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Two types of GaN-based ultraviolet (UV) photodetectors were fabricated by using NiAu and
Ga-doped ZnO (GZO) as electrode materials, respectively. Dark current-voltage and photoresponse
characteristics of the devices were investigated. It is found that in addition to the ~365 nm cut-off
response of GaN, an enhanced responsivity at around 250nm is achieved for the GZO/GaN
photodetectors. Photo absorption measurements provide proof that the efficient deep UV absorption
occurs in the solar blind spectral zone. Transmission electron microscopy observations reveal the
existence of nanostructures in the GZO thin film. Such nanostructures could be responsible for the
deep UV photoresponse. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808381]

In the past decade, ultraviolet (UV) photodetectors
(PDs), especially solar blind PDs, have attracted a great deal
of interest because of their wide applications in military and
civil detections and monitoring.'™* In order to fabricate solar
blind PDs, active materials with optical responding wave-
length less than 280 nm shall be employed. GaN based mate-
rials are suitable for preparing the UV and solar blind UV
PDs. In the past, various GaN-based structures, such as
Schottky contacts, metal-semiconductor-metal (MSM), and
p-i-n structures have been investigated for preparing UV
PDs.”™® Metallic materials are common in the fabrication of
electrodes for these device structures. However, as opaque
metal electrodes block more light; transparent conductive
electrodes could be used to obtain higher efficiency of opti-
cal to electrical conversion in PDs. Some transparent oxides
such as tin-doped indium oxide (ITO) and Ga-doped zinc ox-
ide (GZO) have been demonstrated to have exceptional elec-
trical conductivity and optical transparency.””'! As oppose
to ITO, GZO is more advantageous due to its lower cost and
stability.'>'? In this letter, we report a comparative study on
the characteristics of two types of GaN-based UV PDs pre-
pared using two different electrode materials: NiAu and
GZO. The GZO/GaN PDs show dramatically enhanced
deep-UV photoresponse.

Semi-insulating GaN epitaxial wafers used in this study
were grown with hydride vapor phase epitaxy (HVPE). Prior
to making electrode contacts, the GaN wafer was cleaned by
immersing the sample sequentially in acetone, ethanol, and
de-ionized water in ultrasonic oscillators. In order to remove
native oxide and contamination, the GaN wafer was dipped
into different acid solution and then rinsed in de-ionized
water and finally dried with N,. After these treatments, inter-
leaved fork-shape MSM type PDs were prepared with two
different electrode materials, NiAu thin films were deposited
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by e-beam evaporation and GZO thin films were sputtered
with radio-frequency magnetron sputtering, respectively.
Standard lift-off processes were then used to make the inter-
leaved fork-shape electrode structures. The two kinds of PDs
have the same electrode pattern structure with layout image
as shown in Fig. 1. The central pattern was 500 x 500 um?>
with 1:1 electrode finger width/spacing. The thickness of the
GZO thin film was ~100 nm. For the convenience of discus-
sion, NiAu/GaN and GZO/GaN PDs are denoted as S1 and
S2, respectively.

Room-temperature dark current-voltage (I-V) character-
istics of the prepared PDs were measured using Keithley
4200 parameter analyzer. The spectral responsivity of the
PDs was measured using a Xe arc lamp plus a calibrated
monochromator as a light source. Output power of the mono-
chromatic light was calibrated with a commercial Si PD.
The spectral responsivity measurements were carried out at
different applied bias for the PDs. The cross sectional micro-
structures of S2 device were observed by Tecnai G* F20
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FIG. 1. Measured spectral responsivity curves of NiAu/GaN (dashed line)
and GZO/GaN (solid line) photodetectors. The inset shows the top-view
photo of the device electrode pattern.
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S-Twin high resolution transmission electron microscope
(TEM). The crystallization structures of the films on sapphire
substrate were examined with a Bruker D8 advance x-ray
diffractometer (XRD) at room temperature.

