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Thin-film synthesis of the orthorhombic phase of SnO2
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We demonstrate the formation of an SnO2 thin film in an orthorhombic phase which has previously been
found in high-pressure experiments. Our starting point was the pulsed-laser deposition of an amorphous film of
SnO on Si@001# substrates. During a series of subsequent heat treatments in air, the film crystallized in a
sequence of three phases. First, after heating to 300 °C, the litharge phase of SnO was formed. Next, while
heating to 700 °C, the film absorbed oxygen and formed the high-pressure orthorhombic phase of SnO2.
Eventually, after heating to 1150 °C, the film was fully converted to the stable cassiterite phase of SnO2. The
experiments performed to date are not conclusive, but indirect evidence indicates that the litharge structure is
important as an intermediary in the formation of the orthorhombic phase, in contrast to the transformation route
at high pressure.@S0163-1829~99!10037-7#
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I. INTRODUCTION

The most important form of naturally occurring SnO2 is
cassiterite, a phase of SnO2 with the tetragonal rutile
structure.1 A tetragonal phase of SnO is also stable un
ambient conditions, with a structure determined by Moo
and Pauling,2 and refined more recently by Pannetier a
Denes3 and by Izumi.4 Tetragonal SnO has the same stru
ture as litharge, a mineral form of PbO. As shown by Pl
teeuw and Meyer, SnO in the litharge structure is stable u
300 °C, at which point it decomposes into a mixture of liqu
tin and cassiterite.5 The electronic structures of the stab
phases of SnO and SnO2 have been the subject of a rece
study by Peltzer y Blanca´ et al., motivated in part by the
technological applications of SnO2 in gas sensing and in th
fabrication of transparent conductors.6

In addition to the stable phases, both oxides of tin u
dergo high-pressure transformations. An orthorhombic ph
of SnO was observed at 2.5 GPa by Adamset al.,7 and an
orthorhombic phase of SnO2 was found by Suitoet al.8 after
quenching from a pressure of 15.8 GPa and a temperatu
800 °C. The high-pressure orthorhombic phase of SnO2 is
believed to have the same structure asa-PbO2, which was
refined by Hill in a neutron-scattering study of depos
formed on the plates of lead/acid batteries.9 The orthorhom-
bic structure has also been found in diamond-anvil Sn2
experiments by Liu, who found that it was formed from
higher-pressure fluorite-type phase uponrelease of
pressure.10 A similar sequence of rutile-fluorite
orthorhombic phases was reported by Kusabaet al. in their
shock-wave study of SnO2, PbO2, and FeTaO4.11 In a com-
pletely different type of experiment, but perhaps due to
same mechanism as in the shock-wave experiments, Luet al.
found electron-diffraction evidence for the orthorhomb
phase of SnO2 following the intense irradiation of cassiterit
particles by an electron beam.12 Lead and tin form a related
group of oxide structures, and in a recentin situ x-ray scat-
tering experiment of PbO2 at pressures of up to 47 GP
PRB 600163-1829/99/60~13!/9347~6!/$15.00
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Haineset al. found a series of four high-pressure phases
PbO2.13 The second of these phases has a modified fluo
structure; on pressure release this phase reverted toa-PbO2.
In a similar set of diamond-anvil experiments on SnO2, the
orthorhombic phase was found beginning at 12.6 GPa du
compression, but a greater fraction of this material~roughly
50%! was obtained on decompression.14

Our initial motivation for studying SnO2 was the produc-
tion of gas-sensing films;15 we intended to prepare stab
crystalline films with a relatively small~10–20 nm! grain
size. Having deposited a set of samples consisting of am
phous SnO, we proceeded to heat them in air in orde
crystallize the films in the stable~cassiterite! phase of SnO2.
The initial crystallization of these films in the litharge pha
of SnO was not surprising, given the stoichiometry of t
amorphous films. On the other hand, the subsequent for
tion of a high fraction of SnO2 in the orthorhombic phase
was as unexpected as it was unintentional. In the follow
sections of this paper we will detail the preparation of t
orthorhombic-phase SnO2 films and the x-ray scattering
measurements which were used to confirm the seque
formation of three distinct crystalline phases. Finally, follow
ing a comparison to related thin-film experiments, we disc
the apparent existence of a transformation pathway to
orthorhombic phase through the litharge phase.

