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ABSTRACT

Schottky contacts, formed at metal/semiconductor interfaces, always have large impact
on the performance of field-effect transistors (FETs). Here, we report the experimental studies
of Schottky contacts in two-dimensional (2D) transition metal dichalcogenides (TMDCs) FET
devices. We use scanning photocurrent microscopy (SPCM) to directly probe the spatial
distribution of the in-plane lateral Schottky depletion regions at the metal/2D-TMDC
interfaces. The laser incident position dependent and gate voltage tunable polarity and
magnitude of short-circuit photocurrent reveal the existence of the in-plane Schottky
depletion region laterally extending away from the metal contact edges along the channel.
This lateral depletion region length is estimated to be around several microns and can be
effectively tuned by the gate and drain-source biases. Our results solidify the importance of

lateral Schottky depletion region in the photoresponse of 2D TMDCs optoelectronic devices.

KEYWORDS: transition metal dichalcogenides transistor, lateral Schottky barrier, scanning

photocurrent microscopy, photoresponse.
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Introduction

Two-dimensional (2D) crystals of transition metal dichalcogenides (TMDCs) have been
studied extensively in recent years. In comparison with gapless graphene, TMDCs are
semiconductors with the band gap energy corresponding to a wavelength ranging from visible
to infrared. This makes TMDCs very promising for future nano-electronics and
-optoelectronics applications. Besides, the strong spin-orbit coupling arising from the
d-orbitals of the transition metal element and the breakdown of the inversion symmetry in the
monolayer limit can lead to the spin splitting of the valence band. Therefore, 2D TMDCs are
also ideal platforms for studying the valley spintronics. For a more complete picture on the
current status one can refer to review articles in Ref. [1-7] and references therein. Field effect
transistors (FETs) based on monolayer and few-layer TMDCs have been successfully
fabricated with high on/off ratio up to 10°, much higher than that of graphene.® Nevertheless,
previous studies have shown that the metal contacts to TMDCs materials usually form
Schottky barriers, which strongly limit the device performance, as well as the study of
intrinsic spin and valley physics of TMDCs’'?. Although various methods have been devoted

to alleviate the influence of Schottky barriers'>"”

, more direct and systematic investigations of
the Schottky contact itself to TMDSs are still needed. Especially in the 2D limit of TMDCs,
the Schottky contact is expected to give rise to a depletion region extending laterally in-plane
along the device channel, which is very different from the conventional Schottky contacts in
bulk semiconductors.”**' Scanning photocurrent microscopy (SPCM) has been shown as an
effective method to investigate such lateral Schottky depletion regions in various devices
based on carbon nanotubes,’>**?* silicon nanowires,”* 2D TMDCs,”® black phosphorus,27
etc. The depletion region length up to several microns has been reported. Besides, the SPCM
studies also reveal that the lateral Schottky depletion region related photoresponse effects may

21,28,29

lead to some novel applications of 2D TMDCs
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In this work, we systematically study the Schottky contacts between the metal (Cr/Ti)
and TMDC:s thin films (WSe,/MoS,) using the SPCM method. Spatially resolved short-circuit
photocurrent images clearly show that the Schottky depletion region extends a few microns
laterally along the channel in our FET devices. By applying a gate voltage to tune the Fermi
level of the thin films or a drain-source voltage to control the Schottky barrier height, we can
effectively change the magnitude and direction of the built-in electric field in these lateral
depletion regions, and in turn the magnitude and polarity of the observed photocurrent with
local illumination of a laser. The photocurrent of our FET devices thus shows strong
dependence on the gate bias, the drain-source bias, as well as the laser incident position. Our
work not only directly probes the lateral Schottky depletion region, but also reveals the

important role of it in mediating the photoresponse of 2D material optoelectronic devices.

Experimentals

Multilayer WSe; and MoS; thin films were prepared by scotch tape based mechanical
exfoliation of bulk crystals and then transferred onto heavily doped silicon substrate with a
270 nm SiO, capping layer. A 1 min dry etching with SF¢/O, plasma was used to pattern the
WSe, and MoS, flakes into long strips. Metal contacts were defined by electron beam
lithography, followed by thermal evaporation of Snm Cr/100nm Au on WSe; and electron
beam evaporation of Snm Ti/100nm Au on MoS,, respectively. The electrical transport and
SPCM measurements were carried out in ambient air at room temperature using an Agilent
B2912A precision Source/Measure Unit and a 532 nm laser coupled with a microscopic setup.
A 100X Mitutoyo long WD objective lens was utilized to focus the laser beam into ~ 1
um-sized spot. A Burleigh XY stage coupled with a Newport Universal Motion controller

(Model ESP300) was employed to scan the sample with a step size of 0.2 um. We have
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investigated 4 WSe; and 6 MoS; FET devices in this work and consistent results were

obtained.

