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ABSTRACT

The optical performance of perovskite solar cells depends strongly on the refractive
index (n), extinction coefficient (k), temperature, and electronic structure of the absorber
material. This study investigates the influence of thermal energy and bandgap variation
on the optical constants of MAPbIz perovskite absorbers using temperature-dependent
spectroscopic ellipsometry data obtained over 298.15-348.15 K and bandgap energies
of 1.58-1.77 eV. Linear regression was used to determine the thermo-optic coefficients
(dn/dT and dk/dT) and bandgap-sensitivity coefficients (dn/dEg and dk/dEg), while
derivative spectroscopy identified wavelength regions with enhanced optical sensitivity.
The results show that temperature causes only modest changes in optical dispersion and
absorption, indicating good thermal stability. In contrast, bandgap variation significantly
reduces the refractive index and shifts the absorption edge toward shorter wavelengths,
demonstrating that electronic-structure modification has a stronger influence on optical
behaviour than thermal effects. The highest sensitivities occur near the absorption edge,
where interband transitions dominate. These findings highlight bandgap engineering as
the primary strategy for tuning the optical properties of perovskite absorbers and provide
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useful guidance for the design of efficient and thermally stable perovskite solar cells.
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INTRODUCTION

Hybrid organic—inorganic halide perovskites are among the
most promising materials for next-generation photovoltaic
and optoelectronic applications due to their strong optical
absorption, tuneable bandgap, long carrier diffusion lengths,
and solution-processable fabrication routes (Afre & Pugliese,
2024; Han et al., 2025; Snaith, 2013). In particular,
methylammonium lead iodide (MAPbI3) has attracted
significant attention owing to its direct bandgap (~1.5-1.6
eV), strong visible-light absorption, low exciton binding
energy, and excellent charge transport properties(Snaith,
2013; Stranks & Snaith, 2015), making it a key model system
for studying hybrid perovskite optoelectronics.

The optical response of MAPbIs is described by its complex
refractive index, where the refractive index (n) governs light
propagation and optical confinement, while the extinction
coefficient (k) determines optical absorption (Fox, 2010;
Pankove, 2012). These parameters critically influence
reflection, transmission, absorption, and carrier generation in
photovoltaic devices.

Perovskite optical properties are strongly temperature
dependent due to lattice expansion, electron—phonon
interactions, and bandgap renormalization (Kim et al., 2021;
Wright et al., 2016). In operating conditions, temperatures
can exceed 50-60 °C, affecting both n and k, particularly near
the absorption edge where device performance is most
sensitive (Ma et al., 2025; Raja et al., 2022). Understanding
these effects is essential for reliable device design.

In addition to thermal effects, the bandgap plays a central role
in determining optical behaviour. Bandgap variations, arising
from compositional changes, structural disorder, and
electron—phonon coupling, directly affect optical transitions
and spectral response (Even et al., 2013; Nie et al., 2023;
Wright et al., 2016). Bandgap engineering is therefore a key

strategy for optimizing perovskites in tandem solar cells and
optoelectronic devices (Nie et al., 2023).

Although many studies report perovskite optical properties,
most focus on room-temperature conditions or treat thermal
and electronic effects separately(Green et al., 2014; Jeon et
al., 2015). Thus, the coupled influence of temperature and
bandgap on MAPDIs optical constants remains insufficiently
understood.

Therefore, this study investigates the combined influence of
thermal energy and bandgap variation on the refractive index
and extinction coefficient of MAPbIs using spectroscopic
ellipsometry data. The work aims to clarify how lattice
dynamics, electron—phonon interactions, and electronic
structure collectively govern optical response, providing
insights for improved perovskite solar-cell design.

Refractive Index and Extinction Coefficient

The optical response of a semiconductor material is described
by its complex refractive indexi,

n=n+ik (1)

Where (n) is the refractive index and (k) is the extinction
coefficient. The refractive index governs the propagation and
phase velocity of electromagnetic waves within the material,
whereas the extinction coefficient quantifies optical
attenuation arising from photon absorption (Fox, 2010;
Fujiwara, 2007).

The complex refractive index is related to the dielectric
function through

E=¢ +ig, = (n+ik)? (2)

From which &; = n? — k? and &, = 2nk are obtained. Here,
& and &, represent the real and imaginary components of the
dielectric response, respectively.

The extinction coefficient is related to the optical absorption
coefficient by
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a="" 3)
Where A is the wavelength of the incident radiation.
Consequently, variations in (k) directly influence the
absorption strength of the material, while changes in (n)
determine optical dispersion and light propagation
characteristics.

