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In this study, we report on the fabrication of a sensitive ultraviolet photodetector (UVPD) by simply
transferring single-layer graphene (SLG) on rutile titanium oxide cubic nanorod (TiO;NRs) array. The
cubic TiO,NRs array with strong light trapping effect was grown on fluorine-doped tin oxide (FTO) glass
through a hydrothermal approach. The as-assembled UVPD was very sensitive to UV light illumination,
but virtually blind to white light illumination. The responsivity and specific detectivity were estimated
to be 52.1 A/W and 4.3 x 10'? Jones, respectively. What is more, in order to optimize device performance
of UVPD, a wet-chemistry treatment was then employed to reduce the high concentration of defects
in TiO;NRs during hydrothermal growth. It was found that the UVPD after treatment showed obvious
decrease in sensitivity, but the response speed (rise time: 80 ms, fall time: 160 ms) and specific detectivity
were substantially increased. It is also found that the speicific detectivity was imporoved by six-fold to
3.2 x 10'3 Jones, which was the best result in comparison with previously reported TiO, nanostructures
or thin film based UVPDs. This totality of this study shows that the present SLG/TiO,NR/FTO UVPD may
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find potential application in future optoelectronic devices and systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Photodetectors, in particular ultraviolet photodetector (UVPD)
working in UV light region, are receiving increasing research inter-
est lately due to its potential application in a variety of fields
including space communication, environmental monitoring, and
military surveillance [ 1-4]. To date, a huge number of semiconduc-
tor materials with wide band gap such as IlI-VI group (e.g. GaN,
AIN), II-VI group (e.g. ZnS and CdS), and some metal oxides (ZnO,
Sn0,, and TiO, ) have been extensively investigated for fabrication
of detectors for sensing UV illumination [5-8]. Among these wide-
bandgap semiconductors, TiO, nanostructures in one-dimensional
fashion (nanorods, nanotubes, nanosheets, etc.) are regarded as
ideal candidates for realization of highly sensitive UVPD owing to
their outstanding chemical, physical and optical properties [9-11].
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To date, a number of UVPDs with good performance have been
demonstrated. For example, Yang's group reported a double-walled
carbon nanotube/TiO, nanotubes array heterojunction UVPD. By
virtue of the dimensionality difference effect, the device exhib-
ited a high photocurrent-to-darkcurrent ratio and photoresponse
at a small bias voltage [12]. Recently, Wang et al. developed an
UVPD by directly transferring different layers of TiO, nanorods
(TiO2NRs)-assembled cloth onto TiO,NRs array [13], which was
synthesized on conducting FTO coated glass. This devices showed
outstanding UV selectivity with a response speed less than 0.3 s. In
addition, the quantum efficiency of such an UVPD was as high as
46%. Despite these progresses, the majority of the TiO, nanodevices
inevitably suffers from slow response speed, high darkcurrent, and
poor reproducibility [14,15].

In order to optimize the device performance of TiO, based pho-
todetectors, many groups have resorted to metal-semiconductor-
metal (MSM) structures instead. Comparatively, the MSM device
geometry is usually characterized by superior performance in term
of high speed, low dark current and facile fabrication process [16].
What's more, the MSM structure can effectively suppress carrier
recombination and enhance carrier transport [17], which is highly
beneficial for a high on/off ratio during UV light sensing. Herein,
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we report a new MSM UVPD by replacing metal with graphene, a
very good electrode material with high electrical conductivity and
transparency, and ultrahigh carrier mobility [18]. The combination
of graphene and TiO,NRs array with strong light trapping effect can
simultaneously take advantage of the synergistic effects in photon
harvesting and carrier transport, and thus it will greatly enhance
the photosensitivity of the device. In order to reduce the defect
concentration in the TiO;NRs, we then adopted an effective wet-
chemistry approach [19]. It was found that the SLG/TiO,NRs/FTO
UVPD device after treatment witnessed a great increase in on/off
ratio, specific detectivity and response speed, even though the
responsivity was reduced simultaneously. This study suggests that
the present SLG/TiO,NRs/FTO UVPD will have great potential for
future optoelectronic device application.

