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One of the most significant features of lead-halide
perovskites is their ability to have comparably slow
recombination despite the fact that these materials are
mostly processed from solution at room temperature.
The slow recombination allows achieving high open-
circuit voltages when the lead-halide perovskite layers
are used in solar cells. This perspective discusses
the state of the art of our understanding and of
experimental data with regard to recombination and
open-circuit voltages in lead-halide perovskites. A
special focus is put onto open questions that the
community has to tackle to design future photovoltaic
and optoelectronic devices based on lead-halide
perovskites and other semiconductors with similar
properties.

This article is part of a discussion meeting issue
‘Energy materials for a low carbon future’.

1. Introduction
During most of the history of photovoltaic power
conversion, there has been a clear correlation between
the amount of effort and energy that was put into
the preparation of a light absorbing semiconductor
and the electronic quality of said semiconductor. The
longest charge-carrier lifetimes were correlated with
the lowest defect densities and therefore usually the
highest crystallinity of the bulk material and the
interfaces. If we look at the top of the solar cell
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Figure 1. Power conversion efficiency in the Shockley–Queisser model (solid line) as a function of band gap compared with
experimentally achieved values of efficiency in different photovoltaic technologies. Data are taken from the NREL efficiency
chart [4], the efficiency tables [1] and some individual papers [5,6] in caseswhere the record in the references above did not have
associated data that allowed estimating the band gap of this particular compound or molecular blend. In case of the perovskite
solar cells, the current efficiency record according to the NREL efficiency chart is 23.7%. The best certified and published data
from [5] is 22.6%. (Online version in colour.)

efficiency charts [1], this is still true given that epitaxially grown GaAs and monocrystalline
Si solar cells [2,3] have the highest efficiencies of all single junction solar cells as shown in
figure 1. What has changed is the ranking among the thin-film technologies that were dominated
by Cu(In,Ga)Se2 [7–9] and CdTe at least from the perspective of record efficiency on the lab
scale. Since 2018, the non-stabilized efficiency records for single junction thin-film solar cells
are held by lead-halide perovskite solar cells [5], despite the fact that these are solution-
processed semiconductors and do not even possess an optimal band gap for single junction
solar cells.

The key requirement for achieving efficient photovoltaic power conversion is to combine high
absorption coefficients with long charge-carrier lifetime [10,11]. An obvious problem for assigning
a simple figure of merit to this insight is that the absorption coefficient is a function of energy, so
the magnitude and shape of the absorption coefficient matters. For instance, the high absorption
coefficient of Si above its direct band gap at 3.4 eV is clearly much less relevant for photovoltaics
than its low absorption coefficient close to the indirect band gap at 1.12 eV. However, when
studying only direct semiconductors, there are relatively few differences in the shape and
sharpness of the absorption between the most important photovoltaic materials [12]. Thus, it
is the charge-carrier lifetime that differs between the different technologies and that makes the
difference between high and low power conversion efficiencies [13]. In the following, we will,
therefore, discuss the concept of the charge-carrier lifetime in more detail. In halide perovskites
just as in other direct semiconductors [14], charge-carrier lifetimes are often studied using the
method of transient photoluminescence [15–19]. We, therefore, show some exemplary transient
photoluminescence data on halide perovskite layers on a hole transport layer and discuss how
to interpret and analyse the data in terms of charge-carrier lifetimes and surface recombination
velocities. Subsequently, I will discuss the step from high carrier lifetimes to high open-circuit
voltages and completed solar cells. In order to rationalize the results, non-radiative recombination
and the theory of multiphonon recombination is briefly reviewed before the key open questions
in the context of recombination and high open-circuit voltages in lead-halide perovskites are
discussed.
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2. Charge-carrier lifetimes
The charge-carrier lifetimes of semiconductor films, layer stacks or devices are both highly
relevant for their functionality as well as subject to a variety of more or less intuitive definitions
that complicate an understanding of their meaning. The charge-carrier lifetime describes the
dependence of the electron or hole concentration as a function of time after the generation of
electrons and holes (e.g. by a laser pulse) has stopped. In a doped semiconductor, at low excitation
densities, one type of carrier will be in excess of the other. This situation is termed low-level
injection. For instance, in a p-type semiconductor, the electrons would be the minority carriers
while the hole concentration p would be constant as a function of time t and given by the density
NA of ionized acceptors. Clearly, in this situation, it only makes sense to define an electron lifetime,
while the hole lifetime would be infinite because it does not decay at all with time. By contrast,
if the excitation density is high enough and the doping density low enough that excess charge
carriers of both types exceed the concentration of carriers due to ionized dopants, the sample is
in high-level injection and there will be a finite lifetime for both types of carriers.

