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band-gaps of these materials show a lim-
ited variation[2,4] that falls mostly in the 
visible wavelength regime and band-gap 
tunability can only be achieved for up to a 
few layers. While black phosphorus (BP), 
a narrow band-gap semiconductor with 
a widely tunable band-gap from 0.3 to 
2 eV,[5,6] can bridge the energy gap between 
the TMDs and zero-bandgap graphene for 
near infrared, mid infrared (IR) applica-
tions,[5,7] it is highly unstable in air which 
significantly limits its application in prac-
tical electronic and optoelectronic devices.

In recent years, there is a growing 
interest in group-X noble TMDs such as 
platinum diselenide, platinum disulfide 
and palladium diselenide (PdSe2) due 
to their excellent air stability and widely 
adjustable band gaps similar to BP. In 
particular, PdSe2 is a recently discovered 
material in which Pd atom bonds with 
four Se atoms to form the basic tetrag-
onal unit of the lattice and these units 
are connected to form waved layers via 

SeSe bonds giving its unique puckered pentagonal structure 
to PdSe2.[8] PdSe2 is the first air-stable 2D material isolated that 
compose of such pentagonal structure with vertical puckering 
distance of 1.6 A.[6] The added degree of freedom in the puck-
ered structure and low symmetry of the pentagonal lattice have 
shown exciting anisotropic electrical and optical phenomena in 
2D PdSe2.[6,9] The bandgap of PdSe2 can be varied from near 0 
eV (quasi-metallic) in bulk to 1.3  eV in monolayer. Unlike in 
MoS2, where the band gap reaches its bulk value within 5–6 
layers,[10] the band gap of PdSe2 can be controlled more continu-
ously with the layer number up to 40+ layers[11] which makes 
them very promising for high performance electronic and opto-
electronic devices such as photodetectors operating in wide 
range of IR wavelengths.[12,13]

In addition to the inherent layer dependent electrical proper-
ties, the ability to further tune the electrical properties of PdSe2 
via controlled doping is of fundamental importance for their 
wide range of electronic and optoelectronic device applications. 
Although a large number of first principle theoretical studies 
are initiated in recent years[14] due to the evolving interest in 
the versality of electrical, magnetic, and optical properties that 
could be induced by doping of these materials, practical dem-
onstration of doping engineering of PdSe2 and other group-X 
TMDS is still at its infancy.25  Surface charge transfer doping 
(SCTD) is a simple, reliable, and non- destructive method to 
achieve efficient doping in semiconductor materials.[15,16] In 
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1. Introduction

Atomically thin transition metal dichalcogenides (TMDs) are 
receiving significant attention due to their extraordinary struc-
tural, optical, electrical, and mechanical properties which are 
significantly different from their bulk counterparts. Group-VI 
TMDs such as molybdenum disulfide (MoS2), tungsten disulfide 
(WS2), etc. are extensively studied for device applications owing 
to their high photoresponse,[1] high on/off ratios,[2] appreciable 
carrier mobilities,[2] and high flexibility.[3] However, the intrinsic 
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charge transfer doping, dopant molecules adsorbs on the sur-
face of semiconductor material and exchange charges to dope 
the material. SCTD could be particularly effective in 2D mate-
rials owing to their high surface to volume ratio and exposed 
basal planes which enhance the surface adsorption of dopant 
molecules.[17] Successful utilization of SCTD to modulate elec-
trical properties in chemical vapor deposition (CVD) grown 
PdSe2 could be a significant step toward its integration in prac-
tical applications.

Here, we report an effective SCTD of CVD grown PdSe2 thin 
film samples using BV molecules. PdSe2 channels were grown 
via low pressure selenization of patterned Pd film at 325  °C. 
The FET fabricated on pristine PdSe2 showed p-type conduction 
with a mobility of 0.58 cm2 V−1 s−1 and resistance of 2.1 MΩ. 
Adsorption of BV molecules effectively lowered hole concen-
tration in the PdSe2 channel due to the transfer of electrons 
from BV via SCTD resulting in a large increase in resistance to 
36.2 MΩ and a decrease in mobility to 0.44 cm2 V−1 s−1. Raman 
analysis showed that A3

