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Abstract

CoxZn1−xO (x = 0.00, 0.04, 0.08 and 0.10) thin films were sprayed pyrolysis onto ordinary

glass substrates. The micro Raman spectroscopy revealed the presence of wurtzite structure in

all films. The UV-Vis investigation showed good optical transmittance in the visible region with

the increase in the absorption bands related to internal Co+2
d-d transitions over Co concentra-

tion. The optical gap energy decreased by 0.34 eV as Co doping increased, contrary to Urbach

energy which increased by 230 meV. The SEM observation indicated obvious modification in the

morphology of the films. M-lines spectroscopy measured the ordinary refractive index which was

found to increase by 0.0156 as the Co doping increased. Cobalt doping provoked the extinction

of light coupling and propagation in the films manifested as an increase in full width at the half

maximum of the guided peaks and a decrease in the reflected intensity. This was due to the in-

crease in the extinction coefficient measured by UV-Vis spectroscopy.

Keywords: ZnO, spray pyrolysis, waveguide, refractive index, extinction coefficient, prism cou-

pler, UV-Vis.

1 Introduction

The developments of all forms of optical waveguides led to huge development in numerous fields

like communications, integrated optics, lasers and photonics. Optical fibers are relatively flexible and

immune to electromagnetic interference so they found use in communications. Transparent thin films

waveguides are of high quality, controllable and efficient and by that, they had been employed as

bio and chemical sensors [1–3], integrated optical amplifier [4] and a guided layer in total internal

reflection fluorescence microscope [5] to name a few. A dielectric waveguide can be defined as any

structure used to control the flow of electromagnetic waves in a certain direction. This guiding is

possible by confining the electromagnetic wave within its surfaces. In order to understand the prop-

agation of light in a waveguide, it is essential to characterize the refractive index and the extinction

coefficient of the waveguide as the refractive index is a measure of the phase difference between the

source wave and oscillating charges in the media and the extinction coefficient is a direct measure of

the attenuation of the wave inside the media [6].

In the last decade, Zinc oxide (ZnO) related research numbers grew largely because of new or im-

proved types of electronic and photonic devices [7]. Waveguide structures based on ZnO have been

demonstrated and suggest possible applications of ZnO thin films in opto-electronics and integrated

optics [8–11]. For a better understanding and control over ZnO thin film waveguide, it is necessary to

perform an accurate and direct characterization of its optical properties including the refractive index.

Several techniques of optical characterization of thin films are used such as absorption/transmission
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spectroscopy and ellipsometry. The latter can reveal the refractive index, thickness, and extinction

coefficient [12]. Prism coupler based method alternatively called m-lines spectroscopy has been de-

veloped since the ’70s to characterize thin films. It measures the refractive index with 2 × 10−4

accuracy and the thickness with 0.5% [13].

The effect of dopants on the refractive index of ZnO is not very obvious and is still a subject of in-

terest. The root of the optical properties of a semiconductor is intimately related to both intrinsic and

extrinsic effects. Intrinsic ones are manifested via the transitions taking place between the electrons

and holes in the conduction and in the valence band respectively, in addition to excitonic effects due

to the Coulomb interaction. Extrinsic properties are directly related to dopants, which usually create

electronic states in the band gap, and hence influence both optical absorption and emission processes

[7].

In our work, we will investigate the complex refractive index i.e. the refractive index and the

extinction coefficient via the correlation between m-lines and UV-Vis spectroscopy of Co doped ZnO

thin films elaborated by spray pyrolysis.

2 Experimental

The sprayed solution for the undoped ZnO thin films was prepared by dissolving dihydrate zinc

acetate [Zn(CH3CO2)2·2H2O] in 99.98% pure methanol to obtain 0.1 M solution that went a constant

stirring at 60 °C for 45 minutes on a magnetic stirrer. The sprayed solutions of the Co doped ZnO thin

films were prepared under the same conditions and by using cobalt acetate [Co(CH3CO2)2·4H2O] as

a Co precursor. Each time the proper amount was added to 0.1 M [Zn(CH3CO2)2 · 2H2O] dissolved

in methanol to produce the following contents of zinc and cobalt: CoxZn1−xO with x equals 0.04,

0.08 and 0.10, in addition the reference thin film where x=0.

