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The temperature and electric-field dependence of charge carrier mobility has been studied by a conventional
time-of-flight technique in chemically purified, low dark conductivity samples of regioregular(3oly
hexylthiopheng Subsequently, the mobility of doping-induced charge carriers has been determined using the
technique of charge carrier extraction by linearly increasing voltage in the same samples exposed to air. The
charge carrier mobility determined by both experimental techniques correspond well to each other at tempera-
tures above 130 K, indicating that these experimental techniques are mutually consistent. The study clearly
shows that the typical log < BEY2, B3>0 Poole—Frenkel-like electric-field dependence of the charge carrier
mobility diminishes at temperatures around 250—-270 K, gteécomes negative at higher temperatures. Such
negative electric-field dependence of mobility observed by both experimental techniques is attributed to posi-
tional disorder in a random-organic dielectric and analyzed in the framework of the disorder formalism.
Finally, the overall agreement indicates that the mode of charge generation has negligible effect on the
temperature- and electric-field dependence of mobility except at the lowest tempefatdds K), where
transit time dispersion of the photogenerated charge carriers probed by the ToF technique is more pronounced.
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I. INTRODUCTION showed that the energy of an assembly of charge carriers

I S generated randomly within a localized density of states de-
The determination of the intrinsic charge transport propcrined by a Gaussian distribution function tends to relax

erties of disordered organic semiconductors is important 0y, ard the tail states and reach quasiequilibrium with an
ward developing optoelectronic devices. Charge carrier MOanergy offset of(e.)=-02/kT below the center of the
bility in organic materials is often measured by the time-of-d- L g -°° ; P ;

. . . . S istribution? The time to reach this quasiequilibrium level is
flight (ToF) technique in which the transit timg,) of a sheet increasing fastefas t,g/ty=10 er—(i.Oh/ET)Z], wheret,

OT cha][gtﬁ Carrlersl, ﬂ?Sh photoggn_eratetzd in a tthm' 'n'F'ﬁil retis the dwell time of a carrier without disordehan the tran-
gion of thé samplé, 1S measured in a transient expenmenty;; .,q (t;) of the charge carriers across the sample; there-

ility i i 2
The mot_)lhty 's then calr_:ulated accc_)rdmg,m:d_ [V XTy), fore, a crossover from nondispersive to dispersive transport
whered is the sample thickness aMlis the applied voltage. (ND— D) at lower temperatures is expectedihe displace-

The ToF ”.‘eth.Od in disordered r_natenals IS I|m|teq to mOder'ment of the occupational DOS from the center of the DOS
ate electric fields, representative values ranging betwee

4%10°Vem up to 16 Vem, and to higher tempera- Uistribution is increasing at lower temperatures; therefore,

tures, when the signals are nondispersive. Typical nondispetrbe temperature dependence of mobility under quasiequilib-

sive and dis ; : icaffium conditions is predicted to be non-Arrhenius type ac-
persive photocurrent transients are SChematlcalé/ording Eq.(1):*

illustrated in Figs. 1@ and 1b), respectively. Dispersive T

transport is often manifested in the absence of a plateau re- 2/ o \2 o \2

gion in the recorded photocurrent transients, in which cases y(T,E) = ug exp[— —(—) }ex C[(—) —22} EY2.,

the transit time of charge carriefs,) is defined as the inter- 3\kT kT

sect of the asymptotes in logarithm photocurrent versus loga- (1)

rithm time plots (see Fig. 1b)).2 Dispersive photocurrent

transients are the signature of the absence of quasiequilivhereo [eV] is the width of the Gaussian density of states,

rium, i.e., that the relaxation of the photogenerated chargé is a parameter characterizing positional disorder,

carriers generated initially with random energies toward quaso [cn? V™1 s™] is a prefactor mobility in the energetically

siequilibrium is not completed prior to their arrival at the exit disorder-free systenk [V cm™] is the electric field, an€

