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ABSTRACT

We report on the growth of 2D layered indium selenide films on (0001)-oriented sapphire substrates by coevaporation. The 6 — 20 x-ray
diffractograms reveal that the (00!) planes are preferentially oriented parallel to the substrate with a tendency to deviate from the 2D stacking
as a function of the growth time. The ¢-scans performed for the (107) and (1010) orientations of the hexagonal (h) and rhombohedral
(r) phases, respectively, reveal that both polytypes coexist in the epitaxial films. We show that the merging of the h-(100), r-(101), h-(101),
and r-(102) lines results in different spectral shapes in the 6 — 26 scans according to samples, which gives qualitative information about the

contribution of each polytype.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091675

I. INTRODUCTION

In the last decade, monochalcogenides (such as GaSe and InSe),
which are 2D materials, have established themselves as key com-
ponents of the next generation of semiconductor devices due to
their exceptional tunable electronic properties.' ~ One of the major
degrees of freedom of these layered structures is the number of
stacked sheets. Many remarkable effects have been reported for
monolayers, bilayers, or stackings of a few atomic sheets. In indium
selenide, the material with which this work is concerned, it has been
demonstrated that the number of atomic layers acts on the size and
the nature of the bandgap,”” on the exciton binding energy,’ or
on the spin-orbit coupling strength.” The stacking layout becomes
essential in multilayer systems, where the position of the atoms in a
plane relative to the coordinates of the atoms in the neighbor sheets
leads to drastic changes in the structure symmetries. In addition, the
polymorphism in monolayers,'” the twist of atomic sheets in bilayer
structures,’"'” and the polytypism in bulk crystals are some exam-
ples of the variety of phenomena that occur in stacked structures.
The presence of several polytypes within a device leads inevitably
to structural defects that are detrimental to its optical and elec-
tronic specifications. Consequently, the correct determination of the
polytypism in a 2D layered sample is an elemental identification.

The most efficient tool for probing the crystalline structure of
a solid compound is x-ray diffraction (XRD). The common tech-
nique performed on epitaxial films and bulk 2D layered materials
is the 6 — 26 configuration setup. The obtained spectra display the
periodic series of well-defined (00!) peaks, which is often consid-
ered as a piece of evidence of the quality of the crystal since it reflects
the regular stacking of the 2D atomic planes. The determination of
the polytype in this case, unlike in powders, is subtle since several
stacking orders may have very close values of the interplanar dis-
tance, which is the most relevant lattice parameter in this geometry.
For instance, indium selenide is known to crystallize in the follow-
ing polytypes among others: 8-2H (P63 /mmc) with ¢ = 16.64A,"
e-2H (P6m2) with ¢ = 16.70A,* and y-3R (R3m) with ¢ = 24.946A
(i.e., 16.63A for 2 layers)."” The likeness of the c-lattice parameter
for all these phases makes the distinction of each crystalline stacking
order from conventional 6 — 26 XRD spectra particularly difficult.
Furthermore, the simultaneous presence of both polytypes in a
sample results in a strong overlap of the XRD lines of each contribu-
tion. Consequently, such a simple diffraction pattern may not be, in
general, a relevant indicator of the amount of polytypism. Obviously,
the weak interlayer bonds along the c-axis of van der Waals 2D lay-
ered compounds favor the formation of stacking faults and allow the
coexistence of polytypes within the same sample.'® In Ref. 17, two
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polytypes were shown to be stacked one upon the other. However,
depending on the growth conditions, the synthesis of 2D materials
can also result in single crystals embedded in a matrix of a distinct
polytype.'®

In the case of InSe, the formation energy of several polymorphs
has been calculated within the framework of the density functional
theory.'””” Srour et al. reported that the y and ¢ polymorphs have
the lowest energy and are the most stable phases although the
B polytype presents a slightly higher energy and volume per atom.”!
Nevertheless, the differences between all these crystalline structures
are tenuous and do not take the thermodynamic or kinetic mecha-
nisms, which control the bulk or 2D material growth processes into
consideration.

