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Abstract: The current study investigates the optical char-
acteristics of Zn100−xSmxO thin films, focusing on the effects
of Samarium (Sm) doping on absorbance, transmittance,
and nonlinear optical properties. Thin films were synthe-
sized with varying Sm concentrations using a solid-state
synthesis method. UV-Vis spectroscopy revealed a gradual
decrease in the optical band gap, with the highest value of
3.12 eV for x = 0 and 2.76 eV for x = 10, indicating improved
light absorption capabilities with increasing Sm content.
The nonlinear absorption coefficient of the Sm ratio shifted
from 18.7 to 23 cm/GW for x = 0 and 10, respectively, which
is attributed to the introduction of new energy levels
within the band gap, facilitating electron transitions. The
lattice dielectric constant (ε1) of the Sm ratio increased
from 1.43 to 2.1 for x = 0 and 10, respectively, revealing
enhanced polarization. Additionally, the calculated values
of the static refractive index were found to increase from
1.13 for x = 0 to 1.33 for x = 10, supporting the observed
behavior of ε1. These findings provide valuable insights
into the tunable optical properties of Zn100−xSmxO thin
films, highlighting their promising applications in optoelec-
tronic devices. This study opens avenues for the continued

refinement of Zn100−xSmxO and related materials, enhan-
cing their suitability for a range of technological uses.

Keywords: refractive index, optical properties, thin films,
nonlinear optical effect

1 Introduction

Nanocomposites play a pivotal role in advancing materials
science, as highlighted by recent studies [1–3]. They exhibit
enhanced photocatalytic properties for environmental pro-
tection, effectively degrading organic pollutants and enabling
applications in antibacterial surfaces and self-cleaning mate-
rials, as noted in one study. Another research emphasizes
their efficiency in wastewater treatment, utilizing PSA-based
nanocomposites for adsorption and photocatalysis to remove
heavy metals and antibiotics. Additionally, polymer nanocom-
posites improve mechanical and optical properties, supporting
diverse applications in industrial, domestic, and biomedical
fields, underscoring their versatility and significance.

ZnO stands out as an important material because its
properties consist of the broad bandgap energy and strong
exciton binding energy (∼3.37 eV and ∼60meV, respectively)
while demonstrating strong chemical stability. ZnO demon-
strates desirable characteristics that enable its implementa-
tion in various optoelectronic and photovoltaic devices and
sensor and photocatalyst technologies [4–7]. The structural
and optical features of ZnO films become more adaptable
by the addition of rare-earth elements. Among dopants,
samarium (Sm) from the lanthanide group is unique due to
its capability to produce localized energy levels within the
ZnO bandgap, which results in improved luminescence func-
tionality and modified electronic characteristics [8]. Also, zinc
oxide (ZnO) exhibits exceptional properties, including a wide
bandgap (∼3.37 eV), high exciton binding energy (60meV),
and strong room-temperature luminescence. Doping ZnO
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with samarium (Sm) introduces 4f electronic states, which
can enhance optical absorption, tune bandgap energy, and
improve electrical conductivity due to Sm3+/Sm2+ redox
activity. Sm doping also modifies defect-related emissions,
making it promising for optoelectronic and photocatalytic
applications [8].

ZnO thin film materials experiencing rare-earth
doping have received extensive research to enhance their
operational capacity for innovative technological develop-
ments. Visible-spectrum photoluminescence releases
emerge from the precise intra-4f transition behavior of
samarium [9]. The addition of Sm atoms to the ZnO mate-
rial led to some changes in both optical propagation and
structural dimensions, including phases and granule fea-
tures. Research on Sm-doped ZnO thin films needs addi-
tional systematic studies regarding structural and optical
property evaluation to achieve optimal device perfor-
mance in optoelectronic applications [10,11].

This study consists of analyzing Sm-doped ZnO thin-film
synthesis, followed by their structural and optical measure-
ment process to examine Sm doping effects on material prop-
erties. Our goal is to understand the relationship between Sm
concentration and the outcome properties of thin films
through advanced characterization methods. During the last
several decades, research on ZnO-based materials has main-
tained its status as a central research priority [12]. The crystal
structure of pure ZnO matches that of wurtzite, while it
enables high visibility in the visible spectrum, thus becoming
suitable for light-emitting diodes (LEDs) and transparent con-
ducting oxides (TCOs). Researchers oversee pure ZnO defi-
ciencies because it shows restricted electrical conductivity
and below-average emission performances, leading scientists
to investigate doping procedures for improved characteris-
tics [13,14].

Scientific investigations into rare-earth elements in ZnO
have become more prevalent because these elements intro-
duce exceptional fundamental optical and electronic proper-
ties to the material. Scientists have established that europium
(Eu), erbium (Er), and neodymium (Nd) dopants increase
luminescence outputs while simultaneously improving elec-
trical conductivity and altering bandgap characteristics
[15,16]. Sm adds characteristic optical behavior to the visible
spectrum through its 4f shell structure, which partially occu-
pies electrons. By introducing samarium doping to ZnO, the
substance becomes an appealing material for display technol-
ogies and bioimaging applications and solid-state lighting [9].

