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bstract

hin nanocrystalline titania films were sintered on dense substrates with the addition of tin(IV) oxide as a possible grain growth inhibitor.
ensification and the development of the pore size distribution were examined via nitrogen adsorption. Aberration-corrected scanning transmission
lectron microscopy (STEM) and X-ray energy dispersive spectroscopy (XEDS) studies combined with X-ray spectroscopy measurements were
arried out to investigate the tin and titanium distribution in the thin films. These studies showed that the additions of SnO2 have little influence on
rain growth during sintering of nanocrystalline titania films, but can strongly affect the phase transition from anatase to rutile. The influence of
his phase transition during sintering in thin films and the effect on the in-plane biaxial stresses is highlighted.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Titania is a very important material for various purposes. Due
o its whiteness it is a common additive in wall paints, paper
roduction and sunscreens. Because it is semi-conductive, thin
ayers or coatings of TiO2 are also used in solar cells, such as
he so called Graetzel cell.1,2 As a photocatalyst it is used on
eramic tiles or on glass3 to produce a self-cleaning surface,4,5

n addition to exhibiting an antifogging effect.3,6

For photocatalytic purposes such as self-cleaning
indshields,4,5 small particles are required to minimize

cattering of light and to maintain transparency of the glass.
herefore, the particles must be much smaller than 400 nm,
referably around 3–5 nm in diameter.4

TiO2 can exist in three crystalline modifications: brookite
orthorhombic), anatase (tetragonal) and rutile (tetragonal);
owever, rutile is the only thermodynamically stable form.7
he anatase form is usually synthesized at low temperatures
nd transforms to rutile between 600 ◦C and 900 ◦C.7–9

∗ Corresponding author. Tel.: +49 6151 166311; fax: +49 6151 166314.
E-mail address: wallot@ceramics.tu-darmstadt.de (J. Wallot).
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Thin titania layers can be prepared in different ways. In this
tudy a precipitation process was used to coat thin muscovite
latelets with TiO2. Under these conditions, the titania is sintered
nder geometrical constraint, and the transformation to rutile is
indered.10,11 The formation of rutile via a low temperature pro-
essing route is only possible if the substrate is pre-coated with
in(IV) oxide.7,12 Therefore, a thin SnO2 layer is first precip-
tated on the substrate. During the subsequent precipitation of
itania, rutile develops preferentially to anatase due to the com-

onality in crystal structure and similarity in lattice parameters
etween rutile and tin oxide.7

Nanocrystalline materials tend to sinter at lower sintering
emperatures and show enhanced grain growth as compared to

icrocrystalline materials,13–15 so it is often necessary to intro-
uce a second phase to inhibit grain growth. For instance, Srdic
t al. showed that the addition of a certain amount of nanocrys-
alline alumina yields a decrease in grain growth during the
intering of nanocrystalline zirconia.16

In the present case of nanocrystalline TiO2, a small amount
f nanocrystalline tin(IV) oxide was chosen as a second phase

dditive, since it is reported to form a miscibility gap with titania
hen sintered at or below 900 ◦C17 and is compatible with the
rocess for manufacturing thin titania films. Thus, TiO2 films
oped with three different amounts of tin(IV) oxide were co-
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recipitated on muscovite and the sintering behaviour compared
o films of pure anatase and pure rutile. Scanning transmission
lectron microscopy (STEM) studies were also carried out to
nvestigate the tin distribution in the co-precipitated and rutile
hin films.

. Experimental procedures

In order to obtain thin titania films, a 40 wt.% aqueous
iOCl2 solution (Merck KGaA, Germany, Art. No. 2/78280)
as added to an aqueous suspension containing 5 wt.% approx-

mately 300 nm thick muscovite platelets and the pH adjusted
o 2 using NaOH. During this process, a uniform thin layer of
anocrystalline anatase (TiO2) precipitated on the platelets. Its
hickness was adjusted to 60 nm by controlling the amount of
iOCl2 solution added. The mean primary particle size after
eposition was about 8 nm.18

For producing tin oxide-doped films three different amounts
f SnO2 (3.4 wt.%, 5.7 wt.% and 8.7 wt.%) relative to TiO2,
hereafter referred to as T + S3.4, T + S5.7 and T + S8.7, respec-
ively) were added during precipitation by using a SnCl4 solution
s a precursor. The same precipitation conditions as for the pure
natase films were used.

