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Competition between initial- and final-state effects in valence- and core-level x-ray photoemissio
of Sb-doped SnO2
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High resolution valence- and core-level photoemission spectra of undoped and 3% Sb-doped SnO2 are
presented. Conduction-band occupation due to Sb doping in SnO2 leads to a shift of valence-band features to
high binding energy. However, the shift is less than the width of the occupied part of the conduction band. This
is attributed to a shrinkage of the bulk band gap with doping, arising from an attractive dopant electron
interaction and screening of the Coulomb repulsion between valence and conduction electrons. Core-level
spectra provide evidence for strong screening by the conduction electron gas in 3% Sb-doped SnO2, giving rise
to ‘‘screened’’ and ‘‘unscreened’’ final-state peaks in photoemission. The dominant screening response in-
volves excitation of conduction electron plasmons.@S0163-1829~99!04803-1#
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I. INTRODUCTION

The oxide SnO2 adopts the tetragonal rutile structure a
has a direct~but dipole forbidden! band gap of 3.62 eV.1 The
solid is amenable ton-type doping to produce a material th
combines high conductivity with transparency in the visib
region. The optical ‘‘window’’ is limited at low energy by
the onset of a high reflectivity below the conduction electr
plasmon frequency; and at high energy by excitation fr
valence-band states into empty conduction-band states.
remarkable conjunction of physical properties leads to
ploitation of doped SnO2 in a variety of applications includ
ing transparent conducting~and therefore heatable! windows,
heat reflecting double glazing, as well as in more sophi
cated devices including solar cells, liquid crystal displa
etc.2

Most previous work on the effects of doping on the ele
tronic properties of post-transition metal-oxide semicond
tors has focused on trying to understand changes in e
tronic absorption spectra induced by doping. In particu
Berggren and Sernelius have developed a general appr
to calculation of band-gap shifts in doped semiconducto3

This has been applied to rationalize shifts in optical abso
tion onsets with doping in ZnO,4 In2O3,

5 and SnO2.
6 The

main features of this model when applied to a direct g
semiconductor with upward conduction-band dispersion
downward valence-band dispersion away from theG point
are as follows. In undoped material, the absorption on
corresponds to promotion of valence electrons from the
of the valence band atG to the bottom of the conduction
band, also atG. Above the Mott critical densityn-type dop-
ing blocks the states at the bottom of the conduction band
to a wave vectorkF and therefore causes the lowest-ene
transitions to originate from valence-band states atk5kF .
The band-gap widening thus caused is called the Burst
Moss shift7 and depends on both the upward conductio
band dispersion and downward valence-band dispersion.
PRB 590163-1829/99/59~3!/1792~8!/$15.00
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cause the conduction-band effective mass is usually less
the valence-band effective mass, the conduction-band dis
sion dominates overall shift. However at the same time
doping is associated with electron-dopant interactions
the conduction electron gas screens the Coulomb repul
between valence and conduction electrons. These effects
to a shrinkage or renormalization of the host band gap,
ducing the magnitude of the Burstein-Moss shift.

We have recently shown that by studying shifts in valen
region photoemission spectra of doped CdO in relation to
width of the occupied part of the conduction band it is po
sible to obtain a direct measurement of band-gap shrinka8

In the present paper we extend this approach to study
effects of Sb doping in SnO2. However, the main focus o
the paper is on the effects of doping on core level spectra
the simplest rigid band model, doping should produce a s
in core-level binding energies that mirrors the changes fo
in the valence region. However, the issue of whether
rigid band model is applicable to understanding shifts in c
levels of doped oxides has aroused much controversy s
the early 1980’s, when conflicting experimental eviden
emerged regarding the influence of Na doping on core bi
ing energies in NaxWO3.

9–11More recent interest in this are
has derived from the study of the effects ofp- and n-type
doping in superconducting cuprates.12–14

II. EXPERIMENT

High purity tin~IV ! oxide was obtained from Johnso
Matthey. Phase pure 3% antimony-doped tin oxide was p
pared by a coprecipitation procedure, as describ
previously.15–17 The powders were pressed into 13-mm p
lets and sintered in air at 1000 °C for several days to yi
strong ceramic disks.

