7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Solution-processed organic tandem solar cells with embedded optical spacers
Hadipour, Afshin; de Boer, Bert; Blom, Paul W. M.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.2786024

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):
Hadipour, A., de Boer, B., & Blom, P. W. M. (2007). Solution-processed organic tandem solar cells with
embedded optical spacers. Journal of Applied Physics, 102(7), [074506]. DOI: 10.1063/1.2786024

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018


http://dx.doi.org/10.1063/1.2786024
https://www.rug.nl/research/portal/en/publications/solutionprocessed-organic-tandem-solar-cells-with-embedded-optical-spacers(061a7986-d58b-41fb-b3c3-39da651e2e2f).html

JOURNAL OF APPLIED PHYSICS 102, 074506 (2007)

Solution-processed organic tandem solar cells with embedded optical

spacers

Afshin Hadipour, Bert de Boer,‘*) and Paul W. M. Blom

Molecular Electronics, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4,

NL-9747 AG Groningen, The Netherlands

(Received 10 May 2007; accepted 8 August 2007; published online 4 October 2007)

We demonstrate a solution-processed polymer tandem solar cell in which the two photoactive single
cells are separated by an optical spacer. The use of an optical spacer allows for an independent
optimization of both the electronic and optical properties of the tandem cell. The optical
transmission window of the bottom cell is optimized to match the optical absorption of the top cell
by varying the layer thickness of the optical spacer. The two bulk heterojunction subcells have
complementary absorption maxima at A, ~ 850 nm for the top cell and A\~ 550 nm for the
bottom cell. The subcells are electronically coupled in series or in parallel using four electrical
contacts. The series configuration leads to an open-circuit voltage of >1 V, which is equal to the
sum of both subcells. The parallel configuration leads to a high short-circuit current of 92 A/m?,
which is equal to the sum of both subcells. The parallel configuration results in a much higher
efficiency compared to the series configuration. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2786024]

I. INTRODUCTION

To improve the absorption of the solar radiation by or-
ganic solar cells, materials with a broad absorption band
have to be designed and produced or different narrow band
absorbers have to be stacked or mixed in multiple junctions.
Illumination of an organic semiconductor leads to the cre-
ation of electron-hole pairs (excitons) with a binding energy
of 0.4 eV (Refs. 1-3) instead of free charges. The most com-
mon solution-processable organic solar cells today consist of
an intimate mixture of donors (a conjugated polymer) and
acceptors (a soluble fullerene derivative) throughout the
whole active layer, which is called a bulk heterojunction
(BHJ) structure.*”® The resulting bound electron-hole pair is
subsequently s.epalrated,7’8 and the electrons and holes are
transported through the acceptor and donor phases, respec-
tively, assisted by a driving force that is given by the poten-
tial difference between the cathode and the anode. Because
of the narrow absorption properties of most commonly used
donor materials such as the conjugated polymers poly(2-
methoxy-5-(3",7’- dimethyloctyloxy)-p-phenylenevinylene)
(MDMO-PPV) and poly(3-hexylthiophene) (P3HT), a solar
cell based on one single active layer is not able to efficiently
absorb the complete solar flux.”'" In contrast to a single
layer cell, a tandem structure using two donor materials with
nonoverlapping absorption bands can cover a large part of
the visible range of the solar spectrum.“f18

