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Abstract

Transparent conductive oxide (TCO) films are widely used in many consumer products. The properties of the TCO can
critically affect the efficiency of the application. With this in mind the surface morphological, optical and electrical
properties have been targeted by systematic exploration of the Atmospheric Pressure Chemical Vapour Deposition
(APCVD) growth parameters and in this work particularly the effect of dopant concentrations. APCVD processes are
particularly suited to use in industry due to the high volume, continuous growth processes and fast growth rates
achievable. Using the APCVD process, F-doped SnO, has been deposited on glass using monobutyl tin trichloride with
trifluoro-acetic acid as the dopant source. The deposited films were characterised for crystallinity, morphology, optical
haze and electrical properties. Additionally, the stability of the films to post growth annealing were studied, as this is an
important factor as most TCO’s will need further processing for the production of consumer products. It has been shown
that increasing the dopant levels led to a decrease in surface roughness along with a reduction in feature size. The surface
features also showed a decrease in the average angle, although with a broader distribution. As expected increased doping
gave increased carrier concentration and mobility, with a non-linear decrease in resistivity. The polycrystalline structure
became less selective in orientation on doping, but no further change was seen on increasing the dopant level. The samples
tested showed only marginal changes in electrical and optical properties at elevated temperatures, confirming their thermal
stability.
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1. Introduction

Transparent conductive oxide (TCO) films are of high importance in today’s society with wide ranging
application to many consumer products [1,2] such as flat screen high-definition televisions, energy efficient
windows and thin film photovoltaic cells [3]. The properties of the TCO can critically affect final product
performance. The exact properties required depend on the application, so an ability to easily tailor the film
properties without resort to alternative production methods is advantageous. Atmospheric Pressure Chemical
Vapour Deposition (APCVD) is often attractive for this purpose, as by careful choice of the deposition
parameters the film properties can be systematically targeted. Use of APCVD on the lab-scale has direct
relevance to that in industry as the technology has been proven to be capable of transfer to batch or roll-to-roll
production lines. The technique has the potential for substantial cost reduction due to low material
consumption, reduced running costs (compared to low pressure systems) and high deposition rates.

We have previously demonstrated the ability of this technique to produce TCO’s with high optical haze and
transparency suitable for solar cells [4], as well as those with high transparency, low optical haze and low
emissivity suitable for energy efficient windows [5]. Earlier research by this group with F-doped SnO,
established that the film morphology, along with its optical and electrical properties could be modified by use
of different APCVD parameters such as deposition time [6], tin precursor [7], additives [8,9], temperature or
growth rate [10].

In this paper we have explored the effects of the F-dopant on the film properties.

2. Experimental Details
2.1. TCO growth

The SnO,:F thin films were deposited by APCVD at 600 °C using monobutyl tin trichloride (5.72x10™ mol
min™") with a Sn precursor to H,O molar ratio of 5:1. The dopant, Trifluoro-acetic acid (TFAA) was added
with the water at a range of concentrations. Nitrogen was used as the carrier gas, with 20% oxygen at a total
flow of 2 1/min. Deposition was on 1 mm thick borosilicate (Corning Eagle 2000) glass. An APCVD gas
handling system combined with an in-house designed coater head system was employed to deliver precursors
to the surface of the substrate. On this system the heated substrate is translated on an automated stage, beneath
a static, non-contact gas distributor in an extracted, open atmosphere, enclosure. The number of substrate
passes under the CVD coating head was adjusted to maintain constant film thickness. Details of the
equipment have previously been published [10].

2.2. Characterisation

The crystallinity and structure of the samples was assessed by X-ray diffraction (Siemens D5000). The
morphology and surface roughness of the samples was obtained by atomic force microscopy (NanoScope Illa,
Digital Inst. Ltd). Film thickness was measured using a Dektak 3ST surface profiler on an etched step edge.
Hall Effect measurements were performed on the SnO,:F films to determine the electrical properties with a
lab built system using an electromagnetic with a magnetic flux density of 0.84 T. Reflectance and
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transmittance were measured on a spectrophotometer (nkd8000, Aquila Instruments Ltd) with p-polarised
light at an incident angle of 30°.

