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Comparison of Methods and Results for Determining Optical
Characteristics of Bismuth Ferrite Thin Films Grown by Reactive
Magnetron Co-Sputtering
Andrejus Litvakasz m and Aleksandras Iljinas

Department of Physics, Kaunas University of Technology, LT-51368 Kaunas, Lithuania

Bismuth ferrite (BFO) thin films were deposited by reactive magnetron co-sputtering in a pure oxygen environment at varying
substrate temperatures in the range of 475 °C–550 °C in increments of 25 °C. As-deposited films were characterized for their
structural, morphological and optical properties using X-ray diffraction (XRD), scanning electron microscopy (SEM), and optical
absorption measurements. SEM and XRD analysis showed increase grain growth and crystallinity with increase of substrate
temperature. Highest phase purity was observed in the sample grown at 500 °C and higher temperatures showed degraded phase
purity with highest content of Bi2Fe4O9 and β-Bi2O3. The optical band gap of BFO films varied in the range of 2.32–2.36 eV. The
refractive index n(λ) was evaluated using Kramers-Kronig relations and the Swanepoel envelope method. Kramers-Kronig relations
calculation showed a monotonic increase in n(λ) as opposed to Swanepoel envelope methods non-monotonic results. Transfer
matric models confirmed that the values of n(λ) obtained by the Swanepoel envelope method align more closely to experimental
transmittance spectra despite the samples weakly modulated spectra.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
2162-8777/ae020c]
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Bismuth ferrite (BiFeO3, BFO) thin films are known for their
multiferroic properties which manifest as simultaneous ferroelectric
and antiferromagnetic behavior at room temperature. BFO films also
exhibit a wide optical band gap of 2.2 eV–2.7 eV and a high
refractive index.1–3 This makes BFO a suitable material for applica-
tions in spintronics, non-volatile memory devices, and photovoltaic
systems.4,5 The optical properties of BFO thin films are highly
dependent on their crystal structure, stoichiometry, and surface
morphology all of which are dependent on the deposition conditions,
particularly the substrate temperature during growth.6–8

During film deposition by reactive magnetron co-sputtering the
stoichiometry can be controlled account for bismuth volatility at
higher substrate temperatures. This method also shows high deposi-
tion rates with strong adhesion to the substrate.9,10 Typically, during
reactive magnetron sputtering, the films are deposited using a
mixture of oxygen/argon gas. However, an oxygen-rich environment
allows the post-deposition annealing process to be skipped, de-
creasing the risk of phase segregation as well as the original dense
structure achieved during deposition is preserved.11–13

To estimate the refractive index of thin films methods such as
Kramers-Kronig relations (KK)14,15 and the Swanepoel envelope
method16 can be used. The choice of method can significantly impact
the accuracy and reliability of the calculated results. The Swanepoel
envelope method relies on strong interference fringes in the
transmittance spectrum, which makes the method sensitive to film
thickness variations and also the surface roughness. The KK method
can provide a more robust approach since the use of only the
absorption data may be sufficient to derive the refractive index.17–19

While both Kramers-Kronig and Swanepoel envelope methods
are widely used for optical characterization of thin films, direct
comparisons between these techniques are rarely performed, parti-
cularly in cases where the transmittance spectra exhibit weak or
poorly resolved interference fringes. This condition is common in
oxide thin films with compositional or structural inhomogeneities.
Most literature reports either apply one method in isolation or avoid
films with weak modulation altogether. To our knowledge, this work
is the first to perform a comparative evaluation of KK and
Swanepoel methods for BFO films under weak interference condi-
tions, supported by validation through transfer matrix modeling. This
approach not only identifies the practical limitations of each method

but also provides insight into their reliability and consistency with
experimental data in challenging optical regimes. While functional
studies such as piezoresponse or photocatalytic performance are of
interest, this work focuses exclusively on the structural and optical
properties of BFO thin films and the comparative evaluation of
refractive index extraction methods.