In addition to the aspect of injection level, lifetimes can be associated with different
recombination mechanisms, such as radiative recombination (with rate Rrad), Shockley–Read–
Hall (SRH) recombination [20,21] via defects in the bulk (with rate RSRH), SRH recombination
at surfaces and Auger recombination (with rate RAug). Including the three bulk recombination
mechanisms, the electron density n as a function of time t and position x after a laser pulse is
given by the differential equation

−dn
dt

= Rrad + RSRH + RAug

=
[

krad(1 − pr) + 1
nτp + pτn

+ Cnn + Cpp
]

(np − n2
i ), (2.1)

where p is the hole density, ni the intrinsic carrier concentration, krad is the radiative
recombination coefficient, pr is the reabsorption probability taking into account the effect of
photon recycling [22–25], τn,p are the SRH lifetimes for electrons and holes, and Cn,p are the
Auger coefficients for electrons and holes. This differential equation has boundary conditions for
the surfaces of the semiconductor that consider the loss of electrons via surface recombination.
The boundary condition at the edges x = 0 and x = d, where d is the thickness, are given by

±qDn
dn
dx

∣∣∣∣
x=0,d

= np − n2
i

n/Sp + p/Sn

∣∣∣∣∣
x=0,d

, (2.2)

where the sign on the left-hand side is positive for x = 0 and negative for x = d. Here, Dn is
the diffusion constant for electrons and Sn and Sp are the surface recombination velocities for
electrons and holes. Note that equations analogous to equations (2.1) and (2.2) can be written
down for the case of holes. Equations (2.1) and (2.2) imply that the measured decay may be
influenced by four different recombination mechanisms (radiative, bulk defect, surface defect
and Auger) and that in general each of the different mechanisms is a nonlinear function of n
or p. Equations (2.1) and (2.2) alone do not immediately suggest that the concept of a lifetime is
suitable to describe the decay of electrons or holes after a pulse. However, the concept of a lifetime
becomes substantially more intuitive and meaningful in the case of low-level injection that is
relevant for many inorganic semiconductors. In low-level injection, each of the recombination
terms can be simplified such that it depends linearly on minority-carrier density. For instance, in
a p-type semiconductor, equation (2.1) becomes

−dn
dt

=
[

krad(1 − pr)NA + 1
τn

+ CpN2
A

]
(n − n0)

= (n − n0)
τeff

, (2.3)
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Table 1. Values for the bimolecular recombination coefficients in units of cm3 s−1 of CH3NH3PbI3 from the literature taken from
[30]. Here, kext is the externally measured bimolecular recombination coefficient, krad is the radiative recombination coefficient
obtained after correcting for photon recycling and knon is any non-radiative contribution to the bimolecular recombination
coefficient observed. In case of the data from Crothers et al. [31], the range for kext is caused by a range of sample thicknesses
that lead to a unique value of krad if photon recycling is taken into account.

reference kext (cm3 s−1) krad (cm3 s−1) knon (cm3 s−1)

Staub et al. [23] 4.78× 10−11 8.7× 10−10 neglected
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Staub et al. [23,24] 4.78× 10−11 8.4× 10−11 4.4× 10−11
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Crothers et al. [31] 1.4× 10−10 to 2× 10−11 6.8× 10−10 0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Richter et al. [32] 8.1× 10−11 7.1× 10−11 7.2× 10−11
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Richter et al. [32] 7.9× 10−11 1.8× 10−10 5.6× 10−11
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

where the effective lifetime τ eff is defined as the inverse of the square brackets in equation (2.3).
Even the inclusion of surfaces in the concept of an effective lifetime is possible for low-level
injection. For the case that the surface recombination velocities for electrons as minorities are
the same at both surfaces, a surface lifetime can be determined as [26]

