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LOW TEMPERATURE GROWTH OF SMOOTH INDIUM TIN OXIDE FILMSBY
ULTRAVIOLET ASSISTED PULSED LASER DEPOSITION
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Thin indium tin oxide (ITO) films were grown on Si substrates held at temperatures 50 °C up
to 150 °C by conventiona and in situ ultraviolet-assisted pulsed laser deposition (UVPLD)
techniques. Atomic force microscopy and x-ray reflectivity techniques were employed to
characterize the surface morphology of the ITO films on both microscopic and macroscopic
scales. Roughness values (Rms) below 0.5 nm were routinely achieved on films grown by the
UVPLD technique.
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1. Introduction

Indium tin oxide (ITO) is one of the most widdy-used transparent conducting oxides for
optoel ectronic devices, flat pand displays, and sensors, as it combines good €electrical conductivity
with high transparency in the visible range. There are important applications for ITO thin films, such
as anode contacts in organic light-emitting diodes or coating of flexible polymer substrates used in
ultralight mobile display pand's where alow processing temperature is very important.

Various types of sputtering techniques were shown to allow for the deposition of good quality
ITO films even a room temperature [1-4]. However, the surface roughness of these films is often
rather high [3-5]. A significant decrease of the roughness vaues over those measured for sputtered
films, without compromising their eectrical and optical properties, has been reported for films grown
at room temperature (RT) using the pulsed laser deposition (PLD) technique [5-7]. Ultraviolet (UV)
irradiation during thin film deposition by sol-gd [8, 9], sputtering [10], or laser ablation [11] was
shown to result in an improvement of crystallinity and surface morphology. By using an in situ
ultraviolet-assisted PLD technique (UVPLD) for the growth of 1TO films, we obtained even smaller
roughness values for films grown from 50 to 150 °C that are reported here.

2. Experiment

TheITO films were grown in aPLD system that employs an excimer laser (KrF, A =248 nm,
fluence ~2 Jcn?, repetition rate 5 Hz) to ablate I TO targets (99.99% purity, 10 % weight SnO,). The
oxygen pressure during deposition was set at 10 mTorr, the optimum value for our target-substrate
distance of 10.5 cm [12, 13]. A low pressure Hg lamp, which alows for UV irradiation of the
substrate during the laser ablation-growth process and molecular oxygen photodi ssociation, was fitted
into the PLD system and located just bd ow thetarget. Films were deposited onto (100) Si wafers that
received an RCA deaning followed by a dip in diluted HF, rinse in DI water and blow dry by high
purity N,. The thickness and optical properties of films were investigated by spectroscopic
elipsometry (VASE, Woollam Co.) a 70° incidence. The surface morphology was investigated by
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atomic force microscopy (AFM) a a microscopic scale and by x-ray reflectivity (XRR) a a
macroscopic scale. The fitting of the acquired XRR spectra with the aid of the Wingixa software
installed in the Philips X’ Pert MRD instrument also provided values for the interfacid roughness,
thickness and density of the films.

3. Results

The crystalline structure, chemical composition and optical and eectrica properties of films
grown in our deposition system by conventional PLD and UVPLD were reported e sewhere [12, 13].
Films deposited at room temperature were amorphous, highly transparent and exhibited resitivity
values lower than 4x10* Qcm. The dectrical resistivity decreased with increasing substrate
temperature. Films deposited at a substrate temperature of 150 °C also exhibited crystalinity, with the
average crystallite sizes of around 10 nm.

In Fig. 1 the refractive index and extinction coefficient values of films deposited by PLD
(25.2 nm thick) and UVPLD (25.1 nm thick) at 50 °C are shown. These results were obtained by
modeding the acquired dlipsometry data by a structure consisting of asingle layer of ITO onto Si and
starting with the ITO n and k reference values. One can hote that the resulting films optica constants
were quite close to the reference values, more so for the UVPLD grown film.

24
il

2.2 Y

20

Refractive index. n

-

.

