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ABSTRACT 
 
CdO based transparent conducting oxide thin films have great potential applications 
in optoelectronic devices due its high mobility, low resistivity and high transparency 
over a wide spectral range.  In this work, we report results of a comprehensive study 
of optical properties of CdO thin films doped with different donors (In, Ga, V, Ti) with 
carrier concentration in the range of 1020 to >1021/cm3.  Variable angle spectroscopic 
ellipsometry (SE) studies revealed that the complex dielectric function of CdO thin 
films drastically depends on the carrier concentration. Specifically, with increasing 
carrier concentration, (1) the net effect of Burstein-Moss shift and band gap 
renormalization gives rise to an increase in the optical band gap from 2.6 to 3.2 eV; (2) 
the free carrier absorption coefficient at wavelength of 1200 nm increases from 102 to 
1×104 cm-1; (3) the refractive index decreases from 2.4 to 2.05 at 600 nm; (4) the high 
frequency dielectric constant reduces from 5.5 to 4.8. The SE results were analyzed 
with results from Hall measurements to obtain information on the electron effective 
mass and optical mobility of CdO thin films.  The significantly higher effective mass 
of V and Ti doped CdO thin film is attributed to the modification of the conduction 
band due to anticrossing interaction between the localized d-levels of V and Ti atoms 
and the CdO conduction band extended states.  The effective mass of In and Ga 
doped CdO increases with the electron concentration, consistent with the prediction 
from the nonparabolic conduction band model. We also found that the optical mobility ߤ௢௣௧ is close to the Hall mobility ߤு௔௟௟ when the ߤு௔௟௟ ൏ 60 ܿ݉ଶ/Vs,  while ߤ௢௣௧ ൏    .ு௔௟௟ߤ ு௔௟௟ for materials with higherߤ
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1. INTRODUCTION 

Transparent conductors are an essential component in many electronic devices 
including portable electronics, flat-panel displays, low-e windows and solar cells [1]. 
The most commonly used transparent conductors are wide gap metal oxides 
(transparent conducting oxides or TCOs) such as doped indium oxide, zinc oxide or 
tin oxide. Transparent conductors need to have low resistivity (~10-4 Ω-cm) and high 
transparency (>85%) in the visible and near ultraviolet spectral range [1-2].  The 
current TCO market is dominated by indium oxides such as In2O3:Sn (ITO) due to 
their excellent electrical and optical performance [3,4].  Since indium is a rare 
element in the earth’s crust, the high demand of ITO in various industries has driven 
up the price of Indium considerably.  Hence there is a great incentive to find 
replacements for the expensive ITO [3-4].  One of these low cost alternatives is 
Aluminum doped Zinc oxide (AZO) [5] with electrical and optical properties 
approaching those of ITO.   

Cadmium oxide (CdO) with rocksalt crystal structure (space group=Fm-3m) was 
one of the oldest TCO studied and has received a growing attention recently due to its 
high propensity for n-type doping and high electron mobility [6-13].  Previous 
studies have shown that native defects play a dominant role in electrical and optical 
properties of CdO.  Based on hybrid density functional theory, Burbano et al. found 
that oxygen vacancy constitutes the dominate intrinsic donor defect, while the 
compensation by acceptor defects would not occur until its fermi level reaching 1.2 
eV above the conduction band minimum [14].  Yu et al. performed thermal 
annealing studies of sputtered deposited CdO in O2 and N2 ambient and showed that 
the high electron concentration in sputter deposited films can be attributed to O 
related native defects [15]. 

High quality of CdO thin films can be grown by a variety of deposition methods.  
For instance, Yan et al. reported the epitaxial growth of CdO:Sn film on MgO (111) 
substrate by pulsed laser deposition, achieving a conductivity of 4.2x104 S/cm and a 
mobility of 609 cm2/Vs at a carrier concentration of 4.74×1020 cm-3 [6].  Yu et al. 
demonstrated that doped CdO thin film deposited on glass substrates can exhibit high 
conductivity as well as high transparency in the visible to IR spectral range, making it 
an ideal transparent electrode for high efficiency multijunction photovoltaic devices 
[7]. Due to its large static dielectric constant (εo=21.9) [16], CdO has very high 
electron mobility because of reduced electron scattering through efficient screening of 
coulomb potentials of ionized donors. The high electron mobility allows for highly 
conductive CdO with relatively low electron concentration of mid 1020/cm3

, and 
therefore low free carrier absorption that enables high transparency up to >1200 nm 
range [7,9,17].  

For transparent conductor applications, CdO thin films with carrier 
concentration >mid 1020/cm3 is needed to achieve a resistivity <~10-4 Ω-cm.  Such 
high concentration of free carriers significantly alters optical properties of a 
semiconductor.  For instance, the onset of band-edge absorption in degenerate 
semiconductor blueshifts due to the large amount of free carriers filling in the 
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conduction band.  This effect is known as Burstein-Moss effect.  At the same time, 
strong free carrier absorption would be present in the NIR spectral range, [18] and this 
will narrow the transmission window in the long wavelength regime.   

