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Precise p-Type Substitutional Doping Enables WS, p-n
Anti-Ambipolar Homojunction Phototransistor Arrays

Boxiang Gao, Yan Yan, Shuai Zhang, Zenghui Wu, You Meng, Yuxuan Zhang,
Weijun Wang, Yi Shen, Siliang Hu, Bowen Li, He Shao, Pengshan Xie, SenPo Yip,

and Johnny C. Ho*

Van der Waals (vdWs) p—n junctions assembled from 2D materials

offer enhanced flexibility for creating versatile electronic and optoelectronic
devices, attracting significant interest. However, the lack of reliable methods
to produce high-quality p-type 2D semiconductors, especially patterned p-type
channels, remains a major challenge for progress in the field. Here, a precise

assemble through van der Waals (vdWs)
stacking without reliance on chemical
bonding or lattice matching constraints,
create new opportunities for designing
and developing multifunctional electronic
devices.[*?) This flexibility is well demon-
strated by anti-ambipolar transistors based

substitutional doping strategy for 2D semiconductors is presented, enabling
the production of millimeter-scale WS, single-crystal thin films with tailored
p-type and n-type properties. This advancement supports the fabrication

of high-performance WS,-based p-type and n-type field-effect transistor (FET)
miniaturized arrays with near-ohmic contact. Building on this progress, a WS,
van der Waals homojunction p-n array demonstrating distinct anti-ambipolar
behavior and excellent rectification characteristics is developed. In
self-powered photodetection mode, leveraging the strong coupling of the vdWs
homojunction interface, the device achieves an exceptional photovoltaic effect
with a high specific detectivity of 3.4 x 10'° Jones and a fast response time of
400 ps. The development of WS, p-n homojunction arrays presents immense
potential for advancing next-generation logic electronics and optoelectronic
devices, opening new avenues for large-scale industrial applications.

1. Introduction

Layered 2D semiconductors, with their atomic-scale thickness,
have emerged as promising candidates for extending Moore’s
Law.['3] Their unique properties, particularly the flexibility to
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on the series integration of p-type and n-
type 2D field-effect transistor (FET) channel
materials.'12] These transistors exhibit
distinctive differential transconductance
(or resistance) behavior under both positive
and negative gate biases, showcasing their
potential for simplifying circuit design
and reducing power consumption.3-1]
Their gate-tunable rectification properties
are ideal for developing rectifiers and
photodiodes.['*18] Currently, the advance-
ment of n-type 2D FETs based on transition
metal dichalcogenides (TMDs), such as
MoS, and WS,, has steadily progressed
toward fulfilling the performance bench-
marks established in the international
roadmap for devices and systems.['*20]
However, the scarcity of intrinsically p-type TMD semiconduc-
tors has become a major bottleneck,?!l significantly limiting the
broader development and adoption of 2D anti-ambipolar photo-
transistor devices.

Doping, the deliberate introduction of specific impurity atoms
with precisely controlled concentrations, is a cornerstone for
tuning semiconductor properties and enabling device fabrica-
tion. Unfortunately, ion implantation, a key doping technique
for silicon-based semiconductors, does not apply to 2D materi-
als despite its precision in creating p-type and n-type regions.!??]
Substitutional doping offers a stable and dependable method for
modifying the electrical properties of 2D materials.[>-?] Incor-
porating metal dopants, such as V24 Nb,[252*] or Re,2¢] as well
as non-metal dopants like C,[?] N,[?8] or O,[2%3% into the lattice of
TMDs, where they substitute transition metal atoms or chalcogen
elements respectively, enables modulation of the intrinsic electri-
cal polarity and carrier type of TMDs materials. Nevertheless, it
remains to be determined whether these materials fulfill appli-
cation requirements and can be effectively integrated into indus-
trial production lines, either at the front-end or back-end, through
homo- or hetero-integration technologies. Achieving this goal re-
quires overcoming several challenges, including the large-area
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growth of uniform 2D p-type and n-type TMD films with control-
lable doping schemes, the fabrication of patterned p-type and n-
type channels, the reduction of interface contact resistance (Rc),
and the development of damage-free transfer processes for vdWs
stacking.31321

In this work, we successfully synthesized millimeter-scale
monolayer vanadium (V)-doped WS, single crystal thin films
as p-type channel materials through an atomic substitution
doping strategy to introduce hole carriers combined with a
liquid-phase-assisted chemical vapor deposition (CVD) tech-
nique. By aligning the work function, nickel (Ni) was employed
as the contact electrode, achieving an ultra-low interface con-
tact barrier of only 22 meV. This facilitated the development
of high-performance 2D p-type FETs with an unprecedented
on/off current ratio exceeding 10°. Furthermore, quasi-ohmic
contact p-type and n-type FET arrays based on WS, were con-
structed, demonstrating significant potential for large-scale
industrial production of advanced electronic devices. Building
on these advancements, we developed an anti-ambipolar pho-
totransistor array based on the WS, p-n vdWs homojunction,
utilizing patterned film transfer and a precise alignment pro-
cess. When operated as a back-gate FET, the device exhibited
pronounced anti-ambipolar characteristics under gate voltage
modulation, attributed to variations in series resistance. This
distinct behavior underscores its potential for integration into
high-performance logic circuits. In addition, as a photodiode, the
device harnessed the built-in electric field (E;,) at the WS, p-n
junction interface to achieve excellent rectification properties,
ultra-low reverse dark currents in the sub-picoampere range,
and photovoltaic characteristics. Under zero-bias conditions, the
photodiode demonstrated a photocurrent on/off ratio of ~103
for visible light detection, a high specific detectivity of 3.4 x 10
Jones, and a fast response time of 400 us. These capabilities
are attributed to the strong coupling and defect-free nature of
the vdWs homojunction interface. These outstanding proper-
ties highlight the versatility of WS,-based p-n homojunction
structures, presenting a transformative pathway for design-
ing multifunctional devices and advancing next-generation
electronics and optoelectronics for large-scale industrial
implementation.

