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1. Introduction

L
*, !

The transparent conductive oxide (TCO) layer plays an important role for sili(';dn“ﬁ;‘ﬂl“é’f"';éells
which is used as front electrode and part of back side reflector. The quality of solar cells strongly
depends on the quality of TCO films. Most widespread TCO materials for “photovoltaic
applications are tin oxide (SnO,) and indium tin oxide (ITO) films. However, an alternative with .
high potential is aluminum doped zinc oxide (AZO) films because of abundant and inexpensive
materials, its simple fabrication and the high stability against hydrogen plasmas. Due to these
unique properties, AZO films have been applied as transparent conducting electrodes in silicon

thin film solar cells [1-3].

The physical properties of AZO films are generally dependent on deposition parameter and
technique. Sputtering technique with high substrate temperature leads to highly conductive and
transp‘arent films but smooth surface. Therefore, wet chemical etching of as deposited films is
applied to texture the films surface in order to eﬁhance light trapping in the solar cells [4]. In
addition, the trans’pa.rent conducti\}e indium doped zinc oxide films (IZO) has also been studied [5].
It was expected to yield the films transmittance and conductivity due to their low resistivity
(3><10'4 Qcm) with high carrier concenu.rations of 5%x10%° - 1x10%! cm™. Furthermore, it was
reported that lowest resistivity in 1.5-2x10"* Qcm was achieved by simultaneous sputtering of
Zn:Al and In,0; targets [6]. However, heated substrate is still necessary. Although excellent AZO
films are achieved with radio frequency (rf) sputtering [7-9], however, low deposition rate, high
equipment costs and high ceramic targets expense of this téchnique lead to the development of
alternative processes. The high investment costs can be overcome by direct current (de)

sputtering, leading to distinctly higher deposition rates.



The present work focuses on aluminum and indium co-doped zinc oxide films (AIZO) prepared
by dc magnetron sputtering using ceramic targets. The influence of sputtering conditions, i.e.
substrate- target distance, deposited pressure and power, on AIZO films properties have been
investigated.  In view of the application as front contact/back reflector in silicon thin film solar
cells, the low manufacture temperature for TCO films is required. Therefore, high conductive as

well as good transparent films grown at room temperature have been reported in this study.



2. Experimental details

AIZO films were prepared by static dc magnetron sputtering on corning 2947 glass. Three inches
zinc oxide ceramic doped with 0.5 wt% of Al,O3 and In;O;3 prepared by conventional mixed oxide
method was used as a target. The mixtures were ground in ethanol by ball milling for over 24 h,
then dried, pressed in the mold and sintered at 1320°C for 8 h in air. The three inches ceramic
target with thickness of 1 cm showed good conductive characteristic. In order to prepare thin
films with good adhesion, the substrates were cleaned in an ultra-sonic bath with de-ionized
water, acetone, isopropyl alcohol (IPA) and then dried. 7 Corning 2947 glass was placed parallel
to the target with different distances from 7-16 cm. AIZO films were deposited for 30 min at
room temperature with various deposited conditions, i.e. pressure and power. Before sputtering,
the chamber was evacuated at a base pressure of 6 x 107 Pa. Pre-sputtering process was done for
10 min on the shutter to clean the target surface. The argon flow rate was controlled by a needle

valve.

The electrical properties of the films were investigated by four point probe technique (JANDEL,
RM3) and Hall effect measurement (ECOPIA, HMS-3000). The optical properties of AIZO films
were analyzed by a UV visible spectrophotometer (Perkins Elmer, Version 2.85.04) in the
wavelength of 300-1100 nm. The surface morphology was studied by scanning electron
microscopy (Hitachi, S4700). The film thickness was measured by using Step profile (Veeco,

Dektak 150).



3. Results and Discussions

3.1 Electrical properties

Figure 1 presents resistivity, carrier concentration and electron mobility of AIZO films as a
function of the deposited pressure. AIZO films were deposited at 40 W with different substrate-
target distance from 7 to 16 cm. Depending on the sputtering condition, resistivity of the films in
the range of 1 x10° - 7.9x10* Qcm with the carrier concentration of 2x10'°-5x10"7 cm™ and
electron mobility of 1x10" — 4x10° cm*/Vs were obtained. Moreover, AIZO films prepared at
substrate-target distance of 7 cm give raise to electron mobility up to 1000 cm*/Vs for all
pressures, while the other conditions give less. With an increase of the deposited pressure, the
resistivity of AIZO films deposited at substrate-target distance of 7 cm tend to decrease (Fig 1a),
while the films prepared at the distance of more than 7 cm show inverse trend (Figs. 1b,1c,1d).
This result can be explained by the energy of sputtered AIZO atom when deposited on the
substrate. As the short substrate-target distance, high energy of sputtered AIZO atom can

deposited on the substrate without energy loss due to ion hitting in the plasma.