Thermal Energy Dependence of Optical Constants
Hybrid organic-inorganic perovskites exhibit strong
temperature-dependent optical properties due to their soft
crystal lattices, dynamic structural disorder, and pronounced
electron—phonon interactions. The thermal energy associated
with lattice vibrations is given by

Eep = kT (4)

where kg is Boltzmann's constant and (T) is the absolute
temperature (Kittel, 2018).

As temperature increases, thermal expansion and enhanced
lattice vibrations modify the local electronic environment,
thereby altering both the refractive index and extinction
coefficient (Ghosh, 1998; Peter & Cardona, 2010).
Consequently, the optical constants become temperature-
dependent functions:

n=nAT) (5)

And

k=k(A,T) (6)

For moderate temperature ranges, the temperature

dependence of the optical constants can be approximated by
(Saleh & Teich, 2013; Tropf et al., 1998):

n(T) =ng + BT (M
And
k(T) = ko + BT (8)

Where ny and k, represent the extrapolated optical constants
at zero temperature, while B, and B, are the thermo-optic
coefficients.

The thermo-optic coefficients are defined as (McLachlan &

Meyer, 1987):
d
Bn=10 )
And
=" (10)

And quantify the sensitivity of optical dispersion and
absorption to thermal perturbations. Positive values of B and
Bk indicate an increase in the corresponding optical constant
with temperature, whereas negative values indicate a
decrease. These coefficients provide a quantitative measure
of the thermal sensitivity of optical dispersion and absorption
processes in perovskite materials (Ghosh, 1998; Handa et al.,
2020; Raja et al., 2022).

Electronic Structure Dependence of Optical Constants
The optical properties of perovskite semiconductors originate
from electronic transitions between occupied and unoccupied
energy states. Consequently, the electronic bandgap (Eg)
plays a central role in determining the refractive index,
absorption coefficient, and overall optical response of the
material (Even et al., 2013).

The energy of an incident photon is given by
E=% 11)
Where (h) is Planck’s constant and (c) is the speed of light.
Near the absorption edge, the optical bandgap for a direct-
transition semiconductor may be determined using the Tauc
relation

(aE)? = A(E — EJ™) (12)
where (A) is a proportionality constant and E;”t is the optical
bandgap (Tauc et al., 1966).
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The corresponding absorption-edge wavelength is related to
the band gap by

1240
Ay = e (13)
Where E; is expressed in electron volts (eV) and 4, in
nanometres (nm). An increase in bandgap energy shifts the
absorption edge toward shorter wavelengths (blue shift),
while a decrease in bandgap results in a red shift.
Since the optical response is governed by the electronic
structure, the refractive index and extinction coefficient may
be expressed as
n=n(4E,) (14)
Andk = k(2,Ey) (15)
The sensitivity of optical constants to changes in bandgap is
quantified by
dn

- (16)
And

dk

a5, (17

These parameters describe the rate at which optical dispersion
and absorption vary with electronic-structure modification
and provide a direct measure of the influence of bandgap
engineering on the optical response of perovskite materials.
To evaluate the effect of bandgap engineering on the optical
response, the relative changes in the optical constants may be
expressed as
An = n(Eg) - n(Eg,Tef)
AndAk = k(Ey) — k(Egrer)
(19
Where E ..., denotes a reference bandgap. These quantities
provide a direct measure of how compositional tuning and
electronic-structure  modifications  influence  optical
dispersion, absorption strength, and light—matter interactions
within the perovskite lattice. Variations in the bandgap alter
the density of electronic states, transition probabilities, and
oscillator strengths, thereby affecting both the refractive
index and extinction coefficient(Even et al., 2013)
(Minemoto & Murata, 2014; Raja et al., 2022).

(18)

Derivative Spectroscopy

Derivative spectroscopy is an analytical technique used to
enhance weak, overlapping, or poorly resolved spectral
features that may not be readily visible in the original optical
spectra. Rather than introducing new physical parameters,
derivative spectroscopy utilizes the thermo-optic and
bandgap-sensitivity coefficients defined in Sections 2.2 and
2.3 as wavelength-dependent spectral functions.

By analysing the spectral distributions of dn/dT, dk/dT,
dn/dEg, and dk /dE, subtle changes associated with thermal
perturbations and electronic-structure modifications can be
identified with greater sensitivity than is possible from the
original refractive-index and extinction-coefficient spectra.
Peaks, extrema, and abrupt variations in these derivative
spectra frequently correspond to critical points in the
electronic band structure, enhanced electron—phonon
coupling, or regions of strong interband optical transitions.
Consequently, derivative spectroscopy provides valuable
insight into the mechanisms governing optical dispersion,
absorption behaviour, and light-matter interactions in
perovskite absorbers.

