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Competition between initial- and final-state effects in valence- and core-level x-ray photoemission
of Sb-doped SnQ
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High resolution valence- and core-level photoemission spectra of undoped and 3% Sbh-dopearé&SnO
presented. Conduction-band occupation due to Sb doping i Ba@s 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% Sbh-dopegh&mrise
to “screened” and “unscreened” final-state peaks in photoemission. The dominant screening response in-
volves excitation of conduction electron plasmor&0163-182899)04803-1]

[. INTRODUCTION cause the conduction-band effective mass is usually less than
the valence-band effective mass, the conduction-band disper-
The oxide Sn@ adopts the tetragonal rutile structure andsion dominates overall shift. However at the same time the
has a directbut dipole forbiddenband gap of 3.62 e¥The  doping is associated with electron-dopant interactions and
solid is amenable to-type doping to produce a material that the conduction electron gas screens the Coulomb repulsion
combines high conductivity with transparency in the visiblebetween valence and conduction electrons. These effects lead
region. The optical “window” is limited at low energy by to a shrinkage or renormalization of the host band gap, re-
the onset of a high reflectivity below the conduction electronducing the magnitude of the Burstein-Moss shift.
plasmon frequency; and at high energy by excitation from We have recently shown that by studying shifts in valence
valence-band states into empty conduction-band states. Thiegion photoemission spectra of doped CdO in relation to the
remarkable conjunction of physical properties leads to exwidth of the occupied part of the conduction band it is pos-
ploitation of doped Sn@in a variety of applications includ- sible to obtain a direct measurement of band-gap shrinkage.
ing transparent conductin@nd therefore heatableindows, In the present paper we extend this approach to study the
heat reflecting double glazing, as well as in more sophistieffects of Sb doping in SnO However, the main focus of
cated devices including solar cells, liquid crystal displays;the paper is on the effects of doping on core level spectra. In
etc? the simplest rigid band model, doping should produce a shift
Most previous work on the effects of doping on the elec-in core-level binding energies that mirrors the changes found
tronic properties of post-transition metal-oxide semiconducin the valence region. However, the issue of whether the
tors has focused on trying to understand changes in elecigid band model is applicable to understanding shifts in core
tronic absorption spectra induced by doping. In particularjevels of doped oxides has aroused much controversy since
Berggren and Sernelius have developed a general approatie early 1980’s, when conflicting experimental evidence
to calculation of band-gap shifts in doped semiconductors.emerged regarding the influence of Na doping on core bind-
This has been applied to rationalize shifts in optical absorping energies in NaVO;.°~* More recent interest in this area
tion onsets with doping in Zn®,In,05,° and SNQ@.° The  has derived from the study of the effects @f and n-type
main features of this model when applied to a direct gamioping in superconducting cuprafés
semiconductor with upward conduction-band dispersion and
downward valence-band dispersion away from th@oint
are as follows. In und_oped material, the absorption onset Il. EXPERIMENT
corresponds to promotion of valence electrons from the top
of the valence band df to the bottom of the conduction High purity tin(lV) oxide was obtained from Johnson
band, also af’. Above the Mott critical density-type dop-  Matthey. Phase pure 3% antimony-doped tin oxide was pre-
ing blocks the states at the bottom of the conduction band upared by a coprecipitation procedure, as described
to a wave vectokg and therefore causes the lowest-energypreviously'®~*’ The powders were pressed into 13-mm pel-
transitions to originate from valence-band statekakg . lets and sintered in air at 1000 °C for several days to yield
The band-gap widening thus caused is called the Bursteirstrong ceramic disks.
Moss shiff and depends on both the upward conduction- Preliminary x-ray photoemission spectra and electron en-
band dispersion and downward valence-band dispersion. Bergy loss spectra were measured in an ESCALAB spectrom-
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eter(VG Scientifig equipped with a twin anode x-ray source "
and low-energy electron gun. The mode of operation of this Valence band r
spectrometer and its application to the study of electron spec- -
tra of SnQ has been described in detail elsewheré’

