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Time-dependent mobility and recombination of the photoinducted charge carriers
in conjugated polymer/fullerene bulk heterojunction solar cells

Abstract

Time-dependent mobility and recombination in the blend of poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
phenylene vinylene] (MDMO-PPV) and 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C61(PCBM) is studied
simultaneously using the photoinduced charge carrier extraction by linearly increasing voltage technique.
The charge carriers are photogenerated by a strongly absorbed, 3 ns laser flash, and extracted by the
application of a reverse bias voltage pulse after an adjustable delay time (tdel). It is found that the
mobility of the extracted charge carriers decreases with increasing delay time, especially shortly after
photoexcitation. The time-dependent mobility u(t) is attributed to the energy relaxation of the charge
carriers towards the tail states of the density of states distribution. A model based on a dispersive
bimolecular recombination is formulated, which properly describes the concentration decay of the
extracted charge carriers at all measured temperatures and concentrations. The calculated bimolecular
recombination coefficient B(t) is also found to be time-dependent exhibiting a power law dependence as
B(t)=B0Ot-(1-y) with increasing slope (1-y) with decreasing temperatures. The temperature dependence
study reveals that both the mobility and recombination of the photogenerated charge carriers are
thermally activated processes with activation energy in the range of 0.1 eV. Finally, the direct comparison
of u(t) and B(t) shows that the recombination of the long-lived charge carriers is controlled by diffusion.
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Time-dependent mobility and recombination of the photoinduced charge carriers in conjugated

polymer/fullerene bulk heterojunction solar cells
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Time-dependent mobility and recombination in the blend of poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
phenylene vinylene] (MDMO-PPV) and 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C¢;(PCBM) is studied
simultaneously using the photoinduced charge carrier extraction by linearly increasing voltage technique. The
charge carriers are photogenerated by a strongly absorbed, 3 ns laser flash, and extracted by the application of
a reverse bias voltage pulse after an adjustable delay time (z4.). It is found that the mobility of the extracted
charge carriers decreases with increasing delay time, especially shortly after photoexcitation. The time-
dependent mobility w(7) is attributed to the energy relaxation of the charge carriers towards the tail states of the
density of states distribution. A model based on a dispersive bimolecular recombination is formulated, which
properly describes the concentration decay of the extracted charge carriers at all measured temperatures and
concentrations. The calculated bimolecular recombination coefficient B(z) is also found to be time-dependent
exhibiting a power law dependence as B(r)=Byt"'~? with increasing slope (1—7) with decreasing tempera-
tures. The temperature dependence study reveals that both the mobility and recombination of the photogener-
ated charge carriers are thermally activated processes with activation energy in the range of 0.1 eV. Finally, the
direct comparison of u(f) and B(z) shows that the recombination of the long-lived charge carriers is controlled

by diffusion.

DOI: 10.1103/PhysRevB.72.035217

I. INTRODUCTION

The investigation of the charge carrier recombination ki-
netics in noncrystalline organic materials is of fundamental
importance from a material characterization point of view, as
well as due to the application of these materials in optoelec-
tronic devices, such as photodetectors, solar cells,! and light
emitting diodes.> Particularly, the charge generation® and
recombination* mechanism within the interpenetrating
network of electron donating conjugated semiconducting
polymers and electron accepting fullerenes is the focus of
current interest.> Photoexcitation of the conjugated polymer
in the blend of poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
phenylene  vinglene]  (MDMO-PPV)  and  1-(3-
methoxycarbonyl)propyl-1-phenyl-(6,6)-C¢; (PCBM) results
in a rapid electron transfer® from MDMO-PPV to PCBM,
leaving a positive radical cation (polaron) on the polymer
backbone and a radical anion on the fullerene molecule. The
charge-separated configuration is relatively long lived (life-
time of the order of us-ms), which is a prerequisite for fab-
rication of efficient photovoltaic devices (bulk heterojunction
solar cells).”

Several optical techniques, including light induced elec-
tron spin resonance (LESR),® photoinduced absorption
(PIA),” photoinduced reflection-/absorption  (PIRA),!0
transient absorption (TA),*!! and more recently, a flash pho-
tolysis time-resolved microwave conductivity technique (FP-
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TRMC) (Ref. 12) has been used to study the recombination
of the photoinduced charge carriers at various time scales
and temperatures. The TA studies, in which the change in the
transmission of the sample [represented as the change of the
optical density (AOD)] upon photoexcitation is monitored in
a time resolved experiment, identified a faster (<400 ns) and
a slower (us-ms) component of the recombination dynamics
of the photogenerated polarons in the MDMO-PPV/PCBM
blend. The latter, slower phase of the recombination follows
a power law decay as AOD ¢ ,\=0.4 at room temperature.
Moreover, the AOD signal saturates above a light intensity of
~1 uJ/cm?/pulse. The initial fast light-intensity-dependent
component was attributed to recombination of charges prior
trapping (above the mobility edge),'’> meanwhile the slow,
dispersive recombination is controlled by diffusion limited
recombinations of holes localized below the mobility edge
with PCBM anions. The LESR study of Schultz et al., on the
other hand, showed that there are persistent charge carriers in
such blends with lifetimes up to hours at 4 K and a
temperature-independent tunneling-based recombination pro-
cess was proposed.®

