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Abstract

Indium Tin Oxide (ITO) thin films were Rapid Thermal Annealed (RTA) for 5 minutes at a temperature of 550
°C in different exposures of nitrogen gas. Effects of these exposures on the structural, morphological, electrical
and optical properties of these films were investigated using X-Ray Diffraction (XRD), Atomic Force Microscopy
(AFM) and Field Emission-Scanning Electron Microscopy (FE-SEM), Four-point probe and Hall Effect
Measurements, and Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) spectrophotometer, respectively. The un-
exposed RTA ITO films maintained (400) plane preferential orientation similar to the un-annealed sample.
However, this plane preferential orientation was reduced relative to (222) plane for exposed RTA sample. The
grains and surface roughness parameters were reduced for exposed and enhanced for un-exposed RTA samples
as compared to the un-annealed sample. Relatively higher electrical conductivity, average solar transmittance and
bandgap values were observed for ITO films annealed while exposed to nitrogen gas. The exposed RTA ITO

films showed sheet resistance of 7.91Q/sq, average solar transmittance of 83 % and bandgap of 3.93 eV.

Findings from this study suggest that RT A exposure have the potential to control ITO thin films properties, hence,

extending its potential applications.
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1 Introduction

Demands for energy materials that are readily available, low cost and easy to process have led to the development
of novel optoelectronics and solar cells materials [1-6]. Application of such materials on the commonly used
electrodes for optoelectronic devices needs further research to achieve such devices best performance. Indium Tin
Oxide (ITO) thin films being a transparent conductor with outstanding optical and electrical properties, has been
extensively studied as transparent electrodes for organic light-emitting devices, liquid crystal displays, and solar
cells [7]. Its high bandgap (above 3.7 eV) and n-type degenerate doping make ITO highly transmit visible radiation
and conduct electric current, respectively. This conductivity in 1TO thin films emanates from charge carriers

donated by Sn** doping into In, O, lattice and doubly charged oxygen vacancies [3]. Besides, vacancy-like oxygen

defects are reported to contribute charge carriers where Sn is considered inefficiently activated [7,9]. Post-
deposition annealing in different annealing atmosphere is carried out in such ITO films to efficiently activate Sn.

This annealing also improves the film’s surface morphology, optical, and electrical properties [10].
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Post-deposition annealing experiments are also conducted on ITO thin films to examine these films ability to
withstand typical conditions subjected to it when making a device [11]. Such experiments, for example, is
preferred on ITO thin films intended for bifacial copper-zinc-tin-sulphide/selenide (CZTS) or copper-indium-
gallium-sulphide/selenide (CIGS) solar cells back electrical contact. In these solar cells design, the absorber
deposited on a transparent electrode such as ITO thin films is annealed at temperatures above 500 °C while
exposed or unexposed to the annealing ambient as a typical condition to crystalize the absorber [12,13]. Such
annealing conditions are likely to differently affect the ITO thin film back contacts properties. In this regard, the
post-deposition annealing experiment is desired in such conditions to examine ITO thin films potential to preserve

its properties for such applications.

In this work, 1TO thin films coated on a glass substrate were RTA at 550 °C for 5 minutes; one film exposed while
another un-exposed to nitrogen gas. The effects of these conditions on the structure, morphological, optical and
electrical properties of ITO thin films were investigated using XRD, AFM and FE-SEM, Four-point probe and
Hall Effect Measurements, and UV-VIS-NIR spectrophotometer, respectively. Results from this study reveal that

these annealing conditions influence ITO films properties.

2 Experiment
2.1 Sample preparation

Commercial ITO coated glass (3cm x 2cmx1mm) was ultrasonically cleaned in a Decon FS300 frequency
sweeper for 25 minutes in distilled water, rinsed and dried in ethanol vapour. Cleaned ITO glass was placed in a
graphite box (6.3cmx 3.3cm x 2.5cm) with the conducting side facing upward and both inserted into the Rapid

Thermal Processing (RTP) equipment (RTP 1000D4 furnace) quartz tube. The tube was evacuated using a rotary
oil-sealed mechanical pump for 30 minutes, thereafter, nitrogen gas was allowed into the tube at 60 ml/min flow
rate. The equipment was then rapidly ramped at 20 °Csec™* from room temperature to 550 °C and then remained
at this temperature for 5 minutes before naturally cooling down to room temperature. This procedure was
simultaneously carried out on un-covered graphite box containing the sample so that the samples were exposed to
nitrogen gas and in a covered graphite box so that the samples are not exposed to nitrogen gas. The exposed and

un-exposed RTA samples were then characterized and the results compared to the un-annealed samples.

