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Bandgap Pairing in Three-Terminal Tandem Solar Cells:
From Limiting Efficiency to Voltage-Matched Device

Performance

Philipp Wagner,* Philipp Tockhorn, Lea Zimmermann, Eike Kohnen, Silvia Mariotti,
Florian Scheler, Marlene Hdirtel, Steve Albrecht, and Lars Korte*

1. Introduction

Three-terminal tandem solar cells (3 T TSCs) have recently sparked increasing

interest as they feature a lean monolithic device architecture similar to two-
terminal TSCs and, like four-terminal TSCs, do not require current matching for
optimal operation. In this contribution, detailed balance limit calculations for
different combinations of top and bottom cell bandgaps are conducted to
determine the optimum bandgap pairing and limiting efficiency of 3T TSCs. An
experimental realization of a 3T TSC with perovskite and silicon sub-cells and a
combined efficiency of 28.9% is presented and used to derive a realistic
parameterization for non-radiative recombination. Herein, the optimum bandgap
pairing and resulting maximum efficiency under voltage-matched conditions for
voltage-matching ratios of 1:2 and 2:3, which is relevant for stringing and module
integration of 3T TSCs, are further determined. To this end, non-radiative
recombination is incorporated in the model and quantified by matching theo-
retical open-circuit voltages and those of real-world high-efficiency solar cells
based on different absorber materials (and thus bandgaps), including the

perovskite top cell of the best in-house 3T TSC.
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The concept of detailed balance was
introduced by Shockley and Queisser in
1961 to establish a thermodynamic effi-
ciency limit of solar cells with a single-
bandgap absorber. It is based upon the
assumption that absorption and emission
of radiation must be equal, with solar cell
and sun each being ideal blackbodies at
temperatures of 300 and 6000 K, respec-
tively. For such a device, the optimal
bandgap lies at 1.1eV, and the maximum
attainable power conversion efficiency
(PCE) is slightly above 30% if only radiative
recombination is allowed. This concept was
later extended by discussing the effects of
non-radiative recombination,”™ concen-
trated incident irradiation,”*! and multiple
absorbers.l*”! The principle of detailed bal-
ance was further used to derive fundamen-
tal correlations of photovoltaic parameters
other than PCE; among others, how electroluminescence relates
to external quantum efficiency (EQE), and how this aspect can be
used to connect the performance of real-world solar cells with the-
oretical detailed balance calculations.>® Tabulated values for a
wide range of single-absorber bandgaps are reported by Riihle.!
Limitations of the detailed balance limit and a comparison to
other theoretical efficiency limits are reported by Markvart.
In this article, we investigate the detailed balance limit of
three-terminal tandem solar cells (3T TSCs), which have recently
gained scientific interest,®2% and for which a record PCE above
29% (certified at 29.56% in two-terminal operation) was pre-
sented.”*! For a comprehensive overview of the different types
and loading topologies of 3T TSCs, see Warren et al.'”) An over-
view of the two types of 3T TSCs that are considered in this
article is given in Figure 1. Specifically, we want to answer
two questions. First, what is the optimum bandgap pairing for
3T TSCs with series (s-type) and antiparallel or reverse (r-type)
connected sub-cells in the radiative limit? To our knowledge, this
aspect has yet only been investigated for specific combinations of
absorber materials (e.g., perovskite on silicon*® or group III/V
semiconductors on silicon®®”)) but not in a bandgap-agnostic
fashion as it has been shown for two-terminal (2T) and four-
terminal (4T) TSCs.”?#3% Note that Steiner et al. reported on
a theoretical efficiency limit specifically for 3T TSCs based on
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Figure 1. Simplified device schematic and equivalent circuit of a,b) an s-type 3T TSC and c,d) an r-type 3T TSC as they are considered in this article.
T, R, and Z denote the three electrodes of a 3T TSC with interdigitated back-contact (IBC) bottom cell in accordance with ref. [17]. For s-type 3T TSCs, the
common R mode is used as loading topology (i.e., electrode R is shared between the two sub-cells), while for r-type 3T TSCs, the common Z mode is used.
The respective other mode for each device is shown as dotted grey lines. Dashed black lines separate top and bottom cell. Blue layers represent n-type and
red layers p-type materials. Absorber materials, layers configuration, and loading topologies were chosen in accordance with earlier 3T TSCs fabricated

within our group.?’! Other materials, layer configurations, and loading topologies are conceivable.

