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www.rsc.org/ The performance of Schottky metal-semiconductor-metal (MSM) ultraviolet (UV) photodetector is limited by the
insufficient gain and the uncontrollable noise current. A remarkable detectivity UV detector is demonstrated based on
graphene oxide (GO) modified TiO, with high gain and low noise. The GO layer completely prevents the flow of electrons
forming hole-only device thus decreasing the dark current and noise current, furthermore, gain of the holes is promoted
under UV illumination. Moreover, the GO layer efficiently extracts the holes therefore reducing the fall time. Under a bias
of 6 V, the responsivity value reaches 826.8 A/W and the noise current is only 1.8 pA, thereby, our device provides a

detectivity of 2.82 x 10> cm Hz> W at 280 nm. The results offer an effective approach to enhance the performance of

UV detector.

1. Introduction

Sensing of ultraviolet (UV) light is critical for a variety of industrial
and scientific applications, including light-wave communications,
remote control, environmental monitoring, imaging techniques, as
well as in future memory storage and optoelectronic circuits.'
Nowadays, wide band-gap semiconductor UV photodetectors have
attracted significant attention for their immediate application to
replace the conventional devices based on expensive single-
crystalline silicon or polycrystalline silicon.” Various wide band-
gap semiconductors have been investigated for UV photodetectors
due to their intrinsic visible-blindness, especially oxide
semiconductors such as TiO,, ZnO, and SnO,, which are
environmental friendly as well as thermally and chemically stable.'"
12 Amongst the different materials studied thus far, TiO,, an n-type
wide band-gap semiconductor (anatase 3.2 eV and rutile 3.0 eV), is
widely researched and used, obtaining a series of devices with
significant detectivity, such as the Bi doped TiO, device of 4.741 x
10% cm Hz'? W”® the TiO, nanoparticles and silicon nanowires
hybrid device of 2.44 x 10" ¢m Hz"? W™,'* and TiO, nanotube
device of 1.5 x 102 ecm Hz"? WL Meanwhile, TiO, is also
employed to the device with Schottky metal-semiconductor-metal
(MSM) structure.'®'® The MSM devices have a multitude of positive
properties such as the high working repeatability and the fast
response speed,'?! however, the lack of gain and the difficulty of
limiting the noise current have still restricted its commercial
application. How to solve these problems are the crucial issues to
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achieve an excellent performance of the MSM devices employing
inorganic wide band-gap semiconductor materials and make it
possess stronger temptation in the UV detector field.

Graphene oxide (GO), a polymer-like graphitic semiconductor
made of only carbon, oxygen, and hydrogen, has been employed to
photocatalys and solar cells due to its large exposed area, high
stability and carrier mobility.?> * In this work, the GO material,
possessing the peculiar energy level structure and well electrical

conductivity,2*%

is employed to modify the Schottky contact
between TiO, and Au electrodes, leading to the improved
performance of MSM structure devices. In the absence of
illumination, GO layers will block the electron transport, not only
from TiO, layer to anode but also from cathode to TiO, layer, which
limits the increase of the dark current, thus reducing the noise
current of devices. Under UV illumination, GO layers could play
different roles, when connecting to the anode (called AGO), it could
reduce the hole potential barrier, while, it could effectively extract
holes from TiO, layer when closing to the cathode (called CGO). At
this point, only holes could be transported in the device, named
single carrier device or hole-only device. Single carrier device can
generate gain in its working process, which contributes to the
enhancement of the responsivity and quantum efficiency. Hole-only
device is excellent candidate to make a breakthrough on gain, noise
and detectivity in the field of UV detection.

2. Experimental Section

All chemicals were purchased from Aladdin industrial corporation
(Shanghai, China) and were used without further purification. The
TiO, film was prepared on the quartz substrate by the sol-gel
method.?” The thickness of the TiO, film was about 100 nm. Then
the windows in the shape of cross fingers on TiO, film were
fabricated by the lithography method. Thereafter, GO was
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(b) The structure diagram of GO modified TiO, UV detector. (c) Micro graphs of
the GO distribution with 6000, 4000 and 2000 rpm.

synthesized from natural graphite powder using the Hummer’s
method. The GO layer was prepared by vacuum filtration of the GO
aqueous solution through a membrane filter (0.22 pm in pore size),
which was spin-coated at the speed of 6000 rpm for 20 s to remove
the overmuch GO solution, followed by air drying at room
temperature. Meanwhile the speeds of 4000 rpm and 2000 rpm have
also been employed to obtain GO layer. In addition, the GO layer
was fabricated into the same interdigital shape as the electrodes by
using lithographic techniques. Subsequently, the Au interdigitated
electrodes were fabricated by the magnetron sputtering technique.
Both of the finger width and the spacing were 20 pum and the total
active area was 0.38 mm®.

