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An amorphous 2 CdO•GeO2 thin film with a band gap of 3.4 eV can be converted from an insulator
~conductivity ;1029 S cm21! into a degenerate semiconductor (;102 S cm21! by carrier doping with ion
implantation without significant loss in visible transparency. An interesting feature of this material’s transport
property is its Hall mobility: apn sign anomaly, which is commonly observed for amorphous semiconductors,
is not seen. The estimated Hall mobility is;10 cm2 V21 s21, which is larger by several orders of magnitude
than that of conventional amorphous semiconductors, and is comparable to that in the polycrystalline form. The
electronic structure was investigated to understand these features through direct observation of the density of
states~DOS! of the conduction band by inverse-photoelectron spectroscopy and molecular orbital calculation
of the DOS for a model cluster justified by x-ray structural analysis combined with molecular dynamics and
reverse Monte Carlo simulations. Although x-ray structural analysis revealed that disorder in the correlation
between Cd-Cd ions was distinctly seen in the amorphous state, the DOS of the conduction band bottom was
almost the same in the crystalline and amorphous states. Cluster calculations demonstrated that the bottom of
the conduction band is primarily composed of Cd 5s orbitals. The characteristic transport properties in this
material, such as large electron mobility, may be understood by considering that the magnitude of overlap
between the 5s orbitals of neighboring Cd21 is large and comparable to that in the crystal and insensitive to the
structural randomness inherent to amorphous states.

DOI: 10.1103/PhysRevB.66.035203 PACS number~s!: 61.43.Bn, 71.23.Cq, 79.60.Ht
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I. INTRODUCTION

Demand for transparent conductive oxides~TCOs! is in-
creasing in technical applications such as transparent e
trode materials for liquid crystal displays~LCDs! and solar
cells. A few crystalline oxides such as tin-doped indium o
ide ~ITO! and SnO2 are used for those purposes. On the ot
hand, amorphous materials exhibiting both visible transp
ency and high electrical conductivity have unique advanta
over the crystalline TCOs. For example, low-temperat
deposition on plastic substrates for LCDs is possible.1 A se-
ries of amorphous semiconductors, such as the tetrahe
systems represented by amorphous (a-) Si, chalcogenide and
oxide glasses containing 3d-mixed-valence cations, ar
known to exist, but they do not meet both high optical tra
parency and high conductivity.

We recently found amorphous transparent conductive
terials in several double oxide systems:a-AgSbO3,2

a-2CdO•GeO2,3 a-CdO•PbOx
4 and a-InGaO3(ZnO)m (m

<4).5 Those materials anda-ITOx
6–8 have been character

ized by the unique electronic transport properties, i.e., h
electron mobility comparable to that in corresponding cr
talline materials and the absence of thepn sign anomaly in
the Hall coefficient which is commonly observed in amo
phous semiconductors.
0163-1829/2002/66~3!/035203~8!/$20.00 66 0352
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These amorphous TCOs were found based on our o
working hypothesis, that is,s-band conductors are suitable
obtain large electron mobilities even in the amorphous st
The magnitude of the overlap between relevants orbitals is
insensitive to the structural randomness inherent to the am
phous state because the shape of thes orbital is spherical.
Therefore, band dispersion at the conduction band bottom
the amorphous state is comparable to that in the crystal s
Also, the spatial spreading of thens orbitals that constitute
the conduction band must be large enough. In this categ
of TCO systems, n is more than 5 except fo
a-InGaO3(ZnO)m (m<4). Amorphous 2 CdO•GeO2 is rep-
resentative of these TCOs.

