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Mlynská dolina F2, 842 48, Bratislava, Slov
dIOM-CNR, Laboratorio TASC, S.S. 14 km 1

Cite this: RSC Adv., 2021, 11, 27292

Received 10th June 2021
Accepted 3rd August 2021

DOI: 10.1039/d1ra04507e

rsc.li/rsc-advances

27292 | RSC Adv., 2021, 11, 27292–27
e carrier mobility in few-layer
PtSe2 films by Se : Pt ratio
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Recently, few-layer PtSe2 films have attracted significant attention due to their properties and promising

applications in high-speed electronics, spintronics and optoelectronics. Until now, the transport

properties of this material have not reached the theoretically predicted values, especially with regard to

carrier mobility. In addition, it is not yet known which growth parameters (if any) can experimentally

affect the carrier mobility value. This work presents the fabrication of horizontally aligned PtSe2 films

using one-zone selenization of pre-deposited platinum layers. We have identified the Se : Pt ratio as

a parameter controlling the charge carrier mobility in the thin films. The mobility increases more than

twice as the ratio changes in a narrow interval around a value of 2. A simultaneous reduction of the

carrier concentration suggests that ionized impurity scattering is responsible for the observed mobility

behaviour. This significant finding may help to better understand the transport properties of few-layer

PtSe2 films.
Any material used in high-speed electronics needs to full basic
requirements, including a high current on/off switch ratio and
high charge carrier mobility for fast operation.1 Layered 2D
transition metal dichalcogenide (TMDC) materials with tune-
able band gap and transitional behaviour have considerable
potential in this area.2 TMDCs contain over 40 combinations of
transition metal and chalcogenides.3 Platinum diselenide
(PtSe2) belongs to a group of noble-TMDCs, which naturally
occurs in the 1T phase.4 PtSe2 has been predicted as an excep-
tional material, and in addition, experiments proved its
outstanding properties, such as widely tuneable band gap, air
stability and high carrier mobility. Single-layer to few-layer PtSe2
is a p-type semiconductor, thicker or bulk PtSe2 shows a semi-
metallic character.5,6 It has been conrmed, that PtSe2 also
has optoelectronic performance7 and photocatalytic activities.5,6

This extends its possible applications in photodetection8 or
quick-response gas sensing.9,10 Avsar et al.11 showed that atomic-
scale defects could transform non-magnetic 2D crystals into
magnetic phases. Using rst-principles calculations they
suggest that a platinum vacancy defect yields antiferro- (ferro-)
magnetic ordering in mono- (bi-) layer PtSe2. For all the
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applications mentioned above, high quality and large-area PtSe2
lms are necessary.

Several possible fabrication methods of monolayer and few-
layer PtSe2 have been developed. Yan et al. usedmolecular beam
epitaxy to create high-quality epitaxial thin PtSe2 lms with
a controllable thickness.12 This method is outstanding for
creating large-size single-crystalline lms on various substrates.
On the other hand, this method is less suitable for large-scale
device fabrication. Chemical vapour deposition13,14 and direct
selenization of thin platinum lms (also called thermally
assisted conversion-TAC)6,15 are extensively used to fabricate
PtSe2 lms on the nanometres thickness range. This method is
suitable for preparing large-area lms. However, nanocrystals
are oriented randomly, yet no long-range ordering within the
layer has been experimentally achieved. This is one of the
limiting factors for much lower charge carrier mobility than it
was predicted.

As we have already mentioned above, PtSe2 is a promising
material for application in electronics. The charge carrier
mobility of PtSe2 has been predicted to be one of the highest
among TMDCs.16 However, the experimentally measured carrier
mobility of PtSe2 is much lower than the theoretically predicted
value.2 The mobility strongly depends on the scattering
phenomena within the material. Intrinsic mobility is deter-
mined by scattering caused by lattice vibrations.1 For 2D
materials in general, several factors including charge impurity,
structural defects or surface optical phonons scattering, domi-
nate the charge transport.17,18 For example, point defects typi-
cally lower the carrier mobility or degrade mechanical
© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties of 2D materials.19 Fabrication method also strongly
inuences the lm quality as well as charge carrier mobility
values. The highest values were obtained on PtSe2 akes peeled
off from bulk crystals using a scotch tape-based mechanical
exfoliation. Zhao et al.16 fabricated a few-layer device on SiO2/Si
substrate exhibiting a semiconducting behaviour with high
room-temperature electronmobility (210 cm2 V�1 s�1) in a back-
gated conguration. Xu et al.20 demonstrated the controllable
doping in PtSe2 few-layer lms prepared by selenization.
Depending on the growth conditions, they fabricated both n-
type and p-type PtSe2 lms of various thicknesses.20 The lms
showed FET mobility of 14 and 15 cm2 V�1 s�1 for p-type and n-
type FETs, respectively. Selenization of pre-deposited platinum
layers leads to PtSe2 lms exhibiting p-type semiconducting
behaviour with hole mobility values up to 13 cm2 V�1 s�1.21

However, aer the fabrication of FET structure, the eld effect
mobility decrease to 0.3 cm2 V�1 s�1.

