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In this paper, the eect of substrate temperature on the electrical, structural, morphological and optical
properties of nanostructured polycrystalline zinc oxide thin lms were investigated by the Hall measurement, Xray diraction, scanning electron microscopy and UV-visible spectrophotometer, respectively. Then these modied
thin lms were deposited on two kinds of single crystal and polycrystalline of n- and p-type Si in three dierent
substrate temperatures of 300, 400 and 500 C by low cost atmospheric pressure chemical vapor deposition method.
Like the samples grown on the glass substrate, with increase of the temperature in samples grown on single crystal
Si, preferred orientation changes from (100) to (002), while in samples deposited on poly crystalline Si, preferred
orientation remains (100).
DOI: 10.12693/APhysPolA.128.367
PACS: 73.90.+f
◦

Morphological and structural properties of ZnO thin

1. Introduction

ZnO is an

n-type

IIVI group compound with a

wurtzite structure. ZnO lms have been widely studied
owing to their usefulness in electronic or optoelectronic
applications, gas sensors, solar cell windows, and surface
acoustic-wave devices [14].
Based on many reviewed articles from 1985 up to now,
there are many articles in which they investigated doped
ZnO in order to obtain the best TCO layers for solar cell
applications [512]. The best resistivity was reported in
the range of

−5

10

Ω

−3

3.4 × 10

Ω

cm for ZnO:Al [7] to about

cm for ZnO:In [5], while the transparency of the

layers changed in the range 8090%. Although these results are praiseworthy, there are few articles about pure
ZnO and the eect of substrate temperature on electrical,
optical, structural and morphological properties simultaneously with low cost atmospheric pressure chemical
vapor deposition (APCVD) method.
For example, in 1999, Haga et al. produced conductive
transparent ZnO lms with the best resistivity of about

−2

10

Ω cm and the transparency of about 80% [13].

They

studied the eect of ozone generation rate on electrical
properties of ZnO layers. In 2000, Takahashi et al. studied the eect of substrate temperature on growth rate
of ZnO lms with the precursors of ZnCl2 and O2 [14].
Their research was devoted to structural properties and
FWHM changes with O2 and ZnCl2 pressure. In 2002, Fu
et al. investigated the structure and photoluminescence
(PL) at room temperature of ZnO lms deposited on Si
(111) substrates by metal-organic chemical vapor deposition (MOCVD) using diethylzinc (DEZ) and CO [15].
It was found that these properties strongly depend on
growth temperature and pressure.

lms were studied by Hong et al.

in 2003 [16].

They

used single source chemical vapor deposition (SSCVD)
under low vacuum conditions with the precursor of zinc
carbamate Zn4 O(CO2 Net2 )6 . Careful quantitative XPS
analysis revealed that the ZnO lms were stoichiometric with O/Zn atomic ratio very close to that of ZnO
single crystal.

In 2005, Kopalko et al.

reported that

monocrystalline lms were obtained only for GaN/Al2 O3
substrates, whereas use of sapphire, silicon or soda lime
glass resulted in either 3D growth mode or in polycrystalline lms showing preferential orientation along the

c

axis [17]. In 2006, Romero et al. studied the eect of

kind of precursor on structural properties of ZnO thin
lms [18]. They concluded that the preferred orientation
can be altered by changing the deposition conditions:
the substrate temperature, the precursor solution composition or by introducing aluminum. In 2007, growth of
ZnO lms and nanowires (NWs) by atmospheric pressure
chemical vapor deposition (APCVD) using Zn powder
and water as source materials were performed [19].
Photoluminescence intensity ratio of the green band
at about 2.5 eV to the near-band-edge emission at
about 3.2 eV decreased with increase of the source feeding ratio of H2 O to Zn (VI/II), indicating the possibility of the defect control.

In 2008, ZnO thin lms were

prepared using zinc chloride, zinc acetate and zinc nitrate precursors by spray pyrolysis technique on glass

◦

substrates at 550 C [20]. Regardless of precursors, ZnO
thin lms were all in hexagonal crystallographic phase
and had (002) preferred orientation.

