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Abstract The influences of indium doping and subse-

quent annealing in nitrogen and air atmospheres on the

microstructure and optical properties of cadmium oxide

films were studied in detail with the aid of various char-

acterizations. X-ray photoelectronic spectroscopy analysis

shows that indium atom forms chemically oxidized bonds

in Cd–O matrix. X-ray diffraction results demonstrate that

CdO structure remains FCC structure with indium doping,

whereas the preferential orientation transforms from (222)

into (200) orientation. Indium doping prevents the large

crystalline growth, and this role still works under both

nitrogen and air annealing processes. Similarly, CdO films

show rough surface under annealing conditions, but the

force has been greatly weakened at high doping level. It is

clear that refractive index and extinction coefficient are

closely correlated with crystalline size for undoped films,

whereas it turns to the doping level for doped films, which

can be performed by the mechanism of indium atom sub-

stitution. This work provides a very useful guild for design

and application of optical–electronic devices.

1 Introduction

Cadmium oxide (CdO), well known as one of the trans-

parent conductive oxides (TCOs), has been receiving

tremendous attention over the past several decades due to

the high electrical conductivity (*10-3 X/cm) and optical

transmittance in the visible infrared region [1–3]. They are

widely considered as promising candidate materials in

optoelectronic fields, including gas sensor [4–6], photo-

voltaic cell devices [7, 8] combing with other interesting

materials [9–11], phototransistors [8], IR detectors, and

antireflection coatings [12].

Unfortunately, there are intrinsic limitations hindering

the successful application of CdO films including the small

band gap and low transmittance, especially in the short

wavelength range. Increasing efforts have been devoted to

solve these problems with the aim to improve the electrical

as well as optical properties of TCOs. Until now, alien

elements (fluorine (F) [13], aluminum (Al) [14], titanium

(Ti) [15], indium (In) [16, 17], tin (Sn) [18], samarium

(Sm) [19], iron (Fe) [20], etc.) doping in CdO film present a

robust approach to improve the performance. Among the

various elements, In-doped CdO (ICO) films are generally

regarded as the most suitable candidate [21, 22] due to the

similarity between In and Cd, donoring role and superior

properties. However, most researchers largely limited their

focus on the electrical conductivity, transmittance, and

band gap [23–26]. The optical constants, refractive index,

and extinction coefficient are the fundamental and key

parameters in optical and electric applications. The

designing and optimizing photovoltaic devices and solar

cell structures await urgent study on optical constants, such

as refractive index and extinction coefficient. Unfortu-

nately, previous work did not fully uncover these points.
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In the present work, the influences of In doping and

annealing on microstructure and optical constants of CdO

films were studied. The chemical bonds, crystal structure,

and morphologies of films at both different doping levels

and gas annealing processes were characterized. Building

the direct relation between the treatment conditions and

optical constants is fundamentally and technologically

needed for application.

2 Experimental details

A series of ICO films were grown on borosilicate glass by

pulsed filtered cathodic arc deposition (PFCAD). Separate

cadmium and indium metal pallets were used as Cd and In

source, respectively, and the In and Cd ratio was adjusted

alternatively by pulses of two sources. The plasma sources

were two ‘‘miniguns’’ with rod cathodes of 6.25 mm

diameter. Each cathode was enclosed by an alumina cera-

mic tube such that the cathode spots can operate only on

the front surface [25]. The plasma stream passed a 90�-bent

open filter to remove most of the macroparticles. The

process gas composition was monitored by a differentially

pumped quadrupole mass spectrometer (model RGA100 by

SRS). The combination of flow and pumping speed resul-

ted in a total pressure monitored by a Baratron� capaci-

tance manometer. Oxygen was introduced into chamber as

the reactive gas. The substrate temperature was maintained

at 230 �C, and the oxygen pressure was kept at 7 mTorr,

which is the optimized oxygen pressure according to the

previous research; more details can be found in somewhere

[25]. The thickness of all films was around 230 nm.

Afterward, all the films were annealed in air and nitrogen

atmospheres and kept at 450 �C for 1 h, then naturally

cooled down to room temperature.

The film thickness was evaluated by profilometry with

an accuracy of ±10 nm. The element concentration of

films was determined by EDS and XPS, and the In atomic

concentration in CdO films varied from 0 to 9.1 %. High-

resolution XPS (PHI 5700ESCA) was employed to deter-

mine the chemical bonds. The XPS apparatus was per-

formed using a monochromatized Al Ka X-ray source

(radiation at 1486.6 eV) in an ultrahigh vacuum chamber.

