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We have clarified the initial transport of photogenerated charge carriers inrtaonjugated polymers,
namely regiorandom po{$-hexylthiopheng and copolymer pol§®,9-dioctylfluorenezo-bis-N,N’-
(4-butylphenyl- bis-N,N’-phenyl-1,4-phenylenediamipeauising integral mode time of flight. We show how to
deconvolute the factors that contribute to the fast inig@ktrapping transport and eliminate the normally
important role of the photogeneration efficiency. We can then determine the dependence of the initial transport
distance on applied electric field and temperatly@, T). We analyzd(F,T) using a model where only the
charge carriers which thermalize down to an energy not lesskifidrom the Coulomb potential maximum in
a given electric field, immediately after photoexcitation, participate in the drift. We obtain excellent agreement
between our experimental results and the model, showing that the initial fast carriers move a djstatce
—100 nm with high mobility before being trapped. The mobility-lifetime prodyc§4;) of the fast carriers is
of the order (1-2X 10" cn?/V s in these tworr-conjugated polymers despite significant differences in their
detailed chemical structure.
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. INTRODUCTION Q; [l;/d in case of surface photogeneration

—= . @
The nature of the photogeneration and initial transport of Qo 2l¢/d in case of bulk photogeneration,
charge carriers inr-conjugated polymers is still debated ex- whereQ; is the amount of the collected charge that traveled
tensively in the literaturé? In -conjugated polymers, the the distancé;. The goal of this paper is to estimate whether
very first part of the time-of-flight TOF) photocurrent tran- | is governed by the time for the charge carriers to travel the
sient decays down to a stationary drift-velocity value on pi-pretrapping distance into shallow states, or by the dimen-
cosecond time scalésee Fig. 18)].>* To measure the initial sions of the polymer. As a first approximation to the first
current one has to use the somewhat complex Austin-switchase, I corresponds to the drift distande=|gy,= uo7F
strip-line techniqué;* or use very thin films in steady-state (Wherep, is the fast mobility, the fast trapping time, and
photoconductivity experimenfs.However, using standard Fthe electric fieldl. In this caséd; will show a linear electric
photoconductivity techniques, only the product of the quan-f'e|d dependence. In the other case, when the extent of the
tum efficiency of the charge generation,and the mobility

and lifetime of the charge carriers can be measured, making . A (a)
the analysis somewhat difficult. In this paper we show how j®
to measure the initial transport distance independent of the
guantum efficiency for charge carrier generation using the
integral mode TOF in the sandwich configuration.

O A

Il. THEORY
o8

The typical shapes of differentiaR(C<t;,) and integral
(RC>t,,) mode TOF photocurrent transients are shown in O}
Fig. 1(a) (hereR is the load resistancg; the capacitance of :
the sandwich-type sample, ang the time for the charge
carriers to drift through the interelectrode distandeéhe fast
decay of the initial photocurrerin the differential modgor
the very initial step of collected chardim integral modg is

—_——
T

FIG. 1. (a8 Schematic photocurrent transients in differential
mode (upper pangland integral modélower panel. The transient

S . . _time (t,,) of the charge carriers as well as the trapping timg ©f
caused by the fast initial transport distance of charge carmelae fast carriers is indicated in the figufb) Schematic view of the

foIIowmg_ photoexcnatlon,_ within the applied _electnc flgld. potential well and the probabilityp(x) for the photogenerated
The fast initial transport distancé:J may be estimated using  charges that escaped geminate recombindtien thermalized out-
Hecht's expression. When the total photogenerated charggger,) to move a distance in an applied electric field along the

Qo drifts through the inter-electrode distance)( i.e., the  axis. The average pretrapping distahgelue to drift and diffusion

lifetime of charge carriersq) is much longer that, ; ther®  is shown.
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polymer segment over which intrachain transport can readily okT 1 I |5

occur(in the direction of the electric fiejddetermine)y, I ly=—— N +12,41.

is equal to that distance andirslependenof the field. Thus eF KT 2

the electric field dependence of allows us to determine d——+1-1

whether the initial drift distance is limited by distan@hain eF2uo

length, crystalline region, efcor (trapping time. We will 3

proceed by studying the first case more accurately, and Weience, from the initial part of the photocurrent transient, we
will do this by taking into account the initial separation  can estimate the initial transport distancel gsr (F)+14.
of charge carriers immediately after photoexcitation as welln Fig. 3 the calculatet(F) at differentuq7; is shown. The
as their diffusion lengthlg;¢¢) and drift distancel(,;) before  decrease of;(F) with electric field is caused by a decrease
they are trapped into shallow traps. of r.(F), while an increase of;(F) is caused by the in-
The almost temperature independent quantum efficiencgrease of 4,(F).
for charge generation obtained in organic semiconductors has Similar TOF j(t) transientgfast decay to a flat quasista-
recently been explained by Arkhip@t al.” The excess pho- tionary pari may also be obtained in other cases. We note
ton energy locally forms a vibrational heat bath with an ef-that in 7-conjugated polymers the polarization of initially
fective temperaturdlo¢¢, which allows charge carriers to created(in picosecond time scalexcitons will average out
escape from the potential well formed by Coulomb and exduring times longer than the exciton lifetime, and therefore
ternal electric fields. However, at high temperatufes; is ~ Will be absent inQ(t) on nanosecond time scales. '
approximately equal td@, and thus, for simplicity, we will ~ In the case of surface-generated charge carriers, the diffu-
use the Onsager model. According to Onsager’s tifeaty ~Sion of carriers in a direction opposed to the electric field is
high electric fields only those charge carriers that, immediPossible. In low electric fieldsH<kTa/e), and when the
ate|y after photogeneration, thermalize down to an energy néb:llgace recombination rate is infinite, the current will drOp
more thark T below the Coulomb potential maximum in the 0
direction of electric field participate in the drift, i.e., the