For comparative purposes pure rutile films were also
roduced.19 The formation of rutile via a low temperature pro-
essing route is only possible if the substrate is pre-coated with
in(IV) oxide.7,12 Therefore, a thin SnO2 layer was first precip-
tated on the substrate by using a SnCl4 solution. Afterwards
iO2 was precipitated as described above.

A systematic series of films were subsequently sintered
sothermally in a preheated furnace at 400 ◦C, 500 ◦C, 600 ◦C,
00 ◦C, 800 ◦C and 900 ◦C for 30 min each.

Nitrogen adsorption (Model No. Autosorb 3b, Quan-
achrome Corp., Boynton Beach, FL) was used to obtain the
runauer–Emmett–Teller (BET) surface areas,20–22 the relative
ensities of the thin films, and the pore size distributions within
he thin films. Grain sizes were determined from topographic
econdary electron images of the layers acquired using a high-
esolution scanning electron microscope (SEM; Model No. XL
0 FEG, Philips Electronic Instruments, Mahwah, NJ).

Surface area data were obtained by placing samples of the
hin films in a glass tube and tempering for 24 h at 250 ◦C. The
mount of adsorbed nitrogen gas was measured with increas-
ng and decreasing relative gas pressure. The full isotherm was
btained by taking 40 adsorption and 40 desorption data points.
he specific surface area (BET) of the green and the sintered
amples was characterised by utilizing the adsorption data in
he relative pressure range of 0.05–0.3.21

According to the IUPAC classification,22 all the isotherms
f the films were of type IV. The adsorbed gas volume at a
elative pressure of 0.98 could be used to calculate the total pore
olume of the layers. The influence of the substrate was taken
o be negligible for the calculation of the relative density of the

lm, and the weight fraction of TiO2 was measured via X-ray
uorescence analysis (ARL ADVANT XP-518).

Commonly, data from the desorption branch are used to deter-
ine the pore size distribution,23,24 but this is correct only if the

s
e
i
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ysteresis loop closes at a relative pressure of about 0.42. For
ases, where the hysteresis loop does not close at this relative
ressure, it is advisable to use the adsorption data to avoid com-
utation with too large adsorbed gas volume.22 The absence
f the closure point of the hysteresis loop is often an effect of
ore geometry since the gas cannot completely escape during
he desorption process if the pore necks are too small.

Using the theory of Barrett et al.,25 who assumed the valid-
ty of the Kelvin equation and a cylindrical pore geometry,
he size distribution of meso-pores (2–50 nm in diameter) can
e calculated.23 Grain size was measured taking four high-
esolution images for each specimen and using a line intercept
ethod.11 50 intersections were needed on each picture.
Rutile (4.26 g/cm3) and anatase (3.84 g/cm3) have signifi-

antly different densities. Thus, Raman spectroscopy (Bruker
FS 100/S) was utilized to assess the relative contents of rutile
nd anatase in order to compute the theoretical densities of each
pecimen. These measurements were carried out on thin film
pecimens that were dried at 95 ◦C and subsequently sintered
ither at 600 ◦C or at 850 ◦C. To calculate the relative densities
f specimens with the other sintering temperatures, we assumed
hat the rutile content increases linearly from 600 ◦C to 850 ◦C
ince it is reported that the TiO2 polymorphic transformation
akes place between 600 ◦C and 800 ◦C.8

