OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS Vol. 6, No. 1-2, January-February 2012, p. 136 - 140

Influence of dopants on TiO, thin films properties grown
by pulsed laser deposition

C. SIMA
National Institute for Laser, Plasma and Radiation Physics, Atomistilor 409, P.O. Box MG-36, Bucharest- Magurele,
Romania

The work investigated doped TiO, thin films deposited by pulsed laser deposition method (PLD) on indium tin oxides (ITO)
substrates. Titanium as target and nickel, zinc, J)alladium, aluminum, as dopants was used. The targets were irradiated by
an Nd:YAG laser (355 nm, 5 ns, 35 mJ, 3 J/cm®) at 40 mTorr oxygen pressure and room temperature (RT). The films were
subjected to a thermal treatment at 350 °C for two hours in oxygen atmosphere. The film structure, surface morphology,
composition, thickness and optical transmission were investigated. Only titanium sub-oxides were formed at RT; after
annealing, the films became crystalline, corresponding to anatase phase at low dopant concentrations excepting aluminum
when anatase was obtained regardless of dopant concentration. The deposition rate of the films was around 0.0052
nm/pulse. On the surface, the films present droplets with size in the range of 0.2 um to 3 pm. The best optical transmission

in the visible range was found for the films doped with the highest nickel concentration.
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1. Introduction

Titanium dioxide is a semiconductor with high
importance in many fields and particularly in dye-
sensitized solar cells (DSSCs) [1-8]. There is a high
interest in engineering of composite TiO, photoelectrodes
for DSSCs conversion energy improving. Different studies
concerning the influence of aluminum in TiO, film
structure with application in DSSCs are reported [9-11].

The goal of this study was to deposit doped TiO,
films, by laser ablation on ITO substrate and to investigate
the influence of dopants on the structure, morphology and
optical transmission of the films.

The investigations on the structure, surface
morphology, composition and transmission of the films
were performed using X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X ray
spectroscopy  (EDX) and  optical  transmission
spectrometry.

2. Experimental

A Nd:YAG laser operating at 355 nm, 10 pps
repetition rate, with 5 ns pulse duration, 35 mJ
energy/pulse and 3 Jicm?® fluence, was used. Titanium
(99.99%) as target, and nickel (99.95%), zinc (99.95%),
palladium (99.9%) and aluminum (99.9%) as dopants,
were used. The dopant concentration was adjusted by
changing the ratio between the number of pulses
impinging the titanium and dopant target. The study was
performed for the following ratio values titanium/dopant:
198/2, 196/4, 188/10, 178/20. The total number of laser
pulses impinging the target was 216000.

TiO, doped thin films were deposited on ITO coated
glass substrate (KINTEC, thickness 100 nm, sheet
resistance 17.5-18 Q/sq, transmittance 85-86% for A=400-
1000 nm). Target-substrate distance was 4.5 cm. Before
deposition, the ablation chamber was evacuated to a base
pressure of 3x10™ Torr. Previous investigations on
deposition of crystalline TiO, thin films [12] showed that
an incipient crystallinity starts at 20 mTorr oxygen
pressure and the best crystallinity (anatase phase) is
attained at 40 mTorr; therefore during the experiments, the
oxygen pressure was maintained at 40 mTorr. After
deposition, the films were subjected to a thermal treatment
at 350 °C for 2 hours in oxygen atmosphere. The films
were characterized by a Bruker-AXS D8 Advance
diffractometer (Cu Koy), a scanning electron microscope
(Quanta Inspect F) with EDX, and a Cintra 10e
spectrophotometer.

3. Results and discussion

XRD spectra of the TiO, films doped are presented in
figures 1-4. In Fig. 1 are shown XRD spectra of the films
doped with nickel deposited at RT (a) and annealed at 350
C (b). One can see that at RT only TiO, Ti;O, peaks are
formed and Ni peak appear only at the lowest dopant
concentration.  After annealing, at low nickel
concentrations 198/2, 196/4 ratio titanium/dopant, the film
becomes crystalline corresponding to TiO, anatase phase,
and increasing dopant concentration to 188/10 and 178/20
ratio, incipient peaks corresponding to TiO, crystalline
phases formed.
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Fig. 1. XRD spectra of TiO, films doped with nickel
(titanium/nickel laser pulses: 198/2, 196/4, 188/10,
178/20); (a) deposited at RT; (b) annealed at 350 °C.

