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Photovoltaics play a key role in the renewable energy transition, where perovskite solar cells stand out
as one of the most promising with high-power conversion efficiencies, desirable characteristics, and great
versatility. The efficiency of these cells is mainly limited by nonradiative recombination, whether at one of
the interfaces between the perovskite layer and transport layers or within the bulk of the perovskite itself.
However, it is difficult to probe which of these dominates the losses during operation, which complicates
further improvements. Here we introduce and demonstrate a simple, inexpensive, and easy-to-integrate
method for identification of the limiting aspect of perovskite solar cells under operating conditions in
terms of recombination losses. We illuminate a device with red, blue, or white light, each absorbed
differently depending on the position in the device. We show that, in perovskite solar cells, the diffusion
length in the bulk is of secondary importance and rather the interfaces between layers dominate the charge
carrier distributions, and thus light of different wavelengths will result in changing performance. Using the
fill factor from the device characteristics for each case, we are able to identify whether the front or back
interface of the cell limits the performance with nearly 97% accuracy. Finally, we apply this principle
experimentally using a co-evaporated perovskite solar cell, where we show a decrease of nearly 5% in fill
factor depending on the wavelength of light used.

DOI: 10.1103/glcg-fnkn

Perovskite solar cells (PSCs) have attracted great interest
in the past decade, evident from their rapid rise in power
conversion efficiency (PCE) [1-3]. Perovskites show desir-
able properties such as strong optical absorption, long
carrier diffusion lengths, and tunable bandgaps, making
them suitable materials not only for single-junction appli-
cations but also for multijunction architectures such as
tandem solar cells [4-12]. Much of the progress to date has
been driven by novel fabrication techniques, improved
processing methods, and optimized material compositions
and combinations [13-24]. However, further improvements
in device performance require more structured approaches,
with increasing focus and efforts directed toward tuning and
optimizing the charge transport layers (CTLs) and interface
engineering [25-28]. Nonetheless, one of the main factors
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that limits the performance of current PSCs is nonradiative,
trap-assisted recombination or Shockley-Read-Hall (SRH)
recombination [29,30].

SRH recombination takes place both in the bulk of the
perovskite and at the interfaces between the perovskite and
CTLs, where recombination at the interfaces is often
considered to contribute most to the recombination losses
[31-35]. To mitigate these losses, it is essential to identify
which part and which interface of the device truly limits
the performance, in terms of nonradiative recombination
losses, such that targeted efforts can be made to improve
the overall PCE.

There are many reports and studies that focus on the
identification and quantification of recombination proc-
esses in PSCs; however, a lot of these experimental reports
are performed on just perovskite thin films [36-43].
Commonly used techniques are time-resolved photolumi-
nescence imaging, photoluminescence quantum yield
(PLQY), time-resolved microwave conductivity measure-
ments or transient absorption spectroscopy to reveal the
recombination dynamics [44-54]. While these methods
provide valuable insight into the fundamental recombi-
nation mechanisms, they do not address the issue of
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which part, either one of the interfaces or the bulk of the
perovskite, of the device dominates, whether the non-
radiative recombination losses under operating conditions
[at maximum power point (MPP) and under AM1.5 G
illumination] and full device configuration.

In this work, we present a simple yet accurate method to
probe the different SRH recombination channels in PSCs
using light of different wavelengths and identify which
dominates the losses under standard operating conditions.
The method is easy to perform, inexpensive, and can be
integrated into almost any existing experimental setup.
It exploits the principle that light is absorbed differently in
a PSC depending on the wavelength, selectively probing
parts of the device and thereby trigger specific SRH
recombination processes. We first show that in thin-film
devices with CTLs, the bulk diffusion length is indeed very
long, but despite this the charge carrier distribution is not
uniform, in contrast to other photovoltaic technologies. We
illustrate this with drift-diffusion modeling and show that
the charge carrier distribution is dominated by the inter-
faces with the CTLs rather than by the bulk diffusion
length. Next, we show the effect of using light of different
wavelengths, which leads to different charge carrier
generation profiles. Light in the red part of the spec-
trum generates carriers uniformly throughout the device,
whereas light in the blue part of the spectrum primarily
generates carriers at the front of the device. The contrast in
fill factor (FF) for different light sources allows us to
determine whether recombination at the front or the back
interface is the dominant loss channel. We validate this by
modeling a wide variety of PSCs, for which we have been
able to identify the limiting interface in close to 97% of the
cases using this method. Finally, we apply this principle
experimentally with a co-evaporated nip PSC.

