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ABSTRACT

ZnO nanorods (NRs) are grown by sonicated sol-gel immersion method at a
lower temperature, along c-axis, i.e., normal to the glass substrate spin-coated
with seed-layer of zinc oxide. Effects of seed-layer-precursor molarity and
immersion time on the structural and morphological properties of NRs have
been investigated. These two process parameters affect the diameter and length
of the ZnO NRs significantly. The NRs are hexagonal in cross section. The
polycrystalline seed-layer with nano-sized grains exhibits high transparency
and quick photoresponse. The transmittance decreases after the growth of NRs
but improves past annealing. The band gap value of bulk ZnO is tuned up to
190 meV by the growth of NRs and their subsequent annealing. These NRs
exhibit green emission and persistent photoconductivity (PPC). The annealing

of NRs quenches the green emission and reduces the PPC effect partially.

1 Introduction

Zinc oxide is a widely studied n-type II-VI compound
semiconductor material with a wide band gap of
3.37 eV and a large exciton binding energy of 60 meV
at room temperature. It is a stable, economic, and
environment-friendly oxide material with a wide
range of high technology applications as well as
applications in everyday products. The wurtzite
structured ZnO with two important characteristics
noncentral symmetry and (0001) polar surface exhi-
bits piezoelectric and pyroelectric properties as well
as the highest growth rate along c-axis [1]. The
unique anisotropic structure of wurtzite ZnO exhibits
a diverse group of morphological nanostructures
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such as nanorods, nanowires, nanobelts, nano-
springs, nanowhiskers, nanocombes,
nanocages, nanohelices, nanodisks. [1-3]. Nanos-
tructured ZnO in the form of nanobelts, nanorods,
nanowires, etc., shows better response as gas sensor
as larger surface-to-volume ratio allows the greater
exchange of charge carriers during oxidation/reduc-
tion mechanism [4]. The vertically aligned ZnO
nanorods (NRs) have attracted much attention due to
its high surface-to-volume ratio facilitating numerous
novel applications including light-emitting diodes
(LEDs), photodetectors, sensors, liquid crystal device
(LCDs), and solar cell. Previously, successive ionic
layer absorption and reaction (SILAR) technique has
been used for both ZnO nanostructured thin film [5]

nanorings,
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and ZnO seed layers [6, 7] growth. Kumar et al. [7]
have used SILAR ZnO seed layer films for controlled
growth of ZnO nanorods at different pH concentra-
tion via chemical bath deposition (CBD) method.
Recently, George et al. [8] have used hydrothermal
and solvothermal methods for the preparation of
nickel vanadium oxide nanoparticles. Various meth-
ods of synthesis have been reported including
chemical bath deposition (CBD), thermal evapora-
tion, hydrothermal, sonicated sol-gel immersion, and
chemical vapor deposition (CVD) [9-17]. Among
these approaches, sonicated sol-gel immersion
method is a simple and low-cost method, while
facilitating large area coating, to prepare good quality
and highly c-axis-oriented vertically aligned ZnO
NRs at temperatures lower than 100°C. A variety of
ZnO thin film-based seed-layers [18, 19] on a variety
of substrates like FTO & ITO [9, 20-23], Si [12, 24-27],
ITO-coated PET [28], and quartz [14] have been
reported for the growth of ZnO NRs. ZnO thin film
effectively reduces the nucleation energy barrier due
to the lattice match between the thin film and NRs [2].
The growth of c-axis-oriented ZnO NRs using the
sonicated sol-gel immersion method, on the ZnO
seed-layer obtained by spin coating especially on
glass substrate presented in this paper, has rarely
been reported. These grown ZnO nanorods exhibit
the PPC effect in which photoconductivity persists
even after terminating the UV illumination [29].
Other nanostructured materials such as monolayer
MoS; flakes, nanowires of GaN, thin films of CdS,
and single crystals of SrTiO; [30-33] also have been
found to exhibit the PPC effect. The PPC effect with
extremely long decay time and a very slow recovery
rate involves novel applications for holographic
memories [33], bi-stable optical switches [34], and
radiation detectors [35]. The origin of the PPC is not
clearly understood, and there is no universally
established theory to explain this phenomenon.
Madel et al. [3] investigated the influence of oxygen
and argon ambient on the PPC in ZnO nanowires and
suggested the PPC is related to the oxygen adsorp-
tion and desorption processes on the surface. It is
most widely accepted that the PPC is a surface-re-
lated effect rather than bulk-related [36] and origi-
nates from the ZnO nanostructures due to the
presence of oxygen vacancies [29, 36]. Due to low
growth temperature, the ZnO nanorods have lattice
defects and surface defects which can be reduced by
post-annealing treatment. Thus, stabilized ZnO NRs
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possess enhanced crystalline and application quali-
ties owing to decreased oxygen vacancy concentra-
tion, deep level defects, and surface defect
recombination [37]. Proper heat treatment viz.
annealing temperature and duration, substrate tem-
perature, gas environment, etc., is an effective way to
obtain high-quality ZnO material along with
improved optical properties [38-40].

The present paper gives the systematic study of
modification in (i) the structure and morphology of
ZnO films, intended to be chosen as seed-layer, by
varying one of the sol-gel-method process-parame-
ter, (ii) the aspect ratio of vertically aligned ZnO NRs
by changing seed-layer-molarity and immersion time
and (iii) structural, morphological and other proper-
ties of ZnO film, i.e., seed-layer and ZnO NR arrays
after annealing. We have used the low temperature
sonicated-sol-gel-immersion method to grow the
vertically aligned ZnO NRs on a coated glass sub-
strate. The photoluminescence (PL) and photocon-
ductivity studies are also performed which lead to
interesting results.

2 Experimental

Vertically aligned, i.e., c-axis aligned ZnO NRs on
ZnO-seed-layer have been grown and studied. Ini-
tially, a zinc oxide thin film is deposited on a glass
substrate which acts as a seed-layer, and then ZnO
NRs are grown over it. The method is described
below.

2.1 Materials

Zinc acetate (99.99% pure) was purchased from
Sigma-Aldrich. Isopropanol (99.80% pure), mono-
ethanolamine (99.50% pure), and hexamethylenete-
tramine (99.50% pure) were purchased from Merck
KGaA. Zinc nitrate hexahydrate (99.99% pure) was
purchased from SD Fine Chemicals Limited. All the
chemicals were used without further purification.

