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Spectroscopic Ellipsometry Characterization and Radiative
Limit Modeling of Bismuth-Based Perovskite-Inspired

Absorbers for Indoor Photovoltaics
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Sirius Yli-Paavola, Paola Vivo,* and Kati Miettunen*

Lead-free bismuth-based perovskite-inspired materials (Bi-PIMs) are emerging
as wide bandgap semiconductors for sustainable optoelectronic applications,
including indoor photovoltaics (IPVs). Computational modeling is a powerful
tool to understand and optimize their device performance. However, device-
relevant thin film optical constants for these absorbers remain scarce, limiting
quantitative optical and electrical design. Here, for the first time the optical
constants of two promising thin-film Bi-PIMs—Cu,AgBil¢ and Cs;Bi,|¢Br;—
are determined using spectroscopic ellipsometry. The applied graded

effective medium approximation model is supported by the atomic force
microscopy and scanning electron microscopy characterizations of varying
film thicknesses. A realistic planar device stack is then simulated under both
AM1.5G solar and 1000 Ix indoor spectra. Under indoor conditions (1000 Ix,
4000 K color temperature), the optical photocurrent limits are ca. 91 pAcm=2
for Cu,AgBil, and ca. 32 pA cm~2 for Cs,Bi,l¢Br; with the corresponding
radiative-limit efficiencies of ca. 42 % and ca. 18 %, respectively. These

results reveal a significant optical margin and motivate efforts to suppress
nonradiative recombination and improve charge transport. More broadly, the
extracted optical constants enable accurate photogeneration estimation for

1. Introduction

Indoor photovoltaics (IPVs) are an emerg-
ing trend in the field of photovoltaics.['*!
The concept involves harvesting ambient
light to power devices around us ‘on the
spot’, where they are used, thereby improv-
ing energy efficiency in built environments
and reducing the need for intermediate
steps, such as electricity transmission and
storage. Wide-bandgap (E,) absorbers are
particularly suitable for indoor light har-
vesting, in contrast to the lower bandgap
materials optimized for outdoor solar
applicationsl®l. Detailed balance analyses
predict single junction limiting efficiencies
of 50 % for band-gaps in the range of 1.7—
2.0 eV under representative indoor spectra,
significantly higher than the outdoor the-
oretical limit at any E,.l'l Currently, the
IPV market is dominated by amorphous
silicon.[?3] However, promising results

optoelectronic device modeling, providing insights into current performance
limitations of Bi-PIM devices and guiding strategies to overcome them.
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have recently been reported for organic
photovoltaics, ! dye-sensitized solar cells,!”]
and perovskite solar cells.'®] Among these
emerging IPV technologies, perovskite
solar cells have demonstrated record IPV
efficiencies (>40%)® due to their high
defect tolerance and facile bandgap tunability. However, the lead
toxicity associate with perovskites underscores the urgent need
for sustainable, lead-free alternatives.[”]

Lead-free, bismuth-based perovskite inspired materials (Bi-
PIMs) offer a compelling route to achieve the desired wide-
band-gaps with high compositional stability and a benign
toxicology profile.112 Among these, Cu,AgBil; (CABI) and
Cs;Bi, I Br; (CBI) feature optical bandgaps of ca. 2.0eV and
ca. 2.4 eV, respectively—placing CABI near the optimal range
for IPVs, while CBI serves as a useful high E, reference.
CABI is a unique PIM composition for its inherently low exci-
ton binding energy (25 meV) and high defect tolerance, mak-
ing it an ideal candidate for wide-bandgap (x~2.0eV) IPV
applications.

Although promising initial indoor device power conversion
efficiencies (PCEs) of 5-6% (10001x illuminance) have been
demonstrated for CABI,!13! further progress is hindered by the
lack of insights from optoelectronic simulations enabled by
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device-relevant optical constants (n(4), k(1)) measured on the
thin films typically used in IPV architectures. To date, only a
few studies have employed spectroscopic ellipsometry (SE) to ex-
tract optical constants for Bi-based PIMs. For example, Valas-
tro et al. investigated Bi-based A,Bi,X,-type single crystals by
ellipsometry providing insights especially on the excitonic and
continuous bands, exciton binding energies, and their temper-
ature dependence based on the Critical Point analysis of ellip-
sometry data.'"] However, thin film n and k data for CABI suit-
able for quantitative optical/optoelectronic modeling remain
scarce.

