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Abstract: We report a novel ultraviolet photodetector based on graphene/h-
BN/ZnO van der Waals heterostructure. Graphene/ZnO heterostructure 
shows poor rectification behavior and almost no photoresponse. In 
comparison, graphene/h-BN/ZnO structure shows improved electrical 
rectified behavior and surprising high UV photoresponse (1350AW−1), 
which is two or three orders magnitude larger than reported GaN UV 
photodetector (0.2~20AW−1). Such high photoresponse mainly originates 
from the introduction of ultrathin two-dimensional (2D) insulating h-BN 
layer, which behaves as the tunneling layer for holes produced in ZnO and 
the blocking layer for holes in graphene. The graphene/h-BN/ZnO 
heterostructure should be a novel and representative 2D heterostructure for 
improving the performance of 2D materials/Semiconductor heterostructure 
based optoelectronic devices. 
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1. Introduction 

Graphene, the first discovered two dimensional material, has aroused great interest since 
discovered in 2004, which exhibits extremely high carrier mobility, excellent thermal 
conductivity and mechanical flexibility [1–3]. With these unique properties, graphene has 
great potential in the next generation of electronic and optoelectronic devices [4–6]. When 
graphene is used as light-to-current converter layer, the photocurrent responsibility is 
typically limited within 130mA/W for the low optical absorption of graphene [7, 8]. 
Integrating graphene with bulk semiconductor should improve the photo responsibility of 
devices [9, 10]. The interface between graphene and semiconductor, which influences the 
junction barrier height, determines the performance of Schottky diodes [9]. As graphene is 
atomic thin and the density states near the Dirac point of electronic band structure of graphene 
is low, the carriers transfer between graphene and semiconductor will decrease the barrier 
height of this Schottky diode, which limits the performance of graphene-semiconductor based 
Schottky diode [11]. The introduction of insulating layer between graphene and bulk 
semiconductor may overcome this problem. In parallel with the development of 
graphene/bulk semiconductor heterostructure, van der Waals heterostructure based on the 
stacking of two-dimensional (2D) materials have received much attention for their 
extraordinary physical properties [12]. Among those potential semiconductor, 2D TMDs such 
as MoS2, WS2 have been the current focus of the 2D community [13]. However, the limited 
band gap commonly less than 2.0 eV is not effective to inhibit the carrier transfer between 
graphene and bulk semiconductor [14]. 

The hexagonal boron-nitride (h-BN) is a III-V compound insulator with wide band gap of 
5.97eV, which has outstanding chemical stability, high transparency and flexibility [15, 16] 
and can be used as a dielectric layer in flexible electronics [17]. Although not reported yet, h-
BN could be inserted between graphene and bulk semiconductor as the barrier layer, which 
will inhibit the static charge transfer between graphene and bulk semiconductor, resulting a 
higher Fermi level difference between those two sides. 

On the other hand, bulk semiconductor is an important part of the graphene-semiconductor 
based Schottky diode, which should be well designed and chosen for better performance. ZnO 
is a semiconductor with direct wide band-gap (3.3eV at 300K), high chemical stability and 
large exciton binding energy (60meV) which is promising for light-emitting-diodes, laser 
diodes, and ultraviolet (UV) photodetectors [18–26]. Herein, we designed a novel 
photodetector based on graphene/ZnO single crystal heterostructure sandwiched with different 
layers of h-BN and the results show that h-BN layer can largely improve the rectification 
capability of graphene/ZnO interface, which leads to an enhanced photoresponse of the 
heterostructure. 

2. Graphene/h-BN/ZnO van der Waals Schottky diode 

The single side polished ZnO single crystal substrates with carrier concentration of 1016 cm−3 
bought from MTI Corporation were used in the experiment. Both the graphene layer and the 
h-BN layers (5 atom layers thick) were grown by chemical vapor deposition (CVD) method 
[15, 27]. Ni/Au (5nm/50nm) electrodes were deposited on rough side of the ZnO substrate for 
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achieving ohmic contact. The PMMA supported CVD grown h-BN layers were transferred 
onto the polished side of ZnO then immersed in acetone and isopropanol in turn for half an 
hour to remove the PMMA. The polyimide type deposited with Ni/Au (5nm/50nm) electrode 
was placed on the h-BN layer. Then, PMMA supported CVD grown monolayer graphene 
(MLG) was transferred onto the h-BN layers and the electrodes. Graphene naturally forms the 
ohmic contact with Ni/Au electrode after transferring. The device area is about 25mm2 (5mm 
× 5mm). Here the PMMA layer was not dissolved as it is highly transparent to UV light and 
the PMMA layer can protect the interface of MLG/h-BN/ZnO heterostructure from the 
environment [28]. Transmission electron microscope (TEM) characterization of h-BN was 
carried out in a Technai F-20 system and Raman spectra were measured by a Reinishaw 
system with an excitation laser of 532 nm. Schematic illustration and photodetector test of the 
MLG/h-BN /ZnO structure are shown in Fig. 1 (a) and Fig. 1(b), respectively. A commercial 
UV light of 365 nm was used as the illumination source for the photodetector test, which is 
carried out under the dark environment and the power density was measured by SUSS 
MicroTec UV-Optometer. 

