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Transparent conductors play an increasingly important role in a number of semiconductor

technologies. This paper reports on the defects and properties of Cadmium Oxide, a transparent

conducting oxide which can be potentially used for full spectrum photovoltaics. We carried out a

systematic investigation on the effects of defects in CdO thin films undoped and intentionally

doped with In and Ga under different deposition and annealing conditions. We found that at low

growth temperatures (<200 �C), sputter deposition tends to trap both oxygen vacancies and

compensating defects in the CdO film resulting in materials with high electron concentration of

�2� 1020/cm3 and mobility in the range of 40–100 cm2/V s. Thermal annealing experiments in

different ambients revealed that the dominating defects in sputtered CdO films are oxygen

vacancies. Oxygen rich CdO films grown by sputtering with increasing O2 partial pressure in the

sputter gas mixture results in films with resistivity from �4� 10�4 to >1 X cm due to

incorporation of excess O in the form of O-related acceptor defects, likely to be O interstitials.

Intentional doping with In and Ga donors leads to an increase of both the electron concentration

and the mobility. With proper doping CdO films with electron concentration of more than

1021 cm�3 and electron mobility higher than 120 cm2/V s can be achieved. Thermal annealing of

doped CdO films in N2 ambient can further improve the electrical properties by removing native

acceptors and improving film crystallinity. Furthermore, the unique doping behavior and electrical

properties of CdO were explored via simulations based on the amphoteric defect model. A compar-

ison of the calculations and experimental results show that the formation energy of native donors

and acceptors at the Fermi stabilization energy is �1 eV and that the mobility of sputtered depos-

ited CdO is limited by a background acceptor concentration of �5–6� 1020/cm3. The calculations

offer an insight into understanding of the effects of defects on electrical properties of undoped and

doped CdO and offer a potential to use similar methods to analyze doping and defect properties of

other semiconductor materials. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948236]

I. INTRODUCTION

Wide gap metal oxides such as In2O3:Sn (ITO) or

ZnO:Al (AZO) are used in various optoelectronic devices

such as flat panel displays and solar cells.1–4 For photovol-

taic (PV) application, they are typically used as transparent

conductors (TC).5–7 For an ideal TC, it is essential to tailor

the doping and the efficiency of the electron scattering mech-

anisms to maximize dc conductivity without compromising

the transparency in a wide spectral region covering most of

the solar spectrum. ITO and AZO are widely used as TCs in

almost all thin film solar cell technologies to date.5–7 These

conventional transparent conducting oxides (TCOs) are typi-

cally highly transparent in the visible spectral range with

resistivity q ranging low 10�4 to high 10�5 X cm. An impor-

tant limitation of these oxides is that they have significant

absorption at long wavelengths (k> 1000 nm) and thus can-

not be used for photovoltaics (PVs) that utilize the infrared

part of the solar spectrum, e.g., Si based PVs or triple junc-

tion solar cells. The poor infrared transmittance of these

materials can be attributed to the relatively strong ionized

impurity scattering resulting in low mobility and large free

carrier absorption.1,8,9 In addition, due to the high electron

concentration in these materials (�1021/cm3) their plasma

reflection edge typically occurs at wavelengths <1200 nm.

Therefore, in order to maintain a high conductivity while

minimizing the free carrier absorption it is preferable that the

material has a high mobility.

Among all potential TCOs, cadmium oxide (CdO) has

the highest reported mobility values of 100–200 cm2/V s ata)E-mail: kinmanyu@cityu.edu.hk
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an electron concentration in the range of 1–10� 1020/

cm3.10–14 Various dopants (Y, F, Sc, Sn, In) have been intro-

duced in CdO resulting in conductivities as high as

2� 104 S/cm.15–18 In addition, the high frequency and static

permittivities of CdO, e1¼ 5.3 (Ref. 19) and eo¼ 21.9,

respectively, are higher than those of other common TCOs.

The large static dielectric constant of CdO reduces the ion-

ized impurity scattering through efficient screening of ion-

ized donors giving rise to the high electron mobility of CdO

even at high electron concentration. The high e1 also shifts

the plasma reflection edge to longer wavelengths leading to

improved infrared transparency.