Preliminary x-ray photoemission spectra and electron
ergy loss spectra were measured in an ESCALAB spectr
1792 ©1999 The American Physical Society
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PRB 59 1793COMPETITION BETWEEN INITIAL- AND FINAL- . . .
eter~VG Scientific! equipped with a twin anode x-ray sourc
and low-energy electron gun. The mode of operation of t
spectrometer and its application to the study of electron sp
tra of SnO2 has been described in detail elsewhere.15–17

High-resolution x-ray photoemission spectra were m
sured in a Scienta ESCA 300 spectrometer. This incorpor
a rotating anode x-ray source, a seven-crystal x-ray mo
chromator and a 300-mm mean radius spherical sector e
tron energy analyser with parallel electron detection syst
The x-ray source was run with 200 mA emission current a
14 kV anode bias, whilst the analyser operated at 150
pass energy with 0.5-mm slits. Gaussian convolution of
analyzer resolution with a linewidth of 260 meV for the
ray source gives an effective instrument resolution of 3
meV. Binding energies are referenced to the Fermi energ
an ion bombarded silver foil that is regularly used to ca
brate the spectrometer.

The ceramic pellets of undoped SnO2 and 3% Sb-doped
SnO2 were cleanedin situ in the preparation chamber of th
Scienta spectrometer by annealing in UHV at about 750
for 2–3 h, heating being effected by an electron beam hea
Surfaces prepared in this way were free of structure du
carbon or other contaminants and remained clean for the
ration of the spectroscopic measurements.

Binding energies are referenced to the Fermi energy
silver foil regularly used to calibrate the spectrometer. Th
was no indication of sample charging during the x-ray ph
toemission spectroscopy~XPS! measurements.

III. RESULTS AND DISCUSSION

A. Valence-band photoemission

Valence-band photoemission spectra of nominally
doped SnO2 and 3% Sb-doped SnO2 are shown in Fig. 1. The
spectra display a characteristic three-peaked structure co
tent with previous XPS data.18–20 In addition, the spectrum
of undoped SnO2 shows a weak but well-defined shoulder
the low binding energy side that tails into the bulk band g
This latter feature is also observed in photoemission fr
ordered SnO2(110) surfaces from which bridging oxyge
ions that are normally present on the stoichiometric surf
have been removed.21–24 This brings about reduction of ha
the surface Sn ions from Sn~IV ! to Sn~II !. Electric field gra-
dients at the surface site induce mixing between Sn 5s and
Sn 5p states, and a 5s-5p hybrid state is pushed down to
ward the bottom of the bulk band gap.24,25 The gap peak on
the present polycrystalline surface must have a similar
gin: in view of the physical mechanisms responsible, Sn~II !
surface states toward the bottom of the bulk band gap
expected to arise at all SnO2 surfaces that become oxyge
deficient. The gap shoulder is much less pronounced for
Sb-doped SnO2, although there is still weak tailing into th
gap. This attributed to segregation of Sb~III ! ions to surface
sites where they replace Sn~II ! cations. The Sb~III ! surface
state must lie at lower energy than the corresponding Sn~II !
surface state, so that the spectral feature now overlaps
valence band more strongly. The segregation model is s
ported by the observation that Sb core-level peaks are m
more intense than expected from the bulk doping level~see
below!.
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Due to the presence of the band-gap peak in undo
SnO2, it is a little difficult to locate the exact position of th
valence-band onset. However, a simple linear extrapola
procedure places the onset at about 3.6060.05 eV binding
energy relative to the Fermi level. This accords with t
quoted bulk band gap of 3.62 eV for SnO2 and the pinning of
the Fermi level very close to the bottom of the Sn 5s con-
duction band by donor states induced by oxygen deficien
The valence-band onset as defined by the linear extrapola
of the valence-band edge shows a shift to 3.9560.05 eV
upon Sb doping. The 0.35-eV shift is attributed to occupat
of conduction-band states in degenerately doped Sn2.
Shifts in the valence-band peaks are also found and are g
in Table I. The binding energies here were defined by fitt
the valence-band spectra to a set of three Voigt peaks,
an additional peak for the gap state. The mean shift in
valence band features is 0.45 eV.

