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Carrier recombination losses in inverted polymer: Fullerene solar cells
with ZnO hole-blocking layer from transient photovoltage
and impedance spectroscopy techniques
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In this study, full coincidence between impedance spectroscopy and transient photovoltage techniques
in measuring recombination kinetics of photogenerated charge carriers in inverted polymer:fullerene
organic solar cells with ZnO hole-blocking layer is reported. Carrier lifetime exhibits values at
illumination intensities near 1 sun within the microseconds time scale. Photogenerated charge carrier
density attains values within 10'°~10'® cm ™. Decay kinetics is analyzed by means of a bimolecular
recombination law with a recombination coefficient slightly dependent on the charge density, which
lies within the order of k~ 10~'? cm® s '. It is also demonstrated that inverted-processed cells exhibit
capacitance, recombination resistance, and lifetime parameters comparable to those extracted from
regular cells, despite the great differences between the contact structures of these kinds of devices.

© 2011 American Institute of Physics. [doi:10.1063/1.3561437]

. INTRODUCTION

Conducting organic compounds are at the heart of bulk-
heterojunction (BHJ) solar cells, formed by an interpenetrating
blend of an optically active polymer and electron accepting
molecules, and constitute a very promising route toward cheap
and versatile solar cells. Particularly, the combination of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl Cg;-butyric
acid methyl ester (PCBM) in organic blends has shown high
photovoltaic performance.' Solution-processed polythiophe-
ne:fullerene cells achieved between 6% and 8% power conver-
sion efficiency using novel materials as well as the additives
optimizing the phase separation.”” Despite recent improve-
ments, efficiency is still below the limit established by theoreti-
cal studies.”

Carrier recombination corresponding to charge transfer
events between electrons in the acceptor and holes in the do-
nor after charge separation, also known as nongeminate
recombination, is a particularly important loss mechanism in
bulk-heterojunction organic solar cells. Because of the large
internal interface appearing as a consequence of donor/
acceptor blending, charge separation into different materials is
favored after photogeneration. However, the interpenetrated
morphology simultaneously enhances the carrier recombina-
tion through charge transfer between acceptor and donor
molecules. Recombination mechanisms have two main detri-
mental consequences on the cell operation. (a) Short-circuit
current might be reduced if the carriers recombine before
reaching the outer interfaces. Its effect depends upon the
recombination time value in comparison to the typical carrier
transit times. Because high internal quantum efficiency is usu-
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ally encountered in these organic photovoltaic systems,
approaching even 100% values,” it is derived that both gemi-
nate and nongeminate recombination influence on short-cir-
cuit current must be low in case of high efficiency devices. (b)
The previous observation entails that energy conversion effi-
ciency is mainly limited by the output photovoltage.* Carrier
recombination plays a determining role in establishing the
achievable open-circuit voltage.” Solar cells in steady-state,
open-circuit conditions under continuous irradiation functions
by the kinetic balance established between charge generation
and recombination rates, G = U. In open-circuit conditions,
no direct current is allowed (jgc = 0) so as to strictly satisfy
Jeen = Jrec- The photovoltaic system accumulates photogener-
ated electrons 7 at the acceptor levels and holes p at the donor
levels, and their concentrations will be stated by the men-
tioned kinetic balance. In the simplest version U = n/7,
which entails that n = Gt, t being the electron recombination
time. Storage of charge carriers has the effect of enlarging the
Fermi level splitting, which effectively determines the output
open-circuit voltage as —qVo. = Ep, — EFp, g being the ele-
mentary charge. Hence, the output voltage measured in open-
circuit conditions monitors the splitting of the Fermi levels,
which in turn are stated by the charge carrier concentrations.”