We have recently demonstrated that intentional doping

of CdO results in an ideal uncompensated material with

extremely low resistivity (q< 10�4 X cm) and an excellent

transmission window in the range from 400 nm to

>1500 nm, making this material an ideal transparent conduc-

tor for photovoltaics with low band gap absorbers.20 These

exceptional electrical and optical properties were obtained in

polycrystalline CdO synthesized by pulsed laser deposition

(PLD). In this paper, we present a systematic study of the

electrical and optical properties of CdO thin films grown by

RF sputtering. In particular, we studied the effects of native

defects on the properties of undoped and intentionally doped

CdO thin films under different deposition and annealing con-

ditions. The unique doping behavior and electrical properties

of CdO are analyzed in terms of the amphoteric defect model

(ADM).

II. EXPERIMENTAL

The CdO thin films were deposited using a laboratory-

built dual gun radio frequency magnetron sputtering system

with 2 in. sputtering targets. Soda-lime glass slides or silicon

wafers were used as substrates. Prior to deposition, the

chamber was pumped down to a base pressure

<1� 10�6 Torr. In and Ga doping were achieved by using a

In2O3 target and a Ga2O3 target sputtered together with a

CdO target. Dopant concentration was varied by adjusting

the sputtering power and substrate target distance of the dop-

ant target. During deposition, the background pressure was

maintained at 5 mTorr with either pure Ar or a mixture of

Ar-O2 and substrate temperatures ranging from room tem-

perature (RT) to 350 �C were used. All depositions were car-

ried out with an RF power of 50–150 W. A series of CdO

films with different thicknesses ranging from 50 to 660 nm

were deposited. Rapid thermal annealing (RTA) was carried

out from 300 to 700 �C for time durations of 1–1000 s in ei-

ther O2 or N2 ambient.

Film stoichiometry and thickness were determined by

Rutherford backscattering (RBS) using a 3.04 MeV Heþþ

beam. The In dopant concentration was derived by particle

induced x-ray emission (PIXE) measurements and assuming

a uniform dopant distribution. The Ga dopant distribution

was measured directly by RBS. The crystalline structure of

the films was measured by x-ray diffraction (XRD) using a

Siemens D500 diffractometer. Electron concentrations and

mobilities for all the samples were obtained using Hall effect

measurements in the Van der Pauw configuration with a

0.6 T magnetic field at room temperature. Absorption coeffi-

cient a of the films was obtained by measuring both the

transmission and reflectance spectra using a Perkin-Elmer

Lambda 950 Spectrophotometer with a universal reflectance

accessory over the photon wavelength range of

250–2500 nm.

III. RESULTS AND DISCUSSION

A. Undoped CdO

CdO has an unusual band structure with very large elec-

tron affinity. Its conduction band edge lies at �5.8 eV below

the vacuum level.18,21 As a consequence of the low location

of the conduction band edge, CdO exhibits an extreme pro-

pensity for n-type doping.18,20 Optimum conditions for the

sputter deposition were determined by growing a series of

nominally undoped CdO at a substrate temperature ranging

from room temperature (RT) to 350 �C. As shown in Fig. 1,

films with highest electron mobility of �120 cm2/V s and the

corresponding lowest electron concentration of �1� 1020/

cm3 were obtained at a substrate temperature of

�150–200 �C. It is worth noting that although the electron

concentration and mobility vary with deposition temperature,

the resistivity for undoped CdO films is relatively unchanged

and is �4� 10�4 X cm.

Electron concentration and mobility of undoped CdO

films grown by RF sputtering in pure Ar on glass substrate

are shown in Fig. 2. The solid lines represent electron mobi-

lities calculated for different compensation ratio, k defined as

the acceptor to donor concentration ratio. The calculations

were performed using the variational method taking into

account the non-parabolicity of the conduction band.8,22 All

standard electron scattering mechanisms including acoustic

phonons, polar optical phonons, Coulomb, and alloy disorder

were taken into account. Electrical properties of undoped

CdO films deposited using pulsed laser deposition (PLD) on

sapphire substrates are also shown in Fig. 2. Notice that

mobilities of the undoped CdO films sputtered in pure Ar gas

on glass are similar to those grown by PLD and filtered ca-

thodic arc deposition (FCAD) (data not shown) methods on

different substrates and they follow the mobility values

FIG. 1. Electrical properties of nominally undoped CdO films deposited at a

substrate temperature ranging from room temperature (RT) to 350 �C.

