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Organic-inorganic halide perovskite / crystalline
silicon four-terminal tandem solar cells
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DOk 101039/...... Tandem solar cells constructed from a crystalliiean (c-Si) bottom cell and a low-cost top

cell offer a promising path to ensure long-termcprieductions of photovoltaic modules. We
www.rsc.org/ present a four-terminal tandem consisting of a leéimmonium lead triiodide (Ci#NHsPbls)

top cell and a c-Si heterojunction bottom cell. TRBE;NH3Pbl; top cell exhibits broad-band
transparency owing to its design free of metallamponents and yields a transmittance of
>55% in the near-infrared spectral region. ThisowHB to generate a short-circuit current
density of 13.7 mA/ctin the bottom cell. The four-terminal tandem yieldn efficiency of
13.4 % (top cell: 6.2 %, bottom cell: 7.2 %), whigha gain of 1.8% with respect to the
reference single-junction GNH3Pbl; solar cell with metal back contact. We employ ther-
terminal tandem for a detailed investigation of thgtical losses and derive guidelines for
further efficiency improvements. Based on a powassl analysis, we estimate that tandem
efficiencies of ~28% are attainableith an optically optimized system based on currem
technology, whereas a fully optimized, ultimate idevwith matched current could lead up to
31.6%

Introduction simple and cost-effective device fabrication, andn cbe
he oh tai et has b domi d b deposited on glass and also on flexible matérfiaf$¢ and
The photovoltaics market has been dominated fordies: by prepared at temperatures <158°¢° Especially interesting for

c:}ystalhge S'“COE (c-Si) sltjlarf?e!ls, V_Vh'Ch ahc_cr:]mor a ma(l)rket the application in a Si-based tandem solar cethés reported
share about 90 A)Rec_enty, e |(_:|enc:|es as |g as 25.6_/0 were nd gap of methyl ammonium lead triiodide (GiH;PbL)
reported for wafer-sized devicésapproaching the single-

. o : J between ~1.50 eV and 1.57 e\*® CH;NH;Pbl; is so far the
| f~29 % f | II5.Add lly, th

Jun(itlor} "r:"tto ~|t29 /° ct’r”C't_S' solar Ice A : ma y: tt € perovskite material with the best efficiencies, ibkh a steep
costs 0 g ;]) 0\k/0 E:::;C installa |((j)ns S(;]ae mamoi‘ttme ;yshem absorption eddé and exceptionally low sub-gap absorption.
area, and the ey driver to reduce the price YISUS his renders CENH3Pbl; a promising candidate for the high-
the module efficiency (power per aréaonsequently, cell band gap top cell in a dual-junction tandem sokll with a
concepts enabling ultra-high efficiencies beyond tb-Si bottom cell made of a lower band-gap material sasitopper
single-junction limit with low-cost fabrication areeeded to

o o indium gallium selenide (CIGS) or c2&i
ensure long-term competitiveness of photovoltaicsth w

) | Th o q The tandem can either be designed as a mechanné® of
cqnveht|0ﬁa energy sources. e_most_ promising waprds independently connected cells (four-terminal) or as
this aim is to construct a dual-junction tandemasotell

- ; <ol I hnol bineigwe hiah monolithic device (two-terminal). In a four-termin@andem,
COI."IS-IStII"Ig of ¢-Si so a_r ce. technology com m_e Va nign- - ihe perovskite module, deposited on glass, cowdd aérve as
efficiency solar cell with higher band gap. Unticently, the

lack of itable high-effici ? with | module glass encapsulating the bottom cell. Sucfoua-
ackora suna} e g -_e |_C|_e.ncy top ce _corr_l;tndm wit OW_' terminal tandem would require only marginal chanteshe
cost processing was inhibiting the fabrication oftls c-Si-

based d his situati h dtichl c-Si bottom cell, and could thus facilitate sigcdintly the
ase tan_ ems. However, this S|tu§t|on _C ange_ ticady market entry for perovskite photovoltaics in thershernt,
recently with the rise of organometallic halide geskite solar

156 The monolithic tandem requires the adaptation ofi leells and
CE_" S- o o ) ) g their interconnection with a recombination junction
Since their first application as photovoltaic matef

) ) ) ] representing thus a more advanced device to bézedaln
perovskites have demonstrated their photovoltateng@l with longer term
confirmed solar cell efficiencies up to 17.9 % tatef They '
can be either solutiotf: ** or vacuum-processéd allowing for
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While the virtues of perovskite/c-Si tandem solatls have
been pointed out by several authdré>? the solutions that
have to be delivered to realize efficient systeragehnot yet
been addressed in detail.

In either four- or two-terminal case, the firsttioal step
towards a perovskite/c-Si tandem solar cell isrdadization of
a top cell with broad-band transparent electrodek excellent
infrared (IR) transparency.

