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We report on the electronic transport properties of single-layer thick chemical vapor deposition (CVD)
grown molybdenum disulfide (MoS,) field-effect transistors (FETs) on Si/SiO, substrates. MoS, has
been extensively investigated for the past two years as a potential semiconductor analogue to
graphene. To date, MoS, samples prepared via mechanical exfoliation have demonstrated field-effect
mobility values which are significantly higher than that of CVD-grown MoS,. In this study, we will
show that the intrinsic electronic performance of CVD-grown MoS, is equal or superior to that of
exfoliated material and has been possibly masked by a combination of interfacial contamination on
the growth substrate and residual tensile strain resulting from the high-temperature growth process.
We are able to quantify this strain in the as-grown material using pre- and post-transfer metrology and
microscopy of the same crystals. Moreover, temperature-dependent electrical measurements made on
as-grown and transferred MoS, devices following an identical fabrication process demonstrate the

improvement in field-effect mobility. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4873680]

Two-dimensional (2D) materials have become a topic of
very intense research since the isolation of single graphene
layers by mechanical exfoliation in 2004 and have recently
expanded beyond graphene to include superconducting,
semiconducting, and insulating materials.' In conjunction
with newly identified members of the 2D material family,
innovative ideas for device modalities such as valleytronics
as well as stacked heterostructures have been identified and
realized through aligned exfoliation techniques.”™ The pro-
totypical semiconducting 2D material currently being inves-
tigated by a large fraction of the 2D research community is
molybdenum disulfide (MoS,). MoS, is a layered dichalco-
genide which exhibits an indirect-to-direct bandgap transi-
tion as it is thinned down from a bilayer to a monolayer.® In
addition to this shift in band-structure, the inversion symme-
try of the monolayer MoS, crystal is lost, resulting in numer-
ous interesting properties such as piezoelectricity and strong
spin-orbit interaction, which could be utilized in future elec-
tro-mechanical/optical systems.”® MoS, shows promise as a
material for high-performance, low-power logic devices,
which can be easily modified for flexible electronics
applications.™™'% Additionally, encapsulation of MoS, in a
high-x dielectric such as HfO, or Al,O5 has been shown to
dramatically improve both the field-effect mobility and
on/off current ratios through screening effects and reduced
phonon scattering, although the magnitude of this effect was
overestimated in early studies.'*'> Moreover, recent theoret-
ical studies on strain engineering as well as the effect of
interfacial impurities on two dimensional lattices can dra-
matically alter the materials band-structure as well as reduce
the mobility by as much as several orders of magnitude.'®!”
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Initial material characterization and device research on
MoS, and other 2D materials have typically been accom-
plished through the use of exfoliated films. In parallel to the
discoveries made on exfoliated samples, there have been
efforts in the growth community to synthesize large-area sheets
of these 2D materials, which can either be transferred to a
desired substrate or directly grown on a wide variety of target
substrates.'®° Chemical vapor deposition (CVD) of graphene
on copper foils has gained the most traction of these efforts
and has recently demonstrated both centimeter-scale single--
crystals, as well as growth on 30in. foils. These two key
achievements have made the performance of CVD graphene
comparable to exfoliated samples and have demonstrated that
graphene can be readily scaled for commercial production.”'*?
The growth of MoS, utilizing CVD is a much more recent
endeavor and has predominantly been carried out using pow-
der precursors and directly grown on dielectric substrates
(most commonly Si/SiO5). This has been incredibly convenient
for device fabrication, as it cuts out the transfer step required
for graphene grown on Cu foils. The transfer step has fre-
quently caused fabrication difficulties due to contamination
and doping of the graphene film from the metal etchants and
the poly (methyl methacrylate) (PMMA) protective layer as
well as tears and folds resulting from handling during the trans-
fer.”® Metrology of CVD-grown MoS, by Raman, photolumi-
nescence (PL), and annular dark-field scanning transmission
electron microscopy (ADF-STEM) has shown that the films
are typically of very high quality comparable to exfoliated
materials.'® However, the electrical performance of field-effect
transistors (FETs) built on unpassivated, monolayer,
CVD-grown MoS, has been approximately an order of magni-
tude lower than exfoliated materials, although significant varia-
tion is observed depending on growth conditions, sample
geometry, etc.'”'®!1%2~27 In this manuscript, we fabricate
three sets of devices using an identical process flow with
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FIG. 1. Schematic showing the transfer process (a). Secondary electron
SEM images taken of the same MoS, crystal taken both before (b) and after
(c) transfer as well as of the residual surface contamination left on the sur-
face of the growth substrate after removal from the etchant solution (d).

monolayer MoS, channels based on: (1) micromechanically
exfoliated MoS, on a Si/SiO, substrate, (2) CVD MoS, on the
growth Si/SiO, substrate, and (3) CVD MoS, transferred to an
identical Si/SiO, substrate. We show that contamination at the
MoS,/SiO; interface resulting from the growth process as well
as residual tensile strain on the original substrate limit device
performance of the as-grown material. However, by transfer-
ring MoS, to a new, identical substrate and removing these
factors, we are able to obtain superior mobility and on/off ratio
relative to exfoliated films.

