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Shining light on a mixed ionic—electronic conductor induces varia-
tions in both its electronic and ionic behaviors. While optoelectronic
processes in semiconductors with negligible ionic conductivities are
well understood, the role of mobile ions in photoactive mixed con-
ductors, such as hybrid halide perovskites, is largely unexplored. Here,
we propose a model addressing this problem, combining optoelec-
tronics and optoionics. Using methylammonium lead iodide (MAPI) as
a model material, we discuss the expected influence of optical bias on
the charge carrier chemistry of mixed conductors under steady-state
conditions. We show that changes in the concentration of ionic
defects under light with respect to the dark case are a direct con-
sequence of their coupling to electrons and holes through the
component chemical potential (iodine in the case of MAPI) and the
electroneutrality condition. Based on the trend in the quasi-Fermi
level splitting in the mixed conductor, we emphasize implications of
controlling point defect chemistry for the function and performance
optimization of solar energy conversion devices, including those
based on halide perovskites. Lastly, we show that, in the presence of
multiple redox reactions mediating the ionic and electronic quasi-
equilibrium, either positive or negative changes in the ionic defect pair
chemical potential can be obtained. These findings indicate the
intriguing possibility to increase or reduce ionic defect concentrations
in mixed conductors through exposure to light.

Introduction

Understanding the effect of illumination on the properties of
mixed ionic-electronic conductors represents a basic yet largely
unanswered question in the field of materials science. Addres-
sing this question has fundamental implications not only for
existing photoelectrochemical devices, including solar cells and
other energy conversion and storage systems, but also for the
development of novel devices in the fields of catalysis, comput-
ing and beyond.
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New concepts

We present a model describing the defect chemistry of mixed conductors
under light. The evaluation of the electronic and ionic charge carrier
quasi-equilibrium upon illumination reveals light-induced ionic phe-
nomena resulting from the interaction of such charge carriers with each
other as well as with the gas phase. Using representative input parameters
for iodide perovskites, we identify and explore the key kinetic parameters
that control the mixed conductor’s electronic and ionic response under
light, emphasizing the importance of understanding defect chemical
effects in the optimization of solar cells. We demonstrate that light-
induced enhancement and reduction in ionic defect concentrations in
these materials are a natural consequence of the electroneutrality condi-
tion and the coupling between ionic and electronic charge carriers
through the component chemical potential. The prediction that light
can induce changes in stoichiometry and/or overall enhancement or
reduction in ionic defect concentrations has direct consequences for
any photoelectrochemical device using mixed conductors that include
redox-active ionic defects, such as perovskite solar cells. More broadly,
this work points to new avenues in the development of photodriven
stoichiometry control in mixed conductors as well as in the design of
materials and devices where defect concentrations can be either
enhanced or reduced by light.

The description of a photoelectrochemical system can be
greatly simplified, if the condition of local equilibrium applies
during its operation. It is then straightforward to define the
thermodynamic state at each position in the device through
parameters including the (electro)chemical potential for all
charged and neutral species, stoichiometry, defect formation
energies to name a few. The quantification of such parameters
is still possible locally, when a chemical or electrochemical bias
applied across the system induces gradients in the electroche-
mical potentials of electrons and ions (e.g. batteries or fuel cells
under operation).!

In many cases of interest, the applied bias leads to deviation
from local equilibrium. This is the case for semiconductors
used in solar cells, where light absorption leads to local non-
equilibrium between the electronic charges populating differ-
ent energy bands.>* Local non-equilibrium can also arise in the
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dark, when a voltage bias is applied to such devices, due to
injection selectivity of the contacts. A similar condition may, in
principle, be obtained for different ionic defects, if the relevant
sublattices are not at equilibrium with each other. The discussion
of these situations can be addressed using quasi-equilibrium
arguments, where different defects related to a specific compo-
nent (e.g. conduction band electrons, ¢/, and valence band holes,
h*, related to electrons e™) are described by separate occupation
statistical functions and separate quasi-electrochemical poten-
tials. This treatment is applicable if equilibration within each
charge carrier population occurs at a much faster rate than any of
the reactions in which such carriers are involved.

In general, given a material component or defect j, its quasi-
electrochemical potential can be expressed in the form:

Hj = Iy eq + 011, @

where the equilibrium value and the deviation from it are
indicated as fi;.q and 6y, respectively.

While these are not simple energies, the quasi-electrochemical
potentials of electronic charges are often discussed in terms of
quasi-Fermi energies for electrons, Eg,, and for holes, Erp, each
referring to separate Fermi-Dirac statistics.”” The resulting quasi-
Fermi level splitting QFLS = Eg, — Epp, can then be expressed as the
combined electron-hole chemical potential change according to

QFLS = 8fie + 8in", )

and it can be used to quantify the “degree of local electronic
non-equilibrium.” Assuming a dilute situation, the product of
the concentrations of electrons (n) and holes (p) is related to the
QFLS, as described by the modified mass-action law,

QFLS)

T 3)

np = Kg exp(
where kg is the mass action constant of e’-h® thermal genera-
tion and recombination, often written as n;% ks and T are
Boltzmann’s constant and temperature. At equilibrium (n =
neq and p = peg), this expression reduces to the conventional
mass-action 1aw neq peq = kg (QFLS = 0). For situations where all
ionic defects are immobile, as is the case at room temperature
for most semiconductors in solar cells, eqn (3) reflects the local
quasi-equilibrium in the material under bias.

In a mixed ionic-electronic conductor, where electronic and
ionic charges are mobile, the equilibrium situation is defined
by a more complex set of equations. These are derived from the
mass-action laws involving ionic and electronic defects,
coupled through the chemical potential (partial pressure) of
components associated with the relevant mobile ions.®® Under
bias, the coupling between electrons and ions in these materi-
als means that the ionic situation can vary too, even when a
purely optoelectronic excitation is considered.

Hybrid halide perovskites are a relevant example to this ques-
tion. These materials are used as active layers for high perfor-
mance optoelectronic devices while also showing significant ionic
conduction even at room temperature.”'® In methylammonium
lead iodide (MAPbI; or MAPI), a reference compound for hybrid
perovskite photovoltaics, migration of iodide defects (specifically
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vacancies) enables access to its defect chemical behavior by varying
the iodine partial pressure in the system (P(I,)).>""'> While the
characterization of MAPI under equilibrium conditions is becom-
ing established, the study of its properties under light has resulted
in numerous peculiar observations including anomalies in mass
transport, phase stabilities and mechanical properties. Many of
them have been interpreted in terms of coupled ionic-electronic
effects and are still matter of debate.*™®

Other ‘“unusual” photoelectrochemical effects in various
mixed conductors have also been interpreted based on interac-
tions between photogenerated electronic carriers and ionic
defects (photoionic or optoionic effects).'*'*>* The study of light
effects in strontium titanate (STO)'® highlighted the enhanced
kinetics of oxygen incorporation in the material by (above
bandgap) illumination, explained by the electronic contribution
to the exchange reaction. While these investigations showed the
effect of light on the surface kinetics, later reports discussed
stoichiometric changes in conductivity on illumination for MAPI
or STO."*?>7* Ljight effects have also been reported as far as the
grain boundary resistance (for Gd-doped ceria) is concerned.*!