τs = d
2Sn

+ d2

Dnπ2 . (2.4)

Here, the first term on the right-hand side describes the recombination at the surface itself and
the second term describes the diffusion to the surface which may be limiting for large thicknesses
d, low diffusion constants Dn and high surface recombination velocities Sn. The total effective
lifetime in low-level injection would then follow from adding up the inverse lifetimes and then
inverting the resulting sum again leading to

τeff =
[

krad(1 − pr)NA + 1
τn

+ CpN2
A + 2SnDnπ2

d(Dnπ2 + 2Snd)

]−1

. (2.5)

Note that τ eff in equation (2.5) is a constant, carrier concentration independent value. This is due
to the fact that even the two recombination mechanisms (radiative and Auger) that are in general
nonlinear, become linear in minority carrier concentration in low-level injection. The doping
density sets a natural upper limit to the effective lifetime, which can never exceed the value in the
radiative limit that is given by τeff = [krad(1 − pr)NA]−1. Because krad in direct semiconductors is
typically on the order of 10−10 cm3 s−1 (e.g. 2 ×10−10 cm3 s−1 in GaAs [27,28], 0.6 × 10−10 cm3 s−1

to 2 × 10−10 cm3 s−1 in Cu(In,Ga)Se2 with different In to Ga ratios [29]), lifetimes of hundreds
of ns are already a good value for direct semiconductors at typical doping concentrations of
1016 cm−3. Typical values reported for the radiative and bimolecular recombination coefficients
in the literature for CH3NH3PbI3 are presented in table 1. By contrast, in indirect semiconductors
such as Si, krad is typically substantially smaller (in Si krad = 4.7 × 10−15 cm3 s−1 [33]) allowing
much longer lifetimes. For instance, in monocrystalline Si with good surface passivation, lifetimes
of tens of milliseconds are possible [34]. Such lifetimes could (theoretically) be achieved in GaAs
only for extremely low doping densities of order 1012 cm−3.

For lead-iodide perovskite films, layer stacks and devices, transient measurements such as
transient photoluminescence are typically done in high-level injection due to the low doping
density of the materials. This implies that both radiative and Auger recombination will lead
to terms in the recombination rate that are quadratic or cubic in charge-carrier density thereby
leading to non-exponential decays [23]. Figure 2 shows a photoluminescence decay of a
methylammonium-lead-iodide (MAPI) film deposited on a glass/ITO substrate coated with a
thin layer of PTAA (poly(triarylamin)) that is used as a hole contact in solar cells and light
emitting diodes [35]. For details on the simulation, see the electronic supplementary material
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Figure 2. Experimental transient photoluminescence data of a MAPI film on a glass/ITO/PTAA substrate compared with
numerical simulations varying (a) the surface recombination velocity (with τ bulk = 10 µs= const) at the PTAA/MAPI interface
and (b) the bulk lifetime (with S= 0). This comparison does not yield precise values for either S orτ bulk but it allows estimating
lower limits for τ bulk and upper limits for S. Data are redrawn from [35]. (Online version in colour.)

accompanying this article. We note that the decay is faster for short times followed by a nearly
exponential decay at longer times. The fast features at short times can be explained by radiative
recombination. At longer times, the long decay can either be due to bulk recombination or surface
recombination at the MAPI/PTAA interface. In addition, there a range of additional effects such
as lateral diffusion away from the illuminated spot, charge transfer to the contact layers, charge
accumulation in the contact layers [36] and lateral transport on the contact layers that may affect
the shape of the transients. While the two effects cannot be distinguished unambiguously, it
is possible to perform numerical simulations [35,36] to include the different effects mentioned
above and to estimate minimum values for SRH lifetime in the bulk and upper limits for
the surface recombination velocity. In the present case, figure 2 suggests that S < 1 cm s−1 and
τbulk > 5 µs best describe the experimental decay. To put the values of surface recombination
velocities into perspective, a brief word on typical values for inorganic semiconductors used for
photovoltaics. In crystalline Si wafers, good surface passivation leads to surface recombination
velocities just below 10 cm s−1 [34]. In the case of AlGaAs/GaAS or GaInP/GaAs interfaces,
surface recombination velocities on the order of 1–15 cm s−1 have been reported already in the
1980s [37,38]. In CdS/CdTe heterostructures surface recombination, velocities are typically on
the order of 105 cm s−1 [39] while high-quality MgCdTe/CdTe heterostructures have surface
recombination velocities on the order of 1 cm s−1 [40].

