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Tin-doped indium oxide (ITO) ceramics prepared by a high-temperature solid-state synthetic proce-
dure have been studied over the composition range 1-6 at.% Sn by X-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS) and high-resolution electron energy loss spectroscopy (HREELS).
Surface tin enrichment is evident from XPS with a heat of segregation of around ~40 kJ mole~!.
However, the surface free-carrier concentration probed via the conduction-to-valence band intensity
ratio in UPS or the surface plasmon frequency in HREELS is lower than the nominal tin concentra-
tion. It is concluded that electrons associated with segregated Sn ions in the topmost surface plane
occupy a lone-pair-like sp hybrid surface state, while the region immediately below the surface is
depleted in free carriers as a result of donor trapping effects and evaporation of tin during prepara-

tion. © 1987 Academic Press, Inc.

1. Introduction

Thin films of tin-doped In,O; (ITO) de-
posited on glass substrates have been
shown to reflect electromagnetic radiation
almost completely in the infrared, while
having high transmittance in the visible re-
gion (7). This leads to important technologi-
cal applications as heat-reflecting mirrors,
for example, in sodium discharge lamps and
solar collectors (2). The films have good
electrical conductivity, those showing opti-
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mum properties usually displaying carrier
concentrations of ~1.5 x 10?! cm~? at dop-
ing levels of 8—15 at. % (3). Despite their
potential importance, the surface proper-
ties of ITO materials have been little stud-
ied. In addition, the bulk optical and electri-
cal properties of ITO films tend to be
strongly dependent on the method and pre-
cise conditions of film production (4, 5). It
is clear that incomplete attainment of ther-
mal equilibrium during film production is a
major cause of these variations (5). In the
present paper, we use the complementary
techniques of X-ray and ultraviolet photo-
electron spectroscopy (XPS and UPS) and
high-resolution electron energy loss spec-
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troscopy (HREELS) to explore the surface
properties of ITO ceramics. The study of
well-characterized ceramics, having tin
doping levels below the solubility limit of
~6 at.% (3), was seen as a necessary pre-
cursor to further studies of ITO thin films
having higher doping levels. The latter will
form the subject of a subsequent publica-
tion.

The nature of the species contributing to
the carrier concentration in ITO is a matter
of some controversy. In,0; itself is a semi-
conductor with a direct band gap of about
3.6 eV (6, 7) and an indirect gap of about
2.6 eV (8). As prepared, indium oxide is
generally somewhat reduced, containing
oxygen vacancies, In;O;_, (V;).es with
x<0.01 (9, 10). The conductivity is accord-
ingly n-type. Tin is believed to be substitu-
tionally incorporated into the In,0; lattice
in ITO. The ambient oxygen pressure dur-
ing film production seems to be of impor-
tance in determining the properties of the
resulting materials. In sputtered films pre-
pared at low oxygen pressure, incorpora-
tion as Sn?* has been postulated (I, 11, 12).
Both SnO (/1) and Sn;Og4like (12) phases
have been suggested; Fan and Goodenough
(13) propose that formation of the latter is
responsible for the film darkening and high
electrical resistivity observed in materials
prepared under nonequilibrium conditions.
It is suggested that at low deposition rates
and high deposition temperatures, the
atomic mobilities relative to the rate of film
growth are high enough for any second
phase to be ejected to the surface (13).
Such a surface enrichment in tin has been
observed by XPS (I3, 14) and depth profil-
ing Auger electron spectroscopy (I, 14, 15).

In films prepared under oxygen-rich con-
ditions and at higher substrate tempera-
tures (around 500°C), only Sn** has been
detected by Mossbauer spectroscopy both
in the as-grown state and after annealing
under reducing conditions {(e.g., in the pres-
ence of a 1:1 CO:CO, mixture (4, 16)).