All these reports point towards fundamental interactions
between electronic and ionic charges, which, upon a drastic
increase of electronic charge carrier concentration under light,
inevitably modify the ionic equilibrium too. While these studies
have suggested models that could explain the experimental
results, systematically treating the quasi-equilibrium behavior
of mixed conductors under light bias means entering largely
unknown territory.

Fig. 1 displays the research question of this study (top
schematics): Given a mixed conductor (e.g. MAPI) and the point
defect model describing its equilibrium situation (e.g. P(I)
dependence of defect concentrations, c¢f dashed lines in
Fig. 3), how to describe the situation under light? This question
is addressed at the bottom of Fig. 1 based on the generalized
energy level representation, which considers the standard
partial (free) energy levels and electrochemical potentials asso-
ciated with the electronic and the ionic (here iodide only, for
simplicity) defects.” In the diagram, the position of the electro-
chemical potentials ji;- and fi.- relative to the standard poten-
tials (ii°) determines the concentrations of iodide vacancies and
interstitials, V] and I;, and electrons and holes, ¢’ and h®,
respectively.

The chemical potential of iodine in MAPI corresponds to
Mimapr = fi- — fle- and, at equilibrium, it is equal to the given
chemical potential of iodine in the gas phase, y mapieq = %,u]z‘g.
Taking the former relationship for granted also for the none-
quilibrium situation implies that changes in the electrochemi-
cal potential of electronic charges due to an applied bias result
in changes in the iodine and/or iodide (electro)chemical
potential in the material. The situation is complicated by the
fact that electrons and holes are now not in equilibrium, as
indicated by the two quasi-electrochemical potentials ji}, and
I.. Furthermore, ionic defect concentrations may also vary
under bias. Therefore, the straightforward definition of uyyvapr
used above is no longer applicable (Fig. 1b).

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Understanding the effect of light on the ionic and electronic
properties of a mixed ionic—electronic conductor. (Top) Schematics of a
mixed conductor (in this case MAPI) and (bottom) generalized energy
diagram including the electronic and ionic (iodide) defect energy levels
(@) under equilibrium and (b) under illumination (out-of-equilibrium). In the
top schematics, the two MAPI samples are at equilibrium with each other
only as far as the exchange of iodine is concerned (see dashed purple
arrows). Specifically, they do not exchange radiation with each other. The
P(l;) dependence of the defect concentration under equilibrium can be
evaluated based on mass-action laws and the exchange reaction with
iodine in the gas phase. Such dependence is more complex for the quasi-
equilibrium situation under light. In other words, while in (a) the relationship
between the electronic and the ionic electrochemical potentials and the

1 - -
chemical potential of iodine is straightforward <§y17_g = - eq — Heaeq>e in

(b) such relationship is not clearly defined, even assuming a single value for
i~ (quasi-chemical potentials of iodine defined as uf , = fﬁf,l- + Jips and

~% ~% ~% ~%
iy = —Hve =l Where, fi— = —fiys).

One way to describe this situation involves the definition of
iodine quasi-chemical potentials, such as yj, = ,m]; + fij. and

iy =
identical at equilibrium but different otherwise (see also discus-
sion by Kim et al.'* and Viernstein et al*® for halide and oxide
perovskites, respectively). Their relationship with the chemical
potential of iodine in the gas phase is then kinetically determined.
Further complexity is introduced by the influence of mobile ionic
defects on the optoelectronic quasi-equilibrium (e.g. the electron-
hole recombination rate).>*° A model to evaluate such interplays
and to predict the electronic and ionic charge carrier concentra-
tions as a function of the component partial pressures (e.g. P(I,) in
MAPI) in a mixed conductor is currently missing.*

Here, we address the problem shown in Fig. 1 by coupling the
defect chemical relationships describing ionic and electronic

—m,; — it (assuming —m,; = ﬁ;*,i = ,&}‘i— ), which would be
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disorder in a mixed ionic-electronic conductor and the compo-
nent quasi-equilibrium with the gas phase, with the equations
associated with the generation and recombination of electronic
charge carriers. We present results obtained using MAPI as a
model system and illustrate the expected trend in defect con-
centrations under illumination. In the framework of quasi-
equilibrium considerations, we discuss implications of these
results for the study of photoactive mixed conductors and their
use in photoelectrochemical devices for energy conversion. By
exploring the effect of relevant kinetic and thermodynamic
parameters on the material’s defect chemistry under light, special
emphasis is given to the predicted possibility to control (increase
but also decrease) ionic defect concentration using light.

The model

The model presented in this study accounts for internal defect
reactions occurring in a mixed ionic-electronic conductor
exposed to light and for the exchange quasi-equilibria with
the gas phase. The model represents the simplest possible
problem that allows for a complete evaluation of the charge
carrier chemistry in mixed conductors under light resulting
from all the relevant and interacting ionic and electronic
processes. For a discussion of the defect chemistry of mixed
conductors under equilibrium conditions, we refer the reader
to previous studies.””® Below, we describe the model in detail
(see also schematic representations of the model in Fig. 2 and
in Section 1 of the SI).

We refer to a pore-free thin film of MAPI exposed to a set
illumination condition and to a fixed iodine partial pressure,
P(I,), at room temperature. The results and trends presented in
the next section are relevant not only to halide perovskites but
also to any photo-active mixed conductor, provided that the
appropriate variations in chemical and physical properties are
accounted for. We assume the film to be thin enough, so that,
when exposed to light, the photogeneration rate can be assumed
constant throughout the film volume. We also focus on a reaction-
limited model, where transport is fast enough, resulting in
homogeneous concentration profiles in the film for all mobile
defects. Because of the complexity of including all possible defects
in MAPI and the reactions involving them, we limit our analysis to
the study of iodine and iodide defects, interstitial and vacancies.
Regarding the solid-gas exchange of iodine, we focus on pro-
cesses that involve neutral iodine defects only (I, V{'), while
other reactions may also contribute to the real system.

The relevant reactions are described in Table 1 and schemati-
cally represented in Fig. 2. For reaction r, the expressions for the
rate of forward and backward reactions used in the kinetic model,

R, and Rr, are defined based on rate constants (lgr and E) and the

concentration of the relevant reactants. We indicate the mass-
action constant K;, defined based on the equilibrium concentra-

tions of the relevant defects (Kr -k, / %r>.23 On a first order

approximation, and based on the quasi-equilibrium framework,
we can assume that the value of the rate constants for the forward

Mater. Horiz.
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Table1 Defect chemical reactions used in this study to describe the electronic and ionic disorder in MAPI under constant P(l,) at equilibrium in the dark
or under light. The expressions for the forward and backward rates are shown, as well as the equilibrium (eq) mass-action laws and the pseudo mass-
action laws for the nonequilibrium case. The terms in () in the Defect reaction column are used as labels to the defect reactions (cf. Fig. 2; B = bandgap
excitation, F = anti-Frenkel ionic defects, F* = neutral anti-Frenkel ionic defects, sg = solid—gas exchange, n = electrons, p = holes, v = vacancies,
i = interstitials). [I indicates defect concentrations. Eg, AGE and AG?EX are the standard free enthalpy of reactions (B), (F) and (F*)

Reaction Defect reaction

Rates

(Pseudo) mass-action law

Electronic hv 2 e'+ h* (B)

(radiative case)

Tonic (anti-Frenkel disorder) Vi+ 1 =L+ V] (F)

Tonic (neutral defect disorder) Vi+ I = [+ Vi (ﬁx)

Redox (interstitial) L+h* =1 (pi)

[=1+¢€ (ni)

Redox (vacancy) Vi +h®* =V} (p,v)

Vi=VE+e (n,v)

Iodine exchange

X X 1 .
(interstitial-mediated) [ = Vi +31h,g (sg,1)

2

Iodine exchange

1
X X
(vacancy-mediated) =V +5h,g (sgv)

2

and the backward reactions are the same under bias and under
dark conditions. All relevant input parameters are shown in
Section 1 of the SI.