Semi-transparent perovskite solar cells have beparted with
a thin (10 nm) Au layer as back electrdereaching
conversion efficiencies of 3 % to 7.5 % and showiag
transmittance of 20 % at 800 nm (Réf, supplementary
information). In another approach, thin layers afnainium-

doped zinc oxide (AZO) and Ag were combined to
AZO/(9 nm AQ)/AZO stack electrode, leading to pegkite

solar cell efficiencies of up to 7%, but the traittamce was not

reported in this stud$. For organic solar cells, semi-

transparent electrodes based on silver (Ag) namanv{iNW)

A A
<v d> <b<>d>
(@) ~g= (b) 7=

FTO

/c-TiO2
e (M-TIO,)/CH,NH,Pbl,
! Spiro-MeOTAD

N

Fig. 1: (a) Schematic of the perovskite solar cell architecture based on
preparing the perovskite absorber on a compact TiO, electrode, which is
deposited on FTO-coated glass. Gold (Au) or silver (Ag) are most commonly
a&mployed as hole collecting electrode. For the four-terminal tandem, the
metal hole collecting electrode has to be replaced by a broad-band
transparent material. (b) Also for a monolithic perovskite/c-Si tandem, to be
realized at a later stage, the transparent hole collecting electrode is a key
building block as it would enable to use the established top cell preparation
route also used in (a).

Metallization

Hole collecting
electrode

have been employe€d,but require yet an additional layer for

lateral transport to the Ag NW grid and ohmic cantaith low
resistivity 2°

Moreover, metal-based electrodes inherently sufi@m their
intrinsic absorption, especially in the infrar®dTherefore, for
high IR transparency, non-metallic electrodes hawe be
developed. For the application in a monolithic &md the
electrode should moreover be applicable to wafszesdevices

spiro-MeOTAD layer. Even though the sputter procéss
optimized for soft deposition, the current-volta@e) curves,
shown in Fig. 2, do not even show rectifying cheesstics.
Reference samples that received an evaporated écir@de
instead of the sputtered ITO on top of the spirocMAD
exhibited decent cell results. From this, we codeluhat the

(>100crf), compatible with industrial metallization schemedeteriorated junction characteristics in case oé thO

such as screen printing or copper plating.

In this article, we present an IR-transparent;®@H;Pbl; solar
cell featuring a transparent back contact free ddtatlic
components. We use this IR-transparengiHL5Pbl; solar cell
to realize a four-terminal perovskite/c-Si tandegwide. Finally
we perform a detailed opto-electrical analysis lod tandem
system and assess the efficiency potential of apéich
perovskite/c-Si tandem solar cells.

Broad-band transparent CH;NH;Pbl; solar cell

High-efficiency perovskite solar cells are commophepared
as a layer stack comprising a transparent condwabixide
electrode on glass, coated with either a pfénar a scaffold-

electrodes is likely related to damage caused by T sputter
deposition process, a phenomenon well-known tardetrtally
affect other solar cell technologies as well, idihg silicon
heterojunction solar celf€.

Recently, efficient hole-collectors for
heterojunctiof? and perovskite solar celfswere realized based
on thin layers of evaporated molybdenum oxide (MoQhe
MoO,-based hole collectors were proven to provide
remarkably high transparency without inducing sputtamage
in the active layers underneéth.

Inspired by these results, we tested here Ma@®ers as hole-
collecting buffer layer, capped with 100 nm ITO poovide
lateral conductivity to the metallization. With shidesign,
rectifying properties were obtained both in thekdand under

structured® charge (electron or hole) transport layer, tHiumination as shown by the IV curves in Fig. 2sulting in a

perovskite absorber layer, the second charge toangmole or
electron) layer, and a metal rear electrode. Lagtters the solar
cell through the glass substrate, such that thealmegar
electrode acts as a back reflector to boost phatect For the
four-terminal tandem presented in this article weploy the
preparation route presented by Burschka et al. usecaf its
high efficiencies of up to 15 98, but replace the Au back
contact by a dedicated transparent hole-collecgiertrode.
This cell structure, shown in Fig. 1(a), comprifiasrinated tin
oxide (FTO) as TCO on glass, which is coated bympact
TiO, (c-TiO,) and a mesoporous Ti@m-TIO,) layer. After a
2-step preparation of the perovskite layer, ',2,2-
tetrakis(N,N-di-p-methoxyphenylamine)-3$pirobifluorene
(spiro-MeOTAD) is spin-coated and serves as hadasport
material (HTM).

Importantly, the transparent rear electrode isomdy the first
necessary development for a four-terminal tandamatso the
missing building block for the integration in a nadithic
device, sketched in Fig. 1(b).

First, we prepared a transparent electrode mad&06fnm
indium tin oxide (ITO) by sputter deposition dirgcon the

2 | Phys. Chem. Chem. Phys., 2014, 00, 1-3
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Fig 2.: Current-voltage curves in dark and under illumination of perovskite
solar cells with ITO (dotted line), MoO,/ITO (line), and MoO,/Ag (dashed line)
back contact.
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conversion efficiency of 6.2% with an active ared Four-terminal CH;NH;Pbls/c-Si tandem solar cell
0.2773 crA. This result was achieved with a 30 nm MoO

