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ABSTRACT Atomically thin MoS, is of great interest for elec- 0.4 1.0

tronic and optoelectronic applications because of its unique two- 3 E 08

dimensional (2D) quantum confinement; however, the scaling of % go.s [ (A = 600nm) ]
optoelectronic properties of MoS, and its junctions with metals as a § gl, - = Model calculation -
function of layer number as well the spatial variation of these g E '

properties remain unaddressed. In this work, we use photocurrent g g e \

spectral atomic force microscopy (PCS-AFM) to image the current (in 5 0.0 1 2345678910

the dark) and photocurrent (under illumination) generated between Number of layers

a biased Ptlr tip and MoS; nanosheets with thickness ranging between n = 1 to 20 layers. Dark current measurements in both forward and reverse bias
reveal characteristic diode behavior well-described by Fowler—Nordheim tunneling with a monolayer barrier energy of 0.61 eV and an effective barrier
scaling linearly with layer number. Under illumination at 600 nm, the photocurrent response shows a marked decrease for layers up to n = 4 but increasing
thereafter, which we describe using a model that accounts for the linear barrier increase at low n, but increased light absorption at larger n creating a
minimum at n = 4. Comparative 2D Fourier analysis of physical height and photocurrent images shows high spatial frequency spatial variations in
substrate/MoS, contact that exceed the frequencies imposed by the underlying substrates. These results should aid in the design and understanding of
optoelectronic devices based on quantum confined atomically thin MoS,.
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0S; is a layered semiconducting
transition metal dichalcogenide
material whose single and few

layer nanosheet forms are recently receiv-
ing significant interest as promising materi-
als for electronic and optoelectronic devices.
They have unique electronic and optical prop-
erties originating from 2D quantum confine-
ment:"~7 when MoS, is thinned to atomically
thin sheets from the bulk, the optical bandgap
increases and transitions from indirect to
direct.® While MoS, has recently been demon-
strated as the active material in a wide range
of electronic®'® and optoelectronic’ "'~
applications in addition to conventional
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field-effect transistors (FETs),'> many ques-
tions remain about the spatial uniformity of
properties across MoS, layers, as well as the
layer number dependence of optoelectron-
ic properties. In this work, we perform
photocurrent spectral atomic force micro-
scopy (PCS-AFM) for the first time to analyze
the nanoscale junction between a conduc-
tive metal tip and MoS, samples varying in
thickness from one (1L) to 20 layers (20L) to
answer these important questions.

The layer number dependent electronic
and optical properties of MoS, provide
many interesting and important opportu-
nities for applications in optoelectronics.
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When MoS, is isolated as a single layer, quantum
confinement induces a transformation from an indirect
bandgap of 1.3 eV for bulk MoS, to a direct bandgap of
1.8 eV, as has been experimentally shown, resulting in
significant photoluminescence for its 1L form.'® This
behavior makes MoS, an intriguing candidate material
in a wide variety of electronic and optoelectronic
applications.'””~® Atomically thin MoS, has been suc-
cessfully used in digital electronic components®'>2°-26
and circuits'® because its sizable bandgap enables a
low current in the off state, so that high on/off current
ratios'>%"?® are possible. As electronic and optoelec-
tronic devices become smaller and smaller, the elec-
trical contacts must also be reduced in scale. However,
reducing MoS,—metal contacts to nanometer size can
produce different properties from those of the macro-
scopic counterparts. Moreover, the interfaces between
atomically thin MoS, and contact and dielectric mate-
rials may differ from those with bulk MoS,, and may
have a substantial impact on the performance of
devices.>*3' Therefore, a thorough investigation of
the underlying physics of the interfaces between
atomically thin MoS; sheets of varying layer numbers
and metal contacts is essential for controlling and
tuning their performance.

However, there have been few studies to date that
investigate charge transport behavior in the vertical
direction at the nanoscale MoS,—metal interface.3?
Thus, in this work we focus on the transverse electrical
properties of nanoscale MoS,—metal junction in the
dark and under illumination of varying wavelengths
using conductive and photoconductive spectral
atomic force microscopy (C-AFM and PCS-AFM) mea-
surements. By performing current imaging using a
Ptlr-coated conductive tip on an ultrathin MoS, nano-
sheet that contains regions of different layer thicknesses,
we can form many thousands of MoS,—metal contact
points during imaging and directly compare layer-
number dependent properties at the same time under
the same experimental conditions with high spatial
resolution. In contrast, studying these properties by the
fabrication and testing of individual FET devices intro-
duces significant complexity due to lithographic and
metal deposition processes that can damage the MoS,
sheets or change the intrinsic character of the junctions,
and does not allow for spatial variations to be examined.

Li et al.>® have performed a C-AFM study of multi-
layer MoS,; on a Pt substrate using a CoCr conductive
tip, showing that the resulting diode characteristic can
be explained by the thermionic emission and the
Fowler—Nordheim (FN) tunneling models for the for-
ward and reverse tip bias regimes, respectively. How-
ever, this earlier study is not conducted on 1L and 2L
MoS, and is limited to dark currents, leaving the
influence of photoexcitation and the interesting band-
gap transition unanswered. Moreover, the use of single
point current—voltage (I-V) curves makes this study
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unable to answer questions of local spatial variations at
the micro- and nanoscale.

