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Abstract

Surfaces of In,O; and tin-doped In,O; (ITO) were investigated using photoelectron spectroscopy. Parts of the measurements were carried out
directly after thin film preparation by magnetron sputtering without breaking vacuum. In addition samples were measured during exposure to
oxidizing and reducing gases at pressures of up to 100 Pa using synchrotron radiation from the BESSY II storage ring. Reproducible changes of
binding energies with temperature and atmosphere are observed, which are attributed to changes of the surface Fermi level position. We present
evidence that the Fermi edge emission observed at ITO surfaces is due to metallic surface states rather than to filled conduction band states. The
observed variation of the Fermi level position at the ITO surface with experimental conditions is accompanied by a large apparent variation of the
core level to valence band maximum binding energy difference as a result of core-hole screening by the free carriers in the surface states. In addi-
tion segregation of Sn to the surface is driven by the surface potential gradient. At elevated temperatures the surface Sn concentration reproduci-
bly changes with exposure to different environments and shows a correlation with the Fermi level position.

I. Introduction (a) (b) (c)
I I’y / 4
Tin-doped indium oxide (In,O5:Sn or ITO) is a dege- | B %
nerately doped semiconductor with a high transparency in
the visible optical regime."” Its high electron concentration x| o 6 o
of up to 1021 cm is obtained by substitutional doping 5 ’
with Sn. However, it is mentioned that most of the Sn % ! /
atoms form neutral defect complexes with interstitial oxy- Boa ™ R 2 v
gen atoms forming reducible and nonreducible defect com- E.
plexes.3’6 ITO is largely used as a transparent electrode in / I v,
optoelectronic thin film devices as e.g. flat-panel displays, Er X
organic light emitting diodes (OLEDs),” and organic pho-
tovoltaic cells (OPVs),*® but also as sensor material.'’ For
these applications the electric surface potentials (Fermi Figure 1: Surface potentials of an n type semiconductor in flat
11,12 band condition (a). The work function _ can change either by mod-

level and vacuum level) are important.
The work function ¢ of a material can change, in
principle, due to variation of the surface dipole and, for

ification of the surface dipole preserving flat bands but modifying
the electron affinity y and ionization potential /P=y+E, (b). The
) . . . work function might also change by bending of the bands at the
semiconducting materials, when the Fermi level Zj at the surface ¢V, (). Surface dipole and band bending could also change
surface varies by bending of the bands (see, e.g., Ref. 13). simultaneously.

The differentcontributions to changes of the work function

are illustrated in Fig. 1. Work function and surface Fermi
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level position can both be directly determined using x-ray
and ultraviolet photoelectron spectroscopy (XPS and UPS)
if a sufficient electrical contact between the sample surface
and the spectrometer system is maintained.'> Then the
Fermi energy is determined directly from the Fermi edge
emission of any metallic sample and the work function is
derived from the electrons with zero kinetic energy at the
secondary electron cutoff. A shift of the valence and con-
duction band edges (Eyg and Ecg) with respect to the Fermi
level due to band bending is indicated by a rigid shift of the
complete spectra including all core levels, valence bands,
and also the secondary electron cutoff. A change of the
surface dipole without altering the surface Fermi level posi-
tion only shifts the secondary electron cutoff.

The surface potentials of ITO have been investigated
by many researchers mainly with a focus on the determina-
tion and modification of its work function (see Refs. 14-23
and references therein). Interest in the ITO surface poten-
tials was induced by the observation that an increase of the
ITO work function leads to a desired lower injection barrier
for holes at the interface with organic conductors. This
increase in work function is typically achieved by oxidative
treatments such as oxygen plasma, UV ozone, or chemical
treatments.

The use of ITO in OLEDs combines two apparently
excluding properties: The bulk of ITO needs to be as con-
ducting as possible requiring a Fermi level as high as poss-
ible with respect to the band edges or the vacuum level. In
contrast, a low injection barrier is reached by a Fermi level
at the interface to the organic conductor as low as possible.
Obviously both features can be combined using ITO, while
other highly conducting transparent oxides (TCOs) as
doped SnO, ZnO, and CdO are typically not used in
OLEDs, which might be due to the fact that these do not
simultaneously fulfill these criteria.

Most of the work performed on work function of ITO
does not distinguish between changes in Fermi level and
surface dipole as origin of the work function changes. To
our knowledge only Christou et al** and Lee et al.” point
out that the ~0.4 ¢V changes in work function of their diffe-
rently treated samples are in parallel to the shift of the va-
lence band maximum and core levels, thus leaving the
electron affinity y, defined as the energy difference be-
tween vacuum level and conduction band minimum (see
Fig. 1), unchanged. As in earlier work,? the shift of the
binding energies were interpreted by Christou et al. in
terms of a flat band model similar to the one shown in Fig.
1(a), but with the Fermi level inside the conduction band.*
The lowering of the Fermi level after oxidative treatment
was attributed to a reduction of the doping level near the
surface by incorporation of oxygen in the lattice. In con-
trast, Lee ef al. attribute the work function and Fermi level
changes to a change of surface band bending.”* However,
no explanation for the origin of the band bending and its
modification are given.

