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We report on the growth of ZnO nanostructures on n-type silicon substrate using pulsed laser deposition technique at substrate
temperature ranging from room temperature to 600∘C for one hour. We observe both rod- and wire-like structures with different
dimensions at room temperature, 150∘C, and 450∘C substrate temperatures and only wire-like structures at 300∘C and 600∘C.
These combinations of different shapes have been attributed to the initial growth of nanostructures (nucleation sites) on the
surface obtained during the deposition for 20 minutes. The narrowing in the full-width-half-maximum of the peak corresponding
to (002) plane of XRD is looked upon as another possible explanation. The blue shift of the peak at 396 nm observed in
the photoluminescence is due to the quantum confinement. The intensity of 𝐸

2

(high) mode at 437 cm−1 increases indicating
improvement in crystallinity with the substrate temperature.

1. Introduction

Zinc oxide (ZnO) is one of thewide band gap semiconducting
materials, because of its band gap of 3.37 eV at room tem-
perature (RT), large exciton binding energy of about 60meV,
and distinguished surface effect (with up to 1.53 eV band
bending) [1–3] it has attracted intensive research efforts for
its versatile applications such as memory [4], transistors [5],
light emission [6], gas sensing [7], antireflection [8], and
UV photodetection [8, 9]. Despite some disadvantages like
limited uniformity of films and growth of particulates, pulsed
laser deposition (PLD) is a versatile technique for thin film
deposition. ZnO nanostructures have been deposited on sap-
phire, silicon (Si), and glass substrates [10–13]. Several types
of ZnO nanostructures including nanowires and nanorods,
nanoparticles assisted nanowires have been reported by
hydrothermal growth and pulsed laser deposition [14, 15].

ZnO has been grown in various shapes like nanorods,
nanowires, nanobelts, and so forth, [16] under experimental
conditions which have been conducive in the growth of only

one specific kind of shape or structure, say, only nanorods
or only nanowires. In this paper, we report on the growth
of ZnO nanostructures that appear either as a combination
of nanorods and nanowires or nanowires or nanorods alone.
These structures have been grown using PLD technique on
n-type silicon (Si) substrate at substrate temperature ranging
from room temperature (RT) to 600∘C. Both rod-like and
a few wire-like structures have been observed at RT; both
rod- and wire-like structures with different dimensions have
been observed at 150∘C and 450∘C substrate temperature; and
only wire-like structures have been observed at 300∘C and
600∘C. The structural and optical characterization of these
nanostructures has been carried out using X-ray diffraction
(XRD), field-emission scanning electron microscopy (FE-
SEM), photoluminescence (PL) and Raman spectroscopy,
respectively. The formation of only nanorods/wires or both
the nanorods and nanowires was explained in terms of
the surface morphology of nanoparticles grown for reduced
deposition time (20 minutes).
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Figure 1: XRD spectra of ZnO thin films.

2. Material and Methods

ZnO targets were prepared using polyvinyl alcohol as a
binder. The targets were pressed at 3 ton and sintered at
1000∘C for 5 hours. The Q-switched Nd:YAG laser (Quanta
laser, HYL-101) operated at a wavelength of 532 nm; pulse
width (10 ns) with repetition rate of 10Hz was focused on the
surface of the ZnO target.The target was rotated continuously
so that energy laser pulse falls on its fresh surface. The ZnO
films were deposited on n-type silicon (Si) substrate at a
base pressure of 10−5mbar. The target-substrate distance was
fixed at 4 cm. The deposition time was 20 and 60 minutes.
The laser fluence was maintained at around 12 J/cm2 during
deposition. Oxygen (O

2
) gas was used as the ambient gas.The

films on Si(100) substratewere deposited at different substrate
temperatures—RT (23∘C), 150∘C, 300∘C, 450∘C, and 600∘C
maintained at 0.1mbar in the vacuum chamber.

We had deposited ZnO nanostructures for 20 minutes in
order to understand only the growth mechanism of either
only nanorods/wires or both nanorods and nanowires at the
same deposition condition for 60 minutes growth.