Therefore, it is imperative to determine the optical constants—
the complex index of refraction (n and k)—for CABI using spec-
troscopic ellipsometry to fill this current gap in the literature.
The complex index of refraction of a material defines its in-
teraction with light: the real part (n) typically governs refrac-
tion, while the imaginary part (k) describes absorption. Accu-
rate knowledge of these optical constants enables precise mod-
elling of reflection, transmission, local absorption, and photo-
generation (G,,) in a device across wavelengths. Therefore, com-
plex refractive index spectra are critical for optical and optoelec-
tronic modeling for optimizing device performance in a wide
range of optoelectronic applications. For example, considering
photovoltaic performance, the complex refractive index de-
fines the reflectance at the material interfaces according to
the Fresnel laws and the absorption in the absorber. Be-
cause n is typically larger than k (in non-metallic materials),
n is especially important for determining and, ideally, mini-
mizing the reflectance of a solar cell. k on the other hand
is interconvertable with the absorption coefficient («) mak-
ing it an important parameter for maximizing the absorp-
tion. Spectroscopic ellipsometry is a powerful, yet underuti-
lized technique for determining the optical properties of PV
materials.[*”]

In this study, we determine n(4) and k(4) for thin film CABI
and CBI via spectroscopic ellipsometry for the first time, sup-
ported by atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM) to validate the optical model applying
graded Bruggeman effective medium approximation (EMA) layer
for the studied films. We apply the obtained optical constants
data to estimate the previously uncertain practical maximum
achievable photogeneration limits and radiative recombination-
limited PCEs of CABI and CBI devices under the white light-
emitting diode (WLED) indoor spectra of different color tem-
peratures (2700 to 6500 K) and the reference AM1.5G solar ir-
radiance. The obtained optical photocurrent density (J,;) limit
of ca. 91 uA cm™? for CABI under 3 W m~2 indoor illumination
translates into a radiative limit PCE of ca. 42% with the simu-
lated device stack. Finally, we investigate the effect of absorber
layer thickness on the device performance, providing insights
for device design. The results quantify the optical margin avail-
able for these emerging Bi-PIM IPVs, identify charge collection
and nonradiative losses as the dominant remaining bottlenecks,
and provide the necessary optical inputs for electrical model-
ing and optical design. Therefore, we advance the development
of Pb-free Bi-PIMs for efficient power conversion of indoor il-
lumination and enable further research on these promising
IPVs.
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2. Results and Discussion

2.1. Film Thickness, Coverage, and Roughness Evaluation

Ellipsometry is sensitive to both film thickness and surface
roughness. Therefore, we applied SEM and AFM to better under-
stand the sample structure, specifically the thickness and mor-
phology of the films (Figures S1-S5, Supporting Information).
SEM images (Figures S1 and S2, Supporting Information) indi-
cated good overall sample coverage, although some regions of ex-
posed substrate remained still visible. To account for this, AFM
was used to extract actual height distributions (Figure S4, Sup-
porting Information) in addition to describing the peaks and val-
leys of the sample surfaces. In this analysis, the substrate surface
served as the height reference point.

AFM height distributions showed that both CABI and CBI
thicknesses increased with precursor concentrations as intended
(Figure S4, Supporting Information). The most frequent height
values were ca. 56,112, and 272 nm for the CABI samples and ca.
52,70, and 162 nm for the CBI samples of varied precursor con-
centrations. Additional peaks at lower heights could be observed,
especially in CBI samples (Figure S4, Supporting Information).
Otherwise, the height distributions resembled normal distribu-
tions. The origin of the small peaks at low heights is somewhat
uncertain. The peaks could originate from isolated small grains
or a very thin, nearly continuous film. On the other hand, they
could represent the substrate surface.

From SEM and AFM analysis, we conclude that the samples
were rough and the void volume fraction f (material volume frac-
tion 1 — f) increased (decreased) quasi-continuously from the sub-
strate surface to the maximum sample height. Thus, we applied
graded EMA layer in the ellipsometry analysis to model the sam-
ple films on top of the silicon substrate (Figure 1a). To fit the sam-
ple structure, that is, film thickness () and void volume fraction
(f) distribution, and initial optical constants (n and k), a general
oscillator model with three Tauc-Lorentz oscillators was first ap-
plied (Figure 1b; Tables S1-S4, Supporting Information).

The chosen optical model was fitted to the ellipsometry data for
each sample individually and the fitted sample structures were
compared to the AFM data (Figure 2). The thicknesses corre-
sponding to 50:50 volume ratio between the sample and void (f5;)
obtained from SE and AFM, respectively, agreed well, as shown
in Figure 2. The void volume fractions obtained from SE by fit-
ting slightly underestimated the variance of height distributions,
as evident from the sharper fitted distributions compared to the
AFM results (Figure S5, Supporting Information). Altogether, the
applied graded EMA model, with the fitted sample specific t and
f, was found to model the rough samples reasonably well and the
structure parameters were fixed for more accurate optical con-
stant extraction.