I11/V absorber materials for a variety of bandgap combinations of
top and bottom cells,?*! but they used an empirical approach
under concentrated illumination after ref. [34] instead of a rigor-
ous detailed balance calculation and by using the AM 1.5 g stan-
dard spectrum.®”!

The second question is as follows: what is the optimum
bandgap pairing for 3T TSCs under the additional constraint
of voltage matching? This is a necessary requirement for forming
effectively working strings in a 3T solar module.””***”) To this
end, we investigate the two most promising voltage-matching
ratios (VMRs) of 1:2 and 2:3, meaning the voltage at maximum
power point (MPP, Vypp) of one (two) top cell(s) is equal to Vypp
of two (three) bottom cells. To obtain realistic values for Vyypp as a
function of the absorber bandgap, we additionally need to con-
sider non-radiative recombination. This is done by introducing a
factor, f,, as the fraction of radiative-to-total recombination as was
already proposed in ref. [1]. We then use data of record and high-
efficiency solar cells based on different absorber materials to esti-
mate a meaningful value range for f. (details are given later) and
use these as input for adapted detailed balance calculations that
include non-radiative recombination.

2. Methodology

This section gives an overview of the applied procedure to extract
limiting efficiencies of 3T TSCs following the principles of
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detailed balance. If not stated otherwise, we followed the proce-
dures presented in refs. [1,4,5,7]. The full set of used equations
can be found in the Supporting Information. Here, we focus only
on equations relevant to the subsequent discussion, or those
where we want to point out conditions specific to our calculations.
The radiative recombination parameter or saturation current
density (jo,raa) of the top cell (indexed as “top”) is defined by

0

jO,rad,top =q- / H(E) - ¢gp 300k (E)dE (1)

—00

where g represents the elementary charge, ¢pp 300k represents
the photon flux spectrum of an ideal blackbody at 300K (i.e.,
the radiation that an ideal solar cell would emit at operation tem-
perature under standard test conditions®), and H(E) represents
the Heaviside step function (see Supporting Information).

For the bottom cell (indexed as “bottom”), jo 1a4 is defined in a
similar fashion by

Joradbottom = 4 * / II(E) - ¢pp 300k (E)AE (2)

but by using the rectangular function, II(E) (see Supporting
Information). The magnitude of jj ;aq is influenced by whether
radiation is emitted by both surfaces of a sub-cell (as originally
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proposed by Shockley and Queisser!")) or just by the front side
(e.g., if the rear side is fully covered by an ideal reflective surface
such as a metal contact). This aspect was considered by introduc-
ing a geometrical factor, f,, which can be 1 or 2 accordingly.!*
Equation (1) and (2) inherently assume f, to be 2 (for an equiva-
lent alternative definition that explicitly includes f;
see e.g., ref. [4].) In the context of this work, we chose f, to be
2 and 1 for top and bottom cell, respectively, as the top cell in
a 3 T TSC must be semitransparent (and can thus emit radiation
from both surfaces) while the bottom cell features a full-area rear-
side metallization. This assumption is valid because 1) bifaciality
was not considered, and 2) even in interdigitated back-contact
(IBC) configuration, the metallized fraction should account for
close to 100% of the total rear side area since the metallization
gap between minority and majority charge-carrier contacts is
usually only a few microns wide. With knowledge of jo .4, One
can calculate full dark current density—voltage (J-V) characteris-
tics of each sub-cell. In combination with the short-circuit
current density, ji. (see Supporting Information), all essential
solar cell performance parameters can be extracted (see
Supporting Information for details).

After having defined the performance of each sub-cell, the
MPP of the whole device must be defined. Contrary to 2T or
4T TSCs, voltage and current density at MPP depend on the type
of 3T TSC while the overall power output (P) does not: ideally, P
is identical for different 3T configurations (r-type or s-type) and
loading topologies (i.e., which of the electrodes is shared between
both sub-cells).l'”*! In other words, the same power output can
be obtained for different devices by adjusting the voltages at
which they are biased. So far, however, this aspect was shown
only for distinct combinations of absorber materials®" but
was not presented in an absorber-material or bandgap-agnostic
fashion. To this end, we investigated the performance of two
common types of 3T TSCs that featured either reverse (r-type)
or series (s-type) connected sub-cells and shared the IBC bottom
cell’s electron (hole) contact if its top electrode is a hole (electron)
contact (see Figure 1). Although not explicitly investigated, the
same results should hold true for 3T TSCs with middle contact
as they constitute only a different device architecture and not a
fundamentally different operation principle.

