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Langevin recombination and space-charge-perturbed current transients
in regiorandom poly(3-hexylthiophene)

A. Pivrikas?* G. Juska, R. Osterbacka,M. Westerling! M. Vili inas® K. Arlauskas? and H. Stubb
IDepartment of Physics, Abo Akademi University, Porthansgatan 3, 20500 Turku, Finland
2Graduate School of Materials Research, Universities of Turku, Turku, Finland
SDepartment of Solid State Electronics, Vilnius University, Sakio 9 11l K, 01513 Vilnius, Lithuania
(Received 3 June 2004; revised manuscript received 14 October 2004; published 15 March 2005

We have studied photogenerated charge carrier transport and recombination in thick films of regiorandom
poly(3-hexylthiophengby using the current mode time-of-flight technique. We measured the extracted charge
as a function of light intensity and applied voltage, and found thatvbr 1 it saturates at a value that can be
stored on the contact3,=CU as expected for diffusion controlled bimolecular recombination, i.e., Langevin
recombination. As a consequence we can only measure space charge perturbed current transients. We measured
a field-dependent hole mobility of the order of 2@n?/V s, which extrapolated to zero field determines the
Langevin bimolecular recombination coefficienk40712 cm?/s.
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[. INTRODUCTION so-called Langevin recombination is dominatfign Lange-
vin recombination, when oppositely charged carriers
Time-of-flight (TOF) is a commonly used method when gre within the so-called Coulomb radius=e?/4mreekT
studying charge carrier transport properties of low conductwheree is the electron chargeis relative dielectric permi-
tivity and low mobility materials such as disordered organictivitty, €, is absolute permitivittyk is Boltzmann’s constant,
materials andr-conjugated polymeréPCP3.! In TOF mea- and T is the temperatuje the charge carriers are attracted
surements the sandwich-type sample is illuminated from ongy each other by their mutual Coulomb field. Since the
side with a very short laser pulse creating a sheet of charggopping distance in low mobility materials is usually much
carriers drifting through the sample. The carriers are exsmaller tharr,, as is the case when the charge carrier mobil-
tracted at the opposite electrode and the current transiengy u<1 cn?/V s, the carriers will have a lower probability
allow us to determine transport properties of the photogeneto escape recombination. The carriers will eventually find
ated charge carriers. each other and recombine either radiatively or nonradia-
The main reason for disorder in PCPs is fluctuations in thejvely. The magnitude of Langevin bimolecular recombina-
segment lengths of the-bonded polymerthe so-called ef-  tion coefficient can then be calculated using the following
fective conjugation lengbh and/or lattice polarization relation:
energy? As a consequence of disorder charge carriers will
relax® within the inhomogeneously broadened Gaussian dis-

- ) o ! e(uy, +
tribution of localized states towards the statistically defined BL= M (1)
transport levél and reach dynamic equilibrium. If dynamic €€

equilibrium is not reached before the carriers have been ex-

tracted, then the carrier transients will be featuréléssmd  whereuy(u,) is the mobility of holegelectrons. This is also

the transients will depend on the measurement conditiongndeed what has been found in the literattir& If one type

On the other hand, if dynamic equilibrium is achieved theof carriers is much faster than the oth@sually holes for

carrier transients will typically show a clear plateau with aPCP$, then Langevin recombination coefficient will be de-

drop in the current level as the carriers reach the opposittermined by the faster carriers.

electrode from which the charge carrier transit timpeis In pristine PCPs the intrinsic photogeneration yield is on

estimated and the mobility can be calculated using the order of 10°~1072 due to the high exciton binding

w=d?/t,Uo, whered is the thickness of the film and, is the ~ energy**14 The efficiency strongly depends on electric field

applied voltage. Hence, in order to obtain true material speand photon energy, but independent on temperature. For

cific parameters it is important for the charge carriers tostrongly absorbed light and high light intensities the electric

reach dynamic equilibrium. This can be achieved by having dield is immediately ~screened in the region

thick enough filmgseveralum) so that the relaxation time is d_=In(Ly+1)/,'> where « is the absorption coefficient

(much smaller than the transit time, by using materials withat the laser wavelengthandL,=eLyd/ eeU, is the number

a narrow disorder distributidnor by selectively injecting of photogenerated charge carriers normalized to the number

carriers into the occupational DOS using tunable charge calef charge carriers stored on the contacts whége is

rier generation layerg? the surface density of photogenerated charge carriers. In
Transport properties are also affected by recombinatiorthis region charge carrier recombination occur until the

of charge carriers. In low mobility materials such as PCPgemaining charge carriers in the reservoir are extracted

diffusion controlled bimolecular recombination, or the within the characteristic extraction timg which can be
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dp

dt
This equation has the solutigu(x,t)={[p(0,0)exp(—ax)]™*
+pt}7L, wherep(0,0)=aly/e is the initial hole concentra-
tion.

