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Abstract
The photocurrent density-voltage (J(V)) curve is the fundamental characteristic to assess opto-electronic
devices, in particular solar cells. However, it only yields information on the performance integrated over
the entire active device area. Here, a method to determine a spatially resolved photocurrent image by
voltage-dependent photoluminescence microscopy is derived from basic principles. The opportunities
and limitations of the approach are studied by the investigation of III-V and perovskite solar cells. This
approach allows the real-time assessment of the microscopically resolved local J(V) curve, the steady-
state Jsc, as well as transient effects. In addition, the measurement contains information on local charge
extraction and interfacial recombination. This facilitates the identi�cation of regions of non-ideal charge
extraction in the solar cells and enables to link these to the processing conditions. The proposed
technique highlights that, combined with potentiostatic measurements, luminescence microscopy turns
out to be a powerful tool for the assessment of performance losses and the improvement of solar cells.

Introduction
The current density - voltage (J(V)) curve builds the basis of any further characterization and
improvement of solar cells and other opto-electronic devices. This characteristic provides a broad range
of information on the fundamental mechanisms such as charge carrier generation, recombination, and
transport losses. Conventionally, the J(V)-curve is measured by illuminating the full device and externally
probing the current �owing between the electrodes with a source meter. This approach therefore only
provides information integrated over the entire device area. A range of techniques have been established
for spatially resolved analysis of photovoltaic devices1,2 such as light beam induced current mapping
(LBIC),3–5 lock-in thermography (LIT),6–8 photoluminescence (PL) imaging,3,9−23 and electroluminescence
(EL) imaging.24 However, as further discussed in the Supporting Information (SI), these techniques can
either probe only a portion of the local J(V) characteristic or require numerical �tting to a postulated diode
model. Especially for emerging PV technologies like perovskite solar cells (PSC) it is crucial to gain
spatially resolved fundamental information about the charge transport and the extraction phenomena on
microscopic as well as on macroscopic scale to further enhance the power conversion e�ciency and
long-term stability of these cells. Therefore, novel advanced characterization techniques are necessary.

The physics of optoelectronic devices can be divided into fundamental operation processes. For
photovoltaic power generation, these are the photo-generation of charge carriers by the absorption of
photons, the transport to and separation of the photogenerated electrons and holes at charge extraction
layers (CELs), and the extraction of the charges into the outer device terminals (cables). The three
processes have been described by so-called reciprocity relations by Donolato,25 Rau,26 and Wong and
Green,27 respectively. To each of these processes, fundamental loss mechanisms can be assigned,
namely optical and absorption losses, radiative and non-radiative recombination mechanisms, and
transport losses.



Page 4/16

In this work, we introduce a method based on electrical bias dependent photoluminescence imaging that
allows the immediate determination of the charge extraction e�ciency of photo-generated charge
carriers. The approach makes use of the observation that the difference of two photoluminescence
images at different bias voltages yields direct spatially resolved information on the local J(V). We
propose to refer to this method as local charge extraction analysis by “Potentiostatic Photoluminescence
Imaging” (PPI). We outline the theoretical principles of the PPI approach and experimentally demonstrate
the validity by means of a close-to-ideal GaInAsP solar cell. The potential to identify morphological
features of benign and poor charge extractions are investigated by means of high-e�ciency (>20 %)
perovskite solar cell investigating both microscopic images of the local short-circuit current Jsc in steady
state as well as local J(V) curves. Based on these results, we demonstrate how distinct charge extraction
signatures of the PPI method can be linked to physical properties of the perovskite layer, the charge
extraction layers, and the respective interfaces.

Theory
The PPI method is based on a detailed balance approach, considering that in steady state, the current
density measured at the outer solar cell contacts, J(V), can be expressed by the current density of the
photo-generated charge carriers, Jgen, and the (internal) recombination in the perovskite layer and at
respective interfaces, Jrec(V),

Here, we assume that in the considered operation range (0 V ≤ V≤ Voc), the internal generation current
Jgen is not affected by the applied bias. Moreover, without loss of generality, we assume that the photon
�ux to illuminate the sample is constant over time and spatially homogeneous.