ITO thin films deposited in situ by radio frequency
magnetron sputtering exhibit changes of up to =1 eV in
XPS binding energies depending on deposition condi-

tions.”>?’ The Fermi level in these measurements is found
as low as =2.2 eV above the valence band maximum for the
most strongly oxidized samples (see also results presented
below).These large shifts are interpreted in terms of a sur-
face depletion layer as sketched in Fig. 1(c). A similar ex-
planation has been given for surface properties of reactively
evaporated In,O; films.%%

The different interpretation of surface potential data
(see Refs. 22 is directly related to the nature and magni-
tude of the band gap of ITO and therefore to the energy of
the conduction band minimum. Conduction band states of
semiconductors are usually not occupied with electrons and
cannot be directly measured using photoemission. Howev-
er, UP spectra of ITO surfaces frequently show an emission
at the Fermi energy.'®?***?%*" This has been attributed to
emission from filled conduction band states, which seems
to be straightforward for a degenerately doped semiconduc-
tor with a partially filled conduction band.'®**** In XPS
and UPS the valence band maximum energy of highly
doped ITO is typically found at values EF—EVB=3
eV . 222227 If the observed electronic states at the Fermi
energy are due to conduction band states this would indi-
cate a band gap smaller than =3 eV. An indirect band gap
of E,=2.6 eV has been reported for single crystal In,05,%°
which would agree with this assignment. Recent scanning
tunneling spectroscopy and optical measurements also indi-
cate an indirect band gap of 2.4 eV.*!

Such a small fundamental band gap is unlikely, since
highly doped ITO samples show a considerable blueshift of
the absorption edge due to the occupation of conduction
band states.] The effect is known as Burstein-Moss
shift*>** and has also been observed for ITO films prepared
under the same conditions as the ones used for this study.?
Absorption edges above 4 eV mean that the Fermi level is
>4 eV above the valence band maximum. This contrasts
XPS/UPS observations, which reproducibly find the va-
lence band maximum <3.5 eV below the Fermi level _see
Refs. 27 and data given below). If the fundamental gap of
ITO is 2.6 €V, then the Fermi level would be EF-ECB >1.4
eV above the conduction minimum for the highest doped
films, no matter if the band gap is direct or indirect. As-
suming a constant effective mass in the conduction band,
the electron concentration can be calculated according to
i Il' 2 Ep—Eqp) '|3"3-

I
n=T—

i
im o

=

ﬁ_

Using m*=0.35m, for the effective mass in the con-
duction band of ITO' and a Fermi level position
Er—Ecp=1.4 eV results in an electron concentration of
1.6x10%" ¢cm™. This value is larger than those observed
experimentally for ITO."? Even larger values would result
if the largest absorption edges of ~4.3 eV and band gap

23% would have been considered. It seems

renormalization
therefore more reasonable to identify the fundamental gap
of In,O3 with the direct band gap of E, ;/~3.75 eV.! Theoret-
ical ab initio band structure calculations also gave no hint

for the existence of an indirect gap in In,05.** Although the
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situation for ITO is more complex, mostly because of the
filling of the conduction bands with electrons, the valence
band maximum varies by less than 0.25 eV throughout the
whole Brillouin zone in these calculations.’® Any indirect
band gap could therefore be not more than 0.25 eV smaller
than the smallest direct one.

In this contribution we present a detailed study of the
surface properties of In,O3 and ITO thin films using pho-
toelectron spectroscopy. The results will also provide an
explanation for the different band gaps observed. In a first
part we show results from ITO thin films measured directly
after deposition without breaking vacuum, thereby avoiding
surface contaminations and the need for post-deposition
surface treatments. The second part describes results ob-
tained from measurements performed in sifu during expo-
sure of ITO films to high pressures (up to several 100 Pa)
of oxidizing and reducing species. The measurements pro-
vide evidencefor the presence of surface states as origin of
the emission at the Fermi edge and the existence of a sur-
face carrier depletion layer. Significant evidence will be
derived from the observation of Sn segregation. In particu-
lar, the reproducible changes in surface Sn concentration
with Fermi level position induced by changing the envi-
ronment highlight the new value added by the possibility to
perform XPS studies at higher pressures. Such measure-
ments are particularly important since ITO can also be used
as gas sensing material.'® The gas sensing effect is general-
ly expected to be caused by changing the position of the
Fermi level at the surface due to adsorption and desorption
of oxidizing or reducing species.'? Hence, ITO should not
only show a surface depletion layer, but the surface Fermi
level position should also vary with gas environment. The
detection of surface potential changes in gas environment is
not straightforward, since the photoemission technique
usually requires a vacuum environment with pressures be-
low 107° Pa, which is much lower than the pressures ex-
posed to sensors.

Il. Experimental

Experiments in Darmstadt were carried out in the
Darmstadt Integrated System for Materials Research
(DAISYMAT), which combines several thin film deposi-
tion chambers with a multitechnique surface analysis sys-
tem.”**¢ Thin films of In,O; and ITO were deposited by
radio frequency magnetron sputtering from ceramic targets.
X-ray diffraction of films deposited onto glass substrates
exhibit only the In,O; bixbyite phase37 as generally ob-
served for sputter deposited In,O5 and ITO films.”> Glass
substrates coated with conducting fluorine-doped SnO,
were used for XPS measurements to avoid binding energy
shifts due to charging effects. The ITO target is composed
of 90 wt % In,O; and 10 wt % SnO,, which corresponds to
17 mol % SnO,, or to a 9.2% contribution of Sn to the total
cation content ([Sn]/([Sn]+[In])). A total gas pressure of 0.5
Pa at variable argon to oxygen ratios was used. Electrical
and optical properties of the ITO films are described else-

where.”>*” ITO films deposited at 400°C substrate tempera-
ture in pure argon show resistivities of ~2x107* Q cm and
high optical transparency.