g peak red-shifted by 1.2 cm−1 and 
broadened by 2.1 cm−1 confirming the n-doping of the PdSe2 
film by BV. Electron transfer from BV to PdSe2 was further 
confirmed by X-ray photoelectron spectroscopy (XPS) where 
binding energies (BEs) of Pd 3d and Se 3d core levels showed 
a negative shift with respect to the pristine material. Effective 
work function (WF) modulation of PdSe2 with BV doping was 
observed via Kelvin probe force microscopy (KPFM) measure-
ments where the n-doping caused a 0.3 eV decrease in WF of 
BV doped PdSe2. We successfully applied the carrier density 
and WF modulation of PdSe2 by SCTD to fabricate lateral het-
erojunction devices. Excellent current rectifying behavior was 
observed in the heterojunction devices with a maximum rectifi-
cation ratio of ≈55.

2. Results and Discussions

The PdSe2 thin films were grown via selenization of pre-
deposited Pd thin films on Si/SiO2 substrates using low 
pressure chemical vapor deposition (LPCVD) technique as 
described in Section 4. The LPCVD setup and optical images 
of a Pd film before and after selenization process can be 

found in the supporting information (Figure  S1, Supporting 
Information). After selenization, a noticeable color change of 
the film from pink to metallic gray was observed (Figure S1b, 
Supporting Information) suggesting the transformation of Pd 
to PdSe2. The AFM image show initial thickness of Pd to be 
2 nm (Figure S2a, Supporting Information), which transforms 
to a uniform PdSe2 film with a thickness of 8 nm (Figure 1a) 
after selenization corresponding to a 20 layer (L) of PdSe2.[11] 
This thickness expansion is in good agreement with previ-
ously reported data for PdSe2 grown via similar selenization 
method.[11] The polycrystalline nature of the film was observed 
in the small area AFM scan shown in Figure S2b, Supporting 
Information, with average grain size of ≈15 nm and rms rough-
ness of ≈0.4 nm. Raman measurement was used to further con-
firm the formation of PdSe2. The Raman single spectra shown 
in Figure  1b show four prominent peaks at 146, 208.4, 224.1, 
and 258.8 cm−1 for our sample which corresponds to A1

g, A2
g, 

B2
1g, and A3

g vibrational peaks of PdSe2, respectively. Theoreti-
cally, PdSe2 Raman spectra is expected to show six prominent 
peaks due to 3 Ag (A1

g, A2
g, A3

g) and 3 B1g (B1
1g, B2

1g, B3
1g) 

vibrational modes in the PdSe2 lattice.[6] However, A1
g/B1

1g and 
A3

g/B3
1g peaks are located very close together, therefore often 

observed as single peaks. The observed values of Raman peaks 
are consistent with previous reports of 2D PdSe2.[11,12] For elec-
trical characterizations, patterned PdSe2 thin films of 200 μm × 
30 μm were grown using a shadow mask. Drain and source 
electrodes were defined by depositing Au contacts through a 
shadow mask for the pre-defined PdSe2 channel with dimen-
sions of L  = 100 μm and W  = 30 μm. FET device properties 
were measured in ambient conditions by using highly doped 
silicon as the gate electrode and 250  nm thick SiO2 as the 
gate dielectric. The linear current–voltage (I–V) characteris-
tics curve shown in Figure  1c suggests that the Au electrodes 
are making Ohmic contacts with the PdSe2 channel. The gate 
voltage (Vg) was fixed at 0 V. The drain current at 1 V was meas-
ured to be 0.48 μA and the device resistance was calculated to 
be 2.1 MΩ. The I–Vg curve of the same device is shown in the 
bottom-right inset. The increase of the current with decrease 
of the gate voltage indicates p-type transport behavior of the 
PdSe2 FET device. The field effect mobility of the device was 
calculated to be 0.58 ± 0.02  cm2 V−1 s−1 using the equation 