High-resolution x-ray photoemission spectra were mea-
sured in a Scienta ESCA 300 spectrometer. This incorporates Sn05
a rotating anode x-ray source, a seven-crystal x-ray mono- 5 5
chromator and a 300-mm mean radius spherical sector elec- N ;
tron energy analyser with parallel electron detection system. : é \*JA‘
The x-ray source was run with 200 mA emission current and : ; :'\
14 kV anode bias, whilst the analyser operated at 150 eV ,"\ ? Y

. . . R & o e S RN

pass energy with 0.5-mm slits. Gaussian convolution of the N
analyzer resolution with a linewidth of 260 meV for the x- | N

ray source gives an effective instrument resolution of 350 3% Sb-doped

meV. Binding energies are referenced to the Fermi energy of | SnOy

an ion bombarded silver foil that is regularly used to cali- \Y

brate the spectrometer.
The ceramic pellets of undoped Snénd 3% Sb-doped \w_..

SnO, were cleanedn situ in the preparation chamber of the

Scienta spectrometer by annealing in UHV at about 750 °C

for 2—3 h, heating being effected by an electron beam heater.

Surfaces prepared in this way were free of structure due to Binding energy (eV)

carbon or other contaminants and remained clean for the du- FIG. 1. Valence-band XPS of undoped Snid 3% Sb-doped

ratlé)_n (;).f the S(fre?érsozcr:gprg:fgr]gr?c?g(;etnoq?fr:ési:ermi enerqy of Sn0,. Linear extrapolations of the valence-band edges are shown:
. In I.ng energl - 9y %ese allow estimates to be made of the valence-band onset ener-
silver foil regularly used to calibrate the spectrometer. Ther ies. Vertical lines highlight shifts in the valence band peaks

was no indication of sample charging during the x-ray pho'andz with doping. The peak positions were determined by fitting

0 2 4 6 8 10 12 14

toemission spectroscogXPS) measurements. the valence-band profile to a series of Voigt peaks. See text for
details.
Ill. RESULTS AND DISCUSSION Due to the presence of the band-gap peak in undoped
A Val band photoemissi SnG,, itis a little difficult to locate the exact position of the
- vajence-band photoemission valence-band onset. However, a simple linear extrapolation

Valence-band photoemission spectra of nominally unprocedure places the onset at about 3605 eV binding
doped Sn@and 3% Sh-doped Sn@re shown in Fig. 1. The energy relative to the Fermi level. This accords with the
spectra display a characteristic three-peaked structure consigaoted bulk band gap of 3.62 eV for Spé@nd the pinning of
tent with previous XPS datd-?° In addition, the spectrum the Fermi level very close to the bottom of the Sg &n-
of undoped Sn@shows a weak but well-defined shoulder on duction band by donor states induced by oxygen deficiency.
the low binding energy side that tails into the bulk band gapThe valence-band onset as defined by the linear extrapolation
This latter feature is also observed in photoemission fronof the valence-band edge shows a shift to 39505 eV
ordered Sng(110) surfaces from which bridging oxygen upon Sb doping. The 0.35-eV shift is attributed to occupation
ions that are normally present on the stoichiometric surfacef conduction-band states in degenerately doped ,SnO
have been removed: 24 This brings about reduction of half - Shifts in the valence-band peaks are also found and are given
the surface Sn ions from @) to Sr(ll). Electric field gra-  in Table I. The binding energies here were defined by fitting
dients at the surface site induce mixing between Sradd  the valence-band spectra to a set of three Voigt peaks, with
Sn 5p states, and a$5p hybrid state is pushed down to- an additional peak for the gap state. The mean shift in the
ward the bottom of the bulk band gah? The gap peak on valence band features is 0.45 eV.
the present polycrystalline surface must have a similar ori- It is interesting to evaluate the magnitude of the shift in
gin: in view of the physical mechanisms responsible(li3n relation to the width of the occupied part of the S& ¢on-
surface states toward the bottom of the bulk band gap arduction band. The low concentration of charge carriers
expected to arise at all SpQurfaces that become oxygen coupled with the very low cross section for ionization of Sn
deficient. The gap shoulder is much less pronounced for 3% states at x-ray photon energy precludes direct observation
Sb-doped Sn§ although there is still weak tailing into the of conduction-band features in the present experiment. How-
gap. This attributed to segregation of(8b) ions to surface ever, we can estimate the expected bandwidth using a proce-
sites where they replace @ cations. The S@ll) surface  dure based on measurement of the energy of the surface plas-
state must lie at lower energy than the correspondingl 5n mon in low-energy electron energy-loss spectroscopy
surface state, so that the spectral feature now overlaps tHEELS).®
valence band more strongly. The segregation model is sup- The conduction electrons in doped Sn@lves rise to a
ported by the observation that Sh core-level peaks are muatharacteristic plasmon lying in the near infrared region of the
more intense than expected from the bulk doping légek  electromagnetic spectrum. The plasmon energy is given by
below). ho, where
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TABLE I. Binding energies and full widths at half-maximum.

