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We report new insights into recombination kinetics in poly(3-hexylthiophene):methanofullerene
(P3HT:PCBM) bulk heterojunction (BHJ) solar cells, based on simultaneous determination of the density
of states (DOS), internal recombination resistance, and carrier lifetime, at different steady states, by
impedance spectroscopy. A set of measurements at open circuit under illumination was performed
aiming to better understand the limitations to the photovoltage, which in this class of solar cells
remains far below the theoretical limit which is the difference between the LUMO level of PCBM and the
HOMO of P3HT (~1.1 eV). Recombination kinetics follows a bimolecular law, being the recombination
time (lifetime) inversely proportional to the density of photogenerated charges and the recombination
coefficient =6 x 10713 cm® s~ 1. We find that the open-circuit photovoltage is governed by the carrier
ability of occupying the DOS, which results in Gaussian shape and spreads in energy ¢ ~ 125-140 meV.
The energy position of the Gaussian DOS center (E;=0.75-0.80eV), which corresponds to half
occupation of the electron DOS, approximates LUMO(PCBM)-HOMO(P3HT) difference. But the
recombination rate is strongly enhanced at high illumination levels, what produces the photogenerated
charge to remain in the tail of the DOS. Consequently, the electron and hole Fermi levels are unable to
reach the center of the DOS, then substantially limiting the photovoltage. Detailed theoretical analysis
of the lifetime dependence on photovoltage is provided.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bulk heterojunctions (BHJ) formed by an interpenetrating
blend of an optically active polymer and electron accepting
molecules constitute a very promising route towards cheap and
versatile solar cells [1,2], as recently demonstrated in progress of
automated roll-to-roll processing and solar-cell stability [3,4]. The
photovoltaic performance of the combination of poly(3-hexylthio-
phene) (P3HT) and [6,6]-phenyl Cg;-butyric acid methyl ester
(PCBM) in organic blends has recently increased rapidly,
approaching 6% energy-conversion efficiency [5], and 6.1% effi-
ciency was achieved using poly[N-9”-hepta-decanyl-2,7-carbazole-
alt-5,5-(4',7’-di-2-thienyl-2’,1’,3’-benzothiadiazole) (PCDTBT) and full-
erene derivative [6,6]-phenyl C;o-butyric acid methyl ester (PC;0BM)
blends [2]. Further improvements of BHJs based on rational design of
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materials and interfaces require characterization methods that
provide elementary electronic parameters in the working conditions
of the solar cell. In particular it is very important to ascertain (i)
factors affecting open-circuit photovoltage V.. [6,7], and closely
related to this, (ii) the mechanism governing recombination kinetics
of photogenerated charge.

Impedance Spectroscopy (IS) has provided enormous success
for the determination of energetic and kinetic factors governing
the operation of dye-sensitized solar cells (DSC) [8,9]. While IS
measurement is quite straightforward, interpretation of the
results requires an appropriate conceptual framework adapted
to the specific features of a kind of devices. IS is a small
perturbation method that resolves the capacitances and resis-
tances in the system at a particular steady state. For solar-cell
characterization, the most significant range of steady-state
conditions is between open-circuit voltage (V,.) and short circuit
under illumination. Close to zero bias voltage, the operation of
reasonably efficient solar cells (with a high collection efficiency
[2]) is usually determined by charge generation. On another hand,
in the maximum power point and close to V,., recombination
kinetics plays a major role in the current density/potential (J-V)
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curve, and hence on the device efficiency [10]. Therefore a
quantitative interpretation and modeling of the IS results in this
bias region provides essential information on device character-
istics.

In the case of DSCs, determination of electron lifetimes by IS at
voltages close to V,. has been validated with independent
methods of measurement, such as open-circuit voltage decay
[9,11,12]. In inorganic solar cells, it is possible to apply contactless
methods to determine minority carrier lifetime [13], and IS results
are in agreement with these methods too [14,15]. The convergence
of different experimental methods provides great confidence on
the significance of the results obtained by IS. We report in this
paper for the first time the application of IS to determine
simultaneously the charging characteristics (capacitance) and
recombination kinetics of BHJ solar cells in working conditions,
under illumination. The results show that energy disorder in the
electron and hole conducting materials plays a major role to
determine detailed features of carrier lifetime, and models
appropriate to interpret the experimental results are derived
below.