Figure 1.  Characterizations of a pristine PdSe2 device. a) AFM topography and height profile of a Pd film after selenization. b) Raman spectra of a PdSe2 
sample showing characteristics peaks, c) I–V characteristics of a PdSe2 device (Vg = 0 V). The inset in top-left is an optical image and the bottom-right 
inset shows the transfer characteristics of the device.
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μ = (L/WCgVds) × (dI/ dVg), where L, W, and Cg are the channel 
length, width, and the capacitance per unit area of gate dielec-
tric, respectively. The relatively lower mobility of the device 
compared to the exfoliated sample with similar thickness[6] is 
possibly caused by the polycrystalline nature of the film and is 
consistent with the mobilities reported for similar polycrystal-
line PdSe2 and other 2D TMD films.[18]

We tested the SCTD effect on the conductivity of the PdSe2 
FET device with BV immersion time and the results are shown 
in Figure 2. First, we drop casted a small amount of BV solu-
tion on PdSe2 device and measured the I–V characteristics after 
drying the solution. The device was then immersed in BV solu-
tion for 30 min and measured again. The process was repeated 
by immersing the sample in BV solution for additional 5.5  h 
(total of 6  h) followed by another 6  h (total of 12  h). As illus-
trated from the I–V curves (Figure 2a and Figure S3, Supporting 
Information) the device conductivity is strongly affected by BV 
doping. The drain current of the device measured at 1 V  was 
decreased to 0.11 µA after drop-casting BV and 0.03 µA after 
30  min doping. With longer BV immersion time, the change 
in the drain current is hardly noticeable in the I–V curve 
(Figure  S3, Supporting Information). The inset of Figure  2a 
shows the resistance variation of the device as a function of BV 
immersion time. The PdSe2 devices showed increase of resist-
ance to 7.5 MΩ when BV solution is drop-casted on the sample. 
After 30 min immersion of the devices in BV solution, the 
average resistance increased to 36.2 MΩ which is ≈1700 percent 
higher compared to the resistance of pristine device. The resist-
ance of the device was measured to be 40.6 and 42 MΩ after 6 
and 12 h immersion time. Therefore, the sample was close to 
saturation of doping in 30 min. Similar trend was observed in 
multiple other devices measured and the resistance variation of 
two other devices are shown in Figure S4, Supporting Informa-
tion. We also observed relatively smaller drain current variation 
with gate voltage in the transfer curve shown in Figure 2b after 
doping as compared to pristine PdSe2 device. In the pristine 
device, the average slope of I–Vg curve was calculated as −7.5 × 
10−4 µA and in the BV doped device it is decreased to −1.8 × 
10−4 µA. The field effect mobility after 30 min doping was cal-
culated to be 0.44 ± 0.02 cm2 V−1 s−1. Comparing the 20 L thick-
ness of the pristine PdSe2 film to the layer dependent band-gap 

reported in the literature, we anticipate that the valence and 
conduction bands are located around the energy values of −4.4 
and −5.1 eV.[11] Accordingly, the conduction band edge of PdSe2 
stays very close to the 0 V versus SHE.[19] Hence, based on the 
previously reported redox potentials for BV[16,20] (−0.79  V vs 
standard hydrogen electrode (SHE) for BV0 /BV+ and −0.33 V vs 
SHE for BV+/BV2+, respectively) and the conduction band min-
imum (CBM) and valence band maximum (VBM) for 20 L 
PdSe2,[11] we can depict energy diagram of the few layer PdSe2 
and BV as shown in Figure 2c. According to this diagram, the 
BV reduction potential is at a higher energy than the VBM and 
CBM of PdSe2. Therefore, electron transfer from BV to PdSe2 is 
expected. Upon electron transfer, the hole concentration in the 
valence band decreases resulting in an increase of resistance 
and decrease in carrier mobility.

