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Abstract Yb-doped CdO thin films with different Yb

contents were prepared on glass and silicon substrates by

vacuum evaporation technique. The effects of Yb-doping

on the structural and optoelectrical properties of the host

CdO films were systematically studied. The X-ray

diffraction study shows that some of Yb3? ions substituted

for Cd2? and the solubility of Yb in CdO is very limited

and may be around *0.2 at.%. The Yb-doping influences

all the optoelectrical properties of CdO. The bandgap of

Yb-doped CdO suffers narrowing by about 20% with a

very small (0.03 at.%) doping level. The electrical behav-

iours show that all the prepared Yb-doped CdO films are

degenerate semiconductors. Their dc-conductivity, carrier

concentration, and mobility increase compared with

undoped CdO film. The largest mobility of about 87 cm2/

V s was measured for 0.13 at.% Yb-doped CdO film. From

transparent-conducting-oxide point of view, Yb is suffi-

ciently effective for CdO-doping.

Introduction

Cadmium oxide (CdO) thin films have a wide range of

applications in optoelectronics [1, 2]. These applications

are based on its unique properties. It can be an n-type

semiconductor of relatively low electrical resistivity (10-2

–10-4 X cm) and transparent in visible and near infrared

(VIS–NIR) spectral regions with a direct bandgap of

2.2–2.7 eV [1, 3–6]. CdO material crystallises in a cubic

structure of Fm3m space group of 6-coordination with a cell

parameter of 0.4695 nm [7]. Its optoelectrical properties

can be controlled through doping with different metallic

ions like In, Sn. Al, Sc, Y, Tl, Ti, Al, etc., which improves

its electrical conduction and increases its optical bandgap

[1, 8–14]. Furthermore, it is possible to dope CdO with

magnetic ions like Fe [15] to combine some magnetic

properties with its normal optoelectronic properties for

different applications. In addition, it is also possible to dope

it with rare-earth 4f-ions like Sm or Dy [16, 17]. In this

study, ytterbium was used as dopant to CdO to improve its

conduction properties. This study reports the electrical and

optical properties of Ytterbium-doped CdO films with dif-

ferent doping levels. As expected, when Yb ions of valence

3 substitute for some Cd2? ions in CdO crystalline structure,

the concentration of conduction electrons would be

increased that improves the electrical conduction. Further-

more, it was observed that when the dopant ions have a

smaller radius than that of Cd2? ions then the conductivity

of the doped CdO film would be increased, and the host

CdO lattice unit cell compresses. In the present case the

6-coordination ionic radius of Cd2? ion (0.0947 nm) is

slightly more than that of Yb3? ion (0.0868 nm) [18].

It must be mentioned that, the doping of CdO with Yb ions

by any technique has not yet been reported.

Experimental details

CdO thin films doped with ytterbium of different levels

were grown on glass and silicon substrates. The detailed

deposition procedure has been described elsewhere [16].

The starting materials, Yb element and CdO (from Fluka

A.G., Germany) were evaporated alternatively (layer-

by-layer) with alumina baskets (Midwest tungsten service,

USA). The substrates were ultrasonically clean glass and
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chemically (using HF) cleaned silicon wafer held in a

vacuum chamber of residual oxygen atmosphere of pres-

sure about 1.3 9 10-2 Pa. The as-grown films were totally

oxidised and stabilised by annealing in air at 400�C for 2 h

and then cooled slowly in a closed furnace. All the samples

including the reference undoped CdO film were prepared in

almost the same conditions.

The evaporated masses were controlled with a piezo-

electric sensor using a Philips FTM 5 thickness monitor

connected the sample holder. After annealing, the film

thicknesses were measured using an MP100-M spectrom-

eter (Mission Peak Optics Inc., USA) to be in the range

0.15–0.24 lm. The structure of the prepared films was

studied by the X-ray diffraction (XRD) method using a

Philips PW 1710 h–2h system with Cu Ka radiation

(0.15406 nm) and a step size of 0.02o. The energy-dis-

persive X-ray fluorescence (EDXRF) method was used to

determine the relative weight fraction Yb to Cd in the

studied samples. The setup used for the EDXRF method

consists of an X-ray beam obtained from a Cu-anode

Philips tube (Philips PW-1710) and an Amptek XR-100CR

detector. The plan of this study is to prepare and study low

Yb-doping level samples and one more sample of higher

doping level to observe the possibility of formation of

Yb-oxide grains inside the host medium CdO (i.e., nano-

composite film). The spectral optical transmittance T(k)

and reflectance R(k) were measured at normal incidence

in UV–VIS–NIR spectral region (300–3000 nm) with a

Shimadzu UV-3600 double beam spectrophotometer. The

electrical measurements were carried out with a standard

Van-der-Pauw method with aluminium dot contacts in a

magnetic field of about 1 T and using a Keithley 195A

digital multimeter and a Keithley 225 current source.