3. Results and Discussion

All samples were of similar thickness, 1.8 wm, to reduce the difficulties of comparison, as thickness has a
strong effect on many film properties such as electrical resistance and surface roughness. From Table 1 it can
be seen that there was a reduction in growth rate as the dopant concentration increased. This behaviour has
been reported previously for deposition of SnO,:F by Plasma Enhanced CVD [11] and spray-deposited films
[12,13]. The reduction in growth rate has been ascribed to etching of the growing surface by HF which is one
of the gaseous reaction products.

Table 1. Sample dopant levels, growth rate and surface roughness

TFAA Thickness Growth Roughness
doping (M) (nm) (rate, nm/pass) (nm)

0 1840 131 75

0.05 1746 125 -

0.1 1806 129 78

0.2 1850 103 55

0.4 1760 98 44

0.6 1793 90 45

There was a non-linear trend of reducing roughness (RMS) as the dopant levels increased. Atomic Force
Microscopy (AFM) images showed a reduction in feature size at higher dopant levels, as shown in figure 1.
Previous research also reported reduction in feature size of SnO, films with increasing levels of a Sb dopant,
although no reason was given [14]. Earlier work by us, using the same deposition process, established that
lower growth rates reduced the variation of in feature height [10]. The actual shape of the feature showed no
obvious changes as viewed from the images.

Fig. 1. AFM images (5 pm x 5 um) of (a) no dopant, (b) 0.IM TFAA, (c) 0.6M TFAA
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Fig. 2. Histograms of surface features (a) height distribution, (b) angle distribution

For a more quantitative study the AFM image files were processed to study the height variation across the
sample surface and the feature angle relative to the substrate. As shown in figure 2a, there was a general
narrowing in width of the height histograms at the higher precursor dopant levels, which relates to a reduction
in feature height variation. This confirmed the smoothening of the surface shown from roughness
measurements and AFM images. For the angle histogram (figure 2b) the trend was less clear showing a
narrow angle distribution at un-doped/low dopant levels, then broadening so that the highest dopant level
showed a greater spread and lowest selectivity of the surface feature angles. The angle value centring on 50°
for the lowest dopant levels and reducing to about 30° for higher doping levels, although at the highest dopant
level two main types of feature were suggested with angles around 40° and 10°. This change to lower angle
with increased dopant fits again with the increased relative smoothness of the surface.

Electrical measurements, as would be expected, showed an increase in carrier concentration and mobility,
with a corresponding decrease in resistivity, as the dopant level increased (figure 3). The mobility initially
increased rapidly, before levelling off around 33 cm?/Vs, while the conductivity increases more gradually.
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Fig.3. Electrical measurements of the doped samples for carrier concentration, m, mobility, ® and resistivity, A.
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The electrical activity of the F depends on it substituting at a lattice site for an oxygen ion and as can be
seen the addition of extra F makes less of an improvement to the carrier concentration, so probably reaching
the solubility limit of the F in the SnO, lattice. These additional electrically inactive dopants may decrease the
mobility or at least prevent improvement [15]. Similar behaviour was seen by Oshima et al, although their
film carrier concentrations were generally higher with much lower mobilities [16].
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Fig. 4. Graph of average reflectance and transmission between 350 nm and 1000 nm.

