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ABSTRACT: The large diﬀusion lengths recurrently measured in perovskite single crystals
and ﬁlms signal small bulk nonradiative recombination ﬂux and locate the dominant carrier
recombination processes at the outer interfaces. Surface recombination largely determines
the photovoltaic performance, governing reductions under short-circuit current and opencircuit voltage. Quantiﬁcation of recombination losses is necessary to reach full
understanding of the solar cell operating principles. Complete impedance model is given,
which connects capacitive and resistive processes to the electronic kinetics at the interfaces.
Carrier collection losses aﬀecting the photocurrent have been determined to equal 1%.
Photovoltage loss is linked to the decrease in surface hole density, producing 0.3 V reduction
with respect to the ideal radiative limit. Our approach enables a comparison among diﬀerent
structures, morphologies, and processing strategies of passivation and buﬀer layers.

I

This experimental approach has become particularly fruitful in
the application to a variety of diﬀerent solar technologies.10−12
In essence, impedance spectroscopy captures the modulated
(alternating) current in response to a small-amplitude
modulated voltage stimulus. For data handling and description
it is a common procedure to derive an equivalent circuit
representing the internal resistive and capacitive response
elements, which are connected to electronic/ionic mechanisms
occurring at several, and hopefully diﬀerentiated, characteristic
times. Despite its interpretative potential, the impedance
response of PSCs is still not completely resolved.13−16 The
analysis and mechanism identiﬁcation of capacitive elements
have raised certain attention in the past few years, with the
conclusion that perovskite dielectric processes and interfacial
charge accumulation dominate at the high- and low-frequency
response, respectively.17,18 However, the detailed classiﬁcation
of the resistances seems to be particularly elusive. This is a
central point for device understanding insofar as the dc
behavior (and consequently the steady-state J−V curve and
eﬃciency) of the photovoltaic device is determined by the
internal resistances. Several impedance studies point to the fact
that outer interfaces somehow govern the overall resistive
response of PSCs,19,20 in agreement with the excellent transport

rruption of perovskite solar cell (PSC) technologies has
shaken up applied and theoretical photovoltaics research.
Power conversion eﬃciencies have reached in a few years values
exceeding 22%, propelling worldwide interest in perovskite
materials and solar cell structures.1,2 Much is known about the
physical properties of organolead halide perovskites. Carrier
mobility and diﬀusivity are reported to be comparable to those
of inorganic semiconductors3−5 so as to not severely limit
charge collection eﬃciency at the outer contacts. In addition,
several studies have related the superior performance of PSCs
to the suppression of bulk nonradiative carrier recombination.6
The combination of these two observations, high carrier
mobility and reduced internal recombination, leads us to
consider that the most important part of carrier recombination
processes is more likely to occur at the interfaces between the
perovskite absorber and extracting layers.7−9 According to this
assumption, carrier losses by nonradiative recombination at the
outer contacts play a crucial role determining the performance
of PSCs, aﬀecting both short-circuit current and open-circuit
voltage. However, the quantiﬁcation of the diminution in
photovoltaic parameters in relation to interfacial electronic
processes is still unsolved. Advances in this direction may
contribute to a proper understanding of PSC operational
principles, enabling a direct comparison among the inclusion of
diﬀerent structures, morphologies, passivation strategies, buﬀer
layers, and selective contacts.
Impedance spectroscopy is a widely used technique that
extracts dynamic operating parameters on complete solar cells.
© XXXX American Chemical Society
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outer interfaces.19−21 Apart from the external series resistance
Rs accounting for the ohmic contribution of contacts and wires,
the equivalent circuit comprises two capacitive (Cg and Cs) and
two resistive (R2 and R1) elements, as drawn in Figure 1c. The
capacitive elements have been explicitly labeled according to
the established interpretation, associated with the dielectric
response of the perovskite layer Cg, and to the surface charge
accumulation at the interfaces Cs. Whereas Cg dominates the
capacitive response in the high-frequency part (>1 kHz) of the
spectra (Figure 1b), Cs responds to the prominent lowfrequency (∼1 Hz) mechanisms that govern the solar cell
operation (Figure 1b). These two capacitances have been
extensively analyzed in previous works.17,22 The dielectric
constant of the light absorbing perovskite layer ε gives rise to
the geometrical capacitance as Cg = εε0/d, where d is the layer
thickness and ε0 is the permittivity of the free space. Cs appears
as a consequence of interface accumulation processes, either of
ionic character in the dark or electronic under illumination.18
Although several studies have discussed the origin of the
diﬀerent electrical features of the PSCs, the lack of a complete
model, including resistive elements, prevents a full understanding of how these circuit elements deﬁne the performance
of the cells. Here we aim at progressing the understanding of
the resistive mechanisms that ultimately establish the steadystate response of the J−V curves.
An example of the ﬁtting results of a set of MAPbI3-based
cells of varying absorber layer thickness is presented in Figure
2. A similar analysis for the case of FAPbI3−xClx-based cells is
given in Figure S4. Under short-circuit conditions (Figure
2a,b), Cg always results in values that are independent of the
irradiation intensity and on the order of Cg ≈ 0.1 μF cm−2 with
larger values for thinner perovskite layers, in agreement with its
dielectric character.17 On the contrary, Cs rises by orders of
magnitude proportionally to the light intensity, as noted in the
plot, reaching values as high as Cs ≈ 1 mF cm−2 at 1 sun
illumination, as previously reported.22 Interestingly, the resistive
components follow the inverse trend with light intensity, with
the low-frequency resistance R1 showing larger values than the
high-frequency contribution R2. The fact that resistive elements
and accumulation capacitance behave in the opposite way
(strictly proportional) with irradiation intensity leads us to
consider that both stem from a common mechanism, as
discussed later on.
Figure 2c,d shows the parameter variation of the MAPbI3based cells at open circuit (see Figure S3 for J−V curves). Here
values are displayed as a function of the reached Voc at each
illumination. The same general trends are again repeated: an
essentially constant Cg and an increasing Cs with higher
illumination intensity. Recently, Cs has been interpreted in
terms of the light-induced buildup of an electronic accumulation zone formed by majority carrier (holes) in the vicinity of
the cathode contact (TiO2/perovskite interface).18 The model
in Figure 3 accounts for the cathode contact under open-circuit
conditions. The accumulation layer corresponds to an upward
band bending zone with extension equaling the Debye length of

