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Abstract

To further improve the performance of all-inkjet-printing ZnO UV photodetector and maintain the advantages of
inkjet printing technology, the inkjet printing Ag nanoparticles (NPs) were deposited on the inkjet printing ZnO UV
photodetector for the first time. The inkjet printing Ag NPs can passivate the surface defects of ZnO and work as
surface plasmons from the characterization of photoluminescence (PL), X-ray photoelectron spectroscopy (XPS), and
finite difference time domain method (FDTD) simulation. The normalized detectivity (D*) of the Ag NP-modified
detector reaches to 1.45 × 1010 Jones at 0.715 mW incident light power, which is higher than that of 5.72 × 109

Jones of the bare ZnO photodetector. The power-law relationship between the photocurrent and the incident light
power of the Ag NP-modified ZnO detector is Ipc ∝ P2.34, which means the photocurrent is highly sensitive to the
change of incident light power.
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Introduction
ZnO is the promising material to fabricate ultraviolet
light-emitting diodes (UV-LED), laser diodes (LD), trans-
parent thin film transistors (TFTs), and other devices
that can be used in photonics, electronics, acoustics, and
sensing [1–6]. To fabricate UV detector is one of the im-
portant applications of ZnO, because the UV photode-
tectors are in great demand in various fields and the
direct wide bandgap of ZnO is 3.37 eV, which corre-
sponding to the UV wavelength of about 365 nm [7].
The fabrication processes of conventional ZnO-based
devices are expensive and time-consuming, because they
contain photolithography and vacuum deposition-based
growth process such as MBE, chemical vapor deposition
(CVD), and magnetron sputtering [8–11]. A cheap solu-
tion has been adopted by the sol-gel deposition method,
because the method does not need expensive equipment
[12, 13]. However, the sol-gel deposition method also

needs photolithography progress to meet the require-
ments of device applications, which will consume much
time. To solve the above problems, the inkjet printing
method is induced to fabricate ZnO-based devices. The
inkjet printing method is believed to be more econom-
ical and practical. Furthermore, much time will be saved
because the photolithography process is not required
during the device fabrication process using inkjet print-
ing method [14], which is suitable for large-scale indus-
trial application. The inkjet printing ZnO film and
nanocrystal have been realized for a long time, and the
earlier research to obtain ZnO material by inkjet print-
ing can be traced back before the last decade [15]. The
concept of all-inkjet-printed flexible photodetectors
based on ZnO material was adopted in 2017 [13]. Al-
though researchers have successfully achieved flexible
ZnO UV photodetector by inkjet printing method of
which the responding wavelength is 365 nm [13, 16], the
research of inkjet printing ZnO thin film as active layer
on flexible substrates is also a lack of study. To further
improve the performance of inkjet printing, ZnO UV
photodetector is still a difficult issue. There have been
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many researches investigated the photodetectors modified
by metallic NPs to improve the performance [17–21].
However, none of them has fabricated metallic NP-
modified ZnO photodetectors by all-inkjet-printing
method and the advantages of inkjet printing cannot be
fully utilized.
In this work, it is the first time to fabricate Ag nano-

particle (NP)-modified ZnO UV photodetectors by fully
inkjet printing to improve the performance of ZnO-
based UV photodetector. The inkjet printing Ag NPs are
analyzed to play a role in passivating the surface defects
of ZnO materials, which will decrease the dark current
and decay time of the photodetector. On the other side,
the Ag NPs can also work as surface plasmon, which is
beneficial to enhance the photocurrent of the photo-
detector. Thus, the performance of all-inkjet-printing
ZnO UV photodetector modified with Ag NPs will be
improved.

