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The pseudo point-symmetry of the photocurrent-voltage characteristics Jy,(V) (defined as the difference
between light and dark currents) has been utilized to determine important properties of organic bulk-heterojunction
(BHJ) solar cells, e.g., contact recombination velocities, the dominant charge recombination mechanism, or the
presence of a field dependent exciton dissociation process. In order to improve the theoretical understanding of
the photocurrent generation in BHJ solar cells, we apply a numerical drift-diffusion model to investigate the effect
of injection barriers, selective contacts, different recombination mechanisms, and series resistances on Jyp(V).
We show the consistency of the model with experimental data from literature and reduce different experimental
observations to a single, fundamental mechanism in solar cells with intrinsic absorber layers: position dependent
equilibrium concentrations and lifetimes of the charge carriers. Based on this result, we discuss the special points
of the photocurrent-voltage characteristic such as the point of symmetry and the compensation voltage.
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I. INTRODUCTION

Organic solar cells reach power conversion efficiencies of
about 8% and are considered a low cost alternative for sus-
tainable energy generation.!? In order to further enhance the
efficiency of these devices, it is necessary to obtain a detailed
understanding of the processes leading from the absorption of
photons to the extraction of free charge carriers. The whole
process of charge generation and extraction manifests itself in
the cell’s photocurrent density

Jon(V) = Jinum(V) — Jaark(V). (1

It is defined as the difference between the current densities
measured under illumination Jyu, and in the dark Jg,x. In
pn-junction solar cells Jyp, is determined by the diffusion of
minority charge carriers toward the pn-junction.’> As long as
the series resistance R has a negligible effect and the applied
voltage V is less than the pn-junction’s built-in voltage Vi,
this diffusion driven photocurrent is approximately constant
and equal to the short-circuit current density Ji..* In contrast,
Jpn of solar cells with an intrinsic active layer, like the organic
bulk heterojunction (BHJ) and other pin-type solar cells, is
affected by the internal electric field and thus depends on the
applied voltage V.

For organic BHJ solar cells, Jyn(V) was reported to
change sign at the compensation voltage Vp, i.e., Jon(Vo) = 0.°
Measurements of Jp, (V') were utilized to determine important
device properties like the contacts’ selectivity,” the presence
of a field dependent exciton dissociation process,®’ and the
dominant recombination mechanism.!®!! Several of these
articles based their line of argument on the approximate
point symmetry of Jy,(V).”> While the point of symmetry
(POS) was simply defined as the center point of inflection
of Jth(V),8 its physical meaning and significance are still
under discussion. It was proposed that the POS occurred at
quasi-flat-band (QFB) conditions, i.e., at the applied voltage
where the internal electric field vanished.” This idea stands
in contrast to previous publications that stated that a vanishing
internal electric field resulted in zero driving force for the
photogenerated charge carriers and thus corresponded to the
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compensation voltage V,.®!'>"'* Current density Jpos and
voltage Vpos at the POS were found to be affected by thermal
cell annealing and the choice of cathode material.”® A large
value of Jppg was proposed to be beneficial for a high power
conversion efficiency and was suggested as an objective for
cell optimization.””

The photocurrent density’s offset Jpos was attributed to
a constant diffusion current caused by self-selective contacts,
i.e., an electron blocking anode and a hole blocking cathode.”?
Later, this theory was discarded because Jpog did not follow
an inverse device thickness dependence as expected for a
diffusion driven current.” Another theory for the origin of
Jpos was a field activated exciton dissociation in the band
bending regions close to the contacts.” While changes of the
cathode material were found to alter Jpos by up to 50% of
the maximum photocurrent density measured at reverse bias,
the spatial extent of the cathode band bending region only
accounted for about 10% of the total cell thickness.” Thus
the explanation based on a field activated exciton dissociation
requires a significant portion of the total optical generation
to take place in the vicinity of the metallic back contact.
Additionally, the weak effect of the device thickness on
the shape of the photocurrent-voltage characteristics Jp,(V)
(Ref. 9) contradicts a significant influence of a field dependent
charge generation mechanism. !0

This paper presents a comprehensive study of the
photocurrent-voltage characteristics Jyp(V') of BHJ solar cells
by means of drift-diffusion device simulation. We investigate
the influence of injection barriers, selective contacts, different
recombination mechanisms, and series resistances on the com-
petition between extraction and nongeminate recombination
of free charge carriers. We show our model’s consistency with
experimental data from Refs. 7-9, and we reduce different
experimental observations to a single, fundamental mechanism
in solar cells with intrinsic absorber layers: position dependent
equilibrium concentrations and lifetimes of the charge carriers.
Based on this result, we discuss the special points of J,,(V)
such as the point of symmetry (POS) and the compensation
voltage Vj.
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II. THEORY

A. Numerical model

The presented simulations were performed by numerically
solving the one-dimensional differential equation system of
the continuity equations for electrons and holes,