Electronic properties

The electronic generation-recombination reaction involves multi-
ple pathways®" which can be described by means of net recombina-
tion terms Uy = R — G 1, Where Ry and Gy, . are the recombination
and thermal generation rates associated with process k. The
following expressions describe the radiative (k = rad), Shockley-
Read-Hall (k = SRH) and the Auger (k = Aug) processes:

Urad = krad(np - niz) (4)
np — nf

) +pn+m)

(5)

Usrn

Uaug = Vn(nzp - nequeq) + yp(npz - neqpeqz) (6)
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- « 1 ng,i = Trx
Rigl = ksg.iP(I2)2 [Il }eq
— —
Ijsg,v = ksg,v ng,v — P(Iz)% [le]cq: ng‘iKFX

Here, k,q is the radiative constant, t,, 1, 7, and p, are the capture
time constant for electrons and holes and the concentration
parameters describing the trap energy position, and y, and y, are
the Auger coefficients. An additional term, Uy, is also considered,
which refers to the net recombination rate deriving from the
interaction of electrons and holes with the iodine defects (see
eqn (12) below). In Table 1, the total generation rate G is the sum
of the term Gy, Which corresponds to the external light bias, and
all thermal generation terms, while the total recombination rate R is
the sum of the rates associated with each recombination process.

Ionic properties

For the ionic situation, we concentrate on anti-Frenkel disorder*>>*

involving iodide vacancies and iodide interstitials (see also energy
diagrams in Fig. 1). Being aware of the fact that Schottky disorder
(iodine vacancies and methylammonium vacancies Vi and Vj,) is

most likely the dominant ionic disorder in MAPL*** we assume

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 A simple model to address the defect chemistry of a mixed
conductor (here MAPI, or possibly other iodide conductors) under light.
The schematic shows the coupling between optoelectronic reactions
(generation and recombination) and the iodine (quasi)equilibrium of MAPI
with the gas phase (sg is short for solid—gas). (a) Only iodide and iodine
interstitials are redox-active ionic defects. (b) Both vacancies and inter-
stitials are redox-active defects.

anti-Frenkel disorder to be dominant for the purpose of referring to
a simple and straightforward model. The general conclusions of
this study can be applied to the Schottky disorder case too.

Although the ionic defect concentrations are not directly
influenced by illumination, the coupling via defect chemical
reactions leads to a situation of quasi-equilibrium for the ionic
situation, too. In this case, a quasi-electrochemical potential
can be assigned to each ionic defect. Besides the mass-
action constant associated with the anti-Frenkel disorder reac-
tion at equilibrium, Kz, we define a chemical potential of the
anti-Frenkel ionic defects Aur to describe the nonequilibrium
case, in analogy with QFLS for the electronic charges:

Aup = Sjiy + Sftys - 7)

In section (a) of the Results, we discuss under what conditions
an increase in electronic concentrations induces a shift in the
ionic anti-Frenkel equilibrium, involving changes in the values
of [I!] and [V}], while maintaining [V}{][I]] = Kz, Auz = 0 and
fﬁi,]. = ﬁ}‘: = [ij-. Other situations where the ionic disorder is
taken out-of-equilibrium (Auz # 0) are explored in section (b).
Finally, based on reaction (F) shown in Table 1, we introduce
the net-recombination term Uy for anti-Frenkel defect pairs.
Assuming Uy to follow a bimolecular process, we write

Up = kp[Vi][] = kp = kp([VI][1] = Kp),  (8)

This journal is © The Royal Society of Chemistry 2025
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where %ﬁ and K7 are the rate constants for the recombination
and thermal generation of anti-Frenkel defect pairs. The term

EF can be related to the Onsager radius rz describing the
recombination of (oppositely) charged defects as follows:

—
k F= 4TED1.=VF (9)

where Dy is the sum of the diffusion coefficients of the two
defects participating in the recombination process.***®

The analogous treatment of the neutral iodine defects is
included in Table 1 together with the definition of parameters
Kpx, Appx. The net-recombination Uz« can be defined similarly

to eqn (8) (including ke = 4nDpxrpx). In this work, we con-
sider the solid—gas iodine exchange reaction as the only chan-
nel through which neutral iodine defects interact. This implies
a net-recombination term of neutral defects:

(10)

A contribution describing reactions of neutral defects in the
bulk of the mixed conductor (reaction (F*) in Table 1, also
shown in Fig. 2b) would be necessary when looking at other
situations (e.g. encapsulated samples).

U[T‘X = ngti - ng,i = ng.v - ngtv

Iodine exchange and redox reactions

Redox activity of at least one of the charged ionic defects is
necessary to mediate the component exchange reaction (more
on this in Section 2 of the SI). At equilibrium, the following
reaction can be used to describe the iodine exchange between
MAPI and the gas phase.

I+ =g+ Vi (1)
Under light, electronic and ionic defects are no longer (neces-
sarily) at equilibrium. Reaction (11) is therefore not sufficient to
evaluate the quasi-equilibrium situation, and a kinetic model
that includes the relevant redox reactions and iodine exchange
reactions is required. The redox behavior of MAPI is complex,
in terms of the range of relevant defects, oxidation states and
redox reactions, and it may be different for the bulk and the
surface.”>?%37~%% Here, we select a simple problem which can
serve as a basis for more accurate models. Specifically, we
describe the interaction between ionic and electronic defects
and the exchange of iodine at the solid-gas interface focusing
on redox reactions where iodide interstitials or iodide vacancies
interacting with either electrons or holes yield I or V}‘. Iodine
in the gas phase is then either released from MAPI or incorpo-
rated in the structure via interaction with such neutral defects
(Table 1 and Fig. 2). In the main text of this study, the neutral
defects are assumed to be at equilibrium with each other and
with the gas phase.

A key aspect in the discussion of how the redox reactions
influence the defect concentration profiles concerns which of the
reactions mediated by electrons or holes is dominant. To para-
meterize such aspects, we introduce the parameters I';; = ﬁp‘i/izn,i

and Iy, = R,,/R,, for reactions involving interstitials and
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vacancies, respectively, to express the extent to which each
reaction is more favorable when mediated by conduction band
electrons or by valence band holes. The I't; and I'y, parameters
are evaluated in the equilibrium case and under the intrinsic
composition condition, ie. Deq = N and
[Vileg= []e= K72, occurring for P(I,) = P(I,). Note that, at

Neq

equilibrium, the I';; and I, ratios are the same also when
considering backward reaction

the
(i.e. ﬁp,i/ﬁn_i = Hm/kn,i).

