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ABSTRACT: While the power conversion efficiency of metal halide perovskite (MHP)
solar cells has increased enormously, the open-circuit voltage, Voc, is still below the
conceivable limit. Here, we derive the Fermi level splitting, μF, for various types of
noncontacted MHPs, which sets a limit for their achievable Voc, using rate constants and
mobilities obtained from time-resolved photoconductivity measurements. Interestingly,
we find that for vacuum-evaporated MAPbI3 and K+-doped (MA,FA,Cs)Pb(I/Br)3, the
μF/e values are close to the reported Voc values. This implies that for an improvement of
the Voc, charge carrier recombination within the bare perovskite has to be reduced. On
the other hand, for MHPs with Cs+ and/or Rb+ addition, the experimental Voc is still
below μF/e, suggesting that higher voltages are feasible by optimizing the transport
layers. The presented approach will help to select which techniques and transport layers
are beneficial to improve the efficiency of MHP solar cells.

Since their first introduction in 2009,1 perovskite solar
cells (PSCs) have shown an unprecedented rise in
energy conversion efficiency, surpassing that of CIGS

and approaching the value of crystalline silicon solar cells.2

Different optimization approaches, including bandgap utiliza-
tion,3,4 light management,5,6 interface engineering,7−9 and
transport material optimization,10−12 have been used to
improve the efficiency. Subsequently, the open-circuit voltage,
Voc, of PSCs has increased from 0.611 to over 1.2 V.13−16

However, this value is still below the Voc determined by the
bandgap and thermal radiation or so-called entropy losses
(1.33 V for MAPbI3).

17−19 Hence, understanding the factors
governing the Voc and developing methodologies to improve
this are essential to exploit the full potential of metal halide
perovskites (MHPs). Because optimizing PSCs is labor-
intensive, determination of the upper limit of the Voc on the
basis of the characteristics of a bare perovskite semiconductor
layer is extremely useful.
qVoc is the quasi-Fermi level splitting, μF under illumination

at open circuit and is defined by20
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where kT
q

is the thermal energy, ni is the intrinsic carrier

concentration, n0 and p0 are thermal equilibrium concen-
trations of electrons and holes, respectively, and Δn and Δp are
the concentrations of photoexcited excess electrons and holes,
respectively. From quasi-steady-state photoconductance data

measured by making use of a coil, the effective lifetime of
charges in a semiconductor layer can be extracted.21 In case the
semiconductor properties are known including the charge
carrier mobilities, the excess charge carrier densities under
AM1.5 can then be calculated, allowing one to come to a value
for the Fermi level splitting. We are not aware of any report
using this technique for predicting the Voc in perovskite cells,
most likely due to the fact that the mobilities vary with
composition, morphology, and post-treatment.21

An alternative way to quantify μF is using photo-
luminescence (PL), by either fitting the absolute intensity PL
spectrum including subgap tail states22 or using the absolute
PL quantum yield.23−25 However, these methods require
knowledge of the PL output coupling and reabsorption
features of the MHP in order to calculate the internal PL
quantum efficiency. Another approach to come to μF is
probing the charge carrier dynamics by time-resolved measure-
ments like time-resolved microwave photoconductance
(TRMC), optical pump−THz probe spectroscopy (THz), or
transient absorption spectroscopy (TAS). In this work, we first
present a method how to derive the μF under AM1.5 using the
rate constants found by fitting time-resolved photoconduc-
tance measurements on a spin-coated MAPbI3 film. In the
second part, we apply this approach on previously published
TRMC data.26−28 Interestingly, we find that for vacuum-
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evaporated MAPbI3 layers and for (MA,FA,Cs)Pb(I/Br)3
doped with K+, the calculated μF is very close to the reported
Voc values. This implies that for an improvement of Voc the
charge carrier recombination within the native MHP has to be
reduced. Additionally, we observe that the addition of Cs+

and/or Rb+ to (MA,FA)Pb(I/Br)3 or light soaking in humid
air of MAPbI3 leads to an increase of both the calculated μF
and of the observed Voc. However, for these cells, the
maximum attainable Voc has not been reached yet. This
means that the Voc of these solar cells could be further
improved by optimizing the interface with the transport layers.
Comparing the calculated μF with the Voc helps to select which
deposition techniques, additives, postproduction treatments,
and transport layers are beneficial to improve the efficiency of
MHP solar cells.
In the first part of this Letter, a method to calculate μF under