2. Results and discussion

The scheme in Fig. 1(a) illustrates the step-wise procedure
to fabricate the SLG/TiO;NRs/FTO nanoheterojunction UVPD. The
rutile cubic TiO,NRs array was grown on FTO glass by a modi-
fied hydrothermal method [20]. After growth, a layer of graphene
supported by polymethylmethacrylate (PMMA) was directly trans-
ferred onto the TiO,NRs array by an aqueous method [21]. At last,
Ag paste was placed directly onto the graphene and FTO side.
For convenience, the as-fabricated nano-heterojunction was then
assembled onto a printed circuit board (PCB). Fig. 1(c) shows a
typical digital camera picture of the SLG/TiO,NRs/FTO on a PCB,
in which the two electrodes are connected to the PCB by wire
bonding. Due to their apparent difference in contrast, all compo-
nents including SLG, FTO and TiO;NRs can be easily discriminated
[Fig. 1(b)].

To check the quality of both materials, the morphology, crys-
tallinity and chemical composition of both graphene and cubic
TiO,NR were examined. Fig. 2(a) shows the Raman analysis of the
chemical vapor deposition (CVD) derived graphene, from which
one can find two strong peaks: one at ~1511cm~! (G-band) and
another at ~2633 cm~! (2D-band). Additionally, there is also a very
weak peakat 1346 cm~1, which can be attributed to the D-band. The
intensity ratio of 2.12 (I,p/Ig) and the relatively weak D-band cor-
roborates the single-layer feature with a little quantity of defects
[22,23]. The Fig. 2(b) corresponds to scanning electron microscopy
(SEM) image of the SLG at Si/SiO, wafer. Obviously, there are some
wrinkles which were usually unavoidable during the transfer of
graphene at water [24]. The representative top-view SEM image of
the TiO,NRs was shown in Fig. 2(c). It’s clear that all the TiO,NRs
have a well-defined rectangular cross-section. The diameters were
in the range from 50 to 140 nm, with an average value of about
100 nm [Fig. 2(d)]. According to the high-resolution transmission
electron microscopy (HRTEM) image and the selected area elec-
tron diffraction (SAED) pattern shown in Fig. 2(e), the as-prepared
TiO,NRs were single crystalline of rutile phase, with a preferred
growth orientation along the [001] direction [25].

Fig. 3(a) plots the I-V curve of the SLG/TiO,NRs/FTO UVPD.
Obviously, it displays a typical nonlinear behavior, as often in con-
ventional MSM structure. Given the negligible contact barrier of
both the Ag/SLG and Ag/FTO contacts (Fig. S1, Supporting Infor-
mation), such a nonlinear I-V characteristics can be exclusively
attributed to two Schottky junctions assembled in a back-to-back
fashion [inset of Fig. 3(a)]: one is formed at FTO/TiO,NRs inter-
face, and the other one at the SLG/TiO,NRs interface, which is
different from other graphene-like 2D material-semiconductor
heterojunction based devices [26,27]. Our optoelectronic analy-
sis finds that this SLG/TiO,NRs/FTO nanoheterojunction is virtually
blind to white light illumination, but exhibits pronounced sensi-
tivity once it was shined by UV illumination with wavelength of

365 nm [Fig. 3(b)], suggesting potential application for UV detec-
tion. Fig. 3(c) compares the photoresponse of three heterojunctions
assembled from cubic TiO,NR with different diameters. It is appar-
ent that when the TiO,NR diameter gradually increases from 100
to 180 nm, the photocurrent on the contrary decreases from 3.83
to 2.65, and 0.78 mA at a bias voltage of —5V. This relatively high
photoresponse for 100 nm TiO,NR device is associated with the
better light absorption capability, as we will discuss later. Further
study found that the photoresponse of the UVPD is determined by
the UV light intensity as well. Fig. 3(d) shows the I-V curves of the
device under UV light radiation with varied intensities, from which
one can observe that the photocurrent increases gradually with the
increase of the UV intensity.