181501-2 Yu et al. J. Appl. Phys. 119, 181501 (2016)



calculated for the compensation ratio k in the range of

0.7–0.8. This indicates that electrical properties of as-grown

undoped CdO materials are independent of the crystallinity

of the substrates and the deposition method. It also suggests

that a rather high background concentration of native accept-

ors is present in the undoped material. It is noticeable that

the sputter deposited films have electron concentration

(>1� 1020/cm3) that is consistently higher than that of PLD

films where n as low as 1019/cm3 was achieved for films

grown on the single crystal MgO.

1. Film stoichiometry

It is generally accepted that material stoichiometry plays

a crucial role in the electrical properties of large gap metal

oxides. In CdO, the higher electron concentration in sputter

deposited films suggests that these films have higher density

of stoichiometry-related native defects, namely, vacancies,

interstitials, and their complexes. Using screened hybrid den-

sity functional theory (h-DFT), Burbano et al. showed that

oxygen vacancy is the dominant donor defects present in

CdO.23 The effect of stoichiometry on the properties of CdO

films sputtered in pure Ar was studied by annealing the films

in the N2 and O2 ambients. Figure 3(a) shows the electrical

properties of a CdO film sputtered in pure Ar after rapid ther-

mal annealing for 20 s with temperature increasing from 300

to 600 �C in the O2 ambient. The electron concentration

decreases and the mobility increases with increasing anneal-

ing temperature. Mobilities of CdO films sputtered in pure

Ar and optimally annealed in the O2 ambient are also shown

in Fig. 2. It is seen that such optimum annealing results in

material with a lower compensation ratio of about 0.5. Such

improvements (lower residual donors and higher mobility)

were not observed when the RTA was carried out in the N2

ambient. This suggests that the as-deposited films may be

slightly O deficient and subsequent annealing in O2 reduces

the concentration of O vacancy donors VO resulting in films

with lower electron concentration (n� 3� 1019/cm3) and

higher mobility (l� 180 cm2/V s).

Effects of film stoichiometry on the properties of CdO

films were also investigated by introducing O2 in the sputter

gas during deposition. Figure 4 shows the dependence of

electron concentration n, mobility l, and resistivity q on the

partial pressure of O2 in the sputter gas ([O2]/([O2]þ [Ar])).

When a small amount (<2%) of O2 is added to the Ar sput-

tering gas, the mobility of the film increases with a corre-

sponding decrease in electron concentration. This is

consistent with the annealing results indicating that adding O

FIG. 2. Electron concentration and mobility of undoped and In and Ga

doped CdO films grown by RF sputtering on glass are shown together with

undoped samples grown by PLD on sapphire. Calculated electron mobilities

for different compensation ratio, k, are also shown in the figure.

FIG. 3. (a) Electron concentration and

(b) mobility of a CdO film sputtered in

pure Ar after rapid thermal annealing

for 20 s with increasing temperature to

600 �C in the N2 and O2 ambients.

FIG. 4. Dependence of electron concentration n, mobility l, and resistivity

q of CdO films on the partial pressure of O2 in the sputtered gas.

181501-3 Yu et al. J. Appl. Phys. 119, 181501 (2016)



during annealing or film deposition reduces the concentra-

tion of O-vacancies resulting in an improvement of electrical

properties. Further increase of O2 content in the sputter gas

results in a material with drastically lower electron concen-

tration and mobility. Electron concentration as low as

5� 1017/cm3 with mobility of �3 cm2/V s was obtained for

CdO films sputtered with 45% O2. It could be argued that Cd

vacancies VCd and O-interstitial Oi are dominant defects in

these O-rich films. The low electron concentration and low

mobility of these O-rich films are consistent with the

acceptor nature of these native defects. Note that just con-

trolling the stoichiometry allows growing of CdO films with

resistivity spanning over four orders of magnitude.