2.2 Deposition of seed-layer

ZnO seed-layer is prepared on a glass substrate using
a sol-gel spin coating method. The precursor solution
was prepared using a 0.05 M solution of zinc acetate
[Zn(CH;COO),] in isopropanol and mono-
ethanolamine (MEA). The presence of MEA helps in
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stabilizing the sol. The solution was magnetically
stirred at 50 °C for 1 h and then aged for 24 h at room
temperature 25 °C. The precursor solution thus
obtained was spin coated on a duly cleaned glass
substrate. The glass substrates were cleaned in an
ultrasonic cleaner using methanol, acetone, and
deionized water [41]. Spinning was done for 30 s at a
speed of 2000 rpm. The film was then heated from
room temperature to 200 °C, kept for 10 min and then
allowed to cool back to room temperature. The pro-
cess of spinning and heating was repeated ten times
for obtaining appreciable thickness to facilitate crys-
talline structure. The final annealing of the film was
done at 450 °C for three hours. Similarly, four more
films were deposited with precursor solutions having
molarity 0.1 M, 0.2 M, 0.4 M, and 0.6 M. The films are
named as 0.05 M seed, 0.1 M seed, 0.2 seed, 0.4 M
seed, and 0.6 M seed. Thus, prepared seed-layers
were examined by XRD and those found suit-
able were used for the growth of ZnO NRs.

2.3 Growth of ZnO NRs

On the seed-layer-coated glass substrates, the ZnO
NR arrays are grown using the sonicated sol-gel
immersion method [16]. In this process, 0.1 M molar
solutions of zinc nitrate hexahydrate [Zn(NOj3),.6-
H,Ol] and hexamethylenetetramine [HMT(CgH1,Ny4)]
were prepared separately in deionised water using
magnetic stirring for 30 min. HMT works as a sur-
factant. In a conical flask, both the solutions were
then mixed together and sonicated at 50 °C for
30 min using an ultrasonic water bath (Ultrasonic
cleaner, LABMAN-40 kHz) following which it was
magnetically stirred and aged for 3 h at room tem-
perature. The resulting solution was poured into an
autoclave bottle containing a seed-layer-coated glass
substrate, in a slant position such that the coated
surface faces the bottom. The autoclave bottle was
capped tightly and immersed in a hot water bath
maintained at 95 °C for 4 h after which the prepared
sample was carefully taken out, washed with deio-
nised water, and then dried in air. All the as-grown
samples were noticeably stable and showed very
good adherence to the substrate as it did not get
disturbed during washing. Thus, ZnO NR arrays
were grown on all seed-layer-coated glass substrates
except 0.05 M seed-layer since crystallinity has not
developed in it as inferred from the XRD pattern,
Fig. 1a. These samples were named as 0.1Mseed/
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NRs/4 h, 0.2Mseed/NRs/4 h, 0.4Mseed/NRs/4 h,
and 0.6Mseed /NRs/4 h.

The structure and morphology of these samples
were examined to select suitable seed-layer-molarity
for the growth of ZnO NRs. As the molarity of the
precursor solution for growing NRs on each seed-
layer was kept constant at 0.1 M, the only variable
besides seed-layer-molarity is immersion time.
Accordingly, three additional samples of ZnO NRs
were then grown for different immersion times, i.e.,
1, 2, and 6 h for the selected seed-layer-molarity
0.1 M. Thus, now there are samples for four different
immersion times named as 0.1Mseed/NRs/1 h,
0.1Mseed/NRs/2 h, 0.1Mseed/NRs/4 h, and 0.1 M
seed/NRs/6 h.

To summarize, we have used five different molar-
ities 0.05 M, 0.1 M, 0.2 M, 0.4 M, 0.6 M for seed-lay-
ers and four different immersion times 1 h, 2 h, 4 h,
and 6 h for growing nanorods and grown total
twelve samples. The 0.1 M molarity of the precursor
solution was kept constant for every growth process
of NRs. First, we have changed the seed-layer
molarity and kept the immersion time 4 h. Next, we
have varied the immersion time for the chosen seed-
layer-molarity of 0.1 M.

Finally, the best sample chosen from the above
samples on the basis of structural and morphological
analysis was annealed at 400 °C for 2 h. The anneal-
ing temperature is kept lower than that for the seed-
layer (450°C) so that the seed-layer may not get
affected.

2.4 Characterization

The structural study of the sample has been per-
formed by X-Ray diffractometer (Model-Rigaku
Ultima IV) to confirm the formation of ZnO, for 20
values ranging from 20 to 90° using CuK, radiation
(0 = 1.540598 A). The surface and cross-sectional
morphology of the samples were observed using
FESEM (Model-JEOL) to confirm the growth of NRs.
The transmission and absorption spectra have been
recorded using a UV-Vis spectrophotometer (Model-
V670, Jasco), and the photoluminescence (PL) spectra
have been obtained using a fluorescence spectrome-
ter (Model LS-55, Perkin Elmer) for excitation wave-
length 325 nm. The photoconductivity
measurements, which include current-voltage char-
acteristics and photoresponse, have been done by
making electrical contacts using silver paste on the
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Fig. 1 XRD patterns of the a seed-layers corresponding to different molarities of the precursor solution, b NRs on different seed-layers for

a fixed immersion time of 4 h, and ¢ NRs grown for different immersion times on 0.1 M seed-layer

sample with an electrode spacing of 10 mm. The area
of illumination was 1 cm?, and the photo-excitation
source was a 300 W UV lamp. The dark- and photo-
current under UV illumination of 365 nm is recorded
by a multimeter (RISH Multi-185S) with adapter RISH
Multi SI-232. All these measurements have been done
at room temperature.

3 Results and discussion

3.1 Influence of seed-layer-molarity
and immersion time on ZnO NRs

The XRD patterns of the films deposited using pre-
cursor solutions of different molarities, i.e., 0.05, 0.1,
0.2, 0.4, and 0.6 M are shown in Fig. 1a. The film
corresponds to 0.05 M molarity does not show crys-
talline nature and is therefore not selected for the
seed-layer, here. The other four films show a poly-
crystalline nature. In these films, XRD peaks occur
along (100), (002), (101), (102), (110), (103), and (112)
planes, indicating hexagonal wurtzite structure of
ZnO according to JCPDS Card No. 005-0664 and Refs.
16, 41. The major peaks are along (100), (002), and
(101) planes. These four crystalline films are chosen
as seed-layers for the growth of ZnO NRs the pre-
cursor solution of which is 0.1 M molar as mentioned
earlier.