2. Results and Discussion

2.1. Large-Size Monolayer Pristine and V-Doped WS,
Single-Crystal Thin Films

In our previous study, we developed a liquid-phase precur-
sor approach that enabled precise control of the V-atom dop-
ing ratio within the WS, lattice. Notably, when the V dop-
ing ratio reached ~5%, the WS, thin films exhibited excel-
lent p-type semiconductor behavior.**] Building upon it, we
further enhanced the method by incorporating iodixanol so-
lution as a medium to blend the precursor, optimizing the
spin-casting process effectively. This refinement enabled the
successful fabrication of millimeter-scale monolayer p-type V-
doped and n-type pristine WS, single crystals using a liquid-
phase precursor-assisted CVD method. The schematic of the
CVD growth system is shown in Figure S1 (Supporting
Information).
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Figure 1a shows an optical microscopy (OM) image of the as-
grown, large-size monolayer pristine WS,, with single-crystal do-
mains extending beyond 600 um in edge length. The high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image (Figure 1b) reveals a characteristic hexag-
onal lattice structure, displaying the alternating arrangement of
W and S atoms. This lattice configuration is further confirmed
by selected area electron diffraction (SAED) analysis, with inten-
sity profiles indicating an interatomic W-W distance of 3.18 A
(Figure 1c). The Raman spectrum of the large-size domain (under
532 nm excitation, Figure 1d) exhibits the characteristic peaks of
monolayer WS,, with the E,, and A,, vibrational modes appear-
ing at 350 and 417 cm™, respectively. The fabrication of mono-
layer p-type WS, with V atoms as the dopant has also been suc-
cessfully achieved, with the crystal domain size remarkably ex-
ceeding 1000 um (Figure le). The corresponding HAADF-STEM
image is shown in Figure 1f, where V atoms are directly ob-
served within the hexagonal lattice by their dimmer contrast as
their lower atomic number. In the lattice, V atoms randomly and
uniformly substitute some of the W atoms as dopants, with the
distance between adjacent metal atoms measured to be 3.20 A
(Figure 1g). The energy dispersive X-ray spectroscopy (EDS)
mapping images demonstrate the successful incorporation of V
atoms into WS, and their uniform distribution within the lat-
tice (Figure S2, Supporting Information), and the statistical anal-
ysis reveals that the V atoms doping ratio is 5.02% (Figure S3,
Supporting Information). The Raman spectrum of the V-doped
WS, thin film retains the characteristic E,, and A;, peaks of
monolayer WS, (Figure 1h). Remarkably, compared to pristine
WS,, the E,, peak exhibits a significant reduction in intensity,
accompanied by a blueshift in its position (Figure S4, Support-
ing Information). These changes are attributed to lattice disor-
der induced by V atoms and the introduction of holes due to
V acting as p-type dopants.?*3%] For the same reason, the pris-
tine WS, monolayer exhibits a strong photoluminescence (PL)
peak at 1.94 eV. At the same time, the V-doped WS, shows a
redshift of 80 meV in its PL peak (Figure 1i), accompanied by
a broadening and a reduction in intensity.**! The spectral map-
ping images (E,, peak, A,, peak, E,,/A,, intensity ratio, and PL
peak) for both monolayer pristine and V-doped WS,, as shown
in Figure S5 (Supporting Information), exhibit consistent inten-
sity signals across the entire crystal domains. This uniformity
highlights V dopants’ successful and homogeneous incorpora-
tion within the WS, lattice. The X-ray photoelectron spectroscopy
(XPS) of W 4f core level peaks exhibit a shift of 0.7 eV to lower
binding energies in the 4f;, (32.5 eV) and 4f;;, (34.6 eV) peaks
of the V-doped WS,, compared to the 4f;, (33.2 eV) and 4f;,
(35.3 eV) peaks observed in pristine WS, (Figure 1j), indicat-
ing a downward shift of the Fermi level attributable to p-type
doping.[2*%7]