electrode® Calculation for disordered semiconductorsis a fit parameter. Temperature dependence according to
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application of a triangular-shaped voltage pulse to the sample
with at least one blocking contact resulting in the extraction
of equilibrium charge carriers. The mobility is then calcu-
lated from the time to reach the extraction current
maximum!! The CELIV technique requires sufficient
amount of intrinsic charge carriers, a condition that is diffi-
cult to meet in typical organic semiconductors because of the
large optical bandgap. The recent observation of reversible
(B) tt, increase of dark conductivity in pd§-alkylthiophenes
I upon exposure to oxyg&hand/or moisturé® however, pro-
vides the opportunity to compare the charge carrier mobility
of photogenerated carriers and the doping induced equilib-
rium charge carriers in the same material.
The paper is organized as follows: After a brief descrip-
time tion of the experimental arrangements, the charge carrier mo-
bility of photogenerated charge carriers at various electric
ﬁelds and temperatures probed by the ToF techn{@B8HT
samples stored in dry argon atmosphere, low conducliisty
presented and samples obtained from different commercial
sources are compared. Next, the analysis of the temperature
%ependence of the shape of the photocurrent transient fol-
lows. After that, the temperature- and electric-field depen-

A(A) t at the exit electrodét, > 7,).13 The method is based on the
i !

Photocurrent

FIG. 1. Schematic of typicala) nondispersive(b) dispersive
photocurrent transients, and the definition of charge carrier trans
time (t;)-

Eqg. (1) was experimentally observed in various amorphou
materials, such as molecularly doped polynfersplecular

glasse$, and conjugated polymefsNevertheless, tempera- dence of the mobilit R -

. y of the equilibriun{i.e., doping-
ture dependence weaker than predicted by @fthas also 4 ceq charge carriers probed by the CELIV technique
been reported,and has been attributed to the dispersive na- P3HT samples exposed to Jais shown, and finally, the
ture of the charge transport at low temperatures, namely, t sults obtained by these two principal’ly different éxperi-
the occurrence of aND— D transition? The temperature at mental techniques are compared.

which the trgnsiFiOch) occurs has been foupq to depend Qn P3HT has been selected because of the recent observation
the energetic disorder parameter, and exhibit sample thickss hegative electric-field dependence of mobility studied by

ness dependence according to the time-of-flight techniqué® The occurrence of such phe-
o \2 nomena is thought to originate from the presence of ener-
(F) =44.8+6.7 logd, (2)  getic and positional disordéf.It was argued, however, that
C

mobilities that decrease with increasing electric field may

whered is a parameter related to the thicknéisscm units. originate from an experimental artifact related to the ToF
The ND— D transition is manifested by the appearance of aechnique'®!® The experiment data presented herein con-
kink in the logu (E=0) versus 1712 plots accompanied by firms that the occurrence of negative electric-field depen-
photocurrent transients that no longer exhibit a plafeme  dence of mobility is an intrinsic property of the materials
Fig. 1(b)]. studied and can be explained by the presence of both ener-

An alternative explanation to the observed low-getic and positional disorder as implied by the disorder for-
temperature behavior has been recently introduced. It wa®alism. The observed mutual agreement between the tem-
argued that even small concentration of traps can sufficientlperature dependence of the mobility of equilibrium charge
pin the transport level at low temperatures resulting in highegarriers probed by the CELIV technique and excess charge
mobility values than predicted by a disorder model assumingarriers photogenerated by short laser pulses probed by the
the presence of only intrinsic charge transport sifdgnfor- ~ ToF technique suggests that the mode of charge generation
tunately, charge transport in a Gaussian DOS cannot be ca@@es not alter the intrinsic charge transport properties of the
into simple analytical solutions, but one has to rely on thematerial, at least in this low charge carrier concentration re-
Comparison between simulations and experiments_ glme However, at low temperatures, where dispersive trans-

In this paper, the temperature and electric-field depenport observed in the ToF photocurrent transients starts domi-
dence of mobility in a regioregular pdB-hexylthiopheng  nating, deviations between the two techniques are observed.
P3HT is studied by the well-established ToF technique and
compared to the data obtained by the transient conductivity Il. MATERIALS AND EXPERIMENTAL
technique of charge extraction by linearly increasing voltage
(CELIV).X The latter method is frequently used to determine
mobility in conductive samples with short dielectric relax-  Regioregular P3HTthe chemical structure is shown in
ation time(7,), e.g., in microcrystalline silico®. in which  the inset of Fig. 2was purchased from Rieke Metals, Inc.
materials the application of the time of flight technique tendg(Material 1), which was further purified according to the pro-
to yield overestimated mobility values due to redistributioncedure described in Ref. 20, and H. C. Starck Gnibtdte-
of the electric field prior to the arrival of the charge carriersrial 2), which was used without further purification. The thin