Figure 1 shows the measured spectral responses of S1 and
S2 at room temperature. The inset shows a top-view image of
the device electrode pattern. As mentioned earlier, the two
types of devices are identical in electrode pattern and size.
From Fig. 1, it can be seen that both S1 and S2 show a similar
sharp cut-off response at around 365 nm wavelength in corre-
spondence to the band edge of GaN, which is consistent with
the results reported by other groups.””* However, large differ-
ence exists between the spectral response characteristics of the
two samples. S1 exhibits a responsive peak at around 350 nm
and low response in the deep UV region, while S2 shows a
much broader spectral response, especially a strong peak at
around 250 nm. This indicates the remarkable enhancement in
responsivity at around 250 nm in S2.

In order to explore and investigate the origin of such
responsivity enhancement in S2, room-temperature /-V char-
acteristics of the samples were measured under controlled
dark and illuminated conditions. The results are shown in
Fig. 2. The solid lines are the dark I-V curves of the devices
without light illumination, while the symbol lines represent
the /-V characteristics of the devices under illumination at
250nm deep UV light. The NiAu/GaN and GZO/GaN PDs
exhibit very different characteristics. For dark current, S1
device was advantageous due to good NiAu/GaN Schottky
contacts, whereas for photocurrent, S2 device performed
much better.

For MSM structured Schottky-type PDs, the dark cur-
rent is mainly determined by the reverse leakage current of
the Schottky contact. Under a 10.0 V bias voltage, the typical
dark currents of S1 and S2 were around 2.0nA and
332.0nA. It is evident that the dark current of S1 is much
smaller than S2 although both devices have the same elec-
trode patterns and size. As mentioned earlier, the deposition
of NiAu contacts in S1 was done by e-beam evaporation
while GZO contacts in S2 were prepared by radio-frequency
magnetron sputtering. It is known that sputtering could
induce more damage on the sample surface/interface than
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FIG. 2. Measured I-V curves of S1 and S2 photodetectors under the dark
condition and light illumination of monochromatic light at 250 nm.
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thermal evaporation, thus the larger dark current observed in
S2 can be attributed to the interface damage by Ar" plasma
during the GZO deposition. In addition to this mechanism,
difference in the barrier height between the GZO/GaN and
NiAu/GaN contacts could be another important factor caus-
ing the large difference in dark current between the two
types of devices. Based on the well-known thermal emission
model,]o‘l4 the dark current of a metal-semiconductor
Schottky contact shows a distinct exponential dependence on
the contact barrier height, i.e., I; e 9%/} where q¢ is the
barrier height, & is the Boltzmann constant, and T is the tem-
perature. In the present study, the barrier height of the GZO/
GaN contact could be smaller than that of the NiAu/GaN
contact.'®'> The lower barrier height of the GZO/GaN con-
tact could also result in the larger dark current for device S2.

The photocurrents of the two devices under the illumina-
tion of 250 nm deep UV light are also depicted in Fig. 2 for
comparison. The photocurrent of S2 is much greater than that
of S1 in the solar blind spectral zone. Strongly enhanced deep
UV photoresponse of GZO/GaN PDs suggests that the GZO
electrodes could also be used as an efficient deep UV sensitive
layer. To test the idea and mechanism behind the phenom-
enon, high-resolution TEM observation was carried out for
S2. Figure 3 shows a typical cross-sectional TEM image of
the GZO layer on GaN. It can be seen that the GZO contact
layer contains amorphous matrix and a large quantities of
nanocrystals with size of several nanometers. These nanocrys-
tals play a key role in the observed deep UV photoresponse of
S2. During the sputtering process, Ga, Zn, and O kicked out
by high energy ions arrive on the substrate surface and collide
with the surface atoms. Such surface bombardment transfers
certain kinetic energy, influencing the surface of GaN sub-
strate and the formation of GZO film. The incorporation of Ga
during the sputtering not only works as dopants but also plays
an important role in the observed enhancement of responsivity
in the solar blind spectral zone for S2. It has been reported
that Ga can react with oxygen to form gallium oxides with
natural band gap of about 4.4-5.0 eV'®'7 and help to form

