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Unveiling Polymorphs and Polytypes of the 2D Layered

Semiconducting Gallium Monosulfide
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Polymorphism is gaining attention among van der Waals layered materials. In
the case of gallium monosulfide, a hexagonal phase has predominantly been
reported. Here the successful growth of rhombohedral gallium sulfide (GaS)
with R3m space group on sapphire substrates using chemical vapor
deposition (CVD) is presented. Crystallographic analysis reveals that the CVD
Ga$S R3m has preferred c-axis orientation, low microstrain and moderate
mosaicity. A combined approach of X-ray diffraction, Raman spectroscopy and
photoluminescence measurements with first principles calculations is used to
determine phononic and photonic properties of the rhombohedral GaS with
direct band gap of 2.55 eV and near-blue light emission at room temperature.
These results pave the way to novel applications in optoelectronics and
photonics, particularly for development of efficient light-emitting devices such
as LEDs or lasers, quantum dots, photodetectors, and integrated photonic

metal dichalcogenides (TMDs) and
their heterostructures have been widely
explored.['?]  Recently, the family of
layered post-transition metal chalco-
genides (PTMCs), such as indium se-
lenide (InSel®! In,Se;),[**] gallium sulfide
(GaS),[*® gallium selenide (GaSe),[*? and
gallium telluride (GaTe),['*"] is gaining
interest. In particular, the optical band
gap of semiconducting PTMCs varies
from 1.5 eV to 3.2 eV, filling the gap-space
between semiconducting TMDs and 2D
insulators such as hexagonal boron nitride
(h-BN) and hafnium sulfide (HfS,).l'%]
Specifically, GaS has an optical band gap
of 2.5eV as bulk crystal, that increases up

circuits.

1. Introduction

Layered van der Waals (vdW) materials are receiving increas-
ing attention due to their unique optical, electronic, and
mechanical properties that are enabling novel applications in sev-
eral fields spanning from opto-electronics or photonics to photo-
and electro-catalysis, to name a few. Among those, transition

to 3.2 eV for the monolayer.['”] For this rea-

son, it is being exploited in optoelectronic

applications including transistors and
visible-ultra violet photodetectors,!®22] photonics,!®! non-linear
optics,[2324] as well as photocatalysis.[32]

The layered crystalline structure of semiconducting Ga$S con-
sists of a stacking along the c-axis of covalently bonded tetralay-
ers (TLs) S-Ga-Ga-S, held together by vdW forces, as shown in
Figure 1. Each TL is formed by two monoatomic layers of Ga
atoms sandwiched between two monoatomic layers of S, with
both intralayer metal-chalcogen Ga-S and metal-metal Ga—Ga
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Figure 1. Crystalline structures of a) 2H (P65 /mmc), b) R3m and c) R3m GaS. The 2H unit cell has two layers, both the R3m and R3m unit cells comprise
three layers, hence the label 3R is common. Unit cells [two in panel (a) and one in panels (b) and (c)] are marked with a solid line, reflecting the larger
¢ lattice constant of the 3R GaS. A side and top view sketch of the S-Ga-Ga-S layer and the triple Ga—S bonds for 2H, R3m and R3m GaS is shown at
the bottom. In the R3m GaS, upper S atoms monolayer is rotated by 60° with respect to the lower one. Arrows indicate the bond distances reported in
Table 1. The red lines are plotted as a reference of the orientation and symmetry of the layers in each crystalline structure.

bonds, differently from most known TMDs such as molybde-
num disulfide (MoS,). The weak vdW interaction between TLs
has been reported to allow the formation of different polymorphs
and stacking polytypes in TMDs and PMTCs.[2%! Most commonly
encountered polymorphs in TMDs are 1T (trigonal), 2H (hexag-
onal) and 3R (thombohedral), with the number indicating the
X-M-X units in the unit cell (that is, the number of layers in the
stacking sequence). The 2H phase is reported to be the most ther-
modynamically stable phase, while the 1T phase and 3R phases
are metastable and revert to the 2H phase over time, or upon ap-
plication of some form of energy that allows them to overcome
the associated activation barrier.[?”28]

Polymorphs are relevant as the change in the crystal structure
is reflected in a transformation of the electronic structure of 2D
materials leading to strong modifications in their properties. A
recent example of phase transitions between polymorphs in 2D
TMD is the semiconducting 2H to metallic 1T phase transition
in few layers MoS,[%3% and MoTe,.3!!

In the case of gallium monochalcogenides, such as gallium se-
lenide (GaSe), the existence of several polytypes, i.e., f —, € —, 6 —
and y — GaSe, has been reported, and a new stable polymorph (y
— GaSe) has been very recently discovered.[?63233] Conversely, in
the case of GaS, the stable 2H GaS or  — GaS phase has mainly
been studied and reported in literature [73232>34], Only two stud-
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ies mention a thombohedral 3R phase of GaS and never proven
to be stable.[2435:36]

In this work, we demonstrate the successful growth of 3R GaS
thin films using chemical vapour deposition (CVD). We present
the structural, phononic and electronic properties of 3R GaS,
studied both experimentally and theoretically through first prin-
ciples calculations. By integrating experimental techniques such
as photoluminescence, Raman spectroscopy, and X-ray diffrac-
tion measurements with density functional theory (DFT) calcu-
lations, we successfully identified the 3R phase as belonging to
the space group R3m. Differently from the indirect bandgap 2H-
GaS, the R3m GasS has direct band gap of 2.55 eV and near-blue
light emission at room temperature.

