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Abstract: In this study, we present a simple ultraviolet
(UV) light photodiode by transferring a layer of graphene
film on single-crystal ZnO substrate. The as-fabricated het-
erojunction exhibited typical rectifying behavior, with a
Schottky barrier height of 0.623 eV. Further optoelectronic
characterization revealed that the graphene-ZnO Schottky
junction photodiode displayed obvious sensitivity to
365-nm light illumination with good reproducibility. The
responsivity and photoconductive gain were estimated
to be 3x10* A/W and 10°, respectively, which were much
higher than other ZnO nanostructure-based devices. In
addition, it was found that the on/off ratio of the present
device can be considerably improved from 2.09 to 12.1,
when the device was passivated by a layer of AlO_ film.
These results suggest that the present simply structured
graphene-Zn0O UV photodiode may find potential applica-
tion in future optoelectronic devices.

Keywords: graphene; Schottky junction; UV photodetec-
tor; responsivity; surface passivation.

1 Introduction

Zinc oxide (Zn0), with a wide direct band gap (3.4 eV) and
a large exciton binding energy of 60 meV, has been one
of the most studied II-VI group semiconductors [1]. In
comparison to their bulk and thin film counterparts, ZnO
nanostructures in one-dimensional (1D) form including

*Corresponding author: Lin-Bao Luo, School of Microelectronics,
Hefei University of Technology, Hefei, Anhui 230009, P. R. China,
e-mail: luolb@hfut.edu.cn

Teng-Fei Zhang, Guo-An Wu, Jiu-Zhen Wang, Yong-Qiang Yu,
Deng-Yue Zhang, Dan-Dan Wang, Jing-Bo Jiang and Jia-Mu Wang:
School of Microelectronics, Hefei University of Technology, Hefei,
Anhui 230009, P. R. China

©2016, Lin-Bao Luo et al., published by De Gruyter.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 3.0 H%gr&seh

nanowires [2], nanoribbons [3], and nanorods [4, 5] have
exhibited excellent electrical and optical properties due
to the quantum size effect and large surface-to-volume
ratio [4, 6]. For this reason, 1D ZnO nanostructures have
been widely employed to fabricate various electronic and
opto-electronic devices including chemical and biological
sensors [7, 8], field effect transistors (FETs) [9, 10], pho-
tovoltaic devices [11, 12], light-emitting diodes (LEDs) [13,
14], lasers[15, 16], and photodetectors [17, 18]. Among these
nanodevices, photodetectors based on ZnO nanostruc-
tures have recently received increasing research interest
due to their wide application in various military fields
including emitter calibration, spatial optical communi-
cation, and light vision and so on [19]. For instance, Soci
et al. developed a high-performance visible-blind pho-
todetector based on individual ZnO nanowire (ZnONW)
[20]. They found that the internal photoconductive gain
was as high as 108, the highest value ever reported. More
recently, we reported a graphene-ZnO nanorod (ZnONR)
array Schottky junction UV photodetector. Thanks to the
novel device geometry, the graphene-ZnO device exhib-
ited a high responsivity of 113 A/W, and a fast response
rate of millisecond [21].

In spite of these progresses, it is undeniable that most
of the ZnO nanostructure photodetectors are character-
ized by the following two features: (1) Relatively compli-
cated fabrication process. The device assembly normally
involves the synthesis of ZnO nanostructures, which is dif-
ficult to precisely control the diameter and surface states
of the final product. (2) Poor device reliability. Owing to
the lack of precise control over individual nanostruc-
tures, the device performance is often different from one
another, leading to poor device reproducibility and relia-
bility. Without question, these problems have constituted
the main bottleneck for their practical application. In light
of this, we herein report a simple and sensitive UV light
photodetector by directly transferring a layer of chemical
vapor deposition (CVD) graphene on a commercial sin-
gle-crystal ZnO wafer. It was found that the as-fabricated
graphene-ZnO heterojunction exhibited typical rectifying
characteristics with a Schottky barrier height of 0.623 eV.
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What is more, the graphene-ZnO Schottky junction
photodiode was highly sensitive to a 365-nm light illumi-
nation with good reproducibility. The responsivity, pho-
toconductive gain, and detectivity were estimated to be
3x10* A/W, 10°, and 4.33 x10" Jones, respectively, which
are much better than other photodetectors based on ZnO
nanostructures. It was also revealed that when the device
was passivated by a layer of AlO_ film, the on/off ratio of
the present device can be considerably improved from
2.09 to 12.01. The above results suggest that the present
simply structured graphene-ZnO UVPD is a promising
building block for fabricating high-performance optoelec-
tronic devices.