Carrier recombination time (lifetime) is a parameter
highly dependent upon the solar cell working conditions.
Temperature and particularly electron and hole carrier
concentrations, and their respective distributions within
the existing density-of-states (DOS) should be considered in
developing a microscopic model for recombination.” As
pointed out by Bisquert et al., proper definition of the life-
time is only strictly feasible by considering a small perturba-
tion of a given steady-state.® If the electron recombination
rate per unit volume is U,, the decay of the population is
governed by the general equation
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Assuming a perturbation of the existing carrier density much
smaller than the average, steady-state concentration An < 1,
the decay equation is
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Small perturbation allows for the linearization of Eq. (1)
which gives an exponential law (first-order decay) and permits
defining a lifetime in terms of the recombination rate U, as

-1
T, = <88U"> . 3)
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Equation (3) clearly establishes that lifetime is only well
defined at a given steady-state, which has important implica-
tions in selecting an experimental technique for measuring
the recombination kinetics. A well-sustained determination
of the lifetime helps identifying proper microscopic recombi-
nation mechanisms. Several recombination-related issues
have been recently addressed: origin of the reduced bimolec-
ular recombination,’ effect of trapping,® dependence of life-
time on photogenerated carrier density,” or influence of
disorder (DOS distributions).'® Progress in elucidating which
aspects are relevant needs for an exact determination of life-
time under controlled experimental conditions.

Several techniques have been proposed to extract carrier
recombination time in organic solar cells. A family of techni-
ques combine pulsed illumination and applied bias changes to
collect photogenerated charges and derive transport and
recombination parameters. Among these techniques one can
find photoinduced charge extraction in linearly increasing
voltage (photo-CELIV),'! integral mode time-of-flight,'* and
dark current injection.'> These methods use bias voltage
sweeps much larger than 1 V and are characterized by the fact
that photovoltaic devices do not operate under continuous irra-
diation. Since large biases are applied, current transient decays
hardly exhibit exponential responses, and the derived lifetime
(or recombination coefficient) results time-dependent. By
using such techniques it is feasible to determine only an
“effective” lifetime.!" Although widely adopted, these large-
amplitude techniques have limited application when a deeper
knowledge on recombination mechanisms is aimed.

There exists another set of techniques that measure a
transient response induced by a pulse of light which perturbs
a steady-state. Transient absorption spectroscopy'® (TAS) is
an optical measuring approach which monitors changes in
optical density after photogeneration to extract the decay
kinetics of excess carriers. A related method is based on
modulated photoinduced absorption.® Similarly, transient
photovoltage’ (TPV) and photocurrent (TPC) allows for pa-
rameter extraction (lifetime and photoinduced carrier den-
sity) in conditions of continuous irradiation and small-
amplitude perturbation. In addition to transient techniques,
frequency-modulated methods also fulfill the condition of
applying a small-amplitude perturbation on a given steady-
state. Among these modulation methods, impedance spectros-

J. Appl. Phys. 109, 074514 (2011)

copy (IS) is a widely used tool which has provided enormous
success for the determination of energetic and kinetic factors
governing the operation of dye-sensitized solar cells (DSC) at
voltages close to Vi..'® Recently, IS has been also applied in
the determination of lifetime and capacitances in organic
BHJ devices.'®” In the case of DSC, determination of elec-
tron lifetimes by IS has been validated with independent
methods of measurement, such as open-circuit voltage
decay.'® In inorganic solar cells, it is possible to apply con-
tactless methods to determine minority carrier lifetime,'” and
IS results are in agreement with these methods too.”° Hence,
convergence of different parameter extraction methods is a
crucial test for elucidating the validity of the measuring
approach. Noticeably, differences of 1 order of magnitude
between recombination coefficient extracted from photo-
CELIV and TPV techniques have been reported for organic
photovoltaic solar cells.>' Such a discrepancy has been attrib-
uted to the great difference in device operation between
small-amplitude perturbation of continuous irradiation (TPV)
and short intense light pulse out of steady-state by applying a
large voltage ramp (photo-CELIV).