2. 2H versus 3R Crystalline Structures

Figure 1a shows the crystalline structure of 2H GaS, which is
the most commonly reported phase of GaS. It crystallizes in a
hexagonal lattice with space group P6,/mmc (no. 194), with lat-
tice parameters a = 3.587 A and ¢ = 15.492 A.l7] Each layer is
non-centrosymmetric, and the layers are stacked following alter-
nating rotations of 180° around the c-axis. In each S-Ga-Ga-S
layer, Ga atoms sit on top of each other and the S atoms are
also aligned. The 2H phase has AB stacking order of adjacent
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Figure 2. a) Picture with reference size-scale, b) AFM topography and c) SEM images of 2H GasS reference sample. d) Picture with reference size-scale,
e) AFM topography and f) SEM images of the cm-scale size 3R CVD grown sample. The layered structure of both the 2H Ga$S and 3R GaS is visible at

the edges, where layers can be counted.

layers in opposite crystalline orientation, leading to centrosym-
metry (non-centrosymmetry) in even (odd) numbered layers.
Figure 1b shows an additional GaS polytype, and Figure 1c an-
other polymorph of the 2H phase, each of them with rhombohe-
dral symmetry. Therefore, the corresponding space groups are
R3m (space group no. 160) for the polytype of Figure 1b, and
R3m (space group no. 166) for the polymorph of Figure 1c. In
the scarce literature on the rhombohedral phase of GaS, the fi-
nal determination of the space group between R3m and R3m
is still an open question [2#353¢], The layer in R3m Ga$ is non-
centrosymmetric with a horizontal mirror plane perpendicular
to the c-axis, preserving the same symmetry of the 2H phase (see
Figure 1b). Differently, in R3m phase the layers are stacked along
the c-axis with no alternating rotation but translated 1/3 of the
unit cell along the [1010] direction. Conversely, the crystalline
structure of the R3m Ga$S polymorph, as seen in Figure 1c, also
has the layers stacked with a displacement of 1/3 of unit cell along
the [1010] direction, with Ga atoms sitting on top of each other
in each layer, but with the S atoms of the bottom layer rotated
60° with respect to the S atoms of the top layer within each layer,
as can be seen in the top view at the bottom of Figure 1c. There-
fore, for R3m Gas$, both the layer and the crystal unit cell are cen-
trosymmetric. The 3R polytype with space group R3m has AA
stacking order with a slight in-plane shift. Zhao et al.*®] reported
that the 3R phase of MoS,, with the same space group R3m and
AA stacking order, presents parallel in-plane dipoles in the non-
linear regime due to the absence of inversion symmetry. Hence,
it possesses effective second-order susceptibility (¥2) and phase-
matched second harmonic generation (SHG) from monolayer to
bulk crystal regardless of the number of layers. In this regard,
synthesis and further research of the GaS R3m polytype could be
interesting for applications in non-linear optics.

3. Results

3.1. Imaging and X-Ray Diffraction Structural Analysis

Figures 2a,d show pictures of a reference 2H GaS sample [*] (ex-

foliated from a bulk crystal grown with the Bridgman method),
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and of a cm-scale size 3R CVD sample grown on c-sapphire sub-
strate. Atomic force microscopy (AFM) topography images in
Figure 1b, representing the 2H GaS sample, reveal a smooth sur-
face with a root-mean-square surface roughness (RMS) of 0.20
+ 0.02 nm. This is corroborated by the scanning electron mi-
croscopy (SEM) images in Figure 1c, which show that the film
exhibits a uniform surface, with the layered structure evident at
the film edges. Noteworthy, the 3R GaS CVD sample has also
a layered morphology as shown in the AFM and SEM images
in Figure 2d,f. Semi-quantitative chemical analysis performed by
X-ray photoelectron spectroscopy (XPS) of both the reference 2H
and the 3R CVD GasS samples, confirmed the GasS stoichiometry
with S:Ga ratios of 1.10 + 0.05 and 1.05 =+ 0.05, respectively.
Figure 3a shows a classical Bragg-Brentano diffraction pro-
file of the 3R CVD GaS film compared to that of a 2H GasS ref-
erence crystal. The calculated (tabulated) intensities and posi-
tions of [00]] oriented 2H and 3R structures are also reported
for comparison. No other peaks from any secondary phases can
be observed. The details of the reflection positions are given in
the table, from which, it is evident the difficulty in establish-
ing unambiguously the 2H or 3R polymorphs only by a classical
Bragg-Brentano scan. Therefore, to investigate further the crystal
structure of the CVD grown GaS film, reciprocal space mapping
X-ray diffraction (XRD) was performed covering the full recipro-
cal space available to the diffractometer in the grazing incidence
geometry. Figure 3b shows the comparison between experimen-
tal reflection positions obtained at low resolution by spinning the
sample around the ¢ axis, superimposed to those calculated for
2H and 3R GaS phases. Figure 3c reports the main spots that have
been obtained at higher resolution in order to calculate structural
parameters. All the experimental reflections can be assigned to
the 3R GaS. The analysis of higher resolution reflections of GaS
(009) (Figure 3d) and GaS (0117) (Figure 3e) show, respectively,
a modest elongation of the reflections along the normal direc-
tion to the line connecting the spot and the origin of reciprocal
space, which is an indication of a moderate mosaicity, with a dis-
tribution around the [001] direction. The mosaic spread and the
lateral correlation length, which is the lateral size of the mosaic
blocks, have been evaluated from the inclination and elongation
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Figure 3. a) Classical Bragg-Brentano diffraction profile showing a comparison between the 3R GaS film grown in this work and a reference 2H GaS
crystal. Both are [001] oriented. Calculated positions and intensities for 2H and 3R are also shown. b) Comparison between experimentally measured
and tabulated positions in reciprocal space map for 2H and 3R GaS. c) Reciprocal space mapping (RSM) of high-resolution reflections obtained in the
reciprocal space available for the diffractometer at grazing angle geometry. Indexing refers to 3R structure. d) Reciprocal space map of GaS (009). e)

