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The slower response speed is the main problem in the application of ZnO quantum dots (QDs) photodetector, which
has been commonly attributed to the presence of excess oxygen vacancy defects and oxygen adsorption/desorption pro-
cesses. However, the detailed mechanism is still not very clear. Herein, the properties of ZnO QDs and their photodetectors
with different amounts of oxygen vacancy (Vo) defects controlled by hydrogen peroxide (H,O,) solution treatment have
been investigated. After HyO; solution treatment, Vg concentration of ZnO QDs decreased. The H,O, solution-treated
device has a higher photocurrent and a lower dark current. Meanwhile, with the increase in Vg concentration of ZnO QDs,
the response speed of the device has been improved due to the increase of oxygen adsorption/desorption rate. More inter-
estingly, the response speed of the device became less sensitive to temperature and oxygen concentration with the increase
of Vg defects. The findings in this work clarify that the surface Vg defects of ZnO QDs could enhance the photoresponse

speed, which is helpful for sensor designing.
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1. Introduction

Ultraviolet (UV) detection technology has been broadly
applicated in military and civilian fields.!'=>! ZnO, a direct
wide bandgap semiconductor, has been commonly regarded
as one of the most promising materials for the fabrication
of UV photodetectors due to its intrinsic visible blindness,
strong radiation hardness, and high chemical and thermal
stability.[*°! Till now, ZnO-based UV photodetectors us-
ing the bulk, thin film or nanostructures have been demon-
strated and investigated with high responsivity, long-term sta-
bility, and excellent wavelength selectivity. In general, the
dimensionality and the shape of the materials play essen-
tial roles in their properties and applications. ZnO quan-
tum dots (QDs), as a zero-dimensional nanostructure, have
been received considerable interest due to their high specific
surface area, size-tunable bandgap, and quantum-sized ef-
fect, which could improve the photodetection and photore-
sponse performance.!!®2?1 Although ZnO QDs photodetec-
tors have made significant progress, their response time and
recovery time are far from ideal.[?>=!l Tt is generally ac-
cepted that the slow response and recovery speeds are dom-
inated by the persistent photoconductivity (PPC) effect and
oxygen adsorption/desorption processes.>>~>*l However, it is
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difficult to explain that under vacuum or oxygen-free condi-
tions, the response and recovery speed of ZnO UV photode-
tectors are actually much slower than that in an oxygen-rich
atmosphere. [2433-37]

Oxygen vacancy (Vo) defects are mainly considered as
shallow donor level defects, and they could also act as molec-
ular oxygen adsorption sites on the surface.?8-401 Therefore,
studying ZnO QDs photodetectors with different concentra-
tions of oxygen vacancy defects will help clarify the core
mechanism of its slow response speed. Previous reports have
indicated that H»O, treatment can remove the surface Vq. (41
Herein, ZnO QDs UV photodetectors with and without HyO,
solution treatment have been demonstrated and investigated.
The x-ray photoelectron spectroscopy (XPS) analysis, photo-
luminescence (PL), and PL excitation (PLE) spectra suggested
that Vo concentration of ZnO QDs decreased after H,O, so-
lution treatment. The H,O, solution-treated device exhibits a
higher photocurrent and a lower dark current. More interest-
ingly, the response speed of the devices with and without H,O»
solution treatment shows different dependences on surround-
ing atmosphere and on temperature, and the pristine device
with more surface Vo defects has a quicker response speed.
The detailed mechanism of how the oxygen vacancy defects
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affect the detection performance of the device has been dis-
cussed. Our findings in this paper point out the direction for
the realization of high-performance nanostructured ultraviolet
detectors.

