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Since the innovation of van der Waals heterostructures of 2D materials, the p—n junction diode, a building
block of electronics and opto-electronics has been studied in various ways. To date most of them have
been studied on SiO, or other oxide substrates, although the oxide substrates cause significant
degradation of the 2D material's intrinsic properties and device performances. Whereas using hexagonal
boron nitride (h-BN) as an underlying layer to the 2D materials is known to preserve their properties.
Here we have carefully analyzed the electrical and opto-electrical properties of a p-WSe,/n-WS, van der
Waals heterojunction diode on SiO, and the h-BN substrates. Besides the usual enhancement of the
field-effect mobility of WSe, and WS,, we have achieved a significant enhancement of the diode
rectification ratio and excellent photovoltaic characteristics on the h-BN substrate. We have obtained
more than an order-of-magnitude enhancement of the diode rectification ratio and about two-fold
increments in the overall opto-electronics behavior on the h-BN substrate compared with those on the
SiO; substrate. The values of self-powered photo responsivity and external quantum efficiency are 3 A/W
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Introduction

Graphene has been excessively studied in the field of elec-
tronics,"” optoelectronics®* and spintronics,®” although the
zero band-gap nature of pristine graphene hinders its applica-
tion in electronic devices.®® On the other hand, the 2D transi-
tion metal dichalcogenide (TMD) materials with a band-gap
ranging from 1 eV to 2 eV depending on their layer thickness
are excellent alternatives to graphene.'® The band-gap also
varies from a multilayer indirect gap to a monolayer direct
gap,'""* providing possibilities for wide application such as in
photo-detectors,"** optical communication,*>*® and field-effect
transistors.””*®* Among the TMD family, tungsten (W) and
molybdenum (M) based TMDs are in great demand due to their
unique and superior semiconducting and optoelectronic prop-
erties.’?* Of the W-based TMDs, tungsten disulphide (WS,) has
attracted much attention because of its high field-effect
mobility, larger spin-orbit coupling,”*** high photo sensitivity
in the visible region,” and abundance in n-type doping.
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and 588% respectively on the h-BN substrate at 10 mW cm™

2 photo-power density and 633 nm

wavelength, whereas they reduce to about one-half on the SiO, substrate.

Similarly tungsten diselenide (WSe,) is at the apex of interest
because of its high mobility, less degradation in an ambient
environment,® high photo-absorbance coefficient in the longer
wavelength region, and dominant p-type doping.>*~** Formation
of a p-n heterojunction between p-WSe, and n-WS, produces
a strong type-II band alignment and hence a high built-in
potential,**** which is excellent for opto-electronic device
applications. Among the different types of van der Waals (vdW)
p-n heterojunction diodes, the lateral-vertical heterostructure
has attracted considerable attention and showed better perfor-
mance, whereas few studies have been done on a true vertical or
in-plane lateral heterojunction structure.*-

Since the beginning, almost all the research work on the vdW
p-n heterojunction diode has been done on SiO, or other oxide
substrates.** Experimental findings suggest that the qualities of
2D materials including graphene, TMDs, and many others on
the oxide substrate were affected by various factors such as
scattering from charged surface states, surface impurities, and
surface roughness.>®®” In particular, the charge impurities
trapped at the interface between the 2D material and SiO, were
found to change the intrinsic properties of the materials.®®
Furthermore, it has been proved that the major source of
hysteresis, which hinders the device performance and stability,
also arises from the trapped charges. Without addressing these
problems, we cannot obtain a fine tune of the material's
intrinsic characteristics and realize the actual device
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performance and stability, which was overlooked by most of the
research done before on the p—n junction diodes.”*** Among the
2D materials, hexagonal boron nitride (h-BN) is known to be
a good supporting substrate to address those problems, owing
to the inert nature, high band-gap energy (5.5 eV), and high
dielectric constant (~4).>* Furthermore, atomically planner and
smooth surface of h-BN reduces the rippling in the 2D mate-
rials, lowers the trapped charge density, and also reduces the
hysteresis, thereby enhancing the field-effect mobility of the 2D
materials. 3%

