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Insight into the Dependence of Photovoltaic Performance
on Interfacial Energy Alignment in Solar Cells with

Mobile lons

Matias Cérdoba and Kurt Taretto™

A key aspect in the optimization of perovskite (PVK) solar cells is the mitigation of
interface losses, which are determined by energy band offsets and recombination.
Counterintuitively, recent experimental evidence on inorganic PVK solar cells
shows that increasing band offsets may improve open-circuit voltage at efficiency
levels over 20%. In order to improve the knowledge of the impact of interfaces,
the authors model solar cells consisting of an intrinsic absorber material con-
taining mobile ions, sandwiched between two wide-gap charge transport layers.
The results show that minimizing band offsets decreases interface losses in
various scenarios, but cannot be adopted as a universal optimization rule. For
instance, even in the absence of interface recombination, unequal majority carrier
band offsets avoid high injection conditions. Moreover, assuming a fixed band
offset at one interface, the band offset at the opposite interface should be reduced
if it shows the highest interface recombination, or increased if it shows the lowest
recombination. Remarkably, it is found that solar cells with mobile ions hold the

on the efficiency improvement of PVK
solar cells promptly shifted from the bulk
to the interfaces.>™! Interface losses arise
mainly from energy losses due to band off-
sets between the charge transport layers
(CTLs) and the PVK, and recombination
of photogenerated carriers via interface
defects. The efforts were directed in differ-
ent directions: early experimental work
identified energy barriers for carriers
extraction®®”! and experimental routes to
avoid them,® later contributions focused
in interface defect passivation to mitigate
recombination, or in reducing band off-
sets by changing the work function of
the CTLs.”) Further studies systematized
interface modification as well as character-

potential to outperform of ion-free counterparts, depending on the extent to
which the interplay between band offsets and Debye layers result in the
establishment of a majority carrier concentration in the intrinsic absorber.

1. Introduction

In the last 10years, perovskite (PVK) materials prepared with
earth-abundant elements and high-vacuum independent meth-
ods rapidly emerged as the landmark material for cutting edge
photovoltaics."! Based on an exceptionally high absorption coef-
ficient and low defect concentrations, sub-micron thick PVK
absorbers readily deliver solar cells with laboratory scale conver-
sion efficiencies comparable to mainstream silicon solar cells.!”)
Having reached high bulk optoelectronic quality with several
PVK formulations and most film preparation methods, the focus

M. Cérdoba, K. Taretto

Dto. de Electrotecnia

Fac. de Ingenieria (UNCo)

Buenos Aires 1400, 8300 Neuquén, Argentina
E-mail: kurt.taretto@fain.uncoma.edu.ar

K. Taretto

Inst. de Investigacién y Desarrollo en Ingenieria de Procesos
Biotecnologfa y Energfas Alternativas (PROBIEN, CONICET-UNCo)
Buenos Aires 1400, 8300 Neuquén, Argentina

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/s0lr.202300742.

DOI: 10.1002/s0lr.202300742

Sol. RRL 2024, 8, 2300742

2300742 (1 of 15)

ization techniques,'®'* recognizing the
necessity of finding better-suited interface
characterization methods.!">*%

The bottleneck for further optimization
of PVK solar cells appears to be the refine-
ment of the choice of appropriate CTL
materials producing low band offsets, or
the addition of interlayers capable of passivating interface recombi-
nation. However, this problem unfolds a high complexity due to
several aspects. First, there is an exceptionally vast choice of suitable
CTL materials, covering organic as well as inorganic
compounds.’” ! In order to bypass the difficulty to test the very
large number of candidate CTL materials, a better-founded
approach is required. As recently stated by Siekman et al., “to avoid
having to choose randomly and to perform a trial-and-error based
optimization, gaining insights into the effect of charge-transport
layers on the performance, recombination and charge collection
in perovskite solar cells is of critical importance”.*"! Second, a reas-
sessment of the influence of energy alignment turns mandatory
due to the variety of experimental results, which are sometimes con-
tradictory between different laboratories.*> For instance, recent
experiments with inorganic PVK solar cells provide seemingly
counter-intuitive evidence for the behavior of interface energy off-
sets, as higher band offsets for majority carriers were shown to
improve all solar cell output parameters.”?! Other studies confirm
the generally accepted rule of lowering band offsets,?*) however ris-
ing fundamental questions: in metalorganic PVK solar cells,
Haddad et al. correlated small band offsets with smaller interface
recombination, yet observing that recombination at the PVK/
fullerene interface was partly determined by the choice of the oppo-
site CTL material and the underlying substrate.”! This finding is
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again counter-intuitive, as it prompts the fundamental question of
how one interface can impact recombination at the opposite interface.
In order to shed some light into the intricacies of interface
recombination in solar cells with mobile ions, modeling studies
focused on the effect of interface energy offsets either neglecting!**!
or including ions.”>**! Recent numerical simulations in PVK solar
cells by Mozafari et al. have indicated that the inclusion of ions is
essential ! demonstrating that ion accumulation at the interfaces
manipulates recombination via interface potentials. Although very
scarce, earlier experimental reports also supported the hypothesis of
mobile ions directly influencing recombination in PVK solar cells.*”
In this work, we specifically focus on the validity of the (often
understood as intuitive) rule of minimizing majority carrier band
offsets to improve efficiency. To this end, we model solar cells
assuming high quality material parameters which nominally
enable high efficiencies, in two extreme cases: very high and zero
mobile ion concentration. We find that with high mobile ion con-
centrations in the absorber, reducing band offsets not necessarily
provides better performance. Moreover, the choice of appropriate
CTLs does not only affect interface losses: even without interface
recombination, band offsets significantly affect bulk recombina-
tion. These findings are aided by analytical expressions for the
open-circuit voltage, which help rationalize the differences between
cells with and without mobile ions. Starting with the fundamentals,
Section 2 of this article provides definitions and band-diagrams for
ion-free as well as mobile ion-rich solar cells, together with the
recombination equations for bulk and interface recombination.
Section 3 gives the derivation of analytical expressions for the
open-circuit voltage as a function of interface energy offsets and
band bendings, and presents the numerical model. Section 4
presents the results obtained from the analytical and numerical
models, discussing the stark contrasts between cells without and
with mobile ions. In Section 5 we discuss the results from a more
general technological point of view, drawing conclusions.

2. Fundamentals

2.1. Energy Bands and Potentials

Figure 1a shows the energy band diagrams of three isolated
semiconductors required for the studied solar cell: a high
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bandgap electron transport layer (ETL), an absorber layer with
lower bandgap E; (in our case a perovskite), and a high bandgap
hole transport layer (HTL). In the following, we may refer indis-
tinctly to the ETL or HTL as CTLs. Upon junction of the layers,
band offsets between ETL/absorber and absorber/HTL appear
whenever there are differences between the electron affinities
qy; and the energy gap of the implied materials. Within this work,
the relevant offsets are majority carrier band offsets: the conduc-
tion band offset AEc at the ETL/absorber interface, and the
valence band offset AEy at the absorber/HTL, as indicated in
Figure la. Minority carrier offsets are assumed to sufficiently
high as to impose an energy barrier that completely prevents
minority carriers to enter the CTLs, i.e., not presenting any loss
to photocarrier collection.

