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Exciton diffusion and optical interference in organic donor—acceptor
photovoltaic cells

Thomas Stiibinger? and Wolfgang Brtting
Experimental Physics I, University of Bayreuth, 95440 Bayreuth, Germany

(Received 4 December 2000; accepted for publication 22 June) 2001

The influence of the organic layer thickness on short-circuit photocurrent spectra and efficiency is
investigated in heterojunction photovoltaic cells with the electron donor materials
poly(p-phenylenevinylene(PPV) and Cu-phthalocyaningCuP9, respectively, together withggas
electron acceptor material. The main process of photocurrent generation after light absorption,
exciton generation, and exciton diffusion in the bulk of the absorbing material is given by the
exciton dissociation at the donor—acceptor interface. We determined a strong dependence of the
optimum layer thickness of the absorbing material on the exciton diffusion length by systematically
varying the layer thickness of the electron donor material. Additionally, a significant photocurrent
contribution occurred due to light absorption and exciton generation in thela@er with a
subsequent hole transfer to PPV, respectively, CuPc at the dissociation interface. Using a simple rate
equation for the exciton density we estimated the exciton diffusion lengths from the measured
photocurrent spectra yieldingl2+3) nm in PPV and(68=20) nm in CuPc. By systematically
varying the layer thickness of the;{layer we were able to investigate an optical interference effect
due to a superposition of the incident with backreflected light from the Al electrode. Therefore both
the layer thickness of the donor and of the acceptor layer significantly influence not only the
photocurrent spectra but also the efficiencies of these heterolayer devices. With optimized donor and
acceptor layer thicknesses power conversion efficiencies of about 0.5% under white light
illumination were obtained. €2001 American Institute of Physic§DOI: 10.1063/1.1394920

I. INTRODUCTION electron transfer takes place on a subpicosecond time
scale®?2~2which is about three orders of magnitude faster

Organic thin film photovoltaic devices based on conju-yha typical radiative lifetimes of a few nanoseconds. There-
gated polymers and conjugated low molecular-weight matef,e the main dissociation process in heterojunction cells

rials with high absorption coefficients are prorpiging candi-zkes place only at or in the vicinity of the donor—acceptor
dates for efficient photon-to-current conversfof? While ierface. Dissociation processes in the bulk region of the

photovoltaic cells consisting of a single layer of a conjugatedy terials can be neglected. The fact that photoluminescence
polymer |n_7general lfighfg't low efficiency ~ of 1oeef9Y quenching occurs within a range of 5 nm in a conjugated
cqnversmnf‘, bler_1d§' 7 and hete_r(_)JuncUor_J@' " polymer in contact with an additionalglayer’ confirms
with materials having high electron affinity considerably en-iqe a5sumption that exciton dissociation is sharply located at
hance not only the photon-to-current efficiency but also thene gonor—acceptor interface if the exciton diffusion length
more important power conversion efficiency. is small like in PPV,

The primary step of photocurrent generation in organic e generation of excitons is strongly dependent on the

thin film photovoltaic devices is due to the creation of yisinytion of the light intensity inside the absorbing mate-
strongly bound excitons after light absorption in the activeis| which consequently influences the photovoltaic proper-

absorbing parts of the devices with exciton binding energiegias of the cell° Additionally, reflections at the metal/

Eg of some tenths of an e(‘é'%'é'fB:OA eV forexcitonsin - yroanic interface leading to optical interference effects can
the conjugated polymer PRV The generation of sepa- gjgnificantly affect the distribution of the light intensity in-

rated charges occurs as a result of dissociation of thes§qe the device. Therefore the layer thicknesses of both the
strongly bound excitons by interaction with interfaces, impUu-qonor and the acceptor layers are important parameters
rities, or defects, or in high electric fields. Competing path-yhich influence the quantum efficiencies of the cells, also

ways are radiative and nonradiative recombination, th%ecause of the low charge carrier mobilities1 cn?/V's)

former being important especially in materials with high 54 10w conductivities in the respective materials as com-
photoluminescence efficiency. A very efficient exciton d'sso'pared to inorganic semiconductdfs3!

ciation process has been found by Saricift¢ial® in the Different models have been developed to describe the
ultrafast photoinduced electron transfer from excited conjuynatovoltaic action spectfe2-36 Harrison et al3 give a
gated polymers to the lowest unoccupied molecular orbita,,rq,gh description of some of these models. Common to
(LUMO) of the Buckminsterfullerene & This ultrafast g of them is the assumption that the intensity of the optical
electric field shows an exponential decrease along the direc-
dElectronic mail: thomas.stuebinger@uni-bayreuth.de tion of propagation inside the device structure, reflections
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wetability for the aqueous solution of pdB4-ethylene-
dioxythiophengpoly(styrenesulfonaje(PEDOT:PS$in the
case of PPV/g, cells.