0Jn
e —q[G(x) — R(x)], @)
X
aJp
- =4[G(x) — R(x)], 3)
ox
and the Poisson equation
o
Ap = — , 4)
€0€r

which relates the electrical potential ¢ to the space charge
p, the dielectric constant €(, and the relative permittivity €.
Here, G(x), R(x), and g denote the optical generation rate, the
recombination rate, and the elementary charge, respectively.
Assuming bandlike transport, the current densities were
expressed by drift and diffusion,

on
Jn =q (nMnF + Dn_> s (5)
0x
J = F—p,oP ©)
p=9\ PHp L

where the diffusion constants D, , were assumed to be related
to the electron and hole mobilities .y, p by the Einstein relation
Dy p = pnpksT /q. The concentrations of electrons and holes
are labeled n and p while F, T, and kg denote the electric field,
the temperature, and the Boltzmann constant, respectively. In
this framework, bulk heterojunction (BHJ) cells were modeled
as an active layer in between two electrodes. The active layer
was treated as an effective medium with a band gap E,, defined
as the energy difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor molecules and the
highest occupied molecular orbital (HOMO) of the donor
molecules. This approach has been widely used to model
organic solar cells.!”~%3

In literature, the dominant recombination mechanism of
most organic heterojunction (HJ) solar cells was assumed
to be a direct recombination of free charge carriers.'® The
corresponding recombination rate

Riirect = krec ("P - nl2) 7
features a prefactor k. according to the Langevin theory,?®

(Mn + Up)
kiee = q“—P_ (8)
€0€r

Here, nj = +/N.Nyexpl—(qE;)/(2kgT)] is the intrinsic
charge-carrier concentration, and N., N, are the effective
densities of states (DOS) of LUMO and HOMO, respectively.
A recombination process described by Eq. (7) results in an
ideality factor njg = 1 and cannot account for the typical ide-
ality factors of organic solar cells n;g > 1. One explanation

for 1 < njyg < 2 is a trap assisted recombination process.27
For the simulation, it was taken into account in the form of
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a Shockley-Read-Hall (SRH) recombination rate Rsgry for a
single deep defect,?®%°

np —n?
(n+ p)Tsru

The minority charge-carrier lifetime Tsgy Was assumed to be
identical for electrons and holes. The total recombination rate
R = Ryjrect + Rsry Was taken as the sum of direct and SRH
recombination rates.

While it is well known that field dependent charge-carrier
generation mechanisms can cause a pronounced voltage
dependence of the photocurrent Jp(V),%'83 the effect of
nongeminate recombination on Jp,(V) has not been investi-
gated in detail. The influence of nongeminate recombination
on Jpn(V) is especially important because different poly-
mer solar cells were found to exhibit negligible geminate
recombination.’'*> Additionally, organic BHJ solar cells
made of several state-of-the-art donor/acceptor combinations
have been successfully modeled without a field dependent
geminate recombination mechanism.?>->”-333% For this reason,
a field dependent geminate recombination mechanism was not
incorporated into the model.

At the contacts, current densities for electrons Jeontactn
and holes Jeonwerp, TEpresenting extraction, injection, and
recombination are given by

(€))

Rsry =

Jcontact,(n,p) = qS(n,P - nOaPO)- (10)

The contact behavior is determined by the surface recombi-
nation velocity S and the charge-carrier equilibrium concen-
trations ng and po. They are related to the electron and hole
injection barriers ¢, and ¢, via Fermi statistics (in this work the
Boltzmann approximation was used). For the cathode, located
at the position x = d where d denotes the device thickness,
the equilibrium concentrations ng and pg read

no(d) = N exp (,;—";) (11)
and
_ _Eg + ¢n
po(d) = Ny exp (—kBT > . (12)

Analogous expressions exist for the anode located at x = 0. At
each contact the charge carriers with the higher equilibrium
concentration, i.e., electrons at the cathode and holes at the
anode, are called majorities and have a surface recombination
velocity S = Sp,j. Consequently the charge carriers with the
lower equilibrium concentration are called minorities and have
a surface recombination velocity S = Spip.

In order to exclude effects caused by a spatially asymmetric
charge-carrier generation rate, the optical generation rate
G(x) = G was assumed to be homogeneous. The simulations
were performed employing the commercial device simulation
package ASA.» Unless noted otherwise, the set of model
parameters summarized in Table I was used.

B. Position dependent charge-carrier lifetimes

A key concept utilized in this paper is the correlation
between the minority charge carriers’ lifetime and their
equilibrium concentration. The charge-carrier concentrations
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TABLE 1. Basic parameter set used in the simulations. The
SRH lifetime tsgy = 1 x 107® s was chosen according to a mobility
lifetime product put of 1 x 1071 m? V=1 (Ref. 36) and the spatially
constant generation rate G = 6.3 x 10>’ m~3s~! corresponds to an
optically generated current density of Jo = ¢Gd ~ 10 mAcm™2.
The remaining parameters were taken from Ref. 9. An infinite
contact recombination velocity S = oo was numerically represented

as S =1x 10" ms™".

Parameter Symbol Value
Effective band gap E, 1.1 eV
Effective DOS N., N, 1 x 10% m™3
Electron mobility I 1x10% m2 vig!
Hole mobility Hp 1 %1078 m? v!is!
Direct rec. constant krec 1.06 x 10716 m3s~!
SRH lifetime TSRH 1 x10°%s
Relative static permittivity € 34

Optical generation rate G 6.3 x 107 m=3s~!
Active layer thickness d 100 nm
Temperature T 300 K
Contact injection barriers:

Electrons at the cathode Pn 0.1 eV

Holes at the anode op 0.1 eV
Contact recombination velocities:

Majority charge carriers Staj 1 x 107 ms~! (c0)
Minority charge carriers Sinin 1 x 107 ms™! (c0)

for electrons n = ng + An and holes p = pg + Ap are given
by the sum of the equilibrium concentrations ng, po and
the concentrations of the excess charge carriers An, Ap.
At the contacts, nyg and pg scale exponentially with the
injection barriers [see Eqs. (11) and (12)]. For sufficiently
small injection barriers ¢y p, the equilibrium concentrations
of the majority charge carriers ng, po next to the contacts
exceed the local excess charge-carrier concentrations An, Ap.
Close to the cathode, for example, ng > po and ng > An.
This leads to n &~ ng and p = pg + Ap. Combined with the
identity n? = nopo, Eq. (7) can be simplified, yielding an
expression for the direct bulk recombination rate of minority
charge carriers Ry, in the vicinity of the cathode,

Ruin = —. (13)

Here, the lifetime of holes (minorities) is given by

Po
7 ket (14)
An analogous expression exists for the lifetime of electrons 1,
in the vicinity of the anode.