The corresponding four XRD patterns are shown in
Fig. 1b. The highly intense (002) peak indicating
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growth along the c-axis is obtained for 20 values lying
between 34.24° and 34.44° which confirms the
hexagonal wurtzite structure of ZnO for the NRs. The
crystallite-size tps along different crystallographic
planes as calculated by well-known Scherrer equa-
tion [42] is given as

tos = 20007 (1

where tpg is crystallite size, X is the x-ray wavelength
and B is the full width at half maximum (FWHM) of
the x-ray peak on the 26 axis in radians. In the seed-
layer, the crystallite-size increases from 5 to 10 nm
and in NRs it increases from 48 to 53 nm with an
increase in the seed-layer-molarity are given in
Table 1.

The top view of the FESEM images, Fig. 2a—c, of
the seed-layers, shows uniformly distributed grains
of average size 29, 34, and 40 nm for seed-layers
corresponding to 0.1 M, 0.4 M, and 0.6 M, respec-
tively. Inset of Fig. 2c shows the high magnification
image at x 700,000 of 0.6 M seed-layer and reveals
that seed-layer is constituted of small nano-sized
grains having a size less than 5 nm. The SEM of the
cross section of the 0.1 M seed-layer has been
obtained, Fig. 2d, to facilitate comparison with that of
nanorods.

The surface morphologies of ZnO NRs grown on
seed-layers of molarity 0.1, 0.2, 0.4, and 0.6 M are
shown in Fig. 3a—c, and d, respectively. It can be seen
that the rise in the grain size of seed-layers, which
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Table 1 Results from the structural and morphological study of the ZnO samples. S.No.6 is shown again at S.No.12 for quick comparison

S.No Sample

Structural and morphological evaluation

0.05-0.6 M Seed-layer

Seed-layers

Crystallite size (nm) from XRD along

Average grain size from FESEM (nm)

(100) (002) (101)
1 0.05 M seed Amorphous
2 0.1 M seed 5.81 7.29 6.18 29
3 0.2 M seed 6.35 6.30 9.14 -
4 0.4 M seed 8.11 8.86 9.99 34
5 0.6 M seed 7.97 10.25 9.98 40
0.1-0.6 M Seed-layer/NRs/1-6 h
Grown NRs Crystallite XRD Mean diameter Standard Length Aspect
size (nm) Intensity D (nm) deviation ¢ L (nm) ratio (L/D)
6 0.1 M seed/NRs/4 h 48.58 35,835 197.34 58.92 1650 8.38
7 0.2 M seed/NRs/4 h 53.54 42,709 293.26 76.38 1583 5.40
8 0.4 M seed/NRs/4 h 53.49 106,036 373.39 134.19 2585 6.93
9 0.6 M seed/NRs/4 h 53.39 75,687 138.95 51.26 1060 7.68
10 0.1 M seed/NRs/1 h 40.41 14,529 135.30 45.21 832 6.16
11 0.1 M seed/NRs/2 h 50.84 19,126 155.73 70.82 1500 9.68
12 0.1 M seed/NRs/4 h 48.58 35,835 197.34 58.92 1650 8.38
13 0.1 M seed/NRs/6 h 55.33 106,591 339.37 77.84 2446 7.22

acts as a nucleation site for the growth of NRs, causes
an increment in the diameter D of the hexagonal NRs.
The insets of Fig. 3a—d show the histogram of distri-
bution in diameter of NRs and the standard deviation
o. Figure 3e-h show the cross-sectional view of the
NRs. The diameter increases with molarity up to
0.4M and beyond that, for 0.6 M it is found to
decrease. The NRs grown on 0.6 M seed-layer do not
have flat facets instead have upwards spiralling
hexagonal facet indicating further growth of the NRs.
The diameter D with standard deviation o, length L,
and aspect ratio (L/D) of the NRs is represented in
Table 1. From the NRs grown on different seed-lay-
ers-molarities, the one which shows a high aspect
ratio and the relatively low standard deviation is
chosen for further study.

A large standard deviation indicates that the
diameters of NRs are spread out over a wider range
of values, while the smaller standard deviation
indicates that the diameters tend to be close to the
mean value. The NRs that have grown on 0.1 M seed-
layer (Fig. 3a and e) show the maximum aspect ratio
with small c. Thus, the 0.1 M molarity for the seed-
layer is chosen to optimize the growth of NRs with a

narrow diameter and longer length by varying the
immersion time duration.

The XRD patterns of four samples of ZnO NRs on
0.1 M molarity-seed-layers grown separately using
0.1 M molar precursor solution for different time
durations of 1, 2 and 6 h are shown in Fig. 1c. NRs
grown for 4 h immersion are reproduced here for
ready comparison.

The surface morphology of these NRs is presented
in Fig. 4a—c which shows a hexagonal cross sec-
tion. With an increase in immersion time from one to
six hours, the intensity of the (002) peak increases,
Fig. 1c, indicating an increment in the length of the
NRs. This inference conforms to the cross-sectional
FESEM of the NRs showing their lengths, Figs. 3e and
4d-f. Table 1 (s.no.10-13) shows the variation of the
(002) peak intensity and height of the NRs with
respect to the immersion time. Both the diameter and
length increase with increased immersion time. The
6-h-immersion provides the longest NRs, but the
corresponding diameter is also very large. The stan-
dard deviation ¢ is least for 1-h-immersion-NRs, but
the aspect ratio is also small. The 2-h-immersion
gives maximum aspect ratio but corresponding ¢ is
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Fig. 2 FESEM images of
seed-layer with different
molarities a 0.1 M, b 0.4 M,
¢ 0.6 M and d cross-sectional
image of 0.1 M seed-layer.
Inset shows the FESEM image
at high magnification

(x 700,000)

also high. The 4 h immersion offers a relatively high
aspect ratio and small c. So the 4 h immersion time is
suitable for narrow and longer NRs with respect to
high aspect ratio and low .

Based on the above results, ZnO NRs sample 0.1 M
seed/NRs/4 h, i.e., 0.1 M precursors for seed-layer as
well as NRs with 4 h immersion time has been
selected for further study. The chosen sample is
annealed at 400°C for 2 h.

