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Abstract: The characterization of crystallinity 
in thick films containing dispersed nanocrys-
tals within an amorphous matrix is essential 
for optimizing their functional properties in 
applications such as optical coatings and sen-
sors. SiO₂-TiO₂ films serve as an example of 
such systems, where nanocrystalline (anatase) 
domains coexist within an amorphous phase. 
The degree of crystallinity and its spatial dis-
tribution significantly influences the optical, 
mechanical, and electronic properties of these 
materials, making accurate characterization 
crucial for performance optimization. Raman 
spectroscopy is a powerful non-destructive 
tool for analyzing these heterogeneous mate-
rials, enabling phase identification, crystallinity 
quantification, and structural characterization. 
However, its accuracy is challenged by factors 
such as laser penetration depth, crystal distri-
bution, and signal attenuation, which complica-
te data interpretation. Additional complexities 
arise from nanocrystal size variations, orienta-
tion effects, and multiple scattering, all of whi-
ch must be considered for reliable analysis. This 
work explores the theoretical and experimental 
complexities of applying Raman spectroscopy 
to thick films, offering a critical discussion on 
methodological strategies for improved analy-
sis. Key aspects such as crystallinity gradients, 
laser interactions, and signal deconvolution are 
examined to provide guidelines for refining 
Raman-based characterization techniques. 
Furthermore, the role of instrumental parame-
ters, such as excitation wavelength, objective 
numerical aperture, and detection geometry, 
is evaluated for optimizing spectral acquisi-
tion. Experimental observations from anata-
se-dispersed films illustrate these challenges 
and serve as a basis for future methodological 
advancements. The discussion aims to establish 
best practices for the Raman analysis of thick 
nanocomposite films, ensuring that the measu-
red spectra accurately represent the material’s 
true structural characteristics.

INTRODUCTION
Crystallinity plays a crucial role in deter-

mining the physical, chemical, and mechani-
cal properties of materials, particularly in thi-
ck films used in advanced applications such as 
electronic devices, solar cells, and functional 
coatings. The ability to quantify crystallinity is 
essential for optimizing material performan-
ce, as it influences properties like electrical 
conductivity, optical transparency, and me-
chanical strength. Among various characte-
rization techniques, Raman spectroscopy has 
emerged as a powerful and non-destructive 
tool, offering high spatial resolution and the 
ability to differentiate between crystalline and 
amorphous phases [1].

Raman spectroscopy relies on inelastic 
light scattering, where energy shifts in the 
scattered photons provide information about 
molecular vibrations. This technique is parti-
cularly effective for crystallinity studies since 
Raman peak intensity and shape are highly 
sensitive to structural order [2]. However, se-
veral challenges arise when applying Raman 
spectroscopy to thick films. The signal must 
represent the entire film volume rather than 
just the surface, requiring careful considera-
tion of laser penetration depth, internal re-
flections, and heterogeneous crystal distribu-
tions to ensure accurate measurements.

The intensity of the Raman signal is in-
fluenced by multiple factors, including:

1. Crystalline phase concentration: Hi-
gher crystallinity enhances Raman signal 
intensity.

2. Crystal size: Larger crystals exhibit 
stronger Raman signals due to enhanced 
long-range order [2]. Because of inter-
molecular interactions, the symmetry of 
a molecule in the crystalline state is gene-
rally lower than in the gaseous (isolated), 
but much higher than in solution and 
amorphous state [3].
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3. Crystal arrangement: Orientation rela-
tive to the laser’s electric field influences 
spectral features [2].

4. Multiple reflections: Light can undergo 
multiple internal reflections, altering the 
detected signal intensity.

5. Laser penetration depth: The depth of 
focus must be optimized to ensure sig-
nal representativeness. The laser beam 
remains approximately constant in dia-
meter up to a certain distance from the 
focal plane, defining the beam waist (w) 
(Figure 1) [4].

To address these challenges, this study pre-
sents a basic methodology for the quantitative 
measurement of crystallinity in thick films, 
focusing on SiO2-TiO2 systems produced by 
the sol-gel method. We propose a distribution 
of crystallinity along the film thickness mo-
deled by an exponential decay function, justi-
fied by factors inherent to the sol-gel method, 
such as oxygen access during thermal treat-
ment, temperature gradients, and diffusion of 
chemical species. The laser beam waist, which 
determines the depth of focus, must be care-
fully optimized to ensure that the Raman sig-
nal is representative of the entire film volume.

