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Al and Ga doped ZnO thin films were deposited on glass, polyethylene naphthalate (PEN) and Si substrate with variation of
substrate temperature (Ts) by RF magnetron sputtering. X-Ray diffraction patterns of ZnO:Al (AZO) and Zn0:Ga (GZO) film
shows strong peak (002) with a hexagonal wurtzite structure preferentially oriented along the C-axis and have a good crys-
tallinity on Si (100) substrate. But it is observed that the peak position is shifted from its mean position for both; high and
room temperature deposited films. Intrinsic stress is developed between substrate molecule and ZnO thin films and as a re-
sult; structural defects, voids, and micro-crack are observed for AZO thin film deposited at substrate temperature 400°C due
to variation of internal texture. Film strain significantly affects on its mechanical properties, cohesion properties, and electri-
cal conductivity. Electrical resistivity came 4.9x10™* Q -cm and 4.5x10™* Q -cm for AZO and GZO respectively on glass sub-
strate with optical transmission more than 90%. AZO on PEN (polyethylene terephthalate) substrate shows the resistivity of

8.6x10™ Q -cm at room temperature.
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Introduction

In recent time, transparent conducting oxide (TCO) films
is a major interesting research subject, due to its wide use in
optoelectronic devices such as low-emissivity windows, elec-
tromagnetic shielding, gas sensors, information displays, and
photovoltaic cells. SnO, and ITO (Indium tin oxide) are the
commercially available transparent conductive oxide thin
films'2 at present, but indium is a rare metal with high toxic-
ity. Doped ZnO thin film is considered to be the most promis-
ing material as TCO thin films for its high optical transmit-
tance (> 90%) and very low electrical resistivity (in the order
of 10-5Q -cm). ZnO thin film can be deposited in either physi-
cal or chemical vapor deposition techniques such as; sol-gel
method, spray pyrolysis, pusled laser deposition, thermal
evaporation, molecular beam Epitaxy and RF magnetron
sputtering®=. RF magnetron sputtering technique is mostly
preferred due to its reproducibility, high orientation and uni-
formity in films. Non-toxicity, high crystallinity and stability
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against hydrogen plasma; makes the doped ZnO films com-
mercially more viable with respect to ITO and SnO,"8. This
advantages makes ZnO:Al suitable for flexible display, solar
cell and other photovoltaic applications® 0. Nowadays re-
searchers are working to improve the flat panel display tech-
nology by replacing glass substrate with flexible polymer™!.

The growth of thin film such as; lattice growth, thermal
mismatching between thin layer and the substrate, depend
on the substrate types. Nucleation and binding of thin layer
also depends on the movement of the substrate. The prop-
erties of the deposited thin films vary for different deposition
techniques. Stress can change the electrical and optical prop-
erties of the grown thin films. The stress comes due to the
formation of defects or due to extrinsic doping.

Deniz et al. prepared the undoped ZnO and ZnO:Al thin
films with different Al concentrations onto Si(100) substrate
by PFCVAD (Pulsed Filtered Cathodic Vacuum Arc Deposi-
tion) technique at room temperature, and investigated the
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influence of doping on the structural and optical properties of
thin films'2. They achieved the highest reflectance values of
about 35% in the wavelength range of 400-800 nm. Mohit et
al. systematically investigated the dependence of RF power
on the physical properties of AZO thin fims on PEN sub-
strate3. Xiaojin et al. studied the effect of substrate on elec-
trical and optical properties of AZO thin film deposited by RF
magnetron sputtering. In their study they achieved the low-
est resistivity of 12.52x10~4 Q -cm and low visible transmis-
sion of 85% on glass substrate respectively'*. Bassam et al.
studied the effect of O, on structural and optical properties
of ZnO thin film deposited on glass and Si(100) substrate by
RF magnetron sputtering technique'®. They reported the dif-
ferent properties such as optical, electrical and surface mor-
phology of the thin films, but they didn’t study the effect of
haze factor. In 2016, Hamrit et al. studied the RF magnetron
sputtered ZnO:Al thin film (500 nm thickness) on PEN sub-
strate. They reported the electrical resistance 4x10™ Q-cm
with 80% optical transmission'®. Ghosh et al. studied the
effect of substrate induced strain in poly crystalline ZnO thin
films on different substrate”. Rajesh et al. reported the ef-
fect of intrinsic stress on the optical properties of ZnO films 8.
Doped ZnO thin film grown on bulk Si substrate is an inter-
esting subject for application as a photon window for photo-
diode, and wafer-based silicon solar cell'®.