For TCO materials, it is of great importance to understand the effect of free 
carriers on their opto-electronic properties [19-22].  Optical studies of TCOs were 
typically carried out using conventional transmittance/reflectance (T/R) [7,23-25] as 
well as spectroscopic ellipsometry (SE) measurements.  SE has received an 
increasing attention in recent years [26] as a fast, reliable and highly sensitive method 
for measuring optical properties of thin film materials.  Using polarized light as the 
probe, SE measures the change in polarization state of light reflected from (or 
transmitted through) the surface of a sample over a wide spectral window, providing 
several unique advantages as compared to the T/R measurement [27].  Firstly, two 
parameters (Ψ and Δ) instead of one are independently determined in a 
single-measurement at each wavelength.  Therefore, both the real and imaginary 
parts of the complex dielectric function can be obtained directly on a 
wavelength-by-wavelength basis without having to resort to multiple measurements 
or to performing the Kramers-Kronig analysis.  Secondly, SE measurement is highly 
surface sensitive and can be used to measure film down to sub-monolayer thickness.  
The variable angle measurement allows acquiring a large amount of data and 
minimizing parameter correlations in the model fitting.  Finally, SE measures the 
reflected intensity with reference to the incident light, and hence no special reference 
sample is needed and results are not affected by fluctuations in the source intensity.  

Optical properties of common TCOs such ITO and AZO have been studied by 
SE [5, 19, 28].  The effects of free carriers on the optical response of doped TCO 
thin films were found to be significant, in both the infrared (IR) and the band-edge 
region. It has been shown that in Al-doped ZnO thin films with carrier density of 
1×1021 cm-3 the free carrier plasma contribution to the dielectric function in the IR 
region screens the polar lattice mode excitation, and results in a Burstein-Moss effect 
related blueshift of the optical absorption edge [5].  Similar effects should be 
observed for high carrier concentration, intentionally doped CdO thin films.  
However, to date only a few SE investigations on CdO have been reported [8].  In 
this work, we report a comprehensive study of optical properties of CdO thin films 
doped with two different types of dopants: shallow donors (In and Ga) and transition 
metals (V and Ti) with electron concentration as high as 2x1021/cm3 using variable 
angle spectroscopic ellipsometry (VASE) in the spectral range of 190 to 1700 nm 
(0.73 to 6.5 eV).  Moreover, the electron effective mass for films with different 
dopants was derived from SE and Hall Effect measurements.  

2. EXPERIMENT 

CdO thin film samples were deposited using a dual-gun radio frequency 
magnetron sputtering system.  In, Ga, Ti and V doping was achieved by using a 
In2O3, Ga2O3, TiO2 and V2O3 target, respectively sputtered together with a CdO target.  
Some of the In doped CdO films were also deposited using a 2% and 4% In doped 
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CdO sintered target.  The dopant concentration was tuned by varying the sputtering 
power and the substrate-target distance of dopant targets.  Both soda lime glass and 
silicon substrates were used with substrate temperature maintained at 270oC during 
deposition. Prior to deposition, the chamber was pumped down to ~1×10-6 Torr, and 
the background pressure was maintained at 5 mTorr by flowing pure Ar or Ar mixed 
with O2 (1~2%) during deposition.  

Film stoichiometry, dopant concentration and thickness were measured by 
Rutherford backscattering (RBS) using a 3.04 MeV He++ beam.  Film thicknesses in 
the range of 100-350 nm were measured by RBS and also confirmed by SE.  The 
crystalline structure of films was determined by x-ray diffraction (XRD). Typically 
polycrystalline films with grain size in the range of 10-24 nm were synthesized. 
Carrier concentration and Hall mobility were obtained from Hall measurement in the 
van der Pauw configuration.  Room temperature SE spectra (the amplitude ratio ψ, 
and the phase difference Δ) were measured in the spectral range of 0.73 to 6.5 eV 
using a rotating-compensator instrument (J. A. Woollam, M-2000).  The angle of 
incidence was varied from 60o to 75o with an increment of 5o.  The back side of the 
glass substrate was taped with translucent plastic tape to eliminate back-side 
reflection [29].  The rotating compensator ellipsometer provides accurate results for 
the ellipsometric parameters ψ and Δ over the complete measurement range (ψ=0-90o, 
Δ=0-360o).  This is a clear advantage over the commonly used rotating-analyzer 
(polarizer) ellipsometer whose measurement errors increase significantly when Δ 
approaches to 0o and 180o [19,30].  

3. SE ANALYSIS 

SE data analysis was carried out using a 3 layer structure, including a surface 
roughness layer, CdO film and glass substrate. The refractive index (n) of the glass 
substrate was determined by fitting the ellipsometric parameter ψ while the extinction 
coefficient (k) was obtained by fitting the normal incidence transmission spectrum on 
a bare glass substrate, according to the procedure outlined in the WVASE32® [31].  
The dielectric function of the surface roughness layer was modeled as a 50/50 vol% 
mixture of the CdO bulk layer and voids [32].  The optical response of free electrons 
in metal or metal-like materials is typically described by the Drude model [19, 31], 
while for TCO materials, a variety of models including Lorentz model, Tauc-Lorentz 
(TL) model and the Cauchy model have been used to account for contributions from 
interband optical transitions.  Here for highly conducting CdO thin films the Drude 
model combined with the Tauc-Lorentz model is used to describe the dielectric 
function ε(E) as  εሺEሻ ൌ ሻܧଵሺߝ െ ሻܧଶሺߝ݅ ൌ ሻܧ஽ሺߝ ൅  ሻ,                 ሺ1ሻܧ௅ሺ்ߝ

where ߝ஽ሺܧሻ and ்ߝ௅ሺܧሻ are the dielectric functions calculated by the Drude and TL 
models, respectively.  ߝ஽ሺܧሻ describes the intraband while ்ߝ௅ሺܧሻ accounts for the 
interband optical transitions in the film. This combined model has been used 
successfully to fit the SE data of SnO2:F, ZnO:Ga and In2O3:Sn films [19, 33,34].  ߝ஽ሺܧሻ is given by 
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ሻܧ஽ሺߝ ൌ െ ଶܧ஽ܣ െ ݅Γ஽ܧ  ,                    ሺ2ሻ 

where the two parameters (AD, ΓD) represent the amplitude and the broadening, 
respectively.  Based on the Drude theory, the amplitude AD can be expressed as  ܣ஽ ൌ  ௣ଶ  ,                   ሺ3ሻܧஶߝ

where ε∞ and Ep are the high-frequency dielectric constant and plasma energy, 
respectively. The plasma energy, in turn can be written as  