Thin films of PPV were obtained by spin coating the
soluble tetrahydrothiophenium precurdst! and subsequent
thermal conversior(at 180 °C for 2 h under vacuumBy
changing the concentration of the PPV-precursor solution we
achieved a systematic variation of the layer thicknesses in
the range of 20—150 nm. The PP\{{&ystem consisted of
PEDOTPSS  an additional PEDOT:PPS layéx25 nm between the ITO

;IS‘Z g::s anode and PPYsee Fig. 1b)]. This polyelectrolytgBaytron
P, purchased from Bayer AGvas used due to the fact that in
@) Hﬂmm ) H I Hm devices with PEDOT:PSS the photocurrent is imprégetf
Light Light and current—voltage characteristics do not show leakage

even for very thin PPV layer thicknesse$60 nm as com-
FIG. 1. Chemical structure of pdig-phenylenevinylene (PPV), Cu- nared to devices without PEDOT:PSS. Thg, @yer in the
phthalocyanine (Cl{PO, poly(3,4-ethylened|oxyth|ophebte p_oly(styrene- PPV/Q; bilayer system was evaporated on top of the poly-
sulfonatg¢ (PEDOT:PS$ and Buckminsterfullerene . Device structure 0
and direction of illumination in ITO/CuPcig/Al (a) and ITO/PEDOT:PSS/  mer under high vacuum conditios 1 X 10~ mbay with a
PPVIGy/Al (b) heterolayer devices. mean evaporation rate 6£0.1 nm/s. The CuPcfg donor—

acceptor systems were built-up by evaporation of both the

CuPc and the g layer under the same high vacuum condi-
and interference are neglected. These effects become esgmns and also with a mean evaporation rate=@.1 nm/s. A
cially important for thin film structures, where layer thick- systematic variation of the layer thicknesses was performed
nesses are comparable to the penetration depth of the inddy preparing up to six devices with different thickness in
dent light, and also in the case of a highly reflecting rearonly one vacuum cycle in order to obtain the same prepara-
contact as, for example, in the case of the metal electrodegon conditions for comparable investigations. After evapora-
normally used in organic photovoltaic cells. tion of the fullerene layer in both donor—acceptor systems

In this article we report on experimental results of thethe metal cathodéaluminum) was evaporated under high

influence of the organic layer thicknesses, the exciton diffuvacuum conditions in the same vacuum cycle as the organics.
sion length, and possible optical interference effects orBy a shadow mask four independent contacts each with an
short-circuit photocurrent spectra of thin film organic photo-area of~14 mnf were obtained on one substrate. In order to
voltaic devices. We focus on donor—acceptor heterojunctiominimize aging effecte.g., by oxygen or moisturedevices
systems between the conjugated polymer (mphenylene-  \ere stored inside a glove-box system with nitrogen atmo-
vinylene (PPV) and BuckminsterfullerenéCeo),>® and be-  sphere after preparation and between measurements.
tween the low n;;nlecular—weight material Cu-phthalocyanine = o the device characterization, especially for the photo-
(CuPg and Gy.”" These materials have been previously in-c,rent spectroscopy and for the current—voltage character-
vestigated in similar conflgur?’astégns partially with different jticq under illumination, a 150 W xenon arc lamp served as
donor or acceptor materiats,** however, no systematic 5 s rce of white light. This white light passed through a
investigations with respect to the influence of the layer thlck—Bentham monochromator in order to obtain monochromatic

sion lengths of the absorbing donor ma_tenals from our Meaie cryostat. In our experiments, we used a blazed grating in
sured photocurrent spectra we used a simple rate equation for

. . : : e monochromator, ruled with 1200 lines/mm, together with
the exciton density assuming that charge separation only ©Gppropriate long-pass filters to cover the whole visible spec-
curs at the PPV/g, respectively, the CuPclginterface. pprop gp P

tral range(380—780 nm Measurements of short-circuit pho-
tocurrents of the different devices were performed with a

Il. EXPERIMENT Keithley_65_17 electrometer during illumination with mono-
) o o chromatic light through the transparent ITO anode. The in-
A. Device fabrication and characterization tensity of the light was measured separately using a cali-