Several techniques have been applied to extract recombination
time [16] (lifetimes) in BH] devices, including modulated photo-
induced absorption [17], transient absorption [18] photo-CELIV
[19,20], double-injection currents [21], and time-of-flight meth-
ods [22]. However many of these methods do not operate in open-
circuit conditions under continuous irradiation what makes it
difficult to relate them to the cell operation. Recently, two papers
have determined the capacitance and lifetime by small-amplitude
perturbation of a steady state, using transient photovoltage [23]
and impedance spectroscopy [24]. In these works, it was observed
that when the Fermi level of electrons, Eg,, increases, then (i) the
lifetime decreases and (ii) the capacitance increases [23,24]. These
results indicate that it is possible to separate in BHJs the carrier
density and kinetic terms in the time constant for recombination,
provided that the chemical capacitance [25], C,, can be measured,
which provides access to the density-of-states (DOS) of the
electron transporting phase [26,27]. However, in Ref. [23]
capacitance and lifetime are measured in different conditions,
and in Ref. [24] only the dark values have been estimated, and the
capacitance was found to decrease at strong forward bias. In the
present work, the capacitance and recombination resistance of a
state-of-art P3HT:PCBM BH] device, with 3.1% energy conversion
efficiency, are simultaneously monitored under illumination as a
function of V.

These results allow us to address important questions
concerning BH] operation. First, in contrast to Ref. [23] we obtain
that the lifetime is inversely proportional to steady-state carrier
density, which indicates that recombination probability is propor-
tional to both electron and hole concentration. In addition, based
on thermodynamic principles, the open-circuit voltage is directly
related to the separation between Ep,, and the Fermi level of holes
in the P3HT, Eg,[28]

—qVoc =Em — ERp (1)

being q the elementary charge. One upper limit to V. in this kind
of devices is the difference of energies between the donor highest
occupied molecular orbital, Eyomo, and the acceptor lowest
unoccupied molecular orbital, E;ymo. Since at these energy levels
the density of states is very high and no further split of Fermi
levels is possible, we should obtain V. x Eg/q, where Eg=Eyomo —
Erumo, Which can be interpreted as the effective (electrical) band
gap of the blend. However, such limit is not reached in practice,
instead a linear correlation between V. and the E,/q is obtained,
with an average shift of ~0.3 V [29].

Since molecular orbitals in disordered media spread in energy,
the shape of the DOS corresponding to electronic levels should

play a significant role in establishing V. values. In fact Ep,—Ep,
difference must be governed both by the shape of the DOS around
the effective Eyomo and Erymo values, and by the extent of filling of
available states which is established by the recombination rate.
Therefore, we conclude in this paper that both issues, the Vo
origin and charge-carrier recombination are closely related: the
DOS occupancy (carrier density) is limited by recombination
losses at high (~1 sun) illumination levels, which in turn
establishes the reachable V. value.

2. Experimental

Solar cells of structure ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al were
built following the procedure explained elsewhere [30]. The
thickness of the P3HT:PCBM blend layers was approximately
equal to 115 nm. The impedance measurements, both in the dark
and under illumination up to simulated air mass 1.5 global
(AM1.5 G) conditions, were carried out in an electrically shielded
box, that was integrated in an inert atmosphere ( <0.1 ppm O,
and H,0) glovebox. The impedance measurements were per-
formed with an Autolab PGSTAT-30 equipped with a frequency
analyzer module in the frequency range of 10°—1Hz. Ac
oscillating amplitude was as low as 20 mV (rms) to maintain
the linearity of the response. In order to measure under zero-
current conditions, a bias voltage was applied which equaled the
open-circuit voltage obtained at each irradiation level. Tempera-
ture was controlled at the solar-cell location (22 +1 °C) using a
Peltier cell, otherwise temperatures > 40 °C were reached at 1 sun
irradiation level. The solar cells exhibited photoresponse behavior
when illuminated by a UV-filtered halogen lamp typical for these
materials in the described device layout, namely: V,.~0.60V,
I~ 10.2 mAcm™2, FF~52%, and efficiency #~3.1% at 1 sun
illumination.