X-ray diffraction (XRD) measurement on CdO films

sputtered in pure Ar gas shows that they are polycrystalline

with random grain orientation and with grain size on the

order of 30 nm. Textured (h00) oriented films with slightly

smaller grain size of �20 nm were obtained when O2 was

introduced into the gas mixture. Figure 5 shows the (200)

diffraction peak of CdO films grown with different O2 con-

tent in the gas mixture. We observe a continuous shift of the

(200) peak to lower diffraction angle with increasing O2

revealing an increase in the lattice parameter of the film. The

inset of the figure shows the lattice parameter and grain size

calculated from the (200) diffraction peak position and

width, respectively. An increase in the lattice parameter as a

function of O2 partial pressure is consistent with the presence

of excess O in the film forming Oi and/or Oi-VCd complexes.

The nature of native defects in O-rich CdO films was

studied by thermal annealing. Figure 6 shows the electron

concentration and mobility of a 300 nm CdO film sputter-

deposited in 20% O2 after RTA for 20 s in the N2 and O2

ambients. In both RTA ambients, as the annealing tempera-

ture increases, we observe that the electron concentration as

well as the mobility first drops slightly and then increases

monotonically up to a saturation value of n� 4� 1019 and

1� 1020/cm3 in O2 and N2, respectively. However, the mo-

bility of the film does not show such saturation. The anneal-

ing results on the O-rich CdO film suggest that in an O2

ambient a higher annealing temperature is required to

remove the O-related acceptor type native defects and thus

to recover the electron concentration and mobility. The

higher saturation electron concentration after annealing in

N2 is consistent with the more efficient out-diffusion of O-

related compensating defects for the annealing in the N2 am-

bient. Notice that both n and l change at annealing tempera-

ture as low as 300 �C. This is in agreement with the

conjecture that the O-related defects in O-rich films have a

low energy barrier and therefore are thermally unstable.

2. Effect of film thickness

Electrical and structural properties of O-rich CdO films

deposited in Ar/O2 with 20% O2 with thickness ranging from

55 to 660 nm were also studied. The (200) XRD peaks of

CdO with different film thicknesses shown in Fig. 7 reveal

that for thicker films the lattice parameter decreases and

approaches the lattice parameter of the films grown with no

additional O2. Since the growth rate is relatively low

(�6 nm/min), the smaller lattice parameter of the thicker

films can be attributed to the out-diffusion of the O-related

defects during growth (at 170 �C). The inset of Fig. 7 shows

the (200) peaks of the 115 nm and 660 nm thick films fitted

with a single Gaussian curve. Note that the asymmetric (200)

diffraction peak of the thick film with a low angle tail

FIG. 5. The (200) diffraction peak of CdO films grown with different O2

partial pressure from 0% to 20% in the sputtering gas mixture. The inset of

the figure shows the lattice parameter and grain size of the films calculated

from the (200) diffraction peak position and width.

FIG. 6. (a) Electron concentration and

(b) mobility of an O-rich CdO film de-

posited with 20% O2 in the sputter gas

mixture after rapid thermal annealing

(RTA) in the temperature range of

300–700 �C in the O2 and N2 ambients.

181501-4 Yu et al. J. Appl. Phys. 119, 181501 (2016)



extends to the values similar to that of the thinner films. It is

conceivable that the distribution of native defects along the

growth direction is non-uniform due to possible out-

diffusion of Oi during the growth. This then gives rise to the

difference in lattice parameter of grains along the growth

direction.

Electrical properties of O-rich CdO films from Fig. 7 are

shown in Fig. 8. Here, we plot the electron concentration and

mobility of the films as a function of lattice parameter a. The

lower electron concentration and mobility for films with

larger a suggest that the thinner films have higher density of

native acceptor type defects which compensates donors.

Moreover, a thermal annealing of these samples shows that

the electrical properties as well as the lattice parameter

change at low annealing temperature of <300 �C. Given that

the optical phonon energy for CdO is �60 meV, the activa-

tion energy for the diffusion of this defect (likely Oi) can be

estimated to be �1.5 eV.

B. Intentionally doped CdO films

1. Electrical properties

Previously, we have reported that CdO with resistivity q
as low as �3� 10�5 X cm was achieved by In doping using

the PLD method at a substrate temperature of �500 �C on

the sapphire substrates. Moreover, mobilities in Ga doped

CdO as high as 300 cm2/V s with electron concentrations of

4� 1020/cm3 were achieved by PLD, indicating that doping

with Ga can produce the ideal case of an uncompensated ma-

terial. The efficient doping of CdO was attributed to the low

conduction band edge of CdO which reduces the formation

energy of donors and thus favors the In and Ga incorporation

as substitutional donors and reduces the concentration of

compensating acceptors, or scattering centers, compared to

the undoped material.20 Here, we study the doping of CdO

by sputtering technique on the glass substrate. A series of In

and Ga doped CdO films were deposited by co-sputtering

with a CdO and a dopant targets (In2O or Ga2O3) in Ar gas.