 

Fig. 1. Schematic diagram and cross-section of the MLG/h-BN /ZnO structure. 

3. Results and discussion 

For revealing the thickness of h-BN, we transfer the h-BN to copper grid for TEM 
characterizations. Figure 2(a) show the low-magnification TEM image of h-BN and the inset 

shows the diffractions pattern of h-BN, where five dots corresponding to (1120 ) lattice plane 
can be found, indicating the h-BN could be five or six layers thick. The high-resolution TEM 
image of the edge of the h-BN is shown in Fig. 2(b), which clearly shows that our h-BN has a 
thickness of five layers. We transferred the identical h-BN layers and graphene used in the 
device onto the Si/SiO2 substrate for Raman measurements. The Raman feature of 
graphene/h-BN heterostructure is shown in Fig. 2(c), where the peak near the 1366cm−1 due to 
the E2g vibrational mode of h-BN indicates the existence of h-BN layers [29]. Figure 2(c) also 
shows the Raman feature of monolayer graphene transferred onto the Si/SiO2 substrate. The 
high 2D/G ratio larger than two and the weak D peak indicate high-quality single layer 
graphene [30]. 
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Fig. 2. (a) TEM image of the h-BN and inset shows the electron diffractions pattern of h-BN 
(b) High-resolution TEM image of the edge of h-BN (c) Raman feature of graphene/h-BN 
heterostructure (d) the I-V curves of MLG/ZnO Schottky diode sandwiched with different 
layers of h-BN. 

Although Schottky contact can be formed between graphene and ZnO due to the 
difference of their work function (0.22eV) theoretically [31, 32], the charge transfer between 
graphene and ZnO is severe according to our previous report [33]. This charge transfer leads 
to an extraordinary large leak current of graphene-ZnO heterostructure, as shown in Fig. 2(d). 
The dark line, red line and blue line represent the current-voltage (I-V) characteristics of 
MLG/ZnO, MLG/five layers h-BN/ZnO and MLG/fifteen layers h-BN/ZnO diode, 
respectively. To MLG/ZnO device, we observed a large reverse leakage current, about 4.5mA 
at −5V and the I-V curve reveals only weak rectifying behavior. This result is mainly caused 
by the charge transfer between graphene and ZnO as well as the existence of impurities 
introduced during transfer process. Compared with MLG/ZnO device, the rectifying effect of 
MLG/five layers h-BN/ZnO device is improved slightly. When the number of h-BN layers 
increases to fifteen, the device shows a significant improved rectifying behavior with a turn 
on voltage of ~1V. The best forward and reverse current ratio at V is ~103. At forward bias, 
the resistance of MLG/ZnO and MLG/fifteen layers h-BN/ZnO is about 540Ω and 800Ω, 
respectively. The increase of resistance is caused by the insulation of h-BN layer. 