Methods and Experiments
The schematic diagram of the ZnO UV photodetector is
shown in Fig. 3a, including the inkjet printing ZnO thin
film on polyimide (PI) substrate, inkjet printing silver
electrodes, and the silver nanoparticles fabricated by
commercial silver ink. The polyimide (PI) substrate was

cleaned successively in deionized water, acetone, and iso-
propanol (IPA) for 15min with ultrasound. The inset
graph of Fig. 3a is an optical image of the fabricated UV
photodetector by bending. The zinc oxide ink was pre-
pared by dissolving zinc oxide nano-powder (Aladdin)
into N-methyl pyrrolidone(Titan)and then magnetically
stirring for 6 h. And then the ink was filtered by 0.5 μm
polytetrafluoroethylene (PTFE) filter before printing. The
printing was implemented using an inkjet printer (Dimatix
2850, Fujifilm USA). The sample was printed at 60 °C.
The ZnO film was printed repletely 15 times to increase
the thickness of the film, and the droplet spacing was set
at 50 μm. The droplet spacing of silver electrode and silver
nano-particles was set as 45 and 100 μm, respectively. Sil-
ver electrodes with 3mm width and a gap of 2mm were
printed from contact pads. The X-ray diffraction (XRD),
scanning electron microscopy (SEM), photoluminescence
spectroscopy (PL), and X-ray photoelectron spectroscopy
(XPS) were taken for both pure ZnO film and ZnO with
Ag particles to characterize the influence of Ag nanoparti-
cles on ZnO film.

Results and Discussion
The all-inkjet-printed ZnO UV photodetector without
Ag NPs (hereinafter referred to as control sample) is

Fig. 1 The SEM image of a printed ZnO and b printed ZnO with printed Ag nanoparticles. c XRD patterns of ZnO film and without Ag NPs. d
The size distribution of the Ag nanoparticles. Liu et al. [22]
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fabricated as the control sample in this study. The surface
of inkjet printing ZnO film is characterized in Fig. 1a by
SEM, and it can be drawn that there are many crystal
boundaries of the ZnO film, which is the typical surface
morphology of inkjet printing ZnO film. The surface
morphology of ZnO photodetector with inkjet printing Ag
NPs (hereinafter referred to as Ag NP sample) is shown as
Fig. 1b. It can be obviously observed that the Ag NPs were
printed on the surface of the ZnO film successfully. The
distribution of the Ag NPs’ diameter is measured by par-
ticle size instrument, and the result is shown in Fig. 1d. It
can be drawn that the diameter of Ag NPs mainly varies
from 20 to 65 nm. The XRD 2theta-omega curves of the
two samples are exhibited in Fig. 1c. From the XRD re-
sults, it can be concluded that there are many crystal ori-
entations that exist in ZnO film, which indicates high-
density crystal boundaries are induced in ZnO film. The
crystal boundaries are considered to decrease the dark
current because of the grain boundary scattering [16]. The
Ag (111) and Ag (200) peaks appear at 38.17 and 44.45°
proving that the inkjet printing Ag NPs have been fabri-
cated on the ZnO film successfully.

In order to reveal the influence of Ag NPs on the proper-
ties of ZnO film and UV photodetector, the PL, XPS, and
FDTD simulation are taken and the results are shown in
Fig. 2. From the normalized PL spectrum shown in Fig. 2a,
it can be concluded that the green luminescence of the Ag
NP sample decreases compared with the control sample,
which proves that the VO-, VZn-, and Oi-related defects are
partly passivated [23–25]. The XPS results in Fig. 2b also
show that the density of VO defects is greatly reduced for
the Ag NP sample. Furthermore, the –OH peak appears in
the control sample which is caused by the surface absorp-
tion due to the polarity of ZnO film [26]. Because the sur-
face of ZnO is passivated by Ag NPs, the absorption effect
is weakened and no –OH-related peak appears in the Ag
NP sample. Comparing the XPS result of the Ag NP sample
to the control sample, the Ag–O peak in the XPS data ap-
pears around 528 eV, which is considered to be induced by
the oxidation of Ag NPs and the passivation of VZn. Be-
cause the specific surface is much increased compare Ag
NPs to bulk Ag and the oxidation will be easier occurred,
meanwhile the Ag atoms will located at the position of VZn

defects and bond with the O atoms to passivate VZn defects.