The bulk diffusion length is an important property in
photovoltaics [55-57]. It quantifies the distance that charges
can travel before recombining. It is especially crucial
in silicon photovoltaics, where carriers often need to travel
large distances before reaching the junction due to the thick
absorber layer. Perovskites have exceptionally long bulk
diffusion lengths, where the typical diffusion length is many
times longer than the thickness of a PSC [58-60].

We can estimate the bulk diffusion length in a typical
PSC by taking into account first-order recombination,
where the lifetime in the bulk is given by [61]

Tnp = (Cn,pNt,bulk)_lv (1)

where C, , are the capture coefficients of electrons and
holes, respectively, and N,y is the density of trap states.
The bulk diffusion length is given by

Apuik = vV DTn,p’ (2)

where D is the diffusion coefficient. For a typical per-
ovskite solar cell, the capture coefficients are C, , =

1 x 107 m?s~!, assuming the capture coefficients for

electrons and holes are equal for simplicity. The bulk trap
density is taken as Ny = 2.5 x 10*° m=3. The diffusion
coefficient D is given by the Einstein relation,
D = uk,T/q, where u is the charge carrier mobility,
kg the Boltzmann constant, 7 the temperature, and ¢
the elementary charge. Taking x =35 x 107* m?/Vs,
which depends on the quality of the perovskite and, for
example, the presence of grain boundaries, gives a dif-
fusion coefficient of D = 1.3 x 107> m2?s~! [62]. This
yields a carrier lifetime 7, , = 4 ps and a bulk diffusion
length Ay, = 7 pm, which is much larger than the typical
PSC thickness of several hundred nanometers.

This seems to suggest that the position of charge carrier
generation in the device will not matter, as carriers will just
diffuse uniformly throughout the absorbing perovskite
before recombining. However, this diffusion length, and
by extension, the associated carrier transport and recom-
bination dynamics are primarily relevant for single per-
ovskite crystals or bare thin films [63]. They mostly reflect
the amount of recombination in the bulk of the perovskite
and the distance that charge carriers can travel before they
recombine in the bulk of the material. Besides the fact
that it does not provide any information on how fast the
diffusion is, a thin-film PSC is not a bulk crystal and
interfaces with the transport layers play a crucial role [64].
Additionally, the built-in electric field yields the needed
asymmetry, required for a functional solar cell. From this it
directly follows that the charge carrier profiles are asym-
metric. In addition to this, light absorption and charge
carrier generation in PSCs are also nonuniform and
strongly depend on wavelength, device architecture
and materials, affecting carrier distributions and dyna-
mics, recombination processes, and consequently device
performance [65-71].

To demonstrate these effects and the impact of light of
different wavelengths on recombination mechanisms in
more detail and for realistic PSCs, we employed 1D drift-
diffusion simulations with SIMsalabim [72]. Simulations
allow precise control over interface properties, recombi-
nation mechanisms, and illumination conditions.

To illustrate the nonuniformity of the charge carrier
distribution, despite the long diffusion length in the bulk,
we calculated the carrier densities of electrons and holes,
as shown in Fig. 1, for progressively more complicated
devices. It begins with a bare perovskite layer, and then
different components are added sequentially until it
becomes a realistic PSC, as shown in Fig. 1(a) and defined
by the parameters in Table S1 in Supplemental Material
[73]. Starting from a thick perovskite layer without trans-
port layers and electrodes, thus without an electric field,
extraction, and nonradiative recombination besides bulk
recombination, Fig. 1(b) shows a uniform carrier profile.
Adding perfectly passivated CTLs in Fig. 1(c), followed
by electrodes in Fig. 1(d), results in a non-uniform
distribution with a slight asymmetry. Extending this by
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FIG. 1. (a) Schematic device structure of a typical thin-film PSC as defined in Table S1 in Supplemental Material [73]. Charge carrier

profiles under standard AM1.5 G illumination for progressively more complicated devices: (b) bare perovskite layer without CTLs and
electrodes, (c) perovskite with perfectly passivated CTLs but no electrodes, (d) perovskite with perfectly passivated CTLs and
electrodes at open-circuit voltage, and a realistic PSC with CTLs, electrodes, and interface recombination under (e) open-circuit
and (f) short-circuit conditions. While the carrier distribution is indeed uniform for a bare perovskite layer, for realistic solar cells the
profiles for both electrons and holes are nonuniform, despite the long diffusion length in the bulk.

including the effects of interface recombination on either
side, yields the nonuniform, asymmetric profiles in
Figs. 1(e) and 1(f) under open-circuit and short-circuit
conditions, respectively.