Amorphous 2 CdO•GeO2, with a band gap of 3.4 eV, is
optically transparent and electrically insulating with a co
ductivity of ;1029 S cm21 at ;300 K, but it can be con-
verted into ann-type degenerate semiconductor~conductiv-
ity 101– 102 S cm21! by carrier doping via ion implantation
of protons without significant loss in visible transparenc
The doping was effective without post annealing to activ
the dopant. The conductivity can be controlled continuou
over 1029– 102 S cm21 by varying the fluence,9 indicating
that the Fermi level is controllable by doping. This is th
interesting feature of amorphous 2 CdO•GeO2. Negative
©2002 The American Physical Society03-1
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signs of the Hall and Seebeck coefficients were observ
showing that the primary charge carrier is an electron. On
assumption that each implanted proton generates a ca
electron (H→H11econd), the carrier generation efficiency i
calculated to be;10% (H1, 231016 cm22).9 The so-called
‘‘ pn anomaly’’ in the Hall voltage is not seen for the mat
rial. The electron mobility in the degenerated state is;10
cm2 V21 s21, which is larger by several orders of magnitu
than the values in existing amorphous semiconductors@i.e.,
;1024 cm2 V21 s21 for a-As2S3 ~Ref. 10! and
;1021 cm2 V21 s21 for a-Si:H ~Ref. 11!#. Furthermore, this
value is almost the same as that~8–15 cm2 V21 s21! ~Ref.
12! in polycrystalline Cd2GeO4 which is known to be an
n-type conductor.

A way to examine the behavior of free carriers is to an
lyze the optical conductivity. In a previous paper,13 we ana-
lyzed the optical absorption due to free carrier electrons
the present material~degenerated state! by the Drude ap-
proach, evaluating fundamental parameters associated
electron transport, i.e., effective mass of 0.33m0 and mean
free path of 1.4 nm. The value of mean free path is close
those in liquid metals14 and is significantly larger than th
bond distance.

The purpose of the present study is to consider the or
of these properties through elucidation of the electro
structure. Figure 1 summarizes the present approach.
density of states~DOS! in the vicinity of the band gap is
elucidated by combining the spectroscopic measurem
with the molecular orbital~MO! calculations. Ultraviolet
photoelectron ~PE! and ultraviolet inverse photoelectro
~IPE! spectroscopies were employed to directly observe
DOS of the valence band and conduction band, respectiv
For disordered matter, a molecular orbital calculation is
fective to analyze the PE-IPE spectra. An appropriately m
eled cluster is required for the calculation. The structures
model clusters were determined through the combined us
molecular dynamics~MD! simulations and reverse Mont
Carlo ~RMC! analysis of the observed x-ray diffraction dat
Finally, the DOS was calculated by MO calculations on t
model cluster and compared with the observed DOS.

FIG. 1. Approach to elucidation of electronic structure in am
phous 2 CdO•GeO2 . XRD: x-ray diffraction, RMC: reverse Monte
Carlo simulation, PES-IPES: photoelectron and inverse photoe
tron spectroscopy.
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II. EXPERIMENTAL

A. Sample preparation

Film samples were prepared by the rf sputtering meth
using a sintered disk of polycrystalline Cd2GeO4 as a target
under an atmosphere of Ar/O254/1.3 A plate of SiO2 glass
was used as a substrate and was not intentionally he
during deposition.

Protons were implanted into the as-deposited film at a
bient temperature to a fluence of 231016 cm22. Two-step
acceleration voltages ~131016 cm22 at 40 kV→1
31016 cm22 at 70 kV! were employed to avoid large con
centration of implanted ions near the stopping range. T
sample was wrapped with Al foil except portions to be im
planted to reduce charging during implantation. The de
profile of the implanted protons was calculated using
transport of ions matter~TRIM-94! code.15 Two-energy-level
proton implantation processes lead to a calculated pro
with two peaks at 300 and 450 nm from the top surface. T
experimental depth profile of protons by secondary-ion m
spectrometry~SIMS! was very broad and peaked at;100
nm from the film surface, and the proton concentration w
decreased to half of the peak at the bottom surface~;650
nm!, i.e., the concentration ratio between the peak and
near the surfaces remains;2.16 The dose rate was 2.4
31012 ions cm22 s21. No post annealing was performed aft
the ion implantation.

