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ABSTRACT: Hybrid Van Der Waals heterostructures comprising ultrathin layers of different
materials and offering the possibility of novel properties and unusual charge transport
characteristics have become a reality in recent years. Here, we vertically stack graphene, a
transition metal dichalcogenide and a III-VI semiconductor together and report a novel self-
driven photodetector based on graphene/InSe/MoS,; heterostructure. The device shows rectifying
and bipolar behavior. In the self-driven mode it exhibits high photoresponsivity (110 mA/W),
fast photo-response (less than 1 ms) and high detectivity (over 10" Jones). It also shows ambient
operational stability over one month of operation and nearly uniform photocurrent distribution
because of the efficient electron-hole pair separation arising from the large built-in potential at
the interface of MoS, and InSe. Our graphene/InSe/MoS; heterostructure holds the promise for

novel self-driven optoelectronics based on I11-V1/ transition metal dichalcogenide heterojuctions.
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1. Introduction

Vertical Van Der Waals (VDW) heterostructures with different materials have attracted
tremendous interest not only for their outstanding properties such as strong interlayer interaction
and ultrafast charge transfer process but also in optoelectronic applications such as photodiodes,
light emitting diodes (LED) and solar cells with self-driven and rectifying features *®. The ultra-
thin vertical VDW heterostructure is compatible with gating and the large junction area makes
for an efficient and tunable device. The most studied vertical VDW heterostructures are p-n
junctions assembled from various transition metal dichalcogenides (TMDs). For example,
vertical MoS,/WS; heterostructures show gate tunable diode like current rectifying behavior and
can act as a photovoltaic cell or as a self-driven photodetector with photo-switching ratio
exceeding 10%. Moreover the collection of photo-excited carriers can be enhanced by adding top

and bottom graphene layers °

. In addition, other vertical VDW heterostructures with p-n
junctions such as GaTe/InSe, black phosphorus/MoS, and SnSe/MoS; have been reported. All of
them show diode-like behavior and photovoltaic effect due to the type-11 VDW heterojunctions
1043 The self-driven behavior in a photodetector is based on the photovoltaic effect and should in
principle be seen in devices based on type-Il VDW heterojunctions because of the built-in
potential. However the final performance is also determined by the properties of the hybrid
device such as interlayer coupling, charge transfer and carrier lifetime. Few devices have been
reported where the junction is between materials with the same kind of majority charge carriers

like for example WS,/MoS, with n-n type and Se/polyaniline with p-p type heterostructures™**°,



in which similar rectifying properties and bipolar behavior can also exist. In our previous study,
we combined n-type InSe with n-type MoS; and studied light interaction within vertical VDW
InSe/MoS; heterostructures™®. We found significant Raman intensity modification due to strong
light coupling in the heterostrucure with a high quality interface and optimized light harvesting
by controlling the layer thicknesses. In this work we add a monolayer graphene layer on top and
fabricate a vertical graphene/InSe/MoS, heterostructure procuring three benefits: (1) ohmic
contact between graphene and InSe; (2) efficient charge transport in graphene reducing carrier
recombination'’; (3) encapsulation of InSe by covering graphene layer thus enhancing the
stability of the device'®. Our graphene/InSe/MoS, device shows current rectifying and bipolar
behavior and functions as an air-stable self-driven photodetector with nearly uniform
photocurrent distribution, fast photo-response speed and high detectivity at zero bias and gate
voltage.
2. Results and discussions

In the VDW graphene/InSe/MoS; heterostructure fabrication process, few-layer MoS, (~ 6
nm) was firstly mechanically exfoliated onto SiO,/Si substrate and then multilayer InSe (~ 50
nm) was randomly dry transferred onto MoS;, forming InSe/MoS, heterostructures. The
interface between InSe and MoS; is very clean thanks to the dry transfer process and has been
confirmed by our previous study™. Graphene was prepared on glass using the anodic bonding

method®® and wedging transferred onto the InSe/MoS, followed by plasma etching to complete



the graphene/InSe/MoS, heterostructure. The detailed fabrication process and corresponding
optical images can be seen in supplementary information 1 and Figure S1.

