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Applications of ZnO quantum dots (QDs) in photodetectors are generally limited by a slower response speed
and a higher dark current. The corresponding mechanism is not very clear, and how to resolve these pro-
blems is still in big challenge. Herein, we have demonstrated a photodetector on 700 nm-thick ZnO QDs film
with a large number of oxygen vacancy defects by adjusting the ratio of the reactants and the reaction time.
The device exhibits a quick response speed with a rise time of ~1.00 s and a recovery time of ~0.19 s.
Meanwhile, the dark current and the responsivity under 730 pW/cm? UV light illumination were found to be
20 pA and 260 mA/W under 10 V bias, respectively. The mechanism of these phenomena has been in-
vestigated, and the fast response speed of ZnO QDs photodetector in the air should originate from the
adsorption/desorption of oxygen on the surface oxygen vacancy defects of ZnO QDs. The findings in this
work can be used to guide design of high-performance photodetectors based on ZnO QDs and other na-
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nomaterials with large surface to volume ratio.
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1. Introduction

Ultraviolet (UV) photodetectors have been widely applied both
in civilian and military areas, such as high temperature flame
detection, missile launching detection, environmental monitoring,
optical communications and so on [1-5]. Owing to the extreme
radiation hardness, intrinsic visible blindness and strong UV ab-
sorption, wide band gap semiconductors, including ZnO, GaN, SiC,
etc., have been regarded as ideal materials for the UV detection
[6-9]. In recent years, quantum dots (QDs) or nanoparticles have
attracted more and more attention due to their strong light ab-
sorption, size-tunable bandgaps and low-cost and simple fabri-
cation, which are beneficial to the application of photodetection.
Among different wide band gap semiconductors, ZnO has many
special advantages, such as wide direct band gap (3.37 eV), low
defect density, high saturated carrier drift rate, rich in raw ma-
terials and environmentally friendly [10-19]. More importantly,
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ZnO exhibits the most diverse and abundant configurations of
nanostructures [20-24], and QDs are a typical representative
among them. Till now, the UV photodetectors based on ZnO QDs
have been widely investigated, and relatively high responsivity
was commonly observed. The inherent interfacial barrier between
the connected ZnO QDs is considered to be the main reason for the
increase in UV response. However, the reported pure ZnO QDs UV
photodetectors usually suffered from the low response speed and
the large dark current. Although the performance of ZnO QDs UV
photodetectors can be effectively improved by introducing gra-
phene [25], carbon dots [26] and metal particles [27-30] the re-
latively complicated process and the increase in cost will
undoubtedly hinder its large-scale application.

Here, we report a solution-processed ZnO QDs UV photodetector
on sapphire substrates with Au interdigitated electrodes. A stable
switching behavior with high photo-to-dark current ratio, and fast
response and recovery speed has been demonstrated. X-ray photo-
electron spectroscopy (XPS) analysis, photoluminescence (PL) and PL
excitation (PLE) spectra, and the time-dependent photocurrent mea-
surements in vacuum and air atmosphere suggested that the large
amounts of oxygen vacancy (Vo) surface defects and the adsorption/
desorption of oxygen molecules on them should be responsible for
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the fast response speed. Our findings in this work pave the way for
developing low-cost high-speed ZnO-based photodetectors.

2. Experimental details
2.1. Preparation of ZnO QDs

At first, 1.1 g (5 mmol) Zn(CH5C00),.2 H,0 was added into 30 mL
absolute ethanol under continuous stirring at 70 °C for 1 h. Then the
solution was cooled down to 0 °C in an ice water bath. At the same
time, 0.41 g (7 mmol) KOH was dissolved in 3 mL absolute ethanol,
which was then slowly added into the solution of Zn
(CH5C00),.2 H,0. The mixed solution changed from turbidity to
clear in only a few seconds. After that, n-Hexane (about 3 times of
the ethanol with ZnO QDs by volume) was immediately added into
the mixed solution, and then ZnO QDs were obtained as precipitate.
The precipitate 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 photodetector

c-face sapphire was selected as the substrate, which was cleaned
by ultrasonic agitation with trichloroethylene, acetone and ethanol
sequentially. Then the Au interdigital electrodes with 10 pm in
width, 500 um in length and 10 pm in space were made on sapphire
substrate by using the traditional photolithography and lift-off
techniques. Sequentially, ZnO QDs solution was spin-coated on the
substrate with Au interdigital electrodes at a rotation rate of
2000 rpm for 20 s. After that, the sample was dried on a hotplate at
90 °C for 1 min. The abovementioned process was repeated three
times to obtain 700-nm-think dense QDs film.