341

The donor activity of the Sn dopant is thus
attributed to substitutional Sn** on In3*
sites. In such films, an uncontrollable
amount of oxygen is introduced into the
films during preparation, reducing the con-
ductivity by trapping the free electrons con-
tributed by the donor. The bixbyite struc-
ture of In,0; allows for the ready
incorporation of oxygen on quasi-oxygen
vacancy sites. The effect may be reversed
by annealing the films in a reducing atmo-
sphere (2—4, 16). In the “‘reduced’’ films it
is found that, up to doping levels of around
5-6 at.% Sn, each tin atom is electrically
active, having donated a conduction elec-
tron, Iny-5Sn;Oses (2, 3). A detailed defect
model is developed for these films by Frank
and Kostlin (4). It is envisaged that while
the predominant defects at low oxygen par-
tial pressures are substitutionally incorpo-
rated Sn** (Sn’) and oxygen vacancies, V;,
at higher partial pressures defect clusters
are formed, involving interstitial oxide ions
which trap the donor electrons. Upon pro-
longed heat treatment of the films these
clusters may nucleate to form a separate
SnO, phase (3).

2. Experimental

Samples containing 1, 4, and 6 at.% Sn
were prepared by a coprecipitation method.
Weighed quantities of In foil and Sn wire
(Johnson Matthey Puratronic) were dis-
solved in aqua regia made from BDH Ana-
lar grade acids. The solution was made al-
kaline with excess NHj, and, after boiling
for 2 hr, the resulting precipitate was col-
lected and washed. After overnight drying
at 400 K, the powdered material was finely
ground in an agate mortar and fired for a
period of 7-14 days in air at 1270 K in a
recrystallized alumina crucible. Following
this initial annealing period, the samples
were pressed into pellets between optically
smooth tungsten carbide disks and were
sintered in air for a further period of 4-7



342

days at 1270 K to yield mechanically robust
ceramic disks. A proportion of the pellets
was then fired at 1470 K for 4-7 days, and
several of these pellets were subjected to an
additional firing at 1630 K for 4 days. Thus,
the minimum firing period was 11 days,
while pellets ultimately heated at the high-
est temperature of 1630 K were subject to
up to 5 weeks of firing at temperatures
=1270 K. We therefore feel confident that
thermal equilibrium has been attained at all
the temperatures used.

Continuous X-ray powder diffraction
profiles were obtained from all the samples
using a Philips moving-arm diffractometer.
All profiles showed narrow peaks associ-
ated with a well-crystallized cubic (/a3)
In,O; phase. No peaks due to «-SnO, $-
SnO, or Sn;0, phases were observed. How-
ever, in some samples (notably those hav-
ing high nominal concentrations of tin and
heated at lower temperatures) small peaks
due to a SnO, (rutile) phase were apparent.
Estimates of the SnO, content of the ce-
ramic samples are given in Table 1. Our
results suggest that the solubility limit of tin
in powder samples of In,O; calcined at 1270
K is rather lower than the figure of 6 = 2
at.% put forward by Frank ef al. (3) for
samples annealed up to this temperature.

TABLE 1

TIN D1oxipE CONTENT OF ITO CERAMICS AS
DETERMINED BY XRD

Nominal tin content Firing temperature  Sn in form SnO,

(at.%) (K} (at.%)
1 1270 0
1470 0
1630 0
4 1270
1470 -1.5
1630
6 1270 5-6
1470 2-3.5
1630 0
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Lattice parameters for most of the samples
were very similar, and were within 0.1% of
that of pure In,O;. However, parameters
for samples containing 6 at.% Sn tended to
be slightly larger than those of In,Os. This
is in accord with the work of Frank and
Kostlin (4) and is attributed by these au-
thors to the additional repulsion caused by
the larger effective charge of the Sn** ions.

Several ceramic samples were examined
by SEM and TEM using a JEOL JEM-
2000FX electron microscope. SEM re-
vealed that the samples were well crystal-
lized, the size of the crystallites increasing
with sample firing temperature. In samples
containing no separate SnO, phase (as de-
termined by XRD), TEM using InKe and
SnKa emissions indicated a homogeneous
tin content consistent with the bulk nominal
doping level. Samples having a significant
Sn0O, content showed an inhomogeneous
tin distribution, as expected.

Solid-state laser-induced Raman spectra
were obtained from the ceramic samples
and from pure In,0; using a relatively weak
blue line of a krypton laser (20,997.7 cm™!)
in order to minimize the intensity of the flu-
orescent background. The spectrometer
employed a Spex Ramalog 5 triple mono-
chromator coupled to a Spex Datamate
data acquisition system. Spectra obtained
from the ITO samples were not significantly
different from those for pure In,O; and
showed the Raman-active phonons of the
bixbyite structure at typically 467, 498, and
781 cm™!, in good agreement with literature
values (17).