Upon photovoltaic action, electrons (blue dot in Figure 1a) are
required to sweep from the absorber to the ETL and further to the
contacts (not shown), while holes (red dot) sweep to right towards
the HTL and the opposite contact. In order to enable high photo-
currents, it is mandatory that the band offsets do not pose any
energy barrier to the carriers, and facilitate the extraction of car-
riers from the absorber. Therefore, the conditions AE: > 0 and
AEy > 0 are ideally sought for in efficient designs; the positive
directions being indicated in Figure 1a for each band offset. Once
within the CTLs, the carriers flow towards the outward contacts
(not shown in Figure 1a). In order to facilitate this task, the ETL is
an n-type semiconductor, while the HTL is p-type. This shifts the
equilibrium Fermi levels of the CTLs away from the bandgap
center, defining the activation energies g&,, g, shown in
Figure 1a.

Upon junction formation, the three layers in Figure 1a form a
single stack, and the differences in work functions and Fermi
levels derive in an electrostatic rearrangement and a built-in
potential Vy,;. Figure 1b,c display two possible energy band dia-
grams, representing extreme cases for the location of the built-in
potential: (b) neutral interfaces, where Vj; falls completely within
the absorber, and (c) highly charged interfaces, where Vy; falls in
a distributed manner at the interfaces, via the band bendings g
V1_4. The junction with neutral interfaces (b) appears in well-
behaved inorganic semiconductors without charged interfacial
defects states, resulting in an ideal nip (or pin) structure. The
junction with charged interfaces (c) occurs in highly defective

v,
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Figure 1. a) Individual energy band diagrams for the three layers of a solar cell based on a central semiconductor as absorber layer, an electron transport
layer (ETL) and a hole transport layer (HTL). b,c) Junction of the three layers: in thermodynamic equilibrium the Fermi level E¢ is the same throughout the
structure, implying the appearance of energy band adjustments. Without any interface charges we have diagram (b), while (c) shows the opposite extreme
of highly charged interfaces. Both structures have the same built-in voltage Vj;: in structure (b) Vy,; falls within the central semiconductor (absorber), and in
(), Vi is the sum of the four interface potential drops V;_4.
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interfaces, or, when the absorber semiconductor contains mobile
ionic species, such as PVKs, in which case the interfaces are
termed Debye layers. Since we are interested in the latter case,
we term the structure of Figure 1c as the “ionic solar cell”.

Regardless of the type of resulting band diagram, the built-in
potential of the solar cell is given by the work function difference
between the ETL and the HTL according to

qVei = (qrum + Egure — 98p) — q(rer + &n) 1)

where E, 1, is the bandgap of the HTL. Following Figure 1a, we
may rewrite the built-in potential in terms of the band offsets,
obtaining

qVyi = Eg — AEc — AEy — g, — 4¢p 2)

which shows the built-in voltage decreasing linearly with increas-
ing band offsets.

Turning to the ionic solar cell, the formation of the band dia-
gram with the occurrence of interface potential drops is well
described by different models.””® The case of Figure 1c, showing
flat energy bands in the interior of the absorber is valid when the
mobile ions are sufficient to shield any electric field from the
interior of the absorber. Thus, the built-in voltage is completely
accommodated by the interface potential drops, and, in the gen-
eral situation of a steady-state externally applied potential V, the
sum of the interface potentials must equal the net applied poten-
tial Vi,; — V, i.e

Vii—V=Vi+V,+ V3 +V, 3)

with positive bias corresponding to V> 0. The values V;_, are
related to the surface charge density Qpepye induced by ionic dis-
placement towards the interfaces. Assuming an intrinsic
absorber, the dependence V;_4(Qpepye)is given by the ion con-
centrations, the dielectric constants in the different layers, and
the doping concentrations in the CTLs.*” In the most simple
formulation for the ionic solar cell, two ionic species of opposite
charge are considered: immobile anions with concentration N,
and mobile cations with identical average concentration, and
local concentration P. Notice that since the cations are partly
accumulated at the narrow Debye layers, the average cation con-
centration remaining in the bulk is given by

Pyuic = No — [Qpebyel /94 (4)

Where d is the absorber thickness. Moreover, in the specific case
of metal halide PVK in combination with commonly used CTL
materials,? the higher dielectric constant of the PVK*% implies
that most of the band bending occurs at the CTLs, ie., (Vy,
Vi) > (V,,V3), yielding

Vii—VaVi+V, ()

Under illumination conditions, and at the open-circuit voltage,
this expression holds provided the photogenerated charge carrier
concentrations are much smaller than the ion concentrations.

The open-circuit voltage is understood as the difference
between free energies of carriers at each contact. Since the free
energy corresponds to the majority carrier quasi-Fermi level
(QFL),** the open-circuit voltage Vo is given by
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qVoc = Epn(left) — Epy(right) (6)

Where Ep, and Ep;, are the electron and hole QFLs, respectively.
Here, left and right correspond to the outmost positions of the
ETL and the HTL, respectively, as in Figure 1 (see Supporting
Information for additional comments on the QFLs).

When considering Equation (3) under illumination and open-
circuit conditions, the open-circuit voltage may lead to negative
interface potentials if Vy; < Voc. The high values of Voc
obtained in state-of-the-art PVK solar cells likely produce this
condition, and we therefore discuss this aspect in more detail.
First, let us recall that Vo and Vi,; are not fundamentally corre-
lated, i.e., Voc > Viy; is a physically possible situation.?* This is
opposite to the traditional relation Vo < V4,; applicable to homo-
junction solar cells, where high built-in voltages are desirable.*!
Homojunction solar cells are provided a built-in voltage solely by
doping the p and n regions (Ref. [36], p. 146]) not resorting to
work function differences as in the present case. Therefore,
minority carrier concentrations and recombination are bound
to Vpi, whereas in heterojunctions V,; can be changed by modi-
fying the band offsets, without determining the minority carrier
concentrations. This additional degree of freedom enables
Voc > Vp; in heterojunctions.

2.2. Recombination

2.2.1. Bulk Recombination

We develop our models around defect recombination, which
imposes the practical limit in solar cells, and extend the results
to radiative recombination when necessary. Following Shockley—
Read-Hall statistics, the rate of defect recombination depends on
the separation AEg of the QFLs, and on the relative position of
the defect energy E, with respect to the QFLs. Thus, if the defect
level is located inside the interval between the QFLs Ef,, and Eg,,
the recombination rate reaches a maximum value given by"’

2

np — n
Ry =——+— 7
bulk TOpn Ton ( )

Where n and p are the electron and hole concentrations, 7o, and
Ton are characteristic recombination times for holes and elec-
trons, respectively, and n; is the intrinsic carrier concentration
given by

n = /NcNye ®)

Here, N and Ny, are the effective density of states of the con-
duction and valence band of the absorber layer, respectively, k is
Boltzmann'’s constant and T the absolute temperature. Out of
equilibrium, the carrier concentrations »n and p are given by

Epn—Eg
n= Nce i

5y~ Frp 9)
p= Nve kT

with E and Ey the electronic energies at the edge of the conduc-
tion and valence band, respectively. As a result, the product np
contains the QFL splitting according to
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AFg
np = nlewm (10)

Under open-circuit conditions, the total number of photogen-
erated carriers across the absorber must equal the total number
of carriers recombined in the bulk, i.e.

d
Gd:/ Ruyuic(2¢)dx (11)
0

where for simplicity we have assumed a homogeneous photogen-
eration rate G throughout the absorber of thickness d. In the par-
ticular case of homogeneous (i.e., independent of x) carrier
concentrations within the bulk, this equation simplifies to

G = Ry (12)

This turns to be a good assumption in the ionic solar cell with-
out interface recombination, where under open-circuit the
energy bands as well as the QFLs remain horizontal, implying
homogeneous concentrations. This is valid when the absorber
thickness is much higher than the width of the Debye layers
at the interfaces, where the carrier concentrations change
appreciably.

