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G
raphene has attracted much atten-
tion in recent years due to its true
two-dimensional (2D) geometry and

one of the highest charge carrier mobility
available for any material.1 The bottleneck
of its use in electronic and optoelectronic
applications, however, lies in lack of an
intrinsic band gap.2 Graphene-based field
effect transistors (FETs) do not turn off
completely, and the lifetimes of photoex-
cited carriers are too short for practical
devices due to its semimetallic nature.3 An
emerging class of 2D nanomaterials, which
has the complementary properties to that
of graphene, is transition-metal dichalco-
genides (TMDs). They have intrinsic band

gaps in the visible range (1�2 eV) and
relatively high charge carrier mobilities
(few tens to hundreds of cm2/V s) that are
expected to overcome the limitations of
graphene-based optical, electronic, and
optoelectronic 2D devices.4�12 One of the
key challenges in this field of research is
to achieve ohmic contacts to TMD-based
semiconductor devices in order to access
intrinsic optoelectronic properties. Schottky
contacts provide an extrinsic resistance to
current flow and do not allow for a clean
measurement of the semiconducting chan-
nel performance.13�15 One accepted pro-
cess to obtain low-resistance contacts to
2D TMDs such as MoS2 at present is to use
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ABSTRACT A fundamental understanding of the intrinsic op-

toelectronic properties of atomically thin transition-metal dichalco-

genides (TMDs) is crucial for its integration into high performance

semiconductor devices. Here, we investigate the transport properties

of chemical vapor deposition (CVD) grown monolayer molybdenum

disulfide (MoS2) under photoexcitation using correlated scanning

photocurrent microscopy and photoluminescence imaging. We

examined the effect of local phase transformation underneath the

metal electrodes on the generation of photocurrent across the

channel length with diffraction-limited spatial resolution. While maximum photocurrent generation occurs at the Schottky contacts of semiconducting (2H-

phase) MoS2, after the metallic phase transformation (1T-phase), the photocurrent peak is observed toward the center of the device channel, suggesting a

strong reduction of native Schottky barriers. Analysis using the bias and position dependence of the photocurrent indicates that the Schottky barrier heights

are a few millielectron volts for 1T- and ∼200 meV for 2H-contacted devices. We also demonstrate that a reduction of native Schottky barriers in a 1T

device enhances the photoresponsivity by more than 1 order of magnitude, a crucial parameter in achieving high-performance optoelectronic devices. The

obtained results pave a way for the fundamental understanding of intrinsic optoelectronic properties of atomically thin TMDs where ohmic contacts are

necessary for achieving high-efficiency devices with low power consumption.

KEYWORDS: MoS2 . optoelectronic . scanning photocurrent microscopy . contact resistance . phase conversion . monolayer .
transition-metal dichalcogenide
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gold and anneal for several days under inert atmo-
sphere.6,16,17 However, because of time constraints and
narrow selection of electrode metals, the breadth of
potential applications for TMD-based devices could be
limited.
A recent approach in achieving low-resistance con-

tacts is to partially convert the MoS2 semiconducting
(2H) phase into the metallic (1T) phase18�21 and de-
posit metal electrodes selectively on the metallic
1T-phase region. We recently demonstrated the appli-
cation of this phase-engineering approach to obtain
high-performance TMD-based FETs via formation of
low resistance contacts that is independent of the
metal used as an electrode.22,23 Here, we explore the
effect of phase-engineered (phase-transformed) con-
tacts on the operation of MoS2 optoelectronic devices
by means of scanning photocurrent microscopy
(SPCM)24�38 correlated with photoluminescence (PL)
imaging. More specifically, by comparing the photo-
current profiles along the device channels of the
1T- and 2H-phase contacted devices with/without exter-
nal bias, we provide a quantitative description of the
reduction/eliminationof Schottkybarriers at the contacts,
supported by proposed band diagrams to qualitatively
explain the obtained SPCM results. We also analyzed the
photoresponsivity of devices, a figure of merit that is
critical in designingminority carrier based optoelectronic
devices such as solar cells and photodetectors. Our study
provides insights into efficient and optimum design of
high performance TMD-based devices via simple and
reliable procedures for forming Ohmic-like contacts to
access intrinsic optoelectronic properties.