Monolayer MoS, films were grown directly on a 285 nm
Si0,/Si substrate using the procedure described in detail by
Najmaei et al.'® Several samples were transferred from their
original growth substrate. A PMMA layer was spin coated
on these samples and allowed to dry at room temperature
overnight. The MoS, samples were then transferred from the
growth Si/SiO, substrates onto new substrates with identical
oxide thickness using a 0.2 M KOH solution heated to 60 °C
for the release etch. Typically, a total etch time of 1.5-2 h
was required. A schematic of the transfer procedure is shown
in Figure 1(a). In addition, we fabricated devices on mechan-
ically exfoliated monolayer MoS, (SPI Supplies) prepared
using the scotch tape method.**3¢ All devices were fabri-
cated with electron-beam lithography (EBL) using a
MMA/PMMA bilayer resist process for all steps. The MoS,
layer was patterned using a low-power reactive ion etch in a
CH,4/O, plasma, and source and drain contacts were made
using e-beam evaporated Ti/Au (15/85 nm).

We characterized the MoS, at various stages during proc-
essing using high-resolution Raman and PL imaging. These
measurements were performed with a WITec Alpha 300RA
system using the 532 nm line of a frequency-doubled Nd:YAG
laser as the excitation source. The spectra were measured in
the backscattering configuration using a 100x objective and
either a 600 or 1800 grooves/mm grating for PL. and Raman,
respectively. The spot size of the laser was ~342 nm resulting
in an incident laser power density of ~140uW/um?. This
power level was chosen such that no time-dependent shifting
of the E,, and A, modes was produced during the measure-
ment. Scanning electron microscopy (SEM) was used to
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characterize the changes in morphology of the films; however,
due to potential damage by the electron beam, these devices
were not used in subsequent metrology or for device fabrica-
tion. All electrical measurements were obtained using a
Keithley 4200 parameter analyzer with the substrate as a uni-
versal back gate. Measurements were taken from 77K to
350K at a pressure no greater than 2 x 10™° Torr.?* A source
drain voltage of 500mV was used for all two-point measure-
ments and four-point measurements were performed with a
voltage bias of 1V on the outer probes (resulting in no more
than 600 mV across the channel due to the voltage drop at the
contacts). Prior to testing the samples, they were annealed in
vacuum at 400K using the procedure described by Baugher
et al.*’ to improve the device contact resistance and linearity.
After the transferred sample was characterized, a 15 nm Al,O;
layer was grown on the samples using atomic layer deposition
(ALD) performed at 170°C and the measurements were
repeated to show the reduction in Coulomb scattering caused
by the high-x dielectric. e

In order to investigate and understand the physical effects
of the substrate on the MoS, growth, we imaged several single
crystal flakes on the growth substrate and subsequently identi-
fied and imaged the same flakes after transferring to a new
substrate. Secondary electron images of an original and trans-
ferred crystal grain are shown in Figures 1(b) and 1(c). By
carefully measuring the average change in the side lengths of
the same MoS, triangles both before and after transfer, we
were able to determine that the MoS, flakes were under a re-
sidual tensile strain of 1.24% on the growth substrate, which
was effectively released after the flakes were transferred to a
new substrate. We believe that the strain is caused when the
sample is cooled after growth and is a by-product of the ther-
mal coefficient of expansion mismatch between MoS, and
SiO,/Si. Additionally, we examined the original growth sub-
strate to identify any residue left behind after the MoS, was
transferred (Figure 1(d)). We can also observe a dramatic
reduction in density of the dendrite like structures observed in
the as grown sample after transfer. Imaging of the original
substrate showed that there was residual contamination in the
original location and shape of the MoS, films. It is likely
caused by non-carbon based contamination which forms dur-
ing the growth process; further details can be found in the sup-
plementary material.>* The residue is also believed to account
for the inaccurate AFM step-height measurements of
CVD-grown material that have been previously reported.**

