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A self-powered solar-blind ultraviolet
photodetector based on a Ag/ZnMgO/ZnO
structure with fast response speed

Ming-Ming Fan,®® Ke-Wei Liu,*® Xing Chen,® Zhen-Zhong Zhang,? Bing-Hui Li?
and De-Zhen Shen*®

A self-powered solar-blind ultraviolet (UV) photodetector was realized on a Ag/ZnMgO/ZnO vertical
structure. A ZnO epitaxial layer was employed to serve as both the buffer layer for the growth of ZnMgO
and the bottom electrode of the device. Interestingly, the device exhibited an obvious self-powered
property owing to the built-in electric fields at the Ag/ZnMgO and ZnMgO/ZnO interfaces. At 0 V, the
peak responsivity at 275 nm of our device was 16 mA W2, which is comparable to that of other ZnMgO
self-powered solar-blind UV photodetectors. Moreover, the device also exhibited a very fast response
speed (24 ps rise time and 300 ps decay time) at O V. This study could provide a much easier and more
feasible way to develop ZnMgO self-powered solar-blind UV photodetectors on foreign substrates with
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1. Introduction

Solar-blind ultraviolet (UV) photodetectors, working in the UV
spectrum ranging from 220 nm to 280 nm with very high
sensitivities, have drawn considerable attention due to their
wide applications in commercial and military fields, such as in
flame monitoring, missile warning, environmental monitoring,
biological and chemical analysis, optical communication, and
space research.”” Till now, a lot of solar-blind UV photodetec-
tors have been demonstrated on wide band-gap semi-
conductors, such as GaAlN,** B-Ga,0;,>°® diamond,”® and
ZnMgO.”* Among these candidates, ZnMgO alloys have been
regarded as one of the most promising wide bandgap materials
for solar-blind UV photodetection due to their excellent mate-
rial properties, including lower density of defects, environ-
mental friendliness, and stronger radiation hardness.>*** In the
past two decades, w-ZnMgO solar-blind UV photodetectors have
been extensively studied by us and other groups.®*™
Nowadays, energy-saving is a world-wide issue, and thus
a photodetector without external power supply, usually known
as a self-powered photodetector, is of significant importance for
the practical application.>*** As is well known, p-n junctions
and Schottky junctions are the most common structures used as
self-powered photodetectors, in which photogenerated elec-
tron-hole pairs can be separated by built-in electric field.
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high responsivity, fast response speed, and low cost.

However, p-type doping is still a big challenge for ZnO-based
semiconductors, which hinders the further development of p-
n homojunction photodetectors.”***** Although self-powered
UV photodetectors can be demonstrated by combining n-type
ZnO-based materials with other p-type layers, such as Si,***
Cu,0,** NiO,** SiC,*** GaN,***” and organic materials,**?*’ they
are usually limited by the unexpected visible/IR response from
p-type materials, the lattice-mismatched heteroepitaxy, or the
instability of organic materials. Therefore, ZnMgO Schottky
junction photodetector should be a suitable choice to realize
self-powered solar-blind UV detection.

