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Abstract

To determine the actual absorption in the photoactive layer of a plastic solar cell, e.g. consisting of blend Zfrdhoxy-
5-(3,7-dimethyloctyloxy-1,4-phenylene vinylene(MDMO-PPV) and a methanofullerengs,6]-Phenyl G, -butyric acid methyl
ester(PCBM), a matrix formalism for the light propagation in this multi-layer system is applied. This calculation results in an
upper limit for the incident photon to collected electrdPCE) conversion efficiency for a given internal quantum efficiency.
Comparisons with experimental results as well as conclusions for the optimal layer thickness are drawn.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction dimethyloctyloxy-1,4-phenylene vinylene (MDMO-
PPV) and a fullerene g -derivative @-methoxy-
Thin film organic solar cells based on conjugated carbony) propyl-1-phenyl [6,6]Cs; (PCBM). From
polymer/fullerene blends experienced increasing reflection and incident photon to collected electron
research interest within the past few yedts-3. One (IPCE) measurements, the authors estimate the internal
main progress in terms of solar energy conversion quantum efficiency to be approximately 85%. The frac-
efficiency has been achieved by introducing the bulk- tion of the incident photons that are absorbed within the
heterojunction concep{4-7] instead of the bilayer photoactive layer is in fact an unseizable magnitude.
structure[8—11] for the photoactive layer. The highly The knowledge of this absorbed fraction enables to
increased interfacial area between the donor and acceptoeconnect the external quantum efficien€¢QE, corre-
phases characterizes a bulk-heterojunction. This enablesponds to IPCE with the internal. Here we report on
photoinduced charge separatigh2] even within the the optical modeling of devices based on MDMO-PPV
bulk of the photoactive layer, instead of just at the thin and P3HT (regioregulapoly(3-hexylthiophene-2,5-
planar interface. Assuming a sufficiently fine intermix- diyl)) mixed with PCBM, to determine the part of the
ing, all photons absorbed within the photoactive layer light, which is absorbed within the active layer.
may contribute to the charge generation. In contrast,
only excitons generated closely enough to the bilayer 2. Experimental
junction could contribute to charge generation in the
bilayer devices. Hence optical modeling was applied t0 2 ;. aethods
place the electric field maximum at the interface of the
two layers[13—-14.
Recently, Shaheen et dl7] reported 2.5% AM 1.5
solar conversion efficiency for a bulk-heterojunction
device consisting of a blend of pdB-methoxy-5¢3,7-

For modeling of light propagation within the solar
cell device, the complex refractive indices of all
involved layers needed to be determinéste [17]).
Hence, near normal incidenc€/®) transmission and
mponding author. Tel.+ 43-732-2468-8854: fax:- 43-732- reflection spectra of spin cast films on fL_Jsed silica and
2468-8770. of the ITO-substrate were recorded using a Cary 3G

E-mail address: harald.hoppe@ijku.dtH. Hoppse. spectrophotometdiVarian, Inc., Palo Alto, USAin the
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the amplitude and phase of the electric field are known
within the system at any point and the local absorption
can be calculated. The optical modeling has been per-
formed for a cell structure as shown in Fig. 2. More

details on the modeling can be found in Hoppe et al.
[22].

range between 300 and 900 nm. The organic layer

thickness was verified using a tapping mode AFM 2.2. Materials and films

(Dimension 3100, Digital Instruments, Santa Barbara,

d,

Fig. 1. Schematic for the transfer matrix formalisBx and E; are
the electric field amplitudes in thi&h layer propagating in the right
and left direction, and/, denotes the thickness of layer 2.

USA), by measuring the depths of scratches in the film.

