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Sequentially PVD-Grown Indium and Gallium Selenides
Under Compositional and Layer Thickness Variation:
Preparation, Structural and Optical Characterization

Martina Schmid,* Mithuran Ketharan, Jan Lucaßen, and Ihab Kardosh

Group IIIA metal chalcogenides are an auspicious material system due to
their variability of properties and hence the multitude of application options,
for example, in the fields of optoelectronic, thermoelectric, piezo-, and
ferroelectric devices. Indium and gallium selenide films are innovatively
grown in a sequential PVD (physical vapor deposition) process starting from
metal precursor layers of various thicknesses, which are then subject to
chalcogenization in different selenium contents. The resulting thin films are
investigated for structural and optical properties by Raman, XRD (X-ray
diffraction), and UV–Vis–NIR spectrometry, revealing that all the compounds
In2Se3, InSe, In4Se3, Ga2Se3, and GaSe as well as different polytypes can be
achieved depending on the metal/chalcogen ratio. Results from Raman and
XRD spectroscopy are highly consistent, and also from the optical
measurements changes in absorption characteristics can be correlated. The
results indicate, that by fine-tuning the selenium content, deliberately growing
ultra-thin layers of the different indium and gallium phases will be possible,
thus opening up a promising route for 2D material fabrication. Given the
scalability of the fabrication method, it is highly promising for large-scale
deployment of the materials.

1. Introduction

Group IIIA metal chalcogenides are a highly promising mate-
rial system due to the variability of properties not just as a func-
tion of composition but also of layer thickness. They are com-
pound semiconductors consisting of group IIIA metals (In or
Ga) and chalcogen elements (S, Se, or Te, amongst which we will
focus on Se). Their layered structure is characterized by strong
in-plane interactions paired with weak van der Waals bonds
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perpendicularly. Bulk InSe and GaSe
have been utilized for frequency con-
version, that is, second harmonic
generation, and generation and de-
tection of broadband tunable tera-
hertz (THz) radiation, respectively.[1,2]

In the context of 2D materials, InSe
and GaSe have gained growing interest
as an alternative to classical materials
like graphene or the transition metal
dichalcogenides MoS(e)2 and WS(e)2.
While graphene is surely the most
researched 2D material and is char-
acterized by its outstanding carrier
mobility, it shows a fundamental lack
of bandgap. Transition metal dichalco-
genides (TMDCs) reveal similar 2D
behavior as graphene but very distinct
semiconducting properties arising from
the tunability of their bandgaps.[3] This
makes them suitable for application in
optoelectronic devices like transistors,
photodetectors, LEDs, etc.[4] Whereas
MoS(e)2 and WS(e)2 are commonly in
focus, group IIIA metal chalcogenide

2D materials (G3AMC2DMs) are significantly less researched de-
spite being equally promising in terms of tuneability of proper-
ties, expected direct bandgap, and high carrier mobility.[5] The
classical fields of application include electronics and optoelec-
tronics, partially in the form of heterojunction devices with other
2D materials.[6] G3AMC2DMs may additionally feature thermo-
electric, piezoelectric, or ferroelectric properties enabling the in-
tegration into corresponding devices.[7–9] Their tunable and di-
verse properties make them also suitable for various energy-
related applications like thermoelectrics, photovoltaics, or pho-
tocatalysis whilst bringing high material efficiency due to their
low thickness.

The properties of G3AMC2DMs strongly depend on their layer
thickness, and equally on composition and finally polytype. To
access the various material properties, it is thus of ultimate im-
portance to deliberately fabricate the different compounds and
phases. In this publication, we focus on indium and gallium
selenides and thus refer to the corresponding phase diagrams
given by Okamoto.[10,11] The two most prominent compounds are
InSe/GaSe and In2Se3/Ga2Se3, which are exactly reached for an
atomic percent value of 50 and 60 selenium, respectively. Whilst
not apparent in the phase diagram of Ga-Se, for In-Se several

Adv. Mater. Interfaces 2024, 11, 2301086 2301086 (1 of 12) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advmatinterfaces.de
mailto:martina.schmid@uni-due.de
https://doi.org/10.1002/admi.202301086
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202301086&domain=pdf&date_stamp=2024-03-27


www.advancedsciencenews.com www.advmatinterfaces.de

other compounds may occur, namely In4Se3, In6Se7, In9Se11, and
In5Se7.

The crystal structure of InSe/GaSe builds up on quadruple lay-
ers consisting of two planes of metal atoms between two planes
of chalcogenide atoms connected via strong covalent bonds. The
interaction between neighboring quadruple layers is weak and
their stacking decides the polytype: The 2-hexagonal ɛ- and 𝛽-
phase show AB stacking, the 3-rhombohedral 𝛾-phase ABC, and
the 4-hexagonal 𝛿-phase ABCD sequence, whereby the quadru-
ple layers A, B, C, and D differ in rotational orientations and
lateral offsets with respect to one another. For a detailed out-
line and representation of the polytypes see.[12–15] Aside from the
theoretical possibilities of these phases, the most common ones
found across literature are 𝛽-, 𝛾-, and ɛ-InSe and ɛ-GaSe. Regard-
ing In2Se3 and Ga2Se3, strongly bound Se-In-Se-In-Se quintuple
layers form the basis. The subsequent stacking possibilities of
the quintuple layers are non-trivial due to the complicated poly-
morphism and existing vacant sites. The interested reader is thus
referred to [9,16,17] for insight into the detailed arrangements and
space groups leading to 𝛼-, 𝛽-, and 𝛿-polytypes. It has to be noted
that literature on In-Se is significantly more abundant than for
Ga-Se, but similarity is often times assumed between the two
material systems. Commonly found phases in literature are 𝛼,
𝛽-, 𝛾-In2Se3, and 𝛽-Ga2Se3. An extensive review of In-Se phases
can be found in. ref. [18].