To study the optical and structural variations and verify
the tensile strain measured in the as-grown MoS,,
high-resolution Raman and PL mapping were performed on
the same chemically synthesized single-crystal both before
and after transfer. The results were subsequently compared to
a high-quality monolayer flake prepared by mechanical exfoli-
ation; Raman and PL mapping of the exfoliated monolayer
sample is shown in supplementary Figure S2.%° Single Raman
spectra taken for each sample are shown in Figure 2(a) and
critical parameters from the in-plane (Elzg) and out-of plane
(A,y) vibrational modes have been extracted and are shown in
Table I. Utilizing the Griineisen parameter, experimentally
measured from Refs. 28 and 29 and assuming that the strain
in the MoS, is fully released after transfer, we can attribute
the shift in the Elzg peak by 2.799 cm ™' and the Ay, peak by
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FIG. 2. Normalized Raman (a) and PL (b) spectra obtained for exfoliated, as-grown CVD, and transferred CVD monolayer MoS,. PL mapping of the same
MoS, crystal taken both before (c) and after (d) transfer, showing the relaxation of reduced intensity PL spots resulting from the growth process.

0.566cm ™' to a 1.37% tensile strain in the as-grown material.
This is in good agreement with the value extracted from the
SEM images and can likely be attributed for growth-to-growth
process variation. In addition to the relative shift in peak posi-
tions, we also found that the intensity ratio of the Elzg/Alg
modes in the CVD material, which is also listed in Table I,
approaches that of the exfoliated sample after transfer.*”-*

As expected for semiconductors under tensile strain and in
good agreement with band structure simulations for MoS,,”®
the A-exciton (XO) of the as-grown MoS, (Figure 2(b)) is
red-shifted relative to the transferred material by 68 meV with
little to no loss of intensity and is accompanied by an increase
in the full-width-half-maximum of the peak. The latter can
potentially be explained by n-type doping of the material as a
result of the transfer processes, which can increase the intensity
of the negatively charged trion (X) peak.*® Since the trion
(X7) peak typically has a binding energy of only 40 meV
below that of the exciton (X®) peak, an apparent widening of
the PL is typically observed at room temperature, and cryo-
genic measurements are required to resolve the separate
signals.”" This hypothesis is further supported by the increase
in carrier density after the transfer, which is measured
from back-gated FETs. The experimental values are shown in
Table I and will be discussed in more detail below. We are
able to track the change in intensity of the synthesized MoS,
with high-resolution PL. mapping, as shown in Figures 2(c)
and 2(d), for the same MoS, triangle both before and after
transfer. Several regions of reduced intensity (~15% quench-
ing) can be seen in the MoS, before being transferred and are
partially removed in the map taken after transfer.

Back-gated FETs were constructed for the three differ-
ent MoS, sample sets using identical Ti/Au contacts and li-
thography procedures. Devices with varying length (L) and
width (W) ratios were fabricated in order to extract contact

resistance using the transmission line measurement (TLM),
and structures for four-point probe measurements were made
to extract the impact of contact resistance from the data.
Optical micrographs showing examples of the fabricated
devices are shown in supplementary Figure S3.* The
Ips-Vgs characteristics of monolayer MoS, transistors taken
at a 500mYV drain bias with an L/W of 1/1 um are shown in
Figures 3(a) and 3(b) at both room temperature and 77K,
respectively. Similar measurements showing channel con-
ductance (Gpg) taken using the four-point probe method are
shown in Figure 3(c). We extracted the field effect mobility
in these samples using the following equation:

dlps L

_4bs = 1
Hopp Vo X WC, Vs’ (1

where C, is the gate capacitance per unit area, L is the channel
length, W is the channel width, Vpg is the drain-source volt-
age, and ‘”D‘ is the slope of the Ips-Vgs characteristics taken
in the lmear region. In the case of four-point measurements,
the channel conductivity is used to calculate mobility based on

do L

=—— X — 2
H4pp Ve X WC,’ 2

where d\‘f the slope of the conductance with respect to

gate voltage taken in the linear region.

For our exfoliated device, we measured two- and four-
point mobility values of 8.93 and 16.27 cm?/V s, respec-
tively, which is within the range of what has been previously
reported in the literature for similarly scaled exfoliated
devices."* On the other hand, as-grown monolayer FETs
showed two- and four-point mobility values of 2.26 and 5.02
cm?/V s. This falls within the wide range of values typically

TABLE 1. Key Raman parameters, room temperature field effect mobility, and carrier density for exfoliated, as-grown, and transferred monolayer MoS,

samples.