The internal recombination processes comprise non-radiative and radiative components, Jn.r. and Jrad,
respectively: Jrec = Jn.r. + Jrad. They can be related to each other by

Equation (2) is generally valid if k is a function of the applied bias, k = k(V). Here, we show that, if the
probed sample has a diode ideality factor close to one and displays negligible resistive losses (high shunt
resistance, low series resistance), then it is justi�ed to assume a linear relationship between Jn.r.(V) and
Jrad(V) and hence k = const., which we will assume in the following. Empirical indications for this

circumstance in perovskite solar cells have already been presented by Stolterfoht and coworkers.23 A
detailed theoretical discussion of this assumption as well as a general expression are presented in the
Supporting Information (SI section B).

Now, Equation (1) can be expressed as
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J rad(V) can be related to the signal of a photodetector SPL(V) by

where c describes the probability that photons created by radiative recombination enter the detector area
and are translated into a detector signal.

Using Equation (3), and (4), we can now relate the electrical photocurrent to the difference between the
voltage-dependent PL intensity PL(V) and the PL at open circuit. By normalizing the term, the expression
becomes independent of setup-speci�c factors which makes the technique independent from elaborate
calibration measures. We �nd that

This relation shows that photoluminescence microscopy can be used to derive spatially as well as time-
resolved images of the local J(V) performance of a photovoltaic device. Two applications are especially
interesting: First, by recording only two PL images, one at open circuit and one at short circuit, the image
of the local short-circuit photocurrent density Jsc can be derived. Secondly, by recording PL images at
various voltages, the local J(V) of speci�c spots on the cell can be investigated. These approaches are
investigated in the following. Thereby, the J(V)/Jgen results determined by PL microscopy will be denoted
as J(V)/Jgen |PL.

Results And Discussion

Experimental validation of the PPI approach

III-V-based photovoltaic device
Many III-V compound semiconductors, such as gallium-arsenide (GaAs), indium-phosphide (InP), or
combinations like GaxIn1−xAsyP1−y, have a direct band gap. Hence, for III-V semiconductor crystals with a
low defect density radiative recombination is the dominant recombination mechanism. In addition, the
high absorption coe�cient allows using thin absorber layers in the order of a few micrometers. This fact
along with su�ciently high carrier mobilities and lifetimes promises high power conversion potential of
this material class in photovoltaic applications.28,29 III-V compound semiconductors can be grown
epitaxially with high crystal quality using for instance metalorganic vapor phase epitaxy (MOVPE). The
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highest e�ciencies of both single- and multi-junction solar cells under the AM1.5g solar spectrum and
under concentration were achieved with III-V based devices, reaching e�ciencies as high as 47.1 %.30–32

To test the assumptions made in Equation (3), a Ga0.91In0.09As0.83P0.17 solar cell with almost ideal
photovoltaic properties in terms of diode behavior and transport losses as derived from a one-diode
model �t to a measured current-voltage characteristic was studied (cf. SI). Figure 1 displays the current
voltage characteristic of this III-V semiconductor device and the simultaneously recorded PL(V) curve.
The remarkable overlap of these measurements highlights the validity of the above outlined theoretical
considerations. .

By applying a baseline correction considering the re�ectance of the sample, at short circuit (J(0) = Jsc),
the charge extraction e�ciency Jsc/Jgen |PL is assessed to be 0.87 from the PPI measurements. To
validate this result, as the internal quantum e�ciency (IQE) was determined by a direct measurement of
the external quantum e�ciency (EQE) and the re�ectance of the device at a wavelength of 620 nm, close
to the excitation wavelength of the PPI setup of 623 nm. The IQE value of 0.98 (cf. SI) is in good
agreement to Jsc/Jgen |PL. The remaining difference of around 10 % can likely be attributed to the
propagation of measurement uncertainties from all the methods that were involved.

Perovskite-based photovoltaic device
Monocrystalline, wafer-based PV devices like III-V solar cells display very homogeneous
photoluminescence features (cf. Figure S5). To assess the full potential of microscopically resolved
charge extraction imaging by the PPI approach, measurements were carried out on a high-e�ciency
perovskite solar cell with a layer structure of glass / �uorine-doped tin oxide (FTO) / compact titanium
dioxide (TiO2) / mesoporous TiO2 / perovskite / Spiro-OMeTAD / Au. Stabilized measurements of the J-V
parameters under AM 1.5g illumination yielded a stabilized PCE of 21.2 %, a stabilized Jsc of 26.4
mA/cm², and a stabilized Voc of 1.03 V (cf. Figure S4 in the SI).