The typical device structure and the used materials ar@rated silicon photodiode placed at the same position as the
schematically shown in Fig. 1. The two different donor—samples. For the current-voltage characterigfies/ char-
acceptor systems were in both cases sandwiched betweeraegteristicg in the dark and under white light illumination
transparent, conducting anodéndium tin oxide (ITO)],  (without passing through the monochromatave used a
through which the cell was illuminated, and an opaqueKeithley 236 source-measure unit. All photoelectric mea-
(backreflecting Al counterelectrode. We used commercially surements were performed at room temperature under high
available glass substrates coated with ITBlachglas, 20 vacuum conditions to prevent the devices from photo-
Q/0), which were cleaned with different solvents in an ul- oxidation. Optical absorption spectra were measured on films
trasonic bath followed by an oxygen plasma treatment irdeposited on quartz glass substrates with a Perkin—Elmer
order to enhance the work function of ITO and to improveLambda2 UV/vis-spectrometer.
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In the long wavelength range&.=550 nm) Cg, shows
- -.CuPc almost no absorption but high absorption in the ultraviolet
- Gy range. A significant contribution to the absorption spectrum
also occurs in the short wavelength range with an absorption
maximum at\=440 nM(am~1.1X10° cm™1).
For PPVIG, there is a significant overlap of the absorp-
tion spectra in the short wavelength rari§80—550 nmand
a very weak absorption of both materials in the long wave-
SR length range. By contrast, in the CuPgfilayer system
b CuPc and &, have nearly nonoverlapping but complemen-
N tary absorption spectra in the whole visible spectral range.
t Therefore we can distinguish between light absorption in the
wavelength [ni] CuPc layer and in the & Iayer by _choo;ing the adequate
wavelength, making it possible to investigate separately ef-
FIG. 2. Absorption spectra of pdy-phenylenevinylene (PPV), Cu-  fects like exciton generation and diffusion in the absorbing
phthalocyaningCuP9, and Buckminster_fullereneegir_\ thin filr_n§. CuPc  material or optical interference. Therefore the CuRglt-
?::gégo show complementary absorption spectra in the visible spectralerolayer device is the more favorable system to be system-
' atically investigated in comparison with the PPY§Gystem
with its overlapping absorption spectra.
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Before correcting the wavelength-dependent illumina-
tion intensity we verified that there was a linear dependencgl' RESULTS AND DISCUSSION
of the photocurrent on the intensity of the incident light For organic single layer photovoltaic devices, the rela-
(Jpnote* 1) for all our studied devices with=1. The light  tionship between the photocurrent and absorption spectra can
intensity dependence of the photocurrent as described by the classified into two types: symbatic and antibatic
value of the exponentis related to the efficiency of exciton responsé? In the former case the photocurrent spectrum cor-
generation and dissociation and the electrical characteristiaglates well with the absorption spectrum, so that the maxi-
of the photovoltaic cell. Withr=1 bimolecular recombina- mum photocurrent is obtained at the wavelength of the stron-
tion can be neglected and therefore all photocurrent spectrgest absorption. In the latter case, there is a local minimum
could easily be normalized to a constant light intensity ofof the photocurrent at maximum absorption and the maxima
140 uW/cn? for monochromatic illumination. of the photocurrent spectrum occur for photon energies near
the absorption edge. In single layer devices with one ohmic
and one Schottky contact antibatic behavior typically occurs
for illumination through the ohmic contact and symbatic re-

The different absorption spectra of the used materials argponse for illumination through the Schottky contdc In
shown in Fig. 2. The absorption coefficients were obtainedhis case the main exciton dissociation takes place at the
on films with layer thicknesses ¢50 nm comparable to the Schottky contact due to the high internal field in the vicinity
thicknesses in the photovoltaic devices. PPV shows a broagf the electrode.
absorption band in the high energy range of the visible spec- The typical symbatic—antibatic transition can be ob-
trum with an absorption peak at=420 nm and an absorp- served by increasing the layer thickness of the organic semi-
tion edge ah =520 nm leading to an optical band gap of 2.4 conductor material from very thin layers comparable to the
eV. Because of the lack of absorption in the long wavelengttpenetration deptid<d,,,) to very thick layers(d>d,,)
range(550—780 nm PPV is not very suitable for white light resulting in thickness-dependent photocurrent spectra.
applications over the whole visible spectrum and especially
not for the air mass 1.5 solar spectrum. The absorption coefA—"
ficient at the absorption peak of PPV is very high,{y In the following experiments we used bilayer systems
~3.3x10° cm}) resulting in a short penetration depth of with Cy in order to locate the main exciton dissociation at
only d,,»=30 nm. So even at very thin layer thicknesses the donor—acceptor interface due to the photoinduced elec-
<dni, there is still considerable light absorption in PPV tron transfer. The additional fullerene layer does not change
making thin film photovoltaic devices possible. the distance between the illuminated ITO electrode and the

CuPc shows high absorption in the long wavelengthdissociation interface but improves the photon-to-electron
range (ama=2x10° cm ! at \=620 nm) and hardly any conversion efficiency not only in PPV{gsystems but also
absorption in the short wavelength range of the visible specn CuPc/G, systems as compared to the respective single
trum between the two absorption edges\at390 and 500 layer devices with the same donor layer thicknesses.
nm. The corresponding penetration degth,~50 nm at the In the two donor—acceptor systems PPyy@nd CuPc/
wavelength of the absorption peak in the low wavelengthCgy we systematically varied the layer thicknesses of each
range also permits the investigation of thin CuPc layers wittdonor layer(PPV, CuPg at a constant g layer thickness
d=<50 nm. However, the main absorption peak appears in thand of the G layer thickness at constant donor layer thick-
UV with amae=2.5X10° cm~! at A=330 nm, which is not nesses in order to investigate the influence of the different
very favorable for sunlight applications. layers separately.