The trapping and release of electronic charge carriers from
iodide defects can be treated using the Shockley-Read-Hall
framework, as discussed above for Usgy; mediated by an immo-
bile trap (see Section 2 of the SI). This also leads to an
additional contribution to net recombination of electronic
charge carriers Up (e.g. the combination of I} +h® — I and
I +¢ — I corresponds to the recombination process h® +
e’ — nil; the same would follow if we consider the reactions
involving vacancy defects).

We can express the steady-state net recombination contribution
due to all the redox reactions involving iodine defects as follows:

=Y (Ruw— o) = 3 (R B,

w=i,v w=i,v

(12)

It is useful to parameterize the rates associated with mobile ion-
mediated redox reactions with respect to other intrinsic rates. We
define the parameters I',; and I’ as the normalized rate of hole
trapping by an iodide interstitial and the normalized rate of
electron trapping by an iodide vacancy, respectively. These rates
are evaluated at equilibrium and at P(I,) = P(L,), and they are
normalized by the radiative recombination rate under the same
condition (see Table 1 and Section 2 of the SI).

Steady-state solution

The equations resulting from the model described above are
shown in Table 2. They reflect the fact that, at steady-state, no
net mass-exchange occurs, the net recombination of electronic
charges compensates for the external generation term, and the
net recombination of ionic defects due to redox reactions is
equal and opposite to their net recombination due to the anti-
Frenkel reaction. By also considering the condition of electro-
neutrality, a system of six equations is obtained.

The analytical treatment becomes involved, requiring
Brouwer approximations and additional simplification of the
recombination terms to extract simple expressions for the P(I,)
dependence of the charge carrier concentrations. We present
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numerical solutions to the problem obtained by solving the
equations in Table 2 using the MATLAB function ‘fsolve’ (soft-
ware version R2019a).

Results and discussion

Single redox-active mobile ionic defect: ionic disorder at
equilibrium

We start by considering scenario (a) in Fig. 2, where electronic
charge carriers interact only with the interstitial defects I /I,
while the rate constants associated with the V| /V} reactions are
negligibly small. Fig. 3a shows the ionic and electronic defect
concentrations as a function of P(I,) for the equilibrium (dashed
lines) and the situation under light (solid lines). We consider the
(symmetrical) case of I'y; = 1 (comparable rates for the redox
reactions mediated by electrons or holes at P(I,);), and a constant
optical excitation of ~107% suns equivalent. As expected, the
electronic charge concentration is always larger under illumination
than at equilibrium. Such an increase is accompanied by a
narrowing of the intrinsic region which is the P(I,) range where
ionic defects are larger in concentrations than electronic defects.

The concentration of iodide defects is perturbed under light
too, as shown by the trend of [V}] and [I{] deviating from the
equilibrium profile, especially at low or high P(I,). Based on
electroneutrality, a significant increase in [V}] with respect to
equilibrium at low P(I,) compensates for the large concentration of
electrons obtained under light (see also [I!] and hole concen-
tration at high P(I)). Interestingly, the profiles of [V] and [I] still
obey the anti-Frenkel equilibrium even under light, that is while
their individual values are different from the equilibrium case,
their product still corresponds to Kz The concentrations of the
neutral ionic defects [I] and [V['] vary with P(L,) according to the
mass-action laws for the solid-gas exchange reactions (sg,i and sg,v
in Table 1), whether the system is at equilibrium or under light
(their profiles are omitted in all figures below).

The data illustrate that, depending on P(I,), illumination
induces a net iodine uptake from or release to the gas phase
compared to the equilibrium condition. This results in a steady-
state  stoichiometry (6% in MAPbls., 0% o [If] + [I}]—
[Vi] — [V[]) that differs from the equilibrium stoichiometry (Jeq
in MAPbI3+(;Eq). Importantly, we are ignoring any formation of
higher order defects due to photogenerated electronic charges,*
meaning that changes in ionic defect concentrations are expected
under bias regardless of such events occurring. Note that such
stoichiometry changes may correspond to compositions outside of

Table 2 Equations used to determine the non-equilibrium defect chemistry of MAPI, based on the reactions shown in Fig. 2 and Table 1

. Electronic quasi-equilibrium

. Electroneutrality

. Iodide interstitials quasi-equilibrium
. Iodide vacancies quasi-equilibrium

. Iodine interstitials quasi-equilibrium

A R W N =

. Iodine vacancies quasi-equilibrium

Mater. Horiz.

Gext = Uraa t Usgu t+ UAug t+U

Vi]+h]—[1]] - [€]=0

Up + Ryi — Ryj + R, — kp‘i =0

Up — Ryy + Ry — Ryy + Rpy = 0

R, — Ry + ﬁp,i - k]?,i - ﬁsgj + Rbg.i =0
—Ryy+ Ruy — Ry + Rpy + Rigy — Rgy = 0
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the material’s stability region, an aspect that is not included
here."*

We conclude that, if only one ionic defect is involved in
redox reactions (here interstitials I;*/I{, but similar results
would be obtained for vacancies), the application of a light
bias to the mixed conductor effects the following:

- The concentration of the neutral iodine defects [I] and
[V{] are exclusively determined and fixed by the value of P(I,),
i.e. light-independent, based on the mass-action constants K ;
and K, in Table 1.

- The rate equations involving reactions (n,i) and (p,i), and
the generation and recombination of electronic charge carriers
determine the values of n, p and [I]].

- The value of [V}] is fixed based solely on the value of [I]
according to the anti-Frenkel disorder reaction, which may
shift but remains in equilibrium (Apz = 0). This means that
light can induce a change in stoichiometry in the mixed
conductor with respect to the equilibrium condition.

Essentially, to obtain the data in Fig. 3, only eqn (1)-(3) in
Table 2 need to be solved in combination with the mass-action laws
for reactions (F), (sg,i) and (sg,v). For all calculations in this section,
we can obtain exact solutions to the problem by referring to the
assumption that neutral defects remain in equilibrium with the gas
phase, a condition that we refer to below as “sg-eq”.

In Fig. 3b, we display the resulting graphs of QFLS as a
function of P(I,) (red dotted line), as well as of the rates of
recombination associated with the different mechanisms con-
sidered here. We find that Usgy dominates for P(I,) ~ P(I,);,
while Uy, is dominant in the N and P regions (very high or very
low P(I,)). The QFLS is always lower than for the radiative limit
(QFLS;.q) and it approaches such limit for two narrow ranges of
P(I,). The position of the QFLS maxima corresponds to the
situations where the contribution of R4 to the total recombi-
nation is fractionally largest, and where Rggry = Rayg. Note that
the latter condition is not general, but it is based on the input
parameters used here (1, = 7, n; = p; and y, = 7,). The local
minimum observed for n = p is consistent with the Shockley-
Read-Hall theory of recombination (in the case of 7, = 7, and for
a mid-gap trap level). The slope of the QFLS vs. log;, P(I,) can be
evaluated as the sum of the slopes associated with electrons and
holes in the Kroger-Vink diagram times a kzT1n[10] factor. The
data in Fig. 3b highlight that the QFLS obtained for a mixed
conducting film (here MAPI) depends non-monotonically on the
component partial pressure (here P(I,)). Because QFLS is a proxy
for the maximum open circuit potential which can be achieved
once the material is embedded in a complete solar cell, this
analysis emphasizes the importance of the component partial
pressure for controlling the performance of optoelectronic
devices based on mixed conductors.*