In this study, we present the x-ray diffractograms of indium
selenide films deposited on c-axis oriented sapphire substrates under
different growth conditions. We show that all the layers present
a good crystalline quality, with a strong preferential orientation.
The (001) planes are parallel to the surface of the substrate, which
is extremely promising for future large scale InSe-based devices.
However, a thorough investigation of the XRD data reveals (i) the
presence of misoriented crystallites that become more significant as
the InSe film becomes thicker and (ii) the coexistence of various
amounts of hexagonal and rhombohedral polytypes in all our sam-
ples and in commercial bulk InSe, which underlines the difficulty of
selecting single phase 2D van der Waals materials. Then, we demon-
strate that the relative contribution of the (100) and (101) lines of
the hexagonal phase and the (101) and (102) lines of the rhombo-
hedral one gives rise to distinct spectral shapes, depending on the
contribution of each phase.

Il. GROWTH OF INDIUM SELENIDE FILMS

In this work, we carry out the careful x-ray diffraction analysis
of three indium selenide films grown on (0001)-oriented sapphire
wafers by coevaporation. These three samples are selected from their
representativeness among a batch of several films. Additional data
are presented in the supplementary material for completeness. The
wafers are initially soldered with indium on a molybdenum substrate
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holder, ensuring a perfect control and homogeneity on the growth
temperature, which is fixed at Tgrowth = 450 °C. The pure In and Se
elements (5N) are evaporated from Knudsen effusion cells, with a
constant indium flux set by a cell temperature of T1, = 790 °C. The
chamber pressure equals ~107° Torr during the growth. The dif-
ference between all three sample resides in the supply of selenium
during the growth and the growth duration. The InSe films labeled
Nos. 1 and 3 have been deposited with Ts. = 189 °C during 0.5 and
2 h, respectively, while sample No.2 was grown with a lower
selenium partial pressure (Tse = 185 °C) during 1 h.

The 6 — 20 x-ray diffraction scans of the three InSe films labeled
Nos. 1-3 are plotted in Fig. 1(a). The main peaks observed at this
scale follow the perfect (00!) series, which demonstrates the pref-
erential stacking of the InSe planes parallel to the surface of the
substrate. The layered macroscopic nature of our layers is con-
firmed by the atomic force microscopy images of peeled samples
(see the supplementary material). From this plot, it is impossible
to discriminate between the contributions of the 3Ry-InSe polytype
and the 2Hf- or e-InSe phase since the signatures of the stacked
planes are almost identical. For the hexagonal InSe, the [ indices
are even (I = 2,4,6,...), while in the rhombohedral phase, they are
replaced by multiples of 3 (I = 3,6,9,...), in agreement with the unit
cells sketched in Fig. 1(c). We stress that the XRD spectra of our
epitaxial films are qualitatively identical to what is measured on a
piece of commercial bulk InSe (topmost curve in Fig. 1). The lower
XRD intensity measured in the films mainly relates to the thinner
thickness, which is confirmed by the detection of the bottom sap-
phire substrate. The growth rate has been evaluated as ~10 nm/min,
leading to the film thicknesses of 300, 600, and 1200 nm for sample
Nos. 1-3, respectively.

Ill. DETERMINATION OF THE HEXAGONAL
AND RHOMBOHEDRAL POLYTYPES
BY X-RAY DIFFRACTION

In order to determine the polytypes of the grown films, we
performed ¢-scans after locking on one selected peak with an out-
of-c-axis orientation, namely, the (107) and (1010) crystallographic

“ ! ' T y T T B-InSe (2H)
L 004 [ [
— 35 '(a) - (b) ——(1010) rhombo (C)
2 ooz 006 008 0012 Bulk (1/4) -;-2.0 = -~ =~(107) hexa 4
€ 30 (4 . 2
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FIG. 1. (a) 6 — 26 XRD scans of bulk and three InSe films (Nos. 1-3) grown by epitaxy on (0001)-sapphire substrates. Gray vertical dashed lines indicate the peaks
arising from sapphire. (b) ¢-scans performed on the (1010) and (107) peaks in the rhombohedral and hexagonal polytypes, respectively. Thin vertical lines indicate a 60°
periodicity. (c) Side view of the unit cells of hexagonal 8- and e-InSe and rhombohedral y-InSe.
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planes for the hexagonal and rhombohedral InSe, respectively. The
curves plotted in Fig. 1(b) reveal that all three samples contain both
the hexagonal and rhombohedral polytypes with a preferential in-
plane orientation. The common phase of the ¢-scan oscillations
shows that the in-plane orientations of the 2H and 3R phases are
linked. Note that the rhombohedral polytype exhibits a 60° period-
icity highlighted by the thin vertical lines in Fig. 1(b) instead of the
120° expected one. It is attributed to the contributions of different
r-InSe layers twisted by 60°. The background signal and the width of
the peaks agree with significant misorientations and a lower in-plane
crystal quality than along the growth axis.