As is well known, ZnO is stabilized in the wurtzite structure
(w), while MgO is stabilized in the cubic rock salt structure (c).
As a result, the phase separation of w-ZnMgO alloy will occur
with increasing the Mg content to extend its bandgap into solar-
blind UV region.® In order to resolve this problem and fabricate
high Mg-content w-ZnMgO, the effective method is using ZnO
substrates or buffer layers, and many w-ZnMgO solar-blind UV
photodetectors have been demonstrated.'®*"'*'>'* However,
most of these devices are based on metal-semiconductor-metal
structure and very few information can be observed about w-
ZnMgO Schottky junction solar-blind UV photodetectors.
Endo, et al. reported a self-powered solar-blind UV device with
a peak responsivity of 15 mA W™ " at 220 nm at 0 V on the basis
of Pt/Zny,41Mgo.500 Schottky photodetector on ZnO single-
crystal substrate.” However, the small size and expensive
price of ZnO substrates limit the further development of this
type of device.” The growth of ZnO films on commercial foreign
substrates may be an alternative route to solve this problem.
Takagi, et al have successfully fabricated single-phase w-
ZnMgO with the bandgap in solar-blind UV region by using
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a ZnO buffer layer. However, the detailed information about its
solar-blind UV detection behaviour and self-powered property
cannot be found.™ In this study, w-ZnMgO was deposited on a-
face Al,O; (a-Al,O3) substrate due to its lattice mismatch to ZnO
is as small as ~2.4%.% By introducing a ZnO buffer layer, the
bandgap of w-ZnMgO was successfully tuned into solar-blind
UV region. Then we demonstrated a Ag/ZnMgO/ZnO vertical
structure photodetector. The device showed a nearly linear
dark-current property. Interestingly, at 0 V bias, the device
exhibited an obvious solar-blind UV photoresponse (peak
responsivity of 16 mA W at 275 nm) and a fast response speed
(10-90% rise and decay time of 24 us and 300 ps, respectively). A
very weak photoresponse between 300 nm and 380 nm from
ZnO layer was also observed and the corresponding responsivity
was 2-3 orders of magnitude lower than the peak responsivity.
This self-powered property should be associated with the built-
in electric fields at Ag/ZnMgO and ZnMgO/ZnO interfaces.

2. Experimental

ZnO and ZnMgO layers were prepared via plasma-assisted MBE.
Commercial a-Al,O; substrates were employed to deposit ZnO
layers. During the growth of ZnO, the precursors were 6 N-purity
zinc (218 °C) held in thermal Knudsen cells and 5 N-purity O,
(0.8 mL min~") activated in a radio frequency plasma source
(300 W). The substrate temperature was 750 °C and the chamber
pressure was set at 8 x 10~ Pa. During depositing ZnMgO, the
precursors were 6 N-purity zinc (212 °C) and 5 N-purity
magnesium (302 °C) held in thermal Knudsen cells and 6 N-
purity NO (1.2 mL min~") activated in a radio frequency
plasma source (300 W). The substrate temperature was 450 °C
and the chamber pressure was set at 2 x 10 ° Pa. The thickness
of the films was evaluated by scanning electron microscope
(SEM). The structural property was characterized by an X-ray
diffractometer (XRD) using Cu Ko radiation (A = 0.154 nm)
with an area detector. The electrical characteristics of ZnO were
measured in a Hall measurement system under Van der Pauw
configuration. From Hall measurement results, the uninten-
tionally doped ZnO films showed n-type conduction with an
electron concentration of 1.6 x 10" em > and an electron
mobility of 10 cm* V™' s

To fabricate vertical structure photodetector, semi-
transparent Ag and In was deposited as ZnMgO contact and
ZnO contact by a vacuum evaporation method, respectively.
Photoelectrical characteristics of the fabricated Ag/ZnMgO/ZnO
photodetector were carried out in detail. The current-voltage
property was measured by a semiconductor parameter analyser.
The spectral response was studied by using a Xe lamp with
a monochromator as a light source. The response time was
evaluated by an oscilloscope and a Nd:YAG laser (266 nm, 10 ns)
as an excitation source.

3. Results and discussion

Fig. 1la is the cross-sectional SEM image of the deposited
ZnMgO/ZnO/a-Al,0; structure, suggesting the ZnO and ZnMgO
with the thickness of 250 nm and 200 nm, respectively. The
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structural characteristics of ZnO and ZnMgO were assessed by
XRD in Fig. 1b. Beside the substrate (11-20) reflection at 37.8°,
only two diffraction peaks can be clearly observed at 34.46° and
34.87°, corresponding to the (0002) reflections of ZnO and w-
ZnMgO, respectively. For w-ZnMgO, the position of (0002)
peak was shifted obviously to the bigger angle compared to pure
ZnO, indicating the incorporation of Mg into ZnO lattice. On the
basis of the previous reports, the position of (0002) peak is
strongly dependent on Mg content, which can be utilized to
roughly estimate Mg content in w-ZnMgO.'»''>%% With
reference to the previously reported values, the estimated MgO
molar fraction is more than 0.45.'%'**>4%%> Jtg bandgap can also
be roughly evaluated to be larger than 4.25 eV from the bandgap
dependence on Mg content.”™***" ZnO substrates or buffer
layers are generally utilized to suppress phase segregation and
improve Mg solid solubility in w-ZnMgO.'*** Therefore, w-
ZnMgO film with the bandgap in solar-blind UV region was
successfully fabricated on a-Al,O; by using a ZnO buffer layer in
this case.