In Fig. 3c, we illustrate schematically the corresponding
changes in electrochemical potentials for all defects where
changes in both the ionic and electronic situations under bias
(solid lines) are compared with the equilibrium solution
(dashed lines). Consistently with the data in Fig. 3a, Sﬂv; =

=8y = =8y~ (App = 0) at any P(L), with Siye ~0 in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Light-induced stoichiometry change in a mixed conductor with a
single redox-active ionic defect. (a) lodine partial pressure (P(l,)) dependence
of the steady-state electronic and ionic defect concentrations in MAPI at
equilibrium and under light (~10~* suns) plotted in a Kréger-Vink diagram
(the numbers close to the data refer to the corresponding slopes). The
calculation refers to assuming the redox reaction occurring with iodine
interstitials only, and I'j; = 1. (b) Net recombination contributions and quasi-
Fermi level splitting. (c) Schematic energy diagram emphasizing the change in
the position of the electrochemical potentials with respect to the electronic
and ionic standard potentials, going from equilibrium (dashed lines) to the
situation under light (solid lines), and for cases of low and high P(I,) 8

intrinsic region under light. Because the steady-state condition

1
HIMAPT = SH1y is valid both at equilibrium and under bias,
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based on piy mapr = fif-, — fi;-, it follows that 6fi;- = /i at any
given P(I,). In Section 3 of the SI, we provide more details on
the analysis of this quasi-equilibrium as well as the asymptotic
trends for very low and very high P(I,).

The data in Fig. 3 refer to the case of I',; = 10~> (low hole
trapping rate by I}). Combined with a balanced interaction of
interstitials with electrons and holes (I';; = 1), this corresponds
to a negligible contribution of recombination due to redox
reactions with iodide interstitials Uy compared to other recom-
bination pathways for the selected light intensity. In Fig. 4, we
display the calculated defect concentrations and QFLS using
the same input parameters as in Fig. 3, but with varying rates of
hole trapping at iodine interstitials, parameterized through I',;.
Simultaneous relative variations in electron trapping at iodide
interstitials are ensured by selecting I'y; = 1 in all cases. Fig. 4a
indicates that, for large values of I',;, all defect concentrations are
varied significantly from the situation shown in Fig. 3 in the high
P(I,) region. The resulting QFLS (Fig. 4b) shows a significant drop
in such region, which is ascribed to a dominant electron-hole
recombination contribution mediated by the forward reactions
associated with (n,i) and (p,i). Such contribution is compared with
the total net recombination deriving from all the other mechan-
isms considered (inset of Fig. 4b).

We note that the Shockley-Read-Hall rate for recombination
mediated by immobile traps is established based on the para-
meters n,, p;, which depend on the energetic position of the
trap, and 7, 7,, which depend on the (fixed) concentration and
the capture coefficient of the trap. While the recombination
due to redox reactions involving I /I/ follows a similar princi-
ple, the concentration of such recombination centers is deter-
mined by the overall evaluation of the charge carrier quasi-
equilibrium. In Fig. 4, U; is dominant at high P(I,), due to the
increase in I and I defect concentrations. The dominant
recombination mechanism for different P(I,) values is shown
schematically in Fig. 4c (referring to the I',; = 10° case). The
1 /I energy level is included within the energy bandgap.

Fig. 5a shows the influence of I';; on the defect quasi-
equilibrium. As the reaction (sg,i) is at equilibrium in this
scenario, I'1; is a measure of the degree to which the “hole
channel” vs. the “electron channel” control the iodine incorpora-
tion/excorporation at equilibrium (see Table 1 and Fig. 2). Chan-
ging I';; does not vary the equilibrium defect concentrations
(dashed lines in the Kroger-Vink diagrams) as these depend only
on the mass-action constants. On the other hand, the position of
the intrinsic region under light shifts on the P(I,) axis when
varying I';, while always remaining within the boundaries of the
intrinsic region defined by the equilibrium case (n > n.qand p >
Peq)- The iodine partial pressure P(I,); at which n=p and [V}] =
[I/] refers to the intrinsic condition under light. While P(I,); is
essentially the same as P(L,); for the example in Fig. 3 (I'y; =1 and
low I',;), Fig. 5a shows that, in general, P(L,); # P(I»),.

Fig. 5b highlights the shrinking of the intrinsic region with
increasing light intensity (the same input parameters as for
Fig. 3 are used). The trends in QFLS resulting from varying I';;
or light intensity are shown in Fig. 5¢, emphasizing that the
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Fig. 4 Light-induced stoichiometry changes in a mixed conductor with a
single redox-active ionic defect, which also contributes significantly to
electron—hole recombination. (a) Defect concentration and (b) QFLS for a
MAPI film calculated for I'p; = 1072, 10® and 10™° (corresponding to Ky, =
21%x1072%, 2.1 x 107*% and 2.1 x 1072 cm®s™Y). The inset in (b) shows the
comparison between the combined recombination contribution from
radiative, SRH and Auger mechanisms, and the contribution U, due to
the redox reactions (n,i) and (p,i). lllumination of 10~ suns and I'y=1are
considered. (c) Generalized energy diagram showing the dominant
recombination mechanisms for different P(l;) regions in (a) and (b) (I'p; =
10° case). The [ /I/ energy level is included (~0.3 eV above the valence
band maximum based on input parameters).
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shown in (c). (d) Ideality factor analysis obtained from the light intensity dependent calculations of the QFLS.

P(I,) values corresponding to local QFLS maxima are dependent
on such parameters. The situation is further complicated if
larger values of I',; are considered (in Fig. 5, I',; = 10~ ). Fig. 5d
displays the light intensity dependence of QFLS evaluated at
different values of P(I,) for I'; = 1. The data once again
illustrate the influence of P(I,) on the dominant recombination
mechanism, as also highlighted by the trends in local ideality
factor (defined here as Lid(QFLS.)
kg T d In(Intensity)

To conclude this section, we discuss a simple example to
understand possible implications of the model under realistic
experimental conditions. Let us consider a MAPI film equili-
brated at P(I,);,. We hypothesize that only interstitials are redox
active and that I';; > 1 (e.g. see Fig. 5a for the case of I'y; = 10°,

, see inset).

colored lines). The interstitial redox reaction mediated by holes
essentially dominates in a wide range of P(I,), where the
definition of the (pseudo)mass action constant K,; (see
Table 1) can be extended to the situation under light. We can
then write for the iodine quasi-chemical potential associated

1
with holes pj , = piymapr = 00 also implying 8/i;- = —0/i,. The

latter relationship means that, upon the increase of the hole

This journal is © The Royal Society of Chemistry 2025

concentration in the mixed conductor (assuming p < [V}] and
P [Iﬂ) due to illumination, a fractionally equivalent increase
in [V}] and decrease in[I]] is expected (light-induced shift in
stoichiometry and excorporation of iodine'). Importantly,
when considering the condition of electroneutrality in the bulk
of the material, we find that there is a limit to the increase in
[Vi] to as far as the combination of its charge compensating
defects, that is [V]] ~n+ [I]].

We also note that, for the same mixed conductor equili-
brated at high P(I,), illumination can lead to a shift in stoichio-
metry of opposite sign (incorporation of iodine, decrease in
[Vi] and increase in [I]]) due to the condition of electroneu-
trality p =~ [I!]. The effect naturally fades towards a zero change
in ionic defect concentrations under light only for the asymp-
totic case of I't; — oo, for which &/i;- = —&ji, is valid at any P(I,)
(see also Scheme S1 in the SI).