Figure 1. Laser beam distribution near the 
focus. From [4].

RAMAN SPECTROSCOPY: LIGHT 
SCATTERING AND MOLECULAR 
VIBRATIONS
Raman spectroscopy is an analytical tech-

nique that probes molecular vibrations, crys-
tal structures, and chemical compositions 
through the interaction of light with matter. 
It is based on inelastic light scattering, whe-
re the energy of photons is transferred to or 
from molecular vibrations, producing spec-
tral shifts characteristic of the material.

When light interacts with a material, it 
can excite the material to a higher energy sta-
te, known as a virtual state. This virtual sta-
te is not a stable electronic state but rather a 
transient, short-lived state that exists for only 
about one femtosecond (10-15 seconds). Du-
ring this brief moment, the electric field of the 
incident light induces an oscillating electric 
dipole in the material. This induced dipole 
corresponds to a higher energy state, but it 
quickly re-emits energy, causing the material 
to return to its ground state.

The key to understanding Raman spectros-
copy lies in what happens during this re-emis-
sion process. There are two primary outcomes: 
Rayleigh scattering and Raman scattering. In 
Rayleigh scattering, the material returns to its 
exact initial state, and the scattered photon has 
the same energy as the incident photon. This 
is an elastic scattering process, meaning there 
is no net change in the energy of the system.

Raman scattering, on the other hand, is 
an inelastic process. Here, the material does 
not return to its initial state but instead ends 
up in a different vibrational state. This leads 
to two possibilities: Stokes Raman scattering 
and Anti-Stokes Raman scattering. In Stokes 
scattering, the material ends up in a higher 
vibrational state than it started, resulting in 
a scattered photon with less energy than the 
incident photon. Conversely, in Anti-Stokes 
scattering, the material starts in an excited vi-
brational state and returns to the ground state, 
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emitting a photon with more energy than the 
incident photon.

To fully understand Raman spectroscopy, 
it is essential to grasp the energy landscape 
of the material being studied. Each molecule 
or material has electronic states, each with its 
own set of vibrational energy levels. Both the 
ground and excited electronic states contain 
a “ladder” of vibrational levels. When light 
interacts with the material, it can excite the 
system to a virtual state, an intermediate and 
transient state between electronic states that 
facilitates the scattering process.

The energy difference between the incident 
photon and the scattered photon corresponds 
to the vibrational energy of the molecule. This 
difference, known as the Raman shift, is me-
asured in wavenumbers (cm⁻¹) and provides 
crucial information about the vibrational mo-
des of the material, allowing the identification 
of specific molecular bonds and structures.

Not all vibrational modes are Raman acti-
ve. For a mode to be Raman active, there must 
be a change in the molecule’s polarizability 
during vibration. Polarizability refers to the 
ability of a molecule’s electron cloud to be dis-
torted by an external electric field, such as the 
oscillating field of incident light. Symmetric 
stretching vibrations, in which the molecule 
expands and contracts uniformly, often lead 
to significant changes in polarizability and are 
therefore Raman active.

In the case of silica (SiO₂) glass, Raman 
spectroscopy detects the symmetric stretching 
modes of Si–O bonds. As oxygen atoms move 
symmetrically, the molecule’s polarizability 
changes, making these vibrations detectable in 
the Raman spectrum [3]. In contrast, asymme-
tric stretches or bending modes are not always 
Raman active, as they may not result in signi-
ficant changes in polarizability. Consequently, 
Raman and IR spectroscopy are complemen-
tary techniques. While Raman spectroscopy 
depends on changes in polarizability, IR spec-

troscopy relies on variations in the molecule’s 
dipole moment. In the study of silica glass, for 
instance, the IR spectrum may reveal asymme-
tric stretching modes, while the Raman spec-
trum highlights symmetric stretches. 

Raman spectroscopy has a wide range of 
applications, including material identifica-
tion, crystal structure analysis, and chemical 
composition studies [2]. It is also valuable for 
investigating materials with complex struc-
tures, such as glasses and amorphous solids. 
Unlike crystals, which have highly ordered 
atomic arrangements and well-defined vibra-
tional modes, glasses exhibit a more disor-
dered and irregular structure. In silica glass, 
Raman spectroscopy reveals distinct features, 
including a strong peak at ~800 cm⁻¹ (SiO₄ te-
trahedral breathing mode) and weaker bands 
at ~490 cm⁻¹ (D1 defect mode) and ~600 cm⁻¹ 
(D2 defect mode) [5]. These peaks help cha-
racterize the short-range order and network 
structure of amorphous silica, demonstrating 
Raman spectroscopy’s ability to analyse both 
crystalline and amorphous materials.