2.3. Characterizations of the materials and devices

The morphology and the crystal structure of the ZnO QDs and
their film were characterized by transmission electron microscopy
(TEM) (FEI Talos F200s), scanning electron microscope (SEM)
(HITACHI S-4800) and X-ray diffraction (XRD) (Rigaku) with Cu Ka as
the radiation source (1 = 0.154 nm). PL and PLE spectra were ana-
lyzed by a fluorescence spectrophotometer (HitachiF-7000). XPS
measurements were performed using a commercial XPS spectro-
meter (Thermo ESCALAB 250). The absorption spectra were obtained
at room temperature by using a UV-3101PC scanning spectro-
photometer. Current-Voltage (I-V) and time-dependent photo-
current (I-t) measurements of the photodetector were carried out by
a semiconductor parameter analyzer (Keithely 2200). The response
spectra were measured by using a 200 W UV-enhanced Xe lamp and
a monochromator.
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Fig. 2. (a) The evolution of XPS survey spectra of ZnO QDs film in a full 1200 eV
binding energy range. (b) The evolution of XPS O1s core level lines of ZnO QDs film.

3. Results and discussion

Fig. 1a depicts a typical TEM image of the ZnO QDs, indicating
that the size of ZnO QDs is highly uniform with a diameter of about
4 nm. Fig. 1b shows XRD pattern of ZnO QDs. The diffraction peaks
located at 31.7°, 36.2°, 47.5°, 56.5° and 62.7° can be indexed to (100),
(101), (102), (110) and (103) planes of wurzite-type ZnO (JCPDS
36-1451). PL and PLE spectra of ZnO QDs solution are shown in
Fig. 1c. The room temperature PL spectrum under the UV excitation
(4 =325 nm) by a lamp exhibits a weak UV peak at 3.40 eV (365 nm)
and a broad green-emission band peaked at about 2.28 eV (544 nm).
The PLE spectrum monitored at 550 nm emission has a sharp peak at
3.46 eV. The UV emission can be attributed to the near-band-edge
excitonic recombination of ZnO, while the visible emission is quite
generally considered to be the result of radiative recombination of
photo-generated holes with singularly ionized oxygen vacancies. So,
the weak UV emission and the strong visible emission suggest that
our ZnO QDs have lots of Vg defects [31].

The XPS spectrum of ZnO QDs film spin-coated on a sapphire
substrate in the full binding energy (BE) range from 0 to 1200 eV is
shown in Fig. 2a. The binding energies are calibrated by taking the
carbon Cls peak (284.6 eV) as reference[32]|. All the peaks can be
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Fig. 1. (a) TEM image, (b) XRD pattern, (c) PL and PLE spectra of ZnO QDs.
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Fig. 3. (a-c) Cross-sectional SEM images of ZnO QDs films on sapphire substrate spin-coated once, twice and three times, respectively. (d) Top-view SEM image of ZnO QDs films.

ascribed to Zn, O, and C, as labeled in Fig. 2a. Moreover, XPS O1s line,
as a crucial point of our studies, is shown in Fig. 2b. The curve ex-
hibits an evident asymmetry and the deconvolution was performed
by using the Gauss fitting. Obviously, the O1s peak can be decom-
posed into two components at 530.03 eV and 531.45eV. The low-
energy peak at 530.03eV can be attributed to lattice oxygen in
wurzite-type ZnO. And the peak at 531.45 eV is associated with the
oxygen deficient regions on the surface of ZnO [33]. It is worth
noting that, two observed oxygen peaks at 530.03 eV and 531.45eV
accounted for 42.35% and 57.65% of the total O1s area, respectively,
further confirming the large amounts of oxygen-deficient states on
the ZnO QDs surface.

