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ABSTRACT: Tuning the optical and electrical properties by
stacking different layers of two-dimensional (2D) materials enables
us to create unusual physical phenomena. Here, we demonstrate an
alternative approach to enhance charge separation and alter
physical properties in van der Waals heterojunctions with type-II
band alignment by using thin dielectric spacers. To illustrate our
working principle, we implement a hexagonal boron nitride (h-
BN) sieve layer in between an InSe/GeS heterojunction. The
optical transitions at the junctions studied by photoluminescence
and the ultrafast pump−probe technique show quenching of
emission without h-BN layers exhibiting an indirect recombination
process. This quenching effect due to strong interlayer coupling was confirmed with Raman spectroscopic studies. In contrast, h-BN
layers in between InSe and GeS show strong enhancement in emission, giving another degree of freedom to tune the heterojunction
property. The two-terminal photoresponse study supports the argument by showing a large photocurrent density for an InSe/h-BN/
GeS device by avoiding interlayer charge recombination. The enhanced charge separation with h-BN mediation manifests a
photoresponsivity and detectivity of 9 × 102 A W−1 and 3.4 × 1014 Jones, respectively. Moreover, a photogain of 1.7 × 103 shows a
high detection of electrons for the incident photons. Interestingly, the photovoltaic short-circuit current is switched from positive to
negative, whereas the open-circuit voltage changes from negative to positive. Our proposed enhancement of charge separation with
2D-insulator mediation, therefore, provides a useful route to manipulate the physical properties of heterostructures and for the future
development of high-performance optoelectronic devices.
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■ INTRODUCTION

The never-ending thirst for better performing electronic devices
always keeps the researchers engrossed in tuning the properties
of recently revolutionizing two-dimensional (2D) materials.
Numerous ways are available to engineer the property of 2D
materials such as applying strain,1 contact electrode engineer-
ing,2 surface functionalization,3 doping a ternary element,4,5

and interfacing different materials.6 Although many methods
have been studied deeply, interfacing or coupling different 2D
materials to form heterostructures have been appealing due to
their increasing demand in optoelectronic devices.7,8 Unlike
three-dimensional bulk heterostructures, the attractive features
of 2D materials to thin down to an atomic layer, strong light−
matter interaction, and their high flexibility intrigue the work on
2D heterostructures.9,10 Starting from graphene till chalcoge-
nides, there have been many reports on both the lateral
(materials interface along one-dimension) and vertical
(materials overlap one above the other interfacing along two-
dimensions) heterostructures.9 Among them, the most well-
studied combinations include MoS2/WS2, MoS2/WSe2,

MoTe2/MoS2, and other transition-metal dichalcogenides for
their applications in transistors, photodetectors, rectifiers, light-
emitting diodes, lasers, and so forth.9,11−14 However, very few
studies have been carried out on the class of monochalcoge-
nide-based heterostructures.
To modulate the physical properties of van der Waals

heterostructures, in this study, we propose a new approach to
enhance charge carrier separation by inserting a thin insulating
layer in between a 2D p−n junction with type-II band
alignment. To illustrate our proposed working principle, for
the present investigation, we have chosen the monochalcoge-
nides, indium selenide (InSe) and germanium sulfide (GeS) for
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making vertical heterostructures. There have been recent
reports on the n-type semiconductor, InSe, as it exhibits high
electron mobility in the order of 103 cm2/V s due to their small
electron effective mass which is approximately 0.131m0.

