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A two-dimensional (2D) layered material-based p—n diode is an essential element in the modern semi-
conductor industry for facilitating the miniaturization and structural flexibility of devices with high
efficiency for future optoelectronic and electronic applications. Planar devices constructed previously
required a complicated device structure using a photoresist, as they needed to consider non-abrupt inter-
faces. Here, we demonstrated a WSe, based lateral homojunction diode obtained by applying a photo-
induced effect in BN/WSe, heterostructures upon illumination via visible and deep UV light, which rep-
resents a stable and flexible charge doping technique. We have discovered that with this technique, a
field-effect transistor (FET) based on p-type WSe; is inverted to n-WSe, so that a high electron mobility is
maintained in the h-BN/n-WSe, heterostructures. To confirm this hypothesis, we deduced the work func-
tion values of p-WSe, and n-WSe, FETs by conducting Kelvin probe force microscopy (KPFM) measure-
ments, which revealed the decline of the Fermi level from 5.07 (p-WSe,) to 4.21 eV (n-WSe,). The contact
potential difference (CPD) between doped and undoped junctions was found to be 165 meV. We
employed ohmic metal contacts for the planar homojunction diode by utilizing an ionic liquid gate to
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achieve a diode rectification ratio up to ~10° with n = 1. An exceptional photovoltaic performance is also
observed. The presence of a built-in potential in our devices leads to an open-circuit voltage (V) and
short-circuit current (/sc) without an external electric field. This effective doping technique is promising to

rsc.li/nanoscale advance the concept of preparing future functional devices.
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Introduction

Novel two-dimensional (2D) layered material-based nano-elec-
tronic devices are recognized as a potential alternative for
silicon-based complementary devices. The primary achieve-
ment in obtaining an ultra-thin graphene (Gr) layer from bulk
graphite via mechanical exfoliation encouraged the exploration
of other 2D materials with promising applications in achieving
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various  electronic and  optoelectronic  properties.”?
Particularly, tungsten diselenide (WSe,)-based FETs have
received remarkable devotion from experimentalists and have
shown an exceptional on/off current ratio up to ~10” with a
mobility of ~100 cm* V™" 7127

In addition, 2D material-based p-n junctions have also
gained great attention from researchers due to their significant
properties, for example charge transportation, band align-
ment, and optical absorption, for electronic and optoelectronic
applications.®” However, owing to the lack of controllable
doping with respect to 2D materials, p-n diodes are con-
structed primarily by the stacking of van der Waals structures
in homostructured or heterostructured phases.® Initially,
electrostatic doping was induced to obtain diode-like behavior
in graphene. However, graphene does not exhibit diode behav-
ior owing to its zero band gap.® Electrostatic gate modulation
is also employed in the case of transition metal dichalcogenide
(TMDC)-based homojunction p-n diodes.'®™* Nevertheless,
they demonstrate a complicated structure and possess non-
abrupt interfaces. Previously, chemical treatments required to
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control the carrier type in TMDCs were widely studied.'*'*
However, chemical or environmental effects significantly
degrade the electrical properties of TMDC-based FETs and
restrict the fundamental operation of these devices.>'*™” It is
quite difficult to facilitate a stable n- or p-type conduction in
nanoflakes as they frequently require substitutional, chemical
doping or electrostatic gating.'®*?° Moreover, previously
reported homojunction diodes employed similar metal electro-
des for p and n-type materials and ignored the semiconductor
and metal interface properties.”’** In several planar diodes,
the contacts play a role that is not entirely related to their
interfaces. The effects of low resistivity or ohmic metal con-
tacts need to be explored to examine the intrinsic transport of
TMDC-based devices.

