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Abstract—In this paper, spatially resolved photoluminescence
(PL) spectroscopy with various excitation wavelengths is presented
as a nondestructive and versatile technique providing access to
the individual subcells of multijunction solar cells. This method
is demonstrated on a state-of-the-art monolithic tandem solar cell
composed of a planar perovskite solar cell and a silicon hetero-
junction solar cell. It is shown that the lateral distribution of in-
homogeneities can be attributed unambiguously to the individual
cells and be related to the manufacturing process. The approach of
depth-selective probing of the silicon bottom cell is verified by com-
parison to reflection maps and by comparison to measurements of
the silicon cell after removing the perovskite top cell. Analyzing
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subcells integrated into a monolithic tandem solar cell is challeng-
ing though crucial in order to identify performance limiting loss
mechanisms. This method can be used to improve the study of the
mutual influence of adjacent subcells in the fully fabricated device,
which has been an unfeasible task up to now.

Index Terms—Perovskite, photoluminescence (PL), silicon,
tandem.

1. INTRODUCTION

ILICON wafer based solar cells are dominating the photo-
S voltaic world market, providing 93% of the total production
in 2015 [1]. After more than 30 years of research, this mature
technology can draw on a vast variety of advanced character-
ization techniques and theoretical models. This supported the
development of new cell designs enabling record power con-
version efficiencies as well as highly efficient, low cost, and
long-term stable modules. With a current record efficiency of
26.3% (2], the single-junction silicon solar cell is approaching
the efficiency limit of 29.4%, which is due to Auger recombi-
nation [3].

This limitation can be overcome by reducing thermalization
losses which can be achieved in a multijunction structure with
silicon as bottom cell. Efforts to combine silicon with III-V
semiconductors have already been successful using direct wafer
bonding to connect the GalnP/AlGaAs top cells with the silicon
bottom cell [4]. Since the III-V materials, as well as the involved
processes, are rather expensive, an alternative top cell is favored
for industrial applications where the main aim is to increase the
efficiency without significantly increasing the costs. Organic—
inorganic halide perovskite solar cells (PSCs) are an emerging
technology and have made a remarkable and swift progress in
cell efficiency, recently reaching a certified 22.1% [5]. The con-
tinuous progress in increasing the stability of the cells [6]-[10]
is also a very important step in becoming a relevant technology
for commercial application. PSCs excel due to a sharp optical
absorption onset at the band edge, a conveniently tunable band
gapintherange of 1.17-2.3eV [11]-[14], as well as low produc-
tion costs (due to facile deposition techniques). These beneficial
properties suggest combining the advantages of the evolving
perovskite-based cells with the already mature silicon technol-
ogy to form a multijunction solar cell, hence overcoming the
efficiency limits of the respective single-junction cells [15], [16].
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There are two approaches in the development of tandem
devices: The cells can be 1) mechanically stacked into four-
terminal or 2) series-connected into two-terminal devices. The
main advantage of the first approach 1) is that losses due to
current mismatch can be avoided giving a larger window of op-
eration at high level. In this four-terminal architecture separate
contacts are attached to the top and the bottom cells. Therefore,
it is crucial to aim for semitransparent contacts to minimize
absorption losses. The development of such tandems cells [17]-
[20] has shown a significant increase of efficiency reaching
25.2% [21] with the improvement of semitransparent PSCs [6],
[22], [23].

Connecting the cells in series 2) with two contacts only im-
plies that the subcell with lower current limits the overall current
in the tandem device. Hence, in order to avoid current losses, the
band gap (and the thicknesses) of the top and bottom cells has to
be carefully matched in a way that the currents of the two sub-
cells coincide under operating conditions. In the case of silicon
as a bottom cell with a band gap of 1.12, eV the ideal band gap
of atop cell is between 1.6 and 1.9 eV [13], [24], [25]. Although
this two-terminal cell design requires an intermediate layer that
allows for electrical coupling of the subcells, photon absorption
in the back electrode of the top cell and the front electrode of
the bottom cell can be minimized. The two-terminal approach
is preferred by industry due to the simpler manufacturing pro-
cess. Recently, successful implementations of these monolithic
perovskite silicon tandems were demonstrated [26]-[28] with a
certified record efficiency of 23.6% [29].