5,15,16

InSe is a direct bandgap (∼1.27 eV) semiconductor above 6 nm
thickness and the bandgap remains the same, but below 6 nm, it
changes to indirect due to quantum confinement effect.17 On
the other hand, the bandgap of GeS varies in the range of
∼1.55−1.65 eV, and it is a p-type semiconductor.18 Although
InSe and GeS are separately studied as photodetectors, there
was no report so far of coupling the n-InSe and p-GeS forming a
heterostructure. Based on the literature, fusing InSe and GeS
will result in type-II band alignment due to their energy levels
forming a p−n junction. The charge separation usually takes
place in a type-II p−n junction, but the interlayer coupling can
form tightly bound excitons and greatly reduce charge
separation. To tune the physical property, here we introduce
a dielectric spacer hexagonal boron nitride (h-BN) in between
InSe and GeS. The crystal structure of h-BN is similar to
graphene and can be exfoliated into thin layers.19,20 They have a
wide bandgap of around 6 eV and are excellent dielectric
materials,19,20 which have been widely used as substrates for
fabricating high-performance devices, including as a dielectric
for top-gated devices, as a tunneling barrier in graphene devices,
and as a protecting layer for channel encapsulation.19,21,22

In the present work, we focus on the structures by fabricating
InSe/GeS and InSe/h-BN/GeS heterostructures on the SiO2/
Si substrate. The optical properties at these junctions have been
studied using photoluminescence (PL) and ultrafast pump−
probe measurements, which reveal an important fact that the
strong interlayer coupling between layers can be modulated by
the introduction of the h-BN spacer. Besides, the quenching
effect due to strong interlayer coupling was further confirmed
by Raman spectroscopy. InSe/GeS and InSe/h-BN/GeS
heterostructure devices have been studied for their performance
as a photodetector. Although the reverse bias operation gives
better photodetection due to the large depletion layer in the p−
n junction, it possesses significant electronic noise due to
avalanche effects. To reduce the electronic noise and enhance
the charge separation in the forward bias condition, we use h-

BN spacers in the device to avoid interlayer charge
recombination. The carrier transport mechanism has been
studied in detail in both the heterostructures. It was found that
the photogain of the InSe/h-BN/GeS device can be enhanced
by 1 order of magnitude compared to the InSe/GeS device in
addition to the enhancement in photoresponsivity and
detectivity. Our approach is therefore very useful for the
manipulation of physical properties and the generation of high-
performance optoelectronic devices based on vertically stacked
2D heterojunctions.

■ RESULTS AND DISCUSSION

Figure 1a represents the schematic of the InSe/h-BN/GeS
heterostructure device. The InSe and GeS single crystals were
grown by the Bridgman technique and chemical vapor transport
(CVT) method, respectively, as elaborated in the Experimental
Section. The layered crystal structures of InSe and GeS are
shown in Figures S1 and S2, respectively. The prominent
diffraction peaks in the X-ray diffraction (XRD) pattern of the
InSe and GeS crystals as shown in Figure 1b confirm their
hexagonal (β phase) and orthorhombic crystal structure,
respectively. The XRD peaks of InSe were indexed following
the standard database (JCPDS PDF 34-1431) and the lattice
constants were found to be a = b = 0.4 nm and c = 1.69 nm. The
lattice constants of GeS were determined as a = 0.43 nm, b =
1.04 nm, and c = 0.36 nm by indexing the XRD peaks according
to the standard JCPDS PDF 00-051-1168. The crystalline
structure of InSe, h-BN, and GeS was further confirmed with
transmission electron microscopy (TEM) and selected area
diffraction (SAED) pattern as presented in Figure 1c−e (inset
represents the TEM images). The SAED pattern reveals the
high crystallinity and the crystal structures of InSe and GeS as
hexagonal and orthorhombic, respectively. Figure 1d depicts
the hexagonal geometry of h-BN. Few-layered GeS flakes were
achieved by mechanical exfoliation and transferred to the SiO2/
Si substrate by a polydimethylsiloxane (PDMS) stamp. The
exfoliated h-BN flakes were transferred to the GeS flake using a
micromanipulator, and the same method was used to transfer
InSe to the h-BN/GeS stack and GeS for the InSe/GeS
structure. The schematic and detail of each step involved in the