Besides diameter of TiO,NR and wavelength of incident light,
the photoresponse of the present nanoheterojunction UVPD is also
found to be determined by bias voltage. Fig. 3(e) plots the pho-
toresponse of the device at different negative bias voltages. At
all bias voltages, the UVPD device showed good UV photosensiv-
ity when the 365 nm light was alternately switched on and off.
Moreover, with the increase of the bias voltage (absolute value),
the photocurrent will increase monotonically, possibly due to the
increase in drift velocity and suppression in recombination possi-
bility [28,29]. This bias voltage dependent photocurrent is slightly
different from the case at forward bias voltage, under which the
present device similarly shows pronounced sensitivity to UV illu-
mination. Nonetheless, the darkcurrent is relatively higher than
that at negative bias voltage (Fig. S2). In light of this, negative bias
voltage will be applied on the UVPD in the following optoelectronic
characterization. As a matter of fact, the obvious photoresponse at
negative bias voltage can be explained by the energy band diagram
shown in Fig. 3(f). Due to the different Schottky barrier heights
(SBH), the two back-to-back Schottky junction was asymmetric,
with a relatively larger built-in electric field at SLG/TiO,NRs inter-
face than that at FTO/TiO,NRs. When applied by a negative bias
voltage (the graphene side is negatively biased and the FTO side is
positively biased), the SBH at SLG/TiO,NRs interface will increase,
while that of FTO/TiO,NRs heterojunction will on the contrary
decrease, as shown by red line. In this case, the electrons were
difficult to flow from the TiO, side to the graphene in dark con-
dition, leading to a low dark current. Upon UV light illumination,
the photo-generated electron and holes could be separated by the
electric field in opposite directions, forming photocurrent in the
circuit.

In order to unveil the underlying reason for the aforemen-
tioned diameter dependent photosensitivity, the optical properties
of TiO,NRs array with different diameters under 365 nm UV illu-
mination was then examined. Fig. 4(a-c) illustrate the distribution
of electric field energy density distribution and the corresponding
SEM of the TiO,NRs with varied diameters. Obviously, the electric
field distributions of TiO,NRs array without SLG coverage (W/O) is
almost identical to that of TiO,NRs with SLG coverage (W/), con-
sistent with the high transparency of single layer graphene [30].
Meanwhile, all the cubic TiO,NRs display very good light trap-
ping effect: That is, the incident photon energy will be efficiently
confined within the nanostructures. The hot spot with high field
intensity is about hundreds of nm below the SLG/TiO,NRs inter-
face, which is beneficial for the photosensing process. Such a light
trapping effect is further confirmed by the simulated absorption
spectrum of both TiO;NRs array and its planar counterpart. As dis-
played in Fig. 4(d), in comparison with the cubic TiO,NRs array, the
planar TiO, shows relatively weak light absorption in the UV region
due to the strong reflectance. Furthermore, among the three kinds
of TiO,NRs, the 100 nm TiO,NR shows the highest light absorption
than planar TiO, at around 365 nm, which is in good agreement
with the previous result.
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Fig. 1. (a) Schematic illustration of step-wise process for assembly of the SLG/TiO,NRs/FTO nanoheterojunction UVPD. (b) Cross-sectional SEM image of the SLG/TiO,NRs/FTO

structure. (c) Digital camera picture of the UVPD device.
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Fig. 2. (a) Raman analysis of the SLG film. (b) SEM image of the SLG film on a Si/SiO, wafer. (c) Top-view of the cubic TiO,NRs array. (d) The diameter distribution of 100
TiO2NRs. (e) HRTEM image, and the corresponding SAED pattern of a single cubic TiO,NR.

Although the above result demonstrates that device perfor-
mance of the present nanoheterojunction UVPD can benefit from
the light trapping effect of cubic TiO,NR array and the high
transparence of the SLG. Unfortunately, this device has its own
shortcoming in that there is always a huge amount of defects
in the solution-processed TiO,NR [31]. In order to optimize the
device performance, we then adopted a wet-chemistry treatment
to reduce the defect density usually in the form of oxygen vacancy
(Vo) and Ti interstitials [32] which cannot be removed by conven-
tional approaches. Fig. 5(a) compares the X-ray diffraction (XRD)

patterns of FTO film, TiO,NRs with and without treatment. It is
shown that after treatment, all diffraction peaks due to rutile
structure of TiO, (JCPDS: 21-1276) were considerably increased,
indicative of great optimization in crystallinity. To shed light on
the microstructural evolution during the treatment, both samples
were then investigated by photoluminescence (PL) analysis shown
in Fig. 5(b). The TiO,NRs without treatment exhibits a broad emis-
sion in the wavelength from 550 to 900 nm. Additionly, there are
three peaks centred at 575 nm (Peak 1), 650 nm (Peak 2) and 850 nm
(Peak 3) (black curves). According to the previous study, [22,33,34]
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Fig. 3. (a) I-V characteristics of the UVPD in dark, the inset shows the device model composed of two back-to-back Schottky diode. (b) I-V characteristics of the device in
dark, and under white light and 365 nm light illumination. (c) Photoresponse of the UVPDs assembled from different diameters of TiO,NRs array at negative bias, the inset is
the corresponding I-V curve in the bias range from —5 to 5 V. (d) The photoresponse of UVPD under various UV intensities. (e) The response of UVPD at negative bias voltages.