Considering the possibility of the small peaks at low heights
(Figure S4, Supporting Information) actually representing the
substrate surface, the zero level should be fixed slightly differ-
ently in that case. This alternative AFM zero-point determina-
tion was tested and it produced slightly different height distri-
butions but basically equal agreement between the ellipsometry
and AFM data was obtained (Figure S6, Supporting Information).
The change would not affect the ellipsometry analysis in any case
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Figure 1. Ellipsometry model and analysis. a) Optical stack used in SE: Si | SiO, | sample film: graded EMA roughness (21 sublayers) | air. Figure is not

to scale. b) Analysis workflow.

because the ellipsometry model and the structure parameters ¢
and fwere fixed based on the fitting to the ellipsometry data. AFM
was conducted to be sure that the fitted sample structure was
realistic.

In general, smooth films are preferred for ellipsometry. There-
fore, the sample roughness, that remains with certain mate-
rials and/or preparation methods, required careful considera-
tion to ensure accurate ellipsometry analysis. One potential is-
sue arising from roughness is scattering because it might cause
depolarization, which would require more complex Stokes
vector-Mueller matrix calculus.['®! Despite the rough samples, de-
polarization was measured to be small (Figure S7, Supporting
Information) meaning that the polarization state of the detected
light was well defined to a large degree here. Therefore, Mueller
matrix effects were negligible (because of the small depolariza-
tion). Another point to consider was the proper modeling of the
roughness.['’] We applied quasi-continuous graded EMA layer
with twenty-one sublayers to model the samples to consider the
roughness and the film structure agreed well with the AFM re-
sults as presented above. The graded EMA model has also been
successfully applied for rough samples in the literature.'#]

2.2. Optical Characterization
With the structure fixed, we applied point-by-point fitting to find

the optical constants n and k for each sample individually. The
fits reproduced the experimental ellipsometer data (the ampli-
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tude ratio ¥ and the phase difference A) well especially in the
case of the thinner samples, as shown in Figure 3 and Figures S8
and S9 (Supporting Information). The fits for the thickest films
deviated from the measurements in places while capturing the
main features (Figures S8 and S9, Supporting Information). The
mean square error (MSE) increased as the sample thickness in-
creased (Figure S10, Supporting Information). A point-by-point
arithmetic mean over the individually fitted spectra among the
acceptable MSE samples (CABIy,,, .., CABIL,. .., CABIL,, . and
CABl,,,, and CBI,,., CBIL,;, ., and CBI,,,,, respectively) was
applied to obtain our result for the optical constants.

The obtained optical constants of CABI and CBI are presented
as the complex index of refraction (n, k) and the complex dielec-
tric constant (g,, €,), see Figure 4. These two equivalent repre-
sentations should be interconvertible. Due to the averaging of
optical constants over several samples, the presented (n, k) and
(¢4, &) are not strictly interconvertible, but they are very close
(Figure S12, Supporting Information). They are both shown here
because both representations are frequently applied to represent
the optical properties of materials.

n(CABI) increased from ca. 1.9 at 300 nm to ca. 2.6 at 435 nm
and almost to 3.0 at 610nm before a slight decline and the
smooth area of ca. 2.5 from 1200nm onwards (Figure 4a;
Figure S11, Supporting Information). k(CABI) showed a broad
absorption onset at around 610nm and another peak at ca.
425 nm. k(CABI) was ca. 0.8 at the first shoulder (at 565 nm) cor-
responding to a high absorption coeflicient (ca. 1.7 X 10° cm™),
which agrees with the literature.2!l Equivalently, ¢,(CABI)
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Figure 2. Agreement between AFM and ellipsometry thickness metrics.
a) CABI and b) CBI: 50 thickness from SE versus AFM derived median
height for films prepared from varying precursor concentrations on silicon
substrates.

increased from ca. 6.5 at 1eV to ca. 8.8 at 2eV before decreas-
ingto ca. 6.7 at 2.3 eV, ca. 6.0 at 2.85 eV and yet again to ca. 2.7 at
4 eV (Figures 4c; Figure S11, Supporting Information). ¢,(CABI)
increased from ca. 0.4 at 1 eV to ca. 4.3 at 2.2 eV, showed another
peak of 5.3 at 2.9 eV, and decreased from 5 to ca. 4.5 between 3
and 4eV.

n(CBI) was slightly larger than n(CABI) throughout the stud-
ied range. n(CBI) increased from ca. 2.1 at 300nm to ca. 2.9
at 390nm (the first peak) and to ca. 3.4 at 525nm (the second
peak) before a smooth decline to ca. 2.6 at 1000 nm (Figures 4b;
Figure S11, Supporting Information). k(CBI) also showed a broad
but slightly sharper absorption onset at around 530 nm compared
with k(CABI). We observed two peaks in k(CBI) spectrum: the
first of ca. 0.9 at 500 nm and the second of ca. 1.5 at 340 nm. Cor-
respondingly, &, (CBI) increased from ca. 6.9 at 1eV to ca. 11.2 at
2.35¢eV (the first peak) and decreased to ca. 2.7 at 4 eV showing
another peak of ca. 7.7 at 3.1eV in between (Figures 4d; Figure
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S11, Supporting Information). ¢, (CBI) showed one peak of ca. 5.5
at 2.45 eV and another wider peak of ca. 7.5 at 3.5 eV. A slightly
higher absorption coefficient at the first peak (~2.2 X 10° cm™})
was obtained here compared with a reported value for single crys-
tal Cs,Bi, [, in the literature.l'¥]