buffer layer, yielding an open-circuit voltagéoe) of 821 mv, As in a tandem the c-Si bottom cell operates wibduced
a short-circuit current densityldy) of 14.5 mA/cm and a fill generated excess carrier density with respect &mdsid
factor EF) of 51.9 %. Fig. 2 also shows the IV curves of eonditions (0.1 Wcr irradiance), it has to be adequateiy
reference cell, which was co-processed with thér#iRsparent designed to convert the light transmitted throug top cell in
cell but received an evaporated Ag electrode instelaithe an optimal way. In brief, the bottom cell shouldfifutwo
sputtered ITO. This cell exhibits a decent perfaroea requirements: First, it should exhibit an excelltresponse to
(Jsc=18.51 mA/cm, Voc=938 mV, FF=67 %) with an utilize the transmitted light as well as possibfecondly, it
efficiency of 11.6 %. should feature well-passivated surfaces and catactnable a
Obviously, replacing the Ag back contact by ITOosgly high open-circuit voltage even at low excess camensities.
affects all cell parameters. The cell with Ag bacsntact The class of c-Si solar cells that fulfils these trequirements
exhibits a higher external quantum efficiency (B4, best are a-Si:H/c-Si heterojunction solar cellsabee of their
supporting information) over the full spectral rangspecially low parasitic absorption in the infrarédand excellent surface
at higher wavelengths (500 nm to 800 nm), demotisgyghe passivation also at low excess carrier derSity.
better light trapping due to the back reflectingperties of the Combining the top cell with transparent M@O electrode
Ag back contact. discussed above with an a-Si:H/c-Si heterojundbotiom cell,
The discrepancy iWoc between the two cells can most likelyve realized a first perovskite/c-Si tandem soldl, eatown in
be explained with the process-induced damage of i@ Fig. 3a. We evaluated the performance of this teuminal
sputter deposition -also known from a-Si:H/c-Siemejunction tandem with EQE measurements of the two subcetisthie top
solar cellé: being insufficiently shielded by the Mq@yer. cell and the top-cell-filtered bottom cell, and tiveasurements
To analyse the origin of the FF loss, we calculiie cells’ of the two cells at the illumination conditions the tandem
series resistances from their dark and light IWesraccording configuration.
to Dicker (Eq. 3 in Ref3¥). The cell with MoQ/Ag back The EQE of the four-terminal tandem is shown in. Big. The
contact has a series resistance oft¥s], and an associated FRop cell EQE peaks between 400 nm and 460 nm &b,78nd
loss of 11.4 %. However, the cell with transparstO,/ITO then decreases monotonically towards the;NOtPbl; band
back contact is affected by a series resistanc&908Q/sq, 9ap at ~800 nm. For comparison, we also plot in Blg the
resulting in a FF loss of 24.6.9% Interestingly, the two cells absorptanceA of a CHNHzPbl; layer, calculated with the
differ ony marginally in their series-resistancedr FF absorption coefficient reported ‘hin the single pass limit
(1.6 %9, indicating that the FF is not affected by theDIT (A=1-exp(u-d)) for a typical absorber thickness @#200 nm.
sputter process. The EQE decreases towards the band gap and itesiynio
While the perovskite cell with transparent M@dO back the single pass limit suggests that the degreiglof trapping in
contact does not reach the performance of higluieficy the top cell is low. Photons between 500 nm andrg88Qhat
devices yet, its efficiency is comparable to tHadther recently are not converted in the top cell contribute astgzartially to
presented results with semi-transparent electréfleS. In bottom cell current. The total tandem EQE is apjmnaxely
contrast to the latter, however, the cell preseiie features constant up to the GINH;Pbl; band gap. For photon energiec
transmission not only in the visible, but alsohie hear-infrared below the CHNH;Pbl; band gap (>800 nm), up to 58% of the
up to 1200 nm (discussed below), which makes tl@gicg photons that are incident on the tandem systentransmitted
suitable as top cell for a c-Si-based tandem. through the top cell and utilized by the c-Si bottoell.
Owing to the decenioc and FF values of the Mo@Ag The bottom cellJsc calculated from the EQE measurement ic
reference cell, we expect that the performance hef tR- 13.7 mA/cni. With this current, the bottom cell exhibits an
transparent cell can be boosted to the level dbsihthe-art open-circuit voltage of 689 mV and a fill factor ©8.7 %. The
perovskite devices by fine-tuning the ITO depositio IV curves of both subcells of the tandem are shawhig. 3c.

In a final tandem module, the two (top and bottesu)modules

will have different maximum power points, which neakan

vAg — 0
(a) < Q > —~100} — CH,NH,Pbl, Top Cell =] —— CH,NH,Pbl, Top Cell
P2 S 200 nm CH,NH,Pbl,, single pass limit 5] v, 821 mv
\ ~ &S Bottom Cell < 17145 mAlem’
3 = 5 || Freston
FTO c Z Ol s
Glass / o0, g (b ) ) % vuc:ecB ; :\?nom Cell ( C)
M-TiO,/CH;NH,Pbl, é 50 1 & e
) 2 T -10
< €
m o
o 5
Lu O I 1 h 1 O -15 L 1 L L L
400 600 800 1000 1200 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3: a) Schematic of the mechanically stacked four-terminal tandem. The system consists of a high-efficiency a-Si:H/c-Si heterojunction solar cell and a high-
efficiency CH3NH;Pbl; top cell with a metal-free MoO,/ITO transparent electrode. b) External quantum efficiency and c) current-voltage curves of the two individually
connected subcells in the four-terminal perovskite/Si tandem solar cell.
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individual connection of each submodule to a separeverter
necessary. The total four-terminal tandem efficyeiscthus the
sum of the individual subcell efficiencies. Thei@f#ncy sum
of the four-terminal tandem presented here is ¥3.4vhich is
1.8 %,,s higher than the efficiency of the reference pekdes

solar cell with MoGQ/Au back contact mentioned above. Table

1 summarizes the parameters of the four-terminadeam
system.