Scanning electron

microscopy (SEM) images showed completely dierent
surface morphologies for each precursor in ZnO thin
lms. ZnO rod was observed only for zinc chloride precursor.

The optical measurements revealed that lms

had a low transmittance and a direct band gap approx-
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imately 3.30 eV. In 2009, ZnO thin lms synthesized
by chemical bath deposition were used as buer layer
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between the anode and the organic electron donor in

again in deionised water. The cleaned Si substrates were

organic solar cells [21].

introduced in the tubular furnace. The thickness of two

In 2010, ZnO thin lms were

µm; their resistivity
4.95 × 102 Ω cm; their mobility

grown on glass substrate by APCVD, using zinc acetate

types of Si were 650 and 750

were

as precursor of Zn and ozone as an oxidant agent [22].

3.51 × 102 Ω

were

The structural and optical properties of ZnO lms were

207, 822 (cm /(V s)) and their carrier concentration were

investigated in dierent deposition temperatures (300

2.44 × 1014 , 4.63 × 1012

◦
◦
375 C in steps of 25 C). All deposited lms were poly-

gle crystal Si, respectively. Polycrystalline Si was

crystalline in (100) preferred orientation and had trans-

with B doped, while single crystal Si was

parency of about 80% in the visible region. In 2011, zinc

P doped. Single crystal silicon's orientation is (400). Our

oxide thin lms were deposited on glass substrates from

samples were grown at an oxygen ow rate of 200 sccm in

room temperature to 673 K by using DC magnetron sput-

substrate temperature of 300, 400 and 500 C during 1 h.

tering [23]. The preferred orientation for ZnO thin lms

2.2. Sample characterization

cm,

2

−3

cm

for polycrystalline and sin-

p-type
n-type with

◦

lies along (002) direction and the average crystallite size
was determined from the Scherrer formula. SEM images

The electrical properties of thin lms were measured

showed that grain sizes of zinc oxide thin lms was found

by the Hall eect and Van der Pauw setup (RH 2010

to be in the range of 1528 nm.

 PhysTech system).

A UV-visible spectrophotome-

In 2012, it was shown that variations in the ratio of

ter (Cary 100 Scan Varian) was employed for obtaining

oxygen to zinc precursors at constant temperature al-

transmittance spectra. A spectrophotometric transmit-

low changing the surface morphology of zinc oxide (ZnO)

tance graph of the lm was used for the thickness cal-

lms deposited by low pressure MOCVD, while keep-

culation by the Swanepoel method [28]. The crystalline

ing the sheet resistance and transparency of the layers

structure was obtained by means of an X-ray diractome-

constant [24].

ter with Cu

In 2014, boron doped zinc oxide lms were prepared
at dierent water to diethyl zinc ratios by a low pressure

Kα

radiation (Philips-pw-1830). The mor-

phology of the surface of lms was examined by scanning
electron microscopy (EM-3200,KYKY).

CVD technique [25]. It was found that the morphology
of the lms vary from small leaf like to pyramidal surface

3. Results and discussion

structures with increase of H2 O/DEZ ow ratio.

3.1. Electrical properties

Therefore, in this paper we want to investigate the
eect of deposition temperature on electrical, optical,

Figure 1 shows changes of sheet resistance versus depo-

structural and morphological properties of pure ZnO

sition temperature. With increase of substrate temper-

thin lms by the Hall eect and Van der Pauw setup,

ature from 300 C, sheet resistance increases and after a

UV-visible spectrophotometer, X-ray diractometer and

maximum at 450 C it decreases. For more investigation,

SEM measurement. Also, in order to study the impor-

from Fig. 2, which presents changes of electrical param-

tance of the kind of the substrate on modifying structural

eters such as resistivity, carrier concentration and mobil-

properties, we used two types of Si substrate.

ity versus deposition temperature, it can be deduced that

◦

◦

this gure is in accordance with sheet resistance diagram.
2. Experimental techniques