Reciprocal space map of GaS (0117).

of several asymmetric diffraction spots in the reciprocal space,
following the procedure described by Fewster.[*"] The main con-
tribution to spots shape comes from the mosaic spread with an
estimated value of (0.5+0.1)°, while the contribution from the lat-
eral correlation length is almost negligible and it is only possible
to state a value of at least 800 nm, which is actually compatible
with the pictures shown in Figure 2. The (009) spot is quite nar-
row and symmetric in the Q, direction indicating a low micros-
train (point defects) and the absence of evident cell parameter ¢
relaxations along the film thickness. No signs of relaxation are
also visible for asymmetric spots that are also influenced by cell
parameter a. The root mean square (r.m.s) microstrain has been
evaluated from the broadening of peaks shown in Figure 3a by
Rietveld refinement; the estimated value is (1.5+0.1)-1073. The

Adv. Optical Mater. 2024, 2303002 2303002 (4 of 12)

intensities of asymmetric reflections are quasi-constant by rotat-
ing the sample around the ¢ axis, revealing that the islands have
random orientations around the [00]] direction.

Our experimentally determined lattice parameters, inter-
atomic distances of nearest neighbors and characteristic angles
between atoms are shown in Table 1 along with the values ob-
tained by Kuhn et al.,[’] for the 2H phase and by Pardo et al.,3’!
for the 3R phase (it is worth noting that the authors in Ref.
[30] find the best agreement between their XRD data and the
theoretical model with R3m symmetry). Experimental measure-
ments are complemented by DFT calculations of equilibrium
structural parameters for the 2H, R3m and R3m phases. We find
an excellent agreement between our experimental measures and
those reported in literature for the 2H GasS phase. The theoretical
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Table 1. Comparison of the hexagonal cell parameters (a and ¢), interatomic distances and angles between S-GaS and S-Ga-Ga obtained experimentally
and by DFT calculation for 2H and 3R GaS. Data from Pardo et al.[**] and from Kuhn et al.3”] are also reported for comparison. The interatomic distances
shown in this table are indicated in Figure 1. Distances are in A and angles in sexagesimal degrees labeled by the three defining atoms.

a c Ga-Ga Ga-S S-S dintra S-Sinter S-Ga-S S-Ga-Ga
Exp. 3.587 15.504 2.439 2.334 - 4.615 3.753 100.15 117.82 2H
DFT 3.584 15.455 2.435 2.339 - 4618 3.735 99.99 117.81
Referencel?’] 3.587 15.492 2.447 2334 - 4.599 3.768 100.46 117.44
Exp. 3.594 23.174 2.507 2.325 5.050 4.604 3.748 101.25 116.82 R3m
DFT 3.594 23.074 2431 2.342 5.050 4.604 3.720 100.21 117.64
Referencel*®] 3.605 23.450 2472 2.347 5.085 4.640 3.798 100.36 117.52
DFT 3.586 23.063 2.435 2.339 5.050 4616 3.705 100.06 117.76 R3m
Referencel® 3.605 23.450 2.472 2.347 - 4.641 3.797 100.35 117.52

in-plane lattice parameter a has a 0.1% deviation from the experi-
mental value, whereas the out-of-plane lattice parameter cis only
0.25% smaller.

Differences in interatomic distances and angles are less than
0.9%. Therefore, the good agreement for the widely studied 2H
phase validates our first principles description. From our XRD
data, a structural model of the R3m crystallographic phase has
been constructed and the lattice parameters obtained are also re-
ported on Table 1. The DFT values agree closely with our experi-
mental values for both the in- and out-of-plane directions.