The crystal structure of the films was examined by X-ray
diffraction (XRD) on a Shimadzu XRD-6000 diffractometer. The
absorption spectra were measured on a Shimadzu UV-1700 Pharma
Spec UV  spectrophotometer. The current-voltage (I-V)
characteristics and responsivity of the devices were measured using
a Keithley 2601 source meter together with a UV power meter. The
time response characteristics were obtained by an oscilloscope. The
noise current was measured by the Advantest R9211C FFT servo
analyzer.

3. Results and discussion

Fig. la illustrates the XRD pattern of the as prepared pure TiO,
material. The curve shows that all the reflection peaks of pure TiO,
can be indexed to the anatase TiO, phase (JCPDS Card No. 21-
1272), and no impurity peaks are observed, indicating that the final
product is pure phase TiO, compound. The inset of Fig. la shows
the XRD analysis of prepared GO exhibiting a layered nanostructure,
11.8°, which
corresponds to a d-spacing of 0.75 nm. Fig. 1b shows the structure

as evidenced by the diffraction peak at 20 =

diagram of the device. When testing the photoelectric performance,
the device is illuminated by UV light from the side of quartz
substrate. Due to the symmetry of the device structure, the direction
of the applied bias has no effect on the operation of the device. In the
diagram, the GO material can be only found between the Au
interdigital electrodes and the TiO, film, which avoid TiO, layer
being short-circuited by
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Fig. 2 UV-visible absorption spectra of (a) GO layer and (b) pure TiO, film and
Ti0,/GO hybrid film. Insert of (a) presents variation of (ahv)® vs hv to obtain the
direct optical absorption band-gap of GO. Insert of (b) shows variation of (ahv)l/2

vs excitation energy (hv) to identify the band-gap of TiO,.

the GO layer, meanwhile, the leakage current can be reduced
effectively. Fig. 1c is the micro graphs of GO layers spin-coated by
6000, 4000 and 2000 rpm. The fabricated GO films with 6000, 4000
and 2000 rpm are named as #1 GO, #2 GO and #3 GO, respectively.
The areas in dark of these three graphs are covered by GO sheet
material. When the speed of spin-coating is fast (6000 rpm, the first
graph), the GO sheets can not cover the substrate completely and the
distribution is not uniform. If the speed drops to 4000 or 2000 rpm,
the film can be formed basically and some areas may even overlap,
meanwhile the color of films will become darker gradually.

To accurately evaluate the band-gaps of GO and TiO,, the UV-
Vis absorption spectra are measured and shown in Fig. 2. The
absorption spectrum for GO in Fig. 2a with an absorption onset at
ca. 500 nm shows two absorption edges at around 250 nm and 400
nm, which demonstrates that the as-prepared GO has the nature of an
indirect band-gap semiconductor. Theoretical band structure analysis
for graphene shows that the gap nature of graphene changes from
direct to indirect with increasing oxidation level.?® Seen from the
absorption of TiO; in Fig. 2b, the remarkable rising of the absorption
intensity occurs within the wavelength range from 260 nm to 330 nm
and the absorption peak is observed at 260 nm, which exhibits the
significant UV sensitivity and solar blind property of the TiO,
film.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The I-V characteristics of UV detectors (a) in dark and (b) under UV illumination. The corresponding energy level diagrams of GO device working (c) in dark and

(d) with illumination.

The absorption spectrum of TiO,/GO film was also measured.
Compared with TiO, film, the GO (#2 GO) modified TiO, hybrid
film possesses increased absorption intensity in the range of 190 nm
to 700 nm, especially in the UV region. For most of the wide band-
gap semiconductors, the optical absorption near the band edge has
the following behavior:

h _E n/2
a:A—( v—E)
hv

where o is the optical absorption, 4 is a constant, 4 is Planck’s
constant, v is the frequency, E, is the semiconductor band-gap and n
denotes the transition mode, which depends on whether the transition
is direct (n = 1) or indirect (n = 4). Because GO exhibits strong
direct optical absorption at ca. 250 nm, we take the value of 1 for the
n in the Eq. (1) and plotted the square of ahv against hv. The insert
of Fig. 2a gives apparent band-gap energy of 4.0 (£ 0.05) eV for the
GO specimen. The TiO,, a type of indirect transition semiconductor,
shows one sharp absorption edge for precise gap energy. We take the
value of 4 for the n and 1 for the 4 in the Eq. (1), and plot the square
root of the absorption energy (ahv) against the photon energy (4v) to
determine the band-gap of TiO,. From approximate linear
extrapolation, it can be obtained from the insert of Fig. 2b that the E,
of the TiO, film is 3.2 (£ 0.06) eV.

