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Current development of high-performance transparent conductive oxide (TCO) films is limited with
tradeoff between carrier mobility and concentration since none of them can be improved without sacrificing
the other. In this study, we prepare fluorine doped tin oxide (FTO) films by chemical vapor deposition with
inclusions of different additives and report that the mobility can be varied from 0.65 to 28.5 cm2 V21 s21

without reducing the achieved high carrier concentration of 4 3 1020 cm23. Such an increase in mobility is
shown to be clearly associated with the development of (200) preferred orientation (PO) but concurrent
degradation of (110) PO in films. Thus, at a constant high carrier concentration, the electrical conductivity
can be improved via carrier mobility simply by PO control. Such a one-step approach avoiding conventional
post-deposition treatment is suggested for developing next-generation FTO as well as other TCO films with
better than ever conductivities.

T
hin films made from transparent conducting oxides (TCOs) show high visible wavelength transparency and
electrical conductivity at the same time, and have already been used in many devices requiring a transparent
contact1. Typical examples include light emitting diodes2,3, solar cells4, flat panel displays5, low emissivity

windows6, and electrochromatic, or smart, windows7,8. In addition, TCOs also offer an attractive prospect for
completely transparent electronic display screens or even energy generation from photovoltaic cells invisibly
incorporated into the windows of office buildings9. For most of these applications, TCOs are required to possess
high transparency and high conductivity at the same time. However, the optical and electrical properties are
inversely linked to each other, and neither one of them can be decoupled and changed independently without
affecting the other. This is the main challenge towards improvement of current materials and development of a
new range of high performance TCOs for increased functionality and performance.

Current good transparent conductors are obtained by creating electron degeneracy in wide band gap (.3 eV)
oxides by controllably introducing non-stoichiometry and/or appropriate dopants10. For example, in fluorine
doped tin oxide (FTO), F substitutes for O22 and acts as an electron donor, resulting in an n-type degenerate
semiconductor11,12. The creation of defects such as oxygen vacancies, and substitutional and interstitial impurities
gives rise to the donation of electrons to the conduction band and provides charge carriers for the flow of electric
current. The electrical conductivity k, which is the reciprocal of resistivity r, has a relationship to the charge
carrier density N and mobility m as k 5 1/r/ Nm1. Apparently, r can be decreased by increasing N, by means of
doping for example. A high N level, however, has the drawback of reducing the film transparency, as N is inversely
related to the plasma wavelength lp as lp/ 1/N1/2. This becomes especially relevant if the electron concentration
exceeds 1020 cm23, when absorption by free carriers or by metal-like reflection starts to become a restricting
factor. Therefore, for applications where transparency is a critical parameter, such as solar cells, reduction in r
must be achieved by increasing m while maintaining a sufficiently high N ($1020 cm23) and transparency13.

Several approaches have been used to increase m for TCO thin films1,14. These approaches, proposed and
practiced mainly for impurity doped In2O3 and CdO, include heat treatment, choice of deposition technique, use
of substrate as well as controlling doping. Heat treatment after deposition was observed to increase the grain size,
and thus improve the crystalline structure and the electron mobility of poorly crystallized TCO films15. However,
such heat treatment also decreases the carrier density. The advantage of choosing deposition methods involving
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highly energetic particles is a possible increase of the grain size and
thus improvement of crystalline structures of TCO films15.
Nevertheless, an excessive transfer of momentum could damage
the films and thus reduce the mobility. Use of highly oriented sub-
strates such as sapphire16, zirconia(100)17, and MgO(100)18 for crys-
tal growth is known to increase the mobility by improving the
crystallinity of TCO thin films. But, these highly oriented substrates
are relatively costly and little suitable for large areas. Control of
doping is particularly used for mobility enhancement. Relatively high
mobilities have been achieved in ZnO by Al doping, in CdO by
doping with In, Sc, Y and Ti, and in In2O3 by doping with Mo, Ti,
W, Zr, and Gd1. But, all these dopants limit the mobility by ionized
impurity scattering when carrier densities are greater than 1020 cm23.