For r-type devices in common Z mode, it has been reported
that the open-circuit voltage (Vo) of each sub-cell is affected by
the operating condition of the other sub-cell. More specifically,
the V. of one sub-cell decreases when more current is extracted
through the other sub—cell. This effect was related to a voltage
drop across the bottom cell’s shared resistance components
(Rs,bottom,shared) and vanished for Rs,bottom,shared = OQcmZ-[16]
Since there are no explicit resistive losses in detailed balance
limit calculations (as were conducted here), both sub-cells in
r-type 3T TSCs can be assumed to operate independently of each
other, and their power output at MPP (Pypp) can be described by
Equation (3)—(5) with Vypp and jypp being voltage and current
density at MPP.

Pypprz = Prpptop = VMPP top *JMPPop 3)
PMPP,R,Z = PMPP,bottom = VMPP,bottom 'jMPP,bottom (4)
Pyipp,r-type = Pmpp,top + PMPP,bottom (5)
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In turn, for s-type devices in common R mode, the electrical
circuits of both sub-cells are strongly interdependent, and the
device performance cannot be described by single |-V scans
of individual sub-cells. Instead, it is best to conceive these types
of 3T TSCs as comprising a power-generating sub-circuit (where
the voltages across both sub-cells added up, defined by Pypp 1 r)
and a current compensating or regulating sub-circuit (where
the difference in current densities at MPP is extracted through
or injected into the third terminal, defined by Pypprz)-
Thus, the power output of s—type 3T TSCs is described by
Equation (6)—(8). For a more detailed description of the electrical
behavior of s—type 3T TSCs, see ref. [25].

Pypp R = (VMpptop T VMPP bottom) * IMPPtop ()
PMPP,R,Z = VMPP,bottom : (jMPP,bottom _jMPP,top) (7)
Pripps—iype = PumppT,R + PmpPRZ (8)

Mathematically, Equation (5) and (8) are equivalent (see also
Supporting Information), and therefore, the power output of
r-type and s-type 3T TSCs is identical. This is also true for loading
topologies other than the ones considered here (see Supporting
Information). In the following, we will primarily focus on s-type
devices as this allows us to use our in-house record s-type 3T TSC
as a benchmark.

3. Results and Discussion
3.1. Radiative Efficiency Limit of 3T TSCs

Figure 2a shows the limiting efficiency as a function of sub-cell
bandgaps (Eg) for s-type 3T TSCs, calculated as described in the
previous section and under the assumption of only radiative
recombination. A simplified electrical equivalent circuit of the
considered device is depicted as an inset. Results of r-type devices
can be found in Figure S2, Supporting Information. For top and
bottom cell absorbers, bandgap regions between 1.2-2.3 and
0.9-1.5 eV are considered, and 10 meV is chosen as step size.
As a first expected result, the distribution for both r-type and
s-type 3T TSCs is identical, which confirms the equivalency of
power output reported for specific cases”?! as a universal fea-
ture of 3T TSCs. This is also true for all other investigated cases
presented throughout this article, which is why we will only show
the results of s-type devices in the following. Second, the distri-
bution of maximum efficiency (and with it the optimum bandgap
pairing) differs quite substantially for 3T and 2T TSCs (compare
to ref. [31]). In 3T TSCs, not choosing the optimum bandgap
combination is more forgiving compared to 2T TSCs as the win-
dow for achieving very high efficiencies is generally wider around
the optimum. In fact, the distribution shown in Figure 2a is iden-
tical to that reported for 4T TSCs (compare to ref. [31]) because
current matching is not necessary in both 3T and 4T TSCs. This
makes 3T TSCs as flexible as 4T TSCs in terms of absorber mate-
rial choice. A maximum PCE of 45.6% is achieved for a bandgap
pairing of 1.73 eV for the top cell and 0.94 eV for the bottom cell.
For some popular absorber material combinations for TSCs,
EG tops EG pottom, and combined PCE are listed in Table 1 together
with suggested further literature in which they have been used.