Equation (14) implies that a direct recombination mecha-
nism results in minority charge-carrier lifetimes t,, 7,, which
are proportional to the respective charge carrier’s equilibrium
concentration ng, po. Consequently, in an intrinsic absorber
material sandwiched between electrodes with different injec-
tion barriers, the charge carriers’ equilibrium concentrations
vary over the device thickness, and the recombination losses
depend on the distribution of the minority charge carriers.
Note that Eq. (14) represents the limiting case of Eq. (7) for
large differences between the electron and hole equilibrium
concentrations, i.e., for ng > po or for py > ng. For this
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FIG. 1. (Color online) Schematic of the band structure displaying
different contributions of the photocurrent density J,, and the
photorecombination current density AJ.. for (a) V < Vj and (b)
V >V, where Vj is the compensation voltage.

reason it is valid for small injection barriers and close to the
contacts. At voltages around Vj, where no or small driving
forces act on the photogenerated charge carriers, a significant
portion of the photogenerated charge carriers recombine in the
bulk of the cell and thus not close to the contacts. In this case
the recombination obeys Eq. (7) and/or Eq. (9). However, if the
charge carriers are effectively transported toward the contacts,
e, if |V > Vy, Eq. (14) is a good approximation for the
charge-carrier lifetime due to direct recombination.

The compensation voltage Vj is defined as the voltage
where the photocurrent density vanishes, i.e., Jpn(Vo) =0
If the cell is operated at V < Vj, the photogenerated charge
carriers are driven toward the contacts where they are majori-
ties, i.e., electrons toward the cathode and holes toward the
anode [see Fig. 1(a)]. Because the recombination process is
limited by the concentration of the minority charge carriers,
the lifetime of the majority charge carriers can be considered
as infinite. In contrast, for voltages V > Vj the photogenerated
charge carriers are driven toward the contacts where they are
minorities [see Fig. 1(b)]. Due to the finite lifetime of the
minority charge carriers, the extraction of minority charge
carriers, i.e., V > Vg and Jp, > 0, is associated with much
higher recombination losses than the extraction of majorities,

e., V< Vy and Jyn < 0. These recombination losses are
characterized by the photorecombination current density

AJrec(v) — Jrec 111um(V) rec ddIk(v) (15)
It is defined as the difference between the recombination
current densities under illumination and in the dark and can
be divided into bulk and contact photorecombination current
densities

Jbl]lk(v) + AJCOHIaCt(V). (16)

rec rec

Alrece(V) =
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For the anode located at x = 0 and the cathode located at
x = d, the bulk photorecombination current density

d
ARV = ¢ / Rium(V, x) — Rga(V, x)dx ~ (17)
0

can be written as the difference between the spatially integrated
recombination rates under illumination Rjj,, and in the
dark Rg,k. Similarly, the contact photorecombination current
density AJZ"*(V) is defined as the difference between the
contact recombination current densities [see Eq. (10)] under
illumination and in the dark. Because Eq. (10) describes both
charge extraction and recombination at the contacts, only
those charge extraction current densities which have a sign
opposite to that of the photocurrent density Jo,(V) contribute
to the contact recombination current density. Thus for V < V;
the contact photorecombination current density reads [see
Fig. 1(a)]

AJcontact(V) — Ajanode(v) + AJcathode(V)’ (18)

rec extr,e extr,h

while for V > Vj it it is given by [see Fig. 1(b)]
AJcontact(v) — [Ajanode(v) _ AJ‘anode(V)]

rec extr,h nj,h

+ [Ajcathode(v) _ A]»C%[hOde(V)]. (19)

extr,e nj,e

Equation (19) shows that for V > V), the contact photorecom-
bination is reduced by photoinduced injection current densities
A ii‘l'}fl’]de and AJiffj‘f;‘Ode. They denote the difference between the
current densities injected from the contacts under illumination

and in the dark,

AJinj(V) = Jinjitam(V) = Jinjdark(V). (20

This difference originates from light induced variations of the
charge-carrier distribution and the internal electric field. For
V < W, i.e., in Eq. (18), the photoinduced injection current
densities can be neglected because of the large energy barriers
for electron injection at the anode and hole injection at the
cathode [see Fig. 1(a)].

III. RESULTS AND DISCUSSION

For clarity and in order to be compatible with the line
of argument presented in Ref. 9, only direct recombination
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[see Eq. (7)] was considered in Secs. IIl A and III B. Thus,
notwithstanding Table I, the SRH lifetime tsgy in these
sections was set to infinity. The influence of the trap assisted
SRH recombination on the photocurrent density will be
discussed in Sec. III D.

