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Thin film polymer solar cells offer the prospect of

Chem. Mater2006,18, 5832-5834

H1BCG H1BCG
/\ AN s
S n — S \ / n
P3HT peBT  HiCe

Figure 1. Structures of P3HT and PEBT.

that only photons with energy higher than the optical band
gap of P3HT (1.9 eV) are absorbed, thisc implies an
energy loss of at least 1.3 eV per absorbed photon. This loss
is caused by the energy released in the electron transfer from
P3HT to PCBM (0.9 eV) and by subsequent potential
losses when collecting the charges at the electrod@®s4(
V).1112 BecauseVoc originates from the energy difference
between the HOMO level of the p-type polymer and the

combining easy, solution-based processing and low-temper-LUMO level of n-type fullerené? the open-circuit voltage

ature manufacturing in combination with good efficiencies.

and possibly the power conversion efficiency can be

In recent years, bulk heterojunction solar cells based onenhanced by lowering the HOMO energy of the polymer.

blends of regioregular poly(3-hexylthiophene) (P3HT, Figure
1) as p-type material and [6,6]-pheny&utyric acid

In fact, for poly-phenylene vinylene}$and an alternating
copolymer with fluorene (APFO3}.the open circuit voltages

methyl ester (PCBM) as n-type material have been studiedare between 0.80 and 1.05 V as a result of their lower HOMO

intensively!® The performance of these devices reaches
4—-5% in simulated solar light. One of the crucial factors
that contributes to the high efficiency of P3HT:PCBM

photovoltaic cells is the intrinsic tendency of P3HT to self-

levels. When the HOMO level is lowered and the optical
band gap maintained, the LUMO level shifts correspondingly
and care must be taken that photoinduced electron transfer
is still exergonic. The~0.9 eV energy loss in the charge

organize in a lamellar microstructure. This enhances the transfer seems to be in excess of the minimal requirement

charge-carrier mobility and shifts the absorption spectrum
to longer wavelength¥.

One of the attractive advantages of P3HT:PCBM solar
cells is the high external quantum efficiency (EQE) of-60

for efficient operation, and hence, reducing the HOMO level
of P3HT by changing its structure may improve the
performance of these devices.

Band gap and energy level engineering is one of the

70% over almost the entire absorption band of P3HT and attractive features of polymer semiconductors. We conjec-

the correspondingly large short-circuit current densitye)
under AM1.5 illumination. The energy conversion efficiency
of P3HT:PCBM cells is rather limited by the poor coverage
of the absorption spectrum of P3HT with the solar spectrum
and by a low open-circuit voltag®éc ~ 0.6 V). Considering
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tured that appealing photovoltaic properties may arise from
polymers that are structurally close to P3HT, but have a lower
HOMO level. Whereas the energy levels of polythiophenes
can be modified by introducing different substitutents on the
backboné®f an interesting, but less explored, way is incor-
porating electron-withdrawing ethynylene units into the
polymer backboné’~1® Here, we show that alternating
ethynylene and 4,3lihexyl-2,2-bithien-5,3-diyl along the
chain as in PEBT (Figure 1) lowers the HOMO energy level
by 0.3 eV compared to P3HT and that when implemented
in bulk heterojunction devices with PBCM, PEBT exhibits

(11) Michailetchi, V. D.; Blom, P. W. M.; Hummelen, J. C.; Rispens, M.
T. J. Appl. Phys2003 94, 6849.

(12) Scharber, M. C.; Nhibacher, D.; Koppe, M.; Denk, P.; Waldauf, C.;
Heeger, A. J.; Brabec, C. Adv. Mater. 2006 18, 789.

(13) Gadisa, A.; Svensson, M.; Andersson, M. R.; Inga@Appl. Phys.
Lett. 2004 84, 1609.

(14) Shaheen, S. E.; Brabec, C. J.; Sariciftci, N. S.; Padinger, F.; Fromherz,
T.; Hummelen, J. CAppl. Phys. Lett2001, 78, 841.