Chemical compositions of the films were determined
inductively coupled plasma emission~ICP! spectroscopy af-
ter the samples were dissolved in acid solution. The am
phous nature of resulting films was confirmed by select
area electron diffraction~SAED! patterns under cross
sectional transmission electron microscopy~TEM!
observation.

B. Photoelectron spectroscopy

Photoelectron spectroscopy and inverse photoelec
spectroscopy were performed on theH1-implanted conduc-
tive amorphous 2CdO•GeO2 film. The film thickness was
;650 nm. For comparison, PE-IPE spectra were also m
sured on a polycrystalline disk of Cd2GeO4. The disk was
prepared by the following procedures. The Cd2GeO4 pow-
der, synthesized by solid state reaction of CdO and GeO2 at
850 °C, was unidirectionally pressed into a disk. After co
isostatic pressing at a pressure of;300 MPa, the disk was
sintered at 850 °C for 8 h. The disk was conductive. A H
mobility of ;10 cm2 V21 s21 was reported both for the
amorphous film and the polycrystal.3,12 Measurements of PE
and IPE spectra were carried out with a laboratory-ma
spectrometer which was composed of three UHV chamb
for PE, IPE, and sample preparation~base pressure
,1028 Pa!.

For PE measurements, a He discharge lamp with 40.8
line ~He II! was used as the excitation source. Electrons em
ted from the sample were analyzed with a hemispherical a
lyzer ~VSW CLASS150!. The energy resolution of PE spec
tra was 0.12 eV.

Ultraviolet IPE measurements were performed in t
bremsstrahlung isochromat spectroscopy~BIS! mode. An
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ELECTRONIC STRUCTURE AND TRANSPORT . . . PHYSICAL REVIEW B 66, 035203 ~2002!
electron beam from an electron gun was focused onto
sample and the emission of VUV light~9.45 eV! from the
sample was detected by the band-pass photon detector
energy resolution of IPE spectra was 0.45 eV. The ene
calibration of the spectra was performed by measuring
spectrum of gold.

C. X-ray diffraction measurement

X-ray diffraction measurements were carried out with M
Ka radiation (50 kV240 mA) from a diffractometer
~Rigaku RINT 1200, Japan!. The sample used was a;15-
mm-thick film deposited on a glass plate by sputtering. T
thickness was chosen so as to absorb 99.9% of incide
rays in the sample. Scattering intensity data were collec
by step scanning method using a silicon solid state dete
~Kevex Si-SSD! in an energy range of 17.37–17.71 keV. T
fixed time and step angle were 200 s, 0.2° foru
54° – 23°, 400 s, 0.5° for 18°–80°; and 600 s, 1.0° for 75
144°, respectively. The incident angle was fixed at 2°. D
fraction angle 2u ranged 4°–144°, which corresponds to
scattering vector (Q54p sinu/l) of 0.6–16.6 Å21.

After data correction~absorption, polarization, and a
scattering! was applied by conventional procedures, the sc
tering data were normalized by the Krogh-Moe–Norm
method17 and then a structure factorF(Q) was calculated.
Residual error correction forF(Q) was performed by
Yarnell’s method.18

D. Reverse Monte Carlo simulation

To obtain the atomic configuration in the sample from t
x-ray diffraction data, we employed the reverse Monte Ca
~RMC! method19 using theRMCA code. In the RMC simula-
tion, F(Q) for the model is represented by the weighted s
of the partial structure factor Ai j (Q) as F(Q)
5S i j g i j Ai j (Q), whereAi j (Q) corresponds to Fourier trans
form of pair correlation functionsgi j (r ) of each atom pair
and g i j is coefficient that depends on scattering vectorQ
defined asg i j 5cicj f i f j* /S i j cicj f i f j* , where ci and f i are
fraction and atom scattering factors for atom speciesi. The
random movements of atoms were generated and the s
lation was continued towards reduction of the discrepa
between experimental and calculatedF(Q). The initial
atomic configuration to be used for RMC simulation was
amorphous structure generated by relaxation of a rand
configuration using molecular dynamics~MD! simulation.