Recently, we reported a solution-processed organic tan-
dem solar cell that was fabricated from conjugated polymers
with complementary absorption spectra and separated by a
conducting composite middle contact [Fig. 1(a)]."® In this
tandem cell, high energy photons are absorbed in the bottom
cell and low energy photons are absorbed in the top cell. In
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such a stacked geometry, the middle electrode serves two
different purposes, as a charge recombination center and as a
protecting layer for the bottom cell during spin coating of the
top cell. The subcells are electronically coupled together in
series, which results in an open-circuit voltage (Vo) of the
tandem cell that equals the sum of the V¢ of each subcell.
The layer thickness of the bottom cell had to be optimized to
in such a way that the optical output coupling is adapted to
the absorption of the top cell. A disadvantage of this ap-
proach is that the optimum thickness of the bottom cell, re-
quired to match the optical output, is not necessarily equal to
the thickness where the bottom cell reaches its optimum per-
formance. If, for example, a thickness of 300 nm is required
for optical out coupling, the occurrence of unbalanced trans-
port may lead to the formation of space charges, giving rise
to a reduced fill factor (FF) and performance.'(”_23 In order to
improve the first generation solution-processed tandem cells,
we introduce here an additional solution-processable, trans-
parent, and insulating layer which serves as an optical spacer
and leads to the fabrication of a four-contact tandem cell
[Fig. 1(b)]. In this second generation tandem cell, the thick-
ness of the bottom cell is optimized for its electrical perfor-
mance and the optical output coupling is tuned by varying
the thickness of the optical spacer on top of the bottom cell.
The transmitted light through the complete stack (bottom
solar cell with optical spacer) is matched with absorption
spectrum of the top cell. Since the optical spacer is an insu-
lator, the fabrication of tandem cells with four electrodes is
feasible and, consequently, the two subcells can be coupled
electronically (external) in parallel or in series.

Il. EXPERIMENT

The devices were fabricated on cleaned glass/indium tin
oxide (ITO) substrates. A 50 nm thick poly(ethylenediox-
ythiophene) poly(stryrenesulfonic acid) (PEDOT:PSS) (H. C.
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(a) Tandem cell without optical spacer
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(b)Tandem cell with optical spacer
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Starck) was spin coated and dried in an oven at 140 °C for
15 min. The bottom cells were based on blends in a 1:1 ratio
of regioregular P3HT (see inset Fig. 6) and the fullerene
derivative[6,6]-phenyl Cg; butyric acid methyl ester (PCBM)
processed from chloroform. The P3HT:PCBM film was an-
nealed at 135 °C for 2 h using a hot plate in the glove
box under nitrogen atmosphere. The top cell was
processed from a CHCl; solution of the poly(di-2-
thienylthienopyrazine) derivative poly{5,7-di-2-thienyl-2,3-
bis(3,5-di(2-ethylhexyloxy)phenyl) - thieno[3,4-b]pyrazine}
(PTBEHT) (see inset Fig. 6) and PCBM in a 1:4 ratio. PT-
BEHT was synthesized from the corresponding dibrominated
monomer via a condensation polymerization using bis(1,5-
cyclooctadiene)nickel(0) [Ni(COD)z].24 PTBEHT was ex-
tensively purified by removing Ni with ethylenediamine tet-
raacetic acid (EDTA) disodium salt, Soxhlet extraction using
different solvents, and finally a BioBeads gel permeation
chromatography (GPC) column to remove the low molecular
weight fraction. The molecular weights as determined with
size exclusion chromatography are M,=52000 and M,
=160 000 [polydispersity index (PDI)=3.1]. PTBEHT is
soluble in most common organic solvents. The optical spacer
was fabricated from poly(trifiuoroethylene) (PTrFE) dis-
solved in methyl ethyl ketone (MEK).

All conjugated polymers and PCBM were dissolved in
chloroform and mixed in the designated weight ratio. A
proper spin program was chosen to tune the thicknesses of
the layers (250 nm for P3HT:PCBM and 90 nm for PTBE-
HT:PCBM). For the cathode of the bottom cell, using a
shadow mask, 3 nm samarium (Sm) and 12 nm Au were
vapor deposited (at 1077 mbar). PTrFE was dissolved in
MEK and spin coated onto the bottom cell in various layer
thicknesses. On top of the PTrFE layer, using shadow mask,
20 nm Au was evaporated and 50 nm PEDOT:PSS was spin
coated. The complete stack was dried in a vacuum chamber
at 1072 mbar (1 Pa) for 30 min. For the active layer of the
top cell, the polymer PTBEHT as electron donor and PCBM
as acceptor were used in a 1:4 ratio. Both were dissolved in
chloroform. A proper spin program was chosen to tune the
thickness of the layers [90 nm PTBEHT:PCBM (1:4) film].
For the top contact, using a shadow mask, 1 nm LiF and
80 nm aluminum (Al) were thermally evaporated. The thick-
nesses of the different layers were measured by a Dektak 6M
profilometer. All optical measurements were performed on a