© 2024 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) Limiting efficiency as a function of top and bottom cell bandgap of an ideal s-type 3T TSC. A simplified electrical equivalent circuit model is
depicted as an inset (see also Figure 1b). b) Measured efficiency map of our current in-house record s-type 3T TSC with perovskite top and IBC silicon
heterojunction (SHJ) bottom cell. The MPP is marked with a black star and a maximum PCE of 28.9% is obtained. c) Schematic (not to scale) of the used

layer stack (further details are given in Supporting Information).

Table 1. Optimal bandgaps and detailed balance efficiencies of 3T TSCs
calculated by the method presented earlier for a selection of popular
absorber material choices in tandem solar cells. The following
abbreviations are used: CIGS (copper indium gallium (di)selenide) and
GalnP (gallium indium phosphide).

Absorber combination EG top EG,bottom PCE Further literature on
[eV] [eV] [%] absorber combination
Perovskite-silicon 1.82 1.12 44.83 [38,79]
Perovskite-CIGS 1.81 1.059 44.5 [80,81]
All-perovskite 1.92 1.22% 431 [68,69]
GalnP-silicon 1.80 112 44.8 [11,12]

?Bandgap assumed in accordance with ref. [49]. ®Bandgap assumed in accordance
with ref. [69].

For the case of perovskite-on-silicon 3T TSCs, we present our
Dbest s-type device with a combined PCE of 28.9%. This experimen-
tal realization is used (among other record efficiency devices) to
derive a realistic parameterization for the inclusion of non-radiative
recombination into our model (see next section). Figure 2b shows
the efficiency map and Figure 2c a schematic of the employed layer
stack of this device. Details on its fabrication can be found in the
Supporting Information. The characterization procedure to extract
the efficiency map is described in detail in ref. [25]. The same
perovskite top cell stack has also recently been used in a high-
efficiency 2T TSCP® with hole-collecting contact as described in
ref. [39]. More details on the fabrication of the IBC bottom cell
can be found in ref. [40] as well as in Supporting Information.

3.2. Efficiency Limit of 3T TSCs for Voltage-Matched Strings

Another important aspect that was highlighted in recent
literature is the necessity of voltage-matching sub-cells to form
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strings in a 3T solar module.?”3%37] Here, the condition

m X Vpp,top = 1 X VPP bottom MUst be met, with m and n being
the amount of top and bottom cells, respectively, connected in
series. The two most promising VMRs, m:n, for potential
industrial applications that are discussed in literature are 1:2
and 2:3.2%%7) Other VMRs are conceivable but will result in
higher end-of-string losses.’”) It has further been argued that
r-type 3T TSCs might be more attractive for industrial applica-
tions because of potentially lower interconnection complexity.*”)

This implies that the absorber materials in 3T TSCs might
have to be chosen more carefully than the initial detailed balance
calculations suggest. To find the optimum bandgap pairing for
3T TSCs under voltage-matching constraints while simulta-
neously achieving a high PCE, assumptions about non-radiative
recombination must be made to obtain realistic device voltages.
Vocs and Viypyps under radiative limit conditions are too high for
this purpose and might give misleading results.

As j, varies with bandgap and the magnitude of non-radiative
recombination, Shockley and Queisser introduced a factor, f,
that represents the ratio of radiative recombination to total
recombination; see Equation (9).* This factor is also referred
to as light-emitting diode (LED) quantum efficiency of a solar cell
in ref. [2], where it is shown that it can be linked directly to the
V. of real-world devices.

_ FCO
fe= Fo + R(0) )

Fo and R(0) represent the radiative and non-radiative recombi-
nation rate, respectively. In the radiative limit (see previous
section), f. is 1 per definition since there is no non-radiative
recombination under detailed balance conditions. With values
lower than 1, f. acts as a linear scaling factor for j, (see
Supporting Information). In a next step, we need to find a mean-
ingful value (or value range) for f.. In our case, we are mostly

