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T
he surging renewal of two-dimensional
(2D) materials such as graphene,1,2

h-BN,3,4 black phosphorus,5,6 transition
metal dichalcogenide (TMD),7�13 GaTe,14

and GaSe15�17 has attracted a great deal
of attention because of their versatile and
rich physical properties.18�21 Atomically
thin 2D materials have distinct electronic
structure,22,23 good carrier mobility,24 and a
layer-dependent band gap,24 which distin-
guish them from their bulk crystals. The
formation of heterostructures by vertically
stacking 2D thin films is one crucial method
to achieve full usage in optoelectronic and
electronic devices.25 Graphene/h-BN hetero-
structures have a novel physical property of
fractional quantum Hall states.26 With the
benefit of plasmonic enhancement, solar
cells based on a graphene/WSe2 hetero-
junction achieve a maximum internal quan-
tum efficiency up to 30%.27 Concerning the
heterostructure fabrication, molecular beam

epitaxy (MBE) has outstanding merits such
as easily controlled thickness of films with
wafer-scale homogeneity and atomically
sharp interference, which outweigh other
commonmethods such asmechanical cleav-
age and transfer.28

While continuous efforts are devoted to
the exploration of new 2D candidates, the
effective alloying in 2D materials makes it
possible for tunable electrical characteris-
tics such as electron/hole density and band
structure, thus enabling striking optoelec-
trical performance. For example, the photo-
transistors fabricated from MoS2(1�x)Se2x
alloy show a superlinear photocurrent de-
pendence on light intensity that is dis-
tinct from mechanically cleaved MoS2.

29

MoS2xSe2(1�x)
30�32 and Mo1�xWxS2

33 alloys
were experimentally proved to have band-
gap tunability through controlling the sulfur
and tungsten composition, respectively.
Easier synthesis of ZnSn1�xGexN2 alloy was
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ABSTRACT Two dimensional (2D) alloys, especially transition

metal dichalcogenides, have attracted intense attention owing to

their band-gap tunability and potential optoelectrical applications.

Here, we report the controllable synthesis of wafer-scale, few-layer

GaTexSe1�x alloys (0e xe 1) by molecular beam epitaxy (MBE). We

achieve a layer-by-layer growth mode with uniform distribution of Ga,

Te, and Se elements across 2 in. wafers. Raman spectroscopy was

carried out to explore the composition-dependent vibration frequency

of phonons, which matches well with the modified random-element-

isodisplacement model. Highly efficient photodiode arrays were also built by depositing few-layer GaTe0.64Se0.36 on n-type Si substrates. These p�n

junctions have steady rectification characteristics with a rectifying ratio exceeding 300 and a high external quantum efficiency around 50%. We further

measured more devices on MBE-grown GaTexSe1�x/Si heterostructures across the full range to explore the composition-dependent external quantum

efficiency. Our study opens a new avenue for the controllable growth of 2D alloys with wafer-scale homogeneity, which is a prominent challenge in 2D

material research.

KEYWORDS: GaTexSe1�x
. two-dimensional alloy . homogeneity . molecular beam epitaxy
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demonstrated for InGaN-based optoelectronic devices,
which are difficult to grow with large-area homo-
geneity.34 The band gaps of GaSe35 and GaTe14 are
2.0 and 1.7 eV, respectively, which are suitable energy
gaps for the conversion of solar energy.14 As for the
optical devices, the photoresponsivity of GaTe photo-
transistors reaches 104 AW�1,14 much higher than
graphene. Combined with the direct band gap of
either the thin layer or bulk crystal, GaTe has an out-
standing optoelectronic performance. Also, the GaSe
photodiode has a high zero-bias external quantum
efficiency, fast response time, and stable photo-
response behavior, which is promising for optoelec-
tricalmeasurements.36 The latest research that focused
on GaTe/Si diodes confirmed the excellent photo-
responsivity with a high external quantum efficiency
reaching 70%.37 Encouraged by the appealing opto-
electrical performance of GaTe and GaSe, new findings
based on the alloying of these compounds are antici-
pated and enlightening. An elusive question is whether
GaTexSe1�x alloys can exist and allow for a tunable
photoresponsivity.

