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A metal-semiconductor-metal (MSM) structure ultraviolet photodetector has been fabricated from
amorphous InGaZnO (a-IGZO) film at room temperature. The photodetector can work without
consuming external power and show a responsivity of 4mA/W. The unbiased photoresponse
characteristic is attributed to the hole-trapping process occurred in the electrode/a-IGZO interface,
and a physical model based on band energy theory is proposed to explain the origin of the photores-
ponse at zero bias in our device. Our findings may provide a way to realize unbiased photoresponse
in the simple MSM structure. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918991]

Ultraviolet (UV) photodetectors (PDs) have drawn
increasing attention due to their potential applications in
air-pollution/waste-water monitoring, missile plume detec-
tion, flame alarm, and secure communication.'™ From the
application and energy saving point of view, the PDs work-
ing without consuming external power are very important.
For example, the UV PDs operating without any power sup-
ply are highly desired for unattended, long-term monitoring
air-pollution and wastewater." Thus, they have recently
received increasing attention. Untill now, UV PDs working
at zero bias based on GaN, ZnO, and Ti025_7 have been real-
ized by pn junction, heterojunction, and Schottky junction,
owing to their efficient separation of photo-generated
electron-hole pairs using photovoltaic effect. However, there
are still some problems in these UV PDs working at zero
bias. Most of these semiconductor films require a high
growth temperature (>300°C),*'! complicated preparation
process, which will increase manufacturing cost of devices.
Moreover, the lack of high quality and stable p-type semi-
conductors (such as ZnO), large lattice mismatch in hetero-
junctions will introduce a large number of dislocations and
their associated point defects,'” which will degrade greatly
the performance of the device. Therefore, the realization of a
UV PD working at zero bias, which can avoid the above
problems, is urgently needed.

Amorphous InGaZnO (a-IGZO) film has attracted much
attention due to its great potential in optoelectronic applica-
tions such as transparent thin film transistors (especially
on flexible substrates),13’14 phototransistor,ls_17 and so on.
Benefiting from superior features over other semiconductors
including room temperature (RT) process availability, good-
uniformity for large area, wide band gap (>3.0eV), and high
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electron mobility (1-30 cm?/V s at RT),Ig*21 it has also been

used to fabricate UV detectors.?>?> However, the structure
of the reported a-IGZO UV detectors is focused on the tran-
sistor structure which need a complicated fabrication
process. Particularly, metal-semiconductor-metal (MSM)
photodiodes are a family of fast, high-sensitivity detectors.
Their simple planar structures enable easy fabrication in a
process compatible with planar circuit technology. Thus,
these devices are attractive candidates for using in integrated
optoelectronic-electronic systems. If a UV detector working
at zero bias based on simple MSM structure fabricated at RT
was realized, then it will have extensive commercial applica-
tions. Till now, an a-IGZO UV detector working at zero bias
based on simple MSM structure has not been reported yet.

In this paper, a-IGZO UV PD has been fabricated based
on MSM structure at RT, which can operate without an
external power supply. The origin of its unbiased photores-
ponse characteristic is studied in detail. The hole-trapping
process occurred in metal electrode/a-IGZO interface play
an important role in realization of the unbiased photores-
ponse of a-IGZO UV PD. It may provide an insight to obtain
a UV PD working at zero bias based on simple MSM
structure.

The IGZO film employed for the active layer of the UV
detector was grown on c-plane sapphire substrate by plasma-
assisted pulsed laser deposition technique using a Nd:YAG
pulsed laser (Quantel Brilliant B). The cleaning process of
the sapphire can be found in our previous publication.**
Prior to growth, the growth chamber was pumped to a base
pressure below 6.0 x 107> Pa with a turbo molecular pump.
High purity oxygen gas (99.99%) was introduced into the
growth chamber, and it was activated by a high voltage
ionization equipment (voltage: 0.45kV). The oxygen flow
was fixed at 20 sccm, the pressure in the growth chamber

© 2015 AIP Publishing LLC
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was maintained at 5.0Pa, and a Nd:YAG pulsed laser
(A=355nm, ty=>5ns, repetition rate = 10 Hz, laser energy:
170 mJ/pulse) was employed to ablate IGZO target
(purity >99.99%, In:Ga:Zn =1:1:1) during the growth pro-
cess. The IGZO film was deposited at RT for 2 h. To fabri-
cate the IGZO UV PD, an Au film of 60 nm was evaporated
onto the IGZO film by the vacuum thermal evaporation tech-
nique. The interdigital electrodes were configured onto the
IGZO layer through the photolithography and wet etching
process.

