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ABSTRACT: Thin films of transition-metal dichalcogenides are s P '
potential materials for optoelectronic applications. However, the R

application of these materials in practice requires knowledge of
their fundamental optical properties. Many existing methods
determine optical constants using predefined models. Here, a
different approach was used. We determine the sheet conductance
and absorption coeflicient of few-layer PtSe, in the infrared and
UV—vis ranges without recourse to any particular model for the
optical constants. PtSe, samples with a thickness of about 3—4
layers were prepared by selenization of 0.5 nm thick platinum films
on sapphire substrates at different temperatures. Differential
reflectance was extracted from transmittance and reflectance
measurements from the front and back of the sample. The film
thickness, limited to a few atomic layers, allowed a thin-film approximation to calculate the optical conductance and absorption
coefficient. The former has a very different energy dependence in the infrared, near-infrared, and visible ranges. The absorption
coeflicient exhibits a strong power-law dependence on energy with an exponent larger than three in the mid-infrared and near-
infrared regions. We have not observed any evidence for a band gap in PtSe, thin layers down to an energy of 0.4 eV from our optical
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measurements.

1. INTRODUCTION

Two-dimensional (2D) materials are at the center of interest
due to their unique optical and electronic properties.
Transition-metal dichalcogenides (TMDs) are 2D compounds
with a layered structure.’ Platinum diselenide films (PtSe,),
like other materials in this family, have tunable properties
based on film thickness (number of monolayers). For example,
the MoS, monolayer has a much higher photoluminescence
intensity than the bulk.” TMD materials have the potential of
being used in different device applications in electronics
(transistors),” optoelectronics (photodetectors, sensors),” and
ultrafast photonics (saturable absorber).”® For the practical
use of TMD materials in these applications, it is necessary to
know the optical properties of thin films.

The optical properties of any material are entirely
determined by establishing optical constants such as refractive
indices, dielectric function, absorption coeflicient, or optical
conductivity.”® The experimental methods used to determine
thin films’ optical constants of TMD materials include
ellipsometry, Kramers—Kronig (KK)-related methods, or
differential reflectivity (DR) measurements. For ellipsometry,
model dielectric functions are needed to fit the experimental
spectra and obtain the optical constants.” A similar situation
occurs when reflectivity spectra are analyzed by methods using
a KK transformation.'”'' Alternatively, a differential reflec-
tance (DR) measurement is used to obtain information on the
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TMD'’s optical properties. This method is commonly used to
extract the absorption coefficient by measuring the DR in a
confocal microscope of a thin film deposited on a transparent
substrate.”>™'* However, the formula linking the DR and
absorption coefficient was initially derived for a thin film
deposited on a semi-infinite substrate."”” In addition,
considering what effect the reflection from the backside of
the substrate might have, or why this reflection can be assumed
insignificant, requires further assumptions or experimental
evidence.'®"”

Here, we adopt an experimental approach following more
closely the original idea of McIntyre and Aspnes.'® As a result,
the imaginary part of a PtSe, thin film’s dielectric function is
calculated from a DR measurement without assuming any
explicit model of the material’s dielectric function. Such a
calculation is based on a thin-film approximation in a two-
phase system with a planar interface consisting of a thin film
deposited on a transparent substrate and facing an ambient
phase (air). The substrate is considered to be semi-infinite.
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The theory provides an experimental test to justify the thin-
film approximation. For that, a sample must be measured from
the front side (FS) (incoming light beam hits the thin layer
first) and from the backside. While it is difficult to do that
when measuring the sample under a confocal microscope, it
can be easily performed when using large-area samples and
conventional spectrometers, as we did in our work. The issue
with the finite thickness of a substrate is naturally solved
because analytical expressions transform the as-measured
transmittance and reflectance to those defined for a semi-
infinite substrate. The characterization of CdTe and a-Si thin
films from the experimental transmittance and back reflectance
measurements was previously described with results supported
by theoretical calculations.'®

In this paper, large-area, few-layer PtSe, films were prepared
on the top surface of double-side polished sapphire substrates
by selenizing Pt films with a thickness of 0.5 nm and an area of
~1 cm® The final thickness of PtSe, layers was slightly below 2
nm as measured by X-ray reflectivity. Front side and backside
transmittance and reflectance were measured in the spectral
range of 200—5000 nm on grating and Fourier transform
spectrometers. As-measured quantities were transformed into
the reflectance and transmittance of a thin layer on a semi-
infinite substrate. From the latter, the differential reflectance
and the optical conductance are calculated in a thin-film
approximation. In addition, the experimental approach chosen
also enabled us to calculate the absorption coeflicient for the
few-layer PtSe, samples. We are not aware of the
determination of optical properties of any other 2D-TMD
material that would be performed similarly.

