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In this work, n-ZnO/p-Si heterojunction photodetectors were prepared by drop casting of ZnO
nanoparticles (NPs) on single crystal p-type silicon substrates, followed by (15-60) min; step-
annealing at 600°C. Structural, electrical, and optical properties of the ZnO NPs films deposited on
quartz substrates were studied as a function of annealing time. X-ray diffraction studies showed a
polycrystalline, hexagonal wurtizte nanostructured ZnO with preferential orientation along the
(100) plane. Atomic force microscopy measurements showed an average ZnO grain size within the
range of 75.9 nm—99.9 nm with a corresponding root mean square (RMS) surface roughness between
0.51 nm-2.16 nm. Dark and under illumination current—voltage (I-V) characteristics of the n-ZnO/
p-Si heterojunction photodetectors showed an improving rectification ratio and a decreasing satu-
ration current at longer annealing time with an ideality factor of 3 obtained at 60 min annealing
time. Capacitance—voltage (C-V) characteristics of heterojunctions were investigated in order to
estimate the built-in-voltage and junction type. The photodetectors, fabricated at optimum
annealing time, exhibited good linearity characteristics. Maximum sensitivity was obtained when
ZnO/Si heterojunctions were annealed at 60 min. Two peaks of response, located at 650 nm and
850nm, were observed with sensitivities of 0.12-0.19 A/W and 0.18-0.39 A/W, respectively.
Detectivity of the photodetectors as function of annealing time was estimated.
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1. Introduction

Zinc oxide (ZnO) is a very versatile and promising
material,’ ™ having unique piezoelectric and trans-
parent conducting properties among semiconducting
oxides. Its high electrical conductivity and optical

fCorresponding author.

transmittance in the visible region make it an ideal
candidate as transparent conducting electrodes in flat
panel displays and window layers of solar cells.*® The
wide band gap (3.37eV) and exciton binding energy
(60meV) facilitate its high potential applications; as
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laser diodes, solar cells, gas sensors, optoelectronic
devices, UV detectors, etc. In addition, its wide band
gap can enable high temperature and power opera-
tions.”” The synthesis and properties of various ZnO
nanorods, nanowires, nanotubes, quantum wells and
nanoparticles (NPs), have been reported.'’"'* Among
these, the NP nanostructure could be of fundamental
importance as a three-dimensional confined system,
bridging the gap between bulk materials and molec-
ular compounds. ZnO nanostructures exhibit a strong
green photoluminescence which helps fabricating high
performance photodetectors. In addition, ZnO nano-
materials have been studied to reduce dark noise, to
increase absorption efficiency and to explore the po-
tential for large area and lower cost devices.!® Metal
organic chemical vapor deposition (MOCVD), spray
pyrolysis, ion beam assisted deposition, laser-ablation,
sputter deposition, template assisted growth and
chemical vapor deposition are some of the techniques
employed to synthesis ZnO NPs.'®** Silicon based
heterojunctions photodetectors are used widely due
to their superior high responsivity, fast response time,
good linearity characteristics, low dark current and
long wavelength detection.?®?° In the current work,
we present the effect of annealing time on the char-
acteristics of ZnO/Si heterojunction photodetectors
prepared by drop casting of ZnO NPs films on silicon
substrates.

2. Experimental Details

High purity ZnO was ground by ball milling equip-
ment in order to obtain nanoscale ZnO particles. A
60ml of double distilled water (DDW) was mixed
with 0.2M of ZnO NPs using a magnetic stirrer for
20 min. The synthesized ZnO NPs were drop-casted
on both: quartz and p-type (111) Si substrates. The
5 - cm resistivity silicon substrates were first
cleaned with RCA standard method and then treated
with HF to remove the native oxide. After drop
casting the ZnO NPs on quartz and silicon substrates
were dried at 80°C then annealed at a constant
temperature of 600°C in air for different time inter-
vals (15, 30, 45 and 60) min using tube furnace. The
morphology of the grown ZnO NPs was investigated
with the aid of an atomic force microscope AFM
(SPM AA3000 Angstrom). X-ray diffractometer
(Rigaku Ruzhr, CuKa radiation) was used to inves-
tigate the structure of ZnO NPs drop casted on

silicon. The 300 nm thickness of the ZnO films, de-
posited on quartz substrates, were measured with the
aid of ellipsometer and their optical properties were
examined using a SHIMADZU UV-1650 PC, (200—
900) nm spectrophotometer. Besides, the ZnO NPs
electrical properties were tested by employing Hall
measurements. Aluminum films were deposited on
both sides, the ZnO film and the Si through a special
mask to establish ohmic contacts. Dark and illumi-
nated -V characteristics were investigated. C-V
measurements were carried out using LCZ meter at
frequency of 100kHz. Finally, (400-900 nm) mono-
chromator was utilized to measure the spectral
responsivity of the photodetectors using a calibrated
silicon power meter.