Figure 1. Material characterization of the crystals. (a) Schematic of the InSe/h-BN/GeS heterostructure device. (b) XRD pattern of the InSe and
GeS crystals. (c−e) SAED pattern of the InSe, h-BN, and GeS single crystals with the inset showing their respective TEM images.
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dry transfer method are given in the Supporting Information
Note 2.
PL measurements were carried out to explore the optical

properties of the InSe/GeS vertical heterostructure with and
without h-BN as shown in Figure 2a. The optical microscopy
image and the atomic force microscopy (AFM) image along
with the height profile of the samples used for the optical
studies are as shown in Figure S4. The zoomed-in portion of the
PL spectrum and the peak fitting of the InSe peak are
represented in Figures S5 and S6, respectively. Few layered InSe
shows a strong PL peak at 1.27 eV, whereas GeS at 1.62 eV
(Figure S5), which is in accordance with the previous
reports.17,18 The InSe/GeS heterostructure exhibits a strong
interlayer coupling effect which is evident from the quenching
of the PL peak and a negligible shift toward the lower energy at
the junction. This significant PL quenching occurs due to the
indirect recombination process at the interface.23 Figure 2b
depicts the band diagram at the InSe/GeS junction under
photoexcitation. When the excitation laser is illuminated at the
junction, both InSe and GeS layers absorb photons and
generate excitons. The relaxation of these excitons at the
interface undergoes an indirect non-radiative recombination
process resulting in a quenched PL emission.24 On the other
hand, with h-BN as a spacer between InSe and GeS, the
spatially indirect recombination at the interface is negligible and
the strong interlayer coupling is suppressed by h-BN layers.25

Because the number of h-BN layers is more than three, the
direct exciton within the InSe layer remains intact, which is an
indication of the lack of hole transfer and the PL intensity
arising from the InSe layer in the InSe/h-BN/GeS structure is
enhanced by 4−5 times when compared to the InSe layers
alone (Figure 2a).
Ultrafast optical pump−probe measurements were con-

ducted to study the dynamics of charge separation at the
InSe/GeS interface with and without h-BN as the spacer.
Because the photon energy of the pump was only higher than
the bandgap of InSe, free carriers were only excited in the InSe

layer for all samples. By measuring the reflection changes of the
probe pulses as a function of time delay, the carrier dynamics in
InSe and interfacial charge transfer between InSe and GeS can
be studied.26,27 Figure 2c reveals the transient reflection for the
three samples and can be understood as follows. After the pump
pulses excited carriers in InSe, the carrier density could decrease
via carrier recombination through Auger recombination, surface
recombination, and radiative recombination. Under the same
experimental conditions, these intrinsic dynamics of carriers in
InSe for the three samples are supposed to be the same.
However, defect trappings and charge transfer could also
decrease the carrier density in InSe and alter the transient
reflectance. The resulting relaxation time, τ is the total effect of
all relaxation processes through τ−1 = ∑τi

−1, where τi is the
relaxation time for different channels.28 That is, additional
relaxation channels such as defect trappings or charge transfer,
which are faster than the intrinsic relaxation, could shorten the
relaxation time. In Figure 2c, the summation of a single
exponential decay function and a step function (in solid lines)
was used to fit the experimental data (in dotted lines). The
relaxation time constants of the exponential decay functions
were 26 ± 6, 44 ± 3, and 180 ± 70 ps for InSe/GeS, InSe, and
InSe/h-BN/GeS, respectively. Note that the errors of time
constants do not result from the fitting ambiguity for a trace,
but reflect the inhomogeneity for different measured spots. The
shorter relaxation time in pure InSe (44 ps) compared with that
of InSe/h-BN/GeS (180 ps) can be attributed to the better
interface quality for InSe deposited on top of the h-BN layer, as
reported in many previous studies.19 The relaxation time in
InSe/GeS (26 ps) is the shortest, which supports the scenario
that the hole-transfer process from InSe to GeS dramatically
shortens the relaxation time. Assuming that the hole-transfer
time, τht dominantly shortens the relaxation time of InSe in
InSe/h-BN/GeS (τInSe/h‑BN = 180 ps) to that of InSe in InSe/
GeS (τInSe/GeS = 26 ps). According to τInSe/GeS