Light T

PerkinElmer Lamda 900 spectrometer. The J-V measure-
ments (in dark and illuminated) were done by using Keithley
2400 source meter. The illumination was done using an
AM1.5 simulated solar spectrum from a Steuernagel Solar-
Constant 1200 light source with an intensity of
~1000 W/m?. The processing was done in a glove box un-
der nitrogen and at room temperature.

lll. RESULTS AND DISCUSSIONS

First the optical out coupling and then the electronic per-
formance of the tandem cells are addressed. The materials
and thickness of the electrodes are optimized to have a good
optical transmission and a low in-plane resistance. Further-
more, the layer thicknesses of both subcells are optimized for
their electronic transport. The bottom cell with the optical
spacer processed on top is optimized for its optical transmis-
sion in order to harvest the maximum amount of photons on
the (infra)red edge of the visible spectrum. Finally, all im-
portant parameters are used to design and optimize our tan-
dem solar cell with an embedded optical spacer.

The two organic solar cells are linked together by an
insulating, solution-processable, and transparent layer of
PTrFE processed from a solution of MEK. This spin coated
layer acts as an optical spacer. Due to the presence of the
insulating layer of PTrFE the fabrication of the tandem cell
now requires four electrodes. The electrodes of the bottom
and the top cell can be connected externally in series or in
parallel. Consequently, the contacts have to be highly con-
ductive in order to extract and transport the charges from
each subcell. Two of the four contacts used here in the tan-
dem configuration are known to be efficient in BHJ solar
cells, namely, 140 nm ITO/50 nm PEDOT:PSS as anode for
the bottom cell and 1 nm LiF/80 nm Al as cathode of the top
cell.'$23 Now, the semitransparent cathode of the bottom cell
and the semitransparent anode of the top cell have to be
defined. The requirements for these electrodes are: as thin as
possible to obtain maximum transparency, conductive
enough to extract charge carriers, and stable during spin
coating of the PTrFE optical spacer. For the cathode of the
bottom cell 3 nm of Sm topped with 12 nm Au was found to
be very transparent, highly conductive, and stable during
spin coating of the PTrFE layer. The low work function of
the Sm [~2.7 eV (Ref. 25)] provides an Ohmic contact with
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FIG. 2. Comparison between a semitransparent cathode made of 3 nm
Sm/12 nm Au and a “perfect” mirror of 1 nm LiF/80 nm Al on top of the
bottom cell consisting of a BHJ of 250 nm P3HT:PCBM (1:1). The fill
factor and open-circuit voltage of both cells are the same but the photoge-
nerated current of the cell with a semitransparent cathode is significantly
lower.

the bottom cell in order to maximize the open-circuit volt-
age. The 12 nm Au layer has a sufficiently low resistance for
transporting the charge carriers toward the external elec-
trodes. Figure 2 demonstrates the difference between two
BHJ single cells wusing ITO/PEDOT:PSS/250 nm
P3HT:PCBM (1:1) with different cathodes. Both cells show
the same FF (~64%) and V.. (~0.6 V) but the cell with
3nm Sm/12 nm Au cathode yields a lower photocurrent
since this top electrode is semitransparent, resulting in a re-
duction of the amount of absorbed light. On the other hand,
the reflection of a closed layer of 80 nm Al (perfect mirror)
is ~100%, which results in a higher photocurrent for a solar
cell topped with 80 nm Al.