In our work, we study for the first time the layer
number dependent electrical characteristics of the
MoS,—metal nanoscale junction using current ima-
ging of MoS, nanosheets consisting of regions of
different thicknesses from 1L to up to 20L in both for-
ward and reverse bias regimes using C- and PCS-AFM.
By taking consecutive current images while changing
bias voltages, we measure the layer number depen-
dence of the effective barrier, showing it to be linear.
We also obtain spatially resolved two-dimensional (2D)
maps of local electrical properties from simultaneously
recorded local /-V data. In addition, we investigate the
layer number dependent spectral photoresponse of
MoS,, which showed the highest response in 1L. The
photoresponse decreases for increasing layer number,
but increases again between 4L and 10L due to in-
creased light absorption. The photoresponse is also
strongly dependent on the wavelength of the incident
light, showing much higher currents for photon en-
ergies that are above the optical bandgap. The photo-
response in forward and reverse biases shows barrier
symmetry for 1L but asymmetry for 2, 3, and 4L, which
further indicates a dominant role of the barrier on
carrier transport at the junction. This insight into the
physical carrier transport mechanisms in MoS, pro-
vides critical information for further engineering MoS,
electronic and optoelectronic devices with tuned elec-
trical characteristics at the nanoscale level.

RESULTS AND DISCUSSION

Dark carrier transport. While the electronic properties
of materials can be obtained by taking /—V curves at
fixed positions of interest using C-AFM,**~38 additional
spatially resolved measurement is needed for studying
spatial inhomogeneity in local charge distributions,
local defects, sample edges, and local tip—sample inter-
actions. Thus, in this work we measure the current
through the C-AFM tip while imaging and varying the
applied sample bias. We then average the current values
across thousands of pixels or data points to obtain
spatially resolved /—V characteristics of MoS, nanosheets.

In order to study carrier transport in the dark, MoS,
crystals were micromechanically exfoliated onto a
conductive indium tin oxide (ITO)-coated glass sub-
strate. The crystals were first identified by optical
contrast and then their layer numbers were verified
using Raman spectroscopy. The C-AFM and PCS-AFM
measurements were conducted using Ptlr-coated con-
ductive probes in contact mode. During the measure-
ments, the conductive tip is held at ground while
the bias voltage was applied to the ITO substrate as
the other electrode. Throughout this work, we refer
to forward (reverse) bias when the ITO electrode is
positively (negatively) biased relative to the grounded
conductive tip. More details can be found in the
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Figure 1. Conductive atomic force microscopy imaging of bilayer MoS,. (a) A schematic of the photoconductive spectral
atomic force microscope (PCS-AFM) instrument. (b) An optical microscope image of a flake of MoS; on ITO/glass substrate.
(The contrast in the image has been enhanced to allow the flake to be more clearly seen.) (c) Raman spectrum for MoS, sample
in (b) where the frequency difference of 21.5 cm ™" between E;g and A, peaks indicates bilayer MoS,. (d) A spatially resolved
Raman map of the frequency difference shows the uniformity of MoS, thickness over the entire sample except for the slightly
thicker region at the top edge. (e), (g)-(h) Currentimages in reverse bias (e) and forward sample bias (g)-(h) taken by changing
the applied sample voltage within the horizontal strips. Here the bare ITO surface shows high conductivity while a noticeable
nonlinear characteristic is observed in the MoS; flake. (f) A current—voltage (/-V) curve generated by taking average current
values for each bias voltage from the current images where nearly insulating behavior and an abrupt nonlinear increase are
observed at low and high bias voltages, respectively. The reverse bias region is fit by a thermionic emission model (blue line)
while the forward bias region is fit by a Fowler—Nordheim (FN) tunneling model (red line). (i) A schematic band diagram of a
thin MoS,—metal tip junction in equilibrium (left panel) and under reverse (middle) and forward (right) sample bias voltages.
The formation of a Schottky barrier impacts the carrier transport.

Methods section below. The experimental setup for
our C-AFM and PCS-AFM measurements is shown in
Figure 1a. The remaining panels in Figure 1 show
current—voltage (/—V) characteristics for a flake of
bilayer MoS,, whose optical image is shown in
Figure 1b. We identified the thickness of this flake by
its Raman spectrum, where the two signature Raman
peaks of MoS,, the Ej, and A,, peaks, are prominently
observed, confirming that the flake is a bilayer MoS,
crystal based on the frequency difference (A) of
21.5 cm™~',*° as shown in Figure 1c. The spatial Raman
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map of A (Figure 1d) confirms that the entire flake is
uniformly two layers thick, so that we can average
spatial data across the flake and be assured that we are
interrogating the same thickness of material.

In order to obtain /—V characteristics of the MoS,-
metal junction, current imaging was performed on this
sample by changing the applied bias voltage in hor-
izontal stripes, as shown in Figures 1e (reverse bias)
and 1g-h (forward bias). We note that the horizontal
direction is the fast scan direction, so that the voltage is
being changed approximately every 30 to 40 scan lines.
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In Figures 1e, g-h, the dashed lines denote the points
where the bias voltage is changed and the numbers within
each stripe indicates the sign and magnitude of the
applied voltages. We then obtained a single /—V curve
by averaging the current values within each voltage stripe
and within the boundaries of the MoS; crystal, as shown by
the black data points in Figure 1f, where the error bars
indicate the standard deviations from all the pixels within
the currentimages at each given voltage. Because we have
shown that the flake is uniform in thickness (Figure 1d),
averaging over thousands of data points for each voltage
in this way allows us to obtain a reliable /- V curve.

