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Many interesting phenomena and unique properties 
given by reduced dimensions make 2D materials very 
attractive recently [1, 2]. These 2D materials include 
graphene [3], black phosphorus [4] and TMDs, 
among which TMDs show promising application in 
optoelectronic and photonic devices (such as, solar 
cell, sensor, and photodetector) due to the tunable 
bandgap, high carrier mobility and large optical 
absorption [6–9]. For manipulating the application of 
these 2D materials, there has been much research on 
the optical and electronic properties of TMDs [10, 11]. 
These works mainly focused on the classic TMDs with 
2H-phase, such as MoS2 and WSe2 et al [10, 11].

Platinum diselenide (PtSe2) is a group-10 TMD 
with 1T-phase. Many methods are employed to syn-
thesize PtSe2, such as direct selenization of Pt film, 
thermally assisted conversion (TAC) and chemi-
cal vapor deposition (CVD) [12–14]. The strong  
interlayer interaction and intrinsic quantum confine-
ment effect make the bandgap of PtSe2 greatly tunable, 

leading to a type-II Dirac semimetal-to-semiconduc-
tor transition when going from bulk to few-layer form 
and exhibiting a biggest bandgap of ~1.2 eV for mono-
layer (ML) PtSe2 (from theoretical prediction) [14, 
15]. Furthermore, the bandgap of PtSe2 can be modu-
lated by applying different types of strain [16]. Among 
the studied TMDs, the carrier mobility of ML PtSe2 
is the highest and comparable to that of black phos-
phorus [17]. In addition, the Raman spectrum [18] 
and absorption spectrum [19] of PtSe2 show strong 
dependence on the thickness. The interesting proper-
ties render it be a top-priority candidate for functional 
material in transistors, photodetectors, optical sensors, 
chemiresistors and photocatalysts [12, 14, 15]. Manip-
ulating the application of PtSe2 in optoelectronic and 
photonic fields requires an accurate description of 
their optical response. Thus, it is necessary to know the 
optical constants (i.e. refractive index n and extinction 
coefficient k) of PtSe2 and how the values vary with the 
thickness. Moreover, the k spectrum is a macroscopic 
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Abstract
PtSe2, an emerging 2D group-10 transition metal dichalcogenide (TMD), has aroused significant 
attention recently due to its intriguing physical properties. Here, the optical properties of 
chemical vapor deposition-grown PtSe2 films with different thicknesses were characterized with 
nondestructive spectroscopic ellipsometry and Fourier transform infrared spectroscopy. The 
polarized optical microscopy reveals the isotropic in-plane optical response of the continuous PtSe2 
films in a scale size of at least as small as 143  ×  108 µm2. The electrical transport characterization 
and UV-mid infrared absorption spectra reveal the coexistence of both semiconducting and metallic 
contents in these PtSe2 films, making PtSe2 quite different among the 2D material family. The 
effective refractive index (n) and the extinction coefficient (k) over a spectra range of 360–1700 nm 
were obtained. In contrast to other TMDs, the values of n and k of PtSe2 were found to have a 
strong dependence on the thickness and they decrease as the reduction of thickness. This work is 
conducive to provide vital parameters for further study on PtSe2 and could facilitate its application in 
optoelectronic devices.
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fingerprint of elementary excitations (such as, inter-
band transition, plasmons). However, the optical con-
stants of PtSe2 have not yet been studied before.

To obtain the intrinsic optical properties of the 
materials, it is imperative to find a nondestructive 
measuring method. Spectroscopic ellipsometry (SE) is 
a sensitive (~0.1 Å) technique to characterize 2D mat-
erials [10, 11, 20, 21]. Ellipsometers employ light as a 
measurement probe, which is easy to perform and has 
no destructive effect on the sample. The data acquired 
from the SE are the amplitude ratio (ψ) and phase dif-
ference (∆) between p- and s-polarized waves of the 
reflected light, which are defined by

ρ = tan(ψ) exp(i∆) = rp/rs =

Å
Erp

Eip

ã
/

Å
Ers

Eis

ã
 (1)

where rp and rs are the reflection coefficients for the p- 
and s-polarized lights, respectively. With the measured 
ψ and ∆, the curves of wavelength-dependent optical 
constants (n, k) and the thickness (d) of the sample can 
be extracted precisely. Further, some other vital optical 
properties of the sample, such as absorption coefficient 
and bandgap can be derived [22]. SE could be used for 
measuring both dielectric films and metal films [23].