Binding Shift FWHM Relative
energy relative to (eV) area
(eV) SnG,
(ev)
VB Undoped Sn@ Peakx 4.95
Peaky 7.46
Peakz 11.07
3% Sh-doped SnO Peakx 5.43 +0.48
Peaky 7.96 +0.50
Peakz 11.52 +0.45
Sn s, Undoped Sn® 487.00 1.04 1.00
3% Sb-doped SnpO Screened 486.96 —-0.04 0.71 0.25
Unscreened 487.61 +0.61 1.26 0.75
Baricenter 487.44 +0.44
Sn 4dg), Undoped Sn® 26.28 1.10 1.00
3% Sb-doped SnoO Screened 26.31 +0.03 0.78 0.28
Unscreened 26.94 +0.66 131 0.72
Baricenter 26.76 +0.48
O 1s Undoped Sn@ 530.87 1.74 1.00
3% Sb-doped SnpO Screened 531.04 +0.17 0.90 0.52
Unscreened 531.63 +0.76 1.32 0.48
Baricenter 531.32 +0.45
5 Ne? cm 3. The concentration of Sb atoms is &40?° cm ™3 so
“’DIW- (1) that just under one half of the Sb ions act as donor centers.

o This is due to incorporation of $iil) at external and grain
At low beam energies in electron energy-loss spectroscopfoundary surfaces. These ions trap an electron pair but do
the loss probability is dominated by surface scattering, thgot act as donor centet&?4
surface plasmon frequency being given by Since the effective mass shows a linear variation with
Ne2 carrier concentration, the Fermi ener@y relative to the

2 ) bottom of the conduction band is given by the integral

P mFeqle(%)+1]°

2
In both these equatiors is the concentration of conduction e= JN h dn. (5)
electrons,e the electronic charges(«) the high-frequency o 4(37*n)Y(m§ +cn)

dielectric constantm* the effective mass of conduction
electrons at the Fermi level, ang the permittivity of free
space. The effective mass relevant to EELS depends on t
dispersion of energy with wave vectkg at Eg,

Here N and m* have the same meanings as in Ef. A
lféandard analytical solution exists for this integral of the
orm

dE h\2 ke . ~a? [ h)\¥1 x2—ax+a?+ 1
‘WE e E) m ® FTmg \2w) 8 (X+a)? 3
“EF
The conduction band in SnQs not strictly parabolic and tan- 2X—a+ T 6
m* increases slightly with increasing occupation of the con- Xtan V3a 6’ (6)

duction band. Published values of* at different doping
level$?* have been fitted to a simple expression of the sortwhere

m* =mg +cN, (4) X=(37?N)13 @

wheremyj is the effective mass at the bottom of the conduc-and
tion band anct is a constant. This fit gives1*/my=0.192
andc/my=0.0259< 10 2% cm?’.

The surface plasmon energy for the sample of 3% Sb-
doped Sn@used in the present experiments was measured to
be 0.59 eV using excitation with a 100-eV electron bédm.  Through application of Eq(6) the width of the occupied
This corresponds to a carrier concentration of x318?°  part of the conduction band is estimated to be 0.81 eV. This

®

a=

2%\ 13
3m°mg
c .
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may be compared directly with a previously published UV
photoemission spectrum of 3% Sh-doped $w&ramic ex-
cited athy=21.2 eV®>!®|n the earlier work the Snscon-
duction band was compared to a free-electron profile. A
fixed effective mass ration*/my=0.8 was derived from a
measured surface plasmon energy of 0.55 eV, assuming the
all Sb ions act as donor centers and that the conduction bant
was strictly parabolic. The Srs%andwidth derived in this
way was just under 0.50 eV. This value was clearly much
smaller than an observed bandwidth of approximately 0.75
eV, although the reasons for the discrepancy were not evi-
dent at that time. The earlier experimental data are in much
better accord with the current estimate of 0.81 eV for the
Sn 5 bandwidth.

