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1. INTRODUCTION
Due to their unique properties, optical thin films have been 
widely used in the automotive industry, medical equipment, 
communication, computers, optoelectronics, spintroni-
cs, biomaterials, energy conversion, data storage, and even 
architecture [1]. ZnO draws great interest as a transparent 
conductive material because of its high optical transparency 
in the visible light region [2]. Therefore, ZnO is a suitable 
material for electronic and optical devices [3]. Furthermore, 
ZnO offers unique photocatalytic properties[4].

Bandwidth engineering research has been recently accele-
rated to improve the characteristics of semiconductors with 
wide bandwidths [5]. Therefore, comprehensive research has 
been conducted for the purpose of changing the characteris-
tics of zinc oxide for various applications [6]. Developments 
in the synthesis of high-quality ZnO nanostructures allow 
the production of semiconductors, especially those used in 
nanoscale device applications [7]. The production of new se-
miconductors has been renovated with the development of 
semiconductor devices in science and industry.

In the present research, nanostructured doped and pure 
ZnO films produced by the spin coating technique.  Also, 
the variation of linear and nonlinear optical properties by 
the Mn doping concentrations of ZnO nanolayers thin films 
were studied.

2. 2. EXPERIMENTALS
In this study, All chemicals were provided by Merck and 
analytical purity was protected. The solutions were quan-
tified as 0.5 M, 5 ml, and the contents were put into test 
tubes containing solvent (2-methoxyethanol). These solu-
tions were stirred at room temperature using a magnetic 
stirrer and an ultrasonic stirrer. Stirring was repeated un-
der the same conditions after the dopant source was added. 
Finally, the stabilizer (Monoethanolamine) was added and 
stirring was repeated under the same conditions. Stirring 
was carried out in a magnetic stirrer (2h at 60 °C) to obta-
in a homogeneous gel from the solution. The microscope 
glasses were respectively ultrasonic cleaned in ethyl alco-
hol, acetone and pure water for 15 minutes and completely 
with the help of nitrogen gas. The growth of thin films was 
accomplished with the help of a spin coating devices(1500 
rpm, 20 seconds). For drying, the substrates were held on a 
heater pre-set to 150 °C for 10 minutes. In the final step, the 
obtained films were heat-treated at 550 °C for 2 hour. Care 
was taken to prepare thin films under the same conditions 
for all doping ratios. Absorption T(λ), reflectance R(λ) and 
permeability A(λ) measurements of the prepared nanolayers 
were obtained with a spectrophotometer (Shimadzu UV-
VIS-NIR 3600) in the wavelength range of 300 nm-800 nm. 
All measurements were made at room temperature.
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3. RESULTS AND DISCUSSION

3.1. 3.2. Optical properties of pure and Mn-doped ZnO 
nanostructured films
The change in the absorption properties of pure and Mn-do-
ped ZnO film samples at room temperature is shown in 
Fig.1. Upon examining Fig. 1, it is possible to say that the 
specific absorption properties of ZnO are significantly affe-
cted by Mn-doping. All samples have the ultraviolet absorp-
tion edges ranging from 300 - 400 nm. Depending on the 
Mn-doping ratio, the absorption value also increased. This 
increase is thought to have resulted from further absorption 
of photons because of the introduction of Mn-defects into 
the forbidden band [8,9]. The absorption spectrum of pure 
and Mn-doped ZnO thin films showed strong absorption 
properties in the wavelengths of 400 nm and lower, and a 
continuous increase in absorption was determined. Howe-
ver, absorption reaches an equilibrium value since the samp-
les exhibit permeability in the wavelengths ranges equal to 
or greater than 400 nm [10,11]. The possible reason for the 
sharp absorption peak at about 300 nm for the samples may 
be the photostimulation of electrons from the valence band 
to the conduction band [12,13,14]. With Mn-doping, this 
absorption edge shifts to higher wavelengths. It is notewort-
hy that the pure ZnO sample has the lowest absorbance in 
the visible spectrum range because it is receiving high-ener-
gy photons, causing the activation of sp-d exchange interac-
tions and typical d-d transitions [15]. This has been similarly 
stated in previous research [16].