This paper presents the fabrication of few-layer PtSe2 lms by
one-zone selenization of a pre-deposited platinum layer. We
studied how nitrogen ow during the selenization process affects
the chemical composition, structural, and electrical transport
properties of the nal PtSe2 lms. In contrast, the temperature,
heating rate, selenization time, and initial thickness of Pt pre-
deposited layers were constant. To analyse the structural and
chemical properties of prepared PtSe2 lms we used the combi-
nation of X-ray photoelectron spectroscopy (XPS), X-ray diffrac-
tion (XRD) and Raman spectroscopy. The charge carrier mobility
of the samples was determined from the Hall-effect measure-
ment. We found a correlation between the selenium concentra-
tion in the sample and its carrier mobility. The charge carrier
mobility values scale linearly with Se : Pt ratio close to 2.
Experimental
PtSe2 fabrication

PtSe2 thin lms were prepared by a two-step method on the top of
the c-plane (0001) sapphire substrate. The substrate dimensions
were 10 � 10 mm2. At rst, Pt lms were prepared using DC
magnetron sputtering in Ar atmosphere (10�3 mbar) from a plat-
inum target at room temperature. The DC power and emission
current were set to 580W and 0.18 A, respectively. The thickness of
the as-prepared Pt lms was set by the rotation speed of a sample
holder. Further, the pre-deposited Pt layers were selenized in
a custom-designed CVD chamber.22 The substrate and Se powder
are placed in the same position in the center of the furnace. The
temperature of the substrate and powder is the same during the
growth.23,24 This is in contrast to the standard CVDmethod, where
the reaction takes place in a two-zone furnace with selenium
powder and Pt substrate heated at different temperatures.
Annealing temperature (550 �C), annealing time (30 min) and
heating rate (25 �Cmin�1) stay unchanged while the nitrogen ow
rate ranged from 20 to 350 sccm.
Characterization

Raman. Raman measurements were performed in a confocal
Raman microscope (Alpha 300R, WiTec, Germany). An
© 2021 The Author(s). Published by the Royal Society of Chemistry
excitation laser with a 532 nm wavelength and a laser power as
low as 1 mWwas used to avoid any beam damage. The scattered
Raman signal was collected by a 50� (NA ¼ 0.8) microscope
objective and detected by a Peltier-cooled EMCCD camera. For
dispersing the Raman spectra, a blazed grating with 1800
grooves per mm was employed. The spectral resolution of the
entire Raman system is about 0.75 cm�1. The Raman spectra
were acquired at ambient conditions.

XPS. Synchrotron radiation photoelectron spectroscopy was
performed using the BACH beamline at the Elettra synchrotron
in Trieste, Italy. The beamline was equipped with a Scienta
R3000 hemispherical analyser at an angle of 60� respective to
the X-ray incidence direction. The spectra were recorded in
a normal emission geometry, with light linearly polarized in the
horizontal plane. The core-level spectra were measured at
a photon energy of 1200 eV with a total instrumental resolution
of 0.5 eV. Binding energies were calibrated to Au 4f7/2 peak (84.0
eV) measured on a clean gold reference. Pt 4f and Se 3d core
levels were decomposed into their spectral components using
Voigt line shapes and a Shirley-type background. To calculate
the atomic concentrations, the areas of photoemission peaks
were corrected for the photoionization cross-sections,25,26

inelastic mean free paths determined by TPP-2M formula, and
analyser transmission function.27 The samples were degassed in
vacuum at a temperature of 250 �C for 10 minutes before the
measurements.

Structural analyses. The structural analysis of PtSe2 layers
was performed with a diffractometer Bruker D8 DISCOVER. The
diffractometer was equipped with a rotating anode (CuKa)
working at the power of 12 kW. X-ray diffraction (XRD) in
a symmetrical q/2q conguration was used to study the crystal
structure of the thin lms. X-ray reectivity (XRR) was used to
determine the thickness of PtSe2 layers. The crystallographic
orientation and the lm texture were studied by an azimuthal
(4-scan) measurement.

Electrical characterization. The Hall coefficient and the
resistivity were measured by the van der Pauw (vdP) method.
The charge carrier mobility was then calculated from these
quantities. The measurement conguration consists of: (i) an
electromagnet to set the magnetic eld up to 1T by a high power
source, (ii) a current source Keithley 2400 to set and hold the
current on a constant value, and (iii) a multimeter Keithley 2700
to measure the resistance and Hall voltage. Indium contacts
were used.