Electron spectra were measured in an
ESCALAB spectrometer (V.G. Scientific,
East Grinstead, UK) with facilities for exci-
tation of photoelectron spectra using un-
monochromated AlKa or MgKa X-rays or
UV radiation from a noble-gas discharge
lamp, as well as with a monochromated
electron source for HREELS. The sam-
ples, mounted in platinum trays, were
cleaned in the preparation chamber of the
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spectrometer (base pressure 5 x 1078 Torr)
by annealing overnight at temperatures
roughly equal to their final firing tempera-
tures. This was seen as a necessary precau-
tion to minimize the possibility of any fur-
ther reaction occurring during the cleaning
procedures.

Surface cleanliness was monitored by
HREEL spectra, which under vacua of
~10-1° Torr remained free of loss signals
due to hydrocarbons or other contaminants
for up to 12 hr. Recleaning was routinely
carried out overnight. Electron spectra
were accumulated in an ORTEC 6240B
multichannel analyzer and were transferred
to floppy disks for subsequent analysis in a
Research Machines Ltd. 380Z microcom-
puter.

3. Results and Discussion

3.1

MgKa excited X-ray photoelectron spec-
tra in the region of the metal 34 ionizations
are shown in Fig. 1 for pellets containing 1,
4, and 6 at.% Sn. All pellets were calcined
at 1270 K. Figure 2 shows three spectra of

X-Ray Photoelectron Spectra
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Fic. 1. Examples of MgKa XPS of ITO ceramics
fired at 1270 K in the metal 3d region. Peaks to the left
of the main features are due to satellite radiation.
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FiG. 2. Examples of MgKa XPS of ITO ceramics
containing 6 at.% Sn, in the metal 4d region. Firing
temperatures are indicated. Peaks to the left of the
main features are due to satellite radiation.

the metal 4d region taken from a sample
containing nominally 6 at.% Sn, but
calcined at three different temperatures.
Following a subtraction of background and
satellite structure (I8), it is possible to de-
rive values for relative intensities of tin and
indium peaks by numerical integration of
the experimental data. These may be cor-
rected for the ionization cross sections of
the levels involved (19, 20) to yield the
tin: indium ratios as sampled by the tech-
nique. Figure 3 illustrates the resulting ra-
tios for samples containing 6 at.% Sn.
Results for other compositions showed
qualitatively similar variations. Ratios de-
termined from Auger peaks, although
showing the same general trends, are not
included. This is because the weak In:3s
peak at 428 eV kinetic energy lies between
the Sn and In Auger peaks and may be con-
tributing to the integrated Sn peak inten-
sity. Similarly, the Sn:3p;, peak is not
used as this coincides with the oxygen Au-
ger peak at 511 eV kinetic energy.

The tin : indium ratio at the surface of the
pellets as sampled by XPS increases with
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F1G. 3. The experimental tin:indium ratios, n(Sn)/
n(In), determined from comparison of the tin and in-
dium 4d, 3d, and 3p peaks plotted as a function of
In(electron kinetic energy) for samples containing
nominally 6 at.% Sn. The dashed line indicates the
nominal comparison. The solid lines are for heuristic
purposes only.

nominal tin concentration, but decreases as
the final firing temperature of the pellet is
raised. Most of the data (with the exception
of those for pellets fired at 1630 K taken
from the 4d peaks—see below) indicate sig-
nificant surface tin enrichment.

The tin : indium ratio as sampled by elec-
trons in different kinetic energy ranges (i.e.,
having differing penetration depths, \) is
not the same and tends to increase with de-
crease in KE and thus in A. This variation
would not be expected if there were a thick
tin-rich surface ‘‘phase’’; if this were the
case then electron energy-dependent varia-
tions in photoelectron mean-free-path
length could not influence XPS intensity ra-
tios. The observations suggest instead that
segregation must be restricted to a layer at
the surface which is thin compared with the
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electron mean-free-path (~10 A). This hy-
pothesis is supported by the observation
that there is a rapid decrease in the tin :in-
dium intensity ratio upon argon-ion etching
the samples under mild conditions. Such an
effect has also been reported by other au-
thors (13, 15). Evidence from HREELS
and UPS that the conduction electron con-
centration very near the surface is not
higher than the nominal doping level (see
Sections 3.2 and 3.3) appears to further ex-
clude the possibility of a thick tin-rich
layer.