Despite the high performance, the microscopic PL-image of the device recorded at open circuit conditions
(PL(Voc)) shown in Figure 2a displays a highly inhomogeneous pattern of the active area. The image
reveals morphological patterns that are typically assigned to perovskite �lms formed by spin coating
such as stripes and dots. In the region of highest PL(Voc) such as spot (i), the PL intensity exceeds that of
the surrounding area by more than a factor of �ve. Figure 2b displays the image of the local short circuit
current assessed by PPI measurements in steady state, i.e., after stabilizing the devices for longer than 60
s. As can be seen in the Jsc/Jgen |PL image, it can be misleading to directly conclude from the PL(Voc)
image on the local device performance. In the Jsc/Jgen |PL representation, the active area is relatively more
homogeneous and will reveal more meaningful information on the aforementioned morphological
patterns. Concerning regions of high PL(Voc), the PPI method allows to distinguish between two distinct
features: feature (i) displays a spot with very low Jsc/Jgen |PL, i.e., the PL intensity is not quenched when
switching from open to short circuit. While the high PL(Voc) is a clear indicator for the presence of high-
quality perovskite crystals with low non-radiative recombination, the low Jsc/Jgen |PL suggests a poor
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electrical connection of the perovskite to the charge extraction layers. In contrast, feature (ii) displays
both high PL(Voc) and high Jsc/Jgen |PL, due to a benign electrical coupling. A detailed discussion on
experimental limitations of the approach and calibration strategies is presented in the SI.

J ( V ) imaging

Figure 3a shows the microscopic PL(Voc) image of another perovskite solar cell, displaying similar
patterns as the sample discussed above. The patterns were grouped according to the pattern type and PL
intensity in the PL(Voc) image: dots (A) and stripe patterns (B) with lower PL(Voc) as well as stripes with
higher PL(Voc) (C) (cf. magni�ed image in Figure 3b). With the PPI method, we can retrieve the local
J(V)/Jgen |PL curve for each pixel of the microscope image. Figure 3c shows the corresponding J(V)/Jgen

|PL curve for the features A, B, and C. One can see that the similarities from the PL(Voc) images are also
found in the J(V)/Jgen |PL representation, where the Jsc is highest for features C, lower for B and lowest for
A. This demonstrates the potential to directly record the local J(V)/Jgen |PL image with microscopic
resolution.

At this point, it is important to note that the method implicitly assumes that the Voc is equal over the entire
cell area. This assumption is only valid if the absorber is well coupled to the outer electrodes and if the
sheet resistivity of the electrodes is low. Finally, it is important to take the unique transient behavior of
perovskite material into account for any luminescence measurement.24 For PSC, reaching a stabilized
state after changes in electrical bias, illumination, or even atmospheric conditions can require minutes to
hours.33–35 Moreover, non-reversible degradation processes can take place in these timeframes and
under these conditions.36,37 A discussion of the transient behavior can be found in the SI.

The in�uence of interfaces on charge extraction
To investigate the effect of the different PSC layers on local extraction of photogenerated charge carriers,
a range of spin-coated perovskite cells with an n-i-p structure were studied for which the optimal layer
con�guration of glass / TCO / electron-extraction layer / perovskite / hole-extraction layer / Au was
intentionally altered. Figure 4 shows the microscopic images of PL(Voc) and Jsc/Jgen |PL, respectively, for
a solar cell with reduced perovskite layer thickness (a, b), a device without electron- extraction layer (EEL)
(c, d), and one without hole-extraction layer (HEL) (e, f). The Jsc/Jgen |PL averaged over the entire image is
0.71, 0.24, and 0.11, respectively.

The images reveal a range of interesting features and general observations: in Figure 4a and b, stripe or
wave patterns can be recognized that are most probably caused by the spin-coating process. For these
patterns, high PL(Voc) correlates with high Jsc/Jgen |PL. Comparing the two images furthermore
demonstrates that by only employing the PL(Voc), some features remain concealed which become visible
in the Jsc/Jgen |PL-representation. In this sense, features (iii) and (iv) in the bottom of the image are most
striking for which the low Jsc/Jgen |PL indicates poor charge extraction. In feature (iii), also the PL(Voc) is
low, indicating that the perovskite is severely degraded (or absent) at this spot. In contrast, for feature (iv),
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the PL(Voc) in the same range as for the surroundings which shows that photovoltaic active material is
present here. However, the Jsc/Jgen |PL image reveals that the photogenerated charges are not extracted.