To probe the recombination processes in the device, we
use light of different wavelengths, as these processes
are directly related to the amount of generated charges
available. Light absorption in perovskites is strongly
wavelength dependent, characterized by the complex
refractive index of the material [75,76]. Figure 2(a) shows
the normalized charge generation profiles for blue, red,
and white light in a PSC. Monochromatic light pulses were
used here for the blue and red light, with the intensity
adjusted to get the same short-circuit current density (J/,.)
to ensure a fair comparison. Shorter wavelengths in the
blue part of the spectrum are absorbed strongly at the front
part of the device, whereas longer wavelengths in the red
part of the spectrum are absorbed more uniformly through-
out the device. The oscillatory behavior observed is due to
interference caused by reflections at the interfaces and the
back contact of the device.

Thus, depending on the wavelength, the majority of the
electron-hole pairs are either generated near the front
interface or more spread out throughout the device.
From Fig. 2(a) it is clear that exposure of a PSC to blue

light will result in a high excess carrier density near the
front interface between the perovskite and the CTL. In that
case, if there are both more carriers (both electrons and
holes) and sufficient available trap states, recombination
will be more substantial at that position in the device,
which will affect the overall performance of the device and
lead to a reduction of the FF. Figure 2(b) shows the
current-voltage characteristics for the device as defined in
Table S1 in Supplemental Material [73], under illumina-
tion with light of different wavelengths, where the FF
decreases for shorter wavelengths [73].

To validate this principle, we simulated a wide variety of
PSCs using SIMsalabim and analyzed the effect of the
dominant recombination mechanisms and their positions
on the FF. To achieve this, we randomly created 1 x 10°
different devices by sampling the parameter space listed in
Table S2 in Supplemental Material [73], resulting in a
broad range of different PSCs. We varied layer thick-
nesses, permittivity, band alignment, effective density of
states, charge carrier mobilities, trap densities, and capture
coefficients for bulk and interface traps, as well as ion
densities and mobilities [73]. The steady-state current-
voltage (JV) curves for all simulated PSCs and the
distribution of each parameter in the sampled space are
shown in Figs. S3 and S4 in Supplemental Material [73] to
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FIG. 2.

(a) Normalized charge carrier generation profile in the PSC shown in Fig. 1(a) and as defined in Table S1 in Supplemental

Material [73], calculated with SIMsalabim via the transfer matrix methodfor illumination with either red, white, or blue light [73,76].
Red light (750 nm) is absorbed throughout the device, while blue light (400 nm) is absorbed mainly in the first 150 nm of the device.
The green areas represent the CTLs, in which the absorption is extremely low such that it can be neglected. (b) JV curves of the same

PSC under illumination with light of different wavelengths, where the FF decreases for shorter wavelengths.

demonstrate that an extensive range of physically relevant
PSCs has been sampled [73]. For each device, we extracted
the FF under illumination with light of different wave-
lengths, while keeping the J,. constant per sample.
Figure 3(a) shows the FF as a function of the wavelength
of the incoming light for the two scenarios, whether
recombination at the front interface dominates the losses
(blue circles) or not (red squares). As discussed before,
light of shorter wavelengths is strongly absorbed near the
front interface, creating a large amount of photogenerated
carriers near this interface. This will lead to more recom-
bination and thus a lower FF, provided that there are
sufficient trap states. With increasing wavelength, the light