g (em ™) a1 (cm™h) Ao (em™) Ta1e/TE2g [t app (cm?/V s) Np (em™?)
Exfoliated 386.191 405.346 19.155 1.807 16.27 2.7 % 10"
CVD as-grown 386.792 405.875 22.270 1.365 5.02 2.0 x 10"
CVD transferred 386.591 406.441 19.849 1.844 17.63 4.9 % 10"
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FIG. 3. Ips-Vgs characteristics of as-grown, transferred, and exfoliated monolayer MoS, taken at Vps=500mV and 300K (a) or 77K (b) from two-point
measurements. Room temperature Gps-Vgs characteristics at room temperature from four-point measurements (c).

reported, which have much greater variability than exfoliated
devices. Variation in the reported field effect mobility has
ranged from as low as 0.003 cm?/V s to as high as 10 cm?/V
s, depending heavily on growth conditions, device/contact
geometry, and fabrication processes.'>'®1%2427 Einally, for
the transferred devices, the two- and four-point mobility val-
ues increase to 15.06 and 17.63 cm?/V s, respectively. These
values are significantly higher than the exfoliated devices
measured in this study, and simultaneously show a dramatic
improvement in the on-currents for FETs, which is a major
concern for deeply scaled monolayer devices.* It is impor-
tant to note that the difference between the four and two
point mobility values is primarily determined by contribution
from the contact resistance, which varies for each of the de-
vice sets (at Vpe =50V, we find p.~6 Q mm, p.~8.5 Q
mm, and p. ~ 2.8 Q mm for exfoliated, as grown, and trans-
ferred MoS,, respectively). The intrinsic carrier concentra-
tion for the three devices was calculated using
Np = C,-Vrp/e, where Vo, is the threshold voltage and e is
the elementary charge. The results (Table I) show that the
transfer process leads to a significant n-type doping of the
material, which are consistent with a broadening of the PL

resulting from a combined exciton and negatively charged
trion peak as shown in Figure 2(b).

To further explore the transport properties of the trans-
ferred MoS, device, we performed detailed temperature-
dependent transport measurements with no passivation as well
as with an ALD Al,Oj; passivation which is shown in Figures
4(a) and 4(b). Room temperature Ips-Vps sweeps are shown
in the inset plots in Figure 4. As would be expected based on
previous reports, a relative improvement in the field effect
mobility was observed by a factor of ~2.6 due to the presence
of a high-k coating, coupled with a strong negative shift in the
threshold voltage. From these measurements, we can extract
the activation energy determined from a thermally activated
transport model: G = Gpe™ of kT where E, is the activation
energy, k, is the Boltzmann constant, and Gy is the
temperature-dependent parameter. An Arrhenius plot of the
channel conductance and the extracted activation energy for
different gate voltages are shown in Figure 4(c). We extracted
the Schottky barrier height for charge carrier injection at the
flat band condition to be ®gg ~70meV, which was found at
the point where the activation energy deviates from a linear
trend indicating that tunneling beings to dominate carrier
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injection, matching well with previous reports on exfoliated
devices with Ti/Au contacts.>'449 Finally, we show
temperature-dependent mobility measurements for our devi-
ces in Figure 4(d) using the four-point technique, showing a
peak mobility of 2025 cm?V s at 225K. In the
high-temperature transport regime, this data is expected to fol-
low a phonon-limited model, i.e., u~T 7 where y=1.69
according to theoretical calculations. Our experimental results
are very close in agreement with this value (y = 1.67) which is
also in very good agreement with other recent experimental
work on exfoliated MoS,.'*** At lower temperatures, the mo-
bility decreases, indicating that the transport in this regime is
limited by charged impurity scattering. While this trend has
been observed previously on exfoliated samples as well, depo-
sition of a high-x top gate has been found to screen the effect
of coulomb scattering as well as reduce y through quenching
of the homopolar phonon mode.'*

To summarize, we have characterized back-gated transis-
tors based on chemically synthesized MoS, that was grown
directly on Si/SiO, substrates at elevated temperatures as well
as transferred to a new, identical substrate. The results were
compared to exfoliated MoS, devices that were fabricated and
tested using the same procedure. We have shown that there is
an intrinsic tensile strain which occurs in the MoS, during the
growth process as well as residual contamination at the sample
interface that can be removed by subsequent transfer; how-
ever, this processes results in substantial n-type doping of the
sample. The transfer results in monolayer MoS, films that
have properties comparable or superior to that of mechanically
exfoliated MoS,, both in terms of Raman/PL spectroscopy and
field-effect mobility. Furthermore, via temperature-dependent
transport measurements we were able to extract scattering con-
stants and the activation energy for transferred MoS,. We
found that our values were in excellent agreement with theo-
retical predictions and experimental values taken on exfoliated
material, suggesting that the currently practiced CVD techni-
ques are capable of producing high quality films.
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