(f) Energy band diagram of the SLG/TiO,NRs/FTO UVPD at negative bias voltage.

the peak 1 and 2 can be ascribed to Ov-related trap state,while
peak 3 correponds to Ti interstitials, in particular Tij, #*. Notably,
the broad emission as well as peak 1 and 2 disappear all of sadden
when the TiO,NRs arrays was treated, implying that the majority
of defects was sucessfully removed. In fact, this change in defects
was further confirmed by X-ray photoelectron spectroscopy (XPS)
analysis. Fig. 5(c) depicts the Ti2p spectra collected from both
TiO,NRs with and without treatment. Both spectra are composed
of two obvious peaks due to the 2p;;, and 2p3), states, respec-
tively. In comparison to untreated sample, the binding energy of
the TiO,NRs after treatment shifts by 0.3 eV. This shift in binding
energy is understandable as the presence of Vg and Ti interstitials
in untreated TiO,NRs can lead to an increment in electron den-
sity and thus a weaker binding effect [35-37]. By extrapolating the
(ahv)?—hv plots in Fig. 5(d), the band gap (Eg) values for treated
TiO;NRs and untreated NRs are estimated to be about 3.02 and
2.97 eV, respectively. This slight change in bandgap is consistent
with the spectral selectivity, which will be discussed later.

Like the untreated device shown in Fig. 3(d), the UVPD after
chemical treatment also display excellent photoresponse to UV
light illumination [Fig. 6(a)]. Fig. 6(b) shows the photoresponse of
the UVPD as a function of light intensity. At all negtive bias volt-
ages, the photocurrent is highly dependent on the intensity of the
UV light. Specifically, the photocurrent at bias voltage of —5 V under
the same UV illumination after treatment is only one fifth of that
without treatment (Fig. S3). To quantitatively evaluate the effect
of chemical treatment on the device performance, the responsivity
that is defined by the photocurrent generated per unit power of the
incident UV on the effective area of the device was calculated by
using the following equation [38]:

L —1Iq
R=—
P,A

(1)

where, I, is the illumination current, Iy, Py, A the dark current, UV
light intensity, and area of the UVPD, respectively. Based on these
values, the responsivity of the UVPDs with and without treatment
was calculated and summarized in Fig. 6(c). In the wavelength
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note that the on/off ratio will benefit from such treatment. Fig. 6(d) Time (S)

compares the on/off ratios of both devices with and without treat-
ment. Apparently, the on/off ratio is found to increase dramatically
after treatment. Further comparison of the darkcurrent reveals that
this increase in on/off ratio directly stems from chemical treatment,
which can directly reduce the defect level, and thereby reduce
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a reduce of defect density was also reflected by the relationship E 0t
between the photocurrent and light intensity. Fig. 6(f) plots the X 12 .
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the photocurrent of UVPD, the constant for 365 nm, the incident
UV intensity, and exponent determining the photoresponse of pho-
tocurrent to UV light, respectively. By using this formula, the 6 is
estimated to be 0.98, 0.92, 0.82, 0.81 and 0.80, for bias voltage of
—1,-2,-3,—4and -5V, respectively. These values are much higher
than that without treatment (Fig. S4). Understanably, this increase
inexponentisowing to the reduce in defect density, considering the
fact that the exponent is mainly determined by the defect density
in the device [41].

Another beneficial effect of the treatment is the optimization in
response speed, as summarized in Table 1. Fig. 7(a) compares the
photoresponse of two SLG/TiO,NRs/FTO UVPDs before and after
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Fig. 7. Comparison of the response time (7;) and recovery time (7¢) (a), and specific
detectivity (b) of the UVPD devices with and without treatment.

treatment. The rise time and fall time for the treated device were
estimated to be 80 and 160 ms, respectively, which are at least
one order of magnitude faster than that without treatment (rise
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time: 1.3 s, fall time:4.6 s). Finally, it is worth pointing out that the
treatment can lead to optimized spectral selectivity and specific
detectivity. The UVPD without treatment displays two peak sen-
sitivity at both 365 and 710 nm. Nonetheless, the peak at longer
wavelength will completely disappear, and the 365 nm peak sensi-
tivity will change to 385 nm when the device was treated [Fig. 7(b)].
On the other hand, the maximum specific detectivity for the treated
device at peak sensitivity is around 3.5 x 10'3 Jones, which is nearly
one order of magnitude higher than that of untreated device. Such
an optimization due to the removal of defects including V, and Ti
interstitials is very interesting as it helps to open up new opportu-
nities to optimize the device performance of other photodetectors.