In contrast to the bare ITO surface showing high
conductivity, the MoS, nanosheet introduces additional
resistance against current flow, exhibiting noticeable non-
linear behavior as a function of applied voltage. This
response suggests the formation of an energy barrier at
the nanoscale junction between the metal tip and the
semiconducting MoS; crystal in both forward and reverse
bias regimes (Figures 1e and 1g-h). The /—V curve in
Figure 1f shows nearly insulating behavior at low bias
voltages and abrupt nonlinear increases in current at high
bias voltages. Schematic illustrations in Figure 1i show the
band structures of the Ptlr/MoS,/ITO system at equilibri-
um and under applied biases. When the metal tip is
brought into contact with a thin MoS; crystal, the differ-
ence between its work function (®py, = 5.4 eV*°) and the
electron affinity of MoS; (Avos> = 4.5 eV*' for 1L to 4.0 eV*
for bulk), based on the Schottky-Mott theory,* causes a
Schottky barrier to form at the interface with an estimated
height of about ®g = Opy —Ames2 = 0.9 eV for monolayer
up to 1.4 eV for bulk. The ITO substrate used in this work is a
heavily n-doped with a work function of o ~ 4.7 €V,
resulting in a nearly ohmic contact with the atomically thin
MoS, of @pess, 1 ~ 4.7 €V."*1** The equilibrium case of
the Schottky barrier between Ptlr and MoS, and the ohmic
contact between MoS, and ITO is shown in the left panel of
Figure Ti.

The reverse bias (V < 0) and forward bias (V > 0)
band diagrams are shown in the middle and right
panels of Figure 1i, respectively. In the forward bias
regime, where the barrier height and direction of
charge injection suppress thermionic emission to its
lowest saturation, the barrier thickness is reduced with
higher applied voltage (Figure 1i), resulting in an
enhanced probability of field emission tunneling
through the barrier. We use the Fowler—Nordheim
(FN) tunneling theory, which is widely adopted as a
model for describing electrons tunneling from the
Fermi level of a metal to an adjacent material through
a junction barrier, with the current / described by

v = AegEmV? o —8m\2m*®g32d
~ 8xh®gd?>m* 3hqV

where A, denotes the effective contact area, g the
electronic charge, V the applied bias voltage, h Planck's
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constant, @ the barrier height, d the distance between
the electrodes, and m*/m ~ 0.35 (for 1L)"” to 0.53
(for bulk).*?

The experimental /—V data (black squares) in
Figure 1f are fit to the FN tunneling model in eq 1
(solid red line). We see that the FN model agrees well
with the data, except for the deviation at higher
applied biases due to the preamplifier's current limit
of 20 nA. The effective barrier height formed at 2L
MoS,—metal tip junction, ®g, can be extracted from
the fitting to the FN tunneling model to be 0.64 eV,
which is lower than the value estimated by the Schottky-
Mott limit. We attribute this barrier lowering to partial
Fermi level pinning arising from the formation of
an interfacial dipole and gap states originating from
interface charge redistribution and interface hybridiza-
tions, leading to a decreased metal work function as
theoretically predicted recently by Gong et al.* A small
contribution may also come from defect-induced gap
states due to sample imperfections. In addition, the
effective junction area, A, is calculated to be 7.87 nm?
from the model fit, which is close to theoretical pre-
dictions based on contact theory we performed for our
system*”~*? (shown in Supporting Information), show-
ing robustness of the measurements.

In the reverse bias regime, we use thermionic emis-
sion to model the charge transport, which was also
used earlier by Li et al. to explain transport at the
junction between a CoCr metal tip and MoS, samples
of 3, 4, 7, and 20 layers.>? The thermionic emission
model in the reverse bias regime gives the current/and
saturation current /o as>°

_ vy
I =y [exp (ﬂksT) 1} )]

qds
lo = AA*T?ex (— —) 3)
0 e p kT

where

and where kg denotes the Boltzmann constant, g the
electronic charge, 7 the ideality factor, A* the Richard-
son constant (defined in the Supporting Information)
and V the applied voltage.

The fit to the thermionic emission model of eq 3 is
shown as the solid blue line in Figure 1f. The ideality
factor 7 and the barrier height ®; can be calculated
from the slope of the linear region and the saturation
current Ig as (shown in the Supporting Information):

—_

kT dlin)
n o q dv

kg T A*AT?
@y = —— In (5)
q lo
From egs 4 and 5, we calculate the effective barrier
height @ to be 0.12 eV, which is significantly smaller

(4)
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than that extracted in the forward voltage regime
using the FN tunneling model. The ideality factor 7,
which is typically used to assess the deviation of
current transport from the ideal thermal emission,
has a value of 5.6 here, suggesting that the electron
transport in the reverse regime is not fully supported
simply by the conventional thermionic emission theory
alone. We attribute the origin of this low ®g and high #
to the increased probability of additional tunneling
through the junction barrier, which is not considered in
the conventional thermionic emission theory, as the
width of the barrier for atomically thin MoS, is much
thinner than would be expected in conventional junc-
tions. In addition, it has been previously observed that
the current behavior is increasingly dominated by
tunneling as the nanoscale Schottky diode junction
area becomes smaller than the depletion width.>'>2
Therefore, the conventional thermionic emission the-
ory could underestimate ®g and produce a higher
1 than the real value, suggesting that the current
transport in this bias regime has significant contribu-
tions from both tunneling through the barrier and
thermionic emission.