Some attempts have also been made to achieve high mobility for
FTO films. Notably, use of tin tetrachloride as Sn precursor was
favorable for high mobility (60 cm2V21s21)19,20. Use of a temperature
gradient during deposition led to a mobility of 77.5 cm2V21s21 for
films with low carrier concentrations (,1020 cm23) and high thick-
nesses (1000–1500 nm)20. Addition of alcohol gave rise to mobilities
between 1.6 and 39 cm2V21s21 and electron concentrations between
65.8 and 1.93 3 1020 cm23 for films with thicknesses between 460
and 1220 nm21. Variation of methanol content also resulted in high
mobilities (,55 cm2V21s21), but very low carrier concentrations
(,4 3 1018 cm3) for films with high thicknesses (.600 nm)22.

Although great efforts have been made, the mobility improvement
is generally accompanied by reduction of carrier density, leading to
no net enhancement of conductivity. As a matter of fact, effective
methods for improving the optical and electrical properties, specif-
ically, the carrier density and mobility simultaneously are still lack-
ing. In this study, we report a new method for improving mobility
and conductivity without sacrificing the carrier density and trans-
parency. Our study is primarily focused on FTO films based on the
consideration that FTO is frequently used as an alternative to ITO
due to the high cost of the rare element of indium, especially when
chemical and electrical stability at elevated temperatures is required
for device fabrication or application23,24. We particularly investigate
the relationship between the electrical property and texture develop-
ment of FTO thin films at an identical low thickness of 300 nm. The
films were deposited from a CVD method by using Dimethyltin
Dichloride (DMTDC) and Trifluoroacetic acid (TFAA) as Sn and
F precursors, respectively, and the development of different textures
was achieved with additions of different additives (water, ethanol,
acetylacetone-ACAC, 2,2,6,6-Tetramethylheptane-3,5-dione-TMHD
and N,N,N9,N9-tetramethylethylenediamine-TMEDA). It will be
shown that texture variation influenced the mobility and thus the
conductivity. Specifically, strengthening (200) but weakening (110)
preferred orientation enhances carrier mobility with the carrier con-
centration maintained at a constant high level.

Results
Optical property. All the results are described for the FTO thin films
with the same thickness of about 300 nm (620 nm). This is to
minimize the possible effects of thickness on transmittance,
conductivity, grain size and surface roughness. At such a thickness,
all the films with or without the additions of the different additives
showed a transmittance of 80–85% in the visible light region (Fig. 1).
The maximum transmittance of all samples was up to 85% at the
wavelength of 550 nm. The transmittance changed little with adding
ethanol, and decreased slightly with adding ACAC although it still
remained higher than 80% in the visible range. At wavelengths higher
than 1200 nm, the transmittance became lower than 80%. All these
transmittance values include the absorption and reflectance by the
glass substrate as well. If the absorption by the glass substrate was
subtracted, the transmittances for the films themselves were higher
than 90%. The transmittances of all samples shown in Figure 1 are

similar, suggesting that the carrier concentrations in these films
could remain at a close level.

Surface morphology. The surface morphology of the thin film depo-
sited with only water added was relatively uniform and compact, and
the grains appeared to be flat. The grain size was generally 100–
150 nm (Fig. 2a). The crystal grains changed following the additions
of different additives. Pyramidal shapes became prevalent. While the
grain size remained unchanged with the addition of ethanol, it notably
increased to ,200 nm for all other additives (Fig. 2c–d). Surface
morphologies were further revealed by AFM measurements (see
Supplementary Fig. S1). All films exhibited surface roughing. The
values of surface roughness were approximately 12–14 nm for water
and ethanol added films and slightly higher for other additives
(,20 nm). From the baseline condition of only 1.1 mL min21 water
added to all other conditions, the growth rate slowed down as revealed
by a noticeable increase of deposition time from ,6 to 10–15 sec for
achieving films of the same thickness of ,300 nm.