Film crystal structure was characterized by XRD, which is

equipped with an area detector or a Phillips X’Pert-Pro

X-ray diffractometer. Surface morphology was studied

with a Veeco MultiMode AFM (Veeco, Plainview, NY) in

tapping mode. Optical properties, such as refractive index

and extinction coefficient, were characterized by spectro-

scopic ellipsometer (alpha-SE, J.A. Woollam) in the range

from 380 to 900 nm. The incident angle was set 70� when

collecting the data.

3 Discussion and results

In concentrations (In:Cd, at.%) of ICO films were mea-

sured as 0, 2.4, 4.2, and 9.1 % by EDS in the previous work

[25]. In order to explore the chemical bonds, XPS was

employed to scan the core levels. Figure 1 shows the XPS

spectra of typical ICO film with In concentration of 9.1 %.

Figure 1a shows the XPS survey spectra for the surface of

CdO and In:CdO (9.1 %) films. It is clear to observe that

obvious In peaks are from In:CdO film, and no In signals

come from pure CdO film. Other elements are Cd, O, and

C, indicating the high purity of films. Figure 1b shows the

Cd3d core-level spectra. Using the optimal proportion of

Gaussian to Lorentzian lineshape, the Cd3d line shape can

be deconvoluted into two peaks at around 404.8 eV and

411.6 eV, which is consistent with the Cd–O bond of CdO

[27]. In3d core-level spectrum is shown in Fig. 1c; simi-

larly, In3d signal shows the two splitting peaks due to the

spin–orbit coupling. The two peaks are located at around

444.4 eV and 452.1 eV, which is consistent with the peak

position from ITO [28]. It is interesting to note that there is

no pure metal In peak (*443.8 eV), indicating all the In

atoms form the oxidation state. Figure 1d shows the O

1s core-level spectra and the fitting results. The spectra can

be deconvoluted into three peaks at 529.5, 530.2, and

531.6 eV, respectively, corresponding to O–Cd bond, O–In

bond, and physisorbed oxygen [29], which are generally

observed in oxide films. Therefore, the results show that In

atom could form O–In bond in the Cd–O matrix instead of

In–In bond.

Figure 2 shows the XRD plots of CdO films with

different In doping concentrations for as-grown, annealed-

in-air, and nitrogen samples, respectively. All the films

show pure fcc structure of CdO (PDF card No: 005-0640)

with polycrystalline phase. Pure CdO film shows the

preferred (111) orientation, which is consistent with the

previous reports [30, 31]. With the increase of In doping,

the preferential orientation transforms into (200) orienta-

tion, and the intensity of (222) gradually reduces to the

weakest one until ICO film with 9.1 % concentration.

Since (200) direction has a lower surface energy than

(111) direction [32], it indicates that In doping could

promote the preferential (111) crystalline growth due to

the change of internal stress and growth rate [17], and the

similar phenomena were also observed in F:CdO films

[33]. In doping does not change phase structure even at

high concentration. According to the previous discussion,

it is reasonable that the In atom substitutes the Cd atom in

the CdO lattice. The phase structure remains same phase

and preferred orientation regardless of annealing in

nitrogen and air at 450 �C, indicating the super phase

stability.
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In order to evaluate the film crystallinity, the crystalline

size was evaluated by Scherrer’s equation using the full

width at half maximum (FWHM) of the strongest peaks.

Figure 3 shows that the crystalline size changes with

indium doping and annealing process. It is clear that In

doping could prohibit the crystalline growth and form

small crystallines, which is similar to Ga doping in CdO

films [34], but is contrary to Tl doping in CdO films [35].

Note that the crystalline size drops within a small range as

the doping varies from 0 to 9.1 %. Under gas annealing,

with the increase of In doping, crystalline still shows

smaller size regardless of nitrogen and air, whereas the

annealed ICO films show larger crystallines compared with

the as-deposited samples. The high temperature promotes

the larger crystallines of CdO under the 400 �C annealing

due to the coarsening role [30, 36]. The refinement role In

doping plays works in both the as-grown and annealed

samples.

The surface morphology of ICO films is shown in Fig. 4.

