Indian Journal of Pure & Applied Physics
Vol. 60, January 2022, pp. 72-77

ZnO Nanoneedle Based Efficient UV-Photodetector
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This article reports the fabrication and characterization of nano-structured ITO/ZnO ultraviolet photodetector. A ZnO
thin film was deposited by spray pyrolysis technique followed by interdigitated 1TO as electrode deposition by RF sputter.
Grazing angle x-ray diffraction (GIXRD) study indicates preferential growth along c-axis (002) of thin-film leading
nanoneedle formation which was further confirmed by scanning electron microscopy (SEM) imaging. X-ray photoelectron
spectroscopy (XPS) analysis of Oxygen 1s (O 1s) was carried out. A peak was observed at 531.8 eV indicating the presence
of oxygen vacancy, 530 eV peak relates to the ZnO phase. The bandgap was determined by the Tauc plot; which was found
to be 3.22eV. The donor carrier concentration is found to be 8.85x10*® cm™ based on room temperature Hall measurement.
A near ohmic behaviour was observed which can be interpreted by the existence of high carrier concentration in ZnO. This
results in a very thin depletion width of the order of 5nm; therefore, charge transport through the junction is dominated by

tunnelling of electrons through depletion width.
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1 Introduction

Ultraviolet (UV) photodetectors have a wide range
of applications. Most of them are focused on
environmental monitoring, military application, and
astronomy®. Such applications require very sensitive
devices. The mature silicon (Si) photodetector®*
technology has enormous limitations; such as visible
region detection, low quantum efficiency in the deep
UV region, indirect bandgap, which requires a filter to
stop low energy photons. Due to inhibition of Si
photodetector technology wide bandgap compound
semiconductors (such as ZnO, GaN, SiC, ZnSe, etc.)
have attracted extensive attention due to their intrinsic
visible blindness, and direct bandgap. Additionally,
these materials are more chemically and thermally
stable. Among them, ZnO has become a more
promising material for UV detectors due to high
excitation binding energy (60 meV), more radiation
hardness, low cost, and easy growth process®®.

Several different techniques such as chemical
vapour deposition (CVD), molecular beam epitaxy
(MBE), plasma arc enhanced chemical vapour
deposition, pulsed laser deposition (PLD), solgel,
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reactive evaporation, sputtering, and spray pyrolysis
have been successfully implemented for the
deposition of ZnO thin films and nanostructures. Each
of the above-mentioned techniques has its advantages
and limitations. Among them, spray pyrolysis is a
simple and cost-effective route to synthesize thin film
for large area deposition.

In this work, transparent conducting oxides are
considered as a better replacement to the conventional
metals as they reduce the shading effect. In this
respect, ITO can be used and it has been reported by
several times”®. A Schottky nature of ITO contact on
ZnO is observed (barrier height 0.3-0.7 eV)* as the
metalwork function and electron affinity of ITO and
ZnO are 4.7 and 4.2 eV respectively. In contrast,
ohmic contact of ITO and ZnO has also been reported
by Chiou et al.>*® but not enough explanation was
provided. Moreover, the ultra-violet studies of such
contact have not been reported yet.

This work explains the 1TO/ZnO ohmic contact
characteristics based on studies reported by Ibrahim
and co-workers. Where ZnO was deposited by spray
pyrolysis  method. The thin-film  material
characteristics and UV sensitivity were also
investigated.
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2 Experimental

The deposition of ZnO in this work was carried out
by the spray pyrolysis technique. The schematic
diagram of the deposition technique is shown in
Fig. 1. An aqueous solution of 0.16 M was prepared
by dissolving Zinc Acetate (Zn(CH3;C00),.2H,0) in
Ethyl Alcohol (C,HsOH) and further 10% DI water
was added. The solution was deposited on quartz
substrate where the substrate was kept at an elevated
temperature of 683 K for phase formation. The spray
nozzle was kept at a distance of 30 cm from the
substrate. The solution was sprayed at a rate of 5 ml
per minute; deposition was performed at a normal
atmosphere. The possible reaction pathway of ZnO
formation is given in the equation given below.