and reduced bulk recombination properties. But a detailed view
is yet to be developed.
Here a selected combination of experimental conditions and
PSC structures reveals how carrier recombination processes
occurring at the outer interfaces eﬀectively dominate the
operation of the measured solar cells. Particular and welldeﬁned dependences of the resistive responses as a function of
the light intensity and voltage allow for the determination of
the solar cell response time in relation to microscopic
parameters. Moreover, our approach permits the quantiﬁcation
of carrier collection losses aﬀecting the photocurrent. It results
in reductions of ∼1% for planar PSCs of regular and inverted
architecture comprising diﬀerent perovskite absorbers based on
methylammonium (MAPbI3 and MAPbI3−xClx) and formamidinium (FAPbI3−xClx) and contact materials such as TiO2 and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM). MAPbI3−xClx and FAPbI3−xClx have been prepared using PbCl
precursor, presenting a low Cl content; however, this
nomenclature is used here as it is signiﬁcantly extended in
the literature.
Impedance Spectroscopy Response of Regular Structures. The
impedance spectra of a set of diﬀerent solar cells of regular
(FTO/TiO2/MAPbI3/spiro-OMeTAD/Au and FTO/TiO2/
FAPbI3−xClx/spiro-OMeTAD/Au) planar structures of varying
perovskite layer thickness have been checked under two
diﬀerent experimental conditions: either at short circuit (zero
bias) or by applying a voltage equal to the open-circuit voltage
(V = Voc) for diﬀerent illumination intensities ranging from 1
up to 100 W cm−2. Impedance spectra under illumination have
been registered after leaving the solar cell to relax in the dark
for at least 2 min. This measuring procedure addresses either
charge extraction (dominating the short-circuit conditions) or
charge recombination (determining the open-circuit conditions), allowing for a full exploration the solar cell in diﬀerent
dynamic states. Photovoltaic parameters are listed in Table 1
Table 1. Photovoltaic Parameters of the Planar Solar Cells
Analyzed in This Work Measured in Backward Direction
thickness (nm)

Jsc (mA cm−2)

Regular MAPbI3
471
16.77
364
13.28
300
12.30
Regular FAPbI3−xClx
300
19.36
190
16.65
130
14.36
Inverted MAPbI3−xClx
400
17.62
190
12.33

Voc (V)

FF (%)

eﬃciency (%)

