was 1:1, the material grown started to
become Bi,TeOs;, but the size of Bi,TeO5; was small. Further
increasing the Te proportion to a Bi,O; : Te ratio of 1: 5 enabled
the growth of a larger size Bi,TeO5; material. The precursor ratio
is decisive for Bi,TeO; growth, with a significantly higher Te
proportion being optimal. The crystallization process of
Bi,TeOs nanosheets can be seen from the change of growth
time. First, regular massive nanosheets are formed after crystal-
lization nucleation. With the increase of the growth time, the
thickness of the Bi,TeOs nanosheets increases along the (001)
direction, while the area spreads around, and the growth rate
in the (001) direction is greater than that of the (100) and
(010) directions. No significant morphological differences were
observed microscopically within 30 min. However, when the
growth time reached 40 min or above, the nanosheets showed
a tetrahedral shape, consistent with the TEM projection:

J. Mater. Chem. C
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Fig. 2 Bi,TeOs nanosheets grown under different precursor ratios and temperatures.

transferring the tetrahedral nanosheets onto a copper grid
resulted in a triangular projection corresponding to the (111)
plane. As shown in Fig. S2b, SI, under otherwise identical condi-
tions, increasing the gas flow rate from 100 to 500 sccm yielded
Bi,TeOs, with the material area increasing with the flow rate.
Te nanowires formed at 620 °C, while Bi,TeOs was grown
between 650 °C and 750 °C. The thickness of the Bi,TeOs
nanosheets grown at 720 °C was higher than that of the Bi,TeO;
nanosheets grown at 680 °C. Further temperature increases
favored larger nanosheet areas. Finally, substrate choice also
influenced the growth. While Bi,TeOs; nanosheets formed on
both sapphire and mica, those on sapphire were thicker. From
the above experimental results, the optimal conditions for
obtaining large, uniform Bi,TeOs; nanosheets were as follows:
growth on mica at 680 °C for 20 minutes under atmospheric
pressure with 300 scem Ar flow and a Bi,O;: Te precursor ratio
of 1:5.

SHG tests were conducted to determine the non-centro-
symmetric and rotationally symmetric structures. Fig. 3a shows
the SHG spectrum obtained at room temperature using 800 nm
excitation, revealing a distinct 400 nm peak from the sample. For
angle-dependent SHG measurements (Fig. 3b), linearly polarized
800 nm light was incident on the sample. The polarization angle
(0° defined arbitrarily) was rotated from 0° to 360°, and the SHG
intensity at 400 nm was recorded. In order to further explore the
response characteristics of Bi,TeOs devices to polarized light, we
conducted a detailed polarized light detection study at 365 nm
wavelength. Fig. 3b shows the angle-dependent SHG test results.
The test results show a two-leaf grass shape, which was consistent
with the test results of the bulk Bi,TeOs, indicating that the
low-dimensional Bi,TeOs nanosheets also have an asymmetric

J. Mater. Chem. C

structure and nonlinear optical effects. The results of angle-
dependent SHG experiments confirm the existence of spontaneous
polarization in Bi,TeOs.*

Fig. 3c shows the stable maximum photoelectric values
extracted at each polarization angle of the incident light, and
these values all correspond to the wavelength of 365 nm. The
experimental results show that the photocurrent changes per-
iodically with the polarization state. The maximum current I,y
was 6.04 pA and the minimum current I,,,;, was 3.94 pA. Based
on these data, the calculated photocurrent anisotropy ratio
(the ratio of the maximum photocurrent I,,,,x to the minimum
photocurrent I,;,) was only 1.53. When the polarized light
angle in the device was from 0° to 90° and from 180° to 270°,
the change of the current is relatively gentle. This may mainly
be due to the contribution of the shift current, which was
caused by the phase difference of the wave function of electrons
in the non-centrosymmetric crystal. When the polarized light
angle was from 90° to 180° and from 270° to 360°, the current
fluctuation was relatively large. This might be due to the
contribution of the ballistic current. The asymmetry of the
carrier momentum distribution caused by the electron-phonon
interaction leads to the generation of current.’* Meanwhile, the
test results show that the angular interval between adjacent
maximum and minimum values is not the ideal 45° interval
angle, indicating that during the movement of carriers, due to
the existence of the depolarization field, the movement trajec-
tory and scattering process are changed.*”