Figure 1. Absorbance spectra of the Mn: ZnO nanolayers

Fig. 2 demonstrates the reflection spectra of pure and 
Mn-doped ZnO nanolayers. As observed in Fig. 6, the ref-
lection curves of the nanolayers demonstrated a peak in the 
wavelength of about 390 nm. The peak in question chan-
ges according to Mn-doping. This proves that the forbidden 
energy ranges of films vary with Mn-doping. This Mn do-
ping leads to reduce the reflection values of the nanolayers 
compared to the pure ZnO film sample. The reduction of 
reflection by Mn-doping has been previously reported and 
such detail is in well agreement with our result [17]. The 
possible reason for the alteration in optical reflection can be 

the morphological alteration in films since the aspect ratio 
of crystallites changes according to the film thickness. This 
has been similarly stated for ZnO thin layers produced using 
several deposition routes[18]. Moreover, an increase occur-
red in the reflection values as they shifted to short wavelen-
gths. This can be attributed to the back reflection of photons 
as a result of their higher interaction with electrons, atoms, 
or crystal molecules due to their increased energy.

Figure 2. Reflectance spectra of the Mn: ZnO transparent nanolayers

Figure 3. Transmittance spectra of the Mn: ZnO transparent nanolayers

The optical transmission spectra of pure and Mn-doped 
ZnO films that were recorded in the wavelength range of 
300-800 nm are presented in Fig. 3. The prepared samples 
demonstrate high transparency in the visible range, and the 
transmission values decrease because of Mn-doping in all 
samples. The reduction in optical transmission is associa-
ted with the light loss caused by the structural properties of 
films, oxygen gaps, and dispersion in the grain boundaries 
[19] because the transmission of films, in general, depen-
ds on the surface morphology and structure [20]. The main 
cause of the loss of transmission observed due to increased 
Mn-contents in ZnO thin films may be deterioration of 
crystal quality of samples, increase in the defect density with 
the increasing doping ratio [21], and the presence of disper-
sion centers [22]. As the Mn-ratio increased, the transmissi-
on decreased as the optical dispersions increased. The trans-
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mission spectrum of the thin films presented in Fig. 3 shows 
a sharp absorption edge in the wavelength range of 300-350 
nm. This band edge shifts towards high wavelengths in pa-
rallel with increasing Mn- concentrations. This proves the 
successful incorporation of Mn-ions into the ZnO matrix. 
The possible reason for this is the low UV light absorption 
due to the increasing Mn-ratio [23]. This has been confir-
med by similar results from many studies in the literature on 
doped and pure ZnO thin films [24].

Figure 4. n (Refractive index) spectra of Mn:ZnO nanolayers

Finding the refractive index of semiconductor materials ta-
kes a significant part in identifying the suitable usage area by 
taking advantage of the optical characteristics of the materi-
al. In the design of the device, the refractive index represents 
the key parameter in the integrated optical devices, inclu-
ding switches, modulators, filters, etc. The refractive index 
can be adapted to any value that is needed for use in filters 
through the doping concentrations. The n and k values of 
the nanostructured thin films generated with the sol-gel te-
chnique were found from the transmittance and reflectance 
spectra. 

Figure 5.  k (Absorption index) spectra of Mn:ZnO nanolayers

Refractive index and absorption index values of produced 
nanolayers by Sol-Gel technique were found with the help 
of tranmission and reflection curves.

In accordance with the analysis introduced by Moss, the 
absorption coefficient α was calculated from the measure-
ments of T(λ) and  R(λ) using the equation presented below 
[9]:
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It is possible to analyze these spectra for the purpose of de-
termining optical constants, including refractive index (n) 
and damping coefficient (k). The correlation below can rep-
resent  the complex refractive index of ZnO-based thin films 
[9]:

n n ikm m= +s ] ]g g                (3)

where 𝑛 refers to the real part, and k refers to the imaginary 
part of the complex refractive index. With the help of the 
reflection values of Mn: ZnO thin film samples, the refrac-
tive index (n) is computed by the following formula that is 
called Fresnel’s formula [10]:

n R
R R R k
1

1 4 1 2 2

= -
+ - -] ]g g          (4)

