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Monolayer transition-metal dichalcogenides (TMDs) are considered to be fantastic building blocks for a wide variety
of optical and optoelectronic devices such as sensors, photodetectors, and quantum emitters, owing to their direct band gap,
transparency, and mechanical flexibility. The core element of many conventional electronic and optoelectronic devices is
the p—n junction, in which the p- and n-types of the semiconductor are formed by chemical doping in different regions.
Here, we report a series of optoelectronic studies on a monolayer WSe; in-plane p—n photodetector, demonstrating a low-
power dissipation by showing an ambipolar behavior with a reduced threshold voltage by a factor of two compared with
the previous results on a lateral electrostatically doped WSe, p—n junction. The fabrication of the device is based on a
polycarbonates (PC) transfer technique and hence no electron-beam exposure induced damage to the monolayer WSe, is
expected. Upon optical excitation, the photodetector demonstrates a photoresponsivity of 0.12 mA-W~—! and a maximum
external quantum efficiency of 0.03%. Our study provides an alternative platform for a flexible and transparent two-
dimensional photodetector, from which we expect to further promote the development of next-generation optoelectronic

devices.
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1. Introduction

Two-dimensional (2D) materials, such as graphene,
transition-metal dichalcogenides (TMDs), and hexagonal
boron nitride (h-BN), have rapidly developed as intriguing
building blocks for various optoelectronic and electronic de-
vices, including quantum sources,[?! optical modulators,!
polarizers,[*! field-effect transistors,>! and photodetectors 6]
owing to their unique optical and electronic properties.[!%-15]
Compared with the zero-bandgap graphene, monolayer TMDs
have direct bandgaps, such as 1L.-MoS; (1.9 eV) and 1L-WSe;
(~1.65 eV), which have high light absorbance in the visible
range.!'%~18] However, it is also their semiconducting nature
that leads to the difficulty in making good ohmic contacts on
these materials, as high contact resistance caused by schottky
barriers is often formed at the metal-TMD interfaces.!!*-?"] Re-
ducing the Schottky barrier at metal-TMD interfaces then be-
comes a critical issue toward further improving the transport
performance of TMD-based devices. A promising solution to
this problem is to incorporate graphene into TMDs to form
hybrid heterojunctions, in which graphene layers are used as
work-function tunable electrodes while TMDs behave as pho-
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toactive materials that provide strong light-matter interaction
and photon absorption. Experimental progress in such pho-
todetectors has been made for both in-plane and out-of-plane
layouts.[?!=231 Although the bias field in out-of-plane devices
can be much higher (up to ~ 1 V-nm~!),?*! the in-plane de-
vices allow for better control of material properties through
electrostatic gating.

In this paper, we present an in-plane monolayer WSe;
p—n junction device fabricated based on a polycarbonates dry
transfer method.>2°) We utilize graphite as electrodes to
avoid the monolayer WSe, directly being exposed to electron-
beam, which has been reported to be able to degrade the over-

27.28] Recently, in a similar

all quality of this sensitive crystal.l
study hydrazine was used to locally dope WSe; to define a p—n
junction.*”! Here we demonstrate a low-power dissipation in-
plane WSe; p—n junction device through showing an ambipo-
lar behavior with a reduced threshold voltage by a factor of two
compared with the previous results on lateral electrostatically
doped WSe, p-n junction.[®?33% Upon optical illumination,
this device demonstrates a photoresponsivity of 0.12 mA-W~!
and a maximum external quantum efficiency of 0.03%. Our
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studies set an example for designing the next-generation flex-
ible, transparent, and low-power dissipation two-dimensional
optoelectronic devices.

2. Fabrication

Figure 1(a) illustrates the fabrication procedure for our
monolayer WSe, p—n junction device. A thin film of poly-
carbonate (PC, Sigma Aldrich, 6% in weight dissolved in
chloroform) was used to cover a piece (I nmx1 mm) of
polydimethylsiloxane (PDMS), which was initially placed on
a glass slide. After that, the slide was positioned upside
down to pick up a pre-prepared top-layer h-BN, as shown
in Fig. 1(a(i)), using the expansion/contraction of the PC
film controlled by the precise temperature-step from 40 °C
to 120 °C. The top-layer h-BN was then used to pick up the
graphite which was previously etched into three stripes from

