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Study of the Optoelectronic Properties of Ultraviolet
Photodetectors Based on Zn-Doped CuGaO, Nanoplate/
ZnO Nanowire Heterojunctions

Xiaoyi Wang, Hongda Wu, Guanxin Wang, Xiaohui Ma,* Yingtian Xu,* He Zhang,
Liang Jin, Linlin Shi, Yonggang Zou, Jingzhi Yin, and Dongxu Zhao

This study reports ultraviolet (UV) photodetectors based on CuGaO, (CGO)
nanoplates (NPs) and Zn-doped CGO (CZGO) NP/ZnO nanowire (NW) heter-
ojunctions. The vertical arrays of ZnO NWs are uniformly grown on the surface of
hexagonal CZGO NPs and form a high-density p—n junction. The heterojunctions
have better optoelectronic performance parameters than pure CGO NPs.
Especially, the responsivity value of CZGO NP/ZnO NW heterojunctions reaches
0.12 AW ', and the photo-to-current ratio is estimated to be 4.5. This work offers
a new idea for the rational design of optoelectronic devices from the synergetic

effect of p-type CZGO NPs and n-type nanostructures.

1. Introduction

Photodetectors (PDs) convert optical radiation into electrical
signals by the photoelectric effect.?) Through the gradual
exploration of PDs, it has been proved that PDs can be applied
to many fields,”! such as chemical monitoring,! environment,?’
biological analysis,®”! future memory,® and civil and military
applications.”'? Due to high sensitivity and fast time response,
ultraviolet (UV) PDs have attracted wide attention.!'’! Wide-
bandgap semiconductor materials commonly used in the UV
PDs include diamond,™ Zn0,*> Ti0,,*% Sn0,,*”! and ZnS.*8!
However, the ultrawide bandgap (5.5 eV) of diamond material is
sensitive to deep UV light (wavelength less than 225 nm),!**!
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which results in poor detection perfor-
mance of diamond-based devices. The
high recombination rate and surface
defects of photogenerated electron-hole
pairs in wide-bandgap semiconductor
materials seriously affect the efficiency of
photoresponse. Therefore, the low quality
of materials has become an important
problem currently restricting the develop-
ment of wide-bandgap semiconductors.
Meanwhile, the use of low-dimensional
wide-bandgap inorganic semiconductor
nanostructure materials for building UV
PDs has attracted intense attention.*
The fabrication of detectors needs to keep pace with the develop-
ment of modern electronic systems: energy saving, portability,
and miniaturization.*'*% It is necessary to find a simple method
to synthesize wide-bandgap materials with low-dimensional
materials and improve the properties of materials by doping
or constructing heterojunctions.

The p-type delafossite material ABO, (B = Cr, Al, Ga) generally
relies on hole conduction.” Tt is a new metal oxide with a
bandgap greater than the upper limit of visible photon energy
(3.11 eV). Considering that substituting trivalent cations by diva-
lent cations in the structure effectively improves the p-type
conductivity and carrier concentration of delafossite materials,
they hold great attraction as p-type materials in UV optoelectronic
devices.” In recent years, researchers have proved that the calcu-
lated indirect bandgap width of CuGaO, (CGO) NPs is ~1.9¢€V;
the direct allowed transition on one side of the broad bandgap is
calculated as 3.5 eV.?”! Therefore, CGO could be classified as a
wide-bandgap semiconductor material. CGO is an intrinsic p-type
material and one of the delafossite family, with excellent hole
mobility.?® In contrast to CGO, n-type zinc oxide (ZnO) has a
wide direct bandgap (3.37 eV) and large exciton binding energy
(60 meV) at room temperature.”” 2% In the UV optical detection
system,*® when 1D ZnO nanowires (NWs) were combined with
other low-dimensional materials such as metals, semiconductor
nanoparticles, and 1D nanotubes and 2D materials,*" the increase
of the specific surface area improves the detection performance.
Considering the high matching lattice parameters between ZnO
and CGO (the lattice mismatch is ~10%), it is feasible to form a
heterogeneous relationship at the interface. In addition, p-type
CGO nanoplates (NPs) and n-type ZnO NWs can form a Il-type
staggered band arrangement that promotes the transfer of excita-
tion holes and electrons.®? CGO NPs were synthesized by a
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hydrothermal method and crystallized into 2D hexagonal NPs of
micron size due to the oriented attachment mechanism >’
Furthermore, the hole carrier concentration of CGO NPs can
be improved by doping bivalent cations of Zn*" and Mg?*" >+
In the CuGaO, phase, the ionic radius of Ga** is 0.062 nm,>*
the ionic radius of Zn*" is 0.074 nm,*”! and the corresponding
mismatch of ionic radii caused by the substitution of Ga*" with
Zn®* is 19.3%. Tsay etal®® have reported that the electrical
properties of Zn-doped CuGaO, thin films are greater than those
of Mg-doped CuGaO, thin films. This phenomenon was explained
by the fact that the Zn-doped thin films had a smaller amount of
the secondary phase than the Mg-doped thin films. Therefore,
we chose Zn to dope CGO NPs, which inspired us to prepare
Zn-doped CGO NPs and ZnO NW heterojunctions. This study
reports the optoelectronic properties of UV PDs based on pure
CGO NPs and Zn-doped CGO (CZGO) NP/ZnO NW heterojunc-
tions. The morphology and composition of pure CGO NPs
and CZGO NP/ZnO NW heterojunctions were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS). The heterojunctions
were found to have large specific surface area and photon capture
ability. The responsiveness and photo-to-current ratio can reach
0.12 AW~ and 4.5, respectively, which shows that detectors based
on CZGO/ZnO NW heterojunctions have good detectability, and a
novel UV PD was designed.

