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Carrier transport and predominant scattering 
mode in pyrolytic indium oxide thin film 
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Electrical transport properties have been studied of polycrystalline thin films of In203 and 
In203:Sn prepared by a chemical spray technique on a glass substrate. Dominant carrier 
scattering processes have been discussed critically by studying the Hall mobility and Seebeck 
coefficient. It has been observed that the Hall mobility in these films is mostly limited either by 
the optical mode of lattice scattering or by the acoustic mode of scattering, and there is a 
critical level of the carrier concentration at which one is masked by the other. The position and 
nature of the Fermi levels were also determined for these degenerate semiconductor samples. 

1. In t roduc t ion  
Transparent conducting coatings like tin-doped 
indium oxide (In203:Sn) or ITO are very important 
for their various applications in optoelectronic device 
technology. Because of their good spectral selectivity 
properties these coatings are useful in preparing trans- 
parent infrared reflectors [1], multi-layer electrochromic 
coatings [2] for "smart windows" and many other 
devices where energy efficiency is concerned. In 
preparing thin film hetrojunction solar cells these 
coatings have potential application either as a window 
material or as an anti-reflection coating material for 
the device [3]. 

There are various methods by which these films may 
be prepared. One of the common processes is the so 
called pyrosol process, and we have used here a modi- 
fied spray system [4] to prepare the experimental 
samples pyrolytically. These transparent conducting 
films were prepared with a view to using them as 
transparent conducting electrodes in our laboratory 
while fabricating heterojunction solar cells [5]. The 
present paper is a report on the study of Hall measure- 
ment, thermopower and carrier scattering characteristic 
of some of these samples. Obviously the prepared 
samples were all polycrystalline in structure and were 
optically very transparent in the visible range of the 
spectrum. 

2. Experimental procedure 
Solution of InCl3 of  concentration about 0.2-0.4 M in 
equal volumes of  H20 and C2HsOH was taken as the 
working liquid for preparing undoped ln203 film. For  
Sn-doped films SnC14 was added to the working liquid 
at a different mole percentage of InCl~ to obtain films 
of different conductivity, Hall mobility and carrier 
concentration. Spraying was performed at an average 
rate of  0.8 mlmin -~ through a pneumatic spray gun 
using compressed air as the carrier gas. A constant 
substrate temperature of 400~ was maintained 
during the film deposition period. The details of t h e  
technique may be obtained from our previous paper 

[4]. All the experimental samples were prepared on 
glass substrate supplied by the Coming Glass Works 
(USA). After deposition the substrate with the film 
was cooted down to room temperature and was kept 
in a desiccator. 

For the measurement of thermopower and Hall 
mobility samples of different shapes and size are 
required. Fig. 1 shows the shape of the various 
samples. At each run two samples were obtained on 
the same substrate for these measurements. Van der 
Pauw's method [6] was used to measure the Hall 
mobility and conductivity and therefore a clover leaf 
shaped sample B was adequate, On the other hand the 
integral method [7] was used to measure the Seebeck 
coefficient so the shape C'AC was appropriate for the 
samples. Here A is the test material and C and C' are 
the reference metal film (lead) deposited on the same 
substrate by vacuum evaporation of pure metallic 
lead. The details of  the sample preparation and 
measuring technique may be obtained elsewhere [8]. 

The thickness of the samples was determined by an 
interferometric method. The thickness of the test 
samples was about 0.2/~m and was kept unchanged 
for the present investigation. Digital multimeters 
(Hewlett Packard 3465A (USA)) were used for the 
electrical measurements. The magnetic field for the 
Hall measurements was provided by an electro- 
magnet (Newport Type A). 

Substrate 

Figure 1 The shape of the experimental sample for the measurement 
of conductivity, Hall effect and thermopower. 

0022-2461/90 $03.00 + .12 �9 1990 Chapman and Hall Ltd. 1 455  



52 

A 

E 50 

,~ 48 
I 
O 

o . .  