While closed-form expressions for Ry, are generally unavail-
able, we propose different simplifying scenarios that yield ana-
Iytical solutions, which help us understand the relationship
between Voc and energy band offsets. A useful starting point
is the limit where we have uniform and equal concentrations,
i.e., n=p throughout the absorber. This is also called the “high
injection” limit, as it is formally equivalent to the case where pho-
togeneration exceeds any equilibrium carrier concentration.
According to Equation (10), the condition n = p implies

AEp
n = n,ext (13)

where the QFL splitting must obey AEr/q = Voc, since AEg
does not change with position in this scenario. Assuming iden-
tical pseudo-lifetimes for electrons and holes 7o, = 79, = 7o, the
recombination rate from Equation (7) simplifies to

n n;, Akg

Rou = —— = - 3t 14
bk =500 = 5 €T (14)

which after applying Equation (12) yields the QFL splitting

VNN
AEg|pin = Eg — 2kT1n (”) (15)

ZGTO

Here we use the subscript “min” meaning that this expression
corresponds to the lowest possible QFL splitting in the bulk
recombination case, for a given photogeneration rate and carrier
lifetime.

Now under low injection, depending on the interfacial ener-
gies and CTL dopings, the condition n = p is either met only at a
single intersection point or entirely avoided, producing higher
AEg values.”) This allows to relate AE; at low injection to
AFEg| i at high injection as follows. If carrier concentrations
intersect, the SRH recombination rate adopts a peak-like profile
with its peak value Rf , given by Equation (14). Thus, we write

the integral of /4Ry, (x)dx = adR;,;,, where the shape factor
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0 <a <1 relates the actual area to the rectangular area dR}
given by the peak value. Thus, solving Equation (11) for the
QFL splitting we obtain AEz = E, — 2kT In[a/N:Ny/(2Gzo)],
which results in

AEFlbulk = AEF'min + Zlen(l/a) (16)

Therefore, we relate the QFL splitting under low injection
to the high injection value AEg|,;,, highlighting that the nar-
rower the peak-like recombination profile becomes (@ — 0),
the higher the required R} ;, and the higher resultsAEg. As an
example, Figure 2 shows two recombination profiles: one where
Rpu (%) is uniform as in high injection, and a triangle-shaped
profile where the upper vertex corresponds to R; ;.. Since under
open-circuit both are required to have identical areas, the triangle
profile doubles the height of the uniform profile, i.e., implying
shape factor a =7%.

2.2.2. Interface Recombination

Considering recombination at one single interface with a rate
Rin, the total number of photogenerated carriers must equal
the total number of carriers recombined at the interface, i.e.,
Equation (11) turns into

Gd = Ry (17)

The recombination rate is expressed analogously to
Equation (7), and assuming again that the defect level is between
the QFLs, as in Figure 3, the recombination reaches a maximum
rate given by

nip+ - n‘izint
R, —=— - wmt 18
int VF/SP +p+/sn ( )

Rbulk(x) A
Rb*u\k

HI

>
>

0 d x

Figure 2. Geometrical appreciation of the shape of the bulk recombination
rate profile Ry, (x) and its impact on open-circuit voltage. The uniform
profile (continuous horizontal line) corresponds to the case of high injec-
tion conditions, with identical concentrations of electrons and holes
throughout the absorber. The triangle profile corresponds to intercrossing
carrier concentrations, producing a peak recombination rate R*p,,.. Since
at open-circuit the area under both profiles must be the same in order to
match photogeneration (cf. Equation (11)), the height of the triangle-
shaped profile doubles the height of the uniform profile, resulting a shape
factor @ =1/2 (see definition in main text).
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ETL perovskite

x=0

Figure 3. Close-up band diagram denoting the relevant magnitudes at the
ETL/perovskite interface for case (c) of Figure 1, showing an electron-hole
recombination process through an interface defect level at the energy E,.

Here, n~ and p* are the electron and hole concentrations
immediately at the left (—) and right (+) of the interface under
consideration, respectively, while S, and S, are the recombina-
tion velocities for holes and electrons, respectively. Moreover,
with the effective interface bandgap Ei, defined in Figure 3,
the effective intrinsic carrier concentration at the interface can
be expressed by

M = \/P g = \/ NaNye ¥ (19)

where the subscript ‘0’ denotes thermodynamic equilibrium, N¢
and Ny are the effective density of states seen at each side of the
interface. Since we are interested on the impact of band offsets
and band bendings on recombination, we now proceed to
describe Equation (18) in terms of interface energies. Figure 3
defines the involved energies in the band diagram of the ETL/
absorber interface out of equilibrium, i.e., showing some QFL
splitting. At the interface (dotted vertical line) we depicted an
electron-hole recombination process occurring through an inter-
face defect at the energy E,, as well as the band bendings qV; and
qV,, and the conduction band offset AEc.

Out of equilibrium, the interface carrier concentrations are
given by

N Epn—Fg

= kT

tom e (20)

E
v~ Frp
p+ = N¢e T

With E¢ and Ey; the conduction and valence band energies at
the left and right of the interface, respectively. With
Equation (19), the product n~p* is given by

Epn-Ec Ef ~Epp AEg
n"pt = Nge m Nye m =n? em (21)

1,int

which is the analogue to Equation (10) for interfaces. The expo-
nents in Equation (20) can be written as a function of the

Sol. RRL 2024, 8, 2300742

2300742 (5 of 15)

www.solar-rrl.com

interface energies, as shown next. From Figure 3, notice
that Ep, — Ec =qVi+¢q&,, and Ey — Epp, = Ejy — AEp—
(qVy + g&,), which contains the QFL splitting at the interface.
Further, since the conduction band offset is given by

AEc = Eg — Eint (22)
we rewrite Ey — Ep, = Eg — AEc — AEg — (qV1 + ¢&,).
Therefore, both n~ and p* can be seen to be exponentially depen-
dent on both qV;, AEc, reflecting the interdependence of recom-
bination rate with band bendings and offsets. In the next section
we find explicit relations between these quantities.

As a final point, it is important to note that Equation (20)
and (21) are only valid under the assumption of non-degenerate
carrier concentrations at the interface, i.e., the QFLs are at least
an energy 3 kT away from the band edges. In the case of strong
carrier accumulation at the interfaces, these equations are to be
replaced with the corresponding Fermi-Dirac integral expres-
sions (Ref. [38], p. 19) This situation is taken care of by the
numerical model, presented below.