An apparent anomaly in the results is
seen for samples fired at 1630 K. Here the
tin : indium ratio as determined from the 4d
peaks is appreciably less than the bulk dop-
ing level. This would appear to indicate a
depletion in tin at depths sampled by elec-
trons in the higher KE range, having path
lengths of around 15 A. This is reinforced
by the almost complete disappearance of
the tin signals in the XPS spectra upon mild
argon-ion etching of these samples.

The model for the surface therefore
adopted for a detailed interpretation of the
XPS data is one in which tin enrichment is
restricted to the topmost ionic layer, which
overlies a region having a tin content equal
to or less than the bulk nominal content. If
a fraction @ of the surface cation sites is
occupied by tin, then (ignoring the small
contribution to the photoelectron flux from
tin ions in the bulk) the intensity ratio be-
tween tin and indium signals is given by

Isy __Osn {1 — exp(—-D/}\)} .

I, om {(1 - 6) + 8 exp(-D/N)}

M

Here D is the separation (normal to the sur-
face) between adjacent cation-containing
planes, A is the electron mean-free-path
length, and the o are the ionization cross
sections for the relevant subshells. Assum-
ing that the electron scattering that leads to
photoelectron attenuation can be described
using a bulk jellium model for the solid,
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Leckey and co-workers (21, 22) have de-
rived a simple expression relating the elec-
tron pathlength A(E) to the kinetic energy,
E:

ME) = 1.8EE¥/E? )

(all energies in eV). E, is the plasmon en-
ergy characteristic of the valence electrons
of the system. This is given by the expres-
sion

E, = 28.8(pz/A)"? (eV), (3)

where p is the density, A is the molecular
weight, and z is the number of valence elec-
trons per formula unit. In Eq. (2), E is the
centroid of the optical loss function Im(—1/
g). This can be approximated to

E=E, + E, 4)

where E, is the gap between the valence
and conduction bands. Assuming that
O:2p, O:2s, and In: 4d electrons contrib-
ute to the valence electron plasmon, one
has E, = 27.0eV, and with E, = 3.6 eV (23)
this gives E = 30.6 eV. Values of A calcu-
lated for various kinetic energies using Eq.
(2) ranged from 9.0 (In: 3p, KE = 588 V)
to 15.7 A (In: 4d, KE = 1236 eV).

Equation (1) may now be used to esti-
mate surface tin occupancy, using empiri-
cal estimates of subshell ionization cross
sections taken from the tabulation of Evans
and co-workers (19). For a polycrystalline
material there is some ambiguity in the
choice of the intercationic separation nor-
mal to the surface. For simplicity, this is
taken to be the interplanar spacing between
cation-containing planes in the In,Os struc-
ture along the [100] direction. In,O; crystals
have been shown to grow preferentially in
the [100] and [111] directions (23), and ITO
thin films tend to exhibit predominant (100)
or {111) texture (5).

In view of the simplicity of the model
used and the assumptions made, the result-
ing values of surface occupancy, obtained
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using data from the 4d, 3d, and 3p peaks,
showed a good degree of consistency. The
experimental errors involved (for example,
in the integration of peak areas) and the un-
certainties in certain parameters, such as
ionization cross sections, mean that the
results must be regarded as semiquantita-
tive. However, the occupancy values en-
able us to make rough estimates of the en-
thalpy and entropy of segregation of tin to
the surface of doped In,0;. Simple thermo-
dynamics (24) leads to the following rela-
tionship between surface (s) and bulk (b) tin
cation site occupancies:

6 6
a-6) (1-6)

exp(—AG/RT)

= (—l—gb_@—bj exp(AS/R) exp(—AH/RT), (5)
where AG, AH, and AS are respectively the
free energy, enthalpy, and entropy of segre-
gation and T is the temperature. In this case
the final firing temperature of the pellet is
used, as it is assumed that an equilibrium is
established during firing which is quenched
on cooling the pellet. The average values of
surface occupancy obtained for 4d, 3d, and
3p peaks for various compositions are used
to plot Fig. 4, from which values of AH
and AS may be obtained (from the gradient
and intercept with the y = 0 axis, respec-
tively). Data for the 6% sample fired at 1270
K are omitted as XRD results demonstrate
that this sample contains of the order of 5%
tin in the form of Sn0O,, so the surface
model used is no longer applicable here.
The graph yields values for AH and AS of
-39 kJ mole~! and —8.5 ] K~! mole~!, re-
spectively. The value obtained for the heat
of segregation is of a similar order to that
previously obtained by the authors for the
heat of segregation of Sb to the surface of
SnO; ceramics (25, 26). Note that there is
quite a significant entropy change (of the
order of R).
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Fi1G. 4. In(surface : bulk occupancy ratios) as a func-
tion of 1/T for ITO ceramics. The gradient of the line
gives the heat of segregation of tin to the surface in
accordance with Eq. (5).