Ordinary glass substrates were ultra-sonically cleaned in a 1:1 mixture of acetone and ethanol for

15 minutes and left to dry in air. The films were deposited using spray pyrolysis at a deposition

temperature of 450 °C.

In order to characterize our thin films, multiple techniques were used: Horiba Jobin Yvon HR800

instrument at excitation wavelength of 473 nm for micro Raman investigation. Scanning electron

microscope JEOL JSM-7001F model for morphology purposes. Finally for the optical measurements,

Metricon 2010/M Prism (rutile TiO2: ne=2.8639 and no=2.5822 at 632.8 nm with an apical angle of

44,60 °) Coupler was used to couple 632.8 nm He-Ne laser light into air/CoxZn1−xO/glass waveguide

and Shimadzu UV-3101PC UV-Vis-NIR Scanning Spectrophotometer with wavelength range of 190

- 1100 nm and resolution length range of 0.1 nm.
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3 Results and discussion

3.1 Micro Raman spectroscopy

Micro-Raman spectroscopy was used to study the impact of cobalt impurities on the crystal structure

of ZnO thin films. This method permitted to detect disorder and defect states due to dopant incor-

poration. Figure 1 showed the micro-Raman spectra of pure and Co doped ZnO thin films in the

range of 70-700 cm−1. The undoped ZnO sample exhibited two clearly Raman-active peaks appeared

around 102, 441 cm−1 and a very weak hump around 570 cm−1. The peaks at 102 and 440 cm−1

were associated with E2 (low) of non polar vibration for heavier Zn atom and E2 (high) of oxygen

displacement [14–16]. In fact, the weak hump was the result of two overlapped peaks localized at

537 and 577 cm−1 and were ascribed to A1(low)/E1(low) [17, 18]. Co doped ZnO thin films showed

similar peaks of the undoped sample with decrease in intensity of the oxygen displacement peak (E2

(high)) and the enhancement of the mixed A1(Low)/E1(low) peaks. In the work of Liu et al. [19]

about ZnO thin films, it had been reported that the mixed A1(Low)/E1(low) peaks were due to the

crystal imperfection and defects such as zinc interstitials and oxygen vacancies. Also, Ponnusamy et

al. [20] reported that these peaks arose possibly because of defects. In any case, the Raman behavior

of our thin films can be ascribed to the substituted cobalt anions which provoked structural defects

and therefore energetic defects in ZnO lattice.

Figure 1: Micro Raman spectra for undoped and Co doped ZnO thin films.
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3.2 UV-Vis Measurements
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Figure 2: Transmittance spectra and Tauc plot for undoped and Co doped ZnO thin films.

The optical transmission spectra of undoped and Co doped ZnO thin films in the range of 350–800 nm

were depicted in figure 2. All films exhibited good optical transmittance. In the region ranging from

500 to 750 nm we can clearly observe a decrease in the average transmittance from 84 to 57 % with

the increase of cobalt concentration. The observed spectra were very similar to those obtained in the

literature for Co doped ZnO thin films [21–25]. Due to the similar ionic radii of Zn+2 (0.60 Å) and

Co+2 (0.58 Å) [26–28] the substitution of Zn+2 by Co+2 ions in the tetrahedral coordinated structure

was apparent as absorption bands at 568, 613 and 658 nm. These bands were attributed to electronic

transitions in 3d levels of Co+2 (d-d transitions) [29, 30]. Furthermore, the sharp absorption edge

experienced a red shift upon Co doping indicating the decrease in the optical band gap. The optical

band gap Eg was calculated using the Tauc relation [31]:

αhν = B(hν − Eg)
m (1)
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where α is the absorption coefficient, hν is the photon energy, B is a constant and the exponent m

depends on the nature of electronic transition (m = 1/2 for allowed direct transition of ZnO optical

band). The optical band gap energy of all films was calculated by linear interpolation of (αhν)2 ver-

sus hν (figure 2). The values decreased from 3.15 to 2.81 eV as Co doping increased from 0 to 10 at.

% (figure 3) due to crystal field splitting of Co+2 3d levels by the wurtzite structure. These new elec-

tronic states give rise to new donor electronic states just below the conduction band, in other words,

the decrease in the optical band gap was the result to exchange interactions between the localized d

state of Co+2 and the s-p state of the ZnO conduction band [32–36].