2.1. Sample preparation
The glass substrates were degreased as described in our
previous work [26]. We have used oxygen gas with purication of 99.999 (contained: maximally 2 ppm argon,
5 ppm nitrogen, 0.5 ppm hydrogen, 0.5 ppm CO + CO2 ,
0.5 ppm methane + hydrocarbons and 1 ppm water) and
zinc acetate (C4 H6 O4 Zn·2H2 O) as precursors. The mass
of zinc acetate was 0.2 g in all experiments and we introduced it as powder directly in the reactor with a distance
about 5 cm from the substrate. Deposition was carried
out in a homemade APCVD described in our previous
study [27].
substrate

◦

Oxygen ow rate was kept at 200 C/min,
temperature

was

changed

in

the

range

◦

300500 C and layers were deposited during 1 h.
ZnO lms were deposited onto silicon substrates in an
open tube system by the oxidation of C4 H6 O4 Zn·2H2 O.
Before deposition, the silicon substrates were degreased
about

2

min

in

solution

of

hydro

uoric

acid

and

deionised water then rinsed in deionised water. These silicones were cleaned ultrasonically in acetone and rinsed

Fig. 1. Changes of sheet resistance versus deposition
temperature.
As

shown

in

Fig.

2,

with

increase

of

substrate

temperature, resistivity increases and after reaching a
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substrate temperature, it suddenly increases severely.
We can relate this suddenly increase of mobility with
decrease of carrier concentration scattering as a result of
carrier decreasing. Also, mobility improves due to grain
size increase which will be discussed in the following. As a
result of this suddenly increase of mobility, resistivity decreases.

With respect to the diagram, it is clear that

carrier concentration decreases with increasing temperature. It is reasoned that when the substrate temperature
is increased, the number of oxygen atoms adsorbed on
the thin lms will be increased, causing a decrease of the
defect density and resulting in a decrease of the carrier
concentration [29]. These results imply that as the sub-

Fig. 2. Changes of electrical parameters such as resistivity, carrier concentration and mobility versus deposition temperature.

◦

strate temperature is increased from 300 to 450 C, the
thin lms come closer to the stoichiometrical composition. Our results are in good agreement with Kang et al.
report in which they used pulsed laser deposition method

maximum, it decreases.

While mobility does not show
◦
clear change up to 450 C and with more increase of

with dierent precursors [30].

TABLE
Values of electrical parameters of the samples for various substrate temperatures. Type of doping  n (for all temperatures).
Sheet
Carrier
Temperature Thickness resistance
Resistivity
Hall co.
Mobility concentration
Type
[ C]
[nm]
[Ωcm]
[cm /As] [cm /Vs]
[Ω/]
[cm ]
300
508
6.14 × 10
3.12 × 10
−3.96 × 10
1.27
1.57 × 10
n
350
608
8.98 × 10
5.46 × 10
−2.56 × 10
0.5
2.44 × 10
n
400
526
3.99 × 10
2.1 × 10
−1.4 × 10
0.5
5.98 × 10
n
450
474
1.15 × 10
5.47 × 10
−1.88 × 10
0.3
3.32 × 10
n
500
487
2.71 × 10
1.32 × 10
−1.32 × 10
99
4.74 × 10
n
◦

3

2

−3

6

2

2

16

6

2

2

16

7

3

3

15

8

3

3

15

7

3

3

14

Table shows changes of thickness, sheet resistance, re-

substrate temperature, ZnO layers approach to a sto-

sistivity, Hall coecient, mobility, carrier concentration

ichiometric ones and preferred orientation changes to

and the type of carrier versus deposition temperature.

(002) peak.

3.2. Structural and morphological properties
Figure 3 shows typical XRD patterns of the ZnO lay-

Since amount of the oxygen incorporation into lattices
may increase at higher substrate temperature [33]. Also,
the thermal energy of the substrate can supply enough

ers grown on glass substrate at dierent deposition tem-

energy necessary to form the (002) orientation.

perature.

result, the lms prepared at the higher temperature show

All lms have polycrystalline structure with

a hexagonal wurtzite structure. Although the peaks intensity is so weak at low deposition temperature, with
increase of temperature it increases.