Results and discussion

A series of PtSe2 few-layer lms were prepared using seleniza-
tion of 1 nm thick platinum layer on a c-plane sapphire
substrate. Annealing temperature, time, and heating rate were
similar for all experiments while the nitrogen ow rate varied
from 20 up to 350 sccm. The crystal structure of as-prepared
PtSe2 lms was determined by XRD measurements in
a symmetrical q/2q conguration (Fig. 1(a)). Only a 001 diffrac-
tion of the hexagonal 1T PtSe2 phase was visible in the pattern,
meaning the layers are aligned horizontally with the c-axis
perpendicular to the substrate. The presence of the Laue
RSC Adv., 2021, 11, 27292–27297 | 27293
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Fig. 1 (a) Typical XRD pattern of PtSe2 film prepared by selenization of 1 nm thick Pt layer at 550 �C during 30 min. (b) Typical XRR spectra of
PtSe2 film prepared by selenization of 1 nm thick Pt layer at 550 �C during 30 min. (c) Corresponding 4-scan of 101 diffraction of PtSe2 and 104
diffraction of sapphire.

Fig. 2 Normalized Raman spectra of PtSe2 films prepared by seleni-
zation of 1 nm thick Pt layer at 550 �C during 30 min with different
nitrogen flow rates.
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oscillations on both sides of the dominant 001 diffraction
proves the high crystallinity and homogenous thickness of the
lms. There was no signicant difference between patterns
using various N2 ow rates. The thickness of as-prepared lms
was calculated from Laue oscillations and from X-ray reectivity
measurements (Fig. 1(b)) using DIFFRAC.LEPTOS soware.22 All
the lms have a similar thickness (4� 0.5 nm) corresponding to
8 � 1 monolayers of PtSe2.28 Azimuthal (4-scan) measurements
of 101 diffraction of PtSe2 and 104 diffraction of sapphire
Table 1 Electrical properties of PtSe2 films prepared by selenization of 1
rates

Nitrogen ow
rate (sccm)

Hall mobility
m (cm2 V�1 s�1)

Concentration of
carriers (cm�2)

20 20.3 1.1884 � 1014

50 14 1.7468 � 1014

100 15.4 1.4144 � 1014

150 23.19 8.30 � 1013

200 18.1 1.4761 � 1014

250 27.1 1.0739 � 1014

267 24.4 6.72 � 1013

350 10.8 3.5220 � 1014

27294 | RSC Adv., 2021, 11, 27292–27297
revealed the in-plane crystallographic orientation of the lms
(Fig. 1(c)). The presence of recognizable maxima indicates that
the layers tend to grow epitaxially. However, the maxima are
broad suggesting that the in-plane disorder is still present in the
sample. Compared with our previous work,22 peaks have rela-
tively low intensity due to the small sample thickness. The
orientation of the layers on the substrate reects the relative
position of the diffraction maxima in the 4-scans of sapphire
(black curve in Fig. 1(b)) and PtSe2. From these positions, we
can conclude that the hexagonal lattice of PtSe2 is rotated by 30�

with respect to the substrate lattice.
Fig. 2 shows Raman spectra of PtSe2 lms prepared at 550

�C/30 min using different nitrogen ow rates. The vibration
modes belonging to PtSe2 are visible in spectra, concretely Eg

mode, which occurs at around 175 cm�1 and the A1g mode at
approximately 207 cm�1. The spectra are normalized to the Eg

line intensity. The A1g/Eg intensity ratio increases as the number
of PtSe2 layers increases.29 Since no systematic changes were
observed in the A1g/Eg ratio, the nitrogen ow rate does not have
any noticeable impact on the thickness of the resulting PtSe2
lms. The broad and less intense band at around 230 cm�1 is
assigned to an overlap between two longitudinal optical
modes.29 The shape of the band reects the thickness of the
PtSe2 layer and does not change with the nitrogen ow, con-
rming the conclusion drawn from the A1g/Eg intensity ratio.

The electrical measurements were performed on as-prepared
lms without patterning. The indium contacts were cold
pressed into the corners of a sample. The Hall coefficient and
nm thick Pt layer at 550 �C during 30 min with different nitrogen flow

charge
Hall constant (cm2/As)

Se : Pt
ratio (1200 eV)

5.2522 � 104 2
3.5731 � 104 1.971
4.4130 � 104 1.979
7.50 � 104 2.002
4.2283 � 104 1.988
5.8122 � 104 2.035
9.29 � 104 2.015
1.7722 � 104 1.971

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Typical XPS spectra of PtSe2 films prepared by selenization of
1 nm thick Pt layer at 550 �C during 30 min.