−1 = τInSe/h‑BN
−1 +

τht
−1, the hole-transfer time, τht from InSe to GeS can be

estimated as 30 ps, which is on the same order of interfacial

Figure 2. Optical studies of the heterostructures. (a) PL spectrum of the InSe/h-BN/GeS heterostructure. (b) Energy band diagram under
photoexcitation. (c) Experimental data of the pump−probe measurements (in dotted lines) and the corresponding fitting curves (in solid lines). (d)
Raman spectrum of the InSe/h-BN/GeS heterostructure.
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charge-transfer times in semiconductors/TiO2.
28,29 Note that

the transient reflection for InSe/GeS could not indicate the
evolution of carrier density (or carrier lifetimes) in InSe or GeS.
It is because the presence of transferred holes in GeS
contributes positive signals to reflection, whereas the carriers
in InSe contribute negative signals to reflection (see also Figure
S7, Supporting Information Note 4). The lifetimes of carriers in
individual layers are expected to be longer than the hole-
transfer time but cannot be measured by our current
experimental geometry.
Raman spectroscopic studies were employed to study the

phonon vibrational modes at the junctions in the hetero-
structure as presented in Figure 2d. The isolated InSe flakes
show prominent vibrations at 115 cm−1 (A1g

1 , out-of-plane
vibration), 178 cm−1 (E1g

2 , in-plane vibration), and 228 cm−1

(A1g
2 , out-of-plane vibration) in accordance with the previous

reports.5,30 Isolated GeS flakes exhibit in-plane shear vibrational
modes at 213 cm−1 (B3g), 240 cm−1 (Ag

1), and 270 cm−1 (Ag
2)

according to the previous reports.31 The significant quenching
of Raman peaks belonging to GeS and the A1g

2 mode of InSe
(Figure S8) makes evident the strong interlayer coupling in the
overlapping area.24 A trivial shift in the InSe peaks and
suppression of GeS peaks on inserting h-BN layers in between
can be accounted to electron−phonon coupling or phonon−
phonon coupling.32,33 Otherwise, the suppression of GeS peaks
can be simply due to the reabsorption of the reflected beam by
the top h-BN/InSe layer. Here, we point out that there do not
exist any reports so far showing the variation of the Raman
spectrum arising from 2D-semiconductor/h-BN/2D-semicon-
ductor, which is an important and interesting topic awaiting
more detailed study. The absence of any additional peaks at the
heterostructure provides clear evidence that crystalline quality
of the flakes was not degraded during the transfer process and
no possible defects or contaminations were brought in all along
with the dry transfer technique.34

The p-type characteristics of GeS, where the majority carriers
are holes and the n-type behavior of InSe, where electrons are

dominant are supported by the transfer curve measured for the
GeS and InSe device separately in the field-effect transistor
configuration as shown in Figure S9. The two-terminal device
was fabricated with InSe/GeS hetero layers without h-BN
forming a p−n junction diode. The schematic of the device
structure with laser illumination is shown in Figure 3a. The
AFM image of the InSe/GeS device with the junction region
marked is represented in Figure 3b, and the inset shows the
optical microscopy image. Figure S10 shows a typical height
profile of the flakes; in this sample, the thickness of the InSe and
GeS layers were determined to be ∼30 and ∼50 nm,
respectively. The electrical characteristics of the InSe/GeS
device were measured under laser (λ = 633 nm) illumination at
different power intensities to study the photodetecting
performance of the p−n diode formed. The drain−source
current (Ids) measured for the applied drain−source voltage
(Vds) in the forward bias condition was plotted as current
density (J) by normalizing to the junction area as shown in
Figure 3c. It is obvious from Figure 3c that the current density
increases with the change in positive and negative bias under
different laser power without saturation in the drain current.
The rectification ratio (Iforward/Ireverse) calculated for the InSe/
GeS device is ∼11 with zero gate voltage, which is comparable
to the previously reported 2D material-based vertical and lateral
heterostructures.9,35−37 The enlarged view of the J−Vds curve
from −0.5 to +0.5 V is depicted in the inset of Figure 3c. It
reveals a significant short-circuit current (Isc) at zero bias with a
small open-circuit voltage in the negative bias region, giving rise
to a photovoltaic effect in the device similar to that in the AsP/
InSe heterostructure reported earlier.38 Unlike in the conven-
tional photovoltaic device, the positive short-circuit current at
high laser power (Figure S12a) can be attributed to the high
resistance of InSe without any gate voltage. Consequently, large
voltage drops at InSe and more photocurrent are generated
from InSe when compared to the GeS channel, especially under
633 nm (∼1.95 eV) laser illumination in a forward bias
condition. To quantify the performance of the device as a