3. Realizing high open-circuit voltages in solar cells
We have shown in the previous chapter that long bulk lifetimes and low surface recombination
velocities S < 10 cm s−1 are possible in perovskite layers and at perovskite/PTAA interfaces. In
order to actually benefit from these promising values in a complete device, it is necessary to
achieve low surface recombination velocities at both interfaces in the device and to maintain a
good compromise between low surface recombination velocities, low series resistances of the used
contact layers and a beneficial electric field distribution inside the absorber layer that optimizes
charge collection and minimizes recombination at the maximum power point [41–45].

Figure 3 shows how for a constant thickness (d = 300 nm) and a perfect defect free
bulk, the open-circuit voltage, the voltage at the maximum power point and the power
conversion efficiency of a MAPI solar cell depends on surface recombination and series
resistance. The simulation includes the effects of Auger recombination using an Auger coefficient
C = 5.4 × 10−28 cm6 s−1 [46] and photon recycling as described in more detail in [47–49]. For
details on the simulation, see the electronic supplementary material accompanying this article. We
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Figure 3. Result of drift-diffusion simulations of MAPI solar cells showing (a) power conversion efficiency and (b) open-circuit
voltage Voc as well as the voltage Vmpp at the maximum power point as a function of the surface recombination velocity S for
minority carriers at front and back contact. In addition to S, also the series resistance Rs is variedwith higher values of Rs leading
to lower efficiencies and voltages Vmpp. The open-circuit voltage stays constant with Rs because there is no current flow in open
circuit and therefore no voltage drop over the series resistance.While low values of S guarantee high open-circuit voltages,what
counts for efficiency is Vmpp whichmay be reduced drastically by higher series resistances. This illustrates that contact layers not
only have to ensure low S but also low Rs. (Online version in colour.)

note that for MAPI efficiencies greater than 25% should be possible but require series resistances
below 5 Ω cm2 and surface recombination velocities below 100 cm s−1 at both contacts. The
maximum possible open-circuit voltage is 1.32 eV for MAPI with a band gap Eg = 1.6 eV and
it decreases for S > 100 cm s−1, consistent with recent reports by Wang et al. [50]. Note that the
exact dependence of Voc on S also depends on the minority carrier concentration at the two
contacts which are determined in turn by the differences between contact workfunction and
conduction band (at the cathode) or valence band (at the anode) of the perovskite. Here, we
use an offset of 0.1 eV on each side which leads to a built-in voltage Vbi = 1.4 eV (band gap
minus twice the offset of 0.1 eV). The effect of the (area-related) series resistance Rs on power
conversion efficiency η and the voltage Vmpp at the maximum power point is quite substantial
and relatively linear with a doubling of Rs leading to double the loss in Vmpp relative to the
optimum value for Rs = 0 which is consistent with analytical equations [51] describing the effect
of Rs on Vmpp. Resistive effects in perovskite solar cells may originate from external contact layers
such as the ITO [52] but also from electron and hole contact layers, especially if these are made up
of undoped organic semiconductors such as PTAA and PCBM or C60 as is commonly done in p–i–
n-type device stacks. The low permittivity of these electron and hole contact materials combined
with the high permittivity [53] of the perovskite absorber layer and the electric field screening
by ion movement may also lead to low electric fields in the perovskite absorber that may even
change sign and impede majority carrier extraction as illustrated in [54,55]. In these cases, the
good passivation provided by at least some organic contact materials may compromise efficient
charge extraction [43,44].