X-ray and UV photoelectron spectroscopy measure-
ments performed after thin film deposition were carried out
using a Physical Electronics PHI 5700 spectrometer sys-
tem. Monochromatic Al Ka radiation (kv =1486.6 ¢V) has
been used as excitation for XPS. At 5.85 eV pass energy
the PHI system provides an overall experimental resolution
better than 400 meV for XPS measurements as determined
by the Gaussian broadening of the Fermi edge of a clean
Ag sample. The spectrometer is calibrated at regular inter-
vals by determining the core-level binding energies of cop-
per [BE(Cu2p;;,)=932.7eV], silver [BE(Ag3ds;)=368.3
eV], and gold [BE(Au4f;,,)=84.0 eV] with respect to the
Fermi energy.

Photoemission experiments at higher pressures were
performed at the U49/2-PGM 2 undulator beamline of the
BESSY II storage ring, which supplies photons in the ener-
gy range 1 v=90—1500 eV.*® The photoelectron spectrome-
ter system uses a differentially pumped lens system.39,40
ITO films prepared at 400°C substrate temperature with
pure Ar as sputter gas have been used for the experiments.
Samples were heated using light from a laser diode array
fed into the vacuum system with a glass fiber and placed ~2
mm before the entrance slit of the electron lens system. All
spectra were recorded in normal emission. Hydrogen and
oxygen gas was dosed via leak valves. For measurements at
pressures above 0.1 Pa, the pumping speed was reduced by
closing the valve between the measurement chamber and
the turbomolecular pump. Residual pumping was thereby
maintained through the small entrance slit of the lens sys-
tem. Pressures were measured using a Pfeiffer PKR full
range gauge at lower pressures and a Baratron at higher
pressures.

Most of the spectra were recorded using a photon
energy of hv =600 eV, which has been selected as a com-
promise between accessibility of all core lines, surface
sensitivity, and reasonable photoionization cross sections. It
was tried to avoid changing of the excitation energy be-
cause of the importance of energy calibration, which might
differ slightly after moving the monochromator. The over-
all spectral resolution at 600 eV is better than 200 meV.
Binding energies are calibrated using the Fermi edge emis-
sion, which is occasionally observed on ITO surfac-
es.'#222627 The position of the Fermi edge has been found
to be reproducible within £0.05 eV, which is important for
a reliable binding energy calibration. Intensities of the
spectra are normalized with respect to the current in the
electron storage ring.

In total we have investigated three ITO samples at
higher pressures, which were all deposited ~2 weeks before
the measurements onto oxidized Si wafers at 400°C sub-
strate temperature in pure Ar. The samples were mounted
on a sample holder and a thermocouple was attached to it.
All observed changes in binding energy and peak shape
were highly reproducible. Since the samples for high pres-
sure measurements were prepared in a separate deposition
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Figure 2: Carbon ls core level spectra taken during heating of an
ITO thin film sample stored in air (a). The first spectrum recorded
at room temperature is shown by circles. Small arrows indicate the
time where oxygen has been introduced into the chamber. The
corresponding pressures are given in mbar. The intensity of the C
Ls line in dependence on time is shown in (b) together with the
temperature of the substrate.

chamber which was not connected to the analysis system,
the sample surfaces are contaminated and therefore show a
noticeable C 1s emission line. The C 1s emission monitored
during heating of a sample in 6x10 Pa oxygen is shown in
Fig. 2(a). Its intensity as a function of heating time is
shown in Fig. 2(b). The approximate doubling of the C ls
intensity after initial heating to ~200 °C has been reproduc-
ibly observed on different samples. A possible explanation
for the striking increase in C 1s intensity could be that the
(hydrocarbon) contaminations are originally adsorbed as
threedimensional aggregates, which spread over the surface
during heating.

Further heating of the sample leads to a reduction of
the C ls intensity. After ~2 h at a temperature of 400°C, no
carbon was detected on the surface. The surface remained
free of carbon during the complete subsequent experiment,
which has frequently been checked by recording the C s
signal. Cleaning of other substrates could take less time or
eventually also higher temperatures of up to 500°C for
SnO, samples. In principle, the details of the surface clean-
ing warrant a more detailed description because of their
importance for gas sensing effects and the produced surface
condition. However, this is not within the scope of the
present publication. Although surface contaminations with
hydrocarbons can be excluded, the data presented in this
contribution also indicate that there are differences between
the freshly deposited samples and those which were heat
cleaned.
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Figure 3: X-ray photoelectron core level and valence band spectra
(top) and UPS spectra (bottom)of ITO (a,b) and In,O; (c—e) thin
films prepared by radio frequency magnetron. Substrate tempera-
tures were 400°C for samples (a—c) and 200 °C for samples (d) and
(e), respectively. The films were deposited with pure Ar (a,c,d) and
with a 90/10 A1/O, gas mixture (b,e). A magnified view of the UPS
spectra close to the Fermi energy (zero binding energy) is also
shown (Er UPS). In this part of the figure the intensity at binding
energies ~1 eV are mostly due to excitation of valence band states
by a satellite of the He discharge lamp.