1.101
1.070
1.044

66.26
67.93
70.11

12.23
9.65
9.00

0.960
0.930
0.870

53.77
62.17
62.48

9.99
9.63
7.81

0.939
0.922

54.40
51.50

9.01
5.85

for a close comparison, and J−V curves are included as
Supporting Information (Figures S1 and S2) along with
preparation procedures. The impedance response features
two kinetically separated processes clearly exhibiting distinguishable arcs (i.e., with diﬀerent time constants) for all of the
analyzed samples. Figure 1a shows an example of the
impedance plots as a function of the irradiation intensity in
which the resistive components of the two arcs shrink as the
illumination increases. The equivalent circuit analysis used here
relies upon previous ﬁndings that connect the impedance
response to the properties of the solar cell dielectric bulk and

the background hole density p0 as L D = εε0kBT /q2p0 . Here q
accounts for the elementary charge and kBT is the thermal
energy. For typical background of majorities, p0 ≈ 1017 cm−3,
which corresponds to the doping density, LD ≈10 nm. This
model relates Cs to the voltage derivative of the surface charge
ps = p0LD√2eqV/2kBT as Cs = qdps/dV and predicts a variation of
Cs with the voltage following the expression
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Figure 1. (a) Example of impedance plot (Z″−Z′) measured under short-circuit conditions at diﬀerent irradiation intensities corresponding to
perovskite solar cells of planar structure FTO/TiO2/MAPbI3/spiro-OMeTAD/Au. (b) Example of capacitance spectra corresponding to the
conditions in panel a. Solid lines correspond to ﬁts using the equivalent circuit (c). Rs accounts for the series resistance. Cg and Cs are the geometrical
capacitance and surface accumulation capacitance, respectively. R2 and R1 are related to the surface recombination current ﬂux.

Figure 2. (a) Capacitances and (b) resistances under short-circuit conditions for varying illumination intensities of MAPbI3-based planar solar cells
of regular structure with diﬀerent layer thickness as indicated. Proportionality lines between capacitances (+1) and resistances (−1) are indicated. (c)
Capacitances and (d) resistances under open-circuit conditions. Solid lines (low-frequency arc) and dashed lines (high-frequency arc) correspond to
linear ﬁts with m approaching 2. In panel c, m = 1.90 ± 0.17, and in panel d, m = 1.94 ± 0.08.

Cs =

⎛ qV ⎞
εε0
exp⎜
⎟
2 LD
⎝ 2kBT ⎠

exhibits the opposite variation with Voc, presenting an inverse
slope −1/2kBT. Again, both resistive elements appear to be
somehow connected to the accumulation capacitor by a
common mechanism. It is also noticeable that open-circuit
resistances (Figure 2d) are always smaller than their shortcircuit counterparts. This fact is explained by the inverse
relation between resistances and recombination current, as later
explained. At open circuit, recombination current completely
cancels photogeneration current, thereby reducing resistances.
The most signiﬁcant reduction occurs for the low-frequency
resistance, R1, that presents values within the range 105 to 103
Ω cm2 at short circuit but diminishes to 103 to 101 Ω cm2 at
open circuit.
To further investigate the solar cell operating mechanism on
the basis of the impedance analysis, a standard procedure
consists of calculating the time constants corresponding to the
equivalent circuit in Figure 1c. In principle, one can deﬁne two
separated times as the products τ2 = R2Cg and τ1 = R1Cs. These

(1)