3. Results and Discussion

Figure 1 shows XRD patterns of a ZnO thin film
annealed at 600°C for different times. It reveals a
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Fig. 1. XRD patterns of ZnO nanoparticles drop casted on
silicon annealed at different times: (a) 15min, (b) 30 min,
(c) 45 min and (d) 60 min.
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Table 1. Lattice parameters of ZnO NPs annealed at different times.

(100) plane

(002) plane

(101) plane

ta 20 I/1, d (nm) 20

I/1, d (nm) 20 I/1, d (nm)

ASTM 71 0.2816

15min  31.66 100 0.2822  34.3
30min  31.71 100 0.2818  34.3
45min  31.73 100  0.2816 34.36
60min 31.75 100 0.2814 34.41

56 0.2602 100 0.2476
45 0.2611 36.14 97 0.2482
50 0.2611  36.16 92 0.2481
46 0.2606  36.20 86 0.2478
50 0.2603 36.23 94 0.2476

prominent peak (100) and other orientations. Three
distinct peaks indexed to (100), (002) and (101) dif-
fraction planes can be recognized (JCPDS#1314-13-2)
at 20 =31°, 34.2° and 36° respectively. No other
incomplete phases are observed in Fig. 1. The syn-
thesized films are polycrystalline in nature revealing a
wurtzite ZnO hexagonal structure.?® The prepared
pure ZnO thin film has a (100) preferred orientation
with (101) and (002) orientations, observed compar-
atively with lesser intensities. The long time anneal-
ing has permitted a slight increase in the diffraction
intensity due to the enhanced films’ quality in
agreement with reported results.?® Table 1 shows the
main XRD parameters of ZnO NPs annealed at dif-
ferent times. Figure 2 presents the effect of annealing
time on optical transmittance spectra of the ZnO NPs
films. Films annealed for 60 min shows maximum
average optical transmittance due to the improved
structural stoichiometry and the reduced trapping
centers. The latter usually shift the absorption edge
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Fig. 2. Transmittance versus wavelength plot of annealed
ZnO NPs.

to higher energy. The optical band gap of ZnO NPs
films was calculated by extrapolating the straight line
of (ahv)? versus photon energy (hv) plot to hy axis.
Table 2 lists the values of the optical band gap as a
function of annealing time. The band gap decreases as
annealing time increases (absorption edge shifts to-
wards long wavelengths). This may be due to the
increasing ZnQO particles’ size after annealing for
longer time (grain growth). The estimated band gap
values are wider than that of the bulk ZnO because of
the quantum size effect. Figure 3 shows 2D and 3D
AFM images of ZnO NPs annealed at different times.
They indicate the formation of spherical-like shape
compact NPs; distributed with individual columnar
grains extending upwards. The root mean square
(RMS) surface roughness and average grain sizes are
listed in Table 3, indicating an increasing surface
roughness and average grain size with annealing time.
Longer annealing time improves grain growth and
produces high porosity films. Hall measurements
confirm the n-type nature of all annealed ZnO film
(due to excess the oxygen vacancies), indicating the
formation of anisotype ZnO/Si (n-p) heterojunctions.
Figure 4 shows the variation of mobility and carrier
concentration of ZnO NPs films with annealing time.
The carrier mobility (u,) was estimated from Hall
measurement using the following equation:

Mn = 70—7LRH7 (1)

Table 2. Dependence of optical energy
gap on annealing time.

t, (min) Optical energy gap (eV)
15 3.54
30 3.46
45 34
60 3.3
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Fig. 3. 2D and 3D AFM images of ZnO nanoparticles annealed at different annealing times: (a) 15min, (b) 30 min,

(c) 45 min and (d) 60 min.

where (0,,) is the electrical conductivity of ZnO film
and (Ry) is the Hall coefficient. It is clearly seen that
the mobility increases with annealing time due to the
grain growth; the dangling bonds at grain boundaries
were reduced, while the carrier concentration de-
creased. The grain growth can be attributed to the
coalescence of many grains after long time annealing.
Figure 5 illustrates the schematic diagram of the
ZnO/Si heterojunction and its room temperature I-V
characteristics annealed at different times under no
illumination in forward and reverse directions. All

Table 3. AFM data as function of annealing time.

t, (min) RMS roughness (nm) Average grain size (nm)

15 0.41 75.9
30 1.43 89.1
45 1.62 95.5
60 1.7 99.9

heterojunctions exhibited good rectification char-
acteristics, with the best value accomplished when
the samples annealed for 45 min. The ideality factor
(n) of these heterojunctions was calculated from
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Fig. 4. Variation of mobility and carrier concentration of
ZnO NPs films with annealing time.
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Fig. 5. Dark -V characteristics for ZnO/Si heterojunc-
tions. Inset is the cross-sectional view of ZnO/Si hetero-
junction.