In this work, we present a systematic study on the 
optical properties of thin CVD-grown PtSe2 films in 
the thickness range from about 2.0 nm up to 7.8 nm. 
The isotropic optical response was verified by polar-
ized optical microscopy for these PtSe2 continuous 
films. Both the electrical transport characterization 
and the UV-mid infrared optical absorption spectra 
suggest that there are both semiconducting and metal-
lic contents in each PtSe2 film. The optical constants in 
a large spectral range of 360–1700 nm were extracted 
from ellipsometer measurements for these PtSe2 films.

The PtSe2 thin films were grown by CVD tech-
nology on sapphire substrates (~1  ×  1  ×  0.03 cm3, 
6Carbon Technology, Shenzhen). The detailed growth 
process is presented in the supplementary material 
(stacks.iop.org/TDM/6/035011/mmedia). Six PtSe2 
thin films with different thicknesses, which were con-
trolled via deposition time, were measured and labeled 
as samples A–F (figure 1 and table 1). As the film thick-
ness increases, the color of the film tends to be darker 
(figure 1(a)). The optical microscopy image (under 
10  ×  objective) of sample B is illustrated in figure 1(b), 
which indicates that the film is uniform in a large scale 
size. The layer thickness and surface topography of the 
PtSe2 samples were measured by atomic force micros-
copy (AFM). Figure 1(c) presents the AFM image of 
sample B, and the film thickness is determined to be 
~3.3 nm. The optical microscopy and AFM images of 
other samples are presented in figure S1 of the supple-
mentary material. The film thicknesses measured from 
AFM are listed in table 1.

Raman spectra of PtSe2 films are illustrated in 
figure 1(d). Two prominent peaks can be found at 
~177 cm−1 and ~206 cm−1, corresponding to the in-
plane Eg and out-of-plane A1g vibrational modes of 

Se atom, respectively [17]. As the thickness increases, 
the intensities of both modes increase up to 6.1 nm-
thickness and then decrease for 7.8 nm sample. Similar 
dependence of Raman intensity on film thickness had 
been observed in graphene, MoS2 and WS2 and it is pri-
marily ascribed to the optical interference of the exci-
tation laser and the excited Raman radiation [24–26].

To obtain their chemical state, the PtSe2 films were 
monitored by x-ray photoemission spectroscopy 
(XPS). The Pt 4f spectrum shown in figure 1(e) can be 
de-convoluted into two contributions: (1) The main 
peaks at 73.2 eV and 76.5 eV are attributed to Pt 4f7/2 
and Pt 4f5/2 associated with PtSe2, respectively [27]; (2) 
Another one at 74.1 eV is attributed to Al 2p of the sap-
phire substrate [28]. Besides, the Se 3d peaks at 54.4 eV 
and 55.3 eV (figure 1(f)) reveal the characteristic sig-
nals of PtSe2. These characteristic peaks are consistent 
with those in [29]. In addition, the Se:Pt stoichiometric 
ratios could be extracted from the XPS analysis (table 
1). The results show the ratios of all the films are about 
2.2, indicating the p-type doping in these films.

The absorption spectra of the PtSe2 films were 
measured in the spectral range of 360–3300 nm. The 
spot size of incident beam was ~2  ×  2 mm2, analo-
gous to the spot size of the following SE measure-
ments. As shown in figure 2(a), two prominent peaks 
can be observed in these samples except sample A. The 
first peak around 450 nm is without obvious shift as 
the thickness increases; the second peak has an obvi-
ous redshift as the thickness increases. The absorption 
intensity after the second peak decreases as the wave-
length increasing from 800 to 2200 nm. The absorp-
tions in the range of 2200–3300 nm are non-zero and 
change gently with the wavelength. As the wavelength 
further increases to 3300 nm, unusual slight increases 
are observed in the absorption spectra for all the films 
(figure 2(b)), indicating the possible metallic behav-
ior in these PtSe2 films. As anticipated, pronounced 
absorption enhancement for thicker film could be 
observed for wavelength smaller than 1800 nm. For 
comparison, we also measured the absorption spec-
trum of a 5.1 nm-thick Au film (see figure S2 in the 
supplementary material), which is close to the percola-
tion threshold at about 5 nm. As shown in the inset of 
figure 2(a), there is obvious optical absorption in the 
infrared region in the Au-film, but the optical absorp-
tion of Au-film does not prominently increase with the 
wavelength and could not be described by the Drude 
model, which is due to the fact that the thickness of 
Au film is close to the percolation threshold [30]. The 
wavelength dependence of the infrared optical absorp-
tion is nearly similar in these PtSe2 and Au films, sug-
gesting the possible metallic content in each PtSe2 film. 
It is noted that the measurements at different positions 
did not give rise to visible variation in these absorption 
spectra, confirming the good uniformity of these films.