Ill. Results
A- Thin film deposition

Core-level and valence band spectra of sputter depo-
sited ITO and InyO; thin films are shown in Fig. 3. The
displayed spectra were selected since these show the largest
differences in binding energy. Substrate temperatures dur-
ing deposition were 400°C for ITO and 200°C as well as
400°C for InyOs;, respectively. The intensity ratio between
indium and oxygen does not vary significantly with sub-
strate temperature and oxygen pressure during deposition.
In addition no metallic In or Sn components are observed in
any of the spectra.

The O 1s level of the In,O; films exhibits an addi-
tional structure at higher binding energy. The origin of it is
not fully clear yet. According to the binding energy of ~532
eV it could be attributed either to hydroxide21 but also to a
peroxolike surface species.*'** Since the high binding
energy component is absent for the ITO samples, the latter
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Table I: Substrate temperature (7%,), oxygen fraction in sputter gas (O,), binding energies of core levels BE(In 3ds,), BE(O 1s), and valence

band maximum BE(VB) as well as work function ¢ for differently prepared In,O; and ITO thin films. Binding energies of core levels are deter-

mined from the maximum of the peaks with uncertainties £0.05 eV. The valence band edge is derived from the intersection of the linear

extrapolation of the leading edge of the valence bands with similar uncertainties. The core-level to valence band maximum binding energy differ-
ences BEyg(In 3d)=BE(In 3ds,)-BE(VB) and BEy5(O ls) =BE(O 1s)-BE(VB) and the electrical conductivity ¢ are also given. Unless units are

given, all values are in electron Volts.

Film Tup[*C] O [%] BE(In 3dsg) BE(O 1) BE(VB) &

BEygiln 3d) BEwgl0 15) o [Sicm)

ITO 400 0 44487 530,54
ITO 400 1 FHL63 530.23
ITO 400 2 44440 53008
ITO 400 3 44448 530,06
ITO 400 4 44451 530,08
ITO 400 5 44430 529 96
ITO 400 6.5 44437 520,94
ITO 400 10 4440 53006
In0y 400 0 4TI 530,26
Ingy 200 0 44458 530,10
In0y 200 10 443,97 52049

[ T G T O T 0 N o R S R R e I O I O )

54 447 44133 527.00 45350
84 483 44168 527.29 1620
T35S04 44176 527.35 305
£ 516 41T 527.37 150
J6 511 44175 527.33 i
AT 44172 527.29 56
A 52 44177 527.34 20
A4 505 44185 52742 15
9% 398 H4LT73 527.28 40
A0 39T 44189 53741 1
26 438 #4171 527.23 2

explanation seems to be more probable. It further agrees
with a recent calculation of In203 surface properties.**

Apart from binding energy shifts, which will be dis-
cussed below, the valence band spectra in Fig. 3 show three
noticeable differences: (i) the sample showing the largest
binding energies (a) shows emission on the low binding
energy side of the valence band maximum at binding ener-
gies 2-3 eV. Such emissions have also been observed at
reduced In,O; and SnO, surfaces and can be attributed to
the presence of partially unsaturated cations;****™ (ii) The
same sample (a) shows a emission at the Fermi energy,
which is more clearly seen in UP spectra. With increasing
oxygen content in the sputter gas the valence band emis-
sions shift to lower binding energies. Simultaneously the
Fermi edge emission disappears (see also Refs. 26 and 27).
No Fermi edge emission is observed for any of the In,O3
samples, neither in XPS nor in UPS.

The binding energy of the valence band maximum
with respect to the Fermi energy BE(VB), which corres-
ponds to the distance between the Fermi energy Er and the
valence band maximum energy Eyp in Fig. 1, are deter-
mined from the linear extrapolation of the leading valence
band emission to the background given by the defect states
in the band gap as indicated on the spectra in Fig. 3. Bind-
ing energies of the In 3d [BE(In 3d)] and O 1s [BE(O 1s)]
core levels are determined from the maxima of the emis-
sions with respect to the Fermi energy. The spectra exhibit
significantly different binding energies. Although the shifts
of the In 3d, O ls, and valence band onset between the
differently prepared samples are in the same direction, they
are not of the same magnitude (see Table I). The different
magnitude of the shifts corresponds to a variation of the
core level (CL) to valence band maximum binding energy
difference BEyg(CL), given be
BEVB(CL)=BE(CL)-BE(VB), where CL=In 3ds, or O ls,
respectively. The corresponding values for BEyg(In 3d) and
BEyg(O 1s) are included in Table I.

Because of the different magnitude of the binding
energy shifts for different emissions it is not straightfor-
ward to attribute them to a shift of the Fermi level. Never-
theless, this seems to be reasonable, since the Sn-doped
samples show larger binding energies (higher Fermi level
position) than the undoped ones and films deposited in pure
argon have larger binding energies than films deposited
with additional oxygen. Furthermore, there is a direct corre-
lation of binding energies (Fermi level positions) with elec-
trical conductivities, which are also included in Table I.
However, it remains to be identified which of the levels is
to be used to quantify the Fermi level shift and therefore
the origin of the variation in BEyp(CL) needs to be unders-
tood.