For completeness, we mention that the refractive indices of
few-layer PtSe, films were measured in the visible and near-
infrared ranges by spectroscopic ellipsometry. They were
found to be strongly thickness-dependent when the thickness
was less than 10 nm. The real part of the refractive index
increases toward the near-infrared and then remains essentially
constant up to 1600 nm. The extinction coefficient is flat in the
visible region and decreases in the near-infrared region.'”~**

2. RESULTS AND DISCUSSION

The thickness of the PtSe, layers was determined by measuring
the layers’ X-ray reflectivity (XRR).”> The shape of an
interference pattern of the X-ray beams reflected from the
upper and bottom surfaces of the layer depends sensitively on
the layer thickness. The fits to the XRR patterns gave
thicknesses of 1.8 and 1.9 nm with a roughness of 0.3 nm
for both samples.

The morphology of the layers was investigated by atomic
force microscopy (AFM) measurements. They revealed that
the layers are continuous and free of voids and isolated islands.
We suppose that the thin layers coat almost the whole surface
of the sapphire substrate with a size of 1 X 1 cm®

We also measured grazing-incidence wide-angle X-ray
scattering (GIWAXS) to specify the alignment of the PtSe,
layers with respect to the substrate. The results confirmed the
parallel orientation of PtSe, basal planes to the substrate. The
details on AFM, XRR, and GIWAXS measurements and their
results are given in the Supporting Information.

Raman spectra of the samples prepared at two different
temperatures were measured to confirm the presence of PtSe,
(see Figure 1). The Raman peak at 178 cm™! originates from a
doubly degenerated in-plane vibration assigned to the E,,
irreducible representation of a PtSe, point group. Similarly,
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Figure 1. Normalized Raman spectra of PtSe, layers prepared at
400 °C (blue line) and 600 °C (orange line).

the line at 207 cm™ is a totally symmetric Aj; mode with the
selenium atoms vibrating out of the plane. The feature at 237
cm™' is assigned to an overlap between the A,, and E,
modes.”* The spectra normalized to the intensity of the Epe
peak are almost identical, indicating that the growth temper-
ature has no significant influence on the vibrational properties
of the thin PtSe, layers. The intensity ratio of the two modes
suggests that the layer thickness is less than 2 nm, in agreement
with the XRR measurements.”®

Reflectance and transmittance spectra measured from 2000
to 50000 cm™" are shown in Figure 2 for PtSe, samples. The
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Figure 2. Front side (green line) and backside (blue line) reflectance
spectra of PtSe, samples grown at indicated temperatures. The
transmittance spectra (red line) are mean values calculated from the
front side and backside measurements.

transmittance spectra measured for the two sample orienta-
tions, i.e., either front side (FS) with the few-layer film or
backside (BS) to the incident beam, are the same within the
measurement error. This is consistent with the theoretical
prediction and is used to verify the accuracy of the
measurements. Therefore, these spectra are averaged in Figure
2.

The transmittance spectra show a broad maximum and
minimum in the visible region and increase toward the infrared
region. Reflectance spectra from the front side (R%, green line)
and backside (R®S, blue line) are almost featureless, and below
7000 cm ™}, they merge into a single spectrum.

The thin layer’s optical conductance can be extracted from
the DR measurements. The layer (designed as medium 2) is
bound between two other media—air (medium 1) and the
sapphire substrate (medium 3). McIntyre and Aspnes derived
the following formula for the DR at normal incidence (see
details in the Supporting Information)'®

AR _ 8and &,
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where n;(=1) and ny are the refractive indices of air and
sapphire, respectively, and 4 is the light wavelength. &7 is the
imaginary part of a dielectric function and d is the layer
thickness. The thin-film approximation they used to obtain eq
1 is valid for d/A < 0.01. Using the formula connecting the real
part of the optical conductance, o, and €5, 6 = gywe;, we
obtain

_ AR (5 =}

od A —
R 4nZ, 2)

where Z, = 1/eoc & 377 Q is the impedance of free space and
w is the circular frequency of light. The quantity od on the lhs
is the sheet conductance in the unit of siemens (Q7!)."”

Two important points are worth mentioning. First, formulas
1 and 2 are obtained for the experimental arrangement when
the light beam approaches from the front side, hitting the thin
layer first and then propagating through the substrate. When
the beam impinges from the backside (the substrate first and
then the thin layer), the refractive indices n; and ny are
interchanged in eqs 1 and 2. The backside differential
reflectance (DR) becomes negative (ny; > n;), and,
theoretically, the absolute magnitude of the backside DR
should be by a factor of ny/n; =~ 1.7 larger than the DR
measured from the front side. On the other hand, the sheet
conductance in eq 2 is a positively defined quantity with a
value independent of the sample orientation.