In this paper, effect of different substrates (glass, Si and
PEN) and substrate temperature have been studied on
ZnO:Al and ZnO:Ga thin films. Substrate dependent electri-
cal, optical, micro-structural and Haze properties at different
substrate temperature (T, °C) have been investigated.

Experimental

ZnO:Al and ZnO:Ga thin films were deposited on glass,
Siand PEN substrate at different T by dual-target RF (13.56
MHz frequency) magnetron sputtering technique (Hind High
Vacuum Co. (P.) Ltd.) under non reactive environment (Ar
ambient) using 99.99% pure sintered ceramic disc with sput-
tering targets (2 inch in diameter and 5 mm in thickness) of
ZnO:Al (2 wt% Al) and ZnO:Ga (3 wt% Ga) respectively.

Ar flow was maintained at 40 sccm throughout the ex-
periment. All the films are deposited on different substrate
on different substrate temperature with RF power 100 watt
with of 5.6x10~8 mbar base pressure. To achieve the uni-

form growth of doped (Al, Ga) ZnO thin films with high depo-
sition rate and good adhesion to the substrate material, the
target was located at top of the chamber and the substrate
at the bottom. The surface oxide layer of the target (impurity)
and the glass substrate were cleaned by plasma cleaning
method before thin film deposition. For that, pre-sputtering
in pure argon plasma atmosphere was carried out for 15 min.
Uniform distance between substrate to target (about 6 cm)
was maintained throughout the experiment.

The electrical properties (resistivity, carrier concentration
and Hall mobility) of doped (Al, Ga) ZnO thin films were stud-
ied by 4-probe van-der-Pauw technique attached with Hall
measurement set-up (Ecopia-HMS-3000). Optical transmit-
tance (transmittance, reflectance and Haze) of thin films was
measured using double beam UV-Vis (Perkin-Elmer Lamda-
35) spectrophotometer. The structural characterization of
doped (Al, Ga) ZnO thin films were carried out by XRD tech-
nique (Philips PW 1710 diffractometer, Cu Kot radiation, A =
1.54178 A, 20 scan mode). Surface topography of doped
(Al, Ga) ZnO films were studied by Atomic Force Micros-
copy (AFM) (Multimode 8, Bruker).

Results and discussion

Doped ZnO thin films were deposited with 100 W RF
power, 10 mbar chamber pressure, different substrate tem-
perature with controlled substrate rotation under non-reac-
tive environment (Ar atmosphere). AZO and GZO thin films
show promising electrical properties [p = 4.9x10~4 € -cm (Al)
and 4.5x104 Q -cm (Ga)] due to its high carrier density and
nearly 90% optical transmission. Those properties are com-
parable with sputtered ITO and U-type SnO,:F thin films (Rg;,<
5 Q/sq.) due to both high carrier density (x1020/cm3) and
mobility. Temperature dependent electrical resistivity, carrier
concentration and mobility of as-deposited ZnO:Al and
Zn0:Ga thin films on different substrate are (up to substrate
temperature T, = 400°C) listed in Table 1. It was observed
that resistivity decreases as the deposition temperature in-
creases up to 300°C for both Zn0O:Ga and ZnO:Al, but above
300°C the resistivity increases due to increases of free car-
rier scattering, grain boundary scattering and for lowering of
mobility.

The electrical properties of doped ZnO thin fims were
investigated at room temperature. To apply the thin film in
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Table 1. Variation of electrical parameter with different T of doped (Al, Ga) ZnO thin films

Substrate type Substrate temperature Tg Resistivity Mobility Carrier concentration Figure of merit
(°C) (Q-cm) (cm?/V.s) (lcm3) (FOM)

ZnO:Al/Glass 27 8.6x1073 36 4.5%10%0 2.30x10"8
200 6.3x107 8.0 9.3x10%0 1.16x1018
300 4.9x107 11.0 7.1x10%0 1.08x10'8
400 5.7x1073 2.3 4.3x1020 2.01x101®

Zn0:Ga/Glass 27 6.5%107 8.0 9.4x10%0 1.20x10"7
200 5.9x107 8.2 9.6x10%0 1.70x10"7
300 4.5x107 10.0 1.3x1021 5.90x10"7
400 5.4x1073 26 3.9x10%0 1.60x10"7