A starting configuration of 4000 particles with the appr
priate composition in which oxygen stoichiometry was det
mined by charge neutrality was randomly distributed in
cubic box of edge length of;39 Å with periodic boundary
conditions. Applied for the simulation was the atom numb
density of 0.0678 Å23, which was obtained experimentall
from the volume and weight of the films. The starting co
figuration was then relaxed through classical MD simulat
using the codeMXDORTO,20 which is based on two body cen
tral force model. The potential parameters were chosen s
to reproduce the structure of crystalline Cd2GeO4.21 The
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RMC simulation was then carried out to obtain a satisfact
agreement between the x-ray structure factorsF(Q) under
the following constraints:~i! Ge is fourfold coordinated by O
and ~ii ! the separation of each atom pair is longer than 9
of sum of relevant ionic radii. The simulation was continu
until no improvement in the fit between the experimental a
calculatedF(Q) was observed.

E. Molecular orbital calculation

Molecular orbital calculations were performed by the d
crete variational~DV! Xa method22 using the codeSCAT.23

The number of DV sampling points was 1000 per ato
Cd 1s-5p, Ge 1s-4p, and O 1s-2p were used as atom bas
functions. The model cluster (Cd9Ge4O37)

402 was cut from
the amorphous structure determined by the RMC simula
under the following conditions:~i! the Cd octahedron is cen
tered in the cluster,~ii ! Ge or Cd polyhedra connecting wit
the Cd octahedron are included, and~iii ! other atoms which
are located at farther distance are treated as point charg

Calculations on a (Cd9Ge4O40)
462 cluster that was cut ou

from the crystalline structure21 were also carried out for
comparison. The model cluster was embedded in an elec
static potential produced by the point charges outside of
cluster.

III. RESULTS

The analyzed chemical composition of the resulti
samples was 63 CdO•37 GeO2. Since this composition is
close to 2 CdO•GeO2, the composition of the samples
denoted as 2 CdO•GeO2, hereafter, for simplicity.

A. Photoelectron spectra

Figure 2 shows ultraviolet PE and IPE spectra of t
amorphous film and the crystalline sample. The spectrum
the amorphous sample is close to that of the crystal
sample with respect to shape and peak position. The valu

FIG. 2. PE and IPE spectra of amorphous 2 CdO•GeO2 film and
polycrystalline bulk Cd2GeO4 . Intensity of the spectra correspond
to density of states. Fermi levelEF is taken as the origin of the
energy axis, which was calibrated using gold. Fermi level is loca
at the conduction band tail indicating that conductive type isn type.
3-3
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the band gap estimated from the DOS separation in the
IPE spectra, is;3.5 eV, which agrees with that~3.4 eV! by
optical absorption measurements. It is evident from the
ure that the Fermi level is located at the tail of the cond
tion band. This is direct evidence that the implanted sam
is ann-type degenerate conductor.

It is noted that when compared with the DOS of t
valence-band top the intensity of IPE spectrum, i.e., the D
of conduction band, increases gradually with increasing
ergy above the Fermi level. This observation strongly s
gests that the conduction band bottom has a large dispe
~i.e., small effective mass! as compared with the valance
band top.

B. X-ray diffraction measurement and RMC simulation

The experimentally obtained structure factorF(Q) is
shown in Fig. 3~a! along with the result of the RMC fit. The
final fit was achieved after;106 steps. Figure 3~b! shows
the experimental radial distribution functionG(r ), i.e., Fou-
rier transform ofF(Q), together withG(r ) deduced from
the RMC fit. The first two peaks centered at;1.7 and;2.3
Å in G(r ) are due to the correlations of the neare
neighboring Ge-O and Cd-O pairs, respectively. They