Figure 3. Electrical characteristics of the InSe/GeS device. (a) Schematic of the InSe/GeS heterostructure device. (b) AFM image of the InSe/GeS
device and the inset represents the optical microscopy image with the junction region marked. (c) Current density as a function of applied voltage in
the InSe/GeS device with the inset showing the region under zero bias. (d) Responsivity (R) and detectivity (D*) of the device as a function of laser
power (Vds = 5 V).
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photodetector, photoresponsivity (R) was estimated using the
equation

=
×

=
−
×

R
I

P A

I I

P A
ph light dark

(1)

where Iph is the photocurrent generated as defined in the
equation, P is the laser power density, and A is the active area of
the device.5,39 Figure 3d shows the responsivity of the InSe/
GeS device as a function of different laser power at Vds = 5 V.
Photoresponsivity enhances with a decrease in laser power and
the responsivity in the InSe/GeS device reaches up to 2.7 × 102

A W−1 (Vds = 5 V, P = 7 μW cm−2). Detectivity (D*) is another
parameter that implies the sensitivity of the device to detect
weak signals. The value of detectivity was determined with the
following equation5

* =
Δ

D
A f( )

NEP

1/2

(2)

where A is the active device area,Δf is the measuring bandwidth
which is inversely proportional to the response time of the
device, and NEP is the noise equivalent power which signifies
the feeble optical power that can be distinguished from noise. It
is related to the root mean square noise current as NEP = IN/R,
where IN is the noise current and proportional to the dark
current (Idark) according to the relation, IN

2 = 2eIdarkΔf (e is the
electronic charge).5 Figure 3d represents the calculated D*
value as a function of different laser power and the maximum
detectivity obtained at Vds = 5 V and P = 7 μW cm−2 is 1.1 ×
1014 Jones.
To probe the effect of h-BN layers in the InSe/GeS device,

the vertical heterostructure device of InSe/h-BN/GeS has been
fabricated as mentioned earlier (Figure 1a). Figure 4a illustrates
the InSe/h-BN/GeS device emphasizing the charge separation
and the tunneling of charges through the h-BN barriers. AFM
image of the InSe/h-BN/GeS device is represented in Figure
4b, specifying the junction area clearly and the inset depicts the

