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NixCd1-xO has a �3 eV band edge offset and bandgap varying from 2.2 to 3.6 eV, which is

potentially important for transparent electronic and photovoltaic applications. We present a

systematic study of the electronic band structure of NixCd1-xO alloys across the composition range.

Ion irradiation of alloy samples leads to a saturation of the electron concentration associated with

pinning of the Fermi level (EF) at the Fermi stabilization energy, the common energy reference

located at 4.9 eV below the vacuum level. The composition dependence of the pinned EF allows

determination of the conduction band minimum (CBM) energy relative to the vacuum level. The

unusually strong deviation of the CBM energy observed from the virtual crystal approximation is

explained by a band anticrossing interaction between localized 3d states of Ni and the extended

states of the NixCd1-xO alloy host. The resulting band structure explains the dependence between

the composition and the electrical and optical properties of the alloys—the rapid reduction of the

electron mobility as well as previously observed positive band gap bowing parameter. X-ray photo-

electron spectroscopy studies confirm that the L-point valence band maximum in the Cd-rich alloys

are unaffected by the interaction with Ni d-states. Published by AIP Publishing.
https://doi.org/10.1063/1.4986967

I. INTRODUCTION

Group-II metal oxide compounds have received much

attention because of their diverse structure and properties.1–9

This diversity makes these materials intriguing from the

point of view of band structure engineering studies, particu-

larly by alloying. The implications of these studies are

impactful for optoelectronic and photovoltaic applications,

which require tailored electrical and optical properties of the

components. An interesting and important example of the

II-oxide family is CdO.10 Undoped CdO shows high electron

concentration, n� 1020 cm�3, and high electron mobility, l
� 100 cm2/V�s.11,12 Doping of this material with In increases

the electron concentration by an order of magnitude and the

electron mobility to 200 cm2/V�s. This produces a transpar-

ent semiconductor material with exceptionally low resistivity

(<10�4 X-cm). The distinct proclivity of CdO for n-type

doping has been attributed to the extremely low location of

the conduction band minimum (CBM) at �5.9 eV below

the vacuum level or �1 eV below the universal energy refer-

ence, the Fermi stabilization energy (EFS), located 4.9 eV

below vacuum level.11,13–16 The high electron mobility of

100 cm2/V�s at high electron concentrations originates from

a very high static dielectric constant, e0 � 21, resulting in an

efficient screening of the electrostatic potential from charged

impurities and/or defects.11,17

A key disadvantage of CdO is the relatively small intrinsic

band gap of 2.28 eV. Although heavy n-type doping shifts the

absorption edge to about 3.2 eV, the material is still not transpar-

ent enough in the ultraviolet part of the solar spectrum for its

use as a transparent conductor in solar cells. Recent studies have

shown that the band gap can be increased by alloying CdO with

a larger gap group II-oxides.5,6 Thus, alloying of CdO with

MgO led to a material with larger intrinsic band gap. With the

increase of the band gap, however, the alloy suffered from a sig-

nificant reduction of the electron concentration and mobility.5

By contrast, alloying of CdO with ZnO led to a material with

slightly larger band gap and only moderate reduction the elec-

tron concentration and mobility for ZnO content less than 36%.6

NiO, by contrast, is a wide bandgap (�3.6 eV) semiconductor

and an alloy of CdO with NiO increases the bandgap from

2.2 eV to 3.6 eV, a range that is useful for PV applications.12,18

The exceptionally low location of the CBM of CdO leads to a

significant electron accumulation at the surface.19–21 Recently, it

has been shown that alloying of CdO with SnTe exhibits a large

surface hole accumulation and leads to the charge-transfer-

induced formation of nano-composite CdO-SnTe.22

a)Author to whom correspondence should be addressed: w_walukiewicz@

lbl.gov
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In this paper, we present the study of the electronic

structure of NixCd1-xO alloys. Two important features of the

alloy are investigated. First, based on the known band off-

sets, the CBM and valence band maximum (VBM) are

expected to show very strong dependence on the alloy com-

position.5,13,15,23,24 The NixCd1-xO alloy system, therefore,

offers a unique opportunity to study the evolution in electri-

cal and optical properties of a material system with �3 eV

shifts of the band edges. This potential large tunability of

band positions is important for transparent electronics.

Second, the addition of Ni, a transition metal (TM) with par-

tially filled d-orbitals to CdO, introduces localized donor-

like and acceptor-like states in the vicinity of the band edges.