(15) Svensson, M.; Zhang, F.; Veenstra, S. C.; Verhees, W. J. H;
Hummelen, J. C.; Kroon, J. M.; Ingésg0.; Andersson, M. RAdv.
Mater. 2003 15, 988.

(16) Greve, D. R.; Apperloo, J. J.; Janssen, R. AEuJr. J. Org. Chem.
2001, 3437.

(17) Hoppe, H.; Egbe, D. A. M.; Nhibacher, D.; Sariciftci, N. SJ. Mater.
Chem.2004 14, 3462.

(18) Egbe, D. A. M.; Nguyen, L. H.; Nhibacher, D.; Hoppe, H.;
Schmidtke, K.; Sariciftci, N. SThin Solid Films2006 511—512 486.

(19) Egbe, D. A. M.; Nguyen, L. H.; Carboniier, B.; ‘Mlbacher, D.;
Sariciftci, N. S Polymer2005 46, 9585.

© 2006 American Chemical Society

Published on Web 11/15/2006



Communications

—
()
-

5 1or -4 - P3HT CHC, 1
o) —e— PEBT CHCI3
o 08| —0— P3HT film 4
2 —0— PEBT film
8
S 06} g
(723
Qo
©
T 04} -
N
©
£ 02 g
(e}
=z

00 1 1

300 400 500 600 700 800
Wavelength [nm]

(b) T T . .
E 1.0} —O— PEBT:PCBM (1:4) 1
o ‘ —e— P3HT:PCBM (1:4)
‘9 08 —O—P3HT:PCBM (1:1) |
2 --#- P3HT:PCBM (1:1) annealed
8
5 06
(23
Q
©
T 04
N
®©
E o2
o
P4

0.0

500 60 70
Wavelength [nm]
Figure 2. Normalized UV~vis spectra of (a) PEBT and P3HT in
chloroform and in thin films (spin-coated from 10 mg/mL toluene solutions

at 2000 rpm) on glass, and (b) thin films of PEBT:PCBM and P3HT:PCBM
on glass.
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the expected increase in open-circuit voltage to values

slightly over 1.0 V.

PEBT was synthesized from the 4d@hexyl-5-ethynyl-
5'-iodo-2,2-bithiophene monomer via a palladium catalyzed
Shonogashira polymerization, providing molecular weights
of M, = 23 500 g/mol andv,, = 34 800 g/molD = 1.5) as
determined by GPC at 3T in chloroform vs polystyrene
standard$%2! The UV—vis absorption spectra of PEBT and
P3HT?? (M, = 13 500 g/molM,, = 35 000 g/molD = 2.6)
in chloroform are very similar, withh—s* absorption bands
that maximize at 451 and 448 nm, respectively (Figure 2).
Apparently, the introduction of ethynylene groups into the
backbone of P3HT affects the optical transitions only
marginally. In thin films, the absorption spectra of PEBT
and P3HT exhibit partly resolved vibrational fine structure
and show a significant red shift of the—zx* transition
(Figure 2) that is due to planarization of thesystem and

interchain interactions induced by aggregation and crystal-

lization?® The red shift is stronger for P3HTA@max = 71
nm) than for PEBT AAmax = 50 nm). As a result, the onset

Chem. Mater., Vol. 18, No. 25, 206833

@ T T T T T T
40 |-u" g
0-0-0-, PEBT:PCBM
o —a— 11
30 Y —o—1:2 J
X —=—1:4
§ A-a-A-A-ach, \:\
w20 *.\\,\ ]
g W
o N\
\A\(7
10 N\ .
\‘t°*o~o Y
*LL‘to:g .R .y
0 | 1 ! | A 11‘9—1{&& .
450 500 550 600 650 700 750
Wavelength [nm]
by 4 T T T
e —— Light
é) 2F ----Dark T
E
> .
2 ' =
B
C
3
= 2k .
C
2
=] /
O Lk |
1 1 1

-1.0 -0.5 0.0 05

Bias [V]
Figure 3. (a) EQE spectra of PEBT:PCBM solar cells for different
compositions of the active layer. (R}~V characteristics of the best
performing photovoltaic device fabricated PEBT:PCBM (1:4 w/w) in the

dark and under 75 mW/chillumination. All measurements were performed
in an inert atmosphere.

