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Abstract

—
=

SCr

rea synthesis of high-quality MoS: plays an important role in realizing

industrial applications of optoelectronics, nanoelectronics, and flexible devices. However,

Ul

current technpi for chemical vapor deposition (CVD)-grown MoS; require a high synthetic

0

temperat transfer process, which limits its utilization in device fabrications. Here, we

report th nthesis of high-quality monolayer MoS; with the domain size up to 120 pm

d

by metal-organi€ chemical vapor deposition (MOCVD) at a temperature of 320 °C. Owing to the

low substra perature, the MOCVD-grown MoS; exhibits low impurity doping and nearly

\'{

unstrai

rties on the growth substrate, demonstrating enhanced electronic

performance with high electron mobility of 68.3 cm2V-1s-1 at room temperature. In addition, by

[

tuning the precursor ratio, we develop a better understanding of the MoS; growth process via a

geometric @ f the MoS; flake shape, which can provide further guidance for the synthesis

of 2D mat

th

Introduction

U

A
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Monolayer molybdenum disulfide (MoS:), a member of two-dimensional (2D) transition
metal dichalcogenides (TMDs), has attracted significant interest in scientific and engineering
fields fwg emerging technologies including wearable electronics, ultimately scaled
transistors @ al synaptic devices, and optoelectronics due to its atomically thin thickness,
sizable Bbaf@ga@PMarge excitonic effect, and dangling-bond-free-interface.l'-5] This explosive
attention has created a new demand for the synthesis of monolayer MoS; with large
area, high @niforgity, and high quality. Since 2012, high-crystallinity monolayer MoS; has been
synthesiz ermal chemical vapor deposition (CVD) method using sulfur (S) and

molybdenum trioxide (MoO3z) powders as the precursors (referred to oxide-based CVD

througho ' rk).[6-8] Despite the rapid progress in the growth of 2D TMDs over the past
decade, m r deposition of high-quality monolayer MoS; directly on the target substrates
with a lo 1 budget are still lacking, which would hamper its full potential in various
applicatioexample, the future ultra-high-integration-density monolithic 3D CMOS
archite ires a process temperature lower than 400 °C to construct the desired
structures vent issues such as dielectric degradation, electrical contact deterioration,

and dopant diffusion in the lower tiers.>-121 To date, attempts at growing MoS; at low
temperattSs (< 400 °C) have been still limited by a low carrier mobility (< 10 cm2 V-1 s-1), as

summarizuble S1 (Supporting Information).[!3-16] Since a typical CVD process for

preparing er MoS; requires a high synthetic temperature of > 700 °C, the state-of-the-
art solutii is to introduce an additional transfer process in which the as-grown monolayer
MoS; is mihanic'ly and/or chemically detached from the original growth substrate and placed

on the tarSrate.[U-ZO] However, the transfer process often induces mechanical damages

This article is protected by copyright. All rights reserved.
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on MoS; such as wrinkles, voids, and cracks or impurity residues (e.g. PMMA, KOH) that degrade

the quality of the material.[21]

Fu re, the amount of vaporized precursors of Mo and S is difficult to evaluate and
control, wi challenges to the optimization of the growth result and sometimes even
H I
the reprodicibility of synthesis in the oxide-based CVD process. Hence, it is highly desirable to

develop lwerature, yet high-quality MoS; synthesis processes addressing these

challenges. regard, Kang et al. demonstrated preparation for continuous monolayer MoS;

via the mgtalforganic CVD (MOCVD) method at a relatively low temperature (~ 550 °C).[22]

S

Neverthelmgrain size was still limited to a few micrometres. Several following studies
confirmed allenges of decreasing nucleation density and increasing grain size of MoS:

flakes in the MOCVD process.[23-25] Based on our observations, it is difficult to control the

[F)

evaporatig lybdenum hexacarbonyl (Mo(CO)¢) as the solid metal-organic precursor of

d

Mo, due to licated decomposition process and multiplex intermediate products.[26.271 On

the basi ir work, we demonstrate that a steady flow rate of Mo(CO)s in the nucleation

stages i ortant factor toward high-quality MoS; deposition with a large domain size, and

M

provide a deeper understanding of the growth mechanism.