The morphology of the IGZO film was characterized
using a Hitachi SU70 scanning electron microscope (SEM).
The Hall measurement system was used to check the electri-
cal properties of the IGZO film. X-ray diffractometer (XRD)
was employed to evaluate the crystalline properties of the
IGZO film. The optical absorption spectrum of the IGZO
layer was recorded with an ultraviolet-visible spectropho-
tometer. The current-voltage (I-V) characteristic of the de-
vice was obtained from the Agilent BIS00A semiconductor
device analyzer. The responsivity (Zolix DR800-CUST)
characteristics of the MSM structure a-IGZO PD were meas-
ured at RT. The temporal response of the PD was measured
by an Nd:YAG pulsed laser (266 nm, 10ns) as the excitation
source.

Fig. 1(a) shows the XRD pattern of the IGZO film grown
on c-sapphire. Besides the diffraction from the sapphire sub-
strate,25 there is no other obvious peak in the pattern, indicat-
ing the IGZO film is amorphous.?® The surface morphology
and cross sectional of the a-IGZO film is shown in Fig. 1(b).
Nanoparticles with average diameter of about 50nm are
observed from the SEM image of the a-IGZO film. The thick-
ness of the film is 180nm, which is shown in the inset of
Fig. 1(b). The optical absorption spectrum of the a-IGZO film
is shown in Fig. 1(c), which exhibits a strong UV absorption.
Fig. 1(d) shows the photoresponse characteristic of the PD
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FIG. 1. (a) XRD pattern of the as-grown IGZO film. (b) The top-view and
cross-sectional (inset) SEM images of the a-IGZO film. (c) The optical
absorption spectrum of the a-IGZO film. (d) The photoresponse characteris-
tic of the MSM structure a-IGZO photodetector at 0 V bias.
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under illumination condition at zero bias. It can be found that
the responsivity of the PD is 4 mA/W, and the peak response
wavelength is located at 310 nm. The above photoresponse at
zero bias indicates that an asymmetric Schottky barrier is
formed at two electrode/a-IGZO interfaces. Structure of the
device is schematically shown in Fig. 2(d). The MSM struc-
ture a-IGZO PD consists of 12 pairs of interdigital Au
electrodes, each finger is 500 um in length, 5 yum in width,
and the spacing between fingers is 10 um. The electrodes at
the two sides of the interdigital are named M; and M, for
simplicity, respectively.

To investigate the origin of the unbiased photoresponse
in the PD, a series of bias voltages have been applied onto
the UV PD, and the spectral responsivity was recorded, as
shown in Fig. 2(a) and 2(b). Comparing Fig. 2(a) with Fig.
2(b), one can find that the peak response wavelength of the
PD is located at 310nm from 0V to 10 V when the forward
bias is applied on the PD from M; to M, (named forward
bias in Fig. 2(a)). However, when the reverse bias is applied
on the PD from M, to M, (named reverse bias in Fig. 2(b)),
the peak response wavelength exhibits a gradual blueshift
from 310nm to 300 nm at 0V to —10 V. The blueshift of the
peak response wavelength with the reverse bias increasing
has been observed in Schottky detectors.”” It can be
explained as below. The electric field of the depletion region
will be increased as the bias between two electrodes increas-
ing, the transit time of photo-induced carriers drifting across
the depletion region will be shorten, thus, the carriers
induced by absorption of shorten wavelength photons will
pass through the depletion region prior to recombination.
However, the blueshift of peak response wavelength can
only be observed under reverse bias in our PD, which indi-
cates the blueshift cannot be attributed to the increase of
external bias. Fig. 2(c) illustrates the responsivity of the PD
as a function of a series of bias applied at two electrodes
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FIG. 2. The photoresponse spectra of the a-IGZO photodetector as a func-
tion of the incident light wavelength under different: (a) forward bias and
(b) reverse bias. (c) The responsivity of the detector under each absolute
value of forward (red spot) or reverse (blue triangle) bias, and the inset
shows the responsivity difference of the PD at the same absolute bias. (d)
The schematic diagram of the MSM structure a-IGZO detector.
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(forward bias and reverse bias). It is obvious that the respon-
sivity almost changes linearly with the forward bias increas-
ing. However, the responsivity exhibits a nonlinear increase
with the reverse bias increasing. To further demonstrate the
difference of responsivity under forward and reverse bias,
the inset of Fig. 2(c) shows the difference of responsivity
under the same absolute bias (that is, the responsivity of the
PD at reverse bias minus the responsivity of the PD at for-
ward bias), it can be clearly seen that the difference of
responsivity increases with the absolute bias increasing,
which indicates that another internal mechanism should be
responsible for the blueshift of peak response wavelength
and improvement of responsivity in the PD under reverse
bias.