optical microscopy image. The thickness of the InSe, h-BN, and
GeS layers are ∼30, ∼4, and ∼50 nm, respectively, as shown in
the height profile (Figure S11). The scanning electron
microscopy (SEM) image of the device along with the
elemental mapping is represented in Figure S13. The electrical
characteristics of the device with laser illumination are plotted
as current density versus applied bias as shown in Figure 4c.
Similar to the InSe/GeS device, a laser with a wavelength of 633
nm was employed and the drain−source current measured in
the forward bias condition. The current density (J) increases
with the change in positive bias without saturation, whereas in
the negative bias region, very feeble change is observed and
nearly saturates, as revealed by Figure 4c. The rectification ratio
(Iforward/Ireverse) estimated for the device is ∼7 without the
application of any gate voltage. Although it is better than
heterojunctions such as pentacene/MoS2 (∼5)40 and Ge/MoS2
(∼2),41 it is less than the InSe/GeS device. It signifies that
carriers in the InSe/GeS junction undergo interlayer recombi-
nation following either the Langevin or Shockley−Read−Hall
mechanism.10 In p−n junctions made of thin-layered materials,
the tunneling-mediated interlayer recombination governs the
current under forward bias.9,10 Therefore, the higher
rectification ratio in InSe/GeS can be ascribed to the interlayer
recombination taking place at the InSe and GeS interface,
whereas h-BN layers as a thin barrier layer in between InSe and
GeS avoids the carrier recombination resulting in lesser
rectification ratio. The inset of Figure 4c depicts the enlarged
view of the J−Vds curve from −2 to +2 V. It discloses the
observed negative short-circuit current (Isc) at zero bias (Figure
S12b) and a small positive open-circuit voltage manifesting a
photovoltaic effect. The observed photovoltaic characteristic is
in contrast to the InSe/GeS device where the short-circuit
current is positive and open-circuit voltage is negative. This can
be ascribed to the h-BN mediation layer which acts as a
tunneling barrier to the device, allowing carrier tunneling.
Besides, it favors hole transport and limits electron transport
through it because of the barrier height arising from the band

Figure 4. Electrical characteristics of the InSe/h-BN/GeS device. (a) Schematic of the charge separation and tunneling under laser illumination in
the InSe/h-BN/GeS heterostructure device. (b) AFM image of the InSe/h-BN/GeS device and the inset represents the optical microscopy image
with the junction region marked. (c) Current density as a function of applied voltage in the InSe/h-BN/GeS device with the inset showing the region
under zero bias. (d) Responsivity (R) and detectivity (D*) of the device at Vds = 5 V.
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alignment between InSe and GeS at the interface.42 The
photoresponsivity and detectivity of the device were calculated
using eqs 1 and 2 and plotted as a function of illuminated laser
power as shown in Figure 4d. The maximum responsivity and
detectivity obtained at Vds = 5 V, P = 7 μW cm−2 is 9 × 102 A
W−1 and 3.4 × 1014 Jones, respectively. These values are higher
than those for the previously reported InSe heterostructure-
based photodetectors.38,43 Thus, the results obtained from the
optical and electrical study are consistent and the performance
of the InSe/h-BN/GeS device is much higher than that of the
InSe/GeS device. It can be credited to the h-BN layer as it acts
as a sieve layer in between two semiconductors, efficiently
limiting the electron passage and avoiding carrier recombina-
tion simultaneously.42 The photo-switching characteristics of
both devices were presented in Figure S14.
To quantify the enhancement in photocurrent further, the

photocurrent density (Jph) at Vds = 5 V was plotted as a function
of illuminated laser power intensity (Figure 5a) for the InSe/
GeS device with and without a h-BN mediation layer. The error
limit for the variation in Jph for a number of devices is included
in Figure 5a. Another parameter, photogain (η) which
quantifies the number of electrons detected for an incident
photon was determined by the equation5

η
λ

= Rhc
e (3)

(hPlanck’s constant, cthe speed of light, and λ
wavelength of the light).5 The estimated photogain as a
function of illuminated laser power at Vds = 5 V is shown in
Figure 5b. It reveals that the photogain is enhanced by one
order in the presence of h-BN layers at the interface. It again
affirms the increased charge separation and reduced recombi-
nation between the InSe and GeS layers due to h-BN
mediation.44 The mechanism of carrier transport for both
InSe/GeS and InSe/h-BN/GeS devices is illustrated in Figure
5c−f. The energy levels of InSe, h-BN, and GeS and their band
alignment are given in Figures S15 and S16, respectively.
Initially, when the InSe/GeS (p−n) junction is formed, without
any external bias a state of equilibrium is achieved due to the
diffusion of holes to n-type InSe and electrons to p-type GeS at
the junction (Figure 5c). This results in the formation of a
depletion layer creating a built-in potential. In the forward bias
condition, when an external bias is applied, above a certain
threshold voltage the depletion layer becomes thin and carrier
transport takes place at the junction. The electrons (majority
carriers) flow from InSe to GeS and hole transfers from GeS to
InSe leading to the significant current flow across the junction
(Figure 5d). This transport mechanism matches well with the
J−Vds curve shown in Figure 3c. On the other hand, the InSe/h-
BN/GeS heterostructure behaves like a semiconductor−
insulator−semiconductor (SIS) diode. Figure 5e shows the
band diagram under thermal equilibrium without external bias.
When an external voltage is applied in the forward bias

