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Charge transport and recombination in bulk heterojunction solar cells studied by
the photoinducted charge extraction by linearly increasing voltage technique

Abstract

Charge carriermobility and recombination in a bulk heterojunctionsolar cell based on the mixture of
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-phenylene vinylene] (MDMO-PPV) and
1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-Ce1 (PCBM) has been studied using the novel technique of
photoinduced charge carrier extraction in a linearly increasing voltage (Photo-CELIV). In this technique,
charge carriers are photogenerated by a short laser flash, and extracted under a reverse bias voltage ramp
after an adjustable delay time (tdel). The Photo-CELIV mobility at room temperature is found to be 1 = 2 x

10" em? V' s77, which is almost independent on charge carrier density, but slightly dependent on tdel.
Furthermore, determination of charge carrier lifetime and demonstration of an electric field dependent
mobility is presented.
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Charge carrier mobility and recombination in a bulk heterojunction solar cell based on the mixture
of  poly[2-methoxy-5¢3,7-dimethyloctyloxy-phenylene  vinylene (MDMO-PPV)  and
1-(3-methoxycarbonypropyl-1-phenylt6,6)-Cs; (PCBM) has been studied using the novel
technique of photoinduced charge carrier extraction in a linearly increasing véRhgeo-CELIV).

In this technique, charge carriers are photogenerated by a short laser flash, and extracted under a
reverse bias voltage ramp after an adjustable delay tiggge The Photo-CELIV mobility at room
temperature is found to he=2x 10" cn? V™1 s™1, which is almost independent on charge carrier
density, but slightly dependent dg.,. Furthermore, determination of charge carrier lifetime and
demonstration of an electric field dependent mobility is presented0@ American Institute of
Physics [DOI: 10.1063/1.1882753

Experimental determination of the mobility of photoin- monitored, which hardly resembles the operational condition
duced charge carriers in thin filfil00—300 nm organic  of a sandwich type solar cell. In addition, charge carrier mo-
photodiodes, and particularly in bulk heterojunction solarbility in an FET may also strongly dependent on the
cells is not straightforward. Mobility in bulk heterojunction morphology’ i.e., the morphology of the thiri<20 nm),
solar cells has been investigated using a time-of-fl{g@F) phase separatgmbyer near the insulator, which may be al-
technique’ or has been calculated from the transfer charactogether different from the morphology of the bulk.
teristics of a field effect transistdFET).> The applicability In this letter, we demonstrate a technique of photoin-
of both of the above techniques have limitations: The TOFduced charge carrier extraction in a linearly increasing volt-
technique, in which the transit time of a two-dimensionalage(Photo-CELIV)® applied to determinsimultaneouslyhe
sheet of photogenerated charge carriers drifting through gharge carrier mobility and lifetime of the carriers in bulk
sample of known thickness is determined, requires larg&eterojunction solar cells with an active layer thickness of a
films thicknesses with high optical density.d.>10).> For  few hundred nanometers. The experimental setup consists of
bulk heterojunction solar cells, this requires at leagta @ nanosecond laséCoherent Infinity 40-100 Nd:YAG a
thick film of the photoactive blend, which is 3—-10 times delay generatofStanford Research DG 58% function gen-
thicker than what the optimum performance of such deviceerator (Stanford Research DS 345and a digital storage
requires’ The performance of bulk heterojunction solar ©Scilloscope (Tektronix TDS754Q. The sandwich type
cell$® as well as charge carrier mobility is shown to be mor-Structure (Fig. 1) consists of an ITO-coated trans-
phology dependent, which may change by increasing the filnparent electrode, 100 nm p@8;4-ethylenedioxythiopheje
thickness up to several microfivoreover, the number of Poly(Styrenesulfonate (PEDOT-PS$ layer, 260 nm(mea-
charge carriers in a TOF experiment is limitedd10% of ~ Sured by a semiconductor profileactive layer prepared by
the capacitive chargtThe maximum charge carrier concen- SPIn coating of a 1:4 weight ratio mixture of MDMO-
traton can be calculated according te [cm ] PPV:PCB_M solution(5 mg/m_l polymer in chloroben_zehe
=0.1((egoU)/(d%)), wheree is the low-frequency dielectric and Aluminum as cathodective area of~3 mn, Al thick-
constant(e ~ 3), &, is the vacuum permittivityl) is the ap- oo 1S 80 nn Th||s device eXh!ﬁ'ts power conversion effi-
plied voltage(U~ 10 V, corresponding to FOv cmY), d is ciency(#) at simulated AM 1.5 illumination ofy~ 1.8% as

the film thicknesg¢d~ 1 um) ande is the elementary charge characterized in a solar simulator unit. The MDMOr;(I;PV
. . " polymer was synthesized by the sulphinyl precursor route
Using the above valuesg~1Xx10"cm™ is calculated, boly y y priny’ b

by the group of D. Vanderzande, and PCBM was purchased

which is orders of magnitude lower than the charge carrieg. Rijksuniversiteit Groninget).C. Hummeleh The de-
concentration in an AMair mas$ 1.5 illuminated solar cell. vice was mounted in a cryostat, and illuminated from the

In the FETSs, on the other hand, the motion of electric field|TO side by a 3 ns, 532 nm laser pulse for bulk photogenera-
induced charges on the surface of an insulating dielectric i§y, of charge carr’iers.