ZnO:Al/PEN 27 8.6x10™4 5.2 1.4x102" 1.14x10'8

Solar cell as front/back reflector and flexible display, the sub- 1oe

strate temperature were also kept at room temperature. "

Fig. 1 shows the optical transmittance spectra of AZO

and GZO thin films on glass and PEN substrate with a high 8 &0

optical transmission of 90% and 85% respectively in the vis- & 3

ible range of the solar spectrum. The ZnO:Ga thin filmon = 4o

glass substrate shows the transmission more than 90% in & | 1

the visible region. Effect of substrate on transmission and 20 f’f_?"‘“-au____

reflectance were shown on Fig. 1 and Fig. 2 respectively. o

g0 A0 EO0D BOD roo BOO 00 1000 1100

The transmittance spectra show a sharp absorption edge at
330-400 nm range. Reflectance spectra of AZO show the
characteristic nature of thin film in different substrates.
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Fig. 1. Transmission spectra of (1) ZnO:Al (green), (2) ZnO:Ga film
on glass (pink) and (3) ZnO:Al on PEN substrate (blue).

Fig. 3 shows the photoluminescence spectra of ZnO:Al
thin film on glass and PEN substrates within the range 360-
500 nm. Films shows the excitonic peak in the UV region
(370-385nm), and no visible emission spectra was observed,
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Fig. 2. Reflectance spectra of ZnO:Al film on different substrate: (1)
glass (pink), (2) PEN (blue) and (3) Si (green).
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Fig. 3. Photoluminescence spectra of ZnO:Al film on different substrate.

that's mean deposited films have a good optical quality.
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The structural parameters were investigated from X-ray
diffraction (XRD) analysis. XRD footprint of doped ZnO thin
films on PEN (at RT) and on glass substrate (at different T =
200°C, 300°C, 400°C) are shown in Fig. 4 and Fig. 5 respec-
tively, and Fig. 6 shows the XRD pattern of ZnO:Al thin film
on Si substrate. In all XRD spectra for the ZnO:Al thin films,
the appearance of films intensity of (002) peaks indicate that,
the film is preferentially c-axis oriented.
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Fig. 4. XRD pattern of ZnO:Al film on PEN substrate at RT.
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Fig. 5. XRD of ZnO:Al film on glass substrate with different substrate
temperature (Tg).

Fig. 5 clearly shows that ZnO:Al thin film deposited at
low Ty is of poor crystallinity and it improve when the T in-
creased upto 400°C. As the T increases from 300°C to 400°C
the intensity of the (002) peak decreases. At low T the sput-
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Fig. 6. XRD of ZnO:Al film on Si substrate.

tered atoms has less energy and the surface mobility is also
low. Basically at T = 300°C, the substrate atoms have suffi-
cient energy and the surface mobility is sufficient to make a
stable position. And so it shows a stable c-axis orientation
high intensity peak at (002) at 300°C. At 400°C the intensity
of the peak (002) is decreases due to the breaking of Zn-O
bonding, and re-evaporation of the deposited film started2?.

The XRD spectrum of ZnO:Ga thin film (figure is not in-
cluded) deposited at RT illuminating the hexagonal wurtzite
structure. The ZnO:Ga sample prepared at RT shows dif-
fraction peaks appearing at 20 = 31.42°, 34.33° and 37.46°
corresponding to (100), (002),and (101) planes, respectively.

It is clearly observed from the XRD blueprints that the
peak (002) of the ZnO:Al on glass substrate is stronger and
sharper than that on the PEN substrate. This indicates that
the crystalline quality of the ZnO:Al film on glass substrate is
much better than the PEN substrate and the thermal stabi-
lity on the PEN substrate is poorer than the glass substrate.
During bombardment of high energetic particles, the unde-
sirable impurities escape from the PEN substrate and as a
result the crystalline quality degrades of the ZnO:Al film for
this PEN substrate.

The average crystallite sizes of the doped (Al, Ga) ZnO
thin films deposited on different substrate temperatures have
been calculated using the Scherrer’s formula?':

0.01
D= (1)
B cos O
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The average crystallite sizes of the films grown at different
substrate temperature are shown in Table 2. Dislocation den-
sities have been calculated from this equation:

()= (2)

where D = 0.9/ cos 6 is the grain size in nm.