The O 1s, In 3d, and Sn 3d core levels of the ITO
film deposited with pure argon show a strong asymmetric
shape. All other core levels are almost symmetric. We ob-
serve comparable asymmetries for highly degenerate Al-
doped ZnO as well as for Sb- and F-doped SnO,. Because
of our in situ preparation, we do not consider adsorbates,
which can also lead to considerable modifications of the
peak shape,”! as origin of the asymmetry. This is also sup-
ported by the complete absence of carbon emissions. To
model the line shapes we have therefore used an approach
which is based on interactions of the photoelectron and the
core hole with conduction electrons,”® which has already
been applied in the literature to model the line shape of
core levels of highly doped oxides, in particular also for
ITO.* The idea is that the conduction electrons screen
the core hole in the photoemission process giving rise to a
“screened” component at lower binding energy. This main
line is accompanied by satellites at higher binding energies
due to inelastic losses by excitation of one or more plas-
mons in the degenerate electron gas. Since the electron
density in the electron gas is significantly lower than in
bulk metals, the plasmon frequency is also considerably
smaller and amounts only to <1 eV.1
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Figure 4: Line fits of the In 3ds, and O 1s lines recorded with
monochromatic Al K radiation from an ITO thin film deposited at
400°C substrate temperature in pure argon [spectra (a) in Fig. 3].
The energy difference between the three components is identical.
Intensity ratios are 1: 0.55: 0.14 for In 3d and 1: 0.23: 0.05 for O
Ls, respectively.

Least-squares fits of the In 3ds, and O 1s lines of the spec-
tra (a) in Fig. 3 are presented in Fig. 4. In contrast to the
model used by Christou et al.,** we have used three Voigt
components with energy spacings AE and 2xAE, which
better describe the experimental curves. To reduce fitting
parameters the satellite lines are assumed to have the same
width and Gauss-Lorentz ratio as the main line. A good
agreement with experimental data is obtained for both le-
vels. The energy spacings of the main lines and the satellite
lines are determined as AE=0.89+0.05 and AE=1.10+0.05
eV for In 3d and O ls, respectively. Intensity ratios Al of
the main peak to the two satellite lines are 1: 0.55: 0.14 for
In 3d and 1: 0.23: 0.05 for O 1s.

Using the values for the energy splitting AE and in-
tensity ratios A/ a weighted average (baricenter) of the
binding energy of the peak can be calculated.”** This cor-
responds to the unrelaxed “Koopmanns” photoemission
final state, which is projected onto the screened and un-
screened final state. The baricenter is shifted with respect to
the screened component by

ABE=(AEAS +2 = AEALV(L + AT + AL), 2

where the subscripts 1 and 2 refer to the two satellite com-
ponents. The analysis results in ABE=0.48 and 0.28 eV for
the In 34 and the O 1s levels. The difference between the
binding energy of the screened component and the maxima
of the In 3d and O 1s emission are —0.05 and —0.03 eV,
respectively. The peak maxima have been determined by

fitting a Gaussian profile to the data points around the max-
imum and correspond to the binding energies in Fig. 5 and
Table 1. With these difference the baricenters of the peaks
are shifted with respect to the peak maxima by 0.43 and
0.25 eV for In 3d and O s, respectively. This difference
almost equals the observed variation of the core level to
valence band maximum binding energy differences for the
different samples (doping levels), as also described in the
literature.*

Figure 5 shows the dependence of the In 3ds, core
level to valence band maximum binding energy difference
BEyp(In 3d) on the binding energy of the valence band
maximum BE(VB). Within the experimental uncertainty
the values for In,O; are constant with BEyg(In 3d)
=441.840.1 eV. For ITO films the same value is observed
for lower doped films with BE(VB)<3 eV. For larger val-
ues of BE(VB) a significant decrease of BEyg(In 3d) by up
to 500 meV is observed.

The different behavior of BEyg(In 3d) for undoped
and Sn doped In,0O5 suggests that the Sn content affects the
surface properties. Differences between ITO and In,O; are
also obvious from UP spectra as the latter do not show a
clear Fermi edge emission. Furthermore, the ionization
potential (distance between vacuum energy and valence
band maximum) of sputter deposited In,O; amounts to /p
=7.1+0.15 eV (see Table I and Ref. 49) in agreement with
reactively evaporated In,O; films,?® while those of ITO
films amounts to /;=7.7+0.1 eV (see Table I and Ref. *").
All ionization potentials determined from in sifu deposited
films are independent on the oxygen pressure during depo-
sition indicating that the work function shifts are only due
to different Fermi level positions.

Because of the expected influence of Sn we have
evaluated its concentration at the surface from the XP spec-
tra. Results for ITO films deposited at 400°C substrate
temperature with a different oxygen content in the sputter
gas are shown in Fig. 6(a). The values are derived from
integrated peak areas of background subtracted In 3ds, and
Sn 3ds, core level spectra divided by sensitivity factors
provided by the manufacturer of the XPS system.50 The Sn
concentration is calculated as /(Sn) / [/(Sn)+/(In)] and cor-
responds to the cation % of Sn. Error bars represent relative
uncertainties, which are determined only from the accuracy
of the core level intensities and are below £5%. The rela-
tive uncertainty of the Sn content is much lower than the
typical absolute uncertainty of composition analysis using
XPS (5-10%), since only relative intensities of two cation
core levels are compared.