Further analysis of the phases from the absorp-
tion spectra is limited by the maximum detectable 
wavelength of the spectrophotometer. In order to 
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ascertain the phases and electronic behavior in these 
PtSe2 films, electrical transport characterizations 
were performed on the transistors implemented in 
our samples. Figure 3 shows the drain current IDS as 
a function of the applied gate voltage Vg. The con-
ductance could be varied by the gate voltage. With 
decreasing the thickness, stronger gate modulation 
could be obtained. All results suggest that the devices 
show a p-type doped semiconductor behavior with 
an obvious current modulation by the gate volt-
age, indicating that there is a semiconducting phase 
in these multilayer PtSe2 films. It is noted that these 
results are consistent with the Se:Pt stoichiometric 
ratios extracted from XPS.

To ascertain whether there is optical anisotropy 
in the 2D surface of these CVD grown PtSe2 films 
which are expected to have randomly oriented grains, 
we took two kinds of optical measurements. The first 
method is polarized optical microscopy imaging. The 
detailed diagram of setup is shown in figure S3 of the 
supplementary material. The analyzed area was about 
143  ×  108 µm2, smaller than the counterpart of SE. A 
CCD camera was used to capture the angle-dependent 
optical images. We extracted the intensity of three 
channels of red, green, blue (RGB) and the total inten-
sity (0.299R  +  0.587G  +  0.114B) at different rotation 
angles [31]. It could be seen from figure 4(a) that the 
optical intensity has no obvious change with the rota-
tion angle. In figure 4(b), the reflected light intensi-
ties of RGB channels and the total intensity maintain 
almost invariable with the rotation angle, which indi-
cates the optical isotropy of the PtSe2 films [5, 32]. 
Results of other samples are shown in figure S4 of the 
supplementary material. Therefore, we conclude that 
the in-plane optical response of the PtSe2 film is iso-
tropic for analyzed area as small as 143  ×  108 µm2. 
Another method we adopted is polarization-depend-
ent optical absorption measurement, which suggests 
the in-plane isotropic optical absorption in PtSe2 films 
(figure S5 of the supplementary material). In addi-
tion, the transmissions of focused femtosecond pulses 

Figure 1. (a) Photographs of PtSe2 samples with increasing thickness. (b) Optical microscopy image with a bar of 40 µm and 
(c) AFM image of sample B, the inset shows the thickness of ~3.3 nm. (d) Raman spectra with an excitation wavelength of 514 nm. 
(e) and (f) XPS spectra of Pt 4f and Se 3d regions of PtSe2. The black circle is the experimental data, the lines are the processed single 
peak, the red curves are the results of XPS peak analysis.

Table 1. Growth time of the samples and the corresponding 
thickness determined by AFM and SE, as well as the Se:Pt 
stoichiometric ratios.

Growth 

time

Thickness 

(by AFM)

Thickness 

(by SE) nSe/nPt

Sample A 5 min 2.0 nm 2.0 nm 2.23

Sample B 7 min 3.3 nm 3.6 nm 2.15

Sample C 10 min 4.4 nm 4.5 nm 2.17

Sample D 12 min 5.3 nm 5.6 nm 2.14

Sample E 15 min 6.1 nm 6.0 nm 2.11

Sample F 20 min 7.8 nm 8.0 nm 2.19

2D Mater. 6 (2019) 035011
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(beam waist radius of ~33 µm for 800 nm, and ~14 
µm for 400 nm) are polarization independent (not 
shown here). The isotropic optical response of PtSe2 
film is attributed to that the CVD-grown 2D materials 

are polycrystalline [27], and the size of single crystal 
domain is much smaller than the analyzed area used  
in our measurements. For polycrystalline mat-
erials and for the materials where the stoichiometry 

Figure 2. (a) Absorption spectra of samples A–F and the sapphire substrate. The inset shows the absorption spectrum of the 5.1 nm-
thick Au film fabricated by magnetron sputtering. (b) The enlargement of (a). The oscillations in these curves in the infrared region 
are from the interference effects caused by the substrate.

