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record efficiency and other performance parameters

compared to the thermodynamic Shockley—Queisser
(SQ) limit for solar cells made from 14 extensively studied
semiconductor materials. In the past four years, solar cells from
many of these materials have progressed in efliciency, some
very strongly (Figure la). This progress is a result of much
research effort around the world, recognizing the importance
of solar cell efficiency for the future energy supply. Efficiency is
a key metric in the development of photovoltaic (PV) systems
because the cell cost is only a small fraction of the total cost of
a solar power generation system, and hence, increasing
efficiency is a near-linear driver for reducing the cost of PV
electricity per kilowatt-hour.

Figure 1b compares the key loss factors of each of the
materials. We compare the short-circuit current of the record
cell (Jsc) to the maximum possible short circuit current for
that material as calculated from the detailed-balance limit, Jsq.
This number j = Jsc/Jsq is a measure of photocurrent losses,
and a low number indicates that better light management must
be applied to improve the solar cell. This includes better
incoupling and trapping of light inside the cell and reduction of
light absorption in inactive regions of the cell. As a metric for
recombination losses, we compare the lowest possible
recombination current at the material’'s bandgap (i.e., the
radiative limit), calculated from detailed balance, Jysq, to the
dark recombination current that we derive from the record
solar cell data, J, (see Methods). A low ratio of j, = Josq/Jo
indicates that better carrier management by the reduction of
bulk and surface recombination is required to improve the
solar cell. We plot this metric on a logarithmic scale because
the open-circuit voltage (Vo) of a solar cell is logarithmically
dependent on the ratio of photocurrent to recombination
current.

Much of the focus of the PV research community has
recently been on perovskite solar cells, and the resulting
progress in their efficiency is stunning. Now the best perovskite
cells (efficiency under standard test conditions 1 = 25.2%)
approach the best silicon solar cells (7 = 26.7%) in efficiency,
despite the far shorter time since their introduction to the
research community. As Figure 1b shows, improvements for
perovskite cells in the past four years are due to both better
carrier and light management. Interestingly, the electrical
quality of perovskite cells is now so good that their
recombination losses are lower than those of the best silicon
solar cells. This is partly explained by the strongly absorbing,
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direct-bandgap perovskite material, which allows for a much
thinner absorber layer compared to what is required with
silicon cells. Perovskite solar panels are now being
commercialized at several locations in the world. The record
efficiency for large (>100 cm?®) perovskite solar cells and panels
is still far below that of Si solar panels, and extensive materials
processing development will be required to bring these
numbers closer. Interestingly, in Si cell technology, records
are now often broken in industrial environments, where large-
scale manufacturing enables fine-tuning of processing param-
eters using a large number of cells (though the monocrystalline
Si cell record is for a 79 cm? area cell).

The 1.1% absolute increase in efficiency for Si cells in the
past four years was evenly split between better light
management and lower fill factor losses (arising both from
reduced series resistance and lower recombination at
maximum power point), enabled by an improved hetero-
junction.” The continued dominance of Si on the market
means that the impact of new cell designs will be huge if these
efficiency improvements are translated to commercial technol-
ogy. In the last four years, there has already been a massive
shift away from the previously dominant Al back surface field
(BSF) doping technology (was 80% of the market in 2016°) to
high-efficiency designs with passivated emitter and contacts
(now 70% of the market, mostly passivated emitter and rear
contact, PERC*). The highest efficiency (>25%) cell
technologies using fully passivated contacts (“TOPCON”),
interdigitated back contacts (IBC), and heterojunction (HIT)
designs’ are also being developed on an industrial scale and
may well become the dominant technology in the coming
decade.” Further recombination reduction may come from
improvements in the Si wafer quality, such as the ongoing shift
from p-type Si to n-type Si that is more resistant to transition
metal defects, or a change of doping of p- tyge Si from boron to
gallium, to remove boron—oxygen defects.” All these develop-
ments may enable commercial solar panels with efliciency
above 25%. Ultimately, because of the low radiative rate, the
efficiency for Si solar cells is limited to 29.4% because of Auger
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Figure 1. (A) Record efficiency of solar cells of different materials against their bandgap, in comparison to the SQ limit (top solid line). (B)
Current density relative to the maximum possible current density, under standardized AM1.5 illumination conditions, versus minimum dark
recombination current density relative to the recombination current derived for the record cells in panel A. The open symbols show the
record efficiency in April 2016, the solid symbols show the numbers in July 2020.

recombination, 4% below the SQ limit.” In principle, this
Auger limit could be exceeded by increasing the radiative
recombination rate of silicon; a 10-fold increase would already
enhance the V¢ limit by 60 mV, bringing the efficiency limit
up to 31.6%.

