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The influence ofn-type doping CdO with In or Y has been investigated by high-resolution ultraviolet and
x-ray photoemission spectroscopy. It is found that core levels and valence band features suffer a shift to high
binding energy due to doping. However this shift is less than the change in the width of the occupied
conduction band. This provides a direct measurement of band gap shrinkage as a result of doping in an oxide
semiconductor.@S0163-1829~97!50820-4#

There has been a long-standing interest in understanding
the ways in which degenerate doping in semiconductors may
influence the band gap of the host materials.1–3 Optical-
absorption experiments probe the energy separation between
valence-band states and accessible conduction-band states,
subject to the constraint of momentum conservation during
the excitation process. The principal effect of doping is to
block states at the bottom of the conduction band. In direct-
gap materials with a conduction-band minimum and a
valence-band maximum at theG point the lowest-energy
transitions originate fromG in undoped material but from
valence-band states away from the zone center after doping.
The so-called Moss-Burstein shift1 of the absorption onset is
therefore influenced both by upward dispersion of the con-
duction band and~usually! the downward dispersion of the
valence band with wave vector. This is illustrated in Fig. 1.
However, analysis of these shifts is further complicated by
the fact that electron-dopant interactions and electron-
electron Coulomb and exchange interactions within the con-
duction band lead to a shrinkage or renormalization of the
host band gap, reducing the magnitude of the shift in optical
onset fromDg

BM toDg
BM1Dg

N , where the band gap renormal-
izationDg

N is presumed to be negative.3

Post-transition-metal oxides such as SnO2, In2O3 , ZnO,
and Cd2SnO4 are of particular interest because they are
wide-gap materials which whenn-type doped, combine the
properties of high conductivity with transparency in the vis-
ible region.4 The visible window is limited by absorption due
to interband excitation on the high-energy side and by high
reflectivity below the conduction electron plasmon frequency
at low energy. The technological importance of these mate-
rials has prompted a number of studies of Moss-Burstein
shifts due to doping, including a full analysis of conduction-
and valence-band dispersion and band-gap renormalization
in the case of ZnO,5 In2O3 ,

6 and SnO2.
7 However, a limita-

tion of the optical experiments is that they do not allow
appraisal of individual roles of the three different contribu-
tions to the overall shift. In the present paper we demonstrate
that high-resolution photoemission combined with electron-
energy-loss spectroscopy provides an alternative approach to
characterizing the effects ofn-type doping in a post-
transition metal oxide. A key feature of this approach is the

direct observation of electrons in the conduction band of the
host oxide, including the Fermi-Dirac onset. It is thus pos-
sible to obtain an accurate measurement of the position of
the valence-band edge relative to the Fermi energy. More-
over, under optimal conditions the width of the occupied part
of the conduction band can be observed: even when this is
not possible, a good estimate of the width of the conduction
band can be obtained from effective masses determined by
electron-energy-loss spectroscopy~EELS!. It is thus possible
to make a direct determination of the renormalization of the
band gap, as illustrated in Fig. 1. The present paper focuses
on CdO which has a much narrower gap8 than the other
oxides alluded to above and is not in itself widely used as a
transparent, conducting window. Moreover, the band gap is
indirect,9–11 which complicates the interpretation of optical
spectra. However, CdO has a very low conduction electron
effective mass, giving rise to relatively large shifts due to
doping. As with the other oxides, Moss-Burstein shifts in
optical absorption were first studied many years ago, al-
though the importance of band-gap renormalization was not
appreciated at this time.12,13

Polycrystalline ceramic samples of Y- and In-doped CdO
were synthesized by firing a well-blended mixture of the sto-
ichiometric quantities of CdO and Y2O3or In2O3 at 880 °C
for 2 d in the air in arecrystallized alumina boat. The prod-
uct was slowly cooled to room temperature. For the sake of
consistency, undoped CdO underwent the same calcination
procedure. Up to doping levels of 3.5 at. % Y and 2.3 at. %
In the samples showed a single cubic CdO rocksalt phase in
x-ray powder diffraction. Beyond these doping levels the
powder patterns contained peaks due to Y2O3 or CdIn2O4 .
The samples were pressed into 10 mm diameter pellets at 5.5
MPa, and sintered in air at 880 °C for 8 h. The occupancy of
the conduction band was determined by a titrimetric method
in which the CdO samples were dissolved in dilute sulfuric
acid containing iodine: conduction electrons quantitatively
reduce some of the iodine and the remainder is back titrated
with sodium thiosulfate.14 The conduction-electron concen-
tration estimated in this way was 0.8531020 cm23for nomi-
nally undoped CdO, 3.831020 cm23 for 3.5% Y-doped
CdO, and 4.831020 cm23 for 2.3% In-doped CdO. These
values are similar to those found in thin films where it is
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presumed that in the nominally undoped material the con-
duction electrons are associated with interstitial Cd donors.

