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Effect of heavy doping in SnO,:F films
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Department of Physics, Indian Institute of Technology, Powai, Bombay 400 076, India

Thin films of fluorine-doped tin dioxide (SnO,:F) were deposited by a spray pyrolysis
technique on soda lime glass substrates. Structural and electronic transport properties of the
films deposited with different doping levels of fluorine (zero to 350 at %) were investigated.
X-ray diffraction technique and Hall effect measurements were used for this work. Growth
rate of the films was considerably affected by doping, specially at higher doping levels. The
films were polycrystalline and preferentially oriented along [200]. This preferred growth
played a dominant role in determining the transport properties. Notably the charge carrier
mobility was directly governed by this preferred growth. The electrical conductivity was
totally governed by the carrier concentration. The respective changes in carrier
concentration were used to suggest the site selection of the fluorine dopant in the SnO,

lattice.

1. Introduction

Thin films of nonstoichiometric metal oxides, such as
Sn0,, In,0,, ZnO and their doped forms, possess
high visible transparency and high electrical conduct-
ivity [1-4]. The simultaneous occurrence of these
properties makes these films extremely suitable for use
as optical window and/or as an electrode in solar
energy conversion devices and various other applica-
tions [1]. Undoped and doped tin dioxide films have
been developed as a very effective transparent con-
ducting coating. Among the several cationic and ani-
onic dopants, fluorine has been observed to be the
most effective dopant probably due to its closer ionic
size to that of oxygen.

The present work is part of a development of
SnO,:F thin films with high performance as transpar-
ent conducting coatings using a spray pyrolysis tech-
nique. The films were deposited with very high dopant
levels. Other process parameters were kept constant at
their optimum values [5]. From the dependence of
the carrier concentration on the doping level, some
predictions could be made about site selection by
dopants.

2. Experimental procedure
A spray pyrolysis technique was employed to deposit
SnO,:F films. Doping was achieved by adding an
appropriate amount of NH,:F to the precursor solu-
tion of 0.2 M concentration (SnCl,-5H,O dissolved in
deionized water and methanol with a volume ratio
1:9). Soda lime glass substrates were used. Other pro-
cess parameters were kept constant as given in an
earlier work [5]. The extent of doping in solution was
varied from zero to 350 at %.

Spectrophotometric measurements were carried out
using Shimadzu UV-160 A double beam spectro-
photometer. Film thickness was calculated from
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interference patterns observed in the visible region of
“transmission versus wavelength” curves [6]. Struc-
tural properties were investigated by X-ray diffraction
techniques. Low angle and bulk X-ray diffractograms
were taken using Rigaku Rotaflex (Ru 200B) and
Philips (PW 1840) diffractometers, with Cuk,
(A = 0.1542 nm) radiation. The relative prominence
of preferred orientation [hkl] with respect to other
observed orientations was expressed in terms of
a parameter RP [hkl] defined as,

[(hkl
RP(hkl) = iﬁ_mkll) (1)

Here, I(h k) is the relative intensity of a plane (h k) as
observed in the X-ray diffractogram. The grain size
was derived using the Debye—Scherrer formula [7].
The electronic transport properties were determined
by performing Hall measurements using van der Pauw
geometry [87.

3. Results and discussion
Fig. 1 shows the dependence of film growth rate on the
doping level of fluorine. In the case of undoped SnO,
films, the growth rate is about 2.2 nm s~ 1. Doping the
films with fluorine up to 50 at % did not affect the
growth rate. Further doping resulted in a reduction in
the growth rate. These results show that at higher
doping levels the reaction processes which control the
growth kinetics are considerably affected by fluorine.
To understand this one needs to discuss how the film
is grown from the spray solution.

In the present case, the hydrated SnCl, decomposes
which results in the formation of SnO, and HCI
vapour according to the equation,

SnCly + 2H,0 — SnO, + 4HCH
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Figure 1 Dependence of growth rate on doping level for fluorine-
doped SnO; films.