Results and discussion

Characterisation by X-rays

Figure 1 demonstrates the energy-dispersive X-ray fluo-

rescence (EDXRF) spectra for two prepared samples of

Yb-doped CdO films on silicon substrate. The spectrum

shows the Cd L-band (3.13–3.53 keV) and Yb La-signal

(7.41 keV) with signals from silicon substrate and exciting

source. The ratio of integral intensity of Yb La-signal (IYb)

to that of Cd L-signal (ICd) or (IYb/ICd) was used to

determine the relative weight fraction of Yb to Cd in a film

sample. For that purpose, the known method of micro

radiographic analysis (determination of mass ratio from

X-ray intensity ratio) was used [19]. The reference samples

were pure Yb2O3 and CdO thin films. The Yb content in

film samples was varied. From the resulting Yb wt%, the

at.% ratios were calculated to be 0.03, 0.13, 0.19, 0.21,

0.24, 0.43, and 1.8%. Each sample was named according

its content of Yb at.%.

Figure 2 shows the X-ray diffraction (XRD) patterns of

the prepared undoped and Yb-doped CdO films. The pat-

terns reveal that all the investigated films are polycrystal-

line of cubic Fm3m CdO structure [7]. The possibility of

formation of crystalline Yb oxide together with CdO was

studied precisely by the XRD, as shown in Fig. 3. For low

Yb doping level, almost all the Yb is incorporated into the

CdO structure and no signal from Yb-oxide structure is

detected. However, by increasing the at.% ratio to 1.8%, it

was observed the presence of a weak reflection at about

29.7o, which was indexed to be the (222) reflection of

Fig. 1 X-ray fluorescence of Yb-doped CdO film grown on Si

substrate. The exciting radiation was Cu Ka

Fig. 2 X-ray diffraction patterns from undoped and Yb-doped CdO

films. The used radiation was Cu Ka-line
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crystalline Yb2O3 of BCC Ia3 (bixbyite) structure of

a = 1.0439 nm [20]. The grain size of the found Yb2O3

nanograins was about 18 nm. Thus, one can deduce that the

solubility of Yb in CdO is very limited and may be around

*0.2 at.% (see below).

The energetically favourable (111) preferred orientation

growth of CdO films prepared by different techniques

[21, 22], is studied here through the texture coefficient

(TC). It is defined [23] as,

TCðhklÞ ¼ ½nIrðhklÞ=IstdðhklÞ�=½
Xn

k¼1

Ik
r ðhklÞ=Ik

stdðhklÞ� ð1Þ

where Ir(hkl) is the relative intensity of reflection from a

given (hkl) plane, Istn(hkl) is the relative intensity of the

reflection from the same plane as indicated in a standard

polycrystalline sample (ref.[7]), and n is the total number

of reflections observed, which is four: (111), (200), (220),

and (311). The calculated values of TC are given in

Table 1 and inset of Fig. 4, which shows that the largest

TC among low doping level films is 2.89 out of 4 for

0.13%. However, TC(111) is also increased to 3.25 out of 4

for the composite-oxides (Yb-doped CdO ? Yb2O3)

1.8 at.% film.

The grain size (GS) perpendicular to [111] direction was

determined using Scherrer equation [24] to be in the range

34–41 nm. The lattice parameter (a) and unit-cell volume

(vcell) are calculated by least squares method (LSM) and

the results are given in Table 1 and Fig. 4. It is observed

that, the unit-cell volume of host CdO film is smaller than

that in the bulk pressed-powder disc. It is likely that the

smaller unit cell arises because of the presence of vacancies

inside the crystalline structure of the CdO film (nonstoi-

chiometric composition) that cause the electrical conduc-

tion in the film. Doping with ytterbium slightly decreases

vcell to lowest value for 0.13 at.% film. However, for all the

doped films the unit cell decreases with Yb-doping. This

means that some of the Yb3? ions of smaller size substi-

tuted for Cd2? according to the following defect reaction in

Kroger–Vink notation: Yb2O3�!
CdO

Yb�Cd þ Ox
0 þ e0 where

Yb�Cd is the substitution of Yb3? for Cd2? in CdO lattice,

Ox
0 is the interstitial defect of oxygen atoms, and e0 is an

electron. Such doping creates structural strain that reduces

vcell, i.e., a slight decrease of lattice parameter of

order * 0.1% was observed.