This is due to

As a

a good crystalline quality [33].
As depicted in Fig. 4, the increase of grain size as a result of temperature increase is clear. The mean crystallite

D

the low atomic mobility, which constrains the growth

size

of the crystal during the crystallization process at low

Scherrer formula [34]. Grain size was calculated for (002)

was calculated for the diraction peaks using the

temperatures.

As the substrate temperature increases

orientation. This demonstrated that the crystallinity of

up to 500 C, enough thermal energy is supplied to the

ZnO lms was likely to improve with increase of deposi-

adatoms on the substrate and increases the surface mo-

tion temperature.

bility leading to an increase in the (002) plane orienta-

precursors and other deposition methods, our results are

tion [30].

in good agreement with theirs [10, 35].

◦

◦

At substrate temperature of 300 and 400 C, preferred

◦

Although some others used dierent

Figure 5 shows typical XRD patterns of the ZnO layers

orientation is (100) while at 500 C it changes to (002).

grown on single and polycrystalline Si at three substrate

The primary eect of a change in composition from

temperatures of 300, 400 and 500 C. It is worth noticing

an oxygen-decient material to stoichiometric ZnO is

this fact that samples which have been grown at all sub-

a preferred (002) orientation [31, 32].

strate temperatures have polycrystalline structure. Like

With increasing

◦
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the samples grown on the glass substrate, with increase
of the temperature in samples grown on single crystal Si,
preferred orientation changes from (100) to (002), while
in samples deposited on poly crystalline Si, preferred orientation remains (100). The surface energy of the (002)
orientation takes minimum in the ZnO crystal, and then
in order to grow a

c-axis

oriented ZnO crystal, it is im-

portant that the particles ablated from the target have
still energy at the substrate surface [33]. It seems that in
the case of ZnO layers on polycrystalline Si, particles do
not have enough energy to form ZnO layers with (002)
preferred orientation. We can relate this phenomenon to
the type of the polycrystalline Si. Indeed, (100) preferred

Fig. 3. XRD patterns of the ZnO layers grown on glass
substrate at dierent deposition temperature.

orientation in this case can be formed due to the presence of the residual stress in the lm that depends on
experimental conditions and substrate nature.
As expected in both cases, with increasing temperature, the intensity of the preferred peak increases due to
improving crystallinity. The eect of Si substrate is clear
with its peak at about

70◦

for single crystal Si and at

28◦

for polycrystalline Si.

Fig. 4. Changes of grain size as a result of temperature
increase.

Fig. 6. SEM images of the ZnO thin lms deposited at
various glass substrate temperatures.
Figure 6 shows SEM images of the ZnO thin lms deposited at various glass substrate temperatures.

All of

the thin lms show nanometer-sized grains and a dense
microstructure.

In the case of the thin lms deposited

◦

at 300 C, small grains were observed. As the substrate

◦

temperature is increased up to 500 C, the surface morphology is observed to consist of larger and more packed
grains.

3.3. Optical properties
Figure 7 shows transmission spectra of ZnO thin lms

Fig. 5. XRD patterns of the ZnO layers grown on single and polycrystalline Si at three substrate temperatures of 300, 400 and 500 C.
◦

at dierent substrate temperatures. All layers have acceptable transmission for solar cell applications.

As it

is clear, transparency does not have distinct change due
to low carrier concentration of the samples. As a result,
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absorption of free carrier concentration is low and trans-

measurement, resistivity increased with substrate tem-

parency is high. These results are in accordance with Fay

perature, as a result of increase of the number of oxygen

et al. report [36].

atoms adsorbed on the thin lms, causing a decrease of
the defect density and resulting in a decrease of the carrier concentration. In accordance with electrical properties, structural properties of both layers grown on glass
substrate and Si substrate improved due to deposition
temperature increase and these results were approved by
SEM images.

As the substrate temperature increased

enough thermal energy was supplied to the adatoms on
the substrate and increased the surface mobility leading
to an increase in the (002) plane orientation. Also, as a
result of increasing crystallinity, transparency improved.
Finally, transparency and band gap was acceptable for
thin lm ZnO while electrical properties should be modied by other factors such as doping, etc.
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