Different approaches have been documented in pre-
vious research regarding Sm-doped ZnO thin film synth-
esis, which can be achieved through chemical vapor
deposition (CVD), sol–gel processing, pulsed laser deposi-
tion (PLD), and plasma-assisted sputtering. Research using

X-ray diffraction (XRD) showed that Sm doping causes both
structural lattice distortions and decreases the crystallite
size because Sm3+ and Zn2+ have different ionic radii [9].
The absorption edge undergoes redshift while photolumi-
nescence intensity increases with increasing Sm doping
levels because defect states and intra-4f Sm3+ transitions
occur according to optical tests [17,18].

The existing research shows progress, but various
knowledge gaps exist within the obtained literature. For
example:
1) Scientists are still discussing the most effective amount

of Sm doping needed to maximize optical property
improvements.

2) The link between structural modifications and optical
responses in ZnO crystals must be fully analyzed.

3) A thorough examination of Sm-doped ZnO thin film
properties during synthesis requires investigation of
synthesis parameters, including the annealing tempera-
ture and precursor concentration.

The main goal of this study is to investigate the optical
and structural characteristics of Sm-doped ZnO thin films
created using a controlled deposition method.

2 Experimental methods

All chemical substances, such as isopropanol, citric acetate,
samarium oxide, and zinc nitrate, were obtained from
Sigma Aldrich. The synthesis of Zn100−ₓSmₓO nanoparticles
with x values from 0 to 10 and 2.5 to 10 was performed
using the sol–gel combustion technique. The synthesis
required 50 mL of isopropanol, which fully dissolved zinc
nitrate with samarium oxide, along with citric acid in a
beaker. The mixing operation occurred at normal tempera-
ture as researchers maintained equal ratios between citric
acid and metal cations. A magnetic stirrer was used to heat
the mixture to 150°C, and a gel was formed after the eva-
poration was completed with persistent stirring. The mate-
rial was ignited when heated again, which produced an
abundant flaming substance. The product was exposed to
heat at 600°C before being ground into small particles. The
gel-combustion method is considered the preferred approach
in laboratories because it offers easy execution together with
low costs, and maximum efficiency. This method follows cir-
cular economy principles because it combines sustainable
reuse of resources with its resource-efficient characteristics
[19–21]. The method implements the circular economy prin-
ciples through its combination of sustainable resource reusa-
bility and resource utilization efficiency. The films were
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formed by mixing ZnO:Sm powder with chitosan solution at
their optimal concentration level. The drying process
required the application of optimized parameters for film
application onto substrates to achieve uniformity and optimal
performance. The films were deposited using solutions cre-
ated by combining ZnO:Sm powder with chitosan solution at

an appropriate concentration. During the drying process, the
films were coated onto the substrate using optimized dip-
coating parameters. A few drops (typically ∼50–100 µL) of
the prepared ZnO precursor solution were dropped or dis-
pensed onto the center of the substrate. The most effective
conditions involved dip-coating for 1 h at a withdrawal speed

Figure 1: The XRD patterns of (a) ZnO, (b) Zn97.5Sm2.5O, (c) Zn95 Sm5O, (d) Zn92.5Sm7.5O, and (e) Zn90Sm10O.
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of 40mm/min. Following deposition, the films were annealed
at 300°C in a nitrogen atmosphere, with a controlled heating
rate of 0.2°C/min. The crystal structures of pure ZnO and
ZnO:Sm powders were studied using a LAScientific XRD
with CuKα radiation ( )=λ 1.54 Å . Field emission scanning
electron microscopy (FE-SEM) was carried out using a Supra
(Ziess) scanning electron microscope, which was operated at
15.0 kV. Jasco V670 was used to investigate both the optical
bandgap and transmission spectra of the current samples.

3 Results and discussion

The XRD patterns of Zn100−ₓSmₓO (ZnO:Sm) solid-state pro-
duced powders with x = 0.0, 2.50, 5.0, 7.50, and 10.0 are
shown in Figure 1(a)–(e). The measurement data from
X-ray diffraction (XRD) presented well-defined peaks, indi-
cating the hexagonal wurtzite structure of ZnO, which
exists as the P6₃mc space group, to demonstrate the crystal-
line behavior of all ZnO:Sm samples. The diminished inten-
sity of ZnO:Sm samples of the (002) diffraction peak