In this model, part of the Voc is built-up at the interface as a
consequence of the formation of a hole accumulation zone Vacc
oc ,
represented in Figure 3 as an oﬀset in the vacuum level. The
rest of the photovoltage (Voc ≈ 0.4 to 0.5 V) corresponds to the
suppression of the downward band bending achieved at very
low light intensities.18 Thus the surface charge accumulation ps
attains pronounced values for high light intensity (Figure 3b,c).
It is, in turn, related to a dielectric capacitor (eq 1), which varies
exponentially with voltage with slope 1/2kBT. This response
was veriﬁed in the case of FAPbI3−xClx-based cells (Figure
S4c),18 and it is now corroborated for MAPbI3 (Figure 2c). The
voltage dependence of eq 1, along with the huge values attained
by the capacitances, reinforces the interfacial character of the
underlying mechanism. The resistive response (Figure 2d)
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time constants are associated with the high- and low-frequency
arcs, provided that Cs ≫ Cg, as it is the case. Figure 4 shows the
two time constants calculated for regular planar structures with
MAPbI3 (Figure 4a,b) and FAPbI3−xClx (Figure 4c,d). The
shorter time constant τ2 follows the trend marked by R2.
Because Cg is decoupled from the resistive element R2, the
corresponding time constant cannot be regarded as a
characteristic time of any physical process. In contrast, the
longer time constant τ1 exhibits light-independent values under
both short- and open-circuit conditions, and it always lies in the
range 0.1 to 1 s. The light-independent behavior and similar
order of magnitude of these time constants are strong
indications of the coupling between R1 and Cs in a common
kinetic mechanism. It is worth noting that this last observation
conﬁrms the opposite variation with light intensity shown in
Figure 2 and Figure S4. We next proceed to derive a model
accounting for the mechanism behind the low-frequency
impedance response, which is linked to the surface recombination processes.
Surface Recombination. The large diﬀusion lengths recurrently
measured in perovskite single crystals and ﬁlms are often
interpreted as an eﬀect of a low bulk nonradiative
recombination rate, which lets us assume that the dominant
recombination processes of PSCs are located at the outer
interfaces. Moreover, the large hole concentration resulting
from the formation of interfacial accumulation zones can
promote recombination events in the vicinity of the contact.
This view connects the resistive impedance response to the
partial current reduction (at short circuit) or its complete
suppression (at open circuit). Interestingly, the two resistances
employed in the model exhibit extremely similar behavior as a
function of light intensity (Figure 2b) and photovoltage (Figure
2d). This fact suggests a common origin for both resistances,
which are connected in series in the equivalent circuit of Figure
1c. However, they are kinetically linked to diﬀerent capacitive

Figure 3. (a) Energy band diagram of the accumulation zone at the
perovskite near the cathode contact (perovskite/electron transport
layer) under open-circuit conditions. The schematic signals possible
diﬀerent electron−hole recombination routes. It is distinguished
among purely bulk recombination ﬂux Jrec,bb (carriers located at the
perovskite bulk), purely surface recombination Jrec,ss (carriers located at
the interfacial accumulation zone), mixed bulk-surface recombination
Jrec,bs (perovskite bulk electrons and interfacial holes), and mixed
cathode-surface recombination Jrec,cs (cathode material electrons and
interfacial holes). The shown downward ﬂuxes schematically account
for the recombination routes without specifying mechanistic details.
Band diagram shows the formation on a majority carrier (hole)
accumulation zone in the vicinity of the cathode contact under opencircuit conditions. Two cases are shown here: (b) the accumulation
zone produces a slight upward band bending for ps ≪ (slight
illumination intensity producing reduced Voc) or (c) larger band
bending for ps ≫ (high illumination intensity with Voc ≫). In this
model, part of Voc is built up at the interface as a consequence of the
formation of a hole accumulation zone Vacc
oc , represented here as an
oﬀset in the vacuum level. The rest of the photovoltage (Voc ≈ 0.4 to
0.5 V) corresponds to the suppression of the downward band bending
achieved under very low light intensities.18 The electron density at the
interface ns is illumination-independent as the local distance between
EFn and the perovskite conduction band Ec is constant.

Figure 4. Response time calculated from the RC product for the low-frequency arc (solid line) and high-frequency arc (dashed line), respectively. (a)
Short-circuit and (b) open-circuit conditions for MAPbI3-based planar solar cells and (c) short-circuit and (d) open-circuit conditions for
FAPbI3−xClx-based planar solar cells.
5108