RESULTS AND DISCUSSION

In this study, we have produced wafer-scale GaTex-
Se1�x thin films (0 e x e 1) by MBE. Optimal growth
conditions of GaTexSe1�x alloys are confirmedby in situ
reflection high-energy electron diffraction (RHEED)
patterns. To identify the composition of each sample,
energy-dispersive X-ray spectroscopy (EDX) has been
carried out. Figure 1a displays the EDX result of the
GaTe0.25Se0.75 alloy. Note that the asterisk (*) stands for
the probed elements from the underlying mica sub-
strate. More than 20 positions have been randomly
chosen and measured, all of which show clear peaks
of Ga, Se, and Te; the total error is within 4%. The inset
is an optical photograph of a 2 in. transparent
GaTe0.25Se0.75 film grown on mica. Figure S1 shows
the RHEED patterns of GaTexSe1�x with x = 1, 0.75, 0.5,
0.25, and 0. For the pure GaTe (x = 1) and the pure GaSe
(x = 0), the diffraction patterns are streaky, implying an
atomically flat surface of thin films. As long as the
dopants Se/Te are introduced into the system, the
RHEED patterns become blurry, largely arising from
the doping effect.38 To confirm the homogeneity of the
wafer-scale alloy film, the EDX mappings of Se, Te, and
Ga elements in the GaTe0.25Se0.75 film are provided in
Figure 1b. Ga, Te, and Se elements distribute uniformly
over a large range of 0.16 mm� 0.16 mm. The bottom
right image shows the scanning position during the
measurements. To explore the structural characteris-
tics, we carried out X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM)
measurements. XRD results are displayed in Figure S3, in
which thedistinct peaks of these alloys can beobserved,
which can be indexed as (003) and (006) peaks, indicat-
ing a high single crystallinity of continuous alloys with a

good composition uniformity. To be more convinced,
we grewGaTe onmica and thenGaSe epitaxially on the
freshly grown GaTe. The measured XRD result of GaTe/
GaSe is shown in Figure S3a. The peaks consist of
characteristic peaks of GaSe and GaTe, totally different
from those of GaTeSe alloys. For TEM characterizations,
we cleaved GaTe0.25Se0.75 from the mica substrate and
then transferred it to copper grids. Figure 1c is a typical
cross-section image of the flake, where the layer dis-
tance can be measured to be 0.80 nm, which corre-
sponds to the d spacing of (003) planes and an
apparent layer separation of GaTexSe1�x. Meanwhile,
the XRD peaks in Figure S3d�f can be indexed as
(003) and (006). Figure 1d is an HRTEM image of a
GaTe0.25Se0.75 thin film at the zone axis of [0001], which
validates the single-crystalline nature. A d spacing of
0.32 nm is observed, which can be assigned to (101)
planes. All these results suggest that the grown GaTex-
Se1�x alloys have a high crystallinity.
Raman spectroscopy is an important tool to explore

the phonon characteristics of 2Dmaterials.39,40 Figure 2a
shows the Raman spectra of a GaTexSe1�x alloy with a
Te (x) composition changing from 1 to 0. Compared
with the end compounds of GaTe41 andGaSe,42 Raman
frequencies around 114 and 306 cm�1 are confirmed
to be the Ag mode.16,41 Ag stands for the out-of-plane
vibration mode.16 The Raman frequency of the Ag-like
mode gradually shifts from 114 to 132 cm�1 when x

decreases from 1 to 0. Also, the A1g
2 peaks have a blue

shift as well, similar to the evolution of the Ag-like
mode. It reaches a maximum of 306 cm�1 at x = 0, a
characteristic Raman peak of GaSe.42 The peak at

Figure 1. Characterizations of a GaTe0.25Se0.75 thin film.
(a) EDX spectra of GaTe0.25Se0.75. The asterisk (*) stands
for peaks originated from themica substrate. The inset is an
optical photograph of a 2 in. transparent GaTe0.25Se0.75
alloy grown on mica. (b) Energy dispersive X-ray spectro-
meter (EDX) mapping of Se, Te, and Ga in a GaTe0.25Se0.75
film. These elements distribute uniformly over a 0.16 mm�
0.16 mm range. The scale bar is 50 μm. The bottom right is
the optical image of the scanning position. (c) HRTEM cross-
section image of a GaTe0.25Se0.75 flake. The layer distance is
0.80 nm. The scale bar is 1 nm. (d) HRTEM image. The lattice
spacing is 0.32 nm, in agreement with the (101) planes.
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250 cm�1 originates from themica substrate. Figure 2b
is the Raman frequency of the Ag-like peak as a func-
tion of Te composition. With increasing Te concentra-
tion, the frequency of the Ag-like mode decreases
monotonically, and the purple rectangles represent
the experimental data.
The modified random-element-isodisplacement