It is worth comparing the simulated open-circuit voltages shown in figure 3b with
experimentally achieved values of the open-circuit voltage Voc. Figure 4a shows Jsc as a function
of Voc for a range of highly efficient lead-halide perovskite solar cells reported in the literature
(table 2 for a full set of values and references). The solid line defines the respective values of Jsc

and Voc in the Shockley–Queisser (SQ) model. Figure 4a shows that typical values for most of
the high-efficiency lead-halide perovskite cells are Voc ≈ 1.15 V and Jsc ≈ 22 mA cm−2. Some are
optimized for higher open-circuit voltages Voc > 1.2 V [15,35] and some have slightly lower band
gaps allowing higher photocurrents around Jsc ≈ 25 mA cm−2 [5,58].

However, figure 4a is not well suited to identify potential for improvement for a given device
because the band gap varies slightly between the different perovskite compositions. Therefore,
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Figure 4. (a) Short-circuit current density Jsc versus open-circuit voltage Voc for a range of lead-halide perovskite solar cells
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line) [56]. (b) Now the values for Jsc and Voc are presented relative to the values in the Shockley–Queisser model, which helps
identifying the potential for improvement for the different devices. (Online version in colour.)

Table 2. Device performance data of a range of small area lead-halide perovskite solar cells used for figure 4. The band gap is
as reported in the papers or estimated from the external quantum efficiency data provided. The value�Voc is defined as the
difference between the Voc in the Shockley–Queisser model calculated based on the indicated band gap and the actual Voc.
Datasets with an asterisk are certified data.

reference Eg (eV) η Jsc(mAcm−2) Voc (V) FF �Voc (V) Jsc/Jsc,SQ
Jeon [5]* 1.56 22.6 24.9 1.13 80.5 0.160 0.924

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Luo [57]* 1.59 20.9 21.8 1.18 81.7 0.140 0.840
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Turren-Cruz [58] 1.53 20.4 25.1 1.08 75.5 0.179 0.893
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Stolterfoht [59]* 1.62 19.6 22.0 1.15 77.6 0.197 0.886
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Saidaminov [60] 1.61 21.0 22.2 1.16 81.3 0.170 0.881
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zheng [61]* 1.59 20.6 23.0 1.13 79.1 0.184 0.888
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wang [62] 1.61 20.6 22.6 1.14 80.0 0.194 0.897
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Saliba [63] 1.63 21.8 22.8 1.18 81.0 0.173 0.924
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tan [64]* 1.60 20.1 21.7 1.17 79.4 0.155 0.849
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Yang [65]* 1.55 22.1 24.9 1.10 80.3 0.173 0.913
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abdi-Jalebi [15] 1.56 21.5 23.3 1.17 79.0 0.117 0.862
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abdi-Jalebi [15] 1.78 17.5 18.0 1.23 79.0 0.263 0.890
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hou [66] 1.61 21.2 22.6 1.17 80.0 0.164 0.899
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Anaraki [67] 1.62 20.5 22.5 1.18 77.0 0.163 0.906
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Liu [35] 1.60 20.7 20.5 1.26 80.1 0.065 0.803
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

figure 4b provides a more direct relation between the experimental data and the values given
by the SQ model by normalizing Jsc to Jsc,SQ and taking the difference between the open-circuit
voltage in the SQ limit and the real open-circuit voltage. Figure 4b shows that many of the high-
efficiency devices reach greater than 90% of the photocurrent in the SQ model which is a good
value compared to many other technologies. However, values of approximately 95% are possible
in crystalline Si and CdTe solar cells [68,69], i.e. there is still some room for improvement. The
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Figure 5. (a) Power density versus voltage and (b) current density versus voltage curve of a MAPI solar cell (data taken
from [35]) compared with more idealized scenarios where first the FF is taken as ideal, then the open-circuit voltage and
finally the short-circuit current density. This loss analysis shows that for the current cell, the most substantial losses relative
to the Shockley–Queisser limit occur in light absorption followed by resistive losses leading to lower fill factors. Non-radiative
recombination leading to reduced open-circuit voltages is the smallest of the three loss terms. (Online version in colour.)

voltage loss in open circuit is typically greater than 120 mV for most devices suggesting that there
is indeed still some room for improvement given that GaAs solar cells have voltage losses less
than 40 mV in the best cases (e.g. Fig. 2b in [70]).