Clearly the shift of valence-band featuré3.45 e\j is
significantly less than expected from the width of the occu- |
pied part of the conduction band. This effect is attributed to
shrinkage or renormalization of the bulk band gap with dop-
ing. Two effects operate to produce the shrinkage. First, the ®)
attractive Coulomb potential associated with the greater
nuclear charge of the dopant Sh atoms as compared with the
host Sn cations gives rise to an attractive dopant-electron
interaction. Second, the conduction electrons act to screer
the repulsive conduction-electron—valence-electron Coulomb
interaction, thus stabilizing the conduction-band states. The
band-gap renormalization of approximately 0.36 eV is of the
order of magnitude expected from calculation on Sn-doped
In,O; (Ref. 5 using Heine-Abarenkov pseudopotentials to
deal with the electron-impurity interactions and the random
phase approximation to account for electron-electron interac- mmsmmsesmm———==——-~ __ _ . — — q
tions. In this work it was found that at a carrier concentration
of 4x10?° cm™3, the contribution to the band-gap narrowing
from electron-impurity and electron-electron interactions
were approximately 0.05 and 0.2 eV, respectively.

3% Sb-doped
Sn02

Sn 3dsy

484 485 486 487 488 489 490
Binding energy (eV)

FIG. 2. (&) Sn 3ds, core-level XPS for undoped SpdQfilled
circles fitted to a Shirley backgroungiash-dot ling and a single
Voigt function (light solid line). The fit (bold solid ling is seen to

High-resolution Sn &g, core level spectra of undoped pass through the experimental data poiitg.Sn 3ds, core-level
SnQ, and 3% Sbh-doped SnpQre shown in Fig. 2. Undoped XPS for 3% Sh-doped Sndfilled circles fitted to a Shirley back-
Sn0O, displays a symmetric Voigt profile with a full width at ground(dash-dot ling and Voigt profiles for screenegight solid
half-maximum(FWHM) height of 1.04 eV. By contrast the line) and unscreenettashed lingfinal states. The fitbold solid
spectrum for 3% Sb-doped Sp@ much broader with a line) is seen to pass through the experimental data points.

FWHM of 1.49 eV. The peak shows a well-defined shoulder gt components gives an excellent description of the over-
on the high binding energy side. There is also a small shift of| core line shape, as is evident from Figgb)2and 3b).
0.10+0.05 eV to high binding energy in the peak maximum The |ow binding energy screened final state carries approxi-
as compared with the undoped material. The shift in themately 25% of the spectral weight in the St Begion and
core-level peak is very much less than the shift of valence28% in the Sn d region. The screened state is represented
band features. Similar effects are observed in thedred by a Voigt profile whose peak maximum is close to that
gion. For the undoped materigfig. 3@], the 4d core peak found for the undoped material. The energy separation be-
can be fitted to a pair of Voigt profiles constrained to a 3:2tween the screened and unscreened final states was found to
intensity ratio, with an additional weak contribution from the be 0.65-0.05 eV in the 8 region and 0.630.05 eV in the
O 2s level. Doping produces striking broadening on the high4d region. These values are between the bulk and surface
binding energy side of the peaks, again with a small shift tqplasmon energies of 0.66 and 0.59 eV, respectively. This
high binding energy in the dk,, peak maximuniFig. 3b)].  suggests that the dominant screening response of the electron
The effects of doping can be understood in terms of ggas in 3% Sbh-doped SnQies in collective electron excita-
screening response of the conduction electron gas introducein. This accords with simple models of intrinsic plasmon
by doping in Sb-doped SrifOWe can develop a simple heu- excitation in core photoemission of metallic materials. Fol-
ristic for the core lineshape by assuming that the Koopmansowing Langret’ and Werthein?,we can expect the ratig
state in which a core electron is simply removed from thebetween a primary photoemission peak and the intrinsic plas-
initial state is projected onto “screened” and “unscreened” mon satellite to be determined by the average separation be-
final eigenstates. A fit of the asymmetric core lines to twotween conduction electrons,

B. Sn core-level spectra
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better this new component was introduced. This is not nec-
essarily an observation of physical significance in view of
the strong overlap of the primary and plasmon loss peaks.
Similarly, the actual fit to the core line profile was not sig-
nificantly improved by introduction of distinct bulk and sur-
face plasmon peaks.

