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We report for the first time the fabrication of a ZnO PD by SILAR involving the use of ethylene
glycol. The average diameter of ZnO was around 100 nm. In addition, the obtained hexagonal ZnO
thin films grew along the c-axis and with stronger intensity at the peak (002) plane; further, the films
had a smooth surface morphology and showed high transparency in the visible spectral range. The
fabricated ZnO PD was visible-blind with a cutoff wavelength around 350 nm. Under a 10 V applied
bias, the measured dark current was 2.58uA and the photocurrent was 803 pA, and hence, the
responsivities were 68.5 A/W for the ZnO PD.
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1. INTRODUCTION

ZnO is an important semiconductor material with a large bandgap (E; = 3.37 eV) that
crystallizes in the hexagonal wurtzite structure (¢ = 0.521 nm, a = b = 0.325 nm), with oxygen and zinc
atoms occupying hexagonal and tetrahedral sites, respectively. ZnO also has high stability, good
optical characteristics, and excellent electrical properties. ZnO thin films have been widely used in
various devices such as piezoelectric transducers, surface acoustic wave filters, thin-film solar cells,
gas sensor electronics, and ultraviolet (UV)-light-emitting diodes. In addition, ZnO films with high
transmittance in the visible region and low resistivity are suitable for use as transparent electrodes in
electronic displays. ZnO thin films have been prepared by various chemical and physical deposition
techniques such as sputtering, pulsed laser ablation, successive ionic layer adsorption and reaction
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(SILAR) [1-10], sol-gel methods [11-13], chemical bath deposition (CBD) [14-16], and chemical
vapor deposition (CVD) [17]. Among these, solution-based chemical deposition techniques (e.g.,
SILAR) have recently attracted considerable attention because they are highly reliable and
inexpensive; furthermore, these methods require low temperatures and facilitate large-area deposition,
as opposed to other methods. However, very less effort has been devoted to the fabrication of
transparent ZnO films via SILAR.

Recently, Gao et al. [1] included an ultrasonic rinsing step in the SILAR process for the
preparation of ZnO thin films. SILAR is a simple and versatile method for thin film growth that allows
for the easy deposition of films. It does not require high-quality substrates and can be performed at
room temperature without the need for vacuum. Besides, it is cost-effective and can adapt to any
substrate material (insoluble) or surface profile. Growth parameters are relatively easy to control,
yielding stoichiometric deposits with tunable grain sizes. However, only a few publications describe
the sensing behavior of the ZnO thin films deposited by aqueous solution techniques at low
temperatures [3-5]. To the best of our knowledge, there are no reports on the fabrication of ZnO
photodetectors by SILAR methods. In this study, we report for the first time the fabrication of ZnO
photodetectors (PDs) by a SILAR method with ethylene glycol. The physical and electro-optical
properties of the fabricated ZnO thin film PD are also discussed.

2. EXPERIMENTAL

ZnO thin films were grown on glass substrates by the SILAR method. In the experiments, 0.1
M ZnCl, and concentrated 29% ammonia (NH4OH) solutions were used to prepare the zinc complex
(Zn(NHs)4 #*) precursor solution. NH4,OH was added to complex the Zn(Il) ions and to buffer the
solution pH to 10. For the growth of ZnO films, a 20-cycle deposition was carried out. Using the
SILAR method to deposit ZnO thin films, we set the temperature of ethylene glycol at 125°C to
convert Zn(OH), to ZnO. The detailed procedures for preparing ZnO films in one cycle is described as
follows: (i) the glass substrates were dipped in the zinc complex solution for 20 s; (ii) once Zn(OH);
precipitated on the substrates, the glass was dipped in deionized (DI) water for 20 s; (iii) the substrates
were sonicated for 30 s in DI to remove the adsorbed CI ions and loosely attached Zn(OH), grains;
(iv) the substrates were dipped in ethylene glycol solution and heated at 125 °C for 20 s to generate
ZnO; (v) finally, the substrates were sonicated in DI for 30 s to remove excess ethylene glycol, loosely
attached ZnO grains, and unreacted Zn(OH), from the surface.

The chemical reactions occurring in the corresponding procedure are given in equations (1) to

(4):
Zn** + 4NH4OH —[Zn(NH 3),]** + 4 H,0 (1)
[Zn (NH3)4]** + 4H,0—2Zn?* + 4NH;* +40H (2)
Zn** +20H —Zn(0OH); ) (3)

Zn(OH)2 —>ZnO(5) + H,0 (4)
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After the 20-cycle deposition, a series of ZnO thin film samples were deposited on glass. The
structure and crystallite size of the films were investigated by X-ray diffraction (XRD). The surface
morphologies of the samples were examined using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The optical properties of the ZnO thin films were characterized by an
ultraviolet-visible-near-infrared (UV-VIS-NIR) spectrophotometer.

To fabricate the ZnO UV PD, we deposited a thick Pt (100 nm) film through an interdigitated
shadow mask onto the ZnO thin films to serve as the contact electrode. We designed the interdigitated
shadow mask to be 2 mm wide and 2.2 mm long with a finger spacing of 0.2 mm. Current-voltage (I-
V) characteristics of the fabricated PDs were then measured by an HP 4156 semiconductor parameter
analyzer at room temperature. Spectral responsivity measurements of the PDs were also performed at
room temperature by a JOBIN-YVON SPEX System with a 300-W Xe arc lamp light source
(PERKINELMER PE300BUV) and a standard synchronous detection scheme.

3. RESULTS AND DISCUSSION
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Figure 1. XRD analysis of ZnO thin film prepared by SILAR method.