A. Influence of injection barriers

In arecent article it was found that, depending on the choice
of cathode material and thus of the cathode injection barrier, the
pseudosymmetric photocurrent-voltage characteristics Jp,(V)
were shifted by an offset current density Jpos.? Increasing Jpos
was presented as an option to increase the cell efficiency.”™
In this section, we investigate the influence of the contact
injection barriers on Jyp (V') and compare the simulation results
to experimental data from literature.

Figure 2 shows the simulated photocurrent-voltage charac-
teristics Jpp(V) for different values of the injection barriers
¢n,p- The photocurrent density Jp, was split up into a minority
Joh,min and a majority Jp,maj contribution. Figure 2(a) shows
that large injection barriers of ¢,, = 0.4 eV caused Jpu(V)
to be nearly point symmetric with respect to Vy ~ 0.3 V.
For voltages V < V, Jon was carried almost exclusively by
majority charge carriers and saturated at the optically gener-
ated current density |Jpnsu(V < Vo)| & Jop. Approximately
the same saturation value was observed for V > V|, where
minority charge carriers constituted the dominant contribution
to Jpon. The large injection barriers ¢n, = 0.4 eV resulted
in high equilibrium concentrations ny, pp and thus in low
photorecombination rates for the minority charge carriers. As a
result, the extraction of minority charge carriers was associated
with recombination losses comparable to those which occurred
during the extraction of majority charge carriers. Conse-
quently, the photorecombination current density AJ.. was
found to be nearly symmetric with respect to the compensation
voltage Vy. At V =V, all photogenerated charge carriers
recombined and the photorecombination current density was
equal to the optically generated current density AJree = Jopt.

Figures 2(b) and 2(c) show Jyn(V) for lower values of
the injection barriers ¢,,. While the photocurrent density’s
saturation value at reverse bias |Jpnsa(V < Vo)| was virtually
not affected by the reduction of ¢,;, the saturation current
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FIG. 2. (Color online) Simulated photocurrent-voltage characteristics J,, (V) for different values of the injection barriers (a) ¢np = 0.4 €V,
(b) pnp = 0.2 eV, and (c) ¢, = 0.1 eV. The total photocurrent density Jy, is the sum of the minority Jyp min and majority Jph msj charge-carrier
contributions. The sum of [J,,| and the photorecombination current density AJ.. equals the optically generated current density Jyp,. For the
simulation, the SRH lifetime tsgy was set to infinity. Table I summarizes the remaining simulation parameters.
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TABLE II. Parameters of the photocurrent-voltage characteristics
Jon(V) shown in Fig. 2. The table lists the built-in voltage g Vy; =
E, — ¢ — ¢p, the compensation voltage V;, the quasi-flat-band
voltage Vorg where the electric field in the center of the device
vanishes, the voltage at the point of symmetry Vpos, and the current
density Jpos = Jpn(Veos)-

bp =04 eV oy =02 eV bup = 0.1 eV
Vii 030 V 0.70 V 090 V
Vo 0.30 V 0.66 V 0.70 V
Vors 030 V 0.64 V 0.66 V
Vros 0.30 V 051V 053V
Jros 0 mA cm™2 —2.4 mAcm™? —2.6 mAcm™?

density at forward bias |Jpnsa(V 3> Vo)l decreased by up
to 75% at ¢np, = 0.1 eV. This result can be explained by
an exponential decrease of the minority charge carriers’
equilibrium concentrations ng, po and lifetimes t,, 7, in the
vicinity of the contacts, which is a direct consequence of
the reduced injection barriers ¢, [see Eqs. (12) and (14)].
As a result, the photorecombination losses AJi. at V > Vj
significantly increased and exceeded those at V < Vj,.

Another consequence of the reduced injection barriers
was an increase of the majority charge-carrier photocurrent
density Jpnmaj at V > Vo. In the case of ¢,, =0.1 eV, it
was responsible for almost the total forward photocurrent
density [see Fig. 2(c)]. At first glance, this observation seems
to contradict the mechanism presented in Fig. 1(b), which
states that for V > Vj;, the photogenerated charge carriers
are driven toward the contacts where they are minorities. The
occurrence of this majority current density can be explained by
the buildup of photogenerated minority charge carriers at the
contacts. This charge accumulation altered the electric field
and charge-carrier distribution and thus triggered the injection
of additional majority charge carriers [see Eq. (20)]. The subse-
quent recombination of these additionally injected majorities
and photogenerated minorities acts as a transformation of a
minority photocurrent into a majority photocurrent. In order
to corroborate this mechanism, the charge carriers’ Coulomb
interaction was deactivated by setting the dielectric constant
to infinity €, = oco. To avoid side effects of €, on the direct
recombination rate and thus on Jon(V), the value of k.. was
kept constant (see Table I) and not recalculated according to
Eq. (8). Without Coulomb interaction no additional injection
was observed. For ¢,, = 0.1 eV and ¢ = 00, the photocur-
rent density at V > V, was reduced to virtually zero while
Jon(V < V), which consisted of minority charge carriers, was
hardly affected (not shown).

Table II summarizes the influence of the injection barriers
¢n,p on the characteristic points of Jyp(V). A decrease of the
injection barriers ¢, increased the difference between the
built-in voltage g Vi; = Egz — ¢y — ¢ and Vp. This observation
can be attributed to band bending at the contacts due to
the low injection barriers.”?’ At V =V, the photocurrent
vanished because no effective driving force acted upon
the photogenerated charge carriers. If contact band bending
could be neglected and the charge-carrier generation was
homogeneous, V, was equal to the quasi-flat-band voltage
Vors. At Vgrp the electric field in the center of the device
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vanished and diffusion was the only driving force for the
photogenerated charge carriers. A more detailed discussion
on V, and Vg is presented in Sec. IITC.