Simultaneously, the decomposition of ammonium
fluoride takes place according to the equation,

The decomposition temperature of ammonium fluor-
ide is quite low. Therefore it takes place almost instan-
taneously and forms a cloud of HF in the vicinity of
the growing SnO, film. There is the possibility of
a chemical reaction between the growing SnO, film
and the haloacid. In this case the following reaction
would take place,

and this would obviously result in retarding the
formation of the layers. Applying the law of mass
action to these processes one can notice that the ex-
ternally added dopant increases the rate of backward
reaction through the fourth power dependence of HF
concentration. Hence, the rate of deposition of the
SnO, film will be determined by the competition be-
tween the rate of formation of SnO, and the rate of
etching of SnO, by HF.

Perusal of bond strengths of haloacids indicates
that HF is the weakest acid with a bond dissociation
energy = 569.0 kJmol~!. Effectively, one observes
a comparable drop in the growth rate at significantly
higher doping levels. This drop in growth rate suggests
the formation of some SnF,-type compounds which
will make Sn gradually unavailable for SnO, depos-
ition.

Fig. 2 shows the effect of fluorine doping on the
structural properties of SnO, films. It is quite clear
from this figure that irrespective of the doping level,
the films are highly oriented along [200]. Presence of
other orientations such as [110], [211], [310],
[301] and [321] also have been detected but with
substantially lower intensities. Due to this preferred
growth along [200], the orientational properties of
the film as a whole have been expressed in terms of the
parameter RP(200) defined in the previous section.

Fig. 3 gives the effect of doping on RP(200). As
compared to undoped films, initially at the lower
doping levels, RP(2 00) decreases. This is followed by
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an increase at higher doping levels. These results can
be explained in the following manner.

The initial decrease in RP(200) may be associated
with the incorporation of dopants at oxygen sites or
vacancies. Growth rate of the film being a function of
the doping level, also plays an important role in deter-
mining the preferential growth. It is a general observa-
tion that as the growth rate decreases, high atomic
density planes become preferentially developed [9].
On these grounds, it can be justified that for reduced
growth rates, as observed for films with higher doping
level, the high density planes, in the present case (1 10)
and (211), will be preferentially grown reducing
RP(200) as seen in Fig. 3. For still higher doping
levels, one expects further enhancement in the inten-
sity of the high density planes. But along with this the
intensity of [2 00] also is enhanced, thereby increasing
RP(200).

The grain size dependence on dopant concentration
is very weak (Fig. 4). First it rises slightly and then
tapers off. We believe that here the grain size is mainly
a function of the number of nuclei available at the
time of deposition. If these increase beyond a certain
limit, then the grain size will decrease. It is quite
logical to expect that here nucleating centres are main-
ly provided by the partially hydrolysed SnCl, species,
present in colloidal form, and the concentration of
Sn-containing species, itself being high, there is not
a significant change in the grain size with dopant level.

The clectrical properties namely the conductivity, o,
carrier concentration n and carrier mobility, p, are
observed to follow a systematic trend. Fig. 5a shows
the variation in ¢ with doping level. This variation is
a result of the respective changes in n and p given in
Fig. 5b and c. The similar variations of ¢ and n with
doping level show that ¢ is mainly determined by the
carrier concentration. This is not surprising since
doped tin dioxide is a degenerate semiconductor and
therefore the carrier concentration has a preponder-
ance over mobility. Initially, at very low doping levels,
there is a reduction in the carrier concentration as well
as in conductivity. Then, the carrier concentra-
tion increases monotonically up to a doping level of
250 at % and appears to nearly saturate thereafter.
This trend in » (and also in &) can be explained with
the aid of the following model.

