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Growth of Large-Area 2D MoS,;_,Se,, Semiconductor Alloys

Qingliang Feng, Yiming Zhu, Jinhua Hong, Mei Zhang, Wenjie Duan, Nannan Mao,
Juanxia Wu, Hua Xu, Fengliang Dong, Fang Lin, Chuanhong Jin, Chunming Wang,

Jin Zhang,* and Liming Xie*

Two-dimensional (2D) semiconductors—a new family of mate-
rials with atomic thickness but without dangling bonds on their
surface—have attracted intense interest because of their poten-
tial applications in nano- and opto-electronics.!"1% 2D semi-
conductor alloys can have tunable bandgaps in wide spectrum
ranges; this has been both proposed by theoretical calcula-
tions!!112 and demonstrated by experiments in transition-metal
dichalcogenide monolayer alloys.'} Similar to applications
of graphene,'*'] practical applications of 2D semiconductor
alloys require the synthesis of large-area samples. Several
approaches, such as chemical vapor deposition (CVD)!8-22 and
physical vapor deposition (PVD),[?* have been used to grow 2D
semiconductors with a controlled number of layers and large
crystal domains; however, the large-area growth of 2D semi-
conductor alloys has not yet been reported—probably because
of the challenges in controlling atom-mixing within the
monolayer and in chemically imaging the elemental distribution
at atomic scale. Here we report the synthesis of large-area 2D
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semiconductor alloys comprising MoSy(.ySe,, monolayers,
where x = 0-0.40. Atomic-resolution high-angle annular dark-
field (HAADF) scanning transmission electron microscopy
(STEM) imaging revealed a random arrangement of the S and
Se atoms in the 2D alloys. The bandgap photoluminescence
(PL) is continuously tuned from 1.86 eV (i.e., 665 nm, reached
with x = 0) to 1.73 eV (i.e., 716 nm, reached with x = 0.40).
Field-effect transistors (FETs) fabricated on the MoS;;_ySe,,
monolayer alloys exhibit high on/off ratios of >10°. These 2D
semiconductor alloy films have potential applications in flexible
light-detection and light-harvesting devices.

Figure 1 illustrates the low-pressure, three-zone furnace used
in the growth of the MoS,;.ySe,, monolayer. MoSe, and MoS,
powders were put in the first and second zones, respectively, at
temperatures of T'= T1 and T2, respectively, and directly vapor-
ized at high temperatures (T = 940-975 °C). SiO,/Si substrates
with an oxide thickness of ~270 nm were put in the third zone
(T =~600-700 °C) with a temperature gradient of ~50 °C/cm to
allow growth of the MoS;;.,Se;, monolayers. By finely tuning
the growth conditions, such as evaporation temperature (see
Supporting Information (SI): Figure S1), gradient of deposi-
tion temperature (SI: Figure S2), and H, flow rate in the carrier
gases (SI: Figure S3), high-quality MoS;;_,Se,, monolayers
were grown on SiO,/Si substrates.

Figure 2a shows an optical image of as-grown MoS, and
MoS; ¢0Seg4o films. The Se composition in the MoS;;_ySe,,
monolayers was determined by X-ray photo-emission spectros-
copy (XPS; Figure 2g). The colors of the MoS, and MoS; 4,Seq o
monolayer films are different from that of the bare substrate
(Si0,/Si). By controlling the loading of the evaporation sources
(MoS, and MoSe, powders), the coverage of the MoS; ¢Se4o
monolayers can be tuned (Figure 2b,c). With small amounts
loaded, triangles of MoS;Sep4 monolayers with sizes of
>2 pm were obtained. With large amounts, continuous films of
MoS; oSep 40 monolayers were obtained. Atomic force microscopy
(AFM) characterization showed a height of around 1.0 nm for
the as-grown MoS; ¢Seq 4o films (Figure 2d), indicating the mon-
olayer thickness of the films. The bandgap emission energy of
the MoS; 49Seq 4o monolayer is ~1.79 eV (i.e., 692 nm; Figure 2e),
which is smaller than that of the MoS, monolayer?*l (~1.86 eV,
i.e., 665 nm), as expected.''] PL and Raman mapping also indicate
homogeneous compositions over large areas (SI: Figure S4).