© 2024 The Authors. Solar RRL published by Wiley-VCH GmbH
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interested in obtaining realistic voltage values, thus it would be
most beneficial to match Vypps of real and calculated devices.
However, most publications on record and high-efficiency devi-
ces do not include this parameter. We therefore choose V. as a
proxy and assume a similar absolute reduction of both quantities
for decreasing f.. Next, we calculate limiting efficiencies of single-
junction solar cells for fis of 0.1, 0.01, and 0.001 (solid lines in
Figure 3) and compare the resulting ratios of Vi/ Vi raa to those
of real record and high-efficiency devices for different categories
of typical absorber materials (symbols in Figure 3, details on spe-
cific devices are given in the figure caption and Supporting
Information). Absorber materials that would normally be used
as a top cell in tandem devices are marked with open symbols
and those used as bottom cell materials with closed symbols.
Half-open symbols (cadmium telluride, CdTe, and gallium arse-
nide, GaAs) represent materials that can likely be used as either
sub-cell. The sub-cells of our in-house record s-type 3T TSC are
represented with a blue and a grey star for perovskite top cell and
IBC SH]J bottom cell, respectively.

100 T T T T T T T T T T T T T
> _//’-—_g—f -
90 A this work

85

8

Voc/ Voc,rad [%]

80 g
i ’ c-Si
75 O WBG perovskiteH
Voc/voc,rad (fc =0.1) : ElBGGS perouskite
TOF | VoV (1, = 0.00) cdTe I
I — Vuc/voc,rad (fc = 0'001) |||/V
I n T I

65 | n I n s 1 n n
1.0 1.2 14 1.6 1.8 2.0 2.2

Bandgap [eV]

Figure 3. Calculated Vo/Vocrad ratios of single-junction solar cells as a
function of bandgap and f (solid lines), and V,,c/Vqc rad ratios of real-world
record and high-efficiency solar cells reported in literature (symbols). For
better comparability, f, is set to 1 for all devices in this graph. Device
parameters are taken from the National Renewable Energy Laboratory
(NREL) chart’®® or efficiency tables®® (including its earlier iterations)
as well as the following publications (in addition to the former): crystalline
silicon (c=Si),1**¢'=571 CI1GS,“ narrow-bandgap (NBG), and wide-bandgap
(WBG) perovskite,?>*8%874 indium phosphide (InP),”>) GaAs,”® and alu-
minum gallium arsenide (AlGaAs).”’l NBG and WBG perovskites are
defined in accordance with refs. [42,52], respectively. Where not explicitly
mentioned in the original publication, the bandgap is estimated from the
inflection point at the absorption edge of the EQE as described in ref. [78].
If the EQE is not included in the original publication, the one reported in
ref. [50] or one of its earlier iterations is used. For details as well as tabu-
lated data of the included devices we refer to Table S1, Supporting
Information. Open symbols represent typical top cell absorbers, closed
symbols bottom cell absorbers, and half-open symbols absorbers that
can be used as either top or bottom cell. The data point highlighted with
a blue star marks the perovskite top cell of our current in-house record 3T
TSC (see Figure 2b). A single-junction equivalent of the corresponding IBC
SH) bottom cell (marked with a grey star) has been presented in ref. [40].
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For most investigated technologies, choosing f. between 0.1
and 0.001 gives a good agreement between Vs of real and cal-
culated devices. However, there are some notable exceptions:
record devices with the III/V absorber materials GaAs and gal-
lium indium phosphide (GaInP) almost reach their respective
radiative V,. limit whereas CdTe and some wide-bandgap
(WBG) perovskites feature exceptionally low V,./Vocraq ratios.
For CdTe, relatively low Vs are a known issue that stem from
a high density of intrinsic defects in the absorber material, which
in turn result in low hole densities and minority charge-carrier
lifetimes.*!] For WBG perovskites, this is case-specific since very
high Vi/Vocraa ratios have also be achieved for absorbers with
bandgaps above 1.70 eV.1***3 With the exception of some WBG
absorbers, such as perovskites, where a larger V,, deficit is some-
times found in real devices, absorber materials with wider bandg-
aps are generally less affected by voltage losses due to a lower f;
(solid lines in Figure 3). In the dark, this is due to the exponen-
tially decreasing minority charge-carrier concentration in
absorbers with wider bandgaps. Additionally, non-radiative
recombination is reported to become less prominent in wider
bandgap absorbers.*Y Thus, in high-performance devices,
absorber materials that are typically considered for top cells seem
to agree more with an f; range of 0.1-0.01, and bottom cell mate-
rials with an f; range of 0.01-0.001. We therefore set f. 1o, to 0.1
and f. pottom t0 0.01 to get a realistic upper efficiency limit of 3T
TSCs (in terms of V) for voltage-matched strings. Other f; com-
binations have been simulated as well (see Figure S3, Supporting
Information), and general trends will be discussed in the next
section. Figure 4a shows the maximum efficiency versus top
and bottom cell absorber bandgap when the effects of non-
radiative recombination are taken into account. Possible bandgap
pairings for VMRs of 1:2 and 2:3 are marked with black and red
lines, respectively, and their shaded areas indicate 99% predic-
tion bands (for more details, see Figure S4, Supporting
Information). The bandgap pairing that yields the highest
efficiency in each case is marked with a star. A blue diamond
highlights the bandgap combination of our present in-house
record 3T TSC (Figure 2b). To achieve voltage matching with
a VMR of 1:2 for this specific device, a wider top cell bandgap
would be required, which additionally increases the theoretical
PCE potential by approximately 0.4%,ys.

