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Background

With approaching commercialisation of perovskite-silicon tandem solar cells comes the
requirement to generate a performance nameplate that meets international standards.! Even for
single-junction perovskite solar cells (PSCs) this is challenging due to device metastability?
however the metastability problem is amplified for tandem solar cells, due to the complex impacts
on current matching of the junctions.®

Metastability in PSCs is generally accepted to be due to ion diffusion and accumulation at
interfaces, leading to modified interface behaviour and also space charge effects on the internal
field.*® lon migration can be induced by an externally applied voltage (such as during current-
voltage testing) and/or internal electric fields generated under illumination, making the voltage and
illumination exposure history of the cell important. Due to the variety of ion species in state-of-the-
art PSCs, this metastability exhibits over multiple timescales. Metastability over shorter timescales
leads to hysteresis in current-voltage measurements, while longer timescale metastability prevents
measurements being reproducible over time.® Tandem cells experience metastability in an even
more complex way, since changes in the behaviour of one junction can affect which junction is
current-limiting, with complex implications for the internal field in the device.

Further to the metastability challenge, PSCs at this stage of their history are often subject to
permanent device degradation on relatively short timescales. Although this problem will need to
have been solved for commercial devices, there is still value in minimising the role of device
degradation during performance measurements on research-scale devices, so improvements in
device efficiency can be tracked effectively.

Formal measurements of PV device performance follow the procedure described in the
international standard IEC 60904 and its sub-parts. This procedure requires a correction for the
fact that the light source spectrum doesn’t perfectly match the tabulated reference solar spectrum
known as AM1.5. One of the inputs to this calculation is a measurement of the spectral
responsivity (SR) of the device under test. The SR measurement and the subsequent spectral
mismatch correction have always been viewed as critical to the accuracy of PV performance
measurements. Any uncertainty introduced by the SR measurement itself has historically been of
low impact on the final result, compared with the uncertainty introduced if the spectral mismatch
correction was not applied.

Advancements in light-emitting diode (LED) technology have in recent years led to the
development of LED-based solar simulators, where multiple LEDs at different wavelengths are
used to create a solar-like spectrum. LED solar simulators are by design spectrally tuneable,
making them well-suited to performing IEC-standardised measurements on tandem solar cells,
which require adjustment of the spectrum to ensure the correct junction is current-limiting.”

Further to the advantage of spectral tuneability, we propose that if a sufficient number of LED
colours are used, the resulting spectrum may be made similar enough to the AM1.5 reference, that
there is no longer a need to perform the spectral mismatch correction. This work seeks to explore
that possibility.
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Description of the work

Even for PV devices without a transient response, the important SR measurement is time
consuming, as the device current needs to be measured at representative points over the relevant
part of the spectrum; e.g. for 350-1200 nm with 5 nm steps this is 170 measurements. For a
metastable device each step requires the current measurement to settle, leading to a total
measurement time of up to several hours, otherwise the result is not representative of the device
under steady-state conditions. Any changes induced in the device during this time due to the
lengthy illumination, typically under short-circuit conditions (a device state rarely seen in the field)
mean the SR measurement progressively becomes less and less representative of the device, and
hence less and less correct as an input to the spectral mismatch correction. The problem is
amplified for tandem devices, since separate SR measurements (with different bias light) need to
be performed for each junction, and the device needs to have an applied external bias to keep the
junction under test at short-circuit current while the other junctions are in effective forward bias.
With metastability varying the voltages of the junctions in a way that is difficult to measure,
maintaining short-circuit conditions for the specific junction under test at becomes an unknown. At
best this increases uncertainty; at worst it could lead to that junction no longer being current-
limiting, making the SR measurement invalid. An example measurement comparing forward and
reverse scans at Isc and Vmpp is showing in Figure 1.
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Figure 1 : Repeat spectral response measurements of a perovskite cell, from short to long wavelength
(forward scan) and long to short wavelength (reverse) and at Isc and Vmpp. This shows that the spectral
response of the cell is different at Vmpp and Isc, with a reduction in the relative long wavelength response at Isc.
The data also shows the effect of degradation at Vmpp, with an increase in the relative long wavelength
response. Both these effects would impact the mismatch factor calculation.

In earlier work we designed and built a LED solar simulator (LEDSS) with the highest match to the
AM1.5 reference spectrum ever reported.® Our LEDSS uses 40 different LED wavelengths to
achieve A+AA+ classification according to IEC 60904-9 Ed3 over a 75x75 mm working area. Each
channel is adjustable and various mathematical approaches are used to optimise the fit to the
AM1.5G spectrum shown in Figure 2.2 Since the A+ spectral classification is trivial to achieve with
a LEDSS, we make use of a new term in Ed3 of the standard to report a low spectral deviation of
9.75 compared to 26.39 for a Xe arc lamp based AM1.5G solar simulator.

The introduction of ultra-high spectral match solar simulators could prove crucial for tandem PV
devices with metastable layers, such as perovskite-silicon solar cells, where time-consuming pre-
measurements such as SR are likely to change the state of the device (temporarily or permanently)
and also may not be suitable for performing the correction they were designed for.

In this work we will discuss the sources and typical magnitudes of uncertainties introduced by SR
measurements in both stable and metastable PV devices. We will then place these in the context
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of the measurement uncertainty we would expect from ignoring the spectral mismatch correction,
based on the level of spectrum match we can achieve using our LEDSS.
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Figure 2. One possible output spectrum of our LEDSS, showing very close match to the AM1.5G
reference spectrum
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