The total EQE of the tandem system is above 70% foﬂf

A<750 nm, but strongly drops for longer wavelengibghe top
cell does not contribute to photocurrent any mdve. remark
that without top cell, the bottom cell features BQE >90%
from 400 nm to 1000 nm, virtually utilizing all ptoms in this
spectral region. The low tandem EQE in the infratma also
in the visible, therefore hints at parasitic liglitering by the
perovskite top cell.

We remark that an efficiency gain of 1.8 %orelative to a
single-junction perovskite cell cannot justify tbest of adding
a c-Si bottom cell. From the perspective of c-Sotphioltaics,
the top cell is far from being sufficiently efficie and
transparent to boost the efficiency of state-ofdhtec-Si cells.
However, it has to be taken into account that the tell
efficiency is severely affected by at least two n#figant

100 T T T T
S -
< -
50- - Top "_ = \\\\§__,_
o —eer 0
i . XN\
- —-=-1-R™
Lu L. AP
O — 7
L
0 L L h L
400 600 800 1000 1200

Wavelength (nm)

Fig. 4: Transmittance, 1-reflectance and absorptance spectra of the top cell
and external quantum efficiency spectra of the top and bottom cells.

Excellent agreement can be seen between the top cer

transmittance and the EQE of the bottom cell ud@60 nm,

drawbacks: Firstly, thdsc, Voc andFF losses induced by theindicating that the bottom cell is efficiently caming the
MoO,/ITO transparent electrode, and secondly the p#rasincident photons to photocurrent. For wavelength®08 nm,

absorption in the top cell. As the IV charactecistprove that
the junction is well formed and rectifying, we expehat
further process and material optimization will likencrease
the top celNqc andFF towards state-of-the-art performance.
In the meantime, the four-terminal tandem presertiede
constitutes a valuable test platform for an experital power
loss analysis and enables us to assess the tanifieraney

potential.

The preliminary results presented in this artitles not only
point out the complexity of realizing efficient peskite/c-Si
tandem devices, but also which solutions have tdobed to
compete with and even surpass high-efficiency se&ir cells.

Table1: Cell parameters of the transparent and the referparovskite
solar cells, the SHJ bottom solar cell, and thaltieg tandem efficiency
(sum).

Cell Hole Contac Jsc Voc | FF | Efficiency
(mA/cm?) | (mV) | (%) (%)
Perovskite MoO,/Ag 18.5 938 | 67.¢ 11.6
Reference
Perovskite Top] Mo@ITO 14.5 821 | 51.9 6.2
SHJ Bottom 13.7 689| 76]7 7.2
Perovskite/SHJ| 13.4
Tandem

IV Current loss analysis

In the following, we present a detailed opto-elieair analysis
to quantify current and power losses and assessfflvgency
potential of optimized systems.

Fig. 4 depicts the transmittance{,) spectra of the perovskite
top solar cell as well as it4-Rr,, curve and absorptance
(Aro=1-RropTrop) spectrum. We also replot in Fig. 4 the EQEs

shown in Fig. 3b for comparison. The EQE and alisoge of
the top cell exhibit a similar spectral shape ia thsible, but

are offset by about 15% The difference between absorptance

and EQE can be attributed to parasitic absorptassds, i.e.
absorption processes not contributing to the
photocurrent.

4 | Phys. Chem. Chem. Phys., 2014, 00, 1-3

todl ce

the two curves begin to deviate as the bottom &&JIE
decreases near the c-Si band gap. Ideally, thecetipshould
transmit 100% of the incident photons below the;H;Pbl;
band gap. However, the data shown in Fig. 4 dematesthat
the realized top cell transmits ~55% of the ligletvieen 800
nm and 1200 nm, and absorbs between 25% and 35@teof
incident photons despite the excellent sub-badtgaysparency
of CHsNH3Pbl; itself'®.

Fig. 4 thus clearly demonstrates that the tanderfopeance is
limited by parasitic absorption in the top cellthe visible but
even more in the infrared spectral region. As;8HsPbl; itself
does not lead to undesired sub-band gap absorjtitme
encountered top cell absorption losses rather habe related
to the specific top cell architecture. To eluciddte origin of
the parasitic absorption, we plot the absorptance
incrementally built-up layer in Fig. 5. The layelacks were
prepared identically to the perovskite cells angereble the
structure, morphology and layer thicknesses of gbmvskite
cells. The FTO front electrode alone is highly saarent in the

100 T T T T
——FTO
— -+ ¢ TiO,
— — -"-- + m-TiO,/CH,NH,Pbl,
o\o 80 --"-- + spiro-MeOTAD
< -"-- + MoO,/ITO (finished top cell)
8 60 1
c
8
o
5 40 i
(2]
Qo
< 20+ /
) ) Free Carrier Absorption
400 600 800 1000 1200

Wavelength (nm)

Fig. 5: Absorptance spectra of incremental layer stacks.
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visible spectral range, but does exhibit pronounaksiorption factor. Consequently, the four-terminal tandem ieckure
in the infrared. Adding the compact TiQayer leaves the faces a trade-off between TCO electrical propeltes cell fill
absorptance almost unchanged. With the mesoscofaictor), and minimized FCA (bottom cell current).