Figure 2 presents the XRD traces of the same three samples in
a smaller intensity range that permits the showing of much weaker
structures (the approximative magnification factor equals 160). No
additional significant feature except for the attenuated Kz and tung-
sten replicas of the main InSe and sapphire peaks of the (00/) series
can be observed in the lowest scan (sample No.1) of this figure.
These peaks, indicated by the diamond symbols in the lowest curve
of Fig. 2, result from the use of a Gébel mirror in the primary x-ray
beam path to enhance the detectivity. The two other spectra show
extra diffraction lines. The spectrum of sample No.2 consists of a
large number of peaks that are attributed for most of them to the
polycrystalline InsSes phase and are indexed with star symbols in
Fig. 2. It is consistent with the lower temperature of the selenium cell,
185 °C instead of 189 °C for sample No.1, which favors the growth
of the selenium sub-stoichiometric phase, i.e., InsSes. The unit cell
of this compound is orthorhombic with the Pnnm space group,” **
which results in a large number of nonequivalent diffracting planes.
The main XRD peak of this compound occurs at 26 = 28.95° for the
(131) orientation. Here, this peak is the most intense of the InsSes
diffractogram, but it remains 200 times smaller than the main (004)
peak of InSe, which is the major phase.

Now, focusing on the [25°-27°] 26 range highlighted by the
dashed rectangle in Fig. 2, we notice the existence of two peaks
slightly broader than the adjacent ones. The InsSes phase cannot
account for this observation. Interestingly, this two-peak structure

scitation.org/journal/adv

takes a different shape in sample No.3 with a strongly asymmetric
shape. Finally, we underline that two narrow peaks are also detected
at 44.70° and 45.25°, which are indicated by the circle and cross-
mark symbols, respectively, in Fig. 2. The latter is observed in sample
No.2 as well, and it is attributed to the (110) planes shared by the
hexagonal and rhombohedral phases (see the last row in Table I).
The 6 - 26 diffractograms of sample Nos. 2 and 3, recorded
over a long acquisition time, are plotted in Fig. 3. The 26 span corre-
sponds to the dashed rectangle area in Fig. 2, i.e., it ranges between
25° and 27.25°. The vertical dashed lines indicate the position of the
diffracted lines of the hexagonal and rhombohedral polymorphs of
InSe and InsSes phases. For InSe, the 20 values are taken from the
034-1431 and 042-0919 powder diffraction files, respectively, and
are reported in Table [ with their relative intensities and hkl indices.
The diffraction angles given for the hexagonal f polytype are iden-
tical for the ¢ stacking. From the XRD analysis alone, we are not
able to discriminate between both structures. However, the detection
of the photoluminescence (PL) in our InSe films, presented in the
supplementary material, is in favor of the f§ polytype. Indeed, the ¢
phase has an indirect bandgap,” and as a consequence, the PL must
be quenched by the nonradiative emission that dominates the radia-
tive one. From Fig. 3, it is obvious that the two peaks observed in
sample No.2 correspond to the (101) and (102) planes of the rhom-
bohedral crystalline phase, named r101 and r102. A two-peak fit of
the experimental diffraction spectrum using a Gaussian broaden-
ing (thin blue line) is, however, insufficient to reproduce correctly
the data. Taking into account the two interlaid contributions of the
hexagonal phase, namely, the (100) and (101) lines, allows us to fit
the x-ray diffractogram satisfactorily (black solid line). The long tail
that occurs for 20 > 26.8° mainly results from the non-zero back-
ground induced by the neighbor InsSes; peak at 27.91° (see Fig. 2).
The InsSes lines at 25.78° (211) and 26.86° (121) seem to play a