Here, we demonstrated a planar WSe, homojunction p-n
diode. The electron doping in p-type WSe, nanoflakes can be
altered via an optical excitation of boron nitride (BN). The
mechanism of electron photo-induced doping in WSe, is
similar to the variation of the doping effect in Gr/BN
heterostructures.””** Such photo-induced doping in our
planar device is triggered from point defects in multilayered
crystalline BN flakes, and is entirely different from the photo-
doping effect witnessed in Gr flakes exfoliated on thick SiO,
substrates.”” The exfoliated BN flakes can also be used as a
dielectric substrate for TMDC-based devices.>**> The KPFM
measurements revealed the values of work function for p-type
(5.6 eV) and n-type (4.21 eV) WSe, nanoflakes. The value of
CPD between the two regions is estimated to be 165 meV.
Although 2D material-based FETs with n-type conduction
would make a Schottky contact with metals having higher
values of work function, ohmic contacts are possible for
metals with lower work function values to match with the
conduction level of the n-type material. In contrast, 2D
material-based FETs with p-type conduction exhibit opposite
characteristics. Ohmic contacts are possible for metals with
higher work function values to match with the valence level
of the p-type material. In this study, we have discovered that
p-WSe, and n-WSe, exhibit an ohmic contact with Pd/Au and
Al/Au electrodes, respectively. In addition, we have examined
the rectification ratio using different asymmetric electrodes
of the pristine WSe, flake without the photodoping. The
diode rectification ratio is much higher than the rectification
ratio of the Pd/Au-(p-WSe,)-Al/Au device. We have also con-
firmed that it is safe to reject the possibility that the photo-
doping effect is initiated from the intrinsic deep level trap
state in WSe,.

Materials and methods

Natural bulk crystals of WSe, and BN were mechanically exfo-
liated in a clean room using adhesive Scotch tape, and nano-
flakes were transferred with the help of a transparent polydi-
methylsiloxane stamp using a dry-transfer technique. At first,
the bottom gate electrodes of Cr/Au (4/40 nm) were con-
structed on SiO,/Si substrates. Next, the BN flakes were trans-
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ferred on the gate electrodes onto the SiO,/Si substrates with
the help of a micromanipulator, and lastly, the WSe, flakes
were stacked vertically, making sure that they were partially
lined up with the gate electrodes. The flakes were then placed
on a hard plate to remove the H,O vapor from exterior surfaces
or the interfaces. For the fabrication of fine electrodes, the
e-beam lithography method was used to create patterns.
Furthermore, metal contacts, including Al/Au (6/80 nm) and
Pd/Au (6/80 nm), were deposited on n-WSe, and p-WSe,,
respectively. The thickness of nanoflakes was measured using
atomic force microscopy (AFM), while their structures were
confirmed by Raman spectroscopy. The electrical and photo-
voltaic measurements were performed in a vacuum box at
room temperature (300 K).

Results and discussion

The proposed device is schematically shown in Fig. 1a,
wherein the BN/WSe, heterostructure is fabricated on top of
the bottom gate electrode onto the SiO,/p'-Si substrate, and
the optical image is shown in Fig. 1b. WSe, and BN flakes are
produced by mechanical exfoliation using adhesive tape.
Fig. S1(a and b) in the ESI} show the Raman spectra of BN,
WSe,, and BN/WSe, heterostructures. The Raman spectroscopy
of the few-layered WSe, and multi-layered BN nanoflakes was
performed with a laser (4 = 514 nm). Two peaks of WSe, can
be seen in these spectra: A;, mode at ~261.2 cm™, E,,' mode
at ~250.7 cm™*, and E,; mode at ~1363.9 ecm™' for BN. Fig. S1
(c and e)f show the typical AFM images of BN and WSe,
flakes, while Fig. S1(d and f)} show the step profile height.
The BN and WSe, nanoflakes exhibit a thickness of ~12.2 nm
and ~3.6 nm, respectively.

2D materials, such as WSe,, demonstrate semiconducting
properties, and they may either show ambipolar behavior or p-
or n-type conduction. The interface properties of 2D material-
based FETs with metals are influenced by the conductive
nature of the material. In this study, we discovered that
Pd/WSe, or Al/WSe, interface properties could be either of the
ohmic or the rectifying type depending on their work
functions.