The Urbach energy is a characteristic parameter of energetic disorder in the band edges. It was

calculated based on the next equation [37]:

ln(α) = ln(α0) +
hν

EU

(2)

where α0 is a constant, hν is the photon energy and EU is the Urbach energy. Figure 3 depicted the

evolution of the Urbach energy as a function of Co at. % dopant. It had been found to increase over

Co content. This was a positive indication for the increase in the energetic disorder present in the

films which is directly related to structural defects. This was in good correlation with the increase in

the intensity of A1(low)/E1(low) peaks as a function of Co doping according to Raman spectra.

0 2 4 6 8 10

2.80

2.85

2.90

2.95

3.00

3.05

3.10

3.15

3.20

Cobalt doping (at. %)

O
pt

ic
al

 G
ap

 E
ne

rg
y 

(e
V

)

100

150

200

250

300

350

U
rb

ac
h 

En
er

gy
 (m

eV
)

Figure 3: The evolution of both the optical gap energy (Eg) and the Urbach energy (EU ) as a function
of Co doping.
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3.3 SEM observation

SEM images and the grains size distribution of undoped and 8 at. % Co doped ZnO thin films were

shown in figures 4. The undoped film showed grains of a mean diameter of around 280 nm formed

by many crystallite aggregates with few pores surrounding them. For the 8 at.% Co doped sample, it

showed a dense bi-modal structure with bigger plated grains of a mean diameter close to 200 nm and

finer plated grains with a mean diameter in the vicinity of 130 nm. Similar observations were reported

by Salah et al. [38] for sprayed pyrolysis Co doped ZnO thin films. In any case, the homogeneity

across large-scale makes our thin films suitable for waveguiding applications.

Figure 4: SEM images and grain size distribution of (a) undoped and (b) 8 at. % Co doped ZnO thin
films.

3.4 M-lines measurements

In order to understand the effect of Co doping on the waveguiding properties of ZnO thin films,

we used prism coupler technique to measure the thickness and the ordinary refractive index in the
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Transverse Electric (TE) polarization. The dispersion curves for the TE polarization was given by the

following equation:

k0d
√

n2 − n2
eff = arctan

(
√

n2
eff − n2

a

n2 − n2
eff

)

+ arctan

(
√

n2
eff − n2

s

n2 − n2
eff

)

+mπ (3)

where n, na and ns are the refraction indexes of the film, superstrate, substrate respectively. m is the

mode number. neff is the effective index of the mode m and k0 = 2π
λ

is the wavevector in vacuum.

For at least two propagation modes (m = 0 and m = 1) [39], we can calculate the refractive index

and the thickness by simultaneously solving the resulting equations [40].
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Figure 5: The reflected intensity of the transverse electric (TM) polarization for two waveguide modes
as a function of the incidence angle for undoped and Co doped ZnO thin films.

For a plane wave traveling inside a lossy media in the form of a slob waveguide in the z direction,

φ = φ0 exp(−γz + iwt), the propagation constant of the mode m is of the form [41]:

γm = α + iβm (4)
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where α is the absorption coefficient, β is the phase constant and they are given by:

α = 2k0 · k; βm = k0 · neff (5)

where k is the extinction coefficient.

The extinction coefficient k was evaluated using UV-Vis measurement as it is directly related to

the absorption coefficient and can be calculated using the transmittance T and the thickness d of the

films as indicated in the following relation [42]:

α =
ln
(

1

T

)

d
(6)

The effective index was evaluated by m-lines spectroscopy using the Snell-Decartes equation of re-

fraction [43]:

neff = np sin

(

arcsin

(

na sin(θ)

np

)

+ θp

)

(7)

where np,na and θp are the refractive index of the prism, the superstrate and the base angle of the

prism respectively. By varying the incident angle on the prism’s side θ, we can excite many modes.

Figure 5 presented the reflected intensity vs. the incident angle in the TE polarization. All films

experienced two guiding modes. The curves exhibited extinction behavior with Co doping through

the diminishing intensity and broadening of the peaks indicating the degradation of the light coupling

and propagation in an in the films.

