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ABSTRACT: We demonstrate a monolithic perovskite/CIGS tandem solar cell with a
certified power conversion efficiency (PCE) of 24.2%. The tandem solar cell still exhibits
photocurrent mismatch between the subcells; thus optical simulations are used to
determine the optimal device stack. Results reveal a high optical potential with the
optimized device reaching a short-circuit current density of 19.9 mA cm™* and 32% PCE
based on semiempirical material properties. To evaluate its energy yield, we first
determine the CIGS temperature coefficient, which is at —0.38% K™ ' notably higher o
than the one from the perovskite subcell (—0.22% K '), favoring perovskite in the field ¢
operation at elevated cell temperatures. Both single-junction cells, however, are
significantly outperformed by the combined tandem device. The enhancement in energy
output is more than 50% in the case of CIGS single-junction device. The results
demonstrate the high potential of perovskite/CIGS tandem solar cells, for which we
describe optical guidelines toward 30% PCE.

EXPERIMENT 24.2%

P erovskite-based tandem solar cells are a promising monolayers."" The latter approach has resulted in the record

photovoltaic technology to enter the market at low cost device to date with the PCE of 23.2%. This record PCE is,

due to their higher power conversion efficiency (PCE) however, still well below 29.8% PCE of the record perovskite/
potential.”* The realistic candidates for the bottom cell are Si tandem solar cell,’ with all the PV parameters of the
silicon (Si), CIGS (copper indium gallium selenide), and low perovskite/CIGS tandem being below those of the perovskite/
bandgap perovskite subcells,” with the perovskite/Si combina- Si device,'” although the bandgaps of Si and CIGS are very
tion being currently the most investigated and developed, close to each other and the theoretical limit of PCE almost the
achieving a PCE above 29%.”* Nevertheless, perovskite/ CIGS same. To improve the short-circuit current density (Jsc) of the
tandems have some advantages compared to their silicon-based perovskite/CIGS tandem devices, optical optimization using
counterparts despite currently lower PCEs being reported. simulations can be performed, similar to those established for

They can be produced on flexible substrates’ and, as all thin
film technologies, show significantly lower carbon footprint per
kWh produced, thus being an efficient, flexible, sustainable, and
lightweight solutlon Combined with the radiation hardness of under standard testing conditions (STC).

both subcells,”” perovskite/CIGS tandems could be a high In this paper, we present a monolithic perovskite/CIGS

energy yield solution for space applications. On the basis of tandem device with a certified record PCE of 24.2%. Using
these advantages, perovskite/CIGS devices have a future in a

large variety of terrestrial and space applications.

Compared to the numerous publications on perovskite/Si
tandem solar cells, there have only been a few papers on
perovskite/CIGS solar cells,”’~"" most likely due to lower
PCE, smaller market share of CIGS, and challenging Received: February 4, 2022
integration of the perovskite subcell on top of a (nano)rough Accepted: March 2, 2022
CIGS cell surface. The number of papers has recently Published: March 9, 2022
increased following the possibility of depositing a thin hole
transport layer directly on the rough surface, either by atomic
layer deposition (ALD)'’ or by utilizing self-assembled

perovskite/Si devices.'">™'® Derived from optical simulations,
one can also estimate the energy yield,">*° which includes the
operation under realistic outdoor conditions and not only

optoelectrical measurements, we determine that the device is
not optically optimized and thus turn to optical simulations.
On the basis of realistic, fabrication-relevant parameters, we

© 2022 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsenergylett.2c00274

W ACS PUbl ications 1298 ACS Energy Lett. 2022, 7, 1298—1307



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Jos%CC%8Ct"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eike+Ko%CC%88hnen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amran+Al-Ashouri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Bertram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S%CC%8Cpela+Toms%CC%8Cic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artiom+Magomedov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ernestas+Kasparavicius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ernestas+Kasparavicius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Kodalle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Lipovs%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vytautas+Getautis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rutger+Schlatmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+A.+Kaufmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+A.+Kaufmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steve+Albrecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Topic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.2c00274&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/7/4?ref=pdf
https://pubs.acs.org/toc/aelccp/7/4?ref=pdf
https://pubs.acs.org/toc/aelccp/7/4?ref=pdf
https://pubs.acs.org/toc/aelccp/7/4?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

numerically optimize the device stack and show that the
perovskite/CIGS tandem solar cells have the potential to reach
a PCE of 32%. Finally, we incorporate the measured
temperature- and light intensity-dependent current density—
voltage (J—V) parameters of perovskite and CIGS single-
junction solar cells into our temperature-dependent energy
yield model for tandem solar cells to fully evaluate the
potential of perovskite/CIGS tandem solar cells and the
improvement from single-junction to tandem devices.