The point of symmetry (POS) was defined as the center
point of inflection where the derivative dJ,,/dV had an
extremum.® In agreement with experimental results from
Ref. 9, the model reproduced the shift of the POS by Jpos
along the current density axis upon reduction of the injection
barriers. In contrast to previous publications,” we propose that
such a shift in Jppg is generally not beneficial for the device
performance. Instead of an actual increase in the photocurrent
density’s saturation value Jppsy under operation conditions,
the simulation showed that the shift in Jpps was caused
by increased photorecombination losses AJe. for voltages
V > V. The obvious increase in device performance that
occurred for decreased injection barriers (see Fig. 2) was
due to the increased built-in voltage Vi;. It resulted in an
enhanced open-circuit voltage V, and in more efficient charge
extraction, i.e., in a higher short circuit current density J. and
in this case also in a higher fill factor FF. An experimentally
observed increase in Jphe upon the change of cathode
material” does not contradict the presented modeling results
because it is very likely not related to the change in work
function. One explanation for the observed increase in Jpp sat
(Ref. 9) is an unintentional annealing of the organic layer
during thermal evaporation of the cathode. For the investigated
donor/acceptor combination (P3HT:PCBM), it was shown that
already a 4-min anneal at 75 °C can account for the observed
increase in Jph,sat.% Another possible explanation is damage
to the active layer caused by the metal deposition.”® The
introduction of a thin Ca layer between active layer and the
cathode’ may have reduced the detrimental effects of the
thermal metal evaporation and thus increased Jpp st Note that
the simulated photocurrent-voltage characteristics in this paper
and the experimental data in Refs. 7— 9 are mathematically not
strictly symmetric, but exhibit an approximate point symmetry.

B. Influence of selective contacts

The increase of Jpn(V > Vp) with increasing injection
barriers, as shown in Fig. 2, was mainly due to an increased
extraction of photogenerated minority charge carriers. Because
in reality the surface recombination velocity Sy, of minority
charge carriers is finite,*>*! or even assumed to be zero,’ the
extraction of minority charge carriers may be hampered or
inhibited. In this section, we investigate the influence of self-
selective contacts, i.€., Syin = 0, on Jp (V) for both small and
large injection barriers. Although real contacts cannot be per-
fectly selective, we consider Sp,;, = 0 as a limiting case and in
order to be compatible with the simulations presented in Ref. 9.

1. Large injection barriers

Figure 3(a) shows J,,(V) for large injection barriers ¢, , =
0.4 eV and perfectly self-selective contacts, i.e., Smin = 0,
which suppressed the minority charge-carrier currents at the
contacts [see Eq. (10)]. For this reason, the total photocurrent
density Jp, was equal to the majority current density Jph ma-
The most prominent features were the three inflection points of
Jon (V') as well as the broad and symmetric photorecombination
peak at the compensation voltage V, = 0.61 V. Relative to
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FIG. 3. (Color online) (a) Simulated photocurrent-voltage char-
acteristics Jyp (V) for injection barriers ¢, , = 0.4 eV and a minority
charge-carrier surface recombination velocity Spi, = 0. (b) Compar-
ison of Jy(V) for Spin = 0, Spin = 1077 ms™', and Sy, = oo. The
inset shows the derivative d Jy, /dV for Sy, = 1077 ms™".

the center point of inflection, which was located at Vpgs & V),
Jon(V) exhibited a pseudo point-symmetry with nearly equal
absolute saturation values for forward and reverse bias.

Because the minority charge carriers could not pass the
self-selective contacts, voltages above V}; caused a buildup of
minority charge carriers. Figure 3(b) shows that this charge
buildup resulted in a diffusion potential, which acted against
the applied voltage and raised the compensation voltage
Vo = 0.61 V by more than 100% compared to the case with
nonselective contacts where Vy = V,; = 0.3 V (see Table II).
Additionally, the charge buildup resulted in an increased
photorecombination A J. over a wide voltage range. At V >
Vo the band bending, caused by the buildup of photogenerated
minority charge carriers, triggered the injection of additional
majority charges at the contacts AJi;;(V). Similar to the
discussion in Sec. III A, the subsequent recombination of
photogenerated minority charges and injected majority charges
was a nearly lossless transformation of the blocked minority
photocurrent into a majority photocurrent.

The comparison to experimental data (Fig. 6 of Ref. 8)
illustrates that the basic drift-diffusion model, which does
not include any field dependent charge generation process,

PHYSICAL REVIEW B 85, 045208 (2012)

qualitatively reproduces Jon(V) and its derivative dJyp/dV .
In contrast to Ref. 8, these results also indicate that the
shape of dJy,/dV shown in the inset of Fig. 3(b) is not
a clear indication for a field dependent exciton dissociation
process in organic BHJ solar cells. We recently published
a way to identify and quantitatively characterize a field
dependent exciton dissociation process in merocyanine/Cg
bilayer devices by varying the active layer thickness and the
cell temperature. '

2. Small injection barriers

For small injection barriers ¢,, = 0.1 eV, selective con-
tacts had nearly no effect on Jyn(V) [compare Figs. 4(a)
and 2(c)]. Figure 4(b) shows a direct comparison between
the two photocurrent densities. It reveals that, except for
minor deviations under reverse bias due to the reduced contact
recombination for Sy, = 0, the two curves overlap perfectly.
In contrast to the case with large injection barriers ¢,, =
0.4 eV [see Fig. 3(b)], Vo was unaffected by the change in
Smin- This was due to the low lifetime of the minority charge