II. EXPERIMENTAL DETAILS

Si @001# substrates, approximately 1236 mm2 in size,
were mounted on an unheated plate in a pulsed-laser d
sition system, as shown in Fig. 1. Ablation was carried o
using 532-nm radiation with typical pulse energies of 5
distributed over a spot size of 0.5 mm, resulting in a typi
fluence of 2.5 J/cm2. The pulse rate was 5/s, and growth w
carried out over 4 h, corresponding to a total of appro
mately 70 000 laser pulses. The sintered cassiterite abla
9347 ©1999 The American Physical Society
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target was rotated and translated during deposition in o
to maintain a fresh target surface at the point of incidence
the ablation beam.

In situ time-of-flight mass spectrometry of the depositi
species was carried out with 118.2-nm photoionization of
central portion of the ablated plume. Following extractio
ions traveled 118 cm to a dual-microchannel-plate detec
As detailed in Ref. 16, the predominant gas-phase specie
the ablation plume were SnO and Sn2O2; in other words, the
tin-containing species exhibit a one-to-one stoichiometry.
significant levels of SnO2 were detected in the gas phas
This observation is consistent with the study of Plattee
and Meyer,5 who showed that although SnO is unstable a
solid, it is stable in the gas phase. Moreover, the subseq
crystallization of the deposited film in the litharge structu
~below! is consistent with gas-phase species of composi
(SnO)n . Following deposition, film thicknesses were es
mated by characterizing the sequence of interference frin
visible on the substrate plate and on the substrates.
samples were prepared in an initial growth run, with an
erage thickness of approximately 400 nm. In a seco
growth run, four samples were made with an average th
ness of approximately 130 nm.

X-ray scattering measurements were performed usin
powder diffractometer in parafocusing Bragg-Brenta
geometry17 and a Cu tube source operated at 1 kW. A foc
ing graphite monochromator was mounted downstream
the sample on the detector arm, and 1° divergence slits w
placed upstream and downstream of the sample. As sh
below, the longitudinal resolution of the diffractometer at
52.0 Å21 was approximately 0.012 Å21, where the scatter
ing vector is given byq54p sinu/l. Lorentzian functions
were used to fit the diffraction peaks, with positions, width
and intensities returned by the fitting procedure. We estim
that at a typical scattering vector of 2.5 Å21, our measure-
ments of peak positions are accurate to approximately 0.0
Å21, resulting in an accuracy in measuredd spacings of
approximately 0.1%. In order to avoid the Si 004 substr
reflection, scans were run with the sample displaced by
from the specular condition, reducing the substrate scatte
without significantly affecting the scattering from the depo
ited films. As an additional measure to eliminate spurio
diffraction peaks, all illuminated portions of the samp
holder were made from pure tungsten, resulting in a w
characterized background from which the sample scatte

FIG. 1. Schematic diagram of the pulsed-laser deposition
tem. An ablation beam~AB! enters from the right, passes throug
an aperture in the substrate plate, and strikes a rotating and t
lating SnO2 target~T!. A plume of ablated material is emitted from
the target and is deposited on substrates~S!. Ablated species which
pass through the aperture interact with the ionization beam~IB!,
which is normal to the ablation beam. After extraction by the gr
~G!, the ions pass through a drift tube and reach a detector~D!.
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could be distinguished clearly. In order to obtain satisfact
counting statistics, we used counting times of 40 s per po
scans running from 10° to 100° in 2u with a step size of
0.05° took approximately 20 h to complete.

