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T
he discovery of graphene created
the great sensation because of its
fascinating properties such as high

electron mobility (2 � 105 cm2 V�1 s�1 for
monolayer) and ballistic conduction that are
absent in bulk graphite.1,2 However, pristine
graphene lacks a band gap, which hampers
its application in optoelectronic devices.
Researchers have started payingmore atten-
tion to other graphene-like two-dimensional
(2D) materials such as transition metal dichal-
cogenides (TMDs, e.g.,MoS2,WSe2) with sizable
band gaps as substitutes for, or complements
to, graphene.3�10 Extensive studies have
shown that monolayers of such materials ex-
hibit wider band gaps than their bulk forms,
with a stronger photoluminescence (PL) that
can be attributed to their direct band gap. An
indirect-to-direct band gap transition is the
most distinguishing features of 2D TMDs.
Group-III monochalcogenides, such as

GaS and GaSe, are particularly (and equally)
intriguing layered 2D materials. Previous
experimental studies into the band gap of

bulk crystals based on UV�visible absorp-
tion, photoluminescence (PL), and photo-
conductivity have reported an indirect band
gap (Eg) of 2.5�2.6 and 2.0�2.1 eV for GaS
andGaSe, respectively,withdirect bandgaps
of 3.0�3.1 and 2.12�2.15 eV.11�15 Recently,
a number of research groups have investi-
gated 2D nanostructures of these materials
(including monolayers), showing the fascinat-
ing application of optoelectronic devices.16�23

Ab initio calculations predict a c-axis
confinement-induced blue-shift band gap of
theGaS andGaSemonolayers, which is similar
to the behavior of TMDs.18,21,22,24�28 However,
the band gap value depends strongly on the
calculation method. For example, PBE func-
tional calculation underestimates the band
gap for GaS and GaSe monolayers as 2.5 and
2.1 eV (on average), respectively, and 1.6 and
1 eV for bulk crystals; these values are far less
than those obtained experimentally.18,21,22,25,27

Rybkovskiy et al. have theoretically predicted
thebandgapofGaSe tobe2.34 eV for thebulk
phase and 3.89 eV for a monolayer, with the
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ABSTRACT Graphene-like two-dimensional (2D) nanostructures have attracted

significant attention because of their unique quantum confinement effect at the 2D

limit. Multilayer nanosheets of GaS�GaSe alloy are found to have a band gap (Eg) of

2.0�2.5 eV that linearly tunes the emission in red-to-green. However, the epitaxial

growth of monolayers produces a drastic increase in this Eg to 3.3�3.4 eV, which blue-

shifts the emission to the UV region. First-principles calculations predict that the Eg of

these GaS and GaSe monolayers should be 3.325 and 3.001 eV, respectively. As the

number of layers is increased to three, both the direct/indirect Eg decrease significantly;

the indirect Eg approaches that of the multilayers. Oxygen adsorption can cause the

direct/indirect Eg of GaS to converge, resulting in monolayers with a strong emission.

This wide Eg tuning over the visible-to-UV range could provide an insight for the

realization of full-colored flexible and transparent light emitters and displays.
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optical absorption of plate-type nanoparticles being
presented as evidence for the increased band gap
(3.1 eV).24 Ajayan's group have also reported, based
on the photocurrentmeasurement, that the indirect band
gapof a GaSemonolayer is 3.3 eV.19 However, only a small
blue shift (20�30 mV) in PL has been observed for few
layer-thick GaSe.17,29 Furthermore, there is no experimen-
tal evidence for a blue-shift in the band gap of GaS. In light
of such insufficient data, there is clearly a need to inves-
tigate the electronic structures of layered nanostructures
using both experimental and theoretical approaches.
In this study, both multilayers and monolayers of

(GaS)1�x(GaSe)x (GaS1�x Sex, 0 e x e 1) were synthe-
sized by means of chemical vapor transport (CVT). The
composition tuning from GaS to GaSe made it possible
to more systematically track the nature of electronic
structures and band gaps of the GaS�GaSe system.
First-principles density-functional theory (DFT) calcula-
tions were extensively performed for mono-, bi-, and
trilayer structures to support the experimental results.
Interest has steadily increased in ternary alloy nano-
sheets, as theseoffer anexceptional chanceof achieving
continuous band gap tuning. Until now, limited success
has been reported in synthesizing MoS2�MoSe2
(Eg = 1.6�1.9 eV), MoS2�WS2 (Eg = 1.9 eV), and
MoSe2�WSe2 (Eg = 1.6�1.7 eV) alloy monolayers.30�36

GaS1�xSex alloys examined in their bulk film states
showed no restrictions on the concentrations of the
components,37,38 but there have not yet been any
similar studies into nanosheets.