Four Raman peaks were observed from the MoS; ¢Seg.40
monolayers (Figure 2f). Two peaks at 403 and 380 cm!
are assigned to the A; and E modes related to MoS,,”!
respectively. Polarized Raman spectra confirmed the assign-
ment, in which the A; was only observed in the Z(XX)Z con-
figuration, and not at the Z(XY)Z configuration, while the E
was observed at both the Z(XX)Z and Z(XY)Z configurations,
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Figure 1. lllustration of three-zone furnace for the growth of the
MoS;(1_ySez monolayer (upper panel), and the temperature profile
along the growth tube (bottom panel). The blue dashed lines indicate
the growth zone region.

matching the selection rules derived from the corresponding
polarization tensors.2*2’] The Raman peaks at 271 and 363 cm™!
were only present in the Z(XX)Z configuration. Confirmative
assignment of the two peaks would require the peak frequency
changes throughout the entire Se composition (i.e., x = 0-1, but
currently only x = 0 to 0.40 is achieved). The peak at 271 cm™!
could be the MoSe,-like A; mode, considering that the A
mode of the MoSe, monolayer is at 242 cm.[28]

To image the distribution of the S and Se atoms in the
MoS; 0Sep49 monolayers, HAADF-STEM imaging was con-
ducted (Figure 3); HAADF-STEM can provide Z-contrast

Monolayer Monolayer
Substrate  MoS, MoS, ¢;S€ 40

N

www.advmat.de

images with atomic lateral resolution (Z = atomic number).2:3

In Figure 3a, the Mo sites and bi-chalcogen (X;) sites can be
easily discriminated (see also the SI: Figure S5). All Mo sites
have similar brightness and are brighter than most of the X,
sites because the Z number of Mo (42) is larger than those of
S (16) and Se (34). The intensity histograms of the Mo and X,
sites are shown in Figure 3b, Three intensity regions can be
found for the X, sites: the dimmest regions with an intensity
of ~40-125 arbitrary units (a.u.), the medium-brightness region
with an intensity of 125-210 a.u., and the brightest region with
an intensity of >210 a.u. The three regions are assigned to S,,
SSe, and Se, sites, respectively. By counting individual sites (SI:
Figure S5), the Se atom percentage can be obtained (152/796 =
0.19), matching well with the XPS result of x = 0.20 for the Se
composition.

Furthermore, color rendering is used for better visual-
izing the different X, sites (Figure 3c,d; S, sites: light blue;
SSe sites: yellow; Se, sites: red). A structural schematic can
be drawn (Figure 3d), and different coordination configura-
tions of the Mo atoms can be clearly seen (as triangles in
Figure 3d). The Mo atom can have 3S, coordination, 2S, +
1SSe coordination, 2S, + 1Se, coordination, 1S, + 2SSe
coordination, and so on. Figure 3e plots the probabilities of
finding the different coordination configurations. Assuming
a random arrangement of S and Se atoms around Mo, the
probability of finding a certain configuration can be calcu-
lated by the binomial distribution®!

|
P(n,N,x)= %x”(l— XN " (1)

(N—n)

€ 24 22 20 18 1.6(V) f
. 40000 & &
= 12.0k S 20k &l &
N g
Keo)
S 8.0k} N 83 s
& & €5 200001 =
2 @ 10k 3
B 4.0k 3 &
Q ~
= £
0.0 1 0 04
550 600 650 700 750 800 200 300 400 500 600 700 800 0 100 200 300 400 500
Emission wavelength/ nm Raman shift/ cm’ Binding energy/ eV

Figure 2. a) Photograph of bare SiO,/Si substrate and MoS, and MoS; ¢,Seq 49 monolayer films on SiO,/Si substrates. b,c) Optical images of as-grown
MoS; oSeq.40 monolayers: triangles (b) and continuous film (c). d) AFM image of MoS; ¢0Seq 49 triangles exhibit a height of ~1.0 nm. Inset shows the height
profile along the dashed blue line. e) PL spectrum, f) polarized and unpolarized Raman spectra, and g) XPS spectrum of MoS; ¢Seg 490 monolayers. In panel
f, the Raman peaks labelled with * are from the SiO,/Si substrate. The “k” in the axis scales of e and f refers to units of 1000. CPS in g is counts per second.
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Figure 3. a) HAADF-STEM image of MoS; gSeg 49 monolayer. The red rhombus show a unit cell with Mo atoms at the corners. b) Intensity histograms
of atom sites in panel a. c,d) HAADF-STEM image in false color. Mo sites: yellow; S; sites: light blue; SSe sites: yellow, and Se, sites: red. The red square
in c outlines the part of the image shown in d. The color scale shown in d is HAADF-STEM intensity in arbitrary units, in which different intensity ranges
are shown in different colors. e) Probability of finding different coordination configurations. The open circles are the calculated probability using the
binomial distribution with an x value of 0.19. The solid squares are the fitted values using the binomial distribution.
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Table 1. Summary of growth conditions and A-exciton emission energy for all synthesized MoS,;_,Se;, monolayers.