-

FLD

B Y

i

o R

Exzlinclion coefficient, k

0.1 - \ a,

b s

1 o

B, AT
\ W

- ‘! reference

™S

—

500 GO0 700

Wavelength (nm}

e S 500 500 700
Wavelength (nm}
Fig. 1. Refractive index and extinction coefficient values of ITO films grown under

10 mTorr at 50 °C by PLD and UVPLD.
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The films surface morphology was first investigated by AFM. Typical images obtained from
films deposited a 100 °C by UVPLD and PLD are displayed in Fig. 2. The films were quite smooth,
with an average root-mean-square roughness (Rys) of around ~0.3 nm. These are very good values,
comparableto the best one reported so far [5-7, 14, 15].
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Fig. 2. AFM images (1 pm x 1um) of ITO films grown on S a 100 °C by UV -assisted and
conventional PLD. Please note the expanded z scade. The Rysvalues were measured at
around 0.22 and 0.26 nm, respectively.
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The Rns Values obtained by AFM characterize the surface morphology a a microscopic scae.
To invegtigate the roughness at a macroscopic scale, XRR spectra were acquired from the deposited
films. In order to obtain good fits for the acquired XRR spectra, the addition of an interfacia layer
between the Si substrate and the deposited ITO layer was required. As shown in Fig. 3, the thickness
of this layer was around 0.5-2 nm, depending on the deposition conditions, while its estimated
density, which was always higher than 2.2 g/cm®, the vaue corresponding to SiO, density [16],
indicated some intermixing with the deposited ITO layer. It is worth mentioning that UVPLD grown
samples exhibited a thinner interfacial layer that possessed both a lower density and roughness than
those of interfacial layers formed on PLD grown samples. It was found that thin silicon oxide layers
grown by low temperature UV-assisted oxidation exhibited physicad and chemical properties much
closer to those of standard SiO, layers than the native silicon oxide or oxide grown at similar
temperatures [17, 18]. During the UVPLD process, the Si surface is rapidly covered by a high quality
oxide layer which once formed acts as a diffusion barrier and signifi cantly slows down further growth
and mixing with the deposited ITO layer. This accounts for the lower density and roughness val ues of
theinterfacial layer obtained from the fitting program of the acquired XRR spectra.
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Fig. 3. XRR spectra and simulations (shown a so as inserts) of 1TO films grown at 150 °C by
(8 UVPLD and (b) PLD.

It isinteresting to note that when repeating the fitting of the acquired VASE dataincluding an
interfacial layer whose starting thickness was that obtained from the XRR fitting process, a small
improvement of the values of refractive index and extinction coefficient was noted as one can seein
Fig. 4. Moreover, there was generally good agreement between the thickness of the interfacial and
ITO layers determined from XRR simulations and those determined from these new VASE
simulations.
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Fig. 4. Comparison of refractive index and extinction coefficient values of an ITO film grown
at 150 °C by UVPLD obtained by modeling the structure with and without the presenceof a
thin SIO, interfacial layer.

Although not very evident from the XRR spectra shown in Fig. 3, the criticd angle values
were marginaly but consistently higher for UVPLD films than for PLD films. This indicates a higher
density of the ITO layer, which was estimated to be 6.92 g/cm?® for films grown at 50 °C and reached
7.12 glem?® for films grown by UVPLD at 150 °C, very close to the tabulated value [19] of In,Os. As
one can also seein Fig. 3, the amplitude of oscillations in the recorded XRR spectrais higher for the
UVPLD grown films. This indicates that the roughness values are smaler and that the difference
between the density of the interfacial layer and that of the grown ITO islarger for the UVPLD grown
structures than for conventional PLD grown films. Routingy al grown films, both by PLD and
UVPLD exhibited roughness va ues always below 0.5 nm. These are very good values, confirming
previously reported results [5-7, 10, 11]. Moreover, even for much thicker films the roughness values
did not increase. As one can see in Fig. 5, the simulation of the acquired spectra of an ITO film

250 nm thick returned a value of only 0.4 nm for the surface roughness.
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Fig. 5. XRR spectrum and simulation of athick ITO film grown at 50 °C by UVPLD.

4. Conclusions

Good quality ITO films have been grown held at temperatures from 50 °C up to 150 °C on Si

substrates using an in situ ultraviolet-assisted pulsed laser deposition technique. Dense films,

exhibiting good optica properties and surface roughness values beow 0.5 nm were routind'y grown.

Both x-ray reflectivity and spectroscopic dlipsometry investigations techniques indicated the
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presence of an interfacia layer between the Si substrate and the deposited ITO layer. The density of
this layer was closer to that of stoichiometric SO, while its roughness is significantly lower for
structures deposited using the UVPLD technique than for those deposited using the conventional PLD
technique.
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