The extracted sample specific optical constants varied moder-
ately, that s, relative changes were ca. 10 % for CABI and ca. 30 %
for CBI right above the bandgap (Figure S13, Supporting Infor-
mation). The optical constants from the thinnest samples were
concluded to give the most reliable result for the n and k, consis-
tent with the literature.[??] Even larger relative changes have been
detected for the optical constants of more common perovskites
like MAPbI3 between different studies which was observed to
probably originate from the surface roughness.[??! In addition to
the different thickness samples, we paid attention to the rough-
ness modeling as discussed above. In the future, smoother films
and comparison to the first principles calculations could poten-
tially help to reduce the sample-to-sample variation and deepen
the understanding of underlying optical transitions.)] How-
ever, preparing smoother films may not be straightforward in
Ppractice.

We further studied the sensitivity of the determined optical
constants to the model properties, that is, the number of graded
EMA sublayers and the roughness characterized by the rate of
change of the void volume fraction (f) in the graded EMA layer
(Figure S5, Supporting Information). Different number of sub-
layers (11, 21, and 31) had an insignificant effect on the fitted
layer thickness (Figure S14, Supporting Information). However,
the fitted roughness was consistent only for 21 and 31 sublayers,
while the roughness was different for some samples with 11 sub-
layers. 21 sublayers was concluded necessary and sufficient num-
ber of sublayers. The effect of the number of graded EMA sublay-
ers on n and k was mostly small and it was related to the rough-
ness (Figures S15 and S16, Supporting Information). Therefore,
the effect of the roughness was further studied. The increased
roughness was observed to slightly increase n, but the effecton k
varied between the different samples: k decreased for most of the
individual samples, but it decreased for some (Figures S17 and
S18, Supporting Information). Altogether, the effect was within
the same order of magnitude as the sample-to-sample variance.
MSE was noted to maintain at a similar level or slightly increase
for the artificially added roughness (Figure S19, Supporting In-
formation).

We compared different methods previously applied for simi-
lar materials, namely Tauc plot,[212+27] Elliott’s model,["#1*28] and
Critical Point fitting,'*! to determine the band-gaps of CABI and
CBI, respectively, based on the optical constant data (Table 1 and
Figures S5 and S6 and S20-S22, Supporting Information). Tauc
plot produced the smallest band-gaps for both materials: 1.98 eV
for CABI and 2.33 eV for CBI. The values by Elliott’'s model and
Critical Point fitting agreed well to one another despite small dif-
ferences and they were 0.05—0.1eV larger compared with those
of Tauc plot for both materials, respectively. Tauc plot has pre-
viously demonstrated a direct gap of 1.95eVI?!] while Elliott’s
model fit has produced slightly larger values of 2.06 V™! and
larger (increasing with the decreasing temperature)/?! for CABI.
We obtained similar values including the difference between the
methods which highlights that the excitonic nature of these ma-
terials makes the extracted band-gap values method-dependent.
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Figure 3. Representative ellipsometry fits for thin films. a,b) CABIs,,, and c,d) CBlyg,,,: measured ¥ and A (symbols) and model fits (solid lines) at

three applied incidence angles.

In the case of CBI, our band-gap values from Elliott fit and Crit-
ical Point fit corresponded better to the excitonic peak (2.54eV)
reported for single crystal Cs;Bi,I, than the continuous absorp-
tion which was assigned for a much larger value (2.87eV).[1*]
Our absorption onset matched better with the reference. The
main difference between the absorption spectra for Cs;Bi,I;Br,
thin film here and Cs;Bi, I, single crystal in the literature was
that we did not observe a distinct peak in the absorption spec-
trum. Instead, the absorption continuum began right after the
exitonic part. The differences in absorption spectrum may arise,
for example, from the halide mixing or the structural difference,
that is, a thin polycrystalline film versus a bulk single crystal. A
similar continuous absorption spectrum with a less distinct ex-
citonic peak for mixed halide Cs;Bi,I,Br; has been reported as
well.[??] However, the absorption onsets for both Cs,Bi,1;Br; and
Cs;Bi, I, were reported for much lower values (below 2 eV) in that
case.[?]

Adv. Optical Mater. 2026, 14, 03237 e03237 (5 0f11)

2.3. Optical Simulations

We utilized the obtained optical constants to run optical sim-
ulations of solar cells applying CABI and CBI, respectively, as
an absorber (Figures 5; Figures S23 and S24, Supporting Infor-
mation). Planar device structure was modeled with the follow-
ing layers and thicknesses SiO, (2 mm)/FTO (400 nm)/c-TiO,
(50 nm)/CABI or CBI (varying thicknesses)/Spiro-OMeTAD
(50 nm)/Au (100 nm), see Figure 5a. Perpendicular irradiation of
indoor and solar spectra were modeled. Given the wide band-gaps
of CABI and CBI, the indoor application is more prominent, and
simulations under solar spectrum were conducted for reference.