[

In thisgwork, we successfully synthesized monolayer MoS; on versatile substrates such
as Si02/Si, e, soda-lime-glass, and gold film/SiO, by the MOCVD at a low temperature of
320 °C by g the experimental setup for better controlling the flow rate of the organic

precursors_an s the nucleation density. Large single-crystal monolayer MoS; with a domain

th

size up to can be obtained on Si02/Si substrate. In order to provide a comprehensive

understan

U

the growth mechanism of MOCVD-grown MoS;, we apply a trigonometric

function antitatively describe the shape change of MoS, flakes from a geometric

A
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perspective. Based on Raman spectroscopic characterizations, the MOCVD MoS; grown at a low
temperature shows a lower electron doping and reduced tensile strain (~ 0.15%) than those in
our oxiCMMD-grown counterpart, confirming the high quality of deposition. This enables
a transfe @ brication process for 2D field-effect transistors (FETs) through the low-
temper@tuFeId@Pdsition of monolayer MoS; channels directly onto the gate dielectric. The MoS:
FETs exhiﬁcellent electrical performance with an enhanced electron mobility as high as

68.3 cm?Wis! atdfoom temperature. To the best of our knowledge, it is the highest mobility

reported or monolayer MOCVD-grown MoS; as shown in Table S1 (Supporting
Information).
Results a 1scussion

N

M n attractive route for large-area MoS; synthesis using Mo(CO)s and diethyl

sulfide ((GZHs s the Mo and S precursors, respectively. The precise control of the organic

a

precur portant factor in the MOCVD for growing high-crystalline MoS; with a high

re, we develop a homemade MOCVD system with modified containers for the
precursors, as shown in Figure 1a and Figure S1 (Supporting Information). The liquid sulfur
precursorSCsz)zS, is stably supplied by a typical bubbler system using argon as the carrier gas
at room te ure (Figure S1la, Supporting Information). Compared to (C:Hs)2S, controlling
the conce and decomposition rate of solid Mo(CO)e is more challenging and important
for decﬂleaﬁon density and increasing the domain size of MoS,. Hence, we designed a

solid bubhler s m with a mesh grid filter and keep it at room temperature without any

heating el igure S1b,c, Supporting Information).[28] To further reduce the concentration
of Mo(CO w Argon as the carrier gas through the bubbler system. The substrates are
placed 4 pstream quartz tube near the furnace edge to maintain a low substrate

This article is protected by copyright. All rights reserved.
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temperature, which allows a low local decomposition rate of Mo(CO)¢ (more details in
Supporting Information). As the temperature at the center of the quartz tube is set to 775 °C, the
temperMe substrate position is about 320 °C due to the temperature gradient of the
furnace ( @ , Supporting Information). The low local temperature ensures the low
decom % iEiefEaEe of Mo(CO)s which allows decreasing nucleation density. It is noted that MoS;
was not g the center of the quartz tube at a furnace temperature of 320 °C under the
same flo nditi®ns. This is attributed to the longer decomposition path of Mo(CO)e inside the

quartz tuwm a scenario. It has been reported that Mo(CO)s decomposes around

temperatures of 250 °C by the residual gas analyzer (RGA) study.[2229] Figure S3a in the

i

Supportin tion shows the MoS; thin film deposited on the inner wall of the quartz tube

at the edg eating zone, which suggests that Mo(CO)e is consumed before arriving at the

1

center of t tube.

d

Figlre shows the optical images for monolayer MoS, grown at a substrate

tempera 320 °C on various substrates such as typical SiO,/Si, gold thin film, and

transp nsulating substrates such as sapphire, soda-lime glass, and thin borosilicate glass

M

with 100 um thickness (Figure S3b, Supporting Information). Through controlling the flow rate

[

and ther position of precursors, large-single-domain MoS; with the lateral size of 120

um is ach Si0,/Si. For metal substrates, gold is one of the few options for MoS; growth

because of ation of metal sulfide.3% Qur low-temperature deposition process enables

h

monol be grown on gold thin films (Au (50 nm) / Ti (5 nm) deposited on SiO2/Si).