RESULTS AND DISCUSSION

PL Maps and I�V Characteristics. The photocurrent
response of monolayer MoS2 devices was investigated
using the experimental setup illustrated in Figure 1a.
Briefly, a chopped 440 nm laser excitation beam is
focused on the sample with a spatial resolution of
about 350 nm where a galvanometer mirror position-
ing system allows for surface rastering of the sample
to obtain photocurrent maps in SPCM. The photore-
sponse of the samples was measured by synchronous
detection (at the light excitation frequency f) of the
current at a contact of the device (drain). Devices are
biased by applying a voltage potential difference VSD
to the other contact electrode (source). Unless other-
wise mentioned, the photocurrent response of 2H-
and 1T-contacted MoS2 devices were measured in air
under ambient conditions, and with laser excitation
powers below 1 μW (<1 kW/cm2). Both PL and reflec-
tion imaging capabilities were used to locate the
device positions including the contact electrodes,
and were correlated with SPCM results (Supporting
Information, Figure S1) (see the Methods). Figure 1b
depicts dark current�voltage (I�V) characteristics of
2H and 1T devices, consistent with our previous

investigations.22,23 Specifically, while typical rectifying
behavior due to a formation of Schottky barriers at the
contacts was observed for 2H devices (blue line), 1T
devices (red line) demonstrated a linear behavior at
low applied VSD with enhanced current levels, indicat-
ing a strong reduction in the Schottky barrier height (or
the formation of ohmic-like contact). PL images of 2H
and 1T devices (Figure 1c and d, respectively) show
high intensity regions in partial triangular shapes
corresponding to monolayer CVD grown MoS2 sheets,
as well as low intensity “cutting” regions indicating the
positions of metal electrodes. Dashed green lines high-
light the position of the contacts between the MoS2
channels and electrodes, matching well the optical mi-
croscopy images depicted in Figure S1(a) (Supporting
Information). PL and optical microscopy surface images
show no drastic difference between 2H and 1T devices
because phase-converted regions of the latters are fully
covered with metal electrodes by design. The devices
used in SPCM measurements had channel lengths of
about 5μm(4.88μmfor the2Hdevice shown in Figure 1c
and 5.15 μm for the 1T device in Figure 1d), since
shorter channel length led to complexity in data
analysis due to merging of photocurrent peaks at the
contacts (Supporting Information, Figure S2).

Comparison of Biased SPCM Maps and Line Profiles. SPCM
on the 2H-contacted device at zero bias (VSD = 0 V)
presents strong photocurrent (Iph) with opposite po-
larity located near the two contacts at both ends of the
device channel (Supporting Information, Figure S3(a)).
The result is consistent with the previous report,39

which describes that the photocurrent primarily origi-
nates from the Schottky barriers at the MoS2/metal
contacts. These SPCM features remain largely un-
changed under applied bias of VSD = �0.15 V, with
the only difference in the amplitude of Iph at each
contact and their ratios (Figure 1e). On the contrary, the
1T device at zero bias shows a broad and moderate Iph
intensity region near its channel center, in addition to
relatively high Schottky photocurrent still observed at
the contacts (Supporting Information, Figure S3(b)). At
VSD = 0.1 V, in stark contrast to a 2H case, we observe
almost complete extinction of the photocurrent peaks
at the contacts and the appearance of a broad and high
Iph intensity region near the channel center that spans
over the entire device area (Figure 1f).

The details of photocurrent evolution versus VSD for
each case of a 2H and 1T device can be investigated by
analyzing the line profiles of the photocurrent Iph
across the device, that are taken with increased num-
ber of position steps compared to the SPCM maps
(between the two electrodes, lines along which the
profileswere taken are indicated by gray dotted lines in
Figure 1e,f). For a 2H device (Figure 2a), the high Iph
intensity regions near the MoS2/metal contacts (indi-
cated by the red triangle and blue circle) remained
at same positions over the entire tested bias range
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(VSD from �0.5 to þ0.5 V) while their amplitude
increased as VSD increased (yellow regions indicates
the position of the electrodes). For a 1T device, on the
other hand, high Iph intensity region emerges near the
center of the device channel with applied bias, and its
amplitude keeps increasing as the voltage increases
(Figure 2b, top). The difference between a 2H device
case is clear by comparison with the data plotted in the
same VSD range (Figure 2b, bottom). Moreover, only
few mV of applied VSD was enough to induce the high
Iph intensity region in the channel center of a 1T device
(Figure 2c). The same observations are drawn from the
SPCM maps depicted in the Supporting Information
(Figures S4 and S5, corresponding to 2H and 1T
devices, respectively). Figure 2d is a comparison of
photocurrent Iph amplitude between 1T- and 2H-
contacted devices probed at the center of the channels
(amplitude of a 2H device is multiplied by 100 for a
demonstration purpose). The photocurrent level under
bias is much stronger in 1T devices compared to a 2H