The fabricated monolithic perovskite/CIGS tandem solar
cell consists of a p—i—n top cell that is deposited directly on a
CIGS bottom cell. The active CIGS layer with a bandgap of
1.1 eV was coevaporated on a molybdenum coated glass
substrate. A rubidium fluoride postdeposition treatment was
used to improve the absorber quality.”’ The device was
finished with a CdS layer to form the p—n junction and
intrinsic and aluminum-doped ZnO as window layers. The
ZnO:Al also functions as a recombination layer in the tandem
device. The so-prepared bottom cell has a root-mean-square
surface roughness (ogyg) of 64.0 nm (Figure S1), and it was
used without any planarization before further top cell
preparation. To fabricate a highly eflicient perovskite top
cell, we have adopted the procedure that was used to fabricate
the 29.15% perovskite/Si tandem solar cell.’ The hole
transport layer was Me-4PACz that forms a monolayer upon
deposition on oxide layers.” Due to the rough surface of our
CIGS bottom cell, the dip-coating technique was used for
monolayer deposition to ensure full coverage. A wide 1.68 eV
bandgap perovskite with a precursor composition of
Cso.05(MAg23FAg 77)Pby 1(Ig77Brg;),”** and PEAI (phenethy-
lammonium iodide) additive’”** was spin-casted next,
followed by evaporation of 1 nm LiF*~*" and 20 nm Cg,
This combination has proved to have the highest potential in
our perovskite single-junction devices and was therefore also
utilized in the tandem device (Figure S2). 20 nm of SnO, was
then deposited as an electron selective contact and buffer layer
using ALD. The device was finalized by sputtering 95 nm of
IZO (indium zinc oxide) as transparent conductive oxide
(TCO) and evaporating 110 nm of LiF as an antireflective
coating. The final active area of 1.05 cm® was defined by a
silver frame, which also served as a front contact. The cross-
section scanning electron microscope (SEM) micrograph of
the device is shown in Figure 1, where all the layers are labeled.
The (nano)rough surface of the CIGS absorber is clearly

Perovskite

Figure 1. Schematic of a monolithic perovskite/CIGS tandem solar
cell with all the layers, superimposed on a cross-sectional SEM
image.
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visible; however, this roughness is only partially transferred to
the top surface of the perovskite, leading to a smoother
surface.”**’

The fabricated device was sent to CalLab at Fraunhofer ISE
for independent certification. The device exhibited excellent
performance with a stabilized maximum power point (MPP)
PCEypp of 24.2%, 1% higher than the previous record value."'
The certified current—voltage (I-V) curve is shown in Figure
2a. The main improvement lies in an increased open-circuit
voltage (Voc) of 1.77 V due to the higher perovskite bandgap
of 1.68 eV, Me-4PACz HTL, PEAI additive, and LiF interlayer.
The main downside is a relatively poor fill factor (FF) of 71.2%
(as seen in Figure 2a) and also short-circuit current density
(Jsc) of only 18.8 mA cm™?, resulting in the final PCEy, of
23.7%. This is slightly lower than PCEypp; we postulate that
during MPP tracking the FF improves due to smaller charge
accumulation compared to the open-circuit condition imposed
during I—V scanning. At the moment it is unclear whether the
relatively poor shunt resistance stems from the top or bottom
device or even both. Finding the cause for and improving the
shunt resistance of the tandem could yield a further 10%
relative increase of the PCE and is planned for further
investigations. This improvement would result in a PCE of
26.6%, reducing the difference between record perovskite/Si
and perovskite/CIGS to ~3% absolute, which is approximately
the difference between the PCE of the silicon and CIGS
bottom cells used in record devices (this work and ref 30).