RESULTS AND DISCUSSION

The synthesis and characterization of GaS1�xSex
multilayers andmonolayers are described in the Meth-
ods. As a first step, a total of 11multilayer sampleswere
prepared through CVT. The XRD patterns acquired
from these samples are shown in Supporting Informa-
tion Figure S1, and reveal that as x increases the peaks
shift from those of GaS to those of GaSe. This is
followed by a phase evolution from a pure hexagonal
β-GaS phase to a mixture of β- and rhombohedral (R)
γ-GaSe phases. The composition (x) was determined
based on the peak position of the end members using
Vegard's law (i.e., d = (1 � x)dGaS þ xdGaSe), and was
found to be consistent with that of scanning electron
microscopy energy-dispersive X-ray fluorescence spec-
troscopy (SEM EDX) data.
The SEM images in Figures 1a,b show the high-

density GaS multilayered nanosheets that were grown
on large area (∼1 cm2) substrates. The multilayers with
an average thickness of about 20 nm usually fold and
aggregate to form a flower-like sheet, probably due to
van der Waals force. The same morphology was ob-
served for all other compositions. High-resolution
transmission electron microscopy (HRTEM) images of
GaS and GaSe nanosheets reveal their single-crystalline
nature (Figure 1 panels c, d, and e, respectively).

The insets show corresponding fast Fourier-transform
(FFT) images at the [0001] zone axis. Intensity line profiles
show that the d spacing between the neighboring
(100) planes is 3.1 and 3.25 Å, respectively, which is
consistent with the values for β-GaS (a = 3.587 Å and
c = 15.492 Å) and β-GaSe (a = 3.755 Å and c = 15.94 Å)
or γ-GaSe (a = 3.755 Å and c = 23.92 Å).39 EDX mapp-
ings (with scanning transmission electron microscopy
(STEM) images) of individual nanosheets show the
homogeneous compositional distributions of Ga, S,
and Se for GaS0.9Se0.1, GaS0.7Se0.3, GaS0.5Se0.5, GaS0.3Se0.7,
and Ga0.1Se0.9 (Figure 1f).
Figure 2a displays the UV�visible diffuse reflectance

spectrummeasured for various compositionsofGaS1�xSex
multilayered nanosheets. The formation of a comple-
tely miscible solid solution would enable the contin-
uous tuning of the band gaps. We see from this that as
x increases, the absorption rises more steeply, which is
a characteristic feature of the direct band gap.11�15

Based on the Kubelka�Munk (K�M) transformation,
the plot of [F(ν)hν]1/2 and [F(ν)hν]2 (where F(ν) is the
diffuse reflectance) vs photon energy hν (eV) yielded
from the linear interpolation the indirect and direct band
gaps, respectively (Supporting Information Figure S2).
Photoluminescence (PL) spectra were obtained by
delivering continuous-wave excitation from a 325 nm
He�Cd laser to the as-grown samples at 8 K (Figure 2b).
This produced a continuous peak shift during compo-
sition tuning without any drastic change in position,
intensity, or shape.
The onset of the absorption band, the indirect band

gap obtained from the K�M plots, and the PL peak
position (at 8 K) all show a linear dependence on the
composition, with similar band gap (Eg) values for any
given value of x (Figure 2c). The linear fit of this PL data
reveals the Eg of GaS and GaSe to be 2.5 and 2.0 eV,
respectively; these values are very close to the indirect
band gap of the bulk (2.5�2.6 and 2.0�2.1 eV,
respectively). Using the K�M plots, the direct band
gaps of GaS and GaSe were estimated to be 2.8 and
2.0 eV, respectively. These values are close to the direct
band gap of the equivalent bulk phase (3.0�3.1 and
2.12�2.15 eV). The direct band gap decreases linearly
to overlap the indirect band gap with increasing x,
as shown by the linear fit line. This convergence at x= 1
is consistent with that of the bulk film.11�15 Therefore,
the PL emission is expected to enhancewith increasing
x, but no significant increase was observed. We discuss
this result using the DFT calculations.
Unlike the Au-catalyzed growth of multilayers, the