2. Experimental details
2.1. Preparation of ZnO QDs

ZnO QDs were prepared through solution-processed by
using Zn(CH3COO),-2H,0 and KOH as the raw material.
1.1-g (5§ mmol) Zn(CH3COQ);-2H,0 was dissolved in 30-
mL absolute ethanol and the solution was then continuously
stirred at 70 °C for 1 hour.
cooled down to O °C through the ice water bath. Mean-
while, 0.41-g (7 mmol) KOH was also dissolved in 3-mL
absolute ethanol, which was slowly added into the solution
of Zn(CH3COQ);-2H,0. After the mixed solution changed
from turbid to clear in only few seconds, a large amount of

Afterwards, the solution was

n-Hexane was immediately added into the mixed solution un-
til the ZnO QDs were obtained as white precipitate. The pre-
cipitate was collected and washed with ethanol for three times.
Finally, ZnO QDs were re-dispersed into absolute ethanol with
a concentration of 1 mol/L.

2.2. Fabrication of ZnO QDs photodetectors

The c-face sapphire substrate was cleaned by ultrasonic
cleaning with trichloroethylene, acetone, and ethanol sequen-
tially, and then the Au interdigital electrodes with 10 pm in
width, 500 um in length, and 10 pm in space were deposited
on it by the photolithography and lift-off techniques. After
that, ZnO QDs solution was spin-coated on the electrodes with
a rotation rate of 2000 rpm for 20 s. The samples were dried
on a hotplate at 90 °C for 10 min to form the ZnO QDs metal—
semiconductor-metal (MSM) photodetectors. In addition, to
fabricate the H,O, solution-treated devices, the pristine ZnO
QDs UV detector was immersed in H,O, solution at room
temperature for 5 seconds followed by a secondary drying pro-
cess.

2.3. Characterizations of the materials and devices

The morphology of the ZnO QDs and their films were
characterized by transmission electron microscopy (TEM)
(FEI Talos F200s) and scanning electron microscope (SEM)
(Hitachi S-4800). The PL and PLE spectra were analyzed by a
fluorescence spectrophotometer (Hitachi F-7000) with a 150-
W Xe lamp and a monochromator as the excitation source.
The XPS measurements were carried out by a commercial
XPS spectrometer (Thermo ESCALAB 250). Current—voltage
(I-V) and time-dependent photocurrent (/-f) measurements of
the photodetectors were performed by a semiconductor param-
eter analyzer (Keithely 2200). The response spectra were mea-

sured using a 200-W UV-enhanced Xe lamp and a monochro-
mator.

3. Results and discussion

The TEM images of ZnO QDs with and without H,O,
solution treatment are shown in Figs. 1(a) and 1(b). The mor-
phology of pristine ZnO QDs is uniformly spherical and the
diameter of ZnO QDs is about 4 nm. Moreover, it can be seen
that the size of the ZnO QDs was almost unchanged after the
H,0, treatment. Figures 1(c) and 1(d) present the SEM im-
ages of pristine ZnO QDs film and the same film treated by
H,0,. It is obvious that the surface of the sample after H,O,
treatment becomes slightly rougher. Meanwhile, the H,O,
solution treatment could hardly change the thickness of ZnO
QDs film (see the insets of Figs. 1(c) and 1(d)). The TEM and
SEM results suggest that the S5-second HyO, solution treat-
ment used in this work did not cause obvious corrosion of the
ZnO QDs and its film.

Fig. 1. TEM images of pristine (a) and H,O;-treated (d) ZnO QDs. Top-view
and side-view (inset) SEM images of pristine (c) and H,O;-treated (d) ZnO
QDs films.