The most established bottom-up growth methods for
G3AMC2DMs are CVD (chemical vapor deposition), PLD
(pulsed layer deposition), and PVD (physical vapor deposition),
whereby for the latter mostly powders are heated in a quartz
tube and the vaporized material is deposited onto the inserted
substrate.[6] Only rarely co- or alternate evaporation of the
elements is reported.[19] In the present paper, we innovatively
fabricate binary In-Se and Ga-Se with various thicknesses and
compositions in a sequential PVD process by deposition of thin
In or Ga films and subsequent selenization at high temperatures.
Importantly, in contrast to the literature,[20] selenium is only
added during the rapid thermal processing step and is not part
of the precursor stack. Fabrication details can be found in the ex-
perimental section, the naming of the samples results from the
metal precursor layer thickness and the selenization condition.
We investigate the compound and phase evolvement by Raman
spectroscopy and X-ray diffraction (XRD). To address the optical
properties, we perform UV–Vis–NIR photospectrometry and
determine the absorption behavior. Finally, we also look into the
stability of the thin films since degradation of In-Se and Ga-Se
has been thematized in literature before.[12,21]

2. Results and Discussion

2.1. Raman Spectroscopy

Comparative Raman spectra for the samples of a given initial
In/Ga thickness and subject to selenization under various Se con-
tent are shown in Figures 1 and 2 for In-Se and Ga-Se, respec-
tively. Starting from 150 nm In precursor (Figure 1a), we observe
for high selenium content Raman peaks at ≈78, 148, 177, 199,
and 225 cm−1 with slight variations for the two cases of 0.2 and
0.1 g Se. These peaks identify In2Se3 and the assumed polytype
is the 𝛾-phase. Liu et al. reported the following polytype-specific

Raman resonances: 88, 104, 159, 179, 193, and 250 cm−1 for 𝛼-
In2Se3, 109, 176, and 205 cm−1 for 𝛽-In2Se3, and 81, 95, 150, 177,
203, and 228 cm−1 for 𝛾-In2Se3.[22] Given the absence of Raman
peaks at 104–109 and at 250 cm−1 in our spectra, we rule out
𝛼- and 𝛽-phases and conclude the presence of 𝛾-In2Se3 in our
samples. This result also fits well with the phase diagram, where
𝛾-In2Se3 is reported for temperatures above 200 °C. Small sys-
tematic variations from literature peak values may be explained
by differences in fabrication method, processing temperature,
substrate used, layer thickness, or measuring wavelength as also
stated in the above reference (slight red-shift of the Raman peaks
for 532 nm laser).[22] As the Se content is reduced, a pronounced
change of Raman spectra is observed leading to peaks at 118, 179,
202, and 228 cm−1 in the case of high Se background. Clearly, a
phase change occurred and the resulting phase is InSe. For all
three reported polytypes 𝛽-, 𝛾-, and ɛ-InSe the reported Raman
peak positions are similar and can be found at 116, 176, 201 (not
for 𝛽), and 228 cm−1.[14,23] As the peak at 201 cm−1 is excluded for
𝛽-InSe but appears in our measurements, we exclude this poly-
type and are left with the two options of 𝛾-, and ɛ-InSe. In addi-
tion, a feature at 151 cm−1 occurs for 150 nm In precursor sel-
enized in high Se BG, which can be attributed to the compound
In4Se3.[24] For the lowest selenium content finally, only a broad
peak remains with a maximum of ≈182 cm−1 and a shoulder
at 240 cm−1. This signal is characteristic of elemental indium,
see our Raman measurement on a 40 nm In film depicted in
Figure S1 (Supporting Information).

Moving on to the 100 nm In precursor films (Figure 1b), we can
observe a very similar behavior as for the slightly higher initial
indium thickness. The Raman peaks for the samples annealed at
0.2 and 0.1 g Se are again related to 𝛾-In2Se3 with a slight shift
toward larger wavenumbers for the latter case. It appears that the
sample 100 nm In, 0.1 g Se is an outlier as it is the only In2Se3
sample showing distinct shifts in the wavenumbers. For all the
other In2Se3 samples, despite variations in In and Se supply, a
minor shift of Raman peak positions occurs with a maximum
of 2 cm−1 toward lower wavenumbers for 40 nm In, low Se BG.
The latter is in agreement with the shifts observed for Ga2Se3
with decreasing Se content, see below. Apparently, for 100 nm
In, 0.1 g Se the phase starts to become distorted, and a transition
to InSe is found for the high and in this case also for the low Se
background. Whereas both samples of 100 nm In precursor and
Se BG show the characteristic peaks of InSe, the lower selenium
content case reveals an underlying broad feature with a strong
similarity to the pure indium peak. Thus, the InSe phase is still
dominating here, but the presence of In is already given. Over-
all, it is noted, that small shifts of the peak positions in the order
of a few inverse centimeters occur. This observation may be at-
tributed to the polycrystalline growth expected for our films and
a different degree of compactness, which also can be related to
the occurrence of defects.

As the indium precursor thickness is reduced, that is, 40 or
20 nm In (see Figure 1c,d), the Raman features characteristic
for 𝛾-In2Se3 reappear. They are clearly visible for 40 nm In,
high Se BG, and become superimposed by the indium signal
for 40 nm, low Se BG, and more pronouncedly for 20 nm, high
Se BG. Additionally, the signal broadens ≈250 cm−1, which may
be an indication of the simultaneous appearance of 𝛼-In2Se3.
In the case of 20 nm, low Se BG only the broad peak of pure
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Figure 1. Raman spectra of In-Se fabricated in a sequential process from evaporated In precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and
d) 20 nm and selenized in various Se content (BG = background).

indium remains. The most striking result is the direct transition
from 𝛾-In2Se3 to In without any observation of InSe. Whereas
for the thicker precursor films, a stochiometric phase could be
achieved for low selenium contents, the thinner indium precur-
sor films do not allow the required fine-tuning but directly transit
from the selenium-rich phase to the absence of selenium inte-
gration. Consequently, for the fabrication of extremely thin InSe
layers, highly precise control over selenium pressure appears
crucial.

