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Thin-film synthesis of the orthorhombic phase of SnQ
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We demonstrate the formation of an Sntin 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 ShO
Eventually, after heating to 1150 °C, the film was fully converted to the stable cassiterite phase,off BaO
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 pressurd.S0163-182699)10037-7

I. INTRODUCTION Haineset al. found a series of four high-pressure phases of
Pb0,.12 The second of these phases has a modified fluorite
The most important form of naturally occurring Sn®  structure; on pressure release this phase revertadRbO,.
cassiterite, a phase of SpQwith the tetragonal rutile In a similar set of diamond-anvil experiments on Sn@e
structure’. A tetragonal phase of SnO is also stable undelorthorhombic phase was found beginning at 12.6 GPa during
ambient conditions, with a structure determined by Moorecompression, but a greater fraction of this matefiatighly
and Pauling, and refined more recently by Pannetier andsoy was obtained on decompressitdn.
Denes and by Izumi’ Tetragonal SnO has the same struc- oy intial motivation for studying Sn@was the produc-
ture as litharge, a mineral form of PbO. As shown by Plat+jon of gas-sensing film¥ we intended to prepare stable
teeuw and Meyer, SnO in the litharge structure is stable up tErystaIIine films with a relatively smali10-20 nm grain
?TOO °C, at Wh.iCh. point it decomppses into a mixture of liquid size. Having deposited a set of samples consisting of amor-
tin and cassiterité. The electronic structures of the stable phous SnO, we proceeded to heat them in air in order to

phases of SnO and SpMave been the subject of a recent crystallize the films in the stablgassiteritg¢ phase of Sn@

study by Peltzer y Blancat al, motivated in part by the L o . . .
. . : g The initial crystallization of these films in the litharge phase
technological applications of Spn gas sensing and in the of SnO was not surprising, given the stoichiometry of the

fabrication of transparent conductdrs. '
In addition to the stable phases, both oxides of tin un-2morphous films. On the other hand, the subsequent forma-

dergo high-pressure transformations. An orthorhombic phaskn ©f @ high fraction of Sn@in the orthorhombic phase

of SNO was observed at 2.5 GPa by Adaetsl,” and an Was as unexpected as it was unintentional. In the following
orthorhombic phase of SnQvas found by Suitet al® after ~ Sections of this paper we will detail the preparation of the
quenching from a pressure of 15.8 GPa and a temperature 8fthorhombic-phase SnOfilms and the X-ray scattering
800°C. The high-pressure orthorhombic phase of Sig0 Measurements which were used to confirm the sequential
believed to have the same structureaa®b0,, which was formation of three distinct crystalline phases. Finally, follow-
refined by Hill in a neutron-scattering study of depositsing a comparison to related thin-film experiments, we discuss
formed on the plates of lead/acid batteriéEhe orthorhom- the apparent existence of a transformation pathway to the
bic structure has also been found in diamond-anvil SnO orthorhombic phase through the litharge phase.
experiments by Liu, who found that it was formed from a

higher-pressure fluorite-type phase uporelease of

pressuré® A similar sequence of rutile-fluorite- Il. EXPERIMENTAL DETAILS
orthorhombic phases was reported by Kusabal. in their _ _ o
shock-wave study of SnQ PbQ,, and FeTa@!! In a com- Si [001] substrates, approximately ¥B mn? in size,

pletely different type of experiment, but perhaps due to thevere mounted on an unheated plate in a pulsed-laser depo-
same mechanism as in the shock-wave experimentef Bl sition system, as shown in Fig. 1. Ablation was carried out
found electron-diffraction evidence for the orthorhombicusing 532-nm radiation with typical pulse energies of 5 mJ
phase of Sn@following the intense irradiation of cassiterite distributed over a spot size of 0.5 mm, resulting in a typical
particles by an electron beathLead and tin form a related fluence of 2.5 J/cf The pulse rate was 5/s, and growth was
group of oxide structures, and in a recémsitu x-ray scat-  carried out over 4 h, corresponding to a total of approxi-
tering experiment of PbQat pressures of up to 47 GPa, mately 70000 laser pulses. The sintered cassiterite ablation
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FIG. 1. Schematic diagram of the pulsed-laser deposition sys- 50
tem. An ablation beanfAB) enters from the right, passes through
an aperture in the substrate plate, and strikes a rotating and trans-
lating SnQ target(T). A plume of ablated material is emitted from
the target and is deposited on substrd®sAblated species which
pass through the aperture interact with the ionization béi&j
which is normal to the ablation beam. After extraction by the grids
(G), the ions pass through a drift tube and reach a detéEtor
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target was rotated and translated during deposition in order
to maintain a fresh target surface at the point of incidence of ’ ' ' -1
the ablation beam q A7)

