RESEARCH ARTICLE

'.) Check for updates

Novel Polymorph of GaSe

Justyna Grzonka,* Marcel S. Claro, Alejandro Molina-Sdnchez, Sascha Sadewasser,

and Paulo J. Ferreira

1. Introduction

2D GaSe is a semiconductor belonging to the group of post-transition metal

chalcogenides with great potential for advanced optoelectronic applications.
The weak interlayer interaction in multilayer 2D materials allows the forma-
tion of several polymorphs. Here, the first structural observation of a new
GaSe polymorph is reported, characterized by a distinct atomic configuration
with a centrosymmetric monolayer (D34 point group). The atomic structure
of this new GaSe polymorph is determined by aberration-corrected scanning
transmission electron microscopy. Density-functional theory calculations
verify the structural stability of this polymorph. Furthermore, the band struc-
ture and Raman intensities are calculated, predicting slight differences to the
currently known polymorphs. In addition, the occurrence of layer rotations,
interlayer relative orientations, as well as translation shear faults is discussed.
The experimental confirmation of the new GaSe polymorph indicates the
importance of investigating changes in the crystal structure, which can fur-

ther impact the properties of this family of compounds.
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2D layered materials and their superior
properties offer a platform that allows the
formation of heterostructures capable of
producing devices with enhanced func-
tionalities.!) In this regard, although most
research on heterostructures has focused
on 2D transition metal dichalcogenides
(TMD), more recently 2D metal mono-
chalcogenides have attracted increasing
interest. It has been shown that these post-
transition metal chalcogenides (PTMC)
have very different electronic and optoelec-
tronic properties, when compared with
TMDs. For instance, in contrast to most
TMDs, GaSe possesses a direct bandgap
in the visible region of spectra in bulk
form. Yet, when reduced to a monolayer,
the transition to a quasi-direct bandgap is
observed.?3] The band structure of a GaSe
monolayer exhibits the typical “Mexican hat” dispersion/?#3]
at the top of the valence band, leading to a high density of
states, which has several applications in thermoelectrics® and
the emerging field of spintronics.” It has been reported®!!
that the bandgap of 2D PTMCs increases considerably when
decreasing the thickness from bulk to a few-layers’ configura-
tion, covering the whole visible region.''2l As with most 2D
materials, the layer stacking sequence may crucially affect the
properties. Therefore, it is essential to understand and control
the atomic structure, the interlayer relative orientations and the
stacking sequence.

The compound Ga—Se belongs to the group of layered III-VI
binary chalcogenide semiconductors and can exist in various
phases and stoichiometries, that is, GaSe and Ga,Se;.'*] GaSe, the
focus of the present study, crystallizes in a hexagonal-type struc-
ture. Each of its layers has a honeycomb-type lattice and contains
four monoatomic sheets—two layers of Ga sandwiched between
two layers of Se—known as tetralayers (TL). Each Ga atom is
covalently bound to three equally distant neighboring Se atoms
and another Ga atom, which is again bound to three further Se
atoms. There are no dangling bonds in this system, and the indi-
vidual TLs are bonded together by weak van der Waals (vdW)
interactions across an interlayer distance of =8 A" This weak
interlayer interaction allows the formation of several polymorphs.

Polymorphism in the context of crystallography is the occur-
rence of different crystal structures for the same chemical
entity.™ In other words, a specific composition can form dif-
ferent crystal structures of entirely different symmetry and peri-
odicity.'®l A special form of polymorphism is polytypism, which
applies to closed-packed or layered materials, where polytypes
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http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202104965&domain=pdf&date_stamp=2021-09-02

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL

www.advancedsciencenews.com

it
ihe
ol S &

B-GaSe e-GaSe 6-GaSe
P63 /mmc P6m2 P6;mc
Dy, TL Dy, TL D, TL

MATERIALS
|

www.afm-journal.de

y-GaSe y’-GaSe
R3m R3m
Dy, TL D,y TL [1010]

Figure 1. Schematic illustrations of the a) S, b) & ¢) 6, d) ypolytypes, and new e) ¥’ polymorph of bulk GaSe. The yellow arrows indicate the position
of van der Waals (vdW) gaps. Unit cells are shown by grey rectangles, the dashed red lines show the different geometric patterns and layer alignments.

are characterized by constituent layers with identical struc-
tures but different periodicities perpendicular to the layer plane
(i-e., different stacking sequences).'®! The well-known polytypes
of GaSe are named as &(2R), 5-(2H), ¥#(3R), and &(4H), based
on different stacking sequences between the adjacent layers
(Figure 1a—d). Despite the similarities in band structure,’) the
electronic and optical properties show particularities due to
the presence or lack of symmetry. In particular, differences are
expected mainly in properties related to the spin and interac-
tion with polarized light,'®! where the crystal symmetry defines
degenerate states and transition selection rules.