The schematic diagram and optical image of graphene/InSe/MoS; heterostructure are shown in
Figure 1 (a) and (b). The thickness of InSe is around 50 nm so as to maximize light absorption
and the bottom MoS; layer is only 6 nm so as to optimize electrostatic doping by the back gate.
In Figure 1(c), we characterize the heterostructure using Raman spectroscopy and show that
vibration modes corresponding to InSe and MoS, are found in the range of 100 cm™~500 cm™.
Moreover, the significant modification of Raman intensity (~5 times less from both InSe and
MoS;) in our graphene/InSe/MoS, heterostructure indicates interference effects and a good
interface quality. In order to investigate the electronic band alignment between InSe and MoS,,
we measured the valence band electronic structure by means of angle resolved photoemission
spectroscopy (ARPES) around the Brillouin zone center (I" point) using the He lo resonance line
as shown in Figure 1(d) and (e). From the ARPES spectra of cleaved MoS; and InSe, one can
deduce that the surface chemical potential is at 1.10 eV (MoS;) and 0.98 eV (InSe) above the
valence band maximum (I" point) indicating intrinsic n-doping of these two semiconductors with
band gaps of 1.33 eV (6 nm MoS;) and 1.26 eV (bulk InSe) respectively. The high n-doping
property in this two materials is consistent with earlier transport measurements (lgs-Vgs) 2. The
electron affinity of InSe (-4.9 eV)? is smaller than that of MoS, (-4.3 eV)? causing ~0.7 eV
difference of Fermi levels between the two materials before band alignment. However, when

InSe and MoS; are in contact, the Fermi levels must coincide at the interface and a large built-in



potential is formed. The corresponding type Il band alignment diagram of the InSe/MoS,
heterostructure in Figure 1(f) shows that under illumination photoelectrons flow from InSe to

MoS; thus causing a “self-driven” photocurrent without any applied bias or gate voltage.
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Figure 1. (a) Vertical VDW stacking, (b) the corresponding optical image and (c) Raman spectra
of graphene/InSe/MoS; heterostructure. (d-e) ARPES spectra of MoS, and InSe acquired with
He la resonance line. (f) Band alignment between InSe and MoS; at interface.

The schematic photodetector based on graphene/InSe/MoS; heterostructure is shown in Figure
2(a). It is worth pointing out that a Schottky barrier is known to exist at Au contacts on InSe 22,
An immediate benefit of the graphene layer on the top of the InSe/MoS;, heterostructure is the
ohmic contact between graphene and InSe®. The voltage between the source and drain
determines the device current, and the voltage between the source and the back gate changes the
Fermi level of the MoS; layer by electrostatic doping, which further modifies the band bending

and the built-in potential at the interface. We first characterize the graphene/InSe/MoS, device

by photocurrent mapping with 532 nm focused laser illumination without bias voltage or back



gate voltage as shown in Figure 2(b-c). The photocurrent is negative because photoelectrons flow
from InSe (drain) to MoS; (source) under the influence of the built-in potential. It is uniformly -
25 nA in the whole device (device area: ~180 um?) except the area surrounding the Au contact
where it is higher. This is in contrast to the InSe/MoS; heterostructure without the graphene
transport layer where the photocurrent vanishes rapidly away from the Au contact under the
same illumination conditions, as shown in Figure S2. The non-uniform photocurrent distribution
in the InSe/MoS; heterostructure and the nearly uniform distribution of the photocurrent in the
graphene/InSe/MoS; heterostructure can be understood from the simplified device model shown
in Figure 2 (d-e). In general, the total resistance of each device can be split up into several
contributions and we will discuss them separately in the following. In a device based on the
InSe/MoS; heterostructure as show in Figure 2 (d), the total resistance includes the contact
resistance Au/InSe (R;) and MoS,/Au (Rg), the InSe (R234) and MoS; (Rsg7) sheet resistance
and the resistance at the InSe/MoS; interface Rp (we use a diode symbol here because of the
rectifying behavior shown in Figure S3). However, InSe sheet resistance is several orders of
magnitude higher than MoS; sheet resistance. During photocurrent mapping, the transport paths
of photo-excited carriers differ depending on the spot where light is focused resulting in different
measured device resistance. When light is focused close to the top Au contact, holes can move
through InSe to the top Au contact easily because of the short distance, while electrons can also
travel through MoS; to the other Au contact easily because of the low resistance. Thus the total

resistance for current through the device can be schematized by R;+ Rp+ Rs +Rg +R7+ Rg. When