In situ time-of-flight mass spectrometry of the depositing  FiG. 2. X-ray scattering intensities for a sample at various
species was carried out with 118.2-nm photoionization of thetages of processing. The lower plot shows the as-grown sample,
central portion of the ablated plume. Following extraction,with most of the intensity contained in a broad feature correspond-
ions traveled 118 cm to a dual-microchannel-plate detectoling to an amorphous structure. In addition, sharp peaks near the
As detailed in Ref. 16, the predominant gas-phase species gpen diamonds indicate the presence of small quantities of cassiter-
the ablation plume were SnO and,83; in other words, the ite in the as-deposited film. The upper three curves are all plotted
tin-containing species exhibit a one-to-one stoichiometry. Nowith the same vertical scale and show the evolution of three crys-
significant levels of Sn@were detected in the gas phase.talline phases. At 300 °C, the film has crystallized in the litharge
This observation is consistent with the study of Platteeuwphase of SnO. After heat treatments reaching 700 °C, the sample
and Meyer’ who showed that although SnO is unstable as das formed the orthorhombic high-pressure phase of,SE@entu-
solid, it is stable in the gas phase. Moreover, the subsequedll, after a series of heating steps to 1150 °C, the orthorhombic
crystallization of the deposited film in the litharge structurePhase is conver_ted to cassiterite. Peak p03|t|or_15 using Ia_ttlc_e param-
(below) is consistent with gas-phase species of compositiof§ters from the literature are shown by open diamofudssiterit
(SnO),. Following deposition, film thicknesses were esti- fled triangles(the hngh_—pressure'pha_sa_nd filled d|amond_$l|th-
mated by characterizing the sequence of interference fringeasrge' The same data files used in th.'s figure were used in generat-
visible on the substrate plate and on the substrates. ™w g the data of Tablt_e I, a_md the most intense peaks of the crystalline
samples were prepared in an initial growth run, with an av-p ases_are_shown in Flg_. 3. Data for the amorphous phase are re-

. . lotted in Fig. 4, along with data from another sample.
erage thickness of approximately 400 nm. In a second
growth run, four samples were made with an average thick-
ness of approximately 130 nm. could be distinguished clearly. In order to obtain satisfactory

X-ray scattering measurements were performed using gounting statistics, we used counting times of 40 s per point;
powder diffractometer in parafocusing Bragg-Brentanoscans running from 10° to 100° inf2with a step size of
geometry’ and a Cu tube source operated at 1 kW. A focus-0.05° took approximately 20 h to complete.
ing graphite monochromator was mounted downstream of Heat treatments in air were carried out using a crucible
the sample on the detector arm, and 1° divergence slits weffgrnace with the samples placed in an open quartz tube.
placed upstream and downstream of the sample. As showRamp rates were typically 700 °C per hour and soak times
below, the longitudinal resolution of the diffractometer at qwere usually 2—3 h(Heating sequences for specific samples
=2.0 A~* was approximately 0.012 &, where the scatter- are given below.Although the samples were heated as high
ing vector is given byg=4 sin/\. Lorentzian functions 55 1150 °C, we found no evidence of any interfacial reaction
were used to fit the diffraction peaks, with positions, widths,petween the Si substrate and the films, presumably due to a
and intensities returned by the fitting procedure. We estimatggombination of the immiscibility of tin and silicdf'® and
that at a typical scattering vector of 2.5 A our measure- the presence of the substrate native oxide as a barrier. The
ments of peak positions are accurate to approximately 0.0028nly visible change in those portions of the substrate uncov-
A~%, resulting in an accuracy in measuredspacings of ereq by the films was a gradual color change to a darker

approximately 0.1%. In order to avoid the Si 004 substrat&hade of gray after heating to the highest temperatures.
reflection, scans were run with the sample displaced by 1°

from the specular condition, reducing the substrate scattering

without significantly affecting the scattering from the depos- Il RESULTS

ited films. As an additional measure to eliminate spurious '

diffraction peaks, all illuminated portions of the sample Figure 2 gives an overview of the x-ray scattering results
holder were made from pure tungsten, resulting in a wellfor one of the samples from the first growth run. Although
characterized background from which the sample scatterindata were taken witly ranging from 0.7 to 6.25 Al, the
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most significant changes in scattering intensity were found in - ‘
the range shown in the figure. In addition to the measured lith 101
scattering intensities, shown as small open circles connected 100
by lines, the figure includes calculated peak positions for
three crystalline phases, using the lattice parameters of
Haines and [ger* for cassiterite, Suitet al® for the high-
pressure orthorhombic phase of Sn@nd Pannetier and
Denes for the litharge phase of SnO.