On top of the PTrFE optical spacer a bilayer of 20 nm
Au and 50 nm PEDOT:PSS was chosen for the anode of the
top cell. The high and stable work function (~5.2 eV) of
PEDOT:PSS forms an Ohmic contact for the top cell to ex-
tract the holes. In addition, PEDOT:PSS improves the wet-
ting of the anode for the processing of the top cell. The
20 nm Au layer serves again as conducting layer to extract
the holes. This Au layer needs to be optimized for its sheet
resistance and optical transparency. To determine its optimal
thickness (sheet resistivity versus optical transparency) a ref-
erence top cell is fabricated on top of a 250 nm thick layer of
PTrFE. The reference top cell consists of x nm Au/50 nm
PEDOT:PSS/100 nm MDMO-PPV:PCBM (1:4)/1 nm
LiF/80 nm Al. As Fig. 3 demonstrates, at least 20 nm Au is
needed to create a well-performing device. A thinner layer of
Au (15 nm) leads to very high sheet resistance of the anode
and, therefore, to a very poor performance of the cell. This is
attributed to the surface roughness of the spin coated optical
spacer of PTrFE, leading to the formation of a semicontinu-
ous Au layer.

Now that we have optimized and defined all anodes and
cathodes of our four terminal tandem solar cells, we can
further optimize the layer thicknesses of the photoactive lay-
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FIG. 3. Current density-voltage characteristics of a reference top cell struc-
ture with different gold thicknesses at the anode on 250 nm PTrFE are
compared. On top of the gold layer a cell is processed based on 50 nm
PEDOT:PSS/100 nm MDMO-PPV:PCBM (1:4)/1 nm LiF/80 nm Al. Ata
thickness of 15 nm the sheet resistance of the contact is too high which
leads to a very poor performance of the cell.

ers of the tandem solar cell. These layers can be indepen-
dently optimized since the optical out coupling of the bottom
cell can be tuned by the layer thickness of the PTrFE optical
spacer (Figs. 1 and 7). Therefore, we have spin coated blends
of P3BHT:PCBM (1:1) with various layer thicknesses onto the
substrates covered with 140 nm ITO/50 nm PEDOT:PSS
and topped the devices off with 3 nm Sm/80 nm Al. The
data in Fig. 4 demonstrate that a cell with a layer thickness of
250 nm of P3HT:PCBM (1:1) performs best. When the ac-
tive layer is thinner (120 nm), the amount of absorbed pho-
tons is much lower and, consequently, a lower photocurrent
is obtained. When the layer thickness is further increased to
450 nm, the amount of absorbed photons is only slightly
increased, but the unbalanced transport of the charge carriers
becomes a limitation; the buildup of space-charge results in a
significant decrease of the fill factor, which in turn leads to
lower total performance.19

For the top cell we used the conjugated polymer

£ T T T T T T T
100 L [TOPEDOT:PSS/P3HT:PCBVY 1:1)/3nm Snv80nm Al 4

I In dark:
F—m—= 120 nmfilm B
[ —a— 250 nm film
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80
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40
20

0 T
o] S
o0~
-60
-80

40 08 06 04 02 00 02 04 06 08 10
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FIG. 4. Current-voltage characteristics of single BHJ bottom cells with vari-
ous thicknesses of PBHT:PCBM (1:1). A layer thickness of 250 nm shows
the best performance.
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FIG. 5. The J-V characteristic of the active layers used in the bottom
[250 nm P3HT:PCBM (1:1)] and top [90 nm PTBEHT:PCBM (1:4)] cells.
These reference single cells are measured in dark and under illumination.

PTBEHT.” The thickness of the top cell made of PTBEHT:
PCBM (1:4) is kept to 90 nm, which was found to give the
best performance (chemical structure of PTBEHT is plotted
in Fig. 6).>*!"® The J-V characteristics of the 250 nm
P3HT:PCBM (1:1) and 90 nm PTBEHT:PCBM (1:1) solar
cells are plotted in dark and under illumination
(~1000 W/m?, simulated AM1.5 solar spectrum) in Fig. 5.