3. Results and discussion

The impedance results at different illumination intensities are
shown in Fig. 1. As mentioned before, the applied bias voltage
compensates the effect of the photovoltage so that effectively the
cell is measured at open-circuit conditions, i.e., photocurrent is
cancelled by the recombination flow and j4.=0. The spectra are
characterized by a major RC arc plus additional minor features at
high frequency. The high-frequency part of the spectra may
contain information of transport and series resistance elements,
as well as dielectric contributions [24], however these effects will
not be further treated in this paper. The low-frequency arc is
attributed to recombination in the photoactive blend [9] and the
capacitance, resistance, and lifetime values, as a function of bias
voltage, are shown in Fig. 2. The resistance of the arc is the
differential recombination resistance R..., Which is related to the
recombination current density jiec as

_ 1 (djrec -
Rrec = 2 <dvoc> @)

with A being the device area [Fig. 2(b)].
3.1. Interpretation of the capacitance

The distribution of carriers as a function of bias voltage will be
next inferred from the measured capacitance shown in Fig. 2(a).
The capacitance results can be well understood using a model
previously described for BHJ in dark conditions [24] that is very
similar to that used for crystalline Si solar cells [15]. At open-
circuit conditions macroscopic electrical field inside the active
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Fig. 1. Impedance spectra measured under different irradiation intensities (open-
circuit conditions). V,. is marked in each spectra. The low-frequency response is
modeled by means of a parallel RC subcircuit. (a) Complete response (b) detail at
high-illumination conditions.

layer must be negligible, except at the metal contact where a
Schottky barrier may be formed. In fact it has been shown in
P3HT:PCBM that band bending with a corresponding depletion
zone occurs at the cathode, the P3HT-Aluminum contact [31]. This
is because P3HT is a conjugated polymer that in exposure to
oxygen and/or moisture results p-doped [32-34]. The depletion
layer capacitance can be readily recognized by a bias voltage-
dependence that follows the Mott-Schottky (MS) characteristics,
i.e., linear C~2 vs. V. A measurement of the capacitance vs. voltage
in the dark shows a straight MS curve over a wide bias-voltage
range (inset in Fig. 2(a)). This allows us to calculate the built-in
voltage (flat-band conditions at the cathode) Vy,;=0.35V and
acceptor concentration Ns=1.1x10" cm~3, assuming ¢=3 for
P3HT:PCBM [24]. It should be remarked that the built-in voltage
refers to one particular interface and does not set a limit to the
photovoltage in the solar cell, which is determined by the
separation of Fermi levels and selectivity of contacts [28], as
discussed later. At larger reverse bias the organic layer becomes
fully depleted because of the thinness of the layer, L ~ 100 nm,
and the capacitance levels off to the geometric value (Cg=&go/L).
Since the bulk active layer is p-doped, the V,. at low
illumination values is due to the rise of the electron Fermi level,
while Ep, remains stationary, see Eq. (1). As Ep, increases, the
capacitance is determined by two separate components. They are
connected in parallel and both are bias voltage-dependent. The
first is the surface-depletion capacitance, as already mentioned,
that increases rather slowly. The second is the chemical
capacitance, associated with the homogeneous accumulation of
charge carriers, with density n, in the photoactive layer [27,35]

5 dn
dEg,
Here the capacitance is given per unit area. It should be

observed that the voltage used in the small perturbation
measurement is dV=dEg,/q, see Eq. (2).
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Fig. 2. (a) Capacitance values extracted from fits of the low-frequency arc of the
impedance spectra in Fig. 1 as a function of V,.. In the inset: Mott-Schottky curve
(1kHz) in the dark which exhibits a straight line yielding Ni~ 10" cm~3,
assuming €=3 for P3HT:PCBM. (b) Recombination resistance as a function of V.
resulting from the analysis of low-frequency impedance under various illumina-
tion levels (0.01-1 sun), following Ryec oc exp(—0.76V,/kT) (c) Recombination time
(effective lifetime) as a function of V, calculated from the RC time constant.

At increasing Ep, the chemical capacitance increases steeply
and overcomes the depletion layer capacitance [15]. Furthermore,
using the zero-temperature approximation of the Fermi function
at occupancy > 1% [36], the chemical capacitance follows the
shape of the electron DOS, g, as

C = Lq*gn(Ern) “)

The capacitance values reported in Fig. 2(a) are well described
by the previous model. At V,.~ 0 the capacitance coincides with
the geometric value. At low V, values, the capacitance increases
indicating the reduction of the depletion layer thickness. For
values in excess of V. ~ 0.35 V, the capacitance reflects the shape
of the DOS of electrons. It is important to point out that the
capacitance rapidly rises even at the highest V,. values that can be
measured. This is in contrast to the results obtained in the dark
[24], where a decrease of capacitance is observed at high applied
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bias voltage V. These experimental results therefore permit the
determination of the DOS in a restricted domain of photovoltages.
It should also be remarked that there is a shift of voltage in C-V
characteristics under illumination, with respect to dark condi-
tions, which was attributed to the charging of surface states at the
metal/organic interface in the external contact [30].