The I-V curve under different wavelengths of light is shown
in Fig. 3d. The photocurrent generated by the Bi,TeOs;
device under the irradiation of the 365 nm light source was
the strongest, while the photocurrent generated under the

This journal is © The Royal Society of Chemistry 2025
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characteristic curve of a Bi,TeOs device when exposed to light at different wavelengths.

irradiation of 265 nm was weaker. This test result was also
consistent with the test results of UV-visible light absorption
and UPS. Under 365 nm illumination, the open circuit voltage
(Vo) and short circuit current (I.) of Bi,TeOs were —1.14 V and
0.1 pA respectively. Under 265 nm illumination, the current
increases from —0.06 pA to 0.03 pA in the —2 V to 2 V range,
and the V,. and I, of Bi,TeOs were —0.94 V and 0.01 pA
respectively. In the —2 V to 2 V range, the dark current is less
than 0.002 pA, which indicates that the current response of
0.01 pA was reliable at 265 nm.

The optical properties of Bi,TeOs nanosheets were thor-
oughly investigated using ultraviolet photoelectron spectro-
scopy (UPS) and UV-vis absorption spectroscopy. As depicted
in Fig. S3b, SI, the UPS results indicate a cut-off energy (Ecutofr)
of 15.47 eV and a distance of 0.57 eV between the valence band
and the Fermi level (Eg). Using eqn (2)

b =hv+ Ecutoff — EF

(2)

which involves the Planck constant (), frequency (v), and the
incident energy (hv of about 21.22 eV, as derived from the UPS
setup using a helium illuminant), we calculated the work
function (®) of the Bi,TeOs nanosheets to be 6.32 eV. Fig.
S3c, SI displays the UV-vis spectra of the Bi,TeOs nanosheets,
with the inset showcasing the Tauc plot. The tangent line of the
curve intersects the X-axis at 3.49 eV, revealing a bandgap width
of 3.49 eV for the nanosheets. Combining the UPS-derived the
valence band maximum (VBM) position (0.57 eV) and
the optical band gap (3.49 eV) and assuming the conduction
band minimum (CBM) is derived from these values, the band
alignment was constructed (Fig. S3d, SI) to obtain the precise

This journal is © The Royal Society of Chemistry 2025

locations of VBM, CBM, and the Fermi level. These insights,
coupled with the UPS and UV-vis results, allow us to accurately
calculate the bandgap of the Bi,TeO; nanosheets. The band
structure diagram in Fig. S3d highlights the bandgap charac-
teristics of the Bi,TeOs; nanosheets. In comparison with
previous experimental results on bulk Bi,TeOs, we observe a
change in the bandgap width in low-dimensional Bi,TeOs,
imparting distinct properties to the nanosheets. Notably, the
cut-off wavelength of low-dimensional Bi,TeOs materials falls
within the ultraviolet range, making them ideal for applications
such as photodetectors in the ultraviolet spectrum.

As shown in Fig. 1a, Bi,TeOs was not a traditional layered
material. Bi,TeOs was constructed by alternating arrangement
of the BiOs cage and Te"" atoms in layer A, coupled with Bi**
and O°~ atoms in layer B. Bi*" and 0> ions form a wedge-
shaped BiO5 molecular cage in the C-axis direction. The wedge-
shaped asymmetric scattering center model suggests that ran-
domly distributed, uniformly oriented wedges in ferroelectrics
can generate a net current due to anisotropic carrier scattering
and drift. In the absence of applied voltage, the surface of the
Bi, TeOs film has a high density of polarized charges, which, if
not shielded, will inherently generate an internal electric field
(Fp). When the film is in contact with the metal, the polarized
charge on the surface of the film will be partially shielded by
the free charge in the metal or the semiconductor. In general,
the charge on the surface of the film will not be completely
shielded because the center of gravity of the polarized charge
and the free compensation charge do not coincide, which will
generate an electric field inside the entire ferroelectric film,
that is, de.33