Accurate quantification of the band structure in doped sys-
tems is essential for advancing device-level engineering. To ad-
dress this, the electronic structure of V-doped WS, thin films was
identified by UV photoelectron spectroscopy (UPS). The energy
gap (Eyp) between the Fermi level and the valence band maxi-
mum (VBM) for V-doped WS, was directly measured from the
valence band region using the linear intersection method, yield-
ing a value of 0.73 eV (Figure 1k). The work function (equiva-
lent to the Fermi level, E;) was determined from the secondary
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Figure 1. Characterizations of large-size monolayer pristine and V-doped WS,. a) Typical OM image of as-grown large-size monolayer pristine WS, on
a SiO, (270 nm)/Si substrate. b) HAADF-STEM image of monolayer pristine WS,. c) Structural model, a SAED diffraction pattern (top) of pristine WS,,

and intensity profile (bottom) along the dashed arrow indicated in Figure 1b. d) Raman spectrum of monolayer pristine WS,, with insets showing the
corresponding E,; and A, vibration modes. e) OM image of as-grown large-size monolayer V-doped WS,. f) HAADF-STEM image of V-doped WS,.
g) Structural model, a SAED diffraction pattern (top) of V-doped WS,, and intensity profile (bottom) along the dashed arrow indicated in Figure 1f. h)
Raman spectrum of V-doped WS,, with insets showing the corresponding E;, and A, vibration modes. i,j). PL spectra (i) and XPS spectra of the W 4f
core level peak regions (j) for monolayer pristine and V-doped WS,. k,I) UPS spectra of monolayer pristine and V-doped WS, at valence-band regions

(k) and secondary electron cut-off regions (I).

electron cut-off region shown in Figure 11. The E; of V-doped
WS, was calculated to be 4.46 eV (vs vacuum level) using the
formula E; = hv — E_, ¢ Where the excitation energy for He
I was 21.22 eV. Similarly, for pristine WS,, the E,; was deter-
mined to be 1.51 eV, and the E; was 3.80 eV. The optical bandgap
(E;) was obtained from the PL measurements shown in Figure 1i.
Based on these results, the positions of the VBM and conduction
band minimum (CBM) were established, and the energy band
alignment between the V-doped and pristine WS, is effectively
illustrated (Eypy = Er + Eyp and Ecpy(x) = Er + Eyg — E,), as
shown in Figure S6 (Supporting Information). For pristine WS,,
the Fermi level resides distinctly above the mid-gap, reflecting
its intrinsic n-type electronic properties. In contrast, V doping at
a ratio of 5.02% introduces a substantial number of holes into
the WS, lattice, shifting the Fermi level closer to the VBM, ac-
companied by slight upward shifts in the positions of the VBM
and CBM levels. Consequently, the Fermi level drops below the
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mid-gap, indicating a clear p-type electronic characteristic for the
V-doped WS,.

2.2. Patterning of WS, for p- and n-Type FET Arrays with
Quasi-Ohmic Contact

The successful fabrication of large-size monolayer V-doped, and
pristine WS, single-crystal domains has laid a solid foundation
for achieving patterned homogeneous p-type and n-type chan-
nels in integrated circuits. However, the high electrical R in
WS,-based FETs currently hinders further technological advance-
ments. As for the interface R. of p-type V-doped WS,, no re-
ports of this kind have been documented to date. In principle,
the R at the metal-semiconductor interface is governed by two
key factors: (I) the energy band alignment between the metal and
the semiconductor, where the metal work function (®,,) plays a
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Figure 2. Metal-semiconductor interface contact barrier height of V-doped and pristine monolayer WS,. a) Schematic of a back-gated p-type V-doped
WS, FET device with Ni contact electrodes. b) Ips-Vps output characteristics of the p-type doped WS, FET with Ni contacts at various temperatures.
c) Linear fit of the Arrhenius plot, In (Ips/T>/?) versus 1000/ T under various bias voltage. d) Slopes extracted from Figure 2c as a function of Vpg, with
the barrier height (®g) determined from the y-intercept, Sy. €) Schematic of a back-gated n-type pristine WS, FET device with Ti/Au contact electrodes.
f) Ips-Vps output characteristics of the n-type pristine WS, FET. g) Linear fit of the Arrhenius plot, In (Ips/T>/?) versus 1000/T. h) Slopes extracted
from Figure 2g as a function of V. i) Band diagram of p-type V-doped WS, with Ni contacts, showing the formation of an ohmic junction. j) Transfer
characteristics of p-type V-doped WS, FET with Ni contacts measured at ambient temperature. k) Band diagram of n-type pristine WS, with Ti/Au
contacts, illustrating a quasi-ohmic junction with an extremely low SBH. |) Transfer characteristics of the n-type pristine WS, FET with Ti/Au contacts.

critical role in determining the Schottky barrier height;***1 and
(II) the density of defects introduced during the metal deposition
process, which exacerbate Fermi level pinning.[**#!l A compre-
hensive understanding of these mechanisms provides valuable
insights into strategies for reducing contact resistance and opti-
mizing the performance of WS,-based electronic devices.[**]
Drawing on the experimentally obtained band structure
(Figure S6, Supporting Information), for p-type V-doped WS,,
the Ej is located 4.46 eV below the vacuum level (E,, ) and 3.80 eV
for n-type pristine WS,, nickel (Ni, ®@; = 5.15 eV) and titanium
(Ti, @ = 4.33 eV) were strategically chosen as contact elec-
trodes for V-doped and pristine WS, FETs, respectively. This se-
lection balances cost efficiency considerations, industrial fabri-
cation scalability, and the optimization of electron affinity align-
ment between the metals and semiconductors. In our experi-
ment, all the contact electrodes are fabricated using a deposi-
tion method, with the metal deposition rate carefully controlled
at a low level to prevent Fermi-level pinning caused by film dam-
age. In an ideal scenario, for p-type V-doped WS,, Ni metal has

energy bands of V-doped WS, bending upward near the interface,
forming a p-type anti-Schottky barrier that facilitates hole trans-
port between the metal and semiconductor, thereby establish-
ing an ideal ohmic contact (Figure S7, Supporting Information).
In contrast, for n-type pristine WS,, Ti metal, with a relatively
higher electron affinity, also causes the energy bands to bend up-
ward, forming a depletion region at the interface. This generates
a Schottky barrier that obstructs electron transport (Figure S8,
Supporting Information). Since the electron affinity difference
between the Ti metal and the semiconductor is relatively small
(@~ Ep =0.53 eV), the resulting Schottky barrier is typically low,
leading to a quasi-ohmic contact effect.