L

Compar 1 and SiO;/Si substrates, most transparent substrates exhibit the maximum

stable temperatulle lower than 500 °C,311 which is not suitable for conventional oxide-based

U

A
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MoS; CVD growth.32331 Hence, our low-temperature deposition process can potentially benefit

the direct synthesis of TMDs on transparent substrates.

Fi displays the Raman spectra of as-grown monolayer MoS, with two
characteras of Ez; (~383 cm) and Aiz (~403 cml) vibrational modes without

H I
observablSl mode (~158 cm) for 1T phase (Figure S4, Supporting Information)[34 on various
substrates/3836], ghowing the frequency difference of ~ 20 cm! for the evidence of a monolayer
MoS: witth. The Raman shifts and the width for MoS; on different substrates are listed
in Table wporting Information), verifying the successful growth of MoS; on these
substrates® he Raman spectra of the MoS; flakes do not contain the Raman peak of
amorphou n which could be present as organic precursors are being used, indicating the
purity of Se as-grown MoS; crystals. Note that the amorphous carbon Raman peak can be

observed unoptimized growth conditions, as shown in Figure S5 (Supporting

Informatiofy.! gure S6 (Supporting Information) shows X-ray photoelectron spectroscopy

(XPS) o wn monolayer MoS; on SiO2/Si with the stoichiometric ratio of Mo:S = 1:2.12 and
the bingi nergy of Mo** 3ds,, at 229 eV for 2H characteristic feature. Figure S7a (Supporting
Information) shows an atomic force microscopy (AFM) image with the thickness of 0.68 nm.
Furtherm&re 1d and le show a scanning tunneling microscopy (STM)[371 image with
honeyco @ without atomic defects and an annular dark-field scanning transmission
electron mi y (ADF-STEM) image of single-crystal hexagonal MoS; with its diffraction
patterrﬁk—field TEM (DF-TEM), respectively, indicating the high crystallinity of
monolaMrown at the low temperature. In addition, we demonstrate large-area and

high-uniformity 5C0ntinuous monolayer MoS; film on SiO substrate with the size of 12 x 10

mm? plﬂ)&lacing the substrates vertically (Figure S9a, Supporting Information). Figure

This article is protected by copyright. All rights reserved.
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S9b-e (Supporting Information) displays Raman spatial maps for the intensities of A1z and Ez,

mode and PL spatial maps for the exciton positions and intensities, indicating the homogeneity

1

of distribuion.

In nvestigate the growth mechanism of MOCVD-grown MoS,, especially

P

understan@ling the effect of the location and temperature inside the furnace, we place multiple

[

Si02/Si substrat@s along the upstream locations inside the quartz tube. We utilize this method to

G

monitor owth behavior such as domain size, geometries, coverage, and nucleation

S

density. h/the femperature gradient inside the furnace, these substrates experience different

local tem . By measuring the temperature at 5 different locations, we adopt a finite

U

difference ethod with trapezoidal time-marching to simulate the temperature profile in

the quartzgtube (Figure S2, Supporting Information) thus mapping out the temperature for all

[

the locatio ide the furnace. The temperature gradient increases dramatically at the edge of

the furnac

dl

2a-e show monolayer MoS; on SiO./Si substrates at different locations, with

growth atures ranging from 290 °C to 430 °C. As the location moves toward the center of

the fur and the temperature increases (which also corresponds to a longer Mo(CO)s

M

decomposition path), the shapes of MoS; evolve from equilateral triangle in Figure 2a,b to

[

concave p Figure 2c-e. It is noted that the dendrite structure in Figure 2d is due to the
diffusion—rowth in the kinetic regime.38 On the other hand, the nucleation density
decreases fi a lower temperature region (220 ~ 290 °C) and then increases at a relatively
higher e region (300 ~ 430 °C). This phenomenon is contradictory to previous

{

studies nucleation density decreases with increasing temperature. According to the

classical nucleatidh theory, nucleation densities can be described as Equation (1)40]

