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ABSTRACT

We report the temperature-dependent phonon modes and interband electronic transitions of InSe films on SiO2/Si substrates prepared by
pulsed laser deposition. The microstructure results proved the e phase structure and monochalcogenide phase composition with well-defined
hexagonal InSe sheets. The temperature effects on lattice vibrations were discovered by Raman spectra from 123K to 423K. The frequency
and full width at half maximum of the A1

2g(LO) mode show a strong nonlinearity with the temperature. The energy band structure and
electron–phonon interaction were studied by temperature-dependent spectroscopic ellipsometry with the aid of the Tauc–Lorentz model. It
was found that five electronic transitions around 1.33, 1.61, 2.53, 3.73, and 4.64 eV generally show a redshift trend with the temperature. The
present results can provide a valuable reference for future optoelectronic applications of InSe films.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021330

Since graphene has been found, two-dimensional (2D) materials
as promising materials for next-generation semiconductor devices
have been extensively studied, such as transition metal dichalcoge-
nides, III–VI binary chalcogenides, black phosphorus, and so on.1–4

Among them, InSe attracts a lot of attention due to its unique optical
and electrical properties. The bandgap of InSe can be tunable between
1.2 and 2.2 eV with the thickness due to the quantum confinement,
making it a potential material for optoelectronic applications from the
infrared to visible light range.5–10 The low electron effective mass and
weak electron–phonon scattering give it an electron mobility up to
1000 cm2 V–1 s�1, which can be extensively applied in field effect tran-
sistors (FETs).3,4,11,12

Traditionally, the way to obtain 2D material nanosheets is to peel
them from the bulk or synthesize them by chemical vapor deposition
(CVD), which cannot make large area films and stable output.13

Recently, the pulsed laser deposition (PLD) method has provided a
way for making large-area films.7,14 Yang et al. have employed PLD to
grow InSe films on SiO2/Si substrates and studied the structure and

optical and electrical properties. 1 nm InSe-based FETs have a mobility
of 10 cm2 V–1 s�1, which can be comparable to those synthesized by
CVD.7,12 Moreover, we have also grown high-quality MoS2 and InSe
films on mica using the PLD method. Through the annealing process,
the molybdenum oxide and sulfur vacancies had been significantly
reduced. The results from Raman, photoluminescence (PL), and x-ray
diffraction (XRD) spectra proved the improved crystallinity after the
annealing process. By using copper as the electrodes, the copper diffu-
sion in InSe forms a CuInSe2/InSe isotype heterojunction, which can
improve the contact performance and photoelectric response.15,16

Although the temperature effect on lattice vibrations of 2D mate-
rials has been widely studied, the phonon frequency variations with
the temperature have not been well clarified, especially for the InSe
system. It is also found that the substrates have an influence on the
temperature coefficient of the phonon frequencies.17–21 The
temperature-dependent Raman spectrum is a common method to
study the variations of phonons with the temperature. On the other
hand, InSe has a complicated nature of the energy band structure,
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which makes it difficult to identify the origins of the electron
transitions.22–25 Therefore, it is necessary to study the vibrational
properties and band structure of InSe films prepared by the PLD
method, which may further estimate the photoelectric characteristics
and transport properties.

In this Letter, we prepared InSe films on SiO2/Si substrates using
the PLD method. A pulsed KrF excimer laser (248 nm) with an energy
fluence of 5 J cm�2 with a repetition rate of 10Hz was used to ablate
the commercial target with an In/Se ratio of 1:1. The chamber was
kept at a vacuum of 5� 10–6 mbar. The substrate was heated to
350 �C, and the holder was rotated during deposition. After deposi-
tion, the films are cooled down naturally to room temperature (RT).
XRD (D/MAX-2550 V, Rigaku Co), x-ray photoelectron spectroscopy
(XPS, RBD upgraded PHI-5000C ESCA system, PerkinElmer), Raman
spectroscopy (Jobin-Yvon LabRAMHR Evolution), and Spectroscopic
ellipsometry (SE) measurements were carried out to investigate the
crystalline, compositions, valence, and band structure of InSe films.