2. Experimental Section
2.1. Growth of Zn-Doped CuGaO, Nanoplates

CZGO NPs were synthesis via a facile hydrothermal reaction
according to the previous report. For the Zn-doped CGO NP

www.pss-b.com

synthesis, additional Zn(NOs),-6H,0 was added in the reac-
tion to replace part of Ga*" with Zn®". Briefly, 3.5mmol
Cu(NOs3),-3H,0 and 3.5-x mmol Ga(NOs),-9H,0 and x mmol
Zn(NO;),-6H,0 were dissolved in 35mL deionized water.
Then, 17.5mmol KOH was dissolved in 17.5mL deionized
water. The deep blue solution was diluted with ethylene glycol
and deionized water (the capacity ratio of ethylene glycol and
deionized water was 1/3) and transferred into a 100 mL reactor
(filled to 70% volume capacity). After reacting at 190 °C for 56 h,
it was naturally cooled to room temperature. The samples were
repeatedly cleaned with ethanol, water, dilute HNO3, and ammo-
nia water and finally stored in an ethanol solution. SEM was used
to investigate the structure and morphology of CZGO NPs,
which can be seen in Figure 1a,b. Zn-doped CGO NPs with a
perfect hexagon morphology were synthesized successfully.
The diameter of the synthesized CZGO NPs was about 5-6 pm.

The XRD patterns of pure CGO NPs and CZGO NPs are dis-
played in Figure 1c. All the diffraction peaks could be indexed to
JCPDS NO. 41-0255; no other diffraction peaks were discovered
in the pattern. Furthermore, the pattern displayed in the inset of
Figure 1c is the enlarged XRD 006 diffraction peak and shows a
shift to a smaller angle with Zn ion doping. This phenomenon is
speculated to be caused by the lattice bending caused by the
stress of high-strength Zn or covalent bonds, and results in some
lattice deformation. XPS measurements were conducted to eval-
uate the elemental composition and chemical state of the CZGO
NPs shown in Figure 2. The survey spectrum (Figure 2a) indi-
cates the presence of Cu, Ga, and Zn elements. It was sufficient
to draw a conclusion that Zn had been doped into the CGO NPs
under hydrothermal reaction.

For the heterojunction synthesis, Zn-doped CGO NPs were
prepared by the hydrothermal method described in a previous
work. According to the previous study, the specific reaction
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Figure 1. a,b) SEM images of Zn-doped CuGaO, NPs and c) XRD spectrum of pure CGO NPs and Zn-doped CGO NPs.
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Figure 2. a) XPS survey spectrum of the CZGO NPs, and enlarged view of the b) Ga 2p, ¢) Cu 2p, and d) Zn 2p peaks.

of CGO phase formation in the hydrothermal reaction is as
follows*”

Cu** +e” — Cut (1)
)

G)

Ga(NO;), - xH,0 + 3KOH — Ga(OH); + 3KNO; + xH,0

Cu' + Ga(OH); — CuGaO, | +3H;0"

2.2. Synthesis of Zn-Doped CGO NP/ZnO NW Heterojunctions

First, the CGO NPs were uniformly dispersed in ethanol by an
ultrasonic machine and transferred to a 1cm x 1.6 cm Si sub-
strate. The substrate was then facedown placed in a hydrothermal
reaction frame and immersed in an equimolar (10 mmol) mixed
solution of Zn(NOs),-6H,0 and hexamethyltetramine (HMT).
The solution was then heated at 90 °C for 4 h to grow heterojunc-
tions. After the reactions, the substrate was cleaned by distilled
water and dried in an N, atmosphere. As shown in the SEM
images in Figure 3a,b, numerous CZGO/ZnO heterojunctions
were observed, which suggested that ZnO NWs were grown
vertically on CGO NPs after the hydrothermal reaction. The suc-
cessful growth of ZnO NWs was further confirmed by XRD char-
acterization, as shown in Figure 3c. There was no difference in
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diffraction peaks for the CZGO/ZnO heterojunctions compared
with pure CGO NPs. Nevertheless, an emerging diffraction peak
corresponding to the (002) plane diffraction for wurtzite ZnO
(JCPDS No. 36-1451) could be observed. This result provided evi-
dence that CZGO NP/ZnO NW heterojunctions had been syn-
thesized successfully through a simple hydrothermal method.
The sizes of the NWs were almost the same and they were
arranged tightly. Therefore, the heterojunctions increased the
overall specific surface area.