signifies decreased growth rate along with limited crystal-
lization. The wurtzite ZnO peaks of each composition
demonstrate the (101) reflection plane orientation as their
preferred structure. Peak position analysis was used by the
Standard Joint Committee for Powder Diffraction Stan-
dards reference (JCPDS card no. 01-080-0075) to confirm
the material’s polycrystalline structure [21,22]. The lattice
parameters were decreased at low Sm concentrations
because Zn2+ ions were replaced by Sm3+ ions in the crystal
structure. Similar changes were observed for ZnO mate-
rials containing dopants such as Er, Sm, and Ce. This para-
meter change occurs when Sm3+ with its 0.964 nm radius
replaces Zn2+ with a 0.74 nm radius. A minor peak displa-
cement toward elevated 2θ values supports the ion substi-
tution process. Further increases in Sm doping levels lead
to a shift in the trend due to increasing defect densities
resulting from substitutional doping. The synthesis pres-
sure and temperature, along with impurity atoms and
defects, as well as the difference in the ionic radii between
Zn2+ and Sm3+ influence the ZnO crystal lattice parameters
a and c. When Zn2+ ions are replaced by Sm3+ ions in ZnO,
there is a reduction in the peak intensity along with lattice
parameter modification, which jointly creates structural
strain and distorts the crystal lattice, as exhibited in
Table 1.

Scanning electron microscopy (SEM) images of pure
ZnO and ZnO:Sm thin films with varying Sm concentra-
tions are presented in Figure 2. The micrographs reveal
distinct grain boundaries, with grain sizes decreasing as
Sm content increases. This reduction is attributed to the
incorporation of Sm3+ ions, which inhibit grain growth by
exerting an interaction force at grain boundaries, altering
the nucleation and growth kinetics. The crystallite size and

Table 1: Calculated lattice parameters of ZnO, Zn97.5Sm2.5O, Zn95 Sm5O,
Zn92.5Sm7.5O, and Zn90Sm10O

Thin film == (( ))a b Å (( ))c Å (( ))V Å
3

ZnO 3.248 5.209 47.612
Zn97.5Sm2.5O 3.251 5.211 47.712
Zn95 Sm5O 3.252 5.212 47.738
Zn92.5Sm7.5O 3.253 5.213 47.785
Zn90Sm10O 3.256 5.217 47.913

Figure 2: The SEM photo of (a) pure ZnO and (b) Zn90Sm10O.
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microstructure are influenced by the dopant type and ionic
radius of Sm3+ (approximately 0.96 Å), which differs from
that of Zn2+ (0.74 Å), inducing lattice strain and limiting
grain expansion. The SEM images also highlight well-
defined pores, whose size and density correlate inversely
with Sm concentration. As Sm content increases, the pore
size decreases, reflecting enhanced surface densification
due to improved particle packing. Higher Sm doping levels
increase surface roughness and compactness, indicative of
better particle densification and reduced porosity, which
can enhance mechanical stability and optical properties.

Figure 3 shows the roughness of Sm-doped ZnO thin
films, as described by the RMS (root mean square rough-
ness) values for different Sm concentrations, which reveals
a non-linear trend with increasing doping. The structured
analysis is shown in Table 2. The RMS roughness of
0.484 nm for undoped ZnO indicates an atomically flat sur-
face, typical of well-deposited thin films. This serves as a
reference for evaluating the doping effects. At 2.5% Sm

(Zn0.975Sm0.025O), the RMS increases to 8.52 μm, suggesting
that Sm incorporation disrupts the ZnO lattice, leading to
surface irregularities. The possible causes are lattice strain,
localized clustering of Sm ions, or nucleation of secondary
phases. At 5% Sm (Zn0.95Sm0.05O), the RMS increases to
15.07 μm, the roughest film. This implies severe surface
degradation, likely due to excessive Sm ions segregating
to grain boundaries or forming Sm-rich clusters, and

Figure 3: (a)–(d) AFM photos of Zn100−xSmxO (x = 0, 0.025, 0.05, and 0.075).

Table 2: Roughness and RMS of Zn100−xSmxO (x = 0, 0.025, 0.05,
and 0.075)

Sample
Zn100−xSmxO

Roughness × 10−6 RMS of roughness
× 10−6

X = 0 484.015 × 10−3 761.65 × 10−3

X = 2.5 8.52 12.59
X = 5 15.07 18.58
X = 7.5 8.010 10.22
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enhanced grain growth or agglomeration during deposi-
tion. At 7.5% Sm (Zn0.925Sm0.075O), the RMS decreases to
8.01 μm, indicating partial recovery of surface smoothness.
This could arise from the saturation of defect/clustering
effects, reorganization of the film microstructure (e.g.,
larger, smoother grains dominating the surface), and the
formation of a stable Sm–Zn–O ternary phase that miti-
gates roughness.

4 Implications for applications

Optoelectronics: High roughness (e.g., 15.07 nm at 5% Sm)
could scatter light or degrade device interfaces, reducing
efficiency. Sensors/catalysts: Increased surface area from
roughness might enhance reactivity, but excessive rough-
ness could destabilize device performance. Mechanical sta-
bility: Films with high RMS roughness may suffer reduced
adhesion or mechanical integrity.