Based on the optical simulation, useful absorption (that is, the
fraction of incident photons absorbed within the absorber above
E,) in CABI device oscillated between ca. 83 % and ca. 93% at
wavelengths from 400 nm to 626 nm, which corresponds to the
band-gap (Figure 5b). Parasitic absorption was strong for short
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Figure 4. Optical constants of CABI and CBI. a,b) Refractive index and c,d) dielectric constant of CABI (panels a and c) and CBI (panels b and d). The
shaded areas represent the standard deviations across different samples. For the full measurement range of 300-2500 nm, see Figure S11 (Supporting
Information), and for the tabulated optical constant data, see Data Availability section.

wavelengths, but decreased toward 400 nm, and remained at or
below ca. 5% above 400 nm. Reflection oscillated between ca.
5% and ca. 20 % over the studied wavelengths. The useful ab-
sorption sets an optical limit to the external quantum efficiency
(EQE) which, thus, was simulated to vary around 85 % to 90 %
over a broad wavelength range with the applied planar configu-
ration and CABI layer thickness of 220 nm.

To estimate the maximum achievable photocurrent, the nor-
malized absorption of CABI in the modeled solar cell was
multiplied by an indoor irradiance spectrum, integrated un-
til the bandgap wavelength, and converted to the units of
electric current (Figure 5c). Perfect charge extraction was as-
sumed to study the optical limit. The simulation predicted
an integrated maximum achievable photocurrent (Int.J,,) of
91.1uA cm™? (Figure 5¢) under the modelled indoor irradiance
with a color temperature of 4000 K and an illuminance of 1000 1x
(500 Ix: 45.5 pA cm™, 100 Ix: 9.1 pA cm~2, Figure 5d). Int. ]}, var-
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ied within 85-102pA cm~2 under different color temperatures
from 2700 to 6500 K with the constant illuminance of 1000 Ix
as shown in Figure 5d (see Figure S25, Supporting Informa-
tion for the different indoor spectra, the data for 6500 K spec-
trum was previously published.[*]) Similar calculation under the
modelled solar irradiance (AM1.5G; 1000 W m~? power density)
produced Int. ], of ca. 12.9mAcm™ (Figure S23, Supporting
Information).

Table 1. Bandgap energies of the two Bi-PIMs obtained by different
methods.

Tauc plot (direct, allowed) Elliott’s model Critical Point
CABI 1.98 eV 2.03eV 2.09eV
CBI 2.33eV 2.43eV 2.39eV
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Considering the uncertainty in the n and k spectra (Figures 4;
Figures S13, Supporting Information), we performed sensitivity
analysis for the optical simulation by linearly scaling the mea-
sured spectra with scaling factors (f, and f,) varying from 0.9
to 1.1 and from 0.5 to 1.5, respectively (Figure S26, Support-
ing Information). While one spectrum was varied, the other
was kept constant. The two are related via Kramers-Kronig re-
lations, but the purpose was to quantify the effect of the spe-
cific properties. Int.J,, changed only little despite the large
change in the absorption coefficient (Figure 5c). Int. ], decreased
less than 4% from ca. 91.1pAcm™2 to ca. 87.7uAcm=2 un-
der indoor irradiance (3 Wm™2) and from ca. 12.9mAcm2 to
12.4mA cm™? under solar irradiance when f, = 0.5. Interest-
ingly, Int. J;, decreased even in some cases with f, > 1, which
was due to stronger reflection (Figure S27, Supporting Informa-
tion). However, the absorber layer thickness that was required for
the maximal G, strongly depended on f, (Figure S27, Support-
ing Information). The effect of the real part (n) was also small
(Figure S23, Supporting Information), and the effect was more
straightforward: higher n increased and lower n reduced the
reflectance.

CBI device was modeled similarly to the CABI device
(Figure S24, Supporting Information). Useful absorption varied
between 85 % and 93 % in the wavelength range of 375 to 500 nm
before decreasing towards the band-gap at ca. 530nm. Reflec-
tion varied between 5% and 16 % at wavelengths from 300 to
530 nm, and parasitic absorption decreased from 80 % at 300 nm
to 5% at 370 nm and remained at the level of 5% or below until
530nm (Figure S24, Supporting Information). Compared with
the CABI cell, we obtained clearly smaller Int. ], for CBI cell:
ca. 32 yA cm~2 under the indoor 4000 K and 1000 Ix illuminance
(500 Ix: 16pAcm™, 100 Ix: 3.2pAcm™2, 21-50pAcm™ un-
der different color temperatures from 2700 to 6500 K with
the constant illuminance of 1000 1x) and ca. 7.2mA cm™ un-
der the solar irradiance, respectively (Figure S24, Support-
ing Information). The wider E, of CBI lead to the signif-
icant color temperature dependence of Int.J, due to the
change in available photon flux with E,.., > E, as illus-
trated also by the perfect absorption limit (Figure S24e, Sup-
porting Information). As in the case of CABI device, we ob-
served small changes in Int. J;, when scaling the n and k spec-
tra (Figure S24, Supporting Information). The optimal CBI layer
thickness also changed with the f, (Figure S28, Supporting
Information).