Our current observations are broadly in line with core
photoemission studies of the N&O; bronzes where
strong satellite lines on the W £ore peaks were interpreted
in term of excitation of “local” plasmon modes, the energies
of which should lie between those of bulk and surface
modes?® In this earlier work it was also found that screening
response involved excitation of a only single plasmon mode.
However, in addition it was also observed that the core line
associated with the screened final state showed the effects of
asymmetric broadening due to single-particle electron-hole
3% Sb-d pair excitations. The very low energy of the plasmon mode

o oped . . . .
$n0, in relation to the overall peak W_|dth in t_he present Wo_rk
precludes any attempt to extract information about possible
asymmetry in the core line associated with the screened final
state.

Two features of the fits do however deserve further com-
ment. First, it is found that the peak baricenters in 3%-doped
SnO,, defined by weighting the screened and unscreened
peaks by their relative areas, show essentially the same shifts
relative to undoped Snas found in the valence-band spec-
tra. This provides support for the introduction of a Koop-
mans’ state showing the same initial state shift relative to
undoped Sn@as the valence-band states.

Second, it is found that the component associated with the
i screened final state is very much narrower than the peak

' ' ‘ ' ' ' found for undoped Sn© This can be understood in terms of
25 26 27 28 29 30 C L .
Binding energy (eV) a significant contribution to the peak width for the undoped
material deriving from phonon excitatiéR When an Sn core

FIG. 3. (& Sn4 core-level XPS for undoped Spdfilled  level is ionized, the surrounding octahedron of O ions finds
circles fitted to a Shirley backgroun@ash-dot lingand a pair of  jtself at a distance from the Sn ions that is greater than the
Voigt functions for 4, 5, componentslight solid lines. Thereis  new equilibrium distance. Lattice relaxation therefore takes
an additional contribution due to the tail from the ©ak(dotted place, but on a time scale longer than that of the photoemis-

tal data points(b) Sn 4 core-level XPS for 3% Sbh-doped SpO (in atomic units by

(filled circles fitted to a Shirley backgroun@ash-dot ling and two

pairs of Voigt profiles for screenedight solid lineg and un- 6 \Y3 1 1

screeneddashed lingfinal states. There is an additional contribu- Eg=€? —) (—— —) , (10
tion due to the tail from the O2peak (dotted ling The fit (bold vV () &(0)

solid line) is seen to pass through the experimental data points. wheres(x) ande(0) are the high- and low-frequency dielec-
tric constants and/ is the volume per Sn ion, i.e., half the

(b)

Sn4d

1rg 1/ 3 \¥1 volume of the tetragonal unit cell. Taking tkevalues to be
~% a_o ~ 6\ 47N a_o' 9 the average of values parallel and perpendicular te tnds:
e=3%g, +3¢ (17

whereN is again the carrier concentration aaglis the Bohr
radius. The electron gas in 3% Sh-doped Sivery dilute  we derive a valu€Eg=0.94 eV. The relaxation leads to ex-
with rq/ay=16.6 so that strong excitation of intrinsic plas- citation of phonons over a range of energies, giving a Gauss-
mons is expected witlB=2.77. This is very close to the ijan contribution to the linewidtiA E, where

values observed for the Sn core lines. The agreement must be

fortuitous because the simple model of plasmon excitation ho o

breaks down in the strong coupling regime whege 1. AEph:2-3E(ﬁ“’LOERC°thﬁ - (12)
Moreover, the intrinsic plasmon model requires strong exci-

tation of multiple plasmon modes. In addition there must beHere all of the energy terms including the room-temperature
an extrinsic contribution to the plasmon loss intensity. Em-thermal energKkT and the effective longitudinal phonon fre-
pirically we found that the fit to the experimental lineshapequencyf w g are in eV. We takdi w| o to be the average of
could accommodate loss peaks @tag,, but the fit was no the highest-frequency modes parallél,() and perpendicu-