3. Results and Discussions

3.1. XRD Analysis. XRD (seifert 3003-TT XRD) spectra of
the nanostructures were recorded by using a CuK𝛼1 source
at a wavelength of 1.5406 Å. Figure 1 shows the XRD of the
films deposited onn-type Si substrate at temperatures ranging
from RT to 600∘C with deposition time of 1 hour. Various
peaks are identified within the literature [17]. The intensity
of (002) peak corresponding to 34.4∘ angle is relatively high
compared to other peaks and indicates that the nanostruc-
tures have the hexagonal (wurtzite) structure [18]. The lattice
parameters of bulk ZnO and ZnO nanostructures grown at
300∘C substrate temperature for (002) plane calculated from
XRD data are 𝑎 = 3.184 Å, 𝑐 = 5.199 Å and 𝑎 = 3.192 Å,
𝑐 = 5.212 Å, respectively.

The difference in the lattice parameters in bulk ZnO
and ZnO nanostructures indicates an increase in the local
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Figure 2: Lattice spacing of the ZnO thin films.

strain around the lattice defects. This strain is compressive
between ZnO and Si [19]. The strain calculated for ZnO
nanostructures deposited at different substrate temperatures
using the relation [20]

𝑇 tan 𝜃 = 𝜆
𝐷 cos 𝜃

− 𝛽, (1)

where 𝑇 is the lattice strain, 2𝜃 is the location of the peak,
𝜆 is the X-ray radiation wavelength, D is the grain size, and
𝛽 is the full-width-half-maximum (FWHM) corresponding
to the peak, showed that the nanostructures have more
strain at RT (T = 3.76 × 10−3) and are reduced at higher
substrate temperatures (T = 2.33 × 10−3 at 600∘C). The
lattice spacing (d

002
) of bulk ZnO is 2.603 Å [21]. Figure 2

shows the variation of the lattice spacing (d
002

) with substrate
temperature and observes that d

002
at 300∘C and 450∘C is

close to the bulk ZnO value indicating the strains in the
nanostructures are low.

The nanostructures grown at 150∘C and 300∘C substrate
temperatures are strongly c-axis oriented than that deposited
at RT, 450∘C, and 600∘C. For the nanostructures deposited at
RT and 600∘C, the peak at 41.3∘ corresponds to zinc as shown
in Figure 3 [22]. The presence of Zn indicates the deficiency
of oxygen in the films. The fluence of the incident beam is
beyond the ablation threshold. Thus, the interaction of laser
with ZnO will also result in the production of Zn. Since there
is no surface mobility at RT on the substrate, we expect some
Zn on the film and hence its appearance in the XRD data. At
high temperature (600∘C), Znwill remain in themolten state.
At other temperatures molten Zn from the plasma plume will
readily combine with the surrounding oxygen to form ZnO.

The degree of crystal orientation is defined as 𝑃 =
𝐼(002)/∑ 𝐼(ℎ𝑘𝑙), where 𝐼(002) is the intensity of (002)
diffraction peak and ∑𝐼(ℎ𝑘𝑙) is the intensity of all diffrac-
tion peaks [23]. The variation of integrated intensity ratio
𝐼(002)/𝐼(101) and the FWHM of the (002) plane at 34.4∘
with the substrate temperature are shown in Figure 4. It
shows that this ratio increases from RT to 300∘C and then
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Table 1: Full-width-half-maximum (from XRD) and size distribution of nanowires and nanorods at various substrate temperatures.

Substrate temperature (∘C) FWHM (002) (degree) Nanowire diameter (nm) Nanorod diameter (nm)
RT (23) 0.61 65 165
150 0.422 60 560
300 0.373 120 —
450 0.423 80 420
600 0.374 78 —
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Figure 3: XRD spectra of ZnO thin films (from 2𝜃 = 40∘ to 45∘).

decreases gradually from 300∘C to 600∘C, indicating that the
nanostructures grown at 150∘Cand 300∘C, are highly oriented
along (002) direction and more so at 300∘C whereas no pre-
ferred orientation is observed for the nanostructures grown
at other substrate temperatures. The FWHM is narrower for
the nanostructures grown at 300∘C and 600∘C, whereas it is
broader at RT and in between 150∘C and 450∘C.The narrower
the FWHM the better the crystallinity. Other planes also
showed similar behavior in FWHM.