Under the given assumptions, the optimum bandgap
pairing for a VMR of 1:2 is 1.79eV for the top cell and
1.12eV for the bottom cell with a maximum combined PCE
of 40.9%, which could be satisfied by a WBG perovskite or
(slightly bandgap-tuned*”)) GaInP on crystalline silicon or cop-
per indium gallium (di)selenide (CIGS). For a VMR of 2:3,
the results are 1.74eV (WBG perovskite or bandgap-tuned
GalnP) for the top cell, 1.34 eV (narrow-bandgap [NBG] perov-
skite, CIGS, or InP) for the bottom cell, and a maximum overall
PCE of 37.9%. This is different from the optimum in the radia-
tive limit for both the global optimum case and under voltage-
matching constraints (see previous section and Figure 4b).
It should be noted that here, no resistance-related losses are con-
sidered. In real devices, these losses need to be accounted for,
which could result in optimum bandgap pairings (and efficien-
cies) different from the ones reported here. The inclusion of
these losses (especially of series resistance, R;) would also
demand different definitions for J-V characteristics and
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Figure 4. Limiting efficiency as a function of top and bottom cell bandgap: a) considering non-radiative recombination (fc1op = 0.1, fc bottom = 0.01) of an
otherwise ideal s-type 3T TSC, b) in the radiative efficiency limit (f top = fcbottom = 1). Black (red) lines show potential bandgap pairings for a VMR of 1:2
(2:3) with 99% prediction bands as shaded areas. Stars mark the optimum combination with the highest attainable PCE under voltage-matching con-
straints in each case. The bandgap combination of our current in-house record 3T TSC (see Figure 2b) is marked with a blue diamond.

MPPs of r-type and s-type 3T TSCs since with a finite R;,
sub-cells/sub-circuits show a stronger interdependence than
without.'®! However, considering resistance-related losses is
beyond the scope of this article.

Other possible combinations for both VMRs that do not yield
the optimum bandgap pairing are tabulated in Tables S2 and S3,
Supporting Information, together with suggestions for possible
absorber materials. In general, the following absorber materials
could be used for distinct simulated bandgap regions. As for
most ternary III/V semiconductors, the bandgap of InGaAs
can continuously be tuned between that of InAs (0.36 eV) and
GaAs (1.42 eV) by changing the stoichiometry toward either of
its two components as shown in ref. [46, ch. 3], which makes
it a good choice for bottom cells with bandgaps below 1.00 eV.
Typically, a composition with a bandgap of 0.75eV is chosen
to avoid mechanical strain during epitaxial growth due to lattice
mismatch with InP substrates.[*” When using different compo-
sitions to tune the bandgap, additional lattice-grading layers must
be employed. The bandgap region between 1.00 and 1.70 eV can
be covered by CIGS in different compositions,**! with the high-
est single-junction PCEs having been achieved with absorbers
bandgaps below 1.10eV*>*” and the global maximum PCE
being predicted for about 1.50 eV.Y Tin or mixed tin-lead-based
NBG perovskites occupy the same bandgap region: their bandgap
can be tuned between 1.20 and 1.60 eV but is usually in the range
of 1.20-1.40 eV.’*>* Crystalline silicon (1.12 eV), InP (1.35 eV),
GaAs (1.42eV), and CdTe (1.50eV) also fall into this region.
Alloying CdTe with selenium can narrow the absorber bandgap
to 1.39 eVP®®! while using zinc as an alloying element can widen
the bandgap up to 2.44 eV (a device with up to 1.82 eV has been
experimentally demonstrated).**>® For bandgaps above 1.50 €V,
different compositions of lead-based WBG perovskites are a good
choice as they cover a wide range.*” AlGaAs (with a tunable
bandgap from 1.42 to 2.17 eV as reported in ref. [46, ch. 1]) is
another attractive top cell material.>”) With 1.80eV (tunable
between 1.65 and 1.82eV[*’)), GaInP features an almost opti-
mum bandgap for various potential bandgap pairings and is