Heat treatments in air were carried out using a cruci
furnace with the samples placed in an open quartz tu
Ramp rates were typically 700 °C per hour and soak tim
were usually 2–3 h.~Heating sequences for specific samp
are given below.! Although the samples were heated as hi
as 1150 °C, we found no evidence of any interfacial react
between the Si substrate and the films, presumably due
combination of the immiscibility of tin and silicon18,19 and
the presence of the substrate native oxide as a barrier.
only visible change in those portions of the substrate unc
ered by the films was a gradual color change to a dar
shade of gray after heating to the highest temperatures.

III. RESULTS

Figure 2 gives an overview of the x-ray scattering resu
for one of the samples from the first growth run. Althoug
data were taken withq ranging from 0.7 to 6.25 Å21, the

s-

ns-

s

FIG. 2. X-ray scattering intensities for a sample at vario
stages of processing. The lower plot shows the as-grown sam
with most of the intensity contained in a broad feature correspo
ing to an amorphous structure. In addition, sharp peaks near
open diamonds indicate the presence of small quantities of cass
ite in the as-deposited film. The upper three curves are all plo
with the same vertical scale and show the evolution of three c
talline phases. At 300 °C, the film has crystallized in the lithar
phase of SnO. After heat treatments reaching 700 °C, the sam
has formed the orthorhombic high-pressure phase of SnO2. Eventu-
ally, after a series of heating steps to 1150 °C, the orthorhom
phase is converted to cassiterite. Peak positions using lattice pa
eters from the literature are shown by open diamonds~cassiterite!,
filled triangles~the high-pressure phase!, and filled diamonds~lith-
arge!. The same data files used in this figure were used in gene
ing the data of Table I, and the most intense peaks of the crysta
phases are shown in Fig. 3. Data for the amorphous phase ar
plotted in Fig. 4, along with data from another sample.
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most significant changes in scattering intensity were foun
the range shown in the figure. In addition to the measu
scattering intensities, shown as small open circles conne
by lines, the figure includes calculated peak positions
three crystalline phases, using the lattice parameters
Haines and Le´ger14 for cassiterite, Suitoet al.8 for the high-
pressure orthorhombic phase of SnO2, and Pannetier and
Denes3 for the litharge phase of SnO.

In the as-prepared state~lower plot!, a broad feature with
a peak nearq52.05 Å21 indicates that the film is amor
phous. Sharp peaks near the open diamonds indicate
presence of cassiterite, but their integrated intensity is in
nificant in comparison to that of the amorphous phase.
cassiterite peaks persist throughout the heat treatments
they only begin to grow significantly above a temperature
700 °C. It is likely that the cassiterite in the as-deposited fi
is composed of macroscopic fragments of the ablation ta
which are transferred to the substrate during the depos
process.

The sample was heat treated in a sequence of increa
temperatures and removed from the furnace after each st
order to performex situx-ray measurements. There was
change in the scattering intensity after heating to 100 °C
then 200 °C, but after heating to 300 °C the film crystalliz
in the litharge phase of SnO~Fig. 2, second plot!. The crys-
tallization was not complete, however, since there was
maining intensity from the amorphous phase~not visible in
Fig. 2!, and also because the integrated litharge intens
are significantly lower than those of the phases which fo
subsequently.

The following heat treatments were performed at 50
intervals in temperature. During this process the litha
phase became disordered, as shown by peak broadening
gradual development of a new phase was accompanie
the shifting, disappearance, and appearance of diffrac
peaks. Eventually, by 700 °C, the scattering intensity of
new phase became that which is shown in the third plo
Fig. 2. As detailed below, the peak positions and relat
intensities at this point agree very well with the values giv
by Suitoet al. for the orthorhombic phase of SnO2.8 During
continued heat treatments the orthorhombic phase was q
stable, in that it persisted in significant quantities even a
heating the samples to temperatures above 1000 °C. Eve
ally, after heating to 1150 °C, the orthorhombic phase w
almost completely replaced by cassiterite, as shown in
upper plot of Fig. 2.