"4 100

[,
o

[N
OA
N
e
N
(S

200

scattering intensity (c/s)

In the as-prepared statwer ploY, a broad feature with + 4000
a peak neaq=2.05 A! indicates that the film is amor- 150
phous. Sharp peaks near the open diamonds indicate the 100 L 1 2000
presence of cassiterite, but their integrated intensity is insig- 50 ]
nificant in comparison to that of the amorphous phase. The | N Y 1 S
023 2.4 19 2.0 2.0

cassiterite peaks persist throughout the heat treatments, but I
they only begin to grow significantly above a temperature of q(A™)
700°C. ltis likely that the cassiterite in the as-deposited film . i : I
is composed of macroscopic fragments of the ablation target FIG. 3. Measured intensitig@pen circley and Lorentzian fits

which are transferred to the substrate during the depositioﬁcurve.s).for the strongest peaks in Fig. 2. T.he positions, widths, and
process Intensities of these and other peaks are given in Table I. The lower

. . . right plot shows a scan through the 111 peak of a silicon powder
The sample was heat treated in a sequence of mcreasg&andard fit with a Gaussian function

temperatures and removed from the furnace after each step in
order to performex situx-ray measurements. There was nothe crystalline phases can be approximated by the function
change in the scattering intensity after heating to 100 °C and /A, .?° Using the data of Fig. 3, we obtain grain sizes
then 200 °C, but after heating to 300 °C the film Crysta”izedof 320 A for the |itharge phaSE, 180 A for the high-pressure
in the litharge phase of Sn(Fig. 2, second plot The crys-  phase, and 360 A for cassiterite.
tallization was not Complete, however, since there was re- In order to determine peak positions, intensities, and
maining intensity from the amorphous phaset visible in  widths, Lorentzian fits were also performed for other rela-
Fig. 2, and also because the integrated litharge intensitiefyely intense peaks, with the results shown in Table I. This
are significantly lower than those of the phases which formaple includes the measured peak positions, the correspond-
subsequently. ing d spacingggiven byd=27/q), and the agreement of the
The following heat treatments were performed at 50 °Cmeasured! spacings with values calculated using the same
intervals in temperature. During this process the lithargesources of lattice parameters as in Fig. 2. The table also
phase became disordered, as shown by peak broadening. Ti¢|udes the peak intensities and uncorrected widths, which
gradual development of a new phase was accompanied kye multiplied together in order to obtain estimates of relative
the shifting, disappearance, and appearance of diffractiomtegrated intensities. The last column of the table consists of
peaks. Eventually, by 700 °C, the scattering intensity of theelative intensities given by Suitet al. for the orthorhombic
new phase became that which is shown in the third plot ophase® and the intensities listed in a standard diffraction da-
Fig. 2. As detailed below, the peak positions and relativegbase for the litharge ph&Seof SnO and the cassiterite
intensities at this point agree very well with the values givenphaséz of SnG,. For all three phases the agreement in peak
by Suitoet al. for the orthorhombic phase of Sa®During  positions between measured and previously published values
continued heat treatments the orthorhombic phase was quiig very good. The agreement in intensities is also good, given
stable, in that it persisted in Significant quantities even aftefhat thin films in genera| may exhibit a nonrandom orienta-
heating the samples to temperatures above 1000 °C. Eventtion of crystallites. We conclude that the phase identification
ally, after heating to 1150 °C, the orthorhombic phase wasn these samples is unambiguous. If we assume that all of the
almost completely replaced by cassiterite, as shown in thelm was converted to cassiterite after heating to 1150°C
upper plot of Fig. 2. (Fig. 2, upper plot comparison of summed integrated inten-
Figure 3 contains expanded plots of the most intenseities indicates that the yield of the high-pressure phase at
peaks from each of the three crystalline phases, with thgpo °C (Fig. 2, third plo} was approximately 50%.
measured intensities shown as open circles and Lorentzian The second Samp|e from the first growth run was sub-
fitting functions shown as curves. In addition, a scan thrOUngected to a similar set of heat treatments, except that tempera-
the 111 peak of a Si powder standard is shown in the lowefyre intervals of 25 °C rather than 50 °C were used between
right. The Si peak, which is fit by a Gaussian function of each step. The sequence of crystalline phases for this sample
width Agj,s=0.012 A™%, is taken as representative of the was similar to that of the first sample. We found no evidence
instrumental resolution function gt=2 A~*. Since the SNO  of the formation of crystalline phases other than those dis-
and Sn@ peaks are significantly broader than the instrumencussed above. In particular, we found no evidence for an
tal function, we approximate the intrinsic peak widths by interfacial tin-silicon interaction, or a high-pressure phase of
assuming that the intrinsic and instrumental widths add iI’BnO, or for the formation of intermediate oxides such as
quadraturé® That is, we setAgi=Aq5+Aqghs, Where  Sp,0,.
AgQ, is the measured peak widthg;,; is the intrinsic width, During the second deposition run, films were deposited on
and Ag;,s is the instrumental width. Once the correctedfour samples, using a second ablation target but otherwise
widths are obtained, the average grain size corresponding tinder similar conditions. As mentioned above, visual obser-
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TABLE I. Summary of diffraction data for the sample corresponding to Figs. 2 and 3. Indices prefixed by
L indicate the litharge phase of SnO, HP indicates the orthorhombic high-pressure phase,ot®h@
indicates the cassiterite phase of $Sn®he columnyy,,, |, andAq,, are the peak positions, intensities,
and uncorrected widths derived from Lorentzian fits to the data used in Fig. 2. Calgnoontains thed
spacing corresponding tp,, and d,,—d,)/d, is the differencdin percent betweerd,, andd-spacing values
obtained from the published literature. For the purposes of comparing relative integrated intensities, column
IAqg,, contains the product of the peak intensity and peak width, normalized to a value of 100 at the strongest
peak. Column,; contains relative intensities from the literature.