The transparent layer of PTrFE is sandwiched between
the semitransparent cathode of the bottom cell and the semi-
transparent anode of the top cell. This allows for the light
transmitted through the bottom cell to interfere with the re-
flected light at the anode of the top cell. Therefore, the thick-
ness of the PTrFE layer affects the total light output through
the bottom stack before it reaches the top cell. After optimi-
zation of the layer thickness of the bottom cell, the wave-
length of the transmitted light can now be tuned to match the
absorption spectrum of the top cell by varying the thickness
of the optical spacer (PTrFE layer). The combination of Sm
and Au as the cathode for the bottom cell is inert for pro-
cessing of the PTrFE optical spacer, which is spin coated
from MEK. The advantage of choosing PTrFE is that it can
be dissolved in a polar solvent such as MEK but not in
solvents such as chloroform, chlorobenzene, or dichloroben-
zene. As a result the solvents used for processing of the
active layers of the bottom and the top cells (chloroform or
chlorobenzene) are orthogonally compatible with the polar
solvent (MEK) used for processing of the optical spacer. The
layer thickness of this transparent PTrFE layer can be easily
varied between several tens of nanometers and micrometers.
To summarize, the processing steps are the following: ITO-
coated glass substrates were covered with 50 nm PEDOT:
PSS (anode of bottom cell). On top of the PEDOT:PSS an-
ode a 250 nm P3HT:PCBM (1:1) blend is spin coated. The
P3HT:PCBM film was annealed at 135 °C for 2 h using a
hot plate in the glove box under nitrogen atmosphere. Then,
3 nm Sm and 12 nm Au (cathode of bottom cell) are evapo-
rated, which are topped by spin coating the optical spacer
(PTrFE from MEK). After evaporation of 20 nm Au onto the

J. Appl. Phys. 102, 074506 (2007)
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FIG. 6. Absorption spectra of the large band gap polymer P3HT and of the
small band gap polymer PTBEHT with their maximum at 850 nm. The
absorption spectra are complementary.

optical spacer, 50 nm PEDOT:PSS (anode of top cell) is spin
coated and a solution of PTBEHT:PCBM (1:4) in chloroform
is spin coated on top (90 nm). Finally, 1 nm LiF and 80 nm
Al (cathode of top cell) were evaporated.

By using donor materials with nonoverlapping absorp-
tion spectra for the subcells in a tandem configuration, the
utilization of two absorbing polymers with complementary
absorption spectrum results in an enhanced photon harvest-
ing of the solar spectrum.18 Figure 6 depicts the normalized
absorption spectra of the large band gap polymer P3HT and
the small band gap polymer PTBEHT (Ref. 24) (see chemi-
cal structure of PTBEHT in inset of Fig. 6) that are used in
this study.

We have performed optical measurements for various
layer thicknesses of PTrFE to evaluate the optical transmis-
sion of the combined layers. Both the
ITO/PEDOT:PSS/P3HT:PCBM/3 nm Sm/12 nm Au
stack and the PTrFE sandwiched between 3 nm Sm/12 nm
Au and 20 nm Au act as dielectric layers between semitrans-
parent electrodes. As demonstrated in Fig. 7, the transmitted
light through the bottom cell consisting of
ITO/PEDOT:PSS/250 nm P3HT:PCBM/3 nm Sm/12 nm
Au is not yet matched with the absorption spectrum of the
top cell. Given the fact that the small band gap polymer
(PTBEHT) absorbs between 700 and 950 nm, the optical
cavity (or layer thickness) of the optical spacer has to be
optimized in order to transmit in this wavelength range. Fig-
ure 7 demonstrates that a layer thickness of the optical spacer
of 250 nm, in combination with 250 nm P3HT:PCBM/3 nm
Sm/12 nm Au, results in an optical out coupling of the bot-
tom stack that matches the absorption of the small band gap
polymer in the top cell. The bottom cell processed from
250 nm P3HT:PCBM (1:1) topped with an optical spacer
(PTrFE) of 250 nm transmits about 50% in the wavelength
range that is absorbed by the small band gap polymer PT-
BEHT (Fig. 7, dotted line).