$p=0.1eV, Syn= 0

10

Photocurrent density J,, (mA/cm?) o

Voltage V (V)

$np=0.18V

VPIOS
200
150
100
50
Q2 0 2 4
Voltage V (V) 1
1 2 3 4
Voltage V (V)

Photocurrent density J,, (mMA/cm?) Z

FIG. 4. (Color online) (a) Simulated photocurrent-voltage char-
acteristics Jyp(V) for injection barriers ¢, , = 0.1 eV and a minority
charge-carrier surface recombination velocity S, = 0. (b) Compar-
ison of Jp(V) for Spip, = 0 and Sy = 00. In addition to the point
of symmetry (POS) the quasi-flat band voltage Vpp is marked. At
this voltage the electric field in the center of the device vanishes (flat
bands). The inset shows the derivative d J,,/dV .
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FIG. 5. (Color online) Simulated band diagrams and quasi-Fermi levels of dark and illuminated cells for (a), (b) ¢, = 0.1 eV and (c), (d)
¢np = 0.4 eV.For¢,, = 0.1 eV, the results were found to be approximately independent of the minority charge-carrier surface recombination
velocity Smi,. The simulation parameters are summarized in Table I. For this simulation only direct recombination was considered, i.e., Tsy = 00.

carriers in the vicinity of the contacts, caused by the small
injection barriers. It prevented an accumulation of minorities
at the contacts and thus a significant diffusion potential.

In summary, if the lifetime of the minority charge carriers
was sufficiently high to allow for a charge accumulation at the
self-selective contacts, the resulting diffusion potential shifted
the compensation voltage Vj, to values exceeding the built-in
voltage V4, [see Fig. 3(b)]. In contrast to the theory proposed
in Ref. 7, the self-selective contacts did not influence the
photocurrent density’s offset Jpos at the point of symmetry
(POS).

C. Point of symmetry and compensation voltage

The photocurrent-voltage curve Jpn(V') has two character-
istic points: the point of symmetry (POS), which is located at
the center point of inflection of J,n(V), and the compensation
voltage Vj,, where the photocurrent density vanishes, i.e.,
Jpn(Vo) = 0. In order to get a deeper insight into the physical
meaning of these characteristic points, we discuss simulated
band diagrams for different sets of parameters.

Figures 5(a) and 5(b) show the energy levels calculated for
small injection barriers ¢,p = 0.1 eV at Vpgs = 0.53 V and
Vo = 0.70 V, respectively. The corresponding photocurrent-
voltage characteristic Jyn(V') and the set of model parameters

are shown in Fig. 4 and in Table I, respectively. Due to the
band bending caused by the low injection barriers,’’ both
voltages were well below the built-in voltage Vi, = 0.9 V.
At the compensation voltage Vp = 0.70 V the photocurrent
density vanished, i.e., Jpn(Vo) = 0. A small nonzero electric
field in the device drove the charge carriers toward the contacts
where they were minorities, i.e., electrons to the anode and
holes to the cathode [see Fig. 5(b)]. The field compensated
for a net extraction of majority charge carriers, which resulted
in a negative photocurrent at quasi-flat band (QFB) conditions
Vors = 0.66 V. This residual photocurrent at QFB conditions
was caused by the contact band bending, which separated
charges generated in the vicinity of the contacts. In this
context, charge separation does not refer to the field assisted
dissociation of charge-transfer states but to the separation of
free charge carriers.

For P3HT:PCBM BHJ solar cells, Limpinsel et al.’ in-
vestigated the relation between Vpos and Vgpg. They ex-
perimentally determined Vpos and Vgrg to be in the ranges
0.52-0.64 and 0.5-0.6 V, respectively. Due to the large slope
of Jyn(V) at voltages around Vpos [see the inset of Fig. 4(b)],
the experimental uncertainty in the above-mentioned voltage
ranges was too large to yield a clear relation between Vpog and
Vors. For this reason, Limpinsel et al.? applied a drift-diffusion
simulation using the parameters shown in Table I and found
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that Vpos = Vorg = 0.66 V. They explained this concurrence
of the POS and QFB conditions by symmetric changes in
driving force with applied bias at voltages around Vors.’
Using their set of simulation parameters, we reproduced the
QFB condition at 0.66 V but found Vpgs = 0.53 V and thus
20% lower than Vqgep [see Fig. 4(b)]. This difference between
Vros and Vgpp can be explained by the different lifetimes
of minority and majority charge carriers. By definition, at
V = Vore the electric field F inside the device is zero
and |F| changes nearly symmetrical with respect to small
variations of the applied voltage V.” Despite this symmetry,
Jon(V) does not generally exhibit a point-symmetric behavior
around V = Vqrp because the charge-carrier lifetimes 7, , and
thus the photorecombination current density AJy. are not
symmetric with respect to V = Vgrp [see Fig. 4(a)]. Because
the simulation model used in Ref. 9 is well documented and
does most likely not contain any hidden parameters, the above-
mentioned findings indicate that the simulation results in Ref. 9
as well as the corresponding discussion should be reexamined
carefully.