Based on the charge transfer model depicted in Figure  2c, 
each BV molecule adsorbed on the surface can donate 2 elec-
trons to PdSe2 and these electrons can then diffuse to the inner 
layers of the sample. For PdSe2 film, which is polycrystalline 
in nature, the molecules can diffuse through the grain bounda-
ries to the bottom layers effectively.[21] The number of electrons 
transferred to PdSe2 is limited by effective area of exposure to 
BV molecules. When more BV2+ are adsorbed on the PdSe2 sur-
face, further BV molecules cannot be adsorbed on the PdSe2 
surface for additional charge transfer. As a result, even after 
12  h immersion of PdSe2 devices into the BV solution, PdSe2 
did not show electron dominant transport. Similar behavior 
was observed previously in n-type monolayer WS2 doped with 
strong electron accepting molecule F4-TCNQ in which electron 
concentration gradually decreased and subsequently saturated 
with doping time while preserving the n-type conduction of the 
channel.[22]

It is known that the Raman peak position and FWHM of the 
out-of-plane vibrational modes are sensitive to doping. Raman 
spectra of the pristine and BV doped PdSe2 sample is shown 
in Figure 3a. We observed that all the peaks are red-shifted and 
broadened upon doping, these changes are more significant in 
the highest intensity A3

g peak. The A3
g peak of the BV doped 

sample is located at 257.6 cm−1 which is a 1.2 cm−1 shift toward 
lower wavenumbers compared to the pristine sample. The 
FWHM of the A3

g peak is also increased from 7.1 cm−1 (pristine) 

Figure 2.  BV doping of a PdSe2 device. a) I–V characteristics of a pristine and BV doped PdSe2 device with different BV exposure time. The inset shows 
the resistance variation of the device. b) Transfer characteristics of the pristine and 30 min BV doped device. c) Schematic illustration to show the 
charge transfer process between PdSe2 and BV.
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to 9.2 cm−1 after doping. The electrons transferred to PdSe2 
from BV increases the electron–phonon coupling in the lat-
tice causing phonon softening which resulted in red-shift and 
broadening of the peaks. No additional peaks appeared in the 
spectra after doping indicates that the chemical composition of 
the film is not altered by the doping, this non-destructive nature 
is a main advantage of SCTD of 2D materials.[15] We further 
characterized the samples via XPS to verify the surface chem-
ical composition and changes to the electronic structure after 
BV doping. The Pd 3d and Se 3d core level spectra for the pris-
tine and BV doped PdSe2 samples are shown in Figure 3(b,c), 
respectively. The pristine sample (blue) show Pd 3d5/2, Pd 3d3/2 
peaks at 337.2 and 342.5 eV, and Se 3d5/2, Se 3d3/2 peaks at 55.2 
and 56  eV, respectively which are consistent with the charac-
teristic peak positions for PdSe2.[23] After BV doping (red), we 
observed the Pd 3d peaks shifted by 0.5 eV, while Se 3d peaks 
shifted by 0.3 eV toward lower BE. This BE shift provides a fun-
damental understanding to the charge transfer process between 
BV molecules and PdSe2 which resulted in a decrease in hole 
charge carriers in the valence band of PdSe2 observed in elec-
trical characterizations. XPS studies can identify the BE of ele-
ments shift upon electron occupation (donation) due to the 
increased (decreased) intra-atomic electron–electron repulsion, 
a negative BE shift is observed with occupation of electrons and 
positive BE shift is correlated with electron donation.[24] There-
fore, the negative shift in the core level spectra observed in our 
study is an indication that electrons are transferred from BV 
to PdSe2

[25] and is consistent with our electrical transport and 
Raman study. The electron transfer from BV places more elec-
tron density into the valence band and they localize at Pd/Se 
sites decreasing their core-level BEs.

To investigate the WF change in PdSe2 due to BV doping, 
we conducted KPFM measurements on both pristine and BV 
doped samples. The mapping shown in Figure 4 corresponds to 
the contact potential difference (CPD) between the gold coated 
KPFM probe and the sample. Highly oriented pyrolytic graphite 
(HOPG) with WF of 4.6 eV[26] was used as the reference mate-
rial to calibrate the probe in order to measure the WFs of the 
samples. The KPFM mapping of the pristine PdSe2 sample is 
shown in Figure 4a while the mapping for BV doped samples 
is shown in Figure  4b. We measured an average CPD to be 
−71 ± 10 mV for the pristine sample and 240 ± 20 mV for the 

