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ABSTRACT: Optimizing the photoluminescence (PL) yield of a
solar cell has long been recognized as a key principle to maximize
the power conversion efficiency. While PL measurements are
routinely applied to perovskite films and solar cells under open-
circuit conditions (VOC), it remains unclear how the emission
depends on the applied voltage. Here, we performed PL(V)
measurements on perovskite cells with different hole transport
layer thicknesses and doping concentrations, resulting in remarkably
different fill factors (FFs). The results reveal that PL(V) mirrors the
current−voltage (JV) characteristics in the power-generating regime,
which highlights an interesting correlation between radiative and
nonradiative recombination losses. In particular, high FF devices
show a rapid quenching of PL(V) from open-circuit to the maximum
power point. We conclude that, while the PL has to be maximized at VOC, at lower biases < VOC, the PL must be rapidly
quenched as charges need to be extracted prior to recombination.

Within only 10 years of development, organic−
inorganic perovskite solar cells caught up with
their inorganic counterparts in terms of power

conversion efficiency (PCE of 25.2%),1 overpassing the best
thin-film and multicrystalline silicon solar cells while getting
close to the best monocrystalline silicon cells (26.7%).2,3

However, this is not the end of the road as recent models
predict a fundamental efficiency limit of above 30% even for
single-junction perovskite cells.4 Such efficiencies may be
envisaged through further optimization of the charge transport
layers (TLs) and reduction of nonradiative defect recombina-
tion at the interfaces and/or grain boundaries. Moreover,
perovskites are highly relevant for a range of tandem
applications, promising even higher performances, for example,
all-perovskite tandem cells (reaching 24.8%),5 four-terminal or
monolithic tandem cells with silicon6 (up to 28%)1 or in
combination with CIGS (23.3%).7 Hence, understanding the
mechanism and spatial location of the nonradiative losses
remains an important task for the community.8 In the ideal
case, the internal quasi-Fermi level splitting (QFLS) in the
perovskite absorber is equal to the external voltage and only
limited by radiative recombination in the bulk. Measurement

of the QFLS in the full device as a function of the external
voltage will therefore provide information to which extent the
situation differs from the ideal case. In this regard, photo-
luminescence (PL) measurements are becoming a popular tool
in the community as they allow one to quantify the QFLS or
the internal voltage in the neat perovskite, perovskite/TL
stacks, or even complete solar cells.9−12 This approach has
been used to assess the quality of the neat material and
recombination at interfaces and/or the metal contacts, while
hyperspectral PL imaging is further beneficial when aiming to
identify spatial inhomogeneities or device imperfections.13,14

Moreover, intensity-dependent QFLS measurements have
been recently performed to provide, for instance, access to
the ideality factor of individual perovskite/TL junctions of the
cell.9,15 These studies have provided solid evidence regarding
the limiting components of the cell as the emitted PL from an
(unconnected) sample under open-circuit conditions (VOC) is
only reduced by nonradiative recombination processes that
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lower the QFLS throughout the stack. In fact, the absolute
intensity of the emitted PL yield (ϕPL), or equivalently the
radiative recombination current density (Jrad = ϕPL/e), depends
logarithmically on the QFLS (μ) in the junction.9−12

ϕ μ= =e J J k Texp( / )PL rad 0,rad B (1)

where J0,rad is the radiative thermal recombination current
density in the dark (see Supplementary Note 1 for further
details and assumptions). Equation 1 shows that a low PL yield
always corresponds to a low internal voltage or QFLS. We note
that in the perovskite literature it is common to find that under
VOC conditions PL quenching is a desirable property of a TL as
it would imply efficient charge transfer and extraction from the
perovskite to the TLs.16,17 This misconception probably has its
origin from organic solar cell research where the quenching of
the PL in bulk-heterojunction blends meant efficient exciton
dissociation.18 However, in perovskites, where excitons usually
dissociate immediately after photogeneration at room temper-
ature,19,20 this is irrelevant, and the subsequent quenching of
radiative recombination always corresponds to a lower QFLS.
Here, it is interesting to note that, even at VOC, the cell might
not be in a generation−recombination equilibrium at every
point in the device. For example, nonradiative recombination
at the interface between the perovskite and the TL will cause a
flow of electrons and holes in the active layer toward this
interface, but these currents will cancel each other out,
resulting in an external current of 0 at VOC. Therefore, when
considering two perovskite/TL films where the TLs exhibit
identical recombination but different extraction properties, it
may still be that the superior extraction capability of one TL