The XPS spectra in the binding energy (BE) range from
0 eV to 1200 eV of the pristine and HyO»-treated ZnO QDs
films are shown in Fig. 2(a). The XPS spectra have been
calibrated by taking the Cls peak of carbon (284.6 eV) as
Ref. [42]. The peak positions of both the pristine and H,O;-
treated ZnO QDs films are similar, and all the peaks labelled in
the XPS spectra can be ascribed to Zn and O in ZnO, and the
C is from carbon contamination. There are no other impurities
introduced. As the crucial point of our research, figures 2(b)
and 2(c) show the XPS Ols peak of the pristine ZnO QDs
film and the H>O, solution-treated film, respectively. Both
curves exhibit obvious asymmetry and then deconvolution was
performed by the Gauss fitting. Clearly, both Ols peaks can
be decomposed into two components centered at ~ 530 eV
(Or) and ~ 531 eV (Oyp). The peak at ~ 530 eV is associated
with the lattice oxygen in wurzite-type ZnO, and the peak at
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~ 531 eV can be attributed to the oxygen deficient regions on
the surface of ZnO.!*3! It should be noted that oxygen peaks at
~ 530 eV and ~ 531 eV of pristine ZnO QDs film accounted
for 33.74% and 66.26% of the total Ols area, respectively. Af-
ter the HO, solution treatment, the peaks at ~ 530 eV and
~ 531 eV accounted for 66.34% and 33.66% of the total Ols
area, respectively, illustrating the Vo defects in the ZnO QDs
film were effectively filled by the H,O, treatment.
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Fig. 2. (a) The evolution of XPS survey spectra of pristine (black) and H,O;-
treated (red) ZnO QDs films in a full 1200-eV binding energy range. The
evolution of XPS Ols core level lines of pristine (b) and H,O,-treated (c)
ZnO QDs films.

Figure 3(a) shows the PL spectra at room temperature of
the pristine ZnO QDs film and the H, O, solution-treated film.

Both films exhibit a strong visible emission at about 560 nm
related to oxygen vacancy defects.[*4%1 Almost no obvious
near-band-edge (NBE) emission of ZnO can be found in the
UV range. Notably, the intensity of the defect emission can
be significantly reduced by the H,O, solution treatment, indi-
cating the decrease of oxygen vacancy defects in ZnO QDs.
In addition, PLE spectra measured at 550 nm are shown in
Fig. 3(b). Clear absorption edges at around 350 nm can be
observed for both pristine and the H,O; solution-treated ZnO
QDs films.

—~ - (@)
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Fig. 3. Room temperature PL (a) and PLE (b) spectra of pristine and H,O,
solution-treated ZnO QDs films.

Figures 4(a) and 4(b) display the current—voltage (I-V)
curves of the pristine and H,O,-treated ZnO QDs detectors in
dark and under 365-nm UV illumination. It is obvious that
after the treatment by H,O; solution, the dark current of the
device decreased and the photocurrent increased. Owing to
the large specific surface area of ZnO QDs, surface effects
are the main factor affecting the performance of its devices.
The H,O, treatment can effectively fill the oxygen vacancy
defects on the surface of ZnO QDs, which reducing the con-
centration of donors. Therefore, the dark current of the H,O,-
treated device was significantly reduced. As for the increase
of the current under the UV light illumination after the HyO,
solution treatment, the reduction of photogenerated carrier re-
combination may be the main reason. As shown in Fig. 4(c),
the spectral response of the devices was measured under 10-
V bias. It can be seen that the —3-dB cut-off wavelength of
two devices is around 340 nm, which is in good agreement
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with the PLE spectra as shown in Fig. 3(b). And after the
treatment with H,O, solution, the peak resonsivity at around
330 nm increased from 0.03 A/W to 0.24 A/W. The detectiv-
ity measuerd in units of Jones (D*) is given by the following

expression: (47481

" R
P et .
where e is the value of electron charge (1.6 x 107! C), Iy
is the dark current, and S is the effective illuminated area of
the device. After the treatment with H,O, solution, the calcu-
lated detectivity at 330 nm increased from 3.8 x 10! Jones to
6.7 x 10'2 Jones.
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Fig. 4. (a) The dark /-V and (b) photo-I-V curves of the pristine and H,O;-
treated ZnO QDs detectors. (c) The spectral response of the ZnO QDs de-
tectors under 10 V. The inset shows the variation of peak responsivity at
~ 330 nm versus the applied bias.

Besides, as shown in the inset of Fig. 4(c), the peak re-
sponsivity of both devices increased almost linearly with the
increase of bias voltage from 2 V to 10 V.