Results and Discussions

Fig. 1(a) shows the optical image of the WSe, FET device. The thickness of the WSe,
flake measured by atomic force microscopy is 9 nm. A back gate with the 270 nm SiO; as the
gate dielectric is utilized to tune the Fermi level or carrier density of the flake. Fig. 1(b) shows
the gate bias, V,, dependence of drain-source current, /;, under different drain-source bias,
V4, conditions. One can see that applying a gate voltage can effectively change /. Especially
when V, < =60 V, a rapid increase of Iy is observed. Such a change in /; implies that the
Fermi level has been tuned close to the valence band edge of WSe,. On the other hand, if a
large positive V, is applied, the Fermi level will be tuned towards the conduction band edge,
which gives rise to an increase in Iy, as shown in Fig. 1(b). It is worth pointing out that the
effective tuning of the Fermi level of WSe, by a gate voltage indicates that the Fermi level
pinning does not occur in our WSe; FET device.

In conventional Schottky contact, the relevant depletion region has been known to
extend into the bulk of a semiconductor and the side effect, i.e. the lateral expansion of the
Schottky depletion region, is negligible when discussing the current-voltage characteristics of
the contact. But in our work, the WSe; flake has a thickness of only 9 nm. The formation of a
Schottky contact would lead to an extension of the depletion region in-plane in the lateral
direction along the channel, instead of the conventional depth direction. In order to probe such
a lateral depletion region in our device, the SPCM technique is employed, where the device
channel is scanned point by point with a micron-sized laser spot (4 = 532 nm, spot size: ~ 1
um, step: 0.2 um, power: ~ 2 kW cm ?) and the photocurrent (Zyn) of the device at each point

is recorded simultaneously. Fig. 2(a) shows the SPCM image of our FET device at V', =—100
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V under zero drain-source bias. A line cut of the SPCM image as indicated by a dashed line is
also shown in Fig. 2 (a). The positive direction of the photocurrent is defined from the drain
to source electrode, i.e. the y-direction in Fig. 2(a). In regions near the two electrodes, strong
short-circuit photocurrent (/) is measured, which is in sharp contrast to the middle region
with much weaker or even negligible photocurrent. In a previous numerical modelling related
to scanning photocurrent microscopy of Schottky contact in Si-nanowire, it has been shown
that the profile of SPCM in a long channel device is determined by the minority carrier
diffusion length.” This conclusion is based on the local injection of free electrons and holes.
However, 2D TMDCs are known to have large exciton binding energy of about 0.37 and 0.96
eV for the monolayer WSe, and MoS,, respectively’'?, and about 60 and 80 meV for their

bulk counterpart,®~*

which are all much larger than the thermal energy at room temperature
(~26 meV). Therefore, different from the previous SPCM study of Si-nanowires>’, in the
SPCM study of our 2D WSe; and MoS; flakes the photo-excitations generate excitons instead
of free charge carriers. That is, under laser illumination, excitons are locally created and then
diffuse to the depletion regions where they dissociate into free charge carriers, i.e. electrons
and holes by built-in electric field. In the presence of the built-in electric field, these electrons
and holes drift in opposite directions, thus forming the short-circuit photocurrent. It is the
diffusion of excitons toward the depletion region and subsequent dissociation in the region
that determines the spatial photocurrent profile of our FET devices. As a result, the length of
the region with strong photoresponse corresponds to the lateral depletion region length plus
exciton diffusion length.

From the SPCM image in Fig. 2(a) with ¥, = =100 V, the strong photoresponse region
length can be roughly estimated from image as 2.8 um near the source electrode and 2.0 ym

near the drain electrode, respectively. Previous ultrafast transient photoluminescence spectra

study of 2D TMDCs has revealed that the exciton diffusion length in a 10 nm thick WSe; film
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is about 380 nm.>* Similar work on MoSe; also shows that the exciton diffusion length is 400
and 600 nm in the monolayer and bulk limits, respectively.’® These indicate that the strong
photoresponse region length measured is dominated by the depletion region length instead of
the submicron exciton diffusion length. Assuming the exciton diffusion length in our WSe;
FET device to be 400 nm, the source and drain depletion region length at V', = —100 V can be
estimated as 2.4 and 1.6 um, respectively. Note that similar depletion region length at the
order of microns has also been reported in a previous SPCM study of depleted carbon
nanotube devices.”’