Initially, we fabricated BN/p-WSe, heterostructures using
exfoliated nanoflakes on a bottom gate electrode, as shown in
Fig. 1b. The ohmic contribution can be observed in the log
scale of the I-Vp characteristic corresponding to the p-WSe,
FET with Pd/Au electrodes (Fig. S2at). Furthermore, to deduce
the exact value of the work function of p-WSe,, we performed
the KPFM measurements. The work function value is calcu-
lated using the following equation:

¢P—WSe2 = ¢tip + CPD,

where ¢pwse, denotes the work function of WSe, and ¢,
denotes the work function of the tip. In our case, the feedback
system exists within the sample, because of which we used the
positive sign in the above equation. The CPD for p-WSe, is esti-
mated to be 0.275 eV from the KPFM data, and ¢, = 4.8 eV.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Schematic illustration of a BN/WSe, based FET under the illumination of light for obtaining a photo-induced effect. (b) Optical microscopy
image of BN/WSe, with Pd/Au electrodes. (c) I: Schematic of the band structure of the BN/WSe, heterostructure before photo-induced doping; the
work function value of p-WSe; is estimated to be 5.07 eV calculated using KPFM measurements. Il: Schematic of the photo-induced process, in
which the incident photons of light first excite the electrons from donor-like states in BN. The photoexcited electrons can be injected into WSe,
under a negative gate stress voltage (—V). lll: The BN generates positively charged defects when V¢ and the light are off, and the work function

value of n-WSe; is estimated to be 4.21 eV using KPFM measurements.

Therefore, the value of the work function for p-type WSe, is
5.07 eV, as shown in the band profile of Fig. 1c.

An exciting photodoping effect was established in WSe,
based FETs to invert p-type conduction into n-type, where the
BN/p-WSe, heterostructures were illuminated simultaneously
with light of a wavelength of 220 nm for 7 min under a nega-
tive gate stress voltage (Vg) of —10 V. From Fig. 2a, it is clear
that the current on the electron side attains the same level,
which demonstrates the electron doping effect. By increasing
Vgs to —25 V, we observed that the current of the electron

This journal is © The Royal Society of Chemistry 2020

regime further increases, as shown in Fig. 2a. The photodop-
ing treatment inverts WSe, with p-type to an n-type semi-
conductor. Moreover, the I,—Vp, characteristic with non-ohmic
contribution obtained as a result of Schottky contacts at the
interface of n-type WSe, with Pd/Au can be observed in the log
scale of Fig. S2b.T Furthermore, the rectification ratio declines
from 4.5 to 3.1, once the back-gate voltage (V1) is changed at
the n-WSe,/(Pd/Au) junction from —15 to +15 V (Fig. S2bf¥).
The work function calculated using the KPFM measurements
after photodoping is estimated to be ~4.21 eV, as shown in

Nanoscale, 2020,12,18171-18179 | 18173
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(a) Schematic illustration of a BN/WSe, based FET after the photo-induced effect. (b) Transfer characteristics of pristine and doped BN/WSe,

FET devices at V45 = 0.5 V with a light of photon energy 5.6 eV for the illumination period t = 7 min at Vg5 = =10 V and —25 V. The transfer curve indi-
cates that p-WSe, has transformed from hole domination to electron domination (n-WSe,). (c) Transfer characteristics of the BN/WSe, FET device
with respect to Vg for t = 5 min at V4 = 0.5 V. The energy of incident photons is 2.3 eV. (d) Plot of electron concentration and mobility as a function
of photo-induced gate voltage. (e) Transfer characteristics of the BN/WSe, based FET device at V45 = 0.5 V with a different energy of incident
photons for t = 5 min at V4 = —10 V. (f) Transfer characteristics of the BN/WSe, based FET device at V45 = 0.5 V for varied illumination times with an

incident photon energy of 2.3 eV at V4 = =10 V.