case, which is consistent with the obtained dark I�V

characteristics (Figure 1b). These results clearly demon-
strate that a use of devices with 1T contacts over 2H
devices allow wider tunability of the active area with
enhanced photocurrent response in monolayer MoS2
based optoelectronic devices. The error bar for photo-
current Iph was higher for a 1T-contacted device com-
pared to a 2H case; however, it was still well below 10%.
The larger error bar for a 1T device is possibly due to
much reduced Schottky barrier heights at its contacts,
which enables a device to be more sensitive to small
local potential fluctuations compared to a 2H device.

Schottky Barrier Height Analysis Using SPCM Line Profiles.
Analysis of the obtained Iph line profiles can provide
insights into quantitative values of Schottky barrier
height (SBH) at the contacts. In our analysis, VSD
dependence of the photocurrent profiles along the
channels of 2H and 1T devices were plotted for the
following three signature points: positions near each
MoS2/electrode contacts (Iph,S and Iph,D at the source

Figure 1. (a) Schematic of the scanning photocurrent microscopy (SPCM) experimental setup used in this study. (b) Dark
current�voltage characteristics of 2H- and 1T-contacted devices (blue and red curves, respectively). (c) Photoluminescence
(PL) imageof a 2Hdevice and (e) its SPCMmapunder�0.15Vbias. (d) PL imageof a 1T device and (f) its SPCMmapunder 0.1 V
bias. Green dashed lines correspond to the position of the contacts between MoS2 channels and metal electrodes.
Photocurrent profiles shown in Figure 2 are measured along the vertical gray dashed lines. S and D boxes indicate the
position of the source and drain electrodes, respectively. Scale bars = 3 μm.
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and drain electrodes, respectively) and at the center
region (Iph,C), as indicated by red triangles (source),
blue circles (drain), and green squares (center) in parts
a and c, respectively, of Figure 2. The results are plotted
in Figure 3a for a 2H device (corresponding to Figure 2a
Iph profiles) and in Figure 3b for a 1T device (extracted
from the Iph response including that of Figure 2c).

In a 2H device case (Figure 3a), Iph,S and Iph,D are
nearly symmetric with respect to the origin (Iph = 0 nA
and VSD = 0 V), where Iph,S (Iph,D) shows almost linear
increase of amplitude with positive (negative) VSD.
More precisely, extrapolation of Iph,S (Iph,D) between
þ0.5 and�0.15 V (�0.5 andþ0.05 V) indicatedwhere a
red (blue) dashed line intersects the Y-axis (Iph = 0)
around�0.21 V (0.21 V), which provides a quantitative
estimate of the SBH at the source (drain) contact
because the observed change in polarity of Iph at
the contacts can be explained by the VSD ex-
ceeding their heights of the built-in potential
(Schottky barrier).25,29,30 A further discussion is pre-
sented later. The origins of quasipolarity change (not a
complete change) observed for Iph,S and Iph,D in our
case could be due to external effects such as environ-
mental doping or Fermi level pinning.13,14 A SBH
of ∼210 meV, extracted from our SPCM results, is

consistent with a true (effective) SBH extracted from
variable low-temperature electrical characterization
(flat band measurements)13 that we performed inde-
pendently using the same electrode metal on MoS2.
The photocurrent at the channel center Iph,C increases
monotonically over the entire range of applied bias at a
smaller amplitude (Iph,S and Iph,D are measured in the
0.1 nA range,whereas Iph,C operates at a level of 0.01 nA
due to absence of a Schottky barrier) and crosses the
Y-axis around �0.16 V (as indicated by a green line),
which is in the range of the intersects observed for Iph,S
and Iph,D (gray region on Figure 3a). The agreements
between Iph,C intersect and that of the Iph,S and Iph,D can
be understood by considering that the Iph,C intersect
provides an “average” SBH of the whole device. The
slightly different behaviors between the Schottky bar-
riers at each contact are possibly due to a combination
of minor difference in the sharpness of the contact
MoS2/electrode interface created during the electrodes
deposition13 and intrinsic/extrinsic inhomogeneity of
work function over the MoS2 surfaces (created during
the CVD growth/external environment effects such as
water molecule absorptions, respectively).40,41