Among the solar cells presented in figure 4 and table 2, the device approaching the Voc,SQ
most closely is the one labelled Liu [35]. It is based on a simple MAPI cell with a lead-acetate
precursor with 8% lead-chloride and using ITO/PTAA and PCBM/BCP/Ag as hole and electron
contact layers, respectively. Figure 5 shows the power density and current density curves of this
MAPI solar cell (shown for the downscan at 0.1 V s−1) and compares it with three computed
scenarios. Each scenario keeps the parameters of the previous case but increases first the FF, then
Voc and finally Jsc to the ideal value that is defined by the SQ model. The differences between
the curves then allow us to study the losses due to each mechanism. The FF of the experimental
curve is 80%, but it may be up to 90% for this open-circuit voltage [71,72]. This corresponds to
an increase by about 120 mV in the voltage at the maximum power point. Further increasing
Voc by removing all non-radiative recombination would only yield another approximately 60 mV
in Voc and Vmpp. A further substantial gain in power conversion efficiency would be possible
if more complete light absorption was achieved. Finally, increasing Jsc to Jsc,SQ would yield an
efficiency of approximately 30%, i.e. approximately 10% more than the experimental value and
approximately 5% more than the value where Voc and FF are already taken as ideal. Thus, for this
specific device, the open-circuit voltage is nearly fully optimized with little additional gains being
expected. By contrast, the photocurrent is far from optimized, which sets optical means to trap
light, processes to fabricate thicker layers, optimization of charge collection and minimization of
parasitic absorption on the research agenda.

4. Multiphonon recombination
We learned in the previous sections that solution-processed lead-halide perovskites allow closely
approaching the thermodynamic limit for the open-circuit voltage. This is possible thanks to very
long bulk lifetimes of several microseconds and by achieving surface recombination velocities
that are lower than those of the best passivation layers for crystalline Si solar cells [34]. Thus,
the question remains how we can rationalize these long lifetimes. There have been various
physical mechanisms suggested in the literature to explain slow recombination [73–79]. Some
mechanisms, such as the existence of an indirect gap [80,81] serve to explain slow radiative
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Figure 6. (a) Schematic of conduction band, valence band and a donor and acceptor like trap. The downward transitions have
coefficients kn,p, some of which are amplified by Coulomb attraction between charge carrier and charge state of the trap. These
are the transitions between free electrons and positively charged (donor-like) trap and between free holes and a negatively
charged (acceptor-like) trap. (b) Capture coefficients kn,p including the effect of Coulomb attraction as a function of the position
of a singly charged (acceptor-like or donor-like) trap whose position may change between conduction and valence band edge
as indicated in (a). The capture coefficients are calculated using semi-classical multiphonon theory and trap-depth and charge
state dependent Huang-Rhys factors as discussed in [86–88]. (Online version in colour.)

recombination. However, radiative recombination in MAPI is not actually slow but corresponds
to what is expected [23,82] based on the absorption coefficient of MAPI and the fairly low effective
densities of states. In addition, slow radiative recombination would not help achieving higher
efficiencies as detailed in [11,83]. Only slow non-radiative recombination would actually be
helpful. In order to achieve slow non-radiative recombination, a semiconductor (bulk or interface)
needs to have both a low density of defects and low transition rates between at least one of the
bands and the defect. If the defect only interacts efficiently with one of the bands, recombination
will be less likely to happen. Instead, the defects will trap and then later detrap charge
carriers. While this mechanism slows down transport, it would not lead to reduced open-circuit
voltages.

