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We show how charge-carrier transport and recombination in thin insulator films are directly measured using
the technique of extraction of injected plasma. This technically simple technique is complementary to the
well-known time-of-flight technique. We use this technique on bulk-heterojunction solar cells, where the
double-injection current into an insulator is found, and we show how to use the extraction of the injected
plasma to independently and simultaneously measure the charge-carrier mobility and bimolecular recombina-
tion coefficient in these films. A simple analytical solution to calculate the bimolecular recombination coeffi-
cient from an injected charge is derived. We found that the extracted charge follows a linear dependence as a
function of applied voltage and saturates as a function of offset voltage, leading to the conclusion that almost
all of the injected charge is extracted at high offset voltages. Therefore, we can directly measure the charge-
carrier mobility and bimolecular recombination coefficient from the extracted charge as a function of voltage
pulse duration. Moreover, the charge-carrier bimolecular recombination coefficient ��=2.2�10−12 cm3/s� is
found to be strongly reduced compared to Langevin-type coefficient, as previously shown.
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I. INTRODUCTION

Bulk-heterojunction solar cells �BHSCs� are promising
candidates for large-scale production due to cheap, roll-to-
toll fabrication possibilities.1 When trying to achieve high
power conversion efficiency it is very important to under-
stand the overall efficiency limiting factors, e.g., charge-
carrier generation and extraction.2 To measure these param-
eters in low-mobility materials the time-of-flight �TOF� and
charge-carrier extraction by linearly increasing voltage
�CELIV� techniques are often used.3,4 However, the applica-
tion of these techniques for samples with film thickness of
less than 1 �m is complicated because the photogeneration
region is comparable with the sample thickness. Further-
more, the high sample capacity allows only the integral-
mode �charge� TOF method to be used.5 This makes the in-
terpretation of the results more complicated.

In this work we demonstrate the technique of extracting
injected plasma, i.e., injected electrons and holes that ap-
proximately neutralize each other.6 We show how to measure
the charge-carrier transport and recombination parameters
when double injection �DI� current into an insulator is
present ���� ttr, where �� is the dielectric relaxation time,
and ttr is the charge-carrier transit time through the sample�.

Previously DI current has been studied in inorganic semi-
conductors.6–11 DI limited by monomolecular charge-carrier
recombination12 and in the presence of traps13,14 was used to
clarify device performance and the underlying principles of
transport and recombination in p-type germanium, p-i-n sili-
con diodes, and other semiconductors. Moreover, for effi-
cient light emission DI is necessary. In organic light-emitting
devices DI transients have been studied.15–19 We have previ-
ously shown how to use DI current transients into a semi-
conductor ���� ttr� to study charge transport and recombina-
tion in BHSCs.20 DI into an insulator has not been widely
studied before and there are no simple analytical solutions
for the DI transients into an insulator. However, optical DI
into an anthracene crystals has been performed to study the
current density, electric field, and space charge distri-
butions.21

In our experiment we show how to estimate the charge-
carrier mobility and bimolecular recombination coefficient
from the extraction of injected plasma for a BHSC with
��� ttr.

II. THEORY

For high densities of injected charge carriers bimolecular
carrier recombination will start to dominate.22 In low-carrier-
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mobility materials, where Langevin-type charge-carrier re-
combination is expected, the injected charge carriers meet
and completely recombine within the interelectrode region,
and the current in thick films will therefore insignificantly
exceed the space-charge-limited current6 �SCLC�

j�U� =
9

8
��0��n + �p�

U2

d3 . �1�

Here � is the dielectric permittivity, �0 is the relative permit-
tivity, �n ��p� is the electron �hole� mobility, U is an external
applied voltage, and d is the sample thickness. In this case
the amount of injected electrons and holes is equal to
3CU /2e and the extracted charge Qex is

Qex = CU , �2�

where C is the sample capacitance.
For the insulator case, i.e., ttr	��, and if the bimolecular

recombination coefficient � is small compared to the Lange-
vin coefficient ��	�L=e��n+�p� /��0� then we can write
the DI current as6

j�U� = 2��0��L

�
�n�p

U2

d3 . �3�

In this case the electrons and holes form a plasma, i.e., the
amount of injected holes approximately equals the amount of
injected electrons �P�N� and the total amount of charge
carriers is much greater than the charge stored on the elec-
trodes �e�N+ P�
CU�. The charge-carrier accumulation and
the subsequent increase in current are limited by recombina-
tion. In the case of reduced bimolecular carrier recombina-
tion the number of accumulated charge carriers in the film
starts to increase approximately after the ambipolar drift time
and we will get the following time dependence of the
current:6

j�t� � tanh���nst� , �4�

where t is the time, and �ns is the density of saturated
plasma as a function of time.