To establish the composition dependence of the band off-

sets, we have measured the electrical transport properties of

NixCd1-xO films heavily irradiated with high-energy ions to

determine the location of the EFS relative to the CBM of the

alloy. We show that a modified band anticrossing (BAC)

model of Ni-derived d-levels interacting with extended band

states accounts very well for the measured electrical trans-

port properties and provides an explanation for a previously

reported, unusual composition dependence of the optical

bandgap of the mid-composition NixCd1-xO alloy.12

II. FILM GROWTH AND CHARACTERIZATION

The experimental details of film growth, as well as the

structural, electronic transport and optical properties of the

samples, are reported elsewhere.12 NixCd1-xO thin films

across the composition range were grown using radio fre-

quency magnetron sputtering on glass substrates with a CdO

and NiO targets with a substrate temperature of �270 �C.

Rutherford backscattering spectroscopy was used to deter-

mine the thickness and composition of the films. The thick-

ness of the films ranges from 100 to 200 nm. X-ray

diffraction shows that the films are polycrystalline with grain

sizes ranging between 15 and 20 nm.12 Native defects were

intentionally introduced using high energy particle irradia-

tion. The selection of ions and implantation depth were

determined by Monte Carlo simulations using the Stopping

and Range of Ions in Matter (SRIM) program. Previous liter-

ature suggests that Neþ ions are more appropriate for inten-

tional defect incorporation in CdO-based films rather than

lighter Heþ ions because irradiation with Neþ creates a

larger density of defects and minimizes any self-healing

effects.13 In order to study the effects of defects on the film

properties, a spatially uniform damage was generated with

150 keV Neþ beam introduced in sequential flux increments

of 1� 1013 cm�2. The room-temperature electron concentra-

tion (n) and electron mobility (l) were determined from Hall

effect measurements after each irradiation cycle until the

electron concentration reached a saturation value.

Measurements by X-ray photoemission spectroscopy

(XPS) were performed on separate NixCd1-xO samples in an

ultra-high-vacuum (UHV). Two UHV systems were used to

perform the XPS measurements: an ESCALAB 210 Multi-

analysis system (base pressure 1.0� 10�10 mbar) from

Thermo VG Scientific and an Omicron GmbH Micro-

analysis system equipped with a SPHERA hemispherical

analyzer (7-channel). For the XPS measurements, photoelec-

trons were excited with both monochromatic Al-Ka and Mg-

Ka lines. For the Al-Ka spectra, a low-electron-energy charge

neutralizer was used on the high Ni-content alloys.

III. ION IRRADIATION RESULTS

The electrical transport properties as functions of irradia-

tion fluence are presented in Figs. 1(a) and 1(b). The results in

Fig. 1(a) show that the electron concentration increases with

increasing irradiation fluence for samples with lower than

10% Ni and decreases for samples with higher Ni content. On

the other hand, as is shown in Fig. 1(b), the mobility notably

decreased with increasing irradiation fluence for the Cd-rich

alloys and becomes almost independent of the irradiation for

alloys with higher Ni content. Note that both electron concen-

tration and mobility tend to saturate at the highest irradiation

fluence. The saturation values of the electron concentration at

the fluence of 5� 1013 cm�2 are plotted in Fig. 2. For CdO,

the electron concentration saturates at n � 3.7� 1020 cm�3.

This agrees with previous studies of the effects of irradiation

on the electrical properties of CdO.15 However, adding NiO

results in a monotonic decrease of the saturated electron con-

centration to n � 2.5� 1016 cm�3 at 41% Ni content. The

observed decrease in the electron mobility with increasing

FIG. 1. (a) Electron concentration and (b) electron mobility as functions of

the irradiation fluence for films with different alloy compositions.
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irradiation fluence can be attributed to an increase of the scat-

tering from ionized defect centers.

