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Influence of different process parameters on 
physical properties of fluorine doped indium 
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Fluorine-doped indium oxide films were prepared by the spray pyrolysis technique. The 
physical properties of these films were investigated with respect to various process parameters, 
namely variation of dopant concentration (in the solution), deposition temperature (T,), carrier 
gas (air) flow rate and the thickness of the film. The best films had a Hall mobility of the order 
of 28 cm2V -1 s -1 and a carrier density of 2.7 x 102~ -3. These films were deposited at 
Ts=425~ at an air flow rate of 71 min -1 for an atomic ratio of flourine to indium of 72%. 
The electrical resistivity of these films was of the order of 10-4Q cm and the average 
transmission in the visible range was found to be 80-90%. The films were polycrystalline, 
n-type semiconductors with [400]  as a preferred orientation. The preferred orientation 
changes from [400]  to [222]  depending upon the process parameters. 

1. I n t r o d u c t i o n  
Transparent and conducting oxides (TCO) of In203, 
SnO2, ZnO etc. prepared by various techniques have a 
wide range of applications in photovoltaic and photo- 
thermal technologies. Tin-doped indium oxides films 
are more commonly prepared and used as transparent 
conducting oxides. Only a few publications report on 
fluorine-doped indium oxide thin films deposited by 
different techniques [1 3] including spray pyrolysis 
[2]. The present investigations show for the first 
time the dependence of physical properties of spray- 
deposited In203 :F films on air flow rate and thickness 
of the films. 

2. Experimental  procedure 
Thin layers of InzO3:F were deposited on Corning 
7059 substrates by the spray pyrolysis technique. The 
details of the experimental procedure are given else- 
where [4, 5]. Here we have investigated the physical 
properties of In/O 3 :F films with respect to four differ- 
ent process parameters: (i) dopant concentration, (ii) 
deposition temperature, (iii) air flow rate and (iv) the 
thickness of film. The spraying solution consisted of 
indium chloride and ammonium fluoride used as a 
dopant, where the [F]/[In] ratio was varied from 8 to 
104%. The films were deposited at a substrate temper- 
ature of Ts = 425 ~ and an air flow rate of 71 min -1, 
which happen to be our optimum values for undoped 
In;O 3 films [6]. The films were deposited for a fixed 
time of 24min. The optimum ratio [F]/[In] was 
found to be 72%. This value was kept constant when 
other parameters were varied. In terms of weight 

percentage the doping concentration varies from 1.32 
to 17.2%. 

The deposition temperature was varied from 350 to 
500 ~ for the optimum dopant level. The optimum 
temperature was found to be 425 ~ The air flow rate 
was varied from 5 to 11 1 min-1, keeping the dopant 
concentration and substrate temperature at their 
optimum values. The optimum air flow rate was found 
to be 71 min- 1. The thickness of the film was varied in 
the range of 0.1 to 1.3 lam varying the time of depos- 
ition, other process parameters being at their 
optimum level. The electrical resistivity of the films 
was determined using the van der Pauw technique [7]. 
Hall mobility ~t n and carrier concentration (N) were 
determined by using Hall effect measurements at 
room temperature. A Hitachi optical spectropho- 
tometer was used to measure the optical properties of 
the films. Structural properties of the films were 
studied by using a low angle X-ray diffractometer 
(Rigaku rotating anode X-ray diffractometer RU 200 
B). The thickness of the films was measured by using 
the formula given by Manifacier and Fillard [8]. 

3. Results and discussion 
3.1. Variation of dopant concentration 
The In203:F films are found to be polycrystalline 
with the preferred orientation [400]. The extent of 
this orientation increases with doping upto a doping 
concentration of 72%, after which there is a decrease 
in this preferred orientation as seen in Fig. 1. Similar 
results have been observed by Maruyama and Fukui 
[3] in InzO3:F and InzO3:Sn films deposited by the 
chemical vapour deposition technique. The variation 
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of texture coefficient for [400]  and [222]  orienta- 
tions, calculated using the formula given by Barret 
and Massalski [9] for different dopant concentrations, 
is shown in Fig. 2. 

The variations of Hall mobility gn, carrier concen- 
tration (N) and the electrical resistivity (P) with doping 
are shown in Fig. 3. The initial decrease in N could be 
due to the dopant fluorine occupying oxygen vacancy 
sites [10]. Whereas the oxygen vacancy denotes two 
electrons to the lattice, replacement of the vacancy by 
a fluorine atom results in the donation of only one 
electron. A further increase in dopant concentration 
results in the replacement of oxygen by fluorine and 
thus an increase in the carrier concentration. Yuanri 
et al. [11] have also observed an initial decrease fn N 
in InzO3:Sn films deposited by reactive ion planting, 
but no explanation has been proposed for this vari- 
ation of N. 