To prove this hypothesis, FETs with Ni-contacted V-doped WS,
and Ti/Au-contacted pristine WS, were fabricated, each with a
channel length of 5 um. The schematic structures of these devices
are illustrated in Figure 2a,e. The electrical transport through
the metal-semiconductor interface barrier into WS, can be elu-
cidated using the 2D thermionic emission equation.*}]

a higher electron affinity, causing electrons to transfer from V- q v

; ) : ; Ips = AAS T exp |- <<D - ﬂ) (1)
doped WS, to the Ni electrode at the interface. This results in the bs 2D P17 STVUE
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Here, A represents the contact area of the junction, A*,p, is the
Richardson constant, q is the magnitude of the electron charge,
@, denotes the Schottky barrier height (SBH), kg is the Boltz-
mann constant, and n is the ideality factor. For qVq > kT, the
equation can be simplified as:[*]

®
Ips = A%, T 2exp <—q—) 2
ps b kT

Figure 2b displays the Ipg-Vpg output characteristics of the p-
type V-doped WS, FET device at various temperatures ranging
from 140 to 320 K with an interval of 30 K, plotted on a loga-
rithmic scale (Vg = —10 V). To extract @, In (I /T>/?) is plotted
against 1000/ T for various V¢ biases, as shown in Figure 2c, and
the data exhibits a linear trend for each bias. Their slope (S) is
plotted as a function of Vp,5 and the calculated @, for the p-type
V-doped WS, FET with Ti contacts is plotted in Figure 2d. The y-
intercept of this plot, labeled as S, yields the value of @, accord-
ing to the equation: S, = —gk, /1000®, @ is determined to be
22.6 meV under the device’s ON-state. Using the same method,
the barrier height between Ti/Au electrodes and n-type pristine
WS, is calculated to be only 50.3 meV (with 10 V bias voltage,
Figure 2f-h). Furthermore, the corresponding barrier heights
under flat-band conditions were determined at various Vj¢ as
presented in Figure S9 (Supporting Information), resulting in
values of 52.2 meV for the Ni/p-type doped WS, interface and
82.8 meV for the Ti/Au/n-type pristine WS, interface. Addition-
ally, to extract the metal-semiconductor R. via the transfer line
method (TLM), multiple FETs were fabricated on the same p-type
doped WS, single-crystal domain (Figure S10, Supporting Infor-
mation). These devices featured a uniform channel width (W, =
50 pm) and varying channel lengths (Lcy) of 2, 4, 6, and 8 pm.
The corresponding Ig- V. transfer curves for different L., are
presented in Figure S11a,b (Supporting Information), plotted on
both linear and logarithmic scales. The total resistance (Ry,,;) was
extracted from Vg = 1.0 Vand V¢ = —15V; its dependence on
Leyy is shown in Figure S11c (Supporting Information). By per-
forming linear fitting and extrapolating to the y-axis intercept,
the extracted value corresponds to twice the contact resistance
(2Rc). Consequently, the R at the interface was determined to be
1.61 x 10° Q um, while the sheet resistance (R, peq) Was 8.54 x 10°
Qum™!, as obtained from the TLM analysis. Following the same
methodology, the contact resistance at the Ti/Au—n-type pristine
WS, interface was measured to be 2.01 x 10° Q pm, with a corre-
sponding sheet resistance (R ;) of 4.66 X 10° Q um™" (Figure
S11d-f, Supporting Information).

For metal-2D semiconductor interfaces, the aforementioned
contact barrier results are considered near-ideal. Figure 2i,k show
the energy band diagram at the metal-semiconductor interface.
This excellent contact quality between the electrodes and chan-
nel materials is directly reflected in the performance of the cor-
responding FET devices. Specifically, the FET with a p-type V-
doped WS, channel exhibits an ON/OFF current ratio exceeding
10° (Figure 2j), while greater than 108 for the FET with an n-type
pristine WS, channel (Figure 2l). Their corresponding Ip¢-Vpg
curves exhibit linear and symmetric characteristics in the low
source-drain bias range, further demonstrating the formation of
effective quasi-ohmic contacts (Figure S12, Supporting Informa-
tion).
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Precisely fabricating patterned p-type and n-type semiconduc-
tors is crucial to realizing integrated circuits. This study success-
fully patterned millimeter-scale V-doped WS, and pristine WS,
single-crystal domains using the well-established photolithogra-
phy and physical etching techniques (Figure 3a and Experimental
Section). The OM images in Figure 3b,c shows the 4 X 4 micro-
rectangular arrays of patterned V-doped and pristine WS, thin
films (each unit measuring 20 X 40 um?), respectively. The quality
of the patterned thin films was evaluated through spectral map-
ping. As shown in Figure 3d for V-doped and Figure 3e for pris-
tine WS,, the results reveal strong characteristic signals and ex-
cellent uniformity of the arrays, indicating that the optical prop-
erties of films can be well preserved.

