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We investigated the physical origins of the bipolar transport in nanostructured and bulk WSe,. A high elec-
tron concentration at the surface induced by surface electron accumulation (SEA) is confirmed by angle-
resolved photoemission spectroscopy (ARPES) measurements. The n-type surface coexisting with the
intrinsically p-doped inner bulk of WSe; results in an interesting “spatially separated” bipolar transport in
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this layered semiconductor. The selenium vacancies at the surface are inferred to be the major cause of
SEA, and their formation and passivation are highly dependent on the interaction of ambient molecules.
The maximum surface electron concentration, i.e., 102° cm™, is approximately four orders of magnitude
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1. Introduction

Over the past decade, two-dimensional (2D) transition metal
dichalcogenides (TMDCs) with van der Waals-layered structures
have captivated profound interest from researchers in various
fields'™® due to their intriguing properties such as tunable band
gap, mechanical flexibility, moderately high carrier mobility,
chemical and thermal stability, and absence of dangling bonds
at their surfaces.”® In TMDCs, the weak van der Waals bonded
interlayers and strongly covalent bonded intralayer vary the elec-
trical and optical properties with the number of layers.” To date,
extensive studies have been conducted on n-type TMDCs,
especially on molybdenum disulfide (MoS,)."> However, device
applications such as solar cells, tunnel field-effect transistors
(TFETs), and complementary metal-oxide-semiconductor
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higher than the hole concentration of the inner bulk of WSe,.

(CMOS) circuits require a p-type TMDC material.'* Tungsten dis-
elenide (WSe,) is a promising p-type material with an indirect
bandgap of 1.2 eV and a direct band gap of 1.65 eV in its bulk
and monolayer forms, respectively.">™* Zhou et al. observed the
highest hole mobility of 100 and 350 cm?® V™" s~ for the mono-
layer and few-layer FETSs, respectively."* Gao et al reported an
ultrafast grown WSe, monolayer with a high hole mobility of
around 143 cm®> V' 711

The practical applications of WSe, devices have been com-
plicated by the challenge of accurately adjusting the polarity of
WSe,. Ambipolar transport has been reported for WSe,-based
FET devices in literature.'®"” Mainly, doping, contact engineer-
ing, thickness control, and plasma treatment result in unipolar
or bipolar transport in WSe,."*?* The admirable bipolar trans-
port property of WSe, makes it an ideal candidate for comp-
lementary digital logic applications.”*>® Researchers have
extensively studied transport properties in n-type TMDCs, while
only a few reports are available on the p-type variants. The
precise control of the polarity in WSe, devices is challenging,
which hinders practical applications. An extensive study is
required to understand the conductivity type and the origin of
n-doping and p-doping in WSe,. Our previous studies indicate
the presence of SEA in TMDCs (such as MoS, and MoSe,) with
nearly intrinsic and lightly n-doped bulk interiors.>”*® Hence,
understanding the nature of surface electron accumulation
(SEA) and surface electronic transport is of great importance in
the design and fabrication of high-performance WSe, devices.

In this work, we discover an interesting bipolar transport in
WSe,, wherein the electron and hole flows are spatially separ-
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ated in nature. SEA was also observed in WSe, for the first
time. The spatially separated bipolar transport also results in
thickness-dependent conductivity and carrier activation
energy. A heavily n-doped surface with naturally occurring
high electron density has been confirmed, and, on the con-
trary, its inner bulk is lightly p-doped. The effect of foreign
molecules on the WSe, surface was also investigated and
discussed.