Zn(CH;C00),.2H,0 — Zn?* 4+ 2CH;C00™ +

2H,0 (D)
C,HsOH — C,H + OH™ e
Zn?*t + 40H~ - Zn(0H)3%~ ...(3)

Zn(OH)%™ - Zn0 L +H,0 + 20H4) (4

Patterning of ZnO thin film was done by
lithography technique followed by RF sputtering of
100 nm ITO. Fig 2 represents the process flow of the
fabricated uv photo detector. Material
characterization was done to investigate structural,
chemical, and optical studies, further electrical
characterization was done. GIXRD was done to
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Fig. 1 — Schematic diagram of the deposition technique.
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Fig. 2 — Process flow of fabricated UV photodiode.
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investigate the crystalline structure of ZnO. Surface
morphology was analysed by using Scanning electron
microscopy (SEM) (by RAITH II). The chemical state
of the fabricated ZnO thin film was determined by
using X-ray photoelectron spectroscopy (XPS). The
optical properties of the thin film were investigated by
using ultra-violet-visible absorption (UV-VIS-NIR)
(Parkin Elmer 750). All characterizations were
performed at room temperature. The Hall, four-probe,
and |-V measurements were performed to investigate
the electrical properties. The UV sensitivity was
measured by Keithley 2400 under the illumination of
a UV lamp of wavelength 285 nm.

3 Results and discussions
3.1 Crystallinity Studies

The crystallinity studies were investigated using the
GIXRD pattern of thin-film shown in Fig 3 was
obtained by Cu K, radiation (A=1.5406 A) at a glancing
angle of 0.5°. The peak position of (002), (101), (102)
(103), and (112) are observed, which corresponds to the
wurtzite crystal structure of ZnO (JCPDS S6- 314). The
dominating peak along (002) indicates the strong
preferred growth along the c-axis. This observation
contradicts the JCPDS file (which has dominating peak
along the 001 plane) due to the nanostructure growth.
The nanostructure is preferably grown along (002)
direction to minimize the surface energy, whereas in
JCPDS reference the XRD was done of a powder ZnO
which has no preferential growth®**®. The grain sizes
correspond to the peak (002) are estimated by using the
Scherrer formula and it was calculated to be 24 nm.

3.2 Surface Structure Analysis

SEM imaging was done to determine the surface
structure of the fabricated thin film (shown in Fig 4).
A regular pattern of nanoneedle of average size 10 to
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Fig. 3— GIXRD pattern of ZnO thin film on quartz.

30 nm can be observed; which is in close agreement
with GIXRD results. As observed in XRD analysis
the preferential growth along with the c- axis leads to
growth along perpendicular to the substrate. Which
eventually results in the formation of a needle-like
structure. A leaf-like structure was also observed
which could be caused by the agglomeration of
nanoneedles.

3.3 Chemical State Analysis

The XPS survey scan of ZnO thin film is shown in
Fig 5. The two peaks at 1022 eV and 1045 eV
corresponds to Zn2ps,, and Zn2p,,,, respectively.
This observation indicates the presence of Zn in the
sample is in the chemical state of Zn®* which
contributes to the wurtzite structure'. The inset shows
the Zn2p; ,, spectrum; the peak position at 1021.8 eV
indicates that pure ZnO was formed.

To further investigate the film, O1s spectral
analysis was performed. Two overlapping peaks at

Fig. 4 — SEM image of ZnO film deposited by spray pyrolysis.
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530 and 531.8eV were observed (Fig 6). The peak at
530.0 was attributed to the presence of O% ion in the
Zn*" array of the wurtzite structure. Whereas the
higher energy peak position at 531.8 eV is associated
with the presence of oxygen deficiency in the film***.
It is noticeable from Fig 6 that the peak intensity at
531.8 eV is higher than that at 530 eV. This
observation reveals that the presence of oxygen
vacancy (Vo) is higher in comparison to O% in the
Zn** array.

3.4 UV-VIS-NIR

UV-VIS-NIR spectroscopy was performed to
calculate the bandgap of ZnO. The bandgap was
determined by the Tauc plot (Fig 7) and it was found
to be 3.22 eV. The observed bandgap is much lower
than bulk ZnO film (3.37 eV). The redshift in
bandgap is due to the presence of oxygen vacancies in
ZnO. Therefore, this observation correlates with the
results obtained by XPS. It was reported by Wang et
al.™ that due to the presence of oxygen vacancies the
impurity states become delocalize and overlaps with
the valence band edge. Consequently, the apparent
valence band shifts upwards, and accordingly
bandgap narrowing occurs. According to many
reports, the presence of oxygen vacancy does not
contribute to n-type carrier concentration in ZnO, as it
creates a deep donor states level close to the valence
band. In our work, we have observed that the increase
of oxygen vacancy leads to an increase in n-type
carrier concentration which was confirmed by Hall
measurement. Such discrepancy was explained by
Kim et al”. Where they demonstrated the
phenomenon of the formation of V,-Z, (Zn
interstitial) bond. As a result, such a complex might
generate electrons which contribute to the conduction

Zn2p3 ZnO survey
_ O1s
E
&
g 800
@
c €600
2 3
E |Zeo
i
6000
il 1015 1020 025 1030 1035 1040
Shatwi™ a N L N 1 N
1200 1000 800 600 400 200 0

Binding energy (eV)

Fig. 5— Survey scan of ZnO film.

of electrons. Hence, an increase in V, contributes to
more electron generation.