We report in this paper the application of IS to determine
recombination kinetics of BHJ solar cells in working condi-
tions, in comparison to TPV experiments using inverted-type
BHIJ solar cells. Remarkably, we demonstrate that both techni-
ques give coincident lifetime values which reinforce the
validity of small-amplitude compared to large-amplitude
techniques for measuring carrier lifetime in organic solar
cells. We also point out that inverted-processed cells exhibit
capacitance and parallel (recombination) resistance parame-
ters comparable to those extracted from regular cells, despite
the great differences between the contact structures of these
kinds of devices. This is then an indication of the bulk-related,
rather than outer interface-related, origin of the electrical
parameters analyzed.

Il. EXPERIMENTAL

Solar cells of structure ITO/ZnO/P3HT:PCBM/PEDOT:
PSS/Au were built according to the following procedure: ITO
coated glass substrates were cleaned by ultrasonic treatments
in acetone and isopropyl alcohol. For devices containing ZnO
as the hole-blocking layer, a nanoparticle dispersion was
prepared according Pacholski method.?* Briefly, 0.11 g of
zinc acetate dihydrate was dissolved in 50 ml of methanol
under vigorous stirring at 60 °C. Subsequently, a 0.03 M so-
lution of KOH (25 ml) was added dropwise in methanol at
60 °C. The reaction mixture was stirred for 2 h at 60 °C. The
obtained colloidal suspension, without any further purifica-
tion treatment, was spin casted at 2000 rpm during 30 s on
the substrate. The thickness of the ZnO layer is estimated to
be ~10 nm. The ZnO deposition process was followed by a
5 min air annealing at 150 °C.

The P3HT:PCBM solution was prepared by mixing
25:25 mg in 1 ml of chlorobenzene. The solution was then
heated overnight at 80 °C. Dr. Blade was used to coat the
P3HT:PCBM film: The plate temperature was set to 60 °C
and the blade speed to 25 mmy/s. The substrate was then cov-
ered for 90 s with a Petri dish for slow drying of the film.
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These coating conditions resulted in a film thickness of 350
nm. PEDOT:PSS (AI 4083 from H.C. Stark) with the addition
of 1% surfactant and heated to 90 °C was spin cast on top of
the P3BHT:PCBM film and annealed in a glovebox at 110 °C
for 10 min, yielding thicknesses of around 50 nm. Device fab-
rication was completed by thermal evaporation of gold at
room temperature under vacuum at a base pressure of
4 % 107 mbar. The deposited area of the electrode defines an
active area of 9 mm?.

TPV experiments were performed following a procedure
previously reported” by connecting the devices to a high input
impedance oscilloscope (1 MQ) which allows measuring V.
under variation of a white light illumination. A nitrogen
pumped-dye pulsed laser of 596 nm wavelength was used
to generate a small perturbation on V,.(AV,. <20 mV).
Because the system is in open-circuit conditions, V. decay is
proportional to the photogenerated excess carriers relaxation
(dAV,./dt < dAn/dr) that allows directly measuring the car-
rier lifetime. IS measurements were performed with an Auto-
lab PGSTAT-30 equipped with a frequency analyzer module.
AC oscillating amplitude was as low as 20 mV (rms) to main-
tain the linearity of the response. Measurements were per-
formed at zero current conditions by applying a bias which
equals V. at varying continuous irradiation conditions. The
devices used in this study exhibited good rectifying behavior.
Photovoltaic response was observed to result in conversion
efficiencies around 3%.

lll. RESULTS AND DISCUSSION

Experiments were performed using solar cells of inverted
structure ITO (indium tin oxide)/ZnO/P3HT:PCBM/PEDOT:
PSS [poly(3,4-ethylenedioxythiophene): poly(styrene sulfonic
acid)]/Au always at room temperature. A representative example
of typical TPV signals is shown in Fig. 1 for different illumina-
tion intensities. It is observed that decays exhibit an approximate
straight line in log-linear scale that informs about the first-order
character of the excess carrier relaxation law as expected for
small-amplitude conditions [Eq. (2)]. Lifetime t can be readily
extracted from the slope since AV, o exp(—t/7). Lifetime
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FIG. 1. (Color online) Normalized TPV signals produced by a small-ampli-
tude laser pulse on inverted organic solar cells with ZnO hole-blocking
layer. Different steady-state open-circuit values are indicated.
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FIG. 2. (Color online) Example of impedance spectroscopy spectra regis-
tered in open-circuit conditions at different white light illumination inten-
sities. Low-frequency arc is produced by the parallel connection of
recombination resistance Ry.. and charge storage, chemical capacitance C.
Carrier lifetime is calculated from t = Ry.C..