2. Results and discussion
2.1 Structural and electrical analyses

Fig. 1(a) depicts the XRD pattern of a CVT-grown WSe, single
crystal and the photograph of an as-grown bulk WSe, single
crystal with a size of 4 mm (the inset). The crystalline structure
of WSe, consists of five diffraction peaks positioned at 26
values of 13.77°, 27.58°, 41.84°, 56.80°, and 72.89°, corres-
ponding to the (002), (004), (006), (008), and (0010) planes,
respectively. The obtained 26 values are well matched with the
standard JCPDS card no. 38-1388, and it reveals the 2H-phase
of the WSe, single crystal.>>*° The Raman spectrum of the
WSe, single crystal is shown in Fig. 1(b), and the spectrum was
deconvoluted using multi-peak Lorentz fitting. The spectrum
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contains two peaks, which are located at 247 and 256 cm™,
with full width at half maximum (FWHM) values of 16 and
6 cm ' assigned to the E,;' and A,; modes of WSe,,
respectively.*’** Raman measurement further confirmed the
single-crystalline quality of CVT-WSe,. Hall-effect measure-
ments were performed to access information on the conduc-
tive type, carrier concentration, and mobility of the crystals.
The pristine WSe, crystal shows p-type conductivity with a
bulk hole concentration of (1.27 + 0.21) x 10"> cm™ and mobi-
lityof 70 10 cm®* V' 57,

Fig. 1(c) illustrates the AFM height profile of the WSe,
nanoflake on the chip template, and the inset shows the AFM
image of the device. The calculated thickness of the nanoflake
from the height profile was 69 nm. The I-V curves of the WSe,
nanoflake devices with varying thicknesses are shown in
Fig. 1(d). The linear nature of the I-V curves indicates the
ohmic contacts between the WSe, nanoflakes and the Pt elec-
trodes fabricated by FIB.>* The top-view SEM image of the
WSe, nanoflake device can be seen in the inset of Fig. 1(d).

2.2 Thickness-dependent conductivity and activation energy

Fig. 2(a) depicts the conductance (G) values with different
thicknesses of WSe, nanoflakes. The conductance values are
obtained from the slope of the I-V curves. Variations in the
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Fig. 1 (a) X-ray diffraction pattern; inset depicts the photograph of a single crystal. (b) Raman analysis for the structural characterization of the
WSe; crystal. (c) AFM height profile of the WSe, nanoflake; inset shows the AFM image of the device. (d) /I-V measurements of the WSe, nanoflake
devices with different thicknesses; inset shows the typical top-view SEM image of the fabricated device.
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Fig. 2 (a) Plot of conductance versus thickness of the WSe, nanoflakes. (b) Plot of conductivity versus thickness of the WSe, nanoflakes and bulk
crystals. (c) Temperature-dependent conductivity of the WSe, nanoflakes and bulk crystals. (d) Arrhenius plot (In s vs. 1000/T) to calculate the acti-
vation energy. The red-dashed lines denote the linear fitting of the respective data points.

thickness between 17 and 91 nm have minimal effect on the
conductance values. Generally, G is linearly dependent on the
thickness (¢), and it is given by:*®
1 A wt
G:;:(;Y:GT’ (1)
where ¢ is the conductivity; A, w, and [ are the area, width, and
length of the current flow in the conductor, respectively. This
near thickness-independent nature of G reveals the phenom-
enal change in the conductivity with changes in the thickness.
To verify the dependence of conductivity on the thickness, ¢
was derived from eqn (1). Fig. 2(b) shows the conductivity vs.
thickness log graph of the WSe, nanoflakes and bulk crystals.
With the variation in thickness, the conductivity varies from
320 + 77 to 6 = 2 Q7' em™. The relative contributions of the
surface conductance (Gg) and bulk conductance (Gp,) to the
total conductance (G) are 99.94-99.98% and 0.06-0.02%,
respectively. The conductivities of bulk samples with thick-
nesses of 40 and 50 pm are (40 + 0.02) x 10> and (2 + 0.01) x
102 Q7' ecm™, respectively. The significant dependence of
conductivity on the nanoflake thickness gives the inverse
power law of 6  t ™, with a § value of 1.2.
Temperature (7)-dependent conductivity measurements
have been carried out for the WSe, nanoflake (¢t = 26 nm) and