B. Optical absorption spectra

Thickness dependence of photocurrent spectra
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FIG. 3. Photocurrent spectra of ITO/PEDOT:R3s nm/PPV/GyAl het- F y
erolayer deviceda) Variation of the PPV layer thickness at a fixeg,Gyer 0'03'00 800

thickness 0of(38+4) nm and(b) variation of the G, layer thickness at a

fixed PPV layer thickness dR4=4) nm. wavelength [nm]

FIG. 4. Photocurrent spectra of ITO/CuPy@l heterolayer devices(a)
) ) _ Variation of the CuPc layer thickness at a fixeg,@ayer thickness of
First the PPV/G, donor—acceptor system was investi- (38+4) nm and(b) variation of the G layer thickness at a fixed CuPc layer

gated with the variation of the PPV layer thickness. In Fig.thickness of(57+4) nm.
3(a) the photocurrent spectra for different PPV layer thick-
nesses are shown. ThggJayer thickness was kept constant
at (38+=4) nm in all cases. The typical transition from sym- we cannot distinguish between the influence of PPV and
batic to antibatic behavior can be seen with increasing PP\Cq.
layer thickness. The photocurrent peak shifts towards longer Therefore our investigations were mainly focused on the
wavelengths with increasing donor layer thickness and th€uPc/Gg donor—acceptor system. First the variation of the
photocurrent spectra no longer correlate with the absorptio@uPc layer thickness for a fixedsglayer thickness is inves-
spectra of PPV. There is a maximum photocurrent for a PP\igated. There are two main contributions to the photocurrent
layer thickness 0f23+4) nm, which is slightly lower than in the CuPc/G, bilayer system as can be seen in Figg)4
the penetration depth of PPV. With increasing PPV layerThe first one in the long wavelength ran@0—-780 nmis
thickness the photocurrent response becomes more antibatice to absorption in the CuPc layer. A second contribution to
similar to single layer devices with a PPV/AI-Schottky con- the photocurrent spectra is found in the wavelength range of
tact. There is also a small contribution from thg,@yer to  negligible CuPc absorption between 400 and 500 nm. In this
the photocurrent at short wavelengths=350 nm) and in the  range the G, absorption is high and exciton generation oc-
long wavelength rangé\=620 nn). curs in the bulk of Gg. In order to achieve such a significant
In a second experiment with a PPV donor layer thicknesphotocurrent contribution an efficient dissociation mecha-
of (24=4) nm, we systematically varied thegQayer thick-  nism at the donor—acceptor interface is required. This can be
ness. The results of the photocurrent spectra can be seenachieved by a hole transfer from generated excitonssjt@
Fig. 3(b). With increasing & layer thickness the shape of the highest occupied molecular orbitdOMO) of CuPc.
the main photocurrent peak does not change significantlyThere is also the typical transition from symbatic to antibatic
There is a maximum peak value for ggdayer thickness of response of the photocurrent spectra with increasing CuPc
(27+2) nm. The photocurrent spectra clearly exhibit the con-layer thickness in the long wavelength rari§&0-780 nnj,
tribution of Gso with increasing layer thickness in the short the region of bare CuPc absorption. For thin CuPc lagers
wavelength range ai=350 nm. The optimum £ layer <80 nm the photocurrent maximum occurs at the wave-
thickness can be a result of an optical interference betweelength of the absorption peak. At thicker CuPc layers this
incident light and light backreflected at the Al electrode.photocurrent maximum turns into a local minimum repre-
However, due to overlapping absorption spec¢see Fig. 2  senting the antibatic response. Further there is a global maxi-
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mum of the photocurrent for a CuPc layer thickness of 18
(58+6) nm. In the wavelength region of barggZbsorption ] wavelength A :
there is no significant change of the shape of the photocur- X o ooy O Hm
rent contribution with increasing CuPc layer thickness. 154 M m:
Through the variation of the g layer thickness from : 564nm
(19+5) nm to (133+7) nm at a constant CuPc donor layer A 614nm
thickness of(57+4) nm we obtained significant changes in A 664nm
the photocurrent spectra in the whole visible spectral range o 714nm
[see Fig. 4b)]. In the range of CuPc absorptid650—780 = 764nm
nm) the photocurrent first increases with increasing l&yer offset :
thickness, then reaches a maximum photocurrent at the o MpAlent
wavelength of the absorption peak for goTayer thickness ¢ 12uMcn?
of (74=5) nm and afterwards decreases with further increase v 10wt
of the Gy layer thickness until it starts to increase again Z ;‘zx
around 600 nm for the thickestgglayer. Because of the s—m A 3N
constant CuPc layer thickness no transition from symbatic to ] o Ao
antibatic response is visible. At shorter waveleng#80— /-""'—'—"'h\.i._ = (none)
500 nm) there is an equivalent behavior, but the global maxi- 0 o 0 150 %0 200

mum is already reached at a thinney, ickness of44+4)
nm, which means that the optimurmgJayer thickness is
dependent on the wavelength of the incident monochromatigic. 5. bependence of the photocurrent on thglyer thickness at a fixed
light. There is also a continuous redshift of the photocurrentvavelength in ITO/CuPc/g/Al heterolayer devices. Data are taken from
peak in the short wavelength range, which is repeating periig- 4®).