IV. DISCUSSION OF THE ION IRRADIATION RESULTS

Previous studies have shown that the effects of irradia-

tion on the properties of semiconductor materials can be

understood in terms of the amphoteric defect model

(ADM).13,15,25 This model relates the electrical behavior of a

material’s native point defects to the location of the Fermi

level, EF, relative to the EFS. Thus, donor-like (acceptor-like)

native defects are predominantly formed for EF< EFS (EF

> EFS).10,26,27 Therefore, at high irradiation fluences, EF sta-

bilizes at EFS when the formation energies of donor-like and

acceptor-like native defects are equal. The defect induced

stabilization or saturation of the Fermi level leads to satura-

tion of the electron (hole) concentration and allows determi-

nation of the location of the conduction (valence) band edge

relative to the EFS. The Fermi level corresponding to the sat-

urated electron concentration nsat (EF) is calculated by the

following expressions:

nsat EFð Þ ¼
1

3p2

ð1
0

exp z� EF

kBT

� �

1þ exp z� EF

kBT

� �� �2
k3 zð Þdz; (1)

where z¼E/kBT.28–33 E is the electron energy with respect

to the conduction band edge. The wavevector k is deter-

mined from a non-parabolic dispersion, derived from Kane’s

two-band k�p model

Ec kð Þ ¼ �2k2

2m0

� Eg

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eg

2

� �2

þ Eg�2k2

2m�e

 !
;

vuut
(2)

where Eg is the intrinsic bandgap and me* is the band edge

effective mass.32 As a first approximation, the electron effec-

tive mass for Cd-rich alloy was assumed to be equal to the

band edge electron effective mass of CdO (me* ¼ 0.21m0).33

Figure 3 shows the composition dependent location of the

saturated EF relative to the CBM, as calculated from Eq. (1).

The saturated EF shifts from almost 1 eV above the CBM for

CdO to slightly below the CBM for the alloy with 41% Ni.

In addition, as has been argued earlier, since the value of EF

corresponding to nsat is located at EFS, the CBM energy rela-

tive to the vacuum level is given by EC ¼ EFS-EF.

Figure 4 shows the composition dependence of the

CBM relative to the vacuum level. It is interesting to note

that initially, for compositions lower than 24% Ni content,

the CBM shifts upward at a rate close to that expected from

the CBM offsets between CdO and NiO. However, it is also

quite evident that the CBM shows a much weaker depen-

dence for the compositions higher than 24% Ni. In order to

understand this unusual dependence of the CBM on the Ni

content, the effects of the partially occupied d-shell of Ni on

the electronic band structure of the alloy need to be consid-

ered. Previous studies have shown that 3d transition metals

(TM) can act as either acceptors or donors in standard group

III-V or II-VI semiconductor compounds.34 Hence, when a

TM atom with the dn (1� n� 9) electronic configuration is

introduced into a semiconductor, it can act as a donor assum-

ing the dn-1 electron configuration by dropping a d-electron

into the conduction band of the host material. It can also act

as an acceptor by taking an electron from the valence band

and transferring into dnþ1 configuration. The salient feature

of the d-donor and d-acceptor states is that, independently of

the semiconductor host, their charge transition energy is con-

stant on an absolute scale, relative to the vacuum level.34

This behavior has been attributed to the highly localized

nature of these states. In the case of Ni, the d8/d7 (d8/d9)

d-donor (d-acceptor) charge transition state is located at

6.1 eV (4.7 eV) below the vacuum level.34 This places the Ni

d-donor level at about 0.2 eV below and the d-acceptor level

at 1.2 eV above the CBM of CdO–which is located at 5.9 eV

below the vacuum level. Therefore replacing Cd with Ni

atoms in CdO introduces two highly localized states inside

or in the vicinity of the conduction band of the CdO host.

The system resembles a highly mismatched alloy (HMA),

whose electronic band structure is determined by an anti-

crossing interaction between highly localized and extended

states.35 The band anticrossing model has previously been

used to explain the optical and electrical properties of

FIG. 2. Saturated electron concentration and mobility for NixCd1-xO films

with different alloy compositions.

FIG. 3. Composition dependence of the saturated EF values with respect to

the CBM and the energy of the CBM with respect to the vacuum level.
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V-doped ZnO.36 In that particular case, the electronic band

structure of the conduction band was determined by the

interaction of the localized V d-donor level with the conduc-

tion band of the ZnO host.

It should be emphasized that the following consider-

ations are not affected by the longstanding issues associated

with the origin of non-metallic properties of NiO.37,38 In our

case of the BAC interactions, NiO is an endpoint compound

with its electronic band structure already determined by

interactions between s- and p-states of Ni and O as well as

d-states of Ni.39,40 There is no BAC interaction in NiO (or

CdO) since it scales as x(1-x), where x is the Ni content. We,

therefore, investigated the evolution of electrical and optical

properties of NixCd1-xO alloys in the mid-composition

range—where the effects of BAC interactions are most

pronounced.