Figure 5(c) shows a band diagram calculated at V = V, =
0.3 V fornonselective contacts (Syin = 00) and large injection
barriers (¢n, = 0.4 eV). This highly symmetric device, i.e.,
the contacts were nonselective, the high injection barriers
caused nearly no contact band bending, and the minority
lifetime did not limit J,, under forward bias conditions,
resulted in a highly symmetric photocurrent-voltage
characteristic [see Fig. 2(a)]. As a consequence, Vj, Vpos, and
Vors all coincided with the built-in voltage Vi, = 0.3 V.

Figure 5(d) shows the band diagram for selective contacts
(Smin = 0) and large injection barriers (¢n, = 0.4 eV) calcu-
lated at V = Vi = 0.61 V. The corresponding photocurrent-
voltage characteristic Jyn(V) is depicted in Fig. 3. Similar to
the case in Fig. 5(c), the minority charge-carrier lifetimes 1,
did not limit Jpr(V > Vp), and hence the POS and the com-
pensation voltage Vj, coincided, i.e., Vy & Vpos. However, V)
exceeded the built-in voltage Vi,; = 0.3 V by more than 100%
due to the diffusion potential caused by the selective contacts.
This diffusion potential manifested itself as a pronounced
increase of the contact band bending upon illumination.

In summary, the photocurrent-voltage -characteristics
Jon(V) of bulk-heterojunction solar cells exhibit an approx-
imate point symmetry with respect to a point of symmetry
(POS), which was defined as the center point of inflection
of Jph(V).8 Our simulations showed that the voltage Vpog at
which the POS occurs mainly depends on the recombination
rate in the vicinity of the contacts and cannot be related to
a specific value of the cell’s internal electric field [compare
Figs. 5(a), 5(c), and 5(d)]. Thus, aside from the above-
mentioned definition, we propose that the POS has no further
physical meaning. If the compensation voltage V} is applied to
the cell, no effective driving force acts upon the photogenerated
charge carriers, resulting in Jon(Vp) = 0. For a symmetric
device with large injection barriers and negligible contact band
bending, a vanishing driving force is equivalent to flat bands in
the bulk of the device [see Fig. 5(c)]. If asymmetries other than
a built-in field are present, e.g., selective contacts or contact
band bending, the electric field in the center of the device has
a nonzero value at V = Vj [see Fig. 5(d)].
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D. Recombination via trap states

The preceding sections discussed the photocurrent in the
context of direct recombination [see Eq. (7)]. However, recent
publications demonstrated that a direct recombination mecha-
nism alone was not sufficient to reproduce experimental data
of organic HJ solar cells.?’-*° Instead, the experimental results
were found to be compatible with a recombination mechanism
via trap states located within the energy-band gap.?’-30:42-44
Numerical and analytical models employing a trap recombi-
nation mechanism reproduced experimental current-voltage
characteristics including the ideality factor’>?’* as well
as charge extraction experiments.”’ This section discusses
the effect of recombination via trap states on Jp,(V) using
the Shockley-Read-Hall (SRH) recombination mechanism
calculated for a single deep defect.?®?

In contrast to the direct recombination mechanism, the
SRH lifetime tsry of minority charge carriers is constant,
independent of the charge carriers’ equilibrium concentrations,
and thus independent of their position inside the device.
Figure 6 shows that, for large injection barriers of ¢,, =
0.4 eV, the SRH recombination caused a symmetric reduction
of |Jpn| around the compensation voltage Vp. Small injection
barriers ¢,, = 0.1 eV resulted in a similar reduction of
|Jon| for voltages V < Vp, while nearly no effect occurred
for V >V, (see Fig. 6). Here, the SRH recombination had
very little influence because at V > V| the direct recombi-
nation mechanism dominated the photorecombination A Jec
due to the low minority charge-carrier lifetime 7., at the
contacts.

For shallow trap states, e.g., band tails, which are located
less than 3kg T from the band edge, the re-emission of trapped
charge carriers into the bands reduces the SRH recombination
rate compared to Eq. (9). However, the trends shown in
Fig. 6 remain valid because the re-emission coefficients do
not depend on the concentrations of free charge carriers
n,p.27’46 In organic semiconductors, the band-tail states do
not only promote recombination but also accommodate a

Effect of trap recombination

ﬁE\ 10 C T T T T
2 &
N

E st & 4
= (¢)
2 & W
2 0 N directrec. only ]
2 3 —— ¢,,=0.1 eV
3 —— ¢,p,=0.4 eV]
£ S direct + SRH |
= —— ¢, = 0.1 eV]
§ -10 1_°_1¢n,p = (?4 eV]
e 2 1 2 3 4
o

Voltage V (V)

FIG. 6. (Color online) Simulated photocurrent-voltage charac-
teristics Jpu(V) with (open symbols) and without Tggy = 0o (solid
symbols) SRH recombination. The effect of the SRH recombination
depends on the value of the injection barriers ¢, ;. Table I summarizes
the simulation parameters.

045208-8



CHARGE EXTRACTION AND PHOTOCURRENT IN ORGANIC . ..

significant amount of space charge. Similar to the equilibrium
concentrations of the free charge carriers, the amount and sign
of the tails states’ space charge depends on the position inside
the device. Close to the cathode, mainly trapped electrons
occupy the tail states while trapped holes dominate in the
vicinity of the anode. This additional space charge increases
the contact band bending, which reduces the value of the
electric field in the center of the cell and shifts V; toward lower
voltages. Because trapped charge carriers are no longer subject
to direct recombination according to Eq. (7), the introduction
of tail states can also affect the direct recombination rate.
Simulation results for exponential band tails including spatial
concentration profiles for free and trapped charge carriers can
be found in the Supplemental Material.*’

These findings indicate that, even if recombination via
trap states is the major loss factor under normal operating
conditions, optimized (small) injection barriers can cause the
direct recombination to significantly influence the photocur-
rent losses at voltages above the compensation voltage V).
Because the trap recombination did not introduce fundamental
symmetry changes of Jy,(V), the aspects discussed in the
previous sections, especially the position dependent charge-
carrier lifetimes, remain valid.