The changes in the predicted photocurrent upon such large f,
variation were notably small. Despite slightly surprising at first,
we find it fitting to the theory. According to Beer-Lambert law,
light intensity attenuates exponentially when propagating in an
absorbing medium. Therefore, most of the light is absorbed close
to the front side anyway, and the order of magnitude is more im-
portant than the exact value. The exact value of the absorption
coefficient tells the distance at which a given share of light is
absorbed. Thus, the key parameter to consider was the absorber
layer thickness (Figures S27 and S28, Supporting Information).
We find the small change in Int. ], despite the varied absorption
coefficient relate to the large enough absorber film thickness. The
thinner the absorber layer, the stronger the dependence of the
photogeneration on the absorption coefficient (Figures S29 and
S30, Supporting Information). In addition, f, strongly affected
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the CABI (or CBI) layer thickness to achieve a certain G, value
(Figures S27 and S28, Supporting Information).

Radiative recombination limited operation was further cal-
culated from the simulated photogeneration to demonstrate
the more realistic optical limits of PCE (Figure 6) compared
with the typical theoretical calculation with the perfect absorp-
tion above the band-gap, that is, the assumption of 100 % use-
ful absorption up to the band-gap wavelength. At the radiative
limit, Int. ], converted directly to short circuit current (J),
that is, ca. 91uAcm= and ca. 13mA cm=2 for the CABI de-
vice under indoor and solar irradiances, respectively (Figures 6a
and 6D). The perfect absorption radiative limits of ] were ca.
106 uA cm™ and ca. 15 mA cm~2 under indoor and solar irradi-
ance, respectively, which were approximately 16 % higher than
the radiative limits based on the simulated G, correspond-
ing to the reflection and parasitic absorption losses (Figure 5b).
CABI layer thickness affected J; and PCE as it affected G,
(Figure 6b,c; Figure S29, Supporting Information). Minor ef-
fect on open circuit voltage (V,.) was also observed (Figure S31,
Supporting Information). Our calculation based on the simu-
lated G, produced the radiative-limited PCEs of ca. 42 % and
20% under 4000 K WLED indoor and solar irradiance, respec-
tively (Figure 6¢). These limits increased to 49 % and 23 %, re-
spectively, with the perfect absorption. The color temperature
sensitivity of the PCE limits is presented in Figure S31 (Sup-
porting Information). Corresponding radiative limits of PCE
for CBI device were ca. 18 % and 13 % under indoor and so-
lar irradiance, respectively, when the simulated G, was ap-
plied and ca. 21% and 16% under indoor and solar irradi-
ance, respectively, assuming the perfect absorption (Figure S32,
Supporting Information). The significantly lower PCE limits
of CBI compared with CABI arise from its wider bandgap of
“2.4¢eV.

Optical E s extracted from Tauc plots (direct, allowed transi-
tions) were applied in the device simulations (Figures 5 and 6;
Figures S24, and S32, Supporting Information). The bandgap val-
ues were a compromise considering both the electrical bandgap
and the absorption onset. The electrical band gaps of CABI
and CBI are likely somewhat larger than the applied values.
However, we already left some absorption out of consideration
for photocurrent when integrating photogeneration up to the
band-gap wavelength instead of the actual onset (Figure 5b;
Figure S24, Supporting Information). So, applying a larger or
smaller bandgap would make one or the other issue more pro-
nounced. Nevertheless, a self-consistent value was used with
both materials, and sensitivity analysis on the effect of the band-
gap value was also conducted providing quantitative estimations
for the related uncertanties (Figures S33 and S34, Supporting
Information).

The simulations showcased a high potential of especially CABI
devices: the photocurrent generation of almost 100 pA cm~2 and
the power conversion efficiency of ca. 42 % under indoor irradi-
ance based on the measured optical properties (Figures 5 and 6).
High limits were also obtained for CBI device but it was predicted
to generate less current due to the larger bandgap. The calculated
theoretical maximum efficiencies, that is, the radiative efficiency
limits with perfect absorption, were 49 % for CABI and 21 % for
CBI which agree well with the literature values for corresponding
bandgaps.!**!! The optical limit calculation with the actual device
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Figure 5. Optical response of a planar CABI photovoltaic cell. a) Illustration of the simulated planar device stack, figure is not to scale. b) Simulated
reflection, absorption in CABI, and parasitic absorption in nonabsorber layers as a function of wavelength. CABI thickness of 220 nm (within the typical
thickness range found in practical devices) was applied for this data. c) Simulated photocurrent generation (Int.J,,) of the CABI device under indoor
white light-emitting diode illumination (4000 K color temperature; 1000 Ix illuminance/3 W m~2 spectral irradiance). Shown with k-scaling (0.5-1.5 x)
for sensitivity analysis. d) Int.J, under varying WLED color temperatures and illuminance levels.