In all previously considered cases of HMAs, the elec-

tronic band structures have been described in terms of the

“two-level” BAC model in which localized states interact

only with the energetically closest band of extended

states.41–46 However, in the case of NixCd1-xO, this model

must be modified to account for the fact that the two d-levels

of Ni both lie in the vicinity of the CdO CBM. Therefore, it

is necessary to consider a quantum mechanical system with

three interacting energy levels: one associated with the

extended states of the NixCd1-xO matrix and two with the

localized Ni acceptor and donor states. The quantum

mechanical problem is depicted by a 3� 3 Hamiltonian

given by Eq. (3). By assuming that these interactions can be

treated as perturbations, we have developed and applied the

following BAC Hamiltonian:

H ¼
EMðkÞ Cda

ffiffiffi
x
p

Cdd
ffiffiffi
x
p

Cda
ffiffiffi
x
p

Eda 0

Cdd
ffiffiffi
x
p

0 Edd

0
B@

1
CA; (3)

in which EM(k) is the energy dispersion of the NixCd1-xO

matrix conduction band and Eda and Edd are the energies of

the Ni d-acceptor and d-donor levels relative to the bottom

of the conduction band, respectively. The parameters Cda

and Cdd describe the strength of the interaction between the

respective localized Ni levels and the extended states of the

NixCd1-xO matrix. Here, it is assumed that there is no inter-

action between the localized d-donor and d-acceptor states.

The three solutions of the eigenvalue problem for the

Hamiltonian in Equation (3) represent three conduction sub-

bands. The composition dependencies of the subbands’ min-

ima are shown in Fig. 5 along with the experimentally

determined conduction band edge energies from Fig. 4. In

the virtual crystal approximation, the coupling parameters

linearly depend on the Ni content, x, and are given by, i.e.,

Cdd¼Cdd0 (1-x) and Cda¼Cda0 (1-x). The best fit to the

experimental data was obtained when Cdd0¼ 1 eV and

Cda0¼ 0.75 eV were used in our calculations.

As can be seen in Fig. 5, the experimentally determined

CBM is in excellent agreement with the calculated composi-

tion dependence of the minimum of the subband, EC2. This is

fully understandable since it should be noted that the d-donor

derived, fully occupied subband, EC3, as well as d-acceptor

derived, completely empty subband, EC1, do not contribute to

the charge transport. Therefore, the electrical properties of

Cd-rich NixCd1-xO are fully determined by charge transport in

the partially occupied subband EC2. The three-level BAC

model can also account for, shown in Fig. 1(b), rapid reduc-

tion of the electron mobility with increasing Ni content. The

mobility in as-grown NixCd1-xO decreases from �100 cm2/

V�s in CdO to �2 cm2/V�s in NixCd1-xO with 31% Ni con-

tent.12 The rapid mobility decrease can be attributed to chang-

ing character of the subband EC2 from delocalized for Cd-rich

alloys to highly localized d-band like for higher Ni content.

Figure 6 shows the dispersions for the three conduction sub-

bands calculated using our three-level BAC model. It is seen

that the electron conducting subband evolves from a band of

fully extended states in CdO, EC, to an increasingly flat local-

ized narrower band for the higher Ni content alloy, EC2.

FIG. 4. Composition dependence of the CBM for NixCd1-xO alloys calcu-

lated from the EF pinning at high irradiation fluences. The solid line repre-

sents linear extrapolation between CBM of CdO and NiO, and the dashed

line corresponds to the d-acceptor and d-donor energies.

FIG. 5. Sub-band energies calculated for NixCd1-x O using the BAC model

as a function of Ni content. The solid squares represent the experimentally

determined CBM energies from Fig. 4, and the red arrows indicate the domi-

nant optical transitions at a given Ni composition.
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The associated flattening of the subband, EC2, dispersion

leads to a rapid increase of the electron effective mass. This

is expected to cause a reduction of the electron mobility.

Interestingly, as is shown in Fig. 7, the saturated electron

mobility appears to be directly proportional to the width of

the EC2 subband defined as Eda – EC2 (k¼ 0).

The flattening of the CBE dispersion relation shown in

Fig. 6 indicates that our previous assumption of the constant

composition independent electron effective mass used to cal-

culate the Fermi energy from Eq. (1) is not strictly correct. It

overestimates the calculated Fermi energy shown in Fig. 3

and thus slightly increases the alloy composition at which

the CBE intersects with EFS. However, these effects are

small and will not affect the overall conclusions of this

paper.