RAMAN SPECTROSCOPY OF 
THICK SILICA-TITANIA SOL-GEL 
FILMS: A CASE STUDY
The study of thick films composed of mi-

xed oxides such as SiO₂-TiO₂ is essential for 
applications in optical coatings, sensors, and 
catalysts. A key factor in these applications is 
the degree of crystallinity, which directly af-
fects the material’s properties and performan-
ce. SiO₂-TiO₂ films are typically synthesized 
using the sol-gel technique, which involves 
the hydrolysis and condensation of metal 
alkoxides, followed by spin-coating deposi-
tion and thermal densification [6-9]. This me-
thod enables precise control over composition 
and film thickness, which in turn influences 
the crystalline phase distribution and Raman 
spectral features.
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In optical applications, such as planar wa-
veguides for integrated optics [10-13], main-
taining a highly uniform amorphous struc-
ture is crucial to minimizing optical losses. 
However, during thermal densification, ana-
tase TiO₂ crystallites may precipitate from the 
glassy matrix, potentially degrading the opti-
cal properties of the films. The onset of ana-
tase crystallization is strongly composition-
-dependent, with TiO₂-rich films (above 20 
wt% TiO₂) exhibiting anatase formation after 
appropriate heat treatment [6].

The quantitative measurement of crystalli-
nity in thick SiO₂-TiO₂ films using Raman 
spectroscopy requires a comprehensive theo-
retical framework that accounts for multiple 
factors influencing the Raman signal, inclu-
ding film thickness, phase distribution, and 
thermal history. Raman spectroscopy is par-
ticularly useful for detecting anatase TiO₂ due 
to its characteristic vibrational modes.

The Raman spectra of SiO₂-TiO₂ films 
with varying compositions (20TiO₂-80SiO₂, 
30TiO₂-70SiO₂, and 40TiO₂-60SiO₂) and thi-
cknesses (~1 µm and ~3 µm) are shown in 
Figure 2. The spectra highlight the distinct 
Raman peaks of anatase TiO₂, with the most 
intense peak at ~144 cm⁻¹, corresponding to 
the Eg mode of anatase. Additional anatase pe-
aks are observed at ~123 cm⁻¹ and ~197 cm⁻¹. 
The 144 cm⁻¹ peak, associated with O-Ti-O 
bending vibrations, serves as a hallmark of 
anatase and is commonly used to quantify its 
phase in TiO₂-based materials [1, 14]. These 
spectral features provide critical insight into 
the crystallization behavior of TiO₂ within the 
SiO₂ matrix and its dependence on composi-
tion and thermal processing conditions.

The Raman spectra of the SiO2-TiO2 films 
shown in Figure2 revealed a strong anatase 
peak at ~144 cm−1, indicating the presence 
of crystalline TiO2 (anatase). The peak at 123 
cm-1 may be assigned to a surface phonon 
mode of the precipitated anatase crystals [1].

The intensity of this peak decreased with 
thickness, reflecting the combined effects of 
oxygen access, temperature gradients, and di-
ffusion of chemical species.

These effects are closely related to the syn-
thesis conditions and film deposition pro-
cess. In order to obtain the samples studied, 
precursor solutions were prepared following 
a method similar to that described in [6], 
using tetraethoxysilane (TEOS) and titanium 
tetraisopropoxide (TPOT) (Alfa Products, 
99%). Initially, TEOS was dissolved in abso-
lute ethanol and pre-hydrolyzed at 70°C for 
1 hour with a molar ratio of H₂O:TEOS=2, 
using hydrochloric acid (HCl) as the catalyst. 
Subsequently, TPOT was added to the pre-hy-
drolyzed solution to obtain the target com-
position of (100-x) SiO₂ - x TiO₂, where x = 
20, 30, and 40 wt%. The SiO2-TiO2 films, with 
thicknesses of up to ~3 µm, were deposited 
onto silicon wafers through repeated cycles 
of spin-coating and thermal densification. 
Spin-coating was performed using a Laurell 
WS-400-6NPP-LITE spin coater (Laurell Te-
chnologies Corporation, USA) at 2500 rpm 
for 30 seconds. Each deposited layer was ther-
mally densified at 900°C for approximately 10 
seconds. Finally, the multilayer films were an-
nealed at 1000°C for 1 hour.