Figure 3. (a)–(f) ID–Vg curves recorded for samples A–F respectively, showing p-type semiconducting behavior.

Figure 4. (a) Optical microscopic images of sample D at different rotation angles. (b) The intensities of RGB channels and the total 
intensity as a function of rotation angle.

2D Mater. 6 (2019) 035011
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or  bandgap/structure may vary with the process of 
growth (such as growth time), the optical constants 
may be different from their crystal forms and should 
be specifically determined [23]. Thus, it is inferred that 
the optical constants of these PtSe2 films would be dif-
ferent and the determination of the optical constants 
for each film is of importance.

To determine the effective optical constants of the 
PtSe2 films, the SE measurements were performed by 
using an ellipsometer (Accurion EP4) over a spectra 
range from 360 nm to 1700 nm with a step size of 5 nm 
and at an incidence angle of 50°. The analyzed area of 
our ellipsometer was 200  ×  200 µm2. The experimental 
setup was similar to the imaging ellipsometer setup used 
by Wurstbauer et al [33, 34]. The detailed SE measure-
ments of the PtSe2 films are shown in the supplemen-
tary material. In the SE measurements, we concerned 
the polarization state changes of reflected light, and 
the ellipsometric parameters ∆ and ψ can be extracted 
directly from SE. Four-zone measurement method was 
applied to minimize measurement errors [33]. The 
reflected light from the back surface of the sapphire sub-
strate was shielded by a blade, and the influence of the 
scattered light was so little that it could be ignored. The 
optical constants of the sapphire substrate were meas-
ured by SE in the same condition. In the experimental 
configuration, only the in-plane optical properties and 
parameters were probed since the out-of-plane opti-
cal response was hindered by the extremely short path 
length of the light through these PtSe2 thin films [36].

We can derive the optical constants and thicknesses 
of the PtSe2 films by analyzing the phase and amplitude 
changes of the reflected light from the sample surface. 
The measured ψ and ∆ of the PtSe2 films are depicted 
in figure 5. Clearly, ψ and ∆ spectra of the PtSe2 films 
show a strong dependence on the film thickness. With 
the precisely measured ψ and ∆, we developed an 
optical model consisting of sapphire substrate/PtSe2 
film/air ambient structure and applied the Fresnel 
equations to extract the optical constants of the PtSe2 
films. The thickness of sapphire substrate could be 
considered to be infinite, and the PtSe2 thickness was 
assumed to be unknown. The spectra of ψ and ∆ were 
fitted by the appendant data processing software of the 
ellipsometer, further obtaining the spectra of n and k 
from fitting. To evaluate the goodness of fit, the root 
mean square error (RMSE) is defined by

RMSE =

…
1

N − P + 1
χ2. (2)

The RMSE should be close to one for an ideal fit. A 
superimposed line shape (Lorentz  +  Tauc-Lorentz 
(T-L)  +  eps) was used in the fits to extract the n and k, 
therein Lorentz and T-L oscillators described the shape 
of the curves whereas eps was used to shift the curves 
up and down. Another superimposed line shape 
(Lorentz  +  Tauc-Lorentz (T-L)  +  Drude  +  eps) 
had been tried. However, the extracted results had 
no obvious change but fairly big error emerged (see 
tables S2, S3 and figure S7 of the supplementary 

Figure 5. Wavelength-dependent (a) ψ and (b) ∆ of substrate and PtSe2 films. Experimental and fitted (c) ψ and (d) ∆ of sample B.