This journal is © The Royal Society of Chemistry 2026

bulk crystal (¢ = 40 pm) to gain insight into the transport pro-
perties. Fig. 2(c) shows the conductivity vs. temperature in the
range of 150-300 K. To highlight the difference between the
nanoflake and bulk crystal, the curves were normalized by
their o values at 300 K. The conductivities of both the nano-
flake and bulk crystal decrease with the temperature, confirm-
ing their semiconductor nature. The thermal activation energy
(E,) of the nanoflake and bulk crystal could be obtained from
the following relation:*”

o(T) = 6o exp(—E, /kT), (2)

where o, is the conductivity at infinite temperature, k is
Boltzmann’s constant, and T is the temperature. As illustrated
in Fig. 2(d), the slope of the Arrhenius plot (Ins vs. 1000/T)
can be used to calculate E,. The calculated E, values are 8 and
41 meV for the nanoflake and the bulk crystal, respectively.
The activation energy of the bulk crystal (41 meV) is consistent
with other reports for the WSe, crystals, for which the acti-
vation energy is in the range of 33-120 meV.>*® The lower E,
value of the nanoflakes compared to that of the bulk suggests
that the majority of charge carriers in the nanoflakes originate
from the lower donor or acceptor levels, which are different
from those in the bulk. Theoretically, the nanoflakes should

Nanoscale, 2026, 18, 5941-5950 | 5943
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have the same defect types and donor levels because they were
obtained from the exfoliated bulk crystals. The lower activation
energy in the nanoflakes implies that the majority carriers in
the nanoflake could come from the surface rather than the
inner bulk crystal.

2.3 Surface electronic structure analysis by ARPES

ARPES was utilized to study the electronic structure of the
WSe, crystal surface under different conditions. Fig. 3(a), (b),
and (c) depict the valence band (E — Eg vs. k) of the in situ-
cleaved, 4 h in air, and 3 days in air WSe, surfaces, respect-
ively. Here, in situ-cleaved surface denotes the fresh surface

View Article Online
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created at the UHV of <1.8 x 10~'° Torr. When the fresh surface
was exposed to an air atmosphere, an identifiable divergence
in the valence band maximum (VBM) relative to the Fermi
level (Er) was seen in the band mapping images. Fig. 3(d)
depicts the normal emission spectra of WSe, at I point under
different surface conditions. It is evident from the enlarged
normal emission spectra in Fig. 3(e) that the in situ-cleaved
surface exhibits an abrupt valence band edge with a binding
energy of —0.32 eV. The sharp valence band edge denotes the
high crystalline quality of the fresh WSe, surface. Next, the
valence band edge of the surface exposed to air for 4 h was
substantially red-shifted to —1.38 eV. Upon further increasing
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Fig. 3 ARPES characterization of the fresh and aging surfaces of WSe,. Valence band measurement (E — E¢ vs. k) of the WSe; crystal surfaces: (a)
in situ-cleaved, (b) 4 h in air, and (c) 3 days in air. (d) and (e) Normal emission spectra at the I" point for the in situ-cleaved, 4 h in air, and 3 days in air
WSe, surfaces with different binding energy scales. (f) Band energy diagram indicating the position of the valence band and Fermi level of different
WSe; surfaces. The arrow marks indicate the direction of the Fermi level shift.
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the air exposure time to 3 days, the valence band edge was
blue-shifted to —0.88 eV. The shift in the VBM relative to the
Fermi level was denoted using an energy band diagram, as
shown in Fig. 3(f).

The observation indicates that the fresh surface is p-type
and the air-exposed surfaces convert to n-type. The hole con-
centration (p) in the p-type fresh surface was calculated using
the equation:*’

—(Ep — EV)} 3)

P =Ny exp{ T

where N, is the effective density of states function in the
valence band, and it is given by N, = Z(Zm;;kT/hZ)%. Here, m,,
is the effective mass of the hole, T ~ 300 K, and % is the
Planck’s constant. The energy difference (E¢ — E,) is 0.32 eV,
and the WSe, bulk bandgap is 1.20 eV.'* The m, value of
0.53m, was obtained from the VBM of the in situ-cleaved
surface measured by ARPES (see Fig. 3(a)). The parabolic
fitting of the VBM is shown in Fig. S1 in SI. This value is well
in agreement with the theoretical value of 0.54m, for the
WSe,, where m, is the electron rest mass (see Table S1, SI). The
calculated hole concentration for the in situ-cleaved surface is
4.2 x 10" em™>. The fresh surface with a p-type nature is con-
sistent with the result of the Hall measurement. However, the
hole concentration defined by ARPES is two orders of magni-
tude less than the bulk value (p ~ 10" em™) defined by Hall
measurement. The difference may have resulted from the com-
pensation effect, of which some n-type surface defects were
created by mechanical exfoliation and coexist with the original
p-type defects in the bulk.