3.2. Ultraviolet Photoelectron
Spectroscopy

Ultraviolet photoelectron spectra excited
with Hel (hy = 21.2 eV) radiation over the
composition range 1-6 at.% are shown in
Fig. 5. The two dominant features of each
spectrum are the filled valence band which
has a sharp onset at about 3 eV below the
Fermi energy and the strong secondary
electron background with which it merges
at about 10 eV below E;. Tin doping ap-
pears to have little effect on the overall
shape of the valence band, indicating that it
is predominantly O:2p in character.

On subtraction of structure due to Helg
(hv = 23.09 eV) and Hely (hy = 23.75 ¢V)
radiation from the raw spectra, a weak peak
close to the Fermi energy is observed. This
corresponds to conduction electrons intro-
duced by tin doping. The band gap (mea-
sured from the base of the conduction band
to the onset of the valence band) is approxi-
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F1G. 5. Hel photoelectron spectra of ITO ceramics
for various doping levels. All samples were fired at
1630 K. Binding energies are relative to the Fermi en-
ergy. The spectra have been stripped of structure due
to HelpB and Hely radiation.

mately 2.5 eV, in accord with the value of
the indirect band gap of 2.6 eV obtained by
Weiher and Ley (8). The Hel photoelectron
spectra represent an important direct mea-
surement of the band structure of the mate-
rial, which was recently reported as being
unknown in most respects (27).

If each tin atom introduced by doping
was contributing one electron to the con-
duction band of the material, one might ex-
pect the ratio of the intensity of the conduc-
tion band to that of the valence band to
increase linearly with doping level. Sub-
traction of satellite structure allows this ra-
tio to be measured, taking the conduction
and valence bands to be defined by their
respective high binding energy minima. Un-
fortunately the scatter in the ratio 7(CB)/
I(VB) is too large to allow for observation
of well-defined trends with either doping
level or calcining temperature. This is in
contrast with behavior previously observed
for ITO thin films, where data obtained us-
ing the Hall effect revealed a linear varia-
tion of free electron density with tin doping
level for concentrations up to 5-6 at.% Sn
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(16). Within the accuracy of the integration,
the values obtained for the higher doping
levels (where the integration is likely to be
most successful) may be regarded as re-
maining roughly constant, giving a conduc-
tion band to valence band intensity ratio of
around 7 X 1073.

The carrier concentration giving rise to
this ratio may be estimated by using O:2p
and In:S5s matrix elements for ionization
from valence and conduction bands, re-
spectively. The bottom of the conduction
band is expected to be predominantly
In: Ss-like in character, justifying this as-
sumption (/3). Noting that there are eigh-
teen O:2p electrons and two In:35s elec-
trons per formula unit, we have

ICB)/I(VB) = 2xo(In:55)/180(0:2p),
(©)

where x is the fraction of tin atoms which
have donated an electron to the conduction
band. One-electron ionization cross sec-
tions were obtained from the calculations of
Fadley et al. (28), giving

I(CB)/I(VB) = 2.2 X 1075n, @)

where n is the atomic percentage of tin con-
tributing free carriers. Thus the ratio esti-
mated for pellets containing 4 and 6 at.% Sn
gives n~ 3.1 at.%. The simple model used in
Eq. (6) is likely to give a high value of n, as
some of the more tightly bound valence
states are not accessible to Hel UPS. Thus
we may conclude that even in the samples
containing 6 at.% Sn, the amount of substi-
tutionally incorporated Sn is less than
around 3 at.%.