In this work, BFO thin films were synthesized using a layer-by-
layer reactive magnetron co-sputtering technique in a pure oxygen
environment. The influence of substrate temperature during deposi-
tion on their structural, morphological, and optical properties was
investigated. The optical characteristics of the films were determined
using the Tauc plot method for the determination of the band gap and
a comparison of optical characterization methods was performed. By
comparing the optical characterization methods for determination of
the refractive index, we aim to provide insights into their reliability
and applicability in the context of weakly modulated transmittance
spectra.

Experimental

Bismuth ferrite thin films were synthesized using a developed
layer-by-layer direct current reactive magnetron co-sputtering tech-
nique. Soda–lime glass with a thickness of 1 mm (manufacturer:
Nanoshel Company, Cheshire, UK) was used as a substrate. High-
purity targets (Kurt J. Lesker Company, Dresden, Germany, 3 inches
in diameter, disc-shaped, and with a purity of 99.9%) of single
elements (Bi and Fe) were used for each magnetron. The starting
pressure was 5 × 10−3 Pa. The chosen deposition temperatures were
475 °C, 500 °C, 525 °C, and 550 °C, with oxygen as the process gas,
maintaining a working pressure of 1 Pa during deposition. The BFO
films were then formed with deposition carried out in situ for a 1 h
period. The deposition conditions of the films are summarized in
Table I.

To examine the structural characteristics of the BFO films, X-ray
diffraction (XRD) was performed using a Bruker D8 Advance
diffractometer (Bruker, Billerica, MA, USA) with monochromatic
CuKα radiation in Bragg–Brentano geometry. The average size of
the thin-film crystallites was determined from peak broadening using
single-line and multiple-line analysis. The surface morphology of the
films was examined using a scanning electron microscope (S-3400N,
Hitachi, Tokyo, Japan) at an operating voltage of 10 kV. The
elemental distribution of Fe, Bi, and O in the films was analyzed
via energy-dispersive spectroscopy using a Bruker Quad 5040
spectrometer (AXS Microanalysis GmbH, Hamburg, Germany).zE-mail: andrejus.litvakas@ktu.edu
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The transmittance spectra of the bismuth ferrite films were
measured at normal incidence using a UV–VIS–NIR spectrophot-
ometer (Ocean Optics USB4000, Ocean Optics, Inc., Dunedin, FL,
USA) in the 380–780 nm range. The film thickness was measured
using profilometry yielding values of 420 nm ± 10 nm. This
thickness value was used throughout the band gap and optical
modeling analysis. The refractive index of the thin films was
calculated using two approaches: Kramers-Kronig (KK) relations
and the Swanepoel envelope method.

Results and Discussion

The substrate temperature has a great effect on the surface
morphology of BFO films. SEM images of the films grown at
different temperatures (475 °C, 500 °C, 525 °C, and 550 °C) show a
clear trend in grain evolution. Figure 1 shows the SEM images of the
samples and the grain size distribution histograms are shown in
Fig. 2. For each sample, the grain size distribution was evaluated
from 100 individual grains. The mean values and standard deviations
(σ) are reported in Fig. 2. The measurement uncertainty is estimated
at ±5 nm, primarily due to image resolution limits and edge grain
segmentation errors

At 475 °C, the film exhibits a fine-grained and relatively dense
structure, with small crystallites distributed across the surface. The
film exhibits the smallest average grain size (250.6 nm) with
relatively low size dispersion (σ = 1.19). As the substrate tempera-
ture increases to 500 °C, the grains become more defined, indicating
enhanced adatom mobility and improved crystallinity. There is an
increase in average grain size to 337.9 nm, along with a slight rise in
dispersion (σ = 1.22). As the substrate temperature increases to
525 °C a decrease in the average grain size is observed. The average
size decreases to 314.5 nm with a further size dispersion increase (σ
= 1.28). The deviation from the trend may reflect the prominent
reappearance of secondary phases in the film as confirmed by XRD
analysis. Secondary phases may have suppressed uniform growth of
BFO that led to the increased grain size variability. At substrate
temperature of 550 °C the average grain size increased to 383.2 nm
with some grains forming elongated or irregular morphologies. This
may suggest a possible change in growth mode or strain
relaxation.20–22 This sample showed the largest grain size dispersion
(σ = 1.29).