For the surface exposed to air for 4 h, the Fermi level lies
above the conduction band minimum (CBM) (Ef — E¢ = 0.18),
denoting the n-type degenerate semiconductor nature, and the
electron concentration (n) of n-type degenerate
conductors is given as follows:***°

Ep —E. = kT [ln (Nic) +273/2 (1%)} , (4)

where N, is the effective density of states function in the con-
duction band, and it is given by N = 2(2m’kT/h?). Here, m,
is the effective mass of an electron, with a value of 0.60m, (see
Table S1, SI). A pretty high electron concentration at 1.4 x 10>°
em ™ is obtained, which is around six orders higher than the
hole concentration of the in situ-cleaved surface. The electron
concentration of the surface exposed to air for 3 days was cal-
culated from the following equation.>”

semi-

—(Ee *EF)}_ 5)

n= N exp{ T

According to the bandgap of bulk WSe, (1.20 eV),'* the
energy difference (E. — Eg) is 0.32 eV, m, is 0.39m, (see
Table S1, SI). The calculated 7 is 2.6 x 10'* cm™>. Note that the
aging for 3 days did not further increase the electron concen-
tration but instead resulted in a substantial decrease.

This journal is © The Royal Society of Chemistry 2026
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To clarify the effect of foreign molecules on the WSe,
surface, ARPES was also carried out for the in situ-cleaved sur-
faces under different conditions in UHV. Fig. 4(a), (b), and (c)
show the valence bands (E — Er vs. k) of the in situ-cleaved, 11
days in UHV and 11 days in UHV & 15 min in air WSe, sur-
faces, respectively. Fig. 4(d) depicts the normal emission
spectra of WSe, at I' point under different surface conditions
in the UHV environment. When the in situ-cleaved surface was
exposed to a UHV for 11 days, the VBM shifted from —0.32 to
—0.40 eV (Fig. 4(e)). This is evidence of deselenization at room
temperature, which creates donor-like surface states in WSe,
because foreign molecules are unlikely to interact with the
surface in a UHV environment. Next, the surface that was kept
for 11 days in UHV was subsequently shortly exposed to air for
15 min, causing a drastic shift in the valence band to —0.70 eV
(Fig. 4(e)). The rapid shift in the valence band manifests that
the interaction of air molecules with the WSe, surface could
increase the deselenization rate and/or create additional
surface defects, which produce more donor-like surface states.

Se vacancies in the WSe, surface caused by the escape of Se
atoms are probably the most noticeable type of surface defects
that result in the SEA phenomenon. The n-type doping due to
the generation of Se vacancies in WSe, has been reported
previously.*"** The SEA observed at the WSe, surface aging for
4 h is due to the physically adsorbed ambient molecules, such
as oxygen (O,) and water (H,0), that speed up the deseleniza-
tion and produce high-density donor-like surface states.
However, the electron concentration was reduced for the
surface aging for 3 days. The theoretical calculation suggests
that O, and H,O act as acceptor impurities in WSe,.** This
means that the O, and H,O molecules on the surface of the
WSe, aged for 3 days are chemically adsorbed, which results in
a passivation process.

2.4 Theoretical first-principles calculations

To understand the band structure of WSe, under air exposure,
we studied the band structure for three configurations, including
pure WSe, (pristine); Se-vacant WSe, (4 h in air), which was
obtained by removing one Se atom from the supercell; and
O-substituted WSe, (3 days in air), in which an oxygen atom is
placed at the Se vacancy site (Fig. 5). In pure WSe,, the electronic
bands around the K valley are well dispersed, resulting in rela-
tively light and symmetric electron and hole effective masses.
Introducing a Se vacancy disrupts the local W-Se coordination
environment and leaves behind weakly bound electrons on the
neighboring W atoms. This defect induces localized states near
the conduction band edge and reduces the dispersion of both
conduction and valence bands, manifested as noticeably heavier
carrier effective masses. The Se vacancy acts as an electron-rich
defect that promotes electron-dominated transport while sup-
pressing hole mobility. In contrast, when the vacancy is filled by
an oxygen atom, the stronger and more directional W-O
bonding stabilizes the local structure and eliminates the
vacancy-induced localized states. This passivation restores the
intrinsic band dispersion, particularly by increasing the curva-
ture of the valence band at K and yielding a significantly lighter

Nanoscale, 2026, 18, 5941-5950 | 5945
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diagram indicating the position of the valence band and Fermi level of different WSe, surfaces. The arrow marks indicate the direction of the Fermi
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hole effective mass while recovering the original conduction
band shape. As a result, the O-substituted system exhibits elec-
tronic characteristics that are more favorable for hole transport
compared to the Se-vacant case.