In this paper, we applied the photoinduced charge carrier
extraction by linearly increasing voltage technique (photo-
CELIV) to study the mobility and recombination of the
charge carriers at us-ms time scale. This technique allows us
to determine the mobility and the lifetime of the charge car-
riers simultaneously. The question of particular interest is

©2005 The American Physical Society
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whether the long-lived charges are mobile enough to be col-
lected at external electrodes, or rather, they are localized
deeply within a manifold of trap states, and will be lost for
charge collection in photodiodes and solar cells.

We have recently observed that the mobility depends on
the applied time delay between the photogeneration and the
charge collection especially shortly after photoexcitation.'#
The temperature dependence studies presented herein con-
firm that the observed time-dependent mobility is due to re-
laxation of the charge carriers towards the tail states of the
density of states distribution. Moreover, in good agreement
with previous works, > we show that the recombination
dynamics within the ps-ms is primarily controlled by diffu-
sion of the charge carriers in the bulk rather than by interfa-
cial processes associated with phase segregation of the blend.
Finally, the simultaneous determination of mobility and the
lifetime of the charge carriers suggest that the majority of the
long-lived charge carriers can be collected in typical bulk
heterojunction solar cells at short circuit conditions.

II. EXPERIMENTAL

A. Photo-CELIV technique

The schematic response of the photo-CELIV %17 ig
shown in Fig. 1. The sample consists of a thin (200-350 nm)
layer of MDMO-PPV:PCBM sandwiched between a trans-
parent ITO-coated glass and evaporated aluminum elec-
trodes, which structure is typical of a bulk heterojunction
solar cell. Upon application of a reverse bias triangular-
shaped voltage pulse with a voltage rise speed A=dU/dt, the
typical electrical response is a rectangular-shaped current
transient with a plateau value corresponding to the capacitive
displacement current j(0)=A X ggy/d, where €,g is the di-
electric constant of the material and vacuum, respectively,
and d is the thickness of the dielectric. When a strongly
absorbed laser flash hits the sample, charge carriers are pho-
togenerated throughout the layer. The photogenerated charge
carriers either undergo recombination or exit the device
through the external circuit under the influence of the built-in
electric field (short circuit condition). The external photocur-
rent upon photoexcitation can be minimized by the applica-
tion of a dc offset bias (U, forcing the charge carriers to
remain in the device and to recombine. The remaining charge
carriers can be extracted after an adjustable delay time (z4)).
By selecting the proper voltage rise speed A, the extraction
current reaches a maximum value Aj as shown by the dashed
line in Fig. 1, and from the time to reach the current maxi-
mum f,,,, the mobility u can be calculated according to

Eq. (1):
24*

M= — if Aj =< j(0). (1)
3Atfmx{ 1+ 0.36,—’J
J(0)
Equation (1) has been derived by solving the continuity, cur-
rent, and Poisson equations.'® The expression 1
+0.36A;/j(0) in the denominator of Eq. (1) has been intro-
duced to compensate for the redistribution of the electric
field during charge extraction, and it is valid for moderately
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FIG. 1. Schematic illustration of the photo-CELIV method. U is
the applied voltage to the sample, j is the corresponding current
transient. The full line (dashed line) corresponds to the extraction
transient in the dark (upon a short laser flash). The measurement
parameters j(0),AJ, fgers fmax s Umax> @04 Ul are introduced in Sec.
II A and t;), is introduced in Sec. IV A.

max

conductive samples, i.e., when the number of extracted
charge carriers equals or is less than the capacitive charge
Aj=<j(0).”

B. Sample preparation and experimental details

The thin organic films were deposited from chlorobenzene
solutions (0.5 mg polymer/1 ml solvent) of MDMO-
PPV:PCBM 1:4 by weight using the spin coating technique
on prestructured ITO-coated glass. Aluminum as top elec-
trode was deposited by thermal evaporation defining a device
area of 3 to 5 mm? The devices were placed in a liquid-
nitrogen-cooled vacuum-loaded cryostat and illuminated
from the ITO side by 3 ns pulses of a Nd:YAG laser at 532
nm excitation wavelength (Coherent Infinity 40-100). The
reverse bias triangular-shaped voltage pulse (ITO connected
as the negative terminal) was applied by a digital function
generator (Stanford Research DS 345), and the time delay
between the light pulse and the voltage pulse was adjusted
by a digital delay generator (Stanford Research DG 535).
The light intensity incident on the sample was measured by a
pyroelectric detector (Ophir PE25-S), and was varied using a
set of optical density (OD) filters. The laser pulse was moni-
tored using a biased silicon detector (Newport 818-BB-20).