odically with increasing &, layer thickness. These changes

of the shape and magnitude of the photocurrent spectra indirperein I,(\) is the intensity of incident monochromatic

cate an optical interference effect at the dissociation interfac[,?ght (after passing the CuPc layek()\) the wave vector in
leading to periodically modulated photocurrent spectra. lrbeo, n(\) the refractive index of g, and ¢(\) a phase
order to prove this effect we rearranged the obtained data igp;f.

order to get a more detailed impression of this effect in the Equation(1) is only correct if G, absorption is negli-

following section. gible. The additional phase shif(\) is introduced to allow
for a possible shift of the active zone away from the CuPc/
Cgo interface, which can occur when the exciton diffusion
B. Interference effect length in one of the materials is in the same range as the
layer thickness. In this case excitons generated away from
the dissociation interface also contribute to the photocurrent
ciéading to a shift of the effective interface position. It has
been found thaip~0 in the wavelength range ofggabsorp-
tion and ¢<0 for CuPc absorption, which indicates a rela-
tively large exciton diffusion length in CuRto be discussed
. . . . . _n the next section On the other hand the possibility of a
are fit curves using a simple interference model which W'"finite penetration depth of the light waves into the metal

be qll_icuslgeﬁt b.e ltOW gtnd V\f[hi;?o@gsorptlop IS r?efjlefcted. . electrodes in the range of a few nanometers can also shift the
e light intensity a e dissociation interface is | 4o of the standing light waves.

strongly influenced by optical interference effects due to the Fits of Eq.(1) to the observed periodic modulation of the

reflecting Al b_qckconta_ct, Wh?Ch s the mos_t dominamphotocurrent are shown as lines in Fig. 5. The obtained re-
boundary condition. By increasing theJayer thicknessl fractive index of G is about(2.5+0.3) in the wavelength
also the distance between the backreflecting Al electrode a nge 400-650 nm and abo(®.0+0.3) above this range

the dissociation interface is changed leading to a periodig\/hiCh is comparable to literature d#&5The drop at about

modulation of the light intensity inside the device. The light 650 nm can be ascribed to a slight decreasegaBsorption
intensityl,(d,\) at the donor—acceptor interface is given by at about the same wavelengtee Fig. 2 ©

the following equatior(qnly Iight propagation perpendicular A problem with the simple interference model given by
to the substrate plane is considered Eq. (1) appears at short wavelengths and for thigk l&yers.
In the short wavelength range;£absorption is sufficiently
high leading to exciton generation ingand a non-
negligible photocurrent contribution as mentioned above.

Cq, layer thickness [nm]

In order to prove the occurrence of the optical interfer-
ence effect at the dissociation interface, the obtained phot
currents are plotted versus thgyCayer thickness for differ-
ent wavelengths in Fig. 5. A periodic modulation of the
photocurrent with the g layer thickness with increasing pe-
riod for larger wavelengths can be seen. The lines in Fig.

[1(d,N)=1g(N)sir?[K(N)d—@(N)]

with Thus the simple interference model has to be modified by
additional terms including absorptia#(\) and exciton gen-
K(\) = 2mn(\) (1) erationc(\) in the G layer. The light intensity at the dis-
N sociation interface is then given by
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51— G, absorption neglected p——— for thick donor layers occurs. As seen in Figé)3and 4a)
—— with G,, absorption A=440nm there is a global maximum of the photocurrent at a PPV layer
44 thickness of(23=4) nm and at a CuPc layer thickness of
(58+6) nm in the visible spectral range. We will now ana-
lyze this behavior in more detail. Furthermore we will show
that the optimum layer thicknesses allow us to estimate the
exciton diffusion length in the respective material by using a
simple exciton diffusion equation.

Several theoretical models have already been developed
to relate the photocurrent response to the absorption spec-
0 0 40 6 a’o\ ;60 B0 140 trum. However, Fheir assumptio_ns are different regarding the

C,, layer thickness [nm] ngture of the initially pho_toexuted species and the mecha-
nisms of charge generation and transport. In the paper of
FIG. 6. Interference effect in the ITO/CuPgH heterolayer device: com-  Harrison et al3* the different models developed by Ghosh
parison of mgasured da_tg with the interference model once including angt a|“35 Tang and Albrech%? DeVore,36 Ghosh and Fen@,
once neglecting the additionaggeontribution. and Deormeauxet al®? were thoroughly discussed. Al-
though in a qualitative sense, all of these models offer an

Lo(d,\)=1,(d,N)exd —a(\)d]+c(N) intuitively reasonable description of the experimgntal resgltg
at room temperature and since the models predict very simi-
X[1—exp(—a(N)d)]. (2 lar photocurrent responses, it is extremely difficult to distin-

The result for the modified model is shown in Fig. 6 for guish between whether charge carriers are generated directly
a wavelength of 440 nnregion of strong @, absorptiop. ~ @s @ result of photoexcitatiofintrinsic photogeneration or
The exponential decay of the photocurrent due §gabsorp-  indirectly by interaction of photoexcited excitons with impu-
tion [first term in Eq.(2)] is clearly seen together with an fities, defects, traps, and interfacéxtrinsic photogenera-
increasing offset of the photocurrent for thickeg,@ayers  tion). The latter is predominantly the case for single layer
[second term in Eq(2)], which saturates for infinite g5  devices with the exciton dissociation at the organic/metal
layer thickness at a value &f1,(\)/4. interface.