A. Materials and sample preparation

035214-2



CHARGE CARRIER MOBILITY IN REGIOREGULAR.. PHYSICAL REVIEW B 71, 035214(2005

Glass \ ITO \ P3HT \ Al
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FIG. 2. Experimental setups of ToF and CELIV and the device

structure used to measure charge carrier mobility. Inset: Chemical E|G. 3. Recorded CELIV curves upon treatmefa: at 300 K,
structure of poly3-hexylthiopheng (P3HT). shortly after evacuatioth) after 10 min under 1% mbar pressure,

(c) at 340 K after 5 min(d) at 340 K after 10 min. The voltage rise
films of P3HT were deposited by the doctor-blade techniquepeed was 10 V/16,66s.
from chloroform solutions(3 wt% for CELIV samples,
6 wt % for ToF samplesonto structured ITO-coated glass placed into the cryostat, evacuated tolfbar, and discon-
substrates. After preparation, the films were dried in vacuunmected from the vacuum pump. A triangular-shaped reverse
and transferred to a dry Argon glove box. Aluminum as topbias (ITO connected to the negative termipabltage pulse
electrode was deposited in a vacuum better thai® dar  with voltage rise speed=dU/dtV s™* was applied by a
without exposing the devices to air. The thickness of thefunction generator, and the extraction current transients were
films was determined using a Tencor Instruments Alphastepecorded by a digitizing oscilloscope using varying load re-
Semiconductor Profiler. Figure 2 illustrates the device strucsistance. The thickness of the active laygs 1.3 um) was
ture and the experimental setup used to determine the Tofhosen such that the current density at the maximum of

and CELIV mobility. charge carrier extractioij) equals to the current step due
to the capacitive response of the devicgj(0)
B. Time-of-flight technique (ToF) =AXeggo/d mA cmi?], in which case Eq(3) can be applied

. _ . to calculate the CELIV mobility3
The devices for the ToF technique were transferred into a

temperature-controlled liquid-nitrogen-cooled cryostat and

kept in vacuum better than 10mbar for several hours to _ 2d? 3
remove residual oxygen and moisture. The CELIV curve of M= Aj |

; : o 2
such devices showed no extraction of equilibrium charge car- 3Athaq 1+ 0-36_]-(0)

riers indicative of very low concentration of equilibrium
charge carriers in the dark. The devices were illuminated . , . . .
fromgthe Al side using the second harmori&82 nm of a whered cm is the film thicknesg,,. S is the time when the

} . ) extraction current reaches its maximum vallpmA cnm 2,
Ngr']\é'?;ezuéig: I::eér;:‘vtgz fh?(‘jupwstﬁedLs];itqlolr]es'uzggrﬂ?gtthe electric field changes simultaneously during the extrac-
9 narg . 9 P flon. It is maximal at the extraction maximum, i.e., @t
ternal electric field applied by a voltage supply and were_ 13
oS . . : =tnax and calculated as E¢4):
recorded by a digitizing oscilloscope using a low-noise cur-

rent amplifier. The devices were kept under the constant ap- A X thax

plied bias between the light pulses to ensure extraction of all Et max d (4)

the photogenerated carriers between the measurements. The

transit time of charge carriers was defined as the intersection The electric-field dependence of mobility was determined
point of the asymptotes of the two linear regimes in theby varying the maximum of the triangular voltage pulse be-
double logarithm of photocurrent versus time plots as schetween 2 and 10 V, while the duration of the pulse was kept
matically illustrated in Fig. (b). The incident-light intensity ~constant. The samples were first measured at room tempera-
was adjusted by optical density filters; the total number ofture, then cooled down to 110 K and measured again at se-
photogenerated charges was less then 10% of the total cguential heating steps up to 310 K.