Thus, in high-level injection, where n ≈ p, defects with substantially asymmetric capture
coefficients for electrons and holes might be less detrimental than those with symmetric capture
coefficients. Asymmetry of capture coefficients may originate, for instance from the position
of the defect and from its charge state. For instance, defects close to the conduction band are
more likely to interact with electrons in the conduction band than with holes in the valence
band. In addition, positively charged defects are more likely to capture electrons than neutral
defects. Thus, it would be useful to be able to estimate the relevance of each of these effects
on the value of the capture coefficients. These can be calculated for non-radiative processes
using the theory for multiphonon recombination, which assumes that every downward transition
between two states has to involve the emission of multiple phonons in order to dissipate the
energy of the excited state [84,85]. Figure 6 shows the capture coefficients calculated using the
theory discussed in [86] and originating from the work of Markvart [84,87] and Ridley [85,88].
The capture coefficients show a strong dependence on the position of the defect with shallow
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Figure 7. Shockley–ReadHall lifetimesτ n andτ p obtained usingmultiphonon theory as outlined in [86] to obtain the capture
coefficients for transitions between the band and localized trap states. The lifetimes are given as a function of the depth of the
trap relative to the conduction band edge EC and for the case of a donor-like (solid line) and an acceptor-like defect. From τ n

and τ p an effective lifetime is calculated assuming high-level injection (≈p) via τ eff = τ n + τ p. (b) Sommerfeld factor sA for
attractive transitions (e.g. electron is trapped by a positively charged defect) as a function of the low-frequency permittivity εr
and for different values of the effective massmeff/m0. Using typical values reported for MAPI (εr = 33.5 [53],meff/m0 = 0.2),
the Sommerfeld factor assumes the value approximately 2.2 indicated in the graph as a filled circle. This low value implies
a weak influence of attractive versus neutral defect states and therefore a weak shift of the data for donor and acceptor like
defects shown in (a). (Online version in colour.)

defects having one high and one extremely low capture coefficient while for deep defects the
values of the capture coefficients intersect. When comparing the graph for the donor-like and the
acceptor-like defect, we note that the effect of Coulomb attraction on the capture coefficients is
fairly small.

In order to calculate the SRH lifetimes introduced in equation (2.1) from the capture coefficients
in figure 7, we need to specify a trap density. The SRH lifetimes are given by τn,p = (kn,pNT)−1,
where NT is the trap density. If we choose NT = 1015 cm−3, we obtain the lifetimes shown in
figure 7a using the capture coefficients kn,p shown in figure 6. From the SRH lifetimes, we can
then calculate the effective lifetime τ eff, which in the limit of high-level injection assumed here
(n ≈ p) is just given as τ eff = τn + τp.

The Coulomb attraction is calculated in [86,89] by using the Sommerfeld factor to modify the
capture cross sections of transitions with attractive Coulomb interaction. The Sommerfeld factor
for attractive transitions is given by Markvart [89]

sA = 4

√
πmeff

ε2
r m0

RH

kT
. (4.1)

where meff/m0 is the effective mass relative to the electron rest mass, RH ≈ 13.6 eV is the Rydberg
energy, kT is the thermal energy and εr is the low-frequency dielectric permittivity. Figure 7b
illustrates the result of equation (4.1) for different values of meff/m0 and εr. It becomes clear
that for the case of low effective masses and high permittivities, the Sommerfeld factor does not
deviate much from unity.

Thus, the main contribution to the capture coefficients in the framework of multiphonon
recombination using the parameters of MAPI as input would be the position of the trap.
Midgap traps would still yield reasonably high recombination coefficients in the framework of
multiphonon recombination theory. However, already small shifts of the trap position relative
to midgap would strongly reduce the efficiency of recombination. Density functional theory
calculations in the bulk [90] and the surface [91] of MAPI have shown that most defects in MAPI
are shallow with the iodine interstitial being the only intrinsic deep point defect. However, even
the iodine interstitial is likely not a midgap defect. This finding in combination with figure 7a
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suggests that intrinsic (i.e. undoped) MAPI could tolerate quite high densities of intrinsic point
defects given that they are not likely to have symmetric and high capture coefficients.

5. Open questions
While the experimental results with respect to slow recombination and high open-circuit voltages
are certainly impressive and while we have some understanding and rationale for explaining the
experimental results, there remain a range of open questions that should be tackled in the future.

Recently, it has been shown that the model of the harmonic oscillator for the potential energy
of electrons and holes is insufficient to explain the magnitude and temperature dependence of
the charge-carrier mobility in lead-halide perovskites [92]. Instead, the anharmonic fluctuations
of the lead-halide bonds affect the overlap of wavefunctions and thereby charge transport. In
a similar way also the multiphonon recombination models that rely on harmonic oscillators to
calculate transition rates between band-like states and defect states likely have to be modified to
the special case of lead-halide perovskites.