GaS1�xSex monolayers were grown on SiOx/Si sub-
strates via catalyst-free epitaxy growth. The optical
micrographs and photographs in Figure 3a show that
the monolayers were homogeneously deposited over
a large area of the substrate (4.5 � 1.5 cm2). Note that
the color of the substrate is changed frompurple (bare)
to blue; this occurs for all compositions. In the SEM
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image of as-grown monolayers (Figure 3b), the trian-
gular shaped monolayers have a lateral dimension of
up to 120 μm. The composition of these layerswas con-
firmed by SEM EDX (Supporting Information Figure S3).
Atomic force microscopy (AFM) was used to determine
the morphology and thickness of the monolayers
(Figure 3c); the height profile along the marked line
revealing the thickness of the triangular shapedmono-
layer to be about 0.9 nm. Multilayers are seen to fre-
quently grow at the center of these monolayer trian-
gles, increasing the thickness stepwise by 1.5 and
4.0 nm, containing three and eight layers, respectively.
The Raman spectrum was analyzed to confirm the
composition tuning of these monolayers, as shown in
Supporting Information Figure S4.
The cathodoluminescence (CL, 10 kV) spectrum of

the monolayer samples was measured, as shown in
Figure 3d. Photographs show the blue-color emission
upon the electron beam irradiation (insets). The CL
images show the uniformly bright emission of the
monolayers; the intensity of GaS is about five times
greater than that of GaSe. The CL spectrum (at room
temperature) of an individual monolayer consisted of a
broad emission band in the range of 300�500 nm

(2.5�4 eV), which peaks at 3.4 and 3.3 eV for GaS and
GaSe, respectively. The GaS0.5Se0.5 monolayers exhibit
an emission at 3.3 eV (not shown here), which is similar
to that of GaSe. It can therefore be concluded that as
the number of layers is reduced to one, the band gap of
GaS and GaSe increases by 0.9 and 1.3 eV, respectively,
and converges to the nearly same value. It is worth noting
here that the CL emission intensity of GaS is enhanced
in the monolayers, but decreases by about half in the
multilayer region (indicated by arrows). In the case of
GaSe, however, the CL emission of the monolayers is
approximately three-times weaker than that of the multi-
layer region (indicated by arrows). This feature was also
observed from the GaS0.5Se0.5 monolayers. Themultilayer
regions consistently show a red shift in the emission.
As part of this study, we performed DFT calculations

for the GaS and GaSemono-, bi-, and trilayers using the
HSE06 and PBE-D2 functionals (see the detailed com-
putation methodology in the Methods). Qiao et al.

have recently shown that the HSE06 band structures
based on the PBE-D2 lattice parameters provide one of
the most reliable methods for the calculation of 2D
phosphorene,40 hence, the same method was em-
ployed here to take into account the fact that the

Figure 1. SEM and TEM images of GaS1�xSex multilayers. (a,b) SEM images of GaS multilayered nanosheets homogeneously
grown on a substrate. HRTEM and corresponding FFT images of (c,d) GaS and (e) GaSe multilayers at the zone axis of [0001],
showing their single-crystalline nature. The lattice-resolved and FFT images, aswell as the intensity lineprofiles, show that the
(100) planes of GaS and GaSe are separated by a distance of 3.1 and 3.25 Å, respectively. (f) EDX mappings (with
corresponding STEM image) of individual GaS1�xSex nanosheets with x = 0.1, 0.3, 0.5, 0.7, and 0.9. Scale bar represents 1 μm.
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electronic structure is very sensitive to the lattice
parameters. It should be emphasized that there has
been no systematic comparison of the electronic
structures ofGaSandGaSe as a function of layer number
using this approach. When necessary, the PBE-D2 band
structures are also described. Structural parameters,
including the lattice constant and the bond length, are
shown in Supporting Information Table S1. For trilayer
GaSe, its β and γ forms were selected to correlate with
the experimental data of the multilayers.
Figure 4 shows the band structures of mono-, bi-,