pacitor charge. The time-of-flight mobility was calculated as

=2/ (Vxt,), whereg in cm2 V=152 units is the mobility, Il RESULTS
dis the film thicknessV is the applied potential, artg is the A. Reversible doping of regioregular P3HT
transit time of charge carriers. A typical CELIV curve after the samples were exposed to
air is shown in Fig. 8). The conductivity of the sample is
C. CELIV technique proportional toAj and calculated according to E¢):13
After preparation, the devices were exposed to air for a o= BegpA] 5)
few hours to increase conductivity. Subsequently, they were ¢ 2tnad (0)°
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FIG. 5. Recorded ToF photocurrent transients at 293, 180, and
FIG. 4. Electric-field dependence of charge carrier drift mobility 120 K at various applied voltages obtained for Material 2.
at various temperatures measured by the ToF meth¢a Material
1, thicknessd=4.6 um (b) Material 2, thicknessl=3.6 um. regimes is increased by approximately 3 orders of magnitude
upon cooling to 120 K. The transit time at each temperature
The conductivity value ofo,=1.9x 107 Q1cm™t was is shorter as the voltage is increased, which shows that the
calculated shortly after the sample was evacuated, which dddflection point is clearly related to the charge carrier drift
creased to 1.% 107 Q"1 cm™ 10 min after evacuatiofnote mobility. The photocurrent transients are nondispersive at
the smallerAj in Fig. 3b)]. The conductivity of the sample f0OmM temperature as evidenced by the existence of a well-
decreased faster at elevated temperatures, developed plateau and rather short posttransit time tail, but
=1.65x 107 Q Lcmt after 5 min at 340 K TheAj cannot gradually become dispersive at lower temperatures.
be determined after the devices were kept fet0 min at The shape of the transients is analyzed according to the
340 K, which indicates very low conductivitgFig. 3d)].  formalism developed by Scher and Montf8lto describe
Figure 3 provides clear evidence that the doping of P3HT igharge transport in disordered media according to Ejs.
reversible, and related to the influence of volatile dopants,and (7).
probably oxygen and/or water. ) ~ e t<t, (6)

B. Temperature and electric-field dependence of ToF mobility jO) ~ e >, (7)

The temperature- and the electric-field dependence of thethere « is a parameter describing the dispersivity of the
mobility determined by ToF technique is shown in Fige)4 transients andl, is the transit time defined as the intersects of
and 4b) for Materials 1 and 2, respectively. For both mate-the straight line in a logarithm photocurrent logarithm time
rials, the slope of the electric-field dependence of mobility isplots. The prediction of that formalism is that the slopes prior
decreasing with increasing temperature, and becomes terfit -«;) and after(1+q;) the transit time should sum up to 2,
perature independent at around 250-270 K. At higher temand the transients recorded at various electric fields and
peratures and at electric field nearx20®®Vcm™, the thicknesses can be superimposed when normalizet},.to
log «(E) dependence features a minimum. Such dependendgowever, it was shown that Eq&) and (7) are valid only
has been observed in molecularly doped polyfeaad ina  when the distribution of charge transport sites can be de-
o conjugated polysilane derivativé. scribed by an exponential functigh.

Figure 5 shows ToF photocurrent transients obtained for The calculated values of the slope parametdrso;),
Material 2 and recorded at various applied voltages at 2931 +«;) and their sum(1-«)+(1+«;) are plotted versus
180, and 120 K on logarithm photocurrent logarithm time ¢/KkT in Fig. 6. It is evident that the sum of the slope param-
plots. The transients have been scaled for better comparisosters deviates from 2. In other words,calculated prior to
The transit time defined as the intersect of the two lineamnd after the transit time is not identical, indicating that the
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FIG. 6. Temperaturda/kT) dependence of the slope of the § 6V
photocurrent transients pridf): (1-«), and after(l): (1+q;) the < B 4V
transit time, and their surtO): (1-a;)+(1+q;) at an electric field T 8x1074 2V
E=7x10°%VcmL 5
(%]
_ . . . § ax10°
Scher—Montroll formalism is not applicable to describe 5
charge transport in our samples. Nevertheless, the parameters % 0
(1-«) and(1+a;) can be used to describe the shape of the i

photocurrent transients in an operational way to delineate the 00 01 i 02 03 04
occurrence of dispersidi.The determined slope parameter ime (s)

(1-«) is nearly O at higher temperatures corresponding t0 5 7. Recorded CELIV curves in regioregular P3HT samples

nondispersive transients, but increasing with decreasing temy (5) 293 K and(b) 130 K. For clarity, the curves shown are for
peratures and reaches a value of 0.25 at around 180 K, indiglected applied voltages only.