Figure 5. Carrier transport mechanism of the heterostructures. (a,b) Photocurrent density and photogain as a function of illuminated laser power at
Vds = 5 V in the InSe/GeS heterostructure device with and without h-BN mediation. (c,d) Energy band diagram of the p−n junction in the InSe/GeS
device at zero bias and forward bias conditions, respectively. (e,f) Energy band diagram of the InSe/h-BN/GeS device at zero bias and forward bias
conditions, respectively.
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condition, the carriers get accumulated at the interfaces
(electrons at InSe/h-BN and holes at h-BN/GeS interface).
When the applied bias is above the threshold voltage, a large
number of accumulated charges tunnel across the h-BN layers
leading to the significant current flow (Figure 5f). Therefore,
with the applied forward bias, the h-BN layer behaves as a
permanent tunneling barrier which avoids interlayer recombi-
nation and enables to enhance carrier separation leading to
larger current flow in the InSe/h-BN/GeS heterostructure,
which is consistent with the J−Vds curve shown in Figure 4c.
Thus, the insertion of h-BN layers in between the InSe/GeS
junction provides another degree of freedom to tune the
physical properties of the heterostructure and paves way for the
development of high-performance optoelectronic devices based
on 2D materials.

■ CONCLUSIONS
We have provided an alternative approach to enhance charge
carrier separation and modulate physical properties in vertically
stacked van der Waals heterojunctions by a 2D insulating sieve
layer. To demonstrate our proposed physical principle, we
presented a meticulous study on the optical and electrical
properties of the InSe/GeS p−n junction diode and the InSe/h-
BN/GeS SIS diode. The PL and Raman spectroscopic studies
reveal the strong interlayer coupling between the InSe and GeS
heterostructure by quenching of PL and Raman peaks at the
junction. The enhancement of PL with the insertion of h-BN
layers gives clear evidence on the ability to tune the physical
properties of InSe/GeS with h-BN as a spacer. The ultrafast
pump−probe technique was employed to study the carrier
dynamics of InSe at InSe/GeS and InSe/h-BN/GeS junctions,
which is consistent with the observed changes in the PL. The
electrical measurements of the InSe/GeS and InSe/h-BN/GeS
device under laser illumination profess the higher photocurrent
density observed in the InSe/h-BN/GeS device due to
enhanced charge separation by the h-BN mediation. The
maximum photoresponsivity, detectivity, and photogain of the
InSe/h-BN/GeS device obtained are 9 × 102 A W−1, 3.4 × 1014

Jones, and 1.7 × 103, respectively. Quite interestingly, the
photovoltaic short-circuit current can be switched from positive
to negative, whereas the open-circuit voltage changes from
negative to positive. The energy band diagrams of both p−n
junction (InSe/GeS) and SIS (InSe/h-BN/GeS) diodes were
discussed in detail to understand the carrier tunneling
mechanism through the h-BN layers. Thus, we have
demonstrated a new degree of freedom to manipulate the
physical properties of heterostructures, which is useful for the
development of high-performance optoelectronic devices.