The successful patterning of WS,-based channel materials en-
ables the fabrication of FET arrays. As shown in Figure 3f,g,
4 % 4 p-type V-doped WS, FETs with Ni contacts and 4 X 4 n-
type pristine WS, FETs with Ti/Au contacts were fabricated, each
with a channel length of 5 pm. The transfer characteristics of
these two types of 4 x 4 FET arrays at a bias voltage of 0.5 V are
presented in Figure 3h,i, respectively. Benefiting from the pre-
pared millimeter-scale single-crystal domains, the channel ma-
terials in the FET array originate from the same domain, com-
pletely eliminating the influence of grain boundaries (Figure S13,
Supporting Information). This ensures highly consistent transfer
characteristics across the FET array units. Their carrier mobilities
(u) were extracted from the corresponding transfer curves using
the following formulas!®“® to generate heatmaps, as shown in
Figure 3j Xk, respectively,

L dlpg

== 3
WCVps dVye ©

u

where C, is the gate oxide capacitance (69 nF cm=2 for a 50-nm-
thick SiO, dielectric layer), and L and W are the length and width
of the channel. The average and maximum mobilities for the p-
type V-doped WS, FET devices were 0.04 and 0.08 cm? V-1 s71,
while those for the n-type pristine WS, FET devices were 0.5 and
1.6 cm? V1 571, respectively. Compared to pristine WS,, the rel-
atively low carrier mobilities in V-doped WS, may be attributed
to the high-density impurity scattering introduced by the lattice-
doped V atoms.[*]

2.3. WS, p-n Anti-Ambipolar vdWs Homojunction
Phototransistor Arrays

Well-prepared p-type and n-type WS, FET arrays enable the p-n
homojunction phototransistor fabrication. By employing an es-
tablished transfer process for 2D materials (Figure 4a and Ex-
perimental Section), spin-coated PMMA was used as the trans-
fer medium to precisely delaminate the patterned pristine WS,
arrays from the growth substrate. The arrays were then metic-
ulously aligned under a microscope with the pre-patterned V-
doped WS, thin films. OM image in Figure 4b illustrates the con-
structed 2 X 5 WS,-based p-n homojunction arrays with varying
junction widths, demonstrating the excellent editability and flex-
ibility of this approach. Furthermore, the structural integrity of
the transferred thin films was well-preserved (Figure 4c; Figure
S14, Supporting Information), underscoring the reliability of the

© 2025 Wiley-VCH GmbH

85U8017 SUOLILLOD BATea.D 3(edldde au) Aq peuseno ae Sa[oie YO ‘88N JO S8|NJ o} Akeid18UlUO A8]IM UO (SUO1IPUOD-pUe-SWLS} WD A8 | ImAte1q 1 pul|uo//Sdny) SUORIPUOD pue SWB | 81 88S *[5z02/70/2T] uo Ariqiauliuo A(1m Buos BuoH Jo Aisienun A0 Aq ¥885zyZ0z WiPe/z00T OT/I0p/W0d A8 | Im ATelq Ul |UO peoUeApe//SAnYy WOy papeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Figure 3. Patterned 4 X 4 arrays of V-doped and pristine WS, FETs with quasi-ohmic contacts. a) Schematic illustration of the patterning process for
large-size V-doped WS,. b,c) OM images of the patterned V-doped WS, array (b) and the patterned pristine WS, array (c) on SiO, (50 nm)/Si substrates.
d) Spectral mapping images for the Raman E,, peak, A, peak, E;;/A;, intensity ratio, and PL peak (from left to right) were obtained from the highlighted
red box area in Figure 3b. e) Spectral mapping images were obtained from the highlighted blue box area in Figure 3c. f,g) 4 X 4 Arrays of V-doped WS,
FETs with Ni contact (f) and pristine WS, FETs with Ti/Au contact (g). h,i). Transfer characteristics of the V-doped p-type WS, (h) and pristine n-type
WS, (i) FETs array from device 1to 16 under a 0.5 V bias voltage. j,k). Carrier mobility statistics heatmaps of p-type V-doped WS, (j) and n-type pristine

WS, (k) FET arrays extracted from Figure 3h,i, respectively.

experimental process. The constructed WS,-based p-n homo-
junction was characterized using Raman and PL spectroscopy.
The Raman mapping image (Figure 4d) of the E, /A, intensity
ratio clearly distinguishes the p-type, n-type, and homojunction
regions with well-defined boundaries. As mentioned earlier, V
atom doping weakens the E,, vibrational modes within the lattice
and leads to a blueshift of the peak position. In the homojunction
region, the E,, characteristic peak reflects the combined influ-
ence of V-doped and pristine WS, (Figure 4e). Moreover, the PL
characteristic peaks in the corresponding homojunction regions
also exhibit shifts with the peak at 1.91 eV (Figure S15, Support-
ing Information).