3.2. Surface Morphology. The FE-SEM (Sigma, Zeiss, Oberk-
ochen, Germany) images of the deposited nanostruc-
tures are shown in Figure 5. At RT, 150∘C, and 450∘C substrate
temperatures both the rod- and wire-like nanostructures
are observed, whereas at 300∘C and 600∘C only wire-
like structures are observed. There are very few belt-like
structures at RT. Such a distribution is attributed to the wide
distribution of the size of nanoparticles deposited on the
surface of the substrate that formed the nucleation sites for
further growth of nanowires/rods/belts as observed in our
recent work on the deposition of ZnO nanostructures for
20 minutes under the same experimental conditions, and
the surface morphology of these nanostructures is shown
in Figure 5. We observed the formation of diamond-like
structures on the surface apart from other particulates at
150∘C and 450∘C substrate temperatures; however, very
smooth surfaces with nanoparticles were observed at 300∘C
and 600∘C, respectively. The particles in the range of a few
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Figure 4: Variation of integrated Intensity ratio of (002) and (101)
XRD plane and FWHM of (002) plane of ZnO with substrate
temperature.

tens of nanometer will result in the growth of nanowires,
whereas those with larger size, a few hundreds of nanometers,
will result in the growth of nanorods. Very likely, a few of
the nucleation sites with smaller dimension will merge in a
way so as to favour the growth of nanobelts (as observed at
RT). Therefore, we believe that such surface morphologies
have resulted in the growth of combination of rod- and wire-
like or wire-like nanostructures. We have also attempted to
understand this growth by looking at the variation in FWHM
of the peaks corresponding to the planes (002), (101), and
(103) as shown in Figure 7.The contribution to both the wire-
and rod-like structures seems to be coming from the (101) and
(103) planes which shows broader FWHMat 150∘Cand 450∘C
as compared to that for onlywire-like structures inwhich case
it is narrower at 300∘C and 600∘C. Figures 8(a)–8(h) show
the distribution of the diameter of the grown nanowires/rods
at different substrate temperatures (summarized in Table 1).

3.3. Photoluminescence. The PL spectra (ThermoSpectronic,
AB2, monochromator xenon flash lamp) of ZnO nanos-
tructures at different substrate temperatures are shown in
Figure 9. The nanostructure deposited at RT has the near
band edge peak at 396 nm, at 150∘C and 450∘C it is at
397 nm, at 300∘C it is 389 nm, and at 600∘C it is at around
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Figure 5: FE-SEM images of ZnO thin films deposited for 20 minutes.
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Figure 6: FE-SEM images of ZnO thin films deposited for 60 minutes.

398 nm. The blue shift in the PL of nanorods and nanowires
has been attributed to the quantum confinement resulting
from the decrease in the diameter of these structures [24–
26]. In our case, we see that (Figure 6) the nanorods and
nanowires combination at 150∘C got converted to nanowires
at 300∘C, and accordingly the average size of the nanorods
and nanowires combination at 150∘C has reduced to around
120 nm at 300∘C (Table 1). Again, we see that the combination
of the nanorods and nanowires is observed in the FE-SEM

images at 450∘C and resulting in an increase in the average
size. For the nanostructures deposited only at 600∘C substrate
temperature, a small peak is observed at 377 nm. This is
due to the excitonic emission [11, 17, 27]. A small intense
peak at the blue-green region is also observed at 467 nm
for all nanostructures [28]. The 467 nm peak is related to
the defect levels. The nanostructures grown at 300∘C show a
lower intense blue-green peak than the nanostructures grown
at RT, 150∘C, 450∘C, and 600∘C indicating less defects for
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the nanostructures grown at 300∘C. Also, a broad peak
in the red region is observed at around 595–600 nm [29]
(Figure 10). It is clear that at substrate temperature of
450∘C this peak is more prominent than the nanostructures
deposited at other temperatures. This is due to the defect
related states such as oxygen vacancy and zinc interstitials
[28, 29]. The defects are minimum for the nanostructures
grown at 300∘C substrate temperature.