3.2. The density-of-states in the electron transport material

The description of carrier transport in organic semiconductors
usually assumes a wide DOS with a Gaussian shape [37,38]

Ny [_ (EL — E)z}

gn(E—Ep)= (5)

man
Here N, is a total density per unit volume, E; is the center of the
DOS and o, the disorder parameter. This type of distribution
reflects the energy disorder caused by electrostatic [39] and steric
[40] interactions resulting from the different environment in
which each molecule is placed. The LUMO manifold then spreads
in energy as a result of long-range electrostatic (dipolar)
interactions with the surrounding disordered host [37]. This is
particularly true for a blend made up of two different, disordered
materials. It should be also pointed out that Eq. (5) is a first
approximation, and more accurate determinations of the DOS
reveal additional characteristics. Hulea et al. showed [41] that the
total DOS for poly(p-phenylene vinylene) is well described by
means of a more featured structure which includes two Gaussian
shapes. In our experiments the higher energy states are not
accessible because the recombination Kkinetics severely limits
occupation to the DOS tail, and therefore we maintain the
interpretation based on a single Gaussian function as stated in
Eq. (5).

A fit of the capacitance values to a Gaussian DOS is presented
in Fig. 3. In the following we discuss the representative values of
the parameters obtained from the fits of several solar cells. The
disorder parameter ¢, which accounts for the broadening of the
Gaussian DOS, lies within the range 125-140 meV, in good
agreement with values found in most cases for conducting
polymers g, ~ 0.1 eV [42]. In case of pure PCBM devices, values
for 6,=73 meV were reported to interpret mobility dependence
on temperature according to disordered hopping transport models
[43]. In our direct measurements the disorder parameter is
considerably higher, what points to the fact that energetic
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Fig. 3. Calculated electron DOS from the capacitance values exhibiting a Gaussian
shape with total density of LUMO levels N=1.1(0.1) x 10'® cm 3, center of the DOS
E(=0.76(0.02) eV, and dispersion parameter g=128(7) meV.

disorder is enhanced in the blend presumably by additional
dipole interactions.

The total electron density results in N,=1—2 x 10'® cm 3. This
value appears to be very low and predicts an average distance
between the centers of PCBM molecules of 8-10 nm. From simple
geometric considerations about the volume occupation of PCBM
phase (the Van der Walls diameter of the PCBM molecule about
1 nm), the expected total density would be around Npcgy=10%°
cm™3. The ratio N,/Npcgm reaches the values within the range
1-2% for different cells. These results may indicate the existence
of additional states at higher energies as observed by Hulea et. al
[41].

The results from the fits of several cells are centered
at E;=0.75-0.80 eV. Note that this value should be associated
with effective E;ymo energy for PCBM in the blend, relative to
the Fermi level of holes in P3HT, E, ~ E;ymo—Erp. The energy
position of the Gaussian DOS center (E;=0.75-0.80 eV), which
corresponds to half occupation of the electron DOS, results
smaller than the effective gap between the LUMO level of PCBM
and the HOMO of P3HT (Eg~1.1 eV). This is due to the fact that
the DOS of P3HT should be also broad and one may expect
Eg—E; ~ Epp—Enomo ~ 0.2eV. The different energy levels are
diagrammatically indicated in Fig. 4. The value E;=0.75-0.80 eV
should be viewed as an upper limit of the splitting of the quasi-
Fermi levels. It follows that to reach higher V. values it would be
necessary not only blends with a large effective band gap but also
to increase the occupation of the DOS manifold. As we will see
below the DOS occupation is severely limited by the growth of the
recombination rate at high irradiation levels.

Since the doping level is relatively low, we show later that
under illumination the hole density exceeds the initial value. It is
thus possible to obtain an additional contribution to the measured
capacitance from Cﬂ’). the chemical capacitance associated to the
HOMO manifold of P3HT, in addition to C;. The actual observa-
tion of C{f depends on the ability to move Eg, as the HOMO
occupation progresses. From Eq. (1) we obtain —qdVoc=dEg,—
dEg,, and assuming electroneutrality n=p, it is easy to show that
the relative displacement of Fermi levels depends on the ratio of
the DOS at the Fermi levels:

C(")
dEFp = - ﬁdEFn =
m

&n(EFn)
— dEp;, 6
8p(Erp) F ®)

