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Characteristics of SnOx films deposited by reactive-ion-assisted deposition
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SKION Corporation, 50 Harrison Street, Hoboken, New Jersey 07030

~Received 12 March 1999!

SnOx films were deposited on glass, amorphous SiO2 /Si, and Si~100! substrates by oxygen ion-assisted
deposition at various ion beam potentials (VI) at room temperature and a working pressure of 8
31025 Torr. The structural, chemical, and optical properties of the as-grown tin oxide films were investigated
to determine the effects of the oxygen ion energy (Eave) and ion/atom arrival ratio (Ri). X-ray diffraction
~XRD! patterns indicated different growth directions with variousEave. The as-grown films with oxygen/Sn
ratio (NO /NSn) of 2.03 and 2.02 had preferred orientation of~101! and ~002!, respectively. In addition, the
as-grown film with lowRi was amorphous. Comparing the observedd spacings with those for standard SnO2

samples, the as-grown films, which were crystalline had compressive and tensile stress depending onEave. The
grain size increased from 7 to 11 nm with increasing ion beam potential for glass substrates. The crystalline
grains were arranged in large spherical clusters. Such clusters play an important role in optical scattering. In
transmission electron microscopy analysis, a buffer layer of amorphous tin oxide was observed at the interface
between the substrate and the film, and the crystalline grains were grown on this buffer layer. The crystalline
grains were arranged in large spherical clusters, and this shape directly affected surface roughness. Scanning
electron microscopy images suggested that the small grain size and very dense grain structure might be due to
the ion bombardment effects at the initial stage of film growth. Root mean square roughness values from
atomic force microscopy showed that the surface roughness increased with increasingRi , while the roughness
decreased atRi51.39 because the high bombarding ion energy broke the SnO2 grains on the substrate,
resulting in small grains. X-ray photoelectron spectroscopy peaks showed differentNO /NSn ~1.51, 2.03, 2.02,
and 1.96! for different values ofRi . Rutherford backscattering spectroscopy spectra showed that the tin-oxide
thin films were inhomogeneous. The density of films decreased and the porosity and oxygen trapped in the
films increased with increasingRi . The densest film had about 6% porosity. The refractive index of films
decreased with increase of the ion beam energy due to an increase in porosity. The degree of the dispersion of
the refractive index and extinction coefficient decreased with increasing ion beam energy. A formula for the
atomic elastic force was derived from the dispersion of the refractive index andd spacings derived from the
XRD analysis. The atomic bonding force increased, and the stress of films was changed from compressive to
tensile stress with increasing ion energy.@S0163-1829~99!03539-0#
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I. INTRODUCTION

SnOx thin films are particularly important for many de
vice applications, such as in prototype gas sensors,1 transpar-
ent conducting electrodes,2 IR reflecting heat mirrors,3 high-
efficiency SnO2/Si solar-cell devices,4 and catalyses.5 Tin-
oxide thin films have been fabricated using many differ
techniques including spray pyrolysis of a solution
SnCl4,

6,7 magnetic or RF sputtering,8,9 ion beam sputtering,10

the sol-gel method,11 chemical vapor deposition,12,13 and
thermal evaporation.14,15However, such techniques have di
advantages such as relatively high deposition tempera
and/or contamination. In the usual processes in depositin
oxide, the films show defects due to oxygen deficien
which affects the optical properties by causing an increas
the absorption coefficient and variations in the refractive
dex, as well as increasing the conductivity, oxidation cata
sis and changing the electronic structure of SnO2. For ex-
ample, Cl contamination can lead to excessive conducti
and an increased extinction coefficient due to Cl scatte
centers, in SnO2 films deposited by chemical vapor depos
tion using SnCl4 as a precursor. Therefore, the electro-opti
properties of SnO2 are strongly dependent on the chemic
composition, microstructure, oxygen vacancies, and dop
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concentration ofp- or n-type donors.16,17

Ion-assisted deposition~IAD ! methods have many advan
tages, such as low-temperature film growth, smooth film s
faces, good control of crystallinity and composition, and f
nucleation of the material on the substrate.18,19 IAD is espe-
cially useful for synthesizing oxide or nitride thin films be
cause energetic gas particles can play both direct and ind
roles in film growth. Such the energetic ion bombardme
can generate significant changes in crystal size and orie
tions, defect densities, electrical and optical properti
chemical stoichiometry, and surface morphologies.20 Many
dielectric films have been successfully deposited by IAD,
there have been only a few reports on the deposition
optical properties of tin-oxide films grown by reactive IA
~R-IAD! using oxygen. Also, there exists no general mo
to explain the effect of oxygen ion bombardment on t
oxide film properties. If ion energy and ion flux are co
trolled, the microstructure of the film can be systematica
studied.

SnO2 crystallizes in the tetragonal rutile structureD4h
14

(P42 /mnm) with two Sn and four oxygen per unit cell.21

The lattice parameters area5b54.737 Å, c53.185 Å and
c/a50.673. Under typical deposition conditions, as-grow
SnO2 thin films are polycrystalline with the rutile
11 137 ©1999 The American Physical Society
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TABLE I. The experimental conditions for tin-oxide thin films deposited by R-IAD, and the calcul
ions/atom arrival ratio and average energy/atom.

Samples

Ion beam
potential

~V!
VI

Ion current
density

~mA/cm2!
J

Deposition
atom

#
n(31014)

Ions/atom
arrival
ratio
Ri

Energy/atom
~eV/atom!