continuous illumination with the rate constants describing the
charge decay kinetics is presented. To this end, we recorded
TRMC traces of MAPbI3 using a nanosecond pulsed laser at
500 nm while varying the incident intensity over 4 orders of
magnitude, shown in Figure 1a. We make use of our kinetic

model reported in 2015, which has been successfully applied to
a range of MHP layers.28−31 Scheme 1 depicts all of the
processes included in the model, in which nt, is the
concentration of trapped electrons, p0 the concentration of
background holes, and NT the density of available deep traps;
k2, kT, and kD are the rate constants representing band-to-band

recombination, trapping, and trap depopulation, respectively,
while Gc represents the optical excitation.

Δ = − Δ Δ + − Δ −n
t
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d

d
( ) ( )c 2 0 T T t (2)

Δ
= − Δ Δ + − Δ +

p
t

G k n p p k n p p
d

d
( ) ( )c 2 0 D t 0 (3)

= Δ − − Δ +
n
t

k n N n k n p p
d
d

( ) ( )t
T T t D t 0 (4)

To obtain values for all kinetic parameters, we solved the
coupled differential eqs 2−4 numerically with the same set of
parameters except for the generation term, which equals the
intensity of the laser pulses. From the resulting time-dependent
Δn and Δp, we can determine the time-dependent photo-
conductance, ΔG, by

μ μ βΔ = Δ + ΔG e n p L( )e p (5)

where μe and μp are the mobilities of electrons and holes,
respectively. β is the geometrical constant and L the layer
thickness. As shown in Figure 1a, the fits match the
experimental TRMC traces very well. Note that below a
certain excitation density the traces start to overlap, which
indicates that the recombination turns from higher order to
first order. From this threshold, starting at densities around 4 ×
1014 cm−3 per pulse, we can accurately ascertain NT (see Figure
S1a,b).
Figure 1a shows that we can use our model shown in

Scheme 1 to extract dynamic parameters and to calculate Δn,
Δp, and nt as a function of time. In case all of the essential
processes are captured by our kinetic model, it should be
possible to switch from pulsed excitation to continuous
excitation. Hence, we calculated Δn, Δp, and nt using eqs
2−4, with the previously obtained set of dynamics parameters
but replacing the pulsed Gc by continuous excitation. In Figure
S2a,b the time-dependent concentrations are shown using
intensities comparable to 1 and 100% of AM1.5 reaching
constant values within 20 μs.
To verify these calculated values for Δn and Δp, we

compared the photoconductivity, Δσ, derived from the
calculated charge carrier concentrations with Δσ measured
under continuous excitation. In Figure 1b, the red markers
denote Δσ as a function of the absorbed number of photons
generated by a white light LED. A more detailed explanation of
how we extract Δσ from the microwave response is provided in
the SI with Figures S3−S5. As shown in Figure 1b, excellent
agreement between the calculated and measured Δσ is
observed. This resemblance demonstrates that our kinetic
model captures all of the essential photophysical processes
within intensities between 1 and 100% of AM1.5 and can be
used for predicting the steady-state excess charge carrier
concentrations. Hence, we can use our pulsed time-resolved

Figure 1. (a) TRMC traces (solid) along with the fits (dashed) of
the spin-coated MAPbI3 thin film. The excitation density per laser
pulse is presented by the number of absorbed photons divided by
the thickness of the sample. (b) The red markers denote the
conductivities obtained from the microwave signal induced by
continuous illumination using a white light LED. The green line is
the photoconductivity calculated using the charge carrier
concentrations found by integration of eqs 2−4 as a function of
Gc. The blue arrow corresponds to a Gc identical to the number of
absorbed photons using AM1.5.

Scheme 1. Kinetic Model Describing the Charge Carrier
Dynamics in Perovskites
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measurements to evaluate the excess carrier concentration at
open circuit in a solar cell.
In the next part, we will process previously published TRMC

data in the same way as described above to obtain Δn and Δp
under excitation conditions similar to AM1.5, from which we
will derive μF using eq 1. These μF values will then be
compared with the Voc values of the corresponding PSCs.