Micro-Raman spectroscopy was conduc-
ted at room temperature using a system equi-
pped with a triple monochromator (Spex 
model 1877), an Olympus BH2-UMA micros-
cope, and an argon ion laser for excitation at 
a wavelength of 514.5 nm and the power level 
was typically 1W. The signal was detected in a 
back-scattering geometry using a Spex Spec-
trum One CCD detector, without polarization 
analysis. The accuracy of the Raman measure-
ments is estimated to be within ±2 cm⁻¹.

The crystallized volume fraction of each 
SiO2-TiO2 film, after heat treatment, was cal-
culated from the intensity of the anatase peak 
at 144 cm−1 (Table 1). A pure TiO2 (anatase) 
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Figure 2. Raman spectra of SiO₂-TiO₂ films with different compositions (20TiO₂-80SiO₂, 30TiO₂-70SiO₂, 
and 40TiO₂-60SiO₂) and thicknesses (~1 µm and ~3 µm). The spectra show characteristic peaks of anatase 
(TiO₂), with the most intense peak at ~144 cm⁻¹ corresponding to the Eg mode of anatase. Other anatase 

peaks are observed at ~123 cm⁻¹ and ~197 cm⁻¹. 

sample was considered as 100% crystalline 
[14]. Table 1 gives values of the crystallized 
volume fraction of anatase (Van), as a function 
of composition (TiO2 wt%). The intensity of 
the Raman shift at 144 cm⁻¹ and the volume 
percentage of anatase, where calculated using 
the following equation:

Sample d (mm) I 144 cm-1 (cps) Van (%)
100T n.a. 32000 100

20T80S 1 924 3
20T80S 3 553 2
30T70S 1 2325 7
30T70S 3 1955 6
40T60S 1 3951 12
40T60S 3 2500 8

Table 1. The intensity of Raman shift at 144 
cm-1 and volume % of anatase 

Measurement Conditions: Laser power = 1 W, 
Exposure time = 50 sec, w~400 nm

The relationship between sample thickness, 
the amount of anatase crystallites, and Raman 
signal intensity may seem contradictory at 
first glance, but it becomes clearer when con-
sidering key factors. In thicker samples, the 
Raman signal is attenuated as the laser pe-
netrates the material, losing energy through 
interactions that lead to absorption and scat-
tering. Consequently, even if a thicker sample 
contains more anatase crystallites, the Raman 
signal may appear weaker due to this attenu-
ation. Similarly, while the quantity of anatase 
crystallites influences Raman signal inten-
sity, this effect is only significant if the laser 
can efficiently interact with them. In thicker 
samples, the signal generated in deeper layers 
may not reach the detector with the same in-
tensity as that from surface layers, leading to a 
competition between thickness and crystallite 
content. If the sample is too thick, attenuation 
may outweigh the benefit of a higher crystalli-
te concentration, whereas in thinner samples, 
reduced attenuation allows the signal to more 
accurately reflect the crystallite content.
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Experimental observations from anata-
se-dispersed SiO₂-TiO₂ films highlight the 
challenges associated with Raman charac-
terization of nanocomposite thick films. Va-
riations in film thickness, composition, and 
heat treatment parameters all contribute to 
spectral differences that must be carefully 
analyzed. In most cases, Raman spectrosco-
py is used without explicitly accounting for 
thickness effects, assuming that the signal in-
tensity directly corresponds to the material’s 
crystallinity. However, the assumption that 
the anatase crystallite distribution follows an 
exponentially decreasing trend from the sur-
face is plausible and can be mathematically 
modeled. This behavior is commonly obser-
ved in thin films deposited by methods such 
as sol-gel, where crystallization is more pro-
nounced at the surface and gradually decrea-
ses toward the substrate.

To improve the accuracy of Raman spec-
troscopy in thick films, methodological ad-
justments can be made. One approach is to 
optimize the beam waist (w), where using a 
larger waist (e.g., 2 µm) increases laser pene-
tration depth and enhances signal collection 
from deeper layers. This study aims to esta-
blish best practices for Raman spectroscopy 
analysis of thick nanocomposite films, ensu-
ring that measured spectra accurately reflect 
the material’s true structural characteristics. 
The proposed methodology integrates theo-
retical models with experimental data, pro-
viding a comprehensive framework for the 
quantitative analysis of crystallinity in thick 
films. 