FIG. 3. X-ray diffraction data on amorphous 2 CdO•GeO2 . ~a!
Structure factorF(Q) and~b! radial distribution functionG(r ) that
is Fourier transform ofF(Q). The solid curve indicates the exper
mentally obtainedF(Q) or G(r ) using MoK a radiation. A dotted
curve denotes the RMC fit ofF(Q) and G(r ). The final fit was
achieved after;106 steps.
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located at almost the same distance as those in crysta
Cd2GeO4. A good RMC fit was obtained under the con
straint of fourfold Ge coordination. The fourfold Ge coord
nation is based on the observed Raman spectrum of
amorphous film in the previous study.24 The average oxygen
coordination number of Cd in the RMC model was;5.6, in
which the actual distribution was 5 or 6. In the Cd2GeO4
crystal, the coordination numbers of O around Ge and Cd
4 and 6, respectively.

The peak in the range of 3–4 Å inG(r ) was due mainly
to correlations between cations, such as Cd-Cd, Cd-Ge,
Ge-Ge. Figure 4~a! shows the pair distribution function
g(r ) for those atomic pairs. The first peak of Ge-Ge is
cated at;3.2 Å, indicating that a fraction of Ge ions i
present as polymeric oxides such as Ge2O7

42 , while the crys-
tal Cd2GeO4 is composed only of monomeric germana
group GeO4

42 . Theg(r ) of Cd-Cd has a broad peak center
at ;3.4 Å. The distribution of Cd-O-Cd bond angles
shown in Fig. 4~b!. This distribution has a skewed shape. T
full width at half maximum~FWHM! is ;30°, and the most
probable angle is;90°, which is close to Cd-O-Cd bon
angles in the CdO crystal. The coordination number of c
ions ~Ge or Cd! around O has a distribution with the avera
value of;3.6, which is close to the value of 4 in the cryst
~O coordinated to one Ge and three Cd’s in the crystal!.

The nearest-neighbor coordination number and the li
age of the oxygen polyhedra was almost unchanged from

FIG. 4. Correlations in the RMC-fitted structure.~a! Partial pair
correlation functiong(r ) for Ge-Ge, Cd-Ge, or Cd-Cd. Eachg(r )
function is shifted for clarity. ~b! Bond angle correlation for
Cd-O-Cd.
3-4
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ELECTRONIC STRUCTURE AND TRANSPORT . . . PHYSICAL REVIEW B 66, 035203 ~2002!
starting configuration determined by MD simulation. The a
tual RMC fit was mainly performed for the metal-oxyge
metal angles. An RMC solution using a starting configurat
with a completely random arrangement failed to converg

C. MO calculation

Figure 5 shows the (Cd9Ge4O37)
402 model cluster for the

amorphous phase and (Cd9Ge4O40)
462 for the crystal. In

both clusters, the central Cd atom has the same coordina
to the other cations, i.e., eightfold coordination for Cd a
fourfold for Ge. In the RMC fitted model, each Cd has
variety of coordination numbers but the average value w
7.7 for Cd or 4.3 for Ge. Thus the model clusters may
regarded as representative of the RMC model from the vi
point of cation coordination. There was a difference in t
arrangement of polyhedra between both models. The ‘‘am
phous’’ cluster includes a Ge2O7

42 species while the ‘‘crys-
talline’’ cluster is entirely composed of the monomeric ge
minate group GeO4

42 . The Cd-Cd distance in the
‘‘amorphous’’ cluster was slightly longer than that in th
‘‘crystalline’’ cluster.

MO calculations on both model clusters gave almost
same energy level structure. Figure 6 shows density of st
for the ‘‘amorphous’’ cluster and partial DOS along with th
PE-IPE spectrum of the amorphous film. The calculated t
DOS reproduces the overall structure of the observed PE
spectrum, and thereby allows us to assign spectral featu
For the PE spectrum showing valence band structure,

FIG. 5. Model clusters employed for MO calculations.~a!
(Cd9Ge4O37)

402 cluster for amorphous phase,~b! (Cd9Ge4O40)
462

cluster for crystal.d5Cd, ^ 5Ge, ands5O.
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well-resolved and intense peak at binding energy of 13 eV
ascribed to Cd 4d and the top of the valence band is prim
rily composed of O 2p orbitals. For the conduction band
Cd 5s orbitals contribute largely to the bottom part whic
controls the electron transport. The center of the Ge 4s band
is located at an energy higher than that of the Cd 5s band.
The presence of the Ge2O7

42 species~dimer! does not make
a significant change in the DOS of the conduction band
compared with that in the ‘‘crystalline’’ cluster.