The relationship between a material’s absorbance and
wavelength can reveal information about its electronic
structure. The spectral peaks that correspond to electronic
transitions, however, help clarify molecular activity and
effects [23,24]. The dependencies of the absorbance on
the wavelength of the Zn100−xSmxO pure thin film (x = 0)
and those thin films doped with different concentrations of
samarium (x = 2.5, 5, 7.5, and 10) are exhibited in Figure 4. The
increase in the Sm concentration led to an increase in the
absorbance of the thin films. This suggests that the addition of
Sm enhances the material’s ability to absorb light at the mea-
sured wavelengths. This might be the result of new electronic
states entering the material’s bandgap, which allows for
greater light absorption [25]. Also, it is observed that the

absorbance peaks’ amplitude increases with Sm concentra-
tion, suggesting that transitions associated with these peaks
are either more likely to be strong or more strong. The sub-
stitution of Sm with Zn may have caused more traps or
defects to form in the crystal lattice, which may have facili-
tated electronic transitions [26]. The electrical structure of the
ZnO lattice may change if Sm is added. Since Sm is a rare
earth element, it may change the valence and conduction
bands or introduce localized states, which would improve
the absorption properties. If the bandgap narrows, it may
also cause the absorption spectra to red shift. Higher Sm
concentrations may improve the material’s photocatalytic
qualities, enhancing its usefulness for processes like photoca-
talysis or solar energy harvesting, according to the increased
absorbance in the visible spectrum.

Understanding and constructing optical devices
requires an understanding of thin film transmittance and
reflectance. Reflectance reveals howmuch light is reflected
from the film, whereas transmittance shows how much
light flows through it. These characteristics, which allow
for modifications to control the interaction of light with the
film at particular wavelengths, are strongly dependent on
the thickness and material composition of the film. Figure
5a and b shows the dependency of the transmittance and
reflectance, respectively, on the wavelength. In the case of
transmittance (Figure 5a), increasing the amount of Sm in
the material reduces howmuch of light that passes through
it. This is probably because Sm is causing the material to
absorb or scatter more light. The presence of Sm likely
introduces new energy levels or imperfections in the ZnO
structure, which leads to greater light absorption and, con-
sequently, less light transmission [27]. As Sm is introduced,
certain electronic transitions appear to become more pro-
minent, as seen by the observed peaks’ increased amplitude
with larger Sm ratios. This might be because higher absorp-
tion peaks result from the creation of localized states that
increase the probability of transitions. As for the reflectance
(Figure 5b), it increases with increasing Sm concentration.
This can be attributed to changes in the refractive index of
the material due to doping. Greater Sm concentrations may
cause more scattering at internal or external surfaces, which
would cause more light to be reflected rather than trans-
mitted [28]. According to the changes in optical characteris-
tics, the current thin films may be customized for certain
applications, such as photocatalytic systems where light con-
trol is critical or optoelectronic devices where regulated
absorption and reflection are critical.

The absorption coefficient (α) of any material can help
in identifying and understanding the material’s composi-
tion and structure. Therefore, this is essential for designing
optical devices like solar cells, lenses, and filters. The

Figure 4: Wavelength dependence of the absorbance for the
Zn100−xSmxO thin films.
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absorption coefficient can be estimated via the transmit-
tance (T) and reflectance (R) as follows [27,29,30]:

( ) [( ) ]
=

⎡
⎣⎢

− + − + ⎤
⎦⎥

α
d

R R R T

T

1
ln

1 1 4

2
,

2 4 2 2 1/2

(1)

where d represents the film thickness. Figure 6 demon-
strates the change of α through photon energy. α is
observed to increase with increasing Sm ratio, suggesting
that doping with Sm improves the material’s absorption of
light, most likely because it creates new energy levels in
the bandgap that make electrical transitions easier. Also,
the absorption coefficient increases with the photon
energy, which is typical for semiconductor materials. The
sharp peak observed in Figure 6 indicates resonant transi-
tions; this peak slightly increases as the Sm ratio increases
(from x = 0 to x = 10), suggesting that a higher density of
accessible electronic states at higher Sm concentrations

increases the probability of photon absorption at such
energies. The shifting and broadening of the peaks as the
Sm concentration increases can be ascribed to doping-
induced changes in the ZnO’s electrical structure. One pos-
sible explanation for this could be the creation of localized
states that change the band structure and hence reduce the
energy needed for specific electronic transitions.

