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Abstract—Wide-bandgap perovskite solar cells suffer from
large open circuit voltage losses. We use TCAD simulations of
bromide-based single-halide p-i-n devices to isolate the coupled
role of trap distribution and band alignment at the charge
transport interfaces. We show that specific interfacial electro-
static conditions enhance trap-assisted recombination, causing a
marked reduction in open circuit voltage.
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I. INTRODUCTION

Wide-bandgap (WBG) perovskite solar cells (PSCs) are
promising both as single-junction devices for applications such
as building-integrated photovoltaics and the Internet of Things
(IoT), and as top cells in tandem photovoltaics. However,
their performance is limited by significant open-circuit voltage
(Voc) losses. The origin of these losses remains under debate
and is commonly attributed to material defects, particularly
at interfaces, and, to a lesser extent, to photo-induced phase
segregation [1], [2]. In this work, we analyze Voc losses
induced by bulk and interface defects in Br-based single-halide
perovskites, which are not affected by phase segregation. We
also study the interplay between trap-assisted recombination
and band alignment at the charge transport layers, which is
often tuned through transport layer engineering approaches [3],
and assess its influence on device performance.

II. SIMULATION METHOD AND RESULTS

The device under study is a planar p–i–n solar cell com-
posed, from bottom to top, of a 30 nm electron transport
layer (ETL, Eg = 3.3 eV), a 280 nm formamidinium lead
bromide (FAPbBr3, Eg = 2.27 eV) absorber, and a 30 nm
hole transport layer (HTL, Eg = 3.2 eV). To model the
effect of interface engineering, the ETL and HTL electron
affinities are varied and determine the valence band offset
∆EV = EPVK

V –EHTL
V at the HTL/PVK interface and the con-

duction band offset ∆EC = EPVK
C –EETL

C at the PVK/ETL in-
terface. The simulations are performed with Synopsys TCAD
Sentaurus [5], employing transfer matrix method for optical
generation and Poisson and drift-diffusion equations for charge
transport. Bulk and interface defects are described through a
spatially dependent profile inspired by experimentally reported
trap distributions in perovskite films of comparable thickness
[4]. As shown in Fig.1c, the trap density is higher at the
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Fig. 1. (a) Open-circuit voltage and (b) Power conversion efficiency as a
function of the HTL/PVK interface valence band offset, for different values
of the effective length λ of the defects spatial distribution, with constant total
areal trap density of 1011cm−2. (c) Example of fitting of experimental spatial
distribution of traps from [4] using (1). (d) Schematic of the solar cell band
alignment.

interfaces and decreases toward the center of the film. The
adopted fitting function is:

Ntrap(x) = DT
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x

λT

)−pT
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(
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λB

)−pB

, (1)

where DT,B (T : top, B: bottom) are the interface peak
densities, pT,B control the decay, λT,B are the effective lengths
at which the density is half of the peak value at the respective
interface, and L is the perovskite film thickness. Traps are
modeled as deep states at mid-gap, with electron and hole
cross-sections of 10−15cm2.

To investigate the interplay between trap distribution and
band alignment, we consider a case study in which the
HTL/PVK band offset is varied while keeping the PVK/ETL
interface perfectly aligned (∆EC = 0), so as to isolate the
contribution of a single interface. If not otherwise stated, a
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Fig. 2. Electron (blue) and hole (red) densities for different HTL/PVK interface band offsets, considering the PVK/ETL interface perfectly aligned (∆EC = 0).
All figures are obtained at 1.71V, i.e. at the open circuit voltage of the case with ∆EV = −0.22 eV, and λ = 1nm.

symmetric trap profile is used, with total areal density of
1011cm−2, pT,B = 1 and interface peak density determined
by the value of the effective length (e.g. for λ = 1nm we
have D ≃ 1017cm−3).

Fig. 1a shows a non-monotonic dependence of Voc on ∆EV,
with a marked minimum (Voc =1.71V) for ∆EV = −0.22 eV
(condition where the HTL valence band is above the PVK
one), and two plateau regions at negative and positive offsets.
As shown in Fig. 1b, the power conversion efficiency (PCE) is
maximized within the left-side Voc plateau, at about ∆EV =
−0.4 eV, and degrades toward the edges of the explored offset
range. Since the short-circuit current is essentially unaffected,
this trend mainly reflects the trend of the fill factor. It is
worth noticing that the ∆EC = 0 case is studied here
as representative cut of the broader two-dimensional band-
offset space. In fact, band-offset maps (not reported here, [6])
show that the same non-monotonic Voc behavior is generally
preserved, although the absolute Voc and PCE maxima can
occur on either side of the minimum region depending on the
value of ∆EC.

The physical origin of these regimes is clarified by the
carrier profiles in Fig. 2 and the recombination profiles in 3,
calculated for the three case studies at 1.71V, i.e. the Voc of
the worst case (∆EV = −0.22 eV). For ∆EV = −0.4 eV the
energy barrier at the HTL/PVK interface significantly limits
hole injection (Fig. 2). The resulting carrier separation reduces
trap-assisted recombination especially at the interfaces, where
the trap-density is higher, and leads to the high Voc plateau.
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Fig. 3. Optical generation and recombination profiles for the three alignment
cases described in figure 2.

At ∆EV = −0.22 eV, instead, the device electrostatics induce
interfacial conditions under which electron and hole densities
are comparable near the HTL interface. This causes large trap-
mediated recombination, as seen in Fig. 3, and gives rise to the
Voc minimum. The depth of this minimum is further modulated
by the PVK/ETL band offset: when this interface is brought
into an equivalent unfavorable alignment condition, electron
and hole densities become closer across the entire absorber
and Voc is further reduced. Finally, for a positive band offset,
such as ∆EV = 0.2 eV analyzed in Fig. 2, electrostatics band
realignment leads to a more symmetric (p-i-n like) carrier
density profile, with comparable electron and hole densities
in the middle of the absorber. As a result, recombination is
no longer dominated by the HTL/PVK interface, but by bulk
traps (Fig. 3). This explains the stronger sensitivity of the
right-side Voc plateau to the parameter λ shown in Fig. 1,
since increasing λ redistributes traps from interfaces toward
the bulk. In contrast, the minimum is weakly affected, since the
carrier balance in this configuration extends over the entire film
thickness. Moreover, it is worth mentioning that increasing the
total trap density shifts the entire Voc curve down (Fig.1a), and
causes the PCE peak in the left-side band offset range (Fig.1b),
that is observed at the baseline trap density value, to disappear,
while the plateau in the positive offset remains stable.

In conclusion, the study shows the non trivial, coupled role
of trap distribution and interface band alignment in the voltage
deficit of wide-bandgap perovskite solar cells, highlighting the
need for further experimental and theoretical studies on these
aspects.
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Ricerca).

REFERENCES

[1] Y. Guo et al., Matter, vol. 5, no. 7, pp. 2015–2030, 2022.
[2] F. Peña-Camargo et al., ACS Energy Letters, vol. 5, no. 8, pp. 2728–2736,

2020.
[3] N. Yan et al., Advanced Functional Materials, vol. 34, no. 22, p. 2314039,

2024.
[4] Z. Ni et al., Science, vol. 367, no. 6484, pp. 1352–1358, 2020.
[5] Synopsys, Inc., Mountain View, CA, 2025.
[6] A. Fronteddu et al., in 2026 IEEE 54th Photovoltaic Specialists Confer-

ence (PVSC), (New Orleans, LA, USA), June 7–12 2026.