decreases as V. increases, indicating that the amount of charge
carriers enhances electrical losses in agreement with a bimo-
lecular recombination mechanism (Fig. 3). The impedance
results at different illumination intensities are shown in Fig. 2.
The applied bias voltage compensates the effect of the photo-
voltage so that the cell is effectively measured at open-circuit
conditions, i.e., photocurrent is canceled by the recombination
flow and j4. = 0. The spectra are characterized by a major RC
arc plus additional minor features at high frequency, as found
in previous reports.'® The low-frequency arc is attributed to
the processes of photogenerated carrier recombination (resist-
ance Ry) and storage (chemical capacitance C,) in the photo-
active blend.® Then, this main arc defines a time constant
which is interpreted as the excess carrier lifetime, 1 = RpecC.
By examining Fig. 3, one can infer that both experimental
techniques extract similar carrier lifetime values. Recombina-
tion mechanism depends on V. by following an approximate
exponential behavior as T o< exp(—)Voc/ksT), being kgT the
thermal energy and y ~ 0.39. These results found for inverted
cells are in good agreement with previous analysis performed
on regular deposition devices.'*!"”

A deeper analysis of the recombination mechanism is
based on a bimolecular law for the relaxation of photogener-
ated charge carriers as>

dn

2
T —k(n)n”, “
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FIG. 3. (Color online) Comparison of carrier lifetime extracted from TPV
and IS techniques on inverted organic solar cells with ZnO hole-blocking
layer.

where k(n) represents a carrier density-dependent recombi-
nation coefficient. Additionally, electroneutrality n = p is
assumed. For a small perturbation of carriers, either pro-
duced by the laser pulse (TPV) or ac applied voltage (IS)
An < n, Eq. (4) results in

dAn

Ok(n) ,
e 2k(n)nAn

n°An, 5)

which allows straightforwardly defining the carrier lifetime
since the second summand has a minor weight. By following
Eq. (2), one obtain

(6)

It is shown in Fig. 4(a), chemical capacitance and recombi-
nation resistance parameters extracted from IS. As pointed
out in previous publications,'® from the capacitance depend-
ence on V., it is feasible to estimate the charger carrier den-
sity by integration of C,(Vo) curve, which is in fact a
representation of the carrier DOS as C;, = ¢*g(Voc). We sug-
gested'® that the recombination losses restrict the electronic
site occupancy to the tail of the DOS because surviving pho-
togenerated carriers thermalize into deeper lying states.
Gaussian'® as well as exponential” DOS have been proposed
accounting for the electron states distribution, although it is
hard distinguishing between both in practical experiments
because usual illumination intensities are able to reach only
low-occupancy conditions (10"-10"7 cm™3). Interestingly,
the case of full occupation of intermediate electronic bands
has been recently reported.'” Dependences of both resistance
and capacitance on V. exhibit exponential laws as C, o
exp(aVoe /kT) and Ryee o< exp(—fpVoc/ksT) with o = 0.26
and f§ = 0.65, respectively. Figure 4(b) allows observing that
tocn?, with 1<3§<2. Values of §=1 have been
reported signaling a constant, carrier density-independent
recombination coefficient £.'° More commonly J > 1
(Ref. 9) which has been interpreted in terms of a trapping-
mediated recombination mechanism.® Nevertheless the