J. Mater. Chem. C
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illumination.

As shown in Fig. 4a, when Bi,TeOs was incorporated into a
metal/ferroelectric/metal-structured device and interfaced with
a TiAu electrode, the polarized charges are partially shielded by
free charges and holes residing in the metal, resulting in a Fq,
within the ferroelectric.’*** The Fy, produced under 365 nm
irradiation was 5.7 x 10’ V m~". The lower the polarized charge
shielded, the stronger the depolarization field, and the more
efficient the photogenerated carrier separation. The photovoltaic
properties of Bi,TeOs were affected by many factors, and there
was a certain relationship between these factors. The self-drive of
the Bi,TeO5 device was the result of the integrated effect of the
wedge scattering center structure and the depolarization field.
Under illumination, photogenerated carriers are created within
the Bi,TeOs lattice. As depicted in Fig. 4b, the asymmetric
geometry of the BiOs; cages makes them act as wedge-shaped
scattering centers, inducing directional carrier scattering. This
structural asymmetry synergizes with the Fy, to cooperatively
drive the separation of photogenerated electron-hole pairs. The
combined effect significantly enhances photovoltaic current
generation. In addition, since the Bi,TeOs nanosheet forms a
Schottky barrier with the Ti-Au electrode, the Schottky barrier in
the device is calculated using eqn (3).*

®Bno = $m — X (3)

where ¢, is the work function of the metal and y is the affinity
of the electron; the calculated Schottky barrier ¢gno was 0.06 eV.
The Schottky barrier was much lower than the open circuit
voltage formed by the 265 nm and 365 nm light sources, which
indicates that the influence of the Schottky barrier on the
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(a) The polarization charge on the surface of the Bi,TeOs film in the partially shielded state. (b) The internal changes of the Bi,TeOs device after

formation of the material open circuit voltage was limited,
and the extremely high open-circuit voltage was mainly due
to the volumetric photovoltaic effect driven by the depolariza-
tion field, rather than the metal/semiconductor interface bar-
rier (only 0.06 eV).

As shown in Fig. S4a and b, SI, Bi,TeOs nanosheets were
transferred onto a SiO,/Si substrate, and Ti-Au electrodes were
deposited at both ends of the material to prepare a Bi,TeOs
photodetector. According to the AFM data obtained from
Fig. S4c, SI, the R, of the Bi,TeOs material was 1.72 nm; the R,
of the Ti-Au electrode was 2.45 nm; and the R, of the connection
part between the Bi,TeOs material and the Ti-Au electrode was
2.09 nm, which was between the material as a whole and the
electrode, indicating that there was good contact between the
material and the electrode and the stability was relatively good.

The Bi,TeOs photodetector was also tested under a 265 nm
light source to assess its photoelectric performance. Fig. 5a
illustrates the I-V characteristic curve of the Bi,TeOs photo-
detector under varying intensities of 265 nm irradiation. At a
bias voltage of 8 V, the dark current stands at a low value of
9.48 x 10~ "> A. When the optical power density was 17 {W cm ™2,
the photocurrent was 4.36 x 10~ "% A, an increase of two orders of
magnitude. The significant enhancement of photocurrent over
dark current across the applied bias range clearly demonstrates
the device’s photoconductivity effect, where conductivity increases
under illumination. The characteristic curve in Fig. S4b, SI
illustrates the variation in photocurrent with light power intensity
at a bias of 8 V. The photocurrent I, (eqn (4)) was modeled using
a power law equation (eqn (5)).

