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We have synthesized alloys of NiO and CdO that exhibit an extreme type III band offset and have

studied the structural, electrical, and optical properties of NixCd1�xO over the entire composition

range. The alloys are rocksalt structured and exhibit a monotonic shift of the (220) diffraction peak

to higher 2h angles with increasing Ni concentration. The electron mobility and electron

concentration decrease with increasing x, and samples become insulating for Ni content x> 0.44.

This decrease in n-type conductivity is consistent with the movement of the conduction band

minimum from below to above the Fermi stabilization energy with increasing Ni content. The opti-

cal absorption edge of the alloys can be tuned continuously from CdO to NiO. The intrinsic gap of

the alloys was calculated with the electrical and optical measurements and accounting for Burstein-

Moss carrier filling and carrier-induced bandgap renormalization effects. We observe an

uncommon composition dependence of the intrinsic bandgap on the alloy composition. The effect

is tentatively attributed to an interaction between extended states of the conduction band and local-

ized d-states of Ni. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906088]

Cadmium oxide is an intriguing n-type wide bandgap

metal oxide that has favorable electrical transport properties.

Among known metal oxides, CdO has the highest mobility

(over 200 cm2/Vs for electron concentrations >1020 cm�3)

and can have high conductivity (>105 S/cm) with high trans-

parency >85% for photon wavelengths up to 1500 nm.1–4

However, the small intrinsic direct bandgap of CdO

(2.2 eV)5 limits its transparency at short wavelengths

(k< 400 nm) even when heavily doped to electron concen-

trations >1021 cm�3.1–4 CdO has a large electron affinity of

5.8–6.0 eV with respect to vacuum with the conduction band

minimum (CBM) located �1 eV below the Fermi stabiliza-

tion energy (EFS) of 4.9 eV below vacuum level and hence

has a high propensity to be n-type.6–9 Nominally undoped

CdO films are rocksalt structured and exhibit n-type conduc-

tivity that can be further enhanced by doping with Ga and In

to electron concentration exceeding 1021 cm�3.1–4 As a

result, there has been great interest in using this material as a

component for bandgap engineering by alloying. For

instance, maintaining the high conductivity of CdO while

increasing its bandgap through alloying can achieve an ideal

transparent conductor for application in full spectrum

photovoltaics.10,11

Several studies have analyzed CdO-based alloys such as

CdxMg1�xO and CdxZn1�xO. In the case of CdxMg1�xO

alloys, adding Mg increases the band gap but also leads to a

significant degradation in electrical transport properties.10

On the other hand, an increase of the bandgap without signif-

icant reduction has been found in Cd-rich CdxZn1�xO alloys

with the rocksalt structure.11 It is highly desirable, for

optoelectronics, to synthesize alloys that offer the potential

for n and p type electrical behavior, increase the bandgap of

CdO, and have binary endpoint compounds that are isostruc-

tural. Nickel oxide is a wide bandgap (�3.7 eV) semiconduc-

tor.12 NiO is currently recognized as a functional material in

electrochromic displays and chemical sensors.12–17 The

valence band maximum (VBM) of NiO is thought to be near

EFS, and therefore as-grown NiO films can exhibit native

p-type conductivity, a rarity among metal oxides.18–20 This

high location of the VBM of NiO leads to an extreme type

III band offset between CdO and NiO with CdO CBM

located about 1 eV below the VBM of NiO. The band offset

schematics for the CdO-NiO material system, as adapted

from data provided by Refs. 6–9 and 18–20, is shown in Fig.

1. Therefore, the NixCd1�xO alloy system offers a unique

opportunity to study the evolution in electrical and optical

properties of a material system with very large, larger than

3 eV, shifts of the band edges. In this work, we synthesized

NixCd1�xO alloys over the entire composition range and

report on their structural, electrical, and optical properties.

We observe a rapid change of the electrical properties and

unusual band gap dependence on the alloy composition.

Thin-films of nominally undoped NixCd1�xO thin films

were grown on glass and sapphire substrates using a dual-

gun radio frequency magnetron sputtering system with sepa-

rate NiO and CdO targets. The chamber was evacuated to

1� 10�6 Torr prior to deposition. The background pressure

was maintained at �5 mTorr of argon at substrate tempera-

ture of 270 �C during sputtering. Films with CdO:NiO ratio

ranging from 0 to 1 were deposited by varying the sputtering

power and substrate-to-target distance of the CdO and NiO

targets. The stoichiometry and thickness of the films were

characterized by Rutherford backscattering spectrometry
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(RBS) using a 3.04 MeV Heþþ beam. The RBS results show

that films of thicknesses between 98 and 244 nm were grown.