and trilayer structures of GaS and GaSe, obtained from
the HSE06 functional calculations. The first diagram
illustrates the first Brillouin zone of the hexagonal
monolayer structures. All the GaS and GaSe layers
exhibit indirect electronic transitions with a valence
band maximum (VBM) located between the Γ and K
points, as indicated by the red arrow. The direct

electronic transition (Γ f Γ) is indicated by the blue
arrow. In most cases, there is one more VBM between
the Γ and M points that produces a slightly higher
energy indirect transition (<0.005 eV). For GaS, con-
duction band minimum (CBM) is at the M points, while
for GaSe it is at the Γ point. When the number of layers
increases, the direct and indirect band gaps are simul-
taneously and significantly diminished due to the
strong interlayer interactions along the c axis.
The indirect and direct band gaps with the energy

difference between them (ΔEg) are listed in Table 1.
The PBE-D2 band structures were calculated and sum-
marized in Supporting Information Table S2. As usual, the
PBE-D2 functional underestimates the band gaps and
predicts them 0.6�1 eV smaller than those predicted by
the HSE06 functional; these values are less than those
obtained experimentally. The HSE06 functional reduces
the self-interaction error of the PBE-D2 functional and
improves agreement with the experimental data.
Figure 5 panels a and b display the direct/indirect

band gap of GaS and GaSe as a function of the layer
number for both functional calculations, in which we
consistently see a decrease in the band gap of GaS and
GaSe as the number of layers increases. The HSE06
functional calculation predicts the indirect band gap of
the monolayer to be 3.325 and 3.001 eV for GaS and
GaSe, respectively, which is consistent with the experi-
mental data for the monolayers of 3.4 and 3.3 eV.
Furthermore, these values agree with those from pre-
vious studies using the same functional, thus indicat-
ing the accuracy of themethods.26,28 For GaS and GaSe
trilayers, the indirect band gap decreases to 2.654 and
2.173 (2.199) eV, respectively, which is close to the
multilayer values of 2.5 and 2.0 eV. The figure inside
parentheses represents the value for the γ phase, while
the other value corresponds to the β phase. The direct
band gap is 3.133 and 2.181 (2.204) eV for GaS and
GaSe, respectively, which is again consistent with the
experimental values of the bulk and the multilayers.
The β- and γ-GaSe trilayers have similar band struc-
tures, which would explain the band gap's linear
change with x regardless of the phase mixture.
Additionally, we computed the band gaps for

GaS1�xSex (x = 0.25, 0.5, and 0.75) monolayers with
various configurations built from a 2 � 2 cell (see the
details in the Supporting Information, Table S3). For
the GaS0.5Se0.5 monolayer, we considered the most
stable configurations (A�C) in which S and Se atoms
are distribute homogeneously over the two sublayers;
(S,Se)�Ga-Ga�(S,Se). They are more stable than the
ones having separated S and Se sublayers; S�Ga�Ga�Se.
The band gaps (HSE06) are listed in Table 1, showing
the similar value for the A�C configurations. The aver-
age value is ca. 3.182 and 3.080 eV for direct and indirect
band gaps, respectively. The small difference (∼0.1 eV)
between the direct and indirect band gaps is compar-
able to that of GaSe. This observation explains the

Figure 2. Band gap tuning of GaS1�xSex multilayers. (a)
UV�visible diffuse reflectance spectrum (in absorption) and (b)
PL spectrum (at 8 K) of the GaS1�xSex nanosheets with various
valuesofx. (c) Dependenceof thebandgapontheSecontent (x).