The tin distribution was determined in co-precipitated films
nd at a sharp interface between tin oxide and rutile film. For the
atter, 140 nm thick films of rutile were precipitated on corun-
um flakes since they are more stable up to higher sintering
emperatures than muscovite platelets. At the interface a thin
lm of tin oxide had been pre-deposited. T + S8.7 films sintered
t 900 ◦C and the rutile films sintered at 700 ◦C and 900 ◦C were
hen analyzed via X-ray energy dispersive spectroscopy (XEDS)
sing a Vacuum Generators HB 603 dedicated STEM operating
t 300 kV and equipped with a nion spherical aberration correc-
or. This instrument is also equipped with an Oxford INCA 300
ystem for XEDS spectrum image acquisition in order to pro-
uce elemental maps of the samples. Therefore, small amounts
f powders were mounted in epoxy-resin and dried overnight.
n order to generate electron transparent specimens that were
uitable for STEM–XEDS analysis, thin slices, 40–60 nm in
hickness, were cut with a microtome from the dried resin and
aptured on a TEM copper grid. Each grid supported 4–8 of
hese samples.

. Results

Table 1 summarizes the compositions and the rutile contents
f the four different layers examined. The pure anatase film T
nd also the film T + S3.4 contain no rutile after drying and
fter sintering. If the tin(IV) oxide content rises, some rutile
s obtained. In film T + S5.7 and T + S8.7, 10 wt.% rutile was
etected after drying. After calcination at 850 ◦C, film T + S8.7
ontains nearly 90 wt.% rutile.
Fig. 1(a) depicts the evolution of grain size as a function of
intering temperature for the different films. All of the films
xhibited a starting grain size of approximately 8 nm. With
ncreased sintering temperature, the grain size increases and
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Table 1
Rutile contents of dried and calcined specimens undoped and doped with SnO2

Specimen Rutile content (wt.%) after drying at 110 ◦C Rutile content (wt.%) after sintering at 850 ◦C for 0.5 h

T (TiO2 on muscovite) 0 0
T
T
T

r
C
t
a
s
p
t
t
o
S
a
T
i

F
T
p

s
t
i

s
a
n
o
T

+ S3.4 (3.4 wt.% SnO2 with TiO2 on muscovite) 0
+ S5.7 (5.7 wt.% SnO2 with TiO2 on muscovite) ∼10
+ S8.7 (8.7 wt.% SnO2 with TiO2 on muscovite) ∼10

eaches an average value of about 60 nm after sintering at 900 ◦C.
onsidering the error bars, no significant differences between

he average grain size of the different films can be discerned,
nd no effect of SnO2 on grain growth is obtained. Fig. 1(b)
hows the corresponding relative density versus sintering tem-
erature for the same four samples. With increased sintering
emperature, the relative density of all specimens increases, but
o a lesser degree for samples with 5.7 wt.% and 8.7 wt.% tin(IV)
xide as compared to pure titania (anatase) films or with 3.4 wt.%

nO2-doped films. While the pure titania film T reaches a rel-
tive density of about 73% at 900 ◦C, the films T + S5.7 and
+ S8.7 only reach a relative density of about 64%, despite hav-

ng almost identical starting densities. As shown in Table 1, if a

ig. 1. (a) Grain size vs. sintering temperature for the four specimens T, T + S3.4,
+ S5.7 and T + S8.7 and (b) corresponding relative density vs. sintering tem-

erature curves for the above samples.

b

T
d

F

F
fi

0
∼80
∼90

mall volume fraction of rutile phase exists after the drying step,
he resulting density increase after sintering at high temperatures
s smaller compared to that of a pure TiO2 film.

The data in Fig. 1a and b can be combined to form the
intering trajectories for the films as shown in Fig. 2. Film T
nd T + S3.4 exhibit the expected usual sintering trajectories of
anocrystalline materials.15 However, a large amount of tin(IV)
xide leads to a significantly decreased density as is the case for
+ S5.7 and T + S8.7, which show considerable grain growth
ut poor densification.
The nitrogen adsorption isotherms of the non-sintered pure

iO2 films are presented in Fig. 3 where the hysteresis loop
oes not close until a relative pressure of 0.05 is reached.

ig. 2. Sintering trajectories of the specimens T, T + S3.4, T + S5.7 and T + S8.7.