All of the polytypes mentioned above have unit cells which
are similar along the [0001] orientation, but differ in the number
and lateral placement of the stacked TL. These are obtained
either by rotation and/or translation operations, namely a 180°
rotation and translation of 1/3 or 2/3 of the unit cell along the
<1010> type directions.!”) For the B-polytype (P6;/mmc space
group), the adjacent layers are rotated by 180° and stacked
directly upon one another, thus referred to as AA’-type stacking.
The &polytype (P-6m2 space group) lacks an inversion center,
so the stacking is accomplished through translation of the unit
cell by 2/3 and 1/3 along the <1010> type directions in alter-
nating layers, and referred to as AB-type stacking.?% In the case
of the ypolytype (R3m space group), the stacking is accom-
plished through the translation of the unit cell by 1/3 along the
<1010> type directions. The ypolytype is similar to 3R stacking,
which follows a pattern of the type ABCABC. The &polytype
(P63mc space group) consists of a four-layer structure with an
ACABA sequence. The most reported GaSe polytypes in the lit-
erature are the € and y types.'»?'-2’] However, it was observed
that polytypes frequently depend on the growth conditions
and methods utilized.?>%”) Due to its importance, the stability,
formation energy, and band structure of known polytypes has
been extensively studied by ab-initio methods.”?8 According
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to these most recent reports, the formation energies are close
enough to expect the coexistence of most of the stacking varia-
tions, leading to a high amount of stacking faults.

In this paper, we provide direct observation of these poly-
types and their defects, in samples grown by molecular beam
epitaxy (MBE). The work provides experimental data that can be
correlated with previous theoretical studies, as well as will allow
future research to improve methodologies for crystal growth.
Furthermore, it has been shown that many 2D materials pos-
sess different structures of the monolayer, such as trigonal
prismatic and octahedral monolayers of MoS, belonging to
the TMDs.[223% For the PTMC InSe, a new polymorph with a
centrosymmetric TL (cs-TL) (point group Dsg) was recently pre-
dicted by first-principles calculations, in addition to the experi-
mentally known non-centrosymmetric TL (ncs-TL) of point
group Dsp.BY This new InSe polymorph was predicted, theo-
retically, to exhibit enhanced electronic properties, that is, wider
optical spectral response and larger electron mobility, and ther-
modynamic and kinetic stability. In addition, while the current
work was carried out, the same polymorph was predicted in
GaSe.3?l Due to the close similarity between InSe and GaSe,
one can also speculate an enhancement of the GaSe electronic
properties. Yet, despite the predictions that both PTMC poly-
morphs are stable, their experimental observation has not been
reported so far, and thus their properties are still unknown.

Here, we report the direct observation of a new GaSe poly-
morph, experimentally obtained by MBE growth, with a cs-TL
(D3q), and a ¥GaSe type stacking, which we define as y’-GaSe
(Figure 1e). It is distinct from the well-known polymorphs based
on ncs-TLs (D3y) that lack inversion symmetry. In this regard,
we show a comprehensive characterization of the atomic-scale
crystal structure of this and other GaSe polymorphs by scan-
ning transmission electron microscopy (STEM), including the
nature of stacking order and defects. The stability of this new
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polymorph is verified by density functional theory (DFT) calcu-
lations, from which also the band structure and Raman intensi-
ties are predicted.