(Q) 

36 

32 

28, 

24 

20 

16 

6 4 8 I'2 I'6 20 
Sn-doping concentration (tooL%) 

11 

9 

7 'E 
o~ 

O 
5 ~  

r -  

52 

50 

48 
E 

cl 46 
9 

C )  

0 2 4 6 8 10 
(b) Sn-doping concentration (tool. %) 

42 

38 '~ 

o~ 

C ~  
2 0 ~  

c 

10 

0 

Figure 2 (a) Variation of resistivity Q, Hall mobility #, and carrier concentration n of In203:Sn film with the Sn-doping concentration when 
the working solution concentration is 0.2 M in equal volumes of water and alcohol. (b) The same variation when the working solution 
concentration is 0.4 M. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. Effect of Sn-doping on the Hall mobility 
The effect of  Sn-doping on the electrical properties of  
In203 :Sn film is shown by the two sets of  typical curves 
in Figs 2a and 2b for two different concentrations of  
the working liquid, 0.2 and 0.4 M respectively. 

It  is observed that the nature of variation of 
resistivity ~, Hall mobility # and carrier concentration 
n on the films with the Sn-doping concentrations are 
very similar in the two cases, and about  2 to 3 mol % 
of Sn can produce higher Hall mobility. A minimum in 
these curves is found near ~ 4.5 mol % of Sn-doping 
in the case of  0.4 M solution and at about  9 mol % of 
Sn-doping in the case of  0.2 M solution. It is however 
clear that films with higher mobility and conductivity 
can be obtained from 0.4 M solution rather than from 
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Figure 3 Variation of the thermoelectric power Q with temperature 
T. The different curves are for samples of different carrier con- 
centrations n as indicated under each curve. 
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0.2 M solution at similar doping levels. Undoped films 
always have lower Hall mobility than doped films. The 
working solution concentration is thus a valuable 
parameter  for In203:Sn film in controlling the Hall 
mobility and needs precise optimization if higher 
mobility is required. 

3.2. T h e  t h e r m o e l e c t r i c  p o w e r  
The thermoelectric power Q of several doped and 
undoped samples with different carrier concentrations 
was measured. The measured values are shown in 
Fig. 3 where Q has been plotted as a function of 
temperature T for four typical samples of  different 
carrier concentrations. The general pattern of  variation 
is very similar for all the samples. From 30 to ~ 100 ~ C 
the TEP increases nonlinearly, but above 100~ it 
rises very slowly but linearly with temperature. From 
this figure it is also clear that with the increase of  free 
carrier concentration of the samples the TEP values 
decrease very rapidly. We have studied samples with 
carrier concentration ranging from ~ 1 0  ~8 to 

102~ cm 3 and observed that the corresponding TEP 
values at room temperature run from ~200  to 
16 #V K- 1 in this range. 

From this study of Seebeck coefficients the position 
of Fermi level Ev with respect to the conduction band 
edge Ec have been determined for the samples follow- 
ing the procedure used by R. W. Wright [9] for 
degenerate semiconductor. The variation in the 
position of Ev as a function of carrier concentration n 
is shown in Fig. 4. It is noticed that the value of EF 
gradually increases with the increase of  n up to about  
5 x 102~ 3 and then it decreases a little. At 
decreasing carrier concentration on the other hand the 
Fermi levels tend to become almost temperature 
independent, which is however indicative of the 
gradual pinning mode of the Fermi levels in this 
region [8]. The seats of  the Fermi levels are found 
always inside the conduction band and all the 
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Figure 4 Variation of Fermi energy EF with 
the carrier concentration n at three different 
temperatures. 

investigated samples were therefore degenerate at 
room temperature. 