cating aND— D transition? The shape of the photocurrent
transients recorded for Material 1 showed similar temperag,oq temperaturé~n=3-5x 101 cmi3), which experi-

ture dependence, i.e., a short plateau at higher temperatur(?ﬁemal condition has been chosen by selecting the appropri-

and a nondispersive-to-dispersive ~ transition at IOWerate frequency of the triangular voltage pulse. In spite of the

temperatures? slightly increased dispersivity of the shape of the CELIV
o curves at lower temperatures, thg, can be identified and
C. Temperature and electric-field dependence of CELIV mobility can be calculated in a straightforward manner even

mobility at lower temperatures and electric fields.

Figures 7a) and 7b) shows the CELIV curves recorded ~ The mobility was calculated according to E(B), and
at 293 and 130 K, respectively, at various applied voltagesplotted in Fig. 8 versus squared electric field
The time when the extraction current reaches its maximunh(AX tma,/d)¥/?] at various temperatures. The mobility is
(tmay 1S changing by 4 orders of magnitude upon cooling

from 293 to 130 K. The shift of,,, to longer times is the N e e
measure of the temperature dependence of the moljlity. <)

increases as the speed of the voltage wsedU/dt de-

creases, thus indicating the electric field dependence of the  ~ g

mobility. Dispersion in a CELIV transient can be character- )

ized by the half-width of the extraction current to titpe, as 61

ty/o/ tmax 2 The theoretically calculated value of a nondisper- S

sive CELIV transient idy,»/ta=1.2. This empirical param- 2 -

eter, which describes the shape of the transibotv fast it 2 8

rises and decays after reaching its maximum valoas been

determined for the CELIV transients presented in Fig. 7, and o

values between 1.6 and 2.5 have been obtained at 293 K, and

it is around 2.6 at 130 K, which is considered moderate AT
when compared to other systerfesg., uc-Si: H).*? 0" 20 40 60((&“;,%‘))1/21(23;“‘.‘%112160 180 200

In the presence of strong dispersion, the extraction peak
may shift to shorter times, indicating that only the faster FiG. 8. CELIV mobility values vs square root of electric field
carriers are being probed. Calculation of the amount of eXcalculated according to E€R) at various temperatures. The devices
tracted charge carriers, however, showed that roughly th@&ere measured first at 300 K, then cooled to 110 K and measured at
same number of carriers are being extracted at each meadbsequent heating steps.
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2605 FIG. 9. Temperature- and
23K electric-field dependence of the
MoK mobility determined by both time-
130K of-flight (ToF) and CELIV experi-
170K mental techniques. The dotted
210K lines represent linear fits of the
= ToF data.

¥O0BOVAOADPDOD¥ +e % 8yAiodboen
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E1,2 ( \Y crn—1)112

well approximated with a log = B(E)Y? electric-field de- field dependence from the ToF measurements was deter-
pendence at all measured temperatures. The spumke- mined from the lower region of the electric field, i.e.,
creases with temperature, becomes 8260 K, and turnsto <2x 10° V cm™. Clearly, the slope of the field dependence
negative at higher temperatures. The amount of extracte@ieasured by both techniques turns to negative for both ma-
charge carriers calculated from CELIV curves recorded aterials and all samples studied. The strong increase of the
the beginning of the measurement800 K) was n=3 field dependence of mobility around 110 K observed by the
X 10% cm 3, which is decreased by50 % toward the end CELIV technique might be an artifact. The electric field ac-
of the experiment(e.g., n=1.75x 10 cm3 measured at cording to Eq.(4) depends on both space and time coordi-
293 K) due to evaporation of volatile dopants in vacuum ashate; therefore, the elet_:tnc ﬂe_zld may be overestimated in the
it was demonstrated above. Nevertheless, the mobility valuBresence of stronger dispersion at low temperatures. Never-

and its electric-field dependence measured at 293 K are néeless, the overall agreement and, particularly, the occur-
affected by this change as it is shown in Fig. 8. rence of negative electric field dependence of mobility at

higher temperatures, when the transients by both experimen-
tal techniques can be characterized as nondispersive, justifies
the applicability of Eqg.(1) and has the following implica-