035217-2
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The photo-CELIV transients were recorded by a digital stor-
age oscilloscope (Tektronix TDS754C) using variable load
resistance. The MDMO-PPV was synthesized by the group
of Vanderzande according Ref. 20, and PCBM was pur-
chased from J. C. Hummelen (Rijksuniversiteit Groningen,
The Netherlands).

III. THEORY OF DISPERSIVE RECOMBINATION
DYNAMICS

The recombination of long-lived charge carriers in conju-
gated polymers is usually described as a nongeminate bimo-
lecular recombination process.?! In addition to simple bimo-
lecular recombination, a complete description of the
recombination dynamics should include the effects of struc-
tural disorder, i.e., variations in the positions and local ori-
entations of the polymer chains and energetic disorder attrib-
uted to the distribution of conjugation lengths and
differences in the local environment. These static properties
of the material give rise to a distribution of localized states
(DOS). Charge carrier hopping within the DOS is proposed
as an adequate model for describing transport in disordered
organic materials.?>>> Charge carriers created randomly
within the DOS execute random walks in the course of
which they relax towards the tail states of the DOS. During
this thermalization process the time derivative of the mean-
square displacement of the charge carriers becomes time
dependent, known as the dispersive regime. Consequently,
the diffusion coefficient D of the charge carriers becomes
time dependent and decreases during the relaxation process.
In the long-time regime when the charge carriers have re-
laxed and filled up the tail states, a dynamic equilibrium is
attained in the case of a Gaussian DOS. In this nondispersive
regime the charge migration is governed by thermally as-
sisted jumps and the diffusion coefficient adopts a constant
value D,,.2°

According to Smoluchowski’s theory of diffusion-
controlled bimolecular reactions, the bimolecular recombina-
tion coefficient (B) is proportional to the sum of the charge
carrier diffusion coefficients (D=D,+D,), their interaction
radius (R), and the fraction (f) of charges annihilated after an
encounter:>’~2

B=4mfRD. 2)

Since the diffusion coefficient D is time dependent during
thermalization, the bimolecular rate coefficient will also be-
come time dependent, i.e., B(f)=4mfRD(r), which has been
confirmed using Monte Carlo simulation techniques.® As-
suming a bimolecular recombination equation with a time-
dependent rate coefficient B(r) we write

—=—-=-Bnp, 3)

where n,p is the concentration of electrons and holes, re-
spectively. Assuming charge neutrality, i.e., n=p, the solu-
tions for n(r) and p(r) are given by
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FIG. 2. Photo-CELIV transients recorded at 300 K at (a) various
delay times at fixed light intensity; (b) varying illumination inten-
sities attenuated using optical density filters at fixed 5 us delay
time. The voltage rise speed A was 4 V/10 us. The insets show the
calculated dispersion parameters #;,, t0 7, versus delay time and
the concentration of the extracted charge carriers, respectively.

n(0)

; ; 4)
1+ n(O)f B(t)dt
0

n(t) =p(1) =

where n(0)=p(0) is the initial (=0) concentration of photo-
generated charge carriers. The exact functional time depen-
dence of D(z) [and thus of B(r)] in the dispersive regime is
strongly dependent on the form of the DOS distribution. In
the case of hopping in an exponential DOS, or equivalently,
multiple trapping, the diffusion coefficient exhibits a power-
law time dependence,31 i.e., D(t) ~ 1% whereas for a Gauss-
ian DOS it is not trivial to cast D(f) into an explicit analytical
expression for all times.?*3° However, in the case of a Gauss-
ian DOS D(r) can still be approximated by a power-law
function within a limited time interval.

IV. RESULTS
A. Delay-time dependence of the mobility

Figure 2 shows the recorded photo-CELIV curves at 300
K at various (a) delay times and (b) incident light intensity
varied by OD filters at fixed (5 us) delay time. The U,
was —0.7 V, which is very close to the built-in electric field
of the devices as indicated by the negligible photocurrent
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FIG. 3. Photo-CELIV transients recorded at 150 K at various
delay times. The voltage rise speed A was 8 V/100 us. The inset
shows the dispersion parameter 1, to f,,, versus the delay time.
The time to reach the ideal nondispersive value is also displayed.

immediately upon photoexcitation. The maximum of the ex-
traction current (Aj) decreases with increasing delay time,
which is related to the recombination of the photogenerated
charge carriers. Moreover, the time when the extraction cur-
rent reaches its maximum (z,,,,) shifts to longer times, which
is related to decreasing mobility according to Eq. (1). Inter-
estingly, the #,,,, remains almost constant when the light in-
tensity is decreased at a fixed delay time [Fig. 2(b)], and the
number of extracted charge carriers saturates with increasing
light intensity above ~1 uJ/pulse/cm?.