structure and experimental optical constants provided more re-
alistic theoretical limits. Imperfect absorption in the theoretical
calculations has previously been modeled by 85 % external quan-
tum efficiency and the reduction in the theoretical efficiency was
very close to what we obtained.3!l However, the difference is that
the limits presented here are more realistic albeit less general be-
cause the device structures and experimental material properties
were strictly defined.

With the measured optics and the planar device stack, CABI
achieved useful absorption of ~85-90% across most of the
WLED relevant spectrum and a radiative limit PCE of ~42 %,
close to the indoor Shockley-Queisser envelope for E, ~ 2eV.
Contemporary CABI IPV devices achieve x5-6% at 1000Ix
through strategies such as mesoporous TiO, thickness tuning
and additive engineering, yet their performance remains lim-

Adv. Optical Mater. 2026, 14, €03237 €03237 (8 of 11)

ited by persistent self-trapping, non-radiative recombination, and
transport/collection losses—highlighting the need for electri-
cal modeling and defect/passivation approaches. At the same
time, the produced optical constants could help to further im-
prove the optics, especially from the device point of view. Our
k-scaling shows that optical J,. itself is insensitive to mod-
erate a errors once absorbers are sufficiently thick, but op-
timal thickness and reflectance remain opportunities. Reflec-
tion was simulated to vary between 5% and 20% in the ab-
sorption range for both devices. Therefore, up to ca. 10% rel-
ative improvement might be available by optical means. Re-
flectance could be minimized, for example, by anti-reflective
coatings or light trapping structures. The optical constants, like
the ones measured here, are needed for the design of such
coatings.
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Figure 6. Radiative-limit performance of the CABI device with realistic op-
tics. a) J-V curves at the radiative limit with CABI thickness optimized for
1000 Ix 4000 K WLED indoor (220 nm) and AM1.5G (200 nm) lighting. b)
Short-circuit current density, /., versus CABI thickness for simulated G,
and perfect absorption. c) PCE versus CABI thickness under the 4000 K
WLED (10001x) and AM1.5G.

As a first try, 100nm thick MgF, layer was added on top of
the silica substrate of the CABI device (Figure S35, Supporting
Information). G, improved by ca. 2%. For further improve-
ments, smoothening the difference of the refractive indices be-
tween the different layers at other interfaces should also be
considered.
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3. Conclusion

We report the optical constants of two thin film, lead-free Bi-PIMs
(CABI and CBI), using spectroscopic ellipsometry, to enable ac-
curate optical modeling of these promising IPV absorbers. In-
corporating the measured optical data, we project a high optical
limit for photocurrent generation (ca. 91pAcm™ ], at 10001x
WLED illumination) for CABI under typical indoor lighting con-
ditions (4000 K WLED; 3 W m~2 power density). The correspond-
ing radiative-limit PCE for CABI in a realistic planar device stack
(~42 %) offers a more realistic theoretical efficiency ceiling com-
pared to the idealized perfect absorption limit of almost 50 % of-
ten cited in the literature. There is a significant gap between the
simulated optical limit for PCE (>40 %) and the current experi-
mental state-of-the-art (%5-6 %) achieved in CABI IPV devices,
which suggests that electrical losses, rather than optical limita-
tions, are the primary bottlenecks. The extracted optical constants
and predicted photogeneration rates will enable detailed electri-
cal device modeling, which is expected to deepen our understand-
ing of current performance limitations and guide strategies to
overcome them. These strategies may include defect passivation
and optimization of charge transport, ultimately helping to close
the efficiency gap in Bi-PIM IPVs.

4. Experimental Section

Materials: ~ Silver iodide (Agl, 99.999 % metals basis) was acquired
from Fisher. Bismuth(lll) iodide (Bily, 99.998 % trace metals basis), bis-
muth(I11) bromide (BiBr3, 98 %), cesium iodide (Csl, 99.9 % trace metals
basis), cesium bromide (CsBr, 99.999 % trace metals basis), copper iodide
(Cul, 99.999 % trace metals basis), thiourea, dimethyl sulfoxide (DMSO,
99.9% anhydrous), N,N-dimethylformamide (DMF, 99.8 %, anhydrous)
and chlorobenzene (CB, anhydrous, 99.8%) were purchased from
Sigma—Aldrich. All chemicals were used as received without additional
purification.