Herein we report a comparative study of electronic and opto-
electronic behaviors of p-WSe,/n-WS, heterojunction diodes
fabricated on both SiO, and h-BN substrates. Our main moti-
vation towards this work is to systematically study the
substrate's influence on the device performances. We observed
more than an order-of-magnitude increment of the diode
rectification ratio on the h-BN substrate than on the SiO,
substrate. Moreover, the calculated photovoltaic parameters
indicate significantly improved photo-electric behaviors in h-BN
supported device as compared to SiO, supported device.

Experimental
Device fabrication

A mechanical exfoliation technique with a transparent poly-
dimethylsiloxane (PDMS) stamp was used to transfer suitable
TMD and h-BN flakes from high quality natural bulk crystals.
The WS, crystal was purchased from 2D semiconductors, and
WSe, and h-BN crystals from HQ graphene. Flakes of each
material were mechanically exfoliated by using an adhesive
tape. Then, they were picked up by a PDMS stamp on a glass
slide for the transfer process. The uniformity and the thickness
of the exfoliated flakes were roughly identified with an optical
microscope before the transfer, and confirmed later by the
atomic force microscopy (AFM). Placing the PDMS stamp on
a target substrate and peeling it off transfers the flakes to the
substrate. Successive transfers of few layers (FL) WSe, and FL
WS, on the SiO,/Si substrate makes a WS,/WSe,/SiO, lateral-
vertical p-n vdW heterojunction diode, now onward named as
devicel. To prepare the h-BN substrate, a large uniform multi-
layer h-BN flake was first transferred onto another SiO,/Si
substrate and then it was annealed at 300 °C for 2 hours in high
vacuum (>10~° torr) to remove the residues present. Finally, FL
WSe, and FL WS, flakes were successively transferred over the
h-BN so that it makes a WS,/WSe,/h-BN/SiO, lateral-vertical p—-
n heterojunction diode, now onward named as device2. The
transfer of each flake was precisely controlled with a micro-
aligner stage monitored by a CCD camera. After the transfer
of each TMD flake it was passed through a 1 hour hot acetone
bath to remove the PDMS and tape residues. For the electrodes,
a high work-function metal Pd for the p-type WSe, and a low
work-function metal Al for the n-type WS, were deposited fol-
lowed by a 60 nm-thick Au cap layer under high vacuum
condition. Optical microscope images of the devicel and
device2 are shown in Fig. 1(a) and (b), respectively, and their
schematics in (c) and (d), respectively. With the two contacts
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placed on each of the TMD flakes, electrical characteristics of
each TMD or the heterojunction could be measured.

Measurements

Raman spectroscopy for the devices were done with Renishaw
RE04 model with the wavelength of 514 nm under 1 mW power
and laser spot size of about 1 um. Height profiles of the devices
were measured with an AFM (NanoFocus) along with the surface
topography. For electrical transport measurements we have
used Keithley 2400 source-meter and Keithley 6485 pico-
ammeter. Photoresponse was measured using a wave gener-
ated by LGK 7654-13 He-Ne laser (633 nm) under vacuum
condition.

Results and discussion
Raman spectroscopy and AFM

The Raman spectroscopy data for both devices at the hetero-
junction region are shown in Fig. 1(e) and (f). The two typical
Raman active modes of WSe,, E;; (250 cm ') and A
(260 cm ™), were observed.** Similarly we obtained two Raman
peaks at 350 and 420 cm™ ', representing Ej, and A,, modes of
WS,.*2 Raman peaks from the substrates, Si (520 cm ") for the
device1 and both Si (520 cm ') and h-BN (1350 cm ") for the
device2 are also shown. Detailed spectrums of each individual
flake of WS, and WSe, are shown in Fig. S1.f Furthermore, we
conducted an AFM (NanoFocus) measurement to verify the flake
thicknesses. Fig. S2(a) and (b)t show the combined height
profile of WSe, (~5.8 nm) and WS, (~8.0 nm) of devicel and
WSe, (~5.6 nm) and WS2 (~8.8 nm) of device2 with inset AFM
topographic images. The thickness of h-BN is 30 nm as shown
in Fig. S2(c).t