3. Modeling

3.1. Numerical Model

We performed simulations of open-circuit voltage and current
voltage-characteristics using the widely-spread open source
numerical solver lonMonger.*” This software simulates one-
dimensional drift-diffusion transport and electrostatics of free
carriers coupled to one mobile and one fixed ionic species in
three-layered structures (as in Figure 1). The model is oriented
to metalorganic PVKs where ion migration is assisted by vacan-
cies, resulting in anions being the immobile and cations the
mobile species.[‘“)’“] The net ionic charge is assumed zero,
i.e., the mean concentrations of the positive as well as the nega-
tive ions are identical, given by Ny. Recombination is modeled
using Shockley-Read-Hall and radiative recombination.
Interface recombination is expressed in terms of surface recom-
bination velocities and Shockley-Read—Hall statistics. The
simulation parameters are given in Table S1, Supporting
Information, assuming values compatible with commonly used
ETL materials, a 400 nm-thick PVK with a bandgap of 1.7 eV for
the absorber, and, for symmetry, an HTL with identical param-
eters as the ETL, except for the electron affinity. Since we are
interested in cases that potentially lead to high efficiency devices,
we assume a good-quality PVK having 30ns pseudo-lifetimes
when bulk defect recombination is activated (leading to carrier
diffusion lengths of 550 nm), and low interface recombination
velocities of 1000 cms™" when interface recombination takes
place. Bulk radiative recombination is activated in all cases. In
the CTLs, carrier concentrations obey Fermi-Dirac statistics,
enabling strong carrier accumulation conditions without intro-
ducing approximation errors. The majority carrier band offsets
are incorporated by setting the electron affinities of the CTLs,
according to AEc = q(y — yer) and AEy = q(yur — x), where
x is the electron affinity of the PVK absorber. Defined in this way,
both quantities are positive when the conduction band in the ETL

© 2023 Wiley-VCH GmbH
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and the valence band in the HTL favor the separation of photo-
generated carriers.

Since we are interested in the device output in steady-state
conditions, we record the simulated values of Vo corresponding
to the stationary state after light switch-on, starting from thermo-
dynamic equilibrium conditions. In the current-voltage charac-
teristics, we ensure that the time between voltage steps is
sufficiently high as to reach steady state at each voltage value
before the next voltage step. For the ionic solar cell, this implies
that the current—voltage characteristics show no hysteresis, a con-
sequence of the slow voltage scan rate.

3.2. Analytical Expressions at Open-Circuit

Approximate analytical solutions for the QFL splitting (or, equiv-
alently, the implied open-circuit voltage) are available when con-
sidering only either bulk or interface recombination. In the
following sub-sections, we obtain simple expressions for the
QFL splitting AEg in limit cases, distinguishing between pin
and ionic solar cell.

3.2.1. Quasi Fermi Level Splitting with Bulk Recombination

a) Case of AEc = AEy > 0.

This is the case of symmetrical band offsets. In equilibrium,
we have crossing carrier concentration profiles: electrons
decrease exponentially from the ETL/absorber interface towards
the absorber/HTL interface, and holes show a symmetrically
opposite profile. Out of equilibrium, the crossing concentration
profiles still hold, as identical band offsets do not produce any
asymmetry to carrier injection. Depending on the illumination
level and bias voltage, the injected carrier concentrations tend
to level out the exponentials towards homogeneous (i.e., position
independent) profiles in both, the pin and the ionic solar cell. As
an example, Figure 4 shows the concentration profiles obtained
from our simulations for both cell types (see next section for sim-
ulation details). The carrier concentrations thus flatten out to the
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value n = p = 21, G predicted by Equation (12) and (14), implying
the high injection QFL splitting given by Equation (15). Thus, the
solar cell is only able to deliver the minimum possible Vg, for a
given recombination lifetime. Although being much closer to
each other over the entire absorber than under equilibrium, the
carrier concentrations in the pin cell are equal only at the inter-
section position x* = 200 nm. This results in 12 mV higher open-
circuit voltage in the pin cell than in the ionic cell, where both
concentrations are identical throughout the absorber (1.175 mV
in the pin cell vs 1.166 mV in the ionic cell, cf. Figure 6).

Equation (15) also reflects that under high injection condi-
tions, the impact of defect recombination lifetime on Vo is high-
est, since the second term implies a 120 mV V¢ decrease per
order of magnitude in 7, decrease, at room temperature, against
60 mV under low injection (cf. cases (b) and (c) below).

b) Case of AE: > AEy > 0.

Increasing AE¢ above AEy, implies a decrease in built-in volt-
age compared to the previous case, and as a result we expect, in
principle, a decrease in Voc due to the additional energy loss.
However, the differentiation of carrier concentrations introduced
by the asymmetry in band offsets can result in higher Vo, as
shown below. Further, with sufficiently high offset and lifetime,
this scenario opens up the possibility for Voc > Vyi.

In the pin cell, the condition Voc > Vj,; reverses the electric
field in the absorber, depleting electrons away from the ETL/
absorber interface towards the opposite interface, and attracting
holes. Figure 5a shows the carrier concentrations and the recom-
bination rate profile obtained from our simulations. The result-
ing intercrossing carrier concentration profiles again bring us to
the reasoning about Equation (16), enabling a qualitative expla-
nation for the higher Vo compared to the symmetric case is pos-
sible. With the asymmetry introduced by AEc > AEy > 0, the
coordinate x* where n = p is displaced out of the absorber center,
effectively cropping one end of the peak profile of Ry (x).
However, since the area under R,y (x) must stay constant
(Equation (11)), the peak value of Ry must increase, implying
a <1, obtaining higher Voc. Notice that if the asymmetry is

(b) ionic
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Figure 4. Electron (blue) and hole (red) concentrations at equilibrium (dashed) and open-circuit conditions a) in a pin cell and b) an ionic solar cell, where
the absorber is placed between an electron transport layer (ETL) and a hole transport layer (HTL). The interface band offsets are assumed equal at
AEc = AEy=0.2 eV, producing symmetrical concentration profiles. In the ionic cell, the carrier concentrations are identical throughout the absorber,
agreeing with the analytical concentration value (green dashed line) obtained with the mean value of the photogeneration rate Gpean.
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(b) AE_=+0.5 eV, ionic
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108 E 7 T T T
ETL absorber HTL

10° |
10"
10%F ——
10" E

|Qppyel/ad 1
10% e % 4

o s

1014 [ GmeanTeff p _E 2

concentrations n, p [cm™]

1013 [

total bulk recombination rate [10*' cm™s™]

1 2 2 1 L 1 L 1 n n 1
-100 0 100 200 300 400 500

position x [nm]

Figure 5. Electron (blue) and hole (red) concentrations (left axes) at open-circuit conditions in the pin cell and in the ionic solar cell with only bulk
recombination (right axes, total recombination rate), under two different band offset cases: a) AEc = —0.1eV and b) AEc = 0.5 eV. The dashed hori-
zontal green lines indicate the values of n and p assumed by the analytical models for each case (see main text).

introduced at the opposite interface, i.e., with AEy > AE¢ > 0,
this analysis is analogous.