THEORETICAL BASIS FOR 
RAMAN SIGNAL ANALYSIS IN 
THICK FILMS 

RAMAN SIGNAL AND 
CRYSTALLINITY IN THICK FILMS
The intensity of the Raman signal (IR) is 

directly proportional to the concentration of 
the crystalline phase (Cc) in the material. For 
thick films, where crystallinity may vary along 
the depth (z), the total Raman signal intensi-
ty (IR) is obtained by integrating over the film 
thickness (d):

The crystallinity distribution along the 
depth can be modeled by an exponential de-
cay function:

where CC0 is the maximum crystalline pha-
se concentration at the surface (z=0), and δ is 
the decay length, which defines how quickly 
crystallinity decreases with depth. 

This decay is governed by factors such as 
oxygen access, temperature gradients, and di-
ffusion of chemical species, which are more 
pronounced at the surface and diminish with 
depth.

FACTORS CONTROLLING 
CRYSTALLINITY DISTRIBUTION

OXYGEN ACCESS
Oxygen is essential for the crystallization 

of oxide materials such as TiO₂ (anatase or ru-
tile). In SiO₂-TiO₂ films, the surface is directly 
exposed to the environment, allowing efficient 
oxygen access during deposition or thermal 
treatment. However, as depth increases (z>0), 
oxygen availability becomes restricted due to 
limited diffusion. This limits the formation of 
crystalline TiO₂ in deeper regions, leading to 
a gradual decline in crystallinity.



8
International Journal of Exact Sciences ISSN 2966-1153 DOI https://doi.org/10.22533/at.ed.153212520018

The decay length δ represents the characte-
ristic depth where oxygen diffusion becomes 
significantly restricted, thus controlling the 
crystallinity gradient.

TEMPERATURE GRADIENTS
Crystallization is a thermally activated 

process that is strongly dependent on tempe-
rature. During thermal treatments (e.g., anne-
aling), heat is applied externally, causing the 
film surface (z = 0) to become hotter, while 
deeper regions remain relatively less heated 
due to the substrate acting as a heat sink.

Since higher temperatures enhance crys-
tallization, the surface shows a higher concen-
tration of crystalline TiO₂. As depth increa-
ses, the temperature decreases, reducing the 
driving force for crystallization and leading to 
lower crystallinity.

DIFFUSION OF CHEMICAL SPECIES
In multicomponent films like SiO₂-TiO₂, 

the formation of crystalline phases depends 
on the diffusion of titanium ions (Ti⁴⁺). Near 
the surface, diffusion is efficient, supporting 
the formation of anatase nanocrystals. Howe-
ver, as depth increases, the migration of Ti⁴⁺ 
slows down due to longer distances and struc-
tural barriers (e.g., grain boundaries, defects).

During heat treatment, anatase crystallites 
grow by incorporating Ti⁴⁺ from the surroun-
ding glass matrix, leading to a gradual deple-
tion of the amorphous TiO₂ phase in deeper 
layers.

CRYSTAL SIZE AND ORIENTATION
The size of the crystals (Lc ) significantly 

affects the Raman signal intensity. Larger 
crystals exhibit stronger Raman signals due 
to enhanced long-range order and reduced 
defects. The relationship between crystal size 
and Raman intensity is given by:

where IR0 is the Raman intensity for a refe-
rence crystal size (Lc0). This cubic dependen-
ce arises from the volume scaling of the crys-
talline domains, emphasizing the importance 
of crystal size in quantitative Raman analysis.

As depth increases, if crystal growth is li-
mited by diffusion or temperature, smaller 
crystals will form, leading to a reduction in 
Raman intensity in deeper layers.

The orientation of the crystals relative to 
the electric field vector (E) of the laser radia-
tion also affects the Raman signal. The in-
tensity depends on the angle (θ) between the 
crystallographic axis and the electric field:

This relationship is derived from the dipole 
radiation pattern, where Raman scattering ef-
ficiency is maximized when the crystallogra-
phic axis is aligned with the electric field vec-
tor. Well-aligned crystals result in a stronger 
Raman signal, whereas misaligned crystals 
lead to increased light scattering and multiple 
reflections, which complicate the Raman sig-
nal. In thick films, variations in crystal orien-
tation with depth can cause signal attenuation, 
necessitating careful spectral deconvolution.