However, in thin films, the DI transient overlaps with the
RC decay transient. Moreover, if the sample resistance is
comparable to the internal resistance of the generator and
oscilloscope �50 �, the sample resistance will cause an ex-
tra voltage drop over it, leading to a lower voltage over the
film. Therefore, the sample resistance will limit the DI cur-
rent. The best method to overcome this problem is to observe
the behavior of accumulated charge carriers from the extrac-
tion current transients as a function of the injection pulse
duration tp �see Fig. 1�. By solving the continuity equation
with bimolecular charge-carrier recombination in a similar
fashion as in the case of double injection into a
semiconductor,20 we can write the following relation:

Qex�tp� = �
tp

�

jex�t�dt � tanh��Qstp/edS� , �5�

where jex is the extraction current and Qs is the amount of
injected charge saturated as a function of time due to recom-

bination. In this case we can estimate the bimolecular re-
combination coefficient as

� =
ln 3

2

edS

tQ/2Qs
, �6�

where tQ/2 is the time when the injected charge is equal to
half of its maximum value.

When the amount of extracted charge and injection cur-
rent are known we can estimate the sum of the charge-carrier
mobilities:

ttr = d2/��n + �p�U = Qs/Is, �7�

where Is is the double-injection current saturated as a func-
tion of time. The sum of the carrier mobilities can also be
estimated from the time required for the injected carriers to
meet according to SCLC conditions:6

Qex�tp� = CU when tp = ttr. �8�

III. EXPERIMENT

The sandwich-type samples were made by doctor blading
a 1:2 blend of regioregular poly�3-hexylthiophene� �RRPHT�
and 1-�3-methoxycarbonyl�propyl-1-phenyl-�6,6�-methano-
fullerene �PCBM� in chloroform on an indium tin oxide sub-
strate coated with a thin poly�3,4-ethylenedioxythiophene�-
poly�styrenesulfonate� film. As the top electrode a thin
lithium fluoride film followed by a semitransparent alumi-
num film was evaporated.

The sample thickness d=1.4 �m. The dielectric relax-
ation time in the sample ���100 �s 
ttr�0.1–1 �s at
room temperature for the voltages used.

In Fig. 1�a� a schematic picture of the externally applied
voltage pulse and Fig. 1�b� a typical experimental DI tran-
sient response are shown. A square-shaped voltage pulse
with a variable pulse duration tp and voltage amplitude U is
applied and current transients are recorded in the oscillo-
scope �Fig. 1�b��.

In the beginning the current transient is governed by the
displacement current of the external RC circuit with a char-

FIG. 1. �Color online� Schematic DI and extraction current tran-
sient setup showing the applied square-shaped voltage pulse with an
applied voltage U, pulse duration tp, and offset voltage Uof f in �a�
and typical DI current with extraction current transient in �b�. The
dashed line shows an extraction transient without offset voltage,
and the full line with an offset.
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acteristic time constant �RC. After �RC the double-injection
current starts to dominate and the current transient shows an
increase with subsequent saturation due to bimolecular
charge-carrier recombination.20 A negative offset voltage
Uoff is applied to fully extract the accumulated charge carri-
ers.

IV. RESULTS AND DISCUSSION

In Fig. 2 the stationary current as a function of voltage for
two temperatures is shown. The measurements were per-
formed with a very low resistance of the voltage source and
current meter in order to obtain as high as possible voltage
drop over the film.

At very low applied voltages the current is diffusion
driven as has been observed in similar films,20 whereas at
high voltages the current is proportional to the voltage
squared I�U2. The experimentally measured current value
is much higher than the calculated �room temperature�
SCLC value shown as a straight line in Fig. 2. The
stationary SCLC is calculated using the sum of charge-
carrier mobilities obtained by using Eq. �7� and Fig. 5 below
���10−3 cm2/V s�.

The shape of the current transient in Fig. 1 and the fact
that I�U2 shows that double injection of plasma is active
and that the DI current is limited by bimolecular carrier re-
combination. Since the DI current is much larger than the
SCLC the bimolecular charge-carrier recombination is
strongly reduced compared to the Langevin type, � /�L	1,
as expected in these materials.22

In order to study the amount of charge that is extracted
from or recombines in the reservoir, we have measured the
extracted charge Qex by integrating the extraction current
transients as a function of applied voltage U for different
offset voltages Uoff, as shown in Fig. 3.

We measured the extracted charge from 0.5 V when the
DI current becomes significant. In the case when DI is lim-
ited by the bimolecular recombination into an insulator the
extracted charge is directly proportional to the applied volt-
age Qex�U �as seen from Eq. �3�, j�Qv�U2, v�U, and
therefore Q�U, where v is the charge-carrier drift velocity�.
The deviation from the linear dependence is most significant

at low offset voltages �around the built-in potential�, as is
seen in Fig. 3. The reason is that it takes a longer time to
extract all of the carriers, allowing more time for carriers to
recombine. At higher offset voltages the extracted charge fol-
lows a linear dependence above 0.6 V of an applied offset
voltage at 8 V. This clearly shows that most of the injected
plasma is being extracted from the sample without signifi-
cant carrier recombination.

The extracted charge, extraction time, and extraction cur-
rent as a function of offset voltage are shown in Fig. 4.

As can be seen in Fig. 4 the extracted charge saturates as
a function of offset voltage. This again shows that most of
the injected plasma is being extracted from the sample.
Therefore, one can use the amount of extracted charge to
calculate the bimolecular recombination coefficient using
Eq. �5�.