It is interesting to evaluate the magnitude of the shift
relation to the width of the occupied part of the Sn 5s con-
duction band. The low concentration of charge carri
coupled with the very low cross section for ionization of S
5 states at x-ray photon energy precludes direct observa
of conduction-band features in the present experiment. H
ever, we can estimate the expected bandwidth using a pr
dure based on measurement of the energy of the surface
mon in low-energy electron energy-loss spectrosco
~EELS!.8

The conduction electrons in doped SnO2 gives rise to a
characteristic plasmon lying in the near infrared region of
electromagnetic spectrum. The plasmon energy is given
\vp where

FIG. 1. Valence-band XPS of undoped SnO2 and 3% Sb-doped
SnO2. Linear extrapolations of the valence-band edges are sho
these allow estimates to be made of the valence-band onset
gies. Vertical lines highlight shifts in the valence band peaksx, y,
and z with doping. The peak positions were determined by fitti
the valence-band profile to a series of Voigt peaks. See text
details.
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TABLE I. Binding energies and full widths at half-maximum.

Binding
energy
~eV!

Shift
relative to

SnO2

~eV!

FWHM
~eV!

Relative
area

VB Undoped SnO2 Peakx 4.95
Peaky 7.46
Peakz 11.07

3% Sb-doped SnO2 Peakx 5.43 10.48
Peaky 7.96 10.50
Peakz 11.52 10.45

Sn 3d5/2 Undoped SnO2 487.00 1.04 1.00
3% Sb-doped SnO2 Screened 486.96 20.04 0.71 0.25

Unscreened 487.61 10.61 1.26 0.75
Baricenter 487.44 10.44

Sn 4d5/2 Undoped SnO2 26.28 1.10 1.00
3% Sb-doped SnO2 Screened 26.31 10.03 0.78 0.28

Unscreened 26.94 10.66 1.31 0.72
Baricenter 26.76 10.48

O 1s Undoped SnO2 530.87 1.74 1.00
3% Sb-doped SnO2 Screened 531.04 10.17 0.90 0.52

Unscreened 531.63 10.76 1.32 0.48
Baricenter 531.32 10.45
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25

Ne2

m* «0«~`!
. ~1!

At low beam energies in electron energy-loss spectrosc
the loss probability is dominated by surface scattering,
surface plasmon frequency being given by

vp
25

Ne2

m* «0@«~`!11#
. ~2!

In both these equationsN is the concentration of conductio
electrons,e the electronic charge,«~`! the high-frequency
dielectric constant,m* the effective mass of conductio
electrons at the Fermi level, and«0 the permittivity of free
space. The effective mass relevant to EELS depends on
dispersion of energy with wave vectorkF at EF ,

UdE

dkU
E5EF

5S h

2p D 2 kF

m*
. ~3!

The conduction band in SnO2 is not strictly parabolic and
m* increases slightly with increasing occupation of the co
duction band. Published values ofm* at different doping
levels6,24 have been fitted to a simple expression of the s

m* 5m0* 1cN, ~4!

wherem0* is the effective mass at the bottom of the condu
tion band andc is a constant. This fit givesm* /m050.192
andc/m050.0259310220 cm3.

The surface plasmon energy for the sample of 3%
doped SnO2 used in the present experiments was measure
be 0.59 eV using excitation with a 100-eV electron beam26

This corresponds to a carrier concentration of 3.531020
y
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-
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cm23. The concentration of Sb atoms is 8.431020 cm23 so
that just under one half of the Sb ions act as donor cent
This is due to incorporation of Sb~III ! at external and grain
boundary surfaces. These ions trap an electron pair bu
not act as donor centers.16,24

Since the effective mass shows a linear variation w
carrier concentration, the Fermi energyEF relative to the
bottom of the conduction band is given by the integral

EF5E
0

N h2

4~3p2n!1/3~m0* 1cn!
dn. ~5!

Here N and m* have the same meanings as in Eq.~1!. A
standard analytical solution exists for this integral of t
form

EF5
a2

m0*
S h

2p D 2F1

6
ln

X22aX1a2

~X1a!2 1
1

)

3tan21
2X2a

)a
1

p

6 G , ~6!

where

X5~3p2N!1/3 ~7!

and

a5S 3p2m0*

c D 1/3

. ~8!