3.2 Structural, morphological and other
properties of the chosen seed-layer
(0.1 M) and as-grown NRs (0.1 M seed/
NRs/4 h); and annealed NRs (0.1 M
seed/NRs/4 h)

In this section, structural, morphological, and other
properties of the 0.1 M seed-layer, the chosen as-
grown NRs (0.1 M seed/NRs/4 h), and thereafter
annealed NRs are presented. The results are as
follows.

3.2.1 Structural analysis

The XRD pattern of the chosen sample after anneal-
ing is shown in Fig. 5. The XRD patterns of the
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corresponding seed-layer and as-grown NRs are also
reproduced here, from Fig. 1, for purpose of quick
comparison. The as-grown and annealed NR samples
show a sharp narrow peak along (002) centered at
34.24° and 34.30°, respectively, and the peaks along
(100) and (101) are negligibly small as compared to
that along (002).

In annealed NRs, these peaks are still smaller. The
highly intense peak along (002) plane is indicating
single-crystalline nature as well as the preferential
growth of NRs along the c-axis, i.e., perpendicular to
the substrate. The FWHM value is least for the (002)
peak, Table 2. FWHM of all the peaks for as-grown
NRs is lesser than those for seed-layer and decreases
further after annealing the NRs. The noticeable
decrease in the value of FWHM along the c-axis for
annealed NRs indicates that annealing improves the
crystalline quality of the nanorods. Narrowing of
XRD peaks after annealing has been reported earlier
also [4, 43]. Crystallite size along (002) plane increases
monotonically after each step of synthesis and lies
between 7 and 52 nm for seed-layer, as-grown, and
annealed NRs, Table 2. Annealing induces coales-
cence of small grains by grain boundary diffusion
[44] leading to the formation of larger crystallites.
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Fig. 3 Top views (a—d) and a
corresponding cross-sectional
view of ZnO NRs grown on
seed-layers of different
molarities (e—h). The inset
shows the histogram
corresponding to the NRs
diameter with standard
deviation

0.6M seed/NRs/4hrs

The dislocation density & calculated using Wil-
liamson and Smallman’s Equation [42]

5= 2)

tps?
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o C e

RS/4hrs ™ 12000 sex Comm

)

- /‘ LY
0.4\1 seed/NRs/4hrs

is seen to reduce fast from 295 x 10" to 3.74 x 10"
as the synthesis proceeds from seed-layer to as-
grown NRs and then to annealed NRs.

The lattice constants ‘a’ and ‘c’ are determined
using the equation given below [42]
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Fig. 4 Top views (a—c) and a
cross-sectional view (d—f) of
ZnO NRs grown on 0.1 M
seed-layer by varying the
immersion time as 1, 2, and

6 h. The inset shows the
histogram corresponding to the
diameter of NRs with standard
deviation

2 1 2
dy, 3 c

1 4[W®+hk+K] P
T_’__

along with Bragg’s law. The lattice constant ‘a’ is
found to be 3.260, 3.274 and 3.264 A, and lattice
constant ‘¢’ is found to be 5.206, 5.236, and 5.227 A for
seed-layer as-grown NRs and annealed NRs,
respectively. The lattice constants shrink after
annealing but are larger for both the NRs than those
for seed-layer as well as bulk ZnO for which
a=3249 A & c =5205 A.

The strain €7 along the c-axis is determined by the
equation

& = (c%oco) (4)
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where c is the lattice constant of the films calculated
above and ¢y (= 5.205 A) is the strain-free lattice
constant for the ZnO powder and the biaxial film
stress (— 453.6 x 10%,) is proportional to c-axis strain
[45]. All the samples have positive strain, i.e., tensile
strain [46]. The strain and stress are less in seed-layer
and high in as-grown NRs because of the growth of
nanostructures, i.e., nanorods. The amount of strain
and subsequently stress decreases after annealing the
NRs which can be attributed to larger crystallite size
leading to improvement in the crystalline quality of
NRs as can also be seen by a higher intensity of the
XRD peak, Table 2.
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Fig. 5 XRD patterns of the seed-layer, as-grown, and annealed
NRs for the sample named 0.1 M seed/NRs/4 h

3.2.2  Surface morphology

The FESEM images shown in Fig. 6a, ¢, and e reveal
the surface morphology i) of the ZnO seed-layer on a
glass substrate, ii) of ZnO NRs on the seed-layer, and
iii) that of ZnO NRs after annealing, respectively.
Also, the magnified images of the top view of ZnO
NRs before and after annealing are shown in Fig. 6d
and f, respectively. Figure 6b, g, and h shows the
cross-sectional FESEM images of the seed-layer, as-

grown, and annealed ZnO NRs, respectively.
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Figure 6a—c and g has been reproduced from the
figures in Sect. 3.1. The seed-layer shows uniformly
distributed nano-sized grains.

At some places, grains have joined resulting in
larger ones. The seed-layer thickness is estimated to
be ~ 545 nm from the cross-sectional view. Inset of
Figs. 6¢c and e shows the histogram of the diameter-
distribution of as-grown and annealed NRs and the
standard deviation . Inset of Fig. 6d shows the top
view of one of the nanorods with perfect hexagonal
structure. Vertically aligned hexagonal-shaped NRs
with flat-top facets and high areal density are
observed on the entire surface of the seed-layer
having a mean diameter of 197.34 nm with a stan-
dard deviation of 58.92 as per the histogram for as-
grown NRs. The sharpness of these hexagonal-
shaped NRs improves with shrinkage of diameter
after annealing as shown in Figs. 6e and f. The
diameter of the NRs reduces by 39% and their areal
density increases. The FESEM image of the top facet
of NRs shows some arc-like marks which turns into a
spiralling structure after annealing (compare Fig. 6d
and f).

