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Abstract

Luminescent coupling (LC) is a key phenomenon in monolithic tandem solar cells. This study
presents a non-destructive technigue to quantitatively evaluate the LC effect, addressing a gap in
the existing predictions made by optical modelling. The method involves measuring the ratio of
photons emitted from the high bandgap top cell that escape through the rear, contributing additional
current to the bottom cell, to those escaping from the front side of the top cell. Our findings indicate
that in the analysed monolithic perovskite/silicon tandem solar cells, more than 85% of the emitted
photons escaping from the perovskite top cell generate additional current in the bottom cell. This
process notably reduces the mismatch in the generated current between each sub-cell, particularly
when the current is limited by the low bandgap sub-cell. The presented method is applicable to a
variety of monolithic tandem structures, providing useful information for sub-cell characterization,
predicting energy output, and optimization for outdoor applications.

Introduction

While single junction solar cells are approaching their theoretical efficiency limit,!*l monolithic tandem
solar cells are emerging as promising candidates for the next generation of commercial main-stream
photovoltaic (PV) technology.[? One inherent phenomenon of tandem cells is luminescent coupling
(LC), which occurs naturally within the monolithic tandem structure.[! LC takes place when photons
emitted from the high bandgap top cell are recycled within the low bandgap bottom cell. This is
particularly significant when the high bandgap absorber has a strong luminescence efficiency (for
example, perovskite and IlI-V materials) as interlayers in the tandem structure are designed to
minimize the reflection of incident light. For example, over 50% of the excess electron-hole pairs
generated in the top sub-cell can be effectively utilized by the silicon bottom sub-cell in a monolithic
perovskite/silicon tandem solar cell.[*]

In fact, LC has been widely recognized in multi-junction solar cells based on Ill-V semiconductors.?!
LC can significantly influence the photon current generated within high-quality 111-V junctions that
exhibit highly radiative recombination. Several experimental methods have been developed to
investigate LC in the 1lI-V multijunction structure. For instance, the signal from the upper sub-cell to
the bottom sub-cell can be detected by growing the material of interest for the upper sub-cell on a
germanium (Ge) substrate, which then acts as a photodiode.l®! Another approach is based on the
proportion of re-emitted photons of the InGaP top cell with the LC current in the InGaAs bottom cell,
under the assumption that there is no shunt in the bottom cell and no photon leakage from the
excitation source to the bottom cell.l®! Alternatively, one can use a single junction solar cell with a
spectral response identical to that of the sub-cell in the tandem being investigated, along with a
specialized filter.[’l The impact of luminescent coupling is minimal under current-matching conditions
However, if a current mismatch occurs and more current is generated in the top cell than in the
bottom cell due to a blue shift of the spectrum, part of the current mismatch can be compensated by
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the additional generation of charge carriers in the bottom cell.[*8] Recent studies of monolithic
perovskite/silicon tandem solar cells have highlighted significantly relaxed constraints on the top cell
bandgap, especially under conditions of current mismatch, when the bottom cell is the limiting sub-
cell.l’]

In this study, we introduce a non-destructive method to experimentally explore the influence of LC
in monolithic tandem solar cells. This investigation involves measuring the ratio of emitted photons
escaping from the rear and front planes of the high bandgap top cell, accomplished through a
hyperspectral imaging system. We demonstrate the effectiveness of the method in quantifying the
LC effects in two monolithic tandem configurations: perovskite/silicon-heterojunction and
perovskite/silicon-tunnel oxide passivated contact (TOPCon) solar cells. The ratio is recalculated for
the same tandem cell, but at lower excitation ranges, to evaluate the effect of excitation on the result.
Additionally, the effect of the incident angles of the light source on the ratio is investigated. It is shown
that the proposed photon escape ratio is governed by the solar cell's optical properties and remains
constant irrespective of the measurement conditions, such as excitation intensities, incident angles
of light, and the excitation wavelength. Consequently, our proposed method is universally applicable
to a range of monolithic tandem solar cell configurations.

Results and discussion

Figure 1 illustrates the proposed method to measure the ratio between the numbers of photons
emitted by the high bandgap top cell from the rear plane (and re-absorbed by the low bandgap
bottom cell) to those escaping from the front plane. The photons that escape from the front side of
the top cell are captured by an absolute photoluminescence (PL) imager. The measurements were
acquired from 600 nm to 1000 nm with a step size of 5 nm and an exposure time of two seconds.
The current through the tandem structure was continuously recorded during the imaging process
under short circuit condition. During this process, the perovskite top cell was selectively excited by
a short-wavelength source (532 nm) to ensure that the photoluminescence (PL) imaging and current
measurement were conducted under the same conditions.
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Figure 1. a) The experimental setup to estimate the ratio between the number of emitted
photons reabsorbed in the bottom cell and the number of photons escaping from the front
side of the high bandgap top cell. (b) lllustration of the radiative recombination in the high
bandgap perovskite (PVK) top cell.