Through application of Eq.~6! the width of the occupied
part of the conduction band is estimated to be 0.81 eV. T
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may be compared directly with a previously published U
photoemission spectrum of 3% Sb-doped SnO2 ceramic ex-
cited athn521.2 eV.15,16 In the earlier work the Sn 5s con-
duction band was compared to a free-electron profile
fixed effective mass ratiom* /m050.8 was derived from a
measured surface plasmon energy of 0.55 eV, assuming
all Sb ions act as donor centers and that the conduction b
was strictly parabolic. The Sn 5s bandwidth derived in this
way was just under 0.50 eV. This value was clearly mu
smaller than an observed bandwidth of approximately 0
eV, although the reasons for the discrepancy were not
dent at that time. The earlier experimental data are in m
better accord with the current estimate of 0.81 eV for
Sn 5s bandwidth.

Clearly the shift of valence-band features~0.45 eV! is
significantly less than expected from the width of the oc
pied part of the conduction band. This effect is attributed
shrinkage or renormalization of the bulk band gap with do
ing. Two effects operate to produce the shrinkage. First,
attractive Coulomb potential associated with the grea
nuclear charge of the dopant Sb atoms as compared with
host Sn cations gives rise to an attractive dopant-elec
interaction. Second, the conduction electrons act to sc
the repulsive conduction-electron–valence-electron Coulo
interaction, thus stabilizing the conduction-band states.
band-gap renormalization of approximately 0.36 eV is of
order of magnitude expected from calculation on Sn-do
In2O3 ~Ref. 5! using Heine-Abarenkov pseudopotentials
deal with the electron-impurity interactions and the rand
phase approximation to account for electron-electron inte
tions. In this work it was found that at a carrier concentrat
of 431020 cm23, the contribution to the band-gap narrowin
from electron-impurity and electron-electron interactio
were approximately 0.05 and 0.2 eV, respectively.

B. Sn core-level spectra

High-resolution Sn 3d5/2 core level spectra of undope
SnO2 and 3% Sb-doped SnO2 are shown in Fig. 2. Undope
SnO2 displays a symmetric Voigt profile with a full width a
half-maximum~FWHM! height of 1.04 eV. By contrast th
spectrum for 3% Sb-doped SnO2 is much broader with a
FWHM of 1.49 eV. The peak shows a well-defined should
on the high binding energy side. There is also a small shif
0.1060.05 eV to high binding energy in the peak maximu
as compared with the undoped material. The shift in
core-level peak is very much less than the shift of valen
band features. Similar effects are observed in the Sn 4d re-
gion. For the undoped material@Fig. 3~a!#, the 4d core peak
can be fitted to a pair of Voigt profiles constrained to a 3
intensity ratio, with an additional weak contribution from th
O 2s level. Doping produces striking broadening on the hi
binding energy side of the peaks, again with a small shif
high binding energy in the 4d5/2 peak maximum@Fig. 3~b!#.

The effects of doping can be understood in terms o
screening response of the conduction electron gas introd
by doping in Sb-doped SnO2. We can develop a simple heu
ristic for the core lineshape by assuming that the Koopma
state in which a core electron is simply removed from
initial state is projected onto ‘‘screened’’ and ‘‘unscreene
final eigenstates. A fit of the asymmetric core lines to t
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Voigt components gives an excellent description of the ov
all core line shape, as is evident from Figs. 2~b! and 3~b!.
The low binding energy screened final state carries appr
mately 25% of the spectral weight in the Sn 3d region and
28% in the Sn 4d region. The screened state is represen
by a Voigt profile whose peak maximum is close to th
found for the undoped material. The energy separation
tween the screened and unscreened final states was fou
be 0.6560.05 eV in the 3d region and 0.6360.05 eV in the
4d region. These values are between the bulk and sur
plasmon energies of 0.66 and 0.59 eV, respectively. T
suggests that the dominant screening response of the ele
gas in 3% Sb-doped SnO2 lies in collective electron excita
tion. This accords with simple models of intrinsic plasm
excitation in core photoemission of metallic materials. F
lowing Langreth27 and Wertheim,9 we can expect the ratiob
between a primary photoemission peak and the intrinsic p
mon satellite to be determined by the average separation
tween conduction electronsr s ,