The second remark concerns another assumption leading to
eq 1, namely, the substrate is semi-infinite. This is difficult to
achieve experimentally, but the as-measured reflectances R
and R® and transmittance T can be transformed analytically
into reflectances R,,; and Ry,; and transmittance T),; of a thin
layer sandwiched between the semi-infinite substrate and air
(details are explained in the Supporting Information). The
order of the numbers in the subscript determines the order in
which the light passes through the structure (for instance, 123
means air — thin layer — substrate). Two differential
reflectances, one for the measurement from the front side
and the other measured from the sample rear, are defined as
follows

FS
(ﬁ) _ Ris = Ry
R Ri; ()

BS
(A_R) _ Ry — Ry
R Ry (4)

where R;; = Ry, is the reflectance of an air—sapphire interface.

The latter is related to the experimentally measured reflectance

Ry

Ry, of a sapphire substrate by R;; = S It is assumed

2 =Ry

that the absorption of the sapphire substrate is negligible.
The front side and backside DRs calculated using eqs 3 and
4 are shown in Figure 3 for PtSe, samples selenized at two
different temperatures. By inspection, we see that the backside
DRs are indeed negative in the entire spectral range
investigated. However, the magnitude of the backside DR is
only slightly larger than that of the front side DR. The
wavenumber dependence of the DR is flat in the infrared,
followed by a steep increase and a weak dependence in the
visible range. In the UV, the DRs’ spectral dependence
indicates a breakdown of the thin-film approximation. This
corresponds to wavelengths below 300 nm, which no longer
satisfy the assumed first-order approximation. Despite that, our
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Figure 3. Differential reflectance of PtSe, samples grown at the
temperatures of 400 and 600 °C. Front side and backside differential
reflectances are shown as blue and orange solid lines, respectively.

measurements validate the conclusions of the McIntyre-Aspnes
calculation and justify the further use of a thin-film
approximation.

The optical conductance resulting from backside measure-
ments is smaller than that from front side measurements
because the magnitude of the experimentally obtained DR is
smaller than that theoretically expected. The two frequency-
dependent sheet conductance values obtained this way were
subsequently averaged for each PtSe, sample, and the results
are shown in Figure 4. Two regions “linear” in the log—log
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Figure 4. Optical sheet conductance of PtSe, thin films prepared at
400°C and 600°.

scale are visible in the figures. The conductance depends
weakly on the frequency in the infrared range, increasing more
steeply in the visible range. The two regions meet in the 6000—
7000 cm™" range (~0.75—0.9 eV). The sudden change in the
sheet conductance can presumably indicate the onset of an
electronic transition between the valence and conductance
bands.

Further, in the visible range, the optical conductance is
almost frequency independent. Assuming that o follows a
power-law dependence piecewise in different spectral regions,
the corresponding exponents in ¢ ~ @" are n < ~0.5, ~2.8, and
~0 in the infrared, near-infrared, and visible range, respectively.
The relation £~ @"~! then holds for the dielectric function,
and its magnitude increases in the near-infrared region from
~7000 to ~12000 cm™' (0.9—1.5 eV) and then decreases at
higher energies in the visible range. This last observation is in
quantitative agreement with the frequency dependence of the
imaginary part of the dielectric function obtained from
ellipsometric measurements.'”~>* So far, no results regarding
the optical conductance or dielectric function in the infrared
range have been reported, and so no comparison of our results
with others can be made. On the other hand, similar weak
frequency dependence of the conductance was observed for
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crystals of MoTe, and WTe, compounds hosting Weyl-type
fermions.”*’

The weak frequency dependence in the infrared allows an
approximate comparison of the sheet conductance with the
values obtained from DC transport measurements. The former
is in the 10—100 uS range for the two PtSe, samples. This
result reasonably agrees with the DC sheet conductance of
~10—130 uS reported in refs 23, 28, 29 for selenized layers of
a similar thickness.

The electronic structure of 1T-PtSe2 is strongly layer-
dependent. The monolayer is an indirect semiconductor with a
calculated band gap of 1.2—1.5 eV.*~** The band gap rapidly
decreases with increasing numbers of layers, and the samples as
thick as 5—6 layers (3—4 nm) are already semimetallic.
Experimentally, the band gap of PtSe, layers grown by
molecular-beam epitaxy was recently measured by scanning
tunneling spectroscopy (STS).”* The values obtained from
STS experiments were 0.6 eV and 0.2 eV for three and four
layers, respectively, and 0 eV for layer numbers greater than
five.