(2) [ (i) |

/ (iii) \

an original piece (Fig. 1(a(ii)). These stripes were used as
source/drain electrodes in our device, avoiding the WSe; di-
rectly exposed to the e-beam. Subsequently, a monolayer
WSe, and another layer of h-BN were picked up (Fig. 1(a(iii)),
eventually forming an h-BN-graphite-WSe;-h-BN stack, as
shown in Fig. 1(a(iv)). Finally, we transferred the stack onto
the Si/SiO; substrate with pre-patternedTi/Au gate electrodes,
and then washed out the PC in chloroform, as shown in
Fig. 1(b). Here, the graphite and h-BN flakes were mechan-
ically exfoliated (using scotch tape) and placed on the sub-
strate (SiO,/Si). Both graphite and h-BN flakes were annealed
at 400 °C for 2 h (under Hy/Ar atmosphere with 1:30 ratio) to
eliminate the tape residue. Monolayer WSe, was exfoliated
using PDMS as a tape to increase the yielding. The single
crystalline graphite and WSe, are bought from SPI Supplies
and HQ Graphene, respectively.
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Fig. 1. (color online) (a) Van der Waals pick-up transfer process. (b) (i) Lateral view and (ii) optical microscope image of the monolayer WSe; p—n junction
device. (d = 500 nm, black dashed line: outline of monolayer WSe,, yellow dashed line: outline of bottom-layer h-BN, cyan dashed line: outline of
top-layer h-BN, purple dashed line: outline of graphite, gold area: separated bottom gates.) (iii) SEM image after etching top-layer h-BN (green dashed line:
outline of graphite after etching top-layer h-BN). (iv) SEM image after evaporation in-situ. (c) Raman shift and PL spectrum, showing the characteristic of
monolayer WSe,, with inset indicating the magnified gray dotted line area. The unit a.u. is short for arb. units.

Figures 1(b(i)-1(b(ii) show the lateral view and the op-
tical microscope image of the device studied in this let-
ter. The gap of two separated electrostatic-gates is about
500 nm.?3! To eliminate the residues of undissolved PC film
and hence to reduce the contact resistance, we etched away
the top h-BN layer (which covers the three graphite electrodes)
(Fig. 1(b(iii))) by O, (4 sccm) mixed with CHF3 (40 sccm) un-
der an RF power of 200 W, and deposited Ti/Au (5 nm/45 nm)

in situ (Fig. 1(b(iv))) by standard e-beam evaporation. As a re-
sult, the majority of monolayer WSe, was not exposed to the
high energy e-beam. Figure 1(c) shows the Raman shift and
photoluminescence (PL) spectrum of monolayer WSe;. The
Raman spectrum measurement was performed with a Jobin—
Yvon Horiba HR800 micro-Raman spectrometer with 514-nm
excitation laser at room temperature. A 100xobjective lens
(NA =0.9) with an accumulation time of 10 s was used for Ra-
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man data collection. PL measurement was performed with a
Princeton Instrument Acton SP2500 spectrograph with 532-
nm excitation laser at room temperature. A 100Xxobjective
lens (NA =0.9) with an accumulation time of 2 s was used
for PL data collection. To prevent the samples from overheat-
ing, the power of excitation laser was kept under 1 mW for
all experiments. The typical Raman spectrum for monolayer
WSe,, in the absence of the peak around 308 cm~! (inset of
Fig. 1(c)), was clearly seen.[>!] The peak around 750 nm in the
PL spectrum was also consistent with a previous result. %]