As an example, in DSC composed of an organic hole conductor
(instead of liquid electrolyte) it is observed that the hole density
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Fig. 4. Band structure of the P3BHT:PCBM heterojunction in steady-state illumina-
tion under open-circuit conditions (V=V,.). Main dynamic processes occurring in
the blend layer: excess holes and electrons are photogenerated (1) into the P3HT
HOMO and PCBM LUMO manifolds, respectively. Charge carriers diffuse along the
diode bulk (2), and eventually recombine (3). Molecular orbitals spread in energy
(DOS) following Gaussian shapes. The occupancy level of LUMO (HOMO) states is
determined by competing photogeneration and recombination rates. This in turn
governs the achievable V,. which depends on the splitting of the quasi-Fermi
levels, —qVoc=Epa—Ep. The DOS centers are located at Epymo and Enowmo,
respectively. The relative position of the Fermi level in the dark Egy is also
indicated.
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increases at high forward voltage [44], and information on carrier
densities can be obtained from a separate determination of
electron and hole conductivities. However, in the case of
P3HT:PCBM solar cell this is a complex topic that lies beyond
the scope of the present work. Later in this work we comment on
the implications of a displacement of the Fermi level of both
carriers.

3.3. Recombination kinetics

The effective electron lifetime 7, =RrecCL") can be readily
determined from the low-frequency part of the impedance spectra
[9,45], which exhibits a RC parallel circuit as observed in Fig. 1.
Following this procedure we found electron effective lifetime
values within the time interval 1-100 us (for V,.>0.4V),
decreasing as the bias increases, as shown in Fig. 2(c). The
steady-state carrier density can be calculated by integration of the
capacitance at a given V. value as

1 ~Voc
= /O CM(V)av @

We represent in Fig. 5 the lifetime as a function of the charge
carrier n calculated from the values in Fig. 2(a). By examining this
plot one can distinguish an interval which exhibits a linear
relation with the inverse of the carrier density. Longer 7,
values deviate from the linear relation because the capacitance
involved is not related to the carrier storage [Eq. (4)] but to the
junction capacitance. At high illumination levels (Vy.> 0.6V)
recombination time results shorter than expected. Experimental
exponents in the relation 7 oc n~# always result within the interval
$=0.95-1.05.

Recombination time most likely refers to losses produced by
electron-hole bimolecular recombination of free carriers along the
absorber layer, although recombination routes at contact surfaces
cannot be completely excluded. Under the assumption that bulk
recombination mainly determines the loss path for electron-hole
pairs, bimolecular recombination rate is given by

dn
daf = v (€]

where n and p correspond to the steady-state electron and hole
density, respectively. y stands for the recombination coefficient.
Doping levels extracted from the Mott-Schottky plots in Fig. 1 lie
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Fig. 5. Recombination time (effective lifetime) as a function of the charge-carrier
density, which is obtained by DOS integration. A linear relationship is obtained

B=1.

within the range of po=Na~ 10" cm~3. As observed in Fig. 5
photogenerated carriers reach values of 10”7 cm~2 at 1 sun
illumination (Voc~ 0.6 V). This means that p> N4 and one can
assume n=p. In order to derive a lifetime from Eq. (8) we apply
small perturbation conditions [9,11] and we obtain

dAn
= 2yndn, 9)
resulting
1
=g (10)

Alternatively, recalling Eq. (2) and taking into account the
recombination current density j..=Lyn? that is obtained from the
bimolecular law with n=p, one can obtain that R;,l = 2ynC,(}”, and
Eq. (10) also follows readily.

The linear relation obtained for the lifetime on charge-carrier
density in Fig. 5 then corroborates the bimolecular recombination
mechanism assumed in Eq. (8), with a constant recombination
coefficient y uniform within the illumination range used.

From the prefactor in the linear relationship in Fig. 5 one can
derive a value for the recombination coefficient [Eq. (8)] which
results in y=6 x 10" cm3 s~ Our result coincides with values
recently obtained from transient photovoltage and absorption
signals [23] for P3HT:PCBM blends, although in this last study y
results concentration dependent. In another recent study [46]
based on steady-state current-voltage characteristics it was
suggested that the slowest carrier (holes) dominates bimolecular
recombination coefficient, assuming Langevin mechanism in
which y;=q(up+ pe)/e. Since for the blend P3HT:PCBM it is widely
believed that pu.> u, the recombination coefficient would be
exclusively related to the slowest carrier as y,=qu,/e. However,
using characteristic values of hole mobility ~107>-10"* cm?
V~157147], we obtain that the experimentally determined y < yp,,
by at least two orders of magnitude. Therefore the ability of
charge carriers to reach P3HT:PCBM interfaces, as derived from
mobility-related Langevin-type forms, seems to play a secondary
role in the recombination process. The limiting recombination
mechanism in P3HT:PCBM BH]Js is mainly determined by specific
features of the charge-transfer process at the interface between
the acceptor molecules and the donor polymer, as discussed
further in the next Section. A similar conclusion was obtained for
DSC [48].