Eave

x of SnOx in
as-deposited

films ~from XPS!
x

Film ~a! 0 1.302 2.106 0.05 - 1.51
Film ~b! 300 16.584 2.543 0.42 122 2.03
Film ~c! 500 27.197 2.534 0.68 335 2.02
Film ~d! 1000 54.789 2.484 1.39 1379 1.96

Formulas used for calculations.
n5R31016/@71.5/$(11x)32%#
Ri56.25310183J/n
Eave5VI36.25310183J/n
Assume octahedral symmetry structure,a54.737,c53.185 Å, 6 atom/cell in structure→volume 71.5 Å.
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structure.22,23 Pure SnO2 is an n-type semiconductor with a
wide-band gap. Thin films deposited by various methods24–26

have been found to have a direct optical band gap of 3.
4.3 eV and a refractive index of 1.8–2.0. The chemiresis
ity of SnO2 films is determined by the chemisorption of h
droxide or oxygen ions on the surface, which can trap
scatter free carriers, generate potential barriers, or seve
deplete the grains.27

In a previous article,28 SnOx thin films were fabricated by
adjusting the relative arrival ratio of Sn metal to energe
oxygen ions at a fixed ion beam potential of 500 V, i.e.,
average impinging energy of O2

1 ions to SnOx was con-
trolled from zero to 100 eV/atom. The composition ratio
the films could be controlled, the refractive indexes d
creased toward that of bulk~2.0!, and the transmittance in
creased with increasing oxygen content by increase of
average arriving energy. However, SnO2 thin films with sto-
ichiometric composition were not fabricated and the crys
linity was not changed under these conditions. We had p
viously grown stoichiometric SnO2 films by adjusting the
oxygen ion energy.29 We reported that the variation of th
refractive index in stoichiometric tin-oxide films is due to th
porosity of films. However, we could not obtain as-grow
films with good crystallinity at a of working pressure o
1.531024 Torr oxygen, so could not studied the relation o
tical properties with crystallinity of films.

In this work, we grew SnOx thin films at working pressure
831025 Torr by adjusting the oxygen ion energy from ze
to 1000 eV at a fixed deposition rate of Sn metal and
constant discharge current for oxygen gas. Under these
ditions, the amount of ionized oxygen was fixed duri
deposition, and thus it was expected that the relations
among the quality of grown film, the optical, the electric
characteristics, and energy of oxygen particles could be
duced. Another purpose of this study was to thoroughly
vestigate how to directly prepare thin SnO2 films having dif-
ferent properties at room temperature without some o
surface treatment. The optical properties related with
crystallinity, grain size, composition, and surface propert
of those films are discussed.

II. EXPERIMENT

SnOx thin films were deposited on BK7 glasses, SiO2/Si
~100! substrates, and Si~100! wafers at room temperature b
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adjusting the energy of oxygen ions. The SiO2/Si substrates
were formed by depositing a SiO2 film with 300 nm thick-
ness by the ion beam sputtering technique on the Si subs
at room temperature. The as-deposited SiO2 films were
amorphous, as confirmed by x-ray diffraction~XRD! and
transmission electron microscopy~TEM!. Surface roughness
as measured by atomic force microscopy~AFM! was found
to be 3.5 ÅRms. The objective of this experiment was t
investigate the possibility of preparing SnO2 films having
different structural properties without changing other expe
mental parameters and at lower pressure (831025 Torr)
than in our previous experiment (1.531024 Torr).29

The R-IAD system for fabrication of tin-oxide films wa
shown in our previous paper.29 The base pressure was
31026 Torr and the deposition of tin-oxide films was carrie
out at an oxygen pressure of 831025 Torr. Neutral Sn metal
was evaporated by using a partially ionized beam source19 at
a rate of 0.3 Å/s and concurrently oxygen ions were assis
by using a 5-cm gridded cold hollow cathode ion gun. F
IAD, oxygen was introduced into the discharge chamber
the cold hollow cathode ion gun at a flow rate of 6 ml/mi
and the discharge current was fixed at 0.4 A, where
amount of ionized or activated oxygen was fixed. The io
ized oxygen beam energy was controlled using an ion-be
potential (VI) power supply from an oxygen gas gun, andVI
was varied from 0 to 1000 V during Sn metal evaporatio
Even though whenVI50 V, the oxygen beam energy i
about 30–40 eV lower slightly than the gas discharge volt
~40 V! in discharge chamber of gas gun because it is
potential difference caused by the discharge voltage
plasma density.30,31

The experimental conditions are listed in Table I. T
arrival ratios (Ri) of ions to atom or the average energi
(Eave) transferred to the deposited SnOx were calculated
from the measured deposition rate and the ion current d
sity. The calculation method was explained in our previo
article.29 In this experiment, stoichiometric and structur
properties are reported to examine the effects on the
growth of variations in the average energy or of the relat
arrival ratio of Sn metal to energetic oxygen ions.