The Urbach tail, in conjunction with sub-bandgap photon
energy, suggests structural instability in thin-film semiconduc-
tors. The observation links to states that form locally [31]. The
well-known empirical method can be used to determine the
Urbach energy in the lowphoton energy area [32–34], as follows:

( ) ⎜ ⎟= ⎛
⎝

⎞
⎠

α ν α
hν

E
exp .0

u

(2)

The parameters ν, h, α0, and α stand for the frequency,
Planck’s constant, a constant, and the absorption coeffi-
cient, respectively. Eq. (2) can be written as

( ( )) ( )= +α ν α
E

hνln ln
1

.0

u

(3)

Using the slope of the relationship between the photon
energy and ln (α) (Figure 7a), the Urbach energy values
were determined. The Urbach energy increases as the Sm
ratio increases, as exhibited in Figure 7b. This might be
explained by the notable changes in the electronic charac-
teristics owing to the increase in the Sm ratio, which can
change the band structure and cause the band tail to
expand, thereby increasing the Urbach energy. This beha-
vior was seen for SxWO3 [32]. This could improve light
absorption, which is advantageous for some applications
like photovoltaic cells. Additionally, the optical energy gap
( )Eg

Opt for Zn100−xSmxO thin films at the high absorption
edge was calculated using the Tauc formula [34] as follows:

Figure 5: (a) Transmittance and (b) reflectance as a function of wavelength for the Zn100−xSmxO thin films.

Figure 6: Absorbance coefficient for the Zn100−xSmxO thin films.
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Figure 7: (a) Variation of ln(α) with the photon energy for Zn100−xSmxO and (b) urbach energy vs Sm concentration.

Figure 8: Optical properties of Zn100−xSmxO for varying Sm concentrations (x): (a) (αhν)2 plotted against photon energy, (b) (αhν)(1/2) versus photon
energy for the same Sm ratios, illustrating the transition between direct and indirect bandgap behavior and (c) energy gap (EgOpt) as a function of Sm
ratio.

8  Amira Ben Gouider Trabelsi et al.



( )= −αhν B hν E ,A
g

opt (4)

where B is the Tauc parameter and A is a constant control.
Optical transitions can be directly or indirectly enabled by
semiconductors [35]. The transition energy values were
computed by fitting the linear portion observed in the

relationship between ( )αhν n
1

and hν, wherever the inter-
cept with the x-axis represents the transition energy
values. A direct or indirect transition is determined by

the value of ⎡⎣ ⎤⎦n

1 . When ⎡⎣ ⎤⎦n

1

= 2, it indicates a direct transi-

tion, and when 1/n = 1/2, it indicates an indirect transition.
The hν dependences of (αhν)2 and (αhν)1/2 are plotted in
Figure 8a and b, respectively. The data presented in the
figure indicate that the linear part of the (αhν)2 plot versus
(hν) exhibits a clearer and more pronounced linearity com-
pared to the linear region observed in the plot of (αhν)1/2 vs
(hν). This finding implies that a direct electronic transition
predominates in the thin films under investigation. Such
behaviors were observed in previous studies for TiO2 nano-
tube arrays and nanostructured rock wool [36,37]. Figure
8c shows the direct and the indirect energy gap values of
the thin films under investigation. The direct Eg

Opt values
generally decreased when Sm was added to the structure
at the expense of Zn; the maximum Eg

Opt value (3.12 eV) was

achieved for x = 0, while the lowest Eg

Opt value (2.77 eV) was
obtained for x = 10 of Sm. The decrease in the direct energy
band gap of Zn100−xSmxO as the ratio of Sm increases can
be related to the differences in the electronic characteris-
tics of Sm compared to Zn. As a result, localized states may
be introduced within the band gap. These states can facil-
itate transitions that lower the effective band gap energy.

The quantity of light that can be absorbed or scattered
by any substance is measured by the extinction coefficient
(k). The following formula is used to calculate the extinc-
tion coefficient:

=k
αλ

4π
, (5)

where α is the absorption coefficient and λ is the wavelength.
The wavelength dependency of the extinction coefficient (K)
of the Zn100−xSmxO thin films is displayed in Figure 9. The fact
that K increases as x increases indicates that the addition of
Sm to the ZnOmatrix improves the material’s light-absorbing
capacity. The incorporation of Sm ions may cause disruptions
in the crystal lattice of ZnO, resulting in defects and localized
states that enhance light absorption. Moreover, higher con-
centrations of Sm introduce more electronic states inside the
band gap, which can facilitate electronic transitions and
increase absorption. The same behavior was observed for
quinoline azo-dye polymers [38].

To determine the local field and electronic polarization
of the atoms or ions in thin-film materials, the refractive
index (n) should be examined. A common approach to
determine the n value is through the transmittance (T)
and reflectance (R) measurements [39]:

( )

( )

( )

( )
⎜ ⎟ ⎜ ⎟= ⎛
⎝

+
−

⎞
⎠

+ ⎛
⎝

+
−

⎞
⎠

− +n
R

R

R

R
k

1

1

1

1
1 .