Figure 5 also shows that the VBM that is predominantly

formed of O 2p orbitals that shift upward towards the Ni

d-levels, leading to an anticrossing interaction and a recon-

struction of the valence band structure in NiO-rich alloys.

The BAC interaction of the d-donor level with the valence

band of NixCd1-xO matrix leads to the formation of two

valence subbands—EV1 and EV2. It is interesting to note that

the close energetic proximity of the O 2p and d-donor band

accounts for the well-known hybrid nature of the VBM of

NiO and the low hole mobility in this material.39,40 The

above discussion also indicates that the electrical transport

properties of NixCd1-xO alloys can be explained by an anti-

crossing interaction between localized d-states of Ni and the

extended bands of the NixCd1-xO host matrix.

Our previous studies of the optical properties of this

alloy have shown an unusual composition dependence of the

optical gap of this alloy. In contrast to all known cases of

semiconductor alloys, the optical band gap of NixCd1-xO

shows a super linear behavior with a positive bowing.12 In

order to understand this unusual composition dependence of

the band gap identification of the strongest optical transitions

amongst all possible transitions between valence and con-

duction subbands shown in Fig. 5 is needed. In general, the

strength of optical coupling depends on the overlap of the

wavefunctions of initial and final states. Therefore, the stron-

gest coupling is expected between extended s-like and p-like

bands and the weakest coupling is expected for transitions

involving highly localized d-like states. The character of the

wavefunction for a given subband can be discerned from the

location of the subband relative to the unperturbed states.

Hence the subbands closest to the Ni d-levels are highly

localized and do not contribute to the optical absorption. As

a consequence, the optical absorption is dominated by three

different transitions in three different composition ranges, as

indicated by the arrows in Fig. 5 and also shown with the

experimental absorption energies in Fig. 8.

The calculated composition dependence of the optical

transition energies provides a good overall explanation for

the evolution of the optical band gap with composition. The

exceptions are the transition regions close to �25% and 75%

Ni content where the localized d-levels intersect with the

CBM and VBM, respectively. This is understandable as two

different optical transitions from two subbands contribute to

the optical absorption in these regions and the experimen-

tally determined single absorption band edge is actually a

sum of two broadened absorption edges.

FIG. 6. (a)–(c) Dispersions for the three conduction subbands calculated

using our three-level BAC model.

FIG. 7. The calculated width of EC2 subband from Fig. 6 and experimental

mobility from Ref. 12 plotted versus Ni composition.
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The results in Figs. 5 and 8 provide a straightforward

explanation for the origin of the upward bowing in the com-

position dependence of the bandgap of NixCd1-xO. As is seen

in Fig. 5, the absorption edge in the mid-composition range

is associated with optical transitions from EV2 to EC1 sub-

band. However, as the EV2 subband is pushed down by the

anticrossing interaction with the Edd level and EC1 is pushed

up by the anticrossing interaction with Eda level, the energy

of this transition is larger than the energy expected from a

linear interpolation of the virtual crystal approximation.

Therefore, it can be argued that the d- levels play a role of

“dark states” that affect the electronic band structure but do

not contribute to optical transitions.

Furthermore, we can now explain the effects of the Ni

d-levels in other Group-II oxide alloys. For example, a neg-

ative optical band bowing parameter has been recently

observed in Ni1-xZnxO.47 This behavior is consistent with

repulsive band anticrossing interaction between d-acceptor

level of Ni and the conduction band edge of the host matrix.

Another recent study of the optical properties of NixMg1-xO

alloys has shown a large, more than 1.5 eV, reduction of the

optical band gap energy of the alloy at low Ni content.48

The effect has been explained by the onset of optical

absorption originating from transitions between narrow

band associated with Ni d-levels and the conduction band

edge.

Overall, the behavior in NixCd1-xO contrasts sharply

with the composition dependence of the band gap of standard

semiconductor alloys, where the BAC interaction occurs

between optically active states and always leads to band gap

reduction and downward bowing.

V. PHOTOEMISSION RESULTS AND DISCUSSION

The electronic structure of the CdO VB is well known

and has been studied via various experimental and computa-

tional methods.49–53 This electronic structure is the result of

hybridization between the shallow core-level Cd 4d states

and the predominantly O 2p valence band states, which have

different parity and cannot mix at the C-point. Instead,

repulsive interactions between these Cd and O states occur at

the K- and L-points, resulting in an upward shift of the O 2p
states and formation of two maxima: at the L-point, and mid-

way along the CK direction. The interaction additionally

leads to an indirect bandgap of �1.1 eV from the VBM at

the L-point to the CBM at the C-point. On the other hand,

multiple studies that characterized the electronic structure of

NiO suggest that the valence band structure formed from the

hybridization between O 2p and Ni 3d states.39,40 This is

consistent with our results which, as is shown in Fig. 5 indi-

cate that the top of the valence band is located close to the

Ni d-level.