To investigate the potential ambipolar characteristics under
gate voltage modulation of WS,-based homojunction and their
performance as photodetectors, the homojunction array was se-
lected to construct phototransistors with every unit device com-
prising a p-type channel (electrode (1) and (2), V-doped WS,,
Ni contact), a p-n homojunction channel (electrode (2) and (3),
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Ni & Ti/Au asymmetric contact), and a n-type channel (elec-
trode (3) and (4), pristine WS,, Ti/Au contact), as illustrated
in Figure 4f. The transfer characteristics reveal that when the
Vi is above —12 V, the n-type channel is on-state, while at a
Vi below 5V, the p-type channel transitions into the on-state
(Figure 4g). Within the V. range of —8-5 V, the homojunc-
tion demonstrates the ability to transport both electrons and
holes, with the type of injected carriers determined by the ap-
plied gate voltage. Consequently, the transfer curve exhibits a dis-
tinct anti-ambipolar “A” shaped pattern (Figure 4h; Figure S16,
Supporting Information), achieving a transition between n-type
and p-type characteristics at specific gate voltages. Figure 4i-k
presents the time-resolved photocurrent characteristics of the
three kinds of phototransistors (p-type, homojunction, and n-
type channel, respectively) under 1 Hz chopped 532 nm illumi-
nation with different back-gate voltage, demonstrating the effec-
tive modulation of their photoresponse by the applied back-gate
voltage.
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Figure 4. WS, anti-ambipolar p-n homojunction phototransistor array. a) Schematic illustration of the transfer process for constructing the WS, p-n
homojunction array. b) OM image of the WS, p-n homojunction array with customizable junction widths. c,d) Zoom-in OM image (c) and E,,/A;,
ratio Raman mapping image (d) of a WS, p-n homojunction obtained from the blue box area in Figure 4b. e) Raman spectrum of the point at the
junction region is shown in Figure 4c. The inset shows the E,, peak fitting details. f) Schematic of the WS, p-n homojunction phototransistor device in
which the p-type V-doped WS, (contact electrode (1) and (2)), the p-n homojunction (contact electrode (2) and (3)) as well as the n-type pristine WS,
(contact electrode (3) and (4)), serves as the transport channel, respectively. g) Transfer characteristics of the p-type and n-type channel under a 1V bias.
h) Anti-ambipolar characteristics of the WS, p-n homojunction channel under a 1V bias. i—k) Time-dependent photoresponse curves of the p-type
V-doped WS, (i), p-n homojunction (j), and n-type pristine WS, (k) phototransistors at 1V bias voltage under 532 nm laser with different back-gate

voltage.

Meanwhile, the WS, p-n homojunction array with quasi-
ohmic contacts can function as photodiodes, as depicted in
Figure 5a, which presents its electrical configuration (top) and
structural schematic (bottom). Figure 5b presents its output
curves under dark conditions and 532 nm laser illumination
(laser density: 6.1 mW c¢m™2). The V4 ranges from =5 to 5 V
with a logarithmic scale and —1.2-1.2 V with a linear scale on
the y-axis. The curves exhibit a distinct rectification effect. Un-
der dark conditions, the I, increases significantly only when a
forward Vp is applied while remaining in an off-state under re-
verse Vps. Due to the quasi-ohmic contacts formed by Ni and
Ti/Au as metal electrodes, the metal-semiconductor interface bar-
rier can be neglected. Thus, the asymmetric output curves pri-
marily arise from the built-in electric field generated by the po-
tential difference between the V-doped WS, and pristine WS, in
the junction region, and its direction points from pristine WS,
to V-doped WS, (Figure S17, Supporting Information). Under
532 nm laser illumination, the curve exhibits an obvious short-
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circuit current (I5:) and an open-circuit voltage (V) of 0.12 eV,
confirming the photovoltaic behavior of the homojunction struc-
ture, which is attributed to the migration of photogenerated elec-
trons and holes driven by the built-in electric field. Figure 5c
presents the time-resolved rectification characteristics under a
1 V bidirectional bias with 532 nm laser illumination. The dif-
ference in the on-state current of the homojunction is attributed
to the distinct carrier dynamics under different bias directions
(Figure 5d). Under forward bias, the applied electric field weak-
ens the built-in field, narrowing the depletion region and allow-
ing majority carriers to more readily overcome the p-n junction
barrier, resulting in a forward current. The total current is the
superposition of the forward and photogenerated currents. Con-
versely, under reverse bias, the applied electric field strengthens
the built-in field, widening the depletion region and hindering
the diffusion of majority carriers. In this case, the current pri-
marily arises from the migration of minority and photogenerated
carriers.
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Figure 5. Self-driven WS, p-n homojunction photodiode. a) Electrical configuration (top) and schematic illustration (bottom) of the WS, p-n homo-
junction photodiode with quasi-ohmic contacts. b) Comparison of output curves of the diode in the dark and under the illumination of 532 nm laser at
Vps = 1V in a linear scale. And the inset shows in a logarithmic scale. c). Time-dependent photoresponse curves of the diode with 1V bias voltage ap-
plied in forward and reverse directions. d) Band structure and carrier transport schematic of WS, p-n homojunction with forward bias (top) and reverse
bias (bottom) under 532 nm laser. e) Photoswitching property at the photovoltaic mode under 650, 532, and 450 nm laser illumination. f) Photovoltaic
switching characteristics of the homojunction phototransistor under 532 nm laser with different intensities. g) The time-resolved photoresponse of the
homojunction photodiode in the photovoltaic mode under a 532 nm laser illumination. h,i) Power-dependent photocurrent (h), responsivity, and the de-
tectivity (i) of the self-driven p-n homojunction phototransistor as a function of laser intensity. j) Stability testing of the self-driven WS, p-n homojunction

phototransistor.