gets absorbed more uniformly throughout the device,
making it less influenced by the quality of the front
interface, resulting in a higher fill factor. Thus, when
recombination at the front interface dominates the losses, a
significant decrease in FF is observed for shorter wave-
lengths compared to longer wavelengths, by 10% in this
case. When recombination at the front interface is not
dominant, the effects of illuminating with light of different
wavelengths on the FF will be minimal, with even slightly
higher FF values for shorter wavelengths. Even though
blue light is absorbed strongly near the front interface,
since there is very little recombination there, carriers will
just diffuse through the device, resulting in a nearly
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FIG. 3. (a) Simulated FF under illumination with light of different wavelengths for a representative PSC, when recombination at the
front interface is the major loss mechanism (red squares) or recombination in the bulk in combination with the back interface dominates
the losses (blue circles). In the case of the front interface, the FF significantly varies with the wavelength of the light used. The
illumination intensity for each wavelength has been adjusted to ensure the same J,. for accurate comparison. (b) Histogram of the AFF
of all simulated devices with the true classification of the dominant recombination mechanisms, where AFF is defined as the difference
in FF between illumination with blue or red light. Using a classification threshold of 2.5% gives an accuracy of 97% in correctly
identifying the dominant recombination loss mechanisms under operating conditions.
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uniform FF as a function of the wavelength used. In this
case, recombination at the back interface or in the per-
ovskite bulk dominates the losses under operating condi-
tions. Therefore, it is most likely the back interface that truly
limits the device. As we have shown before, the diffusion
length in the bulk is much longer than the perovskite
thickness (4 > L), which results in minimal bulk recombi-
nation, making it an unlikely dominant loss mechanism.
However, if under very specific circumstances the bulk
diffusion length were to be much smaller than the perovskite
thickness (1 <« L), then recombination in the bulk would
dominate the losses. Thus, measuring the FF for light of
different wavelengths provides an effective an easy way to
determine whether the front (FF drops under blue light) or
back (FF remains constant) interface limits device perfor-
mance due to nonradiative recombination losses.

To validate the accuracy of the method, we analyzed
the contrast in FF between using blue and red light for all
of the 1 x 10° simulated devices. To automatically assess
this, we introduce the metric AFF = FF,5q — FF,q, where
FF;5 is the FF using light of 750 nm and FF, is the FF
using light of 400 nm, where the classification threshold is
AFF = 2.5%. This means that if AFF is larger than 2.5%,
recombination at the front interface dominates the losses,
and if AFF is smaller than 2.5%, recombination at the back
interface or in the bulk perovskite dominates the losses.
Figure 3(b) shows a histogram of the AFF for every device,
classified by the true dominant recombination mechanism.
Taking the classification threshold to be 2.5%, we achieve
a 97% accuracy in identifying the dominant recombi-
nation mechanism under operating conditions (MPP and
AM1.5 G illumination).

Finally, after demonstrating this effect in a controlled
simulated environment, we applied it to experimental data
for a co-evaporated nip PSC, where the perovskite is
FACsPbIBr, the hole transport layer consists of a 10 nm
N4, N4, N4", N4"-tetra([l, 1’-biphenyl]-4-yl)-[1,1": 4,
1”-terphenyl]-4, 4”-diamine layer and the electron trans-
port layer (ETL) of a 10 nm Cg, layer. As contacts indium
tin oxide combined with a thin layer of 2,2/,2"-
(cyclopropane-1, 2, 3-triylidene)tris(2-(pcyanotetrafluoro-
phenyl)acetonitrile) (CS90112) and covered with lithium
fluoride (LiF) was used as the anode and silver (Ag)
combined with a thin layer of bathocuroine was used as the
cathode. The devices were first illuminated with a standard
white light source. For the red and blue illumination,
440 and 730 nm LEDs were used, the spectra of which
can be found in Fig. S2 in Supplemental Material [73].
The intensity was controlled to match approximately 0.1
sun equivalent, with comparable J.. Figure 4 shows the
measured FF for each illumination source. Under blue
light illumination, we observe a significant drop of close
to 5% in FF, while for the red light, barely any change
in FF is measured. The results are consistent with the
simulated behavior as shown in Fig. 3(a) and identify the
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FIG. 4. The experimentally measured FF when the PSC is
illuminated with either blue (440 nm), red (730 nm), or white
light. A large difference, close to 5%, in FF is measured between
blue and red light.

perovskite-ETL interface as the main recombination loss
channel for this individual device.

We have introduced a simple experimental method, that
is both inexpensive and easy to integrate in almost any
existing experimental setup, to identify the limiting inter-
face in PSCs in terms of nonradiative recombination
losses. We have elucidated the relevance of the diffusion
length and the impact of interface recombination, which
dominates the charge carrier distribution in PSCs, using
drift-diffusion simulations. Furthermore, we have shown
that illumination with light of different wavelengths allows
us to probe different parts of the device, and specifically
assess the interface between two layers. We demonstrate
that there is a strong correlation between the limiting
recombination pathway and the fill factor measured under
blue light illumination, and that there are two distinct
scenarios depending on whether the front or the back
interface dominates the nonradiative recombination losses.
Using this method, the limiting interface can be identified
with nearly 97% accuracy. We applied this method to a
wide bandgap PSC and identified the interface between the
perovskite and the ETL to be the limiting part of that
device in terms of nonradiative recombination losses.
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