Sol. RRL 2024, 8, 2300963 2300963 (6 of 10)

therefore used as top cell absorber in many III/V-on-silicon-
based 2T and 3T TSCg.['1713:1823,36,58,59]

3.3. Impact of Non-Radiative Recombination on Maximum
Efficiency and Optimum Bandgap Pairing

Lastly, we investigate general trends for the impact of different
combinations of f ., and fcporom (as described in the previous
section) on maximum attainable PCE (Figure 5a,b), either
globally (designated as PCE,,,,) or under voltage-matching con-
straints (PCEy1:2) and PCEyy2:3)), and on optimum bandgap
pairing for VMRs of 1:2 and 2:3 (Figure 5c,d). Results are shown
for fixed fip and varied fpowom (Figure 5a,c) and for fixed
Jebottom and varied fop (Figure 5b,d). A 3 x 3 matrix showing
efficiency maps as a function of sub-cell bandgaps, similar to
those presented in Figure 4, can be found in Figure S3,
Supporting Information, for all calculated f; combinations and
investigated voltage-matching cases. For an overview of realistic
values of f. attainable with specific absorber materials, see
Figure 3. For every given simulated top cell with a fixed f op,
PCEhav and PCEyy, for both VMRs decrease exponentially for
lower f:potom (i-€., for increasing non-radiative recombination)
(Figure 5a). The same holds true for fixed f potom and decreasing
Jerop but to a lesser extent (Figure 5b). The PCE of the 1:2 voltage-
matched case follows the development of the global optimum
PCE well for all investigated variations of both f:s. This means
that, for the 1:2 case, there is almost no power loss (at most
0.4%,1,s in PCE) in spite of additional voltage-matching con-
straints (see also Figure S5, Supporting Information, where
the PCE loss, defined as PCEyy—PCE,,., is depicted for both
VMRs as a function of f. o, and fc potom). This strongly implies
that the findings of energy yield calculations based on uncon-
strained tandem solar cells that predict an advantage in annual
energy yield for 3T TSCs over 2T TSCs!"'>*” are still valid under
voltage-matching conditions, at least when using a VMR of 1:2.
Furthermore, optimum bandgaps (Eg opt) for PCE sy of both top
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Figure 5. Impact of f. on a,b) maximum attainable PCE, and c,d) optimum bandgap pairing. Three cases are investigated: a global optimum without
voltage-matching constraints (solid black lines), a voltage-matching ratio of 1:2 (dashed red lines), and a voltage-matching ratio of 2:3 (dotted blue lines).
(a) and (c) show results for fixed f 1op and varying fc botom While (b) and (d) show results for fixed f: porom and varying f iop. In each case, f: is fixed to 0.1
(squares), 0.01 (circles), and 0.001 (triangles). In (c) and (d), a horizontal line separates top (open symbols) and bottom cell (closed symbols) bandgaps.
Tabulated data are included in Table S4, Supporting Information. Note the logarithmic scale of all abscissae. Graphs (a) and (b) as well as (c) and (d)

share legends regarding PCE and bandgap.