All films exhibited continuous and crack-free surfaces, with grain
size remaining in the range of 250.6 nm to 383.2 nm. The compact
morphology and absence of drying-induced cracking is notable given
the lack of any post-annealing treatment. In contrast, sol–gel
methods, often produce porous or cracked films unless annealed
carefully to relieve stress and promote densification.23,24 The as-
deposited morphology in our case reflects sufficient adatom mobility
during growth. Higher substrate temperatures increase adatom
mobility25 that promote surface diffusion. The observed increase in
grain size with temperature is attributed to this thermally activated
diffusion processes, which promote crystallite coalescence and
reduce the grain boundary density.26 However, at higher tempera-
tures, variations in morphology indicate that excessive thermal
energy may influence film stress and defect formation.27,28

X-ray diffraction (XRD) was used to investigate the phase
composition and crystallinity of BFO (BFO) thin films deposited

Table I. Deposition parameters and their values.

Deposition parameters Values

Partial pressure of active O2 gas, Pa 1
Target to substrate distance, cm 7
Applied voltage to target (Bi), V 250
Applied current to target (Bi), A 0.4
Applied voltage to target (Fe), V 250
Applied current to target (Fe), A 1
Substrate temperature, °C 475, 500, 525, 550

Figure 1. Scanning electron microscopy (SEM) images of BFO thin films deposited at substrate temperatures of 475 °C (a), 500 °C (b), 525 °C (c), and 550 °C
(d). Progressive grain evolution is observed with increasing temperature.
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at different substrate temperatures: 475 °C, 500 °C, 525 °C, and
550 °C. The resulting diffraction patterns are shown in Fig. 3, with
peak positions corresponding to the rhombohedral perovskite BFO
phase (R3c group no. 161) with lattice parameters of a = b = 5.59 Å,
and c = 13.85 Å. (PDF:04-014-7267), and secondary phases
identified as Bi2Fe4O9 (PDF:01-072-1832) and β-Bi2O3 (PDF:04-
015-6851). The XRD data were analyzed to determine crystallite
size, using conventional Scherer’s formula:

= [ ]D
k

cos
1

where k = 0.9, λ is X-ray wavelength, θ is Bragg’s angle, and β is
the full width of diffraction line at half of the maximum intensity.
The average crystallite size was 33 nm, 39 nm, 33 nm, and 45 nm for
the 475 °C, 500 °C, 525 °C, and 550 °C respectively.

At substrate temperature of 475 °C, the BFO phase is formed, as
evidenced by well-defined as evidenced by the (012), (104), (110),
(006), and (024) reflections of rhombohedral BFO. At this
temperature the (012) orientation is preferred. Secondary phase
peaks of Bi2Fe4O9 (2θ = 28.35°) and β-Bi2O3 (2θ = 27.88° and
32.71°) are also present in the sample. Under lower-temperature
conditions these prominent secondary phases suggest suppressed
crystallization kinetics hinder the incorporation of Bi and Fe into
the perovskite lattice.29 This results in the unreacted species
forming Bi-rich regions that crystallize as β-Bi2O3, and Fe-rich
regions crystallize as Bi2Fe4O9.