e

Index q,(A°YH d, @A) d ’ Im(c/9  Agm (A™YH  1AqQ, (norm) 1, (norm)
L 001 1.294 4.857 0.4 7.1 0.022 6 10
L 101 2.104 2.987 -0.1 105.0 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 -0.2 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 -0.2 43.8 0.025 31 24
C 211 3.566 1.762 —-0.1 715 0.027 53 63
C 220 3.753 1.674 0.0 15.9 0.026 12 17
C 310 4.202 1.495 -0.2 10.3 0.033 10 13

vation of the interference patterns showed that the film thicknesses. Since the samples from both runs have the same peak
ness of the second set of samples was approximately oneesition and shapéFig. 4), the scattering measurements do
third that of the first run. In Fig. 4 we compare the as-not reveal any difference in the structure of the amorphous
deposited amorphous-phase scattering for samples made d8mponent of the two sets of samples.

the two growth runs. The ratio of the peak intensities is ap- A significant difference between the two sets of samples
proximately 3.5, close to the estimated ratio of film thick- \yasfound following heat treatments: the samples produced
in the second growth run did not crystallize in the litharge
phase of SnO, even when subjected to the same heat treat-
ments as the first sample from the first growth run. Instead,
peaks corresponding to cassiterite gradually emerged out of
the broad amorphous-phase scattering. In summary, the se-
quence of structures for samples in the first growth run was
(i) amorphous SnQji) litharge-phase Sngiii) orthorhom-

bic SnQ, and(iv) cassiterite. Samples from the second run
went directly from an amorphous structure to cassiterite,
with no evidence of an orthorhombic component.

We have not identified an obvious cause of the differ-
ences between the two sets of samples. A different ablation
target was used, thus it is possible that variations in the sur-
face topology of the targets led to differences in ablation

FIG. 4. Scattering intensities arising from the as-deposite(?‘/leldS and d.epOSItlon rates. On th.e. other hand, mass .Spe.c_
amorphous phase, for samples from two separate growth runs, plo [ometry during the Secon.d dePO.SItlon run showed a distri-
ted with different vertical scales. Measured intensities are shown bggt'on of gas-phase species Slm”{ir to _that of the first run.
filled and open circles; the curves were produced by a least-squar € see no reason Why a reducgd f|_Im tth!(ﬂmssewould
smoothing of the data. Sharp peaks from trace quantities of cassite'rnh'b't the CrySt,a"'zat'on of the, fllm in the I|§harge structure.
ite in the as-deposited filntFig. 2, lower plot were removed by Perhaps the difference may lie in the stoichiometry of the
deleting all points within=0.05 A* of the cassiterite 110, 101, as-deposited samples: a modest excess of oxygen in the sec-
and 200 reflections. The rise in intensities at small scattering vecond set could prevent the crystallization of SnO, but would
tors is background scattering from the main beam; the rise nedp€ undetectable in scattering measurements such as those of
2.8 A lis the shoulder of the tungsten 110 peak, originating in theFig. 4. If, as we speculate below, the litharge structure serves
sample holder. as a pathway to the crystallization of the orthorhombic

scattering intensity (c/s)
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phase, slight variations in the initial stoichiometry could pre-measurements on samples heat treated at temperatures be-

clude the formation of the high-pressure phase. tween 300 and 700 °C, which show that the nucleation of the
high-pressure phase coincides with the disruption of the lith-
IV. DISCUSSION arge structure. Another consistent observation is that no trace