3. Conclusion

In summary, we have fabricated a sensitive UVPD based on
SLG/TiO,NRs/FTO nanoheterojunction. The as-fabricated UVPD
showed obvious sensitivity to 365 nm UV illumination. The device
performance of this UVPD including on/off ratio and response speed
can be considerably optimized by reducing the concentration of
defects in the TiO,NRs array using a simple chemical-treatment
process. Furthermore, the specific detectivity of the device can be
considerably increased from 4.3 x 1012 Jones to 3.2 x 1013 Jones,
which is the best result when compared with other TiO, nanos-
tructures or thin film based UVPDs. According to both experimental
result and theoretical simulation based FEM, the high specific
detectivity is related to not only the light trapping effect, but
also due to the reduced defects concentration after treatment. The
present high-performance UVPD is believed to have potential appli-
cation in future nano-optoelectronic devices.

4. Experimental section
4.1. Materials synthesis

The TiO,NRs array was synthesized by a hydrothermal method.
Briefly, a commercial glass substrate with a layer of 100nm
fluorine-doped tin oxide was cleaned with acetone and distilled
water to remove possible contaminants on the surface. Afterwards,
the clean substrate was loaded into a 100 mL Teflon-lined stainless
steel reactor, which was prefilled with 25 mL distilled water, 25 mL
37% HCl and 0.2 mL titanium tetrachloride. The reactor was then
sealed and kept at 453 K for 2 h. After reaction, the glass substrate
will be collected. In this study, the diameter of TiO,NRs can be eas-
ily tailored by adjusting the ratio of H,O and HCl. The graphene
film was synthesized through a simple CVD approach that was
performed in a tube furnace at a temperature of 1015°C. In this
growth process, 50 pm Cu foil and a mixed gas composed of CHy
(1 SCCM) and H, (99 SCCM) will be used as catalytic substrate
and reaction precursors, respectively. After synthesis, the graphene
film will be transferred from the Cu foil by an aqueous method.
Detailed description of this method can be found elsewhere [42].
The treatment was carried out by simply soaking TiO,NRs array in
H,0,-NH3 (10:1) solution for 10 min, followed by 2 h annealing in
oxygen atmosphere at 773 K.

4.2. Device assembly and analysis

The as-synthesized TiO,NRs array was firstly struck with a layer
of sellotape at four edges for insulation. The TiO,NRs was then
soaked into an aqueous solution with graphene film floating on the
surface, and then lightly lifted to mount the SLG film the TiO,NRs
surface. Finally, silver paste was stuck onto the graphene, where
the PMMA film was wiped off by acetone. The electrical prop-
erty of the SLG/TiO,NRs heterojunction was measured by using an

I-V characterization system (Keithley 4200, SCS). What is more,
for optoelectronic characteristics, the I-V characterization system
will be combined with a monochromator (SP 2150, Princeton Co.),
from which the UV light will be guided to the photodetector by
optical fibers. Note that before all optoelectronic analysis, a pow-
ermeter (Thorlabs GmbH, PM100D) will be used to calibrate the
power intensity of the incident UV light.

4.3. Theoretical simulation

In this simulation, we analyze the electric field intensity of
TiO,NRs array by using the COMSOL Multiphysics software, which
is based on the finite element method in frequency domain images.
We applied periodic boundary conditions applied in x and y
direction to replicate our array structures. The perfectly matched
layers have been used in propagation direction to absorb any
reflected and transmitted fields. The incident light on top of the
structure has a wavelength ranged from 300 to 400 nm. In addi-
tion, the permittivity of air is set to be 1. The permittivity of
TiO,NRs is obtained from the Filmetrics database. The conduc-
tivity of graphene can be described by a Drude-like expression:

. 2 g £
oo =1 e2kpgT {lefT+21n [exp(—#)-ﬁ-l}}

w2 (w+it-T)

where w is the light angular frequency, T is the temperature,
e is the electron charge, # is the reduced Planck’s constant, kg is
the Boltzmann constant, Ef and t are the chemistry potential and
the momentum relaxation time, respectively (T=300K, Ef=0.12 eV
and 7 =0.5 ps). The permittivity of graphene can be determined by:
=1+ “,’C%ZO, where d is thickness of graphene, 1 and kg are the
impedance and wave vector in air, respectively.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apsusc.2017.07.
051.
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