Layer-dependent transport behavior. Since the transport
of charge carriers at the nanoscale MoS,-metal inter-
face is determined by the barrier height and thickness,
modulation of the barrier by varying the number of
MoS, layers introduces new mechanisms for control-
ling the performance of electronic devices. We used a
single nanosheet of MoS, with regions of 1, 2, 3,and 4
layers to investigate the electronic characteristics as a
function of layer number. Because the same nanosheet
has multiple layer thicknesses within a small area that
can fit within a single AFM image, we can obtain a
series of C-AFM images with varying applied biases
under the same experimental conditions. Figure 2a
shows an optical microscope image of the MoS,
flake and Figure 2b is lateral force microscopy (LFM)
image to more clearly show its shape. Raman spectra
were taken for thickness identification (Figure 2d)
where the signature peak difference (A) was obtained
to be 18.5,21.5,22.5, and 23.6 cm ™ for 1L, 2L, 3L, and
4L, respectively. The Raman map of A in Figure 2c
shows that the four regions are uniform in their
thicknesses of 1L, 2L, 3L, and 4L.

The C-AFM images for this sample under forward
bias are shown in Figures 2e—I (images for additional
voltage values are presented in the Supporting Infor-
mation, Figure S4). Just as was seen in Figure 1, addi-
tional resistance is introduced in the MoS,-covered
region compared to the bare ITO region. The current
also increases more rapidly in the regions with thinner
MoS, as the voltage is increased. We again produced
quantitative /—V curves by taking averaged currents
from each region with different thicknesses for all
applied bias voltages (Figure 2m), where the solid lines
are fits to the FN tunneling model. The open blue
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triangles, purple squares and red circles indicate data
points acquired from a different MoS, flake with 3L,
12L, and 20L regions under the same experimental
conditions (additional detailed characterization for this
sample can be found in the Supporting Information).
Nonlinear /—V behavior is obtained for all the regions,
except 12L and 20L where weak or almost no current
was recorded in the voltage range of our measure-
ments. Figure 2n shows the extracted tunneling barrier
term ®g>2d, which includes contributions from both
barrier height @y and barrier width d by fitting to the
FN tunneling model as a function of MoS, layer
number. (The dependence of the extracted barrier
heights on layer number is in the Supporting Informa-
tion (S3).) The scaling is well described by

®)%d = an+b (©)

with a = 0.26 eV*? nm and b = 0.63 eV*?> nm. As the
layer number increases from 1L to 4L, ®*?d increases
in a linear fashion so that tunneling current is almost
suppressed when MoS, becomes as thick as 20L.

Spatial variations in the electronic properties can be
studied along with the topography of the sample
because we have recorded local /-V characteristics
across the material. Figure 20 shows the spatially
resolved map of local tunneling barrier, ®*°d, gener-
ated by fitting the recorded local /—V information to
the FN tunneling model. The general increasing trend
with layer number is clearly seen in this map, showing
that our model is able to capture the layer-dependent
transport behavior. We note that there is some small
degree of spatial inhomogeneity that may result from
variations in local barrier heights arising from impu-
rities, defects, and fluctuations in tip—sample contact.

In order to exclude the possibilities of tip degrada-
tion affecting the current measurements, a series of
force—distance curves were measured directly before
and after each of the 20 images appearing in Figure 2e—I|
and Figure S2b—g, as shown in the inset in Figure S1.
No noticeable change in the interaction between
the tip and the sample was observed throughout the
whole experiment, with the images staying stable and
sharp, suggesting that the measurements were reliable
and not deteriorated by tip degradation.

Spectral photoresponse of MoS,. The layer-dependent
optoelectronic properties of atomically thin MoS, have
attracted increasing interest, and so we also explore
the spectral response of photoconductivity as a func-
tion of MoS, layer number. We use the same MoS,
nanosheet that was featured in Figure 2 for these
optoelectronic measurements in order to directly com-
pare the results to the dark current behavior. Figure 3a
shows a schematic illustration of the 1L, 2L, 3L, and 4L
regions of this sample. Figures 3b-f and S5 are spatially
resolved maps of local photoresponse under 1 = 550,
600, 650, 700, 750, and 800 nm laser illumination,

VOL.9 = NO.3 = 2843-2855 = 2015 F@L@Mi{\)

WWW.acsnano.org

2847



3—5 d_eoo

% ;400

% é 200

17 360 370 380 390 400 410 420

Raman shift [cm™]

2h m

20

Current [nA]
Current [nA]
Current [nA]

o

o)
N
o

o
[

Current [nA]
Current [nA]
Current [nA]

o
Lo 4 {
[ e B Seemm— |

0

o

0

m R n
m 1L 2.0
15F e2L g 18
< A3L o= 16
= v 4L 2
I I 514
201 w1z 2
g ®20L & 10
3 5f % 1 Aos
Y55 | S
0 . 1 2 3 4

0.0 02 0.4 06 08 10 12 1.4 Number of layers

Bias voltage [V]