DOI: 10.1021/acs.jpclett.6b02193
J. Phys. Chem. Lett. 2016, 7, 5105−5113

Letter

The Journal of Physical Chemistry Letters
processes, giving rise to well-diﬀerentiated time constants, τ2 =
R2Cg and τ1 = R1Cs. As discussed above several possibilities can
be devised accounting for the reported similar light and voltage
dependences of the resistances that ultimately appear in series.
On the one hand, it is likely that the overall recombination
process is a trap-mediated, multistep event of a Schottky−
Read−Hall kind.23 This microscopic recombination mechanism
is preceded by the capture of an electron and a hole by a surface
recombination center where the recombination event ﬁnally
takes place. Two resistances are expected for the separate
carrier capture processes of electrons and holes. Another
possibility is the interpretation of R1 as a purely transport
mechanism preceding the ﬁnal recombination event, which
could well be coupled to the reported ionic movement.24 R1
might also contain information on recombination mechanisms
mediated by bulk electrons. A deeper study of the charge
dynamics could help to elucidate the speciﬁc origin of the
components. Nevertheless, the underlying mechanism is
certainly elusive, and it can generate complex kinetic responses
including even inductive loops.20,25
By examining Figure 3a one can observe diﬀerent
recombination routes emphasizing the distinction between
purely bulk and interface-mediated recombination events. From
previous comments, electron−hole recombination Jrec,bb at the
perovskite bulk is discarded as a dominant process of the
observed resistance. Therefore, we will focus in this paper on
the surface recombination ﬂuxes while recognizing that the
situation may be diﬀerent in extremely high-eﬃciency devices
with substantial external radiative quantum eﬃciency, where
many surface recombination losses would need to be
suppressed. A charge-transfer process between electrons in
TiO2 and accumulated holes in the interface Jrec,cs (Figure 3a)
does not obey the found carrier statistics, which leads us to
disregard this route in our model. The distinction between
purely surface recombination Jrec,ss and Jrec,bs, which involves
electrons located at the perovskite bulk, is certainly diﬃcult in
experimental terms. Here the total surface recombination
current Jrec,s is written as a function of the surface density of
majority carriers ps (per unit area) and the minority (electron)
density n (per unit volume), at either the perovskite layer bulk
nb or the collecting interface ns.26 Two terms are then
considered that correspond to the recombination ﬂuxes
involving accumulated surface holes, as Jrec,s = Jrec,ss + Jrec,bs
(see Figure 3)
Jrec,s = qksps ns + qk bps nb

series connection of a multistep process as Rrec,s = R1 + R2.
Under short-circuit conditions the addition of R2 is certainly a
minor contribution to the eﬀective Rrec,s. However, under opencircuit conditions the inclusion of R2 with R1 ≈ R2 practically
doubles the value of Rrec,s. The invariable time constant
reinforces the identiﬁcation of R1 + R2 as the overall
recombination resistance. As occurs for the recombination
resistance in other kind of solar cells,27 Rrec,s can be obtained
from the voltage derivative of the overall recombination current
Jrec,s, which in this case takes place at the outer interface.
⎛ dJrec,s ⎞−1
⎟⎟
R rec,s = ⎜⎜
⎝ dV ⎠

(3)

Combining eqs 2 and 3, the surface recombination resistance
results in
−1
R rec,s
= qksns

dps
dV

+ qk bnb

dps
dV

+ qk bps

dnb
dV

(4)

assuming that ns is a voltage-independent parameter, as next
explained. Also, ks and kb are regarded as constant rates. It is
worth remarking that Cs = qdps/dV corresponds to the
accumulation capacitance (per unit surface) previously
introduced in eq 1, and cμ = qdnb/dV accounts for the chemical
capacitance of bulk electrons (per unit volume). Equation 4 can
be expressed as
−1
R rec,s
= ksnsCs + k bnbCs + k bps cμ

(5)

As observed, the third summand is proportional to cμ. Recent
calculations have resulted in extremely low values for cμ for
MAPbI3 , even below the perovskite layer geometrical
capacitance Cg that completely masks it.28 This permits to
rule out its contribution in comparison with the other two
terms in eq 5. As a consequence, eq 5 enables the interpretation
of the time constant featuring the surface recombination
process as
τs = R rec,sCs =

1
ksns + k bnb

(6)

From eq 6 the recombination time constant contains two terms
determined by surface and bulk electron densities. Strictly
speaking, τs cannot be properly considered as a carrier lifetime
because the Cs nature is dielectric and not chemical. Recalling
the voltage-independent characteristic times of Figure 4, it is
inferred that the term kbnb should have only a minor inﬂuence
on τs because nb is expected to increase with voltage (light
intensity) producing, as a consequence, a reduction in τs that is
not observed at all. This last argument simpliﬁes eq 6 in such a
way that

(2)

where ks and kb are recombination coeﬃcients of the purely
surface and mediated through bulk electron loss mechanisms
(with dimensions cm3 s−1). Equation 2 is a general expression
that does not specify the microscopic process by which
recombination occurs. It is valid for a band-to-band interaction
as well as for a trap-assisted mechanism, in which case bulk nb
and interface ns contain information about trap carrier densities.
The equation assumes a recombination process of bimolecular
origin, similar to the one encountered in organic solar cells, and
it speciﬁcally highlights that recombination events mainly occur
at the perovskite/contact interface, where ps attains signiﬁcantly
large values. Insights into the speciﬁc processes dominating the
recombination would permit a precise formulation of the
recombination coeﬃcients, which is unknown at the moment.
Irrespective of the microscopic details of the physical process
giving rise to carrier recombination, our ﬁndings entail that the
total surface recombination resistance should result from the