In addition, the models for recombination generally only describe bulk recombination but not
interface recombination. At an interface, defects are more likely to form than in the bulk. Therefore
for most inorganic solar cell materials, interface recombination is even more important than bulk
recombination. Recently, it has been argued [93–95] that the high energy of vibrational modes in
organic semiconductors leads to fast recombination, especially for lower band gaps. This concept
applied to interfaces between perovskite absorbers and organic electron and hole contact layers
would suggest that organic interface materials might accelerate recombination because it is easier
to dissipate the energy into the organic material. However, this does not seem to be the case,
given that perovskite/organic interfaces have extremely low surface recombination velocities
[35,59,96]. Thus, a better fundamental understanding of interface recombination is needed to
design interfaces rather than find suitable ones by trial and error.

The low surface recombination velocities of organic electron and hole transport layers might
bring about a fundamental compromise between recombination, resistive losses and optimization
of the electric field distribution in the device [43,44]. As shown in figure 3, a low value of S might
benefit Voc but if it comes with a high value of Rs, the efficiency might be reduced. The same holds
true if the electric field distribution is such that it makes charge extraction more difficult, because
most of the electric field drops over the electron and hole transport layers [43,44]. Thus, we need
a better understanding of resistive and charge collection losses at interfaces and in electron and
hole transport layers. While it is generally easy to measure lumped series resistances in solar cells
[97,98], it is more difficult to disentangle [99,100] the influence of different layers on the series
resistance. Thus, methods are needed that measure how the internal quasi-Fermi level splitting in
the perovskite absorber is coupled to the external quasi-Fermi level splitting at the contacts at the
maximum power point.

Finally, an open question is the practical influence of the built-in voltage Vbi on solar cell
performance. Charge-carrier diffusion lengths are generally reported to be high enough to achieve
efficient charge collection via diffusion within absorbers with thicknesses of less than a micron.
However, the built-in voltage still affects the concentration of minority carriers at the interfaces
to electron and hole contact materials. Only a high Vbi reduces the minority carrier concentration
sufficiently to suppress recombination at these interfaces. Thus, for a given value of S, there is a
minimum value for Vbi that the cells need to have in order to not have additional losses at the
interfaces. Figure 8 shows how high Vbi has to be for different values of S in order to achieve
optimum efficiency. The simulations shown in figure 8 are done using the same method as used
for figure 3, i.e. they include radiative recombination, photon recycling and Auger recombination.
In the simulation, lower built-in voltages lead to increased surface recombination while higher
built-in voltages lead to increased Auger recombination due to the higher concentration of
majority carriers close to the contacts. Thus, there is always an optimum Vbi for every value of S.

Figure 8 shows that while Vbi can be smaller than Eg/q, it should be ‘high enough’ (which
is defined differently depending on the values of S as shown in figure 8) in order to reduce
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Figure 8. Result of drift-diffusion simulations of MAPI solar cells showing (a) power conversion efficiency and (b) open-circuit
voltage Voc as a function of the built-in voltage for different values of the surface recombination velocity S for minority carriers
at front and back contact. For every value of S, there is an optimum built-in voltage, because for lower built-in voltages, surface
recombination increases and for higher built-in voltages Auger recombination increases. (Online version in colour.)

losses. However, it is often not clear whether the values of Vbi leading to optimum power
conversion efficiency in figure 8 are consistent with the expected workfunction difference between
the contacts. For instance, for the high Voc device discussed in [35], the electron and hole contact
materials (PTAA and PCBM) are fairly intrinsic and the highly conductive materials ITO and
Ag should not have a sufficiently high workfunction difference to enable efficient suppression of
interfacial recombination. Nevertheless, the cells are in practice able to suppress recombination
quite efficiently. This suggests that we lack knowledge on what the band diagram of the cell
looks like and how the workfunctions and energy levels of the contact and absorber layers
enable such low interfacial recombination rates (even if we do understand the low recombination
velocities).
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