Electrical characteristics of p-WSe,/n-WS, heterojunction

The transfer characteristics curve, source-drain current (Igs) as
a function of back-gate voltage (V}4), of WSe, on the two devices
at a source-drain voltage (Vys) of 1 V are plotted in Fig. 2(a) and
(b). The increment of Iy, at negative Vi, confirms the p-type
nature of WSe, on both substrates. Fig. 2(c) and (d) show the
transfer characteristics curve of WS, on both devices, where the
n-type nature of WS, is confirmed from the increment of I, at
positive V. The field-effect mobility (ugg) and the Ion/Iopr ratio
of each TMD were calculated in both devices to analyze the
electrical performance. We have used the relation below to
extract ugg of the TMDs in both devices.

— # % (1)
e = G Vas \d Vg

where L and W denote the length and width of the TMDs
dI,
channel, =&
dVig
characteristics curve, and Cy, is the gate-capacitance of the
substrates. The gate-capacitance can be calculated by

€r€0,43 44

) is the slope of the linear part of transfer

Cpg = where ¢, is the relative permittivity of SiO, (3.9)

and d is the thickness. The value of Cpe we have obtained is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) An optical microscopic image of the p-WSe,/n-WS, heterojunction diode of devicel and device2 respectively. (c) and (d)

Schematic device geometry of devicel and device2, respectively. (e) and (f) Raman spectra of devicel and device?2 at the junction with laser

excitation wavelength of 514 nm.

287 uF m™>. For the h-BN/SiO, structure, the gate-capacitance
should include the contribution of both dielectrics being that
of two capacitors in series but the h-BN could be neglected since
its thickness is much smaller than the SiO,. The mobility of WS,
and WSe, we obtained in device2 was 100 and 40 cm?* V' s *
respectively, which is about 2 times higher than those measured
in devicel. The Ion/Iopy ratio in device 2 increases about an

© 2021 The Author(s). Published by the Royal Society of Chemistry

order-of-magnitude reaching 10° for WSe, and a three-fold
increment for WS, as compared to those in devicel. The main
reason behind the significant enhancement in the filed-effect
mobility and Ion/Iog ratio of the TMDs in device2 is the use of
the h-BN substrate, as explained by the articles published.?****
Furthermore, the charge injection from suitable metal contacts
into the TMDs also helps to enhance the device characteristics

RSC Adv, 2021, 11, 17901-17909 | 17903
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Fig. 2 Transfer characteristics curve (/gs—Vpg) of each FL flake on different substrates at Vg = 1 V. (a) and (b) FL-WSe, showing p-type char-
acteristic on SiO, and h-BN substrates respectively. (c) and (d) FL-WS, showing n-type characteristic on SiO, and h-BN substrate respectively.
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Fig. 3 Linear l4s—Vqys characteristics curve of TMDs at different V,,4 on different substrates. (a) and (b) FL-WSe, on SiO, and h-BN substrates
respectively. (c) and (d) FL-WS; on SiO, and h-BN substrates respectively.
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Fig. 4 Diode (/3s—Vas) characteristics curves of p-WSe,/n-WS; heterojunction at V,g = —40 V. (a) Linear scale (b) semi-log scale.

as suggested by articles.***” Pd is one of the best contact metal
for an efficient hole injection into WSe, because of its high
work-function and better alignment to the valance band of
WSe,,>”*® whereas low work-function metal Al is one of the
suitable candidates for n-type materials and hence reduces the
Schottky barrier height (SBH), thereby making ohmic contacts.
Fig. 3(a) and (b) illustrate the current-voltage (I4s-Vys) curves of
p-WSe, on devicel and device2, respectively, whereas (c) and (d)
show those of n-WS, on devicel and device2, respectively, at
different back-gate voltages. The contacts between the metal
and the TMD in both devices show linear behavior, insuring low
contact resistance.