In order to investigate the effect of surface Vo defects
and the oxygen adsorption/desorption process on the response
speed of the ZnO QDs detectors, the time-dependent photocur-
rent response measurement has been carried out in different at-
mospheres. Figures 5(a) and 5(b) show the current versus time
plots of the pristine and H,O,-treated ZnO QDs photodetec-
tors under 254-nm UV illumination at 10-V bias in dry air and
oxygen atmosphere, respectively. Both devices showed excel-
lent stability and repeatability. As the UV light was turned on,
the current of both devices increase to a steady state rapidly.
After the UV light was turned off, the current of both devices
rapidly dropped and back to its initial level. When the device
is working in dry air, the response speed of pristine ZnO QDs
detector was obviously quicker than that of the H,O, solution-
treated device. Interestingly, when the working atmosphere
is changed to pure oxygen, the speed of the two devices has
been improved, especially for the HyO, solution-treated de-
vice. Figures 5(c) and 5(d) show the decay edges in normal-
ized time-dependent photocurrent of both photodetectors with
different temperatures. As shown in Fig. 5(c), the temperature
could hardly affect the response speed of the pristine device
and the 90%—10% decay times (74) is around 0.08 s at all tem-
peratures. In contrast, as the temperature increased from 17 °C
(room temperature) to 110 °C, the 90%—10% decay time of the
device treated with the H,O, solution was gradually shortened
from 0.7 s to 0.07 s (see Fig. 5(d)). These phenomena can be
explained as follows. As is well known, oxygen molecules can
be adsorbed on the surface of ZnO and capture the free elec-
trons. Under the UV illumination, electron—hole pairs are gen-
erated and the holes would like to be trapped at the surface due
to the band bending, which could discharge the adsorbed oxy-
gen ions (O3 desorption process). After switching off the UV
light, oxygen molecules in surrounding atmosphere will be re-
adsorbed on the surface ZnO QDs and capture the electrons,
which can help the device to restore to the initial dark state.
According to the previous reports, oxygen molecules are more
likely to chemically adsorb on the surface Vo defects rather
than other physical adsorption on the surface. 331 Therefore,
the pristine ZnO QDs photodetector with more surface oxygen
vacancy defects has a faster response speed. Moreover, the
adsorption and desorption of oxygen is a dynamic equilibrium
process, which depends on the number of oxygen molecules in
the surrounding environment and the temperature. Since sur-
face oxygen vacancy defects are easier to chemically adsorb
oxygen molecules, the more oxygen vacancies, the lower the
dependence on temperature and the concentration of oxygen
molecules.
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Fig. 5. Time-dependent photocurrent of the pristine and H,O,-treated detec-
tor by periodic switching of UV illumination (254 nm) under 10 V bias in dry [24]
air (a) and (b) O,. Decay edges of normalized time-dependent photocurrent
of the pristine (c) and H,O,-treated (d) detectors at different temperatures. [25]
. [26]
4. Conclusion 7]
In summary, a ZnO QDs film photodetector was fabri- (28]
cated, and then the device was immersed into H,O, solution [29]
at room temperature for 5 s. After the H,O, treatment, the de- [30]
fect emission of the material associated with oxygen vacancy (31]
was suppressed, which proves that the Vg defects were effec-
tively filled. Meanwhile, the dark current of the device was (32]
. . . [33]
reduced, while the photocurrent was increased. More interest-
ingly, with the reduction of Vo defects induced by the treat- [34]
ment of H,O; solution, the response speed of the device be- 35]
came slower, and more sensitive to temperature and oxygen
concentration. This phenomenon can be attributed to the fact ES}
that oxygen molecules are more likely to chemically adsorb on (38]
the surface oxygen vacancy defects. This work will provide
theoretical guidance for the development of simple, low-cost, E’Lg}
and high-speed ZnO QDs UV photodetectors. [41]
[42]
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