FIG. 2. ~a! Sn 3d5/2 core-level XPS for undoped SnO2 ~filled
circles! fitted to a Shirley background~dash-dot line! and a single
Voigt function ~light solid line!. The fit ~bold solid line! is seen to
pass through the experimental data points.~b! Sn 3d5/2 core-level
XPS for 3% Sb-doped SnO2 ~filled circles! fitted to a Shirley back-
ground~dash-dot line! and Voigt profiles for screened~light solid
line! and unscreened~dashed line! final states. The fit~bold solid
line! is seen to pass through the experimental data points.
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b'
1

6

r s

a0
5

1

6 S 3

4pND 1/3 1

a0
, ~9!

whereN is again the carrier concentration anda0 is the Bohr
radius. The electron gas in 3% Sb-doped SnO2 is very dilute
with r s /a0516.6 so that strong excitation of intrinsic pla
mons is expected withb52.77. This is very close to the
values observed for the Sn core lines. The agreement mu
fortuitous because the simple model of plasmon excita
breaks down in the strong coupling regime whereb.1.
Moreover, the intrinsic plasmon model requires strong ex
tation of multiple plasmon modes. In addition there must
an extrinsic contribution to the plasmon loss intensity. E
pirically we found that the fit to the experimental linesha
could accommodate loss peaks at 2\vp , but the fit was no

FIG. 3. ~a! Sn 4d core-level XPS for undoped SnO2 ~filled
circles! fitted to a Shirley background~dash-dot line! and a pair of
Voigt functions for 4d5/2,3/2 components~light solid lines!. There is
an additional contribution due to the tail from the O 2s peak~dotted
line!. The fit ~bold solid line! is seen to pass through the experime
tal data points.~b! Sn 4d core-level XPS for 3% Sb-doped SnO2

~filled circles! fitted to a Shirley background~dash-dot line! and two
pairs of Voigt profiles for screened~light solid lines! and un-
screened~dashed line! final states. There is an additional contrib
tion due to the tail from the O 2s peak~dotted line! The fit ~bold
solid line! is seen to pass through the experimental data points
be
n

i-
e
-

better this new component was introduced. This is not n
essarily an observation of physical significance in view
the strong overlap of the primary and plasmon loss pea
Similarly, the actual fit to the core line profile was not si
nificantly improved by introduction of distinct bulk and su
face plasmon peaks.

Our current observations are broadly in line with co
photoemission studies of the NaxWO3 bronzes,9 where
strong satellite lines on the W 4f core peaks were interprete
in term of excitation of ‘‘local’’ plasmon modes, the energie
of which should lie between those of bulk and surfa
modes.28 In this earlier work it was also found that screenin
response involved excitation of a only single plasmon mo
However, in addition it was also observed that the core l
associated with the screened final state showed the effec
asymmetric broadening due to single-particle electron-h
pair excitations. The very low energy of the plasmon mo
in relation to the overall peak width in the present wo
precludes any attempt to extract information about poss
asymmetry in the core line associated with the screened
state.

Two features of the fits do however deserve further co
ment. First, it is found that the peak baricenters in 3%-dop
SnO2, defined by weighting the screened and unscree
peaks by their relative areas, show essentially the same s
relative to undoped SnO2 as found in the valence-band spe
tra. This provides support for the introduction of a Koo
mans’ state showing the same initial state shift relative
undoped SnO2 as the valence-band states.

Second, it is found that the component associated with
screened final state is very much narrower than the p
found for undoped SnO2. This can be understood in terms o
a significant contribution to the peak width for the undop
material deriving from phonon excitation.29 When an Sn core
level is ionized, the surrounding octahedron of O ions fin
itself at a distance from the Sn ions that is greater than
new equilibrium distance. Lattice relaxation therefore tak
place, but on a time scale longer than that of the photoem
sion process. The corresponding relaxation energy is gi
~in atomic units! by

ER5e2S 6

pVD 1/3S 1

«~`!
2

1

«~0! D , ~10!

where«~`! and«~0! are the high- and low-frequency dielec
tric constants andV is the volume per Sn ion, i.e., half th
volume of the tetragonal unit cell. Taking the« values to be
the average of values parallel and perpendicular to thec axis:

«5 2
3 «'1 1

3 « i ~11!

we derive a valueER50.94 eV. The relaxation leads to ex
citation of phonons over a range of energies, giving a Gau
ian contribution to the linewidthDEph where

DEph52.35S \vLOERcoth
\vLO

2kT D 1/2

. ~12!