Figure 1(a) shows the diffraction pattern of the film deposited on
SiO2/Si. Compared to the diffraction pattern of the substrate, there are
four diffraction peaks from the film. All peaks agree with the (002),
(004), (006), and (008) orientations (JCPDS No. 34–1431) of InSe,
indicating the b or e phase. From Fig. 1(b), it is found that the peaks

located around 114.8, 176.8, 200.5, 209.5, and 226.5 cm– 1 correspond
to the A1

1g , E
1
2g , A

1
1g(LO), E(LO), and A2

1g modes, respectively.26 The
A1
1g , E

1
2g , and A2

1g modes originate from the zone center vibrational
modes, and the A1

1g(LO) and E(LO) modes result from the resonance
effect. The A1

1g(LO) and E(LO) modes are only related to the c and e
phase.8 Therefore, combining the results from XRD patterns and
Raman spectra, we think that the InSe film in the present work is of
the e phase. The SEM image in Fig. 1(c) demonstrates the hexagonal
stacking structure on the film surface. Energy dispersive (EDS) map-
ping in Fig. 1(d) shows the chemical composition of In and Se, con-
firming the monochalcogenide phase of the InSe film.7 Figures 1(e)
and 1(f) show the XPS spectra of the In 3d level and Se 3d level. The
doublet peaks around 444.9 and 452.5 eV are attributed to the In 3d5/2
and In 3d3/2 states of InSe with a peak separation of 7.6 eV. The dou-
blet peaks around 54.3 eV and 55.2 eV belong to Se 3d5/2 and Se 3d3/2
with a spin–orbit split of 0.9 eV.12 No peaks from the Se–O bonds
were found in the XPS results.

Figure 2(a) shows the optical image of the InSe film. Raman map-
ping for the peak intensity of the A1

1g mode from a 40lm� 40lm
area was performed to evaluate the uniformity of the film. As shown
in Fig. 2(b), the surface of the substrate is fully covered with the InSe
film and the intensity is distributed between 1000 and 1500 under the
same laser excitation. Temperature-dependent Raman spectra from
123K to 423K were obtained in this area, as shown in Fig. 2(c). By
means of fitting the experimental data using the Lorentzian functions,
the peak position and full width at half maximum (FWHM) were
obtained from each spectrum. From Fig. 2(d), it is found that the
vibration frequency of Raman modes decreases monotonously with
the increasing temperature. The peak positions were fitted using the
formula:27 x(T) ¼ x0 þ v1T þ v2T

2 þ v3T
3, where x0 is the peak

position of A1
1g , E

1
2g , A

1
2g(LO), E(LO), and A2

1g modes at 0K and v1,
v2, and v3 are the first, second, and third order temperature coefficient
of each mode. The v1 values for each mode are �0.004, �0.009,
�0.06, �0.004, and �0.012 cm–1 K–1, respectively. The more linear
the peak position changes with the temperature, like A1

1g and A2
1g

modes, the lower the higher-order temperature coefficient is. The
second-order temperature coefficients of the A1

2g(LO) and E(LO)
modes are an order of magnitude higher than those of the A1

1g and
A2
1g modes. The changes in frequencies can be mostly attributed to the

thermal expansion of the lattice and anharmonicity effects. The strong
nonlinearity of the A1

2g(LO) and E(LO) modes may be related to their
origin, which causes stronger anharmonic vibration than the others.
Figure 2(e) shows the temperature-dependent FWHM of each mode.
These values are little larger than those from single crystals, which
may indicate the existence of defects.26 In general, the FWHM of A1

1g ,
E12g , E(LO), and A2

1g modes increases with the temperature. However,
the A1

2g(LO) mode does not act linearly and reaches its maximum
value near room temperature (RT). The mismatch of thermal expan-
sion coefficients between the InSe film and the SiO2/Si substrate gives
rise to changes of morphology, which may lead to a significant change
in the temperature coefficient v for the A1