Multiple redox-active mobile ionic defects: ionic disorder out of
equilibrium

We now consider situation (b) in the model shown in Fig. 2,
whereby both interstitial and vacancy defects interact with
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electronic charge carriers via redox reactions. For now, we shall
continue to assume the ““sg-eq”’ condition. Such a situation may
be relevant only to very small particles of the mixed conductor
(although see discussion below).

Fig. S2 shows that if both interstitials and vacancies show
similar coupling to electrons and to holes (I';; = I'r,) and the
recombination mediated by the mobile ions is negligible (low
I'p; and I',,), essentially unchanged trends are found com-
pared with the results obtained using a single redox-active ion
(Fig. 3 and 5). If either of these conditions are not met, different
trends from the single redox active mobile defect case are
obtained (see Fig. S3 for I'1; # I'1y and low I'p;, I',y, and Fig.
S4 for the case of high I',;, I',, and I';; = I't,). Despite such
deviations, equilibrium in the ionic disorder is maintained
under light, although shifted with respect to the dark equili-
brium case (i.e. light induces stoichiometry changes in the
mixed conductor).

We now discuss the implications of both above conditions
not being met. Fig. 6 explores the effect of the parameters I';;
and Iy, which define to what extent the I /I and the V[ /V}
quasi-equilibria are established by reactions with holes (I'; » 1)
or electrons (I'; « 1). The data are obtained considering a value
of I',; = I'y, as large as 10",

Fig. 6a is the reference situation where the redox reactions
involving interstitials and the ones involving vacancies are
driven by electrons and holes to a similar extent (I'1; = I'1,),
as discussed above for Fig. S4. As I'y;=I'1y =1 (and I',; = T',,),
the defect diagram preserves ‘“‘symmetry” about the pressure
value P(I,);. The ionic defect profiles under light largely follow
the same trends in the equilibrium and in the light biased
cases. This contrasts with the results in Fig. 3, where significant
changes in ionic defect concentrations are encountered espe-
cially in the high and low P(I,) ranges. Due to the large values of
the redox reactions’ rate constants (related to I',; and I, ), the
iodide vacancy reduction reaction (n,v) at low P(I,) and the
iodide interstitial oxidation (p,i) at high P(I,) are essentially
operating at equilibrium. Along with the sg-eq condition, this
ensures minimal deviations from the equilibrium trends of the
relevant defects in these two pressure ranges. The same occurs
also for intermediate values of P(I,), due to the symmetrical
interaction of the electronic carriers with the ionic defects.

Fig. 6b and c consider situations where the relevance of
electrons and holes in the determination of the redox reaction
quasi-equilibrium, as expressed by the parameters I';; and I,
is not the same for interstitials and vacancies (I'y; # I'1y). The
data show a striking increase or decrease (Fig. 6b and c,
respectively) in the concentration of both iodide vacancies
and iodide interstitials under light with respect to equilibrium.
Such observation implies that, for a mixed conductor with more
than one type of redox-active ionic species, light can be used to
increase or reduce the concentration of such ionic defects.

Such effect requires a deviation from the anti-Frenkel equi-
librium due to illumination, which can be explained as follows.
Increase in n tends to increase [I{] but decrease [V}], while an

increase in p has the opposite effect (see Table 1). Since [I]
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and [V[] are fixed at any given P(I,), changes in the value of [I]
and [V}]| depend on the rates of the reactions that “connect”
each of them to either electrons or holes. Such connection is
parameterized through I'y; and Iy,

For example, let us consider a MAPI film equilibrated at
P(I,); and assume that holes dominate the redox chemistry of
interstitials while electrons dominate the redox reactions invol-
ving vacancies (I';; » 1 and I'7, « 1). As the equilibria
expressed by the (pseudo)mass action constant K,; and K,
would tend to remain valid under light too (see Table 1 and
Scheme S1 in the SI), their expression points to the reduction in
both [V}] and [I] at a fixed P(I,) (and therefore fixed [I7'] and
[V{‘] based on sg-eq).

Analytically, it is useful to define the parameter

- Rp,i)
kpy) - (kn,,v - En,v) .

The absolute value of X;; corresponds to the absolute value of
the electron-hole net recombination contribution involving
two ionic defects. This can correspond to a positive net recom-
bination where two ionic defects mediate the separate trapping
of electrons and holes. It can also refer to a positive net thermal
generation where the two defects mediate the separate de-
trapping of electrons and holes.

If only one redox active defect is considered, X,; = 0 by
definition, at steady-state. If instead both interstitials and vacan-
cies are redox active, as shown in Fig. 6, such condition is no
longer necessarily true. Specifically, if X,; = 0, the rate of electron
trapping by each of the iodide vacancies or iodine interstitials is
counter-balanced by an equal rate of hole trapping interacting
with the same type of defect (this is the case when I';; = I'1,). That
means that no reaction between ionic defects is required to
mediate the recombination (or thermal generation process).

If instead X,; # 0, the fraction of the total electron-hole net
recombination which is mediated by separate (de-)trapping of
electronic charges by the two ionic defects also requires reaction
between such ionic defects. Specifically, in the steady-state, such
an electron-hole recombination process involves the recombina-
tion of the two ionic defects with the trapped carriers and the
generation of the two original defects before trapping (similar
argument applies to electron-hole thermal generation). The effec-
tive ionic defect generation term for charged anti-Frenkel pairs
(Gr) and neutral anti-Frenkel pairs (Gzx) are defined and, in the
steady-state, they relate to each other and to the X;; term as follows:

Xy = (Rn,i - En,i) - (Epti
(13)
= (R -

Gr = —Gpx = Xyi (14)

Importantly, and in contrast with the electronic generation
term Gy, these effective ionic defect generation terms can be
positive or negative. This leads to the prediction that illumina-
tion can increase the concentration of ionic defects via a Gy > 0
(analogously to the effect of a positive Gex, on the electronic
charge carrier concentrations) but also decrease the concen-
tration of ionic defects via a Gz < 0. Based on eqn (10), (13) and

This journal is © The Royal Society of Chemistry 2025
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(14), we find that the rate eqn (3)-(6) in Table 2 related to the
ionic defects represent different extended forms of the equa-
tions Gy = Ur and Gpx = Upx, respectively.

Based on this interpretation, the trends in Fig. 6 can be
explained. By considering the parameter %o, = logio(I'1v/I'11),
we found that situations where Gz= 0, Gy > 0 or Gy < 0 refer to
Rion = 0, Aion > 0 and ko < 0, respectively (see Fig. 6a-c, and
analytical treatment in Section 2 of the SI relating I'ry, I'1; and Aion
to SRH trapping parameters associated with the mobile ions).

We note that a similar change in concentration compared
with the equilibrium case affects both ionic defects in the
intrinsic regions of Fig. 6b and c. The resulting change in
stoichiometry between the dark and the light-bias cases is
therefore less significant here than for the situation displayed
in the N and P regions of Fig. 3a. The latter largely reflects the
discussion of previous studies on light-effects in halide and
oxide perovskites (see introduction). On the other hand, obtain-
ing simultaneous increase or decrease in the concentration of
both ionic defects involved in the dominant ionic disorder
reaction through light may open new opportunities in material
science and beyond (see also next section).