The progress in the development of monolithic perovskite
silicon tandem solar cells requires characterization techniques
that can identify cell efficiency limiting defects and attribute
them to the related subcell. One of the most established and
versatile methods in the characterization of semiconductors is
based on photoluminescence (PL). In the case of silicon wafers
and solar cells, PL measurements are used to quantify charge
carrier lifetime [30] and surface recombination [31], determi-
nation of concentration [32] and type [33] of metal impurities,
and other, wafer-based, measurements that can even be used to
predict cell efficiencies [34]. In addition, for the characterization
of PSCs, PL-based methods are widely used. While local time
and spectrally resolved PL measurements are more widely re-
ported [35]-[39], there is also an increasing number of spatially
resolved studies [40]-[44].

In this work, we investigate the PL properties of both the top
and the bottom cells in a monolithic tandem device in order to
evaluate the respective material qualities and to identify possi-
ble loss mechanisms. Using different excitation wavelengths, we
generate charge carriers in either the top or the bottom cell. The
spectrally resolved detection of the PL signal additionally en-
sures the unambiguous separation of the two cells and allows for
precise determination of the perovskite band gap. By analyzing
the subcells incorporated in the monolithic device, it is possible
to determine the influence of the processing steps of the per-
ovskite cell on the silicon bottom cell, as well as the film quality
of the perovskite when processed on a silicon substrate rather
than transparent conductive oxide (TCO) glass. The change of
the substrate, e.g., involves an effective change in temperature
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Fig. 1. Schematic structure of a 2-terminal tandem device (reproduced from
[4] with permission from The Royal Society of Chemistry) showing the pene-
tration depths of the applied lasers.

Fig. 2. Schematic overview of cell arrangement on the silicon substrate.

during the process due to different thermal conductivity. With
this, we provide an important and easy-to-use tool to accompany
the growing field of perovskite/silicon tandem research.

II. METHOD AND SAMPLE

The new analytics is demonstrated using a monolithic tan-
dem structure with a planar, Cesium-containing, triple cation
perovskite top cell [9] and a silicon heterojunction bottom cell
as an example. All process-related details are described in our
previous work [28]; the schematic cell structure is depicted in
Fig. 1. The silicon substrate (25 x 25 mm?) contains multiple,
electrically isolated tandem solar cells: One with a large active
area of 10 x 10 mm? and five smaller cells, each with an active
area of 4 x 4mm?. The analysis of one exemplary cell will be
presented in this work, the analysis of a second cell is provided
in the Supplementary material. In Fig. 2, the arrangement of
the cells is displayed, highlighting the analyzed area. The cor-
responding cell parameters of the tandem device are given in
Table I, the parameters of the second analyzed cell are given in
the Supplementary material (see Table I).

All PL measurements were conducted using a micro-PL
spectroscopy (u-PLS) setup described in [45]. The basis of
this setup is a confocal microscope and a moveable XY stage.
Different lasers are connected to the microscope via fiber



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

MUNDT et al.: NONDESTRUCTIVE PROBING OF PEROVSKITE SILICON TANDEM SOLAR CELLS 3

TABLE I
OVERVIEW OF THE CELL PARAMETERS FOR THE ANALYZED CELL

Voc [V]  Jsc [mA/em?]  FF[%]  n [%]

1.77 12.26 63 13.86

optics and focused onto the sample by a lens. The emitted PL
is detected via a fiber coupled monochromator and either a
silicon or an InGaAs detector. By scanning the sample the PL
spectrum is obtained for every point; the highest achievable
resolution is limited by diffraction. The excitation intensity is
7.03 W/m? for the 905 nm laser, 0.11 W/m? for the 640 nm
laser, and 0.13 W/m? for the 532 nm laser. Due to the low PL
efficiency, a significantly higher excitation intensity has to be
used for the silicon PL. measurement.

