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ABSTRACT

Undoped SnOy thin films were deposited on Si(100) substrate by using reactive ioassisted de-
position technique (R-IAD). In order to investigate the effect of initial oxygen content and
heat treatment on the oxidation state and crystalline structure of tin oxide films, SnOy thin
films were post-annealed at 400~600°C for 1 hr. in a vacuum ~5x107* Torr or were directly
deposited on the substrate of 400°C and the relative arrival ration (I") of oxygen ion to Sn
metal varied from 0.025 to 0.1, i.e., average impinging energy (E,) form 25 to 100 eV/atom. As E
. increased, the composition ratio of Ny/Ng, changed from 1.25 to 1.93 in post-annealing, treat-
ment and 1.21 to 1.87 in in-situ substrate heating. In case of post-annealing, the oxidation from
SnO to SnO, was closely related to initial oxygen contents and post-annealing temperature, and
the perfect oxidation of SnO, in the film was obtained at higher than E,=75 eV/atom and 600
C. The temperature for perfect oxidation of SnO, was reduced as low as 400°C through in-situ
substrate heating. The variation of the chemical state of SnOy thin films with changing E.'s and
heating method were also observed by Auger electron spectroscopy.

INTRODUCTION

strate. Hence, tin oxide thin films could be
perfectly obtained by either applying in-situ

SnQ; thin films have wide applications such substrate heating with flowing oxygen gas

as transparent electrodes, optoelectronic de-
vices, high photothermal conversion of SnO,/
Si solarcell, and inflammable gas sensor dev-
lices!'~*. Various techniques, i.e., spray pyrol-
ysist®), chemical vapor deposition (CVD)Us7,
sol-gel method!®, reactive evaporation'®, and
sputtering!'® 1 have been employed to obtain
Sn0, thin films. In case of reactive evapora-
tion or sputtering using SnO, bulk material
as evaporant or sputtering target, the SnO;
molecules generally decompose in gaseous

state and mainly SnO condenses on the sub-

during the deposition or through a post an-
nealing procedure In oxygen ambient or air
at high temperature over 600°C!* '), Such a
high post annealing temperature would much
affect stoichiometry and surface morphology
of deposited tin oxide films, hence it is not
suitable for practical fabrication.

Many thin films including dielectric oxides,
fluorides, transparent conductors, and nitr-
ides have been prepared by an i1on-assist de-
position (IAD)U2131 but there have been few

reports on deposition and properties of SnO.
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films. The ion-assisted deposition technique
influences a number of film properties includ-
ing adhesion, morphology, stoichiometry, str-
ess, and packing density by delivering differ-
ent energy or momentum to depositing mate-
rials and/or substrate!* ', In particular,
additional activation energy can be added to
the growing film if it is bombarded with ener-
getic lons during deposition and In conse-
quence 1t 1s expected to lower the substrate
temperature for thin film formation.

In this work, we fabricate undoped tin
oxide films with different oxygen contents
which were treated by post-annealing and
were grown on heated substrate by using re-
active lon-assisted deposistion and investi-
gate the oxidation state of the deposited tin
oxide films. Also we examine the effect of
the initial composition and heat treatment on
the final crystalline structure of the films.

EXPERIMENTAL PROCEDURE

Undoped SnO, thin films with about 1000
A thickness were grown on st (100) subst-
rate by a reactive ion-beam assisted deposi-
tion(R-IAD). Neutral Sn metal was evapo-
rated by using a partially ionized beam (PIB)
source at a rate of 0.5 A /sec and concurrently
oxygen lons were assisted by using bem grid-
ded cold hollow cathode ion gun. Oxygen ions
were accelerated at constant ion-beam supply
potential of 500 V and an average impinging
energy (E,) delivered to deposited Sn parti-
cle, was changed from 25 to 100 eV/atom by
the variation of discharge current, i.e., rela-
tive arrival ration (I") of ion to Sn particle.
Since the oxygen ion-beam current extracted

from the source is normally lower at the sam-

ple position apart from 45cm from the source
than that ahead of ion source optic grid, the
current density at the sample surface was
calculated from the reading ion-beam current
density monitored by a Faraday cup placed
at the sample aside. The base vacuum pres-
sure before deposition was 8 x 107°% Torr and
deposition was performed at 2x107* Torr
with oxygenion irradiation. As-deposited tin
oxide films were annealed at 400~600C for
lhr in the vacuum chamber evacuated to 50
x107* Torr without flowing any gases. In
case of in-situ heating, the substrate was
heated at 400°C during the deposition. Other
experimental conditions were described in de-
tail elsewherel!5- 17,