Importantly, the data in Fig. 6 are obtained by considering
the sg-eq condition, which is not necessarily valid for the
multiple redox-active ionic defect case (Fig. 2b). This means
that the concentration profiles for the neutral defects are
assumed to be unperturbed under light compared with the
equilibrium situation (see Fig. 3a), and that only the concen-
tration of the anti-Frenkel pairs is subject to variations, which
depend on the value of I'y;, I'y and I'p 5, ', y. When solving the
full kinetic model which includes a finite rate for the solid-gas
exchange reactions (sg-eq condition no longer valid), we found
that both the charged and the neutral ionic defect concentra-
tions are perturbed by light. The effect described above, with
either an increase or a decrease of both [II] and [V}], still
occurs but to a lesser extent (see Section 5 of the SI).

Here, we discuss solutions under the sg-eq condition further,
as these describe the upper limit to the anti-Frenkel nonequili-
brium induced by illumination of the mixed-conductor. In
Fig. 7a, the Aur and the QFLS profiles corresponding to the data
in Fig. 6 are illustrated. The conditions that lead to an enhance-
ment in the ionic concentrations also lead to a drop in QFLS,
while an increase in QFLS is observed when redox reactions
reduce the mobile ion concentrations. This can be explained
since U; scales with the concentration of mobile ions that can
mediate recombination. In Fig. 7b, the electronic generation rate
as well as the anti-Frenkel pair effective generation rate are
shown. Consistent with the definition of the effective ionic defect
generation rate, |G| < Gey. Fig. 7c shows a schematic including
the extended energy level diagram summarizing these findings.
In the SI, we show other examples where the condition I'y; # I'yy
(hion # 0) results in Auz # 0, including the case where the same
electronic charge carrier dominates redox reactions with both
interstitials and vacancies (see Fig. S6).

Fig. 8 illustrates the dependence of the ionic defect concen-
tration enhancement or depression on the parameters I'y;, Iy,

and I'p;, ', based on the trends in Auz. While the sign as well
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Fig. 7

Introducing the ionic defect pair chemical potential in analogy to the electronic chemical potential to describe quasi-equilibrium in the mixed

conductor under illumination. The consequences of including two redox-active mobile ionic defects in the defect chemical quasi-equilibrium of a mixed
conductor exposed to light, assuming equilibrium of the neutral defects (I and V{) with the gas phase (sg-eq) are displayed referring to (a) the ionic (Auz)
and the electronic (QFLS) chemical potentials. (b) Electronic generation rate Ge,: Used in the calculations (1073 suns equivalents) and resulting effective
anti-Frenkel ionic generation rate Gg for the three situations considered in (a) and in Fig. 6. (c) Generalized energy level diagram corresponding to the
(left) unchanged, (center) increased and (right) decreased charged ionic defect concentration upon illumination.

as the magnitude of Auz depend on A, the data show that
obtaining perceptible deviations from the anti-Frenkel equilibrium
requires a sufficiently large value of both I',; and I',,. This is
because the extent of the non-equilibrium in the anti-Frenkel
disorder (magnitude of Aur) correlates with the fraction of the
overall electron-hole recombination rate that is due to mobile-ion
mediated reactions (dictated by I',;, I, as well as by I'yj, I'r,).
Fig. 8a shows that, as the concentration of ionic defects
increases for very large values of A, and I'; = I, = 10",
Apr =~ QFLS (see also pseudo-mass action laws in Table 1 and
Scheme S1 in the SI).

Fig. 8b and d highlight that, for increasing I',; and I',,,, the
QFLS decreases less substantially if 4;,, < 0 than if &, > 0.
This is due to the depression, rather than enhancement, in [I{]

1
and [V}], which mediate recombination. In other words, light
can induce enhancement or reduction in the concentration of
recombination-active ionic defects. In either case, it signifi-
cantly influences not only the ionic but also the electronic
quasi-equilibrium. Section 7 of the SI shows similar calcula-

tions performed without the SRH recombination mediated by

Mater. Horiz.

immobile defects to highlight the effect of minimizing the
recombination due to anti-Frenkel pairs (for 4o, < 0) on the
QFLS. We emphasize that such situations cannot improve the
value of QFLS beyond the limit where the anti-Frenkel defects
are not recombination active (see Fig. S7 and S8).

Summary and outlook

In summary, the analysis presented in this work:

- provides a framework for the study of redox reactions,
electron-hole recombination and solid-gas component
exchange reactions when photoactive mixed conducting mate-
rials are illuminated

- outlines guidelines for material design where ionic defect
concentrations (trap densities) can be increased and, strikingly,
also decreased by light

- proposes a rationale for the development of photoelec-
trochemical systems that allow for stoichiometry control using
optical stimuli

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Dependence of the ionic (Auf) and electronic (QFLS) change in chemical potential on the I'y;, I'i,, and I'y;, I'n, parameters, as a function of P(l,).
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increasing I'pi = I'p, (I'); = 103, I, = 1073). All remaining parameters are the same as the ones used in Fig. 3. o, = log;, (—)

- emphasizes the importance of understanding electronic
and ionic kinetic properties, especially in the context of solar
energy conversion devices based on mixed conductors where
mobile ions provide a significant contribution to the total
electron-hole recombination rate.

- has direct implications to the field of halide perovskites, as
well as to any situation where a mixed conducting system is
exposed to light (or voltage) bias

This study presents the fundamental effect that light has on
the steady-state ionic and electronic bulk properties of mixed
conductors. The model can be extended to include transport
and interfacial effects, and it can be integrated in physical
models of complete mixed conducting devices for the study of
their steady-state as well as transient response when exposed to
light and/or voltage bias.?®?%4>746

In view of a more complete analysis in one dimension,
where the continuity equations referring to mobile defects also
include transport terms, we anticipate that:

- The assumption of uniform optoelectronic excitation
within the mixed conductor used here would hold
only for films that are significantly thinner than the absorption
length of the material for the specific excitation
wavelength used.

This journal is © The Royal Society of Chemistry 2025

Iy

I

- For thick films, nonequilibrium due to illumination may
extend over longer distances than the absorption length in the
case of compounds that show long electronic diffusion lengths
(as is the case for halide perovskites®’). At locations that are
sufficiently far from the illuminated surface (distance » diffu-
sion and absorption lengths), the equilibrium defect concen-
trations at the specific component partial pressure used are
maintained (note that diffusion and absorption lengths may
depend on the component partial pressure).

- Accounting for ionic defects forming specifically at the surface
(and at interfaces) may be critical to accurately describe solid-gas
(solid-solid, solid-liquid) exchange as well as interfacial space
charge effects. Additional terms associated with surface electronic
recombination mediated by such defects can be a dominant loss
mechanism in mixed conductors with long bulk charge carrier
lifetimes.

- Finite rates of ionic transport and stoichiometric polariza-
tion within macroscopic systems, as well as slow solid-gas
component exchange reactions may all play a role, depending
on the operating conditions, as the rate determining step to
reaching quasi-equilibrium. These factors influence the extent
of the position-dependent nonequilibrium obtained for the
steady-state situation, for which this model represents an upper
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limit (see Section 5 of the SI in the context of solid-gas
exchange kinetics).