In Figure 2, the Raman spectra for the Ga-Se films are shown.
Similar to In-Se, the thick precursor films (150 and 100 nm,
Figure 2a,b) selenized under high Se content (0.2 and 0.1 g) ex-
hibit Raman peaks characteristic of the selenium-rich Ga2Se3
compound. In our measurements, they are located at on aver-
age 126, 159, 174, 185, 245, and 293 cm−1 for 0.2 g Se, whereas
slightly smaller numbers of on average 118, 153, 168, 181, 243,
and 287 cm−1 are found for 0.1 g Se. Literature specifies 119, 156,
190, 240, and 289 cm−1 for 𝛼-Ga2Se3,[25] and 119, 155, 184 (bulk),
230 (bulk), 252, and 296 cm−1 for 𝛽-Ga2Se3.[26] The literature val-
ues for the two polytypes are highly similar with variations be-
tween 180 and 250 nm also depending on bulk or 2D properties.
A consistent shift to higher or lower wavenumbers is however
not given. Thus, first, no clear attribution to 𝛼- or 𝛽-phase is pos-
sible from our Raman spectra but both polytypes could equally
be present. Second, the shift to smaller wave numbers with de-
creasing selenium content needs to have a different reason which
may be found in the number of defects and a gradual transi-

tion to a less Se-rich phase. Third, our experiments reveal a clear
peak at 126 cm−1 for the Se-richest samples, replacing the one at
118 cm−1. This would rather be typical for GaSe when looking
into Raman databases,[27] and close to the one at 133 cm−1 re-
ported for GaSe below. Pure Se would however be expected to
show peaks at 255 cm−1 or 238 and 141 cm−1 for the amorphous
or crystalline case, respectively.[28] The shifts toward higher
wavenumbers for higher Se content and toward lower ones for
higher Ga ratio are consistent trends visible within the samples
of 150 and 100 nm Ga and 0.2 and 0.1 g Se. Lattice distortions
may be the reason for trends toward larger lattice parameters for
the higher content of larger atomic radius selenium.

For the thick Ga precursors selenized in selenium background
only, the GaSe phase is identified for both 150 and 100 nm Ga,
high Se BG. The peaks are located at 135, 212, 252, and 309 cm−1

for the first and shifted to on average 3 cm−1 lower wave num-
bers for the latter. The values can be brought in line with litera-
ture data of 134, 213, 249, and 307 cm−1 for 𝛽-GaSe,[29] or 133,
212, 250, and 307 cm−1 for 𝛾- and ɛ-GaSe.[30,31] No specific peaks
were ruled out in these references for one or the other polytype,
so Raman measurements will not allow a differentiation. For the
lowest selenium content of low Se BG, any characteristic features
of Ga-Se compounds are absent from the Raman spectra of 150
and 100 nm Ga precursor. Only a broad peak ≈176 cm−1 with a
shoulder toward 245 cm−1 is left, which can be correlated to pure
gallium (see the measurement on a 40 nm Ga film depicted in
Figure S1, Supporting Information). In this case, the selenium
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Figure 2. Raman spectra of Ga-Se fabricated in a sequential process from evaporated Ga precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and
d) 20 nm and selenized in various Se content (BG = background).

content is too low to form a detectable gallium selenide com-
pound.

As the gallium precursor thickness is reduced to 40 or 20 nm
(Figure 2c,d), high Se BG leads to the formation of Ga-Se com-
pounds, which are related to GaSe for the first and to Ga2Se3
for the latter case. The peak positions are similar to the ones
described for the thicker precursor films with a trend to lower
wave numbers. This is in line with the above observations of de-
creasing selenium content. Most importantly, a GaSe-phase is
achieved for the ultrathin films, which was not given for InSe.
This observation underlines, that a fine-tuning of the Se-content
will be the key to obtaining stoichiometric phases for ultrathin
and ultimately 2D films. In addition to the Ga-Se compounds,
the Raman spectra for these thin films also reveal the presence
of Ga which can be seen by the broad background peak that oc-
curs most pronouncedly for 40 nm Ga, high Se BG.

When moving to the condition of low Se BG annealing, the Ra-
man signal of both 40 and 20 nm Ga precursor films only reveals
the characteristic of glass (compare the reference measurement
shown in Figure S1, Supporting Information). Any characteristic
feature of Ga-Se disappeared so that no detectable film is present
in these samples. Compared to indium, where we still found a
Raman signal for these thin films, the gallium-containing films
are thinner (Ga being the smaller atom), so the material volume
is smaller. It shall be noted that Raman spectroscopy is a volume-
sensitive measurement and the signal reveals the dominant ma-
terial in the measurement cone. To become surface-sensitive and
detect extremely thin films, we next move on to XRD analysis.