3.2. Raman Spectroscopy and Phonon Structure

Figure 4a shows the statistical distribution of the Raman spec-
tra measured over more than 10 CVD samples of both 2H and
3R GasS; additionally, within each sample, several measurements
were taken in various random points in order to check the homo-
geneity. Specifically, Figure 4a compares the Raman spectra of
CVD grown single phase 3R and 2H samples, as well as that of
CVD mixed (2H+3R) samples. As reference, the Raman spectra
measured for an exfoliated 2H GaS single crystal is also shown.
The colored shadowed region in the spectra indicates the stan-
dard deviation of the relative amplitude of the modes whereas the
solid line represents the mean value. The vertical lines at the bot-
tom of the figure indicate the frequencies of the Raman modes
in 2H, R3m and R3m GaS$ calculated by density functional per-
turbation theory (DFPT). These calculated frequencies, as well
as those experimentally measured for the 2H and 3R GasS, are
presented in the Table 2. An scheme of the vibrations in the lat-
tice corresponding to each mode are shown in Figure 4g. The
main active Raman modes of 2H Ga$, as determined by the ir-
reducible representation of the point group Dg,, are the A, E;,
and E,,, and appear in the experimental Raman spectrum at fre-
quencies of 76 (E, ), 188 (A,,), 298 (E,,), and 363 cm™" (A,,). The
position of the Raman modes agrees well with the spectral peaks
attributed to GaS reported in Refs.[41-44] and DFPT calculations
shown in Table 2. In the backscattering configuration used here,
the E;, mode is forbidden. However, the appearance of forbidden
Raman modes of layered materials has been recently reported to
be selectively detected at the edge regions of the layers. The dis-
torted polarization of the electromagnetic fields at the layered ma-
terial/air interfaces breaks the symmetry, making forbidden Ra-
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man modes visible.[*’] Interestingly, for the 2H GasS single crys-
tals, an intensity ratio between A;, modes of 1.0 + 0.1 has been re-
ported. This ratio indicates that the grown GaS single crystal has
a single phase, good crystalline quality, and well-defined crystal
axes.

In the case of the R3m Ga$S (point group D,), equivalent Ra-
man modes in the studied range are A, and E,, with calculated
frequencies of 71.6 (E,), 182.3 (A,,), 278.9 (E,) and 355.5 cm™
(Ayg). For R3m GaS (point group C;,), the main Raman modes are
A,, E(TO) and E(LO), with calculated frequencies of 88.0 [E(TO)],
181.3 (A,), 280.92 [E(TO)], 281.03 [E(LO)], 288.06 [E(TO)], 313.25
[E(LO)] and 355.9 cm™" (A,).

The main differences in the experimental Raman spectra of
the 2H and 3R GaS are in the E symmetry mode. Specifically,
Figure 4b shows the comparison of the CVD 2H, 3R and 2H+3R
Ga$S Raman spectra in the 275 - 305 cm™! range as compared to
the 2H single crystal. The peak for the 2H, both CVD and sin-
gle crystal, is asymmetric, and it can be deconvoluted into two
components, one very weak at 290 cm™! and a stronger one at
295 cm™" assigned to E,, and E,, modes. Conversely, the peak of
3R GasS has a symmetric gaussian shape with only one compo-
nent due to the E, mode. In the case of the 2H+3R mixed phase,
the peak appears at 292.5 cm™! and can be deconvoluted into
two components of equal amplitude located at 290 (3R) and 295
(2H) cm™!. The scanning electron images reported in Figure 4c—e
also show the different morphologies of the 2H, 3R and 2H+3R
mixed CVD GaS films.

Noteworthy, there is a measurable shift between E modes of
2H and 3R GaS of 5 + 1 cm™ [i.e., E(2H) at 295 cm™' and E(3R)
at 290 cm™']. This shift is compatible with those calculated from
the DFPT calculations, shown in Table 2. For the R3m phase, the
calculated shift is 6.4 cm™. In the case of the R3m, the shift is
4.4 cm™! calculated from the E(TO) mode at 280.92 cm™ (the
E(TO) mode at 288.06 cm~! shown in Figure 4a is predicted to
have two orders of magnitude lower intensity and, therefore, has
not been considered in this comparison). Hence, the shift of the
E symmetry mode at around 290 cm™! is an indicator of the pres-
ence of 3R Ga$ and could distinguish between the 2H and 3R
phases; however, it does not allow to distinguish between the
R3m and R3m symmetries. An indicator to distinguish between
these space groups could be the position of the Raman E-mode
below 100 cm™!. Theoretical calculated spectral position of equiv-
alent E modes in 2H and R3m phase reveals very close values
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Figure 4. a) Experimental Raman spectra of 3R, 2H, and 2H+3R CVD GaS films grown on c-sapphire as compared to that of 2H single crystal GaS. The
green probing laser of 532 nm has energy below the GaS bandgap where the absorption coefficient is almost null. Consequently the laser is probing the
whole film thickness in all cases. The DFPT calculated Raman modes positions of 2H, R3m and R3m GaS are also plotted as reference. b) Zoomed plot
of experimentally measured high frequency E Raman mode in 3R, 2H and mixed 2H+3R CVD GasS, highlighting the shift in peak position. The value of
the 2H single crystal is shown as reference. SEM images indicating the different morphologies of the c) 3R, d) mixed 2H+3R and (e) 3R CVD grown
GasS films. f) Phonon band structure of 2H, R3m, and R3m GaS, calculated through DFPT, around the T point for two high symmetry directions in the

corresponding Brillouin zone (BZ).