The penetration depth of light into the tandem cell structure
depends on its wavelength: while the 532 nm laser probes the
perovskite cell closer to the surface, the red laser penetrates
deeper into the material and can also generate charge carriers in
the silicon bottom cell (depending on the absorption properties
and thicknesses of the overlying layers). The perovskite top cell
is almost completely transparent for the infrared laser, except for
parasitic absorption especially in the hole transport layer con-
sisting of spiro-OMETAD [26]. Thus, the main charge carrier
generation under IR excitation occurs in the silicon bottom cell.
A schematic optical path of the different laser beams is shown
in Fig. 1. The reflected light as well as the PL is collected by the
same lens that is used for focusing the laser beam and passes
by a pinhole, only admitting the photons originating from the
focus plane to pass and thereby increasing the spatial resolution
up to the diffraction limit. Laser filters are applied for the dif-
ferent excitation lasers, in order to attenuate residual laser light
on the detector. For the detection of the PL signal emitted from
the perovskite and the silicon cell, two different detectors are
used. The visible range is detected by a silicon charge-coupled
device (CCD) and an InGaAs CCD is used for the near infrared
range. Spectrometers with variable gratings offer a very high
spectral resolution. By moving the stage including the sample,
different areas of interest can be scanned with varying resolu-
tion. For every measurement spot, the complete PL. spectrum
from either 690 to 825 nm or 840 to 1350 nm, depending on
the appropriate detector, is obtained. This allows not only to
separately excite the two subcells of the tandem device, but en-
sures the unambiguous distinction of the PL signals. Fitting the
perovskite PL peak by a Gaussian function also allows for
the spatially resolved analysis of spectral properties similar to
the peak position and therefore the determination of the band
gap energy at each position across the device area.

III. RESULTS
A. Photoluminescence Spectroscopy

In Fig. 3, the lateral distribution of the perovskite PL peak
wavelength, determined from the 532 nm measurement, is
shown. The map reveals a rather homogeneously distributed
band gap energy across the active area.

PSC peak position
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Fig. 3. Lateral distribution of the perovskite PL spectral peak position.
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Fig. 4. Normalized photoluminescence spectra measured on a tandem device
using three different excitation wavelengths. The spectra are comparable to
luminescence spectra in the literature of isolated perovskite or silicon samples.

Fig.5. Normalized photoluminescence intensity maps for three different exci-
tation wavelengths. Images (a) and (b) show the perovskite cell, while the image
(c) corresponds to the silicon cell. (a) PSC 532 nm. (b) PSC 640 nm. (c) Si
905 nm.

The averaged perovskite PL peak for this triple cation based
perovskite is centered at 757 nm [9], corresponding to a peak-PL
derived band gap of 1.64 eV.

Note that this is very close to the ideal top cell for tandem
applications when using silicon bottom cells [25]. Example PL
spectra are depicted in Fig. 4. For better comparability, the
spectra have been normalized to their individual maxima.

B. Spatially Resolved Photoluminescence Intensity

In this section, we present the spatially resolved results: Fig. 5
shows the measured PL intensity maps; comet-like stripes are
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Fig. 6. Reflectance map of the complete substrate for 532 nm, measured with

an integrating sphere.
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Fig. 7. High resolution confocal reflectance maps for the applied excitation
wavelengths, normalized values. (a) 532 nm. (b) 640 nm. (c) 905 nm.

visible in the perovskite PL maps (a-b), especially on the right
side of the cell, originating from the center of the silicon sub-
strate containing the cells. The whole pattern is more clearly
visible in the reflectance map of the complete substrate in Fig. 6.
Two distinct dark spots appear in the lower left region above the
scale both in the 532 nm and in the 640 nm measurement which
correspond to layer damage due to contacting the top ITO layer
with metal pins in order to perform electrical measurements.

The maps measured with the 640 nm laser in Fig. 5(b) ex-
hibit additional interesting substructures: first small dark spots
with extensions of 10-30 um can be observed and second, a
distinct mottled pattern is visible all over the cells in the range
of hundreds of microns.

The PL map of the silicon cell measured with the 905 nm laser
excitation in Fig. 5(c) displays the point-like spots as well as
some stripes. Additionally, larger areas with lower PL intensities
can be observed in the silicon cell.

C. Reflectance Maps

The absolute reflectance was measured for the complete sub-
strate and several wavelengths using an integrating sphere. Ex-
emplarily the reflectance map for 532 nm is shown in Fig. 6.
The map clearly shows a radially symmetric pattern originating
from the substrate center caused by the spin-coating processing
for PSCs and a higher reflection for the analyzed cell than for
the others that could cause the lower short-circuit current (see
Table S1 in the suplementary material). The highest resolution
for this method is 25 pum/pixel, thus much lower than the res-
olution of the pPL map. In order to obtain a higher spatial
resolution, the confocal setup was used to record the reflected
excitation light at 532, 640, and 905 nm wavelength (see Fig.
7). Special attention has to be paid concerning the origin of the
reflected light. Compared to a measurement of the PL emission,
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Fig. 8. Original (a) and reflectance compensated (b) PL map for the silicon
bottom cell A. (a) PL 905 nm. (b) Reflectance compensated PL.

all interfaces and intermediate layers in the range of the pen-
etration depth contribute to the measurable reflectance signal.
Neither the sponge-like pattern nor the large dark features ap-
pear in the 640 or the 905 nm map, respectively.

