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In the present work, pure and Fe-doped ZnO thin ¯lms were deposited on glass substrates by
sol–gel method. Zinc acetate and iron nitrate were used as the starting material and dopant
source, respectively. The concentration of Fe doping was 6 at.% and 8 at.%. The optical and
electronic properties of pure and Fe-doped ZnO thin ¯lms such as refraction index, extinction coe±cient, dielectric function and optical band gap energy of the layers were obtained
by spectroscopic ellipsometry method in the wavelength range of 300–900 nm. The incidence
angle of the layers kept 70  . Also data obtained by Kramers–Kronig relations were used
for comparison. The in°uence of Fe-doping concentration on the optical and electronic
properties of thin ¯lms was studied. The transmittance data of ZnO thin ¯lms showed
that 6 at.% Fe-doped ZnO thin ¯lm has the highest transmittance value. Dielectric function
of pure ZnO ¯lms was found to be higher compared with Fe-doped ones. Also it can
be deduced from the results that Fe doping in°uences the optical band gap energy of
thin ¯lms.
Keywords: Fe-doped ZnO; spectroscopic ellipsometry; Kramers–Kronig; sol–gel; optical
band gap.

1. Introduction
Semiconducting devices are mostly based on advancement of thin ¯lm technology. Thin ¯lm is a
two-dimensional material deposited by either atomby-atom or molecule-by-molecule condensation
method.1 Zinc oxide (ZnO) is a II–VI compound
semiconductor with a wide direct band gap of
3.37 eV at room temperature.2 Physical properties
of ZnO depend on growth method, environmental
*Corresponding

conditions, doping concentration, temperature and
the crystal structure.
Transition metal ions are considered as a most
important activator to enhance the optical and
electronic properties.3 Ti, Fe and Co are 3d transition metals which are noticed as e®ective dopants
of ZnO for optoelectronic applications. Among
these, Fe-doped ZnO thin ¯lms have wide applications in the ¯eld of optics and microelectronics.
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Due to application of Fe-doped ZnO thin ¯lms
in magnetoelectronic devices, these ¯lms are widely
investigated but there was little attention to
their optical and electronic properties. Recently,
Fe-doped ZnO thin ¯lms get more attention due
to their tunable optical band gap properties.4
ZnO thin ¯lms have been grown by a variety of
techniques such as magnetron sputtering,5,6 pulsed
laser deposition,7 spray pyrolysis,8,9 evaporation,10
chemical vapor deposition,11 molecular beam epitaxy,12 and sol–gel processing.1,13–15 Sol–gel method
has many advantages such as low cost, simple deposition procedures, no need of vacuum deposition
conditions, easier fabrication of large-area ¯lm,
easier control of composition and being able to deposit thin ¯lms on complex-shaped substrates.16
However, the possibility of practical application of
any semiconductor lies on the e®ective manipulation of its physical properties. An e®ective method
for manipulating the physical properties of semiconductors involves impurity doping.17 Doped ZnO
thin ¯lms have been extensively studied because of
its various properties such as ultraviolet photo
detectors, gas sensors,18 thin ¯lm transistors,19 optoelectronics20 and solar cells.21 The e®ect of Fe
doping in ZnO on glass substrate has become a topic
of numerous scienti¯c investigations.22–25 From the
ellipsometry spectra of the samples, one can ¯nd out
the optical properties of the ¯lms.
In this work, pure and Fe-doped ZnO thin ¯lms
were prepared on glass substrates by spin coating
method. Optical and electronic properties of the Fedoped ZnO thin ¯lms as a function of Fe concentration were examined. In particular, spectroscopic
ellipsometry (SE) has been widely used to investigate the physical properties of ZnO thin ¯lms in a
broad spectral range. Spectroscopic ellipsometric
measurement and Kramers–Kronig (KK) method
were used to calculate the optical and electronic
properties of the layers. The e®ect of Fe doping
concentration on optical and electronic properties of
ZnO thin ¯lms was investigated.