Table 4. Variation of ideality factor
with annealing time.

Annealing time (min)  Ideality factor

15 5.3
30 4.5
45 4
60 3

semilogarthmic plots of -V characteristics and pre-
sented in Table 4 using the following relationship:

n= L A—ZI, (2)
q LnT
where k is Boltzman constant, T is the operating
temperature and I, is the saturation current. Large
ideality factor values suggest the presence of recom-
bination in the junction deposition and/or at junction
interface’” as well as some structural defects and large
lattice mismatch between ZnO and silicon. The ide-
ality factor has decreased after annealing due to the
decreasing surface states and defects recombina-
tion at the interface. The current varied with bias
voltage in different bias regions, indicating different
mechanisms governing its value.?® Soft breakdown
was observed at bias voltage greater than 5V.
Figure 6 shows a linear relationship (abrupt junction)
between (C'~2-V) at room temperature for ZnO/p-Si
heterojunctions annealed at different times. The
inset of Fig. 6 is the C—V characteristic plot and the

Annealing Time Effect on n-Zn0O/p-Si Heterojunction

built-in potential of all ZnO/p-Si is estimated by ex-
trapolating the linear part of (C~2-V) plot to the
voltage axis. This was found to increase by increasing
the annealing times. The turn-on voltage of the for-
ward currents is larger than the built-in-potential due
to the high series resistance and structural defects.
The I-V characteristics of illuminated heterojunction
under different white light intensities are depicted in
Fig. 7. All photodetectors exhibited good linearity
characteristics with no significant saturation at high
intensities. Maximum photo — to dark current ratio
(In/Iq) was noticed for ZnO/Si heterojunction
annealed at 60min due to the decreasing recombi-
nation centers and structural defects. The visible
light incident on ZnO/Si heterojunction passes
through ZnO layer, get absorbed by silicon substrate
and then e-h pairs are generated near the ZnO-Si

interface.?”

Figure 8 demonstrates the spectral
responsivity (R,) plots of the ZnO/p-Si structure
prepared at different annealing times for the wave-
length range (350-900)nm at 7.5V reverse bias.
There are two peaks of response located at 650 nm
and 870 nm with maximum responsivity of 0.39 A/W
at 875 nm for the photodetector annealed for 60 min.
The first peak is due to the absorption edge of ZnO
film while, the second one is ascribed to the absorp-
tion edge of bulk silicon.?"-*°
improved the photodetectors responsivity and de-
creased both the structural defects and the recombi-

Longer annealing time

nation centers. The values of the obtained
responsivity are comparable with that of ZnO/Si
heterojunction prepared by spray pyrolysis. No shift
in peak resonance was noticed at long annealing
times. Results of detectivity D* for annealed photo-
detectors are illustrated in Fig. 9. The detectivity was
calculated using the following relationship:

D* = R/\(AIAf)O5 , (3)

n
where A is photosensitive area of photodetector, A f
is the bandwidth and I, is the noise current. A
detectivity of 8 x 10! cm - Hz!/2W~! was obtained
at 850 nm for n-ZnO /p-Si photodetector annealed at
60 min. This value is higher than that of other types
of silicon-based heterojunction photodetector.?! This
high detectivity may indicate a reduced noise current
after annealing for longer time due to decreased
structural defects originated from trapping and re-
combination centers. The high detectivity could have
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Fig. 7. Dark and illuminated I-V characteristics of ZnO/Si heterojunctions.
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heterojunctions annealed at different annealing times. (a) 30 min and (b) 60 min.
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Table 5. Rise time of photodetectors
annealed at various times.

t4 (min) Rise time (ns)
15 180
30 150
45 100
60 50

otherwise resulted from increasing responsivity as
shown in Fig. 8. Figure 10 shows some laser pulses
recorded by photodetectors annealed at 45 and
60 min, indicating a 50 ns rise time for photodetector
annealed at 60min. Table 5 lists the effect of
annealing time on the rise time of photodetectors.
The long decay time indicates a response time not
completely dominated by the RC product.

4. Conclusions

High performance nanostructured ZnO/P-Si hetero-
junction photodetectors have been successfully fab-
ricated using very simple and cost effective technique.
The effect of annealing time on optical, structural and
electrical properties of ZnO NPs was investigated.
Figure of merit of these photodetectors was the
annealing time dependent; with best photodetectors
characteristics obtained after 60 min annealing. The
C-V measurements suggested the formation of
abrupt ZnO/p-Si heterojunction with annealing time
dependent V;; values. The high values of responsivity
(0.39A/W at 850nm and 0.19 A/W at 650 nm) and
detectivity (8.5 x 10 cem - Hz'/2W 1) may indicate a
promising fabrication technique for inexpensive visi-
ble and near infra-red photodetectors.
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