of 70.05 and 71.65 cm™!, respectively. On the contrary, for the
R3m GasS, the calculated E mode is at 88.00 cm™!, significantly
shifted with respect to that of the 2H Ga$S, making this result in-
compatible with the experimental measurements, as the experi-
mentally measured low frequency E modes for 2H and 3R GaS
have matching positions. Therefore, this comparison between ex-
perimental measures and theoretical calculations of the position

Adv. Optical Mater. 2024, 2303002 2303002 (6 of 12)

g) Schematic illustration of the atom vibrations for the experimentally observed Raman modes in 2H and R3m GasS.

of the Raman modes supports the hypothesis of the R3m phase
space group.

The calculated phonon dispersion of each system is shown
in Figure 4f near the I" point. The crossing of the bands at the
I point correspond to the frequency of the Raman modes. For
2H GaS, we employed an eight atoms unit cell giving 3 acous-
tic branches and 21 optic branches, whereas for rhombohedral
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Table 2. Experimental and calculated frequencies of the main Raman modes in 2H and 3R GasS, along with reference values from literature. The calculated
shifts (AE,y) of the high frequency E modes of R3m and R3m Ga$S with respect to that of 2H GaS are also reported in the last column. Calculations

done within DFPT approach.

E mode [cm™] A mode [cm™'] E mode [cm™] A mode [cm™] A,y [em™]
2H R3m R3m 2H R3m R3m 2H R3m R3m 2H R3m R3m R3m R3m
Exp. 76+ 1 76 + 1 188 £ 1 188 + 1 295+ 1 290 £ 1 363+ 1 362+ 1 5+£2
DFPT 70.1 71.6 88.0 183.4 182.3 181.3 285.3 278.9 280.9 355.9 3555 355.9 6.4 4.4
Referencel3’] 75 - - 189 - - 292 - - 360 - - - -
Referencel?’] 74 - - 188 - - 295 - - 360 - - - -

symmetries we employed primitive four atom unit cells that dis-
play only 9 optical branches. Broad features are common to the
three structures, showing clustering of bands at different fre-
quencies given by the nature of the vibrations and a phononic
band gap of ~ 60 cm~!. Notably, a phononic band gap has been
recently investigated in related IV-VI monocalchogenides com-
pounds and thermoelectric applications are surmised.[*! The
acoustic phonons are comprised of a pair of transverse and longi-
tudinal branches for in-plane vibrations, and a flexural branch for
out-of-plane modes. Highest frequency modes reach 360 cm™!
approximately.