(MREI) model has effectively explained the Raman
shifts of mixed crystals, such as ABxC1�x type and
ABxC2�x type.39,43 The MREI model is based on the
random distribution of substituted atoms and isodis-
placement, like the same atoms vibrating in the same
amplitude and phase.39 On the basis of the EDX data,
random distributions of Te and Se are confirmed
throughout the sample, and therefore the MREI model
is effective to elucidate the Raman changes in our
scenario. On the basis of the calculation of the MREI
model, the displacements of Ga, Te, and Se atoms can
be written as follows:44

Ga: mgxxg ¼ �xFt(Xg � Xt) � (1 � X)Fs(Xg � Xs)

Te: mtxxt ¼ �Ft(Xt � Xg) � (1 � X)Fi(Xt � Xs)

Se: mtxxs ¼ �Fs(Xs � Xg) � xFi(Xs � Xt)

where Xg, Xt, and Xs are the displacements of the atoms
Ga, Te, and Se and xg, xt, and xs are the second
derivative of the respective displacements; mg, mt,
and ms are the masses of Ga, Te, and Se atoms,
respectively; Fs, Ft, and Fi are the interaction force
constants of Ga�Se, Ga�Te, and Se�Te. The function
of the force constant is assumed to vary linearly with

composition x; that is, Ft/Ft0 = Fs/Fs0 = Ft0 = Fi/Fi0 =
1 � θx, where Fs0, Ft0, and Fi0 are the limiting values of
the force constant as x f 0 and θ can be determined
from the thermal expansion, compressibility, etc. Through
a sequence of operations, the Raman frequencyω of the
Ag mode can be written as

ω2 ¼ 0:5(1 � θx) Fs0
1 � x

mGa
þ 1
mSe

� �
þ Ft0

x

mGa
þ 1
mTe

� �"

þ Fi0
1 � x

mTe
þ x

mSe

� �
( Fs0

1 � x

mGa
þ 1
mSe

� � 0@

þ Ft0
x

mGa
þ 1
mTe

� �
þ Fi0

1 � x

mGa
þ 1
mSe

� ��2

þ 4x(1 � x)
Ft0
mGa

� Ft0
mSe

� �
Fs0
mGa

� Fi0
mTe

� �1A1=2
#

The values ofω for different Te composition (x) can be
calculated from this formula. Given the boundary con-
dition of x = 1, 0 and Gruneisen's relation,45 Fs0, Ft0,
and Fi0, and θ are calculated to be 1.52 � 106, 2.21 �
105, and 6.85 � 105 amu cm�2 and �0.071, respec-
tively. After substituting these parameters into the
equation the simulation data are displayed as the
dashed line in Figure 2b, where the data match well
with the theoretical calculations. Figure 2c is the
composition-dependent Raman frequency of the
A1g

2 peak. Similarly, the dashed line represents the
theoretical simulation results based on the MREI
model. Therefore, the development of the Ag mode

Figure 2. Raman spectra of GaTexSe1�x alloys. (a) Composition-dependent Raman spectra of GaTexSe1�x alloys with x from
1 to 0 in the range100 and350 cm�1. TheRamanAg-like peakhas a blue-shift from114 to 132 cm�1with x from1 to 0. TheA1g

2

peak has a blue-shift as well and reaches a maximum of 306 cm�1 at x = 0. The peak at 250 cm�1 is from the mica substrate.
(b) Raman frequency of the Ag-like peak as a function of Te composition. The rectangles are the experimental data, and the
dashed line is the theoretical simulations based on the MREI model. The experimental data match well with the theory.
(c) Composition-dependent Raman frequency of the A1g

2 peak.
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in our Raman spectra can be used to distinguish the
composition of alloys.
To explore the optoelectrical properties of the GaTex-