T1[°C T2[°C S/Se atom ratio x value in A-exciton emission energy [eV]
for MoSe, for MoS, from XPS MoS; (14 Sex (corresponding emission wavelength [nm])
- (MoS, only) 940 - (S only) 0 1.862 % 0.004 (665-670)
940 940 7.21 0.12 1.821 £0.007 (678-683)
945 940 4.8 0.15 1.808 £0.003 (685-687)
950 940 4.0 0.20 1.791 £0.004 (690-694)
955 940 3.0/1 0.25 1.790 £0.001 (692-693)
960 940 2.62/1 0.27 1.773 £0.004 (698-701)
965 940 2321 030 1.756 % 0.004 (704-708)
970 940 2.03/1 033 1.747 4 0.005 (708-712 nm)
975 940 1.50/1 0.40 1.73240.005 (714-718 nm)

where n is the number of Se atoms around Mo in the configu-
ration, N is the total coordination number (N = 6), and x is the
probability of a coordination site occupied by Se. For a random
distribution of Se atoms, x is related to the Se composition. The
calculated probability (using x = 0.19 obtained from HAADF-
STEM) matches experimental data very well (circled dots in
Figure 3e). Furthermore, fitting the experimental data (solid
squares in Figure 3e) can give an x value of 0.18, close to Se
composition from HAADF-STEM (x = 0.19) and XPS (x = 0.20),
suggesting a random distribution of S and Se atoms around
Mo atoms.

By tuning the evaporation temperatures of MoS, and MoSe,,
the composition of as-synthesized MoS;;_,Se,, monolayers
can be finely controlled. Table 1 summarizes growth condi-
tions and the corresponding compositions and emission ener-
gies of the as-grown MoS,;_Se;, monolayers. At each growth

condition, the emission wavelength has a variation of less than
5 nm. Tt was found that for the MoS,_ySe,, monolayers at
locations with lower deposition temperature (i.e., downstream
from the growth zone), the emission wavelength was system-
atically longer (i.e., lower energy), indicating slightly more Se
in the composition at the locations further from the evapora-
tion source. In our experiments, the highest Se composition
achieved in MoS;(;_ySe,, monolayers is x = 0.40. At an even
higher evaporation temperature for MoSe, (>975 °C), the as-
grown MoS;;_ySe,, films showed very small crystal domains
(<200 nm), and the film thickness was thicker than a monolayer.

Figure 4a plots X-ray photo-electron spectra of all the as-
synthesized MoS,;_,Se;, monolayers. Quantification anal-
ysis of the Se 3d and S 2p peaks gives the Se compositions
presented in Table 1. The A-exciton emission energy, from
1.86 to 1.73 eV (i.e., 665-716 nm, Figure 4b), monotonically

a b 5,20 19 18 17 L6(eV) d
< X0 —> ~x=040 > 204 F . B exciton
C 2 = o "ty g
209 < 191
101 Se 3d Se 3p =0.40 3 < o A exciton
S~ e § 06 K 18 o
= Y. =
x=0.33 &S = 1.7 6 Y Calculated E,
8'__&— T 03 R . [circled dots (ref. 11)
= _ N < 1.64 o _ cycles (ref. 12)]
] x=030 = SIS
2 S 0.0 S 15! °o
e A, oo}
§ x=0.27 3 . . , . . . . . °
S = 600 650 700 750 00 02 04 06 08 1.0
S =025 Emission wavelength | nm x-value of the Se composition
3 c = e 410 -
= (2] r----Lm_g §m -
S 4r =020 ~ = 400! - Epmw-_m
S 2 5390
= x=0.15 g < o ~
| — 2 < 380+ AW - mmm
2t = Q
x=0.12 . =370}
7 o) HE-m
3 S 360 o S
x=0 'E §2 Ed =
O~ A~ § el LE iy o '.'.'.'.".
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Figure 4. a) XPS, b) PL spectra, and c) Raman spectra of all as-grown MoS;(;_,)Se,, monolayers. Again the *

Raman shift / cm’

0.0
x-value of the Se composition

e

marks peaks due to the substrate.

d,e) Plots of A- and B-exciton emission energy (d) and Raman frequency (e) against the x-value of the Se composition in MoS;;_,Se;, monolayers.

Adv. Mater. 2014, 26, 2648-2653

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 2651

o
o
3
=
G
2
a
-
o
=




=
o
=
-4
—
=
=
=
=
o
v

2652  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

Mk

www.MaterialsViews.com

C
1E-6
1E-8
<
~
2 1E-10
=
1E-12
40 20 0 20 40 40
Vs !V
b d
0.4} — Vg=40 V 2.0p — VgsT40V
— Vg20V
< 03F — Vg0V < [ Vg 0V
2, Ves20v =
= =40V o 10
g T Ve ==
~
0.1F 05F
0.0 . 0.0 o
0.0 0.5 1.0 0.0 Vois/ v 1.0 0.0 0.5 1.0
Vas'V ds V!V