௣ܧ ൌ ԰߱௣ ൌ ඨ԰ଶeଶ ௢ܰ௣௧mߝכஶߝ௢  .             ሺ4ሻ 

In Eq. (4) ωp, e, ௢ܰ௣௧ and εo are the plasma angular frequency, electron charge, 
optical carrier concentration, and the free-space permittivity, respectively. The 
broadening parameter in the Drude model is related with the electron effective mass 
by Γ஽ (௢௣௧ߤ) and the optical mobility (כ݉) ൌ ԰݁݉ߤכ௢௣௧ .                    ሺ5ሻ 

At sufficiently low energies, the real part of dielectric function εଵሺܧሻ can be written 
as  ߝଵሺܧሻ ൌ ஶߝ െ ଶܧ஽ܣ ൅ Γ஽ଶ  .           ሺ6ሻ 

Hence ߝஶ can be obtained from the intercept of ߝଵሺܧሻ plotted against 1/(E2+ΓD
2), 

[19,35,36].  

In the TL model ்ߝ௅ሺܧሻ ൌ ௅ଵ்ߝ  ൅   ௅ଶ, where்ߝ݅

௅ଶ்ߝ ൌ ቈ ܧሺܥ௢ܧ௅்ܣ െ ଶܧሻଶሺ்ܧ െ ௢ଶሻଶܧ ൅ ଶܧଶܥ ൈ ቉ ܧ1 ܧ ݎ݋݂  ൐ ௅ଶ்ߝ ሺ7ሻ           ,்ܧ ൌ ܧ ݎ݋݂ 0 ൏  ሺ8ሻ              .்ܧ
The ்ߝ௅ଵ obtained by Kramers-Kronig relation and integration is given by 

ሻܧ௅ଵሺ்ߝ ൌ ଵሺ∞ሻߝ ൅ ߨ2 ܲ න ଶߦሻߦ௅ଶሺ்ߝߦ െ ଶܧ ሺ9ሻஶ                  ,ߦ݀
ா೅  

with P being the Cauchy principal part of the integral [37].  Thus, in the TL model, 
the dielectric function is described by five parameters {ATL, Eo, C, ET, ε1(∞)} which 
represent the amplitude, center energy, broadening, Tauc optical gap, and 
energy-independent contribution to real part of dielectric function, respectively.  
Therefore, the various optical and electronic properties such as ߝஶ, ,௣ܧ ௢ܰ௣௧, ௢௣௧, andߤ כ݉   can be derived from the experimentally determined 
dielectric function. 

4. RESULTS AND DISCUSSTION 

4.1 Electrical properties 
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The electrical properties of CdO films doped with In , Ga, V and Ti with various 
doping concentration (given in mole percent) obtained by Hall effect measurements 
are summarized in Fig. 1.  All the dopant species studied in this work are efficient 
donors in CdO and as shown in Fig, 1(a) electron concentration N increases 
to >1021/cm3 with dopant concentration up to 6-10 mole fraction (or 2.3-3.8x1021/cm3).  
However, as is seen in Fig. 1 (b) there is a significant difference in the electron 
mobility behavior between group III shallow donors (Ga and In) and transition metal 
(V and Ti) dopants.  While high mobility of ~130 cm2/Vs can be achieved for doping 
with group III donors for n~1021/cm3, doping with transition metals (TMs) results in a 
rapid drop in the mobility from 90 to <10 cm2/Vs at high electron concentrations.  
The dramatic difference in the mobility behavior can be attributed to the different 
doping mechanisms of the two types of dopants.  Column III Ga and In substituting 
Cd site contribute two electrons to the bonds and the third loosely bound electron falls 
into the conduction band and is responsible for the n-type conductivity in CdO.  On 
the other hand, group 3d TM substituting Cd contribute two outer 4s electrons to the 
bonds and their electrical activity depends on the location of the donor or acceptor 
level associated with the 3d band.  Thus, as has been shown before, the energy of the 
donor d-levels of V and Ti are locate at ~5.0 and 4.8 eV below the vacuum level, 
respectively [38] placing these levels at about 1 eV above the CdO conduction band 
edge located at ~5.8 eV.  Consequently both V and Ti provide free electrons to the 
conduction band of CdO until the Fermi level reaches the localized d-level energy.  
The electronic structure parameters derived from an analysis of the spectroscopic 
ellipsometry measurements will help us to better understand these different doping 
mechanisms. 

(a) 
 

(b) 
Fig. 1. Electron concentration (a) and mobility (b) for CdO films doped with group III (Ga 
and In) and transition metal (V and Ti) dopants with increasing dopant concentration.  The 
dash lines are guides to the eyes using simple polynomial fitting of data points. 