The total number of photogenerated carrifgsequals to
the sum of recombine{RC) carriersN,.. extracted carriers
Nex, @nd carriers left in the reservoir at any given tigg
No=Nedt) + Ney(t) +N,{t). We define a timet, such that
Nedtc)=0. By using charge carrier conservation together
with the solution for bimolecular recombination we therefore

=-ppn=-pp’. 2

arrive at
FIG. 1. Schematic current transier(isTOF) as a function of g
light intensity with no carrier recombination. f ot lfsc " G
0 €Jo
longer than the transit time, when the (bimoleculay o
lifetime of the charge carriers is longer than the transit time € ( 1+(Balgtde) ) :J jedt, (3b)
(see Fig. L aBte \1+[Balgt.exp— ad)/e] 0

In_ current mode TOK]-TOF), i.e., whent, < 7gc, where . wherej, is the extraction current density. Fed>1 Eq.(3b)
Tre IS the time constant of the measurement setup, havmg

implifies t
surface photogeneratiomd>1) and neglecting the carrier 'mpiies to
recombination we can work in three different regimes de- ed _ (7. dt=
pending on the amount of photogenerated charge carriers, Bte B 0 jedt=Qe/S, (4)

namely, small-charge-curredSCQ (when Ly<1), space-
charge-perturbed-curref8CPQ (L,~1) or space-charge- whereSis the contact area. This equation can also be written
limited-current modéSCLC) (Ly> 1), see Fig. 1. To the best @S
of our knowledge, there are no reports on SCLC transients of t, B CUyd,
photogenerated charge carriers in PCPs. In this paper we t—=——g-
present experimental data on the effect of Langevin recom- v B Qe
bination on TOF transients in a model system for PCPsThis relation isindependentf the RC time constant of the
namely, regiorandom po($-hexylthiophenp(RRaPHT. We = TOF measurement setup.
show that at high light intensities Langevin recombination It has been previously shown by Ju&aal !’ 8that when
causes limitation on the maximum charge that can bexd>1 andg=p, then the extracted charge saturates at high
extracted from the sample leading to the fact that onlyintensities as
space charge perturbed current transients can be observed. r_q_ v
. . Q.=1-exd-Ly), ©)
Furthermore, we present analytical as well as numerical
calculations to extract the bimolecular recombination coeffiwhere Q_ is the extracted charge normalized to the charge
cient, and show that it is in good agreement with whatstored on the contact®),=Q./CUy). A physical reason for
is expected from Langevin recombination. The obtainedhe extracted charge saturation @J, in the SCLC TOF
results show that if Langevin recombination is present, themegime, whens= g, is that carrier transit time is equal to the
it might eventually set an upper limit on the efficiency of dielectric relaxation time-,=ee,/ o and charge carrier bimo-
photovoltaic cells. lecular lifetime 75. In the case ofad— the extracted
charge iQ.=CU,, and our numerical calculations show that
for real conditions(ad>1), the extracted charge only frac-
Il. THEORY tionally exceedsCU,. Equation(5) shows that if the charge
carrier recombination is of Langevin tyg®=2,), then the
In general, the charge carrier extraction mechanism irextracted charge is equal to the charge stored on the contacts
high light intensity(SCLC) TOF is as follows. The external Q.=CUp and the ratio between the extraction time and tran-
electric field in the photogenerated charge carrier reservoir isit time is equal to the ratio between the photogeneration
screened within a very short timg<t,,.1® The charge carri- region and sample thicknest/t,=d, /d). Equation(5) can
ers, extracted from the reservoir causes a decrease eafso be used to determine the raff® / 8), when the extrac-
the reservoir thicknesd,, whereas, the field still remains tion timet, is seen.
zero in the reservoir. The diffusion controlled charge carrier To further describe the current transients and extracted
bimolecular recombination will therefore be independentcharge we calculate the current transients numerically
on extraction and we can simplify the decay kinetics in theby solving the set of Poisson, current and kinetic equati®ns.
reservoir as To simplify the model, the following assumptions are

©)
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made: (i) at timet=0 the electric fieldF is homogeneous
throughout the sample and the voltage on the electrodes is
constant during the whole transieltii,) there are no ther-
mally generated carriers, i.e., we study an insulating photo-
conductor, (iii) only holes can move through the sample,
and, finally, (iv) there is no monomolecular recombination,
trapping or diffusion.