The Jsc and optical performance of the fabricated device are
analyzed in more detail using external quantum efliciency
(EQE) and reflection (R) measurements (Figure 2b). The low
reflection loss of only 2.2 mA cm™2 is on par with best front-
side polished perovskite/Si tandem solar cells’ and only
slightly worse than for the double-side textured tandem
device.”” The reason lies in the rough surface of the CIGS
absorber, which results in excellent antireflection properties
and enables high optical potential of perovskite/CIGS devices
with little parasitic absorption in the device as revealed by the
EQE measurements. The EQE, however, shows a slight
photocurrent mismatch between the top and bottom cell,
with the tandem device being top cell limited, leaving some
room for further improvement. To do this, one could reduce
the bandgap of the perovskite or, better yet, increase the
thickness of the top absorber layer. As the whole device stack
including other layers besides the perovskite has not been fully
optically optimized yet, we turn to optical simulations.

For optical simulations we used a transfer matrix/ray tracing
algorithm, implemented in the software CROWM, "> and
simulated annealing algorithm for global optimization. The
device stack in simulations is the same as in the experiment
described above, and we used the algorithm to determine the
optimal thicknesses of several layers. We have successfully used
the same procedure for optimization of perovskite/Si tandem
devices before,'” where we have learned that the layer
thickness of the top contact (IZO, SnO,, and Cg,) always
trend toward the lower boundary conditions due to high
absorption in these layers. Since our initial optical simulation
results on perovskite/CIGS tandem solar cells resulted in the
same trends, we fixed these layers to the minimum thickness
still needed for a well-functioning tandem (80, 10,>” and 10
nm *7**) and omitted them from the optimization process to
save computational time. The layers left for thickness
optimization were therefore LiF (as antireflection coating),
perovskite, ZnO:Al, i-ZnO, and CdS, where for the perovskite
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Figure 2. (a) Certified IV characteristics of the fabricated perovskite/CIGS solar cell. Certification was performed at CalLab Fraunhofer
ISE. The certified values are PCEypp = 24.2%, Jsc = 18.8 mA cm ™2, Vo = 1.77 V, and FF = 71.2%. The active area was 1.04 cm”. (b) EQE
and 1-R spectra for the fabricated tandem. Photogenerated current densities, obtained from integration of the EQE spectra with AM1.5G

spectrum, are also stated. The perovskite bandgap is 1.68 eV, while CIGS has a bandgap of 1.1 eV, determined at the inflection point from
the EQE spectra.

Table 1. Simulated Optimal Layer Thicknesses and the Corresponding Performance Metrics of a Perovskite/CIGS Tandem

Solar Cell for Different Perovskite Bandgaps®

nonencapsulated encaps

layer min thickness max thickness E; = 1.65 eV E, = 1.68 eV E, =170 eV E; =172 eV E; = 1.69 eV selected
LiF 80 140 108 108 103 101 105
perovskite 400 1000 605 738 998 999 999 1000
ZnO:Al 30 80 30 33 35 68 32 32
i-ZnO 10 100 89 94 94 62 90 90
Cds NU 140 91 90 88 119 89 90

nonencapsulated encaps
E, = 1.65 eV E; = 1.68 eV E; =170 eV E, =172 eV E, = 1.69 eV

Pero Jsc sy (mA cm™) 19.92 19.93 19.92 19.33 18.8

CIGS Jsc siv (mA em™) 19.92 19.92 19.93 19.92 18.8

Jsc s (mA cm™) 19.9 19.9 19.9 19.3 18.8

FF (%) 80 80 80 80 80

Voe (V) 1.96 1.99 201 2.03 2.00

PCE (%) 312

31.6

32.0 313 30.0

“In the first column the layers that were optimized are stated. Experimentally relevant minimum and maximum layer thicknesses that were used as
boundary conditions in the optimization algorithm are in the second and the third columns. Thickness values of other layers, namely IZO, SnO,,
Cso and CIGS remain fixed at 80, 10, 10, and 2500 nm, respectively. Other columns show optimal thicknesses of the layer optimized for the
corresponding different perovskite bandgap, with the penultimate column showing thicknesses of the encapsulated stack. The last column shows

the selected thicknesses that were later used for further optimization. All thickness values are in nm. All n and k spectra used in the optical

simulations are shown in Figure SS.