Fig. 2 a The Normalized PL intensity of ZnO films with and without Ag NPs. b XPS spectra corresponding the O-1s core level of ZnO film with
and without Ag NPs. c The cross-section electric field distributions and d the top view electric field distributions of Ag NPs on ZnO film simulated
by FDTD. e The absorption curves of ZnO film with and without Ag NPs calculated by FDTD. Liu et al. [22]
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To confirm the role of the Ag NPs to work as surface plas-
mon (SP), the FDTD simulation is taken. The diameter of
the Ag NP for the simulation is 40 nm, because the diam-
eter of most Ag particles ranged from 30 to 40 nm. The
model is shown in Fig. 2 c and d, and the relationship be-
tween absorbance and wavelength is shown in Fig. 2e. Al-
though the peak absorption is located at 376.5 nm, there is
still strong absorbance at 365 nm, which means the Ag NPs
truly play the role as surface plasmon for ZnO UV photo-
detector at 365 nm.
The I-V tests under different conditions are performed

to characterize the performance of the two UV photode-
tectors as shown in Fig. 3. The structure diagram of the
all-inkjet-printing Ag NP-modified ZnO UV photo-
detector and the physical photograph is shown in Fig. 3a.
Under dark condition and 365 nm light source, the I-V
test has been carried out on the two samples and the re-
sults are exhibited in Fig. 3b. It can be seen that the Ag
NP sample has a lower dark current and higher photocur-
rent than the control sample, which means the perform-
ance of the Ag NP sample is better than that of the
control sample. The trends of photocurrent and

responsivity (R) with the change of incident power are
shown in Fig. 3 c and d, respectively. The responsivity is
calculated by the following formula [22]:

R ¼ I light
�
�

�
�‐ Idarkj j
Pin

; ð1Þ

in which the Ilight and Idark are the photocurrent and
dark current, respectively. The Pin stands for the effect-
ive power of the incident light, which equals to the value
that the total input power divided by active area (A) of
the photodetector. Both of the photocurrent and respon-
sivity of Ag NP sample show increasing tendency with
higher Pin, while the tendency of the photocurrent for
the control sample is almost unchanged but the respon-
sivity shows a decreasing tendency. The noise equivalent
power (NEP) and the normalized detectivity (D*) are cal-
culated by the expression:

NEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qIdarkΔ f
p

R
; ð2Þ

Fig. 3 a Schematic structure of Ag NP-modified ZnO UV photodetector and the inset is an optical image of fabricated UV photodetector by
bending. b I-V characteristics in dark condition and 365 nm UV at 715 mW. c, d The tendency of photocurrent and responsivity with a different
incident power and responsivity. e The relationship between normalized detectivity (D*) and the reciprocal of NEP (1/NEP). Liu et al. [22]
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p

NEP
; ð3Þ

and the relationship between D* and 1/NEP for the two
samples are shown in Fig. 3e. The parameter f is the
bandwidth, and △f = 1 is adopted in this work. The D*
describes the ability of the photodetector to detect weak
light and the NEP is the incident light power when the
ratio of signal to noise (S/N) equals to 1. Obviously, the
higher D* and 1/NEP stand for higher performance of
the UV photodetector. From Fig. 3e, it can be concluded
that the Ag NP-modified ZnO photodetector could
achieve higher D* and 1/NEP, which proves that the
inkjet-printed Ag NPs are workable to improve the per-
formance of inkjet printing ZnO UV photodetector. The
D* and 1/NEP will increase with the higher incident
light power for the Ag NP sample but show decreasing
tendency for the control sample according to formula
(1), (2), and (3). The D* of the Ag NP-modified samples
is 1.45 × 1010 Jones at 0.715 mW incident light power,
which is higher than 5.72 × 109 Jones of the control
sample. Though the improvement seems not significant
in this work because it is the first time to explore related
processes, there is huge room for improvement in fur-
ther researches.
To explain the changing mechanism of the I-V test re-

sults shown in Fig. 3, the energy levels of VO, VZn, and
Oi-related defects are collected from references [27–30]
in Fig. 4. It can be concluded that the VO, VO

+, VO
2+,

and VZn defects are the hole traps [28, 30, 31]. The VZn
2

− and VZn
− defects are the electron trap and non-

radiative recombination center [28], respectively. For Ag
NP samples, the concentration of carrier trap is much
less than that of the control sample according to the PL
and XPS results in Fig. 2 a and b. Furthermore, The –