26−28

These PSCs were made using different precursors and
fabrication procedures (spin-coated and evaporated MAPbI3,
(MA,FA,Cs)Pb(I/Br)3, (MA,FA)Pb(I/Br)3) and comprise
different device structures and transport materials. The effect
of additives like K+, Cs+, and/or Rb+ and of postproduction
treatments such as light soaking were also investigated. The
TRMC traces and fits are shown in Figure S6. Note that these
TRMC traces have been recorded on films identical to those
used for solar cell fabrication. The key fitting parameters are

listed in Table 1, and the full set of parameters is collected in
Table S1. In order to determine μF using eq 1, not only are Δn
and Δp required but also ni, n0, and p0. We calculated ni of
MAPbI3 to be 12.6 × 104 cm−3 from previously published
values of the effective masses32−38 and a bandgap of 1.58 eV
(see eqs S6−S8). For (MA,FA,Cs)Pb(I/Br)3, we assumed the
same effective masses as those of MAPbI3 but used bandgaps
of 1.56 and 1.59 eV for perovskite layers with and without K+

doping, respectively. p0 was obtained by fitting the TRMC
traces, and n0 could be derived by p0n0 = ni

2. However, the
values of n0 and p0 are negligibly small compared to Δn and
Δp, as listed in Table S1. The calculated values of μF/e for
different excitation intensities along with the experimentally
measured Voc values are shown in Figure 2.
Figure 2a shows that, although both solar cells are fabricated

using the same evaporated MAPbI3, the Voc for the n(C60)−i−

Table 1. Kinetic Parameters Derived from Analysis of the TRMC Traces, Calculated Excess Concentrations, and μF/e Values
for Different PSCs

MAPbI3
evaporateda

(MA,FA)Pb(I/
Br)3 spin-coated

b
(MA,FA)Pb(I/Br)3

with RbCs spin-coatedb
(MA,FA,Cs)Pb(I/
Br)3 spin-coated

c
(MA,FA,Cs)Pb(I/Br)3
with K spin-coatedc

MAPbI3
spin-

coatedd

MAPbI3 spin-
coated, light
soakingd

k2
(10−10 cm3 s−1)

50 6 3 40 20 2.6 0.76

NT (1013 cm −3) 30 250 80 30 30 6 5.5
Δn (1014 cm−3) 3.1 5.8 24 5.5 9 41 78
Δp (1014 cm−3) 5.5 17 28 6.8 11 42 78
nt (10

13 cm−3) 24 11 41 13 18 6.0 5.5
μF/e (V) 1.15 1.18 1.23 1.17 1.16 1.26 1.29
second-order
ratio η2 (%)

62 23 67 82 83 96 97

aEvaporated MAPbI3; data from ref 28. bSpin-coated mixed perovskite with and without rubidium and cesium; data from ref 39. cSpin-coated
mixed perovskite with and without 10% potassium; data from ref 26. dSpin-coated MAPbI3, treated by light soaking in humid air; data from ref 27.

Figure 2. Comparison between the calculated quasi-Fermi level splitting (full lines), μF/e, and the corresponding experimental Voc (markers).
The data shown in (a−d) are taken from ref 28, 39, 26, and 27, respectively. The deposition method of the MHP layers, device structures,
and treatments are given in the annotations.
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p(TaTm) structure is 1.15 V, while for the inverted stack, the
Voc is 1.08 V. The former value is actually very close to our
calculated value of 1.15 V, which supports the idea that our
model can accurately determine μF/e and that this value is
close to the Voc.