1/2
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O1s
Sno,
O1s+ 3% Sb-doped
SnoO
Sb 3d5p 2

3% Sb-doped
Sn02

(b)

525 530 535 540 545

O1s
Binding energy (eV)

FIG. 4. (8 O 1s spectrum of undoped SpO (b) O 1s plus
Sb 3 spectrum of 3% Sb-doped SpOrhe Sb 85, peak overlaps
the O & peak almost perfectly in the latter.

lar (E,) to thec axis. In this way the phonon broadening is
estimated to be 0.71 eV. Assuming that this contribution to
the overall linewidth adds in quadrature to instrumental and
lifetime broadening, we can estimate that, for undoped,SnO
the nonphonon broadened linewidth is given/bl; where

528 529 530 531 532 533 534

AE;= (AEgbs_ AEﬁh) 12 (13 Binding energy (eV)
For the Sn 85, line we estimate thahE;=0.76 eV. This is FIG. 5. (a) O 1s core line XPS for undoped Spilled circles

very close to the value observed for the screened componefiied to a Shirley backgrountdash-dot ling and a single Voigt
of the Sn @, line in 3% Sb-doped SnO Thus it appears function (light solid line). The fit (bold solid line is seen to pass
that the conduction electrons in the doped material screen offirough the experimental data pointsb) O 1s core-level XPS for
coupling between the Sn core photohole and the phonons”e Sb-doped Snf(filled circles fitted to a Shirley background
Since the unscreened state involves excitation of bulk an{fiash-dot lingand Voigt profiles for screenditight solid line) and

surface plasmons, the overall linewidth of this componenfnscreeneﬁd%hed I|n¢flna_1l states. The f|¢t_)old solid ling is seen

depends on the plasmon lifetime and is very much greateP pass through the experimental data points.

than for the screened final state.
line broadening on the high binding energy siéfég. 5b)],

but this is much less pronounced than for the Sn core lines.
Again fitting the overall peak to screened and unscreened
The effects of Sb doping on the GsTore line are com- components gives a satisfactory heuristic fit to the spectral
plicated by the fact that the Skd3, core line shows almost profile. It is found that the screened final state is more
perfect overlap with the Odlcore line(Fig. 4). The intensity  strongly shifted to high binding energy than for the Sn core
of the Sb core-level peaks is very much greater than expectdihes. This implies that the final state screening of the<O 1
from the bulk doping level. This is attributed to segregationcore hole is much less pronounced than the screening of the
of Sk(lll) to surface sites where 8h) is replaced, as dis- Sn core holes. This shows that the screening response of the
cussed earlier. Prior to analysis of the @ dore line it was  conduction electron gas is indeed very local in character and
therefore necessary to strip the composites® $b 35,  is influenced by the fact that the conduction band states are
peak of structure due to the Sh core level. This was achievedf dominant Sn § atomic character. In accordance with this
by multiplying the Sb 8/, peak by3, shifting to low bind-  idea, the probability of plasmon excitation is much less for
ing energy by the measured spin-orbit coupling constant fothe O 1s core level than for the Sn core levels. However, as
Sb(9.37 eV} (Ref. 30 and subtracting this intensity from the for the Sn core lines, the baricenter of the @ 4pectral
composite peak. The resulting G peak profile is shown in  weight shows roughly the same shift45 e\j relative to the
Fig. 5. For undoped SnQhe O 1s core line can be fitted by O 1s binding energy of the undoped material as is found in
a single Voigt functiofFig. 5a)]. Doping again gives rise to the valence-band regiof®.40 e\j. The pronounced differ-

C. O 1s core-level spectra
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AE(3d,4d,4d)=2Ae(4d)— Ae(3d)— AR®{3d)

Auger MNN

+AR®q4d,4d), (15
where AR®Y4d,4d) is the change in extra-atomic relaxation
associated with the Auger final state with two holes in tde 4
shell. With the usual assumption that the screening energy
for a two-hole state is four times that of a one-hole state and
that Ae(4d)=Ag(3d)=Ae we havé!