Fabrication of Bi-PIM Films: ~ Cu,AgBils (CABI) Solution Preparation and
Film Fabrication:The CABI solution was prepared by mixing Agl (241.8 mg),
Cul (238.1mg), and Bil; (517.2mg) into 1.5mL of DMSO and 0.5 mL
of DMF (3:1 DMSO:DMF ratio). The solution was stirred at 150 °C for
40 min, followed by overnight stirring at room temperature. The CABI so-
lution (initial concentration defined as x) was further diluted to concen-
trations x/2 and x/3 by adding DMSO and DMF in the same 3:1 ratio.
CABI films (with solution concentrations of x, x/2, or x/3) were prepared
by spin-coating 100 uL of the solutions at 3000 rpm for 60 s. The solutions
were heated to 75 °C prior to spin coating. Both solution preparation and
spin coating were performed in a nitrogen environment. The films were
then annealed in ambient air, first at 50 °C for 50 min and then at 200 °C
for 4 min.

Cs3Bi,lsBrs (CBI) Solution Preparation and Film Fabrication: The CBI so-
lution was prepared by first preparing separate Cs;Bi,lg and Cs;Bi,Brqg
solutions. The Cs3Bi,lq solution was prepared by mixing Csl (175.4 mg),
Bil; (265.3 mg), and thiourea (68.5 mg) into 0.8 mL of DMSO and 0.2 mL
of DMF (4:1 DMSO:DMF ratio). The Cs;3Bi,Brg solution was prepared
by mixing CsBr (143.6 mg) and BiBr; into 0.8 mL of DMSO and 0.2mL
of DMF (4:1 DMSO:DMF ratio). Both solutions were stirred overnight at
room temperature. The Cs;Bi,lq and Cs;3Bi,Brg solutions were mixed in
a 2:1 ratio to obtain the final CBI solution with the initial concentration x.
This solution was further diluted to concentrations x/2 and x/3 by adding
DMSO and DMF in the same 4:1 ratio. CBI films (with solution concentra-
tions of x, x/2, or x/3) were prepared by spin-coating 100 uL of the solutions
at 2000 rpm for 40 s. A volume of 170 uL of CBI antisolvent was added 5 s
before the spin-coating program ended. The films were annealed at 135 °C
for 30 minutes. All steps for CBI film preparation were performed in a ni-
trogen environment.
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Characterization: The surface morphology of the samples was charac-
terized by AFM (Park Systems NX10) and SEM (Thermo Scientific Apreo
S Field-Emission Scanning Electron Microscope). The AFM images were
processed using Gwyddion (version 2.68).[32] The AFM data was leveled
by mean plane subtraction and the zero-height reference was determined
from the height distribution onset. Energy-dispersive X-ray spectroscopy
(EDS, Oxford Instruments Ultim Max 100 spectrometer) data was ana-
lyzed with AZtec (version 6.1.).

SE measurements were conducted with a J.A. Woollam VASE ellip-
someter. Wavelength range of 300 —-2500nm and incidence angles of
55°, 65°, and 75° were applied. Measurement analysis was performed
using WVASE software. Graded Bruggeman EMA was applied to model
the samples due to roughness.["] Void volume fraction increased quasi-
continuously through the sample layer. Twenty-one sublayers were used.
Tauc-Lorentz oscillator model (with three oscillators) was applied for fit-
ting the film thicknesses and void volume fraction distributions. The com-
plex index of refraction was subsequently revised by point-by-point fit while
keeping the film structure constant to find more accurate values for the op-
tical constants and improve the fit.

Device Simulation: The net radiation method!33] based on the trans-
fer matrix method!3-71 was applied to solve the wavelength specific lo-
cal optical electric field in the simulated device under perpendicular irra-
diation. Local absorption, and subsequently the G, profiles as a func-
tion of depth in the active material were directly calculated from the lo-
cal optical electric field.[3637] Parasitic absorption in the respective elec-
trode and transport layers and the reflection from the device were sim-
ilarly calculated. Incoherent light propagation in the active material was
assumed. Although the applied layer thicknesses are below the coher-
ence length of sunlight (a coherent model could be applied), scattering
at the absorber interfaces makes an incoherent treatment more realistic.
Further details of the model implementation were given in our previous
work.[38]

For the optical simulation, refractive index spectra are required as
model inputs. The refractive index spectra of the active materials were
measured here as described above. The spectra for the other layers,
Si0,,[3%401 FTO,13%40] compact TiO,,13%4% Spiro-OMeTAD, %401 Ay,141]
and MgF,,[#243] were taken from the literature.

Device operation at the radiative limit was calculated by subtract-
ing the thermal emission from the photogeneration.[*4] Current-voltage
(I = —V) curves were calculated with the voltage dependent photon emis-
sion. Emitted photon current at a voltage V and temperature T = 25°C
was calculated by generalized Planck’s law.14>46] PCE, J . and V. were ex-
tracted from the I — —V curves.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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