2 Results and discussion

FigurelA shows a typical schematic illustration of the gra-
phene-ZnO Schottky UVPD. To fabricate the device, com-
mercial ZnO wafers were first cleaned in acetone, alcohol,
and deionized water, respectively. Afterwards, 5-nm Ti
and 50-nm Au were deposited on the ZnO back surface
to form Ohmic contact. Graphene synthesized via CVD
method was then transferred onto the surface of clean n-
type ZnO substrate, leading to the formation of Schottky
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junction with a junction area of 4x2.5 mm? (Figure 1B).
Figure 1C shows the Raman spectrum of the graphene
film, from which one can observe two obvious peaks,
i.e. a 2D band peak at ~2680 cm! and a G band peak at
~1590 cm™. The intensity ratio of I : I is estimated to be
2:1, signifying the single layer of the graphene. What is
more, the weak D-band scattering at ~ 1340 cm~! indicates
the low-density defects of the graphene film [22, 23]. This
graphene-ZnO Schottky junction can function as an effi-
cient UVPD, whose operation mechanism can be under-
stood from the energy band diagram illustrated in Figure
1D. The work function of graphene and ZnO are 4.6 and 4.4
eV, respectively. When graphene and ZnO are in contact to
each other, the energy band bends upward as the surface
of the energy of a semiconductor is higher than the body.
As a result, the ZnO surface will form a space charge
region (built-in electric field) with a direction pointing
from the body to the surface. At reverse bias voltage, the
energy band of ZnO continues to bend upward, leading
to a strengthened barrier height at the interface. Thus,
it is difficult for the electrons to enter through the space
charge region from ZnO to graphene, which corresponds
to an “off” state characterized by low dark current. When
irradiated with UV light with sufficient energy, the elec-
trons of the valence band are excited into the conduction
band, and holes are generated in the valence band. The

2D

Intensity (a.u.)

1000 1500 2000

Raman shift (cm™)

C}!:Iphtllc M 1.6E+45
1.2E+5
0.8E+5

~ 4.5E+4
0.5E+4

Figure 1: (A) Schematic illustration of the graphene-ZnO Schottky junction photodiode. (B) A representative digital camera picture of
the UVPD device. (C) Raman spectrum of the graphene film; the inset shows an SEM image of the graphene film on a Si0,-Si substrate.
(D) Energy band diagram of the UVPD under UV light illumination at a reverse bias. (E) The total current density distribution of graphene-ZnO

and metal-ZnO device at a bias voltage of —1V.
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photo-generated electron-hole pairs in the space-charge
region are separated by the built-in field, constituting the
photocurrent in external circuit. It should be pointed out
that the present graphene-ZnO Schottky junction is good
at collecting carriers for the complete coating of graphene.
Figure 1E compares the total current density distribution
of both graphene-ZnO and metal-ZnO structure at a bias
voltage of —1 V, which was carried out by a 2D semicon-
ductor simulation package (ISE-TCAD). We can see that
the 100% coverage of transparent and metallic graphene
on the ZnO surface will lead to homogenous current distri-
bution all over the graphene-ZnO contact. On the contrary,
the metal-ZnO device, which is characterized by partial
coating of metal on the ZnO surface [24], has a relatively
inhomogeneous current distribution. Undoubtedly, this
superb electrical characteristic is greatly beneficial for the
carrier collection, which is of paramount importance to
efficient UV light detection.

Thanks to the metallic property of the graphene
film, the present graphene-ZnO heterojunction exhibits a
typical rectifying behavior with a turn-on voltage of 0.18
V, as shown in Figure 2A. Such a rectifying characteris-
tic arises from the Schottky barrier of the graphene-ZnO
contact, which can be described by the thermionic emis-
sion-based diode equation [25]:

eV

(T, V)= ]S(T){exp[’?KBT]_{l
ey

where J(T, V) is the current density across the graphene
film-ZnO interface, Vis the applied voltage, k, is the Boltz-
mann’s constant, T is the absolute temperature, and n is
the ideality factor [n=(q/kT)(dV/d In I)]. The prefactor,
]S(T) is the saturation current density and can be described
by J (T) = A*T?exp(- epy, K, T), where ¢ is the zero bias
Schottky barrier height (SBH), A* is the Richardson con-
stant, and m= is the effective mass of the charge carriers,
respectively. For ZnO material, A* is theoretically calcu-
lated to be 32 A cm? k?(m_'=0.27m,); using the J_ value,
the Schottky barrier height at the graphene-ZnO interface
is estimated to be 0.623 eV, which is comparable to that
of graphene-ZnONR array [20] and graphene-TiO, nano-
tube array [26]. When shined by UV light with a wave-
length of 365 nm, the graphene-ZnO Schottky junction
photodiode displays obvious photosensitivity. Figure 2B
shows a family of I-V curves obtained in the range from
light intensity (from 0.9 to 493 uW/cm?). The photocurrent
will increase gradually with increasing light intensity at
negative bias voltage. However, it is interesting to note
that the SLG-ZnO detector is virtually blind to UV light in
the forward bias voltage. For such graphene-ZnO Schottky
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junction devices, due to the metallic behavior as well the
excellent optical property, the graphene actually act as a
transparent electrode, which plays two important roles:
First, like conventional metal, the graphene can form a
good Schottky junction with the single-crystal ZnO wafer,
which is capable of separating the photo-excited carriers
by the built-in electric field. Second, as the absorption
of single-layer graphene is only 2.3%, the majority of the
incident light can penetrate the graphene layer and reach
the underlying ZnO wafer. In other words, the graphene
actually functions as a transparent electrode. Further
photoresponse study reveals that, although the present
device is quite sensitive to variation of UV light intensity
(Figure 2C), the relationship between both photocur-
rent and light intensity cannot be described by the well-
accepted power law formula that has been widely used in
a previous study [27]. Figure 2D shows the photocurrent
as a function of light intensity, from which we can learn
that in the low range from O to 320 uW/cm?, the photocur-
rent will gradually increase with increasing intensity, but
with further increase in the intensity, the photocurrent, on
the contrary, begins to saturate. Figure 2E plots the switch-
able photoresponse of the graphene-ZnO device when the
365-nm irradiation was switched on and off repeatedly.
It is obvious that the UVPD can be reversibly switched
between “on” and “off” states with excellent reproducibil-
ity. By deducing the response curve, the rise and fall time
were estimated to be <1 s and 22 s, respectively. Such rela-
tively slow response rate is probably due to the existence
of defects species (e.g. O or Zn vacancies, and the excess
of Zn and O atoms) that can act as efficient recombination
centers to trap the carriers and, therefore, extend the time
of the recombination [28]. Remarkably, the present device
is highly stable even though it was stored in ambient con-
dition for long term. Figure 2E shows the photoresponse
of the same device after storage for 3 months. The pho-
tocurrent was virtually identical to the fresh one without
obvious decay, which suggests excellent device stability.
It was interesting to note that the photosensitiv-
ity of graphene-ZnO is dependent on the bias voltage.
Figure 3A displays the photoresponse of the device at
various bias voltages. It can be seen that with the gradual
increase in the bias voltage from -2 to — 5 V, both dark
current and photocurrent are observed to increase
accordingly. From the numerical relationship between
the on-off ratio and bias voltage (Figure 3B), one can
learn that in low bias voltage range from —1to - 6 V, the
on-off ratio increases with the increasing bias voltage.
However, with the further decrease in the bias voltage,
the on-off ratio begins to decrease. In order to quantita-
tively assess the device performance of the UVPD, two
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Figure 2: (A) I-V curves of the graphene-ZnO Schottky diode; the inset shows the /-V curve at a log scale. (B) /-V characteristics of the
graphene-ZnO UVPD under 365-nm light illumination with various power intensities. (C) Time response of the UVPD under 365 nm with
various power intensities. (D) The relationship between the photocurrent and intensity. (E) Photoresponse of the graphene-ZnO UVPD under
365-nm light illumination. (F) Photoresponse of the UVPD after storage for 3 months.

key device parameters including both responsivity (R)
and photoconductive gain (G) were calculated by the
following formulas [29]:

R=-2? d==n(]6 )
opt I’opt hC
h
G=R— 3)

9.

where 1,1, P .1 4 A, h, and c are the photocurrent,
the current without light illuminated on, the power of the
light that is irradiated on the device, the quantum effi-
ciency (assuming =1 for convenience) [18], the absolute
value of electron charge (1.6 x 10~ Coulombs), the wave-
length of illuminated light (365 nm), the Planck’s constant
(6.626 1073 J-s), and the velocity of light (3x10® m/s),
respectively. Based on the above constants and Equations

2 and 3, the responsivity and photoconductive gain at a
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Figure 3: (A) Photoresponse of the UVPD at various bias voltages. (B) The on-off ratios as a function of various bias voltages. (C) Responsiv-
ity and gain of the UVPD at various bias voltages. (D) The room temperature absorption (black line) and spectral response of the UVPD (red

line) measured at a bias voltage of 5 V.