In order to explain the behavior of the refractive index with the optical band gap evolution, we

adopted the single oscillator approximation [44, 45]. The refractive index as a function the energy of

the incoming light E is of the following:

n2 =
EoEd

E2
o − E2

+ 1 (8)

where Ed is a measure of the strength of inter-band optical transitions, Eo is the single-oscillator en-

ergy. According to Wemple–DiDomenico model, the single-oscillator energy can be approximated in

terms of the optical gap energy as: Eg ≈
Eo

2
. The value of Ed for Zn+2 is close to that of Co+2 [46]

and it was supposed to be unchanged.

The ordinary refractive index, the extinction coefficient and the Full Width at Half Maxima

(FWHM) of the m-lines peaks were plotted in figure 6. The ordinary refractive index experienced
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a slight increase upon cobalt content. In fact, the introduction of Co into ZnO had a decreasing effect

on the optical gap which increased the refractive index according to the previous equation of the sin-

gle oscillator approximation. The decrease in the optical gap energy lowered the energy for electrons

to be able to oscillate and contribute to the phase difference measured as an increase in the refractive

index [6, 47]. In other words, the electronic polarizability which originates from the electronic cloud

deformation was facilitated by the decrease in the optical gap energy. The extinction coefficient had a

similar behavior. The introduction of Co in the films rendered the films to be more absorbent at 632.8

nm due to Co+2 d-d transitions in the visible region as previously discussed in the UV-Vis section.

The light coupling propagation in the films was therefore less efficient since the ZnO thin films passed

from dielectric state suitable for waveguiding to more absorbent state not very suitable. This effect

was confirmed by broadening of the width and diminishing in intensity of m-lines peaks with their

angular position remained virtually the same [13, 48].
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Figure 6: Ordinary refractive index, extinction coefficient, full with at half maximum of the TE0 and
TE1 peaks over Co at. % doping.
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Conclusion

In this work we had reported the successful deposition of Co doped ZnO thin films by spray pyrol-

ysis. All films had a wurtzite structure according to micro Raman spectroscopy.. A decrease in the

intensity of oxygen displacement peak (E2 (high)) and an increase in intensity of structural defects

peaks (A1(Low)/E1(low)) were observed over Co doping . According to UV-Vis measurements, the

introduction of Co in ZnO had also induced the creation of new intrinsic and extrinsic electronic

states. Optical band gap was found to decrease with Co doping due to external sp-d transitions. The

energetical defects evolution had been confirmed by the Urbach energy calculation. M-lines spec-

troscopy allowed for the measurements of the ordinary refractive index and it increased as the Co

doping increased which was attributed to the decrease in the gap energy based on the single oscillator

approximation. Furthermore, ZnO thin films developed absorbing behavior with Co which was ob-

vious in the increase in both the full width at half maximum of the guiding peaks and the extinction

coefficient in addition to the decrease in the reflected intensity. This was related to internal d-d tran-

sitions which affected light coupling and propagation.

The correlation between m-lines and UV-Vis measurements seems to be very reliable method to mea-

sure the complex refractive index of relatively high refractive index transparent waveguide. It is

simple and inexpensive in comparison to other optical techniques.
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[45] F. Yakuphanoglu, A. Cukurovali, and İ. Yilmaz. Single-oscillator model and determination of

optical constants of some optical thin film materials. Physica B: Condensed Matter, 353(3):210–

216, 2004.

[46] Xiao-Yong Gao, Hong-Liang Feng, Jiao-Min Ma, Zeng-Yuan Zhang, Jing-Xiao Lu, Yong-Sheng

Chen, Shi-E Yang, and Jin-Hua Gu. Analysis of the dielectric constants of the ag2o film by spec-

troscopic ellipsometry and single-oscillator model. Physica B: Condensed Matter, 405(7):1922–

1926, 2010.

[47] Kamal A Aly. Optical band gap and refractive index dispersion parameters of as x se 70 te 30-

x (0 ≤ x ≤ 30 at.%) amorphous films. Applied Physics A, 99(4):913–919, 2010.

[48] Takayuki Okamoto, Mari Yamamoto, and Ichirou Yamaguchi. Optical waveguide absorption

sensor using a single coupling prism. J. Opt. Soc. Am. A, 17(10):1880–1886, Oct 2000.


	Introduction
	Experimental
	Results and discussion
	Micro Raman spectroscopy
	UV-Vis Measurements
	SEM observation
	M-lines measurements

	References