Fig. 3a-c show the SEM cross-sectional views of ZnO QDs films on
sapphire substrate spin-coated once, twice and three times, re-
spectively. And Fig. 3d presents the SEM top view of ZnO QDs films.
It can be found that ZnO QDs film is very uniform and flat. And with
the increase of spin-coating numbers, the thicknesses of ZnO QDs
films increase from 100 nm to 700 nm.

Fig. 4 shows the UV-vis absorption spectrum of ZnO QDs spin-
coated on sapphire substrate. The absorption spectrum has a steep
absorption edge near 360 nm, and the corresponding bandgap of the
ZnO QDs is ~3.46 eV, as shown in the inset of Fig. 4. The absorption
spectrum of ZnO QDs film is in full compliance with PLE of ZnO QDs
solution, indicating that the 90 °C heat treatment hardly changes the
size of ZnO QDs.

In order to investigate the photoresponse properties of the ZnO
QDs, the metal-semiconductor-metal (MSM) photodetector based on
ZnO QDs film with a thickness of 700 nm has been demonstrated
(see the left inset of Fig. 5a). Fig. 5a shows the responsivity of the
device as a function of the incident light wavelength at a bias of 10 V.
For wavelength shorter than 365 nm, the device shows a high re-
sponsivity, and the highest value is about 0.26 A/W. And then the
responsivity of the device drops and reaches its lowest value at the
wavelength of about 400 nm. The UV/visible rejection ratio (R350 nm/
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Fig. 4. Room temperature UV-vis absorption spectrum of ZnO QDs film spin coated
on a sapphire substrate. The inset shows the variation of («hv)? versus the photo
energy (hv).
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Fig. 5. (a) The spectral response of the ZnO QDs detector under 10V applied bias. The
insets show the structure of ZnO QDs detector and the variation of responsivity versus
the applied bias. (b) I-V curves of the ZnO QDs detector both in dark and under
254 nm illumination.

Ragonm) is nearly 10°, indicating the intrinsic visible-blind char-
acteristics of the ZnO QDs photodetector. Besides, as shown in the
right inset of Fig. 5a, the responsivity of device increases nearly
linearly with the increase of bias voltage from 0.1V to 10 V. Fig. 5b
shows the semi-logarithmic I-V curves of the device in the dark and
under UV illumination (1=254nm, p=730 pW/cm?) at room tem-
perature. The ZnO QDs film is very resistive in the dark, and the
device has a low dark current of 20 pA at 10V bias. Meanwhile, the
light-to-dark current ratio (Ijign/ldark) can be as high as over 104,
Fig. 6a depicts the dynamic photocurrent response of the ZnO
QDs photodetector at 10V bias under a 254 nm UV illumination with
a power density of 730 pW/cm?. As we can see, the device has ex-
cellent stability and reproducibility. Once the UV light is turned on,
the current increases rapidly and reaches a steady state, achieving an
enhancement of over 10%-fold. When UV illumination is turned off,
the current quickly drops to its initial level. In order to better eval-
uate the response speed of the device, a normalized response curve
is given in Fig. 6b. The response time (z;) of ZnO QDs photodetector,
defined as the time for the current to increase from 10% to 90% of the
peak value after switching on the light, is around 1.00s. And the
decay time (z4), defined as the time for the current to decrease from
90% to 10% of peak value after switching off the light, is about 0.19s.
Table 1 summarizes the performance parameters of our ZnO QDs
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Fig. 6. (a) Time-dependent photocurrent of the photodetector by periodic switching of UV illumination (254 nm) under 10V bias. (b) The corresponding normalized temporal

photoresponse curve.

photodetector and the other recently reported photodetectors based
on ZnO QDs [26-30,34-37]. It is clear that our device is extremely
competitive in all aspects of performance, especially in response
speed and dark current.