Dispersion of the photo-CELIV transients (how fast it
rises and decays before it reaches its maximum value) can be
characterized by ), to t,,, as it is illustrated schematically
in Fig. 1. The calculated value for an ideal nondispersive
transient is 1.2.32 The recorded photo-CELIV transients
shown in Fig. 2(a) are dispersive at short delay times as
indicated by the #,, fo t,,, ratios well above 1.2, which
gradually decreases to the ideal nondispersive value of 1.2 at
longer time delays [inset of Fig. 2(a)]. An interesting feature
is the sublinear slope of the initial current rise (dj/dr) at
short delay times, which is related to a time-dependent mo-
bility during extraction.!” On the contrary, the #, 10ty
values do not change significantly by varying the light inten-
sity (charge carrier concentration) indicating a concentration
independent but time-dependent dispersion at short delay
times. Moreover, the majority of the photogenerated charge
carriers can be extracted by the extraction pulse at all delay
times as shown by the end of the pulse extraction current,
which indicates that trapping into deep traps at this time
scale is negligible.

The photo-CELIV curves recorded at various delay times
at 150 K are shown in Fig. 3. Similarly to the room tempera-
ture transients, the 7,,,, shifts to longer times accompanied by
a gradually decreasing dispersion as 74 is increased. How-
ever, the time to reach the ideal nondispersive value of 1.2
takes approximately one order of magnitude longer at 150 K.
An interesting feature is that the dispersion parameter de-
creases even below the ideal value of 1.2, which is attributed
to the electric field dependence of the mobility. The more
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FIG. 4. (a) and (b) Mobility values and the concentration of
extracted charge carriers versus the delay time for samples with
different active layer thickness, respectively. The mobility and con-
centration values measured for the 360 nm device at various tem-
peratures are also displayed.

pronounced electric field dependence of the mobility at these
lower temperatures and longer delay times can be also iden-
tified from the superlinear initial current rise (dj/dt) of the
transients.'” An important difference is that the end of the
extraction current does not reach the capacitive step value
j(0) within the applied time window, which shows that some
portion of the charge carriers are trapped on the time scale of
the photo-CELIV extraction at lower temperatures.

The mobility values calculated according to Eq. (1) are
plotted versus delay time in Fig. 4(a). Results for devices
with different active layer thickness are shown for compari-
son, and the temperature dependence of the mobility for the
device with 360 nm active layer thickness is shown. The
mobility clearly decreases with increasing delay time at ev-
ery temperature, and also exhibits pronounced temperature
dependence. Two different slopes in the log;q u versus
log;q t can be identified as indicated by the appearance of a
“kink” at shorter time delays (as indicated by the solid lines
at 300 and 210 K). The “kink” shifts to longer times at lower
temperatures. The mobility values at the shortest delay times
correspond well between samples with different thickness,
yet the mobility values determined at longer time delays (and
correspondingly, the slope of the log;, u versus log;, ¢ plots
after the kink) appear to vary with the sample thickness.
Photo-CELIV transient versus various delay times have also
been recorded by illuminating the samples from the alumi-
num side. Although generally fewer carriers are extracted
due to light attenuation by the aluminum electrode, the time
dependence of the mobility was very similar as shown in Fig.
4(a). Moreover, photo-CELIV transients were recorded using
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FIG. 5. Bimolecular recombination coefficient calculated using
Eq. (3) (scattered data), and obtained by fitting the concentration
decay using Eq. (5) (solid lines) versus delay time at various
temperatures.

355 nm as the excitation wavelength, at which the optical
density of the films is approximately twice as large as com-
pared to at 532 nm. Nevertheless, the calculated mobility
values and its time dependence were nearly identical using
either excitation wavelength.