The average uniform strain €, in the lattice along the c-
axis in the randomly oriented ZnO films deposited on differ-
ent substrate temperatures (T,) have been calculated from
the lattice parameters using the following equation?:

(C-Cy)
e, = — (3)
Co
where C is the lattice parameter of ZnO film calculated from
the (002) peak of the XRD pattern and C is the lattice pa-
rameter for the ZnO bulk. The stress (o) for hexagonal crys-
tal in the plane of the film was calculated from the biaxial
strain model??:
[2C41=(C41 = C1)C33
(c)=

e,, (4)
Cy3

Here, Cyq = 2.1x10™ N/m?, C35 = 2.1x10" NIm?, C4, =
1.2x10"" Nim?, C5 = 1.05x10" N/m?,

The estimated stress values, in the films grown at differ-
ent T are shown in Table 2. From the Table 2, it is clear that
negative sign indicates that the films are in a state of com-
pressive stress. Basically there are two components are con-
sists in total stress in the film. Among two components one is

intrinsic stress that is introduced by impurities, defects and
lattice distortions in the crystal, the other one is the extrinsic
stress introduced by the lattice mismatch and thermal ex-
pansion coefficient mismatch between the film and substrate.

Is this study the film thickness are varies from 350 to 240
nm with substrate temperature. The present case of sputter-
ing deposition, this intrinsic stress arises due to the bom-
bardment of the energetic species. The extrinsic stress in
the thin films normally relaxes if the thickness of the film is
larger23. Thus the extrinsic stress are not present and the
total estimated stress values seem to be dominantly intrin-
sic. The films deposited at lower temperature (room tem-
perature) exhibit strong compressive stress. For high tem-
perature deposited ZnO thin film, the strain quickly relaxed
due to the high kinetic energy?*. In the present case accord-
ing to the growth conditions, the formation of Zn interstitials
and the oxygen vacancies are expected. The presence of
surface plasmon resonance (SPR) peak in the absorption
spectra indicates the presence of extra Zn in the deposited
films shown in Fig. 7. Thus, in the present case, the intrinsic
stress in the deposited doped ZnO films seems to arise due
to presence of Zn interstitials.

Fig. 7 shows the absorption spectra of ZnO:Al thin film
deposited in different 7. Abroad peak at 262 nm and a smaller
peak at 356 nm are observed. The peak around 356 nm cor-
responds to the ZnO excitation and the peak 262 nm corre-
sponds to the surface plasmon resonance (SPR) peak. Lower
temperature deposited films shows weak exciton peak of ZnO
here as it is sharp and steeper with increases with the tem-

Table 2. Variation of crystalline size, lattice constant, grain size stress and strain of different substrate with different substrate temperature

Substrate type Substrate temp. Lattice parameter
(T9) (°C) (nm)
ZnO:Al/Glass 27 0.5296
200 0.5265
300 0.5250
400 0.5206
Zn0:Ga/Glass 27 0.5275
200 0.5263
300 0.5245
400 0.5241
ZnO:Al/PEN 27 0.5201
ZnO:Al/Si 27 0.5196

Grain size Dislocation density Strain (ez7) Stress
(nm) (105 lines/m?) % (x1079) (GPa)
19.1 2.74 12.28 -5.526
214 218 10.49 -4.724
23.0 1.89 8.47 -3.812
242 1.70 4.04 -0.182
20.0 2.50 6.25 -0.124
22.0 2.01 4.80 -0.125
225 1.97 3.08 -0.135
23.0 1.89 2.82 -0.127

25 1.61 2.27 -1.024
28 1.27 3.0 -0.135
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Fig. 7. Absorbance spectra of ZnO:Al thin film with different substrate
temperature.

perature. High excitonic peak is the indication of good crys-
tallinity of the film.

Band gap of the film deposited in different substrate was
calculated from the relation ot = (hv-E£)""2, where hv is the
photon energy and E is the transition energy gap. Fig. 8
shows the variations of bandgap of doped ZnO film with the
substrate temperature. From this figure it is clearly observed
that value of bandgap depends on the substrate tempera-
ture and it varies from 3.49 to 3.34 eV and 3.52 to 3.30 eV
for ZnO:Al and Zn0O:Ga respectively as the temperature in-
creased from 27°C to 400°C. It was seen that the crystalline

355 4
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Fig. 8. Variation of band gap with different substrate temperature (Ty)
of (1) ZnO:Al (red) and (2) ZnO:Ga (blue) films on glass sub-
strate.