The crystalline structures of the as-deposited SnOx films
were examined by XRD study using a Philips~PW 7602!
diffractometer with CuKa radiation at 30 mA and 40 kV.
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Surface and interface microcrystalline structures of the fi
were investigated by TEM~JEM-2000EX, JEOL Co.! study
using 200 kV. Surface and interface microstructures w
examined by scanning electron microscopy~SEM! ~Hitachi,
S-4200FE!. Examination of the surface topography of th
films was carried out by AFM~Park Scientific, SFM-BD2!.
The surfaces were scanned at different 131 mm2 areas more
than 40 times and the root mean square of surface rough
(Rms) was calculated automatically by a computer progra
In order to determine the composition ratio and chemi
state of the deposited SnOx films, XPS analysis was per
formed with a Surface Scientific Instrument~model 2803-S!
spectrometer having a base pressure of 2310210Torr. XPS
spectra were obtained using AlKa radiation (hn
51486.6 eV), an x-ray monochromator using a quartz d
perser, and a concentric hemispherical analyzer, with a m
mum energy resolution of 0.48 eV. An Ar1 sputter gun
(Ep54 keV, with an emission current of roughly 5 mA! was
used to remove a small amount of carbon contamination
well as a hydrated layer on the surface by sputtering for 6
The composition ratios and the chemical states were e
mated by means of comparison of the deposited SnOx films
with a standard SnO2 powder of known composition. Bind
ing energies of Sn 3d and O 1s core level spectra were cal
brated using the O 1s peaks at 284.6 eV. The compositio
and porosity of the films were investigated by Rutherfo
backscattering spectroscopy~RBS! employing 4He1 ion ac-
celerated by a Pelletron accelerator. The beam energy,
rent, and total dose were 2.000 MeV, 30 nA, and 10mA,
respectively. The samples were tilted 5° to they axis for
prevention of channeling effects. In order to investigate
optical constant~refractive indexn, extinction coefficientk,
and thickness of the films!, the transmittances in the wave
length 200–1200 nm range were measured with a UV-V
Spectrophotometer~Perkin Elmer Lambda 19!. The sheet re-
sistivities were measured by the four-point probe method

III. RESULTS AND DISCUSSION

A. Crystalline structure studies by XRD and TEM

Figures 1~a!–1~c! show x-ray diffraction spectra of tin
oxide thin films deposited on glasses, amorphous-SiO2/Si,
and Si substrates, respectively, which represent similar
terns for each substrate. The reason is that the surface o
substrates used in this study were amorphous, i.e., the2
film substrate is amorphous as demonstrated in the Exp
mental section, the silicon substrate has a native oxide la
and the BK7 glass substrate is amorphous, also. But,
intensities of the peaks in the case of the glass substr
were weaker than those seen for SiO2 film substrates and S
substrates.

The as-grown films prepared at 831025 Torr oxygen
pressure show a crystalline XRD peak, while the as-gro
films prepared at oxygen pressure 1.531024 Torr in our pre-
vious work29 did not show a crystalline peak, although th
other deposition conditions were the same. This result in
cates the importance of working pressure. Since the m
free path at 831025 Torr ~63 cm! is longer than that at 1.5
31024 Torr ~45 cm!, more of the energy of ion beam ca
transfer to the growing film, resulting in a crystalline film
The film ~a! deposited at low energy~ions/atom arrival ratio
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Ri50.05) is amorphous, while the film~b! deposited at the
relatively high energy ofEave5122 eV/atom (Ri50.42) is
crystalline with a preferred~101! orientation and has also
small ~110! peak. The~101! orientation is a stable low-
energy face for SnO2.

29 Films ~c! and~d! deposited at higher
energy Eave5335 eV/atom (Ri50.68) and Eave
51379 eV/atom (Ri51.39) exhibit crystallinity with highly
preferred orientation along~002!.

The average grain size calculated by the Sche
formula32 from each peak is shown in Table II. In the case
the glass substrate, the grain sizes of films~b!, ~c!, and ~d!
increased to 72, 95, and 108 Å with increasing the ion be

FIG. 1. X-ray diffraction patterns of tin oxide films deposited b
oxygen ion beam assistance, for films on~a! glass,~b! SiO2 /Si, and
~c! Si substrates, respectively.
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TABLE II. Grain sizes calculated from XRD spectra for tin-oxide films on glass, SiO2 /Si, and Si
substrate, and average surface roughness of tin-oxide films and the SiO2 /Si substrate.

Ion beam
potential~V!

Grain size~Å!
Surface roughnessRms ~Å!
3.5 Å for SiO2 /Si substrateGlass substrate SiO2 /Si substrate Si substrate

0 8.3
300 71.6 92.0 101.5 19
500 95.0 92.4 98.7 43

1000 107.5 97.7 108.0 27
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energy, respectively. In the case of the SiO2/Si and Si sub-
strates, the grain sizes of films~b! and~c! were similar, while
that of the film~d! was larger. The effect of substrate diffe
ence with SiO2/Si and Si substrate was not significant.

Figure 2 shows thed spacings calculated from the pos
tions of the XRD peaks. According to the JCPDS 21-12
card, thed spacings of the~101! and ~002! planes of Cas-
siterite SnO2 are 2.644 and 1.593 Å, respectively. The o
servedd spacings varied depending on the substrate. In
case of the glass substrate and the Si substrate, thed spacings
of the ~101! plane in the film~b! are 2.667 and 2.705 Å
which is larger than that of the literature sample. So, this fi
has a tensile stress perpendicular to the substrate. While
film ~c! and ~d! have a compressive stress along thec axis,
they also have a tensile stress in the plane of the subst
Since we observed an amorphous SnOx buffer layer between
substrate and film from cross-sectional high-resolution TE
~HTEM! results as shown in Fig. 3, the stress of the films
not likely to be due to mismatch with the substrate. We c
assume that the incident ion energy is a more important
rameter in determining stress than the effect of the subs
during the deposition process. The XRD results suggest
the energy of the incident ions has strong effects on
growth of preferred orientation films, and show that t
growth plane was changed from~101! index being stable
structurally at low ion energy to~002! index at high ion
energy. These results agree with our previous report~the
crystallinity shown after annealing process!.29

Figure 3 shows photographs of electron diffraction p
terns and cross-sectional HTEM images of tin oxide films
silicon substrates. Figure 3~a! ~i! is a photograph of a cross
sectional diffraction pattern of film~a!. The observed~110!
pattern is very weak, so the film can be considered am
phous. This small difference of this observation from that

FIG. 2. Lattice distances calculated from XRD patterns of
oxide films on glass, SiO2 /Si, and Si substrates.
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the XRD pattern in Fig. 1~c! results from the fact that TEM
analysis emphasizes short-range order as compared
XRD analysis.