In the present study, wavelength-dependent derivative spectra
were employed to identify spectral regions exhibiting the
highest sensitivity to temperature and bandgap variation,
thereby revealing the dominant optical processes governing
the thermo-optic and electronic responses of the material.
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MATERIALS AND METHODS

Data Source and Description

The optical dataset employed in this study was obtained from
the temperature-dependent optical characterization of triple-
cation perovskite absorbers reported by Raja et al., (2022).
The dataset consists of experimentally measured wavelength-
dependent refractive index, n(A,T), and extinction coefficient,
k(A,T), determined using spectroscopic ellipsometry.
Measurements were conducted over a temperature range of
25-75 °C (298.15-348.15 K) and for absorber bandgap
energies between 1.58 and 1.77 eV.

The dataset contains thirty independent optical spectra
corresponding to six temperatures and five bandgap energies,
providing comprehensive coverage of the near-band-edge
spectral region where optical transitions are strongly
influenced by thermal effects and electronic structure
variations. The data were accessed and utilized under an
American Chemical Society (ACS) RightsLink License
Agreement (License No. 6264710405703), which permits
academic reuse for research and publication purposes.

Data Pre-Processing

Prior to analysis, all temperature values were converted to
Kelvin to ensure consistency in thermo-optic calculations. To
independently evaluate thermal and electronic-structure
effects, the dataset was divided into two subsets.

For the thermal analysis, the bandgap energy was fixed at
1.68 eV while the temperature was varied across 298.15,
308.15, 318.15, 328.15, 338.15, and 348.15 K. A wavelength
range of approximately 751-1690 nm was selected for the
refractive index analysis. This region corresponds to weak
absorption conditions (k ~ 0), where the optical response is
dominated by dispersion, thereby reducing non-linear effects
and improving the reliability of linear regression for dn/dT
and dk/dT.

For the electronic-structure analysis, the temperature was
fixed at 318.15 K (45 °C) while the bandgap energy was
varied from 1.58 to 1.77 eV. A wavelength range of
approximately 826-1690 nm was also used for refractive
index analysis within the weak absorption regime (k =~ 0).
This ensures that the optical response is primarily governed
by dispersion effects, enabling accurate extraction of dn/dEg
and dk/dEg using linear regression.

This preprocessing approach isolates thermal and bandgap
effects while ensuring statistically reliable linear fitting under
quasi-transparent optical conditions.

Thermal Energy Analysis

The thermal energy analysis was performed by examining the
evolution of the refractive index and extinction coefficient
with temperature at a fixed bandgap energy of 1.68 eV.
Spectral distributions of n (A,T) and k(A,T) were analysed
over the temperature range of 298.15-348.15 K to evaluate
the influence of thermal energy on optical dispersion and
absorption behaviour.

Temperature-dependent variations in the magnitude and
spectral position of the refractive-index and extinction-
coefficient profiles were investigated to identify signatures of
lattice expansion, enhanced electron—phonon scattering, and
thermally induced modifications of interband transitions.
Particular attention was given to shifts in the absorption-edge
region and changes in optical dispersion, which provide
insight into temperature-dependent light—matter interactions
within the perovskite absorber.

To quantify the thermo-optic response, wavelength-
dependent thermo-optic coefficients were obtained by fitting
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the optical constants to linear temperature-dependent models
(Equations 6a and 6b).

Electronic Structure Analysis

The electronic-structure analysis was conducted at a fixed
temperature of 318.15 K to isolate the influence of bandgap
variation on the optical response. The study examined the
evolution of therefractive index and extinction coefficient as
the bandgap was varied from 1.58 to 1.77 eV, a range
representative of compositional tuning strategies employed in
tandem perovskite solar cells.

The analysis focused on the variation of optical dispersion,
absorption onset, and refractive-index behaviour with
increasing bandgap energy. The absorption-edge wavelength
corresponding to each bandgap was estimated using Equation
10.

Additionally, the static refractive index and peak refractive-
index positions were evaluated to assess how electronic-
structure tuning influences optical polarization and transition
probabilities. Relative changes in the optical constants were
quantified using Equations 13a and 13b, where Eg,.r =
1.58 eV was selected as the reference bandgap. These
parameters provide a direct measure of the influence of
bandgap engineering on optical dispersion and absorption.

Derivative Spectroscopy Analysis

To enhance weak spectral features and quantify the sensitivity
of the optical constants to thermal and electronic
perturbations, derivative spectroscopy was employed.
Derivative analysis provides increased sensitivity to subtle
changes in optical behaviour that may not be readily
observable in the original spectra.