The MLG/fifteen layers h-BN/ZnO device shows distinctive rectifying behavior. While 
exposed to 365 nm UV light irradiation, the Schottky barrier disappears [34]. Figure 3(a) 
shows the I-V curves of the MLG/three layers h-BN/ZnO device under different power 
density UV illumination. The photoresponse can reach 1350AW−1 at −5V when the incident 
power density is 5μW cm−2. This responsibility is three orders of magnitude larger than 
traditional GaN photodetectors (<0.2A/W) [25, 35–38]. Such high responsibility can be 
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attributed to high quantum efficiency of ZnO and the sandwiched graphene/h-BN/ZnO 
structure. It is noteworthy that graphene/ZnO heterostructure with h-BN has no UV 
photoresponse. When the Schottky junction is applied with reverse bias, the mainly voltage 
drop occurs at the depletion region in ZnO. When the junction is illuminated with 365nm UV 
light, the photon-generated carriers are separated quickly by the strong local electric field, 
hence reduce the electron-hole recombination rates [39]. On the other hand, there are few 
recombination centers in the single crystal ZnO. Those two factors increase the carrier life 
time and resulting a large photoconductive gain [40].It is obvious that photocurrent increases 
with the increasing of power density of UV illumination and when power density increases to 
70μW cm−2, the photocurrent starts to saturate, as shown in Fig. 3(b). Figure 3(c) shows the 
time dependence of the photocurrent when the UV light is switching on/off in a cycle of 30 
seconds. Upon exposing UV light, the photocurrent increases rapidly, this period continues 
for 1 second, approximately. Then the photocurrent shows a slow increase. When the UV 
light is turned off, the photocurrent decreases rapidly then slowly. The fast decrease process 
continues for about 5 seconds then the photocurrent decreases slowly. The increase time and 
decrease time are faster than many reported ZnO based UV photodetector (from several 
seconds to several minutes) [41, 42]. Figure 3(d) shows the behavior of photocurrent decay in 
detail. By fitting the experimental data, the decay process follows a function consist of two 
exponential decay functions. While the form of the function is 

 1 2
1 2

( ) ( )
τ τ
− −

− = − + −off off
ph dark

t t t t
I I A A exp  exp  (1) 

1τ  represents the time constant of photo generated electrons and holes recombination process. 

Fitted results of 1τ  and 2τ  are 0.84s and 5.26s, respectively. 2τ  is a slow response process 

may be associated with the oxygen absorption and desorption process in the interface of h-
BN/ZnO [43, 44]. 
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Fig. 3. (a) I-V characteristics of the graphene/three layers BN/ZnO UV detector under 
illumination of 365nm UV light and the power density of UV ranging from 0 to 160μW cm−2 
(b) Varation of the photocurrent with the intensity of UV illumination (c)Time dependence of 
photocurrent when switching UV light on and off at a cycle of 30s. The reverse bias is 1V. 
(d)Photocurrent decay process and the fitted line, reverse bias is 1V. 

The energy-band diagrams of graphene/h-BN/ZnO device under reverse bias are shown in 
Fig. 4.In fact, the I-V characteristics of the graphene/h-BN/ZnO heterostructure can be 
described in following equations: 

 0 (exp )= −p
B

qv
J T J

nk T
1  (2) 

T is the absolute temperature, n is the junction ideality factor,  represents for the Boltzmann 
constant. Tp is the tunneling probability, which can be described as below: 

 
*

exp( )

π

= − barrier
p

m q
T d

h

2
2

2

Φ
 (3) 

m* is the effective mass of the tunneling carrier, d is the thickness of insulating layer, h 
represents for Plank constant. J0 is the junction saturation current density, 

 * 2
0 exp( )= − barrier

B

q
J A T

k T

Φ
 (4) 

A* is the effective Richardson’s constant of ZnO (32Acm−2K−2) [45]. The barrierΦ  calculated 

here is about 0.65eV while the barrierΦ  between graphene and ZnO is 0.22eV in theory. In 
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dark environment, the higher barrier formed between graphene and h-BN can suppress the 
tunneling of electrons from the valence band of graphene to the conduction band of ZnO at 
reverse bias. The holes are minority carrier in ZnO and the concentration of holes are several 
magnitude smaller than electrons. Although holes in ZnO can tunnel through the h-BN layer 
under the action of applied electric field, the hole current is very small, as shown if Fig. 4(a). 
While under UV illumination, the photo-generated holes will inject into graphene under the 
applied electric field, this process leads to a large increase of reverse current, as shown in Fig. 
4(b). Without the BN layer, although the photo-generated holes can transfer from ZnO to 
graphene layer, however, the holes will recombine with the electrons or defect levels in ZnO 
immediately, which leads the negligible photoresponse behavior of Graphene/ZnO 
heterostructure. This physical picture is in agreement with our previous temperature 
dependent photoluminescence study of ZnO-core/Graphene-shell structure [33]. 

 

Fig. 4. The energy-band diagrams of graphene/h-BN/ZnO device (a) under reverse bias and 
dark (b) under reverse bias and UV illumination. 

4. Conclusion 

In summary, we have demonstrated a novel graphene/h-BN/ZnO tunneling UV photodetector. 
The photocurrent response of the detector can reach 1350AW−1, which is four orders of 
magnitude larger than that of traditional GaN photodetectors. Such high photoresponse is 
attributed to the introduction of h-BN layer. This graphene/h-BN/ZnO device may be 
promising candidate for weak signal UV detection. 
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