TiO./perovskite compound layer, the absorptance isadyre To quantify the associated power losses, we seapattat
close to that of the finished cell in the visibknd slightly spectrally resolved current losses in the top frelh those in
increases in the infrared. The spiro-MeOTAD layed ghe the bottom cell according to the procedure outlinedthe
MoO,/ITO electrode do (in this device configuration)tnoappendix. Fig. 6 illustrates the current loss spedf each

influence the visible absorption considerably, both induce
increased infrared absorption. In summary, Fighéws that
absorption losses in the infrared are caused bytdpecell

subcell according to the loss mechanism (reflecfimm or
parasitic absorption in the top cell). Reflection the top cell
causes current losses of 1.64 mAfcrin the top, and

2.05 mA/cnt in the bottom cell. The most dominant curren:
loss is caused by parasitic absorption, which acitsodor

components FTO, spiro-MeOTAD and ITO. These layaes
highly doped, and the absorption can be attribudree
carrier absorption (FCA), which is proportional ttte charge 3.81 mA/cnf in the top, and 6.67 mA/chin the bottom cell. In
carrier density and the square of the waveleAgin. spiro- total, the current losses translate to efficierassks of 2.4 %
MeOTAD, the high doping is needed for efficient dolin the top, and 4.2 %in the bottom cell.

extraction®® 3° On the other hand, FTO and ITO have to

provide lateral conductivity over several millimedr and a V Efficiency Potential

reduced charge carrier density would compromise fihe

In this section, we consider different model pekitegc-Si
tandem systems, moving from the realized perovikie
tandem presented in this article towards more dpéth

—
§ 100 r— : : : 8 F"E systems. We start with the four-terminal tandenwshin Fig.

7;: ;Fo_[)-c:II reflic;ioT-induced AM1.5G NC 3, denominated Case 1 in Tab. 2. ASSUming tha.wte and

O TIImee J‘:Tj;es 17 ‘= FFrelated losses caused by the transparent ,NBO

E 80 Top cell parasitic absorption-induced 16 F"m elec_:tr_ode_ can be overcome by_ process and archigect!
o Top Cell J,; losses © optimization, we recalculate the efficiency witlatstof-the-art

S BQf —BetomCell ) logses 19 & junction parametersVpc and FF) taken from Ref. 10. To
8 4 =L account for theVoc illumination-dependence we recalculate
< 40 = Vo with the one-diode mod®l(see appendix) using an ideality
) 3 O factor of 1. This yields a tandem efficiency of 8% (Case 2).

8 2 5  As the next step to an ultimate, but still reatidimit of the

8 20 O  tandem efficiency we use record values for thedmottell Vo

8 ~~~~~~ 1 g and FF. Si solar cells are already close to their “techHi

® ol = r . o © limit, and published world-record devices are tfeme good

@ 400 600 800 1000 1200 E approximates of a realistic ultimate bottom celheTworld-

record c-Si solar cell is a back-contacted soldr featuring

a-Si:H/c-Si heterojunction conta&tsFor tandem applications,
however, the IR response rather thig under full spectrum
illumination is decisive. As the best reported IBrfprmance
was realized with a both-sides contacted SHJ devige

Wavelength (nm)

Fig. 6: Current loss spectra separated into top cell and bottom cell current

losses.

Table 2: Photovoltaic conversion efficiencies of perovskit€i tandem solar cells. Case 1 summarized thedstrator device discussed in section Ill.
Case 2 and 3 are theoretical efficiencies calcdilaiéh published recortfoc andFF values. For case 4, the current losses, calcufededthe device of
case 1, were added to the respective cells. Casgésponds to the ideal current matched tandecusigd in section |. Values that change with reégpec
the preceeding case are marked red. “Experimemitde experimental results presented in this paper.

R d Perfectly Ultimate , matched
ect.)r tqp Recc.)rd b?ttom transparent currents & optimized
Gl e cell junction top cell top cell
Casel Case2 Case3 Case4 Case5
Jsc 14.5 | Experiment 14.5 Experiment| 14.5 Exp. + JiosTto 20 Jsc matched | 21.73
a | Voc Experiment | 821 984.7 984.7 992.9 | Performance | 1050
2 FE 51.9 Record top =3 Record top 73 Record top 73 goal %0
n 6.2 10.4 10.4 14.5 18.25
Jsc 13.7 13.7 Experiment|  13.7| Exp. + Ji osspottom | 214 | Jsc matched | 21.73
E Voc Experiment | 689.2 | Experiment 689.2 Record 730.9 Record 739.0 Record 739.3
g FF 76.7 76.7 bottom 83.2 bottom 83.2 bottom 83.2
n 7.2 7.2 8.3 13.1 13.37
% n 13.4 17.6 18.7 27.4 31.62
|_