OH is regarded as the shallow donor in ZnO material,
and it can provide electron easily to increase the density
of free carrier [32], which exists in the control sample
but cannot be found in the Ag NP sample according to
the XPS data shown in Fig. 2b. According to the analysis
above, the simplified band diagrams of the two samples
under different conditions are shown in Fig. 5. When
the I-V test is performed under dark condition, the car-
rier density of the control sample will be higher than
that of Ag NP sample because of the free electrons ex-
cited from shallow donor and surface states as shown in
Fig. 5 a and c. Thus, the dark current of the control
sample is higher than that of Ag NP sample, which cor-
responds with the results in Fig. 3b. Moreover, the
“shading effect” of the Ag NPs will also cause the energy
loss of incident light [18], which will result in the fact
that the light current and responsivity of Ag NP sample
are lower than that of the control sample at low incident
power. However, when the I-V test is performed under
the irradiation of 365 nm light, the photocurrent of the
control sample does not show significant increase ten-
dency with the increase of incident power. According to
the relationship between the carrier capture rate and the
trap density,

Rn0 ¼ rnnNtn0; ð4Þ
Rp0 ¼ rppNtp0; ð5Þ

in which Rn0 and Rp0 are the capture rate of electron
and hole, rn and rp are the trapping coefficient of the
trap levels, n and p present the concentration of free
electrons and holes, and Ntn0 and Ntp0 stand for the con-
centration of electron and hole trap defects before
ionization, respectively. From formula (4) and (5), it can

Fig. 4 The schematic diagram of the energy level of VO, VZn, and Oi-related defects collected from references. NRC, non-radiative recombination
center; ET, electron trap; HT, hole trap. Liu et al. [22]
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be concluded that the carrier capture rate of the trap
level will increase with higher free carrier concentration
and higher trap defects density. When the light hits the
control sample, intrinsic excitation will occur and supply
much amount of free carriers. The probability of carriers
being trapped will increase greatly with the increase
density of carriers, which will limit the increase of free
carrier concentration. Meanwhile, the ionized trap de-
fects will also increase the scattering possibility of car-
riers, which will decrease the mobility of carriers and
further limit the increase of photocurrent. Thus, the
photocurrent of the control sample will not increase
substantially as shown in Figs. 3c and 5d. The calculated
responsivity of the control sample will decrease with
higher incident power because the photocurrent does
not significantly increase with the increase of incident
power as shown in Fig. 3d. For the Ag NP sample, there
are less trap defect density and surface states in ZnO
films because of the passivation of Ag NPs. As a result,
the dark current of Ag NP sample will be less than that
of the control sample because the passivated surface
provides less shallow donor concentration. When the Ag
NP sample is tested under the irradiation of 365 nm
light, as shown in Fig. 5b, the intrinsic excitation and the
effect of Ag NP surface plasmon will be enhanced. The
free carrier concentration will be greatly increased be-
cause there are less trap defects in the Ag NPs sample.
The photocurrent will show a significant increasing ten-
dency with higher incident power, which correspond to

the result shown in Fig. 3c. The power-law relationship
between the photocurrent and the power of the incident
light of the Ag NP-modified ZnO detector is

Ipc∝P
2:34
in ; ð6Þ

where the Ipc is the photoresponse [33]. From the rela-
tional expression (6), it can be concluded that the Ag
NP sample shows highly sensitive to the change of inci-
dent UV light power. Thus, the responsivity of the Ag
NPs will greatly rise with higher incident power because
of the significant increase of the photocurrent. This will
contribute to the change of 1/NEP and D* as shown in
Fig. 3e, which indicates that the Ag NPs are promising
to further improve the performance of ZnO UV photo-
detector fabricated by fully inkjet printing.
The time-dependent photocurrent of the two samples is

tested by 20 s on/off cycle with the bias voltage of 20 V and
the incident power of 0.715mW, as shown in Fig. 6 a and
c. The decay time for the two samples is fitted by a second
order exponential decay function [34]. From Fig. 6 b and d,
it can be concluded that the rise time of the two samples is
similar but the decay time is obviously different. The decay
time is 3.01 s and 8.12 s for the control sample, which is
much longer than 1.08 s and 3.30 s of the Ag NPs sample.
The two decay processes indicate that there are two separ-
ate physical mechanisms controlling the photodecay of the
device. The significant decrease of the decay time means
the inkjet printing Ag NPs can benefit the time resolution