If G is the effective photogeneration rate of separate charge
carriers, the charge-carrier density reached in steady-state
illumination will be n=2Gt,(n). At high illumination, nocG'/?
and t, is so small that the storage of photocarriers cannot
progress. We consider that this limiting effect lies behind the
points in Fig. 5 which deviate from the linear relationship at
Voe > 0.6 V. Since the open-circuit photovoltage is governed by the
relative occupation of the DOS, we can conclude that V. is finally
determined by bimolecular recombination losses.

3.4. Charge transfer in disorder model

As it has been already discussed, a simple model based on
Eq. (8) provides a good description of the measured values of
recombination lifetime. However, the interpretation of the life-
time and capacitance using the simple model, opens a number of
questions that require further clarification. We next discuss these
questions in order to point out the direction for further
experimental investigations.

First, the dependence of measured lifetime on carrier density
shows that under illumination, there is a displacement of the
Fermi level of both electron and hole carriers, a question partially
commented before. Therefore the lifetime at high irradiation level
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cannot be attributed to a specific carrier, and it becomes
important to establish a more general model in which the
perturbation used to measure impedance (or any transient
method) affects both carriers. To solve this question, we present
in the Appendix the solution of impedance response of a model
that allows to define separately the lifetimes of electrons and
holes,

Tn =TgoCly) (11)
Tp =1l (12)

where the recombination resistances (r..) and chemical capaci-
tances (c,) are defined in the Appendix. We have also shown in
the Appendix that the measured lifetime 7.4 relates to those in
Egs. (11) and (12) as

Top = % (13)

According to Eq. (13), if T« 71, then te5~ 7, Therefore the
lifetime measured from the frequency at the top of the impedance
arc, is that of the carrier with the shorter lifetime.

Another important question that is implied by the experi-
mental results is the need to consider the process of charge
transfer between the two components of the BH] in more detail,
taking into account the energy disorder that is clearly revealed by
the capacitance data. In the following paragraphs, we outline a
reasonable model for dependence of lifetimes of electrons and
holes on the Fermi levels of both carriers.

From the picture of the DOS for electrons and holes outlined in
Fig. 4, we describe the electron DOS with Eq. (5) and the hole
DOS with a similar expression with parameters N, E; and ¢,. We
focus on the electron lifetime 7,«7t, defined in Eq. (11), but
the hole lifetime can calculated by an obviously similar method.
The total carrier density can be obtained from integration of the
DOS

n= / n(Ey — En)F(En — Epn)dEy (14)

where F is the Fermi-Dirac distribution function
1
1+expl(E — Epn)/kgT]

The chemical capacitance per unit volume is obtained from
Eq. (3), by derivation of Eq. (14)

F(E — Epn) =

15)

2
=2 / 8n(EL — En)F(En — Er)[1 — F(En — Ep)]dEn (16)

The essential ingredient of the calculation of the electron
lifetime is to formulate a detailed model for the recombination
rate, in order to calculate r%) defined in Eq. (A16), considering that
electrons in the occupied states of the LUMO distribution at the
energy E,, have a probability to recombine with the hole-contain-
ing states at the energy E, in the HOMO distribution. The
probability of charge-transfer events at the organic/organic
interface, v, is a notoriously difficult subject [49] and we adopt
arelatively simple and general approach based on the assumption
of the Marcus model (or polaron hopping), involving a reorganiza-
tion energy 4 [50,51]

12
ﬂ} a7

E,
Vrec(En — Ep) = koexp [_( 2 4kyT7.

where kg is a parameter with dimension (cm®s~1!). The recombi-
nation flux, per unit device area, is given by the expression [52]

jrec = qu/gn(EL - En)F(En - EFn)gp(EH - Ep)
x[1 — F(Ep — Epp)]Vrec(En — Ep) dEn dEp 18)

The recombination resistance r' is found by derivation of Eq.
(18) with respect to Ep;,.

m-1— 94 [l E _ _F(E, —
1" = o0 [[&nEe — EoPEs — Eenl1 — FEn — Ern]
x8p(En — Ep)[1 — F(Ep — Epp)Vrec(En — Ep)dEq dE,, (19)

Then the electron lifetime can be found by Eq. (11).