size of the doped (Al, Ga) ZnO thin film increases and there
is relaxation of the intrinsic stress also with the increasing of
substrate temperature. As the substrate temperature in-
creases, the band gap decreases which attribute to the de-
crease in the stress. E of doped ZnO thin film on glass is
wider than the PEN substrate. This is due to the higher car-
rier concentration of the doped ZnO films on glass according
to the Burstein-Moss effect25:26,

Haze is defined from the ratio of diffused transmission
with that of total transmission. Haze value means more dif-
fused light entre in to the cell as a result efficiency of the cell
can be enhanced. Haze values of doped (Al, Ga) ZnO thin
film on glass and PEN substrate are listed in Table 3. Proper
formation of grain size (granular) of doped ZnO thin film can
increase the light-scattering capability (i.e. the Haze) of the
film. It helps to enhance the optical path as a result the light
trapping ability is increased. Increasing light trapping ability
means increasing the photocurrent of the solar cells'®. In
thin film solar cell ZnO thin film not only plays the role of
TCO layer but also a light trapping structure. Crystal growth
process depends on the kinetic and thermodynamic factors,
leading to a different variation of surface morphologies2’~2°.

Table 3. Haze factor of doped (Al, Ga) ZnO thin film on different
substrate deposited at room temperature

Substrate type %T Bandgap (eV) % Haze
Glass/ZnO:Al 90 3.49 40
Glass/Zn0:Ga 89 3.52 39
PEN/ZnO:Al 85 3.23 36

The detailed morphology and surface roughness of the
RF magnetron sputtered doped (Al, Ga) ZnO thin films on
different substrate were examined by AFM. Fig. 9(a) and 9(b)
show the AFM of ZnO:Al on PEN and glass substrate re-
spectively at room temperature. Fig. 9(c) for ZnO:Ga heat
treated (at 300°C) on glass substrate. It is clearly observed
from the figure that the grains grow uniformly with homoge-
neous distribution. The AFM images show a high-quality
doped ZnO thin film with a smooth and crack-free surface. It
is also observed that ZnO:Al films on glass and PEN sub-
strate are all composed closely packed. RF magnetron is
more preferred due to its reproducibility, high orientation and
uniformity of thin films. Grain size the ZnO:Al films on PEN
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Fig.9. AFMimages of (a) ZnO:Al thin film on PEN substrate, (b) ZnO:Al on glass substrate, (c) ZnO:Ga on glass substrate and (d) ZnO:Al on Si

substrate.

substrate (25 nm) is larger than that on glass substrate (24.2
nm). ZnO:Al thin film deposited on Si substrate [Fig. 9(d)]
shows a stable structure with average grain size of 28 nm.
For the application of ZnO thin films in silicon solar cells, the
defects resulting from the ZnO grains must be as minimal as
possible. When the ZnO grain size is high, the defects of
ZnO0 thin films are minimized.

Conclusion

The influence of the substrate on the crystalline and ori-
ented properties of ZnO thin films were grown by RF magne-
tron sputtering onto different substrates including glass, PEN
and Si were investigated. Electrical, optical and structural
properties of PEN substrate was measured after folding the
film. All the films show high transmittance nearly 90% in the
visible solar spectrum. Al, Ga doped ZnO thin films show
nearly the same figure of merit value on glass and PEN sub-
strate 1.08x10"8 and 1.14x10"8 respectively. AZO and GZO
thin films show lowest resistivity of 4.9x10# Q -cm and
4.6x1074 Q-cm on glass substrate. Room temperature de-
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posited AZO film shows resistivity of 8.6x10~4 € -cm on PEN
substrate.

Each films shows a preferred orientation along the (002)
plane both at room temperature and high temperature. Film
properties indirectly establish that doped (Al, Ga) ZnO thin
films deposited on plastic substrate are crack free, mechani-
cally stable and highly sticky with substrate surface. It was
clearly observed from the result that the substrate nature
has a strong factor influencing the properties of doped ZnO
films. AZO thin film deposited on PEN substrate shows the
commendable results for the application in the flexible dis-
play application. ZnO films grown on silicon substrate pre-
sented in this work have the potentiality to be a cost-effec-
tive alternative material for the substitution of the commer-
cially available TCO materials? such as indium tin oxide (ITO)
thin layer in heterojunction with intrinsic thin (HIT) layer solar
cells.
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