Looking at the EEL-free devices in Figure 4c and d, we observe an absence of the wave pattern. Hence,
this pattern is most probably induced by the spin-coating process of the EEL. Two additional features
appear here. Similar to spot (v), feature (vi) has a high PL(Voc) but a low Jsc/Jgen |PL. Inversely, there are
many small spots, as represented by three circles for features (iv) that are prominent due to a high
Jsc/Jgen |PL. In the PL(Voc) image, they can, however, not be distinguished from the surrounding regions.

The HEL-free devices again do show the wave-pattern (Figure 4e, f). The PL(Voc) is much lower than for
the other samples (note that the color scale was divided by a factor of 10). Also, the Jsc/Jgen |PL is low
throughout most of the observed area. There are a few small dots as represented by feature (v) that
display both relatively high PL(Voc) and high Jsc/Jgen |PL. In contrast, similar to features (iii) and (iv),
feature (viii) shows high PL(Voc) but low Jsc/Jgen |PL.

Further assessments of the effect of the metal back electrode and a comparison of I-V parameters with
PL data can be found in the SI.

Identi�cation of charge extraction loss mechanisms
The measurements presented above demonstrate that the J(V)/Jgen |PL approach is a simple and
powerful tool to analyze the local performance of perovskite solar cells with microscopic resolution. As
the Jsc/Jgen |PL representation also contains information on the local PL(Voc) and PL(V=0), we can use
this method to unravel interfacial charge extraction and recombination mechanisms that would not be
possible using methods like LBIC alone. This means that we are not only able to detect regions of low
photocurrent but can also estimate why the current is low. Such an investigation is especially signi�cant
for the characterization of solution-processed solar cells like PSC where a key challenge is the
establishment of good electrical coupling between the perovskite crystals and the charge extraction
layers.38

Figure 5a illustrates how Jsc/Jgen |PL can be span by the corresponding PL(Voc) and PL(V=0) intensities. A
high Jsc/Jgen |PL is achieved if PL is high at open circuit and zero at short circuit. On this map, we can
now classify features of the above studied samples within a set of extreme cases.

1. In the ideal case, Jsc/Jgen |PL approaches unity. This means that the non-radiative recombination is
minimized, and radiative recombination is maximized. Practically, this situation is reached if there is full
coverage of a high-quality perovskite crystal layer (corresponding to a maximal PL(Voc) at open circuit),
while the photogenerated charge carriers are ideally extracted at short circuit. This is represented by the
white area at the ordinate of the graph in Figure 5a and by situation (1) in Figure 5b where a schematic
cross-section of a PSC is displayed. Features (ii), (vi), and (vii) approach this ideal situation.

A Jsc/Jgen |PL of zero occurs for two worst-case scenarios:
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2. There is no presence of a functional perovskite layer, as for the case of degraded perovskite or even
complete absence of this layer, as depicted by situation (2) Figure 5b. This situation can be identi�ed if
PL(Voc) is also zero, as represented by the origin in the graph of Figure 5a). Such a situation can be
attributed to feature (iii)
3. A perovskite layer is present, but there is no e�cient charge extraction of the photogenerated charge
carriers to the outer terminals. In the most dramatic case, this occurs in the absence of a back electrode,
as illustrated by case (3) in Figure 5b. In this case, the PL is not changed at short circuit and thus PL(Voc)
= PL(V=0), represented by the black area at the bisector in Figure 5a. Due to a lower surface
recombination, in practice the PL(Voc) is likely higher in these regions in comparison to those with good
connection to contact layers. Features (v) and (viii) are representative for this situation.
4. Finally, there is also the possibility of poor charge selectivity. This can be the case for an absence of
charge selective layers such that the back or front electrode is directly in contact with the perovskite
absorber (case (4, 4’) in Figure 5b). Another possibility is a high surface recombination/ poor selectivity of
the EEL or HEL. In this case, the PL(V=0) can be zero, but due to high surface recombination, PL(Voc) is
also low. The entire active area of the devices without EEL or HEL displayed in Figure 4d and f are
representative for this situation.

Conclusion
The photocurrent-voltage (J(V)) curve is the key characteristic for assessing photovoltaic devices.
However, J(V) measurements usually do not contain any spatial information, which are essential for a
deeper understanding and further improvements of the devices. A range of methods for the local
assessment of the photocurrent have been developed, especially for silicon and III-V solar cells. Yet, none
of them has so far been able to offer a combination of the possibility to assess the local J(V) for all bias
voltages between 0 V and Voc while at the same time yielding fast image acquisition at microscopical
resolution.