The cross-sectional FESEM image of as-grown NRs
shows that they are well aligned vertically on the
seed-layered substrate. The cross-sectional FESEM
image of as-grown NRs shows that they are well

Table 2 The FWHM, intensity, crystallite size, dislocation density, lattice constants, strain, and stress for the seed-layer, as-grown, and

annealed NR samples

S. No Sample Seed-layer As-grown NRs NRs annealed at 400 °C

1 FWHM (degree) (100) 1.42 0.238 0.195
(002) 1.14 0.171 0.161
(101) 1.35 0.266 0.251

2 Intensity (100) 753 1208 1003
(002) 490 35,835 37,890
(101) 695 2030 1541

3 Crystallite size (nm) (100) 5.81 34.68 42.40
(002) 7.29 48.59 51.73
(101) 6.18 31.38 33.27

4 Dislocation densityd (10'*lines/m?) (100) 295 8.31 5.56
(002) 185 4.24 3.74
(101) 261 10.16 9.03

5 Lattice constant a(A) 3.260 3.274 3.264
c (A) 5.206 5.236 5.227
c/a 1.597 1.599 1.601

6 Strain (g7 x 107%) 0.298 5.96 4.26

7 Stress (x 10° Pa) —0.135 —2.70 - 1.93
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Fig. 6 Top & cross-sectional
view of seed-layer (a, b), as-
grown NRs (c and g) and
annealed NRs (e and h) of the
sample parameters ‘0.1 M
seed/NRs/4 h’. (d) and

(f) shows a high magnification
view, at x 50,000, of as-
grown and annealed NRs.
Inset of both Figs. 6¢c and e
shows the histogram of the
diameter-distribution of NRs
and the standard deviation.
Inset of Fig. 6d shows the top
view of one of the nanorods
with perfect hexagonal
structure
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aligned vertically on the seed-layered substrate.
Annealing disturbs this vertical alignment which
may be attributed to the shrinkage of the NRs or the
shrinkage of seed grains. The length of the as-grown
NRs reduces after annealing from 1.6-1.7 to
0.65-0.70 pm. The morphology of NRs changes

@ Springer

apparently with the annealing as the aspect ratio is
found to decrease from 8.11 to 5.41. Such an effect of
annealing on ZnO nanorods in powder form, i.e., not
on any substrate and not vertical, grown by
hydrothermal treatment has been reported by Zhang
et al. [37].
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The reduction in seed-layer thickness after the
growth of NRs, Fig. 6g, confirms that the grains of the
seed-layer provide a foundation for NRs to grow
vertically in a well-aligned manner. Seed-layer used
for growing NRs in different growth conditions has
also been reported [9, 47]. ZnO NRs reported using
different growth methods for seed-layers as well are
summarized here in Table 3 for ready reference.

3.2.3 Optical studies and optical band gap

The transmittance T (Fig. 7a) and absorbance A
(Fig. 7b) of the seed-layer, as-grown, and annealed
NRs are recorded in the wavelength range
350-900 nm and are shown here. All the samples
have transparency of less than 70% and show cut off
below 400 nm. The seed-layer sample is more trans-
parent, and its transparency decreases after the
growth of ZnO NRs as a result of the change in the
morphology of the film. The formation of highly
c-axis-oriented ZnO NRs reduces the light transmis-
sion due to (i) increased thickness of the sample
which includes the length of the NRs as well as (ii)
light scattering due to array of NRs. The decrease in
transmittance after the growth of ZnO NRs has been
also reported previously [17, 19]. The annealing of the
NRs improves the sample transparency slightly,
which may be due to shrinkage in length as well as
the diameter of ZnO NRs after annealing, as observed
in the FESEM image mentioned in the preceding
section. But the transparency is still much less than
that for the seed-layer.

The absorption spectra of the three samples show
high absorbance in the UV region (below 400 nm)
and low absorbance in the visible region of the
spectrum. The seed-layer sample shows the least
absorbance, and as-grown NRs show the highest
absorption in conformation to the transmission
spectra. The absorption edges are around 390 nm,
392 nm and 396 nm for the seed-layer, as-grown, and
annealed NRs, respectively. This monotonic red shift
in the absorption may due to a monotonic increase in
crystallite size from ~ 7 to ~ 52 nm presented in
Table 2.

The optical band gap values are obtained by plot-
ting (o¢hv)® versus hv graph, Tauc’s plot, shown in the
inset of Fig. 7b. Here, o is the absorption coefficient
and hv is the energy of photon incident on the sam-
ple. The optical band gap values are obtained by
extrapolating the linear portion of the curve to
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intercept the energy axis. The band gap values are
estimated to be 3.22, 3.21, and 3.18 eV for the seed-
layer, as-grown and annealed NRs, respectively, and
are found less as compared to that of bulk ZnO which
is 3.37 eV. The band gap values of as-grown and
annealed ZnO NRs decrease relative to that of the
seed-layer by 10 meV and 40 meV, respectively.
Hence, the band gap value of bulk ZnO can be tuned
up to 190 meV by the growth of NRs as well as
annealing of NRs. The band gap value decreases by
30 meV after annealing as compared to that for as-
grown NRs, which may be due to increased crystal-
lite size as found by XRD.

3.2.4 Photoluminescence

The PL emission spectra of all the prepared samples
are recorded with an excitation wavelength of
325 nm and are shown in Fig. 8. The PL spectra
exhibit UV emission at 397 nm (3.123 eV) for seed-
layer and 404 nm (3.069 eV) for as-grown NRs as well
as annealed NRs. In the visible region, the seed-layer
exhibits two sharp peaks centered at 450 and 486 nm
with a shoulder at 522 nm while as-grown and
annealed samples show three sharp emission peaks
centered at 450, 486, and 527 nm with a shoulder at
579 nm.

The near band edge (NBE)-related UV emission
peak at 397 nm for the seed-layer has larger intensity
than that of defect-related peaks in the visible region.
The NBE emission originates from the radiative
recombination of the free exciton-exciton collision
process in ZnO [53] and shows a red shift of 54 meV
after the growth of NRs. This red shift remains
unaffected by annealing. The red shift of the NBE
emission may be due to the interaction of the adsor-
bed oxygen atoms with neutral acceptors or due to
tensile strain on the VBM [43].

Regarding visible emission, annealing results in a
reduction in the intensity of the peaks at 486 nm and
527 nm. The blue emission peak at 450 nm and blue-
green emission peak at 486 nm corresponding to the
seed-layer show no shift, but shoulder in the green
region at 522 nm reinvents into a sharp peak at
527 nm after the growth of NRs. The annealing of
NRs although quenches the green emission partially
but does not affect the peak position.