RESULTS AND DISCUSSION

Post-annealing of tin oxide films at vario-
nus temperatures

a. Crystalline structure studies

The crystalline structures of as-deposited
tin oxide films appear amorphous by XRD
studies (not shown here). In the following
contents, the post-annealed films are denoted
as “A25” and the in-situ substrate heated films
as “S25” respectively, where suffix digit rep-
resents average impining energy. As shown
in Fig. 1(a), tin oxide films annealed at 400
C represent the XRD peaks related to poly-
crystalline SnO phases upto E,=50 eV/atom
(a40). The film A25 (Fig. 1(a)) shows many
XRD peaks of SnO(101), Sn0O(002), SnO
(112), and Sn0O(211). for the film A5Q, the
intensity iof XRD peaks for SnO(002) and
Sn0(112) decrease and the peak of SnO
(200) arises. In the XRD patterns of the
films deposited at higher than E,=50 eV/
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Fig. 1{a) The XRD patterns of the tin oxide fims
annealed at 400°C in vacuum(bx 1073
Torr) for 1.

atom, no peak can be detected and thus those
films still have amorphous structures like the
as-dep-osited films. In the GXRD patterns of
the tin oxide films annealed at 500°C (Fig. 1
(b)), the similar results are observed except
the peaks related to metallic A-Sn in the film
A25. The appearance of metallic #-Sn peaks
results from the metallic tin segregation in
films due to the increase of the annealing
temperature and this result was already iden-
tified by Geurts. et al. and Klushin et al.l!®!%
But no peak of metallic #-Sn in observed in
the film A50 (Fig. 1 (b)). It cal be explained
that the oxygen content of the film A50 is
higher than that of the film A25 and thus the
film A50 is entirely oxidized into SnO with-
out tin segregation. For the film A75, it is
shown that the XRD patterns of polycrystal-
line SnO, including @-SnO and 0-SnO (ortho-
rhombic) and intermediate Sn,0,/Sn;0,. The
peaks of intermediate Sn,0:;/Sn,0, dis appear

SnZOJISnSO A
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Fig. 1(b) GXRD patterns of the tin oxide films an-
nealed at 500°C in vacuum{5x 1073
Torr) for 1 h,

in the film A100 and the mixed phase of SnO
and SnO, exist in the film. From the result of
Fig. 1(b), the films annealed at 500°C are
not perfectly oxidized to SnQO, and the anneal-
Ing temperature is not so sufficient as to
form SnO,. Geurts et al.l'¥ reported that the
film deposited by evaporation of SnO, powder
is perfectly oxidized after post-annealing at
higher than 600°C in O, atmosphere. In pres-
ent work, the only XRD pattern of SnO,
phase is observed in the film A100 annealed
at 600°C. Therefore it can be said that the film
is perfectly oxidized to SnO,. This result is
well consistent with the previous resultst!® !9,

Figure 2 shows the SEM micrographs of
the surface for the films annealed at 500°C.
As shown in Fig. 2(a), the film A25 is com-
posed of the rod-shaped grains which have a
length of 600 A and a width of about 1000 A
(aspect ration 6 : 1). The SEM micrograph
of the film A50 indicates that the aspect ratio
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of the rod-shaped grain is reduced (not
“shown here). From the GXRD studies, this
result may be due to the change of the crys-
talline structure in the film. The SEM micro-
graph of the film A100 shows that the granu-
lar grains are uniformly distributed and the
average size of the granular grains is about
300A. As can be seen in Fig. (b), the ap-
pearance of the granular grains is due to the
formation of SnQ; phase.

b. Composition and chemical shifts studies.

In order to investigate the composition and
the chemical state of the films annealed at
500°C with E,’s, Auger electron spectroscopy
(AES) was performed. The Auger spectra of
pure tin metal and SnQO, powder are used for
standard to evaluate the composistion and
chemical state of the films. From the deriva-
tive Auger spectra, the atomic ratios of N,/N
« In the films are calculated by using a differ-
ential peak-to-peak height of O Kl,; L,
transition and Sn M, N, s N, ; transition lines

in the unknown corrected by intensity com-

Fig. 2 The SEM micrographs the tin oxide fims annealed at 500°C

puted for standard SnQO, powder assumed
stoichiometrict®, The calculated N,/Ng, ratios
of the films and the chemical shift of the
characteristic Sn M, N, N,; Auger transi-
tion line compared to Sn metal are listed in
Table 1. As shown in Table 1, N./Nsg, increas-
es from 1.14 to 1.91 as E, increases and all
characteristic Sn MNN transition lines shift
toward lower kinetic energy. This result is to
be expected from the elementary bonding
consideration. The electron charge transfer
upon bonding is from the tin cation to the
more electronegative oxygen atom. The sub-
sequent increase in the effective nuclear
charge of tin causes the inner shell binding
energy level to shift toward a higher binding
energy. The MNN transition of pure tin Sn
metal shifts from 437.4 eV to 433.2~433.6
eV for the Sn-SnO mixed phase film(AZ25)
and pure SnO film(A50). This peak moved
further to lower kinetic energy of 432.6 eV in
case of the film A100. These results of chemi-
cal shift with changing the phase agree with