Now we discuss the rectification behavior of the p-WSe,/n-
WS, heterojunction diode. The I4s-Vq4s characteristics curves of
the p-n heterojunction with V;,, = —40 V is shown in Fig. 4.
Diode rectification ratio (RR) was defined by the ratio of the
forward current (Ig) to the reverse current (I;), RR = ;—f . We have

T

observed the diode RR as high as 10° in device1, which is in the
range of previously reported values on the SiO, substrate,*>*°
whereas an order-of-magnitude enhancement is achieved in
device2 (h-BN substrate) with RR > 10° There are several
different factors influencing the diode RR. The diode RR was
believed to be limited by a high SBH of the metal/TMD inter-
face. This limiting effect was confirmed after the achievement of
a high diode RR with an ohmic metal/TMD interface and
a much reduced SBH.** As another factor, the sharpness of the
interface between the TMDs at the junction is still under
debate.**** Generally most of the diode characteristics have
been studied in a lateral-vertical vdW heterojunction structure,
where lateral channels are also present in addition to the het-
erojunction.***® The diode RR in a true vertical heterojunction
without the lateral channel was found significantly lower than
the lateral-vertical heterojunction.® It suggests that the planer
TMD channel along with the vertical TMD junction plays
a crucial role. Most of all, the h-BN substrate plays an important
role to enhance the diode RR in our experiment as compared
with the SiO, substrate. If we compare the semi-log plot of the
Iys—Vas curves at Vi, = —40 V in Fig. 4(b), the reverse current in
device2 (h-BN substrate) is about an order-of-magnitude

© 2021 The Author(s). Published by the Royal Society of Chemistry

smaller whereas the forward current is slightly lower than
those of devicel (SiO, substrate). This suggests that the TMD/
SiO, interface introduces more trap states, which cause the
large reverse current as well as the unintentional forward
current.”® The reduction of hysteresis behavior in device2 as
compared to devicel further confirms less trapped states at the
TMD/h-BN interface, as shown in Fig. S3.7 Furthermore, the h-
BN substrate significantly reduces the surface defects and
provides a flat and inert base for the device. Therefore, our p-n
heterojunction diode in device2 showed much improved I4s—Vqys
characteristics as compared to devicel. We also show the V4
dependent I4s-Vys characteristics curves in Fig. S4.1

Opto-electrical characteristics of p-WSe,/n-Ws,
heterojunction

Along with the excellent electric properties, the p-WSe,/n-Ws,
lateral-vertical heterojunction also exhibits superior photovol-
taic properties. The output (I3s—Vgs) curves under different
photo-power densities (P) of 10, 30, 50, and 70 mW cm > at the
wavelength (1) of 633 nm are shown in Fig. 5(a) and (b) for
devicel and device2. In both devices we observed a significant
change in the I4—Vys characteristics with photo powers. Huo
et al.*® also observed a large photo response in a p-WSe,/n-Ws,
heterojunction that is comparable to our results in devicel. The
large photovoltaic behavior occurs mainly due to the type-II
band alignment and the high built-in potential at the hetero-
interface, which can effectively separate the photo-excited
electron-hole pairs. These electrons and holes are accumu-
lated towards the n-WS, and p-WSe,, respectively, and lead to
the formation of an open-circuit voltage (Voc), the P-depen-
dence of which is shown in Fig. 5(c). These accumulated elec-
trons and holes in WS, and WSe, recombine rapidly through an
external circuit leading to the generation of a short-circuit
current (Igc) at zero Vys, as shown in Fig. 5(d). We observed
larger values of Vo and Isc in device2 than in devicel, which is
attributed to the excellent photo absorption and efficient photo-
induced electron-hole pair generation in device2 as compared
to that of devicel. Accordingly, a significantly improved time
dependent photocurrent is observed in device2 compared to