It is possible to use the formula presented below for the 
purpose of obtaining the absorption index (k) [11]:

k 4r
am=        (5)

where λ is the wavelength and α is the absorption coefficient. 
The  change in the n and k values can be calculated by using 
Fresnel’s equations against wavelengths are demonstrated in                  
Fig. 4 and Fig. 5,  respectively. As can be observed from Fig. 
4, with generally increasing incident wavelength, the refrac-
tive index value first increased and then decreased. The pure 
ZnO sample showed the highest refractive index. A non-lin-
ear decrease is observed in the refractive index values with 
Mn-doping in the ZnO matrix. The refractive index com-
prises two regions for all studied samples. The first one is 
lower wavelengths (abnormal dispersion) where an increase 
occurs in the refractive index with increasing wavelength, 
and the second one is the region where a decrease occurs 
in the refractive index (normal dispersion) with an increase 
in wavelength [9]. This abnormal dispersion determined in 
the refractive index in the lower wavelength region is due 
to the resonance impact between electromagnetic radiation 
and electron polarization by adding Mn-ions into the ZnO 
structure [13], which in turn causes the binding of electrons 
to the oscillating electric field. Likewise, it is possible to ex-
plain the decreasing tendency in higher wavelengths by the 
effect of band levels. Gradually decreasing n and k values 
result from increasing carrier concentrations as a conse-
quence of changing the chemical composition of samples by 
doping. The findings in question have been similarly stated 
for ZnO nanomaterials [25]. The refractive index (n) of the 
undoped and Mn-doped ZnO nanostructured thin films at 
different wavelength are demonstrated in Table 1.
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Table 1. n (Refractive index) of the Mn: ZnO nanolayers at different 
wavelength

Samples The refractive  index (n)

at 300 nm 500 at nm 700 at nm

Pure ZnO 1,3472 1,4787 1,4306

0.1% Mn doped ZnO 1,3545 1,4763 1,4229

0.5 % Mn doped ZnO 1,2646 1,4360 1,3966

1 % Mn doped ZnO 1,2295 1,4152 1,3901

2 % Mn doped ZnO 1,3319 1,4146 1,3826

5 % Mn doped ZnO 1,2616 1,3793 1,3702

The forbidden energy gap of the semiconductor thin films 
generated was found from the (αhυ)2-hυ graph by utilizing 
the basic absorption spectrum. The energy gap value of the 
point at which the linear section of the mentioned change 
intersects the hυ axis at (αhυ)2 = 0 gives the forbidden energy 
band gap of the studied semiconductor. The formula pre-
sented below and known as Tauc’s equation was utilized to 
calculate the forbidden energy band gap as follows [26]:

hv A hv Eg
2a = -] ^g h                (6)     

where α refers to the absorption coefficient, hυ refers to the 
photon energy, Eg refers to the forbidden bandgap, and A 
refers to the constant. The (αhυ)2-hυ plots to determine the 
forbidden energy gap of pure/Mn-doped nanostructured 
ZnO thin films are demonstrated in Fig. 6. 

Figure 6. Tauc’s  plots of the Mn: ZnO nanolayers

With the help of these curves, the forbidden energy gaps (Eg) 
of the understudied samples were calculated and are presen-
ted in Table 2. The change in the energy gap with Mn-con-
centrations is given in Fig. 6. It is observed that the highest 
value of the energy gap belongs to the pure ZnO sample and 
the lowest value belongs to 5% Mn-doped ZnO film sample. 
The obtained findings on the energy gap are in compliance 
with the bulk ZnO (3.37 eV) ) [10] and ZnO samples gene-

rated by similar methods in the literature [27]. The energy 
gap of the samples generally decreased with the increasing 
Mn-ratio. There may be two reasons for the decreasing opti-
cal band gaps of Mn-doped ZnO thin films. In other words, 
there is an inverse proportion of the forbidden energy gap to 
the size change because the size of doped Mn-grains is much 
smaller than the excitonic Bohr’s radius in ZnO. Substituting 
both Mn-atoms and Mn- in the interstitial position with Zn- 
can lead to a lattice distortion [3]. Therefore, structural dis-
tortion and irregularity in the ZnO lattice may produce a 
change in the optical bandgap of Mn-doped ZnO films. Sin-
ce the optical band gap is associated with the lattice constant 
[28], the latter may be attributed to the modification of the 
band structure due to the exchange interactions between 
sp-d electrons in ZnO [29]. This type of change interaction 
is caused by the reinforcement that causes the bandgap to be 
reduced by decreasing the bottom of the conduction band 
and increasing the top of the valence band . The narrowing 
of the ZnO bandgap with doping has been observed in a 
similar way in the previous research [30],[31],[32]. 