2.2 Sample characterization

The structural properties of the films were analysed using Brucker D2-Phaser X-ray Diffractometer (XRD) using

Cu K-alpha radiation with 0.15405 nm wavelength. The 26 angle was varied from 20° to 85° in steps of 0.05°
. The surface roughness parameters and morphology of the films were determined by Veeco Instrument,
Nanoscope 1A Atomic Force Microscope (AFM). 2umX2pum image data acquired through taping mode in AFM
were handled and analysed using software; Gwydion [14] and WSxM [15], respectively. The surface morphology

of the films was also determined using Zeiss Crossbeam 540 Field Emission-Scanning Electron Microscopy (FE-

SEM) operated at 2.00kV. The electrical sheet resistance was determined using a Jandel Model 3R four-point



probe whereas, electrical conductivity, carrier mobility and concentration were determined by Ecopia HMS 3000
Hall Effect Measurement System. The samples solar transmittance, T(1), was determined using Pekin Elmer
lambda 19 UV/VIS/NIR spectrophotometer in the wavelength range from 280 nm to 2380 nm. The sample
thickness, t, was estimated from the Swanepoel method [16] using the formula;
to_ A (1)
2[M A, =Ny, ]

The refractive indices of the sample, nand n,, were determined at the two adjacent maxima (or minima)
wavelengths 4, and A, of transmittance spectra by Kramer’s — Kronig model using spectrum v5.0.1 software.

Using this approach, the ITO films thickness was estimated to be 375 nm.

3 Results and discussion
3.1 XRD analysis

XRD spectra (Fig. 1) revealed that all ITO thin films showed a polycrystalline cubic structure corresponding to
the Joint Committee of Powder Diffraction Standards (JCPDS) card number 71-2194 [17]. The un-exposed RTA
sample maintained preferential growth in (400) plane similar to the un-annealed samples, however, this
preferential growth decreased relative to (222) plane for exposed RTA samples. This decrease is related to
increasing oxygen vacancies due to Sn** doping into InOjs lattice [18] which favours (222) plane growth [19]. This
reduced peak intensity suggests improved sample crystal quality as also confirmed by this sample’s increased
1(222)/1(400) ratio (Table 1). A similar increase in this ratio is also reported in annealed ITO films at similar
temperatures in nitrogen gas [18]. Besides, this ratio decrease for un-exposed RTA sample (Table 1) suggests

oxygen diffusion into this sample with this RTA exposure [8].
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Fig. 1 XRD spectra for ITO thin films un-annealed and RTA at 550 °C for 5 minutes exposed and un-exposed to

nitrogen gas

The samples’ Full Width at Hall Maximum (FWHM) analysis based on (222) XRD peak, revealed slight spectra
broadening for exposed and spectra narrowing for un-exposed RTA samples, as compared to the un-annealed
sample (Table 1). This slight changes in FWHM suggest that RTA has the potential to preserve the crystallinity
of ITO thin films [3,9]. To establish the origin of these FWHM changes, we estimated crystallite size and lattice

micro-stain of these samples using a linear fit of the plot governed by the Williamson - Hall equation [20,21]
kA .
FWHMC089:E+4ESIH¢9 (2)

where ¢ is Bragg’s diffraction angle, D is the crystallite size, A is the wavelength of the x-ray radiation and K is

the Scherer factor considered to be 0.9 for spherical crystallites. The micro-strain equals to the slope (¢) and

crystallite size (D) was determined from FWHMCos@ -intercept of the plot which is equal to % . This analysis