Concerning the influence of zinc on the structural
characteristics of the films, one can be seen from the Fig. 2
(a) that at RT, at low dopant concentration, no ZnO or Zn
peaks formed; Increasing the dopant concentration to
188/10 and 178/20, Zn and ZnO appeared. Concerning
TiO, formation, similar to nickel, crystalline TiO, anatase
phase appears only after thermal treatment Fig. 2 (b) at
low dopant concentration.
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Fig. 2. XRD spectra of TiO, films doped with zinc
(titanium/zinc laser pulses: 198/2, 196/4, 188/10,
178/20); (a) deposited at RT; (b) annealed at 350 °C.

In the case of the films doped with palladium, (Fig. 3
(a) and (b)), only peaks characteristic to Pds;Ti are formed
at RT (Fig. 3(a)) at the highest palladium concentration
and TisO and TiO appeared regardless of dopant
concentration. After annealing, (Fig. 3(b)), PdO was
formed only at the highest palladium concentration and
TiO, anatase is formed for low dopant concentration
(198/2 and 196/4).
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Fig. 3. XRD spectra of TiO, films doped with palladium
(titanium/palladium laser pulses: 198/2, 196/4, 188/10,
178/20); (a) deposited at RT; (b) annealed at 350 °C.

In the case of aluminum, the dopant influence on the
film structure is different concerning anatase formation. In
Fig. 4(a), at RT only an incipient peak corresponding to
aluminum is formed at the highest dopant concentration.
After annealing, Fig. 4(b), in contrast with nickel, zinc and
palladium, when TiO, anatase peaks were formed only at
the lowest dopant concentration, in the case of aluminum,
anatase phase formed for each doping ratio.
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Fig. 4. XRD spectra of TiO, films doped with aluminum
(titanium/aluminium laser pulses: 198/2, 196/4, 188/10,
178/20); deposited at RT; (b) annealed at 350 °C.

Using Debye Scherrer formula, the mean crystallite
sizes of TiO, were determined and the results are
summarized in Table 1. One can see that the average size

of the doped TiO, particles is around 15 nm, regardless of
dopant.

Table 1. TiO, particles average size for different dopants.

TiO,

films TiO, TiO, TiO, TiO,
doped doped doped doped doped
and with Ni | with Zn | with Pd | with Al
annealed
at 350 °C

Average | 5 g 14.4 15 15
size (nm)

In the following, SEM images (Fig. 5 (a)-(d)) of the
TiO, doped films with the highest dopant concentration
(178/20) are presented.

It can be observed that on the surface, the films
present droplets ejected from the target in the ablation
process. The size of the droplets attached on the film
surface is in the range of 0.2 um to 3 um. In the cross

section, the films are very compact, presenting columnar
growths.

© (d)

Fig. 5. SEM images of doped TiO; films after annealing
process178/20 ratio titanium/dopant
(a) 20 pulses impinging nickel target;
(b) 20 pulses impinging zinc target;
(c) 20 pulses impinging palladium target;
(d) 20 pulses impinging aluminum target.

The transmission spectra of TiO, films doped with
nickel, zinc, palladium, aluminum, are presented in figures
6-9. For the films doped with nickel (Fig. 6), as the dopant
concentration increases, the film transmission increases
from 22% to 40% at 500 nm.
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Fig. 6. Nickel doped TiO, films transmission spectra.

In the case of TiO, films doped with zinc (Fig. 7), the
film transmission increases up to dopant concentrations of
188/10, when is maximum, and decreases for 178/20, the
transmission being about 28% in the visible range at 500
nm.
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Fig. 7. Zinc doped TiO, films transmission spectra.
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Using palladium as dopant, the optical transmission is
very low as is presented in Fig. 8. One can see that as the
amount of dopant increases, the film transmission
decreases to about 2% at 500 nm for the highest palladium
concentration (178/20).
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Fig. 8. Palladium doped TiO, films transmission spectra.

Concerning the influence of aluminum on the film
transmission one can be seen from the Fig. 9 a similar
behavior to zinc; the maximum transmission of 35%
occurs at ratio 188/10 at 500 nm.
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Fig. 9. Aluminum doped TiO, films transmission spectra.