Fig. 1c. The photo-induced effect in WSe, has consequently
modified the work function. It is observed that the value of the
work function for WSe, declines (5.07 to 4.21 eV) as the p-type
conduction is changed to n-type (Fig. 1c). The mechanism of
photo-induced doping is initiated in the BN/p-WSe, hetero-
structures because of the photosensitive excitation of the
defect states or the point defects in BN nanoflakes. The inci-
dent photons of light can excite defect states (or donor-like
states)®® in BN, as shown in Fig. 1c, which illustrates the

18174 | Nanoscale, 2020, 12,18171-18179

photo-induced electron doping in BN/p-WSe, heterostructures.
Upon illumination, the electrons of the point defects inside
BN are stimulated to the conduction band. The excited elec-
trons entered into WSe, under —V,,. The localized ionized
point defects in BN are positively charged, which can eliminate
the influence of the electric field on BN throughout the
process of photo-induced doping. The elimination of positively
charged defects remains till the electric field in BN vanishes,
and the ionized point defects remained in the interior of BN.”®

This journal is © The Royal Society of Chemistry 2020
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The positive ionized point defect charges are observed inside
BN, even if both the light and V,, are switched off, which
demonstrates a stable photo-induced doping effect in WSe,.

Additionally, we validated the effect of the electron-photo-
induced process on BN/WSe, heterostructures by varying para-
meters, such as Vq (Fig. 2¢), photon energy (Fig. 2¢), and light
exposure duration (Fig. 2f). It is clear from the results that our
devices have demonstrated an enhanced electron-photo-
induced effect for all the aforementioned parameters. The
dominant effect can be observed with modulation in the
photo-induced gate voltage, as shown in Fig. 2c. The dominant
electron doping effect establishes that the doping level of elec-
trons in WSe, nanoflakes could be modified by increasing V.
The carrier concentration of electrons (7.) can be calculated by
using the following relationship:

_ Cg(Vg — Vth)

Ne = )
e

where C, is the gate capacitance of BN flakes, which can be cal-

Eo€r

culated by C, = 7 where ¢, is the permittivity constant and

d is the thickness of BN flakes. The value of the dielectric con-
stant for a multi-layered BN flake is & = 4,>” and Cy = ~2.90 x
1077 F cm™? for BN with a thickness of 12.2 nm. V;;, is the
threshold voltage for electron transport, V, is the back-gate
voltage, and e is the electronic charge. For example, the elec-
tron concentration was derived as ~8.6 x 10"* em™ at (Vg =
—80 V). The mobility (upg) of n-WSe, in a two-terminal FET
configuration can be calculated using the following equation:

L (dlg 1
Hre = (dvbg) CeVas’
where W is the width and L is the length of the channel, the
value of C, for the BN substrate is ~2.90 x 10~7 F cm™2, and
%C:g is the slope of the linear part of the transfer plot. For
instance, the electron mobility was estimated to be ~22 cm?
V™! s7! for Vg = —80. The carrier concentration (n;) and elec-
tron mobility (u.) are shown in Fig. 2d.

Owing to the importance of photo-induced doping in WSe,,
planar devices were assembled using a random doping strategy
with a free photoresist, unlike previously reported homojunc-
tion diodes that required a photoresist to modify the doping
level.?®° Moreover, this method does not affect the properties
of the metal electrodes in this device. The stability of n-type
conduction in WSe, is observed over 50 days, as shown in
Fig. S5.1

This lateral WSe, p-n diode was constructed on a thick BN
flake having two bottom gate electrodes on the Si/SiO, sub-
strate (Fig. 4b). While performing photodoping by using deep
UV light having an energy of 5.6 €V for 5 min at Vs = —40, half
of the area of the WSe, flake was inverted to n-type, while half
of the area remained p-type. The KPFM measurements were
performed to determine the CPD value between the doped and
undoped regions of WSe, using the highly doped Si tips under
ambient conditions. A CPD value of approximately 165 meV is

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) KPFM image of the WSe; flake at Vg = —40 V. The line scans
are denoted by the white line in the KPFM image. (b) The corresponding
step profile height from the KPFM image as indicated. The value of
contact potential difference between BN/p-WSe, and BN/n-WSe; is
approximately 165 meV.

observed between p-WSe, and n-WSe, on the BN substrate
(Fig. 3). The value of potential difference in our case is greater
than that of the lateral WSe, homojunction diode (~55 mV)
obtained based on helium ion irradiation.*® It is comparable
to that of the WSe, homojunction (~200 mV) obtained by H,
plasma treatment for an n-type doping process.*"