In principle, the CELIV technique probes the mobility of tions.
the more mobile charge carriers. If both carriers are mobile, It has been proposed that the observation of mobilities
two extraction peaks corresponding to extraction of both carthat decrease with increasing electric field in @8ly
riers may be observedd The extraction current in our experi- alkylthiophenesis an artifact of the ToF technique might be
ment is dominated by holes rather than electrons due to theaused by screening of the electric field in conductive
orders of magnitude higher mobility of the former. This is Samples? In such cases, the time-of-flight technique yields
confirmed by the ToF technique in which the photocurrenthigher apparent mobility values that strongly increase with

transients of electrons featured a fast exponential decay witflecreasing electric field below a critical electric fiefd
out clear transit time indicative of efficient electron <4x 10"V cm™. Clearly, the rather weak negative electric-
trapping?’ field dependence of mobility in Fig. 4 measured by the ToF

The temperature and electric-field dependence of the holichnique below<2x 1¢° V.em™ cannot be attributed to
mobility obtained by both experimental techniques is plottedsuch a spurious electric-field effect. Moreover, such negative
in Fig. 9. Note that at lower temperatures, the temperaturélectric-field dependence has been observed in several
steps used in the CELIV measurement and ToF were n(ﬁamples with various devices thicknesgkstween 3.6 and
identical. The dotted lines represent linear fits of thegog 6 xm). The experiments presented in this comparative study
versusEY2 plots obtained by the ToF technique. The overallclearly demonstrate that the negative electric-field depen-
agreement between the experiments shows that the two diflence of the mobility is confirmed by the CELIV technique,
ferent experiment techniques are mutually consistent. Firstvhich was shown to yield the correct electric-field depen-
the negative electric-field dependence of mobility observedience in moderately conductive sampies.
at higher temperatures will be discussed followed by the dis- The agreement between the mobility data inferred from

cussion of the temperature dependence of the charge carrigpth ToF and CELIV also proves that the negative electric-
mobility. field dependence of mobility observed over a wide electric-

field region is not caused by electric-field independent carrier
diffusion*® that may become dominant at electric-fields
weaker than X 10* V cm™. A straightforward experimental
The temperature dependence of the slope of the electricheck of the effect of diffusion on the transit time and there-
field dependencéB=5log u/ SE*?) obtained by the ToF and  fore mobility is indeed the application of the CELIV tech-
the CELIV technique is compared in Fig. 10. The electric-nique, because there is no diffusion currentad due to

IV. DISCUSSION

A. Negative electric-field dependence of mobility
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T ToF, Material 1, Sample 1 | | ® GELIV, Material 1, Sample 1 Accordingly, the transport velocity must saturate with field.
20 o JoF Material 1, Sample2 J1 ¢ CELIV, Material 1, Sample 2| This implies a linear decrease of the carrier mobility because
— ' . it is controlled by energetically downward jumps only that
2145 It - are not accelerated.
gv ° The situation is more complex if positional disorder be-
% 104 11 § comes important. In that case a carrier can avoid an energeti-
g cally unfavorable site by executing a detour around that site.
; 5 2nq 11 Ben - This resembles motion in a percolating cluster and leads to
g %84 . an increase of the overall carrier mobility at moderate fields.
0-4%%.@.,!_ —.l:"'h"— However, the interplay between drift and diffusion is field
o8 dependent, as it is in the case of pure energetic disorder

80 160 240 320 80 160 240 320 because the excess motional freedom a carrier gains by fol-
Temperature (K) Temperature (K) lowing the detour path is gradually eliminated at higher
fields. Importantly, however, the critical field for that effect is
FIG. 10. Slope of the electric-field dependence of mobility ver-dictated by the drop of the electrostatic potential across the
sus temperature determined by the ToF techniguepty symbols  percolating cluster(i.e., the degree of positional disorder
and by the CELIV techniquéfull symbols; for Material 1 and  rather than by the intersite distanc&his leads to arglike
Material 2 with different sample thicknegsee Table)l (B=6log ux SEY?) dependence. At very low fieldsy is

thermodynamic equilibrium established prior to the applica_constant and tends to decrease as the field increases. Even-