Furthermore, the photocurrent direction is opposite in the source and drain depletion
region. This indicates that the built-in field of the source and drain depletion region is in the
—y and y directions, respectively, as indicated by red arrows in Fig. 2(a). From the SPCM
image, the corresponding schematic band diagram of our FET device can be derived (see Fig.
2(c)). Since the 5 nm Cr layer is thick enough to form a continuous film, the metal contact to
WSe, is Cr instead of the mixture of Cr and Au.’” As shown in Fig. 2(c), the Fermi level of
WSe; at V;=—100 V is close to the valence band edge (p-type). Since the work function of Cr
is 4.5 eV°® and the electron affinity of WSe; is 4.03 eV, the Fermi level of Cr should be
above that of WSe, under flat band condition. When the WSe, flake is in contact with Cr,
holes transfer from WSe, to Cr results in a downward bending of the energy bands of WSe;
toward the WSe,/Cr interfaces. Due to the 2D nature of the WSe; flake, a lateral expansion of
the depletion region is thus expected near both the source and drain electrodes. The
downward energy band bending indicates a built-in electric field in —y and y directions in the
source and drain depletion regions, respectively. With the laser incident in the source or drain
depletion region, the corresponding built-in field will give rise to a negative or positive
photocurrent, consistent with the experimental results shown in Fig. 2(a).

As the magnitude and direction of the built-in field is closely associated with the Fermi
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level alignment in the FET device, one can change the built-in field by tuning the Fermi level
of WSe, at different V,. Fig. 2(b) shows the SPCM image and a line cut of the image
measured under ¥, = 100 V with zero drain-source bias condition. Indeed, the photocurrent in
the source or drain depletion region reverses its direction when ¥, is changed from —100 to
100 V. Similar to Fig. 2(c), the schematic band diagram is also derived for V, = 100 V (see
Fig. 2(d)). Since the Fermi level of WSe, at V; = 100 V is close to the conduction band
(n-type), instead of the valence band at V; = —100 V, the Fermi level of WSe, is now above
that of Cr under flat band condition, as shown in Fig. 2(d). This leads to an upward bending of
the WSe, energy bands when the flake is in contact with Cr, which is contrary to the
downward bending at V', = =100 V shown in Fig. 2(c). As a result, both the built-in field and
the resultant photocurrent in the source or drain depletion region reverses its direction when
Vg changes from —100 V in Fig. 2(a) to 100 V in Fig. 2(b).

The results in Fig. 2 present the effective gate voltage tunability of the direction and
magnitude of photocurrent in our FET device. In addition, the measured photocurrent also
depends on the laser incident position, as Fig. 2(a) and 2(b) show that the photocurrent
changes its direction when the laser position is scanned from the source to the drain depletion
region, or vice versa. To further elaborate this laser incident position dependent photocurrent,
Fig. 3 and inset show the measured -V, characteristics on another WSe, FET device at
slightly n-type regime with ¥, = 100 V but different laser incident positions. For comparison,
the 14~V curve measured in dark without laser illumination is also shown in Fig. 3. When the
laser is incident in the source depletion region of the device, the I;-V, curve exhibits a
rectifying behavior. A large photocurrent is only observed at positive V; with a value up to
1.5 uA at Vg = 1V, while the photocurrent at negative ¥y remains small with a value of —12
nA at V= —1V, which is about three orders of magnitude smaller than that at positive V but

still larger than that in dark (—4 nA at V;; = —1 V). At positive Vy,, the source Schottky contact
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is reverse biased. In this case, the external field direction is the same as that of the build-in
field, which results in an increase of the electric field in the source depletion region.
Therefore, when the laser is positioned in the source depletion region, laser excited excitons
will be dissociated more efficiently, leading to a large photocurrent. On the contrary, at
negative Vy the source Schottky contact is forward biased, resulting in a decrease of the
electric field in the source depletion region. The dissociation of excitons becomes inefficient,
thus giving rise to a small photocurrent at negative V. This rectifying phenomenon reveals
the change of the built-in electric field strength in the source depletion region by V. Similar
rectifying /- Vs characteristic but with opposite polarity can also be observed when the laser
is positioned in the drain depletion region, as shown in Fig. 3. With the laser incident in the
drain depletion region, the measured photocurrent arises from the dissociation of excitons by
the built-in field in the drain depletion region. At negative and positive ¥y, the drain Schottky
contact is reverse and forward biased, respectively. Therefore, a large photocurrent is
observed at negative V4, while a small photocurrent at positive V. Since the depletion region
only occurs in the vicinity of the source and drain electrode, no built-in field is expected in the
middle of the device channel. As a result, no short-circuit photocurrent and rectifying I~V
behavior is observed and the photocurrent is small with a value of 42 nA at V=1V and —16
nA at V4 =—1 V (see the inset of Fig. 3). This position dependent /;-V, characteristics were
also observed in GaSe photo-detecting devices. The authors also ascribed the asymmetric
current to the V;, modulated effective electric field in the Schottky depletion regions.29