Figure 2. Layer number dependence of carrier transport in MoS,. (a) An optical microscope image of an exfoliated sheet of
MoS, on ITO/glass substrate consisting of 1-, 2-, 3- and 4-layer regions. (The contrast in the image has been enhanced to allow
the flake to be more clearly seen.) (b) A lateral force microscopy (LFM) image for better visualization of the flake shape. We
note that the LFM contrast does not allow the flake thicknesses to be clearly distinguished, but the roughness of the
underlying ITO substrate is visible through the flake. (d) Representative Raman spectra taken at each region where the
signature peak difference (A) was obtained to be 18.5, 21.5, 22.5, and 23.6 cm”! indicating 1L, 2L, 3L, and 4L, respectively. (c)
Raman map of A confirms that thickness of the nanosheet is uniform within each of the regions. (e)-(I) Current maps
generated by conductive AFM measurements in the dark under applied sample bias voltages of (e) 0 V, (f) 0.1V, (g) 0.4V, (h)
0.7V, (i) 0.8V, (j) 1.0V, (k) 1.1V, and (I) 1.2 V. The current increases more rapidly in regions with fewer layers of MoS, as the
applied voltage is raised. (m) Averaged /—V data from regions of MoS, that are 1L, 2L, 3L, 4L, 12L, and 20L thick. The data for 1L
to 4L are fit to the FN tunnelling model (solid lines). We note that the 12L and 20L regions are not from this particular MoS,
nanoflake and were from another sample. (n) A plot of the tunneling barrier (d5*?d) extracted using the FN tunneling model
as a function of MoS, layer number n. There is a linear dependence of effective barrier on layer number. (o) Spatially resolved
map of local tunneling barrier, ®;*?d, obtained from local /—V data recorded where some degree of spatial variation is
observed over the sample, but is relatively uniform within each layer thickness. The layer number dependence is again clearly
seen.

where the photoresponse is defined as the difference shown in the Supporting Information.) A moderate bias

between photocurrent (/;) and dark current (Ip) normal- of —0.6 V is applied throughout all the measurements
ized by illumination power: to efficiently separate photoexcited charge carriers. In
(i —1b)/q the photoresponse maps, a much stronger response is

photoresponse = T/hv (7) observed in the 1L region than in the 2L, 3L, and 4L

regions as the illumination wavelength decreases from
where q is electronic charge, P;,. the incident power, A =700 to 650 nm and below. In general, the photo-
and hv the photon energy. These photoresponse maps response increases nonlinearly in all the regions with
are generated by subtracting a photocurrent map decreasing incident laser wavelength (increasing in-
under illumination from a dark current map, and cident photon energy).

normalized by the incident laser power at each wave- The spectral photoresponse as a function of incident
length. (All current images in both light and dark are light wavelength was plotted by taking the average
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Figure 3. Spectral photoresponse in MoS, as a function of layer number. (a) Schematic illustration of the same MoS,
nanosheet as shown in Figure 2, indicating the regions of different layer numbers. (b)-(f) Spatially resolved maps of local
photoresponse obtained under laser illumination of (b) 2 = 550 nm, (c) 600 nm, (d) 650 nm, (e) 700 nm, and (f) 750 nm.
Photoresponse was obtained by subtracting dark current images from illuminated current images and normalized by the
incident laser power. (g) Plot of averaged photoresponse as a function of incident laser wavelength, showing prominent layer
number dependence. Error bars indicate standard deviations. The inset shows the low photoresponse range, where 3L and 4L
show weak photoresponse upon illumination at A = 800 nm while nearly no response is observed in both 1L and 2L. (h)
Schematic illustration of another MoS, flake that consists of 3L, 4L, and 10L regions. (i) Photoresponse map of the MoS, flake
in (h) with applied bias of —0.6 V under laser illumination of A = 600 nm. (j) Plot of photoresponse as a function of MoS, layer
number generated from the both samples where red and blue data points are extracted from samples in (a) and (h),
respectively. The photoresponse shows evident increase in 10L after experiencing continued decrease with layer number to
the lowest in 4L. We model this behavior as the effect of changing effective barrier height and optical absorption as a function

of layer number (solid line).

photoresponse over each thickness region, as shown
in Figure 3g, where error bars indicate the standard
deviation. The inset of Figure 3g shows a magnification
of the low photoresponse range. These spectral photo-
response curves demonstrate clear onsets of photo-
response at different wavelengths for each thickness,
indicating the important role of the thickness-
dependent band structures and tunneling barriers,
which affect the photoexcitation and photocarrier
collection efficiencies, respectively.

The 3L and 4L regions demonstrate weak photo-
response at A = 800 nm (hv = 1.55 eV) while there is
nearly no photoresponse in the 1L and 2L regions
because they have very low levels of light absorption
and because the photon energy is below the bandgap.
The 2L curve shows a prominent increase in photo-
response as the wavelength is decreased to A = 750 nm
(hv = 1.65 eV) which agrees well with the onset of
photoconductivity for 2L-MoS, reported in the litera-
ture occurring at about 1.6 eV,'® whereas the response
in 1L still remains at a very low level. However, as the
illumination wavelength decreases further to A = 650 nm
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(hv =1.91 eV), now coinciding with bandgap of 1L MoS,,
the photoresponse dramatically rises by a factor of
about 55. At that energy above the bandgap of all the
layer numbers, the 1L still has markedly the highest
photoresponse because it has a direct bandgap rather
than an indirect one, making the photoexcitation pro-
cess much more efficient.

The decreasing trend of photoresponse with the
layer number can also be explained by increasing
tunneling barrier lowering the carrier collection effi-
ciency. Despite having the weakest light absorption,
monolayer MoS, has the highest photoresponse be-
cause its effective tunneling barrier (®s*?d) at the
metal—MoS, junction is the lowest, allowing for more
efficient collection of photoexcited charge carriers via
tunneling. The decreasing trend of spectral photore-
sponse with illumination wavelength can also be ex-
plained using the band diagram at the junction
between MoS, and the metal tip shown earlier in
Figure 1i. In the reverse bias regime, excess energy is
required for photoexcited charge carriers to overcome
the barrier (solid arrow) or tunnel (dashed arrow)
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through the barrier formed at the junction in order to
contribute to the photocurrent. Hence an incident
photon with higher energy (i.e., shorter wavelength)
can induce higher photoconductivity by transferring
more excess energy to hot carriers, which then en-
hances the probability of overcoming or tunneling
through the barrier. This picture of layer-dependent
barrier changes is in accordance with the continued
photoresponse enhancement we see in Figure 3g
as the light wavelength decreases further from
A =650 nm (hv = 1.91 eV) to 550 nm (2.25 eV), so that
the photon energy is above the optical bandgap for all
thicknesses.