tion of the voltage pulse. The charge carriers are distributecg)"a"y' B reverses sign when the additional carrier loops are
homogeneously throughout the dielectric prior charge extrac2locked and the effect of energetic disorder takes over. At
tion provided that the delay time between subsequent voltag@ighest electric fieldsy. decreases again because the trans-
pulses is sufficiently long. In no case was the shape of th@ort velocity saturates.
extraction transients affected in our experiments when the The above qualitative reasoning has been based on a hop-
delay time between the voltage pulses was raised up to 3 8ing concept involving Miller—Abrahams-type jump rates.
which confirms that the equilibrium condition was recov- However, the phenomenological transport characteristics can
ered. Furthermore, photocurrent transients due to diffusiog§imilarly be rationalized in terms of Marcus-type jump
are expected to be strongly dispersive, electric-field indeperfates®® The recent theoretical work by Fishchekal* em-
dent, but dependent on sample thickness. These predictioRé0ying the effective medium approach shows that the shape
are in direct contradiction to the experimental observatiorPf the #(E) dependence is independent of the choice of the
presented herein. form the rates. Furthermore, the decreasq.ait very low
Disorder Formalisn{Eq. (1)] attributes the temperature electric-fields can, in principal, be recovered by invoking the
and electric-field dependence of mobility to two main param4nverted Marcus jump regime. However, a detailed analysis
eters, namely, energetic and positional disorder. The eneff mobility data for a system, where structural site relaxation
getic disorder parameter is related to the width of the Gausds important, indicates that unrealistically large value of the
ian DOS normalized t&T, and it is mainly responsible for reorganization energy are required in order the explain the
the temperature dependence of mobility. The positional disdecreases of the hole mobility at very high electric-fields,
order, on the other hand, arises due to fluctuation of thavhile a hopping approach yields reasonable fit paraméters.
intersite coupling either due to variation of intersite distance
between the charge transport sites or simply the variation of
overlap between corresponding electronic orbitals. In the ab-
sence of positional disorder and under the condition of qua- Another implication of the mutual agreement between the
siequilibrium, the motion of a charge carrier in a rough en-results obtained by the ToF and CELIV relates to the tem-
ergy landscape is controlled by activated jumps toward siteperature dependence of the mobility. The ToF technique
close to the statistically defined transport enéfijjhe latter  probes the motion of charge carriers generated initially with
is located below the center of the Gaussian density of stategndom energies. Dispersive transport occurs if the mean
distribution (DOS) and decreases weakly with temperature.hopping rate of the charge carriers decreases as the function
At weak to moderate electric-fields the diffusive motion andof time 3° Since the energy relaxation of the charge carriers is
the superimposed drift is in accordance with the Einsteirfaster at higher temperatures, the photocurrent transient
ratio between drift and diffusion. As the field increases, thesettles to a plateau indicating that nondispersive transport is
activation energy is lowered by the drop of the electrostatideached prior to the arrival of the charge carriers at the exit
potential between two sites relative td. Therefore the electrode. The time to reach quasiequilibrium, however, is
charge carrier mobility should increase while the diffusiveincreasing faster than the transit time with decreasing tem-
character of motion is still retained. This is no longer theperature; therefore, dispersive transport starts dominating at
case when, on average, the drop of the electrostatic potentibiwer temperatures as indicated by dispersive photocurrent
becomes comparable and even exceeds the energy barrier foansients. The CELIV method, on the other hand, probes the
an along-field jump. In that case the dwell time of a carriermobility of doping inducedequilibrium) charge carriers oc-
on a site approaches the reciprocal rate for that jump becauselipying the tail energy states of the DOS without further
jumps against the field direction are gradually eliminatedrelaxation.

B. Temperature dependence of mobility
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o ToF, Material 1, Sample 1 { [ w  GELIV, Material 1, Sample 1 malism, and a temperature-independent dispersion parameter
~ 2 o Tof,Matoriall Sample 2, |-e OELIV, Material 1, Sample 24 «=0.45 has been calculated and was attributed to the distri-
'« ] ’ bution of transit times. TheND— D transition discussed
L 4R 1 \ 1 here, on the other hand, is intrinsic to the ToF technique, in
e which the charge carriers are generated under nonequilib-
e Bf AEO 1r 'I i rium conditions leading to a mean hopping rate that de-
= a8 . creases at longer times.