As can be seen in Fig. 5 the maximum value of the  In the used heterolayer devices witl;@s an electron
photocurrent occurs at the first maximum of the periodicacceptor it is obvious that the main exciton dissociation
modulation with increasing & layer thickness and is there- mechanism is the ultrafast photoinduced charge traftsier
fore dependent on the wavelength of the incident monochrothe donor—acceptor interface. Our model in principle is a
matic light. By choosing the corresponding thickness themixture of the models of Ghosh and Fehglang and
photocurrent efficiency of the device could be maximizedAlbrecht® and Deormeau® where the charge carrier dif-
under monochromatic light illumination. For the whole vis- fusion is described by the standard diffusion equation. How-
ible spectral range and white light illumination, however, theever, in our case we do not describe the diffusion of gener-
best Gy layer thickness must include both main contribu- ated charge carriers, but the diffusion of generated neutral
tions to the photocurrent and should be in the range of 40—6@xcitons in the bulk of the absorbing matefi&f"*®Further
nm. on, our model is extended to take into account the photoin-

The predicted optimuni35 nm and worst(80 nm Cgo  duced electron transfer at the donor—acceptor interface
layer thickness calculated for a polymeg(eterostructure within the thin film structure. Further assumptions in our
by Petterssoret al*® show good agreement with our experi- model are thatl) the absorbing layer is semi-infinite, so that
mental results at the corresponding waveler@th460 nm, 5y away from the illuminated electrode all light is absorbed
see Figs. 5 and)6Beckeret al*’ reported that nonradiative anq optical interference effects cannot oc¢@y. There is no
energy transfer is important for distanaes (90/) nm from  qntribution to the photocurrent spectra from possible exci-
the metal electrodén: refractive index. In our case, how- 4 gissociation in the bulk, i.e., no intrinsic dissociatiés).

ever, we have found no evidence for exciton quenching dugects of reabsorption of fluorescent light, which has been
to the Al-metal cathode even for thinggJayers(d<40 nm  ¢houn to have a non-negligible influence on the spatial ex-

since the photocurrent modulatlor_l can be S'mp',y descr'b_egiton distribution in molecular single crystdf$are not taken
by optical mtgrference. The optlm.um layer thickness Sinto consideration in this model because they only play a
therefore not influenced by quenching effects of the met inor role in these devices. In the case of PPV, which has a

electrode, at least for the investigated,Tayer thickness photoluminescencéPL) efficiency of about 15%—20%, there
above 20 nm. is a fairly large spectral redshift of the PL with respect to the
absorption spectrum so that reabsorption should not play a
major role. In the case of CuPc the PL is much weaker so
In Sec. Il A we have shown that for the variation of the that reabsorption effects are negligibld) Bimolecular re-
PPV or CuPc donor layer thickness at a constagt!l&er combination does not occur, and final(§) all generated
thickness a typical transition from symbatic response for theharges are contributing to the steady state photocurrent, i.e.,
photocurrent spectra for thin layers to an antibatic responseo trapping of charges occurs inside the device.

C. Exciton generation and diffusion
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Starting from the continuity equation for neutral excitons 20 L= 1orm o= 01O oL = 1
and additional terms for exciton generation and exciton re- =10nm a=0. O"m_,' N
. . . . . . . ---- L=10nm; o=0.30nm"; oL > 1
combination the time-dependent exciton diffusion equation . 16- _ _ 4
50 S mm L =10nm; a=0.03nm"; oL <1
becomes* s 1 /s
> 124
INgyd X, 1) Neyd X, 1) B
L=gaNo(t)(l—R)e_“x— NexdX,H) g 147 N N\ e
ot Texc Bosdd 7 S0 N Tt
e Ul NN T
s |4 N T
PNexd X,1) - TN | P N N
Dexc (9X2 _F(X_Xint)next{xvt)- 5 04
©) 00 : . o
. , L 0 10 20 30 40 50
In Eq. (3) the time-dependent exciton density,. is de- distance x [nm)

scribed by four different terms all dependent xqrwhich is
the distance from the illuminated ITO electrode into the bulkF!G. 7. Exciton density in the bulk of the absorbing material versus distance
of the absorbing material. The first one represents the eXCito)ﬁfrom the illuminated ITO electrode for different values @fandL.
generation with the number of incident photoNg(t) and

the internal photon-to-exciton efficienay Because of re-

flectivity losses at the glass substrate an additional term (1 X :L In(al) 6)
—R) is included. The exciton generation term is mainly de- max gl -1

termined by the exponential decay of the light intensity in
the absorbing layer. The second term represents exciton el
combination with a recombination lifetime,.. The exciton
diffusion is expressed by the third term with the exciton dif-
fusion constanD,.. The last term on the right-hand side of
Eq. (3) stands for exciton dissociation at the donor—accepto
interface(x;,;) with the dissociation raté (X— Xi,) -