2

2 (6)

Figure 10a shows the wavelength dependence of the
refractive index of the Zn100−xSmxO thin films. The increase
in the refractive index with increasing Sm is due to
changes in the material’s electronic and structural charac-
teristics, which improve its optical capabilities. This
enhancement could be beneficial for different applications
that involve light manipulation and sophisticated optical
devices. The measured refractive index values for the
thin films under investigation range between 200 and
1,000 nm in wavelength, which is rather close to those
obtained using the Cauchy formula [40]. More optical
properties have been calculated using the calculated
values of the refractive indices. For instance, the disper-
sion parameters are crucial for enhancing optical com-
munication systems and spectral dispersion control devices.
To completely understand the optical characteristics of the
films under study, one must have a thorough understanding
of the single oscillator energy (E0) and dispersion energy (Ed).
These energies and the energy carried by a photon (hv) are
related by the Wemple–DiDomenico model, which is used
under these conditions [41]:

( )
( ) ( )

− =
−

= −−n
E hν

E E

E

E

hν

E E
1 ,2 1 0

2 2

0 d

0

d

2

0 d

(7)

Figure 9: Wavelength dependence of the extinction coefficients for
Zn100−xSmxO thin films.
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or

( ) ( )− = −−n
E

E E E
hν1

1
.2 1 0

d 0 d

2 (8)

Using a graphical representation of (n2−1)−1 vs (hv)2, E0
and Ed parameters have been determined (Figure 10b).
Table 1 shows the E0 and Ed values in a structured way.
The lattice dielectric constant (ε∞) and static refractive
index (n0) can be computed using the following formula,
which relies on the constants E0 and Ed [42]:

=
+

=
+

∞ε
E E

E
n

E E

E
and .

d 0

0

0

d 0

0

(9)

As observed in Table 3, the values of n0 and ε∞ are
increased as the ratio of Sm increases. This indicates an
enhanced optical density and dielectric polarization for the
thin films under investigation by the incorporation of Sm.
Also, using the parameters E0 and Ed, the material’s oscil-
lator strength was calculated, where [ ]= ×f E Ed 0 , and are
listed in Table 3.

Figure 10: The deduced values involve: (a) refractive index variation with λ, (b) variation of (n2– 1)−1 with (hv)2 to estimate E0 and Ed, (c) the relation between
(n2– 1)− 1 and (1/λ2) for obtaining S0 and λ0, and (d) λ2 dependence of n2 to calculate εL and N/m* for Zn100−xSmxO thin films for different Sm ratios.

Table 3: Optical parameter changes of the Zn100−xSmxO thin films

Sample
Zn100−xSmxO

Direct

Eg

Opt (eV)

Indirect

Eg

Opt (eV)

Eu (eV) Ed (eV) E0 (eV) F n0 ε∞ S0 ×
10−6 (nm2)

λo (nm) N/m* × 1038

(m−3 × kg−1)
εL

X = 0 3.12± 2.69 1.66 1.18 4.25 5.02 1.13 1.28 3.52 284.50 2.87 1.43
X = 2.5 3.08 2.66 2.27 1.91 4.68 8.94 1.19 1.41 6.35 255.00 2.72 1.58
X = 5 3.02 2.64 2.33 2.32 4.80 11.14 1.22 1.48 7.53 255.15 2.95 1.66
X = 7.5 2.9 2.49 2.84 3.40 4.90 16.66 1.30 1.69 11.95 242.00 4.03 1.94
X = 10 2.76 2.41 2.9 3.95 5.14 20.30 1.33 1.77 13.22 244.00 4.65 2.10
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The Sellmeier dispersion model is employed to deter-
mine λ0 (resonance wavelength) and s0 (oscillator strength)
values, particularly at lower frequencies. This is crucial for
understanding how light interacts with the material across
different wavelengths. The model’s effectiveness at lower
frequencies suggests its usefulness in analyzing the optical
phenomena [43]:

( )
⎜ ⎟ ⎜ ⎟

−
=

⎛
⎝

⎞
⎠

− ⎛
⎝

⋅ ⎞
⎠n s λ s λ

1

1

1 1 1
.

2
0 0

2
0

2
(10)

As exhibited in Figure 10(c), λ0 and s0 values can be

obtained from the linear fitting of
( )−n

1

12
vs ⎛

⎝
⎞
⎠

1

λ2 , and are

listed in Table 3. εL (lattice dielectric constant) describes
the degree of the responsibility of the material to the
applied electrical field at low frequencies or the capacity
of the substance to store electrical energy as polarization
[44,45]. The term (N/m*) represents the charge carrier con-
tribution to the refractive index, indicating that the mate-
rial’s refractive index will change when the density of
charge carriers increases or their effective mass decreases.