Here all of the energy terms including the room-temperat
thermal energykT and the effective longitudinal phonon fre
quency\vLO are in eV. We take\vLO to be the average o
the highest-frequency modes parallel (A2u) and perpendicu-

-
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lar (Eu) to thec axis. In this way the phonon broadening
estimated to be 0.71 eV. Assuming that this contribution
the overall linewidth adds in quadrature to instrumental a
lifetime broadening, we can estimate that, for undoped Sn2,
the nonphonon broadened linewidth is given byDEi where

DEi5~DEobs
2 2DEph

2 !1/2. ~13!

For the Sn 3d5/2 line we estimate thatDEi50.76 eV. This is
very close to the value observed for the screened compo
of the Sn 3d5/2 line in 3% Sb-doped SnO2. Thus it appears
that the conduction electrons in the doped material screen
coupling between the Sn core photohole and the phon
Since the unscreened state involves excitation of bulk
surface plasmons, the overall linewidth of this compon
depends on the plasmon lifetime and is very much gre
than for the screened final state.

C. O 1s core-level spectra

The effects of Sb doping on the O 1s core line are com-
plicated by the fact that the Sb 3d5/2 core line shows almos
perfect overlap with the O 1s core line~Fig. 4!. The intensity
of the Sb core-level peaks is very much greater than expe
from the bulk doping level. This is attributed to segregati
of Sb~III ! to surface sites where Sn~II ! is replaced, as dis
cussed earlier. Prior to analysis of the O 1s core line it was
therefore necessary to strip the composite O 1s1Sb 3d5/2
peak of structure due to the Sb core level. This was achie
by multiplying the Sb 3d5/2, peak by3

2, shifting to low bind-
ing energy by the measured spin-orbit coupling constant
Sb~9.37 eV! ~Ref. 30! and subtracting this intensity from th
composite peak. The resulting O 1s peak profile is shown in
Fig. 5. For undoped SnO2 the O 1s core line can be fitted by
a single Voigt function@Fig. 5~a!#. Doping again gives rise to

FIG. 4. ~a! O 1s spectrum of undoped SnO2. ~b! O 1s plus
Sb 3d spectrum of 3% Sb-doped SnO2. The Sb 3d5/2 peak overlaps
the O 1s peak almost perfectly in the latter.
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line broadening on the high binding energy side@Fig. 5~b!#,
but this is much less pronounced than for the Sn core lin
Again fitting the overall peak to screened and unscree
components gives a satisfactory heuristic fit to the spec
profile. It is found that the screened final state is mo
strongly shifted to high binding energy than for the Sn co
lines. This implies that the final state screening of the Os
core hole is much less pronounced than the screening o
Sn core holes. This shows that the screening response o
conduction electron gas is indeed very local in character
is influenced by the fact that the conduction band states
of dominant Sn 5s atomic character. In accordance with th
idea, the probability of plasmon excitation is much less
the O 1s core level than for the Sn core levels. However,
for the Sn core lines, the baricenter of the O 1s spectral
weight shows roughly the same shift~0.45 eV! relative to the
O 1s binding energy of the undoped material as is found
the valence-band region~0.40 eV!. The pronounced differ-

FIG. 5. ~a! O 1s core line XPS for undoped SnO2 ~filled circles!
fitted to a Shirley background~dash-dot line! and a single Voigt
function ~light solid line!. The fit ~bold solid line! is seen to pass
through the experimental data points.~b! O 1s core-level XPS for
3% Sb-doped SnO2 ~filled circles! fitted to a Shirley background
~dash-dot line! and Voigt profiles for screened~light solid line! and
unscreened~dashed line! final states. The fit~bold solid line! is seen
to pass through the experimental data points.
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ences in the contribution of plasmon loss structure to Os
and Sn 3d line shapes reinforces the view that the plasm
loss intensity is not dominantly extrinsic in the 3d region.