Figure 3 contains expanded plots of the most inte
peaks from each of the three crystalline phases, with
measured intensities shown as open circles and Lorent
fitting functions shown as curves. In addition, a scan throu
the 111 peak of a Si powder standard is shown in the lo
right. The Si peak, which is fit by a Gaussian function
width Dqins50.012 Å21, is taken as representative of th
instrumental resolution function atq52 Å21. Since the SnO
and SnO2 peaks are significantly broader than the instrum
tal function, we approximate the intrinsic peak widths
assuming that the intrinsic and instrumental widths add
quadrature.20 That is, we setDqm

2 5Dqint
2 1Dqins

2 , where
Dqm is the measured peak width,Dqint is the intrinsic width,
and Dqins is the instrumental width. Once the correct
widths are obtained, the average grain size correspondin
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the crystalline phases can be approximated by the func
2p/Dqint .20 Using the data of Fig. 3, we obtain grain siz
of 320 Å for the litharge phase, 180 Å for the high-pressu
phase, and 360 Å for cassiterite.

In order to determine peak positions, intensities, a
widths, Lorentzian fits were also performed for other re
tively intense peaks, with the results shown in Table I. T
table includes the measured peak positions, the corresp
ing d spacings~given byd52p/q), and the agreement of th
measuredd spacings with values calculated using the sa
sources of lattice parameters as in Fig. 2. The table a
includes the peak intensities and uncorrected widths, wh
are multiplied together in order to obtain estimates of relat
integrated intensities. The last column of the table consist
relative intensities given by Suitoet al. for the orthorhombic
phase,8 and the intensities listed in a standard diffraction d
tabase for the litharge phase21 of SnO and the cassiterit
phase22 of SnO2. For all three phases the agreement in pe
positions between measured and previously published va
is very good. The agreement in intensities is also good, gi
that thin films in general may exhibit a nonrandom orien
tion of crystallites. We conclude that the phase identificat
in these samples is unambiguous. If we assume that all o
film was converted to cassiterite after heating to 1150
~Fig. 2, upper plot!, comparison of summed integrated inte
sities indicates that the yield of the high-pressure phas
700 °C ~Fig. 2, third plot! was approximately 50%.

The second sample from the first growth run was s
jected to a similar set of heat treatments, except that temp
ture intervals of 25 °C rather than 50 °C were used betw
each step. The sequence of crystalline phases for this sa
was similar to that of the first sample. We found no eviden
of the formation of crystalline phases other than those d
cussed above. In particular, we found no evidence for
interfacial tin-silicon interaction, or a high-pressure phase
SnO, or for the formation of intermediate oxides such
Sn3O4.

During the second deposition run, films were deposited
four samples, using a second ablation target but otherw
under similar conditions. As mentioned above, visual obs

FIG. 3. Measured intensities~open circles! and Lorentzian fits
~curves! for the strongest peaks in Fig. 2. The positions, widths, a
intensities of these and other peaks are given in Table I. The lo
right plot shows a scan through the 111 peak of a silicon pow
standard, fit with a Gaussian function.
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TABLE I. Summary of diffraction data for the sample corresponding to Figs. 2 and 3. Indices prefix
L indicate the litharge phase of SnO, HP indicates the orthorhombic high-pressure phase of SnO2, and C
indicates the cassiterite phase of SnO2. The columnsqm , I m , andDqm are the peak positions, intensitie
and uncorrected widths derived from Lorentzian fits to the data used in Fig. 2. Columndm contains thed
spacing corresponding toqm , and (dm2dl)/dl is the difference~in percent! betweendm andd-spacing values
obtained from the published literature. For the purposes of comparing relative integrated intensities,
IDqm contains the product of the peak intensity and peak width, normalized to a value of 100 at the str
peak. ColumnI l contains relative intensities from the literature.

Index qm (Å 21) dm ~Å!

dm2dl

dl
~%!

I m ~c/s! Dqm (Å 21) IDqm ~norm.! I l ~norm.!