2. Results and Discussion
2.1. GaSe Growth on Si (111) and Sapphire (0001)

The growth of GaSe films was performed by MBE on Si (111)
and sapphire (0001) substrates. The growth conditions were
determined based on several experiments where a proper bal-
ance of Ga and Se fluxes impinging the surface during growth
was accomplished. The III-VI ratio was precisely controlled
by the Se cracker valve aperture and the Ga Knudsen cell tem-
perature, following a similar procedure reported by Lee et al.l!3]
The optimized substrate temperature during the growth was
determined to be 550 °C, for which the lowest value of surface
roughness was obtained within the 450-600 °C range. The evo-
lution of the phases during growth was primarily monitored by
in-situ reflection high energy electron diffraction (RHEED), as
shown in Figure 2a. After growth, the phase purity was inves-
tigated by X-ray diffraction (XRD) (Figure 2¢) and Raman spec-
troscopy (Figure 2d), which are highly sensitive in detecting a
mixture of phases, even when they are not visible in RHEED.
The Raman spectrum shows peaks at 132, 205, and 307 cm™,
corresponding to the Aly, E'y, and A%, vibration modes of

(a)
GaSe [100]

v

/V

(b)

15 nm

GaSe, respectively.’l The presence of the Ga,Se; phase was not
detected. Furthermore, the distinct and narrow peaks in the
XRD and Raman spectra support the high quality of the films.
The surface topography obtained by atomic force microscopy
(AFM) exhibits surface roughness of 1 to 2 nm after 90 nm of
GaSe growth (Figure 2b), in fact the best results obtained so far
for this material.[’]

2.2. Basic yGaSe Structure

To further investigate the crystal structure of our GaSe layers,
advanced X-ray methods and aberration-corrected high-angle
annular dark-field (HAADF) STEM were applied. From the
(1120) peak at 26 = 48.34° obtained by grazing-incidence in-
plane X-ray diffraction (GIIXRD) (Figure 3a), the lattice param-
eters ¢ = 15.916(7) A and a = b = 3.762(176) A were obtained,
which correspond to previous experimental and theoretical
reports for this material. The ¢-scan of this peak (Figure 3b) can
be used to understand the epitaxial (crystallographic) relation-
ship between the GaSe and both substrates. The sample grown
on sapphire shows that although it is preferentially aligned to
the substrate (GaSe (110)||sapphire (110)), the layers are twisted
within a wide distribution of angles, as shown by the broadness
of the peak. Consequently, the growth of the film at the onset is
not well aligned with the substrate orientation, indicating that
the GaSe layers are weakly bound to the sapphire substrate.
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Figure 2. a) Reflection high-energy electron diffraction (RHEED) acquired during the growth of GaSe on c-sapphire. b) AFM image of a 90 nm thick
GaSe film grown on a Si (111) substrate. ¢) XRD and d) Raman spectra of GaSe films grown on Si (111) and c-sapphire.
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Figure 3. a) Grazing-incidence in-plane X-ray diffraction (GIIXRD) of 90 nm GaSe on c-sapphire and b) ¢-scan of the (1120) GaSe peak on c-sapphire
and Si substrates. ¢) HAADF-STEM image across the interfacial region between the Si substrate and the GaSe film with overlaid structural models of Si
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Thus, defects are expected to appear, due to the random orien-
tation of the starting layer and subsequent layers. On Si (111)
substrates, the peaks are narrower, indicating that the crystal-
line quality and epitaxial growth improve. Furthermore, extra
peaks in the ¢-scan (Figure 3b), shifted from the main peaks
of (GaSe (110)||sapphire (110)), were found. In particular, a mis-
alignment of =10° was observed in the GaSe films grown on
both substrates. This has also been observed by}l where ~50%
of the monolayer GaSe domains was oriented with a 10.5° inter-
layer rotation with respect to the underlying graphene. The
authors have shown that a 10.9° interlayer rotation is energeti-
cally preferred in GaSe/graphene heterostructures. In our case,
since the ¢-scan refers to a signal coming from several layers,
it indicates that the twist of 10° may also by favorable between
the GasSe layers in the stack, and not only with respect to the
substrate.

Along the [110] crystallographic orientation, the Se and Ga
atomic columns are entirely separate, which allows us to distin-
guish between the various polytypes due to their distinct atomic
arrangements. In the GaSe films two polytypes were detected,
in particular yGaSe (Figure 3c) and B-GaSe (Figure S1, Sup-
porting Information), where the latter is present in much less
amounts. These polytypes are confirmed by the structural
models overlaid on the experimental images. In Figure 3c a
close view of the interfacial region between the GaSe vdW
layers and the Si (111) substrate is shown. The layers are well
ordered at the initial stage of growth, as shown by the clearly
visible structure close to the substrate, including the vdW gaps
separating the TLs. The upper two TL shown by the yellow
arrows do not exhibit sharp contrast due to an in-plane rotation
of the layers. The reason for the rotation of the layers is most
likely the weak vdW bonding. The contrast between Ga and Se
columns is low, due to their similar atomic numbers (Zg, = 31,
Zse = 34).