40,41 This is in agreement with recent studies
from Nazeeruddin et al.40 and Dan̈ekamp et al.41 claiming that
the Fermi levels of both transport materials sandwiching the
MHP have little effect on the Voc of a PSC. Hence, an
additional increase of Voc requires improvement of the
MAPbI3, leading to larger excess charge carrier concentra-
tions.28 The lower value for the p−i−n solar cell structure
might be related to changes in optoelectronic properties
obtained by deposition on different bottom layers.
In Figure 2b, the impact of Cs+ and/or Rb+ addition to

(MA,FA)Pb(I/Br)3 on μF/e and Voc is shown. Cells containing
5% Cs+ and/or 5% Rb+39 all exhibit a higher Voc, following the
same trend as our modeled results. Although other groups have
found higher Voc values up to 1.19 V,42,43 all Voc values are still
smaller than the calculated μF/e, which implies that deposition
of the transport layers results in additional decay pathways and
that higher Voc values are feasible by optimizing the transport
layers. Interestingly, from our calculations, it is important to
note that μF/e for (MA,FA)Pb(I/Br)3 is equal to that of the
evaporated MAPbI3 samples (having the same bandgap),
implying that both fabrication methods are capable of
producing similar quality MHPs.
For (MA,FA,Cs)Pb(I/Br)3 with and without K+ passivation,

the dependencies of μF/e with intensity are very similar, while
the measured Voc values differ significantly, as shown in Figure
2c. This increase in Voc is attributed to the passivation by K of
surface states formed by the deposition of the HTM layer.26

Hence, we suggest that K doping retards the interfacial
recombination between the MHP and spiro-OMeTAD. Again,
by either optimizing the device structure and/or effectively
passivating the interfaces, considerable rise of the Voc can be
realized. However, additional increase of Voc requires improve-
ment of the (MA,FA,Cs)Pb(I/Br)3, leading to higher excess
charge carrier concentrations.
An efficient way to improve the μF/e of a MAPbI3 layer is

light soaking in humid air.27 As shown in Figure 2d, a μF/e
value of 1.29 V at 1 sun is observed, which is very close to the
theoretical maximum of 1.33 V predicted for MAPbI3.

17−19

Despite this great potential, this value has not been realized,
although very recent work proved that a Voc of 1.26 V can be
obtained by optimizing the transport layers and light soaking.16

The above presented methodology enables us to evaluate
the ratio of second-order recombination over the total decay
processes, η2, defined by

η =
+
R

R R2
2

2 T (6)

Here, R2 = k2Δn(Δp + p0) and RT = kTΔn(NT − nt),
representing the decay of excess electrons by second-order and
by trap-mediated processes under steady-state excitation,
respectively. Ideally, η2 = 1, meaning all excess carriers decay
by band-to-band recombination.
As can be observed by the results presented in Table 1, all of

the additions or treatments lead to a substantial reduction of
k2, and the highest η2 values were obtained by light soaking
treatment.27 The small value of NT is attributed to the
improved bulk quality of the MAPbI3 film mainly by the
addition of hypophosphorous acid in combination with PbAc2
to the perovskite precursor solution.44 The light soaking

treatment, which is shown to affect the surface rather than the
bulk, only slightly decreases NT but leads to substantial
elongation of the apparent charge carrier lifetime.26 Note that
k2 is the apparent rate constant, as previously discussed by
Brenes et al.,26 which means that the value of k2 might be
substantially reduced by, e.g., reabsorption of emitted photons.
However, for determination of μF/e, the apparent rates are of
importance as these also apply in a complete device. The
apparent values of k2 obtained by other techniques, e.g., 8.1 ×
10−11 from transient absorption (TA)21 or 4.5 × 10−10 from
optical pump−THz probe spectroscopy (THz)45 are in the
same range as our data, which supports the idea that the
present approach can also be used for kinetic parameters
obtained by these other time-resolved measurements.
In summary, in this paper, we present how to derive μF/e

from pulsed excitation experiments on bare, noncontacted
perovskite films. We show that the obtained values correspond
to the measured Voc for a number of MHP solar cells,
indicating that decay processes occurring within the perovskite
layer are limiting the Voc for those cells, rather than interfacial
recombination processes. From our modeling, we conclude
that the addition of Cs+ and Rb+ and even more effectively
light soaking in air of MHPs lead to a substantial increase of
μF/e. Although these additions or treatments have resulted in
improved Voc values, these methods bear the promise that
higher voltages are still feasible by improving the transport
layers and preventing recombination at the interface with these
contact layers. This works helps to select which steps can help
to improve the efficiency of MHP solar cells.
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