4.2 Complex dielectric functions 

Fig. 2 shows the measured (black dotted line) SE spectra of a In doped CdO 
(CdO:In) thin film with Hall electron concentration (NHall) of 6.6×1020 cm-3. We found 
that, as is shown in Fig.2, the adopted dielectric function model (solid curve) can fit 
the experimental SE data very well if the energy range is confined to lower than 3.5 
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eV.  This is understandable as our simple model cannot be used to describe the 
optical function at energies much higher than the band gap [19].  Nevertheless, 
optical response with photon energy up to 3.5 eV is sufficient for us to investigate the 
free carrier effects in CdO thin films with band edge absorption at energy less than 3.5 
eV. The corresponding fitting parameters for SE data shown in Fig. 2 are given in 
table I.  

 
Fig.2:  The measured (black square) and the fitted (red solid line) SE spectra of CdO:In thin 
film, with NHall=6.6×1020 cm-3 and angle of incidence of 70o.  

Table I: The fitting parameters extracted from the dielectric function modeling using the 
Drude model and Tauc-Lorentz model for CdO:In thin film on glass substrate, with ܰு௔௟௟ ൌ 6.6 ൈ 10ଶ଴ܿ݉ିଷ. The dopant (In) concentration in the film is around 4%.  

CdO: In (NHall=6.6×1020 cm-3) 
ds (nm) 5.208±0.084 
df (nm) 119.22±0.09 

AD 3.0256±0.0040 
ΓD 0.0588±0.0003 

ATL (eV) 221.5±16.0 
C (eV) 7.751±0.246 
ET (eV) 2.584±0.008 
E0 (eV) 3.990±0.168 
ε1(∞) 1 (fixed) 
MSE 19.4 

The complex dielectric function and the complex refractive index of CdO:In thin 
films with different NHall are shown in Fig. 3.  As seen from the imaginary part of 
dielectric function (εଶ ) or the extinction coefficient (k), significant free carrier 
absorption in the NIR region is observed with high NHall. The plasma energy (Ep) can 
be extracted at the photon energy where εଵሺܧሻ ൌ 0.  Due to the limited IR energy 
range for the SE measurement, the Ep could not be obtained for thin films with 
electron concentration lower than 5x1020cm-3.  As seen in Fig. 3b, the refractive 
index (n) increases with the photon energy, with a trend similar to that found in other 
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TCOs [39].  For CdO thin film with extremely high carrier concentration the 
refractive index drops drastically at low energy (e.g., <1 eV or λ>1200 nm).  
Furthermore, as is seen in Fig. 3b n of CdO:In films decreases from with increasing 
NHall, e.g. at photon energy of 2 eV n decreases from 2.3 to 2 as NHall increases from 
2.3x1020 to 1.18x1021/cm3.  
 

 
Fig. 3: (Color online) the complex dielectric function (a) and the complex refractive index (b) 
extracted from the optical model for CdO:In thin films with variable NHall.  

4.3 Free carrier absorption and refractive index 

In order to get more accurate dielectric functions in a wide spectral range we 
fitted the SE data by using a more elaborate dielectric function model in which we 
added two more Gaussian oscillators to the Drude model and combined it with the TL 
model.  The extracted complex dielectric functions of CdO thin films with ܰு௔௟௟ ~8 ൈ 10ଶ଴ܿ݉ିଷ doped with different dopants as well as that of a typical 
undoped CdO thin film with ுܰ௔௟௟ ൌ 1.29×10ଶ଴ܿ݉ିଷ are shown in Fig. 4a. It worth 
noting that the obtained dielectric function of undoped CdO thin film is rather close to 
that of single crystalline CdO film with similar carrier concentration (  ுܰ௔௟௟ ൌ2×10ଶ଴ܿ݉ିଷ), as reported by Choi et al. [8].  Absorption coefficients of these 
samples derived from the dielectric functions are shown in Fig. 4b.  As expected the 
absorption edge of doped CdO sample with high  ுܰ௔௟௟  blue-shifts due to 
Burstein-Moss effect.  At the same time, free carrier absorption, αFCA becomes 
significant in the low energy region 0.74<E<1 eV for the films with high carrier 
concentration. It is interesting to note that as is shown in the inset of Fig. 4(b) the low 
photon energy absorption coefficient α is dependent on the dopant species. Thus with 
similar NHall of ~8x1020cm-3, α is larger in the TM doped than In or Ga doped films 
for E>0.9 eV and smaller for E<0.8 eV. 

Based on the Drude model, αFCA are given by ܰ݁ଶ/ሺε௢ܿ݊μሺ݉כωሻଶሻ, with N 
being the free carrier concentration, e the electron charge, εo the permittivity in free 
space, c the speed of light in vacuum, n the refractive index of material, μ the carrier 
mobility, ݉כ the electron effective mass, and ω the photon angular frequency [18].  
The dotted lines in the inset of Fig. 4b were calculated using the effective mass and 
the optical mobility derived from eq. (4) and eq. (5) (discussed in the following 
sections) for the doped samples, while for the undoped thin film, ݉כ ൌ 0.23݉௘  and 
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μ ൌ 84 ܿ݉ଶ/ܸݏ (Hall mobility) were assumed. The calculated αFCA agree well with 
α at relatively low energy, indicating that αFCA dominates the absorption at low 
energies. Since αி஼஺ ן ܰ μ⁄  , the higher αி஼஺ of TM doped CdO thin films at E>0.8 
eV is mainly attributed to their lower carrier mobility; while the lower αி஼஺ at energy 
E<0.8 eV for the TM doped CdO is due to their much larger refractive index (e.g., 
n~0.7 for CdO:V and n~0.13 for CdO:In).  