DC-electrical properties

The room temperature electrical resistivity (q), mobility

(lel), and carrier concentration (Nel) were measured by a

standard Van-der-Pauw method and the results are pre-

sented in Table 2 and Fig. 5. The main source of experi-

mental error caused by aluminium-lead spots size was

Fig. 3 X-ray diffraction from Yb2O3 and Yb-doped CdO films

around (111) peak position of Yb2O3

Table 1 The lattice parameter (a), average X-ray grain size (GS),

and the texture coefficient [TC(111)] of the prepared undoped and

Yb-doped CdO films of different % Yb fraction on glass substrates

Sample a (nm) GS (nm) TC(111)

Powder 0.46948

CdO 0.46806 34.7 1.38

0.03% 0.46829 34.7 1.6

0.13% 0.46732 41.7 2.89

0.19% 0.46743 34.7 2.58

0.21% 0.46874 34.7 2.55

0.24% 0.46853 34.7 2.37

0.43% 0.46782 34.7 1.72

1.80% 0.46783 41.7 3.25

Fig. 4 Variation of host CdO unit-cell volume (vcell) with the Yb

at.% doping level. The inset shows the variation of TC with the Yb

at.% doping level
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estimated to be about 5%. The results show that undoped

and all the Yb-doped CdO samples are n-type semicon-

ductors. The measured electrical parameters (q, Nel, and

lel) of undoped CdO film agree with those data published

for CdO films prepared by different techniques but the

resistivity is higher than those values mentioned in some

other references *10-3–10-4 X cm due to different

method and procedure of preparation [1]. For all the

studied Yb-doped CdO films, the conductivity (r), carrier

concentration, and mobility increase in comparison with

undoped CdO film. These changes result from the variation

in Nel and carrier scattering by different microstructural

defects, grain boundaries, and ionised impurities. Doping

with Yb ions includes substitution of Yb3? ions for Cd2?

ions (YbCd), which liberates more conduction electrons in

the conduction band. The Nel reaches the maximum value

of 5.22 9 1020 cm-3 at Yb content of 0.13 at.%. This Nel

remains almost unchanged until 0.19%, after which it

decreases due to two reasons. The first reason is the grain

boundary (GB) effect. The GB effect increases because

the accumulation of Yb oxide reduces the conductivity by

reducing the carrier concentration and forming a potential

barrier between the grains. The second reason is that both

YbCd and Ybi are donors, and hence the increase of Yb�Cd

and Yb�i ions would result in enhancement of V
00

Cdacceptors

to keep the charge balance in the system. This explanation

is reasonable for the decrease in Nel when the Yb content is

higher than 0.19 at.%. It must be emphasised that the

obtained high mobility, especially the value 87.22 cm2/V s

for Yb content of 0.13 at.%, arises despite the obviously

simple preparation technique. The increase of the mobility

can be attributed to the improvement of crystallinity. Thus,

the sample that has maximum mobility also has maximum

texture coefficient and larger grain size (Table 1). The

decrease of the mobility for doping level more than

0.13 at.% is attributed to the scattering by ionised impurity

and GBs enhanced by Yb oxide accumulation. Generally,

Yb dopant with low concentration plays principally the

same role as other usual non rare-earth metallic dopants.

In summary, the results of this study show that low

doping with Yb improves the dc-conduction parameters of

CdO films, so that the 0.13 at.% Yb-doped CdO film shows

an increase in its mobility by about 12.4 times, conduc-

tivity by 147 times, and carrier concentration by 12 times

compared with undoped film. Almost identical variations

were also observed in CdO films doped with Sm, Dy, and

Eu [16, 17, 25]. The overall variations of the conduction

parameters in this case result from the complication of the

process of Yb incorporation in CdO films. For Yb con-

centration up to 0.13 at.%, the main mechanism that con-

trols the incorporation is the substitution of Yb3? ions for

Cd2? ions and occupying interstitial locations. However,

for dopant levels more than 0.13 at.%, the Yb accumula-

tion at GBs starts gradually to be the predominant mech-

anism. For high doping level, 1.8 at.%, Yb begins to form

isolated Yb2O3 nanograins. The grain size of Yb2O3 grains,

as determined from peak broadening using Scherrer equa-

tion, is about 18 nm. Thus, one can deduce that the solu-

bility of Yb in CdO is very limited and may be around

Table 2 Summary of the measured electrical parameters

Sample q (910-4X cm) lel (cm2/V s) Nel (1020 cm-3) Eg (eV) (Nel/lel)elect (Nel/lel)opt