At the interface between the Si (111) substrate and the GaSe
film a “quasi-van der Waals gap”®* is present (white arrow),
suggesting that the dangling bonds at the surface of the sub-
strate are terminated. This passivation is demonstrated by the
integrated intensity profile across the interfacial region (red
line), which shows a significant increase in intensity for the
first two atomic layers adjacent to the Si substrate, suggesting
a higher average atomic number. This layer corresponds well to
the presence of half of a TL also known as a Ga—Se half-sheet
termination layer.®® This Ga—Se termination layer (1/2 GaSe
TL in Figure 3c) has a structure identical to a Se—Ga—Ga—Se
TL cut in half at the Ga—Ga bond. Therefore, the Ga—Se half-
sheet termination layer should provide an ideal passivation for
the Si (111) surface, which is expected to be stable also as a sub-
strate for subsequent layer growth.

In addition to the passivation layer, a rotation of 60° between
the first and second layer is observed (Figure 3c). A similar
phenomenon was reported for the growth of &GaSe on a GaN
substrate.3] In this report, the first GaSe layer was rotated 60°

relative to the layers deposited on top and the initial two TLs
were considered as f-GaSe polytype however, the subsequent
layers were stacked as pure € polytype. This behavior was attrib-
uted to the fact that the &polytype exhibits a higher energy sta-
bility than the S-polytype. However, in our film, the 60° rotation
of the ¥GaSe TL does not lead to the formation of a -GaSe
polytype (Figure 3c and Figure S1, Supporting Information).
Instead the atomic model of the 60° rotated $GaSe structure
matches well with the experimental image in Figure 3c. The
discrepancy between the overlaid atomic model of GaSe and
the experimental atomic positions obtained by HAADF-STEM
shows that the vdW film is not well aligned with the underneath
Ga—Se passivation layer on the Si surface. Such a deviation has
been attributed to the creation of a translational shear fault
(TSF),3% wherein the TLs stacking in %GaSe is not preserved.

2.2.1. New GaSe Polymorph—Atomic Structure and Ab-Initio
Calculations

In addition to regions where the yGaSe polytype with ncs-
TLs is present, we also observed regions which exhibit an
atomic structure not covered by any of the known polytypes
described in Figure la—d (B3, €, 6, 7). This new atomic arrange-
ment is shown in Figure 4 and is based on cs-TLs of GaSe.
In the typical configuration of an individual Se—Ga—Ga—Se
TL observed along the [110] zone axis, Ga atoms sit on top
of each other, and the Se atoms are aligned, creating non-
parallel Se—Ga dumbbells (Figure 4a, top). However, in the
new arrangement, the Ga atoms keep the same positions,
while the Se atoms of one half-layer change their positions to
create a parallel dumbbell configuration, for which the atomic
model is presented in Figure 4b. This polymorph is cen-
trosymmetric with point group D34. As the stacking sequence
in this new arrangement (Figure 4c) is similar to »GaSe, we
define it as a new polymorph y’-GaSe. The fast fourier trans-
formation (FFT) of the y’-GaSe indicates a rhombohedral
structure, which is identical to the #GaSe phase (Figure 4d).
The series of closely spaced satellite spots in the FFT close to
the (000), (003), (011), and (014) reflections corresponds to
the lattice parameter of the superlattice, allowing us to deter-
mine the periodicity of the structure, which is related with
the layered vdW nature of the film.

We propose that the reason for the formation of the cs-TL
of GaSe is the 60° rotation of half of the GaSe TL with respect
to the other half. In Figure 4a (bottom), the 60° rotation of the
upper triple metal-chalcogen bonds is illustrated, which leads to
the parallel dumbbell configuration characteristic of the cs-TL
of GaSe observed in our films. We believe that it is caused by
the layer-by-layer and out-of-equilibrium MBE epitaxial growth.
In other words, if the growth occurs layer-by-layer, both con-
figurations of TLs (cs-TL and ncs-TL, corresponding to parallel
and non-parallel Se—Ga dumbbells configurations, Figure 4a)