Preferred orientation (PO). The XRD patterns for the cases of
water, ethanol and ACAC additions are presented in Figure 3(a, b).
It is shown that SnO2 crystals were polycrystalline and in the
tetragonal phase. Peaks for SnO or Sn phases were not observed,
indicating that the films were fully oxidized. No appreciable peak
shift could be observed, which is reasonable considering that the
doping level was relatively small for this system and the anionic
radii were rather similar. The major XRD peaks were associated
with diffractions of (200), (110), and (211) planes, and their
intensities varied for samples deposited with different additives.
Without ethanol or ACAC additions, the diffraction of (200) plane
was dominant. With ethanol or ACAC additions, the intensity of
(110) plane showed apparent increases with increasing the amount
of addition, suggesting a possible change in PO of the deposited film.

Figure 1 | Typical transmission spectra of FTO thin films deposited with
different amounts of ethanol (a) or TMHD (b).
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The feature of the PO of a thin film can be quantified by the texture
coefficient (TC) which is calculated from the XRD of (hkl) plane as
follows25:

TC(hkl)~

I(hkl)

I0(hkl)

1
n

Xn

i~1

I(hkl)

I0(hkl)

, ð1Þ

where I is the measured intensity, I0 the ASTM standard intensity of
the SnO2 power, and n the number of (hkl) diffraction peaks. From
the definition, it is obvious that the deviation of TC from unity is

indicative of the presence of a PO of the film along the diffraction
plane, implying an enhancement in the number of grains along the
plane.

The TC values for the three major diffraction planes of (200), (110)
and (211) are depicted in Figure 3(c, d) for different additions of
ethanol and ACAC. It is clearly shown that the TC for (200)
decreased but that for (110) increased with the additions of ethanol
or ACAC. Specifically, the TC for (200) decreased from 1.4 to 0.78
and that for (110) increased from 1.0 to 1.7 in the ethanol case. And
the TC for (200) decreased from 1.4 to 0.4 and that for (110)
increased from 1.0 to 3.2 in the ACAC case. The TC for (211) also
decreased with the additions but remained almost constant with

Figure 2 | SEM surface morphologies of FTO thin films with different additives. (a) 1.1 mL min21 H2O, (b) 5 mL min21 ethanol, (c) 5 mL min21

TMEDA, (d) 5 mL min21 ACAC.

Figure 3 | XRD patterns of FTO thin films with different additions of ethanol (a) and ACAC (b), and influences of additions of ethanol (c) and ACAC
(d) on texture coefficient TC.
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further additions. These TC results suggest that (200) was substituted
by (110) as the PO with the additions of ethanol and ACAC. Such a
change was also observed for other additives (see Supplementary
Figs. S2–S5).

Electrical property. All the measurements of sheet resistance Rs of
the prepared thin films were conducted in the region of the same
thickness of ,300 nm. With only water added, Rs was about
14 V/%. As ethanol was added in, Rs increased to 20, 25, and
36 V/% for ethanol additions at 2.5, 5 and 10 mL min21,
respectively. When ACAC was added at 0.5 mL min21, Rs was
,19 V/%, being similar to the sample without ACAC addition.
However, as the addition increased to 2.5 and 5 mL min21, Rs

increased to as high as 220 and 690 V/%, respectively. For TMHD
and TMEDA cases, Rs lay between those for ethanol and ACAC cases.