2g(LO) mode.27 As the tem-
perature increases, it is found that the intensity of some peaks changes
regularly. Therefore, in order to explore the law of peak intensity evo-
lutions, we normalize the Raman spectra to have the same peak inten-
sity for the A1

1g mode and define the ratio of E12g , A
1
2g(LO), E(LO), A

2
1g ,

and A1
1g mode intensity as the relative intensity. The relative intensity

of the E12g , A
1
2g(LO), and E(LO) modes increases with the temperature,

FIG. 1. (a) XRD patterns and (b) Raman spectra of the InSe film and substrate,
respectively. (c) The SEM image of the film surface with a hexagonal stacking
structure. (d) EDS mapping on Se and In elements. The XPS experiment data and
fitting results of (e) In 3d5/2 and (f) Se 3d3/2.
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except for the A2
1g mode. Song et al. found that uniaxial tensile strain

will cause peaks to redshift and dramatically enhance the A1
2g(LO) and

E(LO) modes of c-InSe, which has a similar phenomenon to that in
the present work.28 We think that the strain induced by the lattice
expansion with the temperature should be mostly responsible for the
enhancement of the E12g , A

1
2g(LO), and E(LO) modes.

Spectroscopic ellipsometry is a noninvasive and sensitive optical
method to characterize the dielectric functions of condensed matter
materials. The distinct electronic transition patterns together with
charge transfers can be extracted from the spectra.29,30 Figure 3(a)
shows the experimented pseudodielectric function: h~e(E)i ¼ he1 (E)i
þ ihe2(E)i of InSe/SiO2/Si at 123K, 223K, 273K, 323K, and 423K,
respectively. Upon increasing the temperature, the peaks have a red-
shift. In this work, a four-layer model (roughness/InSe/SiO2/Si) was
used to simulate the complex dielectric function of the InSe film. Five
Tauc–Lorentz (TL) oscillators were applied to express the optical
response of the InSe film. The expression of the TL model is given

by30 e1(E) ¼ e1þ2
p P

Ð1
Et

npe2ðnÞ
n2�E2 dn; e2(E) ¼ AEnCðE�EtÞ2

ðE2�E2
nÞ2þC2E2

1
E (E � Et)

and e2(E)¼ 0, (E < Et), where the P is the Cauchy principal part of the
integral, e1 is the high frequency dielectric constant, and E is the inci-
dent photon energy. The parameters A, En, C, and Et are the ampli-
tude, peak position energy, broadening term, and Tauc gap energy,
respectively. The TL parameter values of the InSe film at RT are listed
in Table I. The five optical transition peaks named TLj ¼ 1–5 at RT are
located at 1.33, 1.61, 2.53, 3.73, and 4.64 eV, respectively. According to
the results of theoretical calculations and optical studies on single crys-
tals, the five oscillators can be explained as follows. The TL1 (1.33 eV)

corresponds to the transition from the top of the valence band (Se pz)
to the bottom of the conduction band at the C point of the Brillouin
zone (BZ), close to the values from the theoretical calculation and opti-
cal test.10,24 Mostly due to the quantum confinement effect, the
bandgap here is larger than that of the bulk. As the conduction band
minimum of In2O3 lies above that of InSe by 0.29 eV,31,32 the TL2
(1.61 eV) may be related to the impurity level introduced by indium
oxide in the conduction band. The TL3 (2.53 eV) in the table is from
the excitation of Se PxPy electrons to the conduction band minimum.
The energy separation between the highest valence band Se pz and the
second highest valence band Se PxPy is 1.2 eV, which agrees with the
results obtained from the single crystal. The TL4 (3.73 eV) may come
from the valence band maximum to the third group of the conduction
band at or near the C point. The TL5 (4.64 eV) may be related to the
excitation from the second highest valence band to either the second
or the third group of conduction bands.22,33 These assignments from
SE data could be helpful for clarifying the physical origin.