3.3. Electron Energy Loss Spectroscopy

High-resolution electron energy loss
spectra obtained with a 25-eV exciting elec-
tron beam are given in Fig. 6. This shows
spectra for samples fired at 1470 K contain-
ing 1, 4, and 6 at.% Sn. Vibrational struc-
ture due to the excitation of surface optical
phonons is seen immediately to the right of
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Fig. 6. HREEL spectra of ITO ceramics excited
with a 25-eV electron beam. All samples were fired at
1470 K. FWHM ~50 meV.

the elastic peak. However, the main feature
of the spectra is a rather broader peak at an
energy loss of approximately 0.5 eV for the
1% sample. This moves to progressively
higher energy loss as the bulk tin content
increases, and is due to excitation of the
conduction electron surface plasmon.
Overtones (due to multiple loss processes)
are clearly visible in expanded scans of the
spectra (Fig. 6).

The loss function P(w) for scattering of
low-energy electrons with velocity compo-
nent v normal to the surface of a material
with complex dielectric function e(w) is
given by the expression (29)

2 Imle(w) — 17

PO ke w1 ©

Peaks in the loss spectra thus correspond to
the condition
Re(e(w)) = —1 9)

(which differs from the bulk loss condition
given by

Re(e(w)) = 0). (10

For an array of damped oscillators with
dynamic charge e, effective mass m*, fre-
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quency wy, and damping constant y, the di-
electric function e(w) is given by

(11)

where n is the concentration of oscillators,
£ Is the permittivity of free space, and & is
the background dielectric constant. Local
field corrections are omitted, since these
vanish in the metallic regime (30). As the
damping constant for plasmon oscillations
is generally small, we may write

e(w) = £x + net/m*ey(wy — @? + iwy),

e(0) = e + net/m*eg(wd — w?). (12)

When o = 0, this reduces to the Drude di-
electric function for a free-electron gas.
Equating (12) to the loss condition (9) we
obtain

(@% — 0f) = netlsy(e. + Dm*, (13)

where wy, is the surface plasmon fre-
quency. Thus, in the case where all incor-
porated tin is electrically active, the square
of the plasmon frequency should vary lin-
early with nominal doping level. This type
of behavior for the bulk plasmon has been
observed in ITO thin films doped with up to
around 5 at.% Sn (2, 16).

Table II shows the surface plasmon fre-
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quencies obtained for all the ceramic sam-
ples studied. The plasmon frequency in-
creases with increasing doping level for all
firing temperatures, but clearly by much
smaller amounts than would be expected if
each incorporated tin atom were contribut-
ing one electron to the conduction band of
the sample.

Equation (13) may be used to estimate
the free-carrier concentration giving rise to
the observed plasmon frequency. Values of
the high-frequency dielectric constant e, =
4 and electron effective mass m* = 0.35m,
are taken from the work of Késtlin et al. (2,
16).. The resulting concentrations are
shown in Table II, which also gives their
equivalents in at.% Sn. For comparison
purposes, the percentage of tin in the form
of tin dioxide in each pellet as determined
by XRD is shown.

The results indicate that at a dopant con-
centration of 1%, tin is substitutionally in-
corporated into the In,O; lattice, each tin
atom donating one electron to the conduc-
tion band of the sample. However, at
higher doping levels this is not the case, as
the free-carrier tin concentrations for most
samples attain values only slightly over 1

TABLE II

PLASMON FREQUENCIES AND RESULTING FREE-CARRIER CONCENTRATIONS FOR ITO CERAMICS AS
DETERMINED BY HREELS

Firing Sn0, “‘Residual™
Sn content  temperature  Plasmon frequency, w,, n n content Sn content
(at.%) (K) (eV) (10 ecm™) (at.% Sn)  (at.% Sn) (at.%)
1 1270 0.485 0.298 0.96 0 0
1470 0.477 0.289 0.93 0 0
1630 0.472 0.283 0.91 0 0
4 1270 0.525 0.350 1.21 1-2 1
1470 0.577 0.422 1.36 ~1.5 1
1630 0.580 0.427 1.37 0 2.5
6 1270 0.535 0.363 1.17 5-6 0
1470 0.625 0.496 1.59 2-3.5 2.5-1
1630 0.605 0.464 1.49 0 4.5
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at.%. These results are likely to be more
accurate than those from UPS because the
plasmon frequencies may be accurately
measured and the analysis used involves
fewer assumptions. Thus these results are
fully consistent with those from UPS in that
they demonstrate that the free-carrier con-
centration at the sampling depth of the
technique is markedly less than the nominal
tin content for samples containing 4 and 6
at.% Sn. Moreover, for these samples, it
can be seen that there is generally a short-
fall between the nominal doping level and
the sum of the SnO, content and the tin
substitutionally incorporated as sampled by
HREELS. An estimate of this ‘‘residual”
tin content is given in Table II.