Fig. 4 Se : Pt ratio vs. charge carrier mobility and carrier concentra-
tion of PtSe2 films prepared by selenization of 1 nm thick Pt layer at
550 �C during 30 min with different N2 flow rate. The solid lines are
a linear fits to the experimental values. Error bars represent uncertainty
in XPS peak background removal.
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the resistivity of the PtSe2 samples weremeasured by the van der
Pauw (vdP) method. At rst, conductivity (s) measurements
were performed in vdP conguration. From the measurements
in the magnetic eld, we estimated the Hall coefficient RH and
charge carrier concentration. The charge carrier mobility mH

was aerwards calculated from these quantities as mH ¼ (RH �
s). The polarity of Hall the coefficient determines the type of
conductivity. For all as-prepared PtSe2 lms showed p-type
conductivity. The calculated charge carrier mobility values
range from 10.8 to 27.1 cm2 V�1 s�1 (Table 1) for the lms
prepared with different N2 ow rates.

Results from the Hall measurements listed in Table 1 show
no clear correlation between the nitrogen ow rate and carrier
mobility. Next, we performed synchrotron-radiation XPS
measurements with a photon energy of 1200 eV to estimate the
lms' chemical composition. Fig. 3 shows typical Pt 4f and Se 3d
spectra of the lms prepared at 550 �C/30 min. The binding
energies of themain peaks, 73.07� 0.05 eV for Pt 4f7/2 and 54.40
� 0.03 eV for Se 3d5/2, are in good agreement with the reported
values for PtSe2.29,30 We found the Se : Pt ratio to be 2.1� 0.2. To
reduce the uncertainty originating from the cross-sections,27,31

the Se : Pt atomic ratios were re-scaled to the value obtained for
the sample prepared at the lowest nitrogen ow rate. The
calculated values are shown in Table 1.

We can see from the table that the charge carrier mobility
values are different for different Se : Pt ratio. Xu et al.20 studied
the inuence of the growth parameters on the electronic prop-
erties of PtSe2 lms. They showed that the slow cool-down
© 2021 The Author(s). Published by the Royal Society of Chemistry
process with a continuous supply of Se precursor enables
a complete (over) selenization. Se vacancies can be lled at high
temperature in such a process, which resulted in p-type mobility
with Se : Pt ratio of about 2.45. On the other hand, the seleni-
zation process ends quickly for rapid cooling as the temperature
rapidly drops down. For this process, they obtained n-type PtSe2
with Se : Pt ratio of about 1.96. However, the eld effect mobility
values were almost the same for both types of the lms (14 and
15 cm2 V�1 s�1 for p-type and n-type FETs, respectively). In
contrast, the use of the different N2 ow rates did not signi-
cantly change the Se : Pt as in the above-mentionedmethod. For
our lms, Se : Pt ranged from 1.97 to 2.03. In all the samples
presented here, holes are dominating charge carriers.

When we analysed the values of the charge carrier mobility,
Se : Pt ratio and the N2 ow rate, no convincing dependence can
be deduced from Table 1. However, we found a correlation
between Se : Pt ratio and the charge carrier mobility and charge
carrier concentration. Fig. 4 demonstrates the dependence of
carrier mobility and concentration on the Se : Pt ratio. The
mobility had increased more than twice when Se : Pt increased
in a relatively narrow range from 1.97 to 2.03. In contrast, the
charge carrier concentration decreases as the Se : Pt is growing.
Thus, mobility increases when the carrier concentration gets
reduced. Such mobility vs. concentration relationship is due to
the scattering of mobile charge carriers on ionized impurities.
The smaller the concentration, the larger the scattering time
and, consequently, carrier mobility.32
Conclusions

In conclusion, we report on the chemical, structural and elec-
trical transport properties of few-layer PtSe2 lms grown on a c-
plane sapphire substrate using selenization of pre-deposited
platinum layers. The nitrogen ow rate was the only param-
eter changed during PtSe2 growth. Other parameters such as Pt
thickness, heating rate, annealing temperature, and process
time, stayed unchanged. The structural characteristics and the
RSC Adv., 2021, 11, 27292–27297 | 27295
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thickness of the lms show no sensitivity to the nitrogen ow
rate. Similarly, the charge carrier mobility also reveals no
convincing dependence on the ow rate, although it ranges
from 10.8 up to 27.1 cm2 V�1 s�1. On the other hand, we found
a clear correlation between carrier mobility and Se : Pt ratio in
the lms. The charge carrier mobility increases with increasing
Se : Pt ratio. At the same time, the carrier concentration
decreases, meaning the ionized impurity scattering is likely
responsible for the observed mobility vs. Se : Pt dependence.
We may conclude that even though the nitrogen ow rate does
not appear to control the structural and transport properties of
as-grown lms directly, we have identied the Se : Pt ratio as
a parameter that controls the charge carrier mobility.
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