The crystal structure of the films was analyzed by x-ray dif-

fraction (XRD) using Cu Ka radiation. Absorption coeffi-

cients of the films were obtained by reflection and

transmission measurements over the photon wavelength

range of 240–2500 nm. Electrical properties of the films

including electron concentration and mobility were obtained

by room temperature Hall effect and resistivity measure-

ments in the van der Pauw configuration with a magnetic

field of 0.6 T.

XRD patterns of NixCd1�xO samples across the compo-

sition range show that all films are polycrystalline with ran-

dom grain orientations and an average grain size of �16 nm.

Fig. 2(a) shows (220) diffraction peaks from selected

NixCd1�xO samples. Notice that the (220) peak shows a

monotonic shift to higher 2h angles with increasing Ni con-

tent (�55�–62�). This indicates a reduction in the lattice pa-

rameter of the alloy as the Ni content increases, consistent

with the smaller lattice parameter of NiO (aNiO ¼ 4.209 Å

and aCdO¼ 4.719 Å). Using these parameters, we calculated

the amount of substitutional Ni at Cd sites in NixCd1�xO

with Vegard’s law for random alloys. Fig. 2(b) compares the

calculated substitutional Ni content by XRD and total meas-

ured Ni content by RBS. The dashed line indicates that all Ni

atoms in the alloy are substitutional. The compositions

obtained from XRD and RBS are in general agreement. The

slightly lower Ni content measured by XRD, especially for

alloys with content in the range of 0.2< x< 0.8 may

originate from the effects of stress and/or defects such as Ni

interstitials or clusters.

Fig. 3 summarizes the measured electrical properties of

the alloys. The Cd-rich alloys are n-type with increasing

resistivity as Ni content increases. The samples become

insulating (resistivity q> 1000 X-cm) for Ni content

x> 0.44. Both the electron concentration (red circles) and

mobility (blue triangles) decrease rapidly from

n� 2.7� 1020 cm�3 and l¼ 103 cm2/Vs at x¼ 0 to

n� 6.0� 1018cm�3 and l� 7 cm2/Vs at x¼ 0.44, respec-

tively. The decrease in electron concentration with increas-

ing Ni content can be understood by the large conduction

band offset of �4.4 eV between CdO and NiO, as shown in

Fig. 1. As the NiO content increases in the alloy, the CBM

shifts from �5.8 eV in CdO to �1.4 eV below the vacuum

level.7,8,18–20 Assuming a linear dependence of the band

edges on the alloy composition the CBM is expected to cross

the EFS, which is located at 4.9 eV below the vacuum level,9

for x� 0.2. This upward shift of the CBM reduces the pro-

pensity of the material for n-type doping. As the conduction

FIG. 1. The band offset diagrams for the NiO and CdO material systems.

Positions of the conduction and valence band edges for CdO and NiO are

determined from data provided by Refs. 6–9 and 18–20. The extreme type

III band offset suggests that the positions of the CBM and VBM of a CdO-

NiO alloy can be tuned over a large range (>3 eV).

FIG. 2. (a) (220) XRD peaks of NixCd1�xO films with increasing Ni content.

(b) The dependence of the substitutional Ni composition determined by

XRD as a function of the total Ni content measured by RBS. The dashed

line shows 1 to 1 relationship.
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band edge (CBE) moves towards EFS, the formation energy

of donor- and acceptor-like native defects becomes similar,

leading to significant compensation and the reduction of the

electron concentration and mobility.

The optical absorption coefficient, a, for these alloys

was calculated using the measured reflectance and transmis-

sion spectra and the Beer-Lambert law. Fig. 4 summarizes

the optical properties of the alloys. The absorption edge,

EAE, was obtained by linear extrapolation of the a2 plots to

the baseline. The EAE, represented by the blue triangles in

Fig. 5, increases with increasing Ni content from 2.6 eV at

x¼ 0 (CdO) to 3.63 eV at x¼ 1 (NiO). Values of EAE deter-

mined here are not necessarily the intrinsic bandgap of the

materials. In semiconductors with a large electron concentra-

tion, the absorption edge is shifted by the Burstein-Moss

effect.21,22 In addition, the absorption edge energy is affected

by bandgap renormalization effects including electron-

electron and electron-ion interactions. The renormalization

effects are especially large in samples with large electron

concentrations. Therefore, as is seen in Fig. 3, they should be

especially significant for samples with large Cd content.