The Hall mobility ~t H appears to depend on the 
number of oxygen vacancies, the number of ionized 
impurities and the crystallinity of the films. The initial 
increase in i,t H could be due to the reduction in oxygen 
vacancies and improvement in the crystallinity. The 
decrease in la H at higher concentration appears to be 
due to a loss of crystallinity as well as an increase in 
the number of ionized impurities. The highest meas- 
ured value of la n was 36 cm 2 V-  1 s-  1. 

The relation between la H and N was calculated using 
the following formula [12] and plotted in Fig 4: 

4e (7t ~1/3 N-  2/3 

= 9.816x1014N -2/3 ( c m 2 V - t s  -1) 

The slope of the curve (Fig. 4) was 0.67, which agrees 
well with the value 0.8 4- 0.2 given by Hoffmann et  al. 
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2.4 wt % as the opt imum doping. Whereas their range 
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Figure3 Variation of (A) Hall mobility Pn, ((3) carrier 
concentration N and ([]) resistivity p versus doping concentration. 
Ts = 425 ~ flow rate = 71 min -~, t = 320-420 nm. 

[13]. This supports the reasoning that ionized impu- 
rity scattering influences gH at higher doping concen- 
trations. 

Since the resistivity depends on the product of N 
and gn, it incorporates the variation of these two 
parameters. The minimum value of resistivity is ob- 
tained when the [F] / [ In ]  ratio is 72%. 

The effect of doping on the sheet resistance Rsh and 
the figure of merit as defined by Fraser and Cook [14] 
is shown in Fig. 5. On both counts, the opt imum 

17 wt % in the present investigation. 
From the optical measurements it was observed 

that the films have a high transmission (87-90%) in 
the visible range of the spectrum. A plot of the square 
of absorption coefficient (~2) against p h o t o n  energy 
[3] as shown in Fig. 6 gives a value of 3.82 eV as the 
band gap of In203:F .  This value is higher than the 
one observed by us for undoped films [6]. Maruyama 
and Fukui [3] find for their undoped and fluorine- 
doped In20  3 films deposited by the CVD technique a 
lower value of 3.50 eV as the band gap. Doping did 
not change their value of band gap. 

3.2. Variation of substrate temperature 
The substrate temperature was varied from 350 to 
500 ~ with an interval of 25 ~ The thickness of the 
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Figure 7 Variation of X-ray diffraction pattern with substrate 
temperature T~; [F]/[In] = 72%, flow rate = 71 rain- 1. 

film was 370M35 nm. The substrate temperature  had 
a remarkable  influence on the preferred or ien ta t ion  of 
the films, as seen from Fig. 7. Similar results were 

observed for undoped  I n 2 0  3 films [6]. These and the 
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Figure 9 Effect of substrate temperature on electrical properties of 
spray-deposited In203:F at room temperature: (~) mobility, ([3) 
9, ((3) N. [F]/[In] = 72%, flow rate = 71 rain -1. 

earlier X-ray diffraction (XRD) observat ions suggest a 
m i n i m u m  deposi t ion temperature  of 350 ~ for ob- 
ta in ing I n 2 0  3 films. Lower temperatures  show peaks 
of InC13 and  not  I n 2 0  3. Gro th  [15] and  Siefert [161 
have reported similar observat ions a l though Singh et 

aI. [2] have deposited I n 2 0  3 films at a temperature  as 
low as 310 ~ Varia t ion in the preferred or ienta t ion 
with different deposi t ion temperatures  for I n z O 3 : F  
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Figure 11 X-ray diffraction patterns of In2Oa:F films deposited at 
different air flow rates (1 min-1). T~ = 425 ~ [F]/[In] = 72%. 

films has not been observed by other workers [2, 3, 
17]. Fig. 8 shows the texture coefficient variation with 
deposition temperature for the two orientations 
[4 0 0] and [-2 2 2]. 

The Hall mobility gH, carrier concentration N and 
electrical resistivity p of In203  :F films as a function of 
substrate temperature are plotted in Fig. 9. Both gn 
and N follow the trend of variation of the predominant 
I-4 0 0] orientation which may be understood as due to 
enhanced crystallinity with increasing substrate tem- 
perature [18]. The decrease in N at higher substrate 
temperatures than the optimum 425 ~ could be due 
to reduced effectiveness of doping as a result of a 
decrease in crystallinity of the film. Additionally, 
higher deposition temperatures may reduce the contri- 
bution of oxygen vacancies to N [12]. Since both ~ti~ 
and N peak at 425 ~ the lowest resistivity of 8.3 
x 10-4f~cm is observed at this deposition temper- 
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Figure 13 Effect of air flow rate on electrical properties of spray- 
deposited In2Oa:F at room temperature: (A) mobility, ([]) 
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ature. Shanthi et al. [19] have observed a similar 
behaviour of physical properties with deposition tem- 
perature. The average optical transmission in the vis- 
ible region increases from 80 to 89% as the substrate 
temperature is increased from 350 to 500 ~ (Fig. 10). 