CdO 201 7.03 0.44 2.42 0.63 0.321

0.03% 4.53 28.80 4.79 1.93 1.66 3.50

0.13% 1.37 87.22 5.22 2.29 0.60 2.35

0.19% 3.33 39.00 4.82 2.23 1.23 1.63

0.21% 4.86 36.86 3.48 2.24 0.94 2.67

0.24% 4.80 41.64 3.12 2.16 0.75 2.34

0.43% 6.53 27.82 3.43 2.00 1.23 3.42

1.80% 33.50 9.80 1.90 1.89 1.93 0.50

Resistivity (q), mobility (lel), and carrier concentration (Nel), and bandgap (Eg) of undoped and Yb-doped CdO films of different % Yb fraction.

The ratio (Nel/lel) measured optically (opt) and electrically (elect) are given in units (91029 V s/m5)

Fig. 5 Variation of resistivity (q), mobility (lel), and carrier

concentration (Nel) for undoped and Yb-doped CdO films
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*0.2 at.%, which supports the conclusion of the structural

study. In addition, with the above-described discussion one

can explain the variation in the effective concentration of

the carriers that participate in the dc-conduction process.

Optoelectronic properties

The spectral optical absorption method is used to study the

optical properties of the prepared Yb-doped CdO films

grown on corning glass substrates. The experimentally

corrected normal spectral transmittance T(k) and reflec-

tance R(k) in the UV–VIS–NIR region (300–3000 nm) are

presented in Fig. 6. The spectra show that the maxima of

the spectral transmittance for all the investigated films are

in the NIR region. In addition, in NIR region, the trans-

mittance curves show a clear damping due to high density

of the free electrons. The normal reflectance for all the

samples studied in UV, VIS, and NIR is almost constant

and close to each other in magnitude of 1–5%. The spectral

absorption coefficient a(k) is calculated from the experi-

mental data using the following equation [26]: aðkÞ ¼
ð1=dÞ ln½ð1� RÞ=T �, where d is the film thickness. The

optical direct bandgap Eg is evaluated according to the

well-known energy-exponential relation [27]:

aE ¼ AOpðE � EgÞm ð2Þ

where AOp is a constant and the exponent m is equal to

0.5 or 2 for direct and indirect transitions, respectively.

Thus, the plot of (aE)2 versus E as shown in Fig. 7 gives

the value of direct bandgap. The obtained bandgaps for

undoped and Yb-doped CdO films are given in Table 2 and

Fig. 8 (plotted in semi log scale to show all the experi-

mental points). For undoped CdO, the bandgap is obtained

in the range of (2.2–2.6 eV) that is known for undoped

CdO films prepared by different techniques [1]. As

mentioned in ‘‘Introduction’’ section, doping of CdO with

different metals can widen the CdO bandgap [28, 29]. It is

observed that the bandgaps of all the Yb-doped CdO films

are narrower than that of undoped CdO film. The bandgap

was suddenly decreased by 20% for the 0.03% sample.

Such bandgap narrowing (BGN) is observed to be associ-

ated with an increase in the carrier concentration by about

11 times and, thus, it contrasts the bandgap widening

(BGW) or Moss-Burstein (B-M) effect [30, 31]. This BGN

comes as consequence of a change in the nature and
Fig. 6 Spectral normal transmittance and reflectance in the

UV–VIS–NIR spectral regions for undoped and Yb-doped CdO films

Fig. 7 Calculated (points) spectral optical absorption coefficient a is

plotted as (aE)2 versus photon energy (E) for Yb-doped CdO films.

The inset shows the bandgap determination plot for CdO and 1.8%

films

Fig. 8 Dependence of the bandgap (Eg) on the dopant at.% levels of

Yb-doped CdO films. The inset shows the dependence of optoelec-

tronic function ðEg � SBGW;BGN N
2=3
el Þ on N

1=3
el . The straight line

represents the best fit
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strength of the crystalline potential by addition the

influence of Yb3? impurity dopant ions including the

effect of their 4f-electrons on the crystalline electronic

states. Thus, due to the doping, the band tailing or impurity

band becomes broader, finally reaches, and merges the

bottom of the conduction band causing decrease in the

effective optical bandgap Eg. Phenomenologically, it is

possible to relate the bandgap variations with the carrier

concentration. The BGW (or DEBM
g ) for parabolic band

approximation is given by the following relation [32]:

DEBM
g ¼ BGW ¼ SBGWN

2=3
el ð3Þ

where SBGW ¼ ð�h2=2cmeÞð3p2Þ2=3
, �h is the Plank’s

constant and c ¼ m�vc=me is the ratio for of reduced

effective mass to free-electron mass, which is equal to

0.274 for CdO [33]; thus Sth
BGW ¼ 1:348� 10�18eV m2.

