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The bandgap and band-edge effective mass of single crystal cadmium oxide, epitaxially grown by
metal-organic vapor-phase epitaxy, are determined from infrared reflectivity, ultraviolet/visible
absorption, and Hall effect measurements. Analysis and simulation of the optical data, including
effects of band nonparabolicity, Moss-Burstein band filling and bandgap renormalization, reveal
room temperature bandgap and band-edge effective mass values of 2.16± 0.02 eV and 0.21± 0.01m0
respectively. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2833269兴
Cadmium oxide 共CdO兲, a semiconductor which crystallizes in the rocksalt structure, is almost entirely transparent
in the optical region of the electromagnetic spectrum and has
high conductivity. Interest in CdO and other transparent conducting oxides 共TCOs兲 over the past few years has been
prompted by the need for optoelectronic devices operating at
short wavelengths1 and for thin-film photovoltaics and flat
panel displays.2
Currently, the accepted and frequently cited value for the
direct bandgap of CdO is 2.28 eV as determined from 100 K
thermoreflectance measurements of single crystal CdO produced using a vapor transport technique.3 The calculations
on which this work is based used a parabolic conduction
band and an electron effective mass of 0.14m0. No justification for the choice of effective mass value was given and
though the author concluded that the interpretation of the
thermoreflectance spectra is qualitatively correct, it was suggested that the inclusion of the effects of conduction band
nonparabolicity may produce better agreement with the data.
In this paper, the room temperature bandgap and the
band-edge effective mass of single crystal epitaxially grown
CdO are determined from infrared reflectivity, ultraviolet/
visible optical absorption and Hall effect measurements. The
nonparabolicity of the conduction band and the competing
effects of Moss-Burstein band-filling and bandgap renormalization are explicitly considered.
Single crystal CdO samples were grown by metalorganic vapor-phase epitaxy 共MOVPE兲 on r-plane sapphire
substrates using the growth precursors tertiary butanol and
dimethylcadmium. Further details on the growth and structural characterization of these samples can be found
elsewhere.4 The samples were annealed under ultrahigh
vacuum at a temperature of 400 ° C for between 2 and 24 h.
As a result of this annealing, the free electron concentrations
共mobilites兲 were reduced 共increased兲 from ⬃1.8
⫻ 1020 cm−3 共51 cm2 V−1 s−1兲, for the as-grown samples, to
as low 共high兲 as 4.4⫻ 1019 cm−3 共113 cm2 V−1 s−1兲 for the
postgrowth annealed samples.
a兲
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Infrared reflectivity measurements were made using a
Perkin Elmer Spectrum GX Fourier transform infrared spectrometer with a 35° specular reflection with respect to the
surface normal. The reflectance was determined from the ratio of the reflection from the CdO sample and that of a high
reflectivity optical mirror. The system employs a cadmium
mercury telluride detector giving a working range of
0.05– 1.24 eV. Transmission geometry ultraviolet/visible absorption measurements were performed using a Perkin Elmer
Lambda 25 spectrometer working between 1.24 and 4.00 eV.
All measurements from both optical systems were taken at
room temperature. Finally, single field Hall effect measurements, also conducted at room temperature, were performed
using the standard van der Pauw method.
The infrared reflectivity spectra of three CdO samples
are shown in Fig. 1. The spectra were simulated using an
expression describing the propagation and reflection of electromagnetic radiation from a two-layer stratified medium derived from the Fresnel equations.5 This expression is dependent on the complex refractive indices 共ñ兲 of the materials
which are described in terms of the two-oscillator dielectric
model of the complex permittivity 共˜⑀兲 where

˜⑀ = ñ2 = ⑀共⬁兲 +
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Here,  is the frequency of the incident radiation, ⑀共0兲
and ⑀共⬁兲 are the static and high-frequency dielectric constants, T and  p are the TO-phonon and plasma frequencies,
and ␥ and  are the phonon damping and free-carrier scattering time.
Simulation of the reflectivity spectra enables the determination of the plasma frequency and the epilayer thickness.
The sample thicknesses obtain from fitting the reflectivity
spectra were in the range of 0.48– 0.65 m, as a result, the
samples were treated as fully relaxed as the calculated thicknesses were greater than the CdO/sapphire critical thickness.
The plasma frequency plotted as a function of carrier
concentration for the CdO samples is shown in Fig. 2 together with calculated values for three different band-edge
effective masses. Simulation of the plasma frequency as a
function of carrier density was calculated using the following
relation
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The value of the effective mass used in Eq. 共2兲 is dependent on the carrier density, since the Fermi level is situated
above the conduction band minimum, due to the high electron densities observed in our samples. The effective mass
for a given carrier density was calculated by modelling the
conduction band dispersion of CdO using a two-band k · p
method, and including the effect of bandgap renormalization
following Berggren and Sernelius.6 Given this band dispersion, the carrier concentration and density of states integrated
effective mass for a given Fermi-level 共EF兲 were determined
from
n共EF兲 =

冕

g共E兲f共E,EF兲dE

共3兲

冕

共4兲

and
*
共EF兲 =
mav

FIG. 1. 共Color online兲 Infrared reflectivity spectra of three CdO samples
with carrier concentrations of 共a兲 1.7⫻ 1020 cm−3, 共b兲 1.2⫻ 1020 cm−3, and
共c兲 6.2⫻ 1019 cm−3 共open circles兲. In each case, the simulation based on the
two-oscillator dielectric function is shown 共solid lines兲.