In the ionic solar cell, the band bendings are strongly reduced
by Voc, turning negative if Voc > Vy,;. For simplicity, we take the
case of a PVK absorber, which after Equation (5) obeys

Vii = AEglpui/q = Vi + Vs (23)

implying negative V; 4 < 0. Since now the offset at the HTL is the
smaller of both offsets, the negative band bendings produces
hole accumulation at the HTL interface, resulting in an increased
hole concentration within the absorber. In the limit p>n,
Equation (7) is simplified to Ry, = n/7g, and with G = Ry
we have n = Gr,. Solving Equation (10) for n we have

n:
Ryuix = —= €7 (24)

and the QFL splitting results in
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AEg|y = Eg — len(l\T];CIj;) (25)

Notice that since p> n in the whole absorber, the obtained
AEg|pu limit is valid also for the case of non-negligible radiative
recombination when replacing 7, with the effective lifetime
Test = (7o' +7,5) 7", where the radiative lifetime is given by
T,.4 = (Braap) ™", Braa being the radiative recombination constant.
An analogous replacement is also valid for the equations
obtained when n >> p, as in the next case (c).

The concentration p in Equation (25) is available when consid-
ering charge neutrality in the bulk which in our case with p>> nis
expressed by the neutrality condition q(p + Py — Ng) = 0.
With Py given by Equation (4) we arrive at

_ QDebye (2 6)
qd

i.e., the hole carrier concentration allowed to flood the absorber
from the HTL is tied to the ionic charge at the interface, which is
a consequence of assuming a field-free bulk interior. This is

© 2023 Wiley-VCH GmbH
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possible under our assumption that the ionic charges dominate
the electrostatics even under the increase in free charge carrier
concentrations upon illumination and bias voltage. With
Equation (25) and (23), we can write

NcNy

Vis — E, + kTln [ ——C2V
b & <TOGQDebye/qd

) = Vl(Q.Debye) + V4(QDebye)
(27)

where the interface potentials are expressed as a function of the
surface charge Qpepye. Following the surface polarization model
from Courtier et al.,*” the interface potentials are given by ana-
Iytical functions (see Supporting Information), and therefore
Equation (27) is solved for Qpepye by root-finding. This yields
the concentration p from Equation (26), enabling to calculate
the saturation value of AEg|, g with Equation (25). Example
concentration profiles in Figure 5b shows the agreement
between our simulations and the values for p postulated by
Equation (26).1*

c) Case of AE¢ < AEy withAEy > 0.

The lower offset at the ETL interface produces accumulation of
electrons at the absorber side of the ETL/absorber interface
(x=0), and depletion at the ETL side. For sufficiently low
AEC, the strong electron accumulation at the interface produces
in n>> p throughout the absorber also under illumination, as
shown by the simulated concentration profiles shown in
Figure 5c,d. This implies that high injection conditions are
avoided throughout the absorber, which results in a higher
QFL splitting than in the case of symmetrical offsets.

In the pin solar cell, an analytical solution to find the QFL split-
ting is not available; we find however good agreement with the
simulations when assuming o =1/3 in Equation (16) to obtain
the saturation value of AEg, as shown in the next section.

In the ionic solar cell, the condition n>> p leads to an analo-
gous analysis to case (b) above, now requiring n = Qpeyy./ qd,[*!
which again leads to Equation (27) when assuming a PVK
absorber. The resulting AEg is different to case (b) due to the
higher Vi, resulting in a lower limit value than with the smaller
built-in voltage case of AEc > AEy > 0 given above.

3.2.2. Quasi Fermi Level Splitting with Interface Recombination

At each interface, we have the local quasi-Fermi level splittings
AFg|pr and AEg|yrp, where the ETL and HTL denote each of the
interfaces. Since the interface with higher recombination ulti-
mately determines the lower QFL splitting, we separately find
expressions for AEg|pp and AEg|y. assuming that recombina-
tion takes place at one interface. Since no bulk recombination is
considered here, we bear in mind that the relations obtained
below are ultimately limited by the bulk recombination limits
found in the previous sub-section. Further, we consider the offset
AE( as variable, and fix AEy; the opposite case is derived by anal-
ogy to the equations obtained here.

a) Recombination at the ETL/absorber interface.

Assuming low injection conditions at the interface, we have
n~ > p" (see ref. [5], p. 7] for a derivation under high injection
conditions). For simplicity, we further assume equal recombina-
tion velocities for electrons and holes, defining Sg = S, = S, and
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2
i,int

results in Gd = Sgp™, ie.,

neglect n#, . in Equation (18), which replacing in Equation (17)

2
ni,int AER

Gd = Sy ewr (28)

n

In the ETL, the electron concentration away from the interface
corresponds to the doping concentration, i.e., n = Np. At the
interface, the concentration n~ is obtained as a function of Np
and the band bending qV; according to

n~ = Npe /+T = NCEe—q(V1+§n)/kT (29)

where No=N; is the conduction band density of states in the
ETL. Replaced in Equation (28) together with Equation (19)
and (22), this yields the QFL splitting

SgN
AEgler, = E, —qVy — g, — AEc — len( Ede) (30)

In order to better understand this and the forthcoming equa-
tions, it is convenient to recall that the energies are related to
enthalpies, while the last term containing recombination physics,
corresponds to entropic losses.** Thus, for example, the appear-
ance of the absorber thickness d in the entropic term reflects that
the impact of interface recombination dilutes with increasing
absorber volume. Moreover, when assuming the condition
AEc >0, desirable for undisturbed photocurrent extraction,
Equation (30) exposes the enthalpic loss introduced by positive
AEc, with a linear decrease of AEr with AE¢. In the opposite
direction, decreasing AEc, we have an increase of AEp up to a
saturation value that depends on interface electrostatics: without
ions (pin solar cell), when A E reaches sufficiently negative values
we have electron accumulation, and we approach qV; — —AEc.
Replaced in Equation (30), this produces the saturation value

AEglgr, = Eg — g8, — kT1n<SEGIZV) (31)

In the ionic solar cell we have qV; > —AEc, and Equation (30)
predicts a smaller A Eg limit, as shown by our simulations in next
section.

b) Recombination at the absorber/HTL interface.

Analogously to case (a) above, and assuming Sy; = S, = S, we
solve for AFEg|yr taking into account that at this interface the
concentrations obey p*>>n~, Equation (17) simplifies to
Gd = Syn~, and we obtain

2
n2.
iint 6% (32)

Gd=3S
Hp+

The hole concentration p* at the HTL side of the interface is
given by
pr= NAe*qVA/kT — NHg*@(Vﬁfp)/kT (33)

where N, is the acceptor dopant concentration, and N; = Ny is
the valence band density of states in the HTL. Replacing in
Equation (32), the QFL splitting becomes
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AEg|yr = Eg —qVy — g6, — AEy — len(Slg;l]C) (34)

The impact of the band offset AEy on AEg is deduced and
interpreted analogously to case (a) above. Here, we are interested
in finding a relation between AEy and AE, at a fixed AEy. This
is possible when relating qV, to the offset AE¢, as shown below.

In the pin solar cell, the band bending gV, is negligible when
AE: < AEy, and Equation (34) yields the QFL splitting indepen-
dent of AEc. When AE: > AEy, however, a non-negligible band
bending qV, < 0 appears at the interface, resulting in an increas-
ing AEgwith AE¢, which saturates to the limit imposed by bulk
recombination.