τs =

1
ksns

(7)

indicating that τs is determined by electrons at the interface ns.
It is worth recalling that the product ksps has the dimension of a
velocity and is usually assimilated to surface recombination
velocity. We next elaborate a rationale on the constant value
that ns should exhibit for the sake of consistency with voltageindependent characteristic times of Figure 4.
A diagram of the surface recombination process under opencircuit conditions is drawn in Figure 3b,c. It is observed how
bands bend upward near the contact because of the spacecharge layer formed by holes (accumulation zone). It is
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change with device processing and the chemistry of the
interface, and even with applied voltage pretreatment. An
estimation of ks can be given by assuming electron density of
order ns ≈ 1015 cm−3. From τs ≈ 0.1 to 1 s, ks ≈ 10−15−10−16
cm3 s−1 is obtained for regular cells.
Response of Inverted Structures. To verify the generality of the
experimental trends observed in Figure 2 for regular cells, we
analyzed inverted PSCs comprising bottom organic hole
transporting layers and fullerene-derivative top contacts with
the structure ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Ag.
Photovoltaic parameters are listed in Table 1; experimental
details and J−V curves (Figure S5) are provided as Supporting
Information. Inverted solar cells are known to exhibit reduced
hysteresis J−V curves.29 This eﬀect has been recently connected
to the reduced capacitance contribution these kind of solar cells
present in the low-frequency part of the spectra.30,31 The
general trends of the regular cell impedance response (Figures
1 and 2) are also observed in the case of inverted structures
(Figure 6). Figure 6a shows the increase in the low-frequency
capacitance with the light intensity but exhibits much lower
values than those reported for Cs of regular structures. The
high-frequency capacitance behavior is in good agreement with
bulk dielectric properties, as expected for Cg. Resistance
variation with light intensity (Figure 6b) also mimics the one
observed in the previous analysis of regular structures. Hence,
general response trends are reproduced with inverted solar
cells, where the order of magnitude of Cs is the only singular
diﬀerence. This last observation indicates that the dissimilar Cs
in the dark establishes the value onto which the light-induced
excess accumulation capacitance is built up.
The similar pattern exhibited by regular and inverted
structures leads us to consider the outlined surface recombination model as a valid approach of the operating modes of
inverted cells as well. Recombination characteristic times
exhibit light-independent values (Figure 6c), although orders
of magnitude (τs ≈ 10−3 to 10−2 s) below those exhibited by
regular cells (see Figure 5 for a close comparison). Assuming
similar electron density in the vicinity of the contact, one can
readily calculate the surface recombination coeﬃcient, which
results within ks ≈ 10−12 to 10−13 cm3 s−1 for inverted cells. This
implies faster kinetics of recombination for fullerene contacts
when compared with inorganic extracting layers. However, we
remark that surface recombination currents do not signiﬁcantly
diﬀer among diﬀerent structures, as inferred by examining the
resistance values of Figures 2 and 6 (see also Figure S6 for a
close comparison). We next progress on that issue.

precisely that space-charge region that sustains part of the
photovoltage. The electron Fermi level oﬀset with respect to
the perovskite conduction band changes upon illumination at
the material bulk, as schematically drawn in Figure 3b,c, but ns
is illumination-independent at the interface because the local
distance between EFn and the conduction band Ec does not vary
with light. In contrast with this, the hole surface density ps
grows as light intensity is increased. Thus ns is assumed as
constant in the derivation of eqs 4 and 7 for a given cell
conﬁguration and measuring conditions. Also, the constancy of
ns would mean saturation of trap states with electrons. It should
be noted that eq 7 will only be valid for illumination intensities
that ensure the formation accumulation zone. It is known from
previous analysis18 that it generally occurs for Voc ≥ 0.4 to 0.5
V, above which the photovoltage is held by the electrostatic
potential buildup at the interface.
Recalling that Rrec,s = R1 + R2 as previously stated, one arrives
to

τs = (R1 + R 2)Cs

(8)

that corresponds to the experimental determination of eq 7
considered as a measurement of the kinetics of surface
recombination. A closer look at the τs variation with absorber
thickness and material reveals common trends. As it can be
observed in Figure 5, τs always exhibits larger values under

Figure 5. Surface recombination time calculated from impedance
analysis as τs = (R1 + R2)Cs exhibited by diﬀerent perovskite solar cell
structures under open-circuit and short-circuit conditions.

short-circuit compared with open-circuit conditions. This can
be easily explained by the higher ns attained under open circuit.
Besides, τs increases with thickness, which might indicate the
reduction of ns in the recombination zone for thicker absorbers.
However, we cannot rule out here that the recombination
microscopic properties of the contact (represented by ks)