Fig. 4: (Color online) the complex dielectric function of doped (In, Ga, V, Ti) CdO thin film 
with similar NHall (a), and the absorption coefficient of the doped CdO thin films (b). The inset 
in (b) is the corresponding α in a smaller energy range (0.74~2.3 eV) in the log scale, with the 
dotted lines representing the calculated αFCA. The undoped CdO thin film with 
NHall≈1.29×1020 cm-3 is also shown for comparison.  

The dependence of free carrier absorption in the NIR region at wavelength of 
1200 nm and the refractive index (n) in the visible region at 600 nm on the NHall are 
shown in Fig. 5a and 5b, respectively.  Fig. 5a shows that for all dopants αሺߣ ൌ1200݊݉ሻ generally increases with ுܰ௔௟௟ and then tends to saturate at high electron 
concentration for all dopants.  Specifically, α increases from102 cm-1 to 1×104 cm-1 
as ுܰ௔௟௟ increases from 2×1020 cm-3 to 12×1020 cm-3.  We note that for NHall> 
5x1020/cm3 doping with In or Ga results in over 2 to 3 times lower absorption 
compared with the samples doped with TMs.  As mentioned earlier, this difference 
in α is attributed to the low mobility of TM doped materials [7]. 

As is seen in Fig. 5b the refractive index of doped CdO thin film taken at λ=600 
nm is monotonously decreasing with increasing NHall.  Unlike the absorption 
coefficient, the refractive index ݊ሺߣ ൌ 600݊݉ሻ  does not show any discernable 
dependence on the different dopant species.  Carrier-induced change in refractive 
index is related to the change in absorption coefficient Δα, given by ∆݊ሺܧሻ ൌ ଶ௖԰௘మ ܲ ׬ ∆ఈሺாᇲሻாᇲమିாమ Ԣஶ଴ܧ݀ ,                         (10) 

where c is the speed of light, e is the electron charge, E is the photon energy, and P 
indicates the principal value of the integral [40].  The free carrier induced change of 
the absorption coefficient Δα is caused by three diffident effects: Burstein-Moss shift, 
band gap renormalization, and the free carrier absorption effect.  In the Drude model, 
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the intraband free carrier absorption induced change in the refractive index is given by ∆݊ ൌ െ ௘మఒమே଼గమ௖మఌబ௡௠כ , where the N is the electron concentration [40]. The linear 

decrease in ݊ሺߣ ൌ 600݊݉ሻ of doped CdO thin film most likely related to the fact 
that both free carrier absorption and the Burstein-Moss effect induced change in the 
refractive index linearly depend on the free carrier concentration [40].  Note that the 
refractive index of doped or undoped CdO thin film with low carrier concentration 
NHall < 3×1020 cm-3 is equal to ~ 2.3 at 600 nm.  This is close to the value reported 
for epitaxial CdO film with NHall of 2×1020 cm-3 [8].  The refractive index of TCO is 
an important parameter in optical design for optoelectronic devices, e.g., in solar cell 
device where the TCO serves as the front electrode, and could be as an anti-reflection 
coating [41].  For instance, for silicon solar cell with n~3.9 at 600 nm the minimum 
light reflection is achieved for TCO with n=2.4, which is very close to that of CdO 
thin films.  

 
Fig. 5: (Color online) absorption coefficient (a) at wavelength of 1200 nm and the refractive 
index (b) at wavelength of 600 nm of CdO thin films doped with various dopants (In, Ga, V, 
Ti) obtained from SE analysis. The refractive index of undoped CdO thin film is also given 
for reference. 

4.4 High frequency dielectric constant 

Fig. 6a shows plots of ߝଶ of CdO:In thin films with different NHall as a function 
of 1/(ܧଶ ൅ Γ஽ଶ).  As indicated in Eq. (6), the high frequency dielectric constant ߝஶ  
can be obtained from the x-intercept of these plots.  Values of ߝஶ for CdO doped 
with different dopants (In, Ga, V, Ti) are plotted as a function of NHall in Fig. 6b.  We 
observe that the ߝஶ of CdO decreases roughly linearly from ~5.5 to 4.9 with 
increasing NHall with no obvious dependence of the dopant species.  Such linear 
dependence of ߝஶ on carrier concentration was also found for other TCOs, e.g., 
ZnO:Ga and In2O3:Sn [19].  The ߝஶ values of CdO thin films with different carrier 
concentration obtained from SE measurements are close to that reported by H. 
Finkenrath et al. [42] and are much higher than those of other conventional TCOs.  
For CdO, ITO and GZO with electron concentration ܰ ൌ 10ଶଵ/ܿ݉ଷ, the respective 
values of ߝஶ are 5.0, 4.05 and 3.6 for [19].  
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Fig. 6: (Color online) The real part of dielectric function ε1 (a) plotted as function of  
1/( ଶܧ ൅ Γ஽ଶ ), and the high frequency dielectric constant (b) of CdO thin films with 
dependence on Hall carrier concentration.  