A
RTIC

LE



JUNG ET AL. VOL. 9 ’ NO. 10 ’ 9585–9593 ’ 2015

www.acsnano.org

9589

reason why the CL properties (including the peak
position) of the GaS0.5Se0.5 monolayer are similar to
those of the GaSe monolayer.
The direct band gap of GaS lies above the indirect

band gap by a difference of about 0.5 eV (HSE06) or
0.2 eV (PBE-D2). The direct band gap of GaSe is also above
the indirect one, but close to each other, the energy
difference of less than 0.1 eV (for both HSE06 and PBE-
D2) being consistent with that observed in the previous
theoretical studies.27,28,41 As a consequence, GaS andGaSe
are found to exhibit no crossover between their direct and
indirect band gaps within the limits of a 2D sheet. This
result is quite different from what has been seen in other
well-studied TMDs,which exhibit a crossover from indirect-
to-direct band gaps in the limit of the monolayer.3�10

In the case of GaSe, the energy difference between the
direct and indirect bandgaps is so small that electrons can

be thermallydistributed in theminimaof theCB.Thedirect
band gap transitions are therefore expected to contribute
in improving the optical absorption and emission. The CL
data for the GaSe monolayer samples show an enhanced
emission as the number of layers increases, which can be
explainedby the fact that thecalculateddirect and indirect
band gaps become closer in value with an increasing
number of layers. In contrast, the CL emission of the GaS
monolayer sample exhibits the opposite behavior, with its
intensity being even larger than that of the GaSe. The
present calculationspredict that thebandgapdifference is
much larger than that of GaSe, and thus cannot fully
explain the strong CL emission of the GaS monolayers.
As noted from previous theoretical works, strain can

significantly influence band structures of GaS andGaSe
monolayers.25�27,42,43 It has also been predicted that
the monolayers become a topological insulator under

Figure 3. GaS and GaSe monolayers. (a) Optical micrograph and photograph, (b) SEM images, and (c) AFM images of GaSe
monolayer samples. Height profiles across the triangle-shapedmonolayer andmultilayer regions along the lines shown in the
AFM images. (d) CL spectrum of themonolayer andmultilayer region, with corresponding CL images. Photographs show the
blue-color emission of the monolayers (insets).

Figure 4. Band structures of GaS and GaSe. First diagram illustrates the first Brillouin zone of the hexagonal monolayer structures.
Band structures of (a) mono-, (b) bi-, (c) trilayer β-GaS, (d) mono-, (e) bi-, and (f) trilayer β-GaSe and (g) trilayer γ-GaSe, calculated by
theHSE06 functionalwith theFermi level set toenergyzero.Arrows indicate the indirect (red) anddirect (blue) electronic transitions.
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tensile strains. To explore the effects of lattice expan-
sion on the band gap, biaxial tensile strains (up to 7%)
were applied to relax the atomic positions at each
strain. The band gaps (HSE06 and PBE-D2) obtained
from the relaxed configurations are summarized in
Supporting Information Table S4. The corresponding
band structures are shown in Supporting Information
Figure S5 and Figure S6.
Figures 5 panels c and d show the variation of band

gaps (HSE06) with biaxial strain (%). The results from
the PBE-D2 calculations are shown in Supporting
Information Figure S7. At 5% expansion, the HSE06

and PBE-D2 calculated band gap decreases by more
than 1 eV. These results are consistent with the behavior
of the TMDmonolayers.44�46 A red shift of PL spectrum
was also observed in the mechanically bent multilayer,
as shown in Supporting Information Figure S8. The
direct band gap of GaSe remains close to the indirect
band gap with increasing strain; however, in the case
of GaS, the direct and indirect band gaps converge
drastically as the strain increases, as was expected from
previous calculations of other groups.25,42

In-plane XRD measurements were performed to
identify the lattice constants of the monolayers

Figure 5. Calculated band gap of mono-, bi-, and trilayers of GaS and GaSe. Band gap of (a) GaS and (b) GaSe as a function
of number of layers, as determined using HSE06 and PBE-D2 functional DFT calculations. Band gap (HSE06) of (c) GaS and
(d) GaSe mono- (1 L), bi- (2 L), trilayer (3 L) vs biaxial strain (%).