The band gap energy of a thin semiconducting film is often
determined by measuring its absorption coeflicient @. The
band gap is the intersection of a linear part of a Tauc plot, (a-
E)'? with the energy (E) abscissa. For such analysis, PtSe, has
been considered an indirect band gap semiconductor with f =
2.7%%%3° The band gap extracted this way is in the range of
0.4—0.8 eV for PtSe, samples with 3—5 layers (~2—3 nm
thick) 2125333536

The absorption coeflicient can also be evaluated within the
approach presented here. In the Supporting Information, it is
shown that

wd = l(i]
T ()

in the thin-film approximation. The result for the two PtSe,
samples is displayed in Figure S. The quantity on the ordinate
is a dimensionless product of the absorption coeflicient and the
layer thickness.
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Figure S. Spectrum of an absorption coefficient multiplied by the
sample thickness d for few-layer PtSe, films prepared at 400 °C and
600 °C.

A linear part (in a log—log scale) covering almost the entire
infrared and near-infrared regions dominates the absorption vs
energy relation. The two spectra are quite similar, confirming
the previous conclusion that the growth temperature does not
alter the optical properties of few-layer PtSe, films. Taking into
account the layer thickness of ~2 X 1077 cm, the maximum
absorption coefficient is of the order 10° cm™ in the visible
region of the spectrum and decreases toward the infrared range

according to a power-law dependence.'””” The exponents of
the @ ~ E" dependence are relatively large, with m between 3
and 4 for the two samples. The absorption coefficient has a
more pronounced frequency dependence than previously
reported. As a result, the Tauc plot does not have a linear
part, and our PtSe, samples do not follow the behavior
expected for indirect band gap semiconductors. No band gap
was detected in the absorption coefficient spectrum for
energies larger than ~0.4 eV, as seen in Figure 6. This
observation is in agreement with calculations predicting a
vanishingly small band gap for few-layer PtSe, films.”

YA Y X

Sapphire
Sapphire

PtSe,
l TFS ﬂ T8S

Figure 6. Scheme of the optical measurement in the front side, FS,
(left) and backside, BS, (right) arrangements. R and T stand for
reflectance and transmittance, respectively. A red arrow depicts the
incident light.

3. CONCLUSIONS

In conclusion, we report optical measurements of large-area,
few-layer PtSe, films deposited on a sapphire substrate. They
were prepared by selenizing 0.5 nm thick Pt films at two
growth temperatures. First, Raman scattering measurement
confirmed a successful transformation of platinum into PtSe,.
The very small thickness of the samples allows using a thin-film
approximation and calculating the frequency dependence of
the differential reflectance analytically from both sides’
reflection and transmission measurements. A sheet conduc-
tance was subsequently calculated from the known differential
reflectance and refractive index of the sapphire substrate. The
conductance’s frequency dependence is weak in the infrared
but becomes much steeper in the near-infrared. In the visible
range, it changes only moderately again. Also, the absorption
coefficient was calculated for PtSe, in the thin-film
approximation. It follows a power-law dependence in the
infrared and near-infrared regions with a more prominent
exponent than previously reported. No band gap was detected
in our samples for energies down to 0.4 eV. Our study may
help better understand the electronic and optical properties of
a few-layer PtSe,, a promising 2D material.

4. EXPERIMENTAL SECTION

Platinum was magnetron sputtered on a c-plane double-side
polished sapphire substrate to fabricate a Pt film with a
thickness of 0.5 nm. Two series of Pt films were then annealed
in a chemical vapor deposition (CVD) chamber with 0.1 g of
99.999% pure selenium powder at the annealing temperatures
of 400 and 600 °C. Details on growth conditions and
preparation rnethodolo%z can be found in our previous
publications on PtSe,.””"**

A confocal Raman microscope (Alpha 300R, Witec,
Germany) with an excitation wavelength of 532 nm was
used for Raman scattering measurements. All Raman spectra
were collected at room temperature using a 50X objective
coupled to a 100 um optical fiber serving as a confocal pinhole.
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In the UV—vis range, reflectance and transmittance spectra
were measured with a Shimadzu SolidSpec-3700 spectropho-
tometer. In the infrared region, a Fourier transform infrared
spectrometer (Nicolet 6700) was used. A DTGS detector with
a KBr beam splitter and an InGaS detector with a CaF, beam
splitter were utilized in the mid-IR and near-IR ranges.

The schematic arrangement of the optical measurements is
shown in Figure 6. The sample’s reflectance and transmittance
were measured from both the front side (PtSe, layer facing the
light beam first) and the backside (with the sapphire substrate
facing the beam first). The angle between the incident light
and sample normal was 5° in reflectance measurements. The
beam size in the UV—vis spectrometer was 2 X 4 mm” (width
X height). Transmittance and reflectance spectra of the
uncoated substrate were measured as a reference and corrected
by a factor to obtain the sapphire’s real refractive index,
identical to that presented in ref 39. The same factor was also
used to correct the as-measured reflectivity spectra of PtSe,
layers. The correction factor was very close to 1 throughout the
spectral range for transmittance, and so it was not assumed in
the analysis. The spectra measured by two different
spectrometers were eventually merged into one covering the
spectral range from 2000 to S0 000 cm™".
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