Two major differences observed in a 1T device case
(Figure 3b) from that of a 2H case were a 1 order of

Figure 2. (a) Photocurrent profile along a 2H device channel for different bias VSD in both polarities. Yellow regions indicate
the positions of the source (S) or drain (D) contacts. (b) Comparison of photocurrent profiles for 1T- (top) and 2H-contacted
devices (bottom) at different VSD (only for positive polarity for simplicity). (c) Photocurrent profile for a 1T device at low VSD
(<10mV) in bothpolarities. (d) Comparisonof photocurrent amplitude between1T- and 2H-contacted devices at the center of
device channels. Amplitude of a 2H device is multiplied by 100 for a demonstration purpose.
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magnitude larger total Iph for the samebias range and a
Y-axis intersect of Iph at almost zero bias. More details
of the higher amplitude of Iph will be discussed later,
but it is consistent with dark I�V characteristics
(Figure 1b) as mentioned previously for the case of
Figure 2d. For a precise determination of Y-axis inter-
sect of Iph, Iph at marked three positions (two contacts
and center of the device channel) were plotted in
much smaller range of bias in Figure 3b (between
�10 and þ10 mV) compared to a 2H case (Figure 3a).
Iph,D and Iph,S cross the Y-axis at þ5.8 and �6 mV, as
indicated with red and blue dashed lines, respectively,
providing quantitative values for the reduced SBHs
after its 1T-phase transformation (obtained SBH value
range is colored in gray). The Iph,C crossed the Y-axis at
zero (as indicated by a green line) within the resolution
of the measurements (<1 mV), which can be interpret
as an “average” of source and drain Schottky barriers
similar to the case of a 2H device. Note that the
obtained value of Iph,C being very close to the average
between the two SBHs (�0.1 mV) could be an indica-
tion that this particular device had well-balanced
source and drain Schottky barriers (having identical
heights). The validity of the obtained results was also
confirmed on other 1T devices, including the one
which we performed photocurrent microscopy at a
single position to achieve site-specific SBH values
(Supporting Information, Figures S5 and S6). In this
case, the SBHwas estimated by illuminating the device
at a fixed position while sweeping the bias voltage and
recording Iph (Supporting Information, Figure S6(b)).
Locating the laser spot at an appropriate position near
the contact allows a determination of SBH with im-
proved accuracy (spatial and energy) with shorter
measurement time compared to the line or map scan
counterparts. Analysis of the data yields ∼0.05 and
∼0.46 meV for the drain and source SBH, respectively,
reaffirming the strong reduction of SBH after a phase
transformation to 1T. The photocurrent at the channel

center crosses the Y-axis at ∼0.37 mV, indicating that
the source Schottky barrier dominates the response of
this particular device at small bias range due to its
larger amplitude compared to the drain. All SBH values
we obtained for 1T devices are up to 2�3 orders of
magnitude lower than a 2H device case, quantitatively
demonstrating the strong reduction of native SBH
and hence the formation of nearly ohmic-like contacts
for monolayer MoS2 using the phase engineering
approach (i.e., by converting of the MoS2 2H-phase
into 1T-phase underneath the contact electrodes).
Note that an obtained SBH of few meV or lower for
1T-contacted device does not consider a contribution
from thermal energy (∼25 meV at room temperature).
The obtained SBH, therefore may better be described
as a voltage necessary to drive carriers to the contacts.
However, this does not affect our conclusion of a 1T
device having strongly reduced SBH compared to a 2H
case because the experimental uncertainty can only
be ∼25 meV at the most. Furthermore, an effect of
illumination intensity on a determination of SBH
should be negligible in this study, unlike a case of
open circuit voltage VOC for organic photovoltaics. This
is due to 4 orders of magnitude higher carrier mobility
in our MoS2 (∼10 cm2/(V s))22,23 compared to that of an
organic photovoltaic system (∼10�3 cm2/(V s)),42 which
reduces the degree of illumination intensity depen-
dence on SBH by at least several orders of magnitude
(see the Supporting Information, S7, for details).43,44