Therefore, it is important to measure these two parameters
⎛
⎝

⎞
⎠ε and

N

mL ⁎ for the investigated thin films. Figure 10(d)

exhibits the relationship between n2 and λ2, and the para-
meters εL and N

m⁎
can be obtained using Eq. (11) as fol-

lows [46]:

⎟⎜= − ⎛
⎝

⎞
⎠
⎛
⎝

⎞
⎠n ε

e

c ε

N

m
λ

4π
.2

L

2

2 2
0

⁎

2 (11)

The values of εL and
N

m⁎
obtained are listed in Table 1,

and an increase is observed in both εL and N

m⁎
Higher Sm

ratios suggest that the optical and electronic properties of
the Zn100−x Smx O thin films are more favorable for polar-
ization and charge transport. This enhancement can lead
to improved performance in optoelectronic applications.

The transport characteristics, grain and grain bound-
aries, and structure of the compounds can be ascertained
using the dielectric loss (ε2) and dielectric constant (ε1).
Moreover, a material’s ability to retain electrical energy
can be determined using the dielectric constant [47–52].

Figure 11: Plotting of the real (a) and imaginary (b) part of the dielectric constant vs wavelength, and dielectric loss tangent (c) and quality factor (d) vs
hv Zn100−xSmxO thin films.
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They also outline the properties of materials’ responses to
light and electric fields. While the actual part influences
the refractive index and phase velocity of light in a
medium, the imaginary part deals with absorption and
shows how much light is absorbed by the substance. The
following formulas are used to obtain the real and ima-
ginary dielectric constants of the thin films [53]:

= −n kε ,1
2 2 (12)

= nkε 2 .2 (13)

Figure 11a illustrates the wavelength dependence of ε1
for the Zn100−xSmxO thin films. A clear trend of increasing
ε1 with higher Sm ratios (x) is observed across the entire
wavelength range. This enhancement in ε1 signifies an
increased polarization capability within the material, sug-
gesting that the incorporation of samarium introduces

additional dipoles or enhances the existing electronic
polarizability, leading to a stronger dielectric response.
This observation directly correlates with the findings
regarding the linear susceptibility ( )χ1 and linear refrac-
tive index (n), where both were shown to increase with Sm
doping. A higher ε1 directly translates to a larger n, which is
consistent with the enhanced linear optical response. The
prominent peaks observed in ε1 around 350–400 nm are
indicative of resonant absorption phenomena occurring
near the fundamental absorption edge, aligning well with
the bandgap energies determined from the Tauc plot
analysis.

Similarly, Figure 11b displays the wavelength depen-
dence of ε2, revealing an increase in its values with higher
Sm concentrations. As ε2 is directly proportional to the
extinction coefficient (k) and, consequently, the absorption

Figure 12: The change in (a) SELF, (b) VELF, and (c) SELF/VELF with hv for Zn100−xSmxO thin films.
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coefficient (α), this trend is in excellent agreement with our
earlier absorption coefficient spectra, which showed a sig-
nificant increase in absorption with increasing Sm content.
The increase in ε2 suggests the existence of more mechan-
isms for energy dissipation within the material, likely due
to enhanced inter-band transitions or defect-related
absorption processes introduced or modified by Sm incor-
poration. The peaks in ε2 also occur in the same energy
range as those in ε1, further confirming their association
with the fundamental absorption edge and the onset of
strong inter-band transitions.

Figure 11c presents the photon energy dependence of
the dielectric loss tangent ( ( ) )=δ ε εtan /1 2 [38]. Interest-
ingly, despite the increases in both ε1 and ε2, ( )δtan is
observed to decrease as the ratio of Sm increases. This
reduction in ( )δtan implies an improvement in the dielec-
tric quality of the films. It suggests that while both the
energy storage (polarization) and energy dissipation
mechanisms are enhanced by Sm doping, the capacity for
energy storage increases proportionally more than the
energy dissipation. This phenomenon is attributed to the
modified electronic energy levels resulting from Sm incor-
poration into the thin films. These modifications not only
enhance the material’s polarizability and absorption but
also lead to a more efficient dielectric response, potentially
by optimizing the balance between the energy storage and
dissipation or by reducing certain loss pathways.

Two important parameters determine the thin film
electron transition characterization: (the surface energy
loss function (SELF) and volume energy loss function
(VELF) [54–56]. SELF/VELF represents the ratio describing
electron transitions in the examined thin film specialist
and energies, which are low and high [56]. SELF and

VELF of the current films can be computed by using the
following equation [53] (Figure 12a and b):

( )
=

+ +
ε

ε ε
SELF

1
,

2

1
2

2

2 (14)

=
+
ε

ε ε
VELF .

2

1

2

2

2 (15)

From Figure 12, it is noticed that the SELF and VELF
values increase as the Sm ratio increases. It is related to
changes in the electron transition energy as Sm was incor-
porated into the thin films. Figure 12c shows the ratio of
SELF/VELF vs the photon energy, and indicates that the
addition of Sm to the thin films impacts the electron transi-
tion of the films.