3.3. Total Energy Calculations

In order to have a better insight into the phase stability, we cal-
culated the electronic energy (Uy), the vibrational energy (U,,),
the entropy (S,;,) and the Helmholtz free energy (F) of the 3R
and 2H GasS phases. Particularly, DFT-based packages as Quan-
tum Espresso (QE)*’! calculate the entropy and the Helmholtz
free energy considering only the phonon contributions. There-
fore, the relationship F = U, — TS, holds. On the other hand,
the internal energy is the sum of the ground state energy of the
electronic system subject to the field of fixed nuclei (minimum of
the energy within the Born-Oppenheimer approximation calcu-
lated by DFT), plus the zero point vibrational energy of the nuclei
(calculated by DFPT taking into account the phonon dispersion
of the system calculated at 0 K), plus a contribution of electrons at
finite temperature which is usually negligible for insulators and
semiconductors that is not taken into account. Figure 5 shows the
results of all quantities calculated between 0 and 800 K. Namely,
Figure 5a—c show the difference of vibrational energy, Helmholtz
free energy and entropy of R3m and R3m phases with respect
to the 2H structure. The phonon band structures of the 2H,
R3m and R3m phases modelled show no branches with negative
(imaginary) frequencies along the selected path of the BZ, reveal-
ing that the three phases are mechanically stable (see Figure 4f).
On the basis of DFT electronic energy calculations, the lowest
energy phase turns out to be the R3m GaS. Expressing the total
energy per formula unit, namely one Ga atom plus one S atom,
relative to the reference energy of the 2H phase, the R3m phase
has a negative value of 0.66meV f.u™'. This result shows the
close proximity between these two configurations of GaS$, ratio-
nalized by the difference in the weak interlayer coupling found
between polytypes. Given the small energy differences, we tested
several implemented schemes including vdW corrections in the
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exchange-correlation functional (truly non-local and semiempir-
ical versions) and we obtained the same trend regarding total en-
ergy comparison. A systematic DFT study by Magorrian et al.[8],
including many body dispersion corrections of the isostructural
GaSe compound, also shows total energy differences on the sub-
meV scale for the known f —, ¢ —, § — and y — polytypes, sug-
gesting the sensibility of the final crystal structure to the growth
conditions. Conversely, the phase R3m tuns out to have an energy
of 10.54 meV f.u™!. higher than the 2H phase. Figure 5d shows
the free energy, including the contribution of the electronic de-
gree of freedom to have U, + U, -~ TS,;,. A crossing point of the
curve corresponding to the R3m phase through the zero at ap-
proximately 700 K (427 °C) can be clearly seen, indicating that
at higher temperatures the 2H phase becomes thermodynam-
ically favorable. Recently, the presence of a rhombohedral y —
GasS phase was detected by XRD data on nanobelts samples syn-
thetized by CVD at 600 °C,[*! indicating that growth conditions
and/or geometric confinement can have an effect on phase. Fur-
thermore, a new polymorph (labelled y’ — GaSe) with the same
space group R3m has been found in thin films grown by molec-
ular beam epitaxy (MBE).[?°l In Reference 26, the authors also
found R3m GaSe to be a higher energy structure arguing that
the layer-by-layer and out-of-equilibrium MBE growth conditions
cause a 60° rotation of half of the TL around the central Ga—Ga
bond giving rise to the centrosymmetric configuration. Addition-
ally, first principles study by Zhou et al.[*®! on single-TLs of 2H
and R3m (labelled 1T when considering only one TL of the bulk
crystal) GaS and GaSe predicts that the energy barrier between
the two phases of 2H- and 3R- GaS and GaSe is much lower
than in MoS,, suggesting the possibility to grow one or the other
phase depending on growth conditions. Moreover, their results
show that doping could stabilize one phase over the other. Fur-
thermore, considering the layered structure of the van der Waals
GaS, we also need to consider that in the Van der Waals (vdW) epi-
taxy the interface between the substrate and the layers as well as
the interaction between layers, is dominated by weak vdW bonds.
According to this, it has been reported °!l that lattice mismatch
as large as 50% in vdW epitaxy could be accommodated. This
is further supported by the Raman spectra shown in Figure 5e,f
for 2H and 3R GaS grown by CVD on crystalline (sapphire) and
amorphous (glass) substrates. Independently of the substrate, the
high frequency E Raman mode appears at 295 for the 2H and at
290 cm~!3R respectively, in agreement with the experimental and
DFTP mode position calculations shown in Figure 4a, indicating
that the substrate is not affecting the grown crystalline phase,
consistently with van der Waals epitaxy. Noteworthy, it can be
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Figure 5. a) Vibrational energy variation AUy, b) Helmholtz free energy variation AF, c) entropy variation AS,, and d) free energy variation A(F+U,)

of R3m and R3m with respect to the 2H phase as a function of the temperature per formula unit. Raman spectra and zoomed plot of experimentally
measured high frequency E Raman mode in e) CVD 2H and f) CVD3R GaS grown on sapphire and glass substrates.

inferred that mainly growth conditions (determining a thermo-
dynamic growth regime vs kinetic regime) affect the growth of
the 3R- vs 2H phase. Indeed, an analysis of the various batches
of grown GaS under various growth conditions supports that 3R-
GasS can be grown at temperature below 600 °C and at high H,
fluxes, whereas a growth temperature higher than 600 °C and low
H, fluxes favors the 2H- phase.

Interestingly, although being reported to be a metastable phase
at room temperature in agreement with our first principles ther-
modynamics calculations, the 3R phase synthetized by CVD has
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resulted to be stable over a year (from deposition) under ambient
conditions. This is relevant for considering further applications
of GaS as discussed in the next paragraph in light of its optical
properties.

3.4. Electronic Structure and Optical Properties
Figure 6a shows the room temperature photoluminescence (PL)

spectra of 2H and 3R GaS. It has been previously reported that
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Figure 6. a) Photoluminescence spectra acquired for the 2H and 3R phases of GaS. Electronic band dispersion and density of states (DOS) calculated
for the b) 2H, c) R3m and d) R3m phase, respectively. Energies are plotted with respect to the VBM energy. The yellow arrows indicate the lowest energy

gap in each case. With the DOS is plotted the XPS valence band.