In this second generation tandem geometry, the bottom
and the top cells can be electronically coupled either in series
or in parallel. When the bottom and top cells are connected
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FIG. 7. Transmission of incident light through the bottom cell consisting of
glass/140 nm ITO/50 nm PEDOT:PSS/250 nm P3HT:PCBM (1:1)/3 nm
Sm/12 nm Au/x nm PTrFE/20 nm Au/PEDOT:PSS. For a blend of
P3HT:PCBM (1:1) with a layer thickness of 250 nm (and no optical spacer),
the light output is not yet matched with the absorption of the top cell
(700—950 nm, spectrum given by the dotted line). By spin coating an addi-
tional transparent layer of PTrFE, the transmitted light can be tuned in order
to match the absorption of the top cell.

in series, the open-circuit voltage (Vo) of the tandem cell is
equal to the sum of the open-circuit voltages of both indi-
vidual cells. The photocurrent density of the tandem cell be-
comes limited by the lowest photocurrent density of the two
subcells which is, in our tandem cell, the current of the top
cell. As shown from the single reference cells (Fig. 5), the
cells based on PTBEHT generate less photocurrent as com-
pared to the P3HT based cells. Combined with the fact that
the top cell is also illuminated with lower light intensity
(~50%), the photocurrent of the top cell is substantially
lower as compared to the bottom cell. The J-V measurements
of the individual bottom and top cells and of the tandem cell
connected in series are depicted in Fig. 8(a). As expected, the
top cell strongly limits the photocurrent of the tandem cell.

In our four terminal tandem geometry, the two subcells
can also be easily connected in parallel. Since both cells
produce the same Vi the tandem solar cell connected in
parallel is expected to have the same V- as both subcells
(no losses). In contrast, the current which can be extracted
from the parallel tandem cell is now the sum of the photo-
currents of the bottom and top cells. This implies that the
tandem cell in parallel configuration is not limited by the
lower current of the top cell. The current density-voltage
characteristics for the bottom, top, and the parallel tandem
cells are plotted in Fig. 8(b). Since the top cell generates a
much lower photocurrent as compared to the bottom cell, the
parallel tandem solar cell leads to a higher performance as
compared to the tandem solar cell connected in series. In-
deed, the open-circuit voltage of the parallel tandem cell is
close to the Vc of the bottom and top cells, while the cur-
rent is the sum of both photocurrents generated by the two
subcells. A direct comparison between the series and the par-
allel configuration is shown in Fig. 8(c); the series configu-
ration has a high open-circuit voltage (Vo=1.03 V), while
the short-circuit current density (Jgc=16.3 A/m?) is limited
by the lower current of the top cell. The parallel configura-
tion shows the same open-circuit voltage as both subcells

J. Appl. Phys. 102, 074506 (2007)

(a) 100 |- In Dark: | ' ' ' ﬂ ' ' A
—e— Bottom cell %*

| —w— Series Tandem

[ —a—Top cell ﬁ/ # 3
| —*— Series Tandem Fal 4
Under llumination: /}! JE
- —o— Bottom cell LK
—a—Topcell | s

/, . i@éﬁ

spppne e |
WHHH (@] 1nm LiF/80nm Al -
| gy !
- I} 20nm Au/50nm PEDOT T
o/ 250nm PTFE J Seee
- § cel 7
o 3nm Sm/12nm Au
L L EOCOOC0000000000% M j 4
140nm ITO/50nm PEDOT ]
-100 F s ; i . . Glass substrale: 7
T T T T T T
(b) 100 |- in Dark: 4 g
—e— Bottom cell

801 i Topcal 7
60 |- —¢— Parallel Tandem .
Under lllumination:
40 - —o— Bottom cell 1
20 —2— Top cell