The dopant concentration was varied from 0% to �15% by

adjusting the distance and power of the dopant target. For

intentionally doped CdO, the optimum electrical properties

are achieved by sputtering at a substrate temperature of

270 �C.

Figure 9 shows the electron concentration and mobility

of In and Ga doped CdO films with different dopant concen-

tration, ND. The dashed straight line in Figure 9(a) represents

100% doping efficiency, i.e., the case when the dopant and

electron concentrations are equal. We observe that for ND

higher �1020/cm3 (the typical electron n concentration in

undoped as-deposited CdO films), the electron concentration

increases linearly with ND but the doping efficiency falls

below 100%. When ND> 1� 1021/cm3 the doping efficiency

drops to �50%. On the other hand, In doped CdO films

grown by PLD on sapphire have close to 100% activation up

to ND� 2� 1021/cm3 (or �5 mol. %) with �40% higher

maximum mobility l� 180 cm2/V s at n� 1021/cm3.20 This

can be attributed to the higher quality CdO films grown by

PLD at higher substrate temperatures of 400–500 �C on the

crystalline sapphire substrates compared with CdO sputter-

deposited on glass substrates. We found no significant

difference between In and Ga dopant in sputtered films

except that In doping tends to give a higher maximum n of

�1.7� 1021/cm3.

The drop in dopant activation efficiency and mobility at

high ND can be understood in terms of the Fermi energy (EF)

dependent formation energy of native defects in semiconduc-

tors. Increase in n results in an upward shift of EF. Shift of

EF above the Fermi level stabilization energy EFS that is

located at about 1 eV above the conduction band edge of

CdO results in an increased formation of compensating

acceptor like defects. This is also illustrated in Fig. 9(b)

where the mobility starts to drop at ND� 1021/cm3 due to

compensation of donors by native acceptors. It is also inter-

esting to note that this defect compensation effect is more
FIG. 8. Electrical properties of O-rich CdO films with different film thick-

nesses plotted as a function of lattice parameter.

FIG. 7. (200) XRD peaks of O-rich CdO films deposited in Ar/O2 with 20%

O2 with thickness in the range of 55–660 nm. The inset of Fig. 6 shows the

(200) peaks of the 115 nm and 660 nm films with a single Gaussian fit to the

data.

181501-5 Yu et al. J. Appl. Phys. 119, 181501 (2016)



severe for Ga than for the In dopants. With comparable elec-

tron concentration when n> 1021/cm3, a slightly higher mo-

bility can be achieved with In doping.

2. Optical properties

Optical properties of undoped and Ga or In doped CdO

films were studied by optical transmittance and reflectance

measurements in the wavelength range of 250–2500 nm.

Fig. 10 shows Transmittance (T), Reflectance (R), and

Absorbance (A) in % for CdO films with n in the range of

1.8� 1020 to 1.3� 1021/cm3. Note that although the CdO

films have very different electron concentration, they all

have electron mobility in the range of 80–130 cm2/V s (Fig.

2). As n increases with increasing ND, the transmittance win-

dow narrows in the infrared region due to increased free car-

rier absorption and shorter wavelength of the plasma

reflection edge.1,20 This is clearly visible in the reflectance

spectra which show that the total reflection occurs at shorter

wavelength as n increases. On the other hand, T is blue

shifted to shorter wavelength as n increases due to the band

filling or Burstein-Moss (BM) effect. The increased free car-

rier absorption due to increased n in the films is shown in the

absorbance spectra. Thus, for example, in a 300 nm thick, In

doped film with n¼ 7.8� 1020/cm3 and mobility

l¼ 120 cm2/V s the transmission window extends from

�410 to 1300 nm (or from 0.95 to 3 eV). Note that this film

has a transmission window that covers a wider spectral range

than most conventional TCOs. Moreover, it has a sheet re-

sistance of �2.2 X/w, much lower than that of most of the

ITO or AZO films of the same thickness.