In the photo ~i! of Fig. 3~b! @the film ~b!#, the cross-
sectional diffraction pattern shows an inside ring from t
~110! plane and an outside ring from the~101! plane. Here,
we wish to point out the difference between the plane ind
by cross-sectional diffraction pattern and the plane index
XRD analysis. The~101! plane grown parallel to the sub
strate~in XRD analysis! gives rise to the~101! and ~200!
index in cross-section~in the diffraction pattern analysis b
TEM!, the ~002! plane appears as the diffraction patterns
~110!, ~200!, and ~210!, and the~110! plane is observed a
~110! and~002!, respectively. Therefore, the film~b! in com-
parison with the XRD analysis is considered to have a po
crystalline structure with an inner ring~110! plane and an
outer ring ~101! plane. The photo~ii ! shows a dark field
image of the cross sectional TEM. The line pattern paralle
the substrate is observed, so we can assume that an inh
geneous thin film was deposited. The photo~iii ! shows a
cross-section of the surface of film~b!. The surface rough-
ness seems to be in the few nm ranges. Lattice lines ap
in position C in the photo~iii ! and the angles of the lattic
lines were found to be about 56° and 90°. Lattice lines
56.07° and 90° correspond to a~101! plane in XRD analysis.
Also, the~110! plane in XRD analysis is observed as latti
lines of 45° and 0°. The size of crystallite with the lattice lin
pattern is measured to be about 10 nm; this size is v
similar to the grain size~Table II! obtained by using the
Scherrer formula in XRD analysis. The capitalM is a Moire
pattern, which occurs when the lattice rotates or the lat
distances between two crystallites are similar to or multip
of each other.33 Such Moire patterns were observed ma
times all over film~b!. Crystalline defects such as disloc
tions and stacking faults are not observed in the crystal st
ture. Crystals with different orientations were found clu
tered in flowerlike masses5 ~positionF!, which is consistent
with the observation of grains of a few tens nm size obser
by SEM analysis in Fig. 4. We observed an amorphous ph
in grain boundaries and between massed clusters. The p
~iv! is a cross-sectional HTEM image of an interface b
tween the silicon substrate and a deposited thin film. A
tive oxide layer of about 8 nm thickness on the silicon su
strate is observed in the interface. TheA in photo ~iv! is an
amorphous tin oxide located on the native silicon oxide la
er. B is a lattice line pattern with a 45° angle, which
identified as the~110! plane as observed in XRD analysis.

In the photo~i! in Fig. 3~c! @the film ~c!#, the bright hex-
agonal shape is a pattern of the silicon substrate, and the
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inner and outer points are diffraction patterns of~101! and
~220! planes, respectively, from the tin oxide film. As a
ready mentioned above, the former and latter correspon
the ~101! and~002! peaks in XRD. The photo~ii ! is a bright-
field image of the cross-section, which shows that the film
inhomogeneous because the line pattern parallel to the
strate is like that in film~b!. The photo~iii ! shows a surface

FIG. 3. HTEM photographs of images and electron diffracti
patterns of cross-sectional view of tin-oxide films on Si substra
to

s
b-

and an interface cross-section between the tin oxide film
the silicon substrate. An amorphous native silicon ox
layer is located at the interface, followed by an amorpho
tin oxide layer of about 6-25 nm thickness, and finally t
crystallized tin oxide film. The Moire patterns have smal
size and are fewer in number than those for film~b!. The
lattice line patterns with 56° is seen. Lattice lines vertical
substrate as shown in the position C correspond to the~002!
plane in XRD analysis and appear more prominently than
film ~b!. This result is consistent with the results of XR
pattern~c! in Fig. 1~c!. Namely, it means that crystallite ar
oriented with the~002! plane in the plane of the film more
than for other orientations.

In the photo~i! in Fig. 3~d! @the film ~d!#, the brightly
spread points close to the center are diffracted from the~101!
plane, and the outer points are diffracted from the~220!
plane. These points correspond to the~101! and~002! planes
in the XRD analysis, respectively. From this diffraction pa
tern, it can be seen that the film is more highly crystalliz
than film ~c!. The peak intensity of the XRD pattern~d! in
Fig. 1~c! is lower than that of pattern~c!, which due to lower
thickness rather than incomplete crystallization. The ph
~ii ! is a bright field image. This film shows evidence of i
homogeneity. In photo~iii !, surface roughness is a few ten
of nm, and the morphology slows slope. Moire patterns
the photo~iv! are very similar to that in the photo~iii ! but are
more numerous.

Whole the TEM analysis shows that an amorphous
oxide was grown at first, then crystalline material w

s.

FIG. 4. SEM photographs of plan and cross-sectional view
tin-oxide films on SiO2 /Si substrates.
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11 142 PRB 60SEOK-KYUN SONG
formed mingled with an amorphous phase. The films w
inhomogeneous. The crystallinity of the films increased w
ion beam energy.