This journal is © The Royal Society of Chemistry 2025
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where 0 represents the fitting index and P denotes the light power
intensity. The experimental data yield a fitting index 0 of 0.77. The
rise time and fall time were 5.31 s and 2.48 s (Fig. 5b). Fig. S4c, SI
exhibits the I-¢ characteristic curve of the Bi,TeOs photodetector
when cyclically exposed to 265 nm UV irradiation at 0.01 Hz with a
bias voltage of 8 V. Fig. S4d, SI shows the I-¢ curve under variable
power densities, showing good repeatability, stability and periodi-
city. Responsivity (R) and detectivity (D*) are crucial metrics for
evaluating the photodetector performance. The relevant results
calculated are shown in Fig. 5c. As calculated using eqn (6),

R = I/PA (6)

where A is the effective area of the photodetector, the Bi,TeOs
photodetector was conducted on a square material area with
dimensions of 2.5 pm x 2.5 pm. The R under a power density of
3 W cm ™% was 466.80 mA W . As the power density increased,
R decreased, likely due to the enhanced scattering and recom-
bination rates of hot carriers within the channel under high-
power illumination. The detectivity was calculated using

eqn (7).

A
2eldark

D*=R (7)
Here, e is the unit charge and Iq,. is the current value under
dark conditions, which reached 4.23 x 10'* Jones under a
power density of 3 uW ¢cm ™2, indicating the impressive sensi-
tivity of the device. External quantum efficiency (EQE) can
measure the ability of the detector to convert incident light
into current and is an important parameter to characterize the
performance of optoelectronic devices. Using eqn (8), the EQE
of the photodetector can be calculated.

EQE = Rhcle). (8)
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where 7 is the Planck constant, ¢ is the speed of light, e is the
unit charge, and 4 is the wavelength of incident light. Through
the calculation of this formula, it was ascertained that without
the external bias voltage, the EQE under the irradiation of a
365 nm light source was 0.44%, while the EQE under the
irradiation of a 265 nm light source with a 0 V bias voltage
was 23.1%. When an 8 V bias voltage was increased, the
calculated EQE is shown in Fig. 5d. When the light exposure
was 3 pW cm 2, the EQE reached 218.44%.

As shown in Fig. S5a, SI, the I-V curve reveals the device’s
electrical behavior both under dark conditions and under
365 nm illumination. When the bias voltage was set at 8 V,
the photocurrent surged to 1.09 x 10~ ' A, a significant three-
order magnitude enhancement over the dark current of 9.48 x
10"'® A. When the bias voltage was set at —8 V, the photo-
current was —1.08 x 10~ '* A, indicating that the Schottky
contact has little effect on charge separation in the device.
Fig. S5b, SI shows the I-V characteristics of the photodetector
under dark conditions and different 365 nm irradiation inten-
sities. As the illumination intensity increased from 0.28 to
12.7 mW cm™ >, the current responded accordingly, ranging
from 1.40 x 10~ A to 1.09 x 10~ "> A. Here, the fitting index 0
was found to be 0.64 (Fig. S5¢, SI). The R under a power density
of 0.28 mW cm™? was 76.57 mA W', the D was 6.95 x 10!
Jones (Fig. S5d, SI), and the EQE was 25.99% (Fig. S5e, SI). The
rise and fall times were found to be 2.35 s and 2.26 s respec-
tively (Fig. S5f, SI). The power-dependent I-¢ curve (Fig. S5g, SI)
and the 125-cycle I-t curve (Fig. S5h, SI) show that the device
has good repeatability, stability and periodicity. Under identical
testing conditions, the photocurrent responses of multiple
devices were measured, and an error bar plot was constructed
(Fig. S6, SI). This figure clearly demonstrates the consistency in
photocurrent response among newly fabricated devices. All
measured currents were at the picoampere level, conclusively
validating the reliability of the device.