2. Experimental Details
Pure and Fe-doped ZnO thin ¯lms were coated on
glass substrates by sol–gel spin coating method.
Zinc acetate dehydrate ðZnðCH3 COOÞ2  2H2 OÞ,
iron nitrate ðFeðNO3 Þ3  9H2 OÞ, 2-methoxyethanol
and monoethanolamine (MEA) were used as the
precursor, dopant source, solvent and stabilizer,

respectively. First, zinc acetate was dissolved in
2-methoxyethanol. The solution was stirred at 60  C
for an hour. During the stirring, MEA was added to
it drop by drop until a clear solution was formed.
The concentration of zinc acetate was 0.25 M, and
the molar ratio of MEA to zinc acetate was ¯xed at
1. For doped ¯lms, iron nitrate was added to the
mixture with concentration of 6 at.% and 8 at.%.
The solution was aged for 72 h at room temperature.
Before deposition, the substrates were cleaned
thoroughly. The ¯lms were deposited on glass substrates with the spin coating speed of 4800 rpm. The
samples were preheated in air for 10 min at 200  C to
evaporate the solvent and remove the organic residuals. Then the ¯lms were annealed at 500  C for an
hour. The optical and electronic properties of pure
and Fe-doped ZnO thin ¯lms were obtained by SE
method. Also KK relations were used to calculate
optical and electronic properties of the ¯lms. These
two methods were compared with each other.
When ZnO thin ¯lm is formed on the glass substrate, the e®ect of backside re°ection leads to complications in the SE analysis. To eliminate the
backside re°ection, in measuring the properties of Fedoped ZnO thin ¯lms, the rear surface of the substrates
was roughened and Scotch tape was used during the
measurement. In this case, when light enters the
Scotch tape, scattering by the cloudy translucent
material and backside re°ections are suppressed.

3. Results and Discussion
3.1. SE method
Ellipsometry is an indirect optical technique in that
information about the physical properties of a
sample is obtained through modeling analysis. In
this work, SE is used to extract the ellipsometry
parameters, psi ( Þ and delta (Þ, which were de¯ned from the ratio of the amplitude re°ection coe±cient for p and s polarizations:
  tan

expðiÞ 

rp
:
rs

ð1Þ

The incidence angle of 70  was used. The sample
model used to analyze the ellipsometry data is
shown in Fig. 1.
This model consists of a glass substrate, pure or
Fe-doped ZnO layer, surface roughness and air as
the ambient medium. Surface roughness layer was
modeled by e®ective medium approximation with
50% of voids and 50% of Fe-doped ZnO.
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Fig. 1.

(a)

Optical model used to analyze the ellipsometry data.

In Figs. 2–4, the experimental and ¯tted
ellipsometric parameters ( , Þ is shown for pure
and Fe-doped ZnO layer as a function of wavelength.
The mean square error (MSE) is used to qualify
the di®erence between the experimental and ¯tted
data:
N
1 X ðMesi  Thi Þ 2
;
ðMSEÞ ¼
N i¼1
 2i
2

(b)

ð2Þ

where i is the standard deviation of the ith data
point, N is the number of data points, Mesi is the
ith experimental data point and Thi is the ith

Fig. 3. The experimental and ¯tted ellipsometry parameters:
(a) and (b) , as a function of wavelength for Fe-doped ZnO
thin ¯lms with atomic percentages of 6 at.%.

(a)

(a)

(b)

(b)

Fig. 2. The experimental and ¯tted ellipsometry parameters:
(a) and (b) , as a function of wavelength for pure ZnO thin
¯lms.

Fig. 4. The experimental and ¯tted ellipsometry parameters:
(a) and (b) , as a function of wavelength for Fe-doped ZnO
thin ¯lms with atomic percentages of 8 at.%.
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calculated data point from assumed theoretical
model. When the model matches the experimental
data as closely as possible, the MSE exhibits a
minimum value.
Table 1 shows the MSE obtained by spectroscopic ellipsometric method for pure and Fe-doped
ZnO thin ¯lms. From MSE data in Table 1, it
can be deduced that the optical model matches
the experimental data. Adding surface roughness
layer in the model gives a signi¯cant improvement
to the MSE value compared with the single layer
model.
The optical transmittance of pure and Fedoped ZnO thin ¯lms in the wavelength range of
300–900 nm is shown in Fig. 5. Fe incorporation
in°uences the transmittance in the visible range.
The lowest transmittance is observed for pure
ZnO thin ¯lms. By addition of Fe dopant to the
layers, the transmittance spectra are increased.
By increasing wavelength, there is an increasing
trend for transmittance of layers. This shows that
in the visible spectral range the layers get transparent.
In Fig. 6 the real part of refractive index and the
imaginary part (the extinction coe±cient) of pure
and Fe-doped ZnO thin ¯lms are shown. It can be
deduced from Fig. 6(a) that for all layers there is a

(a)

Table 1. MSE obtained by spectroscopic ellipsometric
method for the pure and doped ZnO thin ¯lms.
(b)

Sample Fe doping concentration (at.%) Mean square error
I
II
II

0
6
8

Fig. 6. (a) The refractive index and (b) extinction coe±cient
of pure and doped ZnO thin ¯lms obtained by the SE method.