In Fig. 4(b), the concentration of extracted charge carriers
calculated by integrating the photo-CELIV transients is plot-
ted versus the delay time. The concentration decay for
samples with different active layer thickness is also dis-
played. Using the time dependent bimolecular recombination
equation [Eq. (3)], B(¢) is calculated, and shown as scattered
data in a double logarithmic plot in Fig. 5. The data reveals
power-law time dependence for B(r) for all temperatures.
The power-law slope has the value 0.06 at 300 K and gradu-
ally increases at lower temperatures reaching the value 0.53
at 120 K. Thus, for all temperatures between 120 and 300 K,
the time-dependent bimolecular recombination coefficient
can be described as B(r)=By'"Y, where B, and vy are
temperature-dependent parameters. Using this functional
form of B(¢) the integral in Eq. (4) can be evaluated yielding

n(0)
l + (t/TB)y,

n(1) =p(1) = (5)
where 75={7y/[n(0)B,]}"” is an “effective” bimolecular life-
time. The fits to the decay data using Eq. (5) are shown as
solid lines in Fig. 4(b), and the resulting B(¢) calculated from
the fit parameters 3, and 7 is shown for each temperature as
solid lines in Fig. 5 in good agreement with the scattered
data except at 120 K, when the recombination of the long-
lived charges tends to deviate.

The “effective” bimolecular lifetime 7 obtained from the
decay fits decreases with increasing temperature, being 4 us
at 300 K and 319 us at 120 K. The temperature dependence
of the “effective” bimolecular recombination rate kz=1/7p is
plotted in an Arrhenius plot in Fig. 6, clearly showing a
thermally activated behavior. The solid line is a fit to kp
=koexp(—AE/kT), yielding an activation energy of AFE
=77 meV. The temperature dependence of the dispersion pa-
rameter vy is shown in the inset of Fig. 6, showing that y
increases monotonously with decreasing temperature. At 120

PHYSICAL REVIEW B 72, 035217 (2005)
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FIG. 6. Arrhenius plot of the “effective’” bimolecular recombi-
nation rate of Eq. (5). The inset shows the temperature dependence
of the dispersion parameter 7.

K the value of y is 0.47, related to a highly dispersive
(strongly time-dependent) recombination process, whereas at
300 K the value 7y is 0.94 which is close to a nondispersive
recombination (y=1).

B. Concentration dependence of the mobility

It has been argued that the charge carrier mobility in dis-
ordered organic semiconductors may depend on the charge
carrier concentration.**37 Tanase et al. have shown that the
several orders of magnitude higher charge carrier mobility
observed in field effect transistors as compared to light emit-
ting diodes can originate from the increased charge carrier
mobility at higher charge carrier densities, especially
>10'® cm™3. Similarly, it was also demonstrated that the en-
hanced space-charge-limited current in poly(p-phenylene vi-
nylene) diodes at higher applied voltages is due to the en-
hancement of the charge carrier mobility at higher charge
carrier densities rather than the effect of the (positive) elec-
tric field dependence of mobility as previously assumed.?®
Arkhipov et al. argued, on the other hand, that the mobility
may also decrease in disordered materials with increasing
charge carrier concentration due to the effect of additional
Coulomb traps introduced by charge carrier doping.3*3’

The time-dependent mobility in Fig. 4(a), therefore, can
originate from the concentration (occupational density) de-
pendence of the mobility as argued above. In order to test the
effect of charge carrier concentration, photo-CELIV curves
at various light intensities at a fixed delay time has been
recorded. Figure 7 shows the logarithm mobility versus the
concentration of extracted charge carriers calculated from (a)
light intensity-dependent measurements at fixed delay times
(b) from delay time-dependent measurements at fixed light
intensity (~100 uJ/cm?/pulse). The mobility is slightly de-
pendent on the concentration of extracted charge carriers at
fixed delay time, with increasing slope at lower tempera-
tures. The concentration dependence of mobility calculated
at fixed light intensity but various delay times [Fig. 7(b)]
correspond well to that of Fig. 7(a) at longer delay times, yet
deviates significantly at shorter time delays. The comparison
of Figs. 7(a) and 7(b) indicates that the time-dependent mo-
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FIG. 7. Mobility versus the concentration of the extracted
charge carriers calculated from (a) light intensity dependent mea-
surements at fixed delay times; (b) delay time-dependent measure-
ments at fixed light intensity. The delay time used during the light
intensity dependent studies is displayed in the key.

bility in Fig. 4(a) especially at shorter delay times cannot be
attributed to the concentration dependence of the mobility
alone.

C. Applied voltage (electric-field) dependence of the mobility

Figure 8 shows the recorded photo-CELIV curves at vari-
ous applied voltages (U,,,,) at fixed light intensity and fixed
15 ps delay time at room temperature. The 7., shifts to

120—‘ T T T T ]
& J max -
‘€100 | 8V
< | ]
= 80 ] V]
5 6V |
‘E 60 | 5V |
° 4V
5 40 3V -
& 20 ] 2v |
X 1V

0 ‘
0 4x1'0f 8x10° 1x10°
time [s]

FIG. 8. Photo-CELIV transients recorded at 300 K by changing
the maximum of the applied voltage pulse.
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FIG. 9. Electric field dependence of the mobility determined at
various temperatures. The solid vertical line corresponds to an elec-
tric field of 5.2 X 10° V cm™!. The dashed lines represent linear fits
of the data, and the applied delay times during the measurements
are also displayed.

longer times as the maximum of the voltage pulse is de-
creased, which is related to the electric field dependence of
the mean velocity of the charge carriers. The electric field
during the photo-CELIV extraction varies constantly, and de-
pends on both space and time coordinate. The electric field
(E) can be calculated at the extraction maximum as>®

E=—7—. (6)

Figure 9 shows the calculated mobility versus the square
root of the electric field at various temperatures. A long delay
time between the light pulse and the voltage pulse has been
used for these voltage dependent measurements at every tem-
perature as displayed in Fig. 9.