Aside from the significant developments in perovskite and
silicon solar cells, several other material systems have seen even
larger rises in their efficiency. Organic solar cells have
benefitted from a range of new molecules that replace the
commonly used fullerene acceptor material, like rylene
diimide-derivatives and molecules consisting of fused aromatic
cores with strong electron-accepting end groups.”” These non-
fullerene acceptor cells now reach efliciencies exceeding 17%,
mainly enabled by much-reduced recombination losses (Figure
1b). The new acceptor molecules provide a larger tunability of
the electron acceptor level, to the extent where the energy loss
for exciton dissociation is almost eliminated. Organic solar cells
still lose a significant fraction of the photocurrent (around
20%) because of incomplete absorption. Materials with higher
charge mobility could enable thicker layers, or nanophotonic
structures could increase the light absorption in the thin films.
The much lower effective bandgap (1.4 vs 1.6 €V) in the new
organic materials also creates potential for higher achievable
efficiency (Figure la), while the wide-bandgap material
combinations are suitable for indoor applications."’

The record efficiency of perovskite quantum dot solar cells is
16.6%, which is now far beyond that of the more conventional
chalcogenide quantum dot solar cells. They are made from
CsosFAsPbl; nanocrystals with a bandgap of 1.6 eV,'" well
above the SQ optimum, suggesting further room for improve-
ment with smaller bandgaps. The perovskite quantum dot
record was enabled by reducing both current and recombina-
tion losses that are much lower than in the PbS quantum dots
that held the record before (Figure 1b). Interestingly, the
development of dye-sensitized solar cells has not seen much
progress, but historically this research field has served as a
fruitful nucleation site for PV materials research of several
different kinds, and the narrow absorption spectrum and linear
response at different intensities may make them interesting for
indoor light-harvesting applications."> CdTe cells have shown
some progress in efficiency in the past few years (now 5 =
22.1%) and are a commercial technology. Interestingly, a new
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earth-abundant material, SbSSe (7 = 10.1%), has recently
entered the chart."’

The overall record for single-junction cells, held by GaAs (
=29.1%), has seen a small increase in the past four years. Also,
many improvements were made in the development of
industrial processes, such as the optimization of high-speed
chemical vapor deposition processing to industrial manufactur-
ing scale. While relatively expensive at the moment, there are
many niche markets with large economic value that can benefit
from high-efficiency, flexible, lightweight GaAs cells, such as
space and potentially electric vehicle technology. Large-scale
introduction in these markets will further drive down the cost
of GaAs cell technology, which is also relevant for multi-
junction cells, as discussed below.

It is interesting to note that progress is very strong for many
different solar cell materials at the moment. The once-separate
fields of organic, dye-sensitized, silicon, and quantum dot solar
cell research have strongly benefited from shared knowledge
and expertise, which yielded synergies, for example in the use
of transport layers, processing expertise, and fundamental
understanding of materials properties. For example, the
development of Si heterojunction cells (composed of
crystalline/amorphous heterojunctions) is built on the
development of thin-film amorphous Si cells over several
decades as well as heterojunction concepts in several other PV
materials. Similarly, concepts of selective contact layers and
passivation layers are now being shared in many different types
of cell materials and designs.

This increased interaction between scientists from different
fields is also due to the rise of tandem solar cells as a major
research theme, aiming to achieve efficiencies well above 30%.
In the past, tandem solar cells were almost exclusively made
from combinations of III-V semiconductors, or III-V
materials with a silicon base cell. Now, perovskite solar cells
are combined with silicon in a 2-terminal or 4-terminal
configuration, and perovskite—perovskite and perovskite—
copper—indium—gallium—sulfide/selenide (CIGS) tandem
cells from different bandgaps allow for high-efficiency thin-
film flexible tandem solar cells that can potentially be made at
low cost using roll-to-roll processes. The most efficient
monolithic two-terminal III-V/Si tandem cell is a triple-
junction GalnP/GaAs/Si cell with 33.3% efficiency.'* For
simplicity, we consider only monolithic dual-junction tandem
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cells in the following, and the record efficiencies of the five
tandem geometries mentioned above are summarized in Table
1. Organic tandem solar cells are also improving with the latest