The data in Fig. 6(a) suggest an increase of Sn con-
tent at the surface above the target composition (9.2%) with
higher Fermi level position (less oxygen content in the
sputter gas). The behavior is highly reproducible. Although
segregation of Sn at ITO surfaces has been reported in the
literature,>**" the data in Fig. 6 indicate a correlation be-
tween the Fermi level position and the concentration of Sn
at the surface.
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Figure 6: Concentration of Sn determined from XP spectra of
sputter deposited ITO films versus valence band maximum binding
energy BE(VB). Low values of BE_VB_ correspond to more oxi-
dizing conditions. Values in (a) are absolute concentrations in
cation % Sn [/ (Sn) / [/(Sn)+/(In)] determined in sifu from samples
after deposition of films. The films were deposited at 400°C sub-
strate temperature with varying oxygen content in the sputter gas.
Values in (b) are relative concentrations determined from inte-
grated intensities of core levels recorded with 7 =600 eV synchro-
tron radiation of an ITO sample exposed to different environments
at different substrate temperatures (indicated in °C). The lines are
drawn to guide the eye.

B. In situ high-pressure measurements

Selected spectra recorded with 42 =600 eV synchro-
tron radiation from a clean ITO surface at different atmos-
pheres and temperatures are shown in Fig. 7. The changes
in the In 3ds;, In 4d, and O 1s core levels and in the va-
lence band spectra are comparable to those described above
for differently prepared films. A peak shape analysis of the
In 4d level has not been performed, as it is more compli-
cated than for the In 3d and O 1s levels because of the spin-
orbit splitting and a shoulder occurring at low binding
energies (see also Ref. 28). Nevertheless, the asymmetric
peak shape seems to be more pronounced the higher the
binding energy, in agreement with the analysis and inter-
pretation given in the previous section. In contrast to the
spectra shown in Fig. 3, peak analysis of the In 3d and O 1s
spectra shown in Fig. 7 indicates a three-component struc-
ture as in Fig. 4 for all emissions, with varying widths of
the peaks, indicating some differences in surface conditions
compared to the freshly deposited samples.
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Figure 7: Core level and valence band photoelectron spectra of an
ITO sample hold at different temperatures and atmospheres. The
spectra were recorded with 2 =600 eV synchrotron radiation during
exposure to 5X10™* mbar oxygen (a,b) and 5x10™* mbar hydrogen
(c,d). Sample temperatures were 100°C for (a) and (c) and 500°C
for (b) and (d), respectively. The spectra are normalized to the
electron current in the storage ring and referenced to the Fermi
edge emission of the sample.

The sample shows lower binding energies when ex-
posed to oxygen compared to hydrogen exposed samples,
corresponding to a partial oxidation and reduction of the
sample. In contrast to the films deposited with a compara-
ble oxygen partial pressure, a Fermi edge emission is clear-
ly observed for all sample conditions (see Fig. 7). This
suggests that the surface cannot be as strongly oxidized by
exposure to O, gas, as it can be if films are deposited with
addition of oxygen. The intensity of the Fermi edge is
highest for spectra (c) and lowest for spectra (b) and there-
fore shows a tendency to increase with increasing binding
energy of the spectra.

The binding energy of the In 3ds/, core level with re-
spect to the valence band maximum BEyp(In 3d) recorded
at different temperatures and gas atmospheres is plotted in
Fig. 5(b). As for the freshly deposited samples, a clear de-
pendence of BEyp(In 3d) on the valence band maximum
position is observed. However, the dependency does not
agree quantitatively with the values obtained from freshly
prepared samples, which are displayed in Fig. 5(a). The
discrepancy might also be related to a different surface
condition. This is suggested by the Fermi edge structure,
which is observed for values of BE(VB) down to 2.6 eV in
the high-pressure experiments. In contrast, the Fermi edge
observed in UPS measurements disappears for BE(VB)3
eV for the samples measured at room temperature directly
after deposition.”**’
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The Sn content at the surface has been evaluated
from the integrated intensities of the Sn 3ds, and the In
3ds,, emissions. No absolute determination is possible from
these data, since the photoelectron excitation cross sections
and the analyzer transmission both depend on energy. In
addition, in the current experiment the sensitivity also de-
pends on the gas pressure, since slower electrons are more
strongly reduced at higher pressure. The effect is not consi-
dered to strongly affect the evaluation as the kinetic ener-
gies of electrons emitted from In 34 and from Sn 3d levels
are comparable and only data for pressures <0.1 mbar have
been used, which have almost no effect on the count rate.
Nevertheless, only a relative Sn content can be given,
which is displayed in Fig. 6(b). It is evident that the Sn
content changes reproducibly with surface condition. As for
the freshly deposited samples there is a clear correlation
between the concentration of Sn at the surface with the
Fermi level position for sample temperatures >325°C. This
indicates sufficient mobility of Sn at this temperature. Only
for a sample temperature of 250°C the Sn concentration
deviates from the observed general dependence, which is
indicated in Fig. 6(b) by the dashed line. This line
represents the Sn concentration expected for an equilibrium
situation.