The field dependence of mobility follows a Poole-
Frenkel-like dependence at all temperatures within the ex-
perimentally accessible electric-field range. The slope of the
field dependence is increasing with decreasing temperature.
The mobility values taken at a constant 5.2X 10> V cm™!
electric field along the solid line are plotted versus 1000/7 in
Fig. 10, and a linear relationship is found. The apparent ac-
tivation energy (AE,) of the mobility can be calculated from
= poexp(=AE,/kT), where p, is a prefactor mobility and &
is the Boltzmann constant. From the slope of the linear fit in
Fig. 9, AE, =120 meV is calculated.

Alternatively, the temperature and electric field depen-
dence of mobility can be analyzed within the framework of
disorder formalism, which predicts a non-Arrhenius type ac-
tivation of the mobility extrapolated to zero electric field
[log,y u(E=0) 0 1/T?] according to>

2( o \? o \?
,U«(T,E)=,U«()9XP[_3<kT> }GXP C[(kT) —Ez]E”z )
(7)

where o [eV] is the width of the Gaussian density of states,
3, is a parameter characterizing positional disorder,
o [em? V15717 is a prefactor mobility in the energetically
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FIG. 10. Arrhenius plot of the mobility values take at a constant
E=5.2%10° V cm™! electric field from Fig. 9. The inset shows the
logarithm of mobility extrapolated to zero electric field versus
(1000/7)*.

disorder-free system E [V cm™'] is the electric field and C is
a fit parameter.

The log;y w(E=0) is plotted in the inset of Fig. 10 versus
(1000/T)?, and o=60 meV is calculated from the higher
temperature range. It is clearly seen that the measured tem-
perature dependence deviates at lower temperatures from the
prediction of Eq. (7).

V. DISCUSSION
A. Time-dependent mobility

The time dependence of the mean hopping rate of photo-
excitations generated in nonequilibrium conditions appears
to be intrinsic to disordered semiconductors in which the
charge transport sites are subject to both energetic and spatial
disorder.** Numerous theoretical studies employing Monte
Carlo simulation techniques,23 an effective medium
approach*! and recently, an analytical description*? based on
the transport level argument have been used to describe
charge transport in the presence of both energetic and spatial
disorder. Generally, the hopping rate between localized states
is described by the Miller-Abrahams form*?

AR;;\]ex (—;’>, €,> g,
V= Voexp<—2ya—ll) P kT / '
], 8'<8i,

(8)

where v;; is the hopping rate between site i and j with energy
g; and g;,a is the average lattice distance. The first exponen-
tial in Eq. (8) describes the electronic wave function overlap,
and the second describes a Boltzmann factor for sites up-
wards in energy. Equation (8) postulates that only charge
carrier hops to sites higher in energy are thermally activated,
therefore only these jumps are accelerated by the electric
field. The rate for downward jumps is 1, which assumes that
energy can always be dissipated rapidly via the large number
of high frequency phonons typical for organic conjugated
materials. Due to the asymmetric hopping rates, a dynamic
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equilibrium may be attained when the number of even lower
lying sites is so low, that on average all the jumps will be
thermally activated upward jumps. Arkhipov er al. have
shown that in equilibrium the hopping process occurs be-
tween sites thermalized within the tail of the distribution of
states at a statistically defined transport level, reducing the
problem to a multiple trapping and release model in which
the transport level is equivalent to a mobility edge.'’
Whether the mean velocity of the packet of migrating charge
carriers generated under nonequilibrium conditions reaches a
quasistatic value depends on the shape of the distribution of
the localized states. In the case of a Gaussian DOS, the
packet of photogenerated charges is expected to reach quasi-
equilibrium transport at longer times. The relaxation time
increases as f,/1y=10 exp[1.07 (¢/kT)?] (where t, is the
dwell time of a carrier without disorder) with decreasing
temperature.”> Such relaxation process occurs simulta-
neously with charge extraction during the time-of-flight tran-
sient photocurrent method,** in which a sheet of photogener-
ated charge carriers drifts across the sample under a uniform,
externally applied electric field. Since the time to reach qua-
siequilibrium increases stronger than the transit time with
decreasing temperature, eventually charge transport without
quasiequilibrium is probed leading to a frequently observed
nondispersive to dispersive transition in transport.*> The de-
lay time between charge generation and extraction is varied
using the photo-CELIV technique, which enables us to sepa-
rate the energy equilibration process from the charge extrac-
tion.