The pulse sequence and the schematic response of the
¥Electronic mail: attila.mozer@jku.at Photo-CELIV technique are shown in Fig. 1. The response of
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a dielectric upon application of a voltage ramp is a square-

shaped current transient with the plateau value corresponding 560

to the capacitive displacement currept0)=AX egq/d, 3

whereA is the voltage rise speeti=dU/dt. From j(0) the S30

RC time of the setup can be calculated, which 08 s in k<

the measurements presented herein. If charge carriers are ex- .;9; 0
Y

tracted from the dielectric, an additional extraction current is
detected. From the time when the extraction current reaches
its maximum valudt,,,,), the mobility () can be calculated

0 2 4 6 8 10 12
time [us]

as Eq_(jl_)11 FIG. 2. Measured Photo-CELIV curves éd) various delay timegtgye)
between the light pulse and the voltage puld®;various incoming light
) intensity at fixedtye=5 us; and(c) variousU .
2d .
w= Aj if Aj=<j(0). 1)
3At2max{1 + O.S(SJ,(—O)J current at —0.75 V forward bias, however, the measured mo-

bility values are not significantly affected by this change.
Using Eq.(1), the re-distribution of the electric field dur- In the next experiment, the incoming light intensity was
ing charge extraction is considered, which enables mobilityaried by using o.d. filters, and the charge carriers were ex-
measurements in conductive samples with relatively highracted after Sus fixed delay timgFig. 2(b)]. The extraction
carrier concentrations.When a reverse bias voltage ramp is current saturates at light intensities abovg.l/cnf/pulse.
applied to the devicgAluminum connected to the positive Such light intensity independent recombination kinetics in
terminal, no charge extraction is detected in the dark. How-the us—ms regime at higher illumination has been reported
ever, the short laser flash generates charges, which undergarlier by transient absorption measuremétts,and has
recombination, or alternatively, extracted under the built-inbeen attributed to thermally activatéslow) recombination
field. The built-in field may be compensated by the applica-0f charge carriers exhibiting a power law decay-as®, «
tion of a forward bias dc offset voltag@)yuee). Therefore, =0.4"> At illumination intensities <1 uJ/cnf/pulse, the
charge carriers can be extracted after an adjustable deldgaximum of the extraction current is decreasing, however,
time determining their lifetimér), and their mobility(x) is  tmax 'éMains almost constant indicating that the mobility in
determined according to qu)_lz these charge carrier concentrationgaround 1.6
Recorded Photo-CELIV curves at various delay timesX 10'°to 1.7x 10" cm™) is nearly constant. Finally, volt-
are shown in Fig. @). As the delay time increases, the maxi- age dependentU,,) Photo-CELIV curves has been re-
mum of the extraction current decreases apgl slighty ~ corded at fixed 15us delay time[Fig. 2c)]. The capacitive
shifts to longer times. The former is the effect of chargecurrent steg(0)=(dU/dt) X ego/d is increasing as)y,y in-
carrier recombination, and the latter indicates decreasing m@reases, and thg,,, shifts to shorter times indicating the
bility. The applied maximum voltage was 3 V, atdly, electric field dependence of the mean carrier velocity.
=-0.75 V, which is near the built-in voltage of the device =~ The mobility is plotted versus delay time in Fig(aR
(measured open circuit voltage 0.8.VUsing the U  The mobility decreases up te 10 us, and remains almost
value of 0.8 V, charge carriers are injected in the dark, angonstant(u=2x10* cn?V~'s™) for further delays. The
subsequently extracted together with the light induced chargiitial decay of mobility may be related to the energy relax-
carriers upon application of the voltage ramp. This effect isation of the charge carriers'® towards the tail states of the
slightly present al ,.=—0.75 V,[note the small extraction density of states distribution, where a dynamic equilibrium is
in the dark CELIV curve in Fig. @]. The built-in field attained'’ Further indication is given by the voltagelectric
could be more precisely compensated in devices without udield) dependence of mobility at shoi us) and long
ing PEDOT-PSS under layer due to the reduced injectionn15 us) delay times[Fig. 3b)]. The eiectric field in the
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-34{(a) %" ® ] the Photo-CELIV transients can be analyzed by a parameter
= e 1\\"\_5 . tyn 0 thae as illustrated in Fig. 1, which is 1.2 for ideal
->'3-5 "z . ] nondispersive transients. Thg, to t,. values calculated for
e _-0.4. —5 s | the transient shown in Fig.(@ are ~1.6 at short time de-
= . L lus] h lays, and gradually reaches the ideal nondispersive value of
Bar "am o=, 1.2 at longer time delays>10 us) further indicating that a

time-dependent energy relaxation of the charge carriers oc-

0 51015202530354045 120 150 180 210

tus E" [V em™)'?) curs. A more detailed study including the temperature depen-
- dence of the Photo-CELIV mobility will be published.
FIG. 3. Photo-CELIV mobility as a function of delay tim@ and the In summary, the technique of Photo-CELIV has been

electric field(b) at (W) 5 us or (®) 15 us after the light pulse. Inset: Con- introduced tosimultaneoushdetermine the mobility and the
centration of extracted charge carriers as function of delay time and the fitjfetime of the photogenerated charge carriers in bulk hetero-
junction solar cells. It is found that the mobility is decreasing
CELIV experiment varies constantly, and can be averaged agith increasing time delays, which is related to the energy
Ecey=(AX tma/d.***The calculated electric field depen- relaxation of the charge carriers towards the deeper states of
dence follows positive field dependence as expected for typithe density of states distribution. The mobility is found to be
cal disordered semiconductor at longer delay tintgg,  rather insensitive to the charge carrier concentration, and
=15 us), yet shows a negative dependence at short delaweakly dependent on the applied electric field.
times (tye=5 ws).

The inset of Fig. 8) shows the concentration of ex- This work is supported by the European Commission
tracted charge carriers as a function of the delay time. Thé€HPRN-CT-2000-00127 and Academy of Finland206110
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