3. X-Ray Diffractometry

The XRD spectra were taken under grazing incidence configura-
tion, that is, they are sensitive to the surface compounds. There-
fore, we expect to find differences compared to bulk-sensitive
methods like Raman spectroscopy, when the material is inho-
mogeneous and the surface layer differs from the material with
the largest volume share. Figures 3 and 4 show the XRD spec-
tra for the various In-Se and Ga-Se samples, respectively. In ad-
dition to the measurement data, lines are shown, which corre-
spond to the peak positions of XRD results from databases for
related different compounds and polytypes. The indicated angles
originate from these literature values and can be correlated with
our measurement data for a conclusion about existing phases.
The prominent phases are mentioned with each spectrum in the
sequence of decreasing amounts of occurrence as judged from
spectra fitting. The respective database files are indicated in Table
S1 (Supporting Information) for In-Se and Table S2 (Supporting
Information) for Ga-Se, and are taken from the Crystallography
Open Database,[32] the FIZ Karlsruhe – Leibniz Institute for In-
formation Infrastructure (ICSD)[33] or Springer Materials (SD for
In4Se3).[34]

Starting with In-Se, the 150 nm In precursor (Figure 3a) se-
lenized in a high content of selenium (0.2 or 0.1 g Se) shows
prominent peaks around the lines at 17.1°, 25.1°, 27.6°, 37,6°,
39.9°, and 44.1°, followed by some smaller ones. They are char-
acteristic for 𝛾-In2Se3 and can equally be found for 100 nm In
precursor selenized in high selenium content (0.2 or 0.1 g Se,
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Figure 3. XRD spectra of In-Se fabricated in a sequential process from evaporated In precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and d) 20 nm
and selenized in various Se content (BG = background).

Figure 4. XRD spectra of Ga-Se fabricated in a sequential process from evaporated Ga precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and d) 20 nm
and selenized in various Se content (BG = background).
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Figure 3b). Thus, we can confirm the selenium-rich phase In2Se3
as well as the 𝛾-polytype derived from Raman measurements.
Still, for the thick In precursor films (150 and 100 nm In) but
annealed in high Se background only, the prominent peak posi-
tions change toward the lines at 10.6° and 21.4°. These diffrac-
tion angles correspond to 𝛽- or 𝛾-InSe and are discussed in the
literature to depict the (0,0,2) and (0,0,4) orientation of 𝛽-InSe
or the (0,0,3) and (0,0,6) orientation for 𝛾-InSe.[14] According to
that reference, 𝛽- and ɛ-InSe are highly similar in spectra, so also
the latter phase cannot be excluded here. However as we exclude
the 𝛽-phase from Raman measurements, we similarly need to ex-
clude the ɛ-phase and conclude the existence of 𝛾-InSe. Higher
orders with diffraction angles of InSe at ≈29/31° and 45/46° are
barely visible and can become rather dominated by other phases.

Namely, for 150 nm In precursor selenized in high Se back-
ground, multiple further peaks occur close to the lines at 27.9°,
29.1°, 30.8°, 44.4° and 46.6°. They can be linked to In4Se3, which
according to the phase diagram is expected in a small range below
stoichiometry only. A proof of this phase, even if it just seems to
appear at the surface (and not in Raman spectroscopy) is promis-
ing for the accessibility of this compound in our fabrication ap-
proach. Some remainders of In4Se3 peaks might still be identi-
fied for 150 nm In precursor and low selenium background. Yet,
they become dominated by the occurrence of 𝛼-/𝛽-In2O3 – as indi-
cated by peaks approaching the lines at 21.5°, 30.6°, 33.1°, 35.4°,
45.7°, 51.1, and 60.6° – and of pure In related to the lines at 32.4°,
35.5°, 38.7°, 61.7°, and 65.9°. For 100 nm In precursor selenized
in high Se background, only the two first peaks of InSe stick out.
In the case of annealing in low Se background, the second peak
of InSe could also be attributed to In2O3 again as there is a good
match of the higher-order peaks with the other In2O3 lines. Thus,
we can conclude that for the minimum addition of selenium, the
lack of this element is quickly compensated by oxygen. However,
when sufficient selenium is present, the In-rich In4Se3, the stoi-
chiometric InSe, or the Se-rich In2Se3 compound can be formed.

For the thinner In precursors (40 and 20 nm shown in
Figure 3c,d, respectively), despite selenization in selenium back-
ground only, the observed phases are again selenium-rich so that
only In2Se3 characteristic peaks occur. For high Se BG, the char-
acteristic 𝛾-In2Se3 peaks at 15.1°, 17.1°, 25.1°, 27.6°, 30.4°, 37.6°,
39.9°, and 44.1° are all present. Additionally, signs of 𝛼-In2Se3 oc-
cur with peak lines at 9.2°, 18.5°, 25.5°, 27.9°, 37.4°, 40.5°, 44.7°,
and 60.7°. They appear more or less pronounced compared to the
peaks of 𝛾-In2Se3 and become dominant for low selenium back-
ground and 20 nm In precursor. The preferential occurrence of
the low-temperature 𝛼-phase may be linked to the lower pressure
when annealing in a selenium background atmosphere only. In
particular, for the case of low Se BG, the graphite boat containing
the samples was left open so that the overall heat distribution may
be different. On the other hand, corresponding to the databases,
the characteristic peaks of 𝛼- and 𝛽-In2Se3 are highly similar, so
that also the 𝛽-phase could be the one present and it would fit
well with the processing temperatures. Aside from that, peaks
for In2O3 are not found here, underlining that a sufficient In/Se
ratio can prevent oxidation.

From the XRD analysis of Ga-Se (see Figure 4), we find a gen-
erally similar behavior as for In-Se and parallels to results from
Raman analysis. The thick Ga precursor films (150 and 100 nm,
Figure 4a,b) annealed in high selenium content (0.2 or 0.1 g

Se) reveal three main characteristic peaks at the lines of 28.2°,
47.2°, and 55.9°, which are representative for 𝛼- and 𝛽-Ga2Se3.
The same result was found from Raman spectroscopy. With re-
ducing selenium content, these peaks disappear, and for high se-
lenium background new peaks appear at the lines of 11.1° and
22.3°. These angles are typical for all polymorphs of GaSe (𝛽-/𝛾-
/𝛿-/ɛ-), which thus cannot be distinguished in our XRD analysis
as it was the case in Raman spectroscopy of GaSe. What is inter-
esting to see is that whilst Raman spectroscopy only shows indi-
cations for elemental Ga in the case of low Se background, XRD
analysis reveals additional characteristic peaks for 𝛽-Ga2O3. The
most prominent lines of the latter can be correlated with peaks
around the values of 18.9°, 30.1°, 33.4°, 35.3°, 38.4° 45.8°, 48.6°,
60.6°, and 64.8°, generally prevailing over the ones for Ga, which
are a ≈30.5°, 45.5°, and 64°/67°. The bulk-sensitive method Ra-
man spectroscopy did not indicate the existence of Ga2O3, so we
assume it is only present as a thin surface layer accessible in XRD.