Figure 5. Plots of the a,c,e) source-drain current to the gate voltage (lgs —

Ves) and b,d,f) the source—drain current to the source—drain voltage

(l4s=Vgs) for FETs containing the MoS;(;_, Se,, monolayer. a,b) for x = 0; ¢,d) for x=0.15; e,f) for x=0.30. The insets of (a),(c), and (e) show the SEM

images of the device channel. Scale bars are 5 ym.

decreases as the Se composition increases, which is consistent
with the calculated bandgap shift reported in the literature.'1:12]
The bandgap bowing effect is not that obvious (Figure 4d) as it
is in Mo;_,W,S, monolayers.'}! As the Se composition changes,
the MoS,-like A; mode (~403 cm™) and the peak at ~271 cm™
show little shift (less than 1 cm™). While the MoS,-like E* mode
(~380 cm™) and the peak at ~360 cm™! show a red-shift trend
(Figure 4c,e).

FETs were also fabricated on MoS,;_ySe,, monolayers
(Figure 5). All MoS,;_,,Se,, monolayer devices exhibited n-type
transport behavior®? with high on/off ratios (>10%; Figure 5a,c,e).
The field-effect mobility tig; can be calculated by:[?

dly L
AV, VaWC, (2)

Mre =

where Iy is the source—drain current; Vi is the gate-source
voltage; Vg is the source—drain voltage; L is the channel
length; W is the channel width; and C, is the gate capaci-
tance. An average mobility of ~0.1 and ~0.4 cm?V-1s1 was
estimated for the MoS;;_ySe;,-monolayer FETs with x
= 0.15 and x = 0.30, respectively. A much lower mobility
(<0.1 cm?V~1s7!) was obtained for the MoS,-monolayer FETs,
which is due to its much poorer contact (Figure 5b) in com-
parison to that of the MoS,;_,Se;, monolayers with x = 0.15
and x = 0.30 (Figure 5d,f). The mobility of all MoS;;_,Se,
monolayer FETs can be improved by further minimizing
the contact resistancel>*3%l and using high-x top-gating (k =
dielectric constant).3? Addtionally, the threshold gate voltage
at higher Se composition is more negative (SI: Figure S6),
indicating different valence band (VB) and conduction band

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(CB) positions for the MoSy(;_,Se,, monolayers with different
Se compositions.

In conclusion, we have grown triangular domains and con-
tinuous films of 2D MoS,(;_,Se;, (0 < x < 0.40) semiconductor
alloys. Atomic-resolution STEM revealed random arrangement
of the S and Se atoms around the Mo atoms. Tunable bandgap
emissions were observed. Electrical measurement confirmed
semiconductive behavior for all as-grown MoS;;_ySe,,
monolayers. This work enables fabrication of large-area opto-
electronic devices, such as light-detection device arrays and
thin-film solar cells by stacking 2D materials with optimized
bandgaps and VB/CB positions.[3¢37]

Experimental Section

Sample Growth: MoSy;_,ySe; monolayers were synthesized by
evaporation of powders of MoSe, (Sigma-Aldrich, 99.95%, 40 pm)
and MoS, (Sigma-Aldrich, 99%, <2 pm) at temperatures higher than
940 °C in the first and second heating zones, respectively (see Figure 1).
The loading amount of the MoS, and MoSe, powders was usually
10-100 mg. The SiO,/Si substrates (oxide thickness of ~270 nm) were
put in the third zone without heating for MoS;(;_,Se,, growth. The SiO,/
Si substrate was annealed at 800 °C for 8 h. The growth zone was at a
temperature of 600-700 °C and temperature gradient was ~50 °C/cm.
The carrier gases were Ar (2 sccm) and H, (0.5 sccm). The pressure of
the growth system was ~8 Pa. Growth time was usually 10 min.

Characterization: Optical images were taken on an Olympus BX51
microscope using a 100x objective. Tapping-mode AFM was done on a
Vecoo llla or a DI 3100 multimode microscope. SEM imaging was done
on a Hitachi S4800 with a field-emission gun. Raman and PL spectra
were measured on a )Y Horiba HR800 micro-Raman spectroscope
(514 nm excitation) under ambient conditions at room temperature.
XPS was done on an Axis Ultra system.

Adv. Mater. 2014, 26, 2648-2653
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HAADF-STEM Imaging: The monolayers were transferred onto
specially-designed TEM grids made from films of carbon nanotubes
supplied by Tsinghua-Foxconn Nanotechnology Research Center.
HAADF-STEM imaging was done with a probe-corrected JEOL ARM-
200CF with a cold-FEG operated at 80 kV.

Electrical Measurements: Electrode patterns were generated by
electron beam lithography (EBL). 5 nm Ti and 50 nm Au were thermally
evaporated for contacts. Devices were put in vacuum (Janis ST500 probe
station, <107 Torr) and measured by an Agilent B1500A semiconductor
device analyzer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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