charge carriers that thermalize within a distance longer than J_ - ; (4)
r.(F) [see Fig. 1b)]. Therefore, for the estimation of(F) j(0) 14 kTa
at high electric fields F>10* V/cm) it is sufficient to use eF

the one-dimensional description; however, in the theory for

. . . . _ 2 .
calculation of the quantum efficiency of charge generatiorflu!ing the diffusion time t=1/Da”). Herea is the absorp-
the three dimensional model is necessary. Thus, in the diredion coefficient. This may be checked by changing the wave-

tion of the electric field the distanag(F) is estimated from '€ngth of the exciting laser light i&(\) is known.
The initial photocurrent spike may also appear when the

the equalit
. y amount of photogenerated charges approaches the space
charge mode, and is caused by the instantaneous screening of
2 3 the electric field in the photogeneration depth ¢). In this
S eFr—kTr2r 2) case!
4rreeql, erle= 4rreeq @ 7
1+In&

Here the first term on the left hand side is the Coulomb &zﬁ (5)
potential of the geminate pair, the second term is the poten- Ccu ad

tial of the extrinsic electric field, and the second term on thq_|ere U the applied voltage on the sample electrodes. To

right hand side corresponds to the maximum value of they,cigate space charge effects one can measur@he U
total potential in the direction of electric fie[dee Fig. 1b)]. dependence on the light intensity.

To account for the drift and diffusion of the charge carri-
ers that have thermalized outsidgF) we proceed by not-
ing that for typical values ofugri~(1—2)x 10 ! cm?/V
(see below the diffusion distance component ;¢ The measurements were made in the small charge mode
=\kTuori/€e~5-7 nm is shorter than the Coulomb radius (Q,<CU) of integral TOFsee Fig. 18], i.e. RC>t,,. The
r.(0)=e%/4mee kT~19 nm(for e =3), and that the charge integral TOF allows us to directly measure the initial trans-
carriers that diffuse against the electric field will thereforeport distancel) separatedrom the quantum efficiency for
recombine geminately. Thus, the one-dimensional case isharge carrier generation according to Eq. 1.
sufficient for evaluation of the initial transport distance. We  Sandwich type samples were used, where the
further note that at high electric fieldsis mainly caused by m-conjugated polymers, namely regiorandom [8ly
the drift distance componemy, = uo7¢F. A more accurate hexylthiopheng (RRa-PHT and a copolymer po|®,9-
calculation of the diffusion and drift distance at high electricdioctylfluorene €o-bis-N,N’ - (4 - butylphenyl-bis-N,N’
field may be obtained by solving the continuity equation -phenyl-1,4-phenylenediamihe PFB), were deposited on
from where the probability for the charge carriers to movetop of ITO coated glass substrates and contacted with a semi-
distancex is pxexp(—x/ly), and we can write transparent Al electrode evaporated on top. The RRa-

IIl. EXPERIMENT
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FIG. 2. The lifetimer~ 1.6ms, of the long-lived photogenerated _ F!G- 3. The calculated initial transpdire-trapping distancd
charge carriersAj in RRa-PHT as measured using the modified of the charge carriers as a function of electric field for different
. —_ — 10 H H —
CELIV method(Ref. 12. In the inset the experimental curve for the "’“OTf:EEOdr‘:IftS' MoTi=10 sz/V_ (—Sﬁ“dmz line),  po7i=3
measurement is shown. The laser pulse is appliée-at, and after <10~ cm/V (dashed ling wo7=10""" cn/V (dotted line,

— — 12 . .
a delay timety,, the photogenerated charge carriers are extracted.2nd #o7;= 10 cn?/V (dash-dotted line The experimental data
points for several film thicknesses of thin RRa-Ptdpen symbols