Insights into Potential Profile across Devices. Comple-
mentary qualitative analysis of the Schottky barriers
was obtained by plotting the integrated photocurrent
along the devices channels (Figure 4a,b derived from
Figure 2a, including that of part c, respectively; see also
the Supporting Information, Figure S7), that provides
insight into potential profile of 2H and 1T devices.
Although this method does not provide direct access
to the intrinsic potential profile across the device
as suggested in ref 45, it offers useful qualitative

Figure 3. (a, b) Photocurrent amplitude versus applied bias VSD at signature points of the profiles in Figure 2a (2H-) and
Figure 2c (1T-contacted device), respectively. Gray regions encompass the VSD range, which corresponds to Schottky barriers
heights at the source and drain.
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information on the relative evolution of the potential
profile depending on the applied bias. In a 2H device
case (Figure 4a and Supporting Information, Figure
S7(a)), strong variations of the potential profiles
take place at the source (drain) contact position for
positive (negative) bias, indicating strong build-in
local electric field drives the separation of charges,
thus enhancing the photocurrent. The results are in
agreement with formation of SBH at the contact as
observed in Figures 2a and 3a. On the other hand, a
1T device (Figure 3b and Supporting Information,
Figure S7(b)) shows a much smoother potential mod-
ulation across the device channel. These observations
validate the absence of significant build-in field along
the channel and confirm the strong attenuation of
the Schottky barriers in 1T devices, as quantitatively
discussed above.

Photocurrent Generation Mechanism. Parts a�d of
Figure 5 illustrate a possible mechanism that explains
the observed photocurrent generation in 2H- and
1T-contacted devices of monolayer MoS2. Specifically,
the conduction and valence band potential profiles
across the device channel are drawn along with our
interpretation of the charge diffusion, in correlation
with the schematics of the photocurrent line profiles
achieved in the SPCM. For our explanations, we classi-
fied the generated photocurrent into the following two
dominant types; a Schottky barrier driven photocur-
rent located at MoS2/electrode contacts (noted ISC),
and a combination of all the other types of photocur-
rent IPC

38,45�48 (most likely dominated by photocon-
ductive photocurrent as indicated in ref 48). We
suspect that a thermoelectric effect has only a minor
contribution to our observed overall photocurrent as
confirmed by recent studies (details are provided in the
Supporting Information, S9).39,48 At zero bias (VSD = 0 V)
and under illumination, 2H and 1T devices yield domi-
nant photocurrent ISC at both source and drain con-
tacts due to the presence of Schottky barriers. These
Schottky barriers generate a local built-in electric field

that separate the photoexcited carriers at the contacts
(residue SBH for 1T case) and drives the hole (electron)
carriers toward (away from) the closest electrode
(carrier flows depicted by red arrows in Figure 5a,c).
The depletion width of the Shottky barrier is much
smaller than the spatial resolution of our SPCM setup
(∼50 nm45 versus few hundreds of nm) and this results
in relatively narrow high intensity peak at the contacts.
Moreover, the amplitude of the photocurrent gener-
ated at the contacts is determined by the amplitudes of
SBH thus resulting in higher ISC for a 2H case compared
to a 1T case (parts a and c, respectively, of Figure 5,
respectively). This is consistent with our SPCM results
without any bias (VSD = 0 V) that yielded 1 order of
magnitude higher Iph for a 2H device compared to a 1T
device due to the difference in their SBH (∼200 meV
and <10 meV for 2H and 1T, respectively). On the
other hand, the photoexcited carriers located further
away from the contacts/toward center region of a 2H
device do not contribute to Iph due to lack of a driving
potential. In a 1T device, however, the moderate num-
ber of photogenerated carriers can reach the electrodes
due to absence/reduction of potential barriers at the
contacts and contribute to photocurrent Iph observed at
the device channel center. This interpretation suggests
that the broad andmoderate Iph feature in the center of
the device can be used as an important indication of
dramatic reduction of the Schottky barrier.

Under a bias, in a positive case, for example, above-
mentioned phenomena appears to be pronounced
and emphasizes the differences in SPCM response
between 2H and 1T devices (the same analysis is
possible for negative bias case by exchange of source
and drain contacts). In a 2H device (Figure 5b), applied
external field affects the SBH at the both contacts. On
the source, it enables carriers that are generated at
positions further away from the source to reach elec-
trodes (source for holes and drain for electrons) and
contribute to ISC as indicated by longer red arrows.
On the drain, however, it decreases ISC at the drain

Figure 4. Integrated photocurrent along (a) 2H and (b) 1T device channels for different applied bias VSD.