ig. 3. A typical nitrogen adsorption isotherm of a non-sintered pure titania
lm.
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s nearly all hysteresis loops of the different specimens do
ot close, the pore size distributions were consistently cal-
ulated with the adsorption data as proposed by the IUPAC
lassification.22

Fig. 4 provides the pore size distributions of the pure anatase
lm T Fig. 4(a) and the film T + S8.7 Fig. 4(b) after sintering at
ifferent temperatures. The maxima of the pore size distributions
rogressively move to larger values as the sintering tempera-
ure is increased. For example, the pore size maxima in film T
ncreases from less than 4 nm in the green body to 8 nm and
0 nm after sintering at 700 ◦C and 900 ◦C, respectively. Simul-
aneously, the total amount of adsorbed gas decreases. The films
+ S3.4 and T + S5.7 show the same general trends and are

herefore not shown here. The pore size distributions of the green
lms exhibit a bimodal behaviour, exhibiting two maxima at dif-
erent pore diameters. For sintering temperatures of 700 ◦C or
igher, the pore size distributions convert to a more monomodal
haracter.

The influence of the second phase tin(IV) oxide on the pore
ize distribution can be assessed using Fig. 5, where compar-
sons of the pore size distributions of all four films at sintering
emperatures of 800 ◦C Fig. 5(a) and 900 ◦C Fig. 5(b) are shown.
he pore size maxima of the composite films are shifted slightly
o higher diameters, compared to the pure TiO2 films, and this
s especially true for the material with the highest tin oxide
ontent.

d
f
b

ig. 4. (a) Pore size distribution of pure titania film T after sintering at different temp
fter sintering at different temperatures.
eramic Society 28 (2008) 2225–2232

XEDS investigations provide the tin distribution in the
+ S8.7 film sintered at 900 ◦C. Fig. 6 shows an annular dark
eld (ADF) image of two adjoining anatase grains together
ith the corresponding elemental maps for oxygen, titanium

nd tin. The oxygen and the titanium maps clearly high-
ight the grain boundary between the two grains. The tin map
hows a random distribution over the whole area analyzed
nd does not show any particular enrichment in the grain
oundary region. Lower magnification survey views were also
aken and confirm that tin is randomly distributed throughout
he microstructure and that no separate tin oxide grains were
resent.

Sn diffusion behaviour in the composite can be further
ssessed by characterizing the sharpness of the interface between
he pre-deposited tin oxide and rutile overlayer (rutile film). This
nterface, after sintering at 900 ◦C for 30 min, shows a distinct Sn
iffusion gradient into the titania layer in Fig. 7a. Correspond-
ng ADF images and elemental maps of the same SnO2-rutile
lm structure only sintered at 700 ◦C (Fig. 7b) suggest that the
iffusion of the SnO2 into the TiO2 layer is beginning at 700 ◦C.

discrete tin oxide layer can still clearly be seen, which is
tarting to become diffuse. A slight tin gradient into the titania
ayer is visible. Images of green specimens (not shown here)

emonstrate that the tin(IV) oxide layer and the titania layer
orm a sharp interface without significant diffusion or reaction
etween the two oxides.

eratures and (b) pore size distribution of titania film doped with 8.7 wt.% SnO2
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. Discussion

In this study, we encountered four salient issues:

1) Phase transformation from anatase to rutile as affected by
geometrical constraint and tin oxide addition.

2) Densification of a titania/tin oxide composite as affected by

phase transformation.

3) Grain growth of a titania/tin oxide composite as affected by
phase transformation.

m

r

Fig. 6. Annular dark-field image, and O K�, Ti K� and Sn L� XEDS e
eramic Society 28 (2008) 2225–2232 2229

4) Necessary amendments to the phase diagram between tin
oxide and titanium oxide.

We will discuss these topics in the sequence provided above.