On increasing the pressure, the number of argon ions in plasma is incfeased, resulting in an
_increase of the sputtered AIZO atoms. Therefore, plenty of energy loss-free AIZO atom deposit
on the substrate. This leads to dense and thick films with low resistivity. On inc;easing the
substrate-target distance, sputtered AIZO atom lose the energy by colliding the plasma. The
“higher the pressure, the lower the energy of the deposited atom is obtained. This sputter process
leads to low coﬁpact and thin films (<400 nm) with high resistivity. These arguments are
confirmed by film thickness and film morphology as shown in Fig. 2 and Fig. 5, respectively.

Furthermore, on increasing the power of 50 W the lowest resistivity of 2.6 x 10™ Qcm is achieved



(not shown here). The higher the power, the higher the energy of the sputtered AIZO atom is

deposited, resulting in higher compact films with lower resistivity.

3. 2 Optical transmittance

Figure 3 shows the optical transmittance spectra of AIZO films prepared at the power of 40 W
and substratetarget distance of 10 cm with various deposited pressure as a function of the
wavelength. Sharply increasing of films transmittance is observed in the wavelength of 350-400
nm. All films exhibit the avérage transmission of more than 80% throughout the visible region
(400-800 nm) and then slightly drop in the NIR region (800-1100 nm). There are two main optical
absorption mechanisms causing transparency of AIZO films, the absorption at the band edge and
the absorption of the free charge carriers. When the energy of the light incident on the AIZO is

greater than the band gap energy (E, ), it will be absorbed by electrons which will undergo inter-

band transitions. Above the critical wavelength (4,) corresponding to £, the absorption falls

drastically with a simultaneous rise in transmittance, as there is not enough energy to excite the
electrons from their stable state. However, as the wavelength' increases beyond approximately 800
nm, the free carrier electrons in the AIZO will begin to absorb the light. The more the free
carriers, the more absorption is obtained. Thus the transmission in NIR region slightly decreases

as the carrier concentration increases.

Figure 4 presents the average transmission of AIZO films in the wavelength of 400-1100 nm
prepared at various deposited condition. It can be seen that at_the short distance of 7 cm, low
average transmission is demonstrated throughout the deposited pressure, particularly at the
pressure lower than 5 Pa. On the other hand, the optical transmittance of the films show over 80%

in visible and NIR region for the other deposited conditions.



The above mentioned optical band gap depends on the absorption coefficient («)as:
(ahv)? = A(hv-E,)
where 4 is the Plank's constant, v the frequency and 4 a constant.

The optical band gap energy, £, , has been estimated by extrapolating the linear portion of the

curve between (ahv)? and hv to the hvaxis. The band gap energy is found oscillating

between 3.29-3.65 eV for various deposited conditions. Therefore, the absorption edge is shift to
UV region. In comparison, the band gap energy of AIZO is in between that of AZO (3.42¢V)
reported by X.Q. Meng [10] and 1ZO (3.37-3.95 eV) reported by Gupta et al.[11]. It is expected
that the increase of AIZO band gap compared to AZO is caused by the increqse in carrier

concentration as a result of the doping with indium.

Figuré 5 shows the cross section and surface morphology of AIZO sputtered at power S0 W with
deposited pressure of 3, 7 and 10 Pa. It is clearly seen that the deposited pressure of 3 Pa give
columnar structure and uniform film with grain size of 50-300 nm (Figs. 5a and 5b). While film
prepared at higher pressure of 10 Pa, granular surfacé with average grain size of 30 nm is
obtained, as shown in Figs. Se and 5f. Tﬁis phenomenon can be described by the energy of
deposited atom as above mentioned. The higher the pressure, the more energy-loss sputtered atom
afe produced, resulting in lower compact films and thickness. This agrees well with the results of

the electrical properties.



4. Conclusions

In this work, AIZO thin films have been deposited on glass substrates by dc magnetron sputtering
from ceramic target at room temperature. It has been found that the sputtering conditions have a
significant effect on the electrical resistivity, optical transmittance and microstructure of AIZO
films. On increasing the deposited pressure, the resistivity of the films grown at short target-
substrate distance of 7 cm tends to decrease, whereas at distances longer than 7 c¢m, the films
resistivity shows inverse tendency. In additions, an average optical transmittance of over than
80% in visible and NIR region with the band gap energy of 3.29-3.65 eV are achieved in the films
grown at target-substrate distance of more than 7 cm. High transparent (>80%) and conductive
AIZO films (2.6x10* Qcm) is fabricated without heated substrate process. These results

demonstrate that AIZO films grown at room temperature can be used as TCO thin films for solar

cells.