A
RTIC

LE



YAMAGUCHI ET AL. VOL. 9 ’ NO. 1 ’ 840–849 ’ 2015

www.acsnano.org

846

contact in relative to the source due to decreased SBH
(indicated by shorter arrows). Positions of high ISC
regions remain unchanged. It should be noted that
this analysis is valid in a bias range that is away from the
saturation regime of the device, and 0.5 V used in our
case is well below the critical voltage.23 In 1T devices,
the elimination effect of Schottky barriers becomes
evenmore apparent upon applying an extremely small
bias of fewmillivolts (Figure 5d). The tilt/bending of the
band potential rapidly enable photoexcited carriers to
overcome the SBH at both contacts and render ISC
negligible (the peaks located at the contacts dis-
appear). This allows for uninhibited flowof photoexcited
carriers even under very small external electric-fields
unlike in the case of 2H-contacted devices. As a result,
IPC maximized near the center of the channel emerges
and spans over the entire device. This would not be
possible with 2H-contacted device because a forma-
tion of Schottky barriers at the electrodes hinders
electrons from reaching the electrodes, resulting in no

observable total photocurrent Iph (Figure 5b). The gate
dependence of SPCM results is expected to provide
further insights into the evolution of Schottky barrier
heights and detailed photogeneration mechanism in
MoS2 based devices, and should be investigated in
future works.

Device Performance. Integrated photocurrent re-
sponse along device channels (Figure 6a) and the
local photoresponsivity (Figure 6b) demonstrate the
enhanced performances of 1T-contacted devices in
comparison to their 2H counterparts. We observe same
trends in the integrated photocurrent and dark current
variations as a function of the bias (Figure 2a) as well
as comparable ratio of current amplitudes between
the 2H and 1T devices (about 1 order of magnitude
difference). This is consistent with the trend of 133%
carrier mobility increase observed for 1T device FETs in
our previous reports.22,23 Moreover, a 1T device pre-
sents photoresponsivity R (ratio of the local Iph to the
excitation power) about 30 times larger (R = 5.5 mA/W)

Figure 5. Proposed mechanisms of photocurrent generation in (a, b) 2H-contacted and (c, d) 1T-contacted devices. Top
panels (a), (c) and bottom ones (b), (d) correspond to situations at zero and positive bias, respectively. In each panel, the top
schematic illustrates the conduction (blue) and valence (green) bands variations along the device channel; the MoS2
monolayer is sandwiched between the two metal electrodes (positions of the electrodes are shown in yellow, with S and D
corresponding to the source and drain, respectively). Insets illustrated enlarged MoS2/electrode contact and depict the
Schottky barrier height derived from our SPCM measurements. Diffusion of electrons (�) and holes (þ) are represented by
red arrows, and the corresponding plot schematics for relative photocurrent versus the position along the channel are
illustrated below. The direction and relative amplitude of currents are indicated by arrows in-between the two schemes,
with ISC indicating the photocurrent generated by the Schottky barriers and IPC indicating photocurrent, which is a sum of all the
other types.
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than a 2H device case (R = 0.2 mA/W) at VSD =�0.5 V. A
2H device responsivity is almost invariant over the whole
VSD bias rangeof�0.5 to 0.5 V, in agreementwith the fact
that ISC (Schottky barriers driven photocurrent) domi-
nates the photoresponse. On the contrary, a 1T device
shows strong responsivity variations in a V-shape cen-
tered at VSD ≈ 0, where R presents a drastic increase as
VSD overcome the SBH (photocurrent regime changes
from ISC at low bias (�10 mVe VSDe 10 mV) to IPC). The
responsivityR=6.3mA/WatVSD=0.5 V (excitationpower
0.7 μW at 2.8 eV (440 nm)) is larger than observations in
monolayer graphene transistors47 and comparable to
recent reports in monolayer MoS2 under similar opera-
tion parameters.48�50 We expect further enhancement
with illumination at the excitonic absorption states.5 Our
results demonstrate effectiveness of using the phase
engineering approach (conversion of 2H- to 1T-phase)
for monolayer MoS2 to eliminate the Schottky barriers at
the contacts, thus improving the operating current level
as well as increasing the net active area of the device
throughout the entire channel to achieve high perfor-
mance 2D optoelectronic devices.