An essential measure for understanding the electronic
characteristics of thin films is the optical conductivity
(σOpt), which is closely connected to the dielectric proper-
ties that describe how the materials interact with radia-
tion. The following relation can be used to obtain
σOpt [57,58]:

=σ
αnc

4π
,Opt (16)

where the absorption coefficient, the refractive index, and
the speed of light are denoted by α, n, and c, respectively.
The correlation between σOpt of the Zn100−xSmxO thin film
and the wavelength is shown in Figure 13a. As the Sm ratio
increases, it is observed that σOpt increases as well; the
maximum optical conductivity was achieved for the
highest Sm ratio. This could be ascribed to the modifica-
tions made to the electrical structure of the thin films with
the addition of Sm. The degree of polarization is closely
correlated with the material’s electric susceptibility for any

Figure 13: Plotting of (a) the optical conductivity and (b) the electrical susceptibility vs wavelength for Zn100−xSmxO thin films.
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polarizable material. The electric sensitivity is a measure
of how much the substance will polarize when exposed to
an electric field. A material with a higher electric suscept-
ibility can become more polarized when exposed to an
electric field, which lowers the material’s net electric field.
The electric susceptibility (χc) can be found using the fol-
lowing expression [57]:

[ ]= − −χ n k n
1

4π
.

c

2 2
0

2 (17)

The equation includes n, k, and n0 parameters, which
represent the thin film’s refractive index, extinction coeffi-
cient, and the index of refraction for the surroundings,
respectively. As illustrated in Figure 13b, the electric sus-
ceptibility χ

c
increases proportionally with the Sm-to-Zn

ratio in the film. This trend arises because Sm incorpora-
tion modifies the electronic band structure, altering the
material’s interaction with applied electric fields. Addition-
ally, the disparity in polarizability between Sm and Zn ions
enhances χ

c
as the Sm content increases, as polarizability

directly influences charge distribution under external
fields.

The nonlinear refractive index (n2) and the linear (χ1)
and nonlinear (χ3) susceptibility for a material are given as
follows [59]:

( ) =χ
E E/

4π
,1 d 0 (18)

( ) ( )( ) = × ×−χ E E e s u6.82 10 / . . . ,3 15
d 0

4 (19)

( )

=n
χ

n

12π
.2

3

0

(20)

Figure 14a–c displays the wavelength dependence of
the nonlinear refractive index (n2), linear susceptibility
(χ1), and nonlinear susceptibility (χ3) for the Zn100−xSmxO
thin films, respectively. The three parameters show the
same pattern. As the ratio of Sm increases, it is generally
seen that the values of χ1, χ3, and n2 increase as well. This is
also because of the altered polarizability and electronic
structure that result from the addition of Sn to the thin

Figure 14: The difference of (a) the linear, (b) the non-linear susceptibility, and (c) non-linear refractive index with λ for Zn100−xSmxO thin films.
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films [60]. The modified optical characteristics of the
Zn100−xSmxO thin films are advantageous for a variety of
uses. Controlling nonlinear characteristics makes frequency
conversion and optical limiting easier. Furthermore, devel-
oping advanced materials for photonic and optoelectronic
devices is facilitated by understanding these changes [61].

Figure 15 exhibits the variation in the nonlinear
absorption coefficient (βc) and the energy for the
Zn100−xSmxO thin films. The maximum value of βc is shifted
towards a lower energy photon as the ratio of Sm
increases. Doping Sm can establish additional energy levels
inside the band gap. Because electrons can be excited from
these confined states into the conduction band, these mid-
gap states can help absorb lower-energy photons. Since
additional photon energies are now resonant with these
states, the nonlinear absorption coefficient increases at
lower energies. Two-photon absorption and saturable
absorption are two of the optical processes that affect the
nonlinear absorption coefficient. The density of states
varies with increasing Sm ratio, changing the way these
processes occur. Increased nonlinear absorption at lower
energies could result from stronger interactions between
photons and bound electron–hole pairs or exciton states.

5 Conclusion

The investigation of Zn100−xSmxO thin films synthesized via
the sol–gel combustion method reveals significant
enhancements in structural, optical, and electronic proper-
ties with increasing Sm doping. XRD and SEM analyses
confirm a reduction in the grain size and lattice para-
meters, inducing structural strain that correlates with

improved surface densification and reduced porosity.
Optical studies demonstrate increased absorbance, a nar-
rowed bandgap (from 3.12 to 2.77 eV), and elevated refrac-
tive index and dielectric constants, attributed to Sm-
induced electronic states and polarizability. The increase
in SELF, VELF, optical conductivity, and nonlinear optical
parameters (n2, χ1, and χ3) highlights enhanced light–
matter interactions, beneficial for optoelectronic and
photocatalytic applications. These findings underscore
the potential of Sm-doped ZnO nanocomposites for
advanced optical devices, aligning with sustainable mate-
rial development trends, and pave the way for further
optimization in energy harvesting and environmental
technologies.
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