revealed that the samples” FWHM is governed by crystallite size than micro-strain (Table 1). This means, based
on Scherer formula [22,23], the observed decrease in crystallite size for the exposed RTA sample implies an
increase in FWHM, whereas, the observed increase in crystallite size for un-exposed RTA sample implies a
decrease in FWHM. Additionally, no direct link is observed (based on the microstrain-FWHM formula [24])
between the observed FWHM trend and the samples micro-strain decrease for un-exposed and further decrease
for exposed RTA samples as compared to un-annealed samples (Table 1). The decrease in crystallite size observed
for exposed RTA sample (Table 1) suggests that the sample experienced a substantial nitrogen gas atmosphere,
limiting the reaction [25] on the sample, and hence, reduced its crystallite size. A similar decrease in crystallite

size is reported for ITO thin films annealed in nitrogen gas at lower temperatures [26,27]. Besides, crystallite size



increase for the un-exposed RTA sample as compared to the un-annealed sample (Table 1) is ascribed to further
crystallization of the sample with limited nitrogen gas in this exposure. Inadequate nitrogen gas in this exposure

suggests a condition which accelerates crystallization of 1TO thin films [27].

The peaks position shifting to large 2@ angles for un-exposed RTA samples and further shifting for exposed RTA
samples as compared to un-annealed samples (Table 1) can be explained by stress relief of RTA samples as
compared to un-annealed samples and is confirmed by these samples micro-strain decrease as shown in Table 1.
A similar peak position shifting is also reported for annealed ITO thin films at a similar temperature in air and
nitrogen gas [18]. The stress relief is also responsible for the respective decrease in lattice constant and planar
distance for these exposures (Table 1). The samples’ planar distances, d, and the lattice constant, a, were computed
for peaks corresponding to (222) planes based on the respective formula;

nA=2dsin26 (3)

and

g :; (4)

Vh? +k? +1?
where n is unit, A is the X-ray wavelength 0.15406 nm, @is the Bragg’s diffraction angle in degrees, h, k, | are

the Miller indices of the lattice planes.

Table 1 FWHM, Crystallite size (D), micro-strain (¢) , crystal quality 1(222)/1(400), peak position (26) and planar

distance (d) and lattice constant (a) for ITO films un-annealed, and RTA at 550 °C for 5 minutes un-exposed and

exposed to nitrogen gas

Sample ID FWHM D ex10  1(222)/1(400) 20 d a
deg. nm deg. 0 0
(deg.) (nm) (deg) (3 A
Un-annealed 0.40 33.7 1.58 0.88 30.5 2.92 10.12
Un-exposed 0.37 36.1 1.50 0.86 30.6 291 10.08
Exposed 0.41 27.8 1.21 1.06 30.9 2.89 10.01

3.2 AFM and SEM analysis

The 2D AFM images in Fig. 2 show clusters of grains for both un-annealed and RTA ITO thin films as also
depicted by the FE-SEM images in Fig. 3. The images revealed that the clusters for exposed RTA sample become
smaller relative to the un-annealed and un-exposed RTA samples. Further analysis of the AFM images revealed
a decrease in grain size, roughness and Root Mean Square (RMS) roughness for this sample and an increase of
these parameters for un-exposed RTA samples as compared to the un-annealed sample (Table 2). The grain size
decrease for exposed RTA sample suggests that the sample experienced a substantial interaction with nitrogen
annealing ambient, limiting the sample’s reaction with residual air [25], and hence, reduced its grains size. A
similar decrease in grain size and surface roughness is reported for ITO thin films annealed in a nitrogen gas [28].