.1. Phase transformation from anatase to rutile as affected
y geometrical constraint and tin oxide addition

Our results show, that the undoped anatase film and the
natase film containing a small amount of tin oxide do not exhibit
phase transformation to rutile even after sintering at 850 ◦C.
igher contents in tin oxide lead to a small amount of rutile in the
ried film with almost complete conversion to rutile after sinter-
ng at 850 ◦C. The case of the pure anatase film is corroborated by
revious literature reports, which state that TiO2 does not trans-
orm from anatase to rutile during sintering under constraint10,11

t temperatures less than 850 ◦C. Bulk nanocrystalline titania,
n contrast, transforms from anatase to rutile at temperatures
etween 600 ◦C and 900 ◦C,8,9,11 with additions of SnO2 reduc-
ng the transformation temperature.9 Data on thin film sintering
f TiO2–SnO2 composites are not available in the literature.
hese trends can easily be rationalized: as there is a large reduc-

ion in molar volume in the transformation from anatase to rutile,
he in-plane tensile stress in constrained sintering26 will oppose
he phase transformation, thus leading to an increase in transfor-

ation temperature. Additions of tin oxide, in contrast, serve as
uclei for the phase transformation and reduce the transforma-
ion temperature.

.2. Densification of a titania/tin oxide composite as
ffected by phase transformation

We have succeeded in manufacturing high quality thin films
f both pure titania and titania/tin oxide composite. The pore
ize distributions from the sintered single-phase film are com-
arable to the pore size distributions of the sintered composite
lms (see Fig. 4a and b). This is a good indication for a homoge-
icrostructure.
Comparison of Table 1 and Fig. 2 provides compelling cor-

elation of densification with rutile content in the sintered films.

lemental maps of the T + S8.7 film sintered at 900 ◦C for 30 min.
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hin films, which show no phase transformation from anatase
o rutile in the sintered film, densify well, whereas a phase
ransformation from anatase to rutile is accompanied by poor
ensification behaviour in the sintered film.

Tensile stresses, which develop during sintering under con-
traint, hinder the densification of the layer.26 If there is an
dditional decrease of volume of about 8%10 due to the transfor-
ation from anatase to rutile, the stresses in the layer increase

nd the densification is further hindered. Hence, the lower mea-
ured relative densities of the titania layers doped with 5.7 wt.%
nd 8.7 wt.% tin(IV) oxide as compared to the pure anatase film
T) and the 3.5 wt.% SnO2-doped film (T + S3.4) are rational-
zed.

.3. Grain growth of a titania/tin oxide composite as
ffected by phase transformation

The combination of a very fine grain size (8 nm) and very
mall intra-agglomerate pores (<4 nm in diameter) allows for
rain growth (Fig. 1a), with an attendant change of the pore

ize distribution (Figs. 4a and 5a). These factors are consis-
ent with earlier work on single-phase titania thin films11 and
eflect the strong tendency for agglomeration of nanocrystalline
owders.27

o
(

a

ig. 7. Annular dark-field image, and O K�, Ti K� and Sn L� XEDS elemental map
t 700 ◦C, 30 min.
eramic Society 28 (2008) 2225–2232

The pore size distributions in the green films and in the films
ith limited densification are first bimodal indicating the exis-

ence of intra-agglomerate pores as well as inter-agglomerate
ores. The maximum of the inter-agglomerate pores increases
n dimension due to grain growth and pore coalescence at den-
ities between 60% and 74%, as observed before in thin films
f nanocrystalline titania.11 For sintering at 700 ◦C or higher,
he intra-agglomerate pores have shrunk and only the inter-
gglomerate pores remain, yielding a monomodal pore size
istribution (Figs. 4 and 5).

In our studies, tin oxide was not suitable as a grain growth
nhibitor, since the second phase did not significantly affect
he grain growth of the TiO2, which was measured as a func-
ion of sintering temperature. If grain growth at comparable
ensities is considered, then the composites with high con-
ent of second phase (SnO2) rather exhibit an increased grain
rowth rate (Figs. 1a and 2). In detail, the sintering trajectory
ighlights the strong difference between the single-phase film
film T) and the material with the low tin oxide content (film
+ S3.4) on one side and the thin films with the higher tin
xide contents (films T + S5.7 and T + S8.7) on the other side
Fig. 2).