The time-dependent differential equation for the exciton
density ne, [Eq. (3)] is solved for stationary illumination
(dNney/ dt=0) and with the boundary conditiomg,(x=0)
=0 (drain of excitons at the illuminated ITO electrodend

This position of the maximum exciton densiky,,y IS

y dependent on the exciton diffusion lendthand the
absorption coefficiente of the absorbing material. For the
special case okL =1 the maximum exciton density is ob-
tained atx,,,=L and its value is highest as compared to
bther combinations of and L. Therefore the exciton diffu-
sion lengthL is an important quantity that determines the
optimum thickness of the absorbing layer.

The exciton dissociation processes at donor—acceptor in-
terfaces or at metal—organic interfaces, respectively, lead to a
. . ) slight modification of the exciton density model with an ad-
nexc(x—>oo)=p (np exciton creation far away in the bulk, ditional rate term for the strongly located exciton dissocia-
because all light is absorbed befphy tion, which is only significant at or in the vicinity of the

gNo(1-R)  alL? speqific interche, gspeci_ally at a donqr—apceptor interface
“X_g=(L)y  (4)  studied herddissociation in the bulk region is neglecied
An important guideline for the fabrication of donor—

(The latter boundary condition has to be changed if theAcceptor heterolayer devices is to place the exciton dissocia-

donor layer thickness is of the same magnitude as the pefi©On interface right at the position of the maximum of the

etration depth and if another organic layer or a metal inter€XCiton density, where the highest amount of excitons is lo-

face is involved. ThereinL is the exciton diffusion length C@t€d. This means that the optimum layer thickness of the
defined as donor material is then equal to the distangg,, from the

illuminated ITO electrode given by E@6) and is therefore
L= \/m (5) only dependent on the two material parameteesndL. With
this equation we can plot the position of the maximum exci-
This expressiofiEg. (4)] gives the exciton density in the ton densityx,ax versus the exciton diffusion length (see
bulk of the absorbing material without exciton dissociation atFig. 8) in order to estimate the values &f for PPV and
the donor—acceptor interface. Similar exciton concentratiofCuPc. This relationship is shown in Fig. 8 fax=2
profiles are reported elsewhéf%5\We note that while itis X 10° cm™* corresponding to the photocurrent maximum in
generally accepted that metal electrodes completely quendhe PPV/G, system aik=480 nm and in the CuPcigsys-
the excitons in their vicinity this process has not yet beertem atA=620 nm. From the experimentally obtained opti-
directly proven for ITO. However, there is evidence that pho-mum layer thicknesses of PPV and CuBee Sec. Il A we
toluminescencéand thus excitonsare quenched in a range estimate the corresponding exciton diffusion lengths to
of 20—25 nm from the ITO electrodé>2so the assumption Lppy=(12+3) nm andL c,p= (68+20) nm. The error esti-
of an exciton sink as the boundary condition may be justi- mates result from the limited number of investigated layer
fiable. thicknesses and, especially in the case of CuPc, the large
Figure 7 shows exciton density profiles according to Eqspacing between different layer thicknesses. The reproduc-
(4) for different parameter values &fand . The maximum ibility of the photocurrent values in different experiments is
exciton density always occurs at a distangg, from the  much better than these error estimatiekhe fact that the
illuminated ITO electrode given by photocurrent spectra of CuPglevices of two independent

Nexd X) = Doxc l—(a'L)Z(e
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FIG. 8. Dependence of the position of maximum exciton density on the
exciton diffusion length. With the optimum layer thicknesskgg= Xmay of FIG. 9. IPCE in PPV/g and CuPc/g, heterolayer devices for various layer
the absorbing donor materials received from the measured photocurrethicknesses of the absorbing donor materials.
spectrd Figs. 3a) and 4a)] the corresponding exciton diffusion lendttor
PPV and CuPc is estimated.

tained values represent the maximum IPCE of each spec-
) ) _trum, which is achieved at different wavelengths as a
evaporation processes perfectly match in the case of the Ir?:'onsequence of spectral shifts due to the symbatic—antibatic

terference effecisee Sec. lllB clearly demonstrates the yangition. The maximum IPCE value in the PPyjGystem
high reproducibility in these cellsThe obtained values of i about 10% and in CuPcigabout 3%.

the exciton diffusion length are comparable to literature data Apart from the photocurrent spectra, current—voltage

H 7,53 54 H H ’
for oligo-PPV/"*?and 655';.}? respectively, and for different .55 cteristics are necessary to obtain the most important
metal-phthalocyanines.Although this is only a rough es- - yn 6y o1taic quantities, like filling factor FF or power con-
timation of L it shows that the optimum donor layer thick- version efficiencyyp, which are defined by Eq8) includ-

ness is mainly determined by the exciton diffusion lenigth ing the open circuit voltag¥ . and the short-circuit photo-
of the material.