& 8 22 Il s T From linear regression in Fig. 11, parametgis o are

2 10! 1902 Il ] calculated, and shown in Table | together witandC cal-
fe) Al by culated from linear fit of the field dependence of mobility

.12 Y ' . . " . . versus the energetic disorder parameiefkT)%. The zero
0 40 80 120 1600 40 80 120 160 field mobility values as well as the electric-field dependence
(1000/T)? (K?) (1000/T)% (K?) obtained by the ToF technique were fitted above 180 K,

where the relationship is well approximated by a linear rela-

FIG. 11. Temperature dependence of the mOblllty eXtrapOlateqionship_ The calculated values of are in good agreement
to zero electric field determined by the T¢émpty symbolsand  petween the measurements, which indicates that the revers-
CELIV technique(full symbols for Materials 1 and 2 with different ;| (very weak doping of P3HT does not alter the density
sample thicknesésee Table )l of states distribution significantly, at least in this regime,
where the conductivity~ o, =108 Q™! cm™?) and the carrier
goncentration(~n:1014— 10 cm™3) is considered to be
rather low. Furthermore, the calculated prefactor mobility
values agree reasonably well between the two experiments.

>130 K. The low-temperature ToF mobilities, on the OtherConsidering_thg p_rincipal differences by the two app"‘?d
hand, tend to yield higher values indicating that more mobilemethOdS’ this finding suggests that charge carrier motion

carriers are being probed. In a previous paper, it was demqoe.s not depend on the mode of charge generatlon. in the
onstrated that the determined mobility values also deviatéeg'o.r.egUIar P3HT samples ynder th_e presented experimental
from the prediction of a simple Arrhenius-type activation conditions. In accordance with the disorder model, the rather

(log u=1/T) at lower temperaturé$. The observed low- s_mall o and largeX obtained by _both experimental tech-
temperature deviations can be explained by the occurrence F]lques are thought fo he respon3|ble_ for the observed nega-
anND— D transition as discussed above. The transition tem-" ¢ electric-field dependence of mobility.

peraturg(T,), which marks theND— D, is calculated accord-

ing to Eq.(2), and using the value af=70 meV calculated V. CONCLUSIONS

from Fig. 11,T.=180 K is obtained. The calculated value of

T. is consistent with the observed dispersivity of the re- Two independent methods for charge carrier mobility de-
corded photocurrent transients below 180 K. termination, namely(a) time of flight (b) charge carrier ex-

On the other hand, the CELIV values follow the traction by linearly increasing voltage€CELIV) have been
log u (E=0) T2 temperature dependence at all temperaused in a regioregular pdi§-hexylthiopheng The latter
tures as predicted by Edql). It should be noted that the method probes the motion of charges generated by homoge-
lower value of CELIV mobility measured at 110 K may be neous doping throughout the bulk, whereas in the ToF
due to some overestimated electric-field dependésee the method, a sheet of excess carriers generated by a laser flash
discussion in Sec. IV A drifts across the sample. By applying both techniques in the

Dispersive transport has been observed in conjugatesiame poly3-hexylthiophengwith or without doping, it has
polymers probed by impedance spectrosébmnd a tran- been shown that the results are mutually consistent except at
sient electroluminescence technicfdeThe dispersion was low temperature$<130 K), when strong dispersion of the
analyzed within the framework of the Scher—Montroll for- carrier motion become important. Another fundamental issue

The mobility values obtained by the ToF and CELIV ex-
trapolated to zero electric-field are plotted versus invers
temperature squared in Fig. 11 according to @¢. Mobility
obtained for several samples yield consistent valuesTfor

TABLE |. Determined values ofi (prefactor mobility, o (energetic disorder C (fit constant, and, (positional disorder paramejesf
the disorder formalisniEq. (1)] obtained by CELIV and time-of-flightToF) techniques.

Material/Sample Method uo (cmBV~1s?) a (meV) C [(cm V3172 py Thickness(um)
1/1 CELIV 4% 1073 63 3.6x10* 3 1.3
1/2 CELIV 4% 1073 61 3.6x10* 3.15 1.3
1/1 ToF 1x1072 70 1.5x10% 3.4 4.6
1/2 ToR 5% 1072 74 2.1x 104 3.9 6.4
2/1 ToR 5x1073 73 1.4x10% 3 3.6
2/2 ToR 7x10°3 75 1.4x10% 3 6.5

&Calculated between 310-180 K temperature region.
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