AE((3d,4d,4d)=Ae— AR 3d)+4AR®A(4d). (16)

Thus Auger structure associated with screened final states
shifted by[ —0.45—-0.49+4(0.42)]=0.74 eV to high kinetic

’ 3% Sb-doped SnO; energy of the structure found for undoped Sn®expected
-.- ~ upon doping. TheMNN Auger spectra are shown in Fig. 6.
! : : : ' The large width of the Auger features and the complex peak
440 435 430 425 420 415 410

o shapes preclude any simple fitting procedure and make it
Kinetic energy (eV) difficult to establish the magnitude of the upward shift in
FIG. 6. MNN Auger spectra for undoped Sp@lotted and 3% klnet_lc energy. Howeyer, Itis .QUIte.C|6<’.iI’ that doping Iead.s to
I a shift in spectral weight to high kinetic energy, as required
Sb-doped Sn®(solid line). . ; .
by our simple analysis. Thus Auger spectroscopy confirms

. I the important role of final state screening effects in core pho-
ences in the contribution of plasmon loss structure toO 1 toemission from Sb-doped SRO

and Sn 38 line shapes reinforces the view that the plasmon
loss intensity is not dominantly extrinsic in thel 3egion.

IV. CONCLUDING REMARKS

D. Auger spectra 3% Sb doping in Sn®produces pronounced changes in

MNN Auger spectra for Snfand 3% Sb-doped Sn@re  valence- and core-level photoemission spectra. Valence-band
shown in Fig. 6. Doping is seen to produced a pronouncedeatures show a simple shift to high binding energy with
shift in spectral weight to high kinetic energy. This can bedoping, although this is smaller than the width of the occu-
understood in terms of Auger structure associated wittpied part of the conduction band. The difference between
screened Sn@and 4 core holes. As we have seen, final- conduction-band width and the observed shift provides a di-
state screening stabilizes one Sd 8ore hole state, thus rect way of probing band-gap shrinkage arising from the
producing a downward contribution to the binding energyn-type doping: previous investigations of this effect in oxide
shift that competes with the initial-state shift associated withsystem$~° have relied on optical measurements, which in
conduction-band filling. The total binding energy shift for themselves are unable to unravel the competing influences of
the screened final state may be writtenAdS5(3d) wheré?  valence- and conduction-band dispersion and band-gap

renormalization on shifts in optical absorption edges.
AEg(3d)=—Ae(3d)— AR®(3d); (14) The effects of doping on core-level spectra are more com-
plicated. Pronounced changes in core line shapes indicate the

heree(3d) is the initial state 8 orbital energy andR®{3d) presence of discrete screened and unscreened final states in
is the extra-atomic relaxation energy associated with screebe doped material. The baricenters of these two states show
ing of a 3 core hole. This expression assumes that the intrath® same shifts with doping as found in the valence region.
atomic relaxation energy is unaffected by doping. The deloThe dominant screening mechanism involves excitation of
calized holes in the O |2 valence-band states must conduction electron plasmons. The response of the electron
experience a much smaller screening response from the §@s to core ionization is broadly similar to that found for
5s conduction electrons than the localized Sha 4d core  Materials such as the sodium tungsten brofizethough in
holes. This screening energy may be taken to define a zethe present case we are dealing with a very much more dilute
reference point for other screening energies. If we assume@lectron system than h_as been preV|ousI_y studied earller_. Fur-
that all states suffer the same rigid initial-state shift due tdher theoretical work is needed to clarify the mechanisms
doping, AR®(3d) may be estimated as the difference be_that. Ieaq to coupling between thg core photohole and the
tween the mean shift in valence-band features due to doping@fiers in degenerately doped oxide semiconductors of the
(+0.45 eV} and the @ shift (—0.04 eV}, i.e., 0.49 eV. Like- SOt studied in the present work.
wise the relaxation energy shift for the Sul 4ore hole is
0.45-0.03 eV=0.42 eV. Thus the screening for the more de-
localized 4 core hole is slightly less than for thed3ore
hole. J.R. is grateful to the Soros Foundation for financial sup-
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