TABLE 1. Band gaps (Eg) for OptimizedMono-, Bi-, and Trilayer Configurations of GaS and GaSe, Calculated Using HSE06

Functional (All Energies in eV)

no. of Layers direct (ΓfΓ) indirect ΔEg
a Erel

b

GaS
1 3.885 3.325 ((K-Γ)fM); 3.330 ((Γ-M)fM); 3.433 (ΓfM) 0.560
2 3.346 2.861 ((K-Γ)fM); 2.862 ((Γ-M)fM); 2.881 (ΓfM) 0.485
3 3.133 2.654 ((K-Γ)fM and (Γ-M)fM); 2.657 (ΓfM) 0.479

GaSe

1 3.093 3.001 ((K-Γ)f Γ); 3.002 ((Γ-M)f Γ) 0.092
2 2.455 2.426 ((K-Γ)f Γ); 2.427 ((Γ-M)f Γ) 0.029
3 (β-phase) 2.181 2.173 ((K-Γ) and (Γ-M)f Γ) 0.008
3 (γ-phase) 2.204 2.199 ((K-Γ) and (Γ-M)f Γ) 0.005

GaS0.5Se0.5
c

1 (A) 3.150 3.048 ((K-Γ)fΓ); 3.053 ((Γ-M)fΓ) 0.102 0
1 (B) 3.172 3.071 ((K-Γ)fΓ); 3.076 ((Γ-M)fΓ) 0.101 0.001
1 (C) 3.224 3.122 ((K-Γ)fΓ); 3.127 ((Γ-M)fΓ) 0.104 0.001

aΔEg = Eg (direct) � Eg (indirect); energy difference between the direct and indirect band gaps. b Relative energy of configurations per supercell (2 � 2 cell).
c Three configurations (A, B, and C) were considered.
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(see Supporting Information Figure S9). This data show
that the lattice constant a is 3.60 and 3.77 Å, for GaS
andGaSemonolayers, respectively, which corresponds
to an expansion of 0.5% and 0.4% relative to the bulk
and the multilayers (3.587 and 3.755 Å, respectively).
With 0.5% greater lattice constant, the theoretical
direct�indirect band gap difference of the GaS mono-
layers decreases from0.560 to 0.427 eV. The unstrained
and 0.4% strained GaSe monolayers exhibit nearly the
same direct�indirect band gap difference. The strain
energy, defined as the total energy difference between
the unstrained and strained structures, was calculated
to be very small at just 25% that of graphene (see
Supporting Information Table S4). We therefore sug-
gest the possibility that the strain can easily narrow the
direct-indirect band gap difference of the GaS mono-
layers, thereby improving their optical transition.
Recent work has reported that O2 and/or H2O ad-

sorption on the MoS2 monolayers influences the per-
formance of field effect transistor devices.47,48 Further-
more, adsorption of O2 molecules enhances the PL
emission of n-type MoS2 and MoSe2 monolayers, while
diminishing that of p-type WSe2.

49,50 Since the GaS
and GaSe monolayers are known be n- and p-type,
respectively,16,19,20,22,23 there is the possibility that O2

adsorption may cause the stronger CL emission of GaS
monolayers. The effect of O2 adsorption on the elec-
tronic structure of the monolayers in this study was
therefore investigated by calculating the adsorption
energy (Ead) of

1/2 an O2 molecule (i.e., one oxygen
atom) onto a 4 � 4 monolayer cell using PBE-D2
functional (see the details in Supporting Information
Figure S10). This gave an Ead value of �0.16 eV for a
dissociative adsorption that forms S�O�Ga bridge-
bonds on the GaS monolayer, but a similar process is
less favorable (�0.07 eV) in the case of a GaSe mono-
layer. We can also expect that chemisorption will be
muchweaker in the p-type GaSe than in the n-type GaS.
Analysis of the band structure of the GaS monolayer

reveals that oxygen chemisorption induces a conver-
gence of the direct and indirect band gaps, which is
caused by a flattening of the VB due to the highly
electronegative oxygen atom and Brillouin zone fold-
ing. This means that oxygen chemisorption can im-
prove optical transition over a broader energy region.
The X-ray photoelectron spectroscopy (XPS) data pro-
vides an evidence for the oxygen binding of the
monolayers (see Supporting Information Figure S11).
Furthermore, the GaS monolayers exhibit a more sig-
nificant oxygen-binding interaction than the GaSe