The values of plasma wavelength λp obtained from Eq. (4) for doped CdO thin 
films are shown in Fig. 7. The λp of In or Ga doped CdO thin film with variable 
carrier concentration is consistent with our previous work, in which the λp was 
obtained by fitting the experimental reflectance spectrum using a constant effective 
mass of 0.2݉௢  ሾ7ሿ.   In contrast λp of TM doped CdO films are much larger.  This 
can be attributed to the enhancement of the electron effective mass by TM doping (see 
Eq. 4).  As is seen in Fig. 7 λp values for ITO, AZO and GZO adopted from the 
literature are consistently smaller than that of CdO.  The higher ߣ௣  for CdO 
broadens the transparency window and makes this material particularly suited for 
transparent conductor applications in the IR regime.   

 
 
Fig. 7: The plasma wavelength obtained from SE analysis for doped CdO thin films as a 
function of NHall. The previously reported results for other TCOs by Kostlin et al. (Ref.43), Jin 
et al. (Ref.44), and Fujiwara et al. (Ref. 19) are also shown for comparison.  
 

4.5 Electron effective mass  
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Using the values of ߝஶ shown in Fig. 6b and assuming ௢ܰ௣௧ ൌ ுܰ௔௟௟ one can 
calculate the electron effective mass ݉כ of CdO from Eq. (4).  The results in Fig. 8 
show that the effective mass is nonlinearly increasing with ுܰ௔௟௟.  In addition, a 
rapid increase of the effective mass is observed in TM doped CdO at NHall > 
8x1020cm-3.  The dependence of ݉כ on electron concentration in In and Ga doped 
samples can be explained by a nonparabolicity of the conduction band of CdO in a 
way similar to that used for other TCOs [45,46]  

כ݉ ൌ ݉௢כ ඨ1 ൅ ܥ2 ԰ଶ݉௢כ ሺ3ߨଶܰሻଶଷ,                         ሺ11ሻ 

where ݉௢כ  is the effective mass at the bottom of the conduction band, C is a 
nonparabolicity parameter, N is the carrier concentration and is taken as NHall here. 
The black solid line shown in Fig. 8 is the best fit of the effective mass data for the In 
and Ga doped CdO samples with ݉଴כ and C as fitting parameters.  The best fit 
results for ݉௢כ  and C are 0.13±0.04݉௢ and 0.5±0.2 eV-1, respectively. Here ݉௢  is 
the free electron mass.  Fits with ݉௢כ  fixed at 0.1 and 0.2݉௢ (dash lines) are also 
shown for comparison.  In our previous work [7] a higher band edge effective mass ݉௢כ ൌ 0.2݉௢ was assumed.  However, Fig. 8 shows that a reasonable fit of our data 
cannot be obtained by assuming a ݉௢כ ൌ 0.2݉௢.  Note that ݉௢כ  ranging from 0.12 
to 0.2 has been reported [17, 47-49].  Unlike most reports where the effective mass 
was obtained by assuming a constant high frequency dielectric constant ߝஶ, the ݉כ 
in Fig. 8 were calculated using the carrier concentration dependent ߝஶ in Fig. 6b. 
The nonparabolicity parameter C of CdO obtained in this work is very close to that 
reported for ITO (C~0.5 eV-1) by Feneberg et al., [28] but much higher than that of 
GZO (C~0.142 eV-1) reported by Fujiwara et al. [19] Table II shows a comparison of 
various parameters of In and Ga doped CdO with the literature values of these 
parameters for ITO and GZO.   

 
Fig. 8: Electron effective mass m* for CdO thin films with different dopants as a function of 
NHall, where mo is the free electron mass. The black line is the best fit for data from the In and 
Ga doped samples by using Eq. (11), the dashed lines are fits with fixed ݉଴כ  with values of 
0.1 and 0.2݉௢.   



13 
 

The much higher effective mass obtained for the TM doped CdO is related to the 
presence of partially occupied d states of the dopant species.  Garcia-Hemme et al. 
have shown by optical absorption and photoluminescence measurements that the 
anticrossing interaction between the localized d-levels of V atoms and the extended 
states of the ZnO CB results in an upward shift of the mostly unoccupied conduction 
band states (ܧା sub-band) and broadening of the occupied V donor d-levels into a 
narrow band (ିܧ sub-band) [54].  Such anticrossing interaction also occurs in the 
TM doped CdO resulting in a modification of the conduction band dispersion relation.  
The flattening of the dispersion relation for the E- subband is reflected in an increase 
in the electron effective mass.   
 
Table II.  A comparison of parameters of CdO obtained from SE measurements and 
those for ITO and GZO/AZO from the literature.  

 CdO 
(this work) ITO GZO/AZO 

n (λ=600nm)  
(N=7 x 1020/cm3) 

2.2 1.8 [19, 50] 
~1.9 [53] 1.7 [19,GZO] ߝஶ(N=0) 5.4 4.62 [19] 3.9 [19,GZO] ߝஶ 

(N=1x1021/cm3) 5.0 4.05 [17], ~3.0 [53] 
<3.0 [50] 3.6 [19,GZO] 

C (eV-1) 0.5    0.18 [19], 0.5 [28] 0.142 [19,GZO] ݉௢כ /݉௢ 0.13 0.3 [19] 
0.18 [28] 

0.28 [19,GZO] 
0.30 [51 ,GZO] ݉כ 

(N=1 x 1021/cm3) 0.33 0.407 [19] 
  0.4 [28], ~0.38 [53] 

0.38 [19,GZO] 
0.43 [52, AZO] 

 