Fig. 5 a, b Schematic diagram for carrier transportation and generation of ZnO film with Ag NPs in dark and in 365 nm illumination, respectively.
c, d Schematic diagram for carrier transportation and generation of ZnO film without Ag NPs in dark and in 365 nm illumination respectively. Liu
et al. [22]
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of inkjet printing ZnO UV detector. The decay process is
considered to be caused by the carriers which are released
from the trap levels when the light is turned off. Thus, the
reason of the longer decay time for the control sample is
that the trap concentration is much higher than that of Ag
NP sample, which is consistent with the results we learned
from Fig. 2. The turn-on current of the control sample
shows decreasing tendency with switching times in Fig. 6a,
which is caused by the carrier scattering by residual charges
in the trap level according to the increasing turn-off
current. For the Ag NP sample, the turn-off current almost
reaches zero for every switching period, which means the
carriers in traps are almost totally released. The turn-on
current of Ag NPs sample shows increasing tendency with
the switching times, which need to be further researched.
Here, we put forward the hypothesis that this phenomenon
may be contributed by related effect of surface plasmon or
the memory properties of ZnO material [35, 36], which will
be studied in further researches.

Conclusions
The all-inkjet-printing Ag NP-modified ZnO UV photo-
detector is fabricated successfully for the first time in
this work. The inkjet-printed Ag NPs are conformed to

be competent for the role of defect passivation and sur-
face plasmon. Comparing to the inkjet printing ZnO UV
photodetector, the normalized detectivity of the Ag NP-
modified samples can reach to 1.45 × 1010 Jones at
0.715 mW incident light power, which is higher than
5.72 × 109 Jones of the ZnO photodetector without Ag
NPs. The photoresponse of the Ag NPs modified is also
obviously better than that of the bare ZnO photo-
detector. However, because it is the first time to apply
inkjet printing Ag NPs to improve the performance of
inkjet printing ZnO photodetector, there is huge room
for further improvement.

Abbreviations
NPs: Nanoparticles; PL: Photoluminescence; XPS: X-ray photoelectron
spectroscopy; FDTD: Finite difference time domain method; CVD: Chemical
vapor deposition; TFTs: Transparent thin film transistors; PI: Polyimide;
PTFE: Poly tetra fluoroethylene; XRD: X-ray diffraction; SEM: Scanning electron
microscopy; SP: Surface plasmon

Acknowledgements
We thank the reviewers for their valuable comments and the Photonics
Center of Shenzhen University for technical support.

Authors’ Contributions
XL and YZ conceived the idea. HW, YH, ZC, and CL carried out the
experiments. XL, YZ, JB, YH, YL, and ZY took part in the experiments and the

Fig. 6 a Time-dependent photocurrent of ZnO film without Ag NPs with 365 nm illumination at 20 V. b Response of ZnO film without Ag NP
photodetector. c Time-dependent photocurrent of ZnO film with Ag NPs with 365 nm illumination at 20 V. d Response of ZnO film with Ag NP
photodetector. Liu et al. [22]

Wang et al. Nanoscale Research Letters          (2020) 15:176 Page 7 of 8



discussion of the results. JB, YH, and XL drafted the manuscript. All authors
read and approved the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China
(61974144, 51975384, 51872187), Key Research and Development Program of
Guangdong Province (2020B010174003, 2019B010138002), the Shenzhen
University-National Taipei University of Technology Joint Research Program
(2020009), and the Open Project of State Key Laboratory of Functional
Materials for Informatics.

Availability of Data and Materials
The datasets used or analyzed during the current study are available from
the corresponding author on reasonable request.

Competing Interests
The authors declare that they have no competing interests.

Author details
1College of Materials Science and Engineering, Shenzhen University-Hanshan
Normal University Post Doctoral Workstation, Shenzhen University, Shenzhen
518060, China. 2College of Physics and Optoelectronic Engineering,
Shenzhen University, Shenzhen 518060, China. 3Additive Manufacturing
Institute, Shenzhen University, Shenzhen 518060, China. 4Dongguan South
Semiconductor Technology Co., Ltd, Dongguan 523000, China. 5School of
Information Science and Technology, Nantong University, Nantong 226019,
China.