FIG. 3. Cross sectional TEM image of GZO thin film on GaN. Nanocrystals
(circled regions) can be clearly resolved in the GZO thin film.
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FIG. 4. The absorption coefficient of the GZO film sputtered on sapphire vs.
the wavelength. The inset shows the XRD patterns of the film.

intermediate phases between wurtzite ZnO and spinel
ZnGa,0, with bandgap around 4.4—4.7¢V."®!" In addition,
the nanocrystals embedded in the GZO thin film may have no-
ticeable quantum confinement and size effects which results
in an obvious blue shift of the band gap.?°

In order to further investigate the microstructures of
sputtered GZO thin film and the deep UV photoresponse
mechanism, we measured the absorption coefficient and the
XRD patterns of the GZO film deposited on sapphire under
the same sputtering conditions. Figure 4 shows the measured
room-temperature absorption coefficients of the GZO thin
film on sapphire as a function of wavelength. A new absorp-
tion band is observed at around 250nm in addition to the
band-edge absorption of ZnO at around 360 nm, giving direct
evidence of the efficient deep UV photoresponse of the GZO
thin film. The inset figure depicts the XRD patterns of the
film, having two distinct peaks, which gives unambiguous
evidence of the mixture phase of the film.

Finally, we turn to discuss the photocurrent in S2. It is
known that the optical responsivity R, is dependent on the

gain G, of photodetectors as follows:'*?!
G Ln L;
Ry = w , W
opt
GL XX ot(i)exp[—a()b)dL (2)

L) = \/ D) Tap) 3)

where ¢, Ta(p)> Dup)> % 4, and d represent the electron
charge, the lifetimes of carriers (electron or hole), the diffu-
sion coefficients of carriers, the absorption coefficient, the
incident light wavelength, and the depth of incident light
wavelength penetration, respectively. Under light illumina-
tion, photo absorption excited excess carriers (i.e., electrons
in conduction band and holes in valence band) in the active
layer will move toward the collection area under the influ-
ence of applied electric field and thus contribute to the cur-
rent, i.e., the photocurrent is decided by both the photo-
excited carrier numbers and their transport probabilities
reaching to collect area. According to Eq. (2), the gain is
strongly dependent on the absorption coefficient o. For the
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device S1, efficient photo absorption occurs only in the GaN
substrate. For the device S2, however, efficient photo absorp-
tion can occur in both the GZO contact layer and GaN sub-
strate. At particular, strong photo absorption can take place
in the solar blind spectral zone, as indicated in Fig. 4. The
additional absorption in the GZO contact layer is the main
reason why efficient photo responsivity is observed in the so-
lar blind spectral zone for S2. The transport efficiency of the
photo-excited carriers in the GaN substrates to the collection
area of the two devices is reasonably similar. However, the
probability in reaching the collection area of photo-excited
carriers in the GZO thin film of S2 is increased as the GZO
thin film itself also works as an electrode. This phenomenon
is also favorable in explaining the observed enhancement of
responsivity in the solar blind spectral zone for S2. In addi-
tion, it is probable that the type-II band alignment®* and effi-
cient carrier transfer at ZnO/GaN interface™ also
contributed to the interesting observed performance of the
GZO/GaN photodetectors.

In conclusion, the two kinds of UV photodetectors were
fabricated using different contact materials on GaN.
Compared with the NiAu/GaN UV PDs, the GZO/GaN PDs
show efficient responsivity in the solar blind spectral zone.
The efficient photo absorption and transport efficiency of
photo-excited carriers in the GZO contact layer are mainly
responsible for the enhanced responsivity in the deep UV
region.
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