Figure 11 shows plots of absorption coefficient a for

CdO films with n ranging from 1.8� 1020 to 1.3� 1021/cm3.

A monotonic increase in the absorption edge energy was

observed as n increases due to the Burstein-Moss (BM)

effect. An absorption edge of �3.2 eV is obtained for

CdO:In with n¼ 1.3� 1021/cm3 using a linear extrapolation

of the a2 plots to the baseline. It is interesting to note a rela-

tively sharp onset of the absorption edges even in the most

heavily doped samples. This is a direct consequence of the

large dielectric constant that effectively screens the ionized

impurity scattering reducing the strength of the indirect mo-

mentum non-conserving optical transitions. The dielectric

function (real and imaginary parts) of the CdO films undoped

and doped with different In and Ga concentrations were

measured using spectroscopic ellipsometry (SE) in the spec-

tral range of 200–1700 nm. The SE results were analysed

using the Drude and Tauc-Lorentz models.24,25 The high fre-

quency dielectric constant e1 was determined to be 5.3 for

FIG. 9. (a) Electron concentration and

(b) mobility of In and Ga doped CdO

films with a different dopant concen-

tration ND. The dashed straight line in

figure (a) indicates 100% doping

efficiency.

FIG. 10. Transmittance, Reflectance, and Absorbance in % for CdO films

undoped and doped with In and Ga with n in the range of 1.8� 1020 to

1.3� 1021/cm3.
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undoped CdO with n< 1020/cm3. For In or Ga doped CdO

films, e1 decreases gradually to 5.05 for films with

n� 1.5� 1020/cm3.

3. Thermal stability

A series of In and Ga doped CdO films with

ND� 3.5� 1020–4� 1021/cm3 were annealed for 20 s (RTA)

in the N2 and O2 ambients in the temperature range of

300–700 �C. We found that electrical properties of these

doped films exhibit strong dependence on the annealing am-

bient. Fig. 12 shows the electrical properties (n, l, and q) of

the CdO films doped with 4.5% of In (ND� 1.7� 1021/cm3)

as a function of RTA temperature in the O2 and N2 ambients.

In the N2 ambient, RTA at increasing temperature results in

a slight decrease in n from 9� 1020 to 7� 1020/cm3 and a

significant increase in l. The sample annealed in N2 at

550 �C has an optimal resistivity q¼ 5� 10�5 X cm

(n� 9.2� 1020/cm3and l� 136 cm2/V s). On the other hand,

when the same samples were RTA in O2, n drops much more

rapidly with only a slight increase in l resulting in an

increase in q. The decrease in n can be understood as a much

more efficient deactivation of both dopants in the O2 ambi-

ent, especially at temperatures higher than 500 �C. This deac-

tivation is most likely due to the formation of In2O3 and

Ga2O3 clusters. Comparing the thermal stability of In and Ga

in CdO, we found that for RTA in O2, n drops more drasti-

cally for Ga doped than for In doped CdO. This confirms the

deactivation of dopants due to oxidation when the samples

were annealed in O2 since the enthalpy of formation for

Ga2O3 (DHf¼�1089.1 kJ/mol) is lower than that of In2O3

(DHf¼�925.8 kJ/mol).26

C. Modeling the electrical properties and doping limits
of CdO

Relationship between doping efficiency and native

defects can be understood using the amphoteric defect model

(ADM)27,28 which states that the formation energies of elec-

trically active native point defects in a semiconductor depend

on the position of its Fermi level with respect to a universal

stabilization energy-the Fermi stabilization energy EFS. EFS

is universal to all semiconductors located at 4.9 eV below the

vacuum level and is not dependent on the band structure of a

given material. ADM suggests that for the Fermi level EF

below EFS, the formation of native donors is favored, causing

EF to rise closer to EFS. However, if EF is above EFS, native

acceptors are preferentially formed, reducing EF. Hence, if

intentional dopants are added to move the Fermi level, the

corresponding formation energy of compensating defect spe-

cies will be reduced. This behavior leads to the ultimate dop-

ing limits in a semiconductor material. In this way, EFS can

be thought of as the average energy of native defects, and is

sometimes referred to as the “Charge Neutrality Level.”29 In

the case of CdO, EFS lies �1 eV above the CBM,18 and

therefore native defects in CdO are predominately donor like

and the material shows an extreme propensity for n-type

doping.