For In-Se we were not able to identify the stoichiometric com-
pound of InSe for the thinner films. In the case of Ga-Se, how-
ever, the 40 nm Ga precursor film selenized in a high selenium
background (see Figure 4c) reveals the characteristic lines for 𝛽-
/𝛾-/𝛿-/ɛ-GaSe, even including one at the higher angle of 48.5°.
For the 20 nm Ga precursor film selenized under the same con-
ditions, however, 𝛼-/𝛽-Ga2Se3 is identified (compare Figure 4d).
The XRD spectra for the thinner films (40 and 20 nm Ga) se-
lenized in a low Se background can clearly be attributed to 𝛽-
Ga2O3 and Ga with a stronger prominence of the oxide for the
40 nm precursor film and of the pure metal for the 20 nm Ga pre-
cursor (according to XRD fitting procedures). The pronounced
occurrence of the oxidic phase makes us understand why Raman
spectroscopy revealed characteristics resembling the one of pure
glass only. At the same time, it confirms that oxidation is more
severe for Ga compared to In compounds as it was also stated in
the literature.[12] The important point to find out will be if oxida-
tion can be restricted to a very thin surface layer and if this may be
negligible compared to the remaining GaSe film underneath. We
could not observe the coexistence of Ga2O3 with Ga2Se3, which
may be because if sufficient selenium is supplied, the risk of ox-
idation is lower.

In this context, Figure S2 (Supporting Information) shows Ra-
man spectra of GaSe, prepared by selenization in high Se back-
ground of a 40 nm Ga precursor film after different times of ex-
posure to air: immediately after preparation, after having passed
the various characterization measurements (rep) and finally after
staying outside the desiccator for three days (Ox). With increas-
ing exposure time, the overall intensity of the Raman signal de-
creases, as also known from the literature,[21] but the main peaks
remain visible. They only appear slightly shifted toward larger
wavenumbers for ≈5 cm−1, yet no attribution to a different phase
is given. This observation can be seen as an indication that de-
spite Ga-Se is prone to oxidation when lacking selenium, bulk
GaSe persists.

4. Optical spectroscopy

Transmission and reflection show a very particular behavior that
can be correlated to the phase changes observed with varying se-
lenium content. The condensed view on absorption, emerging as
the remaining summand to add up transmission and reflection
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Figure 5. Absorption spectra of In-Se fabricated in a sequential process from evaporated In precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and
d) 20 nm and selenized in various Se content (BG = background).

to one, is represented in Figure 5 and 6 for In and Ga compounds,
respectively. From the absorption characteristics, the wavelength
at the maximum slope is extracted and converted to energy. We
label this value as E @ max (dA/d𝜆) or short Edrop and give the
numbers in Tables 1 and 2.

As we can observe from Figure 5 for In-Se, the absorption char-
acteristic for 150 and 100 nm. In both with 0.2 and 0.1 g Se is
highly comparable with a maximum close to 80% up to a wave-
length of ≈600 nm and a sharp drop to less than 20% thereafter.
The extracted value for Edrop is identically 1.94 eV. Following Ra-
man and XRD analysis, these samples consist of 𝛾-In2Se3. A sim-
ilar optical behavior is found for the samples with 100 and 40 nm
In selenized in high Se BG. Just the drop is less steep and the
value Edrop amounts to slightly higher values of 1.96 and 1.97 eV,
respectively. According to XRD measurements, the In2Se3 phase
is only present for the here-discussed thinner film, whereas InSe
dominates for the thicker one. 40 nm In, low Se BG, which is ex-
pected to be In2Se3 as well, shows the same maximum absorption
of 80% followed by a pronounced drop. Yet, the drop is shifted
toward shorter wavelengths corresponding to 2.95 eV and the in-
crease may be related to the transition from 𝛾- to 𝛼-phase or to
the starting coexistence of indium. For the samples with 20 nm
In precursor, the drop flattens further and the maximum absorp-
tion in the investigated wavelength range down to 300 nm re-
duces since Edrop is shifted to higher energies of 3.10 and 4.13 eV
for high and low Se BG, respectively. Indications for In2Se3 are
still found in the XRD spectra, whereas Raman measurements
point to the increasing dominance of In. Similarly high values

for Edrop are also observed for 150 nm In, low Se BG (4.13 eV),
and for 100 nm In, low Se BG (3.80 eV), whereby the absorption
is by a factor of two larger for the latter one. It may indicate, that
in addition to the indium signal, the characteristics of InSe are
visible. Thus, the absorption spectra for 100 nm In, low Se BG,
and for 150 nm In, high Se BG have comparable high absorp-
tion with a very shallow drop, just the value Edrop is with 2.41 eV
smaller for the latter case due to the lower indium content.

In Table 1, the values for Edrop are also juxtaposed to the In/Se
ratios resulting from X-ray fluorescence (XRF) measurements. A
clear correlation of low Edrop to small In/Se ratios and of large
numbers for In-rich cases can be found. The table further corre-
lates the phases derived from Raman and XRD measurements,
linking low Edrop values to In2Se3, increasing ones to InSe, and
the highest numbers finally approaching 4.13 eV to the predom-
inance of In. Again, it becomes visible that XRD as a surface-
sensitive method can still reveal In2Se3 phases whilst XRF, Ra-
man, and optical measurements disclose the predominance of
indium.