(represented by red circles) along the [170] zone axis and %GaSe polytype (represented by Ga (orange) and Se (blue) circles) along the [110] zone axis.
The yellow arrows indicate rotated GaSe TL and the white arrow shows a quasi-van der Waals gap (QvdW) between the passivated Si (111) substrate
and the GaSe film. An intensity profile across the interface shows higher intensity for the top two atomic layers of the substrate (highlighted orange
area of the profile) when compared with Si, which confirms the passivation process with a half GaSe TL as part of the growth process. A 60° rotation

of the first full GaSe TL with respect to the subsequent TLs is also observed.
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Figure 4. a) Schematic illustration of the Se3—Ga—Ga—Se3 unit showing both the side and top views of the triple Ga—Se bonds for regular ncs-TL of
GaSe (top) and the new cs-TL of GaSe (bottom). In the cs-TL one half of the TL is rotated by 60° with respect to the other half. b) Atomic model of the
new y’-GaSe polymorph. c) HAADF-STEM image of the new y’-GaSe polymorph, consisting of centrosymmetric TL with different atomic arrangement
of the Se atoms compared with the already described ncs-TL polymorph. The inset is showing the higher magnification of the HAADF-STEM together
with an overlaid model. d) FFT of the image in (c) indicating the presence of a rhombohedral GaSe phase. The superlattice reflections (white arrows)

indicate a large lattice parameter.

can nucleate as a new island, as the Ga—Ga bond is free to
rotate around the bond axis.

To evaluate the stability of the y’-GaSe versus the yGaSe,
ab-initio calculations were performed. The unit cell of both
phases has 12 atoms and point group symmetry Cs,. However,
the new centrosymmetric GaSe TL polymorph has a D34 point
group, which is different from point group D3, for the non-
centrosymmetric GaSe TL polymorph. The difference in total
energy is less than 0.01 Ry, which indicates that both phases can

Adv. Funct. Mater. 2021, 2104965 2104965 (6 of 11)

coexist, supporting the above proposed nucleation hypothesis.
We have verified that the phonon modes of both structures are
positive, which assures the stability of both phases. This indi-
cates that, once a full TL is formed in a chosen configuration,
an energy barrier needs to be surpassed in order to convert the
TL into the other polymorph. Moreover, the interlayer distance
between TLs is practically identical in both polymorphs with
a value in both cases of =4.83 A. In this context, Figure 5a,b
shows the band structure of both phases. The band structures

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Band structures of a) :GaSe and b) y’-GaSe polymorphs. The color map represents the sum of the weights of s, p,, p,, and p, atomic orbitals

of Ga and Se.

around Gamma exhibit the well-known Mexican-hat of gallium
and indium chalcogenides.”) The only differences are in points
of the Brillouin zone of smaller symmetry, for example around
the M and K points, in which some degeneracies are broken.
The calculated bandgap of #GaSe and y’-GaSe is placed at the
point A of the Brillouin zone, analogously to InSe.””] Bandgaps
are 0.648 and 0.523 eV for yGaSe and y’-GaSe, respectively. In
general, our results independently corroborate recent calcula-
tions of Nitta et al.?? Yet, the difference in the bandgap can be
smaller due to the lattice matching of both phases as a result
of the growth process. We have also calculated the yphase with
a rotation of one layer of 60° (see band structure in Figures S2
and S3, Supporting Information). In this case the bandgap is
also very similar to that obtained for the y and Y phases. We
have also represented in the band structure the weight of the
atomic orbitals of Ga and Se atoms (sum of the contribution of
S, Pw Py and p, for each atom). The weight of the atomic pro-
jections is practically identical for the yand 9 phases. In both
phases the atomic composition of the valence band states is
at great extent dominated by Se atomic orbitals. On the other
side, the conduction band states, in particular at the bandgap,
exhibit a stronger hybridization of Ga and Se orbitals than the
valence band states. It is also worth to mention that DFT inher-
ently underestimates the bandgap. More precise calculations
of the bandgap would require the GW method to account for
the electronic correlation and Bethe—Salpeter for accounting
the electron—hole coulomb interaction.*® Nevertheless, DFT
is sufficiently accurate for the study of structural and vibra-
tional properties. The use of GW-BSE approaches is suitable for
optical properties, out of the scope of this work. Regarding the
calculation of the phonon frequencies and Raman intensities of
the three polymorphs (see Figure 6a and Figure S4, Supporting
Information), also some differences are found. For the Raman
peak A, the peak of higher intensity, the calculated frequencies

Adv. Funct. Mater. 2021, 2104965 2104965 (7 of 11)

are very similar. For the phonon mode E, our calculations pre-
dict a frequency difference of 6 cm™. The phonon modes A,
at higher energy (at 300 cm™) are also very similar. Therefore,
identification of distinct polymorphs by optical spectroscopy
(i-e., photoluminescence or Raman spectroscopy) is expected to
be very challenging, in particular if we consider the minor dif-
ferences observed in the band structures and Raman spectra.
We have also included in Figure 6b the atomic displacements
in the TL of each Raman active phonon. The pattern of the
atomic displacements is the same for the three phases, with
only slight differences in the amplitude of the displacement.
This explains the challenging task of identifying different
phases using Raman spectroscopy. Our samples, which consist
of mixed polymorphs do not display visible differences, due to
the broadness of the Raman and XRD spectra.