We applied the ADM concept to study the interplay

between doping and native defects in doped CdO and predict

changes in the electron mobility with doping. Here, we con-

sider the charge neutrality condition in a CdO film given by

n ¼ factND þ 2NDD � 2NAA; (1)

where fact is the dopant activation function (taken as 1 in this

work), NDD and NAA are the doubly ionized native donors

and acceptors concentration, respectively. According to the

FIG. 11. Absorption coefficients a of CdO films with increasing electron

concentrations from 1.8� 1020 to 1.3� 1021/cm3.

FIG. 12. Electrical properties (n, l and q) of a CdO film doped with 4.5% of

In (ND� 1.7� 1021/cm3) as a function of RTA temperature in O2 and N2

ambients.
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ADM, the formation energies of native donors (EfDD
) and

acceptors (EfAA
) are dependent on the difference between EF

and EFS

EfDD
¼ Efo � 2ðEFS � EFÞ; (2)

EfAA
¼ Efo þ 2ðEFS � EFÞ; (3)

where Efo is the formation energy of both native donors and

acceptors at EFS. In this idealized model, only doubly ion-

ized native defects are considered and this factor is 2. The

compensation ratio k is the ratio of ionized acceptors to ion-

ized donors N�A =NþD . Following Walukiewicz et al.,8 the total

number of ionized impurities Ni and n are related by

Ni ¼ n
1þ k

1� k

� �
: (4)

Because k will be used to calculate the ionized impurity

scattering contribution to the mobility, it must account for

the charge-squared strength of Coulombic scattering. Ionized

impurities of higher charge states are therefore accounted for

in Ni by treating them as the charge squared equivalent num-

ber of singly ionized species. In our case for doubly ionized

native defects and singly ionized impurity dopants, Ni is

written as

Ni ¼ factND þ 4NDD þ 4NAA: (5)

The compensation ratio k can then be rewritten from

Equations (1), (4), and (5) as

k ¼ 2NDD þ 6NAA

2factND þ 6NDD þ 2NAA
: (6)

Electron mobility can be calculated using this equation

together with the electron concentration. The mobilities of

CdO were calculated using a standard variational

method30,31 modified to take into account the non-

parabolicity of the conduction band.22 In the calculations we

include all standard electron scattering mechanisms, i.e.,

acoustic phonons, polar optical phonons, Coulomb, and alloy

disorder.

Figure 13 shows the calculated electron concentration,

doubly charged native donors and acceptors concentration,

compensation ratio k, and mobility as a function of dopant

concentration ND. The calculations were performed for the

formation energy of native defects Efo in the range from 0.3

to 1.8 eV. The calculated n and l results are compared with

experimental Ga doped CdO data. It is seen in the figure that

the calculated results for Efo�1–1.2 eV are in good agree-

ment with the experimental data. Fig. 13 also shows that the

calculated electron concentration has a minimum limit of

n� 2� 1020/cm3 for low values of ND. This limit agrees

well with our sputtered undoped CdO films. The minimum

electron concentration originates from the fact that at low

doping levels the Fermi energy falls below EFS and the con-

centration is determined by the donor like native defects

rather than intentionally introduced donors. At high values

of ND, when the Fermi energy shifts above EFS compensating

the native acceptors are preferentially formed limiting the

electron concentration to n� 1� 1021/cm3. Consequently,

the calculated compensation ratio k decreases with additional

impurity doping as EF approaches EFS and then increases

dramatically with the increasing concentration of the doubly

charged compensating acceptors. The region of low compen-

sation corresponds to the 100% doping efficiency regime

FIG. 13. (a) Electron concentration,

(b) doubly charged native donors and

acceptors concentration, (c) compensa-

tion ratio k, and (d) mobility as a func-

tion of dopant concentration ND

calculated with the formation energy

of native defects Efo in the range of

0.3–1.8 eV. The calculated n and l
results are compared with experimental

Ga doped CdO data.
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observed in Fig. 13(a). The mobility, shown in Fig. 13(d),

increases with ND up to the point where k begins to increase

when EF crosses EFS corresponding to ND� 5� 1020/cm3.