bias voltage of — 3 V were estimated to be 3 x10* AW-!and
1x10%, respectively. The responsivity and gain at differ-
ent bias voltages are shown in Figure 3C, in which, like
the evolution of the on/off ratio, both parameters were
observed to increase with decreasing bias voltage. As
matter of fact, these two metrics can be further increased
when the bias voltage continues to decrease. Figure 3D
plots the photocurrent of the UV detector as a function
of wavelength. (To make the analysis more reliable, we
kept the light power identical for all wavelengths during
testing.) It can be seen that the present device exhibits
peak sensitivity at 360 nm, corresponding closely to the
intrinsic absorption of the ZnO crystal. However, it is vir-
tually blind to irradiation with a wavelength larger than
400 nm or <300 nm. Such spectral response is consist-
ent with the absorption curve (black curve) and is related
to the operation mechanism: for light with relatively
small energy (e.g. wavelengths larger than 400 nm), the
photons have insufficient energy to excite the electrons
from the valence band to the conduction band, and there-
fore, they cannot contribute to the photocurrent. What is
more, the slight drop on the shorter wavelength (wave-
length <300 nm) is related to the enhanced absorption

of high-energy photons at or near the surface region of
the ZnO wafer, in this case, the electron-holes generated
near the surface region has a relatively shorter lifetime
than those in the bulk; thus, they contribute less to the
photocurrent.

Next, to determine the resolution limit that could be
distinguished from the noise, the specific detectivity (D*)
of the device was calculated by the following equation
[30, 31]:

1 1 1 1

D =R55/ (241,)2 =AISE/Po o (241, ) )

where R is the responsivity, S is the effective area of the
graphene-ZnO junction, g is the elementary charge, and
I is the dark current. Using the experimental data men-
tioned above, the detectivity is calculated to be 4.33x10%
Jones. Table 1 summarizes the response rate, responsivity,
photoconductive gain, gain-bandwidth product (GBW),
and detectivity of the present device and other ZnO-based
photodetectors. Compared to other ZnO nanostructure
devices, the present graphene-ZnO photodetector has a
relatively slow response rate, and the detectivity is com-
parable to the devices listed below. In addition, the GBW
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Table 1: Summary of the performance of the present and other ZnO nanostructure-based devices.
Materials and structures T, T R (AW-?) G GBW D* [cmHZz2W-1] Ref.
Graphene-ZnO wafer <1ls <22s 3x10* 1x10° ~10* 4.33x10% Our work
Zn0-Ga,0, core-shell 20 us 42 us 1.3x10? - - 9.91x10%* [35]
ZnONW array - - 4.0 13.8 - 1.27x10% [33]
Colloidal ZnONPs <1s ~1s 61 203 - - [34]
Graphene-ZnONR array 0.7 ms 3.6 ms 113 385 ~10° - [21]
ZnONWs <5s <240s 104 - - - [32]
A B .
2.0x10°3F
2.1x103 r
1.0x103 k r
) <
< o
~ = 1.4x10°3 L
g 0.0} — 5
=) 5
S L ©
_1ox10°k In a%r (in dark) 2 ox10-1 In air
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73 In vacuum (in dark)
—2.0x107 In vacuum (365 nm) =
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Figure 4: (A) I-V characteristics of the UVPD in air and vacuum conditions. (B) Time response of the UVPD measured in air and under vacuum
conditions. (C) Schematic illustration of the photosensing mechanism of the graphene-ZnO device under light illumination in a vacuum.

is poorer than the device composed of graphene-ZnONR
array. However, it is visible that the graphene-ZnO has
an exceptionally high responsivity (3x10*) and photo-
conductive gain (10°), which are not only better than the
device solely composed of pure ZnONWs [32], ZnONW
array [33], and ZnO nanoparticles (ZnONPs) [34] but also
the devices assembled from ZnO-Ga 0, core-shell [35] and
graphene-ZnONR array nanocomposite structures [20].