Persistent photoconductivity ina-CdO-GeO2 was ob-
served when the atomic concentration of Cd ions excee
50% of all cation sites.16 The conduction band bottom i
substantiated to be primarily composed of Cd 5s orbitals by
MO calculations, which is consistent with the above obs
vation, indicating that the Cd ions dominate the electri
conduction in this material.

IV. DISCUSSION

A. Electron mobility and physical disorder

The structural analysis revealed that the coordinat
number of the first neighboring O to Ge or Cd in the am
phous state was close to that in the crystalline state. H
ever, there is a distinct disorder with respect to the mediu
range structure in the amorphous state. For example,
interatomic distance of second neighboring atoms, Cd
distance, has a large distribution as compared with thos
the corresponding crystalline phase. As is seen in Fig. 3~b!,
convergence of the oscillation ing(r ) beyond;10 Å is the
result of the disappearance of the long-range order.

The direct observation of the conduction band by IP
spectroscopy revealed that there is no substantial differe
in the DOS with respect to the energy distribution at t

FIG. 6. Calculated DOS for amorphous cluster and its par
components along with the observed PE-IPE spectrum of am
phous 2 CdO•GeO2 film. Drawn was each MO level convoluted b
Gaussian function with FWHM of 0.5 eV.
3-5
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NARUSHIMA, ORITA, HIRANO, AND HOSONO PHYSICAL REVIEW B66, 035203 ~2002!
conduction band bottom between the amorphous and
crystalline states. Although the reciprocal space canno
defined in the amorphous material, the effective mass
valid concept.25 Since the electrical conduction of the mat
rial is n type, the observation by IPE spectroscopy suppo
an interpretation that the value of the effective mass of c
rier electrons in the amorphous state is almost same as th
the crystalline state.

The mobility is defined by the effective mass and me
free path. If carrier concentration is fixed, the latter depe
on scattering or relaxation time, which is affected by phy
cal disorder or defects. To say the least, physical diso
doesnot dominate scattering time in the amorphous state
the present material, on the basis of the experimental f
that the electron mobility and the effective mass in the am
phous phase are comparable to those in the polycrysta
form. We consider that such a situation originates from
extended nature of the states at the conduction band bott3

On the basis of the experimental and calculated DOS~Fig.
6!, it is now clear that the bottom of the conduction ba
possesses high Cd 5s character.

B. Nature of the conduction band

Figure 7 shows the bond overlap population diagram
tween two metal ions deduced from Mulliken’s populati
analysis on the model clusters for the amorphous and c
talline states, respectively. The distance between Cd ion
3.28 Å for the ‘‘crystal’’ and 3.38 Å for the ‘‘amorphous’
cluster. As shown in Fig. 7, neighboring Cd 5s orbitals are
closely overlapped with each other at the bottom of the c
duction band, despite the increase in the separation betw
the Cd21 ions in the amorphous state. The result indica
that the magnitude of the overlap between neighboring Cds
orbitals is rather insensitive to the neighboring Cd-Cd d
tance. These features are responsible for the observed
dispersion of the conduction band even in the amorph
state.

FIG. 7. Bond overlap population diagrams obtained for am
phous and crystalline clusters. The origin of the energy axes co
sponds to the valence-band top. The Cd-Cd distance is 3.28 Å in
crystalline or 3.38 Å in the amorphous cluster. Ge-Cd and Ge
distance in the amorphous cluster are 3.06 and 3.45 Å, respecti
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The Ge-Cd bonding state also significantly contributes
the conduction band bottom because of short distance~3.06
Å!. On the other hand, the contribution of the Ge-Ge bo
ing state is very small, indicating that the Cd ion is ind
pensable for the extended conduction band bottom.