This unusual behavior of the compensation ratio can be

attributed to the extremely low location of conduction band

edge of CdO. It also provides a direct test for the validity of

the amphoteric defect model.27,28

A comparison of the calculated n as a function of dopant

concentration with the experimental data for Ga doped CdO

films shows that at high n, the simulated mobility agrees

well with the experimental values, but at low n the simula-

tion predicts a mobility limit of �200–300 cm2/V s for

n� 1020–1021/cm3 while the experimental values fall in the

range of �80–120 cm2/V s (Fig. 2). A background concentra-

tion of acceptor impurities is one physical explanation that

could account for such a difference.

Figure 14 shows the electrical properties as a function of

ND for different singly ionized background acceptor impurity

concentrations NA from 1019 to 1021/cm3 calculated for

Efo ¼ 1 eV. The electron concentration shown in Figure 14(a)

decreases with additional NA content, moving the linear dop-

ing regime to higher ND values. As is shown in Fig. 14(b) for

EF located away from EFS, the electrical behaviors are domi-

nated by the native defects rather than dopants. At low ND

values, the compensation ratio k is no longer constant but

instead is dependent on the concentration of NA. The total

mobility is significantly reduced with increasing NA although

it still exhibits a rise with donor concentration ND while EF

approaches EFS. The best fit to the mobility plot is achieved

with NA� 5 to 6� 1020/cm3. Note that this background NA is

dependent on the quality of film and therefore it is expected

to be different for films grown by different methods. For

example, in our previous report on the CdO films grown by

PLD method, the mobility for both undoped and In and Ga

doped films are higher than the sputtered films in this

work.20 It is therefore reasonable to assume that the PLD

films are of higher quality with lower concentration of back-

ground acceptors.

IV. CONCLUSIONS

We have performed a systematic study of the electrical

and optical properties of CdO thin films grown by RF sput-

tering. In particular, we studied the effects of deposition and

annealing conditions on the properties of CdO films undoped

and intentionally doped with In and Ga. We found that at

low growth temperatures (<200 �C), sputter deposition tends

to trap both oxygen vacancies and compensating defects in

the film, resulting in the materials with high electron concen-

tration of �2� 1020/cm3 and mobility in the range of

40–100 cm2/V s. In order to identify the dominant defects in

the films, we have carried out thermal annealing of CdO

films in N2 or O2 ambient. Annealing in the O2 ambient con-

sistently reduces electron concentration and increases mobil-

ity, suggesting that the dominating defects in sputtered CdO

films are oxygen vacancies. Oxygen rich CdO films grown

by sputtering with a different O2 partial pressure in the sput-

ter gas mixture results in increasing film resistivity q from

�4� 10�4 to >1 X cm for films sputtered in pure Ar and

with 40% O2, respectively. This is most likely due to the

increased incorporation of excess O in the form of O-related

native acceptor defects. These O-related defects are unstable

and can be driven out by brief annealing as short as 1 s at

300 �C. Intentional doping with In and Ga donors leads to an

increase of both the electron concentration and the mobility.

FIG. 14. (a) Electron concentration,

(b) doubly charged native donors and

acceptors concentration, (c) compensa-

tion ratio k, and (d) mobility as a func-

tion of dopant concentration ND

calculated with varying concentration

of singly ionized background acceptor

impurities NA and assuming

Efo ¼ 1 eV. The calculated n and l
results are compared with experimental

Ga doped CdO data.
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With proper doping, CdO films with electron concentration

of more than 1021 cm�3 and electron mobility higher than

120 cm2/V s can be achieved, indicating greatly reduced ion-

ized impurity scattering effects in this material. Thermal

annealing of doped CdO films in the N2 ambient can further

improve the electrical properties by removing native accept-

ors and improving film crystallinity.

Furthermore, we have shown that the unique doping

behavior and electrical properties of CdO can be understood

in terms of the amphoteric defect model. A comparison of

the calculations and experimental results shows that the for-

mation energies of native donors and acceptors at the Fermi

stabilization energy is �1 eV and that in sputter deposited

CdO mobility is limited by a background acceptor concentra-

tion of �5–6� 1020/cm3. The calculations offer an insight

into understanding of the effects of defects on electrical

properties of undoped and doped CdO and offer a potential

to use similar methods to analyze the doping and defect

properties of other semiconductor materials.
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