Temperature Derivatives (dn/dT) and (dk/dT)

The temperature derivatives of the refractive index and
extinction coefficient were determined using linear regression
analysis at each wavelength. The slope of the temperature-
dependent optical response was obtained using the Excel
SLOPE function applied to the six-temperature dataset. The
resulting thermo-optic coefficients were calculated as
Equations 7a and 7b for every wavelength within the
measured spectral range. The wavelength-dependent (dn/dT)
and (dk/dT) spectra were subsequently analysed to identify
spectral regions exhibiting strong thermo-optic sensitivity.
Peaks and extrema in these spectra were interpreted as
indicators of enhanced electron—phonon coupling and
temperature-sensitive interband transitions.

Bandgap Derivatives (dn/dEg) and (dk/dEg)

The sensitivity of the optical constants to electronic-structure
modifications was evaluated through the calculation of the
bandgap derivatives Equations 12a and 12b using
wavelength-dependent linear regression across the selected
bandgap values at 318.15 K.

These derivative spectra quantify the response of optical
dispersion and absorption to bandgap engineering and
provide insight into the influence of compositional
modifications on optical transition probabilities and oscillator
strengths. Regions exhibiting large derivative magnitudes
indicate wavelengths where the optical response is
particularly sensitive to electronic-structurechanges, making
them especially relevant for the design of wide-bandgap
perovskite absorbers for tandem photovoltaic applications.

Data Visualization and Statistical Analysis
All data processing, regression analyses, derivative
calculations, and graphical visualizations were performed
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using Microsoft Excel. Wavelength-dependent spectra of the
refractive index (n), extinction coefficient (k), and the
corresponding sensitivity coefficients (dn/dT, dk/dT, dn/dEg,
and dk/dEg) were generated to evaluate thermal and
electronic-structure effects on the optical response. Linear
regression was applied at each wavelength using the Excel
SLOPE and INTERCEPT functions to determine the
sensitivity coefficients and reference optical constants. The
coefficient of determination (R?) was calculated for all
regressions to assess the validity of the linear approximation.
The generally high R? values obtained across the investigated
temperature and bandgap ranges confirmed the reliability of
the regression-based approach for quantifying optical
sensitivities.

RESULTS AND DISCUSSION

Regression Validity and Model Reliability

To evaluate the reliability of the linear regression approach
used for extracting thermo-optic and bandgap-sensitivity
parameters, the coefficient of determination (R?) was
calculated for all fitted models. Figure 1(a) presents the

(a)

RrR?

dijdlg

dn/dEg

Wavelength (nm)
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wavelength-dependent R? values for dn/dT and dk/dT, while
Figure 1(b) shows the corresponding values for dn/dEq and
dk/dEg.

Overall, the regressions exhibit high R? values across most of
the investigated spectral range, indicating that the optical
constants can be reasonably approximated as linear functions
of temperature and bandgap energy within the selected
operating ranges. The refractive-index regressions generally
show stronger correlations than those of the extinction
coefficient, suggesting that optical dispersion responds more
uniformly to thermal and electronic perturbations than optical
absorption. Localized reductions in R? particularly for
dk/dEg, are most likely associated with the increased
complexity of absorption processes near the band edge, where
multiple electronic transitions and electron—phonon
interactions contribute simultaneously to the optical response
(Even et al., 2013) (Wright et al., 2016). Nevertheless, the
predominance of high R? values confirms that the regression
framework provides a robust basis for quantifying
wavelength-dependent optical sensitivities.

(b)

R)

Wavelength (nm)

Figure 1: Wavelength-dependent coefficient of determination (R?) for the regression
models used to determine (a) thermo-optic coefficients (dn/dT and dk/dT) and (b)
bandgap-sensitivity coefficients (dn/dEg and dk/dEg), demonstrating the reliability of
the linear approximation across the investigated spectral range

Temperature-Dependent Optical Response

Temperature Dependence of the Refractive Index

Figure 2 shows the wavelength-dependent refractive-index
spectra at a fixed bandgap energy of 1.68 eV for temperatures
between 298.15 K and 348.15 K. The refractive index
exhibits normal dispersion behaviour, increasing rapidly in
the short-wavelength region before reaching a broad
maximum near 450-700 nm and gradually decreasing toward
longer wavelengths. A slight increase in refractive index is

2.6000
2.5500
2.5000

2 4500

N
8
2

2.3500

2.3000

Refractive index

2.2500

2.2000
200 100 600 80D

1000 1200 1400

observed with increasing temperature across the entire
spectral range. The temperature-induced variation is
relatively small, indicating that the refractive index of the
perovskite absorber is only moderately sensitive to thermal
perturbations within the investigated temperature interval.
This behaviour is consistent with temperature-induced
modifications of lattice polarization and dielectric response
arising from electron—phonon interactions in hybrid
perovskites (Raja et al., 2022; Wright et al., 2016).