L 001 1.294 4.857 0.4 7.1 0.022 6 10
L 101 2.104 2.987 20.1 105.0 0.023 100 100
L 110 2.337 2.689 0.0 28.4 0.015 17 37
L 002 2.597 2.420 0.0 13.6 0.027 15 14
L 112 3.493 1.799 0.0 13.9 0.029 17 27

HP 110 1.726 3.640 0.0 17.7 0.044 26 30
HP 111 2.106 2.983 0.0 81.7 0.036 100 100
HP 021 2.513 2.500 0.4 12.1 0.038 15 20
HP 200 2.662 2.361 20.2 21.2 0.044 31 10
HP 112 2.965 2.119 0.0 6.3 0.054 12 15
C 110 1.876 3.350 0.0 134.0 0.024 91 100
C 101 2.378 2.642 0.0 169.3 0.021 100 81
C 200 2.659 2.363 20.2 43.8 0.025 31 24
C 211 3.566 1.762 20.1 71.5 0.027 53 63
C 220 3.753 1.674 0.0 15.9 0.026 12 17
C 310 4.202 1.495 20.2 10.3 0.033 10 13
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vation of the interference patterns showed that the film thi
ness of the second set of samples was approximately
third that of the first run. In Fig. 4 we compare the a
deposited amorphous-phase scattering for samples mad
the two growth runs. The ratio of the peak intensities is
proximately 3.5, close to the estimated ratio of film thic

FIG. 4. Scattering intensities arising from the as-depos
amorphous phase, for samples from two separate growth runs,
ted with different vertical scales. Measured intensities are show
filled and open circles; the curves were produced by a least-squ
smoothing of the data. Sharp peaks from trace quantities of cass
ite in the as-deposited film~Fig. 2, lower plot! were removed by
deleting all points within60.05 Å21 of the cassiterite 110, 101
and 200 reflections. The rise in intensities at small scattering v
tors is background scattering from the main beam; the rise n
2.8 Å21 is the shoulder of the tungsten 110 peak, originating in
sample holder.
-
e-

-
in
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nesses. Since the samples from both runs have the same
position and shape~Fig. 4!, the scattering measurements d
not reveal any difference in the structure of the amorph
component of the two sets of samples.

A significant difference between the two sets of samp
was found following heat treatments: the samples produc
in the second growth run did not crystallize in the lithar
phase of SnO, even when subjected to the same heat t
ments as the first sample from the first growth run. Inste
peaks corresponding to cassiterite gradually emerged ou
the broad amorphous-phase scattering. In summary, the
quence of structures for samples in the first growth run w
~i! amorphous SnO,~ii ! litharge-phase SnO,~iii ! orthorhom-
bic SnO2, and~iv! cassiterite. Samples from the second r
went directly from an amorphous structure to cassiter
with no evidence of an orthorhombic component.

We have not identified an obvious cause of the diff
ences between the two sets of samples. A different abla
target was used, thus it is possible that variations in the
face topology of the targets led to differences in ablat
yields and deposition rates. On the other hand, mass s
trometry during the second deposition run showed a dis
bution of gas-phase species similar to that of the first r
We see no reason why a reduced film thicknessper sewould
inhibit the crystallization of the film in the litharge structur
Perhaps the difference may lie in the stoichiometry of
as-deposited samples: a modest excess of oxygen in the
ond set could prevent the crystallization of SnO, but wou
be undetectable in scattering measurements such as tho
Fig. 4. If, as we speculate below, the litharge structure ser
as a pathway to the crystallization of the orthorhomb
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phase, slight variations in the initial stoichiometry could p
clude the formation of the high-pressure phase.