The complex refractive index=n+ik is achieved by
fitting a complex model dielectric functiog= &' +i&"

MDMO-PPV was provided by Covio{Germany,
PEDOT:PSS (poly[3,4<ethylenedioxy thiopheng:
poly(styrene sulfonate (Baytron) by Bayer(Germany

to the respective transmission and reflection spectra byand PCBM was purchased from J.C. Humme(&mi-

using the software SCOUT@M. Theiss, Aachen, Ger-
many). The model dielectric function is built of a
constant dielectric backgroun@ontributing to its real
par) and of so-called Kim-oscillatord18], which

versity of Groningen, The NetherlandsFilms were
prepared by spin coating from chlorobenzene solutions
of 1:4 (by weighd blends of MDMO-PPV and PCBM.
Regioregular-P3HT (poly(3-hexylthiophene-2,5-diyl

describe the optical absorption for the electronic transi- was purchased from Rieke Metals Ifdlebraska, USA
tions by any line-shape between a Gaussian and aand films were spin cast from ortho-dichlorobenzene in
Lorentzian profile. The relations between the complex a blend with PCBM at a ratio of 1:Zby weigh?.
refractive index and the dielectric function are given by: PEDOT:PPS was spin cast from an aqueous solution
&g'=n?—k?and&"=2nk. with a concentration of 0.5% by weight. As a substrate,
To model the optical properties of our multilayer fused silica cleaned with iso-propanol in an ultrasonic
system, the so-called transfer matrix formali§iMF) bath before spin coating was used. In order to determine
is applied[13,19-21. Here the multilayer is treated as the optical constants of both layers of the ITO-glass
a one-dimensional system in which the amplitude of the (MERCK, Germany, on one sample the transparent
electromagnetic field vector is calculated coherently, i.e. indium tin oxide(ITO) was etched away completely in
considering the phase. This formalism considers two @ mixture of conc. HN@ , conc. HCI and distilled,H O
electromagnetic waves, one propagating in the positivein a ratio of 1:9:10 by volume to allow for the deter-
direction (Ez) perpendicular to the interfaces of the mination of the optical properties of the substrate glass
multilayer system, and one in the opposite direction alone. To form the back contact for the devices, approx-
((E,), see Fig. 1. By traveling from layer 1 to layer imately 0.6 nm LiF and 70 nm aluminum were thermally
2, the wave undergoes Fresnel reflection and transmis-€vaporated onto the active layer.
sion, while within a layer the propagation leads to some
phase shift of the wave and decay according to the 3. Results and discussion
absorption of the material. All, the reflection, the trans-
mission, the phase shift and the absorption can be In Fig. 3, the results for the optical modeling of a
described in terms of the optical constantandk. The device consisting out of 1.1 mm glass, 125 nm ITO, 75
change of phase and amplitude can thus be written as a
2X2 matrix, treating both, the forward and backward

propagation direction: 1_> S
I glass |ITO (S
-t e
Eir L e —r €0
E. B | —r e 02 b2 Fig. 2. Schematic structure of the modeled multilayer device. The

incoming light (I,,) enters the device and propagates attenuated
towards the aluminum electrode. There it is reflected and the outgoing
intensity (I, leaves the device through the glass. Due to the high
reflectivity and absorption of the sufficiently thick aluminum elec-

% {EZR
trode, no light leaves or enters from the right side of the device.
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Fig. 3. The wavelength-dependent fractions of the light, which are
absorbed in each layer of the solar cell device, are depicted. Note the
good agreement between the summated absorbed fractions, total
absorbancel and 1-R.

nm PEDOT:PSS, 90 nm active layefMDMO-
PPV:PCBM 1:4 and a sufficient thick aluminum back
contact to absorb any light that is reaching it, are
presented. Depicted is the fraction of the incident inten-
sity that is absorbed within each layer at the different
wavelengths of the light. In addition, the result for the
device reflectionr is shown, which is a direct result of
the TMF. We find a very good agreement between the
summated absorption and-R, thus the relatiom +
R=1 is valid (A being the absorption of the multi-
layen. If the absorption for the active layer is folded
with the normalized AM 1.5 solar spectrum, predictions
for the maximum short circuit curredt- can be made.