The photoresponse appears to increase even
further with the wavelength of illumination changing
to A =550 nm from 4 = 600 nm, which may be ascribed
to a specific effective barrier height remaining at
an applied bias of —0.6 V. In other words, ®5 under
applied bias voltage of —0.6 V is close to the amount of
excess energy that incident photons of A = 550 nm can
transfer to the hot carriers such that the probability for
the carriers to surmount the barrier is substantially
increased at this point. It is also important to note that
the wavelength dependence of photoconductivity
strongly suggests the enhanced current under illumi-
nation is predominantly due to interband photoexcita-
tion in MoS, rather than absorption or heating effects
in the metal tip.

Additionally, an interesting increase in the photo-
response is observed as the thickness of MoS, in-
creases from 4L to 10L. Figure 3h shows a schematic
of another MoS, crystal containing regions of 3L, 4L,
and 10L. Figure 3i shows the photoresponse map of
this flake with applied bias of —0.6 V under laser
illumination of A = 600 nm. (Detailed optical micro-
scopy, AFM topography and Raman analysis for layer
number identification for this sample are provided in
the Supporting Information.) The plot of photore-
sponse as a function of layer number in Figure 3j is
generated from the samples in Figures 3a and 3h (red
and blue data points, respectively). The photoresponse
decreases sharply from 1L, but then increases again at
10 L. The photoreponse ratio, normalized to the lowest
measured value for 4L, is about 15:4:2:1:4 for thick-
nesses 1L:2L:3L:4L:10L. Zhang et al.>* and Tsai et al.>*
studied photoresponse of single layer and few-layer
MoS,, respectively, using similar phototransistor de-
vice architecture where the photoresponse from single
layer MoS,-based device is observed to be higher than
that from few-layer MoS,, which is dissimilar from our
observation due to the different junction characteris-
tics and experimental conditions. However, a direct
and accurate comparison between two separately
fabricated devices across two full publications may
hardly be made, illustrating the conventional difficulty
in extracting authentic layer number properties for 2D
materials when one must rely on device fabrication
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and operation. The layer number dependence that we
show for MoS, in our current work corresponds to the
2D material studied under identical conditions on the
same substrate, varying only the layer number system-
atically through n = 20.

We ascribe this nonmonotonic photoresponse
curve to the competition between carrier transport
and light absorption contributions to the photocur-
rent. As the MoS, thickness increases, the tunneling
barrier increases and causes the probability of excited
charge carrier collection to decrease. At the same time,
the amount of light absorption increases because there
are more layers of material to absorb light, resulting in
more carriers being photoexcited. Between 4L and 10L,
enough additional hot carriers are created to lead to a
rebound in the photoconductivity despite the larger
tunneling barrier. We assume that light absorption
is approximately proportional to layer number and
that the photoexcited carriers increase the electrostatic
potential of MoS, at the junction to provide an addi-
tional voltage. The effective bias voltage under illumi-
nation can be expressed as

Vet = V+na (8)

where V denotes the applied bias, n the layer number
and o the additional voltage generated due to photo-
excitation of carriers in a single layer of MoS,. We also
allow for the fact that the effective barrier height may
be altered under photoexcitation between the single
particle (dark) and two particle (illuminated) experiments.

According to the FN tunneling model, the current
with and without illumination, denoted by L (light) and
D (dark), are

v 2
I = ni( *n?”) expl—pB.n/(V +an)] )

and

V2
Ib=7vo 5 expl—pBpn/V] (10)

respectively, where we also define the variables y and
B with and without illumination as functions of the
barrier height ®g as

Yip = (Aeg’m)/@Thm*Dg ) (1)
Bup = 8xvV2m* @}/, )/3hq (12)

The photoresponse is then calculated as

Ii—1Ip

Al =
V2
_ (+aln)? ﬁiZL Y exo| — P
- n? p 14+a'n n? p 7/3/2

(13)

where we also define the terms ' = yp/y, (=g /D p),
o = a/V, and f'1p = BLo/V. The photoresponse cal-
culated by this model is shown as the black curve in
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Figure 4. Dependence of photoconductivity on bias voltage and incident laser power. (a) Schematic illustration of the MoS,
flake first shown in Figure 2, indicating layer numbers in different regions. (b)-(g) Photoresponse maps of the flake in (a) at
forward bias voltages of (b) 0.05 V, (c) 0.4 V, and (d) 0.8 V, and reverse bias voltages of (e) —0.2 V, (f) —0.6 V, and (g) —0.8 V
under illumination of A = 600 nm. (h) Plot of photoresponse versus voltage with the error bars indicating standard deviations.
We observe barrier symmetry for 1L regions but significant asymmetry is observed for 2L, 3L, and 4L regions. (i) A plot of
photocurrent as a function of incident laser power density where solid lines are fit to the suggested model.