J. Appl. Phys. 109, 074514 (2011)

a
| 1)02 R
) -2 L E
' F ] e
g F E 10’1 o
L i E @
\~ I '; 102 \o
O\ 103 E E Q:Q
:|||I||||I|||||...,_§10-3
0.2 0.3 0.4 0.5 0.6
(b) Voc/V
102 ¢ 15 _
] ‘»
L 44 o
%) I ] %
: 104 E —:3 ™
: ] o
i . _52 :
10-5 Ll ! T '1 ~\<
1018 1016
n/cm>

FIG. 4. (Color online) (a) Recombination resistance and chemical capaci-
tance extracted from IS. Both parameters exhibit an exponential dependence
on Vo as Cp o< exp(oVoe /kgT), and Ryee o< exp(—fVo /kgT) with o = 0.26,
and ff = 0.65, respectively. If an exponential tail of trapping states is
assumed as g(E) x exp(E/kgTy), then oo = T /Ty being Ty the characteristic
temperature of the exponential distribution. (b) Carrier lifetime as a function
of the photogenerated carrier density, exhibiting a power-law as 7 o< n~°
with 0 = 1.5. Recombination coefficient £ calculated using Eq. (6).

enhancement in the recombination kinetics at photogener-
ated carrier density within 10"°~10'® cm™ lies within the
same order of magnitude of k~ 10~'? cm® s~ [Fig. 4(b)], in
good agreement with previous reports on recombination
kinetics in BHJ P3HT:PCBM-based solar cells.'**"**

It is worth noticing that the impedance method allows
establishing a direct relation between the exponents of the
capacitance and resistance dependences on V., and the
power-law exponent of the 7(n) function as

0= b_ 1. 7
o

From the previous discussion, one can infer that the rate of
recombination is proportional to the (1 + d)th order of car-
rier concentration as dn/dt oc n'*? oc nP/*, which depends
not only on the features of the DOS [accessible from the ca-
pacitance variation on V, and represented by o = T /Ty, T
being the characteristic temperature of the exponential distri-
bution g(E) o exp(E/kgTp)], but also on the flux of carrier
loss through the parameter . Some recent studies have
linked the order of the relaxation law exclusively to the
energy distribution of the trapped states as 6 =1/ 02526
These analyses see the recombination as a multiple trapping
mechanism in which trapped holes can either recombine
with electrons at the acceptor levels or be retrapped at an ex-
ponential tail of donor states. However, our experimental ob-
servation in Eq. (7) entails that the information provided
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solely by the energy distribution of tail (trapping) states is
not enough to derive the correct order of the relaxation
law.?” It is reasonable that the microscopic recombination
coefficient depends on the relative energy distance between
acceptor and donor levels participating in the recombination
event and not being energy-independent. An energy-
dependent k£ would entail that the measured recombination
resistance, related to the recombination flux as Ry. x
(djrec/dVOC)_l, should be taken into account in deriving
microscopic recombination models.

Finally, we want to emphasize that a proper interpreta-
tion of the carrier lifetime in BHJ solar devices should rely
upon separating the influence of carrier density and energetic
location (by measuring chemical capacitance and described
by o for an exponential DOS), from the effect of the recom-
bination flux (through the analysis of the recombination re-
sistance represented by f§ parameter).

IV. CONCLUSIONS

We report on the application of IS to determine recombi-
nation kinetics of BHJ solar cells in working conditions, in
comparison to TPV experiments using inverted-type BHJ so-
lar cells. We observe that both techniques give coincident
lifetime values what reinforces the validity of small-ampli-
tude in front of large-amplitude techniques for measuring the
carrier lifetime in organic solar cells. Lifetime at illumination
intensities of 1 sun exhibits values around 10 us, while photo-
generated charge carrier density attains values within order of
10'® cm ™. We also demonstrate that inverted-processed cells
are characterized by chemical capacitance, recombination re-
sistance, and lifetime parameters comparable to those
extracted from regular cells, despite the great differences
between the contact structures of these kinds of devices. This
is then a strong indication of the bulk-related, rather than
outer interface-related, origin of the electrical parameters an-
alyzed. Impedance spectroscopy measurements should then
be a useful starting point to properly derive meaningful and
consistent device BHJ models.
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