U

A
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PN By, — E, — AG*
N =2nr*agsin B—Ans exp des 2 G

2rMRT kT (1)

e
O I 2

where Nl iSEfli@glcation rate which is related with the nucleation density. r* ay, and @ are the

critical sizhght, and the contact angle of the nucleus of MoS;, respectively. P is the partial
pressure f Mo atpbmic species, N4 is Avogadro’s number, M is the MoS; molecular weight, R is

the gas co .5 is the energy required to desorb the molecules back into the vapor, and E;

is the activa:mn:energy for surface diffusion. For graphene growth via CVD, most models only

wi)

her factors as constants. This is because the decomposition probability of

-
¢t

consider the Arrlénius activation energy (the exponential term in Equation (2)) for nucleation
density a
methane i 1 (99.8%)*1] at high temperature (~ 1000 °C), which thus can be regarded as
a constan@ H er, in our MOCVD experiments, we observed that the inside of the quartz

tubes y a dark yellow layer of MoS:; thin film in the temperature range of 200 to

500 °C (Fi 3a, Supporting Information), indicating the decomposition of Mo(CO)e.
Therefore, the nucleation density of MOCVD-grown MoS; is not only correlated to temperature
(T) but ali proportional to the partial pressure (P) of the precursors (Equation (2)). Here, we

only take j count the partial pressure of Mo atomic species (Equation (3)), since the

thermal d sition of diethyl sulfide is almost invariable from room temperature to

5500C.[22] !

e I )

where Puoji essure of Mo atomic species, Puorcojs is the pressure of Mo(CO)s, and D, is the

decom@bability of Mo(CO)e. Figure 2k shows the plot of the nucleation density as a

This article is protected by copyright. All rights reserved.
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nonmonotonic function of substrate temperature. Since average domain size equals surface
coverage divides nucleation density, hence, the average domain size shows a reverse trend
comparmucleation density (Figure S10, Supporting Information), which is consistent
with the \@ report.[2ll The nucleation densities of MoS; at different temperatures are
calculaf@d FESHERe optical microscopic images in Figure 2a-e and labeled as red dots in Figure
2k. The te&res are estimated from the simulation in Figure S2 (Supporting Information)
and validaged bygthermocouple measurements. As can be seen in Figure 2k, the Arrhenius
activation Wan be fitted in the low-temperature region (the green line); the fitting result
shows that the Arrhenius activation energy is 0.49 eV. After subtracting the Arrhenius activation
energy pa he nucleation rate (the blue line) in Figure 2k, the pressure of Mo atomic

species (Pg‘e obtained (the purple line). The decomposition probability (D,) is plotted in

terms of cumulative distribution function as shown in Figure S11 (Supporting

Informati@h is consistent with the literature data of MoS; decomposition on quartz and

silver s ]
iftire 2f-j are optical images showing the MoS; coverage changes from individual flakes

to a continuous film of monolayer MoS; at 320 °C. The lateral size of MoS; flakes grows from 20
pum (Figurh hours to over than 100 um at 8 hours (Figure 2g) and then the MoS; domains
merge intuous monolayer film (Figure 2i) at 14 hours. After 48 hours, multilayer MoS;
can be obs t locations likely the domain boundaries (Figure 2j), which implies that the
boundagi fects could be the nucleation sites for multilayer MoS; growth. In Figure 21,
we plotwge of MoS; as a function of time and fit by Avrami (JMAK) equation (Equation

4)133] s
< I (4)

This article is protected by copyright. All rights reserved.
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where A(t) is the coverage of MoS;, n is the Avrami exponent, which can be expressed as n =
dimension + transformation type, and K is the rate constant. The transformation types include
continumtion and site saturation. Continuous nucleation represents nuclei added
during grao @ site saturation indicates all nuclei present at the very beginning (Figure S12,
Supporfin ation). From the fitting result, n equals 3.1, indicating the continuous
nucleatio dimensional crystal growth (more details concerning the JMAK equation are
described W the Shpporting Information). K is about 0.001 in our case, which corresponds to a