In the jonic solar cell, the band bending qV, leads to a monot-
onous increase of AEp with AEc, as shown next. We resort to
Equation (23), which, evaluated with V; = V, (see next section),
delivers

qV4: (Eg_AEC_AEV_qén_q‘fp_AEF) (35)

N =

Replacing this expression into Equation (34) and solving for
the QFL splitting, we arrive at

SuN
AEg|yr, = Eg — AEy + AEc + g&, — q&, — 2kT1n (%)
(36)

which shows a monotonous increase of AEgwith AE, i.e., with
decreasing built-in voltage. This is understood when considering
p" in Equation (32) as follows: with sufficiently large offset AE
we eventually reach the condition Voc > Vy;, which implies neg-
ative V,, producing the accumulation of holes at the HTL side of
the interface. This results in p* increasing with AE, which
implies a concomitant increase of AEgfor Equation (32) to hold.

From the technological point of view, this case is of special
interest, because it enables to reduce interface recombination
at one interface by increasing the band offset at the opposite
interface. In the next section we show that the resulting increase
in Voc goes hand-in-hand with an increase in efficiency.

4, Results

4.1. Open-Circuit Conditions

Figure 6 shows the results for bulk recombination only, with the
simulated open circuit voltage Vo (symbols) and calculated QFL
splitting A F (dashed lines) as a function of the conduction band
offset AE at the ETL/absorber interface. For reference, the radi-
ative absolute limit corresponding to the chosen absorber
bandgap of E;=1.7eV is shown by the orange dashed line at
Voc=1.4V, valid for unconcentrated AM1.5 G spectrum radia-
tion.*" We compare simulation results for the ionic solar cell
(filled symbols), containing a high mobile ion concentration
No=10"cm 2, and the ion-free, pin solar cell (open symbols).
The top axis in Figure 6 shows the built-in voltage, calculated as
Vi = 1.3V — AEc/q resulting from Equation (2) and the chosen
CTL doping levels (values given in Table S1, Supporting
Information). As seen in Figure 6, the overall trends observed
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Figure 6. Simulated open-circuit voltage Voc (symbols) and modeled
quasi-Fermi level splitting AEg (dashed lines) as a function of the conduc-
tion band offset AEc at the ETL/absorber interface. Open symbols corre-
spond to Voc in the ion-free case, full symbols assume positive as well as
negative ion concentrations of No=10?°cm™3, the positive ions being
mobile. The blue horizontals predicted by the equations for the different
limit cases, as indicated. With the assumed parameters, the worst-case
condition is AEc = AEy, which at open-circuit produces high injection con-
ditions in all the extension of the absorber. The orange horizontal line
shows the radiative limit of 1.4V corresponding to a gap of E;=1.7eV.

for the ionic and the pin cell are similar. For instance, the mini-
mum open-circuit voltage and QFL splitting is nearly the same for
both devices, occurring at AEc = AEy, corresponding to the high
injection limit from Equation (15), shown by the dashed horizontal
in Figure 6. When choosing higher or lower A Ey, values, the min-
imum follows this condition (not shown here). In the asymmetric
case where band offsets are unequal, the carrier concentrations
move away from high injection conditions, resulting in higher
Voc for both devices. At the chosen limits for AE, Vo saturates
to different values depending on the presence of mobile ions. In
the limitat AEc = 0.5 eV, Vo in the ionic solar cell surpasses the
pin solar cell by 100 mV, with the saturation value agreeing with
AEg from Equation (25), where p is calculated by Equation (26)
and (27). In the opposite limit at AEc = —0.1¢€V, the ionic solar
cell saturates ata 40 mV higher V¢ than the pin cell, also agreeing
with the saturation value obtained as in the previous case.

The pin solar cell, in contrast, saturates at both extremes to the
value predicted by Equation (16) when assuming a shape factor
a=1/3, although with different concentration profiles, shown
in Figure 5a,c: when AEc > AEy, the crossing profiles imply
p(x*) = n(x*), while when AEc > AEy, we have p(x) < n(x).

Figure 7 shows the band bendings qV; (circles) and gV (crosses)
obtained from the simulations in equilibrium (black symbols) and
under open-circuit conditions (pink, orange) for the pin (plot a) and
the ionic solar cell (plot b). The band bendings gV, and qV; are not
shown because they are negligible due to the higher dielectric con-
stant assumed in the absorber layer than in the CTLs, mimicking
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Figure 7. Band bendings at the side of the charge-transport layers (qV;:
ETL, qVa: HTL) occurring in equilibrium (black symbols) and under illumi-
nation, in open-circuit conditions (colored symbols) in the pin (plot a) and
the ionic solar cell (plot b), as a function of the band offset AEc at the ETL/
absorber interface.

the case of metal-halide PVK solar cells (values given in Table S1,
Supporting Information). The behavior of the band bendings for
the pin solar cell is explained in the Supporting Information,
see Figure S1 and corresponding paragraph.

The ionic solar cell, Figure 7b, shows much larger equilibrium
band bendings than the pin solar cell due to the large assumed ion
concentrations, which are able to accommodate the built-in voltage
at both interface Debye layers (e.g., at AE¢c = 0 in equilibrium we
have V;+ V,=1.28V, almost equal to the builtin voltage
Vbi=1.3V). Under open-circuit voltage conditions, both band
bendings decrease to hold Equation (5), however with different
proportions, depending on the relation between AEc- and AEy,.
Following Equation (5), both band bendings turn negative as soon
as Voc > V4,;, which in our case occurs at around AE; = 0.1¢€V,
corresponding to Vi, = Voc=1.2V (cf. Figure 6, open circles).
This crossover band offset value therefore depends on recombina-
tion parameters and built-in voltage.*” Moreover, notice that
below AEc =0.1eV, qV, remains close to zero but negative,
and independent of the band offset. This is related to the fact
as discussed in Section 3.2.1, since AEc < AEy in this regime.

The case of interface recombination is shown in Figure 8, dis-
playing the results for simulated Voc (symbols) and modeled
QFL splitting A Eg. (dotted lines), as a function of the conduction
band offset AEc at the ETL/absorber interface. Here, the only
bulk recombination mechanism is radiative, imposing the abso-
lute limit shown by the dashed orange horizontal. Results for the
ionic solar cell are shown with filled symbols (mobile ion concen-
tration No = 10?° cm™?), while results for the ion-free, pin solar
cell, are shown with open symbols. The case of recombination at
the ETL/absorber interface is shown in blue (symbols and lines),
at the absorber/HTL interface by green, and red when corre-
sponds with recombination at both interfaces, assuming identi-
cal recombination velocities.
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Figure 8. Open-circuit voltage Voc (simulations, symbols) and quasi-
Fermi level splitting AEr (analytical model, lines) as a function of the con-
duction band offset AEc. Open symbols correspond to Vo in the pin cell
(ion-free case), full symbols correspond to the ionic cell, where we assume
positive as well as negative ion concentrations of No=10?*cm™. The
simulations assume interface recombination either at the ETL/absorber
(blue), absorber/HTL (red) or both interfaces (green), with only radiative
recombination in the bulk. The different approximations from the analyti-
cal model are explained in the main text. The saturation of Voc at the
extremes of the band offset occurs due to pinning (blue, AEc = —0.7 eV),
or bulk radiative recombination (red, AEc =0.5eV).