layer we investigated different thicknesses and bandgaps.
Despite the tunable bandgap of CIGS, we decided to fix the
bandgap at 1.1 €V and the thickness at 2500 nm. Besides the
fact that our best experimental devices are fabricated with that
bandgap, 1.1 eV is also already close to the optimal bandgap
for the bottom cell in the tandem. The results of the optical
optimization are stated in Table 1 for different bandgaps of
perovskite (which were obtained by blue shifting the complex
refractive index (n and k) spectra®® as has experimentally been
justified in refs 35 and 36), together with lower and upper
thickness boundaries. The boundaries were chosen within the

practical limits;*>”*® for example the thickest considered
perovskite was 1000 nm, also to keep in line with our previous
results on perovskite/Si tandem solar cells."> Such thickness

1300

has been shown to still work efficiently, while optically no real
gain is expected from a thicker layer.’”*

To obtain reliable results and check reproducibility, we have
run the optimization procedure several times. Interestingly, not
all the thicknesses have converged to the same value. There are
several local maxima for different thicknesses of the optimized
layers, yielding almost the same Jsc in both subcells. While for
LiF and ZnO:Al the optimal thicknesses are 10S + S nm and
35 + S nm, respectively, the values for CdS and i-ZnO vary a
lot, more than +20 nm between different optimization runs.
However, on a closer look, the sum of both thicknesses always
trends toward 180 + 5 nm due to very similar refractive indices
of the two materials (1.98 for CdS and 2.05 for i-ZnO at a
wavelength of 600 nm). We are therefore able to gain a very

high Jsc for several combinations of CdS and i-ZnO

https://doi.org/10.1021/acsenergylett.2c00274
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thicknesses with a sum of around 180 nm and can choose the
thickness combination based on material consumption,
deposition times, complexity, and electrical properties. Since
inside the device only vertical and not lateral charge transport
is important, no electrical losses are expected from thicker CdS
and i-ZnO layers.

Some parallels with perovskite/Si tandems can be drawn.
The thicknesses of all the layers that absorb light (IZO, Cq,
ZnO:Al) have to be minimized as much as possible. The
optimal thickness of LiF seems to be just above 100 nm, while
both technologies also benefit from a thicker layer below the
recombination layer. In perovskite/Si tandems this is
nc:SiOx:H(n) with a refractive index of 2.75 at a wavelength
of 600 nm, for which the optimal thickness of 90 nm was
determined.*"** In perovskite/CIGS tandems, this is the
combination of CdS and i-ZnO, with a combined thickness of
around 180 nm and refractive index of 2.

Finally, simulations show that with an optically optimized
structure very high Jgc values of 19.9 mA cm™? are possible for
various perovskite bandgaps by only tuning the thickness of the
perovskite layer, while all the other layers retain the same
thickness. This facilitates a significantly more streamlined
fabrication of high efficiency perovskite/CIGS, since no
constant optimization of other layers is needed. Figure 3

1.0

0.8 1

0.6 4

A 1-R

| Perovskite
| = CIGS
0.4 1 e 1-R
[
] Non-encapsulated
0.2+ | =Encapsulated
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Figure 3. Absorptance and 1-R of an optimized perovskite/CIGS
tandem solar cell obtained from optical simulations. The solid
lines stand for the nonencapsulated, laboratory devices, and
dashed lines represent encapsulated devices as would be used in
the PV modules. Perovskite spectrum is blue, CIGS is red, and 1-R
is black.

shows the spectrally resolved absorptance of perovskite and
CIGS subcells (solid lines) obtained from optical simulations.
Good utilization of the solar spectrum is observed in the
optically optimized perovskite/CIGS tandem, confirmed by
the very high photocurrent in both subcells of 19.9 mA cm™>.
The sum of both photocurrents is 39.8 mA cm™?, only slightly
below the value for a front-side flat perovskite/Si tandem solar
cell of 40 mA cm™2 and only 0.8 mA cm™ less than in double-
side textured perovskite/Si tandems."> Consequently, adding a
perovskite top cell should reduce the difference in performance
between silicon and CIGS (bottom) cells. As already
mentioned, this excellent optical performance, despite no
pyramidal texture as in the case of perovskite/Si tandems, is
enabled by the natural roughness of the CIGS absorber.
Interestingly, the above nonoptimized fabricated tandem solar
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cell reached a combined photocurrent of 39.0 mA cm™2, which
is only 0.8 mA cm™* below the optimal value. Thus, for the
tandem current, we would gain only 0.4 mA cm ™ by changing
the layers other than the perovskite.