Earlier, red shifts in UV emission of ~ 30 and ~

44 meV have been reported [43] due to annealing in
air and oxygen, respectively, for hydrothermally
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Table 3 Earlier reported ZnO NRs on seed-layer-coated substrates, in the literature

Substrate ZnO Seed-layer deposition method ZnO NRs growth method Length (um) Diameter (nm) Ref
FTO Spin coating solution-growth 0.6 60 [9]
p-type Si RF sputtering CBD 1.22 61.27 [10]
Glass Sol—gel spin coating CBD 0.3-2.0 30-120 [11]
Si (100) RF sputtering Thermal evaporation 5.5 1500 [12]
PLD 2-4 80-250

Quartz RF sputtering Hydrothermal - 75-210 [13]
Glass Sol—gel spin coating Hydrothermal 0.24-1.2 57-230 [14]
Glass Sol—gel spin coating Hydrothermal 0.18-0.35 - [15]
ITO Sol-gel spin coating Liquid Phase Epitaxy 1.0 40 [20]
ITO Sol—gel spin coating Solvothermal - 106-336 [21]
ITO Sol—gel spin coating CBD - 120-390 [22]
ITO Sol-gel spin coating Hydrothermal 2.9 66 [23]
Si (100) PLD Vapor-liquid-solid (VLS) 1.2 100450 [24]
Si Sol—gel spin coating CBD 1.0 150 [25]
Si Magnetron sputtering Hydrothermal - 96 [26]
Si (100) Sol—gel spin coating Aqueous-solution method - 50-470 [27]
n-type Si(100) ECR-PLD Solution-based method 1.2-2.2 150-219 [48]
p-type Si (100) Sol—gel spin coating Hydrothermal - 20-50 [49]
p-type Si Sol—gel spin coating Hydrothermal 0.45-1.2 80-120 [50]
Soda-lime glass Sol—gel spin coating Hydrothermal - 80-114 [51]
Nylon RF sputtering Hydrothermal 0.95 90 [52]
Fig. 7 .Transmlttance (a) and :3‘ - seed-layer —~4.0 = seed-layer
absorption (b) spectra of the i 80 — as-grown NRs . 535 = as-grown NRs
ZnO-seed-layer and NR ~— |— NRsannealed at400 C LY — NRs annealed at 400°C.
samples. Inset shows the Tauc 8 604 ® 5] :
plot % g )

= 40 © 2.0

- L 1.5

EZO o 1.0 312 318 3.24 3.30

2491 @ ] hv (eV)

© £ 0.5

P11 et — Lol e

400 500 600 700 800 900 400 500 600 700 800 900
a Wavelength(nm) Wavelength (nm)

grown ZnO nanorods on the ZnO seed-layer depos-
ited on a quartz substrate using RF magnetron
sputtering. Other researchers have reported UV
emissions at 400 nm from Al-doped ZnO nanodisks
and nanorod clusters in powder form [54], at 405 nm
from ZnO/graphene hybrids on Si substrate [55],
and ~ 410 nm from Li-doped ZnO NRs on ITO-
coated substrate [56].

The origin of visible emission is attributed to the
intrinsic defects such as oxygen vacancy (Vp), zinc
vacancy (Vz,), oxygen interstitial (Oy), zinc interstitial
(Zny), oxygen anti-site (Oz,), and zinc anti-site (Zne)
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theoretically explained by Zhang et al. [57], Xu et al.
[58], Janotti et al. [59] and Erhart et al. [60]. The donor
(Zny, Vo, Zne) and acceptor (Vzy, O;, Oz,) can exist in
a neutral state or charged state, and their positions
within the bandgap of ZnO have been reported in the
literature by different groups [57-68]. These donor/
acceptor energy levels within the band gap can gen-
erate a range of transitions with different energies
which can be observed experimentally as PL emis-
sion from ZnO-based samples in UV or visible region
of the electromagnetic spectrum. Refs. 61, 62, 63
report the position of the Zn; level at 0.22 eV below
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Fig. 8 Photoluminescence spectra of ZnO seed-layer, as-grown
and annealed ZnO NRs

the conduction band minima (CBM) where the CBM
is at 3.37 eV above the valence band maxima (VBM).
Some authors have reported Zn; to be 2.9 eV above
VBM [58, 64-66]. Broadly speaking, there are multi-
ple states of Zn; which are located between 2.7 and
3.0 eV [67]. The position of Vg levels with their three
charge states (VQ,VS, and V(") is not clear. The

VY, ViandV{" states are estimated to be located ~
0.6 eV [57, 60, 68], ~ 1.0 eV [63, 65, 67, 68], and ~
2.0 eV [67, 68] below the CBM, respectively. The zinc
antisites (Znp) owing to their very high formation
energies are quite improbable [59]. The Vz, level is
located at 0.3 eV above the VBM [58, 60-66]. The O;
levels may be located anywhere between 0.4 eV
[58, 60, 62-65] and 1.09 eV [63] above the VBM. The
Oz, levels are located at 1.0 eV and 1.5 eV above the
VBM [58, 61, 62, 64]. Based on these mentioned
energy levels, the possible PL emissions from ZnO-
based samples are represented schematically in Fig. 9
in colors corresponding to their emission energy.
Also, these transitions are summarized in Table 4.

Based on this, the visible-emissions occurring in
our experiment are correlated as: (i) the blue emission
at 450 nm (2.76 eV) is due to the transition Zn;— VB
(2.7-3.0 V), (ii) the blue-green emission at 486 nm
(2.55 eV) is due to the transition Zn; — Vz, (2.4-
2.7 eV), (iii) the green emission at 527 nm (2.35 eV) is
caused by the transition V§— VB (2.40 eV) and (iv)
the yellow shoulder emission at 579 nm (2.14 eV) is
related to the transition V§—Vz,(2.10 eV).

The reduction in NBE emission for as-grown and
annealed NRs can be attributed to the increment in
surface-related defects. The growth of vertically
aligned NRs offers a higher surface-to-volume ratio
and thereby facilitates a larger number of oxygen
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vacancies, as they are more likely to form on the
surface, which results in the increased green emis-
sion. The PL intensity of green emission, for annealed
NRs, gets quenched up to large extent and can be
associated with a reduction in the concentration of
oxygen vacancies due to annealing in air. Successive
reductions in green emission after annealing in air
and in oxygen have been reported earlier [43].