0.6551
0.7377
0.6528

Fig. 5. Transmittance spectra of pure and Fe-doped ZnO thin
¯lms as a function of wavelength.

peak at about 380 nm wavelength. Around that
wavelength, in Fig. 6(b), the extinction coe±cient
decreases which shows an interband transition. In
the visible spectral range, the magnitude of extinction coe±cient is very small.
Figure 7 shows the real and imaginary parts of
dielectric function obtained by the SE method.
Both real and imaginary parts of dielectric function
have higher value in pure ZnO thin ¯lms compared
with Fe-doped ones.
It is known that the absorption coe±cient near
the band edge shows an exponential dependence on
photon energy:
 
h
:
ð3Þ
ðÞ ¼ 0 exp
E0
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result, the Fermi level moves toward the conduction
band and the band gap increases.28 This makes
the optical band gap of Fe-doped ZnO thin ¯lms
tunable.
The optical band gap energy was determined by
applying the Tauc relation29 as given below:
h ¼ Aðh  Eg Þ n ;

where  is the absorption coe±cient, h is
the photon energy and A is a constant. Due to the
direct Eg for ZnO thin ¯lms, n ¼ 1=2 is more
suitable.
Considering Fe-doped thin ¯lms, it can be seen
from Fig. 8 and Table 2 that the optical band gap
increased with the increasing Fe-doping concentration from 6 at.% to 8 at.%.
An extrapolation of the linear region of a plot of
(hÞ 2 on the Y -axis versus photon energy (hÞ on

(a)
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ð4Þ

(b)

Fig. 7. (a) Real and (b) imaginary parts of dielectric
function of pure and doped ZnO thin ¯lms obtained by the SE
method.

As we know, incidence of a photon with energy of
h on a semiconductor leads to a transition between
the highest occupied state of valance band and the
lowest unoccupied state of the conduction band.
This phenomenon is applied to calculate the optical
band gap energy of ZnO thin ¯lms using Tauc relation.26 In Fe-doped ZnO thin ¯lms, the optical
band gap energy mainly depends on the valance
state of Fe ions.27 In Fe-doped ZnO thin ¯lms, there
is a large variability in the optical behavior which
leads to inconsistent conclusions. By addition of Fe
into ZnO ¯lms, maximum of valence band is increased and the minimum of conduction band is
decreased which leads to the reduction of band gap.
In contrast, substituting Fe 3þ ions into Zn 2þ leads
to providing extra free carrier concentrations. As a

(a)

(b)

Fig. 8. (a) Absorption coe±cient and (b) ðhÞ 2 versus h of
pure and doped ZnO thin ¯lms obtained by SE method.
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Table 2. The optical band gap energy of pure and doped ZnO
thin ¯lms obtained by the SE method.
Fe doping
concentration (at.%)
0
6
8

BG (eV)
SE method

Fe doping,
Ref. 14 (at.%)

BG (eV),
Ref. 14

3.4
3.2
3.5

0
3
5

3.305
3.320
3.322
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the X-axis gives the value of the optical band
gap (Eg Þ.
In Fig. 8, the absorption coe±cient and also
ðhÞ 2 versus h, which is known as Tauc plot, for
pure and Fe-doped ZnO thin ¯lms are shown.

Table 2 shows the calculated optical band gap of
the layers.
Figure 9 shows the plot of lnðÞ versus photon
energy of ZnO thin ¯lms and the obtained Urbach
energy for ZnO thin ¯lms with di®erent Fe-doping
concentrations, respectively.
The imperfection in the structurally disordered
¯lm leads to broadening the bands of localized
states. As mentioned, near the band edge, the absorption coe±cient has an exponential dependence
on photon energy. This dependence is given as
follows:
 
h
;
ð5Þ
 ¼ 0 exp
Eu
where 0 is a constant and Eu is the Urbach
energy. Urbach energy is the width of the tails of
the localized states associated with the amorphous
state in the forbidden band. As it can be seen
by increasing Fe-doping concentration, Urblach
energy of the ¯lms increases. It means that by
adding Fe dopants, ZnO thin ¯lms become less
crystalline.