Experimental
Growth and characterization

Using high-temperature tube furnace equipment, we success-
fully grew Bi,TeOs nanosheets on a substrate. As precursors,
bismuth oxide powder (Bi,Os, Aladdin, 99.99%) and tellurium
(Te, Macklin, 99.99%) were utilized to provide the necessary
material source. Te, Bi,O;, and the substrate were carefully
layered in a clean corundum boat, which was then placed in the
high-temperature zone of the tube furnace. To ensure a clean
reaction environment, the quartz tube was initially evacuated
and then purged with 500 sccm of argon gas. This process was
repeated three times to thoroughly clean the reaction zone.
Following the cleaning, argon gas was injected into the pipe to
maintain the tube under normal pressure. The furnace was then
heated to the desired temperature and maintained at this tem-
perature for the corresponding time. After the synthesis, the tube
was cooled naturally under a protective argon atmosphere. To
characterize the morphology of the Bi,TeOs nanosheets, we
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employed an optical microscope (WMX-9688). Additionally, the
thickness was analyzed using AFM (Hitachi AFM5500M). The
elemental composition and structure were investigated through
XPS (ESCALAB 250Xi), XRD (Empyrean S3 X-ray diffractometer),
and TEM (Tecnai G2 F20). Lastly, Raman spectroscopy was
performed using a confocal micro-Raman system (Renishaw inVia
and FST2-Ahdx-DZ) equipped with a monochromator and a
532 nm laser.

Transfer

Bi,TeO5 nanosheets were transferred onto a SiO,/Si substrate,
with SiO, possessing a thickness of 300 nm. Initially, polymethyl-
methacrylate (PMMA) was carefully applied to the mica, followed
by a baking step at 150 °C for 5 minutes. Subsequently, a
polydimethylsiloxane (PDMS) layer was layered over the PMMA,
and a further baking procedure was carried out at 50 °C for
5 minutes. Utilizing the hydrophobic separation between PMMA/
PDMS and mica, the PMMA/PDMS film was then precisely
transferred onto the SiO, substrate using a specialized transfer
platform. To transfer the Bi,TeOs nanosheets onto a carbon-
supported Cu grid, a similar process was followed: PMMA was
applied to the mica and baked at 150 °C for 5 minutes. Then, the
PMMA and mica were separated via hydrophobic techniques.
The separated PMMA film, carrying the Bi,TeOs nanosheets, was
gently scooped up using a carbon-supported Cu grid. This grid
was then dried at 120 °C for 10 minutes to ensure stability.
Finally, the Cu grid was soaked in acetone to release and obtain
the Bi,TeOs nanosheet samples, ready for subsequent TEM
testing.

Device fabrication and measurements

Initially, Bi,TeOs nanosheets were transferred from the mica
substrates to the SiO,/Si substrates. Polymethyl methacrylate
(PMMA) was evenly spin coated on the substrate with the
sample. Subsequently, the electrode pattern was precisely pre-
pared using the advanced electron beam lithography technol-
ogy (eBL, eLINE Plus, Raith). As a culminating step, a layered
deposition of Ti (10 nm) and Au (30 nm) was carried out on the
SiO, substrates via thermal evaporation, resulting in robust
electrical contacts. To evaluate the electrical properties of these
devices, a comprehensive assessment was conducted using a
probe station (HFS600E-PB4) and a semiconductor device para-
meter analyzer (Keithley 4200A-SCS, Keithley 4200-PA Remote
Preamp Module). All measurements were executed under stan-
dard room temperature and atmospheric pressure conditions.

Conclusions

In summary, a high-quality low-dimensional Bi,TeOs material
was successfully synthesized via the CVD method, achieving a
band gap width adjustment from 3.21 eV in the bulk form to
3.49 eV in its low-dimensional state. The Bi,TeOs photodetector
had extremely high EQE and detection rate. This study estab-
lishes the feasibility of low-dimensional Bi,TeOs materials in
the field of photoelectric detection and provides a new and
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exciting angle for the research of high-performance photode-
tectors and ultra-low dark current photodetectors, which is
expected to open up a new avenue for technological progress.
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