. . . . currentJg.:
With these numbers it is possible to simulate the photo-
current spectra for different donor layer thicknesses qualita- (VX )| max an |FFX VX Jge ®
tively yielding the typical symbatic—antibatic transition with VX ded K lo '

increasing layer thickness of the absorbing material. How-'n Fig. 10 thel—V characteristics in the dark and under
ever, due to several unknown wavelength-dependent quanti-

ties, like g or R, which can change the shape of the photo-W.hlte light |Ilum|nat|on are S*.‘OVW.' for a typ|caI. CuPeC
. bilayer system in a semilogarithmic plot. There is a low re-
current spectra, and the presence of the interference effect we : . T
oo vérse current and a high rectifying behavior in the dark.
are not able to calculate quantitative photocurrent spectra.

Further factors to be considered are the electric transpor pon |IIum_|na_t|_on the current for r.‘ega“"e applied voltages
. . S changes significantly due to the high photocurrent contribu-
behavior of the organic layers and the question if the S€P%on leading also to a nonzero, positive open circuit voltage
rated charge carriers are driven by drift procegsleg to the 9 P P 9
built-in field caused by different work functions of the elec- ~°¢
trodgs) or by. dlffu5|on'processssc ue to the gradlgnt. of the thel -V characteristics in the fourth quadrant. This is shown
carrier density at the interfageTherefore a quantitative de- . . . . . o .
. ; . . : in Fig. 11 for white light illumination with I,
vice modeling requires further studies of these related issues.

More information can be obtained from a linear plot of

D. Photovoltaic efficiency —a— white light illumination i

The efficiency of a photovoltaic device can be described 107 —v— dark
by the incident monochromatic photon-to-current efficiency 1

(IPCE), which gives the ratio between the number of gener- 10" B

\
ated charge carriers contributing to the photocurrent and the 5 . M
number of incident photons. The IPCE is given as %10*;:% ]
PR %] = 124 sl #A/CTT] 7 = "o f
Bl = L4 X T mWien ] ™ 3 46

whereJg. is the short-circuit photocurrent, atg and\ are

the intensity and the wavelength, respectively, of the incident 10"

light. -3 2 i 0
The obtained IPCE values for the PP¥/Cand the voltage [V]

CUP_C/QO donor—acceptor system with Var_iati(?n of the ab-riG. 10.1-V characteristics in the dark and under white light illumination
sorbing donor layer thickness are shown in Fig. 9. The obin an ITO/CuP¢7 nm/Cqy(83 nm)/Al bilayer device.
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@ configuration. Assuming that charge carrier separation
mainly takes place at the donor—acceptor interface due to a
photoinduced electron and hole transfer, we were able to

\\\\\\\\W investigate the influence of the specific position of this dis-
\\\\\\\\\\ sociation interface on the short-circuit photocurrent spectra

§ of PPV/G, and CuPc/g, systems through the variation of
\\\\\\\\\\\\\\\\\\\\\\\\ the individual layer thicknesses. The advantages of comple-
mentary absorption spectra of CuPc ang} &llowed us to
distinguish between an interference effect due to standing
. . r . light waves in the g, layer and exciton generation and dif-
00 02 o4 it [\(,)js o8 10 fusion in the CuPc layer separately. From the variation of the
Ceo layer we obtained an optimum thickness of this layer
FIG. 11. |-V characteristics under white light illumination for a P4  between 40 and 60 nm depending on the illumination wave-
nm)/Ceo(19 N (a) and a CuPG7 Nm)/Ceo(19 N (b) bilayer device with  length. The typical transition from symbatic to antibatic re-
optimized donor layer thicknesses. sponse, leading to the optical filter effect, is obtained by
increasing the absorbing CuPc layer thickness. From a

=18 mWi/cnft for the PPV/G, and CuPc/g, bilayer system simple gxciton density model we derive_d that thg optimum
with optimized donor layer thicknesses. The short circuitla}ler thickness O_f the _absprbmg material is mamly_ deter-
atem s more than wice a6 large a0 n the Cupedge.  CMUSION lengths in CLPEL e (66:20) i and in PPV
tem. [I__ppv_=(12i3) nm, respectn(ely. Povyer conversion effi-
In Fig. 12 the power conversion efficiency versus ciencies 7p>0.5% were achieved with optimized donor

short-circuit photocurrenfls, under the same illumination layer thicknesses under white light illumination at 18
conditions is shown for both donor—acceptor systems. Th@W/cmz.

data were obtained from the variation of thg,@uyer thick-

ness as discussed before in Sec. Ill A. As a results, which IBCKNOWLEDGMENTS
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