0

€ —o— Parallel Tandem 1
;’ 1nm LiF/80nm Al —
> M
20nm Au/50nm PEDOT -1
250nm PTFE
3nm Sm/12nm Au 7
140nm ITO/50nm PEDOT
XX Glass substrate. A
1 m T T T T T T T
(c) © In Dark: "L bi
80 . —e— Parallel Tande 7]
. b i
g0 [ —*— Series Tandem 71 AR
Under lllumination: /3 Fr
40| —o— Parallel Tande J IF
: Fx
o 20| —*— Series Tandem / o
E T ;| &
< 0 ol st
~— | A.«mﬁﬁu
= -20 . [ 8
S
40 / ]
60 £
L d ]
&
80[ (s 1

09 06 -03 00

8

03 06 09 12 15
V (volt)

FIG. 8. (a) J-V characteristics of the bottom and top cells measured sepa-
rately and the tandem cells connected in series in dark and under illumina-
tion. The current density is limited by the lowest current density of the two
cells, and the open-circuit voltage is the sum of both subcells. (b) J-V
characteristics of the bottom and top cells measured separately and the tan-
dem cells connected in parallel in dark and under illumination. The current
density is equal to the sum of both subcells, and the open-circuit voltage is
limited to the lowest V¢ of the subcells. (c) The J-V characteristics of the
series tandem cell vs the parallel tandem cell.

(Voc=0.59 V), combined with a high short-circuit current
density (J5c=92.0 A/m?). The values of the V¢, Jgc, and
FF of the bottom, top, series tandem, and parallel tandem
solar cells are summarized in Table I. The performance of the
parallel tandem cell is much better than the series tandem
cell since the photocurrent of the tandem cell is limited by
the low photocurrent of the top cell.'® However, it should be
noted that in the present parallel configuration, the perfor-
mance hardly exceeds the performance of the bottom cell
alone (estimated efficiency is 3% for both bottom and paral-
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TABLE I. The quantitative values extracted from the J-V measurements of
the individual and tandem photovoltaic cells.

Solar cell type Voc (V) Jsc (A/m?) FF (%)
Bottom cell 0.60 81.6 64
Top cell 0.51 12.7 50
Series tandem cell 1.03 16.3 51
Parallel tandem cell 0.59 92.0 55

lel tandem cells). Since the current of this tandem cell is
equal to the sum of the currents generated by both subcells,
the lower FF of the top cell (50%) [compared to the high FF
of the bottom cell (64%)] also affects the FF of the tandem
cell (54%). This lower FF compensates the gain in photocur-
rent in the parallel tandem solar cell. In the case of two
subcells having similar fill factors, the parallel configuration
will always result in a tandem solar cell with higher perfor-
mance as compared to the individual subcells.

IV. CONCLUSIONS

Solution-processed organic tandem solar cells were fab-
ricated using an electrically insulating and solution-
processable optical spacer. The optical spacers are based on
the transparent poly(trifluoroethylene), which is dissolved in
methyl ethyl ketone. This polar solvent is orthogonally com-
patible with the solvents of the active layers of the solar cells
and leaves the bottom cell unaffected. By varying the thick-
ness of the optical spacer, the transmission through the bot-
tom cell and spacer is tuned to match the absorption of the
top cell. This allows for an independent optimization of the
thickness of the bottom cell for its best electrical perfor-
mance. Furthermore, we can electrically address the tandem
solar cells in series or in parallel. The performance of the
series tandem solar cell is limited by the low current of the
top cell, even though the Vi is equal to the sum of both
subcells and amounts to >1 V. The parallel tandem cell has
a much higher efficiency since the V¢ of the parallel tandem
cell is equal to the V¢ of both subcells and the photocurrent
density is equal to the sum of the photocurrent densities of
both subcells. The lower FF of the top cell limits the perfor-
mance of the parallel tandem cell.
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