The variations of resistivity (r) and conductivity (k) measured by
Hall effect system are shown in Figure 4(a, b) for the cases of water,
ethanol and ACAC additions. Generally, r increased with the addi-
tions of ethanol and ACAC. While for the ethanol case, r increased
from 5 3 1024 to 1.4 3 1023 V cm, it went up to 2 3 1022 V cm for
the ACAC case. Data for carrier concentration N and mobility m with
different amounts of additions are also available from Hall effect
measurements, and they are presented in Figure 4(c, d). As shown,
for the case of ethanol addition, N changed only slightly from 4.45 to
3.77 3 1020 cm23, but m from 28.5 to 11.3 cm2V21 s21. For the case of
ACAC addition, N again varied little from 4.45 to 4.73 3 1020 cm23,
but m largely from 28.5 to 0.65 cm2V21 s21. So m might be the main
factor which affected the resistivity, and the contribution of N might
be relatively minor when ethanol or ACAC was added. Nevertheless,
for the cases of TMHD and TMEDA cases, both N and m changed

(see Supplementary Fig. S6), and they could affect the resistivity at
the same time.

The carrier concentration is affected primarily by fluorine con-
centration in FTO thin films. This concentration was measured by
ToF-SIMS. Figure 5 shows the variations of fluorine concentration
with sputter time (that is, the film thickness). Generally, F concen-
trations show wavy variations with thickness. For the additions of
either ethanol or ACAC, the variations are overlapped and do not
show a consistent increase or decrease with increasing the addition.
Thus, it could be concluded that fluorine concentration remained
almost unchanged even though different amounts of ethanol or
ACAC were added. This observation is in agreement with the obser-
vation that N stayed at the same level for different additions.

Correlation between r and TC. Since the electrical conductivity k
(or the reciprocal of resistivity r) and texture coefficient TC vary with
the amount of addition, the correlation between k and TC is
presented in Figure 6(a, b). All samples are included for which
Hall effect and XRD results are available. It is clearly shown that k
decreases with increasing TC(110), but increases with increasing
TC(200). Similar correlations can be illustrated between sheet
resistance Rs and TC by using all available data (see Supplemen-
tary Fig. S7). Data scattering can be narrowed for sheet resistance
plotted against the ratio of TC(200)/TC(110), again suggesting the
concurrent effects of these POs on electrical property.

Since k is related with two variables, namely, N and m, it is neces-
sary to know which variable or whether both variables are dependent
upon texture coefficient. As shown in Figure 4(c, d), for ethanol and
ACAC additions, N varied within a very narrow range (from 3.77 to
4.73 3 1020 cm23). Thus, N is almost independent of the additions

Figure 4 | Variations of resistivity r and conductivity k with additions of ethanol (a) and ACAC (b), and carrier concentration N and mobility m with
additions of ethanol (c) and ACAC (d).
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and thus the texture coefficient. Under this special circumstance, m is
plotted against TC in Figure 6(c, d). A clear negative dependence of m
upon TC(110) and positive dependence upon TC(200) are observed.

Discussion
The prepared films exhibited POs along (200) and (110) planes.
Their origins may be considered in terms of periodic band chains
(PBC) theory26. According to this theory, the external forms of crys-
tals are controlled by PBCs. That is, based on the number of PBCs
parallel to the face (hkl), the different faces of SnO2 can be classified
as one of the three faces, flat (F), stepped (S) and kinked (K). F faces
are parallel to at least two PBCs, and have surface atoms strongly
bound to each other. These faces are little reactive with the arriving
atoms. S faces are parallel to only one PBC, and K faces parallel to
none. These faces are highly reactive and integrate easily the arriving
growth units because they are cut by plenty of unsaturated bonds. For
SnO2, the F and K faces are of great interest, since they are composed
of (101) and (111) crystal planes, respectively27. F{101} and K{110}

faces are polar, which consist of only tin atoms or only oxygen atoms,
while F{110} faces are less polar because they are comprised of both
tin and oxygen atoms.