slow reac

S

Thﬂakes show different shapes under different growth conditions. Their shapes
help us to understand the growth mechanism, since they are highly correlated to the Mo : S
concentratipn ratio and the temperature in the synthesis environments.[842431 Although the

growth with qualitative analysis was proposed in previous studies,[842] the

an

precursor ¢én ration of Mo and S is difficult to evaluate from powder-based precursors

which st depends on their locations and the evaporated temperatures. The MOCVD

proces it easier to control the flow rate of the precursors. Here, we propose a

quantitative model for MoS; shape change from a geometrical perspective, and the schematic

illustratiohm in Figure 3a-h. Firstly, we calculate the ratio of the MoS; perimeter (solid

line) to itsral triangle (dash line) (this is referred to as perimeter ratio (PR), the ratio is
either negati o-edge) or positive (S-edge) depending on the flake edge termination).
Secondﬁate the PR to an angle measured from the vertex of a regular hexagon (black
dots) rw the vertex of the equilateral triangle MoS; (thus with a range of -90° to 90°.

The vertices are s.le dots for Mo-edge and red dots for S-edge). Finally, the angle of MoS; flakes

with th{w rate is projected to an arctangent curve, allowing us to investigate the

This article is protected by copyright. All rights reserved.
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growth behavior of monolayer MoS,. From the schematic illustration in Figure 3a-h, a regular
hexagon having six-fold symmetry (Figure 3a) evolves into a hexagon having three-fold
symmetry

igure 3b), then into an equilateral triangle (Figure 3c), then a concave polygon

(Figure 3d g/sulfur concentration becomes increasingly dominant during the growth. The
PR (solid |iFe"®@&sh line) of MoS; flakes rise from 0.67 (2 : 3) to 0.83 (2.5:3),1 (3: 3), and 1.04
(3.12 : 3), angles also increase from 0 to 30°, 60°, and 79°, respectively. Similar to the
increase sulfuly concentration influence, the Mo-terminated MoS; transits from a regular

hexagon cave polygon (Figure 3e-h) and the angle goes from 0° to -79° as the

Ser

molybdenum concentration becomes increasingly dominant. From our experimental results in

L

Figure 3i- tical microscopic images display different shapes of MOCVD-grown MoS;

fakes wit sulfur flow rates and a fixed molybdenum flow rate of 0.1 sccm at the same

N

growth te re and location of 0.7 cm. In Figure 3i, MoS; is grown in a sulfur-rich

environment a sulfur flow rate of 2.5 sccm, showing a concave polygon shape with the PR

d

of 1.02 decrease of sulfur flow rates to 1.75 sccm (Figure 3k) and 1.25 sccm (Figure

3m), the Mo e transits into an equilateral triangle with the PR of 1 and a hexagon with the

Vi

PR of 0.803, respectively. According to the geometric calculation for hexagon and concave

polygon imlFigure S13 (Supporting Information), we plot the curve correlating the PR to the

[

angle in Fi which allows us to obtain the angles for the different shapes of MoS flakes in

O

Figure 3i- . The angles are listed in Table S4 (Supporting Information). In order to

interpret ghe growth mechanism of MOCVD-grown MoS; through quantitative analysis, we

g

project thagsix different sulfur flow rates with the fixed Mo concentration and the position of 0.7

{

cm (Figur sition of 0 cm is at the edge of the furnace in the upstream location shown in

U

Figure S2 rting Information)) on an arctangent curve in Figure 3p. The y-axis is the

A

This article is protected by copyright. All rights reserved.
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arctangent for the angles with the range from -2/2 to @/2; the x-axis indicates the logarithm of
sulfur flow rate based on the experimental parameters. Among all the experimental data, five S-
terminam.are used for analytical fitting and one Mo-terminated is used for validation.
The reaso @ g arctangent function (y= arctan(x)) is that it provides a domain of x for all
real nuMbEESREA@Ehe range of principal value of -B/2 <y < @/2, which can connect all range of

sulfur ﬂovhthe angles of MoS; shapes. Through the fitting data from Figure 3i-n, the best-

fitted para@or the arctangent curve are [So] = 1.15 and @ = 0.2326 as

)
= I

Here, the ﬁshows a similar expression of Cauchy distribution that the balanced sulfur

concentra
the interqnge, which is related to the sensitivity of sulfur concentration in the growth
condition. A smaller @ indicates a narrower recipe window. The fitted results for S-terminated