TABLE I. 26, intensity, and hkl indices of the diffraction peaks of the hexagonal and
rhombohedral InSe phases limited to the [20°-46°] 26 range. The data are extracted
from the study by Popovié et al. (a = 4.005 A and ¢ = 16.64 A)25 and Rigoult et al.
(a=4.002 A and ¢ = 24.946 A)."5 For the rhombohedral phase, the hexagonal-like
indices are used (i.e., 006 instead of 222). The different cell parameters obtained

— in both refinements lead to a slight discrepancy in the 26 values for the common
2 diffraction conditions.
c
3 Hexagonal InSe Rhombohedral InSe
o)
i 20 Intensity hkl 20 Intensity hkl
2 21.29° 100 004 21.35° 72 006
& 25.69° 2 100
g 25.93° 100 101
= 26.11° 3 101
e 26.67° 68 102
x P R Aot 30.38° 2 103
20 25 30 35 40 31.40° 30 105
20 [deg] 32.25° 10 006 32.27° 4 009
36.12° 34 107
FIG. 2. X-ray diffraction spectra of the three InSe films preferentially oriented along 37.44° 3 105
the c-axis. The thick solid vertical lines indicate the (00/) peaks. The diamonds 38.81° 67 108
indicate the Kj; and tungsten replicas of the main peaks, and the §ta_rs indicate 43.47° 8 008 43.50° 4 0012
the peaks attributed to the InsSe3 phase. The dashed rectangle delimits the part s DO
enlarged in Fig. 3. 45.30 4 110 45.28 82 110
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FIG. 3. Main graph: slow 6 — 20 diffraction scans of the InSe films (Nos. 2 and 3)
with multi-peak fitting (blue and black solid lines). The dashed vertical lines indicate
the position of the expected diffraction lines for the hexagonal InSe, rhombohedral
InSe, and InsSe; compounds (green, pink, and gray lines, respectively).

negligible role in the overall spectral shape in this 20 range. This
is even more true for the fit of the diffractogram of sample No.3,
where no trace of InySe; was detected in this film. The asymmetric
shape in the case of sample No.3 can also be fitted with four
Gaussian-broadened peaks. The fitting parameters of the peaks of
the hexagonal phase are almost the same as for sample No.2, but
those for the rhombohedral InSe peaks that govern the overall shape
have to be changed. The ratio of the (101)/(102) peak magni-
tudes increases from 1.2 for sample No.2 to 2.6 for sample No.3,
the peak broadening is enlarged by 60%, and the peak positions are
downshifted by ~0.04°.

IV. X-RAY DIFFRACTOGRAMS OF InSe POWDERS

The patterns observed in the x-ray diffraction spectra of
sample Nos. 2 and 3 around 26 ~ 26° result from the atomic planes
of rhombohedral and hexagonal InSe, which are not parallel to
the substrate, i.e., (10/)-oriented planes. From Table I, it is not
surprising to observe the peaks associated with the rhombohedral
polymorph since their relative intensities are very large with 100%
and 68% for the (101) and (102) lines, respectively. At the opposite,
the relative intensities of the (100) and (101) peaks of the hexago-
nal phase are weak, less, or equal to 3%. Nevertheless, the intensity
values determined from powder diffractograms cannot account for
the peak intensities in strongly c-axis oriented epitaxial InSe films.
A proof of this resides in the detection of a noticeable peak at
44.70° reported previously in sample No.3, which does not appear
in the standard powder diffraction file because of its smallness
(see Table I). In fact, this 26 value corresponds to the (1011) plane
of r-InSe.