298.15K
308.15K
318.15K
328.15K
——338.15K

348.15K

600 1800

Wavelength (nm)

Figure 2: Wavelength-dependent refractive index (n) spectra of the
perovskite absorber at a fixed bandgap energy of 1.68 eV for
temperatures ranging from 298.15 K to 348.15 K, showing the
influence of thermal energy on optical dispersion
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Temperature Dependence of the Extinction Coefficient

Figure 3 presents the extinction-coefficient spectra at
different temperatures for a fixed bandgap of 1.68 eV. The
extinction coefficient reaches its maximum value in the near-
band-edge region and decreases continuously with increasing
wavelength. Increasing temperature produces only minor
changes in the magnitude of the extinction coefficient,
although slight spectral broadening is evident near the

1.4000
1.2000
1.0000
0.8000
0.6000

0.4000

Extinction coefficient

0.2000

0.0000
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absorption edge. The weak temperature dependence suggests
that thermal effects primarily influence the strength and
broadening of optical transitions rather than significantly
altering the overall absorption profile. Similar temperature-
dependent broadening effects have previously been reported
for hybrid perovskite absorbers and are commonly associated
with enhanced phonon-assisted optical transitions at elevated
temperatures (Raja et al., 2022; Wright et al., 2016).

——298.15K
308.15K
318.15K

\\ ——338.15K

328.15K

348.15K

Wavelength (nm)

Figure 3: Wavelength-dependent extinction coefficient (k) spectra of the perovskite
absorber at a fixed bandgap energy of 1.68 eV for temperatures ranging from 298.15
K to 348.15 K, illustrating the effect of temperature on optical absorption

characteristics

Bandgap-Dependent Optical Response

Bandgap Dependence of the Refractive Index

Figure 4 illustrates the variation of the refractive index with
wavelength for bandgap energies ranging from 1.58 to 1.77
eV at a fixed temperature of 318.15 K. The refractive index
decreases systematically with increasing bandgap energy
throughout the spectral range. The highest refractive-index
values are observed for the smallest bandgap (1.58 eV), while
the lowest values correspond to the widest bandgap (1.77 eV).
This trend reflects the reduction in electronic polarizability
associated with increasing bandgap energy and demonstrates
the strong influence of electronic structure on optical
dispersion. The observed inverse relationship between

2.6000
2.5500

2.5000

N
B

2.4000

2.3500

2.3000

Refractive index

2.2500

2.2000
[s} 500

1000

refractive index and bandgap energy is consistent with
established semiconductor dispersion models and bandgap—
refractive-index correlations reported in the literature. While
initially quantified by the empirical Moss rule (Moss, 1950),
this trend is fundamentally governed by the reduction in
electronic polarizability and oscillator strength associated
with widening the bandgap (Lamichhane, 2023). Recent
studies have further unified these correlations using the
Wemple-DiDomenico single-oscillator model (Lamichhane,
2023)and established specific refractive index—bandgap
relationships tailored for perovskite structures (Khurgin,
2022; Lamichhane & Ravindra, 2022).

1.58eV
1.66eV
1.68eV

1.7leV

1.7 7eV

1500 2000

Wavelength (nm)

Figure 4: Wavelength-dependent refractive index (n) spectra of the perovskite
absorber for bandgap energies between 1.58 and 1.77 eV at a fixed temperature of
318.15 K, demonstrating the influence of electronic structure on optical dispersion

Bandgap Dependence of the Extinction Coefficient

Figure 5 shows the extinction-coefficient spectra for different
bandgap energies at 318.15 K. Increasing bandgap energy
causes a noticeable shift of the absorption edge toward shorter
wavelengths, indicating a clear blue shift. Simultaneously, the
magnitude and spectral position of the absorption peak
change significantly with bandgap energy. Compared with
the temperature-dependent results, bandgap variation

produces substantially larger modifications in the extinction
coefficient, highlighting the dominant role of electronic
structure in determining optical absorption characteristics.
The observed blue shift occurs because wider-
bandgapmaterials require higher photon energies to initiate
interband electronic transitions, thereby shifting the
absorption onset toward shorter wavelengths (Even et al.,
2013; Fox, 2010).
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1.58(eV)
1.66(eV)
1.68(eV)
1.71(eVv)
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Figure 5: Wavelength-dependent extinction coefficient (k) spectra of the perovskite
absorber for bandgap energies between 1.58 and 1.77 eV at a fixed temperature of
318.15 K, showing the effect of bandgap engineering on optical absorption and