A useful approximation that simplifies the preceding expres-
sions, already mentioned before, is to assume that the Fermi level
separates occupied and unoccupied states (zero temperature limit
of the Fermi-Dirac distribution). Then by an integration by parts
Eq. (16) gives Eq. (4). A similar procedure allows to reduce Eq. (19),
and the resulting lifetime is

k
B Frp) = / go(Ex — Ep)[1— F(Ep — Epy)]

2
_ B — By — 1) ] dE, (20)

<Exp { akgT7.

Using the same method we can obtain the lifetime of holes

k
o Erm.Erp) = 2 / 8n(Ex — En)F(En — Ern)

2
(E”_EFP_)')] dE, 21)

<Exp { akyT).

Inspection of Eq. (20) shows an important conclusion. The
lifetime of electrons is practically independent of the DOS of
electrons, and so 7, is governed by the DOS of holes and its
occupancy, and by the charge-transfer rate.

Simulations of the different quantities in the model, as a
function of the Fermi level of electrons, are shown in Fig. 6 for
reasonable parameter values according to the experimental
results. The main parameter is the recombination rate constant
taken ko=1 x10~"> cm? s~ ! to match the values of the measured
lifetime. We present two kinds of simulations. In the first curve,
Fig. 6(d), the hole Fermi level is left stationary, so that the density
of holes is constant. This simulation allows us to conclude that the
lifetime shows a very weak dependence on Ep,. The minimum
seen in Fig. 6(d) is the standard activationless point in the Marcus
model when the difference of free energies equals the
reorganization energy. The simulations also show that Eq. (20)
is an excellent approximation to the exact value of the lifetime,
calculated from Eq. (19).

In the second simulation shown in Fig. 6(d), we let the Fermi
level of holes shift as the Fermi level of electrons raises, so that the
density of holes, increases with increasing Eg,, see Fig. 6(a). This
has a very large impact on the electron lifetime, that decreases
exponentially, as otherwise would be expected from the model
based on Eq. (8) already discussed before.

The factors influencing the dependence of the electron lifetime
on electron density, are illustrated in Fig. 7. If the reorganization
energy becomes larger, then the minimum is displaced to very
high Fermi level and could be unobservable. The lifetime then
simply shows power law behavior as discussed in the
experimental results.

Provided that / is high, the exponent in tocn~# depends only
on the relative displacement of the Fermi levels. Therefore, the
critical question for explaining the lifetime variation is to
determine the conditions of charge compensation. At high
irradiation level it is natural to assume n=p, as we commented
before. However, the displacement of Fermi levels depends also on
the relative values of the DOS, Eq. (6). In addition, the electrostatic
compensation may not be directly related to the number of
carriers that participate in charge transfer, e.g. if some regions of
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Fig. 6. Calculation of several quantities related to the disorder charge-transfer
model, as a function of the electron Fermi level. (a) Electron and hole density. (b)
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the lifetime is calculated also for constant Ep,=0. The dashed line in (d) is an
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Fig. 7. Calculation of electron lifetime as a function of total electron density in the
disorder charge-transfer model, for different values of the reorganization energy as
indicated. It is assumed that the hole Fermi level decreases as Ep,=—0.8Ep,.

Parameters used in the calculation: N,=N,=10*' cm~3, E;=0.7 eV, Ey=—0.5¢€V,

0n=0p=0.1eV, ko=1x10"" cm®s~ .

the mixed phases become aggregated so that part of the numbers
of carriers are isolated. In conclusion, one important question for a
more detailed understanding of the carrier lifetime in BH] is the
quantitative determination of the densities of electron and hole
carriers, as a function of the photovoltage.

In summary, our results show that the lifetime in BH] solar
cells is very likely dominated by the rate of interfacial charge
transfer, which is observed to depend strongly on the relative
positions of the electron and hole Fermi levels. We have presented
a specific model based on Marcus rates that must be regarded as
exploratory, since at this point the set of available data is scarce.
We should emphasize that results in another paper [23] are
qualitatively similar but indicate a different effective recombina-
tion order. More reports on capacitance and lifetime are needed in
orden to ascertain the general features of the lifetime in BH] and
how they relate to materials parameters.