The optical behavior for Ga-Se (Figure 6) is highly compara-
ble to the one of In-Se. The main difference is a shift to shorter
wavelengths for the absorption drop and hence overall higher
values for Edrop. In detail, a high absorption of ≈80% followed
by a clear drop corresponding to 2.12–2.19 eV terminates in
a low absorption below 20% for the Ga2Se3 samples (150 and
100 nm Ga, 0.2 and 0.1 g Se). The samples related directly to
GaSe by Raman spectroscopy (150, 100 nm, and 40 nm Ga, high
Se BG) reveal a similar very distinct shape characterized by an
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Figure 6. Absorption spectra of Ga-Se fabricated in a sequential process from evaporated Ga precursor layers of a) 150 nm, b) 100 nm, c) 40 nm, and
d) 20 nm and selenized in various Se content (BG = background).

absorption above 70% for short wavelengths, an initial steep drop
which can be correlated to an energy of ≈3.22–3.26 eV that then
flattens until a kink with another steep drop ≈2.0 eV occurs and
leads to a saturation of the absorption ≈20%. According to XRD
spectroscopy, also the sample 100 nm Ga, low Se BG should con-
tain GaSe (asides from Ga), and here we observe the same as for
two InSe samples in Figure 5a,b), namely an overall high absorp-
tion with a slight drop only. The related Edrop equals 4.13 eV just as
for samples with dominating gallium (150, 40, 20 nm Ga, low Se
BG) and indium. The reason is simply that this value correspond-
ing to 300 nm is the lower limit of our range of investigation and
thus indicates that the true Edrop is ≥ 4.13 eV. The values of Edrop
for Ga-Se are given in Table 2 and can again be well correlated
to the results from XRF measurements providing Ga/Se ratios
below 0.5 for the Ga2Se3 samples with Edrop ≈2 eV, ratios ≈1 for
GaSe with Edrop of ≈3 eV, and significantly larger values when Ga
dominates which is linked to an absorption drop at the edge of
our characterization range.

Across the literature, bandgap values for In-Se and Ga-Se com-
pounds are found that have a trend toward lower values compared
to Edrop which we derived from the point of highest slope in the
absorption characteristic. Thus, to complement our approach of
Edrop extraction initially chosen for unbiased information about
the absorption characteristics, we address a potential derivation
of bandgaps from Tauc plots and calculate the absorption co-
efficient following Equation (1) given in the Experimental part.
The thickness required for this step is obtained from profilom-
etry, transmission and reflection are the ones measured by opti-

cal spectroscopy. The absorption coefficient is then plotted in the
form of either (𝛼E)2 or (𝛼E)1/2 versus the energy E to find a linear
fit delivering the value of either the direct or indirect bandgap.
Figures S3 and S4 (Supporting Information) represent the (𝛼E)2

and (𝛼E)1/2 plotting for the In-Se samples and Figures S5 and
S6 (Supporting Information) correspondingly for Ga-Se. For both
plotting options, areas suitable for linear fitting can be identified.
Generally, the choice of fit ranges is clearer for the samples with
higher selenium content, whereas for lower selenium content,
the investigated energy range becomes the limiting factor.

The resulting bandgap values are summarized in Tables 1
and 2 and are discussed in the following. Literature generally re-
ports direct bandgaps for G3AMC2DMs, therefore we start with
the corresponding analysis. For In-Se, our direct bandgap fitting
delivers consistently 1.9 eV for 𝛾-In2Se3, and slightly lower val-
ues ≈1.6 eV for 𝛼-In2Se3. High bandgap values for the cases of
dominating In, just as expected from the Edrop values, are not ob-
served in direct bandgap fitting but the values stay at 1.5–1.6 eV.
Looking at the alpha plots for these samples (see Figure S3, Sup-
porting Information), it is to be noted that due to the limited
measurement range, the corresponding fits are valid with restric-
tions. Bandgap values of 1.6–1.9 eV for In2Se3, however, align
very well with the numbers reported in the literature.[35,36] For
InSe, a bandgap range from 1.25 eV (bulk) to 2 eV (2 layers) was
published.[37] Assuming that our samples are thin, this might be
brought in line with Eg,dir = 1.8 eV derived for the sample 100 nm
In, high Se BG, which is attributed to InSe by Raman and XRD
characterization. Most interestingly, for the other two samples
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Table 1. Comparative overview on characterization results obtained from In-Se samples fabricated in a PVD-based sequential growth: compositional
ratios from XRF, phases from Raman and XRD, energy Edrop at steepest slope of absorption from optical spectroscopy, and bandgap energy derived from
fitting direct or indirect band transitions (Eg,dir and Eg,indir).

In/Se Raman XRD Edrop [eV] Eg,dir [eV] Eg,indir [eV]