Figure 11 shows the variation of FWHM of UV-PL peak
and the ratio of UV to defect level emission (blue-green
emission) with substrate temperature and gives information
about the structural defects [12]. The low intensity of deep
level emission as compared to UV emission is the indication
of low structural defect [30]. It is clear that the UV to blue-
green PL ratio is maximum for the structures grown at 300∘C
indicating the low structural defect of the nanostructures.
Also, among the grown nanostructures, the FWHM is nar-
rowest at 300∘C, indicating that the optical properties of the
nanostructures are enhanced as we increase the substrate
temperature up to 300∘C, decrease by further increasing
substrate temperature, and have better crystallinity [17, 21, 31].

The Gaussian fitting of the PL spectra of all the nanos-
tructures is shown in the inset of Figure 9 at various substrate
temperatures. The lists of the Gaussian-fitted PL peaks are
given in Table 2.

3.4. Raman Analysis. The Raman spectra (Lab Ram HR-
800, Jobin Yvon) were recorded by using an Argon ion laser
operating at a wavelength of 488 nm. The frequencies of the
fundamental optical modes in bulk ZnO and ZnO nanos-
tructures are summarized in Table 3. Figure 12 shows the
Raman spectra of the grown nanostructures, where E

1
(TO),

E
2
(high), and 𝐴

1
(LO) modes are observed. The 𝐸

2
(high)

Table 2: PL peaks obtained after Gaussian fit of the data at various
substrate temperatures.

Substrate temperature (∘C) Location of PL peaks (nm)
RT (23) 392, 419,a 434, 458
150 397, 426,b 444, 467,d 484
300 389, 419,a 435, 467,d 489
450 395, 421,a 435, 456,c 602c

600 377, 402, 467d
aDue to interstitial oxygen [32], bdue to the interstitial Zn [32], cdue to
oxygen vacancies [28], dblue-green emission [27].

peak is weak in intensity for the nanostructure deposited
at RT, whereas the peak intensity increases continuously
beyondRT till 600∘C.Thepresence of𝐸

2
(high) peak confirms

the wurtzite structure of ZnO [32] and suggests that all
the nanostructures except the nanostructure grown at RT
are wurtzite in nature, and it improves as the substrate
temperature is increased. The 𝐸

2
(high) peak is at 438 cm−1

for all the nanostructures, and this value matches with the
𝐸
2
(high) peak of ZnO nanorods [17] as also evident from

the FE-SEM images. 𝐸
1
(TO) mode is prominent at low

temperatures, that is, at RT and 150∘C but with the increase in
substrate temperature, the intensity of this mode diminishes
and it vanishes at 600∘C substrate temperature. 𝐴

1
(LO)

mode, on the other hand, is prominent at high temperatures,
that is, at 450∘C and 600∘C, respectively. We attribute this
dominance to the combination of wire- and rod-like struc-
tures (as observed in the FE-SEM analysis) and perhapsmore
contribution from the nanorods (see Table 3). 𝐴

1
(LO) mode

appears only when the c-axis of wurtzite ZnO is parallel to
the sample surface [17]. The high intensity and narrowing of
the𝐸
2
(high) peak at 450∘C and 600∘C substrate temperatures

as compared to other peaks are due to the confinement
(from rods to wires). However, in the case of nanostructure
at 450∘C substrate temperature, the presence of diamond-
like structures might contribute to the enhancement of the
peak intensity. The broad peaks at 334 cm−1 and 665 cm−1
for bulk ZnO are the second- and fourth-order overtones
[33, 34], and they belong to the multiphonon process [35].
All ZnO nanostructures in the present work showed only one
component of the multiphonon emission peak at 667 cm−1.
The shifting in 𝐸

1
(TO) mode can be attributed to the stress

in the film in contact with the substrate [36] as discussed in
the XRD analysis. The Raman peak at 303 cm−1 is observed
due to the multiphonon feature of silicon [37, 38].