BV doped sample. The WFs are calculated using the equation 

V
e

CPD
tip sampleφ φ

=
−

 where VCPD is the CPD in volts, φtip is the 
WF 

of the tip, φsample is the WF of the sample and e is the electron 
charge. With the HOPG calibration, φtip was found to be 4.81 ± 
0.01  eV.  The WFs of the pristine sample was calculated to be 
4.88 ± 0.02 eV. This WF is consistent with the anticipated VBM 
(−5.1  eV) and CBM (−4.4  eV) discussed earlier for 20 L PdSe2 
since it shows that the Fermi level stays closer to the valence 
band of the intrinsic p-type PdSe2. The WF of BV doped film 
was calculated as 4.57 ± 0.03  eV,  the WF lowering by ≈0.3  eV 
after BV doping further confirms that BV molecules donated 
electrons (n-doping) to the PdSe2 film.[26,27]

To show an application of the PdSe2 WF modulation via BV 
doping, we fabricated lateral heterojunction devices by imple-
menting selective area doping of a PdSe2 channel. For selec-
tive area BV doping and heterojunction fabrication, we used 
the poly-methyl methacrylate (PMMA)/metal mask patterning 
technique[28] shown schematically in Figure 5a. First, the PdSe2 
devices were fabricated as described in Section 4. Then the sub-
strate was spin coated with PMMA followed by Au deposition 
through a shadow mask which was aligned to cover half of the 
PdSe2 channel. After the Au deposition, the sample was exposed 
to oxygen plasma to etch the PMMA that was not covered by 
gold to partially expose the PdSe2 thin film for BV doping. The 
substrate was then immersed in the BV solution for 30  min. 
This allowed the uncovered area of the PdSe2 channel to dope 
while covered area remained undoped. As a result, a het-
erojunction is created between doped and undoped section 
of the PdSe2 channel. I–V characteristics of a representative 

Figure 4.  KPFM contact potential mapping of a) pristine and b) BV doped 
PdSe2. Scale bar is 1 µm in each image.

Figure 3.  Raman and XPS characterization of a BV doped PdSe2 sample. a) Raman spectrum for pristine and BV doped PdSe2. The inset shows a close-
up view of the spectra at A3

g peak location. b) Pd 3d and c) Se 3d XPS core level spectra of a pristine (blue) and BV doped (red) PdSe2 film, respectively.
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heterojunction device are shown in Figure 5b. The I–V charac-
teristics of the device show a diode-like behavior (black curve) 
confirming that a heterojunction has been formed. Breakdown 
of the PdSe2 heterojunction device was not observed until −5 V. 
The rectification ratio for the device was calculated by the ratio 
of Iforward/Ireverse for the range of voltage in the I–V curve and 
the maximum rectification ratio was found to be ≈55. To verify 
that this rectification behavior is solely an effect of BV doping, 
we conducted I–V measurements in each fabrication steps 
(Figure S5b, Supporting Information). We observed linear I–V 
curves with similar current values indicating that the rectifi-
cation behavior is not due to fabrication steps before doping. 
Therefore, the rectifying behavior is exclusively a consequence 
of the band offset occurred at the junction of pristine and BV 
doped PdSe2. The KPFM study shows the work function of pris-
tine and BV doped PdSe2 to be 4.88 and 4.57  eV, respectively. 
This leads to a band offset at the junction of pristine and BV 
doped PdSe2 as shown in Figure  5c. This band offset allows 
the flow of charge carriers in forward bias while preventing the 
flow in reverse bias leading to a diode like behavior.

3. Conclusion

In conclusion, we demonstrated an effective SCTD of 2D PdSe2 
thin films by using BV molecules. Patterned PdSe2 samples 
were obtained by low pressure selenization of a pre-depos-
ited Pd film. Pristine PdSe2 device showed p-type conduction 

with a mobility of 0.58 cm2 V−1 s−1 and average resistance of 
2.1 MΩ. A ≈ 1700 percent increase in resistance and a decrease 
in mobility to 0.44 cm2 V−1 s−1 was observed due to n-doping 
of PdSe2 by BV molecules. Raman and XPS characterizations 
further confirmed the decrease in carrier concentration in 
doped sample is due to the electron transfer from BV to PdSe2 
(n-doping). KPFM measurements showed that the WF of PdSe2 
was effectively modulated by BV doping, a decrease of ≈0.3 eV 
in the WF of PdSe2 was measured after doping. A selective 
doping was implemented for the fabrication of heterojunction 
between pristine and BV doped PdSe2, which showed good cur-
rent rectification behavior with a rectification ratio of up to ≈55 
demonstrating the importance of SCTD to modify electrical 
properties of the PdSe2. The facile, non-destructive doping 
method we discussed here can be used toward fabrication of 
high performance PdSe2 electronic devices.