30 At 500 °C both the phase purity

and crystallinity increases. The (012), (104), and (110) peaks
corresponding to BFO are more intense and narrower compared to
the sample grown at 475 °C. The peaks associated with Bi2Fe4O9

(2θ = 28.35°) and β-Bi2O3 (2θ = 27.88° and 32.71°) present in the
475° sample are substantially suppressed here, indicating a
significant reduction in the concentration of these secondary
phases. At 525 °C the (110) reflection of BFO is substantially
diminished. Strong (012) and (104) BFO peaks are of similar in
intensity and sharpness to those at 500 °C, indicating continued
high crystallinity of these BFO orientations. However, the sec-
ondary phase peaks begin to reappear, particularly β-Bi2O3 (2θ =
27.88° and 32.71°), and a Bi2Fe4O9 (2θ = 28.92°). Also, an
appearance of additional orientations of Bi2Fe4O9 (2θ = 23.71° and
47.14°) is observed along with an emergence of unidentified phases
at 2θ = 23.04° and 34.98° marked in Fig. 3 by a star (*). The
reemergence of these peaks along with an emergence of unidenti-
fied peaks suggests a temperature-induced destabilization of the
single-phase BFO structure due to bismuth volatility at elevated
temperatures. Even though the perovskite phase remains dominant,
the onset of Bi loss compromises phase purity.31 As the tempera-
ture of the substrate increases to 550 °C the BFO peaks remain
intense and well-defined. A trend emerges showing that with the
increase in substrate temperature BFO appears to prefer the (104)
orientation under these conditions. However, at this elevated
temperature the Bi-loss leads to the increase and reemergence of
both Bi2Fe4O9 (2θ = 23.71°, 28.92°, and 47.14°) and β-Bi2O3

(2θ = 27.88°, 32.71°, and 46.14°) secondary phases.

Figure 2. Grain size distribution histograms derived from SEM analysis for BFO films grown at various substrate temperatures. Each histogram is based on 100
measured grains.

ECS Journal of Solid State Science and Technology, 2025 14 093006



To quantify the relative phase composition in the films, Rietveld
refinement was performed using HighScore Plus software. The phase
concentrations for BiFeO3, β-Bi2O3, and Bi2Fe4O9 were extracted for
all samples. The film deposited at 500 °C exhibited the highest BiFeO3

content (76%), with 11% β-Bi2O3 and 13% Bi2Fe4O9. In contrast, the
475 °C sample showed only 55% BiFeO3, with elevated secondary
phase content: 27% β-Bi2O3 and 18% Bi2Fe4O9. The 525 °C and 550 °
C samples also exhibited significant secondary phase presence, with
BiFeO3 fractions of 62% and 59%, respectively. These results confirm

that while none of the films are fully phase-pure, the 500 °C deposition
condition yields the highest degree of phase selectivity and minimal
parasitic phase incorporation across the series.

The BiFeO3 phase content peaks at 76% in the 500 °C sample,
with the lowest concentration of secondary phases (β-Bi2O3 and
Bi2Fe4O9) across the series. This result, achieved without any post-
deposition annealing, indicates a relatively high level of phase
selectivity within a narrow thermal window. For context, sol–gel-
derived BFO films typically require annealing at 600 °C or higher to
reach comparable crystallinity and eliminate secondary phases,32

while PLD-grown films achieve full perovskite purity at deposition
temperatures above 700 °C.33 Thus, although our films are not fully
phase-pure, the structural outcome at 500 °C reflects efficient in situ
phase formation enabled by reactive co-sputtering in a pure oxygen
environment.

The XRD results suggest a non-monotonic relationship between
phase purity and substrate temperature. An increase in substrate
temperature typically leads to increased crystallinity. But since
bismuth is volatile under high-temperature, low-pressure (vacuum)
conditions elevated temperatures also promote Bi volatility which
leads to the formation of secondary phases. Among the samples
analyzed the sample grown at 500 °C substrate temperature shows
the best balance between phase purity and crystallinity, yielding a
nearly single-phase BFO film with minimal secondary phases. Thin
BFO films deposited by reactive magnetron sputtering at relatively
low substrate temperatures (around 450 °C–475 °C) tend to be
poorly crystallized and often contain non-perovskite secondary
phases.34 As demonstrated by the 475 °C sample, lower substrate
temperatures tend to hinder crystallization kinetics that lead to
degraded phase purity.