3.3. The carrier scattering process 
In all our polycrystalline indium oxide thin film 
samples the maximum Hall mobility obtained was 

42 cm 2 V-~ sec- ~ for the Sn-doped variety. Clearly 
this value is very small in comparison with the value 
of 100 cm 2 V-  t sec - i for the single crystal of In203 :Sn 
samples [10]. In thin film samples however various 
scattering processes are responsible for the low value 
of Hall mobility. From the knowledge of the thermo- 
electric power we may have some valuable information 
about the dominant scattering process in the sample. 
For this purpose the various thermopower data can be 
handled with the help of a well known thermopower 
theory [11] for degenerate n-type crystalline semi- 
conductor which gives 
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Figure 5 Thermopower plotted in terms of - ( V  g 1 ) / ( T  -- T I ) 

against (T - T l) for samples of indium oxide of different carrier 
concentrations. 

. . . .  l r )  d V / d T  Q (rt2kB/e) (kBT/EF) (�89 

(1) 

where Q is the measured thermopower of the samples 
at temperature T and r is the carrier scattering index 
and is related to the relaxation time z by r = r0 E -r. 
In a very small temperature region T~ to T where Ev 
and r may be considered to be sensibly constant, 
integration of the above equation gives 

V -  Vt = -(rt2k~/2eEv) (�89 - l r) (T 2 - T~) 

where V I is the thermo-e.m.f, corresponding to a 
reference temperature T~ and V is the thermo-e.m.f, at 
any higher temperature T. Therefore we have 

. . . .  (V Vt)/(T + T,) (~2 k~/2eEv) (�89 ~-r) 

x ( r -  r t )  

T a k i n g  T l as the room temperature 303 K the various 
thermo-e.m.f, data for the samples are plotted in terms 
o f - ( V -  V~)/(T+ T t ) a g a i n s t ( T -  T~)inFig. 5. We 
see that the polycrystalline experimental data are in 
good agreement with the crystalline theory. Therefore 
using the values of  EF and Q at room temperature in 
Equation 1 the values of r may be obtained. In Table 
I some of the calculated values of r for the samples 
have been given corresponding to their different 
carrier concentrations. Since r = �89 corresponds to 
optical mode scattering [12], we may infer at this point 
that in spray-deposited In203:Sn film having carrier 
concentrations n >/ 10~gcm 3, optical mode lattice 
scattering is predominant. On the other hand in 
undoped In203 films, which generally have carrier con- 
centration of the order of ~ 10 ~8 cm 3, acoustic mode 
[12] scattering may predominate at room temperature. 
It may be noted here that with the present technique 
of film deposition we have obtained good quality 
transparent conducting films, but they are all of  the 
Sn-doped variety and have carrier concentration 
always /> 1 x 1019cm-3; undoped films however 
have a lower carrier concentration but they have lower 
figures of merit for use as transparent conducting 
electrodes. 

4. C o n c l u s i o n s  
Carrier transport at room temperature in spray- 
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T A B L E  I r at different carrier concentrations 

Carrier concentration (cm 3) 1.3 • 1018 3 x 1018 2.04 x 1019 2 x 1020 5.35 x 1020 7.48 • 1020 

Scattering index r + 0.48 + 0.26 - 0.41 - 0.46 - 0.45 - 0.47 

deposited polycrystalline In203 :Sn film may be influ- 
enced by various scattering processes of which optical 
mode lattice scattering predominantly limits the Hall 
mobility values when the carrier concentration in the 
sample exceeds 1 x 1019cm -3. At lower carrier con- 
centrations and mostly in undoped In203 film however 
acoustic mode scattering may be important. Sn-doping 
concentration and the working solution concentrations 
have also a remarkable effect in controlling the Hall 
mobility. To obtain higher mobility of carriers precise 
control over the deposition process is required. For 
use as transparent electrodes Sn-doped films should 
be preferred. Seebeck coefficients in these films are 
of the order of 16 to 200#Vdeg ~ and they slightly 
increase with the increase of temperature up to 
175~ All the tested samples were degererate in 
nature with their Fermi levels well inside the conduction 
band. These levels may also have a gradual pinning 
mode near the conduction band edge at decreasing 
carrier concentration. 
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