Electron spectra were measured in two instruments. The
first is an ESCALAB with facilities for excitation of photo-
emission spectra using unmonochromated AlKa or MgKa x-
rays or UV radiation from a noble-gas discharge lamp.
Sample cleaning was achieved by annealing pellets for 2 h at
around 400 °C~stub temperature! in the spectrometer prepa-
ration chamber~base pressure,1029 mbar!. X-ray photo-
emission spectra~XPS! were found to be completely free of
signals due to carbon or other contamination. The nominal
analyzer resolution was set at 100 meV for He~I! photoemis-
sion measurements. Procedures for stripping spectra of struc-
ture due to satellite radiation and for spectral calibration in
this measurement have been described in detail elsewhere.15

Energy-loss spectra were measured in the same spectrometer
using an incident electron beam derived from an electron gun
usually used for low-energy electron diffraction~LEED!
studies, again as described elsewhere.15 The second instru-
ment is a Scienta ESCA 300 XPS spectrometer incorporating
a rotating anode x-ray source with seven-crystal x-ray mono-
chromator, 300 mm mean radius electron-energy analyzer,
and parallel electron-detection system. The overall effective
resolution in this instrument was 350 meV. The instrument is
regularly calibrated using the Fermi level and core levels
from an ion-bombarded silver foil. The cleaning procedures
in the Scienta spectrometer were similar to those in the ES-
CALAB, except that heating was via a resistive P8 probe
heater.

Figure 2 shows UV photoemission spectra of nominally
undoped CdO and of maximally Y- and In-doped CdO in the
binding energy range up to 4 eV. This region encompasses
the conduction-band, bulk band gap, and valence-band edge.
Straddling zero-binding-energy is a Fermi-Dirac-like cutoff
associated with electrons in the Cd 5s conduction band. The

FIG. 1. Schematic energy-level diagrams showing effects of degeneraten-type doping in an oxide semiconductor.~a! Nominally undoped
oxide with a direct optical band gapDg0 .~b! Doped oxide in which the optical gap has increased byDg

BM due to blocking of states at the
bottom of the conduction band. The shift depends on both conduction and valence-band dispersion.~c! Optical gap after band gap shrinkage.
The new gap is seen to depend on bothDg

BM andDg
N and the individual contributions to the new gap cannot be determined by optical

absorption.~d! An illustration of the quantities which can be measured in the present experiment. These include the position of the
valence-band-edge relative to the Fermi levelEVB and the width of the occupied conduction-bandEf . The renormalized band gapEg0

1Dg
N can also be determined.

FIG. 2. He~I! photoemission spectra of~a! nominally-undoped
CdO, ~b! 3.5% Y-doped CdO, and~c! 2.3% In-doped CdO. Struc-
ture due to satellite radiation has been stripped from the spectra.
Binding energies are relative to the Fermi energy, which is indi-
cated by bold vertical lines. The positions of the O 2p valence-band
edges determined by a linear extrapolation procedure are indicated
with bold dashed lines. The positions of the bottoms of the conduc-
tion bands estimated from measured surface-plasma energies
through application of Eq.~5! are indicated by light dashed lines.
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conduction-band feature is much weaker and narrower in the
nominally undoped CdO than for the Y- or In-doped
samples, in accordance with the lower-carrier concentration.
Moreover when binding energies are referred to the Fermi
level it is clear that the valence-band edge shows the ex-
pected shift to high-binding energy due to the filling of the
conduction band in the doped samples. This conclusion is
confirmed by high-resolution XPS. Here it is found that both
the valence-band edge and peaks in the valence band show
shifts to high binding energy with doping, as illustrated in
Fig. 3, where the shift of a sharp valence-band peak at about
6 eV binding energy is highlighted. Moreover the 4d core-
level peaks also show pronounced shifts. A complete set of
binding energies is given in Table I, where it is seen that
within the experimental uncertainty of about 0.05 eV all
three features alluded to above show the same shift.

In order to understand the magnitude of the shifts, it is
necessary to consider the widths of the occupied part of the
conduction band. In a simple free-electron model the occu-
pied bandwidth is given byEf where,

Ef5S h

2p D 2~3p2N!2/3

2m*
. ~1!

Herem* is the electron effective mass andN is the carrier
concentration.