To explore the origin of the internal mechanism, the
current-voltage (/-V) characteristic of the PD measured in
dark is shown in Fig. 3(a). The [-V curve shows a clear
Schottky behavior, which comes from the Au/a-IGZO inter-
faces. Furthermore, an obvious asymmetric shape in the pos-
itive and negative voltage regions can be observed in the /-V
curve of Fig. 3(a). In order to better understand the carrier
transportation process at the Au/a-IGZO interfaces, one must
identify which transport process plays a dominant role in our
PD. In general, for a Schottky contact, if Eyy > kT, the
thermionic emission will dominate the carrier transportation
process without tunneling, where kg is the Boltzmann con-
stant, and 7T is the absolute temperature. Ey, can be described
as follows: Eoy = (hg/2) (N/m*er)l/z. E o is the characteris-
tic energy related to the tunneling probability, % is the
reduced Planck constant, ¢ is the elementary charge, N is the
carrier density in the semiconductor, m* is the effective
mass, and ¢, is the relative dielectric permittivity. In our
case, the m* =0.34my,”®> N =1.77 x 10'® cm™> by hall
measurement, & = 10,!7 Eg is about 0.73meV for the
a-1GZO film, which is smaller than the thermal energy at RT
(26 meV). Therefore, the thermionic emission will be
employed to analyze the carrier transport process in our case.
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FIG. 3. (a) The -V characteristic of the a-IGZO photodetector measured in
dark. Inset: the /-V curve in first quadrant. (b) Fitting results of the /-V curve of
the detector, in which the scattered blue open circles are experimental data, while
the red solid line is a fitting of the experimental data. (c) and (d) The temporal
response of the a-IGZO photodetector at voltage of +5V (c) and —5V (d).
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Based on thermionic emission model, the current pass-
ing through the Schottky barrier can be expressed by the fol-
lowing formula: I = Iylexp(qV /nkT) — 1], where I, is the
saturation current; it can be described as follows: I
= A1A;T? exp(—qg/kpT), g is the elementary charge, V is
the applied bias, and # is the ideality factor, A is the junc-
tion area, A, is the Richardson constant (A," = 47Im"q2 / ),
which is 41 A cm ™2 K2 for a-IGZO film,%® and ¢, is the
Schottky barrier height.

In our case, the MSM structure consists of two Schottky
barriers connected back to back on a coplanar surface, the
current in the PD as a function of applied bias voltage can be
described as follows:*°

Vv Vv
I1=1 {exp (nCIICBT> — 1] +1 {exp <nzBT) — 1], (1)