leads to a stronger PL quenching. However, this only means
that the faster extraction enhances the nonradiative recombi-
nation loss in a particular region of the sample, which is
detrimental for the VOC. Notwithstanding these points, it is
important to emphasize that the above considerations are valid
only under open-circuit conditions. In the power-generating
regime below the VOC, the situation is expected to be markedly
different as ideally, photogenerated charges are extracted out of
the perovskite layer prior to recombination. Consequently, in
this regime, the PL should be rapidly quenched as the free
charge carrier population (which leads to the PL emission)
should be as low as possible to avoid any type of
recombination. However, until today, PL measurements were
usually limited to the study of cells and/or films under open-
circuit conditions.
In this work, we extended the framework of the PL-QFLS

methodology by studying the bias dependence of the PL on
triple-cation-based perovskite solar cells with varying hole
transport layer (HTL) thicknesses and amount of F4TCNQ
doping, while the results are also generalized to n−i−p cells
with C60 and P3HT as electron and hole transport layers
(ETL/HTL), respectively. We demonstrate that the voltage
dependence of the PL mirrors the shape of current density vs
voltage (JV) characteristics, highlighting the correlation
between radiative and nonradiative recombination losses. A
figure of merit is proposed that is based on the quenching
factor of the ϕPL from open-circuit to the maximum power
point (Vmp or MPP) as a sensitive measure for the extraction
capability and the fill factor (FF) of the cell.

Figure 1. (a) Voltage-dependent PL yield (ϕPL(V)) and JV curves measured on p−i−n type cells with a PTAA bottom TL with variable
thickness. While the PL should be maximized at VOC, in forward bias, charges must be swiftly extracted from the device and the PL be rapidly
quenched. The graph highlights the correlation between the JV curve, which is shaped through nonradiative losses, and the radiative
recombination loss (Jrad(V) = eϕPL(V)). (b) Voltage-dependent PL spectra of the cell with 8 nm PTAA. (c) QFLS as a function of external
applied voltage in the devices with different PTAA layer thicknesses highlighting a significant internal voltage in the perovskite layer at low
applied voltages potentially causing voltage-independent short-circuit current losses.
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The cells studied in this work are characterized by a
remarkably different FF, as highlighted in a previous study, due
to the charge transport limitation imposed by the low-mobility
PTAA layer.21,22 The voltage-dependent PL yield of the
devices and the corresponding JV-curves are shown in Figure
1a, while Figure 1b exemplifies the original PL spectra from 0
to 1.4 V applied for the cell with the thinnest PTAA layer (8
nm). We note that all measured devices exhibit a similar VOC
irrespective of the HTL thickness/doping and show a similar
PL intensity under VOC conditions, as expected from eq 1.
Importantly, the PL emission correlates well with the FF of the
devices, that is, the lower the emission in the power-generating
regime, the higher the FF. As such, the device with the 85 nm
thick PTAA layer has already a considerable emission at low
biases due to significant bimolecular recombination of
accumulated charges within the active layer.21,22 For this
device, charge extraction is so inefficient that the charge carrier
density in the active layer remains essentially close to the
situation at open-circuit conditions even at comparatively low
applied biases. The behavior of the cell with the thick PTAA
layer is in sharp contrast to the device with the thin or doped
PTAA TL where the PL emission is comparatively low at the
MPP. This effect can be partially understood considering the
Shockley equation with an effective transport resistance (Rtr),
JL = −JG + J0 [exp(q(Vappl − JLRtr)/kBT)−1], where JL, JG, and
J0 are the light, generation, and dark saturation currents,
respectively. The resistance of the TL, Rtr, leads to a higher
internal voltage across the active layer than externally applied
(Vappl) and consequently to more recombination losses.23,24