The undoped films contain some oxygen vacancies
because the films are deposited using methanol as
a solvent. Methanol decomposes at the deposition
temperature into CO and H,. Even admitting the fact
that the deposition is carried out in air, the conditions
in the immediate vicinity of the growing film are likely
to be deficient in oxygen because the decomposition
products of methanol will take a finite time to diffuse
away from the surface of the growing layer of the film.
Also methanol flux is constant in all cases. Therefore
one can make the following statements about the
undoped films:

(1) the undoped film is most likely to have oxygen
vacancies;

(i) it 1s quite possible that some of these oxygen
vacancies may have been filled by residual chlorine
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Figure 2 X-ray diffractograms of SnO,:F films with different doping levels.

from the precursor solution containing SnCl,-5H,0;
and

(iti) as a result of excess concentration of the tin-
containing species (SnCl,-5H,0) in the precursor
solution, tin atoms may get incorporated interstitially
as well.

As the fluorine doping commences, the respective
change in n will depend upon the lattice site where the
dopant becomes incorporated at different doping
levels. If the dopant is incorporated at an oxygen
vacancy, one expects a drop in the carrier concentra-
tion. If it replaces oxygen, an increase in the carrier
concentration will be observed. In the case of excess
and hence interstitial incorporation, fluorine being an

electron acceptor, again a drop in r will be observed.
Therefore, the initial drop in carrier concentration can
be attributed to the filling of oxygen vacancies. The
lattice will become highly distorted around such va-
cancies and the dopant will prefer to fill these oxygen
vacancies first. Once a comparable number of oxygen
vacancies are filled, the dopant will enter the SnO,
lattice substitutionally. However, the substitution is
decided by ionic size and charge of the dopant. In the
case of SnO,:F films, fluorine appears to be the most
favoured substituent because, (a) its ionic size (F:
0.133 nm) very closely matches with that of oxygen
(027: 0.132 nm), (b) the energy of the Sn—F bond
( ~26.75 D°/kJ mol ™) is comparable to that of the
Sn—O bond { ~ 31.05 D°/kJ mol 1) and (c) since the
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Figure 3 Relative prominance of [200] orientation for SnO,:F
films. A Undoped SnO, film.
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Figure 4 Dependence of grain size on doping level in SnO,:F films.
A Undoped SnO, film.

charge on the fluorine ion is only half that of the
charge on the oxygen ion, the Coulomb forces that
bind the lattice together are reduced. Thus, geomet-
rically the lattice is nearly unable to distinguish be-
tween fluorine and oxygen ions. The increase in carrier
concentration following the initial reduction suggests
the substitutional incorporation at oxygen sites. But
this does not proceed much further. The reduction in
n for higher doping levels clearly suggests a probable
interstitial incorporation of the dopant taking place in
the SnO, lattice.

The carrier mobility in undoped SnO, films is
~ 14 cm? V™ 157! Fig. 5 shows that as doping com-
mences, there is a rise in mobility followed by a fall.
The higher mobility value is because of the preferential
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Figure 5 (a) Variation of conductivity with doping level for SnOQ,:F
films. (b) Variation of carrier concentration with doping level for
SnO,:F films. (¢) Variation of carrier mobility with doping level for
SnQ,:F films. A Undoped SnO, film.

growth along [200]. The carrier mobility in undoped
films is comparatively lower because of the lattice
distortion originating from the oxygen vacancies. As
fluorine doping begins, the dopant occupies the vacant
sites which thereby reduces the lattice disorder. As
a result, one observes a significant improvement in
carrier mobility due to F doping. The increase in the
grain size observed in this region reduces the effect of
grain boundary scattering. But for very high doping
levels, a reduction in carrier mobility is observed
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Figure 5 continued.

which is due to ionized impurity scattering. The pres-
ence of ionized impurity scattering was confirmed
using the Johnson and Lark-Horovitz relation [10].

4. Conclusions

The effect of fluorine doping on the physical proper-
ties of sprayed SnQ, films was studied in detail. It was
observed that the preferred growth of the films re-
mained along [100] direction in all cases. The
strength of HF played a vital role in determining the
growth rate. The grain size was slightly affected by
doping. As a result, the carrier mobility showed small
changes. The conductivity was totally governed by the

carrier concentration. Based on the variation in car-
rier concentration some predictions could be made
regarding the site selection by the dopants.
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