. . . d PFB(filled bols fil shown.
PHT was purchased from Sigma Aldrich and used Wlthoutan (filed symbols films are show

further treatment. The PFB was provided by the Dow Chemivinyleng (Ref. 4 a value ofr;~100ps was measured. With
cal Company. The samples were made as thin films withhis value the initial fast charge carrier mobility would be
thickness in the range 193-590 nm. We have corrected thg ,=0.1-0.2 crd/V s.
effective drift distance of the charge carriers for the effec- Both in the Onsager thedtyand in the theory developed
tively thinner film caused by the finite absorption depth. Thepy Arkhipov et al.” for the initial escape of geminate recom-
charge carriers were photoexcited by light pulses of 7-ngjnation, the thermalization distantestrongly depends on
duration from a 337 nm wavelenghi, laser, or by pulses of  the photon-energy of the exciting light. From our experimen-
either 18-ps or 6-ns duration of the thi(@55 nm) or fourth  tally measured values of quantum efficier(@y the range of
(275 nm) harmonic wavelength of a YAGINAYAG is  0.01-1%, |, was estimated in the range 1-3 AfriVe ex-
yttrium aluminum garnetlaser. perimentally estimated thdt is independent of the photon
The very important fact that we need to collect all theenergy[see Fig. 4a)] and that its value is much larger than
photogenerated charges has been carefully checked usingtg thus |; is mainly caused by the pretrapping drift and
modified extraction current transient technid@ée., extrac-  diffusion distancel 4. The deviation from the theoretical
tion of the photogenerated charge carriépioto-CELIV)  curve at low fields is caused by increasing difficulties in
after a delay time between the laser pulse and applied volgjiecting all the charges in this particular sample.
age, see Fig. 2, inset. The measured lifetime of the charge The temperature dependence of the initial transport dis-
carriers in RRa-PHT is=1.6 ms, i.e., well in excess of the tance was also measured and shown in F@_) Mgether
transient time in submicrometer thick films. For the nondis-yjith the calculated temperature dependence using &s.
persive PFB the extraction of all charges is obtained even igng (3). The temperature dependence is in good agreement

severalpm-thick films*® with the model using temperature independenyr;=2
X 10~ cm?/V for RRa-PHT. Note the temperature indepen-
IV. RESULTS AND DISCUSSION dentl; (within the experimental erroysThe similarity of the

initial fast drift of these otherwise very different polymers

In Fig. 3 the calculated values bf whenT=300 K and  suggests that the initial drift imr-conjugated polymers might
e =3 for different uy7; are shown together with the experi- have more general features.
mentally measured; for several film thicknesses of both We note that these results are also in excellent agreement
RRa-PHT and PFB. When electric field is lower thanwith other results on the fast mobility im-conjugated poly-
~10* Vicm, |; is determined by the Coulomb radius and themers in the literature. By analyzing the temperature depen-
diffusion distance. In a higher electric field the decreasing otlent mobility within the Gaussian disorder model proposed
I+ is caused by the decreasergf(with increasing quantum by Bassler the infinite temperature mobility at zero-field has
efficiency for charge generation in paralleA further in-  the values in the range 0.01—1 % s,*® and in particular
crease of electric field leads to an increasé;ofdue to the in PFO(the homopolymer of the fluorene part of PRBhas
drift of the charge carriers before trapping to the drift statesbeen estimated to be 0.4 & s.'® Moseset al. measured a
The similarity of experimentally measurdd to the calcu- pretrapping drift distance of~90 nm at an electric field
lated | (F) dependence allows us to evaluatgri=(1-2) of F=1.33x10° V/cm in poly[5-(2'-ethyl hexyloxy-2-
x 10" cnm?/V in the measured polymers. From the Austin methoxy-1,4-phenylenevinylehe (MEH-PPV), using cw
switch experiments in P3HTRef. 3 and poly(-phenylene  photoconductivity, where a fast carrier sweep out was ob-
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60 ———————————— 60 with our findings!® In recent ultrafast pump-probe experi-
(@ (b) ments in the presence of a modulated electric field, the fast
sol Al l 150 mobility could be deduced by fitting the recombination dy-
A A%y o namics, and it was observed that after 1 ps, the fast mobility
40 \ /%‘«@x%/ g/v 40 is approx 1 cr/V's, and decays in about 50 ps to an almost
F QA AN T T constant value of-102 cn?/Vs.’
'g' \vo- N .o~o’jﬂﬂ 'g In conclusion, we have presented a way to separate the
=30t va oy 1t 30— charge carrier generation efficiency from the initial drift of
" photogenerated charge carriers using integral TOF. We have
20k / o | o — 305k {99 used this method to estimate the initigretrapping trans-
n:rf —A—480mm | | S §§3§ port distance in two very different-conjugated polymers,
10 ~V->4mn 10 namely, RRa-PHT and PFB, and obtained a similar value:

05 10 15 20 05 10 15 20 pori=(1-2)x 10" * cn?/V. The similarity inl(F,T) for
F[lOSV/cm] F[lOsV/cm] the two polymers is st_riking, ;uggesting that thg initial trans-
port is more general inr-conjugated systems, independent
FIG. 4. In(a) the photon energy dependencd (%) is shown in  Of the detailed differences in chemical structure.
RRa-PHT, in(b) the temperature dependence of the initial transport
distance measured at 305 (Kquareg 275 K (circles, and 230 K ACKNOWLEDGMENTS
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