Figure 3j as a fit to the experimental data (with fitting
parameters y' = 1.5, #/; = 0.2 and o = 0.5). The fit
supports our model that photoresponse plummets
with increasing layer number due to increased tunnel-
ing barrier up to about 3L, but rebounds as the layer
number further increases because of increased light
absorption. For higher values of n, the photoresponse
saturates at a constant value. The results suggest an FN
tunneling barrier that increases 50% upon illumination,
but in a device that otherwise behaves the same in the
dark state. Possible origins for this 50% increase may be
photothermal, since absorption of the incident energy
can result in a lattice deformation that can increase
the tunneling distance (d) and increase the effective
barrier.

This analysis can be expanded to interpret the
strong dependence of the photocurrent on the applied
voltage. Figures 4b-g show the photoresponse maps of
the sample shown in Figure 3a, in both forward (b-d)
and reverse voltage regimes (e-g). The bias voltages
are varied while the illumination is maintained at
A =600 nm (see the Supporting Information for addi-
tional photoresponse images at different voltages as
well as current images in dark and light). The plot of
photoresponse as a function of voltage is shown in
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Figure 4h with the error bars indicating standard
deviations. We note that the photoresponse in forward
and reverse bias regimes shows barrier symmetry for
1L but noticeable asymmetry is observed for 2L, 3L, and
4L.

In general, the photoresponse is stronger in forward
than in reverse bias, which is likely attributed to the
different barriers that form at the MoS,—metal tip and
MoS,—ITO junction. By applying forward bias, as de-
picted in Figure 1i, no appreciable barrier forms at
MoS,—ITO junction, thereby enabling efficient elec-
tron collection at the ITO electrode while a large barrier
forms toward the opposite direction from MoS; to the
metal tip. The photoresponse rises sharply with voltage
until around 0.4 V and becomes relatively flat, without
showing notable increase afterward in all the regions.
It may be because the 0.4 V bias voltage provides
enough energy to separate and collect most of the
photoexcited charge carriers. In reverse bias, how-
ever, separated charge carriers face a barrier at the
MoS,—metal tip junction that needs to be thermally
overcome or tunneled through, and the barrier that
remains in the voltage range of our experiment can
lead to the observed forward—reverse asymmetry.
As the applied voltage becomes more negative,
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Figure 5. Spatial analysis of topography and current images. (a) Topographic height AFM image of the MoS, flake shown in
Figure 2. (b) Current image of the same flake, at sample bias of 1.2 V. The regions in squares marked ITO and ITO+MoS, are
regions of bare ITO and ITO covered by the MoS, flake, respectively. The ITO-only region is enlarged in (c)-(d) and the
ITO+MoS,; region in (e)-(f). The topographic images (c) and (e) appear quite similar. The current image (d) shows spatial
correlation with the grains or terraces in (c), but the current image (f) shows less clear correlation with (e), and has more
inhomogeneity in current. (g)-(j) 2D fast Fourier transforms (FFTs) of the images in (c)-(f). The FFT patterns of the topographic
images (g) and (i) are quite similar, and show a relatively isotropic distribution of features. The FFT patterns of the current
images (i) and (j) show differences: the FFT of ITO+MoS, has a lot more intensity in the vertical direction, suggesting increased
inhomogeneity in the horizontal direction of the current image, corresponding to the fast scan direction. We attribute the
current inhomogeneity to small amounts of crinkling in the MoS, flake under the tip as it scans across the surface, resulting in

more variable electrical contact.

enhanced thermal emission because of the reduced
barrier height competes with the lowered tunneling
probability caused by the widened barrier. However,
because the 1L MoS, is so thin, the impact of bias on
the tunneling probability is minimal such that at
around —0.8 V the photoresponse reaches close to
the saturation level of the forward bias. In contrast, the
2L, 3L, and 4L photoresponses remain below their
forward bias values due to the increased barrier
thickness.

The influence of illumination power on photore-
sponse is shown in the photoresponse maps of
Figure S10 and the plot in Figure 4i. The laser power
was varied for a constant wavelength of 4 = 550 nm
and applied bias of —0.6 V. In general, we observe a
clearincreasing trend in photoconductivity for all MoS,
thickness regions as the power increases, although
some degrees of spatial irregularities exist due to local
variability of electrical properties of the junction. The
photocurrent shows a sublinear dependence on the
incident laser intensity, where power exponents range
from 0.56 to 0.67 (see the Supporting Information
(S10)). We assign this nonlinear scaling of the photo-
current to the recently identified rapid exciton—
exciton annihilation (EEA) in atomically thin MoS,
crystals.>® The exciton density can be expressed with
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loss terms by the EEA and exciton dissociation, and a
generation term which is dependent on the laser
power and the layer number:

dN

— =— kN —kN+G 14
ar 1 2N+ (14)

Ipc = kZN (15)

Where k; is the EEA rate constant, k, is the free carrier
generation rate (dissociation of exciton), and /,. de-
notes photocurrent. At steady-state from 14:

1k, 1/k\> G
N=_—-21,/-(2) + 2 1
S+ 4(k1) I (16)

where G = lpe(n)Adn where [, denotes the incident
power, &(n) (= gon*) the layer dependent extinction
coefficient at 550 nm which demonstrates this —4
scaling for near band edge absorption, n is the number
of layers, and Ad the thickness of a single layer. This
model including the EEA effects generates a successful
fit to the sublinear laser power-dependent photocur-
rent data, as represented by solid lines in the Figure 4i,
where ¢ scales as 1/n*. Adopting an EEA rate constant
of k; =4.3 x 10 %cm?s~ ' from Sun et al.,>® k, and &, are
extracted to be 3.3(+0.2) x 107's™" and 1.3(+0.2) x
10" 2nm ', respectively. The tight confidence intervals
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serve to experimentally validate the exciton popula-
tion balance.