Figure 3(b) shows the second derivatives of pseudodielectric
function he1i and he2i at RT from the experimental data (dotted) and
the best fitting curves (solid lines). The e1 and e2 values of InSe were
obtained from the fitting results, as shown in Fig. 3(c) from 0.9 eV to
5 eV. The highest peak of e2 around 2.5 eV corresponds to the stron-
gest absorption, related to electronic transition from the Se PxPy level
to the minimum conduction band. As shown in Fig. 3(d), the energy
of oscillators generally has a redshift with the temperature, consistent
with the previous observations. It is well known that the electron–
phonon interaction and the lattice thermal expansion are related to

FIG. 2. (a) Optical image of the InSe film. (b) Raman mapping for the peak intensity of A11g mode from a 40 lm� 40 lm area. (c) Temperature-dependent Raman spectra
from 123 K to 423 K. (d) The evolution of A11g , E

1
2g , A

1
2g(LO), E(LO), and A

2
1g modes with the temperature. (e) The FWHM variation of A11g , E

1
2g , A

1
2g(LO), E(LO), and A

2
1g modes

with the temperature. (f) The relative intensity of E12g , A
1
2g(LO), E(LO), and A

2
1g modes to A

1
1g mode with the temperature.
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the energy redshift of electronic transitions. The TL1 and TL5 transi-
tions have the larger variations than the others, which indicate the dif-
ference in the effects of electron–phonon interaction and thermal
expansion on different electronic transitions. A Bose–Einstein model
was used to describe the electron–phonon coupling of the TL1 oscilla-
tor, given as EOBG(T) ¼ EOBG(0) � aB/[exp(HB/T) � 1],29 where
EOBG(0) is the optical bandgap at T¼ 0K, aB represents the strength

of the electron–phonon interaction, and HB corresponds to the aver-
age phonon temperature, i.e., the Einstein characteristic temperature.
The parameters EOBG(0), aB, and HB are estimated to be 1.385 eV,
0.101 eV, and 270K, respectively. The estimated parameters for single
crystals are 1.336 eV, 0.059 eV, and 262K.34 Compared to the results
estimated from single crystals, the film here has a larger calculated
bandgap at 0K, which can be mostly attributed to the thinner film
thickness. Also, the larger aB means larger strength of electron–
phonon interaction, which can be attributed to the more defects of the
films than that from single crystals. For the TL2, TL3, and TL4 oscilla-
tors, the smaller energy changes with the temperature may be due to
smaller strength of the electron–phonon interaction. Based on the
above Raman spectra, there are five phonons around 114.8, 176.8,
200.5, 209.5, and 226.5 cm–1, respectively. Compared to single crystals,
the average phonon frequency of the film also includes the influence
from the substrate. The average phonon value here is about
188–184 cm–1 from 123K to 423K, corresponding to an Einstein char-
acteristic temperature from about 271K to 265K, which agrees with
the fitting result. The lattice thermal expansion is generally shifting the
electronic structure linearly. As the temperature increases, the lattice
expansion will increase the distance between atoms, weakening the
interaction between atoms, which usually moves the conduction band
downward and the valence band to move down.29 This is consistent
with the observation in our experiment. Li et al. found that the tensile
strain would cause the Raman and photoluminescence peaks to red-
shift.20 From the perspective of strain, the tensile strain introduced by
heating, as well as the strain induced by the thermal expansion differ-
ence for the InSe film and substrates, may be the main cause of the
optical bandgap variation, which echoes the analysis of the peak inten-
sity change of the Raman modes.

In summary, we have studied the temperature effects on the pho-
non modes for e-InSe films grown using the PLD method. The elec-
tronic transitions have been discovered by SE with the aid of the
Tauc–Lorentz model. Using the Bose–Einstein model, we explained
the variation of the optical bandgap with the temperature for the InSe
film. The present study can promote further understanding of the
phonons and electronic transitions for InSe films.
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