The occurrence of a specific growth direction depends upon the
precursor materials used for deposition and the thermodynamics of
deposition conditions. The prominent (200) growth may be observed
for a few reasons. First, (111) K-planes are highly reactive, and can
grow at a fast rate as long as sufficient growth atoms are provided.
(200) preferred growth was observed to arise from a higher growth
rate as a consequence of higher precursor concentration28,29. This
cannot be changed by even heavy fluorine doping12. Second, the
orientation with minimum interfacial energy is favored. For tet-
ragonal rutile SnO2, [200] orientation has a low atomic density and
a minimum interfacial energy30,31. Hence, the gradual increase of the
prominence of [200] is anticipated. Third, the change in preferred
orientation from (110) to (200) may be promoted in the presence of
halogen-rich gases. As TFAA dissolved in H2O was introduced for F
doping, these polar molecules could adsorb on polar (101) F-planes

Figure 5 | Variations of fluorine concentration with additions of ethanol (a) [(i): 0, (ii): 2.5, (iii): 10 mL min21] and ACAC (b) [(i): 5, (ii): 2.5, (iii): 0,
(iv): 1 mL min21].
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and slow down their growth. This might lead to the SnO2 crystals
faceted exclusively by K faces with (200) PO. Favorable effect of the
presence of halogen-rich gases on the development of (200) PO has
also been reported in the literature27,32–34. Addition of HCl or NH4F
maintained the (200) PO in the film, even at the initial stage of
deposition35. As ethanol or other additives were added without chan-
ging other experimental parameters such as Sn and F precursor feed-
ing rates, the actual concentrations of the precursors in the reactants
were reduced. The consequences are that less HF molecules adsorbed
on polar F-(101) planes, and fewer atoms were supplied to the react-
ive K-(111) planes within a unit deposition time. All these could have
promoted the growth of F-(101) planes and thus (110) PO.

The present FTO films showed evident POs for all additives and
the electrical property appeared positively or negatively related to the
development of (200) or (110) PO, respectively. A clear variation of
conductivity with (200) PO was also observed in some previous stud-
ies regardless of the approach used to induce the switch of the PO
from (110) to (200)27,29,32–35. But the observations were made for films
with different thicknesses and different carrier concentrations. It was
not possible to correlate the change of PO with the change of con-
ductivity directly. In the present study, however, the films made from
inclusions of H2O, ethanol and ACAC additives had similar carrier
concentrations and the same thickness. Thus, it is possible to identify
that the change of conductivity is related to the change of carrier
mobility and the change of carrier mobility to the change of PO.

The dependence of the carrier mobility upon PO in the form of TC
may be related to the carrier scattering mechanism in the present
films. It is well known that Hall mobility in doped semiconductors is
usually limited by two major scattering mechanisms: grain boundary
scattering and ionized impurity scattering1. Grain boundaries

present a kind of discontinuity in polycrystalline thin films. A space
charge region formed around them results in a potential barrier
scattering the crossing electrons and thus reducing their mobility.
Such scattering can affect the overall TCO mobility only if the grain
size is close to the mean free path of the charge carriers.

The mean free path is calculated by the following equation36:

L~h= 2eð Þ (3N=p)1=3m, ð2Þ

where h is Plank’s constant, e is the electron charge (the fundamental
charge of an electron is 1.602 3 10219 C). For the present water,
ethanol and ACAC samples with N 5 4–5 3 1020 cm23 and m ,

29 cm2 V21 s21, L is , 4 nm. This mean free path is considerably
shorter than the grain sizes of the present films (tens to hundreds
nanometers). Therefore, Hall mobility is unlikely to be limited by the
grain boundary scattering.

The film thickness is an important parameter; many studies show
that the electrical and morphological properties of TCO films are
highly dependent on the thickness35,37. An increase in mobility with
thickness can generally be related to an increase in grain size38 or
density33 because of reduction of the total interfacial grain boundary
surface area. As a matter of fact for the present experiments, the grain
size for ACAC added films was larger than ethanol and water added
ones, but the mobility was much lower.