The extraction time tex decreases as a function of offset
voltage, because at higher offset voltages less time is re-
quired to extract the reservoir of charge carriers. The built-in
potential is measured from the linear dependence of extrac-
tion current when it is extrapolated to zero offset voltage and
is found to be Ubi=0.65 V.

The advantage of the technique of extraction of injected
plasma is that we can directly and independently measure the

FIG. 2. �Color online� Current-voltage characteristics measured
at room temperature �open triangles� and at 230 K �closed squares�.
The straight lines show the calculated SCLC using the obtained
mobility ��10−3 cm2/V s.

FIG. 3. �Color online� Extracted charge Qex as a function of
applied external voltage U measured for different offset voltages
Uof f. The dotted line shows the theoretical linear dependence �Eq.
�3�� of the extracted charge on the applied voltage.

FIG. 4. �Color online� The extracted charge Qex �closed tri-
angles�, extraction time tex �half filled circles�, and extraction cur-
rent Iex �open squares� shown as a function of applied offset Uof f

voltage at a constant stationary DI current of 0.01 A.
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bimolecular recombination coefficient. The extracted charge
as a function of injecting voltage pulse duration tp is shown
in Fig. 5. The extracted charge Qex
CU confirms that the
bimolecular recombination coefficient is reduced compared
to the Langevin-type recombination coefficient.

At short pulse durations the extracted charge follows near
to linear dependence, whereas at long pulse durations the
extracted charge saturates due to the charge-carrier recombi-
nation. In Fig. 5, the solid line is a fit of the experimental
data points to Eq. �5�. Since most of the injected charge is
extracted from the sample, we can calculate �=2.2
�10−12 cm3/s by using either Eq. �5� or Eq. �6� at an electric
field E�104 V/cm.

Moreover, the technique of extraction of injected plasma
allows us to directly measure the charge carrier mobility in
our BHSC. By using Eq. �8� when the extracted charge is
equal to CU the transit time ttr can be directly found from the
experimentally measured data and the sum of both carrier
mobilities is estimated to be 0.02 cm2/V s. We checked this
by performing integral-mode TOF measurements and found
charge-carrier mobility of 0.02 cm2/V s and independent of
electric field. The carrier mobility measured using the differ-
ential TOF technique matches well with previous results of
0.01–0.02 cm2/V s. However, the carrier mobility values
obtained by using the saturated current as a function of time
and extracted charge from Eq. �7� are lower than those val-
ues. This discrepancy is probably due to the charge-carrier
trapping which would result in decreased equilibrium carrier
mobility.

We have also used the TOF technique to directly and in-
dependently measure the bimolecular recombination coeffi-
cient value in these bulk-heterojunction solar cells, which
allows us to compare these values and verify the plasma
extraction technique.

In the TOF technique the charge-carrier reservoir is cre-
ated by using a short laser light pulse �with wavelength
532 nm� and � is estimated from the saturated extracted
charge Q and reservoir extraction time tex.

22

In Fig. 6 the extracted charge and extraction time are
shown as functions of laser light intensity. The extracted
charge also demonstrates saturation at a level which is much
higher than the CU value. The extraction half-time also in-
creases and saturates as a function of light intensity. By using

Eq. �4� from Ref. 22 we can directly calculate �=3.6
�10−12 cm3/s using the saturated extracted charge Q and
extraction time tex as shown in Fig. 6.

Having the total extracted charge Q and extraction time tex
at highest light intensities, by using an equation derived
elsewhere,22 we again directly calculate the bimolecular re-
combination coefficient measured using the TOF technique
as �=3.6�10−12 cm3/s when E=0.

V. CONCLUSIONS

In conclusion, we have shown how the technique of ex-
traction of injected plasma can be used to characterize
charge-carrier transport and recombination in thin insulating
films. The presence of double-injection current limited by
bimolecular carrier recombination in bulk-heterojunction so-
lar cells was observed. A simple analytical solution to esti-
mate the bimolecular recombination coefficient is derived,
and since it was found that most of the injected charge is
extracted at high applied offset voltages, the charge-carrier
bimolecular recombination coefficient and carrier mobility
are directly calculated from the extracted charge, which is
convenient to measure experimentally. By comparing the re-
sults obtained using both TOF and plasma extraction tech-
niques we conclude that in RRPHT-PCBM bulk-hetero-
junction solar cells the bimolecular charge-carrier recombi-
nation is strongly reduced, � /�L	1, which confirms the pre-
viously observed results; the recombination coefficients ob-
tained using both techniques are in a very good agreement.
Moreover, both the sum of electron and hole mobilities and
the bimolecular recombination coefficient are experimentally
and independently measured by using the technique of ex-
traction of injected plasma.
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FIG. 5. Extracted charge as a function of injecting voltage pulse
duration tp. The solid line is a fit to Eq. �5�.

FIG. 6. �Color online� The extracted charge Q �open squares�
and the extraction time tex �closed circles� as a function of laser
light intensity measured using integral TOF mode.
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