IV. Discussion

We have presented measurements of surface proper-
ties of In,O; and ITO by photoelectron spectroscopy with a
special emphasis on the description of the surface potentials
of these materials. Sputter deposited films were measured
in situ directly after preparation and during gas exposure.
The surfaces are free of carbon species and exhibit repro-
ducible shifts of photoelectron binding energies with sam-
ple treatment. In addition a variation of core level to
valence band maximum binding energy difference
BEyg(CL) and of surface Sn concentration is observed.
Both effects are obviously related to the Fermi level posi-
tion. As a consequence of the variation in BEyg(CL), care
must be taken when band bending changes are evaluated. A
proper description of core level line shape in terms of
screened and unscreened components as described in Sec.
III A is required. Otherwise the band bending needs to be
evaluated directly from the shifts of the valence band onset
and not by the (smaller) shifts of the core levels. Changes
in core level to valence band maximum binding energy
differences will have to be considered whenever high den-
sities of free carriers are involved as, e.g., for degenerately
doped semiconductors, but also when the Fermi level is
shifted into the conduction or valence band as a result of
large interface charge redistribution.

The variation of BEyg(CL) might be directly related
to the Sn content at the surface by formation of a distinct
surface phase. This explanation, however, can be ruled out,
since films prepared with 10% oxygen in the sputter gas
also contain a considerable fraction of Sn [see Fig. 6(a)] but
have the same BEyp(CL) as the In,0; films [see Fig. 5(a)
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Figure 8: Possible surface potential distributions leading to the
observation of photoelectron emission at the Fermi level from a
degenerately n-doped semiconductor. (a) Flat band situation: the
Fermi level at the surface is inside the conduction band as in the
bulk of the material; (b) Surface potential drop: the emission can
only occur if a high density of surface states is present at the Fermi
energy compensating for the space charge.

and Table I]. In addition, the samples measured in situ at
high pressures and lower temperatures (250°C) have a non-
equilibrium Sn concentration [see Fig. 6(b)], but the values
of BEyp(CL) show no deviation from the almost linear
dependence on the valence band maximum energy [see Fig.
5(b)].

The variation of BEyg(CL) observed for ITO is ra-
ther related to the screening of the core hole by free elec-
trons, as indicated by the correlation of the variation in
BEyg(CL) with the observation of a Fermi edge and the
absence of the effect on In,O; surfaces. The latter do not
exhibit a clear Fermi edge emission. Thus, the presence of
Sn appears to affect the occupation and/or the density of
states around the Fermi energy at the surface considerably

A Fermi edge emission can in principle occur for two
different situations which are illustrated in Fig. 8. In (a) the
Fermi level at the surface is above the conduction band
minimum as in the bulk of the material. This is the common

162224 and also

argument typically followed in the literature

typically assumed for contact properties, where ITO is

usually treated like a metal.""'>** In (b) there is a high den-
sity of surface states in the fundamental band gap and the

Fermi energy crosses the surface band. Such a situation is,

e.g., present at the Si(111)7x7 surface.” Since the Fermi

level is inside the conduction band in the bulk of the ma-

terial, the bands must bend upwards in order to match a

surface Fermi level inside the band gap. The positive space

charge associated with this potential must be compensated
by a negative charge in the surface states.

In contrast to literature, where the Fermi edge emis-
sion has been assigned to filled conduction band states as
illustrated in Fig. 8(a) we attribute the metallic surface and
the associated screening of the core holes in photoemission
to a two-dimensional electron gas due to occupied surface
states as illustrated in Fig. 8(b). The reasons for this are:

(1) A band gap above 4 eV is derived from optical absorp-
tion measurements with uncertainties below 0.1 eV for
highly doped ITO films."* Hence the onset of the va-
lence band maximum should occur at this energy. In
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contrast, even for the highest doping levels BE(VB) is
never larger than 3.55+0.05 eV 8see Fig. 5 and Table
D).

(2) The energy losses determined from the fits (see Fig. 4)
occur at energies which are larger than the bulk Plas-
mon energies for the highest doped ITO samples.' In
contrast, in photoemission surface plasmons should
contribute to the inelastic loss, which even have a
lower energy than bulk plasmons.*** The observed
loss energies therefore suggest a different origin than a
homogeneous electron gas.