Once the bandgap exceeds 1.70 eV, the current matching
cannot be reached anymore with the perovskite thickness of
1000 nm as not enough photons are absorbed in the high-
bandgap perovskite. The current mismatch causes losses in
PCE, which can be estimated based on the perovskite bandgap.
To calculate the PCE, the Jo- is obtained from the above
simulations, while for FF we chose a fixed value of 80% for all
bandgaps. We believe this is a realistic practical value, even
though the FF of the record CIGS single-junction device (Eg =
1.08 eV) is only 80.4%," since the perovskite subcell can
achieve a higher FF and also the FF of the tandem is in the
ideal case higher than that of their single-junction subcells. The
Voc of the tandem device was determined by the following eq
L

38
Voc = Voc,cigse + Voc,pero = 730 mV — nkyT IH(E]
E,(Pero)
+ ——— — 400 mV
q (1)

Here we assume that the standalone V- of the bottom CIGS
cell is 730 mV under 1 sun, 100 mW cm™2 irradiance, which
was then reduced using the solar cell diode equation due to the
absorption of shorter wavelengths in the perovskite top cell.
Voc of the perovskite solar cell was determined from its
bandgap and an estimated bandgap to V¢ deficit of 400 mV,
which should realistically be achievable.*”** The results are
shown in the bottom part of Table 1. On the basis of these
assumptions, the PCE of the perovskite/CIGS tandem solar
cell peaks at 32.0% for a perovskite bandgap of 1.70 eV. In this
case, the PCE of the perovskite top cell is 20.7%, while the
PCE of the CIGS bottom cell under partial spectral
illumination is 11.3%. For higher perovskite bandgaps, we
can no longer achieve the current matching condition between
the top and bottom cell as not enough light is absorbed in the
top cell, while for lower perovskite bandgaps we lose V¢ in
the top cell. Here, the bandgap was determined from the
inflection point of the EQE to fit with the photoluminescence
(PL) peak.*® In our previous analysis of perovskite/Si
tandems,'® we determined the bandgap from the crossing of
the absorption slope in the EQE with the wavelength axis. The
difference in the bandgap value between the two procedures is
around 35 meV, which is then also translated to the V¢ and
PCE calculations. This reveals an important observation. The
optimal bandgaps for perovskite/CIGS and double-side
textured perovskite/Si tandem solar cells are the same, while
the maximum PCEs determined by the same procedure are
32.0 and 33.1%, respectively.

The path from the achieved 24.2% toward the ultimately
anticipated 32% requires improvement of both subcells. The
CIGS bottom cell used here has a V¢ of 0.642 V (see the
section below), while the record CIGS single-junction device
has V¢ of 0.734 V. This immediately introduces almost 100
mV Vi loss to our tandem device compared to the proposed
32% tandem device. The bandgap of perovskite absorber has to
increase to 1.7 eV, at which the perovskite subcell should
generate Vo of 1.3 V. Currently our perovskite top cell has a
Voc of only 1.15 V, thus a 150 mV lower Vc. Improving the
perovskite processing steps and potentially CIGS bottom cell

https://doi.org/10.1021/acsenergylett.2c00274
ACS Energy Lett. 2022, 7, 1298—-1307


https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00274?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

a)
—25°c
f=—140 °C|
40 ——55°C
—70°C
85 °C|
& 304 *Te.
€ o e
G ..
< T .
E 20 gﬂ s .
> &l Knp=-038%K" %
104 ° ®
20 30 40 50 60 70 80 90
Temperature [°C]
0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
VV]
c)
40.0
= Voctodse
o Jscto Ve
3984 .
~— ) '- - -8
N 8-
'E -8
S 39.64 §
< Kin_ssc = -0.0077% K-
8 39.4 4
<
39.24
39.0 T T T T T T
20 30 40 50 60 70 80 90

Temperature [°C]

b)
0.70
- -1
0654 Ky voo= 0.275% K Tl
¢ ® 4 L
4 ] ]
_ 0.60 . L v TTL
bl [ . ° s ¢ LI Ll
© 0.55 ] s s ¥
>O L] [ . ]
1 ] | ]
0.50 . 25°C
° = 40°C
0.454 = 55°C
= 70°C
85°C
0.40 . . T
10 20 30 40 50 60 80 100120
Light intensity [%]
d)
80
m 25°C
= 40°C
m 55°C
78 [ ] 70:C
e'sc. 88 & 3 s 5 4 .
[ ] L ]
=769 ¢ ! : ' e .
I " e 28 0 ® 0 5 4 5,
L N .
L 741e
L s 8 ® 8 s g g ' .
724"
70 . . . : . :
20 40 60 80 100 120