3.2.5  Photoconductivity studies

3.2.5.1 I-V characteristics The I-V characteristics for
the three samples in question, in dark and under UV
illumination, plotted on a log-log scale, are shown in
Fig. 10 for a voltage application between 0 and 30 V.
The variations of dark current I4., Fig. 10a and the
photocurrent I,., Fig. 10b with applied voltage for
seed-layer, as-grown and annealed NRs follow the
power-law relationship, I o V*, where r is the slope of
individual straight portion segments. » <1 shows
sub-linear, r = 1 shows linear, i.e., ohmic behavior
and r > 1 shows super-linear behavior of current
with voltage [69, 70].

The dark current, as well as photo-current varia-
tion with voltage for the seed-layer, changes its nat-
ure at the point V =7 V on log scale below which
shows sublinear behavior. Above 7 V, the variation is
superlinear. For as-grown NRs, the dark and pho-
tocurrents both follow close to linear variation with
r = 1.05 and 1.02, respectively. For annealed NRs, the
dark current variation with the voltage shows linear
behavior with r =1.00, and photocurrent shows
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Fig. 9 Schematic of the radiative transitions possible in ZnO-
based samples estimated on the basis of energy levels suggested
by various authors referred here. The colors correspond to the
emission line
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Table 4 The radiative transitions possible in ZnO-based samples

PL emission Possible transitions

UV (350 nm—400 nm)

Violet (400 nm—450 nm)
Blue (450 nm—475 nm)
Blue-green (475 nm—495 nm)
Green (495 nm—570 nm)

Near band-edge (NBE)

7Zn;—VB; CB - 0O;; CB — Vz,

VQ—VB; Zn;—VB; Zn;—Vz,

ZIn;—0j; or Zn;—>Vy,

CB—-0j or CB— Og, or V%—>Oi or V?) —>Vzn or Zn; — O; or Zn; —» Vg, or Vg—»VB

Yellow (570 nm—590 nm)
Orange (590 nm—620 nm)
Red (620 nm—700 nm)

V(-; —Vza
CB —» V$+

CB — Oz, or Zn; — Og, or Zn; — O or V{—O0;

super linear behavior with r =1.23, Fig. 10 and
Table 5.

The sub-linear behavior indicates the flow of trap-
limited current, whereas the super-linear behavior
relates to the flow of space-charge-limited current
(SCLQO) inside the material. The SCLC results when
excess carriers are injected from one of the electrodes
[70-72]. The adsorption and desorption of chemi-
sorbed oxygen molecules on the sample surface
modify the SCLC. Such modification is strong when
the surface to volume ratio is high as in the present
structures, i.e., nanorods. The concentration of injec-
ted-free-carriers can exceed that of free-carriers in the
sample as chemisorptions of oxygen depletes free
electrons thereby enhancing SCLC. The injected
electrons can be taken up by physisorbed oxygen
molecules to get chemisorbed. Besides this, traps
existing in the sample also modify the SCLC because
of which r can rise beyond a value of 2 which is not
happening here.

3.2.5.2 Photoresponse The photoresponse of the
samples can be studied in terms of the time-resolved
rise and decay photocurrent spectrum of the samples

Fig. 10 Variation of a dark Q

as shown in Fig. 11. The measurement is performed
using 365 nm UV light for illumination of the sam-
ples at a bias voltage of 5V for 5 min OFF, 30 min
ON, and again for OFF condition. Under OFF con-
dition, very small dark current appears in case of
seed-layer which is many times larger for as-grown
NRs. Upon exposure to UV light, the photocurrent
rapidly increases for initial five minutes after which it
becomes saturated and remains as such as long as the
UV illumination is ON. There is no decay of pho-
tocurrent under UV illumination for all the samples.
As UV illumination is turned off, the photocurrent
from the seed-layer falls rapidly, then decreases
slowly with time and finally becomes constant at a
value little higher than the initial dark current, in
several minutes, Fig. 11a. For NRs—as-grown and
annealed—the photocurrent follows very slow decay.
It falls only about 7% for as-grown and 30% for
annealed NRs after 30 min of UV termination,
Fig. 11b.

The dark and photocurrent values for seed-layer,
as-grown, and annealed NRs are represented in
Table 5. For the seed-layer, the magnitude of the dark
current is 0.008 pA. It is 0.620 pA for as-grown NRs
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Table 5 Slopes for the variation of the dark- and photo-currents (I,
and I,,;) with variation in applied voltage corresponding to Fig. 10, the
maximum value of Iy and I in the time-resolved study, and rise time
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of the photocurrent for the seed-layer, as-grown and annealed NR
samples corresponding to Fig. 11

Sample Slopes for dark Slopes for Photo ~ Total current Maximum dark Maximum photo Rise time
current (Ig.) current (Ipc) (TIge + Lo) (nA) current Iy (LA) current Iy (LA) T, (sec)

Seed-layer rl =0.36 rl =0.80 3.76 0.008 3.752 56
2=1.11 2 =121

As-grown NRs 7= 1.05 r=1.02 4.84 0.620 4.220 78

NRs annealed r=1.00 r=123 4.55 0.021 4.529 161

at 400 °C

and 0.021 pA for annealed NRs. The value of pho-
tocurrent increases from 3.752 to 4.529 pA from seed-
layer to as-grown NRs to annealed NRs. Even though
I for annealed NRs is larger compared to that for as-
grown NRs, the total current (Ig. + Ic) comes out to
be lesser because of much reduced dark current.

The process of adsorption and desorption of oxy-
gen molecules on the surface of the ZnO NRs causes
the dark current as well as photocurrent. In the
adsorption process, the oxygen molecules of the
atmosphere close to the sample surface capture the
free electrons from the n-type ZnO and generate
oxygen ions which create a depletion layer near the
surface resulting in low conductivity in dark. In the
desorption process, the adsorbed oxygen ions trap
the photogenerated holes and produce oxygen
molecules which reduces the depletion layer result-
ing in a high photocurrent under UV illumination.
After terminating the UV illumination, the fast decay
is attributed to rapid change in the density of charge
carrier, and the slow decay is described by trapping
and de-trapping of charge carrier at trap states.