The measured current indicates the total number of photons absorbed in the bottom cell, including
photons from the excitation source transmitted into the bottom cell, photons escaping from the rear
of the top cell, and the reverse current. The photon flux, as determined by the hyperspectral imager,
represents the number of photons escaping from the front side of the perovskite top-cell. By
comparing the measured current to the photocurrent, which is calculated from the photon flux, we
can determine the ratio between photons that are reabsorbed in the silicon bottom cell and those
that escape from the front side of the perovskite top cell. The relationship between these parameters
is outlined as:
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where E is the excitation power, k (k € K with K= {x €R|1< x < 2}), and m1,345are constants. The
ratio of the emitted photons escaping from the rear and front sides of the high bandgap top-cell
(Rreariront) is independent of the excitation power.

Figure 2 shows the investigated structures and fitting results for the monolithic perovskite/silicon-
TOPCon (Figure 2a-b) and the monolithic perovskite/silicon-heterojunction (Figure 2c-d) tandem
solar cells. A significant portion of the photon flux emitted from the high bandgap top cell has been
recycled in the low bandgap bottom cell, with more than 85% of the emitted photons escaping from
the perovskite top cell contributing to generating additional current in the bottom cell. This is expected
since the interface layers of the tandem cells are designed to minimize the reflection of the incoming
light. The refraction index contrast is much higher at the air—semiconductor interface than at the
semiconductor-semiconductor interface.
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Figure 2. Schematics of the investigated monolithic (a) perovskite/silicon TOPCon and (c)
perovskite/silicon heterojunction tandem solar cells. Fitting results to extract the ratio
between the emitted photons escaping from the rear (and re-absorbed in the silicon bottom
cell) and front sides of the perovskite top cell, in the two configurations (b, d). The 'Ratio’ is
defined as the ratio of the measured current to the photocurrent calculated from the re-
emitted photons escaping from the front side of the perovskite into the air.

In addition, the ratio of emitted photons escaping from the rear and front sides of the perovskite top
cell is characterized by the optical structure of each tandem cell. It can be assumed that the ratio
remains constant at different excitation intensities. Moreover, as the distribution of emitted photons
can be considered isotropic, the ratio should be treated as constant, even when the incoming light
is not perpendicular to the cell surface. To validate these assumptions, the ratio was recalculated for
the heterojunction tandem cell but within a lower range of excitation intensity (from 5 mWcm2 to 25
mWcm2). Consequently, the extracted ratio values align well with the results obtained at a higher
range of excitation intensity (see Figure 3a). The angle of incidence was then varied from its
perpendicular position (to 7°) to investigate the effect of the incident angle on the obtained ratio
(Figure 3b). Figure 3c shows almost identical values of the extraction ratios confirming our
assumptions.
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Figure 3. Fitting results for the ratio of re-emitted photons escaping from the rear and front
sides of perovskite top cell in low excitation intensity range (5mWcm2to 25mWcm) at the
incident angles of 0° (a) and 7° (b). (c) Comparison of the ratio of re-emitted photons extracted
under different excitation conditions: high excitation intensity range (High.Irr), low excitation
intensity range (Low.Irr), low excitation intensity range with a 7° incident angle (Low.Irr.Tilt).

Results and discussion

We proposed a fast and non-destructive method to evaluate the luminescence coupling effect in
monolithic tandem solar cells. We applied the proposed method to two different monolithic tandem
configurations: perovskite/silicon TOPCon and perovskite/silicon heterojunction tandem solar cells.
In both cases, the majority of emitted photons escape from the perovskite top cell (more than 85%)
is reabsorbed, contributing to the current generated in the bottom sub-cell, thereby, narrowing the
current mismatch between the sub-cells. This demonstrates the significance of luminescence
coupling in monolithic tandem solar cells, especially when the top cell has a high radiative
recombination efficiency. The ratio was then extracted at different excitation intensities and at various
angles of incidence of laser light. The ratio of photons escaping from the rear and front sides of the
high bandgap sub-cell remains constant under these investigated conditions, as it is determined by
the optical structure of the tandem cell.
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