RSC Adv, 2021, 11, 17901-17909 | 17905
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that of devicel as shown in Fig. 5(e). The photocurrent can be
instantly generated and declined with switching the light on
and off. Basically, the h-BN substrate makes an inert and flat
surface, which reduces the scattering effects and the trap
states.*>* The trap states on the SiO, substrate capture the
electron-hole pairs generated by the photo power thereby
reduce the photocurrent.”® We checked the trap states in both
devices by fitting the photocurrent (Ipn = fijumination — ldark)
plotted as a function of P at V43 = 0 V with the power-law
equation I, = aP% where a is a scaling constant and « an
exponent,*** as shown in Fig. 6(a) and (b) for devicel and
device2 respectively. The value of « closer to 1 indicates a higher
efficiency of photo-excited electron-hole pair generation and

17906 | RSC Adv, 2021, 11, 17901-17909

also indicates fewer trap states at the junction (o« = 1 for ideal
case). In our case « in device2 is about 0.87, which is higher
than 0.69 in devicel indicating lower trap states in device2 with
the h-BN substrate.

We also calculated the photo-responsivity (R) and external

1
quantum efficiency (EQE). R is defined byR = PL; where S is the

junction area of the device. We show R as a function of P with
0 V45 and 0 Vi, in Fig. 6(c). The observed increase of R as P
decreases is in consistence with the articles published
before.*>>”%® R is about 3.0 A W™ " and 1.6 A W' with power
density of 10 mW cm ™ for device2 and devicel, respectively.
The EQE is defined as the number of photo-generated carriers

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Rhc
o
where £ is the Planck's constant, ¢ the speed of light, and e the
elementary charge. The value of EQE depends on the photo
absorption and the accumulation of photo-generated carriers.
Fig. 6(d) illustrates the values of EQE as a function of P at 0 Vg
and 0 V. EQE is about 588% at 10 mW em ™2 for device2, which
is about 2 times higher than that for the devicel. These values
we obtained in device2 are far better than the values reported
before with the identical conditions in TMD hetero-
structures.”*?*%%% The higher values of R and EQE in our
device2 is mainly attributed to the use of h-BN substrate, which
enhances the photo absorption and the photocurrent due to the
lower trap states,*>*® as well as the excellent photo response of
WSe, (ref. 61-63) and WS, (ref. 24) as compared to other TMDs.
In addition, a fast photo-carrier separation and the resulting
short transit time due to the large built-in potential may
contribute to a significant gain and the large EQE.>*%*%

per incident photons per second and expressed as EQE =

Conclusion

We have investigated the electric and opto-electric properties of
p-WSe,/n-WS, vdW heterojunction diode on SiO, and h-BN
substrates. The device on the h-BN substrate showed much
enhanced diode characteristics. We have achieved more than an
order-of-magnitude enhancement in the diode RR (>10°) and
better device stability with h-BN substrate over the SiO,
substrate. Moreover, overall two-fold higher values were ob-
tained in the photovoltaic characteristics on the h-BN substrate.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Particularly, the values of self-powered photo responsivity and
EQE we have obtained are 3 A W ! and 588% on the h-BN
substrate at P = 10 mW cm™ > and A = 633 nm. These values
are superior to the values reported before at the identical
conditions. The overall excellent results in device2 are mainly
attributed to the use of inert, flat, and defect-free h-BN
substrate, which reduces the carriers to be trapped in defect
states. Moreover the heterostructure formed by highly photo-
sensitive WS, and WSe, also plays a crucial role for the excellent
photovoltaic outcome. To conclude, diode characteristics either
electrical or opto-electrical can be significantly improved with
the use of h-BN as a substrate and also with an appropriate
selection of TMDs for the heterostructure.
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