absorption-edge position
Comparative Analysis of Thermal and Electronic
Structure Effects
Thermal Energy versus Electronic Structure Effects
A comparative examination of the temperature-dependent
and bandgap-dependent optical responses reveals that
electronic structure modifications exert a substantially greater
influence on the optical constants than thermal energy
variations. As shown in Figures 1 and 2, changes in
temperature from 298.15 K to 348.15 K produce only modest
variations in both the refractive index and extinction
coefficient, with the spectra remaining closely grouped
throughout the investigated wavelength range. In contrast,
Figures 3 and 4 demonstrate significant separation of the
optical spectra as the bandgap increases from 1.58 eV to 1.77
eV. The stronger dependence on bandgap energy indicates
that compositional tuning and electronic-structure
engineering are the primary mechanisms governing optical
dispersion and absorption in the perovskite absorber. While
thermal energy mainly affects the amplitude and broadening
of optical transitions through lattice vibrations and electron—
phonon interactions, bandgap variation directly modifies the
energy levels involved in optical transitions, resulting in more
pronounced changes in the optical response (Even et al.,
2013; Fox, 2010; Raja et al., 2022).

Spectral Evolution of the Optical Constants

The optical constants exhibit distinct spectral evolution in
response to both temperature and bandgap variations. The
refractive index spectra display normal dispersion behaviour
characterized by an initial increase to a broad maximum in the
visible region followed by a gradual decrease at longer
wavelengths. The extinction coefficient exhibits strong
absorption near the band edge and decreases progressively
with increasing wavelength. Temperaturevariation primarily
affects the magnitude and spectral broadening of these
features, whereas bandgap variation significantly alters their
spectral position and intensity. In particular, increasing
bandgap energy causes a systematic blue shift of the
absorption edge and a reduction in refractive index, reflecting

the decreased electronic polarizability of wider-bandgap
materials. These observations demonstrate that the evolution
of the optical spectra is governed by the combined effects of
lattice dynamics and electronic-structure modification, with
the latter providing the dominant contribution to the observed
optical behaviour(Even et al., 2013; Wright et al., 2016).

Thermo-Optic Coefficient Analysis

Wavelength Dependence of dn/dT and dk/dT

Figure 6 shows the wavelength dependence of the thermo-
optic coefficients dn/dT and dk/dT obtained from regression
analysis of the temperature-dependent optical spectra. These
coefficients describe the rates at which the refractive index
and extinction coefficient change with temperature and
therefore provide a quantitative measure of the thermal
sensitivity of optical dispersion and absorption.

The dn/dT spectrum exhibits relatively small values
throughout the investigated wavelength range, indicating that
the refractive index is only moderately affected by
temperature variations between 298.15 K and 348.15 K.
However, the coefficient is not constant across the spectrum,
demonstrating that thermal effects influence optical
dispersion differently at different photon energies. This
behaviour reflects temperature-induced changes in dielectric
polarization arising from lattice expansion and electron—
phonon interactions(Peter & Cardona, 2010).

The dk/dT spectrum displays stronger wavelength
dependence, particularly in the vicinity of the absorption
edge. The enhanced sensitivity in this region indicates that
optical absorption is more strongly affected by thermal
perturbations than optical dispersion. Such behaviour is
consistent with phonon-assisted optical transitions and
temperature-induced broadening of electronic states, which
become increasingly important near the onset of strong
absorption (Raja et al., 2022; Wright et al., 2016). Overall,
the results suggest that thermal effects primarily influence
absorption processes while exerting a comparatively weaker
effect on refractive-index dispersion.
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Wavelength (nm)

Figure 6: Wavelength-dependent thermo-optic coefficients (dn/dT and dk/dT)
obtained from regression analysis of temperature-dependent optical spectra

Wavelength Dependence of ngand ky

Figure 7 presents the wavelength-dependent extrapolated
optical constants n, and k, obtained from the intercepts of
the temperature-dependent regression models. These
parameters represent the intrinsic optical response of the
material in the absence of thermal perturbations.

The n, spectrum exhibits the characteristic normal-dispersion
behaviour observed in the measured refractive-index spectra,
with relatively high values in the visible region followed by a
gradual decrease at longer wavelengths. Likewise, the k,
spectrum retains the typical absorption profile of the
perovskite absorber, characterized by strong absorption near

Optical Constants (no, ko)

the band edge and progressively lower values toward longer
wavelengths.