2.5 SEA and bipolar transport mechanism

The nanoflakes used for the electrical measurements in this
study are mostly exposed to air for less than 1 day and still
exhibit strong SEA characteristics. This explains why the rela-

5946 | Nanoscale, 2026, 18, 5941-5950

tively thin nanoflakes exhibit higher conductivity in the thick-
ness-dependent conductivity observation (Fig. 2b) among the
WSe, nanoflakes. The surface-dominant transport is also con-
sistent with the result of temperature-dependent electrical
measurements (Fig. 2d). The majority carriers are now no longer
provided by the relatively deep acceptor levels in the inner bulk
but by the shallow donor states at the surface. The different
origins of majority carriers further explain the different acti-
vation energy between the nanoflake and the bulk crystal.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Band structure of (a) pure WSe; (pristine), (b) WSe, with Se vacancy (4 h in air), and (c) WSe, with O, passivation (3 days in air).

The different majority charge carriers at the inner bulk and
the surface led to spatially separated bipolar transport in
WSe,, which is schematically shown in Fig. 6(a). As we
observed, electron flow dominating at the surface and hole
flow dominating in the inner bulk lead to the interesting
bipolar transport mechanism. Also, the schematic of the
surface band bending due to SEA in WSe, is shown in
Fig. 6(b). To maintain charge neutrality, donor-like surface
states become positively charged after donating electrons to
the conduction band, which causes electron accumulation at
the surface and downward band bending. The Fermi level posi-

(a) Electron transport

G

Hole transport

(b) SEA

E, — Donor-like
surface states
1.32 eV
Neutral Accumulation
region region
(p -doped) (n"-doped)

Fig. 6 Schematic of the (a) spatially separated bipolar transport mecha-
nism and (b) surface energy band bending due to the SEA caused by the
donor-like surface states in WSe,. The Fermi level overlapping CBM at
the near-surface corresponds to the in situ-cleaved surface according
to the ARPES results.

This journal is © The Royal Society of Chemistry 2026

tion overlapping the CBM at the surface demonstrates the high
electron density at the WSe, surface exposed to air for 4 h
according to the ARPES results.

3. Conclusions

Spatially separated bipolar transport was observed in WSe,,
where the electrons dominate at the surface and holes domi-
nate at the inner bulk crystal. The thickness-dependent con-
ductivity and carrier activation energy can be well explained by
the unique bipolar transport. In addition, the ARPES charac-
terization indicates the existence of SEA in WSe,, which could
be attributed to the Se vacancies. These findings provide the
essential information for understanding the electrical pro-
perties of WSe, crystals and pave the way for their application
in next-generation electronics.

4. Experimental
4.1 Crystal growth and nanoflake device fabrication

The WSe, single crystals were synthesized in two steps using
the chemical vapor transport (CVT) method. The first step was
to convert selenium powder (99.99%) and tungsten powder
(99.99%) into polycrystalline WSe,. We then subjected the
polycrystalline powders to chemical vapor transport in a temp-
erature gradient, using iodine as the transport agent. At first,
the powders were mixed and placed in a quartz ampoule
under a 10~ Torr vacuum to mix tungsten and selenium stoi-
chiometrically at various temperatures until near growth temp-
erature. The generated polycrystalline powders were then
employed to form single crystals by placing them in a quartz
ampoule with an inner diameter of 12 mm and a length of
30 cm in the presence of a transport agent. Before being
closed, the tube was evacuated once more to a pressure of less
than 10> Torr. Single crystals were grown over 10 days in a
two-zone furnace with a 1050 °C source and a 980 °C growth
zone. During this phase, vapor transitions the polycrystalline
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WSe, powder from a higher to a lower development tempera-
ture, where they eventually solidify to form glossy single crys-
tals. We finally collected the WSe, by breaking the quartz
ampoule.