light is focused away from the Au contact, total resistance for the current through the device is
much higher due to the difficult hole transport through InSe schematized by R;+ Ry+ Rz +R4
+Rpt+ Rg. Thus the photocurrent decreases rapidly away from the top Au/MoS; contact. In
contrast in the device based on graphene/InSe/MoS; heterostructure shown in Figure 2 (e), the
sheet resistance of InSe is inconsequential because the graphene sheet short-circuits the InSe
layer. In this case, photo-excited carriers travel through the InSe layer vertically and then
laterally through the graphene layer because of the much higher mobility of graphene reducing
carrier recombination and leading to a persisting photocurrent away from the Au contact. This is
the second advantage of placing graphene on top of the InSe/MoS, heterostructure. The
photocurrent is still not totally uniform in the whole graphene/InSe/MoS; device, with a
somewhat higher current in the region close to the Au/MoS; contact because of the difference in
the sheet resistance of graphene and MoS,. This however could be corrected by fabricating a

symmetric graphene/InSe/MoS,/graphene heterostructure.
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Figure 2. (a) Schematic of graphene/InSe/MoS, photodetector. (b-c) Nearly uniform
photocurrent distribution in graphene/InSe MoS; heterostructure. The red dash square represents
the corresponding photocurrent mapping area. (d-e) Schematics of the simplified device models
based on InSe/MoS; and graphene/InSe/MoS; heterostructures.

We then measure drain-source current-voltage (lgs-Vgs) curves in the absence of back gate
voltage (V=0 V) under different light illumination power as shown in Figure 3(a). The dark
response shows diode-like behavior as seen from the insert of Figure 3(a), and under illumination
the curves present the rectifying characteristics of a photodiode. The absolute photocurrent
increases rapidly when the bias voltage assumes negative values and starts to saturate at a certain
point depending on the illumination power. The photovoltaic effect is also observed in our
device corresponding to a short-circuit current (ls) at zero Vgs or an open-circuit voltage (Vo) at
zero lgs under illumination (Insert panel of Figure 2(a) and Figure S3). In the
graphene/InSe/MoS, device, I and Vo are both higher than the values in the InSe/MoS,

heterostructure at the same illumination power. For example, lsc and V. are -4.8 nA and 220 mV



in graphene/InSe/MoS; device, three times higher than in the device without graphene (-1.5 nA
and 70 mV) at the illumination power of 126 mW/cm?, as shown in Figure S3. The photovoltaic
effect leads to a self-driven device (Vgs=0 and V=0). Figure 3 (b) shows the photo-response of
the graphene/InSe/MoS; device in the self-driven mode and 532 nm incident light with 1.26
mW/cm? illumination power. Our device shows fast photo-response (t) with both rise time and
fall time less than 1 ms, which is three orders of magnitude less than that in homostructural InSe
and MoS, photodetectors %", Furthermore we note that non-zero Vg can change the Fermi level
in MoS;, increasing (Vy>0) or decreasing (V4<0) the Schottky interface barrier between InSe and
MoS; and thus effectively modifying the photocurrent, as shown in Figure 3 (c). Finally,

detectivity (D*) is another key parameter that represents the ability of the photodetector to

RVA
vZ2elgark

4, A is the device area and I, is the dark current. In the self-driven mode, the D* in our

distinguish signal from noise: D* =

, Where R is the photoresponsivity shown in Figure

graphene/InSe/MoS; heterostructure is as high as 1.08x10'° Jones (cm HzY?/W) because of the

high light on-off ratio caused by the large built-in potential between InSe and MoS,.

10



2000 | Dark —— 126 mW/cm® 2 I
(a ) —— 1.26 mW/cm’—— 630 mW/cm® (b)0,0
— 12,6 mMW/cm® 1260 mW/cm”
ol < 04
< £
g £ 08
5 -200+ g
3 12r
-400 - 16 .
-2 -1 0 1 2 0 2 4 6 8 10 12 14 16 18
V.. (V) Time (ms)
£ 1l
0 _ e i e, )
(c)E || Dk vV =10V (d)@o+ wa
i - 04}
< -2¢ V. =0V E
= «= -0,8
E 2 3
= s 121
5 4+ 370
o V =20V ©
5t i 16}
6L ‘ . nght ) . . . 20 Just after 1 week ) 1 month
0 1 2 3 4 5 6 7 - g g

Time
Time (s)

Figure 3. (a) lgs-Vus Characterization of graphene/InSe/MoS, heterostructure as a function of
illumination power. Insert: focused dark current and Is. (b) Rise (fall) time when light is turned
on (off) from dark (illumination) status. (c) Photocurrent variation according to different back
gate voltages. (d) Stability of graphene/InSe MoS; photodetector under ambient conditions and
illumination power of 1.26 mW/cm?.