The increased carrier concentration would generally be expected to lead to increased free carrier absorption
(FCA) and hence a reduction in optical transmission [17]. However, there was actually a small linear increase
in the average transmission (figure 4). The average values were calculated over the range 350 nm to 1000
nm. Assuming that the remaining light lost, after accounting for transmission and reflection, was due to
absorbance, this would imply a decrease in absorbance with increased dopant levels. Moholkar et al. [18]
reported an initial increase in optical transmission on doping, which they ascribe to improved crystallinity and
a pin-hole free surface. Improved crystallinity of our films on doping, as confirmed by the XRD discussed
later in this paper, could also in part explain the increase in transmission seen in our samples. The seemingly
low values of the average transmission (62% maximum) relate to both the very thick film (1.8 um) and that
due to the geometry of the spectrophotometer the incident angle was 30° - hence increasing reflectance and
reducing transmission. Despite this, maximum transmission values between 64% and 75% were obtained at a
wavelength of 800 nm (Figure 5a).
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Fig.5. Spectrophotometry measurements for (a) Transmission (absolute values), (b) Reflectance (offset).
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As the samples all had similar thickness the reflectance results, shown offset in Figure 5b, all had similar
periods. The refractive index is related to the amplitude of the oscillations, which are again similar. As a
result, this implies only small differences in the refractive index. The comparatively high film roughness
causes the attenuation of the extreme values in all the spectra.

Table II. Calculated crystallite sizes for the SnO, films for different precursor doping levels.

Dopant [101] [200] [211]
M nm
0 26 24
0.1 22 22
0.2 24 22 24
0.4 21 25 22
0.6 33 34 26

Grain size is another property which can affect the mobility and the associated number of boundaries and
traps. However, calculations, via Scherrers formula [19], (Table II) showed little variation in grain size, which
was also reported by Shanthi et al in their study of SnO,:F films deposited by spray pyrolysis [20]. The
crystallite size is determined from the experimental half-widths of the various peaks, so the error in
determination of the grain size will increase for films of lower crystallinity (i.e. broader, noisier peaks). This
makes it more difficult to accurately determine small changes in grain size.
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Fig.6 X-ray diffraction of the SnO, dopant samples.

The study did show a change in the XRD from non-doped to doped, but no significant changes between the
doped samples as shown in figure 6. Other research has also shown changes in orientation between doped and
non-doped films [21], but the exact changes depended on the precursor chemistry and deposition conditions.
Doping the samples led to increased intensity in the signals at 34° (101) and 52° (211) relative to 38° (200).
Overall, as judged qualitatively, there was a reduction in preferential orientation with the three main
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diffraction peaks (101), (200) and (211) diffraction peaks becoming closer in intensities. From a doping level
of 0.2M (in the precursor) there was an improvement in the crystallinity of the films as shown by the
increased intensity, narrowing and reduction in signal/noise levels.

Table III. Electrical properties of selected annealed samples.

Annealing Sheet resistance  Resistivity ~ Mobility Carrier concentration
temperature °C Q/sq Qm cm’/Vs cm”

600 18 1.8E-05 26.9 1.3E+20

200 17 1.7E-05 26.2 1.4E+20

25 16 1.6E-05 279 1.4E+20

Finally, selected samples were annealed to confirm the stability of APCVD TCO. Samples were annealed
at temperatures between 200 °C to 600 °C under a 0.5 1/min flow of air for 1 hour. No change was seen in any
of the optical properties (transmission, haze), while the Hall measurements (summarised in Table III)
established that no large changes occurred in mobility or carrier concentration. The change in resistivity on
annealing is within experimental measurement error.

4. Conclusion

A series of SnO,:F thin films have been deposited under different APCVD F-dopant concentrations. These
established increased doping levels led to a decrease in surface roughness along with a reduction in feature
size. The surface features also showed a decrease in the average angle, although with a broader distribution.
As expected increased doping gave increased carrier concentration and mobility, with a non-linear decrease in
resistivity. Interestingly the transmission showed a linear increase with doping level, suggesting a reduction in
absorbance (in the visible and very near-infrared range). The polycrystalline structure became less selective in
orientation on doping, but no further change was seen on increasing the dopant level. The thermal stability of
the films under elevated annealing temperatures was shown to be high, as only marginal changes in electrical
and optical properties were detected. This giving yet another reason for use of the APCVD technique.
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