A vertical structure photodetector was demonstrated on
ZnMgO/Zn0O/a-Al,0;. As shown in the schematic diagram of
Fig. 2a, Ag and ZnO layer were used as the top and bottom
contacts to ZnMgO in the vertical structure photodetector. The
area of Ag contact is ~1.8 mm”. Fig. 2b depicts the current
density-voltage curves of the Ag/ZnMgO/ZnO photodetector at
room temperature. From Fig. 2b, a nearly linear relationship
was observed with a large dark current at both forward and
reverse biases. Under UV light illumination (275 nm, 0.01 mW
cm™?), the current obviously increases with bias voltages. From
the enlarged curve in the inset of Fig. 2b, an obvious photo-
voltaic characteristic can be observed. Fig. 3a is the response
spectrum of the Ag/ZnMgO/ZnO photodetector at 0 V in a loga-
rithmic scale. The peak responsivity at 275 nm is 16 mA W'
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Fig. 1 (a) Cross-sectional SEM image and (b) XRD spectrum of the
fabricated ZnMgQO/ZnO/Al,0s.
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Fig.2 (a) Schematic diagram of the Ag/ZnMgO/ZnO vertical structure
photodetector. (b) Current density—voltage properties in a dark
condition and under UV illumination (275 nm, 0.01 mW cm™2) at room
temperature. The inset shows the enlarged curves around 0 V.

with a —3 dB cut-off edge at around 285 nm, which is in good
agreement with the estimated bandgap of ZnMgO in the
preceding section. The UV/visible rejection ratio, defined as the
ratio of the peak responsivity at 275 nm and the responsivity at
400 nm, is more than 4 orders of magnitude. A weak photo-
response between 300 nm to 380 nm was also observed, and the
corresponding photoresponsivity was 2-3 orders of magnitude
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Fig. 3 (a) Response spectrum of Ag/ZnMgO/ZnO photodetector in
a logarithmic scale. (b) Peak responsivity, quantum efficiency, and
detectivity at 275 nm as a function of bias of the Ag/ZnMgO/ZnO
photodetector at 0 V.
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Fig. 4 Energy band diagram and carrier transport process of the Ag/
ZnMgO/ZnO vertical structure device: (a) at thermal equilibrium, (b) at
forward bias in dark, (c) at reverse bias in dark, and (d) at 0 V under UV
light illumination.

lower than the peak responsivity. The defects in w-ZnMgO and
the bottom ZnO layer should be responsible for the response in
the wavelength range of 300-380 nm. Thus, a self-powered
solar-blind UV device has been realized on the basis of the Ag/
ZnMgO/ZnO photodetector.

To further identify the self-powered characteristics, the
measurement of the peak responsivity at 275 nm dependence on
the light intensity from 0.004 to 0.14 mW cm™ > was carried out (see
Fig. 3b). The corresponding quantum efficiency  can be calcu-
lated according to the following expression:® n = Rhc/qA (where R is
the responsivity, 4 is Planck's constant, c¢ is the light velocity, g is
the elementary charge, and 2 is the wavelength). In Fig. 3b, the
peak responsivity (A = 275 nm) at zero bias is nearly constant for
the entire incident power range (0.01-0.14 mW cm™>), and thus
the device should have a potential application in quantitative
measurement of solar-blind UV light intensity. Specific detectivity
(D*) is generally utilized to characterize the normalized signal-to-
noise ratio. The thermally limited detectivity can be estimated by
the following equation:® D* = A"?R/(4kyT/Raan)"? (Where A is the
active area, R is the responsivity, k, is the Boltzmann constant, T'is
the temperature, and Ryay is the equivalent resistance). From
Fig. 3b, the detectivity was about 5 x 10° Jones.