the 2H phase of GaS is an indirect band gap semiconductor.'’”] PL
spectra acquired on the 2H sample corroborate this observation.
The indirect nature of the lowest electronic excitation reduces the
likelihood of radiative recombination processes, resulting in a flat
photoluminescence spectrum as appreciated in Figure 6a. Con-
versely, a PL peak at #2.55 eV due to photogenerated electron-
hole recombination through a radiative process can be seen for
the 3R sample. This is a clear indication of a material with a di-
rect band gap. This result is corroborated with theoretical cal-
culations of the electronic structure of 2H, R3m, and R3m Ga$S
phases at the generalized gradient approximation (GGA) level in-
cluding vdW dispersion corrections. As can be seen in Figure 6b,
the 2H phase shows an indirect band gap as previously reported.
Similarly, the R3m phase also shows an indirect optical band gap
(Figure 6c). Finally, R3m GaS is predicted to have a direct band
gap in accordance with the strong peak seen in the PL spectrum,
as can be seen in Figure 6d. This is another hint towards con-
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firming the R3m space group symmetry of our sample. Projec-
tion of the electronic levels onto the orbital degrees of freedom,
not shown here, allows us to describe thoroughly the atomic-like
features of the bands. For the three phases, the electronic band
dispersion displays similar features, namely a manifold of bands
below the valence band maximum (VBM) up to 8 eV mainly com-
posed of S 3p and Ga 4p orbitals. Specifically, contributions from
S 3p, and Ga 4p, plus 3s are appreciable near the VBM, and be-
tween 6 and 8 eV there is a stronger contribution from Ga 4s
orbitals. Deeper bands in the range of 12 — 15 eV have a S 3s
and Ga 4d character, the manifold of d bands of the metal are
dispersionless as expected. Low energy conduction bands have
mostly Ga 4s and in plane 4p, , character, and a minor contri-
bution from S 3s and 3p, , levels. Figures 6b—d show clearly a
series of valleys in the conduction levels with small energy dif-
ferences. In the hexagonal 2H phase, the lower valleys appear at
M, K and I points and the same structure is replicated on the BZ
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edge points L, H and A. The VBM lies on 'and the conduction
band minimum (CBM) on the M point. Rhombohedral R3m and
R3m phases share similar features, but the valleys appear on L,
Z and F points due to the different crystal symmetry. The VBM
in the R3m phase lies on the Z point and the CBM on the L point
respectively, giving an indirect band gap material. On the other
hand, the direct band gap of the R3m phase opens across the Z
point. The band gap of the 2H, R3m, and R3m phases come out
to be 1.52 eV, 1.42 eV, and 1.47 eV respectively, calculated at the
Kohn-Sham semi-local level. As a reference, the experimental for-
bidden gap of 2H GaS is = 2.5 eV, evidently underestimated by
our methodology. However, here we focus on the nature of the
band gap and we can expect that this systematic error will not
play a significant role in our comparison and analysis. To un-
derpin this point, we mention that first theoretical calculations
including higher levels of approximation like hybrid exchange-
correlation functionals, and many body techniques corroborate
the same trend. Additional to the band structure, the density of
states (DOS) for each case are also shown in Figures 6b—d. The
DOS are compared with valence band measurements performed
by X-ray photoelectron spectroscopy (XPS) showing good agree-
ment. Discrepancies near the valence edge can be attributed to
changes in the electronic populations due to temperature effects
not considered in the DFT calculations.

These findings shed new light on the potential applications
and electronic properties of Ga$ thin films in various optoelec-
tronic devices, considering the lack of 2D direct band gap semi-
conductors with energies close to 2.55 eV, apart from ZnSe and
CdS (band gap at 2.60 eV and 2.42 eV, respectively).

4. Conclusion

We have demonstrated the growth of 3R GaS on sapphire sub-
strates using chemical vapor deposition. The crystallographic
analysis revealed that the films have a strong preferred c-axis ori-
entation with low microstrain and moderate mosaicity. The com-
bined approach of experimental X-ray diffraction, Raman and
photoluminescence measurements with density functional the-
ory calculations allowed us to determine that the 3R phase be-
longs to the space group R3m (no. 166). Through first principles
calculations, we predict another polytype of the 2H phase, never
reported experimentally, to be a competitive structure at low tem-
peratures with symmetry R3m (no. 160). We show that the 3R
GaS phase is a direct band gap semiconductor with a band gap
value of 2.55 eV (486 nm) and exhibits near-blue light emission
at that photon energy, measured at room temperature. Together
with ZnSe and CdS, this material represents one of the few di-
rect band gap 2D semiconductors within the 2.4-2.6 eV range.
Our findings pave the way to novel applications in optoelectron-
ics, particularly in the development of efficient light-emitting de-
vices such as LEDs or lasers, quantum dots, photodetectors, and
crystalline-crystalline phase-change optical switches.

5. Experimental Section

2H Gas Single Crytal:  Commercial bulk 2H GaS (2D semiconductors
and HQ graphene) were mechanically exfoliated using the standard tape
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methods. Corning glass substrates were treated overnight in hydrogen per-
oxide and then cleaned with isopropyl alcohol, acetone, and ethanol.

CVD GaS Film:  The GaS films were grown in a single-zone horizontal
furnace on (0001) c-axis oriented sapphire and glass substrates. The re-
actor was pumped to a base pressure of 1.5 x 1072 Torr and flushed with
Ar gas to remove residual oxygen prior starting deposition. In the case of
3R GaS, high purity (99.99%) Ga,S; powder was used as a single precur-
sor heated to a reaction temperature of 800 °C in a 50 sccm H, flow and
growth pressure of 100 mbar. The deposition temperature was set in the
range of 550 to 600 °C. For the growth of 2H GasS, the Ga,S; was heated
to a reaction temperature of 800 °C in a 100 sccm H, flow resulting and
growth pressure of 3 mbar. The deposition temperature was set in the
range of 600 to 650 °C.

The thickness of the several investigated films, both 2H-GaS and 3R-
GaS, was between few tens and several hundreds of nanometers. In this
range, the authors have demonstrated already that there was no thickness
dependence of the Ga$S properties, as already above 5 layers (correspond-
ing ~ to 5 nm) the properties converges to that of GaS bulk.