Figure 8 shows Cd-Cd correlations extracted from
RMC model along with those of crystal. Lines conne
neighboring Cd21 ions which are separated by less than 3.
Å ~twice Slater’s radius of Cd21 5s orbital!. It is evident
from the figure that~i! a regular pattern is drawn for th
crystalline state, while, on the contrary, zigzag-chains
formed for the amorphous state and~ii ! even in the amor-
phous state, continuous Cd-Cd connections are clearly s
through the RMC model structure. The latter indicates t
Cd 5s orbitals percolate through the amorphous state, le
ing to extended electronic states at the conduction band
tom.

Figure 9 shows the contour maps of the wave function

-
e-
he
e
ly.

FIG. 8. Cd-Cd correlations extracted from the resulting RM
model for amorphous 2 CdO•GeO2 . The representation is18 of the
actual RMC box. When the neighboring Cd-Cd separation is wit
the sum~3.6 Å! of two Cd21 5s orbital radii, a pair of Cd ions is
connected by a line. Note that 3D-percolation pathways for e
trons are seen in whole configuration space. The inset is the fi
drawn by the same procedure for crystal.

FIG. 9. Contour map of wave function near the bottom of t
conduction band for~a! crystalline and~b! amorphous cluster. Each
wave function is primarily composed of Cd 5s atomic orbitals and
delocalization of the wave functions is seen along with the
chain.
3-6
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ELECTRONIC STRUCTURE AND TRANSPORT . . . PHYSICAL REVIEW B 66, 035203 ~2002!
the bottom of the conduction band for the ‘‘crystalline’’ an
‘‘amorphous’’ clusters. A plane including a Cd ion chain w
chosen for the crystalline. For the amorphous, a plane inc
ing three Cd ions was selected. Delocalization of the w
function with high Cd 5s character over three Cd21 ions is
observed even in the amorphous state. A difference betw
the crystalline and amorphous states is significant admix
of Ge 4s to the conduction band bottom in the former.

Figure 10 schematically illustrates the bottom of the co
duction band in the materials from viewpoint of chemic
bonding. In the crystalline state, each Cd ion connects vi
ions, and the Cd ions line up and the Cd 5s orbitals are
closely overlapped@Fig. 10~a!#. On the other hand, in the
amorphous state, although disorder in the arrangement o
ions arises and zigzag structures are formed@Fig. 10~b!#, the
overlaps of the relevant Cd 5s orbitals still remain at a leve
comparable to those in the crystalline state since they
insensitive to disorder, such as a fluctuation of Cd-O-
bond angles. We consider that the origin of the exten
electronic states at the conduction band bottom is the in
sitivity in the magnitude of the overlap of neighboring Cd 5s
orbital to the structural fluctuation. The present results s
port the experimental fact that electron mobility in this m
terial is not significantly influenced by structural disord
The situation makes a contrast with the case of thes orbitals
of metal cation with smaller principle quantum number
the p orbitals having spatial anisotropy, in which the mag
tude of the overlap is small or sensitive to disorder. For
ample, the electron mobility ina-Si:H is lower by several
orders of magnitude that in crystalline Si.

C. Electron carrier generation

Ion implantation is an established method for carrier d
ing into crystalline Si and GaAs. We have reported that
ion implantation technique is effective in generating carr
electrons in a crystalline TCO, MgIn2O4, with a high effi-
ciency rate of;20% for the as-implanted sample and;40%
for the annealed sample.26,27 The carrier generation effi
ciency of amorphous 2 CdO•GeO2 is ;10% in the as-
implanted state, which is smaller than that of crystalli

FIG. 10. Schematic representation of orbital drawing of cond
tion band bottom for~a! crystalline and~b! amorphous state o
2 CdO•GeO2 .
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MgIn2O4 , but it is noteworthy that ion implantation is effec
tive for carrier generation even in the amorphous oxide.