(3) AnITO film deposited with 10% oxygen in the sputter
gas shows a low Fermi energy and no Fermi edge
emission. After deposition of the organic conductor
Zn- Phthalocyanine (ZnPc), the Fermi level rises sig-
nificantly towards the conduction band. Simultaneous-
ly, the Fermi edge emission reappears.”®*’

(4) One of the strongest arguments for the presence of a
carrier depletion layer at ITO surfaces is the observed
Sn segregation and particularly the correlation of the
surface Sn concentration with a change of the surface
Fermi level position. Segregation of dopant atoms at
ITO surfaces has already been identified in the past
using XPS measurements.”*' Cox et al. have calcu-
lated a thermodynamical heat of segregation from dif-
ferent Sn contents obtained after different sample
treatments.”* In contrast, our results suggest that the
surface Sn content is directly related to the surface
Fermi level position (see Fig.6), which can be ex-
plained by variations of defect concentrations in the
presence of space charges.”® Since Sn substituting for
In is a donor, its charge state is either neutral or posi-
tive, depending on the Fermi level position. Since Sn
can be used for degenerate doping of In,0Os, its charge
transition energy can be assumed to be inside or at
least close to the conduction band. Therefore most of
the Sn near the surface should be positively charged
and will therefore be Coulomb attracted by the nega-
tive surface charge. In case of a homogeneous situa-
tion there would be no electrostatic driving force for
segregation and a chemical driving force is not consi-
dered to be reversible when the surface potential
changes. Hence, for the homogeneous situation dis-
played in Fig. 8(a) no electronically driven segregation
of Sn is expected.

In general, at higher temperature the surface will be

more reduced, which, according to Fig. 6, should result in a

higher Sn content in agreement with the reported data.**

However, it is also evident that the surface Sn content can

noticeably change on a time scale of an hour at tempera-

tures as low as 300°C. Consequently, not only the treatment
temperature but also the details of the cooling procedure
will affect the Sn concentration. Of course the details of the
temperature treatment will not only affect the surface but
also the bulk properties of the material (for a description of

such mechanisms see, e.g., Ref. 56).

The observation of metallic states at ITO surface appears to

be related to the presence of Sn. This is indicated by the

absence of a Fermi edge emission and the constant
BEyg(CL) values on In,0O5 surfaces. Surface states on SnO,
and In,O; surfaces have been reported in the literature and
are due to undercoordinated (unsaturated) metal atoms.”5#*
47 The surface states are therefore mainly derived from Sn
or In 5s orbitals, which in the bulk mainly contribute to the
conduction band. Surprisingly, reduced surfaces of SnO,
and In,O; show emission from surface states in the lower
half of the band gap close to the valence band rather than
near the conduction band.28,45,46 This effect has been
attributed to hybridization between 5s and 5p states.***
A similar effect might occur at surfaces of In,O;, which
also show surface states close to the valence band.*® Also
reduced ITO surfaces show this emission (see Figs. 3 and
7). Placing a Sn atom at an In surface site results in a dif-
ferent situation as an additional electron is now available.
This might lead either to different filling of the surface
states and/or to a different reorganization of the surface
followed by a modified electronic structure. Theoretical
investigations of the electronic structure of ITO surfaces in
comparison to those of In,O; might clarify this point. Tak-
ing the data presented in Fig. 5(a) we suggest that the ITO
surface exhibits a surface band with a lower edge 3 eV
above the valence band maximum, as indicated in Fig. 8(b).
The structure might be the same for In,O;. However, the
In,O; films investigated by us are not highly enough doped
to give rise to a Fermi level position noticeably above the
minimum of the surface band.

For completeness it is mentioned that for highly de-
generate semiconductors as ITO space charge layers are
expected to be very thin. Segregation of Sn donors would
increase the surface doping and further reduce the thickness
of the space charge layer. This contrasts energy dependent
photoemission measurements and has been related to the
presence of a surface layer with a reduced doping at In,O3
and ITO surfaces.”>* Such a chemical depletion layer is in
agreement with the observation of an increased oxygen
content in nanocrystalline ITO.” It is not associated with a
space charge and therefore also not to charged surface
states. The presence of the chemical depletion layers at
In,O3 and ITO surfaces does not affect any conclusion pre-
sented here. The observation of Sn segregation, e.g., is only
related to the physical depletion layer which results from
the variation of the electrostatic potential due to the pres-
ence of the space charge layer which balances the charge in
the surface states. This is particularly evident from the cor-
relation of the Sn content with the surface Fermi level posi-
tion (occupation of the surface states). Chemical depletion
layers have therefore been neglected throughout this paper
and will be described in more detail elsewhere.

The presence of a high density of surface states also
explains the apparent differences in observed band gaps as
outlined in the Introduction. A different Fermi level posi-
tion at the surface (and grain boundary) of the film gives
rise to a different absorption edge. The absorption edge at
the surface is determined by the distance between the va-
lence band maximum and the Fermi energy [Er—Eyg or
BE(VB)]. The measured values for BE(VB) are in good
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agreement with the “indirect” gaps of In,O; and ITO re-
ported in the literature.**>'

V. Summary and Conclusions

Surface properties of radio-frequency magnetron
sputter deposited In,O; and ITO thin films were investi-
gated by in situ photoelectron spectroscopy. Measurements
were performed either directly after thin film deposition
without exposing samples to air, or during exposure to
different gas environments after a surface cleaning by heat-
ing samples which has been stored in air. Depending on
sample preparation and treatment, systematic changes of
binding energies are observed being due to changes of the
surface Fermi level position.

ITO (and probably also In,O3) shows surface states
in the upper half of the band gap. The surface states have
multiple consequences: (i) ITO surfaces exhibit a surface
Fermi level position inside the fundamental gap. The ob-
served Fermi edge emission is explained by emission from
surface states rather than from filled conduction band
states. (ii) For significant filling of the surface state band,
screening of the core hole reduces the binding energies of
the In 3d and O 1s core levels with respect to the valence
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