CONCLUSION

In conclusion, we performed SPCM on monolayer
MoS2 individual sheet devices with phase-engineered

contacts and compared the results with conven-
tionally used 2H-contacted devices. The results
revealed that in addition to the increased photo-
current level, the active area of monolayer MoS2
optoelectronic devices broadened over their entire
area due to Schottky barrier elimination of a 1T
device. This is in stark contrast to narrow active
regions near the electrodes for a 2H device. Further-
more, analysis of SPCM results indicated that the
Schottky barrier heights (SBH) at the contacts of a 1T
device is reduced by at least 1 order of magnitude
compared to a 2H case, from∼200meV down to few
meV or even lower. Our proposed model suggests
that this elimination of Schottky barriers at the
electrodes achieved by the conversion of semicon-
ducting 2H-phase to metallic 1T-phase is responsi-
ble for the observed broadening of the active area
and increase of photocurrent level. We also demon-
strated that the photoresponsivity increases by
more than an order of magnitude for a 1T device
compared to a 2H case, a promising indication
toward high performance optoelectronic devices.
Our results pave a pathway for the design of high
performance TMD-based 2D optoelectronic devices
and fundamental understanding of their optoelec-
tronic properties.

METHODS
Fabrication Procedures of 1T- and 2H-Phase Contacted MoS2 Devices.

Monolayer CVD MoS2 sheets
40 were transferred51 onto degen-

erately p-doped (R < 0.0015Ω-cm) patterned silicon substrates
capped with 100 nm oxide layer. Statically dispensed PMMA
(A4, Microchem Corp.) was spin coated onto the sample at
4000 rpm for 60 s and was followed by prebaking at 180 �C for
90 s. For fabrications of 1T-phase contact devices, two separate
lithography processes were performed. In the first lithography
step, electrode windows were opened on the MoS2 sheet using
conventional e-beam lithography. After opening the electrode
windows, we exposed the samples to n-butyllithium (1.6M,
Sigma-Aldrich) for 48 h and then cleaned themwith hexane.22,23

All butyllithium exposure was conducted in an argon-filled
glovebox. Samples were then cleaned with deionized water in
order to remove residual lithium on MoS2. This was followed by
PMMA etching using HPLC grade acetone (Fisher Scientific),
followed by a 2-propanol rinse. PMMA was again spin coated
following the same recipe as described earlier. A second
lithography stepwas performed to open the electrodewindows
at the same regions as described earlier.

We performed e-beam evaporation to deposit titanium
(5 nm) and gold (50 nm) under high vacuum conditions of
10�7 Torr at a slow deposition rate of 1 Å/s. This was followed by
lift off using acetone after which the samples were properly
rinsed with 2-propanol to eliminate acetone residue followed

Figure 6. 2H- vs 1T-contacted devices performances and their evolution with applied source-drain bias VSD. (a) Total
photocurrent integrated over the channel length of 2H (black dots, right scale) and 1T (red squares, left scale) devices. (b) Local
photoresponsivity extracted from the SPCM measurements as the ratio of maximum photocurrent to the excitation power.
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by blow drying with compressed nitrogen gas. For fabrications
of conventional 2H-phase contact devices, metal electrodes
were deposited without n-butyllithium exposure steps.

Scanning Photocurrent Microscopy (SPCM) and Photoluminescence (PL)
Measurements. For SPCM measurements, 440 nm pulsed excita-
tion light was delivered by a laser diode (PicoQuant) and
focused on the sample by a 60� Olympus objective with
0.9 numerical aperture to be scanned over the samples in a
form of map/line/fixed position by means of a galvanometer
mirror positioning system and two lenses arranged in a 4f-
configuration.34 As illustrated in Figure 1a, synchronous detec-
tion was achieved via SR-830 lock-in amplifier (Stanford Re-
search Systems) using the reference frequency input from the
chopper (∼370 Hz). The photocurrent signal was first amplified
by a SR-570 current amplifier (Stanford Research Systems), and
the AC component of the output voltage signal was used as
direct input to the lock-in amplifier. Both the amplitude R and
the phase j of the photocurrent were monitored and analyzed.
Correlated PL and/or reflected light obtained for the same
position of SPCMmap was detected using an avalanche photo-
diode and a silicon photodiode, respectively, allowing determi-
nation of the exact location of monolayer MoS2 sheet devices
and the contact electrodes.
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