With the aim of estimating the relative amount of the hexago-
nal and rhombohedral polytypes, we performed 6 — 20 scans on the
films reduced to powder beforehand. They are plotted in Fig. 4(b)
along with the diffractograms of the as-grown layers for comparison.
For sample No.1, the diffraction peaks linked to the (10/)-oriented
planes appear in the powder, while they were not detected in the epi-
taxial film. The maximum peak lies in the vicinity of the h-(101) line,
which suggests a relatively high amount of the hexagonal polytype in

scitation.org/journal/adv
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FIG. 4. (a) X-ray diffractograms of turbostratic (top) and graphitic (bottom) boron
nitride samples. (b) X-ray diffractograms of as-grown (top) and reduced to powder
(center) InSe films (Nos. 1 and 2). The bottom trace is measured from powdered
bulk InSe.

this sample as compared to sample No.2. Indeed, the two-peak shape
of the as-grown No.2 film transforms into a more asymmetric form
while keeping pronounced rhombohedral contributions. This analy-
sis remains qualitative, but it demonstrates that the spectral shape in
this 20 region gives valuable information on the polytypism present
in a sample. This way, we find out that a piece of commercial bulk
“p-InSe” contains both hexagonal and rhombohedral polytypes as
well. It is further confirmed by the series of ¢ scans plotted in
Fig. 2(b).

V. DISCUSSION

The InSe films presented in this study have a thickness spread-
ing from 0.3 to 1.2 ym, and as a consequence, the x-rays probe the
samples in their entirety down to the sapphire substrate. Thus, we
can establish that the majority of the films of this study are composed
of (001) preferentially oriented InSe crystallites with their normal
parallel to the c-axis of AlO3. Sample No.1, which is grown with
the same conditions as sample No.3 but during half an hour instead
of 2 h, shows the (00]) diffraction lines only, suggesting a perfect
2D stacking with an inappreciable quantity of misoriented crystal-
lites. As the film thickness increases, the formation of crystallites
with other crystalline orientations occurs. The XRD analysis demon-
strates, however, that the orientation of the detected planes remains
not too far from the (00/) direction, like r-(1011) detected at 44.70°.
The detection of the hexagonal and rhombohedral polytypes indi-
cates that both phases form during the growth from their initial stage
in all samples. The in-plane lattice constants are extremely close
for both polytypes, which facilitates the creation of the 2H and 3R
stackings. The lower partial pressure of selenium in sample No.2
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tends to favor the formation of the latter, but the influence of the
coexisting InySes phase cannot be ruled out.

It is interesting to compare the data measured in our InSe films
with the diffractograms of other 2D compounds, which also show
polytypism. Thus, we present the § — 20 scans of two boron nitride
samples in Fig. 4(a) by following the work of Yuan et al.”” We present
the XRD spectra of one commercial BN powder and one Bernal BN
high-quality crystal.'® The rescaling of the 26 axis allows us to match
the positions of the h-(100), r-(101), h-(101), and r-(102) lines in
the BN and InSe materials. The peaks are well distinct in the case of
graphitic BN [lowest spectrum in Fig. 4(a)]. In turbostratic BN, the
(101) peaks are known to merge in a broad asymmetric (10) line with
a long tail on the high 26 angle side.”” " In addition, the increased
interplanar distance in the turbostratic material translates into a
slight downshift and broadening of the 26 diffraction angles with
respect to the line positions in the ideal graphitic structure. There
is, however, no similar feature in our InSe films that could suggest a
disordered turbostratic growth on top of the effects of the crystallite
size, microstrain, and stacking disorder in our polycrystalline and
polymorphic InSe films.

VI. CONCLUSION

Indium selenide films have been grown on c-plane sapphire
wafers by van der Waals epitaxy. We show that the 2D crystal-
lites are (00!) oriented, predominantly parallel to the substrate in
thin films, while misoriented planes appear when the film thickness
increases. However, this issue will be of minimum consequence
for the crystalline growth of ultra-thin InSe layers. The coexis-
tence of the hexagonal and rhombohedral polytypes in our sam-
ples is demonstrated by x-ray diffraction ¢-scans performed for
out-of-c-axis orientation planes. However, the detection of the
(100) diffraction peaks in the more common 6 - 26 configura-
tion between 25° and 27° allows a fast qualitative estimation of
the contributions of the hexagonal and rhombohedral polytypes.
Finally, we did not report the observation of turbostratic stacking in
our InSe films.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional x-ray diffrac-
tograms of InSe layers grown with different experimental condi-
tions, low temperature photoluminescence spectra, and an atomic
force microscopy image of a peeled InSe thin film.
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