MoS; are sho i
determ

synthesis environment. Moreover, we can predict the sulfur-deficit flowing rate of 1 sccm, 0.75

indicates the sulfur flow rate for regular hexagons of MoS.. @ is equal to half

the upper half panel of Figure 3p. The model shows an excellent coefficient of

= 0.9970), which can well describe the growth behavior in a sulfur-rich

sccm, and 0.5 sccm for hexagon, equilateral triangle, and concave polygon Mo-terminated MoS.,

respective sed Figure 3n and Figure S7b (Supporting Information) as the validation
datas to c e prediction; the data points of 1 sccm and 0.75 sccm sulfur flowing rate in
the lowg‘el match well with the prediction. This analysis method provides us a better
understandi he growth system and the materials. For example, we can see that the region
for S-termi edges (the upper panel) contains more predicted points in Figure 3p,
indicatin er parameter window for growth. On the other hand, Mo-terminated MoS; (the

This article is protected by copyright. All rights reserved.
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lower panel) is relatively difficult to obtain based on our experiments and can be explained by
this growth model. In order to confirm this analytic model in different Mo concentration, we
also calﬁﬂakes geometry at the position of 1.3 cm and plot the results in Figure S14
(Supporti @ ation). Compared to Figure 3p at position of 0.7 cm, Figure S14 (Supporting
Inform&tiJAyE&@bits a higher temperature, indicating a higher Mo concentration. Therefore,
the balan concentration, [So] = 1.28 sccm, at position of 1.3 cm is slightly higher than
at the posigion of.7 cm ([So] = 1.15 sccm). Furthermore, Figure S14 (Supporting Information)
shows thewvalue of 0.0885, representing a narrower parameter window for the higher
precursor condition with a faster chemical reaction. To confirm edge terminations, we identify

the lattice

J

ion of MoS; flakes ([S] = 1.25 at 1.3 cm) by measuring the polarity of first-

order co peaks in the electron diffraction patterns’44 (Figure S8, Supporting

n

Informati result is consistent with our predictions in Figure S14 (Supporting

Informatiah). observation is consistent with previous experimentall®l and simulated[4s]

d

results inated MoS; shows a wider range of the precursor ratio (S/Mo0O3) and

dominates temperatures due to the greater energy barrier of Mo sites with decreasing

V]

thermal energy (ksT). Through this simple geometry calculation on different shapes of MoS;

flakes, we @an thus describe and predict the MoS; growth in the MOCVD process.

[

erize the crystal quality of our MOCVD MoS; grown at a low substrate

6

temperatu 0 °C and compare the results with our oxide-based CVD-grown MoS; (> 600

N

°C) in in, doping, and electronic performance. Figure 4a shows the deconvolution

|

of strain ng through the correlation analysis of A1z and E;gvibrational numbers. The as-

grown CVD MoS;Jerystals typically show a higher biaxial tensile strain (¢ ~ 0.45 %) due to the

Gl

mismatch of ermal expansion coefficient (TEC) between the MoS; film and the growth

A

This article is protected by copyright. All rights reserved.
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substrate during growth or cooling process from high temperature, as reported in the previous
studies.[*647] A high tensile strain in a MoS; crystal would reduce its bandgap with a rate of ~100
meV perprﬁf biaxial strain or even lead to direct-to-indirect bandgap transition.[849 This
strain iss w be mitigated using a low-temperature deposition process. As can be seen in
Figure %o, B@f@MH W] t-in tensile strain is relaxed to ~ 0.15 % in the MOCVD monolayer MoS;
crystals dh with a low substrate temperature (blue dots). Furthermore, it is found that
this low-t@mperdture MOCVD-grown monolayer MoS; exhibits a lower electron doping
comparedwal oxide-based CVD samples. Such unintentionally, highly n-type doping is
common in oxide-based CVD-grown samples and could originate from structural defects,

impurities strate interaction at the interface,[*¢! which typically results in changes in