IV. DISCUSSION

The formation of a high-pressure phase in a polycrys
line film is fairly unusual, but in the case of tin oxide we ca
refer to several related experiments. Kaplanet al. have ob-
served electron and x-ray-diffraction features correspond
to the orthorhombic phase of SnO2 in films produced by the
deposition of ionized tin atoms in the presence of oxyge23

Although the high-pressure phase was not the main focu
their study, they reported traces of this phase in films dep
ited on heated substrates and after heat treating amorp
films deposited on lower-temperature substrates. They
gested that the formation of the high-pressure phase in
first case may be due to the energetic nature of ion depos
on a biased substrate, and that in the second case the fo
tion may be due to a relatively high density of the amorpho
phase. In a different study of ultrafine 5-10 nm tin oxi
powders, Sheket al. detected orthorhombic SnO2 in x-ray
scattering measurements of powders which were heat tre
in air.24 On the other hand, they found that the high-press
phase was suppressed when the annealing was done in
gen. A third set of related experiments was carried out
Kraševecet al., who performed electron-diffraction measur
ments on films prepared by the oxidation of epitaxial sing
crystal films of litharge-structure SnO.25 In a subsequen
paper,26 Prodan et al. showed that the oxidized litharg
structure in fact consisted of the orthorhombic phase
SnO2. It is significant that the orthorhombic-phase diffra
tion pattern corresponded to two domains, rotated by 9
with respect to each other, each with a specific orienta
with respect to the SnO structure.25 In other words, the ortho-
rhombic phase was formed through a process ofepitaxial
oxidation of the litharge structure.

The thin-film and powder experiments indicate that t
orthorhombic phase of SnO2 can be synthesized through
variety of routes which are not explicitly associated w
high pressures. Although Prodanet al.26 invoked the effects
of epitaxial strain at the film-substrate interface, the exp
ments of Kaplanet al.23 and our experiments were carrie
out on randomly oriented polycrystalline films, where epita
ial strains should be less important. Even though one co
invoke strains during the oxidation of polycrystalline film
which are constrained by adhesion at the substrate interf
Sheket al.24 found the orthorhombic phase in unconstrain
powders. In addition, we found no obvious indication
strains in our films, since the peak positions which we o
served were close to the values reported for unstrai
samples~Table I!.

It is our opinion that the key ingredient in our synthesis
orthorhombic-phase SnO2 is not compressive stress in th
films, but the formation of the litharge phase of SnO a
precursor. Evidence for this conjecture is found in our x-r
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measurements on samples heat treated at temperature
tween 300 and 700 °C, which show that the nucleation of
high-pressure phase coincides with the disruption of the l
arge structure. Another consistent observation is that no t
of the orthorhombic phase was found in our second se
samples, where the litharge phase was absent. The obs
tion of Shek et al.24 that formation of the high-pressur
phase is suppressed in oxygen-rich environments is also
sistent with this view, since the rapid oxidation of SnO cou
inhibit its action as a precursor. Finally, we find that t
epitaxial relationship25 between the litharge structure and th
orthorhombic phase is a clear indicator of the probable
portance of litharge-phase SnO as a transformation route

Our results are not in disagreement with the high-press
experiments which indicated that the modified-fluorite pha
serves as a precursor to the orthorhombic structure du
decompression.10,11,14 Instead, we suggest that the litharg
phase plays a role in analternative transformation route.
~This route would not have been detected in the hig
pressure experiments since in that case the tin-oxygen
ichiometry is fixed at one to two.! The obvious experimen
which one might try in probing the alternate route is t
modification of bulk samples of litharge-phase SnO by a
propriate heating steps in controlled oxygen environme
As a test of the possible role of film stress in nucleation
the orthorhombic phase, one could deposit amorphous S
films on sets of substrates with different thermal-expans
coefficients, in order to vary the film-substrate interfa
stress during heat treatments. Another set of experime
motivated by the known relationships between high-press
oxide phases of lead and tin, would involve the oxidation
thin films of litharge.

Although the high-pressure experiments have been v
illuminating, experiments such as ours indicate that there
some interesting unsolved questions relating to the forma
of metastable oxides. Aside from the question of altern
transformation routes, thin-film experiments present the
lowing opportunity: given the stability and the relative
high fraction of orthorhombic SnO2 which we have ob-
served, it should be possible to produce samples which
suitable for optical and transport measurements, which to
knowledge have yet to be performed on this material.
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