Under nitrogen and air annealing, the influence of In

doping on the surface roughness is similar to the influence

of In doping in the as-grown CdO films [25], and more In

doping induces more smooth surface. However, annealing

procedure promotes rough surface at low In doping level,

and this role disappears at high doping levels. The large

roughness is attributed to the large crystal crystallines

under annealing; in contrast, high In doping causes small

crystalline and also flat surface morphology.

Optical properties of ICO films, including refractive

index (n) and extinction coefficient (k), were measured by

SE at room temperature. In order to extract the accurate

n and k values, three-layer model (EMA/CdO:In/glass

substrate) was built as shown in Fig. 5a. Under considering

the transparency in the whole range (380–900 nm) and

slight absorption near the 380 nm, Cauchy–Urbach dis-

persive model was selected for ICO films [37]. The good

fitting results between the model and measured Psi and

Delta were obtained, indicating the optimal model and

measured results as shown in Fig. 5b.

The optical constants, such as refractive index and

extinction coefficient, can be tainted according to the fitting

results. Figure 6a shows the refractive index of ICO films

as the doping concentration increases from 0 to 9.1 %.

Both n and k increase as the wavelength decreases due to

approaching the bandgap. Without In doping, the film

shows high n value (2.52 at 500 nm). It gradually reduces

into the low value (2.28 at 500 nm) when it reaches 9.1 %

doping. Extinction coefficient can also be adjusted by In

Fig. 1 a XPS survey spectra of In-undoped and In-doped CdO films with In concentration of 9.1 %, the b Cd3d, c In3d, and d O 1s core-level

spectra of ICO films with In concentration of 9.1 %
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doping. For comparison, the refractive index and extinction

coefficient of commercial ITO films (Filmetrics Company)

are 1.972 and 0.043 at 500 nm, respectively. Without In

doping, the film shows k abruptly increases to high value in

the range of less than 450 nm. This trend can be relieved

by In doping in the films. The shrink of absorption with the

increase of In doping concentration is attributed to the

enlarged bandgap [25]. Naturally, the refractive index is

closely linked to the crystallinity. As shown in Fig. 3, the

crystalline size gradually reduces with the increase of In

doping concentration. More In doping concentration means

smaller crystallines; more grain boundaries contain more

pores and holes deciding the low n.

The influences of annealing on n and k were studied in

nitrogen and air atmosphere in Fig. 7. It is clear that

nitrogen and gas annealing play the similar role. Without In

doping, the annealed ICO films show higher n value than

the as-deposited ones. Annealing could promote large

crystalline and have high density. However, when doping

In element, n value abruptly drops below as-grown one.

The crystalline size of annealed ICO films is still larger

than that of as-grown film. The annealed ICO films with

larger crystallines have small refractive index, which is

mainly attributed to the substitution of In atoms in the Cd

lattice positions. The more substitution of In, the lower

Fig. 2 XRD patterns of ICO

films grown at 230 �C and 7

mTorr with different In

concentrations

Fig. 3 Crystalline size of ICO films: a as-deposited; b annealing in

nitrogen; c annealing in air at different In concentrations
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refractive index it has as the low n of In2O3 compared with

n of CdO [38, 39]. It is reasonable to observe that ICO

films have lower refractive index even after annealing

process. In doping could reduce the extinction coefficient

with the high doping level, which can be adjusted in a

small extent by nitrogen and air annealing treatment.

4 Conclusion

ICO films with different In concentrations were prepared to

study the influence of doping level and annealing on

structural and optical properties in detail. The indium atom

forms chemical bonds in Cd–O matrix instead of metallic

Fig. 4 Surface morphologies of ICO films under annealing: a, b undoped; c, d 9.1 % In doping; a, c nitrogen annealing; b, d air annealing;

e surface roughness of ICO films with different In concentrations in nitrogen and air annealing
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In–In bonds. Indium doping maintains the cubic phase, but

it transforms the preferential (222) orientation into (200)

one. Annealing coarsens the large crystallines of ICO films

compared with these of the as-grown film. The undoped

CdO film shows high refractive index of 2.52 at 500 nm,

while the low value of 2.28 at 500 nm is achieved when it

reaches 9.1 % doping. Refractive index of undoped films

can be enhanced through annealing process due to the large

crystalline. The way of In doping could reduce the

refractive and extinction coefficient and stabilize them

even under annealing process. Low refractive index of

about 2.1 is obtained for CdO films annealed in nitrogen.

The work is critical for the design and application of

optical–electronic devices.
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