A rapid relaxation of the charge carriers within the intrin-
sic DOS towards the tail states of the distribution towards
quasiequlibrium is observed in Fig. 4(a) as the “kink” in the
logg o versus log, ¢ plot, with a relaxation time that in-
creases strongly as the temperature is decreased. Further in-
dication is given by the observed transition in the shape of
the photo-CELIV transients from dispersive shortly after
photoexcitation to nondispersive at longer time delays.

The mobility values, on the other hand, do not reach a
constant value at even the longest time delays, but decrease
weakly following a power law. This weak, long-time decay
of mobility is strikingly similar to the observed concentration
dependence of mobility measured at fixed delay times shown
in Fig. 7(a). Therefore, it may be related to a trap filling
effect, since fewer carriers are extracted at longer time delays
due to recombination. The observed Arrhenius-type activa-
tion of the mobility measured at long delay times, when the
charge carriers occupy the deepest states, suggests that
charge carrier hopping within an exponential distribution
states is probed. A bimodal (intrinsic transport sites and an
exponential distribution of traps) distribution within the
MDMO-PPV/PCBM mixture has been previously suggested
by Nelson et al. to explain the appearance of two different
regimes of the recombination dynamics of the photogener-
ated charges.!”> The weak, power law concentration depen-
dence of mobility seems to agree well with the results of
Refs. 33-37, which predicted only a weak or negligible de-
pendence of the mobility on the charge carrier concentration
within the measured lower concentration range
(<10' cm?®). We note, on the other hand, that the determi-
nation of the field dependent mobility using the photo-
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FIG. 11. Concentration decay of charge carriers fitted according
to Eq. (9).

CELIV is prone to error when the field dependence of mo-
bility is more pronounced. The complications in
determination of the electric-field dependence of mobility at
lower temperatures, together with the fact the electric-field
dependence of mobility within only a rather limited range
could be determined may be responsible for the observed
deviations from the predicted log;, w(E=0) versus
(1000/T)? straight line dependency as shown in the inset of
Fig. 10.

Figures 4(a) and 4(b) clearly show that both the mobility
and the recombination dynamics are time dependent in the
studied MDMO-PPV/PCBM mixture. It is interesting to di-
rectly compare the measured time dependence of the mobil-
ity w(r) in Fig. 4(a) with the time dependence of the bimo-
lecular recombination coefficient B(r) obtained from the
concentration decay (Fig. 5). At high temperatures
(>210 K) the power-law slopes of wu(r) are similar to that of
B(1), and it is therefore reasonable to assume that the bimo-
lecular recombination coefficient is directly proportional to
the mobility, i.e., B(f)=Bu(t), where B(V cm) is a constant.
Using this relation, the concentration decay of charges [Eq.
(4)] can be written as a function of the time-dependent mo-
bility:

n(0)

1+ n(O)Bf

0

)

n(t) = ;

u(r)de

The fits to the concentration decays at higher temperatures
(>210 K) using Eq. (9) (the mobility values at all tempera-
tures have been numerically integrated) are shown in Fig. 11.
A reasonably good agreement is found, yielding B=2
X 1077 V cm at 300 K, and slightly smaller values when the
temperature is decreased. In the case of Langevin-type bimo-
lecular charge carrier recombination,>"?® B=(e/ggy)u, and
thus the proportionality constant B is directly given by B
=e/egp=6X10"7 Vcm (using =3 for the MDMO-PPV/
PCBM blend). This value is relatively close to the value 2
X 1077 V cm we obtained from the fit at 300 K, which sug-
gests that Langevin-type bimolecular recombination is op-
erative at room temperature and at the measured us-ms time
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scale. We emphasize that the recombination is monitored at
near zero electric-field conditions [flat bands due to applica-
tion of the offset voltage (U, g.e;) prior charge extraction], yet
the mobility is determined at a constantly changing, nonzero
electric field. As it is shown in Fig. 9, the field dependence of
mobility is weak at higher temperatures, but becomes in-
creasingly important at lower temperatures. The electric
field, which is calculated at the extraction maximum, de-
pends on both space and time coordinate, therefore increases
with increasing delay time (7, shifts to longer times).
Therefore, the pronounced electric-field dependence of mo-
bility at lower temperature may affect the shape of the
log;o m versus logq t plots, and the proportionality between
the measured w(z) and B(r) will no longer be valid.