4. Conclusion

To conclude, we have shown in this study how impedance
spectroscopy is able to reliably determine recombination kinetics
and charge-carrier density in organic photovoltaic devices under
conditions of continuous irradiation. Recombination rate is
enhanced at high illumination levels, and this is viewed as the
limiting mechanism for the photogenerated charge accumulation,
which finally states the reachable V,. value.
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Appendix

This is a simple model that allows clarifying the meaning of
separate lifetimes for electrons, 7, and holes, 7, with respect to
Impedance Spectroscopy measurements, in those systems in
which the Fermi levels of both kinds of carriers can be
considerably displaced with respect to the equilibrium value. Of
course a full model for a solar cell with variation of the
concentration of two kinds of carriers, is a complex topic that
requires to stipulate a number of aspects: diffusion-drift trans-
port, charge shielding and/or electrical-field distribution via
Poisson equation, barriers at the contacts, etc. However, with
the mentioned topic in mind we consider only a slab of
semiconductor with thickness L, and perfect selective contacts
[28], for electrons at x=0 and holes at x=L, and furthermore we
assume that transport is quite fast (i.e., recombination lifetimes
are much longer than transit times) for both carriers, so that the
carrier densities are nearly homogeneous, see Fig. 8(a). This model
[53] is in practice appropriate in conditions close to open-circuit
voltage.

We calculate the small-signal ac impedance response of the
model of Fig. 8(a), given by

- ¢ (A1)
J

where @ and j are the small perturbation voltage and current,
respectively. At position x, n is the density of electrons, p is the
density of electrons, J, the flux of electrons and J, the flux of holes
in the positive x direction. The conservation equations are

on ajn

5= " oax Um (A2)
a_ dp

= o Unp (A3)

Here, Uy, is the recombination rate, per unit volume. We do not
include carrier photogeneration terms since these not appear in
the final ac impedance equations. By integration between 0 and L,
Eq. (A2) gives

0 1
o=~ U0~ Ja(O)] - Unp (Ad)

The electrical current at the contacts is given by

j= — a0 = +qp@D) (AS)
and the selectivity conditions imply
Ja)=Jp(0)=0 (A6)

Therefore from Eqs. (A2) and (A3) we get

on j
i _Unp_a (A7)

op _ J

a=Un g (A8)
The next step is to consider a small harmonic perturbation over

a steady state. For example, modulation of the Fermi levels for

electron and holes, with small time-dependent voltages ¢, and

@, respectively, can be stated as

EFn = EFn + qun (A9)

Erp =Erp+4, (A10)

Note that the terms with an overbar are constant with time.
Expansion of the terms in n, p in Egs. (A7), (A8), to first order in @,
gives the following results:

on _ cp’ o9,

at q ot (A1T)
p _ 0Py
ot~ q ot (A12)

Here we have introduced the chemical capacitances per unit
volume

P =Ccp/L (A13)

C(p) C(p) /L (A14)
The expansion of Uy, leads to

oy, Q.+ 10 (A15)
v gt g

where the recombination resistances (per volume) are defined as

1 [6Up,\ !
(n) _ (n) _ np
™ = ALR™ = 7 ( aEpn> (A16)
(D) (D) _ 1 aU“P -
r®) = ALR®) = 7 e (A17)

We apply in Egs. (A7) and (A8) the Laplace transform d/ot —iw,
where w is the angular frequency of the perturbation, and we
introduce the expansions to first order in ¢ = @, +@®,. We obtain
the set of linear equations

1 j
<"“C("’+<n>>9"n o P= ]

rec rec

(A18)

. 1). i
(P) 4 _L
(n)(pn <1wc (p))‘/’p I (A19)
rec rec

Solving these equations, we arrive at the expression of the

impedance

1 e

L /el rig+iocPcl”

(A20)

Then Eq. (A20) can be written in a more convenient form

1 To

T L1+ioty (A21)
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where . is related to the lifetimes of electrons and holes as
indicated in Eq. (13) and

(1) (D)) (D)
Cy " +Cpy )rect
o ( 1 1 MrecTrec (A22)
Tn+Tp

Eq. (A21) shows that the impedance is a parallel RC circuit, as
indicated in Fig. 8(b), with the resistance ro. The impedance
spectrum of this model is a single arc with a characteristic
frequency pec :'cgﬁl. The capacitance of the circuit is deduced
from

n
Tp el

Ceffz —_—

o P (A23)

Therefore, the chemical capacitances of electrons and holes are
connected in series, which entails that c.; will be determined by
the smaller capacitance. The measured capacitance slightly
underestimates the actual c}” value.
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