D. Auger spectra

MNN Auger spectra for SnO2 and 3% Sb-doped SnO2 are
shown in Fig. 6. Doping is seen to produced a pronoun
shift in spectral weight to high kinetic energy. This can
understood in terms of Auger structure associated w
screened Sn 3d and 4d core holes. As we have seen, fina
state screening stabilizes one Sn 3d core hole state, thus
producing a downward contribution to the binding ener
shift that competes with the initial-state shift associated w
conduction-band filling. The total binding energy shift f
the screened final state may be written asDEB(3d) where31

DEB~3d!52D«~3d!2DRea~3d!; ~14!

here«(3d) is the initial state 3d orbital energy andRea(3d)
is the extra-atomic relaxation energy associated with scre
ing of a 3d core hole. This expression assumes that the in
atomic relaxation energy is unaffected by doping. The de
calized holes in the O 2p valence-band states mu
experience a much smaller screening response from th
5s conduction electrons than the localized Sn 3d or 4d core
holes. This screening energy may be taken to define a
reference point for other screening energies. If we assu
that all states suffer the same rigid initial-state shift due
doping, DRea(3d) may be estimated as the difference b
tween the mean shift in valence-band features due to do
~10.45 eV! and the 3d shift ~20.04 eV!, i.e., 0.49 eV. Like-
wise the relaxation energy shift for the Sn 4d core hole is
0.45–0.03 eV50.42 eV. Thus the screening for the more d
localized 4d core hole is slightly less than for the 3d core
hole.

The shift in kinetic energy forM 4N4,5N4,5 Auger elec-
trons is given byDEK(3d,4d,4d), where

FIG. 6. MNN Auger spectra for undoped SnO2 ~dotted! and 3%
Sb-doped SnO2 ~solid line!.
n

d

h

h

n-
a-
-

Sn

ro
e

o
-
ng

-

DEK~3d,4d,4d!52D«~4d!2D«~3d!2DRea~3d!

1DRea~4d,4d!, ~15!

whereDRea(4d,4d) is the change in extra-atomic relaxatio
associated with the Auger final state with two holes in thed
shell. With the usual assumption that the screening ene
for a two-hole state is four times that of a one-hole state
that D«(4d)5D«(3d)5D« we have31

DEK~3d,4d,4d!5D«2DRea~3d!14DRea~4d!. ~16!

Thus Auger structure associated with screened final st
shifted by@20.4520.4914(0.42)#50.74 eV to high kinetic
energy of the structure found for undoped SnO2 is expected
upon doping. TheMNN Auger spectra are shown in Fig. 6
The large width of the Auger features and the complex p
shapes preclude any simple fitting procedure and mak
difficult to establish the magnitude of the upward shift
kinetic energy. However, it is quite clear that doping leads
a shift in spectral weight to high kinetic energy, as requir
by our simple analysis. Thus Auger spectroscopy confir
the important role of final state screening effects in core p
toemission from Sb-doped SnO2.

IV. CONCLUDING REMARKS

3% Sb doping in SnO2 produces pronounced changes
valence- and core-level photoemission spectra. Valence-b
features show a simple shift to high binding energy w
doping, although this is smaller than the width of the occ
pied part of the conduction band. The difference betwe
conduction-band width and the observed shift provides a
rect way of probing band-gap shrinkage arising from t
n-type doping: previous investigations of this effect in oxi
systems4–6 have relied on optical measurements, which
themselves are unable to unravel the competing influence
valence- and conduction-band dispersion and band-
renormalization on shifts in optical absorption edges.

The effects of doping on core-level spectra are more co
plicated. Pronounced changes in core line shapes indicat
presence of discrete screened and unscreened final sta
the doped material. The baricenters of these two states s
the same shifts with doping as found in the valence regi
The dominant screening mechanism involves excitation
conduction electron plasmons. The response of the elec
gas to core ionization is broadly similar to that found f
materials such as the sodium tungsten bronzes,9 although in
the present case we are dealing with a very much more d
electron system than has been previously studied earlier.
ther theoretical work is needed to clarify the mechanis
that lead to coupling between the core photohole and
carriers in degenerately doped oxide semiconductors of
sort studied in the present work.
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