On the basis of the experimental results above, although it
had a nearly linear dark-current property, the Ag/ZnMgO/ZnO
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Fig. 5 (a) Time-dependent photocurrent with periodic switching of

266 nm light illumination (0.01 mW cm™). (b) Transient photo-
response using a Nd:YAG laser as an excitation source (266 nm, 10 ns).
Note that all the measurements were carried out at zero bias at room
temperature.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Peak responsivity, rise time (10-90%), decay time (90-10%), and detectivity of typical ZnMgO vertical structure solar-blind UV

photodetectors

Peak responsivity Rise time Decay time Detectivity Ref.
Ag/ZnMgO/ZnO 16 mA W' (275 nm, 0 V) 24 s 300 ps 5 x 10° Jones This work
n-ZnMgO/p-Si 10 mA W' (260 nm, 0.5 V) — — — 17
n-ZnMgO/p-Si 14 mA W' (260 nm, 1 V) 100 ms 100 ms — 18
Pt/ZnMgO/ZnO 15 mA W™ (220 nm, 0 V) — — — 19

photodetector showed obvious photovoltaic effects at 0 V. We
deduce that a relatively strong built-in electric field should be
present in Ag/ZnMgO/ZnO structure at 0 V. Fig. 4 schematically
presents the proposed self-powered operation mechanism. As
shown in Fig. 4a, without bias voltages, Schottky junction and
heterojunction are formed at Ag/ZnMgO interface and ZnMgO/
ZnO interface, respectively. It is widely known that defects,
including intrinsic defects and the extended grain boundaries
defects,”** can provide the paths for electrons to hop the
ZnMgO layer with the assistance of defects under bias voltages
(shown in Fig. 4b and c).**** Current could easily flow through
these paths and thus the Ag/ZnMgO/ZnO structure exhibited
the nearly linear dark-current characteristic due to the large
leakage current. On the other hand, at 0 V, the built-in electric
fields at Ag/ZnMgO and ZnMgO/ZnO interfaces, could separate
efficiently the photogenerated electron-hole pairs in ZnMgO
and cause the carriers transport to corresponding electrodes,
thus leading to the self-powered property.

The time-dependent photocurrent of the photodetector with
the 266 nm light (0.01 mW cm™?) switched on and off was
measured as shown in Fig. 5a. It can be seen that the device
exhibits good on/off switching performance with high stability
and reproducibility. Next, the response speed of the device was
investigated. Fig. 5b shows the time response when exposed to
a Nd:YAG pulsed laser (266 nm, 10 ns). The rise time and decay
time, defined as the time interval of the current rising from 10%
to 90% and dropping from 90% to 10% of the peak values, were
only 24 ps and 300 ps, respectively.

Table 1 summarizes the key parameters of the typical vertical
structure solar-blind UV photodetectors based on ZnMgO. The
response speed of our Ag/ZnMgO/ZnO photodetector is much
faster than that of other vertical structure ZnMgO solar-blind
UV devices." Additionally, the peak responsivity of our device
at 0 V is around 16 mA W', which is comparable with that of
other self-powered devices."”**

4. Conclusions

In summary, a self-powered solar-blind UV photodetector was
demonstrated based on Ag/ZnMgO/ZnO structure on the a-
sapphire substrate. ZnO layer was served as both the buffer
layer to grow solar-blind w-ZnMgO and the bottom contact of
the vertical structure device in this study. Due to electrons
hopping the ZnMgO layer with the assistance of defects under
bias, the device showed a nearly linear dark-current property.
However, at 0 V, an obvious self-powered property can be
observed because of the built-in electric fields at Ag/ZnMgO and

This journal is © The Royal Society of Chemistry 2017

ZnMgO/ZnO interfaces. The peak responsivity at 275 nm was
around 16 mA W~ with a —3 dB cutoff wavelength of 285 nm.
The rise time and decay time were around 24 ps and 300 us,
respectively. Our findings prove a much easier and more
feasible route to realize ZnMgO self-powered solar-blind
photodetectors on foreign substrates, which have potential
application for future solar-blind UV detection.
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