B. Microstructure and topography studies by SEM and AFM

Figure 4 shows SEM photographs of the cross-section
surface fine structure view of tin oxide films deposited
SiO2/Si substrates. In Fig. 4~a! @film ~a!#, the grain bound-
aries in the surface and the cross-sectional view are in
tinct. These results are consistent with the amorphous X
pattern shown in Fig. 1~b!. The surface fine structure in pho
tograph~b! shows a uniform distribution of spherical grain
with maximum size of 30 nm. In the cross-sectional vie
columnar structures and voids, which are usually obser
for other deposition methods, were not observed for
films. This means that the as-grown films prepared by IA
have a very dense structure and high packing density.
grain structure in the surface view in photograph~c! shows
clusters of fine grains about 50 nm in size. Those clus
increased the surface roughness. However, the cr
sectional view shows that the massed clusters include m
small size grains. This feature is consistent with the image
flowerlike polycrystalline clusters as shown in positionF in
Fig. 3~b!. Especially, due to the masses that are expose
surface, the surface roughness appears large. In photog
~d!, the surface image clearly shows very small grains t
are combined in big masses about 25 nm in size. In cro
sectional image, the aspect ratio of the bigger masse
about 3:1 with the long axis length 60–90 nm, which mea
that the film grows parallel to substrate. This spherical gr
growth agrees with other results.25,34 This small grain size
might be due to the bombarding effects of the incident
beam. The bombardment by the energetic oxygen ion b
could transfer its energy to the depositing Sn metal. T
energy transfer increases the mobility of Sn, which increa
nucleation density during the initial growth. In addition, w
can assume due to the increased spatial density of nu
from the small grains that this ion bombarding might bre
the bigger clusters.35

Figure 5 shows three-dimensional images of the surf
morphology of tin oxide films. The surface roughness
creased with ion beam energy, and the surface morpho
was consistent with the SEM image in Fig. 4. The root me
square roughness (Rms) as a function of ion beam potential
shown in Table II. The surface roughness of the bare SiO2/Si
substrate was 3.5 Å and theRms changed from 8.3 to 43 Å
with increasing ion beam potential. When compared to
SEM image in Fig. 4, the change of surface roughness
pends more on the size of massed clusters than on the
size. From the film~a! to ~c!, the grain size increased wit
increasing average energy due to increasing surface d
sion. In film ~d!, the grain size became smaller~27 Å! be-
cause the average energy (Eave51379 eV/atom) is very large
compared to the others that broke the massed cluste35

Also, as mentioned in the discussion of the SEM image,
surface roughness decreases by effect of the resputtering
cess, which might serve to preferentially resputter the p
jecting part of the films.
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C. Composition and chemical characteristics studies by XPS
and RBS

The high-resolution XPS spectra of Sn 3d5/2, Sn 3d3/2
core level, and O 1s for the as-grown films and standar
SnO2 powder are shown in Fig. 6. The binding energy~BE!
of Sn 3d and O 1s, and the atomic ratio (NO/NSn) calculated
from the XPS spectra, are listed in Table III. The stand
SnO2 powder has a Sn41 state only, and the binding energ
and the full width half at maximum~FWHM! of Sn 3d5/2 are
measured to be 486.34 and 1.96 eV, respectively. In the
~a!, the binding energy of 3d5/2 is observed at 485.99 eV an

FIG. 5. Three-dimensional AFM images of tin-oxide films o
SiO2 /Si substrates.
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the peak position is slightly shifted to 0.35 eV lower ener
than for that of the standard sample. This shift is smaller t
the previous reported28 160.02 eV binding energy differ-
ence between SnO2 and SnO, and 0.5 eV reported by Anse
et al.36 The atomic ratio of this film was calculated to b
1.51. Therefore, film~a! seems to be a mixed phase of Sn
and SnO2 grown at low average energy (Ri50.05). Films
~b! and ~c! have almost the same value of 3d5/2 binding
energy as the standard sample, and accordingly, the ca
lated atomic ratio is 2.0. This means that stoichiometric fil
were grown. A distinct relationship between crystallinity b
XRD and FWHM by XPS was not observed in this stud
The crystallinity might be related with the core level state
Sn. Since the FWHM of the film~b! and ~c! are 1.83 and
1.85 eV, smaller than the value of 1.96 eV of the stand
sample, respectively, both films seem to have lower de
density than that of the standard sample. In film~d!, the 3d5/2
binding energy is 486.17 eV, in the middle value betwe
the film ~a! and the standard sample, and the atomic ratio
calculated to 1.96. Accordingly, the film~d! seems to have
SnO2 as the main phase with a slight amount of SnO. Ev
though the average energy is higher than that of films~b! and
~c!, the composition is nonstoichiometric, which is due
preferential sputtering of oxygen as compared to
metal.37,38

The O 1s spectra in Fig. 6 show two components, a ma
peak at BE5530.2 eV and a broad small peak
BE5532 eV, attributed to oxygen in an oxide state and
adsorbed water or oxygen, respectively.39 The hydration-
related peak could not be completely removed by sputte

FIG. 6. X-ray photoelectron spectra of Sn 3d and O 1s core
levels for tin-oxide films by R-IAD, and standard sample Sn2

powder.
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for 60 s using an Ar1-ion gun. The position of the majo
O 1s peak changed from 529.82 eV@film ~a!# to 530.10 eV
@film ~b!# with increase of theNO/NSn ratio. The O 1s bind-
ing energy in film~a! appeared very similar to that seen f
SnO. However, the oxygen binding energies of the ot
films were very close to those of SnO2.