In the present work, the new y’-GaSe polymorph based on
cs-TLs of GaSe is located close to the substrate, as well as across
the entire film thickness. In a previous report,* only a single
cs-TL was observed near a Ge (111) substrate. For this individual
GaSe cs-TL, the authors confirmed by electron-energy loss spec-
troscopy that the two Ga columns were located between the
Se columns, and it was speculated that this individual TL is of
metastable nature.*”! In Figure 7a, a HAADF-STEM image of
the y’-GaSe phase grown on top of two TL of y/&-GaSe poly-
types is shown. Note that for »GaSe and &-GaSe the first two TL
are identically stacked, while the third TL is the only one that
differs, as shown in Figure 1b,d. The atomic model showing
the stacking of the experimental TLs (Figure 7a) indicates that
the y’-GaSe stacking follows the same stacking sequence as the
»GaSe

Furthermore, we also observed a configuration in which
new cs-TLs alternate with conventional ncs-TL layer by layer
(Figure 8a). For this mixture of polymorphs (see atomic model
in Figure 8b), the stacking of the first three TLs matches that

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Raman intensities and phonon modes of GaSe (red) and y’-GaSe phases (blue). b) The atomic displacements of each Raman active

phonon mode are shown for one TL.

of the &GaSe polytype, although the middle layer exhibits the
atomic arrangement of the cs-TL, while the surrounding TLs
exhibit a ncs-TL type polymorph. Between the 3rd and 4th
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GaSe TLs, a TSF is observed. The atomic configuration in the
4th GaSe TL is a mirror reflection of the 2nd GaSe TL (both
cs-TLs). We have also found another defect which consists of
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Figure 7. a) HAADF-STEM image showing the transition from a y/&-GaSe structure with ncs-TLs to a y’-GaSe structure with cs-TLs. b) Atomic model

of the various polymorphs and the stacking sequences observed in (a).
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shown in (a).

a two atom columns (shown within the dashed rectangle black
box in Figure S5, Supporting Information), which is located at
the interface between two mirror TLs.

3. Conclusion

In conclusion, we have grown GaSe films on Si and c-sap-
phire substrates using MBE. A good alignment between
the TLs along the c-axis and several stacking orders were
found, resulting in the presence of different polytypes. Using
aberration-corrected STEM, we identified a new polymorph,
consisting of centrosymmetric GaSe TL (point group Dsg),
in contrast to the well-known non-centrosymmetric GaSe
TL (point group Dj;). The new polymorph exhibits a ytype
stacking and therefore we named it y’-GaSe. We also identified
regions where the ncs-TL alternates with the new cs-TL poly-
morph in a layer-by-layer fashion. Furthermore, we identified
defects in the films, such as layers rotation/twisting, quasi-van
der Waals gap, y phase with a rotation of one TL of 60°, and
TSFs.

Although very recently, the cs-TL polymorph has been
proposed for GaSe by ab-initio calculations,*” and the novel
cs-TL polymorph has been predicted for InSe,’V this is the
first time that these structures are systematically observed on
different substrates and far from the interface with the sub-
strate. The stability of the y’-GaSe is verified by DFT calcula-
tions, which also generated its band structure and bandgap
value. Our results establish MBE as a viable path to syn-
thesize these new centrosymmetric polymorphs of PTMC,
which are predicted to exhibit enhanced optoelectronic
properties.