The experimental results and the discussion presented in

Sec. IV indicate that the Ni 3d states play a crucial role in

determining the electronic band structure of NixCd1-xO

alloys close to CBM, the VBM, and at the C-point. The BAC

interactions mostly affect the electronic structure of the

CBM, which is located close to the Ni d-levels. Here, we uti-

lized XPS to gain more information about the structure of

the valence band and to probe the composition dependence

of the VBM at L-point that is the highest valence band edge

in CdO.

Samples were introduced into the analysis chamber and

were first investigated as-loaded at two different take-off

angles (30� and 90�). Each sample was then sputtered using

a low energy Arþ beam for 2 min, in order to clean the sur-

face but minimizing the damage to the alloy. All of the spec-

tra have been referenced to the Fermi level, EF, and charge

corrected to the C1s core level. All the data have been

adjusted using a Shirley-background subtraction, and then

fitted with the appropriate number of peaks. Details of this

experimental data analysis were presented in previous

publications.54–56

The XPS results in Fig. 9 show that the binding energy

depends very weakly on the alloy composition decreasing

only by about 0.1 eV with Ni content increasing from 0 to

41%. The XPS measurements provide information on the

location of the top valence band states relative to the Fermi

energy in the region close to the surface. The binding energy

is given by

n ¼ EF � EL; (4)

where n is the XPS binding energy, whereas EF and EL are

the Fermi energy and the L-point VBM energy, respectively,

relative to the vacuum level. In CdO, EL is located at �7 eV

and the CBM at �5.9 eV below the vacuum level. This indi-

cates that XPS originates mostly from the bulk region with

the Fermi energy, EF located 0.4 eV above the CBM which

is in acceptable agreement with the Fermi energy of 0.5 eV

calculated from, shown in Fig. 1(a), electron concentration

measured in as-grown (unirradiated) CdO. Also, we can

exclude the possibility that the XPS signal originates from

the sample surface because with the surface Fermi level

pinned at EFS located at �4.9 eV below the vacuum level,

the energy difference EF � EL equals to 2.1 eV which is

much larger than 1.5 eV measured by XPS.

In order to evaluate the composition dependence of the

L-point VBM we have calculated the location of the Fermi

FIG. 8. Sub-band energy transitions as a function of Ni content for NixCd1-xO

across the entire composition range using our 3� 3 BAC Hamiltonian. The

black squares represent the calculated bandgap values as reported in Ref. 12.

Note that there are three regions, each of which corresponds to unique energy

transitions.
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energy relative to the CBM from, shown in Fig. 1(a),

experimental electron concentrations measured for samples

with different Ni content. We find that the Fermi energy

relative to CBM (vacuum level) is changing from 0.5 eV

(�5.4 eV) in CdO to about 0 eV (�4.9 eV) in the alloy with

41% Ni. This combined with the 0.1 eV downward shift of

the XPS binding energy indicates that the L-point VBM

shifts upward with Ni content from �7 eV in CdO to

�6.4 eV in NixCd1-xO with 41% Ni and, as can be found

from Fig. 4, remains well separated from the Edd level.

Consequently, the anticrossing interaction between L-point

VBM and Ni d-level states is negligible and does not affect

the electronic band structure of the valence band states

responsible for the optical absorption spectra in NixCd1-xO

alloys.

VI. CONCLUSIONS

In summary, we have performed a systematic study of

the electronic band structure of NixCd1-xO alloys. The Fermi

level pinning at the Fermi stabilization energy in high-

energy radiation-damaged material has been used to deter-

mine the composition dependence of the conduction band

edge energy relative to the vacuum level. The unusual com-

position dependence of the CBM is explained in terms of a

band anticrossing interaction between localized 3d states of

Ni and extended states of the NixCd1-xO alloy host. The band

structure accounts for the composition dependence of the

electrical and optical properties of the alloys. In particular, it

explains the unique, previously observed, positive band gap

bowing parameter. The XPS studies confirm that the elec-

tronic band structure is not affected by the interaction

between Ni d-states and the highest valence band edge at the

L-point.
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