Figure 6. (a) Capacitances and (b) resistances under short-circuit conditions for varying illumination intensities of MAPbI3−xClx-based planar solar
cells of inverted structure with diﬀerent layer thickness as indicated. (c) Response time calculated from the RC product for the low-frequency arc
(horizontal line) and high-frequency arc (inclined line), respectively.
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Determination of Collection Ef f iciency. The voltage modulation
during impedance experiment changes the carrier (hole) local
surface density as Δps/ΔV = qps/2kBT. As a consequence of the
exponential dependence of the local carrier density with voltage
ps ∝ exp(qV/2kBT), one readily arrives at the inversely
proportional dependence of Rrec,s on Jrec,s from eq 3

Jrec,s =

2kBT /q
R rec,s

main message of these data is about the slight diﬀerence
between internal and external quantum eﬃciencies in this kind
of solar technology.
Recent experimental reports situate the radiative limit of the
open-circuit voltage Voc,rad ≈ 1.31 V in the case of mixed halide
methylammonium-based perovskites.7 This implies photovoltage losses ΔVoc = Voc,rad − Voc produced by nonradiative
carrier recombination at the interfaces in the range of 0.21 to
0.27 V for regular cells and of 0.37 to 0.39 V in the case of
inverted cells (Table 1). The loss of ΔVoc ≈ 0.3 V has to be
related to the eﬀect of the recombination current in reducing
the carrier density at the contact, but as previously outlined
(and sketched in Figure 3) the photovoltage has a signiﬁcant
electrostatic contribution related to the formation of the
upward band bending at the accumulation zone. This is mainly
governed by the majorities (holes) that should undergo a
diminution by recombination. Recalling the surface hole density
as ps = p0LD√2eqV/2kBT, one can estimate the relative reduction
in surface hole density as Δps ≈ 4 × 102 with respect to the
value reachable in the radiative limit of Voc. Developing novel
processing strategies and buﬀer layers for surface passivation is
thus crucial to increase the outer open-circuit voltage.
The outlined surface recombination model highlights contact
properties as determining parameters in the operation of PSCs.
More speciﬁcally, we propose here that the most signiﬁcant part
of the nonradiative recombination occurs in the vicinity of the
contacts. Based on measurements of single spectra impedance
technique cannot discern speciﬁc recombination mechanisms
placed at either the bulk or the outer interfaces. However, the
dependence on layer thickness exhibited by the resistive
components at short circuit reinforces our view. As observed
in Figure 2b and Figure S4b, recombination resistances (per
unit area) rather collapse into a unique value. This trend can be
hardly understood in terms of a purely bulk (whole perovskite
thickness) mechanism because an internal recombination ﬂux
would scale with the recombining material volume and the
corresponding resistance should decrease accordingly. A second
argument in favor of the interfacial origin for the recombination
processes lies in the fact that the recombination resistance
behaves in the opposite way as accumulation capacitance so as
to render constant response times. The evident coupling
between low-frequency impedance response parameters points
again to the location of nonradiative recombination eﬀects at
the outer interfaces.
The model sketched in Figure 3 locates the recombination
events within the accumulation zone formed in the vicinity of
the perovskite/contact interface; that is, recombining electrons
and holes concur in the same material. An alternative scheme
could claim a charge-transfer process between electrons in TiO2
and accumulated holes in the perovskite, inspired in dye solar
cell known mechanisms (Figure 3a).32 However, these chargetransfer models usually include the eﬀect of energetic disorder
on the recombination, which does not seem to be the case here.
Indeed, as previously noted, the resistive response at open
circuit (Figure 2d) exhibits a variation with Voc following −1/
2kBT slope, which contains the mark of the majority carrier
statistics. This supports our proposed carrier recombination
mainly located in the perovskite material, with the contacting
layers taking the role of a mere electron reservoir unable to
limit the annihilation dynamics. Obviously more experimental
data are certainly needed on this issue.
Although our ﬁndings are fully consistent with a nonradiative
recombination located at the outer interfaces, the proposed

(9)