Se1�x alloys, we have deposited 8 nm GaTexSe1�x thin
films on Si to form vertical p�n junctions, and unless
specially mentioned the thickness of GaTexSe1�x is the
same hereafter. To remove the oxidation and organic
residues, Si substrates were cleaned by RCA process,46

immediately were loaded into an ultra-high-vacuum
(UHV) chamber, and then annealed at 850 �C for
30 min. Figure 3a is the schematic diagram of GaTex-
Se1�x/Si heterojunctions. From the top to the bottom,
the structure consists of In, GaTexSe1�x, and Si.
Figure 3b reveals a current�voltage (I�V) curve of
the GaTe0.64Se0.36/Si diode, showing a typical rectifica-
tion characteristic. The rectifying ratio of GaTe0.64-
Se0.36/Si, defined as the ratio of current biased by þ1 V
and�1 V, exceeds 300. The inset is the absolute current
value as a function of the biased voltage. The distribu-
tion of the rectification characteristic is shown in
Figure 3c. Among the 65 randomly selected p�n
diodes across the 3 in. Si wafer, the rectifying ratio lies
between 300 and 400 (70% of diodes), which can be
positive evidence for the wafer-scale homogeneity.
To enhance the transmittance of laser incident en-

ergy on the diodes, transparent indium tin oxide (ITO)
is used for constructing the anode. The experimental
setup for photocurrent measurements is shown in
Figure 4a. The structure of the diode is the same as
that displayed in Figure 3a except that the top layer is
replaced with ITO for optimized light transmittance.
Figure 4b shows the biased voltage-dependent current
under different incident power levels. With the inci-
dent power increasing, the photocurrent rises due to
the generation of more electron�hole pairs. Under a
certain laser incident power, however, the photocur-
rent increases initially with the negative bias-voltage
and then reaches a saturation. This can be attributed to

the fact that an increased bias-voltage can separate
electron�hole pairs more efficiently, then leading to a
larger photocurrent, whereas it gradually saturates as
the voltage goes beyond a certain value due to the
limited number of carriers generated by the fixed
incident power.47 Figure 4c is the histogram of the
zero-biased photocurrent distribution under a laser
incident power of 250 μW, which shows that the
photocurrent of 90% of the photodiodes is larger than
12 μA among all the randomly selected diodes.
Figure 4d displays the zero-biased photocurrent under
different laser incident powers. Within the laser power
range of 1 to 250 μW, the photocurrent increases with
the higher power. On the logarithmic scale the photo-
current and the incident power follow a linear behav-
ior. Photoresponsivity is defined as the generated
photocurrent per incident laser power. It can be de-
scribed by the equation R = Iph/Pin, where Iph is defined
as Iph = Ilight � Idark. Zero-biased photoresponsivity
under 1 μW incident light power is calculated to be
0.21 AW�1. The inset of Figure 4d is the zero-biased
photocurrent mapping at a corner of a GaTe0.64-
Se0.36/Si photodiode under the laser power of 250 μW.
The photocurrent distributes uniformly within the
junction of GaTe0.64Se0.36 and Si and decreases to
nearly zero as the laser beam moves far away from
the junction area. Therefore, we can verify the forma-
tion of a vertical GaTe0.64Se0.36/Si heterostructure in-
stead of the lateral p�n junction.48 Another criterion of
photodetectors, external quantum efficiency (EQE),
similar to photoresponsivity, is defined as the number
of photogenerated carriers per incident photon, calcu-
lated by EQE = Iph/qφ = (Iph/q)(hν/Pin), where Iph is
photocurrent, q is electron charge, h is Planck's con-
stant, and ν and Pin are the frequency and power of the
incident laser, respectively. Zero-biased EQE of the
GaTe0.64Se0.36/Si photodiode is displayed in Figure 4e.
As the incident power decreases, the EQE increases and

Figure 3. I�V characteristics of a GaTe0.64Se0.36/Si p�n diode. (a) Schematic geometry of the p�n diode. From the top to
the bottom, layers are In as the anode, p-GaTexSe1�x, n-Si; the left bottom contact is In, as the cathode. (b) I�V curve. The
rectifying ratio is larger than 300. The inset is a logarithmplot of the I�V curvewith absolute values, showing a clear rectifying
characteristic. (c) Rectifying ratio distributionof randomly selecteddiodes. The rectifying ratio is centered at 300�400, exactly
70% of the chosen diodes. The inset is the performance of each p�n diode.
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reaches amaximumof 50%under 1μW(the ideal value
is 100%),49 showing a competitive advantage over the
previously reported p�n photodiodes.50,51