To investigate the impact of GO films on the electrical
properties, the -V characteristics of the UV detectors in dark and
under UV illumination are demonstrated in Fig. 3a and Fig. 3b, as
well as corresponding energy level diagrams (the electron affinity of
TiO, and GO are 4.3 and 1.6 ¢V)* are displayed in Fig. 3¢ and Fig.
3d, respectively. In dark, we can find that all devices with GO

M
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exhibit much lower dark currents compared with that of the pure
TiO, device. Along with the increase of GO distribution, the dark
current continues to decline. At 6 V bias, the dark current of the pure
TiO, device is 3.20 (£ 0.05) nA, more than 5 times higher than that
of the #1 GO device (0.59 (£ 0.03) nA). The dark currents of #2 GO
and #3 GO device do not show continuous significant changes,
which are 0.23 (£ 0.02) nA and 0.16 (+ 0.03) nA. We infer that the
dark current can not perpetually reduce while tending to a saturation
value with further increase of the GO distribution. Fig. 3b shows the
1-V characteristics of the devices measured under UV illumination at
the wavelength of 280 nm with 30.0 yW/cm? irradiation intensity. At
the bias of 6 V, the #2 GO device has the highest photocurrent of
94.3 (£0.1) pA, which is higher than the #1 GO device (28.7 (= 0.1)
pA) and the pure TiO, device (4.04 (£ 0.05) pA). Compared with #2
GO device, the photocurrent of the #3 GO device has not been
promoted, but a modest decline. The analysis of the devices working
mechanism can be depicted associating with the energy level
diagrams. Fig. 3¢ shows that the CGO layer can block the external
electron injection and AGO layer can prevent the electrons from
transporting to anode. So, the dark current of GO devices mainly
attributes to the hole current. However, the dark current of the pure
TiO, device mainly arises from the electron current,® thus the
former will be significantly reduced. With the increase of the GO
distribution, the capacity of anode to block electron can be enhanced,
therefore the dark current, theoretically concluding hole current only,
will be further decreased and eventually tend to a steady state. Fig.
3d shows the energy level diagram under UV irradiation, the photo-
generated carriers produce in the TiO,. At this time, due to the strong
extraction effect from CGO,>" 32 the photo-generated holes will be
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Fig. 4 The comparison of /-V characteristics of the #2 GO device and the contrast
device under UV illumination. Insert of (a) presents the structure diagram and (b)

shows the energy level diagram of the contrast device.

swept out of TiO, and flow to the cathode. Meanwhile, AGO will
prevent the photo-generated electrons from being collected by the
anode. Thus the photo-generated electrons will be accumulated in
the vicinity of TiO, connected with AGO under the bias, leading to
an increase of the electron barrier and a decrease of the hole barrier,
the energy level of TiO, near the anode becomes bent. Therefore,
holes have a greater probability to inject into the devices, which
generates the gain of holes. In addition, we realize that photocurrents
present the trend of firstly increase and then decrease with the
increase of GO distribution. It could be explained that the increase of
the AGO distribution is advantageous to improve the capacity to
prevent electron transport, leading to a larger current by gain of
holes. However, when the distribution of GO exceeds a certain
range, the capacity of blocking electron will reach the limit and hole
barrier will be formed easily by the excessively thick GO layer,
which lead to the decrease of the photocurrent.

To further prove the GO modified TiO, UV detector is a hole-
only device, we made some other comparative experiments that a
TiO, layer is added between the Au electrodes and the GO layer.
The new TiO, layer prepared by magnetron sputtering method can
conduct electrons and block the holes. Fig. 4 shows the comparison
of I-V characteristics of the #2 GO device and the contrast device,
which demonstrates that the photocurrent of the contrast device has a
sharp decline due to the incorporation of the new TiO, layer. The
insert (a) is the structure diagram and (b) is the energy level diagram
of the contrast device. Seen from the insert (b), due to the high hole
injection barrier between Au and TiO,, the holes will be effectively
blocked by the new added TiO, layer. At this time, the holes can not
inject into the device to form the gain of holes, leading to an
apparent decrease of the photocurrent, and the device almost has no
photo response. Therefore, we have verified that the GO modified
TiO, UV detector is a hole only device.