The optical transmittance spectra of the BFO thin films are
presented in Fig. 4. These measurements, recorded in the

Figure 3. XRD patterns of BFO thin films deposited on glass substrates at different substrate temperatures. Peaks corresponding to the rhombohedral BFO phase
(in parentheses) and secondary phases of Bi2Fe4O9 (circle) and β-Bi2O3 (triangle) are indicated.

Figure 4. Optical transmittance spectra of BFO thin films deposited at
varying substrate temperatures.
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380–780 nm wavelength range, provide insight into the optical
density, phase purity, and structural integrity of the films, which
are closely linked to their microstructure and crystallographic
features.

The 475 °C sample exhibits the highest overall transmittance.
This high transmittance indicates a low optical absorption coefficient
and density, consistent with the presence of secondary phases that
either have larger band gaps or are sparsely distributed.35 The 500 °C
sample shows a reduced overall transmittance along with an increase
in absorbance in the ∼400–550 nm range. As the XRD data
confirmed this sample exhibits enhanced crystallinity and suppres-
sion of secondary phases at this temperature. higher structural order,
denser film morphology, and higher optical path lengths within well-
crystallized grains can lead to stronger light–matter interactions
increasing absorbance.36,37 A reduction and smearing of the trans-
mittance curve are observed in the and 550 °C and 550 °C samples,
with the 550 °C sample exhibiting the strongest optical attenuation.
The broader absorption tail is consistent with increased sub-gap
absorption, which can be attributed to Urbach-type behavior

resulting from due to high thermal energy induced defects.38

Structural findings support the increased absorption with an increase
in secondary phase intensity, and possible defect formation due to Bi
volatility. Even though the crystallinity remains high at these
temperatures the excess thermal energy that can promote secondary
phase segregation, which introduces optical scattering and non-
radiative losses.

Among the samples, the film deposited at 500 °C demonstrates
the most favorable combination of high phase purity, controlled
morphology, and moderate optical density, making it the optimal
condition for applications requiring transparent or photoresponsive
BFO thin films.

The band gap of semiconductors can be one of two types: direct
and indirect band gap. The minimum energy of the electrons in the
conduction band and the maximum energy in the valence band are
characterized by crystal momentum, k-vector, in the Brillouin zone.
To evaluate the optical absorption edge of the BFO films, we
employed the Tauc plot method on the UV–vis transmittance data
assuming a direct allowed transition. For each sample, the absorption
coefficient α (Fig. 5) was calculated from the absorption data and
film thickness using the expression:

( ) = ( ) [ ]2.303
A

d
2

where A(λ) is the absorbance, and d is the film thickness. A Tauc
plot of (αhν)2 vs photon energy was constructed assuming a direct
allowed transition.

The Tauc plots showed a linear region just above the absorption
edge, from which the direct optical band gap Eg was obtained by
extrapolating to the intercept of the photon energy axis. The resulting
curves are shown in Fig. 6. All samples exhibit a well-defined
absorption onset in the visible region, confirming the wide band gap
semiconducting nature of the BFO phase. To account for uncertainty
in the band gap extraction, each Tauc plot was fitted over multiple
linear regions near the absorption edge, and the standard deviation of
the extrapolated intercepts was determined. The resulting uncertainty
in the band gap values is estimated at ±0.02 eV. This variation
reflects the subjectivity in selecting the linear fitting range and the
influence of spectral noise.

The extracted band gaps fall within a narrow range of 2.32–-
2.36 eV, with only slight variation across the series. The band gap
values were plotted as Eg vs substrate temperature in Fig. 7. The
slight variations in the band gap are within the expected margin of

Figure 5. Absorption coefficient α(λ) for BFO thin films, calculated from
UV–Vis absorbance data. The absorption edge is sharpest for the 500 °C film,
indicating improved crystallinity and minimal defect-related absorption tails.

Figure 6. Tauc plots of (αhν)2 vs photon energy for BFO films, used to
extract direct band gap values. Linear extrapolation indicates consistent band
gap values across samples, with minimal deviation.