Received: 13 July 2020 Accepted: 23 August 2020

References
1. Zhang C, Zhu F, Xu H, Liu W, Yang L, Wang Z, Ma J, Kang Z, Liu Y (2017)

Significant improvement of near-UV electroluminescence from ZnO
quantum dot LEDs via coupling with carbon nanodot surface plasmons.
Nanoscale 9(38):14592

2. Zhang M, Zhang H, Li L, Tuokedaerhan K, Jia Z (2018) Er-enhanced humidity
sensing performance in black ZnO-based sensor. J Alloys Compd 744:364–369

3. Lin S, Hu H, Zheng W, Qu Y, Lai F (2013) Growth and optical properties of
ZnO nanorod arrays on Al-doped ZnO transparent conductive film.
Nanoscale Res Lett 8(1):158

4. Li J, Li H (2009) Physical and electrical performance of vapor–solid grown
ZnO straight nanowires. Nanoscale Res Lett 4(2):165–168

5. Xu Q, Cheng L, Meng L, Wang Z, Bai S, Tian X, Jia X, Qin Y (2019) Flexible
self-powered ZnO film UV sensor with high response. ACS Appl Mater
Interfaces 11(29):26127–26133

6. Liu K, Li X, Cheng S, Zhou R, Liang Y, Dong L, Shan C, Zeng H, Shen D
(2018) Carbon-ZnO alternating quantum dot chains: electrostatic adsorption
assembly and white lightemitting device application. Nanoscale 10:7155–7162

7. Azam A, Ahmed F, Arshi N, Chaman M, Naqvi A (2010) Formation and
characterization of ZnO nanopowder synthesized by sol–gel method. J
Alloys Compd 496:399–402

8. Ting S, Chen P, Wang H, Liao C, Chang W, Hsieh Y, Yang C (2012)
Crystallinity improvement of ZnO thin film on different buffer layers grown
by MBE. J Nanomater 17:929278

9. Babu E, Saravanakumar B, Ravi G, Yuvakkumar R, Ganesh V, Guduru R, Kim S
(2018) Zinc oxide nanotips growth by controlling vapor deposition on
substrates. J Mater Sci Mater Elect 29(8):6149

10. Wang R, Su W (2016) Valence control and periodic structures in Cu-doped
ZnO nanowires. J Alloys Compd 654:1–7

11. Alexander J, Sun N, Sun R, Efstathiadis H, Haldar P (2015) Development and
characterization of transparent and conductive InZnO films by magnetron
sputtering at room temperature. J Alloys Compd 633:157–164

12. Guo F, Yang B, Yuan Y, Xiao Z, Dong Q, Bi Y, Huang J (2012) A
nanocomposite ultraviolet photodetector based on interfacial trap-
controlled charge injection. Nat Nanotechnol 7(12):798–802

13. Dong Y, Zou Y, Song J, Li J, Han B, Shan Q, Xu L, Xue J, Zeng H (2017) An
all-inkjet-printed flexible UV photodetector. Nanoscale 9(25):8580–8585

14. Kwon J, Hong S, Lee H, Yeo J, Lee S, Ko S (2013) Direct selective growth of
ZnO nanowire arrays from inkjet-printed zinc acetate precursor on a heated
substrate. Nanoscale Res Lett 8:489

15. Wu Y, Tamaki T, Voit W, Belova L, Rao KV (2009) Ultraviolet photoresponse
of pure and Al doped ZnO polycrystalline thin films by inkjet printing. MRS
Online Proceed Library Arch:133–138

16. Tran V, Wei Y, Yang H, Zhan Z, Du H (2017) All-inkjet-printed flexible ZnO
micro photodetector for a wearable UV monitoring device. Nanotechnology
28(9):095204

17. Lin WH, Chiu YH, Shao PW, Hsu YJ (2016) Metal particle-decorated ZnO
nanocrystals: photocatalysis and charge dynamics. ACS Appl Mater
Interfaces 8:32754

18. Wang X, Liu K, Chen X, Li B, Jiang M, Zhang Z, Zhao H, Shen D (2017)
Highly wavelength-selective enhancement of responsivity in Ag
nanoparticle-modified ZnO UV photodetector. ACS Appl Mater Interfaces
9(6):5574