3. Results and discussion

A schematic diagram of the measurement setup is pre-
sented in the inset of Fig. 2(a), with a bias voltage W, applied
to the source electrode and the DC current Iy through the de-
vice measured at the drain electrode. All measurements are
performed at room temperature and atmosphere pressure. The
local carrier density in our monolayer WSe;, p—n junction de-
vice can be independently tuned by the voltages applied to the
two bottom gates i.e., Vjg for the left gate and V;, for the right
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gate. In this manner, different doping configurations can be
achieved in our device. As shown in Fig. 2(a), the current in
linear scale (black curve) and the current in logarithmic scale
(blue curve) both exhibit an ambipolar dependence on the gate
voltage (Vj; = Vi = V) at a bias voltage of Vg = 500 mV. Here
the relatively low on-off ratio observed is due to the choice of
sensitivity set-up in SR570 preamplifer. The characteristics
of conductance are similar to previous results controlled by
an overall electrostatic gating.!*?! It indicates that this device
can be tuned from an electron-doped regime to a hole-doped
regime by two separated electrostatic-gates. We then adjust
Vg and V;, to reach different doping regimes and measure the
current as a function of bias voltage as displayed in Fig. 2(b).
The black curve shows that our device is of p-type when both
Viz and V;, are negative. The device can operate as a diode to
rectify the current when the voltages applied to the two bot-
tom gates are opposite to each other. The NP junction shows
higher contact resistance than the PN junction, which is prob-
ably due to the different Schottky barrier heights arising from
the asymmetrical p—n threshold voltage on each side of the
bottom gate.
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Fig. 2. (color online) (a) Variation of the current in linear scale (black curve) and the current in logarithmic scale (blue curve) with both bottom gate voltages
Vig=Vig= V) at voltage bias Vgg = 500 mV, showing an ambipolar behavior expected for a semiconductor. (b) I-V characteristics of the monolayer WSe,
p—n junction device in the dark for different doping configurations: black curve: Vig = Vig = —6 V (PP), red curve: Vig = —4V, V;z; = 6 V (PN), blue curve:
Vig =6V, Vg = —4 V (NP). (c) Main panel: -V characteristics at different PN junction fields as controlled by the two bottom split-gate voltages (black
curve: Vig = —4 'V, Vig = 6 V; blue curve: Vig = =3V, V;g = 5 V). Inset panel: /-V characteristics at different NP junction fields (magenta curve: Vj; =6V,
Vig = —4 V; green curve: Vig =5V, Vi = —3 V). (d) Schematic band diagram of the WSe; junction in the PN regime showing a distortion of the WSe;’s
band Vi (1) and Vi (1), denoting two threshold voltages of bottom gates which can tune the WSe; to p-type and n-type regimes respectively, are estimated

from the current in logarithmic scale (blue curve) shown in Fig. 2(a).
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Figure 2(c) shows the stable carrier currents of our device
as a diode under different junction configurations. In the main
panel, the current—voltage characteristics are shown at differ-
ent PN junction fields. The inset panel shows the current—
voltage characteristics in different NP junction fields. There
are two threshold voltages of bottom gates, i.e., V(1) and
Vin(1), for p-type and n-type regimes respectively in Fig. 2(a).
From the current in logarithmic scale (blue curve), we can esti-
mate the Vi, (1) at about —1 V and the Vi, (r) at about 4 V. As an
example, the schematic band diagram of the PN junction is il-
lustrated in Fig. 2(d). When Vi, is less than Vi (D), the left-side
WSe; is tuned to a p-type region. On the other hand, when V;,
is larger than Vi (1), the right-side WSe; is tuned to an n-type
region. Therefore, by applying different gate voltages to the
left and right bottom gates, we can tune the junction field and
study the optoelectronic properties of our device.

We perform the optoelectronic experiments on a mono-
layer WSe, p—n junction device by using the scanning pho-
tocurrent microsystem as shown in Fig. 3(a). We excite the
WSe; with 532-nm laser (beam diameter ~700 nm, power
2 uW), and collect the photoluminescence (PL) of WSe,
through a 550-nm long pass filter. We perform the photocur-
rent measurements by focusing the laser spot at the middle of
WSe, (in between the two bottom gates). Figure 3(b) shows
the current—voltage relations of the device in the PN regime
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Mg = =4V, Vg = 6 V) in the dark (black empty square) and
under illumination with a wavelength of 532 nm, power of
2 uW, and spot diameter of ~700 nm (red empty circle). It
clearly shows that a reverse current is generated upon laser il-
lumination at negative bias. The origin is explained in Fig. 3(c)
as follows. When the laser is injected, direct-bandgap WSe,
causes the intrinsic absorption of photons whose energy is
larger than the bandgap of WSe,, generating electron—hole
pairs distributed in the PN junction. As the electron—hole pairs
accumulate, more electrons from the P region move to the N
region and more holes from the N region move to the P region.
Such a carrier density change leads to the increase of photocur-
rent in the PN junction. The photodetector operation is in the
third quadrant in Fig. 3(b), in which the current and voltage
have the same sign (negative) and hence the device dissipates
power. However, if a positive voltage is applied to the diode
while light is incident on the junction, the sign of the current is
negative, indicating that the diode is a source of power rather
than a dissipater of power. This is the regime of operation of
the solar cell as shown in the fourth quadrant of the /-V plane
in Fig. 3(b).