This journal is © The Royal Society of Chemistry 2014 Phys. Chem. Chem. Phys., 2014, 00, 1-3 | 5
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carefully designing the rear contdéive use the record values
for both-sides contacted SHJ cells,Voc=750 mV,
Js=39.5 mA/cni, and FF=83.2 % for an illumination of
0.1 W/cn?, as the ultimate bottom céfi.We account for the
Voc illumination dependence using the one-diode nf8deid
an ideality factor of 0.7,and obtain a tandem efficiency of
18.7 % (Case 3).
Even though this tandem cell is composed of retfyrdand FF
values for both subcells its efficiency still fakkhort behind
single-junction c-Si solar cells. This illustratesw severely the
current losses due to reflection and parasitic gutm affect
the tandem efficiency. Assuming that these opticates can
be overcome by appropriate optical design, inclgdamti-
reflective coatings and intermediate light reflestoouplers
between the perovskite and the c-Si cell, we aédldh losses
determined in Section IV to the respective celld eecalculate
their efficiencies. Such an optimized system, frafe any
parasitic absorption attains an efficiency of Zag§Case 4).
The efficiency improvement relative to Case 3 rissfilom a
Jsc gain of 5.45 mA/crhin the top cell and 7.73 mA/cnin the
bottom cell, corresponding to efficiency gains 004% and 10 20 30 40 30
4.85 %, respectively. Interestingly, the tandenCaée 4 is very Sheet resistance (Ohm/sq)
close to current matching conditions. As statedvabowve
consider a perovskite top cell withyc=1050 mV and FF=80 % Fig. 7: Four—teljminal tandem modules efficiency (color contours with w.hite
to be a realistic performance goal. In a currentcined tandem, IaPeIs) and weighted top cell .sub—band gap absorptance (black dashed lines
- with black labels) calculated with the cell parameters of Case 5 (Table 2) as a
repr.esented .by C.ase S5, an efﬂCIenCy. of 31.62% ovche function of the sheet resistance and the weighted figure of merit of the top
attainable with this tOp cell. Even with currentsses of cell TCOs. The module efficiency was calculated for an interconnection stripe
0.5 mA/cnf of each of the subcells, the tandem efficiencCywidth and transparency of 100 um and 50%, respectively, and optimized with
would still be >30%. respect to the cell stripe width. A maximum module efficiency >30% is
atttained at sheet resistances of 8-13 Q/sq with a FOM>3.5 sq/Q.

<FOM>

VI Large-area four-terminal modules
g Case 5 (Table 2), optimized with respect to thd s#ipe

The most straightforward way to realize perovskisi tandem width, as a function of the top cell TCO sheet s&sice and
modules is to mechanically stack a large-area pshitev figure of merit in Fig. 7 (color contours). To iitrate the effect
module with -and couple it optically to- c-Si soltalls. In this of the TCO optical properties more explicitly, wisaplot in
device architecture, both subcells can be fabritatBig. 7 the weighted top cell sub-band gap absogetdd)
independently, yielding thus great engineering ifitity for (black dashed equiabsorptance lines) according t¢1q
optimization. Interconnection would be done by tgsatterning For (FOM)<1 sqgf2, the top cell is increasingly transparent for
the top cell to a perovskite top module as sketdhelig. A1 higher sheet resistances and the tandem efficiamayeases.
(see appendix), and then wiring top and bottom rfesdu For higher FOM (>1.5sf)), the tandem efficiency first
Alternatively to laser patterning, the top cell bwalso be increases for increasing sheet resistanc®&¢p<15 Q/sq) as the
contacted with a metal grid, but this solutionikely to be too TCO becomes increasingly transparent, and theredses due
costly. In any case, however, lateral conductahceugh the to the resistive losses in the top cell. An effiig >30 % can
top cell TCOs over one cell stripe widiéh is needed, and canbe reached with a TCO which yields(lOM)>3.5 sqgf2 for a
cause resistive power losses depending on the TR&2ts sheet resistance range of 8Q3q.

resistance. As free carriers in the TCOs also cabserption The transparent top cell presented above yieldeffactive
and thus current losses in the bottom cell, thalttandem figure of merit of 0.07, calculatedfrom the sub-band gap
efficiency is a delicate balance between minimizedistive absorptance shown in Fig. 4 and its average sks#tance of
losses in the top module and minimized currentdessf the 52.5Q/sq (average of the employed FTO and ITO layers wit
bottom cell due to parasitic absorption in the wgll (see 15 Q/sq and 90Q/sq respectively). We remark that this value
appendix for details). The trade-off between absonpand is an effective value, which includebsorption of the entire top
sheet resistance of a TCO can be described byigneefof cell and is moreover affected by absorption enhmect due to
merit (FOM), defined here as the inverse of the product of theattering and multiple reflections.

effective top cell sheet resistankg, and its weighted sub-bandFinally, we evaluate the properties of TCOs optimifar solar cell

gap absorptancgl) (see appendix) applications. With ITO layers optimized for infrdreansmittancé?
1 a(FOM) of 0.97 can be attained when neglecting absorption

(FOM) = ——. (1) any other layers. Even higher transparency can dhéevzed
Rgy - (A) with hydrogen-doped tin oxide (10:#)or plasma-treated zinc

oxide (ZnOJ¥%. These materials provide weighted figure (f
merits of 2.41 and 2.97, respectively, and accgdm Fig. 7
would thus enable tandem module efficiencies oP/B@or a
wide range of TCO parameters.