IV. DISCUSSION

The radially symmetric patterns in the PL maps can be
attributed to process-related inhomogeneities. The presumed
variation in the layer thickness is most likely caused by
particles/agglomerates on the substrate impairing the spin
coating process and therefore causing an unevenly deposited
layer with comet-like features. This effect has been observed
before [40]. The manufacturing process of the analyzed device
includes two spin-coating steps, depositing the triple cation
perovskite in the one-step approach using solvent quenching
[9], [28] and the hole transport layer spiro-OMETAD. The
identification of the point-like structure requires more statistical
sampling over many batches.

The mottled pattern in the 640 nm map in Fig. 5(b) might
be caused by either interference due to an inhomogeneously de-
posited perovskite layer or varying surface recombination. Since
the 640 nm laser penetrates the material deeper than the shorter
wavelength laser and they do not appear in any of the reflectance
maps, it can be assumed that these larger substructures originate
from within the perovskite layer.

The micrometer-sized features in the 905 nm maps in Fig. 5(c)
that have also been observed in the perovskite PL. maps appear
to originate from the perovskite top cell. In order to analyze the
origin of the unexpected features that are untypical for silicon PL
maps, the spatially resolved reflectance for several wavelengths
was measured. The observed pattern in the 905 nm reflectance
maps support the hypothesis that these features are optical ef-
fects and do not originate in the silicon crystal volume. Thus,
a compensation of the reflectance artifacts in the 905 nm PL
map may be done: A higher reflectance means a lower excita-
tion density in silicon. To first order the PL intensity is linearly
proportional to the injection density at moderate injection con-
ditions. Fig. 8(b) shows the reflectance-compensated PL. map
PL’ = PL/(1 — A x R), both maps (PL, R) were obtained
with the confocal setup. A scaling factor A is introduced since
the reflectance map is not calibrated to absolute values. It can
be seen that different features in the PL image Fig. 8(a) (e.g.,
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Fig. 9. Normalized PL map of the silicon bottom cell after the removal of the
perovskite top cell.

bright area at the top as well as different localized spots) are
attenuated and can thus be attributed to optical effects.

In order to cross-check our interpretation of the 905 nm exci-
tation PL maps, we removed the perovskite top cell including the
top ITO layer using ethanol and hydrochloric acid and repeated
the PL measurement on the silicon bottom cell. The correspond-
ing PL map with 905 nm excitation does not display any micro-
feature (see Fig. 9). This confirms the hypothesis that the mi-
crofeatures, which also appeared in the reflectance maps before
etching, are optical effects in the top cell. The bare silicon cells
exhibit the same larger area features with lower PL intensity that
were also apparent in the measurement of the silicon cells still
incorporated in the complete tandem device. Such extended de-
fects are common in silicon, as several detrimental impurities in
silicon feature a macroscopic diffusion length (e.g., Cu at room
temperature or Fe at elevated processing temperatures [33]).

V. CONCLUSION

In this work, we demonstrated a technique to separately an-
alyze both subcells in a monolithic perovskite silicon tandem
solar cell in a nondestructive way. Using variable laser excitation
wavelength, we could probe the PL emission and light reflection
in different layers with micrometer resolution. In particular, we
are able to access the silicon bottom cell included in the de-
vice by using infrared excitation light for which the perovskite
top cell is transparent. Optical effects in the silicon PL map
could be distinguished from extended silicon bulk defects by
comparison to reflectance maps. This technique yields a unique
approach to characterize monolithic perovskite silicon tandem
cells in different stages of processing, and hence the influence
of succeeding processing steps on the silicon base materials,
therefore excluding discrepancies due to film forming varia-
tions on different substrates when changing from TCO glass to
silicon substrates. We provide a nondestructive, straightforward
method to characterize silicon perovskite tandems layer by layer
and thus provide valuable feedback throughout the processing.
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