Figure 7. Variation of optical band gap energy with substrate temperature.
The deviation by 40 meV fall within analytical uncertainty, suggesting the
band structure of BFO remains stable over the investigated temperature
range.
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error associated with Tauc plot extrapolation. The linear slope region
of the (αhν)2 plot can be influenced by data noise, uncertainty in film
thickness measurements, and the subjectivity in selecting the fitting
range. The 40 meV difference between the extreme values (2.32 eV
and 2.36 eV) is likely not indicative of a true band gap modulation
but rather reflects analytical uncertainty. This reinforces that the
electronic structure of the BFO phase remains essentially stable
within this temperature window, and no significant temperature-
induced band structure alteration occurs in the absence of extreme
phase decomposition. These band gap values fall within the expected
range39 for BFO films prepared by high-temperature PLD or
annealed sol–gel methods, indicating that our films achieve compar-
able optical behavior despite lower thermal input and the absence of
post-deposition crystallization steps.

The KK analysis was conducted using the absorbance-derived
extinction coefficient k(λ), calculated from UV–vis transmission
data over the spectral range of 380–780 nm.

Where A is the absorption at a given wavelength, and d is the film
thickness. The film thicknesses were measured independently by
profilometry. From this, the extinction coefficient k(λ) was

calculated as:

( ) = ( ) [ ]k
4

3

The calculated extinction coefficient k(λ) can be seen in Fig. 8.
Subsequently, n(λ) was obtained by numerically evaluating the KK
integral, which connects the real and imaginary parts of the complex
refractive index through:

( ) = ( ) [ ]n 1
2

P
k

d 4
0 2 2

where P denotes the Cauchy principal value. Since only the
absorption data was used, the accuracy of n(λ) depends directly on
the precision and spectral completeness of the extinction coefficient
k(λ), especially near the absorption edge. Since the KK method used
in this study relies entirely on the absorption spectrum, any
inaccuracies in α(λ) or film thickness directly propagate into the
real part of the refractive index. While the KK approach offers a
causally consistent framework linking k and n, its reliance on
complete absorption spectra and sensitivity to numerical extrapola-
tion can lead to overestimation of n(λ) in strongly absorbing or
defect-rich samples,40 as observed in the 525 °C and 550 °C films.
Using the KK analysis, we obtained the spectral dispersion of the
refractive index n(λ) and the extinction coefficient k(λ) for the BFO
thin films. Figure 9 illustrates the refractive index dependency on
wavelength for the four samples.

The refractive indices were also calculated by the Swanepoel
envelope method. Usually, this method can be applied to films
exhibiting clear, periodic interference fringes. These fringes arise
from constructive and destructive interference between parallel film
surfaces. However, in this study, the transmittance spectra of the BFO
films exhibited only weak and modulation, especially for the samples
grown at higher substrate temperatures (525 °C and 550 °C). This
fringe suppression is attributed to moderate absorption in the visible
range, film roughness, and compositional inhomogeneity. These
conditions are common in oxide films with secondary phases present.

Despite these limitations, Swanepoel envelope method was still
employed. The envelope curves were constructed using a minimal
set of visually selected extrema that showed consistent curvature and
spacing relative to the overall trend. When only one extremum was
available, the surrounding spectral shape was used to guide the
extrapolation of the envelope’s trajectory under the assumption of a
slowly varying interference pattern. Third-order polynomial fits were
then applied to these manually selected points to generate continuous
upper and lower envelope functions. This approach, while approx-
imate, allows for a physically reasonable reconstruction of the
interference envelope and enables the use of the Swanepoel method
even in the absence of fully developed fringes.

Even though the envelopes were constructed approximately, in
some cases with only one visible extremum and guided by visual
estimation—the refractive index values calculated from these envel-
opes showed physically reasonable behavior. The calculated n(λ)
values followed smooth, non-erratic trends across the spectral range,
did not show artificial jumps or noise amplification, and aligned with
expectations from film morphology and known material properties.
Because of this, the approximated envelopes despite being based on
sparse data still yielded meaningful optical constants. The refractive
index n(λ) was then calculated from these envelopes (Fig. 10). The
refractive index n(λ) was then calculated from these envelopes.