The similarity between the extrapolated and measured optical
spectra indicates that temperature mainly modifies the
magnitude and broadening of the optical response rather than
its overall spectral shape. Consequently, the intrinsic optical
behaviour remains predominantly governed by the electronic
structure of the material, while thermal effects act as
secondary perturbations superimposed on the underlying
dispersion and absorption characteristics(Fox, 2010).

ko

Wavelength (nm)

Figure 7: Wavelength-dependent extrapolated optical constants (n, andk,)
representing the intrinsic optical response at 0 K

Bandgap-Sensitivity Analysis

Wavelength Dependence of dn/dE, and dk/dE ,

Figure 8 presents the wavelength-dependent bandgap-
sensitivity coefficients dn/dEq and dk/dEg. These parameters
quantify the influence of electronic-structure modification on
the optical constants and provide direct insight into the effects
of bandgap engineering on optical behaviour. The dn/dEg
spectrum is predominantly negative across most of the
investigated wavelength range, indicating that the refractive
index decreases with increasing bandgap energy. This
behaviour is consistent with established semiconductor
theories, which associate wider bandgaps with lower
electronic polarizability and reduced refractive indices
(Moss, 1950) (Fox, 2010). The magnitude of dn/dEg varies
considerably with wavelength, demonstrating that the

sensitivity of optical dispersion to bandgap tuning is strongly
wavelength dependent.

Similarly, dk/dEg exhibits substantial spectral variation, with
the largest magnitudes occurring near the absorption edge.
The predominantly negative values indicate a reduction in
optical absorption as the bandgap increases, reflecting the
progressive blue shift of the absorption edge and the
requirement for higher-energy photons to initiate interband
transitions in wider-bandgap materials (Even et al., 2013).
The larger magnitudes observed for dk/dEg compared with
dn/dEg further suggest that bandgap engineering has a
stronger influence on absorption processes than on optical
dispersion.
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Wavelength (nm)

Figure 8: Wavelength-dependent bandgap-sensitivity coefficients (dn/dEg and
dk/dEg) obtained from regression analysis of bandgap-dependent optical spectra

Wavelength Dependence of n,.. and k,..¢

Figure 9 presents the wavelength-dependent reference optical
constants, nrer and Krer, Obtained from the intercepts of the
bandgap-dependent regression models. These spectra
represent the baseline optical response corresponding to the
reference electronic structure utilized in the regression
analysis. Both nrer and ket retain the characteristic dispersion
and absorption behaviour observed throughout the study,
confirming that the overall spectral profiles remain governed
by the intrinsic electronic structure of the perovskite absorber.
However, a comparison of Figures 6-9 reveals that the
magnitudes of dn/dEg and dk/dEg are generally greater than
those of dn/dT and dk/dT, demonstrating that electronic

Optical Constants (g k.

structure modification induces substantially larger changes in
the optical constants than thermal perturbations. This finding
aligns with the earlier comparative analysis and reinforces
that bandgap engineering is the dominant mechanism
controlling optical dispersion and absorption in the
investigated perovskite system. Ultimately, the strong
sensitivity of both the refractive index and extinction
coefficient to bandgap variation highlights the critical
importance of compositional optimisation for tailoring the
optical properties of high-efficiency perovskite and tandem
solar cell architectures. (Even et al., 2013; Raja et al., 2022).

- kraf

nraf

Wavelength (nm)

Figure 9: Wavelength-dependent reference optical constants (nref and kref) obtained
from the intercepts of the bandgap-dependent regression models

Derivative Spectroscopy and Optical Sensitivity
Temperature Sensitivity of Optical Dispersion

The derivative spectrum dn/dT highlights spectral regions
where refractive index is most responsive to temperature.
Larger absolute values of dn/dT indicate wavelengths with
strong thermo-optic effects, typically linked to electron—
phonon coupling and temperature-dependent dielectric
polarization. Similar behaviour has been reported in
semiconductors and perovskites, where thermo-optic effects
arise from lattice expansion and changes in electronic
polarizability (Ghosh, 1998; Peter & Cardona, 2010).
Overall, the small magnitude of dn/dT across most
wavelengths confirms thermal stability, beneficial for
photovoltaic operation under fluctuating conditions.

Temperature Sensitivity of Optical Absorption

The derivative spectrum dk/dT reveals that absorption is most
temperature-sensitive near the band edge, where transitions
are strongly influenced by lattice dynamics and phonon
interactions. This behaviour reflects thermal broadening and
phonon-assisted transitions, consistent with hybrid perovskite
studies showing that temperature mainly redistributes
transition probabilities rather than altering overall absorption

(Raja et al, 2022; Wright et al., 2016). At longer
wavelengths, the thermal impact diminishes.