Table 2. Optical band gap of present work on ZnO nanolayers

Eg (eV)

Pure ZnO 3.45

0.1% Mn doped ZnO 3.40

0.5 % Mn doped ZnO 3.15

1 % Mn doped ZnO 3.20

2 % Mn doped ZnO 3.10

5 % Mn doped ZnO 2.52

Figure 7. Plots of (n2-1)-1 - (hυ)2 of the Mn: ZnO nanolayers.

Refractive dispersion takes a significant part in investigating 
the optical properties of materials since it represents an es-
sential factor for designing devices that will be utilized for 
image distribution in optical communications. The refracti-
ve index distribution of the nanostructured thin films acqu-
ired in the current research was studied by the Wemple-Di-
domenico (WD) model. The dispersion theory is expressed 
by the following equation in accordance with the effective 
single-oscillator model of the refractive index (n) in the low 
absorption region [34]:

n
E hv

E E1 d2

0
2 2

0= +
- ] g    (7)



86  European Mechanical Science (2020), 4(2): 82-89 
 doi: https://doi.org/10.26701/ems.710165

The Dispersion Energy Parameters, Linear and Nonlinear Optical Properties of Transparent Mn:ZnO Nanolayers

where n denotes the refractive index, Eo denotes the single 
oscillator energy for electronic transitions, Ed denotes the 
dispersion energy for interband optical transitions, and hυ 
denotes the photon energy. The Ed and Eo values of the sam-
ples were computed from the slope (EdEo)

−1  and intercept 
(Eo/Ed) of Fig. 7. The obtained Eo and Ed values show the va-
lidity of the single-oscillator model for the nanolayers gen-
erated.

It is a known fact that there is a proportion of the polariza-
bility of any solid material to the dielectric constant. This 
situation is associated with the intensity of the state within 
the forbidden energy gap. In this regard, it is crucial to inves-
tigate the real and imaginary parts of the complex dielectric 
constant . The definition of the dielectric constant is made 
as follows: i1 2f f f= - , i.e. ,1 2f f  are the real and imaginary 
parts of the complex dielectric constant, respectively. This is 
expressed by the following equation [35]:

n k1
2 2f = -       (8)

ve 

nk22f =      (9)

Figure 8. The plots of ε1-E Mn: ZnO nanolayers.

Figure 9. The plots of ε2-E Mn: ZnO nanolayers

Fig. 8 and Fig. 9 demonstrate the interconnection of the real  
and imaginary parts  of the dielectric constant on the pho-

ton energy (hν), respectively. Figs. 8 and 9 showed the real 
and imaginary dielectric constant changes in the visible regi-
on for all nanostructured thin films. With increasing energy, 
an increase occurs in both the real and imaginary dielectric 
constant values of the nanolayers. The mentioned increase 
in optical conductivity is believed to result from electrons 
excited by photon energy [36]. The  graph in Fig. 9 showed a 
peak reflecting the general band structure. The presence of 
the mentioned peak results from the photo-excitation pro-
cess when electrons are excited from the valence band to 
the conduction band [21]. The real and imaginary dielectric 
constant of the films changed due to the effect of Mn-do-
ping. Furthermore, the average 1f  values are observed to 
be higher than 2f  in the studied samples. There is an as-
sociation of the mentioned difference between the real and 
imaginary parts of optical conductivity with the densities of 
state (DOS) of the films in the energy band ranges. 

3.2. Non-linear optical properties of nanostructured 
pure and Mn-doped ZnO films
The effect of light on nanomaterials plays an essential role 
in different optical device applications because of the high 
non-linear precision. When high radiation intensity occurs 
in the material, such as laser, it produces non-linear effects 
such as second ( χ (2)) and sensitivity ( χ (3)). This is caused by 
the interaction of induced polarization (P) with the applied 
electric field (E). These non-linear sensitivities allow us to 
obtain information about samples that will resist high laser 
pulses during second and third-order impacts. In the lite-
rature, several methods are used to calculate the nonlinear 
refractive index and optical polarization. However, the ideal 
equations for thin films are expressed below [37]:

p E PNL
1|= +] g          (10)