In Fig. 4, the results for the variation of the active layer
thickness—consisting of the MDMO-PPV:PCBM 1:4
blend—are shown. Interestingly, we find a shallow local
maximum of the predicted current at approximately 90
nm and the function of the maxgc is rather wavy
depending on the active layer thickness. We assign this
directly to interference effects in the whole device,
which may lead to an optimized overlap between the
90-nm active layer absorption and the solar spectrum.
In general, we do have an increasing possible photocur-
rent for a larger active layer thickness, but the limited
conductivity of the organic layer and thus recombination
is expected to knock down real photocurrents at increas-
ing active layer thicknesses. From the calculation for
the 100 nm device, assuming the open circuit voltage
Voc and the fill factor FF to be the same as reported in
[7], we find the internal quantum efficiency IQE of the

measured device to be larger than 80%. This shows a ;|
rather good agreement between experimental photocur-

rents and simulated absorption for the active layer.
Recently, there have been reports on P3HT based

solar cell devices of having 70% and more external

guantum efficiency(EQE) as peak value$23,24. In

Ref. [24] the authors account the increased device

efficiency due to annealing and applying of a forward
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Fig. 4. Calculated short circuit current for differefViIDMO-
PPV:PCBM 1:4 active layer thicknesses assuming an internal quan-

Itum efficiency of unity. The PEDOT layer thickness is set to 150 nm.

current after the production of the whole device to be
mainly due to burning of shunts and an increase in the
charge carrier mobility. In Fig. 5 the results from Ref.
[24] are reprinted, and a large effect on the IPCE or
EQE due to the treatments is visible. In this work, we
want to quantify the gain for the maximum photocurrent
due to increased absorption. Consequently, P3HT:PCBM
(1:2) devices have been prepared with cell areas of
approximately 1 crh , where one sample was left untreat-
ed, while the others were treated according to R24].

In Fig. 6, the results for the measured and fitted
reflectivities are depicted. The optical properties, respec-
tively, the dielectric functions of the photoactive layer
were adjusted in this fitting, while the dielectric func-
tions of the other layers were already determined earlier,
separately. Here the active layer thickness in the mod-
eling was kept constant at 72 nm, close to the experi-
mental values from AFM measurements of single films
on glass. From the optical modeling we get the fraction
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Fig. 5. IPCE curves of P3HT:PCBM solar cells for different treat-
ments: non-treatedA), annealed(C]) and annealed and voltage
applied(®). Reprinted from[24].



592

60
50 Ay
._!." LT
40+
S
.c’:_, 304
- PO D |, gl pp— refINON
B204 4 Nt |- refHEAT
= —reflPPT
m  data NON
10 ® data HEAT
A data PPT
0 = T T T T
300 400 500 600 700 800

wavelength A [nm]

Fig. 6. Reflection of whole solar cell devices for different treatments:
non-treated(dots and squargs annealed(dashes and circlg¢sand
annealed and voltage appliéttiangles and full ling. The respective
lines show the fit results for the measured dgiaints).

of the light, which is absorbed in the active layiig.

7) and by folding with the AM 1.5 solar spectrum
maximum photocurrents are deduced. As results, the
non-treated device predicted 6.34 ffieh?, the annealed
sample 8.42 mAcn? and the annealed and biased
sample 9.02 mAcn¥?. Comparing these numbers with
the measured IPCE spectra indicates that the optical
effects of the treatment cannot account for the increased
device efficiency alone, but they may contribute to the
maximum photocurrent by more than 40%.

4. Conclusions

Optical modeling is a valuable tool to quantify optical
losses and gains within thin film organic photovoltaic
devices. This procedure shows for MDMO-PPV based
plastic solar cells, that a local optimum of the layer
thickness is approximately 90 nm, closely related to the
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Fig. 7. Modeled optical absorption for the active layer of solar cell
devices for different treatments: non-treateldts), annealeddashes
and annealed and voltage appligdll line).
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experimentally optimized device reported in REf]. In

the case of P3HT based solar cells it was shown that
treatments described in Rd24] led to an increase in
the optical absorption in the photoactive layer of more
than 40%. Hence, optical gains play an important role
for the increased photocurrent and device efficiency.
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