Acknowledgements

The authors thank NECTEC, Thailand for sample measurements. We acknowledge T. Nilkamjon
and S. Rengrat at Department of Physics, Faculty of Science, Srinakharinwirot University for
extensive technical assistance and A. Sangjakrawan for ceramic target preparation. This project

is supported by Thailand Research Fund.



References
[1] O. Kluth, B. Rech, L. Houben, S. Wieder, G. Schope, C. Beneking, H. Wagner, A. Loffl, ‘
H. W. Schock, Thin Solid Films 351 (1999) 247.
[2] T. Tohsophon, J. Huepkes, H. Siekmann, B. Rech, M. Schultheis, N. Sirikulrat, Thin Solid
Films 516 (2008) 4628.
[3] B.Rech, T. Repmann, M.N. van den Donker, M. Berginski, T. Kilper, J. Hiipkes,
S. Calnan, H. Stiebig, S. Wieder, Thin Solid Films 511-512 (2006) 548.
[4] . Miiller, B. Rech, J. Springer, M. Vanecek, Solar Energy 77 (2004) 917.
[5] K. Tominaga, T. Murayama, 1. Mori, T. Okamoto, K. Hiruta,T. Moriga, I. Nakabayashi,

Vacuum 59 (2000) 546.

[6] K. Tominaga, H. Fukumoto, K. Kondou, Y. Hayashi, K. Murai, T. Moriga, I
Nakabayashi, Vacuum 74 (2004) 683.

[7] R. Das, T. Jana, S. Ray, Sol. Energy Mater.Sol. Cells 86 (2005) 207.

[8] G. Fang, D. Li, B.-L. Yao, Thin Solid Films 418 (2002) 156.

[9] S.H. Jeong, J.W. Lee, S.B. Lee, J.H. Boo, Thin Solid Films 435 (2003) 78.

[10] X.Q. Meng, W. Zhen, J.P. Guo, X.J. Fan, Appl. Phys. A 70 (2000) 421.

[11] R.K. Gupta, K. Ghosh, R. Patel, S.R. Mishra, P.K. Kahol, J. Cryst. Growth 310 (2008)

3019.



Figure captions

Fig.1 Resistivity, carrier concentration and mobility of AIZO films prepared at room temperature

with substrate-target distance of (a) 7 cm (b) 10 cm (c) 13 cm and (d) 16 cm.

Fig.2 Thickness of AIZO films prepared at room temperature and power of 40 W with various

substrate-target distance (® 7cm  ® 10cm 413 cm %16 cm).

Fig.3 Transmittance spectra and carrier concentration of AIZO films prepared at various

deposited pressures.

Fig.4 Average transmittance (400-1100 nm) of AIZO films grown at different substrate-target

distance and power.

Fig.5 Cross section and surface morphology of AIZO films prepared at 50 W and the substrate-

target distance of 10 cm with pressure of (a) (b) 3 Pa (¢) (d) 7 Pa and (e) (f) 10 Pa, respectively.
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Preparation of Aluminium and Indium Doped Zinc Oxide Thin Films Prepared by

DC Magnetron Sputtering Using Ceramic Target

Nuntanut Wattanasupinyo1 Aomtawan Sangjakrawan2 Buncha Silskulsuk'

Nason Phonphok1 and Thanaporn Tohsophonr

ABSTRACT

We succeed to fabricate Aluminum and Indium doped Zinc oxide (AlZO) thin films by direct current
(dc) magnetron sputtering on glass substrate in pure argon atmosphere at room temperature. Three inches
home made of zinc oxide ceramic with 0.5 wt% of aluminum and indium doping was used as a target. The
influence of sputtering conditions -- target-substrate distance, pressure and power -- on AIZO deposition were
studied. Films thickness and cross sections were investigated by surface profiler and- scanning electron
microscope (SEM), respectively. At the target-substrate distance of 7 cm, the films show optimum deposition
rate (25-32 nm/min) with the thickness of 750-950 nm throughout the deposited pressure, indicating that the
deposited rate not depend on the pressure. While at the higher target-substrate distance, the lower deposited
rate depending on the pressure is obtained. The lower pressure, the higher deposited rate with dense films
are grown. In addition, as increasing the power, the deposited rate is increased. It was found that at the
target-substrate distance of 16 cm and the deposited pressure of 0.1 mbar give fhe lowest deposited rate (1.7

nm/min) with the films thickness of 50 nm. Mechanism possibility will be discussed.

Keywords: ZnO thin films, dc'magnetron sputtering, ceramic target
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