where I} = A1A,"T? exp(— "k‘ﬁ‘}'), I, = A1A,*T? exp(— ‘ﬁ—HT’),
¢p, and ¢y, are the Schottky barrier height at the two sides
of the interdigital electrodes, respectively. By fitting the I-V
curve using the Eq. (1), one can obtain the Schottky barrier
height at the two sides of the interdigital electrodes. The fit-
ting result is shown in Fig. 3(b). At forward bias, the two
Schottky barriers have little difference (g¢z, =0.483eV at
M; electrode and g¢¢p, =0.492eV at M, electrode); how-
ever, an obvious asymmetric Schottky barrier is observed
at negative bias (q¢p, =0.445eV at M, electrode and
qppr =0.510eV at M, electrode). So, the origin of the asym-
metric Schottky barrier formed under reverse bias should be
the internal mechanism of blueshift of peak response wave-
length and improvement of responsivity in our PD under
reverse bias. The asymmetric Schottky barrier was also
found in ZnO MSM detectors, which is attributed to the
carrier-trapping process occurred in electrode/ZnO inter-
face.®® The trap states may come from the surface damaging
during the device processing or the interface states associ-
ated with grain boundary defects.®' In our case, the asym-
metric Schottky barrier is mainly formed under reverse bias,
and it should be understood as below: Under reverse bias,
the photo-generated holes are accumulated in the M;/a-
IGZO interface and trapped by the trap states, which will
modify the localized potential profile, so the effective height
of the Schottky barrier is lowered at M;/a-IGZO interface
compare to the Schottky barrier at M,/a-IGZO interface.**>*
However, the two Schottky barriers show a little difference
under forward bias, which indicate the trap states mainly
exist in the M;/a-IGZO interface. The asymmetry trapping
states at two Au/a-IGZO interfaces may originate from the
non-uniform properties of the a-IGZO film or the electrodes
in our case.

Figs. 3(c) and 3(d) show the temporal response of the
PD at =5V bias. The response time is about 14.7 us (+5V)
and 15.4 us (—5V), respectively, which is estimated as the
10%-90% rise time. The decay edge can be well fitted by a
two-order exponential decay fomula;>” it can be seen that the
carrier lifetime at —5V bias is obviously larger than that
at +5V bias (t; =0.13ms, t,=2.25ms at +5V bias in
Fig. 3(c); t; =0.34 ms, t, =6.91 ms at —5 V bias in Fig. 3(d)),
which illustrates the lifetime of photo-generated carriers of
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the PD is longer under reverse bias, owing to more holes
trapped by the interface trap states in M;/a-IGZO interface.
Based on above experimental results and analysis, a rea-
sonable model was proposed as shown in Fig. 4 in terms of
energy band theory. Under UV illumination, electron-hole
pairs are generated in the a-IGZO film. As the reverse bias
increasing in our PD, the electric field of the depletion region
is gradually enhanced, then more and more holes are quickly
transported to the M;/a-IGZO interface before recombina-
tion, and bounded to the trap states (as shown in Fig. 4(a)),
then recombination rate of photo-generated electron-hole
pairs will be decreased, especially for the electron-hole pairs
generated by the absorption of the short-wavelength photons,
which will extend the lifetime of excess carriers. It is well
known that the high responsivity could be obtained when the
lifetime of the photo-generated carriers is longer than the
transport time between M; and M, electrodes.*® While a for-
ward bias is applied from M; to M,, the photo-generated
holes will accumulate in the M,/a-IGZO interface, only a
small amount of holes will be trapped by the few number
of trap states in the M,/a-IGZO interface (as shown in
Fig. 4(b)), so the recombination effect of photo-generated
electron-hole pairs will be more serious at forward bias than
that at the condition of reverse bias. Therefore, the blueshift
of the peak response wavelength and enhancement of
responsivity of PD is only observed under reverse bias.
Based on above analysis, the photoresponse at OV in our
PD is attributed to the hole-trapping process occurred in the

(a)

74/
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N\
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\

FIG. 4. Energy band diagrams of the MSM structure a-IGZO photodetector
in UV light: (a) at reverse bias, (b) at forward bias, and (c) at 0 V bias.
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M,/a-IGZO interface, and the energy band diagram of the
PD at 0 V under UV illumination is displayed in Fig. 4(c).

In summary, a UV detector working at zero bias has
been obtained from Au/a-IGZO MSM structure. The
unbiased photoresponse characteristic is attributed to the
hole-trapping process occurred in the M;/a-IGZO interface,
which has been confirmed by the responsivity characteristics
of the PD and an asymmetric Schottky barrier formed at the
two sides of the Au/a-IGZO interdigital electrodes under
reverse bias. The results reported in the paper provide a pos-
sible way to realize detector working at zero bias in simple
planar MSM structure via the hole-trapping process.
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