Depending on the recombination active interface, and the
presence of ions, the results from Figure 8 show very distinctive
trends for the open-circuit voltage: 1) With recombination at the
ETL/PVK interface only (blue symbols), Voc decreases withAE,
and therefore with decreasing V};. This case reflects the most
intuitive case of AE( directly implying an energy loss of carriers.
The saturation towards AE: < 0 occurs in both solar cells, with the
pin solar cell saturating at higher values. At AEc = —0.1¢€V,
the simulations show that Voc becomes in part limited by
bulk radiative recombination: integrating the recombination pro-
files across the absorber, we obtained a radiative recombination
current of 11.5 mA cm ™2 and an interface recombination current
of 10.8 mA cm ™2 (for a total of 22.3 mA cm ™2, equating the pho-
togeneration current). The blue dotted lines in Figure 8 corre-
spond to the model predictions for negligible qV; and pinning
cases from Equation (30) and (31), respectively. The band bend-
ings obtained in the simulations are shown below. 2) In the case
of recombination at the PVK/HTL interface only (red symbols in
Figure 8), the pin solar cell (open red squares) shows Vo inde-
pendent of AE¢ up to the condition AE: = AEy, with the cor-
responding value of AEg given by Equation (34) with qV,=0.
When AEc > AEy, Voc increases towards saturation by bulk
radiative recombination, to practically the same saturation value
as in the bulk recombination case (cf. Figure 6). The ionic solar
cell (filled red squares), on the contrary, shows a steady increase
of Voc with AEc, which is governed by the condition of equal
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band bendings qV; = gV, given by Equation (36) (red dotted line
in Figure 8). At high AE(, the ionic solar cell saturates at higher
Voc values than the pin cell, due to interface recombination
becoming weakened as AE increases (cf. Equation (36)), being
bulk radiative recombination the limiting mechanism. The satu-
ration value is 10 mV lower value than with bulk recombination
only (cf. Figure 6) because interface recombination is non- neg-
ligible at AEc = 0.5 eV. At this extreme, the simulations indicate
that interface and bulk radiative recombination have nearly equal
shares on total recombination. Thus, increasing the band offset
at the opposite interface (here the ETL/absorber interface) where
interface recombination occurs (here the absorber/HTL inter-
face), effectively reduces the impact of interface recombination.
Therefore, this can be seen as an indirect strategy to mitigate
recombination at one specific interface. 3) The case of identical
recombination velocities at both interfaces (green symbols), is
directly understood as a superposition of both previous cases.
With AE: < AEy, in the pin as well as the ionic solar cell, we
see that Vo is limited by the recombination at the PVK/HTL
interface, while with AE¢ > AEy, recombination at the ETL/
PVK interface governs Voc. In the more general case of non-
identical interface recombination velocities, the simulations
show the maximum V¢ shifting towards AEc < AEy when
SerL > SutL, and towards AEc > AEy when Sgrp < Syt (see
Figure S2, Supporting Information).

In order to verify the validity of the different band bendings
assumed in the analytical models, Figure 9a—c shows the band
bendings qV; and qV,obtained from the simulations of the ionic
solar cell (see Figure S3, Supporting Information, for the pin
cell). For reference, the equilibrium values of ¢V, and qV, are
shown with black symbols. Starting with the case of ETL/
absorber recombination, Figure 9a shows that at Vo (blue sym-
bols) the band bendings turn negligible at an offset value of
~0.1 eV. This value is deduced by the condition Vi; = V¢, as
commented for the bulk recombination case. The negligible
band bendings result in the linear decrease of Voc seen in
Figure 8 above AEc = 0.2 eV. With AE( decreasing towards neg-
ative values, qV, remains negligible, while qV; increases due to
the accumulation of electrons at the ETL/absorber interface,
eventually reaching electron Fermi level pinning (see case (a) in
Section 3.2.2).

Turning to the case of interface recombination at the
absorber/HTL interface in the ionic solar cell (Figure 9b), the
simulations show nearly identical band bendings over the largest
part of the studied range, validating the assumption qV; =qV,
from the model.

In the special case where both interfaces have identical recom-
bination velocities, we obtain the red symbols in Figure 9c. Here,
when AEc < AEy, the band bendings follow the trend from
recombination at the absorber/HTL interface (cf. Figure 9b),
while with AE: > AEy we have the behavior from the ETL/
absorber interface (cf. Figure 9a).

4.2. Solar Cell Output
The dependence of all electrical solar cell output parameters

obtained from simulated current/voltage characteristics is now
analyzed as a function of the conduction band offset AEg,
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Figure 9. Simulation results for the ionic solar cell with interface defect
recombination. Decrease of interface energy band bendings qV; and
qVs with the band offset AE¢ at the ETL/absorber interface in thermody-
namic equilibrium (black) and under illumination, open circuit conditions
(colored symbols), for three recombination locations: a) ETL/absorber

interface (blue), b) absorber/HTL interface (red), c) both interfaces
(green). The straight line in (b) shows the slope-1 for reference.

keeping AEy =0.2eV (analogous results correspond to the
opposite case of varying AEy at a fixed AE¢). Figure 10 shows
the open-circuit voltage Voc, short-circuit current density Jsc, fill
factor FF, and photoconversion efficiency (PCE), as a function of
AEc. Plot column (a) shows the output parameters with
bulk recombination only, column (b) for ETL/absorber interface
recombination, and column (c) for absorber/HTL interface
recombination. Filled symbols correspond to the ionic solar cell,
and open symbols to the pin solar cell.

Comparing the PCE in pin and ionic solar cells, the results
with AEc obtained for the three cases are markedly dissimilar,
including regions where the trends are in opposite directions.
Comparing the results for PCE and Voc in Figure 10a—-c we
notice that this originates in the Vo vs. AEc dependence, plus
the higher Jsc from the pin cell. The higher short-circuit current
originates in the enhanced photocarrier collection provided by
the internal electric field in the pin cell, which is absent in
the ionic solar cell.

In the region AEc < AEy (left of the dashed vertical lines in
Figure 10), regardless of the location of recombination (bulk or
interfaces), the pin solar cell clearly surpasses the PCE of the
ionic solar cell. In the region AE: > AEy, however, the ionic
solar cell delivers increasingly higher efficiency than the pin cell
when only bulk defect recombination (column a) or recombina-
tion at the absorber/HTL interface (column c) dominate. In the
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Figure 10. Solar output parameters as a function of the ETL/absorber interfacial energy offset AEc, simulated for the case of bulk defect recombination
(plot column a), ETL/absorber interface recombination (column b), and absorber/HTL interface recombination (column c). Overall, we notice the highly
distinctive AEc dependence of photoconversion efficiency (PCE) among the three cases. See main text for discussion.