Long-range electrostatic fields are present around intentional
dopants and defects such as interstitials and vacancies. These fields
deflect crossing free carriers. Such ionized impurity scattering
becomes dominant for electron concentrations above 1019 cm23.
Control of Hall mobility by ionized impurity scattering was reported
before as evidenced by a mobility enhancement with carrier concen-
tration reduction due to grain size and film thickness increases

Figure 6 | Variations of resistivity r with texture coefficients TC of (110) (a) and (200) planes (b), and carrier mobility m with texture coefficients TC of
(110) (a) and (200) planes (b) at a constant carrier concentration.
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achieved by post heat treatment or deposition at high temperature35.
But, the present measurements were made on films of the same
thickness (,300 nm), and showed the same carrier concentration
and a smaller mobility for larger-grained ACAC samples than fine-
grained ethanol samples.

Furthermore, growth rate effect might come into play for the films
with different preferred orientations to change mobility. That is,
impurity incorporation may be different for crystals of different
orientations growing at different rates. For example, the donor
impurity with a low sticking coefficient may evaporate from the
surface growing at a slow rate before it gets trapped in the film39.
The growth of (200) orientation accompanied by large decrease in
(110) orientation may result in an increase of the impurity and elec-
tron concentration and a decrease of the mobility. But, this is in
contrast with the present observations.

Ionized impurity scattering is not responsible for the measured
mobility. Other mechanisms must be considered. Lattice scattering is
another important source of scattering in typical semiconductor
materials. This scattering results from thermal oscillation of atoms
and their interference with the moving electrons. It has been theoret-
ically analyzed and experimentally confirmed that in large-grained
polycrystalline films, ionized impurity scattering dominated carrier
scattering at low temperature but lattice vibration scattering at high
temperature (.100 K for ITO and FTO), as long as that a carrier
concentration of larger than 5 3 1018 cm23 was maintained40.

If lattice vibration scattering is predominant, it may vary with
crystallographic planes with different atomic densities. It is known
that (200) orientation has a low atomic density and (110) orientation
has a high atomic density in SnO2

30,31,33. Lattice scattering along (200)
plane is weaker and thus leads to higher mobility than that along
(110) plane. Alternatively, the variation of lattice scattering may
result from a change of crystallinity. That is, different growth rates
associated with (200) and (110) orientations may lead to different
levels of crystallinity. However, the present films showed no indica-
tion that the level of crystallinity, appearing in XRD patterns as line
broadening, changed with changing preferred orientation.

Although the exact scattering mechanism of the present films
needs more investigation, the improvement of Hall mobility with
texture development may provide a new direction for future research
on FTO and perhaps other TCOs as well. In the present study,
experimental parameters were narrowed. Only different additives
with various flow rates are supplied into the deposition system.
Both TCs for (200) and (110) and resistivity were varied in a much
wider range than ever before. A correlation of resistivity with TC was
systematically observed. Furthermore, a high level of carrier concen-
tration N was achieved and remained nearly unchanged for the H2O,
ethanol and ACAC cases. As a result, the correlation can be further
shown to originate from the dependence of carrier mobility upon TC.
The importance of this observation is that the mobility can be
increased through controlling (200) PO without sacrificing the car-
rier concentration and the conductivity. This is significantly different
from previous approaches such as post deposition heat treatment
and selective doping where high mobility accompanies low carrier
concentration and conductivity.

FTO, due to its low cost and chemical and physical stability, has
been used to replace ITO. However, the best resistivity for FTO film,
3–4 3 1024 V cm, is about a factor of 2–3 higher than that for ITO.
The present results suggest that, at high carrier concentration, the
resistivity of FTO films may be reduced by increasing Hall mobility
through control of (200) PO. Such an approach has the potential to
bring the resistivity of FTO films down to the level of ITO.