On the other hand, the grain size increase with the un-exposed RTA sample is related to the crystallization of this



sample in a limited nitrogen gas atmosphere as pointed earlier in XRD analysis. A similar trend is reported for

ITO thin films annealed in the air [7] suggesting limited nitrogen gas for this exposure.
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Fig. 2 2D and 3D AFM images with corresponding grain size distributions for ITO films, un-annealed (a, d, g)
and RTA at 550 °C for 5 minutes un-exposed (b, e, h) and exposed (c, f, i) to nitrogen gas

Fig. 3 FE-SEM images for ITO films un-annealed (a) and RTA at 550 °C for 5 minutes un-exposed (b) and
exposed (c) to nitrogen gas



Table 2 also indicates the height asymmetry measures; skewness and kurtosis, developed from height distribution
histograms of these samples shown in Fig. 2 (g-i). The skewness measures symmetry while kurtosis measures
sharpness or ‘peakedness’ of height distribution values [29]. The skewness value was observed to change from
negative for an un-annealed sample to a positive value for un-exposed and exposed RTA samples (Table 2), an
indication of considerable height values below the average for un-annealed samples and considerable height
values above average for un-exposed and exposed RTA samples. This implies that the surface height is determined
by valleys for un-annealed samples and peaks for un-exposed and exposed samples [30]. Relative high skewness
observed for un-exposed RTA sample indicates relative high peak values above the average. Besides, high kurtosis
value was observed for un-exposed RTA sample relative to the un-annealed and exposed RTA sample (Table 2).
This implies that RTA reduced the number of extreme heights above the surface for exposed sample (Fig. 2b),
indicated by a sharper height distribution for this sample (Fig. 2h) than for un-annealed samples (Fig. 2c) with
many moderated heights above the surface (Fig. 2a). On the other hands, a kurtosis value close to 3 was recorded
for exposed RTA samples (Table 2) indicating a nearly normally distributed heights shape [31] as depicted in Fig.

2(i). This suggests a more uniform surface which is useful for optoelectronic applications [32].

Table 2. Surface parameters for ITO films un-annealed and RTA at 550 °C for 5 minutes, exposed and unexposed
to nitrogen gas

Sample Grain size Roughness (Sa) RMS (Sq) Skewness (Ssk) Kurtosis (Sku)
identity (nm) (nm) (nm)

Un-annealed 12.6 2.68 3.27 -0.21 2.67
Un-exposed 12.7 2.85 3.77 1.19 7.85
Exposed 10.3 2.33 291 0.10 3.10

3.3 Electrical properties

The electrical properties, summarized in Table 3, shows that the sheet resistance increases for un-exposed and
decreases for exposed RTA sample relative to the un-annealed sample. This is consistent with the decrease for
un-exposed and increases for exposed RTA sample Hall conductivities relative to the un-annealed sample as
indicated in this table (Table 3). We ascribe sheet resistance decrease (electrical conductivity increase) for the
exposed RTA sample to carrier concentrations increase due to oxygen vacancies increase related to further
incorporation of Sn* into In,O3 lattice with excessive exposure of the sample to nitrogen gas. Further, the decrease
in carrier mobility in this sample (Table 3) can be explained by increased carriers scattering from increased grain
boundaries as a result of the decreased average gain size observed in this sample. Carrier mobility decrease may
also result from increased Sn** impurity sites suggested in this exposure which is reported most important in

determining the overall mobility of carriers [11].

On the other hand, the increase in carrier mobility for un-exposed RTA sample relative to the un-annealed sample
Table 3) is attributed to reduced grain boundaries as a result of the observed grain size increase and possibly

carrier scattering centres decrease related to reduced the Sn** impurities. We suggest impurities decrease in this



case because limited nitrogen annealing ambient facilitated oxygen diffusion into the sample [25,33] reducing Sn
doping and hence Sn** ionized impurities. This is also expected to reduce oxygen vacancies [18] that resulted in
the decrease of carrier concentrations and increased sheet resistance of the un-exposed RTA sample relative to

the un-annealed sample as indicated in Table 3.

Table 3 Sheet resistance, electrical conductivity, carrier mobility and concentration for ITO films un-annealed and

RTA at 550 °C for 5 minutes exposed and un-exposed to nitrogen gas

Sample identity Sheet Electrical Carrier Carrier
resistance Conductivity concentration Mobility
(Q/o) (Q7tem™) (x10% cm’®) (cm?Vis?)
Un-annealed 8.40 3.81 1.10 21.6
Un-exposed 10.05 3.61 1.04 24.7
Exposed 7.90 4.10 1.36 16.5