RBS depth profiles of the tin oxide films are shown in F
7. No impurities were observed in the tin oxide films; th
only elements detected were Sn and oxygen. The interfa
between the films and the Si substrates are very clean, ag
ing with the TEM results. From the spectrum of film~a!, it
appears that there are some layers that have a different c
position; the composition ratio decreased near the surface
the surface, a lot of oxygen is observed. In the spectrum
film ~b!, It appears that the composition ratio decreas
slightly as the surface is approached, and there are some
layers of different compositions which correspond to the la
ers observed in~ii ! of TEM image~b!. From the spectrum of
film ~c!, Sn is observed to be distributed evenly. The mid
layer shown in~ii ! of TEM ~c! can be distinguished in the
oxygen RBS spectrum, with a higher oxygen content on
surface side than on the substrate side. The spectrum of
~d! is divided in two layers. The Sn concentration decrea

FIG. 7. Rutherford backscattering spectroscopy spectra of
oxide films grown on Si substrates.
de
TABLE III. Binding energies of Sn 3d and O 1s core-levels of standard tin oxide powder and tin oxi
thin films deposited by R-IAD, and the oxygen/Sn metal ratio calculated from XPS spectra.

Samples
Sn 3d5/2

~eV!

FWHM of
Sn 3d5/2

~eV!
O 1s
~eV!

FWHM of
O 1s
~eV! NO /NSn

Film ~a! 485.99 1.93 529.82 1.82 1.51
Film ~b! 486.36 1.83 530.10 1.74 2.03
Film ~c! 486.26 1.85 530.00 1.74 2.02
Film ~d! 486.17 1.95 529.99 1.86 1.96
SnO2 powder 486.34 1.96 530.21 1.74 2.00
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TABLE IV. The composition ratio, atom number/cm3, porosity, and refractivity index calculated from
RBS and spectrophotometric data.

Samples RBS Spectrophotometer

NO /NSn N(31022 #/cm3) P ~%! n ~at 632.8 nm! P ~%!

Film ~a! 1.69 2.1980
Film ~b! 2.70 7.917 5.67 1.9972 5.58
Film ~c! 2.86 7.145 14.85 1.8739 20.67
Film ~d! 2.95 5.870 30.04 1.8359 25.12

*The N of SnO2 bulk is 8.391631022 #/cm3, Density56.99 g/cm3.
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gradually approaching the surface, but the layering is d
cult to distinguish in TEM photo~d!.

Table IV shows the composition ratio (NO/NSn), the
atom number per unit volume~N!, and the porosity~P! cal-
culated by RUMP simulation from the RBS spectra in Fig.
The composition ratio calculated from RBS has a hig
value than that calculated from XPS data. The reason ma
as follows; XPS is a surface analysis and the oxygen on
surface layer is removed by Ar-ion sputtering, so, the eff
of oxygen absorbed on surface is excluded. But RBS
volume analysis and there is no ion cleaning process like
sputtering; also, the Si substrate has oxygen in a native o
layer as shown in the TEM images. Thus the RBS analy
which includes the contributions of oxygen absorbed
trapped in pores during ion beam assisted deposition, sh
a higher composition ratio than that found by XPS analy

The composition ratio calculated by RBS increased w
ion energy in a different manner than that derived from
results of XPS, presumably due to an increase of the poro
in the films. The atomic density of the film~b! is 7.917
31022#/cm3, which is the most dense film, and the close
to the density of SnO2 single crystal (8.391631022#/cm3).
When the irradiated ion energy increased, the atomic den
decreased. In general, a lot of research reports that when
ion bombardment energy increases, the atomic packing
sity increases, but then, decreases above some critica
energy.40 In our study, it is theorized that a great deal
oxygen is trapped inside the films, and the porosity increa
with increasing ions/atom arrival ratio.

D. Optical and electrical properties „Derivation of formula
for atomic force…

Figure 8 shows the optical transmittance spectra in
wavelength range 200–1200 nm for the BK7 bare glass
as-grown tin oxide films on the glass. From the transmitta
curves, all of the as-grown films have very low optical a
sorption in the visible region. Film~a! had high absorption in
the short wavelength region. With increasing ion beam
ergy, in films ~b!–~d!, the transmittance in the short wav
length region increased, so that the optical band gaps
equal to or higher than that of BK7 glass because the tra
mittance curves in the band edge region overlap with tha
bare glass.

The optical constants of the tin oxide thin films were c
culated by the envelope method41,42 from the transmittance
data in Fig. 8. The envelope method can determine the o
cal constants of a thin-film from measurement of alone o
cal transmittance when the film has a low absorption coe
-
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cient and optimal thickness. The maximum and minimu
transmittances appear when optical thickness of a film
multiple of quarter and half wavelength, so it can be used
calculate a refractive index~n!, an extinction coefficient~k!,
and a film thickness~d! from envelope curves at maximum
and minimum transmittance, respectively.

The dispersion relation of the refractive index as a fun
tion of wavelength calculated by the envelope method
shown in Fig. 9. The refractive index decreased with incre
ing ion beam energy. The film~a! grown by low ion energy
has a higher refractive index than that of bulk SnO2. The
reason for this might be that the composition ratio is 1.
with a mixture phase of SnO and SnO2. The refractive index
of stoichiometric film~b! is similar to that of bulk SnO2. The
refractive index of films~b!–~d! decreased with increasin
ion beam energy. This reason might be closely associa
with the increasing porosity. The porosities calculated fro
the refractive index are listed in Table IV. The values d
fered only 5% from the porosity determined from the RB
analysis, and showed a similar tendency as a function of
beam energy.

The Cauchy equation43 represents a normal dispersion r
lation for refractive index, which is written as Eq.~1!.

n~l!5A1B/l21C/l4, ~1!

where the capitalsA, B, and C are constants, determine
from characteristics of a material. This equation fits the d
precisely in the visible wavelength range. The solid lines
Fig. 9 are curve fittings by using the Cauchy equation wh
concurs well with Eq.~1!, and the obtained constants a
listed in Table V. In Eq.~1!, generally, because the thir

FIG. 8. Spectrophotometric transmittances measured in
wavelength range of 200 to 1200 nm for BK7 bare glass and
deposited tin-oxide films grown on BK7 glass by R-IAD.
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term is small, a dispersion relation equation can be fu
expressed with only two terms. This equation is

n5A1B/l2. ~2!