4.6 Optical band gap 

The absorption coefficient (α) can be calculated from the measured extinction 
coefficient, k using the equation α=4πk/λ.  Assuming the transition probability 
becomes constant at the absorption edge, the absorption coefficient for the direct 
allowed transition can be estimated as α ൎ ሺܧ െ  ைீ௣௧ሻଵ/ଶ [55].  The optical bandܧ
gap ܧைீ௣௧ can then be estimated by extrapolating αଶ to zero photon energy.  Fig. 9a 
shows αଶ (E) plots for CdO:In films with different NHall and the ܧைீ௣௧ obtained are 
plotted in Fig. 9b.  Since highly conducting TCOs are typically degenerately doped, 
the optical band gap ܧைீ௣௧are larger than its intrinsic band gap due to Burstein-Moss 
effect and band gap renormalization. [56,57].   
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Fig. 9: Plotting of αଶ as a function of photon energy for CdO:In films with different NHall (a), 
and optical band gap of doped CdO thin films as a function of NHall (b). 
 

The optical band gap of a heavily doped n-type semiconductor can be expressed 
as ܧைீ௣௧ ൌ ீܧ ൅ ஻ீெܧ∆ െ  ஻ீே,                  ሺ12ሻܧ∆

where ீܧ  ஻ீே are the intrinsic band gap, the Burstein-Moss shift, and theܧ∆ ,஻ீெܧ∆ ,
band gap renormalization, respectively [56-58].  In this work, the ∆ܧ஻ீெ was 
calculated by using the nonparabolic conduction band model [45], while the band gap 
renormalization was evaluated by Jain’s model [59,60],   

∆ாಳಸಿோ ൌ ଵ.଼ଷ௥ೞ Λேభ್/య ൅ ଴.ଽହ௥ೞయ/ర ൅ గଶ ଵ௥ೞయరே್ ൬1 ൅ ௠೘೔೙כ௠೘ೌೕכ ൰,      (13) 

where R is the effective Rydberge energy, Nb is the number of equivalent band 
extrema, Λ is the correction factor accounting for anisotropy of bands in n-type 
semiconductors and interaction between the heavy-and light-hole bands in p-type 
semiconductors, rs is the average distance (normalized to the effective Bohr radius) 
between majority carriers, ݉௠௜௡כ  and ݉௠௔௝כ  are minority and majority carrier density 
of state effective masses, respectively. The parameter values used for calculating ∆ܧ஻ீே by Eq. (13) is adopted from work by Zhu et al [58].  Fig. 10 shows the band 
gap shift (ܧைீ௣௧ െ  for doped CdO thin films as a function of NHall.  Here the (ீܧ
intrinsic band gap ீܧ of 2.3 eV for CdO is used.  The calculated ∆ܧ஻ீெ, ∆ܧ஻ீே, and ∆ܧ஻ீெ െ ஻ீேܧ∆  are also shown for comparison. We found that band gap shift 
ைீ௣௧ܧ) െ  for the doped CdO thin films agrees well with the calculated values and (ீܧ
the apparent shifts are independent of the dopant species.  
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Fig. 10: (Color online) Band gap shift of doped CdO thin films as a function of NHall, 
assuming an intrinsic band gap of 2.3 eV. The calculated Burstein-Moss shift ∆ܧ஻ீெ, the band 
gap renormalization ∆ܧ஻ீே, as well as ∆ܧ஻ீெ െ   .஻ீே are also illustratedܧ∆

4.7 Optical mobility 

The optical mobility μopt was determined from the experimentally measured 
broadening parameter ΓD using Eq. 5.  Fig. 11a compares μopt of doped CdO films 
with the mobility measured by Hall effect μHall.  The effective mass shown in Fig. 8 
was used in the calculation.  The dotted line in Fig. 11a indicates the case 

when ௢௣௧ߤ  ൌ .ு௔௟௟ߤ   As shown in Fig. 11a, μopt is very close to μHall when 

μHall<60cm2/Vs.  However, for doped CdO films with μHall>60 cm2/Vs, we found 
that μopt<μHall.  It has been argued that the μopt represents an average intra-grain 
mobility of polycrystalline materials and is generally higher than μHall since μHall 
represents the average mobility of electrons undergoing multiple grain boundary 
scattering [17].  ߤு௔௟௟ ൒  ௢௣௧ suggests that the mobility of CdO is not affected byߤ
grain boundaries scattering. This is consistent with the high electron affinity (5.8 eV) 
of CdO which gives rise to electron accumulation at CdO grain boundaries. 

 
Fig. 11: (a) Optical mobility (μopt) obtained from SE analysis using the effective mass 
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presented in Fig. 8, and (b) mean free path of CdO thin films as a function of μHall. 

Based on the degenerate electron gas model, the mean free path of electrons is 
given by ܮ௘ ൌ ሺ3ߨଶሻଵଷ ൬ ԰݁ଶ൰  ଵܰିଶଷ,                            ሺ14ሻିߩ

where ρ and the N are the resistivity and the carrier concentration, respectively 
[61,62]. The average grain size (D) of CdO films estimated from XRD measurements 
is ~10-25 nm.  Fig. 11b shows a plot of D/Le as a function of μHall for the In and Ga 
doped CdO.  We found that for films with high mobility, which has ߤு௔௟௟ ൒ߤ௢௣௧, the grain size is comparable or smaller than the electron mean free path 
௘ܮ/ܦ) ൑ 1).  This again suggests that the effect of grain boundary scattering on the 
μHall is negligible in these films.  