The composite films with high tin oxide content (film T + S5.7
nd T + S8.7) contain a high density of rutile grains, which are

s of the (a) rutile film sintered at 900 ◦C for 30 min and (b) rutile film sintered
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Fig. 7. (

lready available to transform anatase to rutile even under con-
trained conditions. Grain growth of a rutile grain into an anatase
rain, therefore is driven both by grain–boundary curvature as
ell as by the difference in free energy between rutile and

natase. Thus, the increased grain growth during the stage of
hase transformation can be rationalized.

.4. Necessary amendments to the phase diagram between
in oxide and titanium oxide

The examination of the spatial distribution of the Sn was
arried out in order to check for the effectiveness of the mecha-
ism of grain growth inhibition through the existence of an inert
econd phase. Before carrying out STEM studies it was antic-
pated that separate tin(IV) oxide and the titania grains in the
+ S specimens existed concurrently. The publication by Naidu

t al.,17 where the development of the low temperature phase
iagram of the TiO2–SnO2 system is described, suggested that
elow 1000 ◦C no solid solution should be possible. Only at high
emperatures are tin(IV) oxide and titania thought to be misci-
le, since at lower temperatures a miscibility gap exists.17 As
he diffusion in the solid state is too slow, Naidu et al. used the
olten salt method to obtain the low temperature phase diagram
nd thus determine the extent of the miscibility gap. Hence, our
nitial expectation was that the diffusion for the creation of a
olid solution of SnO2 and TiO2 below 1000 ◦C is also too slow.

w
t
i
n

nued ).

n contrast, STEM–XEDS results from the rutile films demon-
trate the existence of a solid solution of SnO2 and TiO2 at
00 ◦C (Fig. 7a). The element maps from the samples sintered
t 700 ◦C (Fig. 7b) show a distinct tin(IV) oxide layer and a small
in gradient extending into the titania layer. The tin(IV) oxide
ayer therefore actually starts to dissolve into the TiO2 layer
hen a temperature somewhere slightly below 700 ◦C. Hence,
ur high-resolution studies, suggest, that the miscibility gap is
t considerably lower temperatures than described by Naidu et
l.17

The T + S8.7 films sintered at 900 ◦C showed similar
ehaviour (Fig. 6). Only a solid solution of SnO2 and TiO2 was
ound. No separate tin(IV) oxide grains were detected. Investi-
ations of green samples of the T + S8.7 films were not possible
ince these were not thin enough to resolve individual SnO2
rains. The grains in the green state have a diameter of around
nm and therefore for TEM specimens with a thickness of
round 40–60 nm we are always projecting through 5–8 grains.

Hence, the development of a solid solution of titania and
in(IV) oxide cannot lead to a grain growth inhibition since there
s no second phase which can hinder grain boundary motion.
n comparison, Shi et al.12 observed smaller titania grain sizes

ith increasing content of tin oxide. This is not inconsistent, as

his appears to be not an effect of grain growth, but of smaller
nitial crystallite sizes in the conversion from the gel to the
anocrystalline material.
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. Summary

Homogeneous titania/tin oxide thin films were successfully
anufactured. However, tin(IV) oxide was not found to be effec-

ive as a grain growth inhibitor. Rather, above a critical level of
econd phase tin oxide content, rutile grains formed in the green
ody and provided nuclei for the phase transformation from
natase to rutile during sintering, which is otherwise hindered
ue to the intrinsic biaxial film stress. This phase transforma-
ion is accompanied by significant volume shrinkage and thus
eads to a decrease in density in the film. This in turn triggers an
ncrease in biaxial tensile stress in the film, reducing the over-
ll driving force for sintering. An additional driving force for
rain growth arises due to the difference in free energy between
rowing rutile and shrinking anatase grains.

Further, detailed STEM–XEDS investigations proved that tin
rom nanocrystalline tin oxide grains diffuses into the titania
atrix and leads to a homogeneous distribution of tin. This

bservation was corroborated with the assessment of the dif-
use nature of a thin tin oxide layer after it had evolved from a
harp interface during heat treatment at 900 ◦C.
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