Table 1. Reported Record Efficiency of Two-Terminal Dual-
Junction Solar Cells under AM1.5 Illumination, Bandgaps of
the Subcells, Tandem SQ Limit-Efficiency for these
Bandgaps, and Calculated Tandem Efficiency Based on
Subcell Losses in Figure 1b

tandem record SQ limiting
materials efficiency ~ bandgaps efficiency SQ efficiency
combination (%) (eV) (%) with losses (%)
GalnP/GaAs 32.8 1.95/1.42 404 34.8
perovskite/Si 292 1.70/1.12 44.1 35.7
perovskite/ 242 1.82/1.27 40.9 332
perovskite
perovskite/ 242 1.70/1.13 43.6 32.8
CIGS
GaAsP/Si 234 1.73/1.12 44.9

record organic material combinations, even though the current
record organic tandem solar cell is still less efficient than the
best single-junction cell, and is left out of the further analysis
here.

The GalnP/GaAs tandem cell (7 = 32.8%) shows an
efficiency well above that of the record for the individual cells
(n = 22.0%/29.1%). A major breakthrough is the fact that
perovskite/Si tandems have just recently significantly exceeded
the record for the Si-only cell ( = 29.2% versus 26.7%).
Perovskite—perovskite and perovskite—CIGS tandems have
efficiencies close to the single-junction values, and further
materials and device improvements are needed to exceed these.
The maximum achievable efficiency according to the SQ
model, using the indicated bandgaps as input, is also shown in
Table 1. We can predict a more realistic multijunction cell
efficiency limit taking into account the photocurrent and
recombination losses in the individual subcells, as in Figure la.
As a first-order estimate, we take the values for Jsc/Jsc sy Voc/
Voc,sq from Figure 1b and the fill factor relative to the SQ
value (FF/FFgq) for the individual materials and use these as
input to calculate a single-junction-derived maximum efficiency
of the corresponding multijunction geometry (see Table 1). All
the tandem cell records are well below these more realistic
numbers, indicating much room for improvement in the
tandem geometries themselves, taking into account the subcell
records achieved to date. Further improvements will be
achievable as the subcell efficiencies improve further.

In practice, fabrication, materials, and cell design constraints
cause the achievable multijunction cell efficiency to be well
below the limiting values calculated based on losses for
individual cells (compare gray points in Figure 2 to colored
points). We list a few examples. In many multijunction cells,
incomplete current matching between the subcells and/or
incomplete light absorption in the top cell reduces the
efficiency. The record III-V/Si tandems are made using
wafer-bonding, requiring the top-surface of the Si bottom cell
to be flat, which reduces light trapping in the Si cell that is
usually achieved by texturing the surface. For the 2-junction
GaAsP/Si cell this loss results in a photocurrent loss of 19%
compared to the detailed-balance limit (Figure 2). The lattice
mismatch also introduces dislocations, reducing the v X f. In
addition, the very high efficiency in the record single-junction
GaAs cells is achieved by photon recycling using a low-loss

3031

carrier management

\/

1.00 T T T T
Tandem >75%01es
0.95- PVSKI//Si A
PVSKI//CIGS
. @—_ z
£ o0 GalnP//GaAs E
~ PVSK//PVSK >
3 :
. =
=~ 085F - | =
k=
0.80— © GaAsP//Si |
<50% Ngq
0.75 1 1 | |
0.5 0.6 07 0.8 0.9 1

vxf (FF Voo / FFSQVSQ)

Figure 2. Current density of selected tandem cells relative to the
maximum possible current density, under standardized AMI.5
illumination conditions, versus open-circuit voltage—fill factor
product relative to the maximum possible values according to the
SQ model. The filled symbols show the experimental data. The
gray symbols show calculated data for tandem cells based on
numbers for the single-junction record cells.

back reflector'®

geometry.

Perovskite/silicon tandem cells, where a textured silicon
base cell can be used when the perovskite cell is processed
from the vapor phase, show a photocurrent much closer to the
limit with only 7% loss. For all tandem cells with a perovskite
top cell the low dark recombination current found for the
record single-junction cell has not been achieved in perovskite
cells with the higher and lower bandgaps that are required for
the tandem geometry. This difference can be seen from the
difference of the gray points (single-junction derived efficiency
limit) to the green points in Figure 2. For the highest bandgap
perovskites (pure bromide), the V¢ loss comes primarily from
interfacial recombination, particularly at the electron-selective
contact.'® In state-of-the-art mixed halide systems, the loss is
roughly split evenly between nonradiative recombination at
bulk and interfacial (contact) traps, with halide segregation
playing a minor role.'”'® For the lowest bandgap materials
(Pb—Sn perovskites), there has not been a thorough study of
the remaining Vqc losses. The optoelectronic quality is already
at the same level as the pure lead iodide perovskites, suggesting
that interfacial recombination may be the biggest remaining
loss mechanism."’ Additionally, in general, selective contacts
and buffer and passivation layers used for record single-
junction cells are not always compatible with the multijunction
design.