We further measure the photocurrent of PN junction
Mg = =4V, Vig = 6 V) under the illumination of 532-nm
laser at different power levels (Fig. 4(a)). We treat the pho-
tocurrent as the dark current when excitation power is zero.
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Fig. 3. (color online) (a) Experimental setup used to measure photocurrent and PL in our WSe;, PN junction. (b) The /-V curve of the device in the PN
regime (Vjg = —4 V, V;g = 6 V) in the dark and the /-V curve under a laser exposure (2 pW) in the middle of the WSe;. (c) Schematic band diagrams of the

‘WSe; PN junction under laser exciting.
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Fig. 4. (color online) Optoelectronic characterization of the PN junction (Vig = —4 V, Vg = 6 V) excited by a 532-nm diode laser, showing (a) current-voltage
of source—drain relation under different laser powers, (b) photocurrents of PN junction under different laser powers, (c) photocurrent as a function of laser
power under different bias voltages, and (d) photoresponsivity versus laser power in the PN junction region.

In order to analyze the data, we deduct the dark current from
the measured photocurrent, which is shown in Fig. 4(b). Un-
der negative bias,the photocurrent has strong dependence on
incident power. We show the plots of the extracted photocur-
rent I, versus excitation power at two different Vyq values
in Fig. 4(c), where a linear fit of I, for Vsg = 1 V is also
presented. The sublinear response to the excitation power
indicates the recombination of the photogenerated carriers,
which may be related to the intrinsic defects and impuri-
ties of the WSe,.3*31 When Vg = 0 V, the p-n diode is a
short circuit, indicating that the photocurrent in this regime re-
sults mainly from the incident photons.?*3¢] From Fig. 4(c),
we obtain the photoresponsivity of our device, which is de-
fined as the ratio between the photocurrent and the excitation
power. As plotted in Fig. 4(d), the maximum photorespon-
sivity is 0.12 mA/W, and corresponds to an external quantum
efficiency (EQE = photoresponsivity *hc/Ae) of 0.03%. Here
the photoresponsivity and EQE are low compared with previ-
ous results about the lateral electrostatically doped WSe; p—n
homojunction.[®23:3%-37] The reason may be as follows. Firstly,
the bubbles formed in the PC transfer process could affect the
effective carrier transfer between different layers. Secondly,
the etching process for the top-layer h-BN may produce some

residues on the graphite and hence introduce extra barriers

between graphite and the subsequently deposited electrodes.
Nevertheless, for the WSe; located in the middle layer, the
intrinsic defects should be improved due to the sandwiched
structure. %01 Although the quality and interface of WSe, are
decent enough and the contact resistance between WSe, and
other material is low, the EQE in lateral electrostatically doped
WSe; p—n junction may be lower than those observed in many
vertical heterostructure devices. This is because the electro-
static doping exhibits a spatial gradient, which has an effect on
the diffusion of electrons and holes. In contrast, the atomically
sharp junctions in the vertical heterostructure devices can en-
hance efficiency for charge separation. >’ We expect that ver-
tical junctions could increase the photoresponsivity and EQE

by more than an order of magnitude.”!

4. Conclusions

In this work, we have demonstrated an in-plane mono-
layer WSe; p—n junction device which is tunable by two sep-
arated electrostatic-gates. The device is fabricated by the PC
dry transfer method to protect the monolayer WSe, from di-
rect exposure to electron-beam in order to maintain the qual-
ity of crystal. Upon optical illumination, this device gives a

maximum photoresponsivity of 0.12 mA/W and an external
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quantum efficiency of 0.03%. Although suspected extrinsic
effects such as impurity and defect states restrict the perfor-
mance of our in-plane photodetector, our study shows that its
operation is robust and fully tunable. The device can be tuned
by two pre-patterned electrostatic-gates and shows an ambipo-
lar behavior with the threshold voltage decreasing by a factor

of two, compared with previous results about the lateral elec-

9,23,30

trostatically doped WSe, p—n homojunction. ! ! Tn conclu-

sion, we demonstrate a low-power dissipation p—n photode-
tector, which is promising for designing the next-generation
optoelectronic devices. In the future, studies that clarify the
intrinsic and extrinsic mechanisms are required in order to op-

timize the structures for better performances.
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