U

photolum (PL) characteristics due to the increased trion populations and nonradiative

n

transitions.5% verall, both the built-in strain and the background electron doping are

mitigated # t CVD MoS; crystals grown at a lower temperature. These influences together

d

make -grown samples closer to the intrinsic pointlél characterized from the

exfoliated ¢ art in the previous study. Figure 4b shows the PL spectra of typical oxide-

M

based CVD- and MOCVD-grown MoS;, MOCVD-grown MoS; exhibits a narrower PL width with
an energy(@ose to the neutral A exciton due to the combined effects of the reduced strain and
the lower ign of trion contribution (Figure S15, Supporting Information).[50521 The

characteri esults suggest that high-quality monolayer MoS; can be obtained even with a

low subst!te temperature of 320 °C through the proposed MOCVD growth mechanism.

msition temperature in our MOCVD is sufficiently low to enable a transfer-free

process for the Mimonolayer MoS; transistor fabrication (Figure 4c). This process allows

preservi?{insic properties of the as-grown MoS; such as carrier mobility. The low-strain

This article is protected by copyright. All rights reserved.
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characteristic in the low-temperature MOCVD-grown MoS; also suppresses the strain-induced
electronic performance degradation.[531 As shown in Figure 4d, the monolayer MoS; transistor
exhibitsmm-effect electron mobility as high as 68.3 cm2V-1s-1 with an average of 20.4
cm? V-1 sl w 16, Supporting Information) and an on/off ratio > 105 at room temperature
(Figure®S 1imS@FPorting Information), confirming a high quality of the deposited MoS; crystal.
To the be nowledge, this electron mobility is the highest among the reported MOCVD-
grown mofplaye@MoS: so far, and is noticeably higher than those in CVD-grown (~ 10 cm2V-1s-

1) and otthperature ALD and sputtering (< 1 cm2V-1s-1 ) counterparts using the same

gate dielectrics,[54-56] as summarized in Figure S20 (Supporting Information). We notice that the

gate leak nt remains low (< 10 pA) during the transistor operation, indicating no
significan ic deteriorations caused by the low-temperature MOCVD process (Figure 4e).
Note that -témperature processes could produce leakage-current paths such as grain
boundarie§ a ygen vacancies in oxides materials.[1-12] In addition to the high-quality
depositi i ed above, this high mobility in our monolayer MOCVD-grown MoS; could be
attributed t roposed transfer-free process. Since the monolayer MoS; channel is formed

without involving transfer processes, scattering centers originating from either impurity
residues (€lg. PMMA, KOH) or mechanical damages such as wrinkles, voids, and cracks can be
significant ed. For instance, we note that there is a noticeable shift in the threshold
voltage (VQen the MOCVD-grown MoS; transistors fabricated with and without the wet
transfe£ess(Figure 4f and Figure S18, Supporting Information), which essentially suggests
the variati' n in ’e electron doping level of the semiconductor channel before and after the
transfer p d implies that the wet transfer process indeed affects the performance of the
MoS: devigélly, the linear response of the output characteristics (Ips-Vps) indicates that a

This article is protected by copyright. All rights reserved.
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good electrical contact is formed on the low-temperature MOCVD-grown MoS; crystals (Figure
S19, Supporting Information). Besides a clean contact interface,l57] theoretical studies have
shown mdensity of structural defects such as sulfur vacancies in MoS; could degrade
the conta @ ance (i.e. nonlinear output characteristics) and lead to an undesired high
Schottk¥i BaFFiéMlat the metal-semiconductor interface as a result of metal-induced-gap-
states.[585 fore, the observed linear, ohmic-like output characteristics at room

temperat in ollr monolayer MoS; FETs further confirm that high-quality 2D crystals with

cr

clean surfgee be achieved through the demonstrated low-temperature, transfer-free

process. Curren i, the direct growth of MoS; on polymer substrates such as polyimide (PI) is

still challe MOCVD due to the rough surface and the carbonization of the substrate (due
to prolon g). Nevertheless, we consider this work has laid the foundation for the direct
growth o 2 on substrates that are sensitive to high temperatures and will spur future

efforts to me growth temperature even further.