1.0 1.5

of PEBT and P3HT dissolved in dichloromethane with
tetrabutylammonium hexafluorophosphateBu,NPF;) as

the supporting salt revealed broad oxidation waves. For
P3HT, the onset of the oxidation wave is-80.10 V (vs
Fc/Fc"), whereas the oxidation onset for PEBT iste.40

V and significantly higher. The 0.3 eV lowering of the
HOMO level of PEBT compared to P3HT is due to the
electron-withdrawing ethynylene units in the chain.

The optical and electrochemical data thus indicate that the
ethynylene units in PEBT cause a lowering of the HOMO
by 0.3 eV and an increase in the optical band gap-Byl5
eV (in thin films) compared to P3HT. Moreover, the red
shift in the absorption spectra reveals a tendency for PBEBT
to form aggregated structures, albeit somewhat less than for

3HT.

Photovoltaic cells (active area 0.1 §nwere made by spin-
coating mixtures of PEBT and PCBM (from Solenne B.V.)
in different weight ratios from chlorobenzene solution on
prepatterned 1TO(142/0)/glass substrates covered with

of the absorption is at a higher wavelength for P3HT (650 PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene
nm) than for PEBT (600 nm), resulting in a higher optical sulfonate, EL grade, from H.C. Starck) as the transparent
band gap of 2.06 eV for PEBT compared to that of PSHT high-work-function front electrode. The back electrode of
(1.90 eV). LiF (<1 nm) and Al (100 nm) was made by thermal

Cyclic voltammograms (0.785 n®t working electrode,  evaporation in a vacuum at % 10°® mbar. The thickness
Ag/AgCl reference electrode, and Pt wire counter electrode) of the active layer was 80100 nm for all devices.

The spectral response of the PEBT:PCBM devices reveals
a considerable EQE in the wavelength range between 400
and 550 nm (Figure 3a). Devices with a 1:4 blend of PEBT
and PCBM exhibit EQE= 42% at 450 nm. For the 1:2 blend,
the EQE is somewhat lower, with a maximum of 37% at
450 nm, whereas the 1:1 blend reveals considerably de-
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Table 1. Photovoltaic Properties of PEBT:PCBM and P3HT:PCBM

Devices

wiw Jsc (MA/cm?) Voc (V) FF EQE (%) A (nm) 7 (%) ref
PEBT 1:P 1.84 1.03 0.28 24 470 0.53

1. 2.62 1.01 0.34 37 450 0.90

1.4 3.12 1.01 0.36 42 450 1.13
P3HT 1:1 7.2 0.62 0.61 57 500 2.7 3

1:0.8 9.9 0.63 0.68 50 6

1:1 10.6 0.61 0.67 63 500 44 7

aFrom convolution of the EQE and AM1.5 spectPe&Spin-coated from
a 1 wt % chlorobenzene solutiohSpin-coated from a 1.5 wt % chlo-
robenzene solutior AM1.5 at 80 mW/cmi. € AM1.5 at 100 mW/cri

creased efficiencies with a maximum of 24% at 470 nm.
Convolution of the spectral response with the solar AM1.5G
spectrum (100 mW/chA gives an estimate for the short-
circuit current density under solar irradiation. The device
based on a 1:1 blend of PEBT and PCBM ligs = 1.8
mA/cn?. The current density increases dgc = 2.6 mA/
cn? for a 1:2 blend and reachdsc = 3.1 mA/cn? for the
1:4 mixture (Table 1).
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that the formation of polymer aggregates is inhibited in the
mix. Hence, the lower short-circuit currents of the PEBT:
PCBM devices compared to the best P3HT:PCBM cells is
partially due to the blue-shifted absorption in the blénd.