Light intensity [%]

Figure 4. (a) J—V characteristics at 100 mW cm ™ intensity and different temperatures in the range from 25 to 85 °C for the CIGS device
under test. Inset shows calculated ky, p from these measurements. (b) Vo dependence on light intensity and temperature for the tested
CIGS device. (c) Jsc dependence on temperature at 100 mW cm ™ irradiance. (d) FF dependence on light intensity and temperature for the

tested CIGS device. All J-V curves are shown in Figure S6.

robustness should help increase the shunt resistance. While
Me-4PACz significantly improves the performance, the yield is
lower due to poorer wetting. Additionally, we often see
submillimeter dots on our bottom cells, indicating CIGS
delamination. Eliminating these two causes would increase the
fill factor from 71% to the expected 78—80%. Finally,
improving the Jsc is the topic of this contribution. We show
that optimized optics should yield an extra 1 mA cm ™ in the
Jsc at STC.

The above results demonstrate the high PCE potential of
perovskite/CIGS tandem solar cells and should serve as a
guideline on how to achieve it under STC. However, for field
operation some modifications in the form of the encapsulation
have to be made to the design. At the same time, due to
different climate conditions, it is more informative to focus on
the energy yield with the environmental effects than on STC
performance. Therefore, in the following we calculate the
energy yield including temperature for perovskite/CIGS
tandem and perovskite and CIGS single-junction devices
with encapsulation to add further relevance to the results.

The yearly energy yield of PV devices and their performance
are strongly influenced by irradiance and operating temper-
ature. In our previous publication, we have experimentally
investigated the performance of perovskite single-junction solar
cells under different temperature and light intensity con-
ditions."” This allowed us to extract perovskite PV parameters
needed for energy yield modeling. In this paper, we repeat this
systematic approach also on CIGS single-junction devices to
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obtain the parameters of the bottom cell. The analysis below is
therefore based on realistic data: the previously obtained data
for the perovskite and the newly measured data for the CIGS
subcell. By use of experimentally measured I—V data of the
subcells with temperature- and light intensity-dependent
effects fully included, our energy yield model will allow direct
performance comparison between the tandem and the two
corresponding single-junction technologies.

The CIGS single-junction device used here is the same as
the bottom cell in the tandem device, with the only difference
being the metal Ni/AI/Ni grid on top of a slightly thicker
transparent conductive oxide (TCO), enabling current
collection. The PCE of the single-junction CIGS device
under STC was 19.7%. For temperature and light intensity
testing, we perform I—V measurements at different temper-
atures (25—8S °C) and under different light intensities (10—
120 mW cm™2, 10—120% light intensity). In Figure 4a, we
show the effect of temperature on the J—V curve at constant
irradiation (100 mW cm™). The results point to a drop in
voltage as the main reason for PCE decrease with temperature,
in accordance with the detailed balance limit, while the Jic
seems mostly unaffected. From these curves, we have extracted
the power temperature coefficient of the investigated CIGS
device. The PCE values at different temperatures and the
corresponding slopes are presented in the inset of Figure 4a.
The obtained value for the power temperature coeflicient is
kg, p =y = —0.38% K! for CIGS and fits with other reports
from literature and module producers.””~* It is notably higher
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than the —0.17% K™' that was previously obtained for
perovskite single-junction devices,'” with perovskite’s higher
bandgap acting beneficially in this case.

In Figure 4b—d we analyze the J—V data into more detail.
The graph in part b shows Vi versus light intensity for
different temperatures. From the data at 100 mW cm™
(100%) light intensity a voltage temperature coefficient of
kg, voc = B = —0.275% K ' is extracted, while for all the tested
temperatures the V¢ drops logarithmically with light intensity.
From the slope ideality factor n = 1.3 was extracted. Figure 4c
shows the evolution of Jsc with temperature, with Jsc of CIGS
largely unaffected by temperature. However, the CIGS suffers
from a strong FF decrease with temperature, further increasing
the ky, p of CIGS. We postulate that the higher FF drop of
CIGS could be due to changed material properties, such as
conductivity and energy misalignment.