Given the weak modulation of transmittance, uncertainty in envelope
identification introduces a refractive index estimation error of approxi-
mately ±0.05 in the transparent spectral region. This was estimated by
varying the envelope trace by ±2% and recalculating n(λ). The refractive
index at a given wavelength was calculated using the relation:

( ) = [ + ] [ ]n N N s 52 2 0.5

Figure 8. Extinction coefficient k(λ) of BFO films calculated from UV–vis
absorbance data.

Figure 9. Refractive index dispersion curves obtained from Kramers-Kronig
analysis for BFO films. A monotonic increase in refractive index with
substrate temperature is observed.
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where

= + + [ ]N
2sT

T T

s 1

2
6m

m M

2

here, TM and Tm are the transmittance maxima and minima
respectively, and s is the refractive index of the substrate. The
calculated refractive index values are shown in Fig. 11. Values were
calculated in the 500–780 nm range due to difficulties of fitting the
upper and lower envelopes below 500 nm.

The refractive index curves obtained through the KK method
show a monotonic increase of the refractive index with substrate
temperature. The 475 °C film shows the lowest refractive index
(2.17–2.45), while the 550 °C film reaches a peak value of 3. At first
glance the trend of increasing n(λ) can be interpreted as caused by
increased crystallinity, grain growth, and the increase in optical
density. However, the transfer matrix models contradict this inter-
pretation.

In the Swanepoel-derived n(λ) values in the range from 500 nm
to ∼580 nm the approximate nature of the envelope fitting brings
uncertainties in the results due to the imprecise convergence of the
envelopes in this range. Above this range the curves of n(λ) (Fig. 11)
exhibit a non-monotonic trend with substrate temperature, except for
the sample grown at 500 °C. As this sample was composed of
minimal secondary phases and exhibited high crystallization, this
curve may represent the pure BFO film refractive index due to
minimal influence of the secondary phases. In films with an optical
resonance condition, where improved film crystallinity and minimal
light-scattering loss coinciding with interference optimization, can

lead to artificially elevated n(λ) values using the envelope method.
This effect has been reported in films with strongly varying
absorption or spatial inhomogeneity near optimal growth
conditions.16 This trend diverges from the monotonic increase in n

Figure 10. Constructed transmittance envelopes for BFO thin films using the Swanepoel method. Due to weak interference fringes, envelope curves were
estimated from visually selected extrema and fitted using third-order polynomials to approximate upper and lower bounds for refractive index calculation.

Figure 11. Refractive index dispersion calculated using the Swanepoel
envelope method. A non-monotonic variation in refractive index with
substrate temperature is observed.
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obtained via the (KK) method and from expectations based on film
density or crystallinity alone. The comparison of the curves is shown
in Fig. 12.

To validate the results obtained from both methods transfer
matrix modeling (TMM) was performed. The experimentally mea-
sured transmittance spectrum of each film was fitted using a
multilayer optical model (air/film/glass). To determine which of
the two methods produced the best fitting transmittance curve to the
experimentally obtained transmittance data of the films we used the
output values of the Swanepoel envelope method and KK method as
input data for the transfer matrix modelling.

The first dataset included the real part of the refractive index that
was obtained from the Swanepoel envelope method calculations and
the extinction coefficient values were calculated from the experi-
mentally obtained absorbance data. The second dataset was obtained
from the KK calculations, where both n and k were calculated from
the absorbance data. The modelled theoretical transmittance curves
were compared with the experimental transmittance curves in
Fig. 13. The model assumed a single BFO layer of 420 nm thickness,
as measured experimentally. No thickness fitting was performed;
instead, the measured values were fixed to avoid artificial compensa-
tion for refractive index or extinction coefficient deviations.