2p =

ne2
,
*
mav
⑀共⬁兲⑀0
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where n is the free carrier density, e is the electronic charge,
* is the density of states integrated effective mass, and ⑀
mav
0
the permittivity of free space.

1
n共EF兲

m*共E兲g共E兲f共E,EF兲dE,

where g共E兲 is the density of states, f共E , EF兲 the Fermi-Dirac
distribution, and m*共E兲 the energy dependent effective mass,
calculated from the derivative of the band dispersion.
The plasma frequency was calculated using the bandedge effective mass 共m0*兲 and the bandgap 共Eg兲 as input parameters. The calculations shown in Fig. 2 have band-edge
effective mass values of 0.19m0, 0.21m0, and 0.23m0 together with a bandgap value of 2.16 eV. The effect of the
bandgap value on the plasma frequency simulations was
found to be negligible in the range of 1.9– 2.3 eV.
It can be seen from Fig. 2 that an effective mass of
0.21m0 fits the experimentally determined plasma frequencies very well. It should be noted, however, that both the
simulations of the infrared reflectivity and the calculated
plasma frequency rely on the high-frequency dielectric constant of CdO. A recent paper investigating the effects of the
carrier concentration on the dielectric function of various
TCOs by spectroscopic ellipsometry suggest that the value of
⑀共⬁兲 is linearly reduced with increasing carrier concentration. The reduction in ⑀共⬁兲 for ZnO:Ga was found to be
⬃5% for an increase in carrier concentration from 3.2
⫻ 1019 to 7 ⫻ 1020 cm−3.7 Using infrared reflectivity, a
unique determination of the high-frequecy dielectric constant
and the epilayer thickness is not possible, consequently a
previously determined value of 5.3 for ⑀共⬁兲 was used.8
The ultraviolet/visible ␣2 spectra of three CdO samples
are shown in Fig. 3. The position of the fundamental direct
optical transition was obtained from the point of intersection
between the linear extrapolations of the indirect absorption
and the absorption from direct transitions seen in the vicinity
of the CdO direct bandgap.
The high unintentional n-type conductivity observed in
CdO results in a strong dependence of absorption edge with
carrier concentration9,10 as well as the less pronounced effect
of bandgap renormalization resulting from the electronelectron and electron-defect interactions.6 As with the calculation of plasma frequency, the Fermi level as a function of
carrier concentration is determined from a nonparabolic twoband k · p conduction band. Making the assumption that direct transitions take place from a single, nondispersive valence band to the Fermi-level of the nonparabolic conduction
band, the position of the fundamental direct absorption feature is obtained. The nondispersive valence band was used as
recent density functional theory calculations suggest the

FIG. 2. 共Color online兲 The plasma frequency of the CdO samples determined from infrared reflectivity measurements plotted as a function of carrier concentration 共filled circles兲 together with three simulations of the
plasma frequency calculated with a bandgap of 2.16 eV and band-edge effective mass values of 0.19m0, 0.21m0, and 0.23m0 共lines兲. The inset shows
the density of states integrated effective mass as a function of carrier
concentration.
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FIG. 4. 共Color online兲 The position of the fundamental optical transition
plotted as a function of carrier concentration for the CdO samples together
with simulations calculated using a nonparabolic two-band k · p conduction
band with a band-edge effective mass of 0.21m0 and bandgaps of 2.14, 2.16,
and 2.18 eV.

FIG. 3. 共Color online兲 The ultraviolet/visible ␣2 spectra of three CdO
samples with carrier concentrations of 共a兲 1.7⫻ 1020 cm−3, 共b兲 1.2
⫻ 1020 cm−3, and 共c兲 6.2⫻ 1019 cm−3. The position of the fundamental optical transition 共from valence band to Fermi level兲 is seen to increase with
carrier concentration. This trend is further highlighted in the inset where the
␣2h spectra of all samples considered in this work are shown.

heavy-hole band of rocksalt CdO changes by less than
50 meV within the region of k space of interest, increasing to
maxima at the L point and between the ⌫ and X points.11
The calculated absorption edge as a function of carrier
concentration is shown in Fig. 4 for bandgap values of 2.14,
2.16, and 2.18 eV and with the previously determined bandedge effective mass value of 0.21m0. It can be seen that good
agreement between the calculated and experimentally determined values is found within this narrow range of bandgap
energies.
In conclusion, infrared reflectivity and ultraviolet/visible
optical absorption spectroscopies have been used, together
with Hall effect measurements, to determine the bandgap and
band-edge effective mass of single-crystal epitaxial cadmium
oxide grown by MOVPE on r-plane sapphire substrates. The

band-edge effective mass and bandgap values were found to
be 0.21± 0.01m0 and 2.16± 0.02 eV, respectively. The bandgap value obtained was lower than the value frequently cited
as the room-temperature bandgap determined by Koffyberg
from thermoreflectance measurements performed at 100 K.
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