19. Thinh VD, Lam VD, Bach TN, Van ND, Manh DH, Tung DH, Lien NTH, Thuy
UTD, Anh TX, Tung NT, Le NTH (2020) Enhanced optical and photocatalytic
properties of Au/Ag nanoparticle-decorated ZnO films. J Electron Mater
49(4):2625

20. Lv J, Yang Z, Wang C, Wang S, Ma Y, Zhou G, Jiang J, Zhu Q, Zhao M, Chen X
(2020) Efect of vacuum annealing on solar light response and photocatalytic
performance of Ag nanoparticle-modifed ZnO thin flms. 126:290

21. Pang X, Li D, Zhu J, Cheng J, Liu G (2020) Beyond antibiotics: photo/
sonodynamic approaches for bacterial theranostics. Nano-Micro Lett 12:144

22. Li Z, Wu J, Wang C, Zhang H, Yu W, Lu Y and Liu X. (2020) High-
performance monolayer MoS2 photodetector enabled by oxide stress liner
using scalable chemical vapor growth method. Nanophotonics (published
online ahead of print):20190515.

23. Lv J, Li C (2013) Evidences of VO, VZn, and Oi defects as the green
luminescence origins in ZnO. Appl Phys Lett 103(23):232114

24. Jha S, Kutsay O, Bello and Lee S. (2013) ZnO nanorod based low turn-on
voltage LEDs with wide electroluminescence spectra. J Lumin 133:222–225

25. Murphy T, Moazzami K, Phillips J (2006) Trap-related photoconductivity in
ZnO epilayers. J Electron Mater 35(4):543–549

26. Kim H, Sohn A, Kim D (2012) Silver Schottky contacts to Zn-polar and O-
polar bulk ZnO grown by pressurized melt-growth method. Semicond Sci
Technol 27(3):035010

27. Sett D, Sarkar S, Basak D (2014) A successive photocurrent transient study to
probe the sub-band gap electron and hole traps in ZnO nanorods. RSC Adv
4(102):58553

28. Sett D, Basak D (2017) Toward understanding the role of VZn defect on the
photoconductivity of surface-passivated ZnO NRs. J Phys Chem C 121(44):
24495–24504

29. Xu P, Sun Y, Shi C, Xu F, Pan H (2003) The electronic structure and spectral
properties of ZnO and its defects. Nucl Inst Methods Phys Res B 199:286–290

30. Allena M, Durbin S (2008) Influence of oxygen vacancies on Schottky
contacts to ZnO. Appl Phys Lett 92(12):122110

31. Penfold T, Szlachetko J, Santomauro F, Britz A, Gawelda W, Doumy G, March
A, Southworth S, Rittmann J, Abela R, Chergui M, Milne C (2018) Revealing
hole trapping in zinc oxide nanoparticles by time-resolved X-ray
spectroscopy. Nat Commun 9(1):1–9

32. Coppa B, Fulton C, Hartlieb P, Davis R, Rodriguez B, Shields B, Nemanich R
(2004) In situ cleaning and characterization of oxygen-and zinc-terminated,
n-type, ZnO{0001} surfaces. J Appl Phys 95(10):58565864

33. Kind H, Yan H, Messer B, Law M, Yang P (2002) Nanowire ultraviolet
photodetectors and optical switches. Adv Mater 14(2):158–160

34. Law JB, Thong JT (2006) Simple fabrication of a ZnO nanowire
photodetector with a fast photoresponse time. Appl Phys Lett 88(13):
133114

35. Huang C, Huang J, Lai C, Huang H, Lin S, Chueh YL (2013) Manipulated
transformation of filamentary and homogeneous resistive switching on ZnO
thin film memristor with controllable multistate. ACS Appl Mater Interfaces
5(13):6017–6023

36. Sun Y, Yan X, Zheng X, Liu Y, Zhao Y, Shen Y, Liao Q, Zhang Y (2015) High
On−Off Ratio Improvement of ZnO-based forming-free memristor by
surface hydrogen annealing. ACS Appl Mater Interfaces 7(13):7382–7388

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wang et al. Nanoscale Research Letters          (2020) 15:176 Page 8 of 8


	Abstract
	Introduction
	Methods and Experiments
	Results and Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