Overall, the intrinsic, carrier-free bandgap, Eg, can be

expressed as

EAE�EBMðnÞ þ Eel�el ðnÞ þ Eel�iðnÞ ¼ Eg; (1)

where EBM(n) is the Burstein-Moss effect,21,22 Eel-el (n) and

Eel-i (n) are energy shifts caused by electron-electron correla-

tion and electron-ion interactions, respectively. In order to

determine the intrinsic energy gap, we have adopted the

method of Ref. 11 that accounts for the conduction band fill-

ing effect as well as electron-electron and electron-ion inter-

actions. The Fermi level Ef is related to the electron

concentration n(Ef) by the following expression:21–24

n Efð Þ ¼
1

3p2

ð1
0

exp z� EF

kBT

� �

1þ exp
EF

kBT

� �� �2
k3 zð Þdz; (2)

where z¼Ec/kBT. Ec is the electron energy with respect to

the conduction band edge. The wavevector k is determined

from a nonparabolic dispersion, derived from Kane’s two-

band k�p model25

Ec kð Þ ¼ �h2k2

2m0

� Eg

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eg

2

� �
þ Eg�h2k2

2m�e

 !vuut ; (3)

where Eg is the intrinsic bandgap and m*e is the band edge

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

tive mass for these Cd-rich samples was estimated by using

the literature value for CdO (m*e¼ 0.21m0).26 The bandgap

renormalization effects due to electron-electron correlation

and electron-ion interactions are calculated using expressions

in Refs. 23 and 24.

The intrinsic bandgap Eg of the alloy thin films calcu-

lated using Eq. (1) are represented by the red circles in Fig. 5

and shown to increase from 2.2 eV at x¼ 0 (CdO) to 3.63 eV

at x¼ 1 (NiO). Since alloys with x> 0.44 are insulating,

there is no correction to EAE.

As is seen in Fig. 5, the intrinsic gap of Cd1�xNixO

alloys shows unusual composition dependence. Typically,

the composition dependence of the bandgap can be

expressed in terms of bowing equation

FIG. 3. Room temperature electron concentration and electron mobility of

NixCd1�xO films as a function of Ni content. Insulating behavior was

observed for films with x> 0.44 Ni.

FIG. 4. The squared optical absorption coefficients, a2, as a function of pho-

ton energy in NixCd1�xO for selected samples across the composition range.

FIG. 5. The uncorrected optical absorption edge (blue triangles) and the

intrinsic bandgap (red circles) corrected for the free electron effects and

fitted with Eq. (4).
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Eg
NiCdOðxÞ ¼ Eg

NiOxþ Eg
CdOð1� xÞ � bxð1� xÞ: (4)

In standard semiconductor alloys, the bowing parameter is

negative, which is a manifestation of the repulsive interac-

tion between CBE and higher lying conduction bands as well

as between VBE and the lower lying valence bands.

However, fitting the composition dependence of the bandgap

in Fig. 5 gives a positive value of the bowing parameter

b¼ 1.26.

This behavior may be attributed to a repulsive interac-

tion between the unoccupied, extended conduction band

states, and the occupied, donor-like d-levels of Ni (Ref. 27)

located at about 6.1 eV below the vacuum level or 0.2 eV

below the CBE of CdO. The occupied localized d-levels do

not contribute to the optical absorption plots seen in Fig. 4,

but they affect the location of the unoccupied conduction

band states that are ultimately responsible for the extrapo-

lated optical absorption edge values. The mixing of the

extended CB states with highly localized d-states could be

also responsible for the drastic reduction of the electron

mobility with increasing Ni content in Cd-rich alloys.

Confirmation of this model, specifically the origin and the

effects on the materials properties of the unusual positive

bowing of the energy gap, requires further investigation.

In summary, we have reported the structural, optical, and

electrical properties of NixCd1�xO alloys synthesized by

radio frequency magnetron co-sputtering. Cd-rich alloys ex-

hibit a rapid decrease in electron mobility from 103 cm2/Vs

to 7 cm2/Vs and electron concentration (from 2.7� 1020

cm�3 to 6.0� 1018 cm�3) with increasing Ni content from

0< x< 0.44. This decrease in electron concentration and mo-

bility is consistent with the movement of the conduction band

minimum from below to above EFS with increasing Ni con-

tent. The intrinsic Eg of the alloys can be tuned continuously

from 2.2 eV (CdO) to 3.63 eV (NiO) with increasing Ni. The

observed unusual composition dependence of the intrinsic

bandgap with a positive bowing parameter is attributed to a

repulsive interaction between the conduction band and the

localized d-states of Ni. Additional studies on intentional

doping will be conducted to optimize this material for trans-

parent conducting applications.

This work was supported by the Director, Office of

Science, Office of Basic Energy Sciences, Materials Sciences

and Engineering Division, of the U.S. Department of Energy

under Contract No. DE-AC02-05CH11231, and the

University of California-Berkeley Chancellor’s Fellowship.
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