Fig. 4a shows the schematic diagram of a planar p-n diode,
while Fig. 4b shows an optical image. The metals Al/Au and
Pd/Au were deposited on the n-WSe, and p-WSe, layers,
respectively. The In-Vp characteristics of n-WSe, and p-WSe,
demonstrate a linear behavior, thereby confirming the low res-
istivity of the metal contacts, as shown in Fig. S4.1 Individual
n-WSe, and p-WSe, flakes were inspected for their transfer
characteristics, and the results obtained are shown in Fig. 4c.
We examined the gate-dependent rectifying performance of
the planar homojunction diode by utilizing the ionic liquid
gating effect, as FETs based on ionic liquid gates have been
widely studied owing to their small operational voltage.**>*
Fig. 4d shows the typical rectifying behavior of the planar
WSe, homojunction diode under the influence of a low top
gate voltage (Vi) changed from —2 to +2 V in a step of
0.5 V. The diode rectification behavior on a linear scale can be
seen in Fig. S3.7 It is observed from this figure that as Vj,

Nanoscale, 2020, 12,18171-18179 | 18175
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(a) Schematic illustration of the lateral WSe, p—n diode. (b) Optical image of the p—n diode. The right WSe, channel on BN is electron-

doped, while the one on the left remains pristine. (c) Transfer curves of p-WSe; and n-WSe; at V4 = 0.5 V as a function of Vyq. (d) Gate-dependent
rectifying effect of the diode in the log scale. (e) Rectification ratio of the diode as a function of top gate ionic liquid gate voltage. (f) Ideality factor

of the device at V4 = -0.5V.

increases from —2 to —0.5 V, the current values decline propor-
tionally in the forward and reverse bias regions; however, these
values decline much more rapidly in the negative bias region
than on the positive side, which produces a dominant change
in the rectification ratio of up to ~1.0 x 10° as shown in
Fig. 4e. When V. increases further from —0.5 to +2 V, it can
be observed that the reverse current is almost unaffected,
while the current in the forward regime continues to decrease,
causing a decline in the rectification ratio (Fig. 4d). The ionic
liquid gate-dependent rectification behavior of the lateral

18176 | Nanoscale, 2020, 12, 1817118179

WSe, diode is due to the tunable built-in potential barrier at
the homointerface of n-WSe, and p-WSe, under the influence
of an external electric field. The transfer curve (Iyq-Virg) is
divided into four regimes by tuning Vy, (Fig. S7af). In the
transfer curve, the four regimes are demarcated by a hump
with two valleys. This implies that the diode functions exist
in the regimes p-p', p-n~, p~-n, and n-n". In the p-p" junc-
tion, the Fermi level of WSe, is moved downward, nearer to
the valence band (Fig. S7b¥), under the influence of a high
negative gate bias, and the holes become dominant in both

This journal is © The Royal Society of Chemistry 2020
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the channels, that is in the doped n-WSe, and undoped
p-WSe,. Furthermore, the device exhibits p-type semiconduct-
ing characteristics (Fig. S7at). With an increase in the gate
voltage, the Fermi level moves up nearer to the bandgap
(Fig. S7bt), and the electrons become intensely dominant in
the doped channel of WSe, owing to the creation of either
one p—n~ or p -n junction. This improves the built-in poten-
tial at the homointerface and causes an enhancement in the
diode performance. When the value of greater positive gate
bias increases further, the Fermi level enters into the conduc-
tion band (Fig. S7bt); the electrons become dominant in
both the channels, i.e. in the doped n-WSe, and undoped
p-WSe,, and the device then functions in the n-n" junction
and demonstrates an n-type semiconducting behavior
(Fig. S7at).