To protect them from environmental effects, solar cells in
modules are normally encapsulated with a 3.2 mm thick glass
and 500 pm thick encapsulation foil. Due to these additional
layers, antireflective coating in the form of LiF is not needed
anymore and the optics of the device change. We first check
how the encapsulation affects the performance of the
encapsulated device, where all the layers are the same as
analyzed above except for the absence of the LiF layer. The
optimal results for the encapsulated perovskite/CIGS tandem
device are also stated in Table 1, while in Figure 3 reflectance
and absorptance of both subcells are shown. The generated
photocurrent of the encapsulated device is about 1 mA cm™
lower due to increased reflection at the front glass and
increased absorption in glass and encapsulation foil in the UV
region. This absorption also influences the current distribution
as the optimal bandgap is reduced by 10 meV to 1.69 eV.
Importantly, neither the bandgap nor the optimal thicknesses
of the layers change significantly; thus the STC optimized
structure of the device can be translated to a real world
encapsulated device with little change.

The encapsulation for CIGS single-junction devices for the
comparative yield calculation is the same as for the tandems.
For the perovskite single-junction devices, however, the
encapsulation would come from the back side due to its
fabrication in a superstrate configuration. Therefore, we have
only replaced the laboratory 1.1 mm thick glass on the front
side with a 3.2 mm thick glass in simulations. For all the
considered device configurations, back-side encapsulation was
omitted. The estimated PCEs under STC of so-encapsulated
devices that were used in simulations were 18.4, 17.9, and
26.2% for perovskite and CIGS single-junction and perovskite/
CIGS tandem solar cell, respectively. The drop of the single-
junction CIGS PCE (measured 19.7% vs 17.9% here) is due to
added encapsulation. The difference between the above
simulated 30% and 26.2% for the encapsulated perovskite/
CIGS tandem used here is that for energy yield calculations we
used data based on our experimentally measured single-
junction device with a much higher bandgap to Vi loss
compared to what we assumed in the optimal case above (see
eq 1). Note that for the energy yield modeling of the single-
junction perovskite device the original data based on a 1.63 eV
perovskite'” were used, since this bandgap is more suited for
single-junction devices. For the perovskite in the tandem, the
optimal 1.69 eV bandgap was considered (see Figure S7 for
J—V curves used in tandem energy yield modeling and Figure
S4 for additional ky, p measurements). These PCEs are not
record PCEs for the respective technologies (except for the
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tandem); however, they are based on our fabricated devices
and represent realistic state-of-the-art solar cell (or module)
PCEs, thus enabling fair comparison and adding relevance to
the results.

The difference between perovskite and CIGS single-junction
PCE is a result of the encapsulation. Looking at the J—V
parameters of the nonencapsulated devices that were used for
modeling, CIGS has a higher PCE than perovskite at STC
(19.7% vs 18.5%). However, CIGS is far more affected by the
encapsulation due to its substrate configuration. While
encapsulation changes very little for the superstrate-built
perovskite device, additional encapsulation glass and foil
change the optics of CIGS by increasing reflection and
parasitic absorption in the UV region, reducing the Jgc.

The above temperature- and light intensity-dependent data
and optical simulations were then used in the energy yield
model. The model is based on the previously published models
for perovskite/Si tandems without temperature dependence’”
and perovskite single-junction solar cells with temperature
dependence.'” Here, we combine the two models to calculate
the energy yield including the changes due to the temperature
of the perovskite/CIGS tandem, and perovskite and CIGS
single-junction solar cells. The model therefore includes
geographical location, spectrally resolved irradiance, air
temperature, measured I-V data, and optimized absorption
spectra of both subcells. Assuming that all the solar cells of the
same technology would perform the same and no additional
fabrication changes would have to be performed to connect
cells in series, the results can be extended to the respective
modules. Additionally, no degradation rates have been
included, which would play a role in the long-term energy
yield; CIGS is a technology with a proven outdoor track
record, while for perovskite there is very little data, if any,
available. The results below, however, indicate a very high
potential for perovskite and perovskite/CIGS tandem tech-
nology.