: (a) A25 and (b) A100
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Table 1. Observed Auger electron energies(Eq for NJV, sN, s transition in pure tin, post-annealed tin

oxide films, in-
in the films

situ heated tin oxide films, pure tin oxide powder and calculated N,/Ng, ratio -

Species Post-annealed tin oxide films In-situ heated tin oxide films
Eus(eV) N,/Ns, Eo(eV) N,/Ns,
Sn metal 4374 0.00 4374 0.00
E.= 25eV/atom 433.6 1.25 433.9 1.21
E.= 50eV/atom 433.2 1.44 433.7 1.23
E,= 75eV/atom 432.8 1.80 432.6 1.63
E.=100eV/atom 432.6 1.91 4324 1.87
Sn0O, powder 432.4 2.00 432.4 2.00
olon)
the previous reuslt’®! and the change of N/N
sa ratios and chemical shift for the films is wsn
well consistent with the results of the GXRD Y :ss:gz
studies and the SEM micrographs. g s
100ev ¢ ng . L

In-situ substrate heated tin oxide films

a. Crystalline structure

Figure 3 shows the GXRD patterns of the
films deposited at 400°C substrate tempera-
ture at various average impinging energies
(E.’s). The film deposited at E,=25 eV/atom
(525) contains polycrystalline SnO and 8-5n.
In case of the film S50, the intensity of the
peaks for A-Sn become small and that of the
peak related to the SnO(002) increase. This
means that the film is crystallized into tetrag-
onal SnO. It 1s worth while to note that the
peaks of the SnO and #-Sn phases are van-
ished in the film S75 and the peak corre-
sponding the Sn0,(101) phase newly arises.
The line width of the SnO(002) broadens and
the position of the peak shifts to lower dif-
fraction angle in the film S75. Such broaden-
ing and the shift of the peak indicate that the
film has a mechanical strain due to the coex-
istence of SnO and SnQ, phasest'®. For the
film S100, it is observed that the film has the
SnQ, phases corresponding to (110), (101)

Intensity(arb.unit)

Degree(20)

Fig. 3. The GXRD patterns of the tin oxide films
deposited at 400°C substrate temperature.

and (211) planes and thus it can be believed
that the film is perfectly ozidized into SnQ..
The GXRD patterns of the films deposited at
higher than 400C are not different from
those of the films deposited at 400°C. It can
be summarized that the temperature of the
5n0, formation can be reduced at lower tem-
perature as much as 400°C.

Figure 4 1s the SEM micrographs of the
films deposited at various E,’s. The crystall-
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Fig. 4. The SEm micrographs the tin oxide films deposited at 400°C substrate temperature
(a) S25, (b) S50, (¢) S75 and (d) S100

ites of the film S25 (Fig. 4(a) are composed
of two kinds of grains: one is that of #-Sn
(denoted as A) and the otehr is that
of SnO(B). As shown in Fig. 4(b), the
crystallites of the film S50 mainly consist of
the SnO and this result have a good agree-
ment with the GXRD pattern in Fig. 4. The
different shapes of the crystallites show up in
the film S75 (Fig. 4(c)) and this is closely
related to the mixed SnO and SnO, phases
compared to the GXRD pattern. The film
S100 has the granular crystallites with a size
of 300~500A and these crystallites are dis-
tributed uniformly in the film. Comparing
with the SEM photograph of post-annealed

film (Fig. 2(b)) and the GXRD pattern (Fig.
3), it is concluded that the film S100 is per-
fectly oxidized into SnQO.,. '

b. Composition and chemical shifts studies

The calculated N,/Ns, ratios of the deposit-
ed flims with various E.’s and the chemical
shift of the characteristic Sn MN; N, ;
Auger transition line compared to Sn metal
are also listed in Table 1. As shown in Table
1, No/Ng, increases from 1.21 to 1.87 as E, in-
crease and the all characteristic Sn MNN
transition lines shift toward lower kinetic en-
ergy. These trends are nearly similar to those
of the post-annealed films.
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CONCLUSIONS

The composition of undoped nostoichio-met-
ric SnQO, thin films was quasi continuously
controlled by using R-IAD. After post-an-
nealing in a vacuum condition, the crystallini-
ty of the films were dependent of the initial
composition of the film and the post-anneal-
ing temperature. The perfect oxidation into
Sn0, was performed at 600°C in the post-an-
nealing process. In in-si-tu substrate heating,
the crystallinity of the film was also affected
by the initial composition and the film was
perfectly oxidized into SnO. at 400°C sub-
strate temperature. In in-situ heated the
films, the intermediate phase Sn;0:/Sn;0,
which exist in the post-annealing was not
found. In consequently, the temperature of
the SnO, formation can be reduced at lower
temperature as much as 400°C in in-situ sub-
strate heating than post-annealing
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