We evaluate the tandem efficiency according toahalytical
model developed in the appendix (Eqg. 16) for a plioactive
interconnection width of 100 um, which is a typiealue for
state-of-the-art processing, assuming an averagespgarency
of the interconnection arear of 50%. We plot the four-
terminal tandem module efficiency with the cell sgpaeters of
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Conclusion

The results presented here illustrate that pertaefekBi tandem |n this article, we presented a four-terminal petdte/c-Si

solar cells have the potential to surpass the effitiency
record (25.6 %f¥,but they also point out the challenges that
associated with their realization.

In detail, the following development steps have he
accomplished to achieve tandem efficiencies of 30%:

a) Marginal sub-band gap absorption of the perovski
absorber material,

b) Top cell efficiency improved to the level of >18f&s
wafer-sized devices, b

c) Transparent top cell electrodes that do n?g
compromiseVgoc and FF (values in the range of
1000 mV and 80%, respectively),

d) Broad-band (500 nm-1200 nm) transparent top ¢

resulting in a total parasitic absorption losses

<1 mAcni?, and, for four-terminal tandems, yield

weighted figure of merit of >2.
For the CHNHsPbl; material, criterion a) is fulfilled®
Criterion b) is met when considering recent receatles on
small devices; ** but module efficiencies do not exceed ~5
so far?®
The transition from a top cell with >18 % efficign¢b) to a
18 % top cell with transparent electrodes (c) ciwelyt be
achieved by process and material optimization. &rband
transparency (c), however, is limited by the dedoghitecture,
as our results indicate that the standard architeatmployed
here induces parasitic absorption losses of 5.4cmA/and
7.7 mA/cnt, respectively, in the top and the bottom cell.
As the four-terminal device requires lateral conility, and
thus sufficient doping and thickness of the twoeintediate
TCOs (cf. Fig. 8), it is inherently affected by asitic
absorption. Moreover, upscaling requires micro grathg of
the top cell and interconnection to mini moduleartiHer
increasing optical losses. These losses can beyatétl by
monolithically interconnecting the two cells, relax the
requirements to lateral conductance and potentéiiyinating
completely the two intermediate TCOs (cf. Fig. 1b).
Importantly, the monolithic device also facilitatepscaling
because it requires lateral conductivity only ire ttopmost
electrode. Our results also illustrate the imparéanof
implementing highly transparent alternatives foe tbHoped
layers (FTO, ITO and spiro-MeOTAD), such
tetrathiafulvalene derivativ®10:H* or ZnO films*® The most
promising candidates for the bottom cell appearbt Si
heterojunction devices. Besides their excellent negecuit
voltages they feature a record-high infrared respbn
Moreover, as a bottom cell they are not affectedobpyical
losses in the blue, their most important drawbatkfudi-
spectrum illumination, and can thus easily be ojztau for the
spectrum and illumination intensity in a tandemadtidition, Si
heterojunction solar cells already feature

TCO) which is required for a monolithic intercontien of
bottom and top cells.

Finally, we remark that for optimum spectrum utlion, a
material with slightly higher top cell band gapq&V...1.8 eV)

and thus also higheroc would be beneficial. This underlines

the importance of alternative absorber materiath sas mixed

iodide-bromide perovskite§: *°With this material system, Noh
et al. were able to achieve a band gap of 1.7 el &o
composition of CHNH;Pb(l 7Brq253, a promising result in

view of tandem applicatiorf§.

This journal is © The Royal Society of Chemistry 2014

tandem solar cell and derived limiting efficiencigfspractical

a[)e(::-rovskite/c-Si tandems.

The realized four-terminal tandem
heterojunction bottom cell and a giH3;Pbl; top cell featuring

transparent Mo@TO hole contact. With the transparent

00,/ITO hole contact, the top cell features an impkess
infrared-transparency of up to >55%. The four-terahitandem
yields an efficiency of 13.4%, with similar contuitions of the
p (6.2%) and the bottom cell (7.2%). We emplog fhur-
rminal tandem as test device for an experimgrgaler losses
analysis, splitting the current losses into reftact and

:fxrasitic absorption-induced losses based on acabpnalysis,
‘%nd separating them according to the respectivecedub
%\ssuming published record values for the individsabcells,
%n efficiency of 27.6% would be attainable with @stimized
system. Anticipating improved values for the topl eeltage
(1050 mV) and fill factor (80%), we identify a tesm
(%fficiency >30% as mid-term goal.
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Appendix

Spectral analysis of current losses

In order to quantify the power losses in the tandatar cell,
we split the photon current losses to those photbaswould
have contributed to top cell current and those thatld have
contributed to bottom cell current if they were Host by
reflection or parasitic absorption.

Photons that are incident on the tandem systemeitaer be
reflected by the top cell, or transmitted througtor generate a
photocurrent, or be absorbed without generatingqausrent.
We denote the probabilities of the respective psees aR,y,

agro,, EQET,, and PAr,,, with the parasitic absorptioRArg,

defined as the difference between absorbed photoms

photons that are absorbed and collected as phototyr

PAtop = Atop — EQETop. The four processes fulfill the identity
1 = Ryop+ Trop + EQETop + PAtop. )

For photons that are not reflected, we can caleuldte
probabilities of the other three processBf,,, EQEr,, and

a [oilt- PA%,,, by normalizing with1 — Ryo, (rearranging Eq. 1):
recombination junctio (between doped amorphous Si ang:

rop = Trop/ (1= Rrop), EQEte, = EQErop/ (1= Rrop), and
PA7o, = PAtop/ (1 — Rygp). In analogy to Eq. 1, the identity
1 =Tfop + EQE7op + PAToy 3)
holds for these three expressions. The reflectedophflux,
4
]R szTop¢AM1.SGdA; 4

can thus be split up according to
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) Four-ter minal module model