4. Discussion

The conduction band to valence band in-
tensity ratio in UPS and plasmon frequency
in HREELS are both consistent with a con-
centration of electrons in the In: 55 conduc-
tion band that is significantly lower than the
bulk nominal value for samples containing 4
and 6 at.% Sn. However, XPS results dem-
onstrate that there is pronounced surface
segregation of tin in the ceramic samples.
The effective sampling depth in photoelec-
tron spectroscopy is determined by the
electron pathlength in the relevant kinetic
energy regime, the latter being around 5-10
A for UPS and 10-15 A for XPS. The pene-
tration depth of the surface plasmon in
HREELS is given by v/w and is about 30 A
using a 25-eV beam to probe a 0.5-eV exci-
tation.

These considerations lead us to conclude
that tin enrichment does not arise from a
surface ‘‘phase’” which is thick compared
with the sampling depths of UPS, XPS, and
HREELS. If this were the case, then each
tin ion in a regular cation site in the In,O,
lattice would be expected to donate one
electron to the conduction band, giving a
surface free-carrier concentration much
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higher than that found experimentally. The
fact that the tin:indium ratio from XPS
spectra in different kinetic energy ranges is
not constant confirms this and also elimi-
nates the possibility of surface segregation
of the bulk tin dioxide phase known to be
present in some samples.

However, we may envisage that the
asymmetric environment of the cations in
the topmost surface plane will lead to a
strong s—p hybridization, splitting off a lo-
cal lone-pair-like surface state from the
bulk conduction band (25). Thus, provided
segregation is restricted to the topmost cat-
ion plane, segregated tin ions do not con-
tribute electrons to the conduction band.
The flexibility in oxygen content in the bix-
byite structure would allow for the accom-
modation of Sn(II) ions at the surface of the
material without the development of a sur-
face charge.

Results from HREELS and UPS indicate
that both techniques are probing a layer
having a free-carrier concentration lower
than the bulk nominal doping level in most
cases. This could be attributable to either a
reduction in tin concentration in this layer
or trapping of bulk free carriers. The latter
effect, due to introduction of oxygen during
preparation, has been observed in studies
on ITO thin films and may be reversed by
annealing the films in a reducing atmo-
sphere or in vacuo (2—4, 16). In this case we
may suppose that defect “‘clusters’” involv-
ing-interstitial oxygen, of the type proposed
by Kostlin et al. (4) ((Smy0;), (Sn,04)),
may be present. However, we must note
that the ceramic samples were subjected to
high-temperature vacuum annealing over-
night in order to produce spectroscopically
clean samples and exhibited low free-car-
rier concentrations despite this treatment.
Thus it appears that trapping is not the sole
effect determining the carrier concentra-
tions sampled, and that in addition there
may exist a surface region of low tin con-
centration having a thickness at least of the
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order of the penetration depth of HREELS,
i.e. ~30 A. The presence of such a layer,
beneath the topmost layer of high tin con-
centration, is consistent with results ob-
tained from XPS. Such a layer might possi-
bly be created if, as the sample heating
temperature is raised, some slight evapora-
tion of tin from the surface occurs. In this
case, superimposed on the segregation oc-
curring in the equilibrated samples would
be a dynamic effect due to the evaporation,
resulting in a loss of tin in the layers close
to the surface. In accordance, with this, the
discrepancy between the carrier concentra-
tion given by HREELS and the nominal
doping level is greatest at the highes

calcining temperature, although TEM stud-
ies show that such evaporation does not
significantly alter the overall stoichiometry.
Band bending effects near the surface re-
sulting from segregated tin may also con-
tribute to the reduction in free carriers, al-
though the observation of a conduction
band in UPS indicates that a layer com-
pletely depleted in electrons (as in usually
envisaged in such cases) cannot be present.
Thus it seems possible that the low free-
carrier concentration observed may be due
to a complex combination of evaporation
effects, band bending, and donor trapping
effects.
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