3. Results and Discussion
3.1. UV Absorption and SEM Image of UV Photodetector

The normalized absorbance spectra of CGO NPs and CZGO
NP/ZnO NW heterojunctions are shown in Figure 4a. For the
CGO NPs and CZGO NP/ZnO NW heterojunctions, the absorp-
tion peaks are located at 323 and 337 nm, respectively. The
CZGO NP/ZnO NW heterojunctions appear redshifted in the
absorption spectrum compared with pure CGO NPs. This phe-
nomenon could be attributed to the sub-bandgap absorption
effect, which is caused by the built-in electric field between
the p and n junctions.*” Furthermore, the energy bandgap E,
can be estimated by the equation*!

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) SEM images of CZGO NP/ZnO NW heterojunctions and c) XRD spectrum of CZGO NP/ZnO NW heterojunctions.
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Figure 4. a) UV-vis absorption spectra of the CGO NPs and CZGO/ZnO NW heterojunctions; the inset shows the corresponding plot analysis of the
optical bandgap of CGO. SEM images of UV PD based on the b) CGO NPs and c) CZGO/ZnO NW heterojunctions; the inset of (b) shows the physical
map of the UV detector. d) SEM image of the electrode space.
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aF = A(E _ Egirect)OAS 4 B(E _ Eigndirect + Ephon)z (4)

where «a is the absorption coefficient, A and B are two fitting
parameters, Eindiect and Edrect are the indirect and direct gaps,
and E,on is the phonon energy. Thus, («E)” indicate direct gaps
and (aE)** indicate indirect gaps. E; is determined to about
3.7 eV for CGO NPs, as shown in inset of Figure 4a.

p-type silicon was used as a substrate to fabricate the device.
The prepared microchips or heterojunctions were spin coated on
the Si substrate and dried in nitrogen. Then pairs of Au electro-
des were patterned on top of the film by magnetron sputtering.
The following Figure 4b,c is the SEM image of the UV detector
based on the CGO NPs and CGO/ZnO heterojunctions, respec-
tively. The physical map of the UV detector is shown in inset of
Figure 4b. The tight heterojunctions were connected by the elec-
trode space. Figure 4d shows a pair of Au electrodes were sepa-
rated by a space of 40 pm.

3.2. Optoelectronic Performance

Figure 5a presents the typical -V curves obtained from the
device under dark and illuminated conditions (4= 365nm,
20mW cm™?). The embedded image is an enlarged -V
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diagram (6 to —10V). The photocurrent is increased with
the applied bias voltage increasing; the highest photocurrent
reaches up to 1.18 mA, the dark current is ~0.995 mA, and
the photo-to-current ratio (Rg) (Iph — Idark)/Idark is estimated
to be 0.19. The responsivity value (R) (Ipn— Iaark)/PA is
~0.033 AW, which is a critical parameter to determine the
sensitivity of optoelectronic devices. P is the light power and
A represents the effective illuminated area on the detector sur-
face. Response speed and repeatability are key parameters to
examine the capability of a PD. Figure 5b shows the on—off state
of the detector under light conditions. A cliffy rise and decay can
be seen in the enlarged portions of 48.5-50.5 and 58-63s,
which correspond to the on-state and off state, respectively,
as shown in Figure 5c,d. The rise time 7, (from 10% to 90%
of the maximum photocurrent) and decay time 74 (from 90%
to 10% of the maximum photocurrent) are estimated to be
0.75 and 0.3 s, respectively, demonstrating a rapid response
property especially.

The inset of Figure 6a shows the process of obtaining a pho-
tocurrent by UV PDs under illumination. Performance param-
eters of the UV detectors fabricated from CZGO NP/ZnO NW
heterojunctions have been measured. As shown in Figure 6a,
Ipn is about 0.83 mA and Ig.y is about 0.15 mA under 10V
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Figure 5. a) Typical I-V curves of the CGO ultraviolet detector illuminated with light of 365 nm and under dark conditions. b) I-T curves during light
on—off switching at 10V under 365 nm illumination. c,d) Enlarged portions in range of 48.5-50.5 and 58-63 s corresponding to light-off to light-on and

light-on to light-off transitions.
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Figure 6. a) Typical I-V curves of the CZGO NP/ZnO NW heterojunction ultraviolet detector illuminated with light of 365 nm and under dark conditions;
the inset is the process of obtaining photocurrent by UV PDs under illumination. b) I-T curves during light on—off switching at 10V under 365 nm
illumination. ¢,d) Enlarged portions in range of 31-35 and 40-45 s corresponding to light-off to light-on and light-on to light-off transitions.