monolayers. The oxygen atom can be easily incorpo-
rated into the monolayer lattices during epitaxial growth
due to the oxide surface of substrates. The calculation
also predicts that oxygen chemisorption increases the
lattice constant.We therefore propose that the enhanced
emission and lattice expansion of the GaSmonolayer can
be ascribed to an oxygen adsorption. The strong and
sharp PL emission of the GaS1�xSex multilayers over the
entire composition range could be also rationalized by
the contribution of the oxygen chemisorption of Ga�S
bonding sites. In this sense, it would be informative if the
monolayers are subject to the epitaxial growth on the
oxygen-free substrates in the future.

CONCLUSIONS

In summary, GaS1�xSex multilayers with tunable
compositions over the entire range have been success-
fully synthesized by CVT; the thickness of the multi-
layers was 20 nm on average. UV�visible absorption
and PL data confirmed continuous band gap tuning in
the range of 2.0�2.5 eV. Monolayers were also homoge-
neously synthesized on large area SiOx/Si substrates, with
themeasuredCLemission revealingGaS1�xSexmonolayers
to exhibit a converged band gap of 3.3�3.4 eV. Interest-
ingly, the CL intensity of the GaS monolayers is promi-
nently enhanced. DFT calculations were performed for
mono-, bi-, and trilayer β-GaS and β-GaSe (and γ-GaSe)
structures using both HSE06 and PBE-D2 functionals,
which found that the direct/indirect band gaps decrease
drastically with an increasing number of layers.
The HSE06 calculation identified an indirect band

gap for the GaS and GaSe monolayers of 3.325 and
3.001 eV, respectively, which agrees with the experi-
mental values. For trilayer structures, the indirect band
gap of GaS, β-GaSe, and γ-GaSe is 2.654, 2.173, and
2.199 eV, respectively, which are both close to the
experimental value of the multilayers. The direct band
gap ofGaS lies about 0.5 eV above the indirect bandgap
for all layer numbers, whereas the direct and indirect
band gaps of GaSe are very close (<0.1 eV). The expan-
sion of the lattice constant a by biaxial tensile strain
dramatically reduces the band gaps, and causes the
direct band gap in GaS to approach the indirect band
gap. It is believed that oxygen adsorption onto GaS
monolayers can induce a convergence of the direct and
indirect band gaps that may explain their enhanced CL
emission. This remarkable visible-to-UV range band gap
tuning cannot be achieved with any TMDs, and may
allow for development of full-colored atomically thin
light-emitting nanodevices.

METHODS

Materials. Ga2S3 (99.99%, Sigma-Aldrich) and Ga2Se3 (99.99%,
Alfa) powders were placed inside a quartz tube reactor. For the
growth of multilayered nanosheets, a Si substrate, on which a

1 nm-thick Au film was deposited, was positioned at a distance
of 10 cm from the powder source. Argon gas was flowed at
a rate of 200 sccm. The temperature of the powder sources
was set to 950 �C (for 1 h), and that of the Si substrate was
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approximately 700 �C. The composition was controlled using the
temperatureand the ratioof the twosourcepowders. For auniform
growth of monolayers on large area SiOx/Si substrates, in which
300 nm-thick SiOx layers were produced by thermal oxidation, a
two-zone furnace was used to control independently the tempera-
tures for the vaporization of the precursors (zone I) and the growth
of the monolayer (zone II). The precursors were placed in the
upstream zone I, and a substrate was placed at the downstream
zone II. After the tube reactor was evacuated to 10 mTorr, zones I
and II were heated up to 950 and 700 �C, respectively, and then the
growth was conducted at these temperatures for 2�10 min under
a pressure of 20 Torr, with an Ar flow (rate = 20 sccm).