2D Mater. 6 (2019) 035011
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material). The parameters were obtained from fitting 
when the RMSE was minimum. The comparisons 
of ψ and ∆ between experiment and fit are depicted 
in figures 5(c) and (d) for sample B, showing good 
agreement between experiment and fitting. Moreover, 
the real and imaginary parts of the complex dielectric 
function (ε = ε1 + iε2) can be extracted from the fits. 
The results of other samples are presented in figure S6 
of the supplementary material, and more information 
about the fits can be found there.

The film thicknesses extracted from SE fits are 
in good agreement with those determined by AFM 
(table 1). Figure 6 illustrates the dependence of the 
extracted n, k, ε1 and ε2 on the wavelength for PtSe2 
films. We find a strong correlation between the value 
of n and the thickness. That is, the thicker the sample 
is, the larger the n value is, which is more obvious in the 
long wavelength region. In addition, with the increase 
of wavelength, the n value first increases sharply and 
then decreases slowly to a certain value. The peak 
shows a distinct redshift as the thickness increases. 
There are two dominant peaks in the k spectra of these 
films except A (figure 6(b)), and they get closer as the 
thickness decreases. In all cases, as the wavelength 
increases, the value of k has no obvious change in the 
short wavelength region and decreases sharply in the 
region of 600–1200 nm, and then approaches to a con-
stant value. Furthermore, the value of k increases with 
the thickness. In figures 6(c) and (d), there is an almost 

identical trend between ε1 and n. A distinct peak can be 
found in the ε2 plot and it shows obvious redshift for 
thicker films. By comparing the results in figures 2(a) 
and 6(b), we found that the trends of k are almost simi-
lar to the absorption spectra, thus, providing comple-
mentary validation for the values. The reserved extinc-
tion coefficient for wavelength larger than 1400 nm 
could not be from the excess Se component, since the 
k value of Selenium is zero for wavelength larger than 
800 nm [35]. So, the large k value should merely origin 
from the PtSe2.

Furthermore, we calculated the nominal optical 
bandgap on the basis of the absorption coefficient α 
from absorption spectra (figure 2). The photon energy 
is related to absorption coefficient α by

α =
K(hv − Eg)

m

hv
 (3)

where K is a constant, hν is the incident photon 
energy, m is a number that characterizes the bandgap 
transition process. m gets a value of 1/2 for direct 
transition and 2 for indirect transition [10, 11]. Since 
PtSe2 is considered to be indirect bandgap material 
[15, 37], we have m = 2. Equation (3) can be expressed 
as

K−1/2(αhv)1/2
= hv − Eg . (4)

As indicated in equation (4), when (αhv)1/2
= 0, we 

have hv = Eg . So, the optical bandgap can be extracted 

Figure 6. Extracted spectra of (a) n, (b) k, (c) ε1 and (d) ε2 of the PtSe2 with different thicknesses.

2D Mater. 6 (2019) 035011
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by extending the tangent line of the linearity region 

of a (αhv)1/2 versus hv  plot to (αhν)1/2
= 0, then the 

abscissa of the intersection point can be considered 

as the magnitude of the bandgap. (αhν)1/2 versus hv  
plot of sample F is displayed in figure 7(a), indicating 

that the nominal bandgap of 7.8 nm-thick PtSe2 

is ~0.48 eV. Additional (αhν)1/2 versus hv  plots 
for other samples are presented in figure S8 of the 
supplementary material. The thickness-dependent 
bandgap of our PtSe2 films is shown in figure 7(b). 
The obtained nominal optical bandgap locates in the 
range from 1614 nm to 2590 nm (i.e. 0.77–0.48 eV). 
However, for each PtSe2 film, we could observe weak 
optical absorption for light with photon energy much 
smaller than the bandgap. It means that the extracted 
bandgaps are invalid and these PtSe2 films are not pure 
semiconductor, i.e. metallic PtSe2 contents should exist 
in these PtSe2 films. In addition, we have tried to fit 
another linearity region of the (αhv)1/2 versus hv  plot 
and the extracted bandgaps are negative, which are not 
valuable for semiconductor and further support the 
metallic content in each PtSe2 film (see figure S9 of the 
supplementary material).