A few promising methods for control of (200) PO can be proposed,
namely, addition of a proper additive, control of doping, control of
the chemistry of Sn precursor solution, and use of nucleation layer.
The present experimentation revealed that addition of water
strengthened (200) PO and reduced the resistivity, but addition of

other additives led to suppressive effects. Thus, searching new favor-
able additives is a straightforward method for promoting (200) PO.
Increasing fluorine doping not only enhanced carrier concentration
but (200) PO as well12,41,42. Antimony doped samples had a higher
(200) peak intensity and thus a higher mobility than fluorine doped
ones42. The use of monobutyltintrichloride (MBTC) or dibutyltin-
diacetate (DBTA) as Sn precursor promoted the (200) orientation
formed by (111) K-faces when film thickness was increased33. FTO
films prepared from SnCl4 presented (200) PO, whereas those from
SnCl2 showed a disordered PO along (101), (211) and (301) planes34.
When HCl was added to the SnCl2 precursor solution, the films were
highly oriented in (200) direction42. The use of a nucleation layer may
be one of the most promising ways to control crystallographic orien-
tations of FTO films on heterogeneous substrates. A thin buffer layer
of SnO2 could be deposited prior to the main SnO2 layer. This buffer
layer is such chosen that it serves as both a nucleation layer for
determining the predominate orientation of the main layer and a
barrier layer to Na-diffusion from the glass. All these approaches
should be studied carefully for the purpose of PO control and mobil-
ity enhancement. Particular care should be taken in maintaining the
carrier density at an acceptable high level.

The texture control may also be used as a general approach for the
reduction of the resistivity of current TCO films. Some progress had
been made in the reduction in the past two decades. This resulted
partially from improvement in deposition technique and better con-
trol of the chemistry of the deposition system. However, the resistiv-
ity of TCO films appears to have been reduced to a limiting value of
,1024 V cm. For further reduction to 1025 V cm, carrier concen-
tration or mobility or both should be increased. As mentioned above,
increasing the carrier concentration to the level of 10 3 1020 cm23 is
detrimental to many applications (such as solar cells), because of
potential free carrier absorption in the near-infrared range.
Therefore, further improvement must necessarily concentrate on
approaches to increasing carrier mobility without lowering carrier
concentration. For this purpose, texture control, leading to mobility
enhancement, may play a unique role, and thus should be explored
thoroughly.

In summary, FTO films were prepared with the additions of dif-
ferent additives, including H2O, ethanol, ACAC, TMHD, and
TMEDA. Films with the same thickness were characterized for
investigating the effects of these additions on electrical properties.
A significant effect of the addition was a substantial variation of film
resistivity with PO. Specifically, resistivity increased with strength-
ening (110) PO and weakening (200) PO. Hall effect measurement
further revealed that the observed resistivity increase was due to the
decrease of carrier mobility with the development of (110) PO. These
results suggest that without destructing high carrier concentration,
the electrical conductivity may be improved via carrier mobility by
texture control. It is particularly desirable to suppress (110) but
promote (200) POs. Such a non-destructive approach is suggested
for developing next generation FTO as well as other TCO films with
lower than ever resistivity.

Methods
Materials. Ethanol ($99.7%) was purchased from Sinophram Chemical Reagent Co.
DMTDC (.98%), TFAA (99.9%), and other chemicals were purchased from J&K
Chemical Ltd, and all water used was deionized by a Millipore system with resistance
of 18 MV. Soda lime glass was supplied by Nippon Sheet Glass Group. Before it was
used as a substrate for FTO films, it was deposited with a layer of SiO2 of 20 nm thick
to impede the migration of alkali metal ions from the glass into the FTO layer.