With the PPI approach, we introduced a straightforward method for a time-resolved assessment of the
local photovoltaic J(V) curve of perovskite solar cells by electrical-bias dependent luminescence
microscopic imaging. We derived from basic principles how the measurement of the difference in PL(V)
to the PL(Voc) at open circuit can be related to the local J(V). The validity of the approach was
experimentally demonstrated by applying it to a close-to-ideal III-V solar cell. Challenges and
opportunities of the approach were systematically studied and discussed. By the investigation of a high
performing (>20 %) perovskite solar cell, we showed that the PPI approach allows the real-time
assessment of the microscopically resolved local assessment of the J(V) curve, the steady-state Jsc as
well as transient charge extraction behavior. Furthermore, we demonstrated that the technique also
reveals information to assess the local charge extraction e�ciency and interfacial recombination
mechanisms. It is therefore a valuable tool for the understanding of the electrical coupling of the
perovskite to the charge extraction layers. This work shows that, combined with potentiostatic
measurements, microscopic luminescence imaging can be a powerful tool for the assessment of
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performance losses and the improvement of solar cells. The introduced technique can make a signi�cant
impact on the understanding and improvement of perovskite and other solar cell technologies as it
enables relating morphological artifacts to device performance at a microscopic resolution.

Methods
The photoluminescence intensity was measured in re�ectance with an optical microscope at 10x
magni�cation. A red and blue high-power LED (Thorlabs Solis) with a peak intensity of 632 and 405 nm,
respectively, was used to illuminate the solar cells at a light intensity equivalent to one sun as determined
by measuring a reference silicon PV cell and calculating the photon �ux from the EQE spectrum. On the
detector side, the PL light was focussed onto a high resolution sCMOS camera (Andor Zyla 5.5) with an
optical high-pass �lter (cut-off at 760 nm). To apply an electrical bias and to simultaneously measure
solar cell currents and voltages, a potentiostat (Ivium CompactStat) was used. After changing the
electrical bias, the PL was stabilized for at least 60 seconds before recording the image of perovskite
devices.

Stabilized current-voltage parameters such as PCE, Jsc and Voc were determined by under a class A solar
simulator whose intensity was calibrated with a silicon reference cell, where for perovskite devices
‘stabilized’ refers to the value measured after 100 s of measurement. For the determination of the
stabilized PCE, the device current was recorded under a �xed bias voltage close to the suspected
maximum power point.

Processing parameters of solar cells are outlined in the SI.
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Figure 1

Current-voltage characteristic of a highly e�cient (18.7 % power conversion e�ciency)
Ga0.91In0.09As0.83P0.17 solar cell (thick black line), compared with the simultaneously recorded PL(V)
characteristic (thin orange line).

Figure 2

a) PL(Voc) and (b) Jsc/Jgen |PL determined from two PL images at open and short circuit of a high
performing (>20%) perovskite solar cell. The device was illuminated with a red LED (632 nm). The scale
bar corresponds to 400 µm in both images.

Figure 3
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a) PL(Voc) intensity map of a sample in open circuit and b) closeup of a selected area. c) Local
J(V)/Jgen |PL curve of the spots highlighted in (b) for a slow reverse voltage scan (20 mV/s). The sample
was illuminated with a 632 nm LED light.

Figure 4

PL at open circuit (PL(Voc), blue images) and normalized short circuit photocurrent density (Jsc/Jgen
|PL, red images) imaging analysis. Three different spin-coated n-i-p PSC are shown, respectively: A cell
with reduced perovskite layer thickness (a, b) as well as an EEL-layer free (c, d) and an HEL-layer free
device (e, f). Note that the PL(Voc) intensity of images a) and c) ranges up to 2500 counts whereas
image e) ranges only up to 250 counts. The samples were illuminated with a 632 nm LED light. The scale
bar represents 400 µm for all images.
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Figure 5

a) Evolution of the charge extraction coe�cient respective to short circuit, Jsc/Jgen |PL, for different
values of PL intensity at open and short circuit. The blue dots correspond the features from Figures 2 and
4. b) Schematic illustration of the cross section of a n-i-p perovskite solar cell, displaying four
characteristic cases for (non) ideal charge extraction.
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