B. Sign of the extracted carriers

If both charge carriers are mobile and their mobility is
significantly different, two extraction peaks may be detected
in the photo-CELIV experiments. In the studied MDMO-
PPV:PCBM mixtures, only one extraction peak is observed
at all applied delay times and applied voltages. This result
suggests that the mobility of electrons and holes are very
similar and the transport is nearly balanced. The mobility
values  measured by the  photo-CELIV  (~u
=10"* cm? V™! s7!) and its electric field dependence are very
similar to the hole mobility reported by Melzer er al. They
also reported a one order of magnitude higher electron mo-
bility, which we cannot confirm by our photo-CELIV
measurements.*® According to Eq. (1), the mobility is in-
versely proportional to the square of the time to reach the
current extraction maximum g t,,.”>, therefore one order
of magnitude higher mobility would mean an extraction peak
that is shifted by a square root of 10 towards shorter time
scales. Such rather smaller difference is maybe smeared out
by the not negligible dispersion especially at shorter delay
times.

The measured photo-CELIV mobility values, on the other
hand, are one to two orders of magnitude higher than those
measured  using  time-of-flight  (ToF)  photocurrent
measurements.*”*% A possible reason for the lower mobility
in the thicker samples used in ToF may be related to the
different morphology of the thicker films as it was also ar-
gued by Melzer et al.* Indeed, we observed that the mobility
values determined using the photo-CELIV varies with film
thickness especially when measured at longer time delays.
Such differences in the morphology of MDMO-PPV:PCBM
films have been previously observed using atomic force
microscopy® and transmission electron microscopy.”® The
calculated apparent activation energy AE, =120 meV of the
mobility measured by the photo-CELIV technique is smaller
when compared to that of a pure MDMO-PPV investigated
by the ToF technique (A=0.3-0.4 ¢V), which further indi-
cates that the activation energy possibly related to the mor-
phology of the films is lowered in the mixture of MDMO-
PPV with PCBM.

C. Implications to photovoltaic device performance

The number of extracted charge carriers clearly saturates
with increasing light intensity indicating a concentration-
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dependent recombination rate, which is in good agreement
with the transient absorption (TA) measurements of Mon-
tanari et al.* The concentration decay of the extracted charge
carriers, however, follows a hyperbolic decay characteristic
of a bimolecular recombination in contrast to the power law
decay of the polaron concentration as p ¢ measured in the
TA experiment. The difference may be related to the fact that
only the reasonably mobile charge carriers are collected in
the photo-CELIV technique, meanwhile the optical absorp-
tion of all the charge carriers including the immobile ones is
monitored in the TA experiment. This has probably little ef-
fect on the concentration decay at room temperature, at
which the number of unextracted charge carriers is minimal
as indicated by the end of the pulse extraction current. It
may, however, play an important role at lower temperatures,
at which a non-negligible portion of the charge carriers re-
mains in the device. The advantage of the photo-CELIV
technique is that charge carrier recombination in operational
devices is studied; therefore the measured mobility and life-
time values can be directly compared to the photovoltaic
performance under operational conditions.

The product of w1y determined by the photo-CELIV tech-
nique at room temperature is ~4 X 1071 cm? V=!. The drift
distance of the charge carriers using the above w7y value
assuming an electric field of 5X 10* V.em™ is around ~1,
=200 nm. According to this result, the majority of the long-
lived photogenerated charge carriers can be extracted in op-
erational photovoltaic devices at short circuit conditions with
active layer thickness not exceeding ~200 nm. This finding
is consistent with frequent observations that the short circuit
current is not limited by second order (bimolecular recombi-
nation) processes, but scales almost linearly with increasing
incident light intensity.”!
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VI. CONCLUSIONS

Photo-CELIV transients at various delay times, light in-
tensities and applied voltages have been recorded, and the
charge carrier mobility and lifetime simultaneously studied.
It is found that both the charge mobility and the recombina-
tion are time-dependent (dispersive) processes shortly after
photoexcitation, which is attributed to the initial relaxation of
the charge carriers towards the tail states of the density of
states distribution. The results confirm that the recombination
dynamics within the studied ws-ms time scale is a thermally
activated process rather than a temperature independent tun-
neling. The obtained time-dependent mobility values are
used to directly describe the recombination dynamics at
higher temperatures. We have found that the recombination
dynamics is nearly Langevin-type at room temperature, i.e.,
controlled by diffusion of the charge carriers towards each
other. Deviations at lower temperatures, on the other hand,
indicates that the determination of wu(¢) from the extraction
current transient maybe erratic when the electric-field depen-
dence of the mobility is more pronounced. Finally, it is
shown that although the charges are trapped on the longer
time scales, their mobility is sufficiently high to be collected
at external electrodes in typical bulk heterojunction solar
cells.
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