3.5 Electrical Characterization

Electrical characterization such as Hall and Four
probe measurement was performed to validate the
observation of XPS and UV-VIS-NIR of ZnO. The
carrier concentration and resistivity were found to be
8.85x10™ cm™® and 0.09 Q-cm respectively. The
presence of high oxygen vacancy as proposed by Kim
et al*’ attributes to high carrier concentration. The
current-voltage measurement (I-V) of 1TO/ZnO is
shown in Fig 8.

Near ohmic behaviour was observed. This can be
realized by tunnelling of electrons through the
depletion width of ITO/ZnO. As carrier concentration
is high, the Fermi energy level goes up to the
conduction band (Nc = 4x10*® cm®)*®. Hence, under
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Fig. 6 — O 1s XPS spectroscopic spectra of the ZnO samples.
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Fig. 7 — UV-VIS-NIR spectrum for bandgap calculation; inset
shows the transmission spectrum of ZnO.
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bias conditions electrons do not conduct by
thermionic emission, rather it tunnels through the
barrier, as a result, the tunnelling current dominates™®.
To find the possibility of electron tunnelling, the
depletion width was calculated; which was found to
be 5 nm. The band diagram of 1TO/ZnO contact (not
scaled) under bias condition is shown in Fig 9.

3.6 UV sensing

The dark and UV illuminated -V characteristics of
thin-film are demonstrated in Fig 10. The illumination
was done under a 285 nm irradiation source. The
current versus applied voltage was plotted in the log
as well as the linear scale. A significant (10 times at
+2 V) change of device current can be observed on
the illumination of UV light.

The response time of the device was investigated as
shown in Fig 11. The rise and decay time of the
device was found to be 7 and 13 Sec, which is
comparable to the previously reported values®?. The
decay time is expected to be fast as the electron
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Fig. 8 — I-V plot of ITO/ZnO contact.
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Fig. 9 — Band diagram of ITO/ZnO contact under bias condition
non illumination of UV light.

transportation is dominated by tunnelling through the
barrier, but a large decay time has been observed
which can be explained as follows. The
photogenerated hole get captured to Vo, and get
transformed to V5" or VZ*. The defects and trap play
an important role and decide the overall efficacy of
the performance. Charge carriers (electron and holes)
are lost at the interface due to high interface defect
density. Moreover, the shunt resistance (Rsy) at
ZnO/ITO interface results in the instability and
performance degradation of the device?. These defect
states start capturing the free electron from the sample
as the irradiation stops. This process is responsible for
the persistence of optical current. Figs 12(a) represent
the sensing setup and 12(b) represent the UV response
of the photodetector at biasing voltage of 0.2 volt.
Table 1 summarize the material properties for an
efficient UV photodetector.
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Fig. 10 — Current-voltage characteristics of ZnO under UV and
in dark conditions.
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Fig. 11 — Photo response of the device under a bias condition 0.1.
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Fig. 12 — (a) represents UV photodetector setup (b) represents
UV sensing at 0.2 V.

Table 1 — ZnO material properties for an efficient UV
photodetector

ZnO material properties

1 Average particle size 10 to 30 nm
2 Carrier concentration 8.85x10% cm™®
3 Resistivity 0.09 Q-cm
4 Bandgap 3.22eV
5 Grainsize 24 nm
4 Conclusion

In summary, ZnO nanoneedle deposition was
performed by the spray pyrolysis technique. Various
thin film characterizations were done and it was
observed that a significant amount of oxygen vacancy
was present in the film. These oxygen vacancies
contribute to the high n-type carrier concentration.
Further interdigitated 1TO electrode was deposited on
the film. The ITO/ZnO contact was found to be ohmic
rather than Schottky, which is due to dominating
electron tunnelling. The device was further
characterized as a UV sensor. Promising behaviour

was observed under UV illumination. The rise and
decay response time under illumination was observed
to be better than previously reported values.
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