This is further shown in Figure 1c, where we quantified the

QFLS or the internal voltage in the perovskite as a function of
bias voltage using the voltage-dependent PL. This demon-
strates that it is only the device with the very thin PTAA layer
that obeys the Shockley−Queisser condition QFLS = qVOC at
a bias close to VOC. It is also clear that all cells exhibit a large
internal voltage that saturates above 1 V when decreasing the
applied voltage to 0 V. We note that this may indicate the
presence of small, unconnected regions in the volume of the
active pixel, which could potentially dominate the emission at
low biases. Notably, this may also explain the small voltage-
independent short-circuit current losses in our devices and
more generally charge collection losses at 0 V that are quite
often observed in perovskite solar cells.25 While this
observation will require more high-resolution PL measure-
ments and analysis in the future, in this work, we aim at
studying the emission at applied voltages above the QFLS
saturation.
To describe the experiments more quantitatively, we

performed drift-diffusion simulations using the open-source
software SCPAS.26 The simulations include several important
previously measured material and device parameters, such as
the carrier mobilities in the layers,22,27 interfacial and bulk
lifetimes,12 energy levels,8 as well as the recombination rate
constants in the perovskite and density of states in the
perovskite.28 The simulation parameters are shown in Table
S1. For example, using the experimentally obtained values for
the interface recombination velocity (S = 200 cm/s at the
HTL/perovskite interface and S = 2000 cm/s at the
perovskite/ETL interface) and the bulk lifetime (∼500 ns),12

we can well reproduce the ideality factor of the optimized cells

Figure 2. (a) Numerically simulated radiative recombination current (eϕPL(V)) and corresponding JV curves in analogy to the experimental
results in Figure 1a. (b) Exemplified band diagrams of a device with a thin (8 nm) and a thick (85 nm) TL at an applied voltage of 0.5 V. The
considerable built-in voltage drop over the thick, resistive PTAA layer (85 nm) leads to flat energy bands in the perovskite layer at quite low
applied voltages. As shown in panel (c), this causes more charge accumulation in the active layer (hence more PL) but also leads to a higher
concentration of minority carriers at the interfaces (i.e., holes as the perovskite/ETL interface). (d) Resulting voltage-dependent
recombination currents in p−i−n type perovskite solar cells with a thick (85 nm) and a thin (8 nm) PTAA layer. The reason for the reduced
FF in the cell with the thick PTAA layer is the increased interfacial recombination current at the perovskite/ETL interface (red lines), which
happens at lower applied voltages due to the resistive TL and the reduced potential drop across the perovskite. For example, at an applied
voltage of 0.5 V, the interfacial recombination current is ∼350 times larger in the cell with the thick PTAA layer than that in the cell with the
thin layer.
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with the 8 nm thick PTAA layer as well as the experimentally
measured recombination currents in the neat perovskite and
the interfaces under open-circuit conditions (Figure S1). We
note that the recombination currents were obtained using
steady-state PL/QFLS measurements.8 Figure 2a shows the
results of the drift diffusion simulations, which can well
reproduce the observed experimental dependence of Jrad and JL
on the applied voltage in a linear representation. Figure 2b
exemplifies the band diagrams of a cell with a thick (85 nm)
and thin (8 nm) TL at Vappl = 0.5 V, which shows that a large
fraction of the remaining built-in voltage drops across the thick
PTAA layer, reducing the internal field across the perovskite
layer. Figure 2c shows that this leads to a higher charge carrier
density in the active layer but also a higher minority carrier
density at the interfaces. This, in turn, accelerates the
nonradiative interfacial recombination losses, as shown in
Figure 2d, and explains the observed correlation between the
radiative and nonradiative losses in the power-generating JV
regime.
Considering again the similarity of the voltage-dependent PL

in Figure 1a and the corresponding JV curves, which are
shaped by the total recombination current (JL = −JG + JR,tot),
suggests that Jrad and JR,tot are related. In order to directly
compare Jrad(V) and JR,tot(V), we shift the voltage-dependent
PL data shown in Figure 1a into the fourth quadrant by simply
subtracting the radiative recombination current at VOC from
ϕPL(V), i.e., ϕ ϕ ϕ̃ = −e V e V e( ) ( ) VPL PL PL, OC

. This effectively

creates a pseudo-JV curve, ϕ ̃ V( )PL , that is limited only by
radiative recombination but exhibits the same VOC as that in
the actual JV measurement. The pseudo- and the actual JV
curves normalized to the current at 0 V are shown in Figure 3a.
In order to quantitatively correlate ϕ ̃ V( )PL and the JV curve,

we express the FF of the pseudo-JV curve (
∼FFPL) in analogy

with the common expression of the FF [FF = (Jmp/JSC)·(Vmp/
VOC)]