The obtained WSe, crystals had a typical area in the mm?
to cm?® range, and we used them for the fabrication of the
nanoflake device. First, the nanoflakes with an area in the
range of micrometers and thickness in the range of a few
nanometers to hundreds of nanometers were mechanically
exfoliated using dicing tape from the layer crystals. Next, the
individual nanoflakes were transferred onto an insulating SiO,
(300 nm)/n"-Si substrate chip with a pre-patterned Ti (30 nm)/
Au (90 nm) circuit layout. Finally, two platinum (Pt) electrodes
with a thickness of about 100-500 nm were deposited on the
WSe, nanoflake using a dual-gun focused ion beam (FIB-FEI
Quanta 3D FEG) technique. A voltage of 30 kV and a current of
100 pA were applied for the ion beam operation to decompose
the Pt precursor. For the electrical characterization of the bulk
crystals, silver (Ag) paste was used as the contact.

4.2 Characterization

The structural quality of the WSe, crystal was confirmed using
X-ray diffraction (XRD-Bruker D2 Phaser) and Raman spec-
troscopy (Renishaw inVia Raman microscope system), with a
source wavelength of 532 nm. Atomic force microscopy
(AFM-Bruker Dimension Icon) was used to record the height
profile of the WSe, nanoflakes. Scanning electron microscopy
(SEM-Hitachi S3000H) was used to record the images of the
device. The electrical measurements of nanoflakes were done
using two probe current-voltage (I-V) measurement setup. The
temperature-dependent conductivity measurements of the
bulk crystal and nanoflake were carried out using an ultralow
current leakage cryogenic probe station (LakeShore
Cryotronics TTP4). A Keithley 4200-SCS semiconductor charac-
terization equipment was utilized to source the DC voltage and
measure the current.

The angle-resolved photoemission spectroscopy (ARPES)
experiment was carried out using the TLS BL21B1 U9-CGM
beamline at the National Synchrotron Radiation Research
Center (NSRRC) in Hsinchu, Taiwan. The photoemission
spectra were recorded in an ultra-high vacuum (UHV) chamber
with a hemispherical energy analyzer (Scienta R4000). The
different WSe, samples were measured at 90 K using a photon
energy of 42 eV at a base pressure of 8.6 x 10™'" Torr. The
beam size was approximately 100 pm, with an angular pre-
cision of 0.2° and an energy resolution better than 18 meV.
The samples were loaded into a load-lock vacuum chamber
and transferred to a UHV analysis chamber for preparing
in situ and ex situ samples.

4.3 Computational methods

Density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP).** The
projector-augmented wave (PAW)*> method was employed in
conjunction with the Perdew-Burke-Ernzerhof (PBE)*® gener-
alized-gradient approximation. A 2 x 2 x 1 bilayer WSe, super-
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cell was used for all simulations, and a 10 A vacuum spacing
was added on both sides of the slab to eliminate spurious
interactions between periodic images. The plane-wave kinetic-
energy cutoff was set to 520 €V, and electronic self-consistency
was achieved with a threshold of 107° eV. All atomic positions
were fully relaxed until the Hellmann-Feynman forces on each
atom were reduced below 0.01 eV A™". The Brillouin zone was
sampled using I'-centered Monkhorst-Pack meshes, with a 9 x
9 x 5 grid used for structural relaxations and a denser 27 x 27
x 9 grid employed for static electronic calculations to ensure
accurate eigenvalues and dispersion near the band edges.
Band structures were calculated along the high-symmetry path,
I'-M-K-T, using a finely interpolated k-path to resolve changes
in curvature associated with defect formation. Three configur-
ations were investigated: (i) pristine bilayer WSe,, (ii) Se-vacant
WSe, formed by removing a single Se atom from the supercell,
and (iii) O-substituted WSe, in which one O atom occupies the
Se vacancy site. All defective structures were fully relaxed prior
to electronic analyses. Carrier effective masses were extracted
using the effmass package, which fits the band dispersion
within +50 meV of the conduction band minimum (CBM) and
valence band maximum (VBM) to obtain reliable electron and
hole effective masses.
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