3.4 Optical properties

Both samples (un-annealed and RTA), maintained nearly similar transmittance in the visible range of the solar
spectrum (Fig. 4). This is not the case, however, with the samples’ near-infrared (NIR) transmittance which
sequentially increased for un-annealed, exposed and un-exposed RTA samples. This trend is likely related to
changes observed in structure and morphology properties with the subsequent RTA exposures. To quantify these
changes in transmittance spectra, we computed the average solar transmittance, Tsol, from Air Mass 1.5 solar
irradiance, G(4) [34] using the relation;

2380
j G()T(1)dA
Tool = 5555 (5)
j G(A)dA
280

The average solar transmittance for both exposed and un-exposed RTA samples increased relative to the un-
annealed sample (inset in Fig. 4). Exposed RTA sample recorded slight high average solar transmittance than the
un-exposed RTA sample. This finding was due to the absorption edge shift toward shorter wavelength resulting
from increased carrier concentration observed for this exposure Table 3. This shift, related to the Burstein-Moss
band filling effect [35,36] increased area under this spectrum which consequently leads to increasing average solar
transmittance. Increased transmittance is also reported in the literature for annealed ITO thin films in the air and

nitrogen gas [18].
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Fig. 4 Solar transmittance spectra with an inset of average solar transmittance for ITO thin films un-annealed and
RTA at 550 °C for 5 minutes exposed and un-exposed

The solar transmittance data were also used to compute the absorption coefficient («) which was then used to
estimate the’ optical bandgap (Eg). This was achieved by extrapolating a linear part of (ahv)? against photon

energy hv plotto (ahv)? =0. In particular, the solar transmittance (T) is related to « as [9];

T = Aexp(at) (6)
whereas, for ITO thin films with a direct bandgap [7], the Eq is related to « as;
(ahv)? = B(hv—Ey) (7)

where A and g are constants and t is the films’ thickness. Fig. 5 shows extrapolated Tauc plots for the samples

from which the bandgaps were extracted. Extracted bandgaps corresponding to these extrapolations are shown in
an inset of Fig. 5. These bandgaps values fall within the reported bandgap range (3.38 - 4.15 eV) for ITO thin
films and within acceptable bandgap range for optoelectronic applications [7,9,18,37-39]. The bandgap related to
the exposed RTA sample widens relative to the un-annealed sample. Such widening is related to Burstein-Moss
band filling effects, [35,36] linked to this exposure carrier concentrations increase shown in Table 3. This means
the bandgap for the exposed RTA sample widens because excess carriers in this sample block its conduction band
to lowest states. In this regard, the bandgap of un-exposed RTA samples with decreased carrier concentration

(Table 3) was observed to narrow.
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Fig. 5 (ozhv)2 as a function of photon energy with an inset of the extracted bandgap for ITO thin films un-

annealed and RTA at 550 °C for 5 minutes exposed and un-exposed

4  Conclusion

In this study, ITO thin films were RTA at 550 °C for 5 minutes exposed and un-exposed to nitrogen gas. The
structural, morphological, optical and electrical properties of these samples were compared to the un-annealed
ITO sample. The un-annealed sample showed a polycrystalline cubic structure with preferential orientation (400).
This preferential orientation was maintained for un-exposed RTA sample, however, it reduces relative to (222)
planes for exposed RTA sample. The crystal quality 1(222)/1(400) increased for exposed RTA sample indicating
improved ITO thin films quality with this exposure. Both crystallite size and grain size decreased for exposed
RTA sample and increased for an un-exposed sample relative to the un-annealed sample. The surface roughness
examined using AFM and FE-SEM decreased for exposed RTA sample and increased for the un-exposed sample
relative to the un-annealed sample which is ascribed to the extent to which the sample was exposed to the ambient
conditions during annealing. The electrical conductivity increased for exposed RTA sample and decreased for an
un-exposed sample relative to the un-annealed sample. The lowest sheet resistance, highest bandgap and average

solar transmittance of 7.91Q /o, 3.96 eV and 83 %, respectively, were observed for exposed RTA sample.

Findings from this study suggest that RTA exposure have potentials to control ITO thin films properties, hence,

extending its potentials applications for optoelectronics and solar cells.
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