MULTIPLE INTERNAL 
REFLECTIONS
In thick films, the Raman signal can be sig-

nificantly affected by multiple internal reflec-
tions of the laser light. Each reflection alters 
the detected intensity, and the total Raman 
intensity corrected for multiple reflections is 
given by:

where IR0 is the initial Raman intensity and 
R is the reflection coefficient of the film. 

This correction ensures that the measured 
signal accurately represents the entire film 
volume, not just the surface.
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INFLUENCE OF BEAM WAIST 
(W) AND DEPTH OF FOCUS ON 
RAMAN SIGNAL

DEPTH OF FOCUS AND BEAM 
WAIST
The depth of focus of the laser beam is de-

termined by the beam waist (w), which defines 
the region where the laser remains tightly fo-
cused. The waist is given by [4]:

where λ is the laser wavelength (e.g., 514 
nm), and θ is the angle defined by the nume-
rical aperture (NA=sinθ), as shown in Fig.1. 

The Rayleigh length (zR) is a fundamental 
parameter that describes the distance over 
which a laser beam remains tightly focused. It 
is defined as the distance from the beam wa-
ist (the point where the beam has the smallest 
radius) where the beam radius increases by a 
factor of √2 [15]. The Rayleigh length is given 
by the formula:

The total depth of focus is approximately:

This implies that a smaller waist (w) results 
in a shorter depth of focus, which improves 
resolution in depth, while a larger waist (w) 
increases the depth of focus, meaning the Ra-
man signal is collected from a larger volume 
within the film.

INTENSITY DECAY OF RAMAN 
SIGNAL IN DEPTH
The Gaussian beam profile means that the 

Raman signal intensity decreases exponen-
tially with depth according to:

where IR0 is the Raman intensity at the fo-
cus. This equation shows that the effective 
sampling depth of the Raman signal is deter-
mined by the beam waist (w). If w is large, the 
laser interacts with deeper layers, capturing 
more structural information but reducing 
depth resolution. Conversely, if w is small, the 
analysis is restricted to a thinner region near 
the surface, improving resolution but limiting 
depth penetration. 

The concept of effective sampling depth 
(zeff) is crucial when considering how Raman 
spectroscopy captures structural informa-
tion from a material at different depths. The 
Equation  describes the rela-
tionship between zeff the beam waist (w), and 
the decay length (δ). This equation accounts 
for both the beam’s focus, which dictates how 
deeply the laser penetrates the material, and 
the material’s properties, which affect the de-
cay of the Raman signal with depth. Unders-
tanding zeff is particularly crucial for analyzing 
thick films or materials with depth-dependent 
properties, as it ensures the Raman signal is 
representative of the entire film thickness, not 
just the surface. By balancing resolution and 
depth penetration, this equation aids in opti-
mizing Raman spectroscopy for comprehen-
sive material analysis. This ensures that the 
Raman signal is representative of the entire 
film thickness.

INTEGRATED MODEL FOR TOTAL 
RAMAN SIGNAL INTENSITY
To account for the interactions between 

all factors, we integrate the contributions of 
crystallinity (Cc ), crystal size (Lc), orienta-
tion (θ), multiple reflections (R), and laser pe-
netration (w) into a single model for the total 
Raman intensity:
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where  accounts for the increase in 
Raman intensity with crystal size, cos2(0(z)) 
represents the effect of crystal orientation 
on Raman scattering,  describes the 
crystallinity decay due to oxygen diffusion, 
temperature gradients, and chemical species 
migration,  accounts for laser inten-
sity decay due to Gaussian focusing and  
corrects for multiple reflections within the 
film.

CONCLUSION
This study highlights critical aspects of 

Raman spectroscopy analysis in thick amor-
phous and crystalline films, particularly tho-
se obtained via sol-gel deposition. While the 
determination of crystallinity in such systems 
is a common practice, the influence of film 

thickness on the Raman signal is often over-
looked. By integrating a theoretical framework 
with an analytical approach, this work draws 
attention to the limitations of conventional 
interpretations and underscores the need for 
more rigorous consideration of depth-depen-
dent effects.

A key insight from this study is the rele-
vance of an exponential decay model to des-
cribe the crystallinity gradient in thick films. 
This model suggests that the concentration of 
the crystalline phase (Cc) decreases with dep-
th (z), influenced by factors such as oxygen di-
ffusion, temperature gradients, and variations 
in chemical mobility during film formation. 
While commonly assumed to be uniform, the 
crystallinity distribution in such films may 
instead follow a depth-dependent trend, af-
fecting the accuracy of Raman-based quanti-
fication.
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