3.3.  V a r i a t i o n  o f  a i r  f l o w  rate 
The structural properties of the films at different air 
flow rates are shown in Figs 11 and 12, while the 
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Figure 14 X-ray diffraction patterns of In20 s :F films of various 
thicknesses. T s = 425 ~ flow rate 71 min -1, [F]/[In] = 72%. 

variation in electrical properties appears in Fig. 13. 
The Hall mobility IX H is distinctly structure-dependent 
and follows the variation of the [400]  preferential 
orientation. Since N results from the contribution of 
both oxygen vacancies and the dopant, the higher 
value of N at lower flow rates could possibly be due to 
a high number  of oxygen vacancies as a result of a 
higher loss of oxygen at lower flow rates. As the flow 
rate increases the films become more stoichiometric, 
resulting in a reduction of N. The opt imum flow rate is 
71 rain-  1. 

3.4. Variation of f i lm th ickness 
The extent of preferential orientation along [400]  
increases with thickness as seen in Fig. 14. Although 
we had observed a change in orientation with thick- 
ness in undoped films [20], no such change was 
observed in the doped films in the present investiga- 
tion. Belanger and Dodelet [21], however, have ob- 
served a change in orientation for SnO2:F and 
SnO2:Sb for thicknesses above 1 gm. 
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Figure 15 Effect of thickness on electrical properties of spray- 
deposited In2Os:F at room temperature: (A) mobility, (D) 9, (O) 
N. T s = 425 ~ flow rate = 71 min- 1, [F]/[In] = 72%. 
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Figure 16 Variation of growth rate ofln2OsF:films with thickness. 
T~ = 425 ~ flow rate 71 min-1, [F]/[In] = 72%. 

The thinner films have a larger surface to volume 
ratio [22] and there are more defects in thin films. As 
the thickness increases, these defects get reduced. This 
would account for a lower tx n for smaller thickness 
values and an increase in ~t n with higher thickness, 
which finally saturates for films with a thickness above 
1 gm. The variation in N is small and the lower N 
values for thinner films could be due to reduced 
effective doping in these defective films. These results 
are shown in Fig. 15. The lowest electrical resistivity 
p is 5 x 10-4f~cm for a film thickness of 1 gm. The 
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Figure 18 Variation of sheet resistance Rs~ with thickness. T s 
= 425 ~ flow rate = 71 min-  1 [F] / [ In]  = 72% 

growth rate also saturates above 0.8 gm thickness as 
seen in Fig. 16. 

The variation of average transmission, reflection 
and absorption with film thickness is given in Fig. 17. 
The transmission is good, about 80%, even for films 
having a thickness of 1.3 gin. 

The variation of sheet resistance with thickness is 
shown in Fig. 18. The lowest sheet resistance of about 
4 D [] - 1 is obtained for a film thickness of 1.3 gm. 

4. Conclusion 
The dependence of structural, electrical and optical 
properties of spray-deposited In203 :F  films on pro- 
cess parameters such as doping concentration, sub- 
strate temperature, air flow rate and thickness of the 
film has been studied in detail. Keeping three of the 
above four process parameters constant, the optimum 
value of the fourth parameter has been determined to 
give the best electrical and optical properties. 

In the process of this investigation it has been 
observed that the films are polycrystalline and have a 
preferred orientation in the [400]  direction. The vari- 
ation in the Hall mobility gn is closely related to the 
variation in this preferred orientation. Only in some 
cases does the mobility appear to be dependent on 
other factors such as specific defects in the film (as in 
the case of thin films) and on the level of ionized 
impurities. 

The carrier concentration N has contributions both 
from oxygen vacancies and from the dopant. As the 
stoichiometry improves, the contribution to N from 
oxygen vacancies decreases. An increase in dopant 
concentration should increase N but the effectiveness 
of doping depends on the quality of the film. This 
effectiveness is less for defective films. One useful 
parameter to evaluate the quality of the film is the 
XRD information. In some cases, very high doping 
leads to compensation of the dopant, resulting in a 
lowering of N. 

The variation of optical properties in the present 
investigation has been comparatively small, unlike in 
tin oxide films where the different phases of this oxide 
influence the optical transmission. Defects in the film 
do contribute to a loss of optical transmission. 
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