In Table 2 are presented deposition rates of the doped
TiO, films and atomic concentration of the dopant as
function of titanium/dopant ratio. It can be seen that the
deposition rate was around 0.0052 nm/pulse in all cases,
excepting zinc deposition rate which was a little bit higher.

From EDX measurements, atomic concentration of
the dopant was also determined. If the number of the laser
pulses impinging on dopant target increases, dopant
concentrations increases as are summarized in the Table 2.

Table 2. Deposition rate and atomic concentration of doped TiO, films.

Rati Deposition Average Atomic
atio . .
Dopant donant/titanium rate depositionrate | concentration
P [nm/pulse] [nm/pulse] (%)
2/198 0.0057 1.1
. 4196 0.0056 1.6
Nickel 10/183 0.0045 0.00525 c
20/178 0.0051 7
2/198 0.0060 2.9
Zinc 4196 0.0061 0.00597 55
10/188 0.0061 6.2
20/178 0.0057 10.5
2/198 0.0053 1.3
. 4196 0.0053 1.7
Palladium 10188 0.0054 0.00527 18
20/178 0.0051 10.8
2/198 0.0053 2.3
4196 0.0048 3.6
Alumi 0.00525
Hmindm 10/188 0.0058 104
20/178 0.0051 16.5
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4. Conclusions

Crystalline doped TiO, films anatase phase were
obtained using PLD method after annealing treatment at
low nickel, zinc, palladium dopant concentration while
aluminum favored formation of TiO, anatase phase
regardless of dopant concentration. The films presented
some droplets on the surface with sizes in the range of 0.2
pm to 3 um. The size of the grains in the film structure
was around 15 nm. The deposition rate was around 0.0052
nm/pulse excepting Zn with 0.0059 nm/pulse. The best
optical transmission was for the films doped with nickel at
178/20 ratio.

Acknowledgements

This work was supported by the strategic grant
(POSDRU/89/1.5/S/58852), Poject ”Postdoctoral
programme for training scientific researchers” cofinanced
by the European Social Found within the Sectorial
Operational Program Human Resources Development
2007-2013”.

The author would like to thank to Dr. Constantin
Grigoriu for permission to use laboratory equipment and
for constructive discussion and to Dr. luliana Pasuk for
discussion concerning XRD measurements.

References

[1] M. Gratzel, Photochem. Photobiology 4, 145 (2003).

[2] L. Kavan, T. Murakami, P. Comte, M. Gratzel
Electrochem. Solid. St., 10, A85 (2007).

[3] M. Manca, F. Malara, L. Martiradonna, L. Marco,
R. Giannuzzi, R. Cingolani, G. Gigli Thin Solid
Films, 518, 7147 (2010).

[4] H. Kim, G. Kusto, C. Arnold, Z. Kafafi, A. Pique,
Appl. Phys. Lett. 85, 464 (2004).

[5] T. Chou, Q. Zhang, B. Russo, G. Fryxell, G. Cao,

J. Phys. Chem. C, 111, 6296 (2007).

[6] H. Kim, R. Auyeung, M. Ollinger, G. Kushto,

Z. Kafafi, A. Pique, Appl. Phys. A 83, 73 (2006).

[7]1 Z. Wang, T. Yamaguchi, H. Sugihara, H Arakawa,
Langmuir, 21, 4272 (2005).

[8] M. Wei, Y. Konishi, H. Zhou, M. Yanagida,

H. Sugihara, H. Arakawa J. Mater. Chem., 16, 1287
(2006).
[9] X. Zhang, H. Liu, T. Taguchi, Q. Meng. O. Sato,
A. Fujishima, Sol. Energ. Mat. Sol. C., 81, 197.
(2004).
[10] X. Zhang, I. Sutanto, T. Taguchi, K. Tokuhiro,
Q. Meng, T. Rao, A. Fujishima, H. Watanable,
T. Nakamori Sol. Energ. Mat. Sol. C., 80, 315 (2003).
[11] K. Ko, Y. Lee, Y. Jung, J. Colloid. Interf. Sci., 283,
482 (2005).
[12] C. Sima, C. Grigoriu Thin Solid Films, 518, 1314
(2009).

“Corresponding author: simac@ifin.nipne.ro