Jr= fRT"p(EQET"” + PArop + Thop)annscdd- Thin-film photovoltaic modules are commonly fabtied by

laser patterning of the large-area solar cell lagtrck, see
8. This results in an active aréa for an aperture area
+ m), with [ being the length and’ the width of one cell
stripe andm the total width lost due to laser scribing. With
state-of-the-art techniques, the required threerlasribes result
in m=100 um. Interconnection between individual cellshvmi
the module is ensured by the front and back TC@sh eof
which cause a relative power loss’bf

damisc denotes the AM1.5G solar spectlimand A the Fi
wavelength.For those photons that are neither reflected np(}g
parasitically absorbed, we calculate the probadslitfor w
transmission and photocurrent generation by nomagdin with

one minus the internal fraction of not parasiticadlbsorbed
photons, 1 — PA%op (rearranging Eq. 2)
TTI“,op = TTI“op/(l - PA”I‘op)v and EQE’;"op = EQE’;‘op/(l - PAa“op)v

for which the identityl = Ty, + EQEy,, holds. We can then

split up the current loss caused by parasitic giigwr in the E = ZRShLWZ. (13)
top cell, P 3V
due to its respective lateral sheet resistaRge with ] andV
J = pr’T damrscdA, 6)  peing the current through and the voltage at th@®TThe
PA op : . .
module efficiency is thus
into the parts affecting top and bottom cell, M opModule
’ " " 7) ] lw (14)
] "= fPATop(EQETop + TTop)d)AMl.SGd/‘{ ( =] % (1 — 2R MPP.Top W2>( ) P...
PA MPP,Top ¥ MPP,Top Sh 3VMPP,T0p l(w+m) / in

Using Eqgs. 4 and 6 we can now separate the lof&sesiag top
cell short-circuit current density, Jmpp,Top @NdVpp 1op are the top cell current density and voltagc:
at the maximum power point (MPP), respectively. Tdetor of
JrossTop =f(RTOpEQE§Op+PA!F0pEQEr’F’0p)¢AM1.5Gd/1, (8) 2 comes from the two TCOs. Please note that weentgl
shadowing of the top cell by the front TCO, becaunsest

TCOs are highly transmittive in the top cell spaktegion.
However, the light intensity incident on the bottaell in the
tandem module is reduced by the top cell due te frarrier
absorption in the top cell TCOs and the partiatifransparent
nature of the top cell interconnection. The dogmthe top cell

. . . TCOs causes absorption by free carriers and thiisces the
:ﬁéﬁ&ifg&éi!ﬂg?ﬁ:ﬁ dagflc;qs_e(i)d%eggtﬁﬁﬁfgzgagtg?f light intensity that is incident on t.he pottom cé.1he efficiency
Egs. (7) and (8) allow us to determine the lighterated of the bottom cell whose short-circuit currentésluced by the
current of the corresponding cell if the currensses were Weighted absorptancg4), and the absorptance of the
mitigated, /2 = Jea? + JLoss- Here we omit the indices 1,, INtérconnection areas, is
and g, for better clarity, und use the superscript™® (Je2?, np.
V2P andnfx) for the experimentally determined values of the w m 1\ (19)
loss-affected device. = Jupe smViter im <(1 = Arop)) o + (- Am)m)
We account for the illumination—dependence of therscircuit
voltage using the one-diode motfel

from those that affect the short-circuit currennsigy of the
bottom cell,

Jusspen = | (R Thop + PArag T, EQBsin bavrscdd. (©)

and the tandem module efficiency

VocUL) = M]n (]_L + 1)' (10) NTotal = NBtm T+ NTop. (16)
q Jo

with the light-generated current densjty the diode ideality The weighted absorptancéd) is the integrated spectra
factor m, the absolute temperaturB, and the Boltzmann absorptance of the top cell below the top cell dbsoband gap
constantkg. Throughout this paper the temperature is fixed &¢,,, weighted with the bottom cell current at each vangth:
25°C. We model the top cell with an ideality factdrl and the

bottom cell with an ideality factor of 0.7, is the diode

saturation current density, which is a lumped esgian for all m

w
recombination pathways, and is calculated from (Epwith
the experimental valuegea” and V,X*. For simplicity we Tco Sl=2
assume the fill factor to not depend on the illuation. Solar cellw
The efficiency of the loss-free cell can then blewated as TCO—
0 0 11
n° = FFX ]2 Ve (]L)/pin‘ (11)
with P being the incident light power, and the efficiedogs
caused by reflection and parasitic absorption is Fig. Al: Interconnection scheme for thin-film minimodules. Three laser scribes
are employed to 1. Pattern the front TCO (yellow), 2. Patter the absorber, and
0 0 Exp Exp (]_2) 3. Pattern the back TCO to isolate the cells. The photo-active cell width is w,
0 _ ,Exp — X, . _ . ) !
n n FF {]L Voc (]L) ]SC VOC }/Pm' and the width of the photo-inactive interconnection areais m.
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