IIl. EXPERIMENT

As the model system for low mobility materials we use
regiorandom pol{B-hexylthiopheng (RRaPHT. RRaPHT,
obtained form Sigma Aldrich, handled and stored i é¥-
vironment, was dissolved in water free chloroform with typi-
cal concentrations of 1-20 mg/ml. The solutions were fil-
tered through a 0.2 filter before spin coating or solution
casting on top of prepatterned ITO-covered glass substrates
(Planar International Finally a 30 nm(semitranspareialu-
minum top electrode, with typical dimensions 4—12 fam
was evaporated on top of the polymer under vacuum below
107 mbar. The samples were made in dry Btmosphere
and annealed for 10 h at 100 °C in vacuum. The measure-
ments were carrier out in a closed-cycle cryostakford
CCC1104. The abovementioned procedures leads to nondis-
persive current transients in RRaPHT, whereas, after sample
exposure to air, transients become dispersive and the conduc-
tivity rises due to extrinsic effects. . . FIG. 2. (Color onling Current transients as a function of
~ We use the standard current mode time-of-flighTOF), light intensity. In (a) the experimentally measured 8n-thick
i.e., the RC time constant is much smaller than the chargerrapHT film with applied electric field of 100 kV/cm and in
carrier transit timerzc<t,. For the photogeneration of (p) the numerically calculated transients with the intensity given in
charge carriers, we used a 6 ns Quantel Nd:YAG laser opeformalized unitssee text The parameters ifb) were chosen to
ating at the second harmon{632 nm and third harmonic  correspond the experimentally measured values, nanily,
(355 nm) generation. For thick film¢d=8 um) a«d=35, al-  =0.004, «ad=35, g’=1. The inset in(a) shows the structure of
lowing us to treat the charge carriers as being surface geneRRaPHT.
ated. To get the highest possible charge carrier densities the
samples were illuminated through the ITO side. =ReeouU,S/d®=0.004, ad=35, and B'=B/B.=1. At

The photogenerated charge carrier surface density can bgw light intensities, the transients show a well-developed
estimated using the equatitg=Ngpg7ch/ S, whereNgpsis the  plateau, expected for nondispersive small charge current
number of photons absorbed in the sampiip=EA1  mode transients. At intermediate light intensities, we see the
—exp(—ad)](1-R)/hc, with A andE is the wavelength and development of a cusp, and at high light intensities, the tran-
laser light energy per pulse, respectivélylanck’s constant, sients saturate as a function of light intensity and show a
Rthe reflection coefficient from the samplg,, the quantum  well-developed SCPC cusp. Both experimentally measured
efficiency for charge generation, andhe speed of light. We  and theoretically calculated transients for Langevin recombi-
use the measured field-dependent quantum efficiegefor  nation case resemble each other almost perfectly except for
charge generation in similar sampf&he current transients  the tail in the experimentally measured transients which can
are normalized to the SCLC valuwithout the factor 9/8  be attributed to the charge trapping, neglected in the numeri-
iscLc= eeo,uU(Z)/d3. We useu=up, since the electron mobility  cal calculations.
was measured to be at least a few orders of magnitude lower As can be seen in Fig. 2 the transit time of holes at

than a hole mobility. high light intensities shifts to shorter times than ttig.
as predicted by SCLC theofy.It is also seen that the
IV. RESULTS AND DISCUSSION initial current spike, related with very fast screening of elec-

tric field, rises with intensity. We emphasize, that even for
In Fig. 2(a) we show experimental TOF transients in anthe highest light intensities in the SCLC mode, the saturated
8-um-thick RRaPHT film as a function of light intensity and TOF transients show only SCPC-like behavior.
in Fig. 2(b) the numerically calculated TOF transients for  For better understanding of the charge transport and
Langevin recombination as a function of normalized numbefecombination in the sample, we calculated numerically
of photogenerated charge carriety. The parameters TOF transients for varioug/ 3, ratios, which are presented
used in the calculations are the same as in the measuremeriisFig. 3. It shows TOF transient dependence on the bimo-
namely, d=8 um, C=2.3x1011F, R'=RC/t, lecular recombination rate for high light intensities. For
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. . . FIG. 5. (Color online Experimentally measured hole mobility
FIG. 3. (Color onlineg Numerically calculated current transients as a function of electric field for RRAPHT.