- At steady-state under illumination, no net mass transport
within the sample and no net mass exchange at the solid-gas
phase are expected. For cases where the ionic disorder reaction
shifts but remains at equilibrium under light (e.g. case (a) in Fig. 2,
one redox active defect), any gradient in chemical potential of the
ionic defects across the film’s depth must be counterbalanced by
an electrostatic potential term (space charge). This ensures a
constant jij- and zero current for each of the ionic defects at all
positions. On the other hand, nonequilibrium in the ionic disorder
reactions (e.g. case (b) in Fig. 2, two redox active defects) may be
reflected in nonzero steady-state transport terms for ionic defects
within the sample. Equal and opposite ionic current terms for
iodide vacancies and interstitials result in net zero mass transport,
similarly to the nonzero steady-state electron and hole current
expected in such systems.

Additional extensions considering the full ionic defect
chemical treatment in terms of ion type and range of accessible
oxidation states,*"*® as well as further pathways to ionic defect
formation and association could be subject of future work.
The current model also represents a starting point for the
investigation of photo-induced phase-instability and degrada-
tion effects, important questions for the application of halide
perovskites,'437:48:49

Finally, we comment on possible experiments that could test
and validate the effects predicted by the model in sections a
and b of the Results and discussion.

(a) Previous observations of light-induced ionic responses in
MAPI and STO are consistent with the general framework
discussed in section a, concerning light-induced component
exchange (iodine and oxygen, respectively) and stoichiometry
changes in the mixed conductor.'®'%?>?*3%3! The study of
similar light effects in other mixed conductors, where
interactions between ionic defects and electronic charges can
be controlled, should be the subject of future studies. Impor-
tantly, estimating changes in mobile ionic defect concentra-
tions from electrochemical measurements of partial
conductivities using the analysis typically applied to systems
at equilibrium may not always be possible, due to additional
coupling between the ionic and electronic response (e.g. ionic-
to-electronic current amplification®>**°*%%), The use of multi-
ple independent techniques that can also quantify component
incorporation/excorporation can provide more direct evidence
for such effects,' provided that the experimental method’s
sensitivity and the material’s phase stability allow for reliable
analysis.

(b) The enhancement/reduction of both ionic defects’
concentration in a mixed conductor exposed to light has, to
our knowledge, not been discussed before. Modulation of
transport and lifetime of electronic charge carriers upon
photo-induced decrease or increase in the concentration of
both ionic defects is one of the exciting perspectives for such a
prediction. Probing such changes in combination with a neg-
ligible variation in stoichiometry may provide compelling, yet
indirect, evidence of the effect. Direct quantification of ionic

Mater. Horiz.
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defect concentrations could be achieved via spectroscopic
techniques or from the analysis of structural measurements
on specifically designed materials providing clear probes for
such quantities. Finally, the design of photoelectrochemical
devices including electrodes with opposite selectivity to the two
ionic defects would allow the measurement of photoinduced
ionic currents and electrochemical potentials, in analogy to the
measurement of a traditional solar cell (see also demonstra-
tions of water based protonic solar cells®**®). Such approach
represents both a promising strategy to investigate light-
induced ionic effects in mixed conductors as well as an exciting
direction in the development of novel systems for energy
conversion and storage, sensing, and computing applications.

Conclusions

We present a model that describes the effect of light on the ionic
and electronic properties of a mixed ionic-electronic conductor.
Using a simplified description of the halide perovskite methy-
lammonium lead iodide (MAPI) as a model system, we obtain
and explore trends that are relevant to any photoactive mixed
conductor under fixed component partial pressure. We focus on
the rate equations describing defect reactions and neglect defect
transport to the solid-gas interface. By coupling the ionic (anti-
Frenkel) disorder reaction, the iodine redox reactions and
exchange with the gas phase with the electronic (photo-)genera-
tion and recombination, we predict the trends of ionic and
electronic defect concentrations as a function of the component
partial pressure (for MAPI this refers to iodine). We discuss the
material’s thermodynamic and kinetic parameters that control
the steady-state solution to such problem, with a particular focus
on the relative contribution of the two electronic charge carriers
to the redox and solid-gas exchange reactions. Knowledge of
such aspects allows one to determine the steady-state quasi-
Fermi level splitting in the material, with relevance to the
optimization of solar cells. Light induces changes in stoichiome-
try (the equilibrium in the ionic disorder reaction is maintained
and only shifted) if a single ionic defect is redox-active, regardless
of the solid-gas exchange kinetics. As a result, illumination can
lead to significant changes in the concentration of mobile ionic
defects compared with the dark case. Including redox reactions
for multiple ionic defects (for example iodide vacancies and
interstitials in MAPI) opens the possibility of taking the ionic
disorder reaction out-of-equilibrium. This points to the intri-
guing opportunity of designing systems where defect concentra-
tions are increased or decreased by light (“light-driven ionic
defect generation or recombination”). Such scenarios are
described by introducing an ionic defect pair chemical potential
and an effective ionic defect generation rate, both of which can be
positive (in analogy to their electronic counter parts) but also
negative, depending on the ionic-electronic interactions.
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List of symbols

Symbol

e/, he, I, Vi, I,V

n, p, [1], [Vi], [1°], [Vi]

R
Gext

Ui k = rad, SRH, Aug, I

FI,V

hion
Gr (Gr)

Meaning, units

Point defect notation for electrons,
holes, iodide interstitials, iodide
vacancies, iodine interstitials,
iodine vacancies, —

Concentration of electrons, holes,
iodide interstitials, iodide vacan-
cies, iodine interstitials, iodine
vacancies, cm ™

Iodine molecule in the gas phase,
Iodine partial pressure (at the
intrinsic condition), bar
Equilibrium (electro)chemical
potential of species j, eV

Nonequilibrium (electro)chemical

potential of species j, eV

Deviation from equilibrium in the
(electro)chemical potential of spe-
cies j, eV

Forward and backward rates for reac-

tion r (see Table 2), cm™® s™*

Forward and backward rate con-
stants for reaction r (see Table 2),
sh,em®s ', em ®s ... depend-
ing on r

Mass action constant of reaction r
(see Table 2), Depends on r
Electron-hole recombination rate,
em st

Electron-hole generation rate due
to external illumination, cm ™ s™*
Electron-hole net recombination
due to the process k (radiative,
Shockley-Read-Hall, Auger, iodine
defect mediated), cm * s *
Normalized equilibrium hole trap-
ping rate by I/ at P(L,);, —
Normalized equilibrium electron
trapping rate by V{ at P(I,);, —
Ratio between the rate of I/ oxida-
tion by holes and the rate of elec-
tron release from I} at equilibrium
and at P(I,);, —

Ratio between the rate of V| oxida-
tion by holes and the rate of elec-
tron release from V| at equilibrium
and at P(I,);, —

10g10(F1,v/F1,i), -

Effective  generation rate of
(neutral)  anti-Frenkel defects,

ecm 2 st
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Xi Absolute value of electron-hole net
recombination involving genera-
tion/recombination of a vacancy-

interstitial pair, cm 3 s7*
Ur (Usx) Net recombination of (neutral)
anti-Frenkel defects, cm ™ s™!
QFLS Quasi-Fermi level splitting (i.e. elec-
tron-hole chemical potential), eV
Aup Anti-Frenkel ionic defect pair

chemical potential, eV
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Supplementary information (SI) is available. See DOL:
https://doi.org/10.1039/d5mh01231g.
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