In addition, we have examined the rectification ratio using
different asymmetric electrodes of the pristine WSe, flake
without the photodoping. The diode rectification ratio is
much higher (~6.3 x 10%) at Vi, = 0 V (Fig. 4e and f) than the
rectification ratio (~59) of the Pd/Au-(p-WSe,)-Al/Au device at
Vb = 0 without doping (Fig. S6T). When the p-WSe, channel
itself was examined, no rectification behavior was observed
with Pd/Au contacts, as shown in Fig. S4a.t Similarly, no rec-
tification effect was observed in the n-WSe, channel with the
Al/Au contacts, as shown in Fig. S4b.7 In conclusion, the rec-
tification in our diode is only due to the influence of the
junction. Furthermore, to exclude the probability that the
photodoping effect originated from the intrinsic deep level
trap state in WSe,, we performed an experiment. We fabri-
cated devices by stacking WSe, nanoflakes on a thick BN
flake with a part of its area placed on BN and the remaining
area on SiO,. The heterostructure of BN and WSe, was simul-
taneously illuminated under light and by applying —V,s, and
it was found that only a portion of the p-type WSe, flake that
is placed on BN was inverted to n-WSe, during the photodop-
ing treatment, while the area of the flake that is placed on
SiO, remained p-type. This experiment confirmed that the
photodoping effect does not originate from the intrinsic deep
level trap state in WSe,.

The ideality factor (n) of the diode was extracted by fitting
to the equation®® as follows:

_ v\ _
ID 715 exp kT 1 s
B

where I, is the diode current, I is the reverse saturation
current, V is the applied voltage, g is the charge on electrons, T
is the temperature, and kg is Boltzmann’s constant. For vol-
tages > kg7, the above equation becomes

In(Ip) = In(ls) + (nkiT) V.
The value of n is extracted to be ~1.0 at a gate bias of
—0.5V, as shown in Fig. 4f.
We further explored the optoelectronic response of the lateral
WSe, diode using a laser light with A = 530 nm. Fig. 5a shows the
photovoltaic characteristics of this lateral WSe, diode. We calcu-
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Fig. 5 Photoresponse of a WSe, homojunction p-n diode. (a)
Photocurrent of the diode at V45 = 0.5 V under green laser light illumina-
tion between the ON and OFF states. (b) Output /p—Vp characteristics of
the diode under dark and light illumination. The inset shows V. and /5.
as a function of the laser power.

lated the photovoltaic parameters such as photoresponsivity

I he
(R) = ph and external quantum efficiency (EQE) = R—,
Prasersca el

— _ -2
where Iph - Iillumination - Idark; Iaser POWffr Plaser =10 mW cm )

A =530 nm, and A is the junction area, c the speed of light, g the
charge on electrons, and 4 is Planck’s constant.>”*® We deduced
that R of the WSe, diode is 5.1 AW ", which is much greater than
that of the MoTe,-based homojunction diode.** Furthermore, it is
observed from Fig. 5b that under different powers of light illumi-
nation, the In-Vp curves of the device do not pass through the
zero points of voltage and current, even when there is no applied
voltage. The presence of a built-in potential in our device leads to
Voo and I without an external electric field (Fig. 5b). The detected
phenomenon is the distinct feature of lateral diodes, as compared
to photodetectors*®*?
heterostructures.

or diodes based on mixed-dimensional

Conclusion

In summary, we demonstrated a WSe, homojunction diode by
applying the photo-induced effect in BN/WSe, heterostructures
under the illumination of visible and deep UV light. It was
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revealed that with this photo-induced doping technique, FETs
based on p-type WSe, were inverted to n-WSe,, which can
maintain a high electron mobility in h-BN/n-WSe, hetero-
structures. To confirm this hypothesis, KPFM measurements
were performed to deduce the work function values of p-WSe,
and n-WSe, FETs as 5.07 eV and 4.21 eV, respectively. The
KPFM measurements revealed the modification of the Fermi
level in WSe, owing to electron doping from donor-like states
of h-BN under illumination because of the photo-induced gate
voltage. They were also used to deduce the value of CPD
between the doped and undoped junctions, which was esti-
mated to be 165 meV. We used ohmic metal contacts for the
planar homojunction diode by utilizing the ionic liquid gate
and achieved a diode rectification ratio (~10°) with n = 1. In
addition, excellent photovoltaic performances were demon-
strated by these devices. Therefore, we consider that a stable
and flexible charge doping technique within a single flake can
be effective for electronic applications.
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