It is important to explain why our device has a quicker response
speed. According to the previous reports, it is generally accepted that
the QD-QD junction barriers are similar to back-to-back Schottky
barriers (SBs), and the light-induced barrier height change is much
faster than the oxygen adsorption/desorption process, which could
be responsible for the quick response speed [38,39]. If this is true,
the response speed of the device in vacuum should at least not be
slower than in air. However, both previous reports and our results
indicate that the response speed of the device in vacuum is sig-
nificantly slower than in air (see Fig. S1)[35,40-42]. Therefore, be-
sides the QD-QD junction barriers, the oxygen adsorption and
desorption should also play an important role in the quick response
speed.

Generally, the adsorption of oxygen occurs on the surface of ZnO,
especially the oxygen vacancies [43]. Considering the large amounts
of oxygen-deficient states on the ZnO QDs surface in our work, the
oxygen adsorption and desorption on these surface defects should
be responsible for the quick response speed of our device in air. To
further confirm the effect of surface oxygen-deficient states on the
response speed of the ZnO QDs photodetector, time-dependent
photoresponse measurement was carried out for the devices with
and without H,0, solution treatment as shown in Fig. 7a. Obviously,
the decay time of ZnO QDs photodetector would be dramatically
increased by H,0, solution treatment with an obvious persistent
photoconductivity (PPC) effect. By comparing the XPS O1s core level
spectra in Fig. 7b and Fig. 2b, it can be concluded that the number of
Vo defects was reduced after the treatment with H,O, solution.
Therefore, the quick response speed of our device in air can be at-
tributed to the oxygen adsorption and desorption on the surface
oxygen vacancies of ZnO QDs.

For ZnO QDs, the chemical adsorption of oxygen causes electrons
to be transferred from ZnO to the oxygen adsorbed on their surfaces.

Based on the previous reports, compared with other locations on the
surface, oxygen molecules as the oxidizing gas are more likely to
chemically adsorb to oxygen vacancy defects [43-49]. Therefore,
the adsorption of oxygen by oxygen vacancy defects contributes to
the recombination of non-equilibrium carriers, thereby increasing
the recovery speed of the ZnO QDs photodetector.

4. Conclusions

In summary, a ZnO QDs film photodetector has been demon-
strated on the sapphire substrate with Au interdigital electrodes.
Systematic investigations on the photoresponse characteristics of
ZnO QDs photodetector have been carried out. The device under
254 nm wavelength illumination at 10V showed ratios of the pho-
tocurrents to the dark currents of more than 10%. And ZnO QDs
photodetector in air exhibits a fast rise and decay times of ~1.00 s
and ~0.19s, respectively. The quick and efficient adsorption/deso-
rption of oxygen molecules on the oxygen vacancy defects of ZnO
QDs should play an important role in the fast response and recovery
process. The present work would pave a new way to achieve
low-cost, low dark current, and high-speed nano-structured
photodetectors.
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Table 1

Comparison of the characteristic parameters for various ZnO QDs-based UV detectors.
Materials Responsivity (A/W) Bias (V) 7 (8) 7q (S) Dark Current (A) Ref.
Zn0 QD/C 1.7 x10° 14 - - - [26]
Zn0 QD/Cu 2.34%10% 10 74 29 - [27]
Zn0 NP:Ni 7.52%x1076 5 0.5 2 2.8x10710 [28]
ZnO QD/Al 0.779 10 217 0.48 - [29]
ZnO QD/Au 0.23 10 3.55 149 - [30]
ZnO QD 61 120 >25 >120 15x1071° [34]
Zn0 QD - 2 1.51 36.7 2x10712 [35]
Zn0O QD - 20 411.76 322.96 3x1077 [36]
Zn0 QD - 5 250 150 3.61x107° [37]
Zn0 QD 0.26 10 1.00 0.19 3x107" Our work
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Fig. 7. (a) Time-dependent photocurrent of the devices with and without H,0, solution treatment by switching on/off UV light illumination (254 nm) under 10V bias. (b) The
evolution of XPS O1s core level lines of ZnO QDs film with H,0; solution treatment.
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