Conclumz
y, we have demonstrated the preparation of high-quality MoS, with large

domain sis on various substrates by MOCVD method at low temperature, enabling nearly
intrinsic M ith excellent electrical performances. Our approach not only paves the path
toward fa of high-performance electronics and optoelectronics such as monolithic
integra@ and photodetectors, but also opens up the possibility of direct synthesis of
TMDs on lgw-thegmal-budget substrates for emerging flexible/wearable devices. Moreover, we
propose a 0 quantitatively analyze the shape change of the MoS; flakes grown under

different ii®hs, which provides an insight into the growth mechanism for optimizing

growth ¢

This article is protected by copyright. All rights reserved.

17



WILEY-VCH

Experime!t ection

Synthesis r MoSz: Monolayer MoS; was grown under low pressure by MOCVD.
Mo(COﬂ (@king point T, = 150 °C, boiling point Ty, = 156 °C, Sigma Aldrich) and (C2Hs).S
(98%, Tm =g 108.8 °C, Ty, = 92 °C, Sigma Aldrich) were selected as precursors of Mo and S,
respective recursors were supplied via a carrier gas (Argon) through a bubbler system
into a onefingly qiartz tube furnace. The optimized recipe for MoS; film is the flow rates of 100
sccm of A of Mo(CO)s, and 2.0 sccm of (C2Hs)2S under the growth temperature of 320

°oC (total p as 6.7 Torr).

Device fabEand electrical characterization: For those devices that involve a wet transfer
process, r MoS; was first transferred onto 300-nm SiO,/p+*+-Si substrates by standard
PMMA/KOH" wet transfer method. Standard electron-beam lithography and electron-beam
evaporation ed by a liftoff process in hot acetone were used for source/drain patterning
and m izapiomm All the electrical measurements were performed in a vacuum environment
(105 ~ 106 torr) at room temperature in a Lakeshore probe station using an Agilent
semicondtﬁrameter analyzer. The field-effect mobility of two-terminal MoS, devices

studied in @ k is calculated using u = (dIps/dVsc)*[Lcu/(WCoxVps)], where Ipsis the drain
currenxis the gate voltage, Lcu is the channel length, W is the channel width, and Cox
isthe c er unit area of the gate dielectric (1.15x10-8 F/cm? for a 300-nm-thick SiO3).

Suppm&nation

This article is protected by copyright. All rights reserved.
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Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Q rown MoS; on various substrates at low temperature. (a) Schematic diagram
of the expesi al setup of the homemade MOCVD system for MoS; growth. (b and c) Optical
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images and Raman spectra of MoS; flakes grown on various substrates at low temperature of
320 oC (d) Atomic-resolution STM image of as-grown MoS; on Si0/Si substrate measured at the
temperature of 4.9 K (Vs = -3.5 V, I, = 500 pA). Bright protrusions as a honeycomb structure
corresp oms as inserted H-MoS; structure (green: S, blue: Mo). (e) ADF-STEM image

of single-c exagonal MoS;. The inset shows the diffraction pattern of MoS; with single
crystallini
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deposited

rocess

transistors.

(a) The Raman-derived strain-charge doping (&-n) maps and (b)
e spectra of CVD monolayer MoS; grown at 625 °C (red) and low-temperature
MoS; grown at 320 °C (blue) on SiO;/Si wafers. (c) Schematic illustration of
for transfer-free monolayer MoS;
ics of monolayer MoS; FETs based on the CVD and MOCVD samples at Vps = 1 V.
e of the MOCVD MoS; device (scale bar: 10 um). (e) Evaluation of back-gate-

(d) Transfer

to—sourWurrem (Igs) flowing through the gate dielectric (300-nm-thick SiO;) used in
the MOCVD MoS; FETs with and without the low-temperature MOCVD process. (f) Comparison

of the thresho
process.

Itages (V1) of MOCVD MoS; FETs fabricated with and without the wet transfer
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