3.2. KK method
In this work also, KK relations were used to calculate the optical properties of pure and doped ZnO
thin ¯lms.
To calculate the phase angle ðEÞ, the following
relation is used30–32:
Z
E E2 ln RðEÞ  ln RðE0 Þ
dE
ðEÞ ¼
 0
E 2  E 02


1
RðEÞ
E þE
ln
þ
ln 2
2
RðE2 Þ
jE2  Ej


1  
1 X
E 2nþ1
ð2n þ 1Þ; ð6Þ
4
þ
 0
E2

(a)

(b)

Fig. 9. (a) lnðÞ versus photon energy of ZnO thin ¯lms and
(b) Urbach energy for ZnO thin ¯lms versus Fe-doping
concentrations.

where E denotes the photon energy, E2 the asymptotic limitation of the free-electron energy and
RðEÞ the re°ectance. Hence, if E2 is known, then
ðEÞ can be calculated.
Figure 10 shows the optical re°ectance of pure
and Fe-doped ZnO ¯lms versus energy.
It can be deduced from Fig. 10 that pure ZnO
thin ¯lms have the highest re°ectance; by Fedoping, the re°ectance of the layers decreases.
Then the real and imaginary parts of the refractive index were calculated by the following
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equations:
1R
pﬃﬃﬃﬃ
;
1 þ R  2 R cos 
pﬃﬃﬃﬃ
2 R sin 
pﬃﬃﬃﬃ
:
k¼
1 þ R  2 R cos 

n¼

ð7Þ
ð8Þ

Figure 11 shows the real and imaginary parts of
refractive index by the KK method. The low
extinction coe±cient value in the visible region
indicates the better quality of the ¯lm. In Fig. 12,
the real and imaginary parts of dielectric function
are obtained by:
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Fig. 10. Re°ecance spectra of pure and Fe-doped ZnO thin
¯lms as a function of wavelength.

"1 ¼ n 2  k 2 ;

ð9Þ

"2 ¼ 2nk;

ð10Þ

(a)

(a)

(b)

(b)

Fig. 11. (a) The refractive index and (b) extinction
coe±cient of pure and doped ZnO thin ¯lms obtained by KK
method.

Fig. 12. (a) Real and (b) imaginary parts of dielectric
function of pure and doped ZnO thin ¯lms obtained by KK
method.
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in which n and k are the real and imaginary parts of
refractive index. In pure ZnO thin ¯lms, both real
and imaginary parts of dielectric function are higher
compared with doped ones.
Figure 13 shows the absorption coe±cient and
ðhÞ 2 versus h for the layers. The absorption
coe±cient is calculated by the following equation:
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¼

4k
;


Table 3. The optical band gap energy of pure and doped
ZnO thin ¯lms obtained by KK method.

Sample

Fe doping
concentration (at.%)

Band gap energy (eV),
KK method

0
6
8

2.8
3.7
3.5

I
II
II

ð11Þ

where k is the extinction coe±cient and  is the
wavelength.
In Fe-doped ZnO thin ¯lms, the absorption coe±cient shows an increase with Fe-doping concentration. The way that the optical band gap can be
obtained is discussed in previous session. The results
for band gap energy of the layers by KK method are
shown in Table 3.

Fig. 14. Fraction of voids versus Fe dopant concentration in
ZnO thin ¯lms.

The valence state of Fe is an important factor in
optical properties of ZnO thin ¯lms. Fe dopants in
ZnO thin ¯lms can be in two forms of Fe 2þ or Fe 3þ ,
or even coexistence of these two forms is seen. As a
result, the optical properties of Fe-doped ZnO thin
¯lms are complex that was discussed in Sec. 3.1.
The void fraction of pure and Fe-doped ZnO thin
¯lms at E ¼ 2:06 eV is shown in Fig. 14. It can be
seen that with changing of Fe concentration, the
fraction of voids changes too.

(a)

4. Conclusion

(b)

Fig. 13. The absorption coe±cient and ðhÞ 2 versus h of
pure and doped ZnO thin ¯lms obtained by KK method.

The optical properties of pure and Fe-doped ZnO
¯lms were studied with respect to iron concentration in the starting solution, in which the iron nitrate was used as a Fe source. The optical properties
were discussed in two di®erent methods: SE and KK
relations. The lowest transmittance was observed
for pure ZnO thin ¯lm. In the visible spectral range,
the extinction coe±cient of all layers was very
small, which shows the high transparency of ZnO
thin ¯lms. The optical band gap energies of pure
and Fe-doped ZnO thin ¯lms were calculated
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between 3.2 eV and 3.5 eV in SE, which was
obtained between 2.8 eV and 3.7 eV with KK relations. Comparing with previous works, the results
obtained by SE are more accurate.
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