Under open-circuit conditions, the photogeneration current Jph
is totally suppressed by recombination current Jph = Jrec,s(oc). If
we assume that photogeneration is a voltage-independent
process, eq 9 can be used to estimate Jph and compare it with
the actually measured Jsc. Under short-circuit conditions part of
the photogenerated carriers recombine at the outer interface,
while the main part of the carriers is drained oﬀ. This implies
that the measured short-circuit current is reduced by a term
related to the carrier loss by surface recombination
Jsc = Jph − Jrec,s(sc)
(10)
The ratio between recombination and photogenerated current
allows deﬁning the eﬀective collection loss of the solar cell as
Jrec,s(sc)
Jrec,s(sc)
R rec,s(oc)
α=
=
=
Jph
Jrec,s(oc)
R rec,s(sc)
(11)
which is supposed to be as small as possible for good extracting
contacts. Equation 11 assumes that eq 9 can be consistently
applied also under short-circuit conditions. This is obviously
not justiﬁed here because a physical model for the short-circuit
surface capacitances has yet to be addressed. In any case, for a
solar cell mainly limited by surface recombination mechanisms,
one can infer from eq 11 that the collection eﬃciency is simply
related to the ratio between recombination resistances
measured at open circuit and short circuit. As can be seen in
Table 2, collection losses calculated at 1 sun illumination
Table 2. α Collection Loss under Short-Circuit Conditions
and Collection Eﬃciency Calculated Either from η = 1 − α
or from η = 1 − Rrec,s(oc)/Rrec,s(sc), Marked with *, for
Consistency Checking
thickness (nm)
Regular MAPbI3
471
364
300
Regular FAPbI3−xClx
300
190
130
Inverted MAPbI3−xClx
400
190

α (%)

η

η*

0.7
1.6
1.2

0.993
0.984
0.988

0.990
0.980
0.988

1.0
0.7
1.6

0.990
0.993
0.994

0.965
0.991
0.990

0.8
1.0

0.992
0.990

intensity are always approximately 1%, irrespective of the
contacts and architectures used. From eq 10, one can infer that
Jsc = (1 − α)Jph, where η = 1 − α is the collection eﬃciency.
The collection eﬃciency can be calculated from either η = Jsc/
Jrec,s(oc) or η = 1 − Rrec,s(oc)/Rrec,s(sc), and the comparison
between these two procedures is used here as a test for
consistency. This comparison is outlined in Table 2, validating
the consistency of the interface recombination model. The
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model only addresses the contact energetics under open-circuit
conditions (Figure 3). The buildup of an accumulation zone
near the cathode withstands part of the photovoltage,
originating prominent capacitive eﬀects such as Cs (eq 1).
However, it is experimentally observed that high capacitances
are also encountered under short-circuit conditions, as shown
in Figure 2a and Figures S4a and 6a. At short circuit the solar
cell ought to operate under nearly full depletion conditions.33,34
It is then not likely that an interface accumulation zone could
be similarly formed. The origin of the short-circuit, lightinduced capacitance remains elusive in many aspects. Some
reports have suggested the eﬀect of interface trapping sites on
the capacitive and hysteretic response.29 Traps can easily
accommodate charges, and they are believed to be passivated by
using fullerene derivatives, explaining the low-frequency
capacitance reduction observed in comparing Figures 2a and
6a. However, the constancy of the response time (Figure 4)
suggests that both short-circuit and open-circuit impedance
responses share common mechanisms. It should also be noted
that ionic motion, particularly near the interfaces, is able to
produce local changes in the electronic energetic landscape,
giving rise to the reported capacitance response.24,35,36 To
progress on this concern, informative experiments should be
devised aiming at the coupled interaction between electronic
and ionic dynamics.37
On the basis of the analysis of resistances and capacitances of
PSC under varying conditions of voltage and illumination, we
conclude that the most signiﬁcant part of the nonradiative
carrier recombination occurs in the vicinity of the contacts.
Carrier losses by surface recombination dominate the performance of PSCs and consequently govern the reduction in both
short-circuit current and open-circuit voltage. The analysis is
based on modeling surface kinetic processes through a
complete equivalent circuit that gives a full interpretative
framework of the impedance response. An essential component
of the model is the formation of a hole accumulation zone in
the perovskite layer near the contact. A characteristic time of
surface recombination is extracted that exhibits a constant value
irrespective of the irradiation intensity for a given solar cell
structure. The model is checked for several PSC architectures,
both regular and inverted, comprising diﬀerent light absorber
perovskite materials and selective contacts. This approach
enables a comparison among diﬀerent structures, morphologies,
processing strategies of passivation, and buﬀer layers. Photocurrent reduction is calculated to be as low as 1%, signaling the
good extraction properties of the contacts. Photovoltage loss is
connected to the diminution in surface hole density producing
the observed 0.3 V reduction with respect to the radiative limit.
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