150 nm, 0.2 g Se 0.30 In2Se3 In2Se3 1.94 1.9 1.7

150 nm, 0.1 g Se 0.31 In2Se3 In2Se3 1.94 1.9 1.7

150 nm, high Se BG 0.69 InSe InSe, In4Se3 2.41 0.8 0.6

150 nm, low Se BG 7.76 In In, In2O3 4.13 1.6 2.9

100 nm, 0.2 g Se 0.31 In2Se3 In2Se3 1.94 1.9 1.7

100 nm, 0.1 g Se 0.31 In2Se3 In2Se3 1.94 1.9 1.8

100 nm, high Se BG 0.49 InSe InSe 1.96 1.8 1.6

100 nm, low Se BG 2.57 InSe, In InSe, In2O3 3.80 0.7 2.0

40 nm, high Se BG 0.42 In2Se3 In2Se3 1.97 1.6 1.6

40 nm, low Se BG 0.42 In2Se3, In In2Se3 2.95 1.7 1.6

20 nm, high Se BG 0.45 In2Se3, In In2Se3 3.10 1.7 1.5

20 nm, low Se BG 0.51 In In2Se3 4.13 1.5 1.4

expected to also contain InSe (150 nm In, high Se BG, and
100 nm, low Se BG), we observe Eg,dir of 0.7–0.8 eV. The lit-
erature reports Eg,dir = 0.8 eV for In4Se3,[38] which would
match the additional prediction from XRD for the first sam-
ple. Yet, again the fitting range is highly restricted. The re-
sults from our indirect bandgap fitting are generally similar
with overall slightly lower numbers than the extracted direct
bandgaps. Only for the two cases of 150 and 100 nm In,
low Se BG, for which – however amongst others – the pres-
ence of elemental In is assumed, we find Eg,indir ≥ 2.0 eV.
As it is visible from Figure S4 (Supporting Information), the
fitting area is here again at the edge of our measurement
range.

In the bandgap fitting for the Ga-Se samples, very consis-
tently high values are derived for the samples where no Se-
containing compounds were predicted by Raman and XRD mea-
surements (150, 40, 20 nm Ga, low Se BG). The corresponding
values amount to 1.9 eV ≤ Eg,dir ≤ 2.0 eV, and 2.9 eV ≤ Eg,indir ≤

3.3 eV, whereby the latter range results again from fitting areas

at the edge of our measurement range (see Figures S5 and S6,
Supporting Information). For the rest, the results from indirect
bandgap fitting are in general 0.2–0.3 eV lower but show the same
trends, so we will only discuss the direct bandgap case in more de-
tail as it is also the prominently considered one in the literature. A
very clear correlation between the predicted phases and bandgap
ranges can be established, namely 1.9–2.0 eV for Ga2Se3 and 1.2–
1.6 eV for GaSe. Only the sample 100 nm Ga, low Se BG pulls
out in direct bandgap fitting with a value as low as 0.8 eV, which
may be correlated to an insufficient fit range despite the higher y-
values considered here (see Figure S5, Supporting Information).
The literature value for the bandgap of Ga2Se3 is 1.9 eV,[25,26] that
is, highly consistent with what we find. For GaSe in contrast, 2–
3.5 eV were reported,[39] which surpasses all our calculations. Yet,
we do observe a high analogy to the In-Se samples which are also
characterized by a smaller bandgap of InSe compared to In2Se3.

Overall, we find a clear correlation between different value
ranges derived for Edrop, Eg,dir and Eg,indir to distinct phases iden-
tified by Raman and XRD spectroscopy. Hereby, the values for

Table 2. Comparative overview on characterization results obtained from Ga-Se samples fabricated in a PVD-based sequential growth: compositional
ratios from XRF, phases from Raman and XRD, energy Edrop at steepest slope of absorption from optical spectroscopy, and bandgap energy derived from
fitting direct or indirect band transitions (Eg,dir and Eg,indir).

Ga/Se Raman XRD Edrop [eV] Eg,dir [eV] Eg,indir [eV]

150 nm, 0.2 g Se 0.23 Ga2Se3 Ga2Se3 2.12 2.0 1.8

150 nm, 0.1 g Se 0.24 Ga2Se3 Ga2Se3 2.12 2.0 1.7

150 nm, high Se BG 1.24 GaSe GaSe 3.22/1.98 1.6 1.4

150 nm, low Se BG 21.11 Ga Ga, Ga2O3 4.13 1.9 2.9

100 nm, 0.2 g Se 0.24 Ga2Se3 Ga2Se3 2.19 2.0 1.7

100 nm, 0.1 g Se 0.23 Ga2Se3 Ga2Se3 2.14 1.9 1.7

100 nm, high Se BG 0.60 GaSe GaSe 3.22/1.97 1.6 1.4

100 nm, low Se BG 10.28 Ga GaSe, Ga, Ga2O3 4.13 0.8 1.4

40 nm, high Se BG 0.73 GaSe, Ga GaSe 3.22/2.00 1.2 1.2

40 nm, low Se BG 8.47 glass Ga, Ga2O3 4.13 2.0 3.2

20 nm, high Se BG 0.36 Ga2Se3 Ga2Se3 3.26 2.0 1.8

20 nm, low Se BG 4.69 glass Ga, Ga2O3 4.13 1.9 3.3
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direct bandgap fitting are mostly in agreement with literature re-
ports, just for the GaSe samples we predict lower bandgaps of
1.2–1.6 eV. The fitting of (𝛼E)2 or (𝛼E)1/2 is however always highly
subjective and strongly dependent on the fitting range as well as
on assumed layer thicknesses, which may be subject to substan-
tial errors. Thus, we highlighted Edrop as a direct quantity allow-
ing us to compare the optical properties of the different In-Se
and Ga-Se samples as they would also be relevant in the applica-
tions. Importantly, we confirm that high bandgap values ≈2 eV
are feasible for our In-Se and Ga-Se layers, whereby the metal-
rich compounds appear more promising in this regard.

5. Conclusion

Via an original sequential process based on the thermal evap-
oration of an In or Ga precursor film subsequently subject to
annealing in a Se atmosphere, we could successfully fabricate
different phases of In-Se and Ga-Se. Tuning the precursor layer
thickness as well as the amount of selenium, we achieved the sto-
chiometric (InSe, GaSe), the Se-rich (In2Se3, Ga2Se3), and for in-
dium the reported In-rich phase (In4Se3). These compunds along
with possible polytypes were confirmed by Raman spectroscopy
and XRD analysis. The two methods showed highly consistent
results with additional phases observed by the surface-sensitive
X-ray method. The identification of the different phases and tran-
sitions with changing In and Se supply was further confirmed by
optical analysis where a pronounced change in absorption was
found as the phase changed. Tables 1 and 2 provide a summary
overview of the derived phases and band transition energies for
In-Se and Ga-Se, respectively, which can also be linked to the
In/Se and Ga/Se ratios as derived from XRF measurements. The
results confirm that by tuning the metal/chalcogen ratio, we can
grow In-Se and Ga-Se compounds of various phases and related
characteristic structural and optical properties. Next to the shown
optical behavior, the electrical properties of the films will need to
be tested in the future.