The enhancement in photocurrent after growth of
NRs on the seeded substrate is related to the higher
surface-to-volume ratio which provides a large sur-
face area to generate more electron-hole pairs, under
UV illumination, for oxygen desorption thereby
increasing the density of charge carriers. Further
enhancement in I,. after annealing in air, Table 5,
could be associated with the drop in oxygen vacan-
cies thereby reducing the trap centers for photogen-
erated carriers [73]. This can also be related to the PL
spectra where the observed reduction in the green
emission is the evidence of lessening of the oxygen
vacancies after annealing the NRs in air. Thus, the
reduction in oxygen vacancies reduces the trapping

of photogenerated electrons resulting in increased
photocurrent.

The rise time 1, during which photocurrent rises
from 20 to 80% of its peak value is estimated to be 56,
78, and 161 s for seed-layer, as-grown, and annealed
NRs, respectively. The decay portion of the photo-
response curve, Fig. 11a, for the seed-layer is quite
sharp and well fitted with bi-exponential equation
I =1o + Liexp(—t/t4;) + Lexp(—t/1y,). The two relax-
ation time constants t4; and 14, are estimated to be
64 s and 549 s, respectively.

The decay of I, for as-grown and annealed NRs is
very slow as well as very small even after 7 h of
cessation of UV. It is shown for duration of more than
seven hours in Fig. 12 which also includes the infor-
mation of Fig. 11b. This phenomenon of slow decay
over a long time, i.e., over several hours to several
days after terminating the UV illumination is termed
as persistent photoconductivity (PPC). PPC is much
large for as-grown NRs as compared to that for
annealed ones. Bao et al. [74] investigated the per-
sistent photoconductivity in ZnO nanowires in air
and vacuum conditions and found that the PPC is
much larger in a vacuum than in air.

The mechanism of PPC is associated with oxygen
vacancies (Vo) with three charge states—Vo, Vo' and
Vo' ™. The Vo is a stable neutral state; singly ionized
(Vo') and doubly ionized (Vo*™*) vacancies are
metastable charged states [75, 76]. The different lat-
tice relaxation involved with the charged states cau-
ses an energy barrier which prevents the immediate
change of metastable state into the stable neutral
state. Eventual decay of the singly ionized state into
the neutral state requires a long time interval but
does not require ambient oxygen [76]. These
metastable states act as trap states and play a crucial
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Fig. 11 Photoresponse, i.c., —~a 7 5
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role in the generation and recombination of the Vi +2e — Vo (7a)
hoto-generated electron.
photo-g VT e oV (70)

Under the UV illumination, plenty of photo-gen-
erated electrons can be excited in the conduction
band according to the following equations:

(1) direct band-to-band transition:
ZnO+hv —e +h' (5)

(ii) photo-ionization of oxygen vacancies into its
metastable states, as shown in Fig. 13a:

Vo +hv — V§ +e or VT +2e”
Vi +hy — Vit +e”

(iii) indirect band-to-band transition involves two

steps:

(a) trapping of photoexcited electrons in

metastable states:

(3]

i ol =

Photocurrent (pA)

= as-grown NRs
= NRs annealed at 400°C
373 4 5 6 7
Time (hour)

o
5

Fig. 12 The behavior of the persistent photoconductivity in as-
grown and annealed NRs for 7 h of UV termination
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V(+)+ei*>Vo

(b) photo-generation of electrons according to
egs. 6a & 6b

As the UV illumination is terminated, the photo-
generated electrons present in the conduction band
recombine with photo-generated holes in the valence
band through direct band-to-band recombination
and/or indirect recombination involving two steps
which are the trapping of electrons from the con-
duction band in the metastable states according to
Egs. 7a, b and c, as shown in Fig. 13b and de-trapping
of electrons from the metastable states for recombi-
nation as shown in Fig. 13c.

After cessation of the UV illumination, the trapping
of photo-generated electrons from the conduction
band reduces their number thereby reducing the
oxygen re-adsorption process thereby preventing the
widening of the depletion region, finally resulting in
the transportation of photo-generated electrons
which contribute to PPC. The large decay time is
attributed to indirect recombination through trap-
ping/de-trapping of electrons. The trapping of an
electron from the conduction band in a
metastable state significantly reduces the recombi-
nation rate and annihilates the direct recombination.

The trapped electrons are released back which
slowly recombines with the hole, increasing the
recombination lifetime and thereby giving rise to
PPC. As the green emission is related to the oxygen
vacancies our PL results strongly support this oxygen
vacancy mechanism of PPC. When the UV
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Fig. 13 Proposed mechanism
of long decay time regarding
ZnO NRs: a photoionization
of oxygen vacancies V, during
UV illumination, b trapping of
an electron by ionized V, after
terminating UV illumination
and ¢ indirect recombination

of electron—hole via trap-states

h+ h*

illumination is terminated, the oxygen vacancy defi-
cient seed-layer exhibits rapid decay of photocurrent,
i.e., no PPC while the as-grown and annealed NRs
with the presence of large oxygen vacancies exhibit
very slow decay of photocurrent, i.e., PPC. After 7 h
of UV termination, the photocurrent falls only about
25% for as-grown and 72% for annealed NRs. The
reduction in PPC of annealed NRs is due to the
reduction in oxygen vacancies after annealing in air.
Reyes et al. [77] reported the reduction in PPC by
reducing oxygen vacancies through plasma treatment
of the ZnO channels. Wang et al. [78] investigated the
optical modulation of the ZnO NWs device and
found IR radiation significantly shortened the decay
time of the PPC.

4 Conclusion

Appropriate seed-layer of ZnO thin film with nano-
sized grains has been deposited by spin coating on a
glass substrate for the growth of NRs. On the seed-
layer, highly c-axis-oriented vertically aligned
hexagonal ZnO NRs with flat-top facets are grown by
a low temperature sonicated-sol-gel-immersion
method. The diameter and length of the NRs shrink
after annealing. The band gap value decreases
monotonically from the seed-layer to as-grown to
annealed NRs and can be tuned by 190 meV as
compared to bulk ZnO. The green emission from NRs
quenches after air annealing which has been attrib-
uted to reduced oxygen vacancies. The ZnO NRs

exhibit persistent photoconductivity (PPC) with very
slow decay due to the abundance of oxygen vacancies
which act as a trap states for charge carrier to reduce
the recombination rate. After seven hours of UV
termination, the photocurrent falls only about 25%
for as-grown and 72% for annealed NRs. After
annealing the NRs, reduction in the oxygen vacancies
partially suppresses the PPC. The observed persistent
photoconductivity in grown ZnO NRs has a potential
application in radiation detectors.
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