Characterization. The structure and composition of the pro-
ducts were analyzed by scanning electron microscopy (SEM,
Hitachi S-4700), field-emission transmission electron microscopy
(TEM, FEI TECNAI G2 200 kV), high-voltage TEM (HV-TEM, Jeol JEM
ARM 1300S, 1.25 MV), and energy-dispersive X-ray fluorescence
spectroscopy (EDX). Fast Fourier-transform (FFT) images
were generated by the inversion of the TEM images using
Digital Micrograph GMS1.4 software (Gatan Inc.). XRD patterns
were obtained using a laboratory XRD system (Rigaku, D/MAX-
2500 V/PC). In-plane XRD measurement was performed in the
5A beamline of the Pohang Light Source (PLS) with monochro-
matic radiation. XPS data were obtained using the 8A1 and 8A2
beamlinesof thePLSwithmonochromatic radiation (630or 680eV).

UV�visible absorption spectra of the samples were recorded
using a spectrometer (Cary 5000, Agilent Tech.). PL (and micro-PL)
measurements were performed using a continuous wave (CW)
He�Cd laser (λ = 325 nm) or picosecond laser (λ = 355 nm) as the
excitation source. The CL spectrummeasurements were performed
in a SEM (HITACHI S-4300SE) with a Gatan Mono CL3þ system and
a liquid nitrogen stage (80�300 K) using an accelerating voltage of
10 keV. The height and topology measurements were carried out
using a commercial AFM system (XE-100, Park Systems).

To create the wrinkled nanosheets, elastomeric substrates
of PDMS (Sylgard 184, Dow Corning) were prepared by mixing a
base resin and curing agent to a ratio of 10:1. Anybubbles present
in the unset PDMSwere removed in a vacuum chamber, and after
curing at 70 �C for 12 h, the resulting polymer film was cut into
40 � 10 mm sized substrates. These flexible PDMS substrates
were then stretched by 30�100% using a custom-made strain
stage. A contact printingmethodwas applied; nanosheets grown
on a Si substrate were rubbed onto a receiver Si substrate under
an applied load, and they were then transferred to a prestretched
PDMS substrate by applying a tensile force along the nanosheets.
Releasing the prestretched substrate induced compressive strains
that generated the wrinkles. This prestretched strain is usually
defined as ε (%) = ΔL/L� 100, where L is the initial length of the
flexible substrate and ΔL is the change in length.

Calculations. The geometric optimization and total energy
calculation were done using the Vienna ab initio simulation
package (VASP).51,52 Electron�ion interactions were described
by the projector-augmented wave (PAW) method,53 which is
essentially a frozen-core all-electron calculation. The van der
Waals interaction was estimated through the PBE-D2 calcula-
tion, which empirically includes these interactions using
Grimme's approach.54 Meanwhile, the band structure calcula-
tions were done using the Heyd�Scuseria�Ernzerhof (HSE06)
hybrid DFT.55 Recently, the HSE method, based on an efficient
treatment of the nonlocal part of the exchange, was shown to
predict impressively accurate band gaps, often similar to those
calculated using the GW (the product of the one-body Green
function G and the screened Coulomb interaction W) method.

For free-standing GaS and GaSe sheets, our supercell con-
sisted of a 1 � 1 primitive cell. The k-point sampling was done
using 29 � 29 � 1 and 19 � 19 � 1 for PBE-D2 and HSE06
methods, respectively. The primitive cell included twoGa atoms
and two S (or Se) atoms in two layers. A vacuum of 18 Å along
the direction normal to the sheet planewasmaintained to allow
no appreciable interaction between adjacent cells along the
c axis. To investigate the interlayer interaction along the c axis,
we adopted the β-form of the crystal;a typical crystal structure
in which two 1� 1 units of the sheet are stacked along the c axis
of a supercell in such a way that four Ga and four S atoms
are included in the cell, with a stacking sequence of ABAB.

The k-point sampling was done using 29 � 29 � 6 points. For
GaSe, we adopted both the β-form and γ-form of the crystals.
In the γ-form, six Ga and six Se atoms stack with a sequence
of ABCABC. For GaS1�xSex (x = 0.25, 0.5, and 0.75) monolayer
sheets, the supercell consisted of 2 � 2 cell.
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