4. Conclusion

The XRD results showed the strong c-axis orientation and
the wurtzite nature of the ZnO nanostructures. Comparing
the XRD and PL results, it is shown that the nanostructures
grown at 300∘C are well crystalline and have less defects with
better optical properties. ZnO wire- and rod-like structures
were deposited on Si substrate at room temperature, 150∘C,
and 450∘C substrate temperatures, whereas only wire-like
structures were deposited at 300∘C and 600∘C.This growth is



6 Journal of Nanomaterials

0.02 0.04 0.06 0.08 0.10 0.12
0

1

2

3

4

5

6

7

N
um

be
r o

f c
ou

nt
s

Nanowire diameter 
= 0.065 𝜇m

Diameter (𝜇m)

RT (23∘C)

(a)

0.04 0.08 0.12 0.16 0.20 0.24 0.28
0

1

2

3

4

5

N
um

be
r o

f c
ou

nt
s

Nanorod diameter
= 0.165 𝜇m

Diameter (𝜇m)

RT (23∘C)

(b)

0.00 0.04 0.08 0.12 0.16
0

5

10

15

20

25

N
um

be
r o

f c
ou

nt
s

Nanowire diameter 

Diameter (𝜇m)

150∘C
= 0.06 𝜇m

(c)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0
2
4
6
8

10
12
14
16

N
um

be
r o

f c
ou

nt
s

Nanorod diameter

Diameter (𝜇m)

150∘C

= 0.56 𝜇m

(d)

0.00 0.05 0.10 0.15 0.20 0.25
0

5

10

15

20

25

30

35

N
um

be
r o

f c
ou

nt
s

Nanowire diameter 

Diameter (𝜇m)

300∘C

= 0.12 𝜇m

(e)

0.00 0.04 0.08 0.12 0.16 0.20
0

5

10

15

20

25

30

N
um

be
r o

f c
ou

nt
s

Nanowire diameter

Diameter (𝜇m)

450∘C

= 0.08 𝜇m

(f)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

1

2

3

4

5

6

7

N
um

be
r o

f c
ou

nt
s

Nanorod diameter 

Diameter (𝜇m)

450∘C

= 0.42 𝜇m

(g)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0

5

10

15

20

N
um

be
r o

f c
ou

nt
s

Nanowire diameter 

Diameter (𝜇m)

600∘C

= 0.078 𝜇m

(h)

Figure 8: Diameter of nanorods/wires distribution of ZnO thin films deposited on Si substrate at 0.1mbar O
2

pressure and at substrate
temperature of ((a), (b)) RT, ((c), (d)) 150∘C, (e) 300∘C, ((f), (g)) 450∘C, and (h) 600∘C.
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Figure 9: PL spectra of ZnO thin films in the range of 350–650 nm.
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Table 3: Raman peaks at various substrate temperatures.

𝐸
2

(low) Multiphonon 𝐴
1

(TO) 𝐸
1

(TO) 𝐸
2

(high) 𝐴
1

(LO) 𝐸
1

(LO)
Bulk ZnO 334 cm−1 , 665 cm−1 380 cm−1 409 cm−1 439 cm−1 584 cm−1

ZnO nanostructures [present work] 667 cm−1 404 cm−1 437 cm−1 576 cm−1

ZnO nanorods [32] 101 cm−1 380 cm−1 407 cm−1 437 cm−1 574 cm−1 583 cm−1
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Figure 10: PL spectra of ZnO thin films in the range of 550–650 nm.
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and FWHMofUV emissionwith substrate temperature of ZnO thin
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attributed to the wide range of size distribution of nanopar-
ticles that acts as the nucleation site for the further growth
indicating the importance of the deposition time in the initial
growth of these structures. Possibly higher FWHM of (101)
and (103) planes indicate that the growth of rod- and wire-
like structures is favoured, whereas low FWHM indicates that
growth of only wire-like structures is favoured.
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Figure 12: Raman spectra of ZnO thin films.
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