To further investigate the modulation of the lateral depletion region length by V; more
directly, we also performed the SPCM studies on another FET device fabricated with a MoS,
flake of 2.8 nm thick, as shown in Fig. 4(a). The electrode is made of Ti/Au and the MoS,
flake is n-type. Fig. 4(b)-(d) show the obtained SPCM image of the device at zero gate

voltage with different V. A line cut of each SPCM image along the dashed line is also shown
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in Fig. 4 (b)-(d). With no Vy, applied, as shown in Fig. 4(b), the length of the lateral depletion
region is estimated from SPCM image as 1.6 ym and 1.0 um near the source and drain
electrode, respectively. Here we assume the exciton diffusion length to be 400 nm. The
corresponding built-in electric field directions which can be inferred from the photocurrent
direction are indicated by red arrows in this Figure. When a positive Vy ( = 10 mV) is
applied, as shown in Fig. 4(c), the length of the source depletion region increases to 2.2 um,
while that of the drain one decreases to 0.6 um. This is because the source and drain Schottky
contact at a positive Vy is reverse and forward biased, respectively. When a negative Vy, (=
—10 mV) is applied, as shown in Fig. 4(d), the source contact is forward biased and the drain
one reverse biased. As a result, the length of the source depletion region decreases to 0.4 yum
and that of the drain one increases to 1.6 um. These results clearly demonstrate the tunability
of the lateral depletion region length by V. Compared with the SPCM image in Fig. 4 (b)
where Vy = 0 V, Fig. 4 (c) & (d) also show that stronger (or weaker) photoresponse is
observed in reverse (or forward) biased Schottky depletion region, consistent with the
rectifying IV, characteristic discussed in Fig. 3. Similar results were also observed in WS,
and black phosphorus devices.”*® However, our results are distinctly different from the study
of few layer MoS, FET devices,” in which the photocurrent was greatly enhanced with a
large and increasing V. But, in that case, the laser was incident in the space-charge region
induced by pinch-off in the FET channel, not in the Schottky depletion regions.

Based on the results in Fig. 4(b)-(d), we can also derive the corresponding schematic
band diagrams as shown in Fig. 4 (e) and (f). Previous study has shown that the work function
of Ti is 4.3 eV and the electron affinity of MoS, is around 4.0 eV.*' Therefore, an upward
bending of the MoS; energy bands toward the MoS,/Ti interfaces is expected in the n-type
MoS; FET device, which is similar to the WSe, FET device at V, = 100 V when the Fermi

level is close to the conduction band. This upward bending gives rise to the built-in field in y

10
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(or —y) direction and positive (or negative) photocurrent in the source (or drain) depletion
region.

It should be noted that besides the photovoltaic effect, the photothermalelectric (PTE)
effect could be another possible mechanism for the observed photoresponse in our devices.*"
#24 Unlike the photovoltaic effect, the photocurrent generated by the PTE effect is mainly
due to thermoelectric voltage in response to the temperature difference across the electrodes
and TMDCs, and it quantitatively equals to the thermal voltage divided by the device
resistance. Here, the thermal voltage is proportional to the local temperature increase in the
junction as well as the difference in the Seebeck coefficients between electrodes and TMDCs.
For zero gate bias, take our trilayer MoS, device for example, the temperature difference
across the electrodes and the channel is simulated to be ~ 128 mK. The Seebeck coefficient of
MoS; at zero gate voltage is calculated to be —3.4x10% uV/K while the Seebeck coefficient of
Ti/Au is negligible with respect to that of MoS,.**(See supplementary information for details)
Hence, the thermalelectric voltage between the electrode and the channel is ~ — 44 uV. At V,
=0V, our device resistance is larger than 5 MQ, then the photothermalelectric current should
not exceed 10 pA, which is at least 3 orders of magnitude smaller than the short-circuit
photocurrent value we observed. Therefore, the PTE effect caused photocurrent can be safely
ignored here.