The BGN consists of two parts. The first part arises due

to the electron-impurity interaction and is given by the

following relation [34, 35] DEbt ¼ S
ð1Þ
BGNN

2=3
el , where S

ð1Þ
BGN ¼

ð1=3ÞSBGW ¼ 4:49� 10�19 eV m2. The second part of

BGN results from Columbic interaction (C-int) between the

carriers and is given by [36, 37] DEC�int ¼ S
ð2Þ
BGNN

1=3
el , where

S
ð2Þ
BGN ¼ ðe=2pe0erÞð3=pÞ1=3

, e0 is the permittivity of free

space, e is the electronic charge, and for the dielectric

constant er it is possible to use e1, thus S
ð2Þ
BGN ¼ 2:836�

10�9=er. Therefore, the total BGN is:

BGN ¼ ðSð1ÞBGNN
2=3
el þ S

ð2Þ
BGNN

1=3
el Þ ð4Þ

The overall bandgap shift is:

DEg ¼ Eg � Eg0 ¼ BGW� BGN

¼ SBGWN
2=3
el � S

ð1Þ
BGNN

2=3
el � S

ð2Þ
BGNN

1=3
el þ Cf

¼ SBGW;BGNN
2=3
el � S

ð2Þ
BGNN

1=3
el þ Cf ð5Þ

where Cf is the fitting parameter and SBGW;BGN ¼ SBGW �
S
ð1Þ
BGN ¼ 8:98� 10�19 eV m2 In this study, a good straight

line was obtained by considering the plot of ½Eg�
SBGW;BGNN

2=3
el � vs: N

1=3
el , as shown in the inset of Fig. 8, with

S
ð2Þ
BGN ¼ 1:31� 10�9 eV m. This value is close to the theo-

retical one [1, 36] S
ð2Þ
BGNðthÞ ¼ 1:107� 10�9 eV m. As long

as the theoretical basis for the above models is the parabolic

band approximation, then it is possible to explain the slight

difference might come from the non-parabolic band effects,

especially we are doping with magnetic 4f-metal.

In the NIR spectral region, where the reflectivity is almost

constant, the absorption coefficient a is related to the

wavelength according to [25, 38] aðkÞ ¼ BOpk
2 where

BOp ¼ 5:243� 10�13ðNel=lelÞOptð1=nc2Þ in unit system SI,

where n is the refractive index at NIR region (n = 1.6). Thus

by neglecting of the small variations of n in the NIR, a linear

a vs. k2 relationship should be observed, as shown in Fig. 9.

Thus, it is possible to estimate the ratioðNel=lelÞopt and the

results are given in Table 2. The value of ðNel=lelÞelec

(measured electrically) should be different from ðNel=lelÞopt

(measured optically) due to different conduction mecha-

nisms. However, the inset of Fig. 9 shows similar trends of

the variation for both ðNel=lelÞelec and ðNel=lelÞOpt up to

0.43 at.% Yb, after which a clear predominant effect of the

Yb accumulation on GBs that makes the optical and elec-

trical measured ratios very different from each other

(Table 2).

Conclusions

The structural and optoelectrical properties of Yb-doped

CdO films were investigated in the present work. The XRD

study shows that some of Yb3? ions of smaller size

substituted for Cd2? and the solubility of Yb in CdO film is

very limited and may be around *0.2 at.%. Optical

investigations show that the low doping with Yb ions

(0.03 at.%) causes abrupt reduction the bandgap of the host

CdO by about 20%. For all the studied Yb-doping levels,

the dc-conductivity, carrier concentration, and mobility

increase compared with undoped CdO films, so that the

0.13 at.% Yb-doped CdO film shows an increase in its

mobility by about 12.4 times, conductivity by 147 times,

and carrier concentration by 12 times compare with

undoped film. The largest mobility of about 87 cm2/V s

was observed for 0.13% Yb-doped CdO film. From

Fig. 9 The dependence of absorption coefficient a on k2 in the NIR

spectral region for undoped and Ce-doped CdO films. The inset shows

the dependence of the (Nel/l) ratio measured optically and electri-

cally, on the Yb % doping level of Yb-doped CdO films
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transparent-conducting-oxide point of view, Yb is a very

effective dopant for CdO doping.
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