Aside from the observation of the different phases of In-Se
and Ga-Se compounds we also found indications for In2O3 and
Ga2O3 from XRD analysis. The presence of these compounds on
the surfaces of extremely Se-poor samples, which occurred more
pronouncedly for the Ga-samples, is an indication of oxidation
under lack of selenium. When a sufficient, yet fitting to the de-
sired composition, amount of selenium was supplied, no signals
of oxidic surface layers could be measured. These findings make
us positive that by fine-tuning the selenium supply we will be able
to fabricate the different In-Se and Ga-Se phases in a controlled
way also for nano-thin films. Finally, the appearance of a surface
oxidation layer, in particular Ga2O3, may not be a limiting fac-
tor but rather an excellent opportunity for forming pn-junction
devices with this wide-gap oxidic layer that has gained growing
interest, for example, in high-power applications. Given the scal-
ability of our fabrication method, it is highly promising for large-
scale deployment of the materials in various applications.

6. Experimental Section
Indium and gallium selenides were fabricated in a sequential process.
First, a thin layer of indium or gallium is deposited by thermal evaporation

with thicknesses starting from 150 and 100 nm and then being reduced to
40 and 20 nm. The layer thicknesses of indium were controlled via a cali-
brated microbalance, those of gallium by weighing the mass of material to
evaporate following prior calibration. Subsequently, the films were placed
in a graphite boat within a rapid thermal processing oven for annealing in
a selenium atmosphere. The amount of selenium was stepwise reduced
from 0.2 g over 0.1 g of Se to a selenium background (BG) atmosphere
only, which was denoted as “high” or “low” depending on whether in the
process before selenium was present or outgassing at high temperatures
was performed. The processing temperature of the Se-containing graphite
boat followed the routing through three zones set to 20, 350, and 700 °C,
respectively: starting from zone 1, 10 min in zone 2, 6 min in zone 3, 5 min
in zone 2, and finishing in zone 1.

Element ratios were measured by X-ray fluorescence (Spectro XEPOS
C EDXRF) and the final film thicknesses were determined by profilometry
(Bruker Dektak 6 M). They were a factor of 2.5–4.5 higher than the precur-
sor thicknesses, depending on the material.

The samples were characterized in detail by Raman spectroscopy us-
ing a custom-built Raman system by Femtika. The excitation occurs with
a 532 nm cw laser focused by a 20x/0.8 objective onto the sample. After
passing a multi-modal Kymera-spectrograph, the scattered light was de-
tected by an ultrafast and ultrasensitive electron-multiplying CCD camera
(both from Oxford Instrument/Andor Technology). The structural char-
acterization was complemented by X-ray diffraction in a high-resolution
Rigaku SmartLab system. The measurements were conducted in grazing
incidence configuration with Cu K𝛼 radiation.

Optical characterization was performed with a PerkinElmer Lambda
1050+ UV–Vis–NIR photo spectrometer. For measurements of total trans-
mission T and reflection R, an integrating sphere of 150 mm diameter was
employed, and the spectral range from 300 –1500 nm was chosen. The
absorption A was calculated as A = 1 − R − T. From this value the ab-
sorption coefficient 𝛼 was determined via Lambert–Beer’s law knowing the
layer thickness d from profilometry:

𝛼 = 1
d

ln 1 − R
T

(1)

Generally, the samples were stored in desiccators except for when they
were subject to measurements. In certain cases, the samples were delib-
erately exposed to air for several days to perform oxidation tests.

Statistical Analysis: All measurements were performed on the sam-
ple centers, since toward the edges inhomogeneities and phase variations
were observed.

The Raman signal was averaged over an illumination volume defined
by an incident laser spot of ≈0.8 μm diameter focused on the sample sur-
face. The step width of the measurement data was 0.6–0.7 cm−1. The sig-
nal was subject to background correction and baseline subtraction. Sharp
peaks originating from cosmic rays were deleted. This along with further
analysis was performed in Origin. When taking repetitive measurements,
variations of ≈± 1 cm−1 in peak position were noticed, which was extracted
at the point of maximum intensity.

The X-ray diffraction measurements were performed in grazing in-
cidence configuration (GIXRD) with a longitudinal irradiation width of
≈14 mm. The incident angle was 0.7°, or 0.2° for the thinnest samples
(20 and 40 nm Ga precursor, low Se BG). Background and baseline cor-
rections were performed on the data as well as B-spline smoothing except
if any peaks disappear. The data were analyzed using the software Smart-
labstudio II from Rigaku and referring to the databases cited in Tables S1
and S2 (Supporting Information).

Transmission and reflection measurements were taken with a step size
of 5 nm under a light-illumination spot of ≈1 cm × 1.5 cm. For the cal-
culation of the absorption coefficient, layer thicknesses determined by
profilometry were used (except for the thinnest gallium-containing films
where they are extrapolated from XRF measurements). These layer thick-
nesses were subject to a non-negligible error. Yet even a variation of ± 20%
doesn’t change the last digit of the bandgap that was given as a result of
the absorption coefficient plotting (the fitting error itself in these plots
was minor). Nevertheless, the analysis focused on absorption, which was
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independent of thickness, and only gives the absorption coefficient and
related bandgap extractions in the supplementary.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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