The electron carrier generation process via ion implan
tion of protons in the present material has a several possi
ties. The possibility of substitutional doping as in crystalli
semiconductors is not consistent with the experimental re
that the material isn-type. Otherwise, the substitution of pro
tons for Cd21 or Ge41 ions should lead top-type conduc-
tion. Formation of oxygen-ion vacancies by simple nucle
collisions during the ion implantation is another possib
channel. No change in conductivity was observed in
He1-implanted film.3 Therefore, this channel is not domina
in the H1-implanted film because of the smaller mass of
than He. Also, we must consider the possibility that the i
planted H chemically reduces Cd21 or Ge41 ions in the film.
Chemical reduction leads to the formation of suboxide
CdO or GeO2, which gives visible coloration. However, th
reduction of optical transparency in the visible region w
very small upon the ion implantation. This observation in
cates that chemical reduction effects are not dominant at
present fluence level. The estimation that the carrier gen
tion was performed by interstitial~chemical! doping has
more possibility as compared with the above three chann
Interstitial doping is also reported in Li1-implanted amor-
phous Si.28

Finally, let us discuss the carrier generation in the mate
based on the structural information. The average coord
tion number is deduced to be 4.2 from the RMC mod
including the value of;3.6 for O, which is rather large
compared to conventional glass. For example, the ave
coordination number is 2.67 fora-SiO2 or 2.4 fora-As2S3 .
A high coordination number is likely to be favorable for th
generation of carrier electrons since the carrier doping m
be regarded as an excitation of electrons by the rigidity of
network. The main reason for the difficulty of carrier dopin
in amorphous materials is its structural flexibility, in ou
opinion.

V. CONCLUSION

The electronic structure ofa-2 CdO•GeO2, a transparent
conductive amorphous oxide, was examined by photoe
tron and inverse-photoelectron spectroscopy and molec
orbital calculations on model clusters which were cut fro
the amorphous structures justified by x-ray diffraction ana
sis combined with molecular dynamics and reverse Mo
Carlo simulations. The oxygen coordination numbers arou
Cd21 and Ge41 are;6 and;4, respectively, and these va
ues are close to those in crystalline Cd2GeO4. The conduc-
tion band bottom controlling electron-transport properties
primarily composed of Cd 5s orbitals, and the magnitude o
the overlap between neighboring Cd 5s orbitals is large and
almost the same as that in the crystalline state. This uni
feature originates for two reasons. One is the highly io
nature of Cd-O bonding. The bond angle of Cd-O-Cd is clo
to that~90°! of the CdO crystal. Thus, the Cd-Cd separati
is rather short compared with that in covalent systems. A
other is the large spatial~spherical! spreading of the Cd 5s
orbital. The magnitude of the overlap between the neighb

-
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ing Cd 5s orbitals is large and insensitive to the fluctuatio
of the Cd-O-Cd bond angle which characterizes the am
phous state. As a consequence, the electron mobility~;10
cm2 V21 s21! is not drastically degraded in the amorpho
state as compared with that in the crystalline state. The m
free path estimated from the mobility is;1 nm, which is
rather larger than the interatomic distance. This fact m
explain the absence of thepn anomaly in the Hall coefficient
in this material because this anomaly results from the m
free path being comparable to the interatomic spacing.

The conductivity ofd-electron metals does not drop dra
tically upon melting or amorphization. Since ad orbital has
three lobes, it is close to spherical in shape and each m
atom directly contacts with other metals without interveni
d

p
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ta
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oxygen. In heavy-metal oxide systems, although the to
logical sequence of the ion arrangement is metal-oxyg
metal, the conduction band bottom is primarily composed
vacants orbitals of the heavy metal cations and the con
bution of the intervening oxygen is rather small. Therefo
we may regard that series of transparent conductive am
phous oxides have a similarity to amorphous metals exc
for optical transparency.
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