It is noteworthy that, in contrast to homojunction channels,
both V-doped and pristine WS,, when used as single materi-
als for the phototransistor channel, lead to significantly larger
dark currents (Figure S18, Supporting Information), leading to
their comparatively weaker photoresponse switching ratio. This
underscores the advantage of homojunction phototransistors
for achieving low-power and highly sensitive detectors (Figures
S19, S20, Supporting Information). More importantly, these ho-
mojunction devices can operate as self-powered photodetectors
under zero bias, exhibiting exceptional photovoltaic properties.
Figure 5e shows the time-resolved photovoltaic response under
laser illumination at different wavelengths with similar power
levels, where the photocurrent displays distinct and stable switch-
ing characteristics. Figure 5f and Figure S21 (Supporting Infor-
mation) illustrate the time-resolved photovoltaic response un-
der varying 532 nm laser illumination power intensities. No-
tably, under zero bias, the photocurrent shows a clear depen-
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dence on the incident laser intensity, with its magnitude achiev-
ing a high on/off current ratio of ~10*® under an intensity of
43.6 mW cm~2. Furthermore, compared to similar TMDs het-
erojunction p-n photodiodes, the device achieves an even faster
response time of ~#400 us (Figure 5g), which can be attributed to
the superior vdWs homojunction interface quality with excellent
lattice matching. 1848491

To further elucidate the mechanism of photocurrent genera-
tion in the photovoltaic mode, the power dependence of the pho-
tocurrent I, (defined as I, = Iy, — lg,) can be fitted using the
power-law equation:

I, = AP" (4)
where A is the scaling constant, « is the fitting exponent, and P

represents the laser intensity. The fitting results reveal a power
dependence of 0.99 for the photocurrent (Figure 5h), indicating
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an almost linear relationship between photocurrent and light in-
tensity. This suggests excellent photon-to-electron conversion ef-
ficiency, primarily driven by the photovoltaic effect dominating
the photocurrent response in the WS,-based p-n homojunction.
Theoretically, forming a type-II band alignment and the high-
quality homogeneous interface contributes to this linearity. As
a result, photoexcited carriers are efficiently separated within the
depletion region, minimizing accumulation or trapping at the in-
terface. Moreover, the performance of the device can also be eval-
uated using photoresponsivity (R) and detectivity (D*), which are
key figures of merit defined as follows:

I

h
R=2 5
S ©)
D" =Ry/—> (6)
Zeldark

where S is the effective irradiated area (homojunction overlap
area: 14 X 40 pm?) and e is the electronic charge. Based on
the above equations, the R and D* dependence on laser inten-
sity under zero bias is illustrated in Figure 5i. Remarkably, both
parameters exhibit a decreasing trend as the laser intensity in-
creases, which is primarily attributed to enhanced carrier recom-
bination at higher power densities.’*52] Under a low laser in-
tensity of 2.2 mW cm™2, the device achieves a favorable respon-
sivity of 4.35 mA W~ and an impressive specific detectivity of
3.32 X 10 Jones. Furthermore, the WS, p-n homojunction pho-
totransistor demonstrates outstanding stability when operated in
self-powered photodetector mode (Figure 5j). Over a 900s laser
on/off cycling test with a chopping frequency of 1 Hz, the de-
vice maintains consistent performance throughout. These find-
ings evidently confirm its exceptional photovoltaic response per-
formance and operational stability (Table S1, Supporting Infor-
mation).

3. Conclusion

In conclusion, we successfully synthesized millimeter-scale
monolayer V-doped WS, thin films as p-type channel materials
using an atomic substitution doping strategy. By precisely align-
ing the band structure with the work function of the Ni elec-
trodes, we achieved an ultra-low contact barrier of just 22 meV,
enabling the fabrication of high-performance 2D p-type FETs
with an exceptional current on/off ratio exceeding 10°. Building
on these advancements, we constructed quasi-ohmic contact p-
type and n-type FET arrays based on tailored monolayer WS,,
which facilitated the development of WS, p-n vdWs homojunc-
tion phototransistor arrays. The homojunction phototransistor
exhibits distinctive anti-ambipolar behavior, which arises from
changes in series resistance induced by the gate voltage modu-
lation. Meanwhile, the p-n homojunction operates as a photo-
diode, demonstrating excellent rectification characteristics and
sub-picoampere dark current. In self-powered photodetection
mode, the device achieves a photocurrent on/off ratio of 10,
a high specific detectivity of 3.4 x 10! Jones, and a fast response
time of 400 s, owing to the strong coupling and no dangling
bonds nature of the van der Waals homojunction interface. These
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outstanding features emphasize the immense potential of WS,-
based p-n structures in advancing high-density data storage, pow-
erful logic devices, and multifunctional optoelectronic systems by
seamlessly integrating photodetection and logic functionalities,
with promising prospects for large-scale industrial applications.

