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Abstract—Nanotexturing in perovskite solar cells enhances not
only light absorption but also fundamentally reshapes electronic
performance. Using coupled optical and charge-transport sim-
ulations, we show that texturing redistributes electric fields,
modulating carrier accumulation and recombination. Moderate
textures (< 300 nm) consistently boost efficiency, while variations
in surface recombination explain conflicting experimental trends
in open-circuit voltage. These insights provide clear design rules
for optimizing next-generation perovskite optoelectronic devices.

Index Terms—Perovskite solar cells, nanotexturing, coupled
light-matter drift diffusion simulation

I. INTRODUCTION

Perovskite solar cells have emerged as a leading photo-
voltaic technology, achieving power conversion efficiencies
comparable to silicon-based devices. However, experimental
studies report conflicting trends in the open-circuit voltage
(Voc), with nanotexturing observed to both increase and
decrease Voc. To clarify this discrepancy, we perform a
comprehensive numerical study combining two-dimensional
optical finite-element simulations with electronic finite-volume
drift-diffusion simulations, including sinusoidal nanotextures
at key interfaces and accounting for radiative, Shockley-Read-
Hall (SRH), and interfacial recombination mechanisms []1]].
Our results show that nanotexturing redistributes the internal
electric field, thereby influencing carrier accumulation and
recombination dynamics. Moderate texture heights (<300 nm)
consistently enhance the power conversion efficiency (PCE),
largely independent of surface recombination velocities. While
Voc is primarily governed by recombination at the planar
electron transport layer (ETL), the short-circuit current density
(Jsc) is more sensitive to recombination at the nanotextured
hole transport layer (HTL). Reducing surface recombination
at both interfaces enables simultaneous improvements in Voc
and Jgc, with optimal performance observed at a texture height
of approximately 300 nm. These findings provide a physical
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explanation for the divergent experimental observations and
offer guidance for the design of next-generation textured
optoelectronic devices. Our integrated simulation framework
highlights the importance of interface engineering for opti-
mizing device performance.

II. SETUP

Our recent study [|I] aims to elucidate the physical mech-
anisms by which sinusoidal nanotextures affect the electronic
performance of perovskite solar cells. While nanotexturing
enhances optical absorption by reducing reflectance and in-
creasing light trapping, experimental studies report ambiguous
electronic outcomes, including both increases and decreases
in the open-circuit voltage. We address these apparent contra-
dictions by systematically disentangling optical and electronic
contributions using a fully coupled, multi-dimensional simula-
tion framework. To this end, we implement an integrated work-
flow combining finite-element optical simulations of the time-
harmonic Maxwell equations (JCMsuite [2]) with vacancy-
assisted drift-diffusion simulations based on a finite-volume
scheme (ChargeTransport.jl [3]). Spatially resolved
photogeneration profiles are transferred from the optical to
the electronic model. The latter includes radiative, Shockley-
Read-Hall, and interfacial recombination, as well as ionic
vacancy dynamics, using parameters from the literature [4].
We consider two-dimensional sinusoidal nanotextures with
heights ranging from 0 to 750 nm at the glass-perovskite in-
terface, while keeping the absorber volume constant to isolate
geometric and electric-field effects. To systematically analyze
the interplay between interface passivation and texturing, we
investigate four surface recombination scenarios:

Ci: ver = 2000cm-s™!, vgr, = 500cm-s—! (ref. [4])

Cy: vprL = 2000cm-s—!, vgr, = 10cm-s~!

C3: verL = 10 cm-s_l, vgtL = 500 cm-s—!

Cy: verL = 10cm-s™!, vgr. = 10cm-s~!(ideal case)
Overall, this approach provides insight into how nanotexturing
influences carrier generation, electric-field distribution, recom-
bination pathways, and ultimately key performance metrics
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Fig. 1. (a) The device geometry (top) considered for the electronic simulations, consisting of the planar electron transport layer (ETL, Cgo), the “83-17
triple cation” perovskite material layer, and the textured hole transport layer (HTL, PTAA). The thickness of the perovskite layer varies with the texture
height h, while the texture width wr stays the same. Moreover, the considered measurement protocol (bottom) includes a preconditioning step, a backward
and a forward scan. The following simulation results correspond to the grey shaded forward scan for a fast scan rate of 10 V/s. (b) Simulated forward
current-voltage (J-V) curves for cases C1 to Cy4, where the surface recombination velocities vyt and vgtr, are varied. Brighter colours indicate greater texture
height, with arrows showing the direction of increasing texture height. Furthermore, we show for all test cases C'1 (grey), C2 (orange), C3 (green), and C4
(blue), the impact of texture height on (c) the power conversion efficiency (PCE), (d) the short-circuit current density Jsc, (e) the open-circuit voltage Voc,
(f) the difference in Ve between planar (PL) and textured systems (NT), and (g) the fill factor (FF). The stars indicate the three texture heights shown in

(b). [Reproduced from Ref. [1]]

such as Vo, short-circuit current density (Jsc), fill factor, and
power conversion efficiency.

III. ELECTRIC BEHAVIOR

The electric behavior for the four case C1-Cy, reported in
(1], is summarized in Fig. [T and its caption.

IV. RECOMBINATION CURRENTS: FOUR TRENDS

While the absolute magnitudes of the recombination cur-
rents shift depending on the chosen surface recombination
velocities vyry, vgrL, their qualitative dependence on texture
height remains robust. For this reason, we focus on the fol-
lowing trends (see [1]]), where the first three trends are largely
independent of the chosen surface recombination velocities:
(T1) Jsc conditions (V' = 0V): Surface recombination
current at HTL (Jsg gro) and SRH recombination
current (Jsgy) increase with texture.

Jsc conditions (V' = 0V): Surface recombination
current at ETL (Jsg, gr) decreases with texture.
(T3) Near Ve conditions: Surface recombination current at

ETL (Jsr, L) increases with texture height.
Near V¢ conditions (only for low vgry): Jsgy decreases
with texture height.

The final trend (T4) is special because it appears only
when the ETL surface recombination velocity is low, so that
SRH recombination in the bulk becomes the dominant loss
mechanism.

(T2)

(T4)

V. ELECTRONIC BEHAVIOR: ELECTRIC FIELD & CARRIERS

The observed trends in device performance are distinct but
can be consistently explained by electronic insights [1]. First,
a weak electric field at the texture’s tip (small drift) and large
electric field at the bottom (large drift) explain trends (T1)
and (T2). Second, due to texturing the HTL is larger than
ETL, leading to more holes in the perovskite, also at the
perovskite/ETL interface, explaining (T3). Finally, Shockley-
Read-Hall recombination is maximized when p # n. Nanotex-
turing enhances an imbalance between n and p, explaining
(T4).
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