The dispersion relation is obtained by differentiation of E
~2!, which is as follows:

dn/dl522B/l3. ~3!

From Eq.~3!, the dispersion is approximately in inverse pr
portion ratio to the cube of the wavelength, and the cons
B represents the degree of dispersion. In Table V, the c
stantB decreased with increasing ion beam energy. That i
means that degree of the dispersion decreases, which t
lates to a decrease in aberration, a useful characteristic
optical applications. The physical meaning of the dispers
is the wavelength dependent variation of light velocity in
medium. Sellmeier has expressed this relationship in the
lowing equation.44

n2511
Dl2

l22l0
2 , ~4!

whereD is a constant,l is the incident wavelength, andl0 is
the native vibrational wavelength of the material. Eq.~4! can
be expanded as follows:

n5A1
Dl0

2

2~11D !1/2

1

l2 1
~Dl0

2!2

8~11D !3/2

1

l4 1¯ . ~5!

By comparing with the coefficients of Eqs.~1! and ~5!,

B5
Dl0

2

2~11D !1/2. ~6!

FIG. 9. Dispersion of refraction indexn of R-IAD tin-oxide
films on BK7 glass.
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Thus, the main dispersion coefficientB is proportional to the
square of the native vibrational wavelength of a mater
Therefore, examining the constantsB in Table V, we can
correlate an increase in the native vibrational frequency w
increasing ion beam energy.

If the elastic coefficient between particles in a substa
is Kb , the native angular frequency is

v05Akb /m, ~7!

wherem is the mass of the particle. If the particles in a sam
substance all have the same mass, the angular frequen
proportional to the square root of the elastic coefficie
Therefore, an increase of the native natural frequency me
an increase of the elastic coefficient between particles. T
increase of elastic coefficient derives from an increase of
bonding force between particles. In Fig. 2,d spacings of the
films are seen to decrease with increasing ion beam ene
which verifies the above hypothesis. In order to estimate
force exerted by the elastic force in a film, using Eq.~6!, Eq.
~7!, v52pn0 , andl0n05v, we obtain an equation

kb}1/B, ~8!

wherev is the velocity of light in medium. The elastic forc
due to lattice displacement is

F52kb• l , ~9!

wherel is a lattice displacement. From Eqs.~8! and ~9!,

F}2 l /B. ~10!

The calculated values of Eq.~10! were listed in Table V. The
positive and negative signs mean tensile and compres
force, respectively. Film~c! has the lowest stress, while film
~d! has a five times higher stress than film~c! but has a low
dispersion.

Figure 10 represents experimental and calculated ref
tive indices obtained from the Cauchy coefficients at 5
nm. The values show good agreement. The refractive in
varies from high to low value with increasing ion energ
The refractive index of film~b! is similar to that of bulk
SnO2. The experimental results are very consistent with
calculated refractive index in films with low absorptio
@films ~b!–~d!#.

The extinction coefficient~k! as a function wavelength ar
shown in Fig. 11. Thek values of tin oxide films are on the
order of 1022, much smaller than the refractive index, so t
lms
TABLE V. Cauchy coefficients obtained by curve fitting of refractive indices and thickness of fi
calculated from transmittance.

Samples A
B

~nm2!
C

~nm4!
2 l /B

(31027)(nm21)
n

~at 550 nm!
Thickness

~nm!

Film ~a! 2.02328 69773 27.2913107 2.2531 487.0460.51
Film ~b! 1.93204 14024 4.8373109 11.6187 2.0313 325.2263.11
Film ~c! 1.82983 13974 1.4643109 20.4079 1.8920 316.2760.18
Film ~d! 1.82899 3015 29.7603107 22.1559 1.8379 182.2760.55

*Cauchy equation;n(l)5A1B/l21C/l4.
*The l is a lattice displacement.
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optical constants obtained from our tin oxide films can
trusted because the envelope method is well right when
film has a lowk.

The absorption coefficient of light in a substance is e
pressed asa5aa1as , whereaa is the native absorption
coefficient of a substance andas is the absorption coefficien
due to scattering. Since SnO2 is well known to be a low-
absorption material, we can assume that the absorption
to scattering effects dominates.45 The scattering by a particle
that is very small in comparison with the wavelength of lig
is termed Rayleigh scattering, and is expressed asas
5C/l4. From the relation that the intensity of scattering
proportional to the square of the volume of the scatter
particle and to the incident intensity, we can deduce
~11!.44

n215
l2

2p
AasN, ~11!

whereN is the number of scattering particles per unit ar
By using the equation relating the absorption and extinct
coefficients,

as54pks /l. ~12!

Equation~11! can be rewritten as

ks5
p~n21!2

Nl3 . ~13!

Finally, we can calculate the number of scattering partic
from a supposition of thatn has no dependence on wav

FIG. 10. Refractive indexn at 550 nm wavelength of R-IAD
tin-oxide films on BK7 glass.