ϕ

ϕ ϕ

∼ = ̃ ·

= −

J e V V

e e V V

FF ( / ) ( / )

(1 / )( / )

V

V V

PL mp PL, mp OC

PL, PL, mp OC

OC

mp OC (2)

Note that the terms in brackets represent the normalized
current of photogenerated charges surviving radiative recombi-
nation at Vmp (analogous to Jmp/JSC in a normal JV curve). In
Figure 3b, we then plot the actual FF versus

∼FFPL, which
highlights the correlation between the radiative and non-
radiative losses in the power generating JV regime. Moreover,
this shows that

∼FFPL = (1 − eϕPL,Vmp
/eϕPL,VOC

)(Vmp/VOC) may
also be used as a figure of merit (FOM) to predict the FF of a
perovskite solar cell from the quenching ratio of the PL from
VOC to MPP conditions (this is exemplified in Figure 1a for the
cell with the thick PTAA layer). We further note that a
corresponding analysis and plot for the P3HT-based n−i−p
type cells is shown in the Figure S2. Overall, this analysis
demonstrates that high FFs can only be achieved if the PL
emission from the active layer is rapidly reduced when
decreasing the external voltage below VOC. We also note that
the voltage-dependent PL data was taken at a scan rate of 5−
10 mV/s (Supplementary Methods) under which the cells
studied herein exhibit no relevant hysteresis in the power-
generating JV regime (Figure S3). Therefore, the correlation
between the PL(V) and the JV curve is not influenced by the
motion of ions in our cells. However, we note that any
hysteresis in the JV scan is expected to produce a similar
hysteresis in Jrad. Finally, as an outlook, we anticipate that in
the near future, precise measurements and modeling of bias-
dependent PL and QFLS will provide important insights into
the carrier density in the active layer and, for example, the
built-in voltage drop across the perovskite layer under short-
circuit conditions.
In summary, in this Letter, we have discussed why the PL

emission from a perovskite cell or a perovskite/TL junction

Figure 3. (a) Normalized JV and pseudo-JV curves (ϕ ̃ V( )PL ) of the PTAA-based p−i−n type cells shown in Figure 1a. The pseudo-JV curves
were obtained by subtracting the PL yield at open-circuit conditions (ϕPL,VOC

) from the bias-dependent photoluminescence PL(V). The
curves represent hypothetical JV curves that are impacted by only radiative recombination but with the same VOC as the actual JV curves, i.e.,
JL = −Jrad,VOC

+ Jrad(V). (b) Device FF vs the proposed FOM from the voltage-dependent PL (1 minus the PL quenching ratio from VOC to Vmp

times Vmp/VOC). The PL at Vmp and VOC was taken as indicated by the lines in Figure 1a. The graph underlines the correlation between
radiative and nonradiative recombination losses in the power-generating JV regime.
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should be maximized by all means under open-circuit
conditions yet minimized in the power-generating JV regime
as the charge carrier density in the active layer should be as low
as possible to guarantee a low recombination rate. As such, we
demonstrated that devices with high FFs stand out by a rapid
quenching of the PL when moving from the VOC to the MPP.
Following this line of argument, we proposed a FOM for the
FF that is based on quenching of the PL under MPP
conditions with respect to the PL under open-circuit. The
conclusions were validated for two types of perovskite solar
cells with PCEs of up to 20%. Moreover, we found that most
devices exhibited a saturated high internal QFLS (1 eV) at low
applied voltages (Figure 1c), which could be one reason for the
JSC being sometimes lower than expected for a given band gap
considering realistic reflection/parasitic absorption losses. We
anticipate that high-precision voltage-dependent PL measure-
ments will provide further insights into the electrostatic
potential and charge carrier distribution in perovskite solar
cells in the near future.
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M.; Wolff, C.; Gil-Escrig, L.; Bolink, H. J.; Neher, D.; Koster, L. J. A.
Charge Transport Layers Limiting the Efficiency of Perovskite Solar
Cells: How To Optimize Conductivity, Doping, and Thickness. ACS
Appl. Energy Mater. 2019, 2 (9), 6280−6287.
(22) Stolterfoht, M.; Wolff, C. M.; Amir, Y.; Paulke, A.; Perdigoń-
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