Adv. Funct. Mater. 2021, 2104965 2104965 (9 of 11)

4. Experimental Section

Van der Waals Epitaxy Growth of GaSe Films: The growth was
performed in an EVO-50 MBE system (Omicron Nanotechnology
GmbH). Galium (6N) was evaporated from a Knudsen cell and selenium
(5 N) from a valved cracker cell. The Se was evaporated from a reservoir
maintained at 285 °C, while the flux was controlled by a valve with an
adjustable aperture ranging from 0 to 8 mm. Before entering the growth
chamber, larger selenium molecules were cracked by the cracker stage
kept at 900 °C. The stand-by base pressure of the MBE system was
2.6 X 1077° mbar and during the growth, when the Se valve was open,
the pressure increases to 107 to 1077 mbar. All growth processes were
observed by RHEED (Staib Instruments), which was operated at 15 kV.
Epi-ready single-side polished 2-inch c-sapphire (0001) with a specified
and confirmed roughness of =0.2 nm and epi-ready boron-doped p*-Si
(111) substrates were used, each substrate was annealed inside the
growth chamber for 30 min at 950-1000 °C just before the growth. In
the case of silicon substrates, the native oxide layer was desorbed and a
7 x 7 reconstruction observed in the RHEED diffraction pattern. The
gallium cell temperature was set to 890 °C, to obtain growth rates of
90 nm h™' which was equivalent to =1 TL each 45 s. The Se valve aperture
was kept at 1.15 mm.

Characterization Methods: Cross-sectional transmission electron
microscopy (TEM) specimen preparation was carried out by focused
ion beam (FIB; Ga* ions), using a FEI Helios NanoLab 450S Dual
Beam Focused lon Beam with UHREM FEG-SEM. For the transmission
electron microscopy (TEM) lamella preparation a layer of Pt was
deposited to protect the sample from Ga-ion implantation and
damage. The sample was thinned to near electron transparency with
a 30 kV ion beam and subsequently polished with a 5 kV ion beam to
remove the amorphous surface layer, which resulted from the higher
energy milling.

The structures of the vdW epitaxial GaSe crystals were investigated
using HAADF-STEM imaging, which was performed using an aberration-
corrected FEI Titan Cubed Themis 60-300 kV with an X-FEG electron
source operating at 200 kV. The HAADF-STEM imaging was performed
using a probe convergence semiangle of 21 mrad, the inner and outer
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collection angles used for HAADF were 50.5 and 200 mrad, respectively.
The structural models of GaSe were built using Vesta software.[*C!

The surface morphology of the samples was examined by AFM (Bruker
Icon). Due to the oxidation of GaSe in ambient conditions, AFM scans
were performed immediately after the growth. The measurements were
taken in tapping-mode using PPP-NCH (NanosensorsTM) cantilevers
with a nominal tip radius of <20 nm, force constant of 42 N m™,
and =265 kHz resonance frequency.

Raman spectroscopy was measured at room temperature in a WlTec
alpha300 R confocal microscope, using a 50x objective lens, and a solid-
sate 532 nm excitation laser with average power below 1 mW to prevent
local overheating and oxidation. XRD measurements were performed
in a PANalytical Xpert PRO MRD diffractometer with 5-axis cradle,
standard Bragg—Brentano (BB) geometry, Cu anode X-ray tube operated
at 45 kV accelerating voltage, and 40 mA filament current to generate
X-rays (Cu K-alpha). Soller and collimation 0.5” slits were used in the
source side and detection using Soller slits and CCD detector (PiXcel)
inline (1D) model. The gracing-incidence XRD (GIIXRD) (and ¢-scan)
was done in similar configuration (BB), but with the addition of a Goebel
mirror in the source side and using open-detector for detection.

Theoretical Calculations: The ab-initio calculations had been performed
using density perturbation theory (DFT) within the local-density
approximation (LDA) as implemented in Quantum Espresso using norm-
conserving pseudopotentials.!2 The vdW interaction was accounted
with the semiempirical Grimme’s DFT-3 method.®¥ The authors had
optimized lattice parameters and atomic positions until forces in
each atom were smaller than 0.01 eV A™\. For all systems, the basis-set
cutoff energy was 120 Ry and the sampling of the Brillouin zone was a
12 x 12 x 5 k-grid. The dispersion of the bands along the k, direction
was rather flat and it is not shown in Figure 5. The optimization of the
lattice parameters gives small differences. For the yphase the authors had
found a = 3.80 and ¢ = 23.66 A. For the y phase the lattice parameters
were a = 3.81 and ¢ = 23.57 A. The calculations of the phonon frequencies
and the Raman tensor were performed within the formalism of density-
functional perturbation theory and the method of Lazzeri and Mauri.t!

Supporting Information

Supporting Information is available from the Wiley Online Library or
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