Where;

P E ENL
2 2 3 3| |= +] ]g g          (11)

and  ( χ(1))  refers to the linear optical susceptibility, and the 
other parameters are the same as the mentioned above. In 
the same manner, the linear refractive index n(λ) is expres-
sed by the following equation:

n n n E0 2
2m m= +] ] ]g g g                   (12)

here n(λ) is defined as n0 (λ) >> n2 (λ), n(λ) = n0 (λ), and (E2) 
denotes the mean square values of the electric field. It is pos-
sible to calculate  (χ(1)) using the relation presented below: 

/n 1 41 2| r= -]] gg  (13)

The ( χ(3)  value can be calculated as follows:

A3 1 4
| |= ^] ] hg g6 @  (14)

Using Eqs. (13) and (14), the following equation is obtained:

n 1A3
4 0

2 4
4| = -r ]]

] gg
g         (15)

where A refers to a constant, and its value is 1.7 × 10−10 esu . 
It is possible to describe the non-linear refractive index from 
the relation presented below:
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n n2
12

0

3

= r|] g      (16)

The variations of linear, third-order susceptibilities and 
nonlinear refractive index with the wavelength of pure and 
Mn-doped ZnO thin films were demonstrated in Fig. 10, 
Fig. 11, and Fig. 12, respectively. 

Figure 10. Linear optical susceptibility of the Mn: ZnO nanolayers.

Figure 11. Third-order nonlinear optical susceptibility of the Mn: ZnO 
nanolayers.

Figure 12. The nonlinear refractive index of the Mn: ZnO nanolayers.

From the obtained graphs, it is clearly seen that linear and 
non-linear sensitivities increase with wavelength and are 
saturated at certain wavelengths. This type of behavior is 

usually due to the regularity of atoms in materials with high 
levels of crystallization [6]. The behavior in question has 
been explained by the enhancement in the crystallinity of 
the pure zinc oxide due to the Mn doping concentration and 
the high polarization of the doped samples compared to the 
pure material. Therefore, the susceptibilities of doped samp-
les increase as the level of crystallization increases due to 
the increased doping concentration. The linear susceptibili-
ties in the current calculations vary between 0.04 and 0.11, 
while nonlinear susceptibilities vary between 1.05×10-14 and 
9.41×10-15 esu, which demonstrates the impact of doping 
in ZnO thin films. The calculated optical parameters were 
compared with previous studies of zinc oxide and results are 
shown in Table 3. 

Table 3. Nonlinear optical parameters of present work on prepared Mn: 
ZnO nanolayers

Samples χ(3) (esu) n(2) (esu)

Pure ZnO 2.41×10−14 5.96×10−13

0.1% Mn doped ZnO 2.32×10−14 5.82×10−13

0.5 % Mn doped ZnO 1.05×10−14 2.73×10−13

1 % Mn doped ZnO 1.25×10−14 3.22×10−13

2 % Mn doped ZnO 9.41×10−15 2.62×10−13

5 % Mn doped ZnO 5.17×10−15 1.36×10−13

These values   show that prepared samples are higher than 
the values   of ZnO thin films studied before and Mn has a 
significant impact on ZnO thin films and gives better re-
sults for nonlinear optical applications. Therefore, prepared 
Mn-doped ZnO thin films in many applications can be used 
in place of other metal oxide thin films.

4. CONCLUSION
Mn: ZnO thin films were successfully produced with the 
sol-gel spin coating technique, a simple and effective met-
hod. The impact of Mn doping concentration on the opti-
cal characteristics was discussed in detail. The optical cha-
racteristics of films state that Mn2+ ions substitute for the  
Zn2  + ion without altering the wurtzite structure of ZnO. The 
results indicate that the average values of optical transmis-
sion of the samples are greater than 80% and that these ma-
terials can be used in optical devices. It was found out that 
mainly grain size, density, and Mn concentration determine 
the refractive index of Mn-doped ZnO thin films. The dec-
reasing optical bandgap of the samples with Mn doping is 
usually caused by the sp-d exchange interaction. All of the-
se cases show that different concentrations of Mn doping 
cause some levels of impurities or have some effect on the 
existing levels and thus affect the type of transition. All these 
data confirm that Mn doping alters both opto-electrical and 
nonlinear optical properties.
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