Spatial analysis. We performed additional spatial
analysis of the topography and current images, as
shown in Figure 5, for the same MoS, flake that was
featured in Figure 2. Two particular regions of the
sample outlined in white squares are analyzed further:
one indicating a region of bare ITO, and the other a
region where a thin flake of MoS, is covering the ITO
substrate. The topographic images in both regions
(Figures 5c and 5e) are quite similar, with the grains
or terraces of the ITO showing through the atomically
thin MoS,. The 2D fast Fourier transforms (FFTs) of
these topographic images (Figures 5g and 5i) are also
quite similar, with most of the intensity focused in an
approximately round region in the middle, indicating
anisotropic features in the original images. However,
the FFT of the ITO-only current image (Figure 5h) has
more intensity along the vertical direction, suggesting
inhomogeneity in the horizontal direction, and the FFT
of the ITO+MoS, current image has significantly higher
intensity in the vertical direction. While there is good
spatial correlation between the current and the topo-
graphy for ITO alone, suggesting the currents are
closely associated with the grains in the ITO, there is
much less correlation in the ITO+MoS, case. We
attribute these observations of inhomogeneity in the
horizontal scan lines in Figure 5f to intermittent or
imperfect contact between the MoS, flake and the
rough ITO substrate. There is enough contact between
them for the topography of the ITO to show through
the atomically thin layer, but small shifts or movements
between the tip, MoS, flake, and ITO can lead to
fluctuations in the current. Because the MoS, sheet is
so thin, we also attribute these fluctuations to crinkling
of the sheet as the tip moves across in contact mode
imaging.

METHODS

MoS, single crystal (SPI Supplies) nanosheets were deposited
onto ITO-coated glass substrates (Sigma-Aldrich) by micro-
mechanical exfoliation,** followed by annealing in argon at
atmospheric pressure at 250 °C for 1 h in order to remove tape
residues and improve the contact quality between the sample
and the substrate surface. Prior to micromechanical exfolia-
tion, the ITO/glass substrates were cleaned by sonication
in acetone, then isopropanol, and blown dry by ultrapure
nitrogen before cleaning in an oxygen plasma chamber
(Glow Research). Atomically thin MoS; nanosheets were first
identified by optical microscopy, followed by Raman spec-
troscopy to identify the number of layers by the difference (A)
between the two signature Raman peaks of MoS;: the
in-plane vibrational E34 and the out-of-plane vibrational Ag
peaks, as reported by C. Lee et al.3>° Raman spectroscopy was
performed on a Horiba Jobin Yvon LabRAM HR800 system
with 532 nm laser excitation whose output power was
reduced using neutral density filters to prevent damaging
the MoS; samples.
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CONCLUSIONS

In conclusion, we have studied the layer number
dependent dark and photocurrent behavior at the
nanometer scale junction between ultrathin MoS,
nanosheets and metal (Ptlr) using C- and PCS-AFM
measurements. We measure rectifying diode charac-
teristics, revealing that the carrier transport at the
junction is successfully explained by the FN-tunneling
model and thermionic emission assisted by tunneling
in the forward and reverse sample bias regimes, re-
spectively. Extracted barrier heights are about 0.3 eV
lower than those predicted by the traditional metal—
semiconductor contact model possibly due to partial
Fermi level pinning by the formation of an interfacial
dipole and gap states, and an effective tunneling
barrier scales linearly with MoS, layer number. An
outstanding photoresponse was observed in 1L MoS,
due to its ultrathin energy barrier at the junction with
the metal. Interestingly, the photoresponse as a func-
tion of increasing layer number displays the competing
effects of photoexcitation efficiency dropping as the
bandgap decreases and changes to indirect, and the
light absorption increasing. The photoresponse sym-
metry in 1L and asymmetry in 2, 3, and 4L as a function
of bias polarity further corroborates the picture of
subtle contributions from both the thermal emission
and field-effect tunneling to photocurrent transport.
The sublinear power dependence of photocurrent is
observed, suggesting the possible presence of trap
states at the MoS,—metal junction. Based on the
fundamental understanding of the layer number de-
pendence of electronic and optoelectronic behavior
at the nanoscale MoS,—metal junction that we have
achieved in this work, the selection of the metal and
controlling the MoS, layer number will enable a wide
range of electrical property modulation that will be
beneficial for future device applications.

The C-AFM and PCS-AFM measurements were conducted on
an Asylum MFP-3D system in ambient conditions, as illustrated
in Figure 1a. Conductive imaging used the ORCA conductive
module from Asylum and Ptlr-coated probes from Bruker.
Current and topographic images were obtained simultaneously
so that topography and local currents can be directly compared.
Most images were 512 x 512 pixels. For PCS-AFM, the instru-
ment is mounted on an inverted optical microscope (Zeiss)
with a 50X objective to focus light through the glass substrate
at the tip—sample junction. The illumination source was a
supercontinuum laser (SuperK Extreme from NKT Photonics),
filtered by bandpass filters (fwhm = 10 nm; Thorlabs, Inc.) to
illuminate the sample at selected wavelengths. During certain
measurements, neutral density filters were used to modulate
the laser intensity. AFM images were analyzed and plotted
using the Gwyddion software package,*® which was also used
to calculate the 2D fast Fourier transforms and root-mean-
square roughness values.
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