Synthesis of FTO thin films. FTO thin films were deposited by atmospheric pressure
chemical vapor deposition (APCVD). All samples were prepared in a custom built
CVD reactor. DMTDC was used as tin precursor. It was vaporized in a bubbler heated
at 145uC and carried away by N2 at a fixed flow rate of 0.98 L min21. For F doping,
TFAA and water were mixed with different volume ratios and injected into a
vaporizer heated at 200uC where they were carried away by N2 at a fixed flow rate of
5 L min21. For inclusion of additives, they were also fed into this vaporizer. O2 was
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used as oxygen source and supplied at a flow rate of 2.1 L min21 from a separate gas
line. All chemicals were mixed in a steel tube and picked up by the main carrier stream
of N2 at a flow rate of 4.5 L min21. The tube was heated by heater tapes to 200uC to
avoid precursor condensation. The mixed gases were delivered to a glass substrate in
the reactor in an approximately laminar flow mode. The molar supply rate was
calculated from the vapor pressure and flow rate of the nitrogen bubbling gas for each
material. When the deposition completed, the mixed gases were directed to an
incinerator for decomposition of unused chemicals at 750uC.

In a typical experiment, DMTDC was evaporated in the bubbler at 145uC, and
TFAA was dissolved in DI water at a concentration of 30 vol.%. N2 was used as carrier
gas throughout the process. The molar ratio of DMTDC:TFAA:O2 was fixed at
1510510, then the amount of reagents could be calculated by the vapor pressure, and
the flows of N2 and O2 were determined. The temperature of the glass substrate was
maintained at 600uC. The deposition time was adjusted under the specific reaction
conditions to get a target thickness of 300 nm. When the deposition ended, the
sample was cooled to ,150uC before it was taken out from the reactor.

In order to investigate the effect of preferred orientation on electrical properties,
water, ethanol, TMHD, ACAC, and TMEDA were added into the deposition process.
The feeding rates of these additives were set at 0, 1.25, 2.5, 5, 10 mL min21, and the
deposition time was adjusted accordingly to make FTO films with the same thickness
of ,300 nm. Since water was found to be beneficial to lower resistivity, its flow rate
was first optimized to achieve a low resistivity (,1.1 mL min21). Then, all other
additives were supplied at different rates to this water-containing system.

Characterization. Sheet resistance was measured with a SX1944 four-point probe
meter with 0.5 mm tip radii and spaced 1 mm apart over a uniform area of coating.
The thickness was determined by W-VASE ellipse polarization at the wavelength
from 193–1700 nm. The beam diameter was 1 mm. The film thickness was also
measured by the method of profilometry. To prepare the needed cross section, 10%
HCl and zinc powder were used to mask and etch SnO2 layers. UV-VIS-NIR
spectrophotometer (Varian, Cary 500) was used to investigate the optical properties.
Transmission and reflection spectra were measured between 200–2500 nm in 1 nm
steps. Transmission was measured with the coated side of the glass against the
integrating sphere. The reflection from both sides of the glass was measured. The
electrical parameters such as resistivity (r), carrier concentration (N) and mobility (m)
at room temperature were measured with Accent HL5500 Hall effect system. An
ION-TOF 5 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
instrument was used to obtain a compositional positive ion depth profile for several
coatings. The analysis beam was Bi31 and the sputter beam was 1 keV Cs1 with a
beam current of 821/22 nA. The sputter beam was rastered over a 200 3 200 micron
area, and the bismuth analysis beam was rastered over a 50 3 50 micron area at the
centre of the sputtered region.

The surface morphology of FTO films was measured with Hitachi High-
Technology S-4800 field emission scanning electron microscope (FE-SEM) at an
accelerating voltage of 5 kV. Atomic Force Microscopy (AFM) measurement was
performed with Nanoscope IIIa Multimode AFM with the roughness analysis was
conducted by the software of Nanoscope 5.30.

The structures of FTO thin films were investigated by X-ray diffraction (XRD) at
room temperature with a Rigaku D/max 2550 VB/PC apparatus using Cu Ka radi-
ation (l 5 0.15406 nm) and a graphite monochromator, operated at 40 kV and
100 mA. Diffraction patterns were recorded in the angular range of 10–80u with a
step width of 0.02u s21.
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