Electronic Structure Sensitivity of Optical Dispersion

The derivative spectrum dn/dEg shows predominantly
negative values, indicating that increasing bandgap energy
reduces refractive index due to lower electronic
polarizability. This inverse relationship aligns with
semiconductor dispersion models(Fox, 2010; Moss, 1950).
Compared with dn/dT, the magnitude of dn/dEg is much
larger, confirming that bandgap engineering exerts stronger
control over dispersion than thermal variation.

Electronic Structure Sensitivity of Optical Absorption

The derivative spectrum dk/dEg peaks near the absorption
edge, where interband transitions dominate. Increasing
bandgap energy shifts the edge to shorter wavelengths,
producing significant changes in absorption strength. These
results highlight that bandgap engineering has a far greater
impact on absorption than thermal variation, making it the
principal mechanism for tailoring optical properties (Even et
al., 2013; Minemoto & Murata, 2014).
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Implications for Optical and Device Engineering of
Perovskites

Thermal Stability and Optical Performance

Thermal perturbations produce modest changes in refractive
index and absorption, with noticeable effects mainly near the
band edge. This stability reduces temperature-induced
efficiency losses, ensuring reliable operation under typical
conditions. However, under extreme environments—such as
high solar flux or elevated ambient temperatures—thermal
broadening of states can still influence carrier dynamics and
optical confinement. Effective thermal management
strategies (e.g., encapsulation, heat dissipation layers) are
therefore recommended to safeguard long-term stability
(Ghosh, 1998; Peter & Cardona, 2010).

Bandgap Engineering and Optical Management

Bandgap engineering exerts a far stronger influence on
optical behaviour than thermal variation. Adjusting bandgap
energy through compositional tuning directly modifies
dispersion, absorption strength, and the absorption-edge
position. Derivative spectra identify wavelength regions most
responsive to bandgap modification, enabling precise control
of optical constants for enhanced light harvesting and spectral
utilization. In practice, optical management strategies such
as halide substitution, cation mixing, or alloying allow
tailoring of bandgap values to match device requirements,
improving optical confinement and maximizing photovoltaic
efficiency (Even et al., 2013; Minemoto & Murata, 2014).

Design Guidelines for High-Performance Devices
The combined insights from derivative spectroscopy and
device engineering suggest clear design guidelines:
i. Maintain thermal stability by  minimizing
temperature-sensitive regions near the band edge.
ii. Exploit bandgap engineering to optimize dispersion
and absorption for targeted spectral ranges.
iii. Integrate optical management techniques (anti-
reflection coatings, textured interfaces, light-trapping
layers) to maximize photon utilization. These strategies

ensure that perovskite absorbers achieve both
robustness and high efficiency in real-world
applications.

Relevance to Tandem Perovskite Solar Cells

Wide-bandgap perovskites are essential as top absorbers in
tandem architectures, where spectral matching between
layers determines current balance and overall efficiency.
Bandgap engineering enables the fine-tuning of the
absorption edge and refractive index, ensuring optimal
overlap with the spectral response of the bottom cell.
Furthermore, derivative analysis highlights the spectral
regions most sensitive to compositional modification, guiding
material selection for tandem designs. Recent studies confirm
that halide mixing or alloying can achieve the required blue
shift of the absorption edge, establishing electronic structure
engineering as the dominant strategy for tandem-cell
optimization.(Green et al., 2025; NREL, 2022).

CONCLUSION

This study investigated the effects of thermal energy and
electronic structure on the refractive index and extinction
coefficient of MAPDI3 perovskite absorbers using
temperature- and bandgap-dependent optical data. The results
indicate that temperature induces only minor changes in
optical dispersion and absorption, primarily driven by lattice
vibrations and electron—phonon interactions. In contrast,
bandgap variation significantly alters both optical constants,
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reducing the refractive index and shifting the absorption edge
toward shorter wavelengths. Furthermore, the extracted
thermo-optic and bandgap-sensitivity coefficients reveal a
strong wavelength dependence, with the greatest sensitivities
occurring near the absorption edge. Regression analysis
confirmed the reliability of the linear sensitivity models
across the investigated ranges. Overall, electronic-structure
modification exerts a much stronger influence on optical
behaviour than thermal energy. These findings demonstrate
that bandgap engineering is the most effective approach for
tailoring the optical properties of perovskite absorbers,
providing valuable insights for the development of high-
efficiency and thermally stable perovskite solar cells.
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