A comparison of spectral response from 250 nm to 400 nm
under 6 V bias is shown in Fig. 4a. It can be found that all the
devices demonstrate response peaks at similar wavelengths (270 nm
to 280 nm) of the UV light. The highest responsivity is supplied by
the #2 GO device, which can reach 826.8 A/W at the wavelength of
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280 nm. In addition, we convert the value of responsivity (R) into
quantum efficiency (QF) by

QFE =Rxhv ¥}

where the Av is the energy of the incident photon in electronvolts.
The QF is 366,100% for the #2 GO device at 280 nm, which is much
higher than 100% due to the existence of large gain. As for the
response spectra curve from 280 nm to 360 nm in Fig. 2a, the
response of all devices become negative, which is affected by
weakened light absorption of the TiO, film. From 370 nm to 400
nm, all the UV detectors have low response. This is because the
working state of the devices is close to dark state, and the
responsivity depends on the dark current. Moreover, it is worth
noting that all the response curves present downward trend under the
irradiation of shorter wavelength UV light from 280 nm to 250 nm.
This can be attributed to the strong absorption of high energy
photons near the surface region of the semiconductor. The photo-
generated carriers near the surface have shorter lifetime than those
in the bulk, thus they contribute less to the photoresponse.®®

The time response characteristics of the devices upon switching
the UV light on and off are shown in Fig. 4b. The rise time (from
10% to 90% of the peak value) is 655 ms for pure TiO, device, 8§10
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Fig. 5 (a) The spectral response and (b) time response characteristics of pure TiO,
and GO modified TiO, UV detectors.
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ms for #1 GO device, 834 ms for #2 GO device and 887 ms for #3
GO device. The rise time of devices with GO is slightly longer than
that of the pure TiO, device. This is due to the photo-generated
electron accumulation near the interface between TiO, and GO,
which takes a period of time to reduce the hole barrier and achieve
balance, therefore the rise time of the devices with GO is increased.
In addition, we can find that with the enhanced distribution of the
GO, the rise time displays a modest increase, which arises from the
widened depletion region and lengthy drift distance, leading to a
longer time before achieving balance, therefore, all of these confirm
the above discussion about the accumulation of the photoinduced
carrier. When switching off the UV light, the fall time (from 90% to
10% of the peak value) is 3.37 s for pure TiO, device, 1.74 s for #1
GO device, 1.80 s for #2 GO device and 1.89 s for #3 GO device.
Compared with pure TiO, device, the obvious reduction in the fall
time of GO devices is ascendant in the time response characteristics
We can find that there are some differences for the tendency of the
fall time between GO devices and pure TiO, device. For the GO
devices, the fall time do not present the directly and fleetly decline
trend, while firstly experiences a slow fall moment, which is due to
the recombination of excess carriers and the recovery of hole barrier
height after the illumination is withdrew, and then drops fast until
under the 20 % of the peak value, the reason for this is the holes are
heavily extracted by CGO, which makes a mainly contribution to the
reduction of the fall time. Meanwhile, seen from these three GO
devices, we can also find that the first period of fall time will be
lengthened with the increased GO distribution, which associates with
the characteristics of rise time.

In addition, the factor that limits the detectivity of UV detector
is the noise, furthermore, the shot noise from the dark current is the
major contribution to the total noise. To include other possible noise,
such as flicker noise and thermal noise, the total noise current (/,,) of
the devices was measured by an FFT servo analyzer with frequency
range from 1 Hz to 1 kHz. As shown in Fig. 5a, the total noise
current characteristics are found to be dominated by the shot noise
and the noise current is reduced due to the incorporation of GO
layer, which is consistent with the tendency of the dark current. The
specific detectivities (D*) of UV detector is given by the following®

_(4AN)R
I

n

D* ©)

This journal is © The Royal Society of Chemistry 20xx

where A4 is the effective area of the detector in cm? Af is the
frequency interval over which the noise is measured, R is the
responsivity we obtained in the previous. The D* of our devices are
calculated at different wavelengths with the measured noise current
and responsivity at 6 V bias. The comparison of spectral D* from
250 nm to 400 nm is shown in Fig. 5b. The #2 GO device has the
highest D* from 250 nm to 360 nm, and the peak value reaches 2.82
x 10" cm Hz"? W at 280 nm. For comparison, the D* of our
device is higher than some other TiO, devices, such as the TiO,
nanoparticles and silicon nanowires hybrid device of 2.44 x 10" cm
Hz'? W','* and TiO, nanotube device of 1.5 x 10'2 cm Hz'? W'.1°
Moreover, the D* is also higher than that of some detectors based on
other materials, such as the MoS, device of 5 x 10" cm Hz'? W' 3
and NiO/ZnO heterojunction device of 1.6 x 10'? cm Hz'? W' 3

4. Conclusions

In summary, we have investigated the effects of GO material on the
performance of TiO, UV detector based on MSM structure. The
optoelectronic  properties, including /-7 characteristics,
response and specific detectivity have been studied. Due to the

time

blocking of electrons by GO layers, the hole-only device provides a
lower dark current leading to the decrease of noise current, and a
higher gain of holes leading to the increase of responsivity. Thus the
specific detectivity is significantly increased, corresponding to an
enhancement of 2 orders of magnitude for the #2 GO device
compared with pure TiO, device. Owing to the extraction of holes by
the GO layer, the fall time of GO device has been shortened. This
application of GO material possesses a great potential for the
research of UV detector.
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