and bottom cell shift slightly toward higher values (compared
with the radiative limit) and plateau at about 1.81 and 1.12 €V,
respectively, when the rate of non-radiative recombination
increases (i.e., when both fs decrease) (Figure 5c,d). This is
to compensate for higher voltage losses associated with narrower
bandgaps at a lower f. as discussed in the previous section
(see Figure 3). In contrast to that, the optimum top cell bandgap
for a VMR of 1:2 shifts to lower values if the quality of the bottom
cell deteriorates (for a decreasing f: potom) and to higher values for
increased non-radiative recombination in the top cell (decreasing
Jerop) While the optimum bottom cell bandgap stays unchanged at
1.12 eV in either case (Figure 5c,d). For a VMR of 2:3, Eg i, fea-
tures a local maximum for f;porom = 0.01 when f o, is fixed
(Figure 5¢), or it increases for decreasing f;op When fCpoom is
fixed (Figure 5d). In contrast, Egpowom inicreases from 1.13 to
1.34 eV when f; porom decreases. More generally, there is a linear
dependence of the two bandgaps in 3T TSCs that allows for volt-
age matching (straight lines in Figure 4 and S3, Supporting
Information). These lines shift to wider bandgaps (for both top
and bottom cell absorber) for decreasing f.,p and f bottom (i-€.,
when the rate of non-radiative recombination increases), and

Sol. RRL 2024, 8, 2300963 2300963 (7 of 10)

the maximum attainable PCE in each case can be determined
from the corresponding PCE map. As can be seen in the graphs,
voltage losses due to higher recombination rates are compensated
by a higher voltage potential of a wider bandgap absorber.

4. Conclusions

3T TSCs show a remarkable PCE potential with a sub-cell
bandgap versus efficiency distribution identical to that of 4T
TSCs. In the radiative limit, a maximum PCE of 45.6% can
be achieved for a top cell with 1.73 eV and a bottom cell with
0.94 eV. Also, there is no difference in the efficiency distribution
of r-type and s-type 3T TSCs, which exemplifies the equivalency
in power output of different device types and loading topologies
reported for specific cases. So far, a maximum PCE of 29%
(certified at 29.56% in 2T configuration) has been reported in
literature.””! Here, we present a perovskite—silicon 3T TSC on
a comparably high efficiency level of 28.9%. To assess the opti-
mum bandgap pairing for 3T TSCs in voltage-matched strings,
which are necessary for module integration of 3T TSCs,
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non-radiative recombination is considered by employing a
radiative-to-total recombination factor, f;, and quantifying it with
the Vs of real-world record and high-efficiency single-junction
solar cells based on different absorber materials. When choosing
realistic values for f, we find the optimum bandgap pairing for
top and bottom cell and a VMR of 1:2 to be 1.79 and 1.12 eV,
respectively, with a maximum attainable PCE of 40.9%. For a
VMR of 2:3, these values are 1.74, 1.34 eV, and 37.9%, respec-
tively. The determined optimum bandgap pairings for such
sub-cells are well within the range of typical absorber materials.
In general, WBG perovskites and GalnP are ideal top cell candi-
dates while crystalline silicon, CIGS, NBG perovskites, and InP
are ideal bottom cell candidates for 3T TSCs in voltage-matched
strings with VMRs of 1:2 or 2:3. Under voltage-matched condi-
tions, optimum top and bottom cell bandgaps are always larger
than in the radiative limit. Compared to the global optimum
without voltage-matching constraints, we further find that for
a VMR of 1:2 only a small drop of at most 0.4%,, in attainable
PCE occurs, which especially holds true for top and bottom cells
with non-ideal properties. If a VMR of 2:3 is used, PCE losses can
be as high as 1.5%,ps—3.3%,1,s compared to the unconstrained
optimum case. From a bandgap engineering perspective, a 1:2
pairing should thus be favored over other possible VMRs for
3T stringing. In this case, the negligible PCE loss due to the
requirement of voltage matching entails that existing energy
yield calculations based on single three-terminal tandem solar
cells also hold true for voltage-matched strings with a VMR of
1:2. When choosing adequate bandgaps for both top and bottom
cell, voltage—matching constraints do not impose a major detri-
ment on 3T TSCs compared to other tandem technologies as
power loss can be kept at a very low level. The procedure pre-
sented here is easily adaptable to other specific cases by adjusting
the ratio of radiative-to-total recombination to match the absorber
materials under investigation. Lastly, the findings reported here
have further implications for energy yield models and generally
the comparison between 2T and 3T TCSs. For a fair comparison
of the two tandem architectures, the optimum bandgap pairing
for each technology should be used, instead of using a combina-
tion that is optimal only for 2T TSCs, in contrast to the approach
found so far in literature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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