To further confirm the non-pure semiconduct-
ing behavior, Fourier transform infrared spectro-
meter (FTIR)-based infrared spectroscopy is applied 
to obtain the absorption spectra in the near- and 
mid-infrared regions. The infrared spectroscopy was 
performed using a Bruker FTIR spectrometer (Ver-
tex 70) integrated with a Hyperion 2000 microscope. 
Figure 8 denotes the relative optical absorption spectra 
of 1 − T/T0, where T  and T0 are the optical transmis-
sion through the PtSe2 films on sapphire substrate and 
the sapphire substrate only, respectively. Clearly, weak 
infrared absorption could be still observed in these 
PtSe2 films at even as small as 0.24 eV (5.2 µm), and 
no optical resonances exist in the absorption spectra 
of these PtSe2 films. The observed unexpected weak 
infrared absorption features further confirm that these 
PtSe2 films are not pure semiconductor. As shown in 
figures 2 and 8, the infrared absorption of PtSe2 films 

is quite similar to that of Au films with thickness close 
to percolation threshold, where the Drude behavior 
was deviated for the metallic Au film. Based on former 
results from electrical transport and infrared spectra, 
it is concluded that there are both semiconducting 
and metallic contents in these PtSe2 films, the weak 
infrared absorption origins from the metallic content. 
Owing to the extremely small thickness for the metal-
lic contents in these PtSe2 films, we could not observe 
the increase of infrared absorption as the wavelength 
increasing [30]. In addition, each PtSe2 film exhibits a 
thickness-dependent infrared spectrum, which indi-
cates that the metallic content increases with the thick-
ness of PtSe2 film. So, the measured optical constants 
are the results of the interplay between semiconduct-
ing and metallic contents in these PtSe2 films. The large 
k in infrared region is mainly dominated by the metal-
lic content in the film.

Based on above results, we could not judge how the 
semiconducting content and metallic content com-
pose one PtSe2 film. Former reports on epitaxial gra-
phene show that the interaction between graphene and 
the substrate could alter the properties of graphene 
[38]. So, the observed mixed phase in PtSe2 would be a 
result of the interaction between the substrate and the 
PtSe2 layer via the strong coupling which results in the 
structure change for the PtSe2 layer close to substrate. 
Other experiments should be designed to demonstrate 
the feature of each content in a PtSe2 film, such as 
angle-resolved photoemission spectroscopy.

As shown above, there is a strong dependence of 
both n and k on the PtSe2 thickness in a large range 
(at least, 2–7.8 nm), which is not obvious in other 
TMDs (such as MoS2 and WSe2). Eichfeld et al shows 
that the optical constants of their metalorganic CVD 
grown WSe2 films do not have obvious dependence 
on the thickness ranging from 2 nm to 23 nm [10, 11]. 
The observed increase of n and k as the film thick-
ness increases may be due to the enhancement of the 
interlayer interaction (i.e. van der Waals force) with 
PtSe2 thickness. The two peaks in ψ spectra are corre-
sponded to the peaks in the k spectra and absorption 

Figure 7. (a) (αhν)1/2 versus hv  plot for sample F; (b) Thickness-dependent nominal bandgap of PtSe2 films.

2D Mater. 6 (2019) 035011
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spectra. The strong dependence of both n and k on the 
thickness greatly facilitates PtSe2 toward functional 
optoelectronic materials since the thickness supplies 
another degree of freedom for us to modulate optical 
constants and further to design optoelectronic devices. 
It’s worth mentioning that the variation tendencies 
of n and k with wavelength are similar to those of gra-
phene [39, 40]. This study filled the gaps in knowledge 
of the optical properties of 1T-phase TMDs, expedit-
ing the application of PtSe2 in optoelectronic devices.

In summary, the optical properties of CVD-grown 
continuous p-type doped PtSe2 films with thickness 
range from 2.0 nm to 7.8 nm were measured by non-
destructive SE, Fourier transform infrared spectr-
oscopy and polarized optical microscopy. The PtSe2 
films exhibit an in-plane optical isotropic response. 
These PtSe2 films have a mixed phase: both semicon-
ducting and metallic contents coexist in each film. As 
a result, near wavelength-independent weak infrared 
absorption could be observed in these PtSe2 films due 
to the presence of extremely thin metallic content in 
the film. The values of effective n and k extracted from 
SE increase as the film thickness increasing. The tun-
able optical constants are conducive to provide vital 
parameters for precise optical analysis and analog  
simulation, promoting future developments and 
applications of PtSe2.
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