Both input datasets resulted in transmittance spectra of similar
shape to the experimental data. However, when Swanepoel-derived
optical constants are used as input for the TMM simulations, the
resulting transmittance spectra closely match experimental data,
while KK-derived values tend to overshoot the experimental values
by as much as 20%. This indicates that the Swanepoel envelope

method provides more physically representative n values despite
difficulties fitting the envelopes. This practical agreement reinforces
the utility of Swanepoel’s method even in the absence of well-
defined interference fringes, as long as the envelope extraction
remains internally consistent.

The refractive index values obtained via Swanepoel and KK
methods diverge not only in trend but in physical plausibility across
the temperature series. As temperature increases, KK predicts a
steady increase in n even at 525 °C and 550 °C, where structural data
shows reemergence of secondary phases and potentially increased
roughness. This is physically inconsistent since increased disorder
and phase separation should suppress coherent light propagation,
reducing effective refractive index. The KK results thus fail to reflect
the optical degradation evidenced by both decreased transmittance
and increasing Urbach tails in absorption.

The drop in refractive index, calculated by Swanepoel envelope
method, at 525 °C and 550 °C correlates with the onset of Bi
volatility, increased parasitic phase content (notably Bi2Fe4O9 and
β-Bi2O3), and grain boundary disorder, all of which increase
scattering and reduce refractive contrast. The high n at 500 °C is
also supported by structural data: this sample exhibits the highest
phase purity and crystallinity, leading to enhanced refractive contrast
and strong light–matter interaction. While its optical loss is not the
lowest in the series, it reflects a balance between transmission and
refractive coherence - unlike the 525 °C and 550 °C samples, where
optical density increases due to scattering, defect states, and parasitic
absorption. Hence, Swanepoel’s non-monotonic n profile maps
accurately onto the full set of structural (XRD), morphological

Figure 12. Comparison of refractive index values obtained via Kramers-Kronig and Swanepoel envelope methods. While KK-derived values increase
monotonically with temperature, Swanepoel-derived n(λ) captures the non-monotonic trend reflective of structural degradation at higher temperatures.
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(SEM), and optical data, while the KK results misrepresent the
effects of high-temperature degradation.

Conclusions

BFO thin films were successfully grown by reactive magnetron
co-sputtering technique in a pure oxygen environment without post-
annealing of the samples. The substrate temperature of 475 °C
resulted in poor crystallinity, while the film grown at 500 °C
exhibited high crystallinity, minimal secondary phase content (76%
BFO), dense and crack-free morphology, and a good optical
response. At higher substrate temperatures of 525 °C and 550 °C
high crystallinity was observed, but the onset of Bi loss led to severe
phase degradation with an increase in secondary phases (Bi2Fe4O9

and β-Bi2O3). Despite the presence of secondary phases, the 500 °C
sample shows a well-crystallized BFO-rich film with good optical
quality and dense morphology, all achieved without post-deposition
annealing. These results confirm that reactive co-sputtering in pure
oxygen, without the need for argon gas, provides a viable pathway
for BFO film fabrication, with fewer processing steps, and in situ
phase formation at lower thermal budgets than typical PLD or
sol–gel methods.

The refractive index, extracted from both the Swanepoel en-
velope method and Kramers-Kronig relations, was used as input for
the transfer matrix modeling to produce theoretical transmittance
spectra of the samples. When values obtained from the Swanepoel
envelope method were used as input for the transfer matrix, the
resulting spectra aligned more closely to experimental data, while
values obtained from KK method overestimated the transmittance.

These results demonstrate the practical reliability of the Swanepoel
method, even under suboptimal fringe visibility, and highlight its
utility in thin-film systems where weak interference and composi-
tional inhomogeneity often occur. These findings are particularly
relevant for the integration of BFO thin films in applications such as
transparent optoelectronics, photovoltaics, and non-volatile mem-
ories, where accurate optical modeling and low-temperature proces-
sing are critical.
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