4. Experimental Section

Growth of Large-Size Monolayer Pristine or V-Doped WS, by CVD: The
precursor solution, which provides the W and V atoms, was prepared by
dissolving 0.1 g each of ammonium tungstate ((NH,)gH,W;,049-xH,0,
Aladdin) and ammonium vanadate (NH,VO3, Aladdin), along with 0.1 g
of sodium hydroxide (NaOH, Aladdin) in 20 mL of deionized (DI) water,
respectively. The resulting individual solutions were mixed with a saturated
jodixanol (C35H4416NgO15, Aladdin) in a 1:1:1:1 volume ratio. This com-
bination created a uniform and well-dispersed precursor solution with en-
hanced film-forming properties. SiO, (270 nm)/Si was first treated with
oxygen plasma to prepare the substrates to improve surface cleanliness
and enhance hydrophilicity. The prepared precursor solution was then
spin-coated onto the treated SiO,/Si substrates at 3000 rpm for 1 min.
Then, the spin-coated substrates were placed in the downstream section
of a dual-temperature CVD chamber. A quartz boat containing 100 mg of
sulfur powder was positioned in the upstream section. After evacuating
the CVD chamber and purging it with argon gas, the chamber pressure
was stabilized at atmospheric levels. The upstream temperature gradu-
ally increased to 220 °C, and the downstream temperature was raised to
800 °C. The system was maintained at this temperature for 20 min to facili-
tate growth. Finally, the chamber was allowed to cool to room temperature
naturally.

Characterization: Raman, PL spectroscopy, and spectral mapping
were performed using a confocal microscope spectrometer (Alpha 300R,
WITec, 532 nm laser, 2 mW power). X-ray photoelectron spectroscopy
(XPS) was conducted using an ESCALAB XI+ X-ray Photoelectron Spec-
trometer (Thermo Fisher). The atomic structure and V atom doping ratio
were determined through high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM, JEM-ARM300F2, JEOL, 80 kV).
UV photoelectron spectroscopy (UPS) measurements were carried out us-
ing the ESCALAB Xl+ X-ray Photoelectron Spectrometer with a He | res-
onance line (wavelength 584 A, photon energy 21.22 eV) as the excita-
tion source. The SEM images were characterized using the Thermo Fisher
Apreo 2.

Patterning for Large-Size Monolayer V-Doped WS, Film: The SiO,/Si
substrate containing millimeter-sized monolayer V-doped WS, single-
crystal films was cut to an appropriate size, and a uniform layer of pho-
toresist (AZ5214) was spin-coated onto its surface at 5000 rpm for 1 min.
The substrate was then baked at 110 °C for 1 min to cure the photoresist.
Using a 390 nm laser, the desired array pattern was written onto the pho-
toresist layer, followed by a development process to remove the exposed
areas of the photoresist, leaving the array pattern areas covered while ex-
posing the remaining regions. Subsequently, O, plasma etching (with a
power of 80 W for 10 s) was applied to selectively remove material from
the exposed regions of the substrate. Finally, the residual photoresist in
the patterned areas was dissolved and removed, resulting in the desired
patterned V-doped WS, thin film arrays.

Transfer Process of Arrayed Patterns for WS, p-n Homojunction: PMMA
(495K, A6, Micro-Chem) was spin-coated uniformly onto the SiO,/Si sub-
strate with a patterned n-type pristine WS, array at 3000 rpm for 1 min,
followed by baking at 180 °C for 1 min. The substrate was then immersed
ina 1 mol L' NaOH solution at 70 °C until the PMMA film detached
from the surface. The floating PMMA film was transferred to deionized
water for rinsing to remove residual NaOH. Next, the PMMA film was
carefully retrieved and aligned under a microscope onto the target sub-
strate containing the patterned p-type V-doped WS, array, forming a WS,
p-n homojunction array. The aligned substrate was then baked at 80 °C for
1 min to improve adhesion before being immersed in heated acetone to
remove the PMMA film.
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Device Fabrication and Measurements: To mitigate high gate leakage
currents caused by pinholes and microcracks in the dielectric layer of
the substrate during high-temperature CVD growth, all FET devices in
this study were fabricated by transferring the channel materials from the
growth substrates onto fresh SiO, (50 nm)/Si substrates before device as-
sembly. The source/drain contact electrodes were defined using a standard
laser direct writing process and constructed via evaporation. For p-type V-
doped WS, devices, 50 nm Ni was used as the contact electrodes, while
for n-type pristine WS, devices, the contact electrodes were composed of
5/45 nm Ti/Au. The deposition rate was consistently maintained relatively
low to prevent potential damage to the channel material during the metal
electrode deposition process (x0.5 A s™1).

All electrical measurements were conducted under a bottom-gate con-
figuration with two probes. For the analysis of the contact barrier height
at the metal-semiconductor interface, the corresponding Ips-Vps and Ipg-
Vg curves were measured using a low-temperature probing station (Cryo-
genic Probe Stations LAKE SHORE CRX VF) in conjunction with an Agilent
4155C semiconductor parameter analyzer. All other room-temperature
electronic characteristics were systematically evaluated using a standard
electrical probe station under a dark or laser illumination environment,
with the laser power accurately calibrated and measured using a power me-
ter (PM400, Thorlabs). To capture high-resolution time response curves of
the p-n homojunction photodiode, a digital oscilloscope (TBS 1102B-EDU,
Tektronix) was employed in conjunction with a low-noise current pream-
plifier (SR570, Stanford Research Systems).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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