) ] ] of the orthorhombic phase was found in our second set of
~ The formation of a high-pressure phase in a polycrystalsamples, where the litharge phase was absent. The observa-
line film is fairly unusual, but in the case of tin oxide we can joy of Shek et al2* that formation of the high-pressure
refer to several related experiments. Kapeirel. have ob-  ynase is suppressed in oxygen-rich environments is also con-
served electron and x-ray-diffraction features correspondingjstent with this view, since the rapid oxidation of SnO could
to the orthorhombic phase of Sp@ films produced by the jnnibit its action as a precursor. Finally, we find that the
deposition of ionized tin atoms in the presence of oxy@en. epitaxial relationshif between the litharge structure and the
Although the high-pressure phase was not the main focus Qfithorhombic phase is a clear indicator of the probable im-
their study, they reported traces of this phase in films depossortance of litharge-phase SnO as a transformation route.
iFed on hea@ed substrates and after heat treating amorphous oy results are not in disagreement with the high-pressure
films deposited on lower-temperature substrates. They SUgsyperiments which indicated that the modified-fluorite phase
gested that the formation of the high-pressure phase in thgarves as a precursor to the orthorhombic structure during
first case may be due to the energetic nature of ion depos‘“"(ﬂ'ecompressioi"ﬁ'”'“ Instead, we suggest that the litharge
on a biased substrate, and that in the second case the fomlihase plays a role in aalternative transformation route.
tion may be due to a relatively high density of the amorphougThis route would not have been detected in the high-
phase. In a different study of ultrafine 5-10 nm tin oxide yressure experiments since in that case the tin-oxygen sto-
powders, Shelet al. detected orthorhombic SpQn x-ray  jchiometry is fixed at one to twpThe obvious experiment
;cat_termg measurements of powders which were heat treatgghich one might try in probing the alternate route is the
in air.** On the other hand, they found that the high-pressuréngogification of bulk samples of litharge-phase SnO by ap-
phase was suppressed when the annealing was done in Oxyopriate heating steps in controlled oxygen environments.
gen. A third set of related experiments was carried out byas 3 test of the possible role of film stress in nucleation of
Krasevecet al., who performed electron-diffraction measure- the orthorhombic phase, one could deposit amorphous SnO
ments on films prepared by the oxidation of epitaxial single<jims on sets of substrates with different thermal-expansion
crystal6f|lms of litharge-structure Sn®.In a subsequent coefficients, in order to vary the film-substrate interface
paper;® Prodan et al. showed that the oxidized litharge stress during heat treatments. Another set of experiments,
structure in fact consisted of the orthorhombic phase ofnotivated by the known relationships between high-pressure
SnG,. It is significant that the orthorhombic-phase diffrac- oxide phases of lead and tin, would involve the oxidation of
tion pattern corresponded to two domains, rotated by 90 $hin films of litharge.
with reSpeCt to eaCh Other, eaCh with a SpeCiﬁC Orientation A|th0ugh the high_pressure experiments have been Very
with respect to the SnO structufeln other words, the ortho-  jjjuminating, experiments such as ours indicate that there are
rhombic phase was formed through a proces®pitaxial  some interesting unsolved questions relating to the formation
oxidation of the litharge structure. of metastable oxides. Aside from the question of alternate

The thin-film and powder experiments indicate that thetransformation routes, thin-film experiments present the fol-
orthorhombic phase of SpCran be synthesized through a jowing opportunity: given the stability and the relatively
variety of routes which are not explicitly associated with high fraction of orthorhombic SnOwhich we have ob-
high pressures. Although Prodanal”® invoked the effects  served, it should be possible to produce samples which are
of epitaxial strain at the film-substrate interface, the experisyjtable for optical and transport measurements, which to our

ments of Kaplanet al*> and our experiments were carried knowledge have yet to be performed on this material.
out on randomly oriented polycrystalline films, where epitax-

@al strains s:hould pe less import_ant. Even though_one _could ACKNOWLEDGMENTS
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