Figure 5 and Table 2 show energy yield results of the three
analyzed technologies for Phoenix, Arizona, where hot climate
should show the biggest difference. Indeed, the difference
between the energy produced by perovskite and CIGS is
almost 14% in favor of perovskite. Partially, this is due to the
slightly higher PCE of the perovskite, while the most
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Figure 5. Energy yield of perovkite/CIGS, CIGS, and perovskite
technologies. Encapsulated devices were considered. Bars on the
left show the case where hourly temperatures (daily profiles) were
considered, while the bars on the right show results where the
temperature was fixed to 25 °C.
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Table 2. Energy Yield of of Perovkite/CIGS, CIGS and Perovskite Technologies”

PCE (STC) [%] EY [kWh m™2] PCEg [%] tandem vs S] EY 25 (T = 25°C) [kWh m™>] PCEyy (T =25°C) [%] EY:EY 25
perovskite/CIGS 26.2 544.95 22.5 583.99 24.1 —6.7%
CIGS 17.9 356.86 14.7 +52.7% 395.33 16.3 —9.7%
perovskite 18.4 405.93 16.7 +34.2% 430.15 17.7 —5.6%

“Values stated are PCE under STC conditions (AM1.5 and T = 25 °C) and energy yields, first with real daily temperature profiles and second with
fixed temperature T = 25 °C. For the latter cases PCE was also calculated. Since the spectral data were only given up to 1800 nm, the incident
power was increased by 8.7%, which in the full AM1.5 spectra corresponds to the part above 1800 nm. While this ratio might not be true for spectra
other than AML.S, we believe that it is accurate enough to enable a better comparison of PCE values. The last column shows the drop in energy
yield when daily temperature profiles are included instead of fixed temperature.

significant difference is due to the blue rich spectra favoring
perovskite and higher kg, » of CIGS. By fixing the temperature
to 25 °C, we remove the temperature effect. In this case, the
perovskite still outperforms the CIGS by ~9%. For Phoenix,
including the temperature reduces the energy yield by 5.6%
and 9.7% for perovskite and CIGS, respectively (Figure S,
Table 2). For a colder climate, this difference would be slightly
lower; however, perovskite would still outperform CIGS.
Importantly however, the perovskite/CIGS tandem signifi-
cantly outperforms both subcell standalone technologies by
more than 30% and 50% in the cases of perovskite and CIGS,
respectively. Adding a perovskite top cell to the CIGS is
therefore an effective and viable way to improve the
performance of single-junction thin film technologies. The
drop due to the temperature is 6.7% and lies somewhere
between the drops for perovskite and CIGS. This drop might
in the field be reduced due to a lower operational temperature
of the perovskite/CIGS tandem compared to single-junctions;
however, reliable data on this temperature benefit are not yet
available.

In this Letter, we report on the highest-efficiency monolithic
perovskite/CIGS tandem solar cell to date. The fabricated
device was certified by an independent institution at 24.2%
power conversion efficiency (PCE). The record PCE was
enabled by simultaneous integration of the Me-4PACz
monolayer as HTM, increased bandgap of 1.68 eV with
PEAI dopant and LiF passivation interlayer. The EQE
measurements have shown a 1 mA cm™ current density
mismatch, leaving some further room for improvement. We
therefore used optical simulations in combination with
simulated annealing to optically optimize the device stack.
On the basis of realistic boundary conditions for thicknesses
and open-circuit voltage and FF assumptions, we determine
that a PCE of 32% could realistically be achieved, with a very
high short-circuit current density (Jsc) of 19.9 mA cm™2
almost matching the Jsc of an optimized perovskite/Si tandem
solar cell. The optimized layer stack should serve as a guideline
for further improvements in the PCE of this technology.
Importantly, we also show that the optimized stack does not
change with the encapsulation except for a 10 meV perovskite
bandgap drop. Therefore, the same stack can be used to
achieve the best laboratory devices and encapsulated modules.

Finally, we show the temperature-dependent and light
intensity-dependent I—V measurements of the fabricated
CIGS single-junction device. Together with the same data
for perovskite single-junction device and optically optimized
stack, they were used to evaluate the energy potential of this
tandem technology compared to their single-junction counter-
parts. The energy yield results are therefore based on
measurements of devices that are used as subcells in
perovskite/CIGS tandem solar cells. The simulations revealed
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that in the tandem around 7% energy is lost due to the
increased temperature during solar cell field operation,
compared with 9.7% and 5.6% for CIGS and perovskite
single-junction devices. Nevertheless, the tandem device
significantly outperforms the CIGS and perovskite single-
junction devices by 52.7 and 34.2%, respectively, for the case of
Phoenix. The results presented in this Letter show the high
potential of perovskite/CIGS tandem solar cells and show the
way to its realization.
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