The ambient stability of the device is an important criterion in applications of 2D materials.
The stability of our graphene encapsulated device was characterized by monitoring the
photocurrent and photo-response as a function of time as shown in Figure 3 (d). No change was
observed over a month-long period under ambient conditions in strong contrast to the instability
of a similar InSe/MoS; device (50% decrease in photocurrent over the same period as shown in
Figure S4). The difference indicates that graphene plays a key role on the protection of InSe,
which is in good agreement with Raman characterization from our previous study®. This is the

third benefit of placing graphene on top of the InSe/MoS; heterostructure.
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Figure 4 shows photoresponsivity (R = I,,,/(P x A), where Iy, is photocurrent and P is
illumination power) and external quantum efficiency ( EQE = hcR/eA ) of the
graphene/InSe/MoS, photodetector calculated as a function of P from experimental data and
fitted by the phenomenological function which has been used in non self-driven photodetectors:
R = aPPF~1/A, where a and B are fitting parameters’®?®. Under 1.26 mW/cm? illumination
power of 532 nm light, R and EQE are calculated to be 110 mA/W and 25.7 % in the self-driven
mode. Both R and EQE decrease as P increases and moreover, this variation follows the power
law very well with the fitting exponents a = 0.26 and 8 = 0.68. This demonstrates that this
fitting function can also be applied in self-driven photodetectors. We also compare these values
with the performance R and EQE of InSe/MoS, photodetectors with different areas in Figure (4).
In these devices, as mentioned earlier, the active area is only around the contacts so that R and
EQE, which are normalized to area, decrease as the InSe/MoS, device area increase. However in
the graphene/InSe/MoS; device, the whole detector area is active with a non-zero photocurrent as
shown in Figure 2(c), which results in a much higher R and EQE compared to similar sized
InSe/MoS; photodetectors. As explained earlier this is due to efficient transport of photo-excited
carriers through monolayer graphene and significant reduction of electron-hole pair

recombination during carrier transport.
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Figure 4. R and EQE as a function of illumination power for graphene/InSe/MoS; heterostructure
and compared with different sized devices of InSe/MoS, heterostructures. Symbols: experiment
data, red line: parameterized fit of phenomenological function (see text).

Table 1 summarizes the key parameters of our graphene/InSe/MoS, photodetector, and
compares them to some InSe based and MoS, based vertical VDW heterostructure
photodetectors in the self-driven mode published in literature. The R and 1 in our
graphene/InSe/MoS, device are comparable to that of the previously reported state-of-the-art
devices. The detectivity in the device is two orders of magnitude higher than that of the
MoTe,/MoS, device. Again, we ascribe this to the large built-in potential at the InSe/MoS,

interface and the high carrier mobility in the graphene layer.

13



Table 1. Comparison of key parameters between this work and some InSe based and MoS; based
vertical VDW heterostructure photodetectors under self-driven mode. Only one other work
calculated the detectivity explicitly.

light intensity

Devices thickness (nm) R (mA/W) D* (Jones) T(ms) (mWer?) Ref
GaTe/MoS, 4.5/13.5 1370 - 10 100 ®
MoTe,/MoS, 3.3/7 46 1.06 x10° 0.06 ~73 %

GaTe/InSe 18/10 13.8 - 0.02 0.16 10
MoS,/perovskite 0.8/— 60 - >200 0.7 3
Graphene/InSe/MoS, 0.34/40/6 110 1.08 x10% <1 1.26 This work

4. Conclusions

In summary, we fabricate a graphene/InSe/MoS, VDW heterostructure photodetector by
random dry transfer of multilayer InSe on few-layer MoS, and wedging transfer of monolayer
graphene on top. ARPES measurements show that both InSe and MoS, are highly n-doped and a
type-1II heterostructure is formed. In the self-driven mode, R and EQE are calculated at 110
mA/W and 25.65% which are comparable to other InSe based or MoS; based heterostructures.
Compared to the InSe/MoS, device, the graphene/InSe/MoS, photodetector is active over the
whole detector area with a nearly uniform photocurrent distribution and high operational stability
under ambient conditions. It also has a high photoresponsivity of 110 mA/W, a fast photo-
response time less than 1 ms and high detectivity resulting from a large built-in potential at the
InSe/MoS, interface. The performance of our device indicates the promise of graphene
encapsulated VDW heterostructures with III-VI and TMD semiconductors and highlights the
benefits of a new generation of self-driven photodetectors.
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