■ EXPERIMENTAL SECTION
Crystal Growth. InSe. InSe crystals were grown by the vertical

Bridgman method. The molar mixture of 99.999% pure In and Se
compounds (Sigma-Aldrich) was loaded in a conical quartz ampoule
which was evacuated to 10−4 Pa. Batch homogenization followed by
synthesis of single crystals was carried out in a horizontal furnace at
600 °C for 48 h. The heat-treatment was carried out for the melt in the
ampoules at 850 °C for 24 h before pulling. The ampoule was lowered
through a temperature gradient of 1 °C at a rate of 0.1 mm h−1 as the
melt fills the ampoule tip. The as-grown InSe crystal with a dimension
of 3 cm length and 1.2 cm diameter was obtained.
GeS. The CVT technique was used for GeS crystal growth. A three-

zone furnace made of a quartz tube with each zone maintained at
different temperatures (zone 1600 °C, zone 2577 °C, and zone
3527 °C) was employed for growing crystals for a time period of 100

h. The dimensions of the furnace were 100 cm in length and the outer/
inner diameter was 12/10 cm. Ge (99.999% pure) and S (99.999%
pure) mixed in a stoichiometric 1:1 ratio were loaded in a quartz
ampoule (length32 cm; outer/inner diameter2/1.8 cm) and
sealed at a pressure of 10−4 Pa. The sealed ampoules were placed in the
horizontal furnace and gradually heated to attain the specific
temperature as mentioned earlier. The dimensions of the as-grown
GeS crystal is 7.5 × 6.5 × 0.5 mm3.

Device Fabrication. The InSe/h-BN/GeS and InSe/GeS
heterostructures were prepared by the dry transfer technique. First,
GeS flakes were mechanically exfoliated using Scotch tape and then
transferred to SiO2/Si substrate using a PDMS stamp. Then, thin flakes
of h-BN (PolarTherm, Momentive) were exfoliated onto a PDMS film
and placed exactly on the GeS flake using a custom made
micromanipulator attached with the optical microscope. Similarly,
InSe flakes were transferred onto h-BN/GeS stacks. The exfoliated
flakes were scrutinized using optical microscopy (Olympus, BX 51M)
equipped with Leica, DFC495 charge-coupled device. The thickness
measurement for the flakes was carried out using AFM. To deposit
electrodes, the TEM copper grid was employed as a shadow mask and
located exactly on the heterostructure using the micromanipulator.
The Cr/Au electrodes (7/70 nm) were deposited by the thermal
evaporation technique.

Characterization Details. XRD of InSe and GeS was recorded
using the X-ray diffractometer (X’Pert PRO-PANalytical) at room
temperature with Cu Kα radiation for the 2θ range from 10 to 80°.
TEM was carried out with Philips Tecnai F30 field-emission gun
transmission microscopy operating at 300 kV. The PL spectra were
recorded by HORIBA Lab RAM HR spectrometer equipped with
HORIBA Syncerity detector using excitation energy (Eexc) as 2.33 eV.
Ultrafast optical pump−probe measurements were conducted by using
a home-built setup. A detailed configuration can be found elsewhere.45

The repetition rate of the pulses was 80 MHz. The photon energy of
the pump and probe were centered at 1.57 and 1.60 eV, respectively.
The powers of the pump and probe were 12 and 4 mW, respectively.
The pump and probe beams were collinearly focused onto the sample
with an objective lens with numerical aperture 0.95. The spot sizes
were ∼700 nm. The Raman spectra of the heterostructure were
measured using a Jodson micro-Raman spectrometer furnished with an
optical microscope (Olympus CX41) and Jobin Won HORIBA S
Drive-500 Syncerity detector. The excitation energy used was 2.33 eV
and a grating of 1800 g mm−1. In advance to the spectral acquisition,
the spectrometer was calibrated to a Si peak (520 cm−1). AFM imaging
was carried out with Nanosurf Flex AFM, easyScan 2 V.3.1. A Keithley
2400 electrometer was employed to record the electrical characteristics
of the device. He−Ne laser (λ = 633 nm) was applied for measuring
the photoresponse.
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