Although cases with μopt<μHall were also previously reported for In2O3:Sn [19], 
SnO2:F [63], and CdO:In films grown by cathodic arc deposition [17], there is no 
clear explanation on this phenomenon.  Mendelsberg et al. suggested that electrons 
crossing the grain boundaries during the optical excitation may bring μopt closer to 
μHall for films with small grains and large electron mean free path (Le) [17].  It 
should be noted that the Hall effect measures electron transport laterally across the 
film while SE probes the film in the vertical direction.  It is possible that electron 
transport is not isotropic in these films. 

5. CONCLUSIONS  

We have studied effects of the free electrons on electro-optical properties of 
CdO thin films doped with different dopants (In, Ga, V, Ti).  Samples with carrier 
concentration ranging from 2×1020 cm-3 to 12×1020 cm-3 were measured using 
spectroscopic ellipsometry.  It was found that free carriers significantly affect the 
complex dielectric function of doped CdO thin films. Analysis of SE data using a 
combined Drude and Tauc-Lorentz model provided various material parameters, 
including refractive index n(λ), high frequency dielectric constant ε∞, electron  mass ݉כ, plasma wavelength λp, free carrier absorption, optical band gap ܧைீ௣௧ and optical 
mobility μopt. We observed that with increasing carrier concentration, (i) ε∞ decreases 
roughly linearly from ~5.6 to 4.8, (ii) α in the NIR region increases significantly due 
to free carrier absorption, (iii) the ܧைீ௣௧ increases due to Burstein-Moss and band gap 
renormalization effects from 2.3 to 3.2 eV, (iv) λp decreases, and (v) the ݉כ for In 
and Ga doped CdO increases from 0.13 mo for electrons at the bottom of the 
conduction band to 0.33mo.  The dependence of ݉כ on the carrier concentration is 
consistent with prediction from the nonparabolic conduction band model.  For 
transition metal doped CdO, at high doping (N>8x1020/cm3) the כ݉ deviates 
significantly from the nonparabolic model and is ~20-30% higher than that for Ga and 
In doped materials.  This is attributed to the modification of the CdO CB by the 
interaction of localized d states of the TM dopants with the extended CdO CB state.  
Our measured results of doped CdO thin films with high mobility, low resistivity, long 
plasma reflection wavelength, low free electron absorption, large high-frequency 
dielectric constant and high refractive index make it an ideal transparent conductor 
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especially when transmission of IR photons (λ>1000 nm) is required. 
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FIGURE CAPTIONS 
 
Fig. 1 Electron concentration (a) and mobility (b) for CdO films doped with group III 

(Ga and In) and transition metal (V and Ti) dopants with increasing dopant 
concentration.  The dash lines are guides to the eyes using simple polynomial 
fitting of data points. 

Fig. 2 The measured (black square) and the fitted (red solid line) SE spectra of 
CdO:In thin film, with NHall=6.6×1020 cm-3 and angle of incidence of 70o. 

Fig. 3 (Color online) the complex dielectric function (a) and the complex refractive 
index (b) extracted from the optical model for CdO:In thin films with variable 
NHall.  

Fig. 4 (Color online) the complex dielectric function of doped (In, Ga, V, Ti) CdO thin 
film with similar NHall (a), and the absorption coefficient of the doped CdO thin 
films (b). The inset in (b) is the corresponding α in a smaller energy range 
(0.74~2.3 eV) in the log scale, with the dotted lines representing the calculated 
αFCA. The undoped CdO thin film with NHall≈1.29×1020 cm-3 is also shown for 
comparison. 

Fig. 5 (Color online) absorption coefficient (a) at wavelength of 1200 nm and the 
refractive index (b) at wavelength of 600 nm of CdO thin films doped with 
various dopants (In, Ga, V, Ti) obtained from SE analysis. The refractive index of 
undoped CdO thin film is also given for reference. 

Fig. 6: (Color online) The real part of dielectric function ε1 (a) plotted as function of  
ଶܧ)/1 ൅ Γ஽ଶ), and the high frequency dielectric constant (b) of CdO thin films with 
dependence on Hall carrier concentration. 

Fig. 7 The plasma wavelength obtained from SE analysis for doped CdO thin films as 
a function of NHall. The previously reported results for other TCOs by Kostlin et al. 
(Ref.40), Jin et al. (Ref.41), and Fujiwara et al. (Ref. 16) are also shown for 
comparison. 

Fig. 8 Electron effective mass m* for CdO thin films with different dopants as a 
function of NHall, where mo is the free electron mass. The black line is the best fit 
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for data from the In and Ga doped samples by using Eq. (11), the dashed lines are 
fits with fixed ݉଴כ  with values of 0.1 and 0.2݉௢.   

Fig. 9 Plotting of αଶ as a function of photon energy for CdO:In films with different 
NHall (a), and optical band gap of doped CdO thin films as a function of NHall (b). 

Fig. 10: (Color online) Band gap shift of doped CdO thin films as a function of NHall, 
assuming an intrinsic band gap of 2.3 eV. The calculated Burstein-Moss shift ∆ܧ஻ீெ, the band gap renormalization ∆ܧ஻ீே, as well as ∆ܧ஻ீெ െ  ஻ீே are alsoܧ∆
illustrated. 

Fig. 11 (a) Optical mobility (μopt) obtained from SE analysis using the effective mass 
presented in Fig. 8, and (b) mean free path of CdO thin films as a function of μHall. 
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