In addition, the absence of aggregates or crystallites of PEBT
in the blend with PCBM is expected to hamper the hole
carrier mobility, which limits the fill factor.

It is instructive to compare the behavior of PEBT to that
of P3HT in blends with PCBM. At the same 1:4 weight ratio,
the absorption spectrum of a P3HT:PCBM blend is almost
identical to that of PEBT:PCBM (Figure 2b), showing no
or little aggregation. Only at higher polymer content (e.g.,
1.1 w/w) is aggregation of P3HT observed that is further
enhanced upon thermal annealing (Figure 2b), providing the
4—5% power conversion efficiency (which is not obtained
at a 1:4 ratio). Annealing does not enhance polymer
aggregation in P3HT:PCBM (1:4 w/w) layers or in PEBT:
PCBM (1:1, 1:2, and 1:4 w/w) layers. Even annealing up to
120 °C gave only minor changes in the absorption spectra

As expected from the spectral response, the short-circuitand no improvement in device performance. This demon-

current densities obtained frod-V measurements of the

strates that subtle differences in the tendency to form

same devices under illumination with a tungsten halogen aggregates can have a strong effect on the power conversion

lamp (75 mW/cn after filtering by a Schott KG1 IR filter
and a GG420 UV filter) also increase with more PCBM in
the blend. However, the open-circuit voltadykc is invari-

efficiency. The reasons for the different crystallization
behavior of PBET compared to P3HT are not fully under-
stood at the moment, but we speculate that it could be due

ably high under these conditions and is independent of theto a less-efficient lamellar packing of chains induced by the

amount of PCBM used in the photoactive layer (Table 1).
For each composition, we findoc > 1.0 V, which is 0.35
0.40 V higher than theVoc of the best P3HT:PCBM
devicest® This result was anticipated and is consistent with
the lower-lying HOMO of PEBT in comparison to P3HT.
The increase iVoc for PBET compared to P3HT is larger

ethynyl bonds.

In conclusion, PEBT was synthesized to improve the open-
circuit voltage of P3HT:PCBM bulk heterojunction photo-
voltaic cells. HavingVoc = 1.01 V, PEBT:PCBM devices
indeed give a significant (0.4 V) improvement with respect
to P3HT:PCBM solar cellsMpoc = 0.62 V). The power

than the increase found for arylene vinylene/ethynylene conversion efficiency) = 1.1%, however, is lower compared

polymers!’=1° On the other hand, relatively low fill factors
FF of 0.28-0.38 limit the overall performance of the PEBT:
PCBM devices. The low FF may indicate poorly balanced
charge transpoft Figure 3b displays thd—V characteristic

of the best PEBT:PCBM device, witlhc = 1.0 V and FF

= 0.36. Combined with the current density calculated from
the spectral response (3.12 mARAMa power conversion
efficiency of y = 1.1% is estimated.

to 7 = 4—5% for the best P3HT:PCBM devices (Table 1).

In contrast to P3HT, PEBT does not aggregate in mixed films
with PCBM, as inferred from the lack of a red shift in the
absorption spectrum in the blend. This limits the number of
absorbed photons and likely causes a lower mobility for the
photogenerated holes. As a consequence, the short-circuit
current and fill factor of these PEBT:PCBM devices is
limited. This study demonstrates that to improve on P3HT:

A closer inspection of the EQE spectra reveals that the PCBM devices, the challenge is not only to design polymers
maximum response of the PEBT:PCBM blend does not that have better optimized energy levels but also to create

match the thin film absorption spectrum of pure PEBT with

polymers that are able to form aggregated, partly crystalline

its maximum at 501 nm, but rather corresponds to the structures when mixed with PCBM.

absorption of PEBT in solution that maximizes at 450 nm.
Correspondingly, the UMvis spectrum of the mixed PEBT:

PCBM film (Figure 2b) exhibits a band at 450 nm, with a
tail to higher wavelengths and a band at 330 nm of PCBM.
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