Figure 1 shows the XRD patterns of ZnO thin films deposited at 125°C for 20 cycles. For the
ZnO thin films, the highest peak corresponding to the (002) plane of wurtzite was located around the
diffraction angle (20) of 34.42° the strongest intensity of this diffraction peak indicated that the film
grew along the c-axis. Figure 2(a) shows the SEM images for the surface of the ZnO thin films. The
thin film surfaces were smooth and dense, with a particle size smaller than 100 nm. Figure 2(b) shows
AFM images of the surface morphologies of the deposited ZnO films over a 2 x 2 pm? scan area. The
root mean square (rms) value of the ZnO grain size in the film was 20.16 nm. The results revealed that
the ZnO thin films had a smooth surface topology.
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Figure 2. Top-view FE-SEM (a) and AFM (b) images of ZnO thin film.
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Figure 3. Optical transmittance spectra of the deposited ZnO films deposited at 125 -C. Inset: Plot of
(ahv)® as a function of incident light photon energy.

Figure 3 shows the optical transmittance spectra of the ZnO thin films, depicting that their
optical transmittance was as high as 90% in the visible-light wavelength region. The sharp ultraviolet
absorption edges were about 350 nm.The ZnO band gap was estimated by extrapolation of the linear
portion of the o versus hv plots, using the relation (ahv)® = A(hv -Ey), where o is the absorption
coefficient, hv is the photon energy, and E, is the optical band gap. The obtained ZnO thin films had a
3.39 eV bandgap, which was very close to the 3.37 eV band gap of ZnO.

Figure 4 shows the 1-V characteristics of the fabricated ZnO thin film PD, in the dark and under
UV illumination. During photocurrent measurements, we illuminated the sample with 350-nm UV
light by dispersing a 300-W Xe arc lamp with a monochromator. With a 10 V bias, it was found that
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dark currents measured 2.58 pA. Under the same conditions, the measured photocurrents increased to
803 HA.
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Figure 4. Room-temperature I-V characteristics of the ZnO thin film PD, measured in the dark (black
squares) and under 350-nm UV illumination (red circles)
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Figure 5. Photocurrent transient response of the fabricated ZnO thin film PD as the 350 nm-UV
excitation was switched on and off. Film was biased at 5 V.

The significantly larger photocurrent also provides us a large photocurrent-to-dark current
contrast ratio for the ZnO PD. Figure 5 shows the measured transient response of the fabricated ZnO
PD, as we switched the UV excitation on and off every 25 s. It was found that the dynamic response of
the ZnO PD was stable and reproducible with an on/off current contrast ratio of around 3 under 5 V
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applied bias. It was also found that photocurrent first increased rapidly and then increased at a much
lower rate as under UV excitation. A similar response was observed under the dark conditions.
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Figure 6. Room-temperature spectral responses of the ZnO thin film PDs measured with a 5 V applied
bias.

Figure 6 shows the room-temperature spectral responses of the fabricated ZnO PD as a function
of incident light wavelength, using a 300-W Xe lamp dispersed by a monochromator as the excitation
source. During these measurements, the monochromatic light was calibrated with a UV-enhanced Si
diode, and the optical power meter was modulated by a mechanical chopper and collimated onto the
front side (i.e., metal side) of the fabricated devices using an optical fiber. The photocurrent was then
recorded by a lock-in amplifier. It should be noted that photoresponses of the fabricated PD were flat
in the short-wavelength region, while a cutoff wavelength was observed at around 350 nm. This
indicated that the fabricated ZnO PD was indeed visible-blind. With an incident light wavelength of
350 nm and 5 V applied bias, the measured responsivities were 68.5A/W for the film, suggesting the
existence of photoconductive gain in the ZnO PD [19]. Recently, high photoconductive gain was
observed from ZnO [20] and SnO, [21] nanowire PDs. The photoconductive gain in these oxide
semiconductor nanowires was shown to be related to the molecular sensitization mechanism and/or the
hole-trapping effect [20, 21]. Similar phenomena also occurred in our ZnO thin film PD prepared by
the SILAR method. In the dark, oxygen molecules adsorb on the thin film surface and capture free
electrons from the n-type ZnO. Therefore, a depletion layer with low conductivity is created near the
surface. Under 350-nm UV irradiation, electron-hole pairs will be generated in the depletion region.
The photogenerated holes oxidize the adsorbed negatively charged oxygen ions on the surface, while
the remaining electrons in the conduction band increase the conductivity. These oxygen-related hole-
trap states at the thin films surface prevent charge-carrier recombination and prolong the photocarrier
lifetime.
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Recently, Ji et al. reported the fabrication of a ZnO nanorod UV PD [22]. It was found that this
ZnO nanorod PD can provide a higher responsivity and a larger UV-to-visible rejection ratio than does
the conventional 2D ZnO PD. Comparison of their results with ours indicated that the performance of
the ZnO thin film PD was not optimized. We believe that the low responsivity is related to the poor
carrier collection efficiency from the electrodes, since the 0.2-mm finger spacing is too long. We
should be able to achieve a much larger responsivity by optimizing the fabricated parameters of the
ZnO PD. The above results nevertheless suggest that the ZnO thin films deposited by SILAR methods
are potentially useful for practical applications.

4. CONCLUSIONS

In summary, we report for the first time the fabrication of a ZnO PD by SILAR involving the
use of ethylene glycol. The average diameter of ZnO was around 100 nm. In addition, the obtained
hexagonal ZnO thin films grew along the c-axis and with stronger intensity at the peak (002) plane;
further, the films had a smooth surface morphology and showed high transparency in the visible
spectral range. The fabricated ZnO PD was visible-blind with a cutoff wavelength around 350 nm.
Under a 10 V applied bias, the measured dark current was 2.58uA and the photocurrent was 803 pA,
and hence, the responsivities were 68.5 A/W for the ZnO PD.
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