While the studies toward record efficiency continuously
inspire novel developments in PV materials, the choice of the
most suitable PV material will be influenced by its practical
application. Solar panels placed in hot regions on earth are best
made of materials that have a very low temperature coeflicient
of efficiency. Large-scale implementation of PV in solar fields
will require bifacial solar panels™ that are optimized for the
highest power harvesting integrated over the day. For
integration of PV in building materials, proven long-term
stability is a key parameter. For all materials, circular materials
processing and low use of scarce and toxic materials are critical
for large-scale implementation.

which cannot be fully translated to a tandem
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Ultimately, the record efficiency in the lab needs to be
translated into a high module efficiency to be of commercial
relevance. Here the established technologies have a clear
advantage. The best Si and CdTe modules perform only 3%
(abs.) below the lab record efficiency, while that difference is
about 4% (abs.) for GaAs. For perovskite and organic solar
cells that difference is larger. The best organic modules are
currently below 12% efficiency, almost 6% (abs.) below their
lab cell record, and perovskite modules at 18% are performing
7% (abs.) worse than the lab record. Also, the record modules
fabricated from the emerging technologies are smaller (organic,
204 cm?; perovskite, 802 cm?®) than the modules made from
established technologies (e.g., Si with 13177 cm?).*" Clearly,
much is to be gained from progress in processing, scaling up,
and module fabrication.

The field of solar cell materials development is at an exciting,
dynamic stage. Silicon PV dominates the market, and cell and
module efficiencies continue to improve. New materials enable
multijunction solar cells (based on Si or other materials
combinations) with further improved efficiency that may find
their way to very large-scale power generation in solar fields.
Other materials with new functionality, such as low weight,
mechanical flexibility, and colored appearance, enable a wide
range of new applications in building- and landscape-integrated
PV.

B METHODS

Calculation of Josq and Jye, The limiting values for Jysq
according to the SQ model were calculated using the Shockley
diode equation for a solar cell under illumination, assuming an

ideal diode:
. 1]

At V = Vi, the ] = 0 and we can write

_ 1]'1

with the SQ-values for Jsc and Vo known for each bandgap,
with which the corresponding SQ—J, values can be obtained.
The experimental ], ., value for each solar cell was obtained in
the same way, using the corresponding experimental V¢ and
Jsc values under standard test conditions (AM1.5G spectrum,
1000 W/m?, 25 °C). Note that this is a first-order analysis that
does not take into account many factors, including series and
shunt losses.

The bandgap was determined using the external quantum
efficiency (EQE) curves for the record cells. The low-energy
tail of the EQE was fitted on a log-scale as a function of energy.
Linear functions were fitted to the tail, with a variation of
different limits for the data range. The fitted line that
minimized the residuals was chosen as best fit. The energy
value for which this fitted line reaches the max-EQE value
yields the bandgap. Quite consistently, the value where the
EQE reaches approximately 50% corresponds to this bandgap.
We note that the absolute value of the bandgap depends on the
choice of fitting method,” but that the comparison between
materials (and hence bandgaps) with the same fitting method
yields very similar relative differences.

Calculation of 2T-Tandem SQ Efficiencies. The 2T-tandem
SQ_limits are calculated based on an extension of the single-

qV
kyT

J=Jsc — Jo(exp

9Voc
kyT

]0 = ]SC(EXP
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junction detailed-balance calculation.”® For each subcell, Jsc,
Voo and IV-curves (for FF) are computed. The tandem-Jy is
obtained by using the current-matching condition, taking the
smallest subcell J5c as tandem-J5c. The tandem-V is taken as
the sum of the subcells’ V5 values. The tandem IV-curve
(which then yields the tandem-FF) is calculated by applying
the current-matching condition to every point across the IV-
curves of the two subcells. Starting at ] = 0, for each ] value up
t0 JsCtandems COrresponding voltage pairs of the subcells’ IV-
curves can be found, and their sum gives the tandem’s V-value
for that specific current J. From these SQ-tandem values,
together with the experimental values from ref 24, the SQ-
fractions are obtained. A similar analysis was performed to
calculate the tandem efficiencies based on the values of
individual record subcells.
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