4. Experimental Section
PdSe2 Film Growth: Patterned PdSe2 channels were grown via 

low pressure selenization of pre-deposited Pd channels on Si/SiO2 
substrate (250  nm of SiO2 thickness) in a CVD tube furnace. Prior to 
Pd deposition, substrates were cleaned by sonicating in acetone and 
isopropanol for 5  min followed by deionized water rinse and nitrogen 
blow drying. Cleaned substrates were treated in mild oxygen plasma 
for 10  min to further remove the organic residue. The substrate was 
then covered with a shadow mask with defined channels of 30  µm × 
200 µm and 2  nm thick Pd film was deposited via e-beam deposition 

Figure 5.  a) Schematic diagrams showing the fabrication steps of PdSe2 lateral heterojunctions by selective BV doping. b) I–V characteristics of a 
heterojunction device in linear scale (black) and log scale (red). The inset shows an optical image of the device. c) An illustration of the band offset 
with energy barrier (ΔE) created at the junction between pristine and BV doped PdSe2.
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in a vacuum chamber at an evaporation rate of ≈  0.5 A s−1. Thickness 
of the film was confirmed by AFM height measurements. Thin film 
deposited substrate was then placed at the center of a 1-inch quartz 
tube in a single zone tube furnace (Barnstead International F79300 Tube 
Furnace). Ceramic crucible containing 2 g of Se powder (99.5%, Sigma 
Aldrich) was placed upstream at the edge of the heating zone in such a 
way that Se started melting when the temperature at the center of the 
furnace reached 250 °C. The quartz tube was pumped down to 60 mTorr 
base pressure, Argon gas (99.995% purity) flow of 250 sccm was used 
as the carry Se vapor to the reaction zone. The furnace was heated to the 
growth temperature of 325 °C at the rate of 7 C min−1 and held for 1 h 
(dwell time). After the dwell time, the furnace was allowed to cool down 
naturally to the room temperature.

Characterization: For I–V measurements of the PdSe2 devices, 
electrical contact was made using another shadow mask which was 
aligned with the grown PdSe2 channels with the aid of an optical 
microscope (Olympus BX51M microscope equipped with Jenoptic 
Progres Gryphax camera). 40  nm thick gold pads were deposited 
via thermal evaporation. The electrical measurements of the devices 
were performed in a probe station using a current preamplifier (DL 
instruments 1211) interfaced with Lab View program under ambient 
conditions. A tapping mode AFM (Veeco instruments, Dimension 
3100) topography was used to determine Pd and PdSe2 film thickness 
measurements. XPS measurements were carried out using a Thermo 
Scientific (Escalab Xi) system with a monochromatic Al Kα source in 
a scan area of 300 × 300 µm2. Charging effect was calibrated by using 
standard carbon (C) 1 s peak at 284.8 eV. Confocal Raman measurements 
were carried out using a Horiba LabRAM HR Evolution Nano system at 
an excitation wavelength of 532  nm and with laser power < 1  mW in 
ambient conditions. KPFM measured were performed using the same 
system in frequency modulation (FM-KPFM) mode with gold coated Si 
cantilevers. Freshly cleaved HOPG surface was used to calibrate the WF 
of the cantilever.

Doping of PdSe2 Devices: A reduced BV solution was synthesized 
and extracted from a biphasic solution of toluene and benzyl viologen 
dichloride (Sigma-Aldrich) dissolved in water as described by Kim 
et  al.[20] The substrate with patterned PdSe2 devices was exposed to 
BV by either drop-casting or by immersing in BV solution for doping, 
the amount doping was monitored up to 12 h. For heterostructure 
fabrication, doped and undoped regions of the same PdSe2 channel was 
obtained by covering half of the PdSe2 channel with a PMMA/Au mask 
and then immersing the substrate in BV solution for 30 min.
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