The above results reveal the important role of lateral Schottky depletion region in the
photoresponse of 2D WSe, and MoS, FET devices. The photocurrent can be significantly
enhanced with laser incident in the source or drain depletion region instead of in the middle of
the channel. Since the built-in field direction is opposite to each other in the source and drain
depletion region, our results also indicate illuminating the device locally in the lateral source
or drain depletion region would give rise to a larger photocurrent than global illumination.

More importantly, one can apply gate bias V, or drain-source bias Vy, to effectively change

11
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the profile of lateral depletion region of the device. The direction and magnitude of the
photocurrent can thus be tuned with V; and Vg, as well as the laser incident position. For the
MoS; device under V4 ==+ 1 V and zero gate bias conditions the photo-responsivity, which is
defined as the photocurrent divided by the incident laser power, is about 250 mA/W with laser
illuminated at source or drain regions (Vg4 == 1V, I, =~ + 5 pA). These photo-responsivity
values are about three orders of magnitude larger than 0.42 mA/W obtained under the same
gate and drain bias but with global illumination in a previous study of exfoliated monolayer
MoS,.** Therefore, lateral Schottky depletion region is a very important factor one must take
into account when designing optoelectronic device with 2D semiconductors.

Based on the length of the lateral depletion region obtained from the SPCM mapping of
the MoS, device at V=0V, we tried to estimate the carrier density by using the classical 3D

Schottky barrier equation®:

1

_ [2€ereqVs]z

Xn - [ eNg ] (1)
where ¢, = 7.43 is the relative dielectric constant for MoS,, gy = 8.85x 1012 F/m, e =1.6x 10"
C, and N, is the charge carrier density. With the source depletion region length X, = 1.6 ym

4146 the calculated N, is

and assuming that the built-in potential barrier Vs to be 0.1 ~ 0.3V,
about 3.3x10" ~ 9.7x10"/cm’. The calculated bulk carrier density can be converted to sheet
carrier density n, by multiplying the film thickness. The resultant n, is about 9.2x10° ~
2.7x10"/cm®. However, the carrier density in our MoS, FET device at zero gate voltage
estimated by the output and transfer curves, is ~ 9.3x10'" /em® (see supplementary
information), which is much larger than that obtained with equation (1).* This suggests that
the classical Schottky barrier equation for conventional bulk semiconductors cannot be

directly applied to a 2D system and new theoretical models should be proposed to understand

the 2D cases.

12
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Conclusions

In conclusion, the SPCM studies of 2D TMDCs FET devices clearly demonstrate the
existence of in-plane lateral depletion region of the Schottky contact. By applying a gate
voltage and/or drain-source bias, we can effectively tune the profile of the lateral depletion
region. The measured photocurrent strongly depends on the gate voltage and/or the
drain-source voltage, as well as the laser incident position. Our results reveal the importance
of lateral Schottky depletion region in the photoresponse of 2D semiconductor optoelectronic

devices.
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Fig. 1. (a) Optical image of mechanically exfoliated WSe, thin film contacted by Cr/Au
electrodes. Scale bar: 5 um. (b) Transfer curves for V4= 0.1, 0.2, 0.5, 0.8, 1 V of WSe; FET

device.
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Fig. 2. Spatially resolved short-circuit photocurrent maps and corresponding line cuts at
different transport regimes of a WSe; device, (a) V, = —100 V, (b) V, = 100 V. When V, =
—100 V, WSe; is in p-type regime while V, = 100 V in n-type regime. Schematic band

diagrams of WSe, device before (flat band) and after contacting with metal for (c) V, =—100

V and (d) V, = 100 V, respectively. The work function for Cr is ~ 4.5 eV.*® The electron

affinity and bandgap of WSe, are 4.03 eV and 1.16 eV, respectively.* The red arrows indicate

the built-in electric field direction. The positive current direction is defined as flowing from D

(drain) to S (source) in y direction.
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Fig. 3. I~V curves showing the photoresponse of WSe, FET device in n-type regime (V; =

100 V). As indicated, the curves are measured with laser positioned at source, drain, and

middle regions of the devices channel. The curve measured in dark without laser illumination

is also shown. Inset: showing the portion of the curves with enlarged I, scale for clarity.
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Fig. 4. (a) Optical image of MoS, thin film contacted by Ti/Au electrodes. Spatially resolved
photocurrent maps with zero gate voltage and corresponding line cuts at V=0V (b), 10 mV

(c), and —10 mV (d), respectively. Schematic band diagrams of MoS, device before (flat
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respectively. The red arrows indicate the built-in electric field direction. The positive current

direction is defined as flowing from D(drain) to S(source) in y direction.
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