latter case, at the saturation offset of AE- = 0.5 €V, the ionic solar
cell reaches 23% efficiency, well above the pin solar cell at
PCE = 17%. Both declines in PCE of the pin cell are explained
Dby a sharp loss in fill factor with increasing AE¢, which originates
in the loss of photocurrent, marked by a kink (labeled in Figure 10)
in the current/voltage characteristics (see below). The photocur-
rent loss is caused by the reversal of electric field at maximum
power point voltage Vi, in the pin cell, which opposes carrier
collection. The electric field reverses when Vi, > V4, a condition
which becomes increasingly possible when reducing Vi,; with the
increase of AEc. This is seen in the current/voltage characteristics
shown in Figure 11, which correspond to the extreme offset values
AEc = —0.1 and +0.5 eV, and to the symmetrical case of AE: =
AEy = 0.2eV leading to high injection conditions. The case
of AE- =0.5eV,AE: > AEy, is represented in the last row
of graphs in Figure 11, where the J(V) curves of the pin cell
(dashed lines) show a kink in both bulk and absorber/HTL
recombination. The kink starts at 0.8 V bias, which matches
Vbi =0.8V (corresponding to AE: = 0.5eV), marking the
reversal in the electric field. The reversed electric field opposes
the collection of photogenerated carriers, producing a loss in
photocurrent with increasing voltage, and therefore the drop
in FF shown in Figure 10a,c. In the ionic solar cell, this is
avoided because the ions shield the field in the absorber, not
allowing any opposing field. As an example, Figure S4,
Supporting Information, compares the band diagrams of both
cells at 1V bias voltage for the case of bulk recombination,
showing the reversed electric field occurring in the pin cell.
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Turning to the case of interface recombination at the ETL/
absorber only (column b in Figure 10), the PCE of both cells
decreases with the band offset, with the pin cell always surpass-
ing the ionic cell by ~25% relative. This is accounted for by the
strong loss in fill factor in the ionic solar cell, also producing
kinked characteristics, as shown in Figure 11b at AEc = 0.5eV.

From the technological point of view, our results reveal that
the presence or absence of ions implies strikingly different solar
performance optimization paths. If the band offset at the inter-
face with dominating recombination is adjustable (e.g., by sur-
face treatments), it should be minimized to minimize carrier
energy losses and maximize Voc. In our simulations, this is the
case of ETL/absorber recombination, where we varied AE. If the
band offset at the interface with dominating recombination is
fixed (here the case of HTL surface dominating interface recom-
bination) we require to increase the band offset at the opposite
interface in order to maximize Voc, despite the concomitant
drop in built-in voltage. This originates in the possibility to pro-
duce majority and minority carrier concentrations in the nomi-
nally intrinsic absorber when mobile ions control the absorber’s
electrostatics, as discussed above. This might be the case of a
recent experimental study involving inorganic CsPbl; gBr;,
PVK solar cells.””! Using an ETL material with a high offset
of AE;=04eV, compared to the baseline ETL having
AEc = 0.25¢V, the authors obtained not only higher photocur-
rent due to the increased charge separation,’*” also a 100 mV
higher open-circuit voltage, which is compatible with our results
from Figure 10. This comparison is subject to the occurrence of a
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Figure 11. a) Current/voltage characteristics corresponding to pin (dashed) and ionic (solid) cells with only bulk, b,c) ETL/absorber or absorber/HTL
recombination, having ETL/absorber conduction band offsets AEc of —0.1, 0.2, and 0.5 eV. The valence band offset at the absorber/HTL interface is fixed
at AE, = 0.2 eV. With AEc = 0.5 eV, the resulting Vi,; = 0.8 V implies that the pin solar cell suffers from reversed electric field when V> 0.8V, severely

reducing the photocurrent and the fill factor of the J(V) characteristics.

very high density of mobile ion concentration being present in
the cells reported in ref. [22], which is possible in the chosen PVK
material ¢!

4.3. Notes on the Adopted Methodology and Model

Let us remark that the high doping levels and mobilities chosen
for the CTLs rendered negligible losses in these layers.
Nevertheless, Figure S5, Supporting Information, shows further
simulations with up to two orders of magnitude lower mobilities
in both CTLs, obtaining the same efficiency trends as a function
of AEc as those of Figure 10. We also neglected tunneling-
enhanced recombination, which could increase interface recom-
bination in both the ionic and pin solar cell. Further simulations
will investigate this phenomenon. Regarding the ion contents,
we recall that our results assume either a very high or negligible
concentration of mobile ions. Intermediate behaviors to those
observed throughout this section are obtained when ion concen-
trations are between both extremes. Moreover, although the
adopted numerical model assumes one mobile and one fixed
ion concentration, we expect the same trends found here if both
ion species are mobile, as a second mobile species only delivers a
higher degree of symmetry of the electrostatic landscape in the
absorber.

All results shown in this contribution correspond to steady-
state conditions, focusing on device performance under typical
solar operation conditions. Therefore, the conclusions drawn
from our results are not to be extended to transient behavior. For
instance, at AEc = —0.5 eV the J(V) curve of the ionic cell with bulk
recombination shows no kink (cf. Figure 11, AEc=—0.5€eV) in
steady state, however it appears in transient simulations where
the scan rate is sufficiently high as to impede the ions to compen-
sate the instantaneous electric field.

Sol. RRL 2024, 8, 2300742
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5. Conclusions

According to the simulations presented in this work, the pres-
ence of mobile ions in the absorber of a solar cell does not nec-
essarily imply lower energy conversion efficiency. Moreover, we
find that depending on the dominating recombination location
(i-e., bulk or interfaces), solar cells with a high mobile ion con-
centration (here termed ionic cells) may reach higher efficiencies
than ion-free (or pin) cells.

Focusing on the incidence of interfacial energy band offsets on
solar output, our results show that pin solar cells require the
smallest possible band offsets (maximizing built-in voltage),
reducing energy losses for collected carriers. This is interpreted
in terms of traditional solar cell knowledge, where high built-in
voltage warrants high photocarrier collection at higher bias,
ensuring high fill factors. If carrier mobilities are sufficiently
high, slightly negative offsets (down to —0.1 eV) are also admis-
sible without compromising photocarrier collection. In ionic
solar cells, however, there is no a priori choice for band offsets
that enables the highest efficiency: the optimum offsets depend
on the location of dominating recombination. In the case of dom-
inating bulk recombination, the efficiency is increased by choos-
ing unequal band offsets AEc # AEy, in order to avoid high
symmetry concentrations that lead to high injection conditions.
In the case of dominating interface recombination, the band off-
set at the interface with strongest interface recombination is to be
minimized, in agreement with experiments in metalorganic PVK
solar cells with fullerene ETLs.”! However, this may not be a gen-
erally applicable strategy, since in practice, the choice of CTLs is
subject to additional criteria regarding fabrication possibilities,
interface chemistry, thermal parameters, and optical criteria
(e.g., refraction index optimization). Therefore, we highlight a
work-around strategy emerged from our simulations: if a
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non-negligible band offset is unavoidable at the interface with
strongest recombination, we require increasing the band offset
at the opposite interface. According to our results, this route still
enables efficiencies well over 20%, assuming state-of-the-art
material parameters. The seemingly counter-intuitive solution
of requiring a band offset increase is resolved by noticing that
higher offsets introduce an asymmetry in carrier concentration,
driving the ionic solar cell farther away from high injection con-
ditions, therefore reducing recombination. This is only possible
in the ionic solar cell, where the band bendings caused by the
accumulation of ions at the interfaces allow carriers from the
CTLs to conform majority carrier concentrations in the absorber.
Whether this is the case of recent compelling experiments where
higher-band offsets delivered higher efficiencies in PVK solar
cells,* is to be determined by further experimental evidence.
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