applied bias. Use of a hand-held UV lamp to irradiate the detec-
tor surface inevitably makes the light distance and effective
light area become variable. Finally, the highest photocurrent
value in the time response test is different from that of the
I-V test. It is worth noting that the UV detectors based on
CZGO NP/ZnO NW heterojunctions have significant photo-
to-current ratio and responsivity values, 4.5 and 0.12 AW},
respectively. The performance parameters of the detectors fab-
ricated with ZnO NW arrays show that the response value is
0.05 A W12 The response value of the heterojunction detec-
tor is 2 times that of the ZnO NW array detector and about
4 times that of the CGO NPs. This is a significant result com-
pared with the performance of those of ZnO-based PDs in
Table 1. Interestingly, the photo-to-current ratio of the hetero-
junctions is ~23 times that of the CGO NPs. Four repeated
cycles under a switching light intensity of 20 mW cm ™ are
shown in Figure 6b. In the enlarged view, the rise and decay
curves of the time-dependent photocurrent response are pro-
vided in Figure 6¢,d. The rise time 7, and decay time 74 were
calculated to 0.8 and 0.4s. Heterojunctions were composed
of CZGO NPs and ZnO NWs, which made the heterojunctions
have a larger specific surface area than each individual material.
The conductivity increased under the illumination condition.
Even after turning off the light, the conductivity continued to
decrease slowly for a period of time. The photoconductivity
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(PPC) effect is the reason for the increase of the 7, and zq4.
Therefore, analysis of the photoelectric performance parame-
ters of CZGO NP/ZnO NW heterojunctions has great potential
to prepare UV PDs.

We speculate that CZGO NP/ZnO NW heterojunctions can
improve detection performance for the following reasons:
1) nanostructures can improve the energy conversion efficiency
remarkably via various light-trapping mechanisms.!**! Due to the
particularly large intrinsic gain and long interaction length, ver-
tical ZnO NW arrays can capture most incident UV light and gen-
erate a strong light-trapping effect.**) Meanwhile, ZnO NWs
were grown vertically and tightly on CZGO NPs, which promotes
increase of the specific surface area and enhances the ability to
capture photons. 2) The synergistic effect of p-type CZGO and
n-type ZnO promotes faster separation of electrons and holes.
The heterojunctions form a depletion region at the CZGO NP
and ZnO NW interface through carrier diffusion, forming a
built-in electric field at the interface. Driven by this built-in
electric field inside the depletion region, holes in CZGO and
electrons in ZnO can be easily separated at a faster rate.
Furthermore, as the intercrystalline contacts increase and the
electron transportation path extends in the vertical direction,
faster electron-hole recombination occurs in the vertical orien-
tation rod geometry; this could be the reason that heterojunctions
make the photocurrent reduce slightly.[*>#6
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Table 1. Comparison of the characteristic parameters of different PDs.
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Photodetectors A [nm] Bias [V] Photo-to-current ratio Responsivity value 7 [s] 74 [s] Ref.
Re = (Ioh — lar)/Laark (lon — Laar) [PA [AW ]
ZnO nanorod array 365 1 5.13 x 107 - - 1.69 [47]
ZnO films 365 3 17.03 0.00044 4.172 11.012 [48]
ZnO nanorods 370 3 - 0.198 0.993 2.036 [49]
Craphene/ZnO 365 -5 - 23 3 0.5 [50]
ZnO NWs 360 1 11.25 ~0.39 2 100 [57]
CGO NPs 365 10 0.19 0.033 0.7 0.3 This work
CZGO/ZnO 365 10 4.5 0.12 0.8 0.4 This work

4, Conclusions

In summary, this study reports the optoelectronic properties
of UV PDs based on pure CGO NPs and CZGO NP/ZnO
NW heterojunctions. The CZGO NP/ZnO NW heterojunctions
have better optoelectronic performance parameters than pure
CGO NPs. The results express that the response value of the
heterojunctions detector is ~4 times that of the CGO NPs.
Interestingly, the photo-to-current ratio of the heterojunctions
is ~23 times that of the CGO NPs. Due to the high lattice match-
ing, hexagonal wurtzite ZnO NWs are grown vertically on the
surface of CZGO NPs. Therefore, the heterojunctions increase
the overall specific surface area and enhance the photon capture
ability. This work mainly focuses on the synergistic effect of
p-type CGO NPs with n-type nanostructures, which provides a
new idea for the rational design of optoelectronic devices.
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