When the graphene-ZnO UVPD was put into a
vacuum, it seems that the device can retain its sensitivity
to UV light (Figure 4A). The dark current and photocur-
rent in the dark are 2.4x10°* and 2.1x10°% A, respec-
tively, which are slightly higher than that in air condition
(i.e. 7x107° and 1.8 x10°3 A). It was also observed that
when the UV light was turned off, the response time
was considerably elongated. Such a slow response in
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vacuum condition is presumably associated with persis-
tent photoconductivity (PPC) effect in which recombina-
tion centers play an important role in determining the
decay current [36]. As shown in Figure 4C, due to the
presence of hole-trap states on the ZnO wafer, oxygen
molecules can adsorb onto ZnO surfaces by capturing
free electrons from the n-type ZnO [0,(g) + e =0, (ad)] in
air, leading to the formation of a low conductive deple-
tion layer near the surface. The photo-generated holes
can migrate to the surface along the potential gradient
produced by band bending and recombine with ions to
release oxygen [h*+ 0, (ad) = 0,(g)]. This recombination
process causes the obvious decay photocurrent when
illumination light was switched off. In vacuum condi-
tion, due to lack of oxygen molecules for the recom-
bination center, the recombination activity is largely
restricted. As a result, only holes near the surface can
recombine with electrons, leading to a steady-state per-
sistent photocurrent.

It is worth noting that the device performance of
such graphene-ZnO UVPD could be optimized when a
layer of ultrathin AlO,_ was introduced into the device
structure. During fabrication, the interfacial passivation
layer was actually introduced between the graphene and
ZnO wafer, as reported in our previous study [37]. Figure
5A compares both dark current and photocurrent of gra-
phene-Zn0O devices with and without passivation layer.
Apparently, after interfacial passivation, the dark current
decreased a little bit from 2.8x107* to 2.38x107* A;
however, the photocurrent was considerably increased
from 5.85x107“ to 2.89x 1073 A (Figure 5B), giving rise to
an increase in on/off ratio from 2.09 to 12.1. Understand-
ably, the effective suppression of recombination activities
at the ZnO surface, as a consequence of reduced density
of surface dangling bonds and defects after passivation
of the AlO_ layer is contributory to the improved device
performance [38].

3 Conclusion

In conclusion, we demonstrated the fabrication of high-
performance UV photodetectors based on graphene-
ZnO Schottky junctions. The reponsivity, detectivity,
and gain of the device were deduced to be 3x10* AW-1,
4.33x10"“ cm Hz"> W-', and 10°, respectively. These key
parameters are much better than other conventional pho-
todetectors based on ZnO. It is expected that this simple,
but high-performance, graphene-ZnO device will have
potential application for future UV detection.
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Figure 5: (A) Typical/-V characteristic of the graphene-ZnO UVPD with
and without AlO, passivation layer. (B) Photoresponse of both devices
with and without light illumination. This study is measured at -3 V;
the light intensity of 365 nm was kept at 0.3 mW/cm? during the test.

4 Materials and methods

Materials synthesis: The single-crystalline ZnO substrate,
and other reagents were bought from Anhui BEQ equipment
Tech. Co., Ltd, Hefei, P. R. China. The specific resistance and
the Hall mobility are 4.24 x 10? Q#cm and - 1.117 x 10> cm?/ Vs,
respectively. The graphene film was synthesized through a
CVD method, which was carried out at 1015°C using a mixed
gas of CH, (1 SCCM) and H, (99 SCCM) as reaction source.
After growth, the graphene films deposited on Cu foils were
spin coated with polymethylmethacrylate (PMMA) solution
(5 wt% in chlorobenzene) and then immersed into a Mar-
ble’s reagent solution (CuSO, : HCl: H,0=10 g: 50 ml: 50 ml)
to etch away the underlying Cu substrates. To study the
structures of the as-synthesized graphene, the PMMA-sup-
ported graphene was transferred onto the SiO,/Si substrate
and dried on a hot plate at 100°C for at least 10 min, followed
by removal of the PMMA by acetone. The Raman analysis of
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the graphene film was performed on a Raman Spectrometer
(JY, LabRAM HRS800, France).

Device fabrication and characterization: To assemble
the graphene film-ZnO UVPDs, the single-crystal ZnO sub-
strate was first cleaned in acetone, alcohol, and deionized
water, respectively, to remove possible contaminants. The
substrate that was partially pasted with Sellotape was then
soaked in deionized water and then slowly lifted to mount
the graphene film on the single-crystal ZnO substrate.
Finally, a drop of silver paste was adhered to the graphene
where PMMA film was removed by acetone. The electrical
property of the UVPDs was analyzed using a semiconduc-
tor characterization system (Keithley 4200-SCS, USA). To
study the optoelectronic properties, incident lights from
both xenon lamp (150 uW) and a monochromator (SP2150,
Princeton Co., USA) were vertically focused and guided
onto the device. The low-temperature I-V measurements
in the temperature range of 80 to 300 K were carried out
on the semiconductor characterization system (4200-SCS,
Keithley Co.) equipped with an automatic cooling system
(CCS-350 Slow temperature cycle refrigeration system, East
Changqing Co., China).
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