FIG. 11. Extinction coefficientk as a function of wavelength o
R-IAD tin oxide films on BK7 glass.
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length. Eq.~13! includes Rayleigh’s law of scattering. Bu
Rayleigh’s law is not consistent with the data in Fig. 11. In
tin oxide thin film, the scattering derives mainly from thre
mechanisms: impurities, oxygen pores, and gr
boundaries.45 Equation~13! assumes scattering by particle
which are very small in comparison with the incident wav
length. Since small impurity particles and oxygen pores h
very small sizes, Eq.~13! is applicable to these scatterin
centers. But because the grain size is larger than impur
or pores, scattering grain boundaries must be accounted
specially. Namely, wavelengths longer than the particle s
are scattered less strongly than shorter wavelengths. S
the size of the grain boundary is not smaller than the incid
wavelength, especially, when the sizes of the grain bou
aries are on the order of1

2,
1
4,

1
8, and 1

16 of the wavelength, the
scattering is strong. For example, in the case of film~c!, in
Fig. 4, the size of the large masses of grains is about 50
so since the 400 and 800 nm wavelengths are approxima
8 and 16 times the particle size, respectively, the extinct
coefficient will be increased near these wavelengths. Th
results are shown in Fig. 11. Film~b! exhibited a higher
extinction coefficient than the Rayleigh scattering in t
short wavelength range near 480 nm, which is 16 times
grain mass size of about 30 nm. Film~d! has clusters similar
in size to those in film~b! and has more indistinct grain
boundaries than film~b!, and we observe a slight higher ex
tinction coefficient than that contributed by Rayleigh scatt
ing. This result agrees well with the nature of the gra
boundaries observed in the SEM analyses. In the SEM im
of film ~a!, the grain boundaries are not spherical and the s
appears to be about 50–70 nm, which agrees with the ob
vation that the extinction coefficient is increased at 1000 n
approximately 16 times the grain size. The case of a part
size smaller than1

16 wavelength might fall in the category o
Rayleigh scattering by small particles, i.e., scattering cha
teristic of the grain size~about 7–11 nm! and surface rough-
ness~about 1–4 nm! shown in Table II is not observed in
Fig. 11.

Figure 12 shows the number of scattering particles
tected at each wavelength calculated using Eq.~13!. The
number of scattering particles is estimated to be 1018 to 1021

per unit volume. The case of 1020 particle per unit volume
corresponds to one scattering particle per 103 atoms, since
the atom density of bulk SnO2 is 8.391631022atoms/cm3.
The decrease of scattering particles at some wavelengths

FIG. 12. Number of scattering particles as a function of wa
length of R-IAD tin-oxide films on BK7 glass.
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pears to be due to scattering by large particles, such
grains, massed clusters or grain boundaries.

The sheet resistivities of tin-oxide thin films deposited
glass substrates are shown in Fig. 13. The sheet resistiv
of films ~b! and ~c! are 7.763104 and 6.453104 V/h, re-
spectively. But, that of films~a! and ~d! were out of mea-
surement limit. The result is presumed upon that the elec
cal property of the films is related with the composition ra
and the film thickness. That is, the film~a! with mixture
phase ~SnO and SnO2) has a low composition ratio
(NO/NSn51.51) as shown in Fig. 6 and Table III, the film
~d! has thinner thickness than other films as shown in Ta
V and SEM image of Fig. 4. The measurement range of u
four-point probe is;105 V/h, also.

IV. CONCLUSIONS

Tin oxide films were deposited on glass, amorpho
SiO2/Si ~100!, and Si ~100! substrates using oxygen io
beams of various energies of at room temperature an
working pressure of 831025 Torr. The structure, chemica
states, and optical properties of the as-grown films were s
ied and the summarized results are as follows:

A buffer layer of amorphous tin oxide was grown at t
interface between the substrate and the film, followed
crystalline grains on top of this buffer layer. The crystalli
grains were arranged in large spherical clusters, and th
clusters directly affected surface roughness. All films exh

FIG. 13. Sheet resistivities of tin oxide films on BK7 glass su
strates.
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ited an amorphous interface between crystalline grains,
had no crystalline defects in the small crystalline grai
Film ~b! showed the densest structure. Films~a! and ~b! ex-
hibited a composition ratio, which decreased slightly near
film surface, while films~c! and ~d! showed the opposite
trend. All films were inhomogeneous tin-oxide thin film
The interfaces between the substrates and the films w
sharp.

The effects by increasing of oxygen ion energy lead to
following conclusions.

~1! The crystal structure changed, from amorphous→(101)
→(002) textures of rutile SnO2.

~2! The stress of films was changed from compressive
tensile stress.

~3! The crystallinity of films increased.
~4! Film ~a! deposited at low energy had unclear gra

boundaries. The massed cluster size increased from 3
50 nm in the case of films~b! and ~c!, and decreased to
25 nm in film ~d! deposited at very high energy.

~5! Film ~a! had a mixed phase of SnO and SnO2. Films ~b!
and~c! were stoichiometric SnO2 films and film~d! was
close to stoichiometric.

~6! The density of films decreased, and the porosity a
oxygen content trapped in the films increased.

Film ~d! is estimated to be the best optical film, becaus
was observed to have the lowest dispersion for the refrac
index and extinction coefficient. Film~c! had the lowest
stress. Film~b! showed the lowest porosity~about 6%! and
had a refractive index similar to that of bulk SnO2. Film ~a!
was an amorphous mixture of SnO and SnO2. All prepared
tin oxide thin films showed low optical absorption, and t
number of scattering particle in the visible wavelength
gion is observed to be about 1020#/cm3. The degree of the
dispersion of the refractive index and extinction coefficie
decreased with increasing ion energy. A formula for t
atomic bonding force was derived, and the atomic bond
force was found to increase with increasing ion ener
which leads to a decrease in dispersion. The stress of fi
was changed from compressive to tensile stress with incr
ing ion energy. A low oxygen: tin ratio was found to increa
the refractive index and absorption. The refractive index
films was closely related to the porosity. The main source
scattering was found to be clusters of massed grains.
electric property is presumed to relate with atomic bond
degree.
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