Characterization: The GaS films were structurally characterized with a
combination of Raman spectroscopy and X-ray diffraction (XRD).

Raman spectroscopy was performed in backscattering configuration
with a LabRam Horiba using a 532 nm wavelength laser (20 mW) with
a X100 microscope objective (NA = 0.9). Photoluminescence measure-
ments were performed in the same Raman set up using a 470 nm wave-
length laser (50 mW) with a X100 microscope objective (NA = 0.9).

The XRD investigation was performed by reciprocal space maps
(RSM). RSMs were obtained using a Panalytical Empyrean diffractometer
equipped with a Cu X-ray tube and a Pix-Cel 2D detector with a 256 x 256 ar-
ray sensor, covering a solid angle 3.3° x 3.3°. The reciprocal space along Q,
and Q, was covered using w/260 scans combined with azimuthal ¢ angle
rotations. In order to initially identify reflections from GasS film, a full scan
of reciprocal space available for the diffractometer with grazing incidence
geometry (Q, > 0) was performed by continuously spinning the sample in
order to bring into diffraction condition reflections at different azimuthal
angles. The identified Q, and Q, reflection positions were scanned over ¢
in order to evaluate how the reflections are distributed around the azimu-
tal angle. Higher resolution scans of individual reflections were performed.
Reciprocal lattice units (rlu) are defined here in nm~" as 2z/d, where d was
the distance between crystallographic planes.

Morphological analysis was performed using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). AFM analysis was per-
formed using the Autoprobe CP (Thermomicroscope). The sample topog-
raphy and phase were recorded in a single-pass mode using a gold-coated
Si tip (frequency of 80 Hz) in non-contact mode.

Scanning electron microscopy (SEM) was carried out with a Zeiss Supra
219 40 FEG SEM equipped with a Gemini field emission gun. Analyses
were carried out at an extraction voltage of 3 kV and 221 a 30-um aperture.

The elemental composition was evaluated by X-ray photoelectron spec-
troscopy (XPS). XPS analyses were performed by a Scanning XPS Mi-
croprobe (PHI 5000 Versa Probe II, Physical Electronics) equipped with
a monochromatic Al Ka X-ray source (1486.6 eV), with a spot size of
200 mm. Survey (0-1200 eV) and high-resolution (HR) spectra (CTs, S2s,
Ga3d) were acquired in FAT mode at a pass energy of 117.40 and 29.35 eV,
respectively. Spectra were acquired at a take-off angle of 45° with respect
to the sample surface. Surface charging was compensated using a dual
beam charge neutralization system, and the hydrocarbon component of
C1s spectrum was used as internal standard for charging correction, and
it was fixed at 285.00 eV.

First Principles Calculations: Density functional theory (DFT) first
principles calculations based on norm-conserving pseudopotentials
(NCPP)[52] were carried out using the Quantum Espresso (QE)[*’] code.
Electronic exchange and correlation interaction was included at semi-
local level with the generalized gradient approximation (GGA), using the
exchange functional of Cooper[®3! (C09x). To account for dispersion in-
teractions, truly non-local correlations as given by Lee et al.[>*] (vdW-
DF2). Core electrons are described by ab-initio optimized Vanderbilt pseu-
dopotentials, generated following the recipe given by Hamann[*1 in the
Kleinman—Bylander fully non-local separable representation,[>®] available
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in the PSEUDODO)JO online databasel*’! (version 0.4.1 of the ONCVPSP
code). NCPP for Ga and S used in the calculations that involve vdW non-
local dispersion interactions were generated also with the ONCVPSP code
available in the website http://www.mat-simresearch.com/. For Ga ele-
ment, 3d'%4s24p! were considered as valence electrons. Lighter chalco-
genide S atom is constructed with an electronic configuration that includes
six valence electrons (3s23p*). Hexagonal (rhombohedral) 2H (3R) unit
cell of GaS with 8 (4) atoms in total were employed through all the calcu-
lations. Brillouin zone integrations were carried out using a Monkhorst-
Packl*®] sampling of 15 x 15 x 3 (12 x 12 X 12) points and an energy
cutoff for plane waves expansion of 90 (90) Ry for the 2H (3R) phase to
attain converged results. Geometric parameters reported were obtained
by structural optimization, where atoms and unit cell parameters were al-
lowed to relax until the maximum component of the force acting on any
atom was smaller than 1.1072 eV A~', and the maximum component of
the stress was 0.1GPa. Vibrational modes and thermodynamic proper-
ties, within the harmonic oscillator approximation, were calculated with
the THERMO_PW driver (https://dalcorso.github.io/thermo_pw/) using
underlying QE routines based on density function perturbation theory
(DFPT)[3?l with the set of parameters aforementioned. A k-point mesh em-
ployed for phonon spectra was 10 X 10 X 2 (4 X 4 X 4) points for 2H (3R)
GaS and a stringent threshold of forces up 5.107> eV A= was set to yield
converged phonon frequencies.
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