for various B/ B, ratios. The parameters used in calculations are

R'=0.004,2d=35 with the normalized number of photogenerated hhtogenerated charge follows a linear dependence at low
charge carrller$.0:3.0. Please notg thg similarities to Fig. 1 which intensities and saturates ©U, at high light intensities,
shows transients without recombination. proving the diffusion controlled bimolecular recombination

B B . of charge carriers in RRaPHT.
BIBL=1, the extracted charge R,=CU,. For fast bimo- A deviation of the experimentally measured collected

lecular recombinatior{/ B, =1) the transients show SCPC charge from the numerically calculated is observede
Langevin rate(B/8.<1), the extraction time exceeds the sample,(c) nonlinear dependence of charge carrier genera-
transit time and the characteristic extraction titp@ppears tion related to bimolecular exciton-exciton annihilation, and
in the transients. The numerically calculated transient forqd) extracted charge will not saturate becadséncreases as
(B1pL=1) resemble the experimentally measured. a function of light intensity, however the increase is very
By integrating the current transients from Fig¢a)2and  slow. In Fig. 4 we fit the experimentally measured points
2(b) over time we get the extracted charge that has beegssuming nonlinear charge carrier generation, which is a di-
transported through the sample. Figure 4 shows the experfect  outcome  of  exciton-exciton (bimoleculay
mentally measured and numerically calculated extracte@nnihilation?223 The fitting corresponds very well to mea-
charge as a function of number of photogenerated chargéured values with an exciton-exciton bimolecular recombina-

carriers. Aimost a perfect match between the experimentallyion coefficient Bq.=1.23% 10°1° cm®/s, exciton to charge
measured and theoretically calculated extracted charge cajarrier decay raf@ y=1.71x1C° /s, and quantum

be seen. The numerically calculated points can be fitted vergfficiency?® for charge carrier generationyg,=2X 107
well using Eq.(6). As predicted by Eq(6), the extracted These values were calculated taking the exciton lifetime
Texe=10°s. The concentration of excitons at which the
bimolecular recombination starts to dominate is
Nexc=8X 10 cm™3, This corresponds to a laser pulse inten-
sity of 50 uJ/cn?, which is similar to what has been ob-
served in transient absorption spectroscopy.

The hole mobility, calculated from the experimentally
measured SCPC transients as a function of electric field, is
shown in Fig. 5. To estimate the SCPC transit time we used
t5°PC=0.8x t7°C21 However, we note that the prefactor ex-
pected for pure SCPC transients are 0.8, but in photo-SCLC
" " " . . transients it depends on light intensifyThis is due to the
10° 102 10" 10° 10 decrease of the effective sample thickness when increasing

eLO/CUO light intensity deg=d—d_ =d-[In(Ly+1)/a]. Therefore the
charge carriers have to travel a shorter distance and the tran-

FIG. 4. (Color online Normalized extracted charge as a func- sit time. k?eC‘?meS shorter. Because the charge Ca;rri?rs are
tion of normalized number of photogenerated charge carriers. ThE2COMbining in the charge reservoir where the electric field is
squares are the experimentally measured values, circles are the c&€ro, then by extrapolating the field dependent hole mobility
culated data, using the full numerical model, while the full line is to zero fieldu(F=0)=6.5X 10° cn?/V s we calculate a bi-
the fit, using Eq(6). The dashed line is calculated including exciton molecular recombination coefficieng, =4x 10712 cm?/s.
bimolecular annihilatiorisee text The dotted line shows when the The reservoir extraction timg can be calculated from Eq.
extracted charge equalUp. (5). When B, =g, the extracted charg®.,=CU, and for the
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transients shown in Fig. 2L)=30 and electric field extracted charge for films withd> 1 is Q.=CU,. Therefore

F=100 kV/cm we get the relatiord, /d=t./t,=0.1 giving  we can only observe SCPC type transients. The bimolecular

t,=5.3x 1075 s. recombination coefficient found to be>410'2cm’/s at
room temperature.
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