Different compositions of GaTexSe1�x alloys may
induce diverse behavior. We have varied the Te compo-
sition and produced three additional photodiodes of
GaTe0.31Se0.69/Si, GaTe0.51Se0.49/Si, andGaTe0.80Se0.20/Si.
Their zero-biased photocurrents and EQE are presented

in Figure 5a and b, respectively. With decreasing laser
power, the EQE rises linearly, similar to that shown in
Figure 4e. Under a certain incident power, samples
containing more Te have a larger photocurrent and
EQE; that is, with increasing Te composition the photo-
current and EQE have a rising trend. Consequently, the
composition-dependent EQE variation is a rational
result in view of previous findings on GaTe and GaSe
that the EQE of GaTe photodiodes is larger than that of
the GaSe photodetectors.36,37

CONCLUSIONS

In conclusion, wafer-scale GaTexSe1�x films are suc-
cessfully grown by MBE, and high crystallinity is con-
firmed by XRD andHRTEMmeasurements. On the basis
of the MREI model, the Raman spectra can be used to
distinguish the composition of the alloys. The arrayed
vertical p�n heterojunction GaTe0.64Se0.36/Si shows an
excellent rectifying characteristic. Photodetectors
based on GaTe0.64Se0.36/Si photodiodes have a large
external quantum efficiency. With increasing Te com-
position, the photocurrent and EQE have a consistent
variation that the more Te is doped into GaSe, the
higher photocurrent and EQE the device will yield.
Combined with the state-of-the-art silicon technology,
our 2D heterojunction is promising for practical elec-
tronic and optoelectronic applications.

METHODS

Thin-Film Synthesis. Layered GaTexSe1�xwas grown on freshly
cleaved mica or cleaned silicon substrates in a PerkinElmer

430 MBE system. Silicon substrates were cleaned by following
the commonly used and well-established RCA (Radio Corpora-
tion of America) process and then annealed at 850 �C under
ultra-high-vacuum conditions for 30 min. High-purity Ga, Te,

Figure 5. Composition dependent (a) photocurrent and
(b) EQE under different laser intensities. As the laser power
increases, the photocurrent rises exponentially, while the
EQE declines exponentially. As the Te composition de-
creases, the photocurrent and EQE drop.

Figure 4. Photoresponse characteristics of a GaTe0.64Se0.36/Si photodiode. (a) Sketch of the photoelectric experimental setup.
(b) Photocurrent as a function of biased voltage under different laser power. (c) Photocurrent distribution of randomly selected
diodes. The incident laser power is 250 μW. The photocurrent of 90% of the diodes is focused between 12.5 and 18 μA; the inset
is theperformanceof eachphotodiode. (d) Zero-biasedphotocurrent as a functionof incidentpower. The inset is aphotocurrent
mapping of a p�n junction corner. (e) Zero-biased external quantumefficiency. The horizontal axis denotes the incident power.
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and Se fluxes are evaporated from Standard Knudsen cells
through heating. The flux of each cell is measured by a crystal
oscillator. The growth temperature was set to be 600 �C.

Thin-Film Characterizations. Raman spectroscopy measure-
ments were performed with a Renishaw-inVia confocal Raman
systemwith a laser wavelength of 632.8 nm. The diameter of the
focused laser spot is 3 μm. Energy-dispersive X-ray spectrom-
eter measurements were taken with an EPMA-1720/1720H
system. Structure characterizations of GaTexSe1�x thin films
were explored by XRD (Bruker D8 Discover) and HRTEM (FEI
Tecnai F20).

Electrical and Optoelectrical Characterizations. Electrical character-
istics and photoresponse measurements were carried out by
using an Agilent 2902. The incident light from a 520 nm laser is
initially focused and then illuminated on the samples. Laser
intensity was controlled by a series of neutral density filters and
a linear polarizer/wave-plate. The calibration of laser power was
accomplished with a Thorlab-S130C photodiode power sensor.
To do the spatially resolved photocurrent measurements, a
galvanometer, operated by an open-source controller, was used
for controlling the laser spot scanning across the device.
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