However, it is well known for narrow-gap oxides such as
CdO that the effective mass varies strongly as a function of
carrier concentration. We have, therefore, used EELS to
probe effective-mass variations. Typical energy-loss spectra
excited at 200 eV beam energy are shown in Fig. 4. At low
energy, a well-defined peak is observed with the intensity of
the order expected16 for pure surface loss~as opposed to bulk
loss!. The surface-loss frequency is given by

vsp
2 5

Ne2

«0@«~`!11#
, ~2!

wheree is the electronic charge,«0 is the permittivity of free
space, and«~`! is the high-frequency dielectric constant
which is known to be 5.0. The plasmon is built up from
electron-hole excitations centered around the Fermi energy17

and the effective mass relevant to EELS therefore depends
on the dispersion of energy with wave vector atEf ,

UdEdkU
E5Ef

5S h

2p D 2 kf
m*

. ~3!

We have found from an extensive series of measurements in
EELS of surface-plasmon energies at different doping levels
that the effective mass shows an essentially linear variation
with carrier concentrationN,

m*5m0*1cN, ~4!

TABLE I. Binding energies and bandwidths inn-type-doped CdO.a,b

CdO 3.5% Y-doped CdO 2.3% In-doped CdO

Valence-band onset 1.5360.05 1.9660.05 ~0.43! 2.1760.05 ~0.64!
Valence-band peak
BEc

5.4060.05 5.9060.05 ~0.50! 6.0060.05 ~0.60!

Cd 4d core-level BE 10.6060.05 11.0560.05 ~0.45! 11.2560.05 ~0.65!
Conduction-band
width estimated from
EELS datad

0.54 1.19 ~0.65! 1.32 ~0.78!

aAll values are in eV.
bFigure in parentheses give shifts relative to CdO.
cValence-band peak highlighted in Fig. 2.
dThe effective mass is assumed to vary within the conduction band in accordance with Eq.~4!.

FIG. 3. High-resolution valence-band XPS excited with mono-
chromatized AlKa x-rays for ~a! nominally-undoped CdO,~b!
3.5% Y-doped CdO, and~c! 2.3% In-doped CdO. Binding energies
are given relative to the Fermi energy which is indicated by a solid
line. Note the shift in the sharp valence-band peak at about 6 eV
binding energy.
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where c is a constant. Experimentally we findm0* /m0

50.121 andc/m050.0315310220 cm3, wherem0 is the
electron rest mass. This linear variation is in agreement with
previous work.13 The Fermi energy now depends on the in-
tegral

Ef5E
0

N h2

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

The calculated conduction-band widths obtained in this way
are given in Table I. The variation ofm* within the band
gives rise to much broader conduction bands than would be
expected if the mass at the Fermi level applied throughout
the band. The calculated bandwidths are also indicated on
Fig. 2. The agreement with experiment is satisfactory, sub-
ject to the reservation that it is difficult to define the position
of the bottom of the conduction band in nominally undoped
CdO due to its very weak intensity and the occurrence of
states in the bulk band gap just above the valence-band edge.
These probably arise from Cd atoms in surface sites where
5s-5p mixing induced by the electric-field gradient at the
surface pushes Cd 5s states down into the band gap to give a
doubly occupiedsp hybrid state: similar states exist on
SnO2 surfaces.18 Despite this difficulty, it is clear that the
binding-energy shifts of the valence-band edges in In- and
Y-doped CdO are significantly less than expected from the
increased width of the conduction band. The discrepancies
correspond to the shrinkage of the band gap, which is thus
estimated to be 0.2260.05 eV for 3.5% Y-doped CdO and
0.1460.15 eV for 2.3% In-doped CdO. These estimates are
of the order of magnitude expected from calculations6 on
Sn-doped In2O3 using Heine-Abarenkov pseudopotentials to
deal with the electron impurity interaction and the random-
phase approximation to account for electron-electron interac-
tions. In this work it was found that at a carrier concentration
of 431020 cm23 the contributions to the band gap narrow-
ing from electron-impurity and electron-electron interactions
were about 0.05 and 0.2 eV, respectively.

In summary, we have developed a method for measuring
the band gap shrinkage in degenerately doped oxide semi-
conductors and have applied this technique to CdO. It should
be straightforward to extend this approach to other oxides
such as SnO2 and In2O3 .
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FIG. 4. Energy-loss spectra of~a! nominally-undoped CdO,~b!
3.5% Y-doped CdO, and~c! 2.3% In-doped CdO excited with 200
eV electron beam showing loss peaks due to excitation of
conduction-electron surface plasmons.
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