E. Effect of the series resistance

Another important parameter influencing the photocurrent-
voltage characteristic J,p(V) is the series resistance Rs. The
influence of R on Jpn(V) is well known since the 1960s.4349
In the field of crystalline silicon solar cells, the comparison
of dark and light current-voltage characteristics constitutes
an accurate method to determine the value of R,.>" Recently,
Street et al.’! revisited the topic in the context of organic
solar cells and applied an external series resistance Rgex to a
PCTBT/PC7BM solar cell. In agreement with calculations
based on an equivalent circuit model, they found Ry >
5 Qcm? to cause a significant reduction of | Jon!. The reduction
was found to be most pronounced for voltages exceeding the
compensation voltage Vj because the high current densities in
this voltage range resulted in high resistive losses A Vo4 at the
series resistance. Because AV, occurred outside the active
layer, the voltage drop at the internal diode was reduced and
less driving force for the photogenerated charge carriers was
available.’! The authors concluded that such series resistance
effects were an alternative and likely explanation for the
experimentally observed’ shift of Jp,(V) along the current
density axis.’! In this section, we apply the drift-diffusion
model to study the effect of R on Jyn(V).

Figure 7(a) shows the current-voltage characteristics
Jaark(V) of nonilluminated cells. Increasing the injection
barriers ¢, from 0.1 to 0.2 eV reduced the concentrations
n,p of mobile charge carriers in the device [see Eqs. (11)
and (12)]. As a result, the conductivity p = g(nu, + pup)
decreased and the intrinsic series resistance Rjin increased.
The same resistive effect on Jg,« was observed for a cell
with ¢, = 0.1 eV and an additional external series resistance
Riext =6 Q cm? [see Fig. 7(a)]. Figure 7(b) shows the three
corresponding photocurrent-voltage characteristics Jyn(V).
In agreement with the predictions by Street et al.,’' the
external series resistance Rjcy reduced Jpn(V) for V > V.
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FIG. 7. (Color online) (a) Simulated current-voltage characteris-
tics Jyark (V') of nonilluminated cells. (b) Corresponding photocurrent-
voltage characteristics Jp,(V'). The comparison shows that the series
resistance Ry = 1/[d J4u(V)/d V] did not correlate with the shape of
Jon(V).

Howeyver, no clear correlation existed between the total series
resistance determined from the dark J-V characteristics Ry =
1/(d Jgarc(V)/d V') and the shape of Jyp(V).

This discrepancy can be explained by the difference
between external and intrinsic series resistances. An external
series resistance Rgex, which was also assumed by Street
et al.,’' causes a voltage drop outside the active layer. This
lowers the potential difference inside the active layer and thus
reduces the driving force for the collection of photogenerated
charge carriers. As a result, R ¢y reduces the absolute value
of the photocurrent density |J,p|. An intrinsic series resistance
R ine 1s the result of the active material’s finite conductivity p
and causes a voltage drop inside the active layer. Consequently,
Rq int has no detrimental effect on the field driven charge-carrier
collection, which takes place in the intrinsic absorber layer of
organic HJ solar cells and other pin-type devices. One way to
alter the materials conductivity p = g(nu, + pip) and thus
Rq int 1 a change of the charge-carrier concentrations 7, p, e.g.,
via the injection barriers ¢, . Figure 7 shows that an increase
of ¢y, p simultaneously increased Ry = 1/[d Jgar(V)/d V] and,
as described in Sec. Il A, Ju(V > V). The intrinsic series
resistance Rq i, was also affected by changes of the mobilities
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tn and pp while Jpp (V) remained unaffected as long as the
mobility-lifetime product put and thus the charge extraction
efficiency was not changed (not shown).

In summary, external series resistances Rgex reduce the
voltage drop over the solar cell’s active layer and thus
lower the photocurrent density’s saturation value Jypsq for
V > Vp. Although R,y can result in an apparent shift of
Jpn(V), it cannot explain the experimentally observed cathode
dependence of Jph(V),9 and does not contradict the line of
argument presented in Sec. III A. A significant external series
resistance, which dominates the total series resistance, can,
in principle, be avoided by proper contacting. Intrinsic series
resistances R; iy do not reduce the voltage drop over the active
layer and do not affect Jy, (V') as long as the mobility-lifetime
product pt is sufficiently high.

IV. CONCLUSION

We have studied the approximately point-symmetric
photocurrent-voltage  characteristics ~ Jyn(V) of  bulk-
heterojunction (BHJ) solar cells by means of a drift-diffusion
based device simulation model. Our results indicate that
position dependent charge-carrier lifetimes t,;,, caused
by a direct recombination mechanism, result in different
extraction efficiencies for minority and majority charge
carriers. Based on this fundamental principle for solar cells
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with intrinsic absorber layers, our model reproduced recently
published experimental data without the need of a field
dependent exciton dissociation mechanism or other additional
parameters. We discussed the characteristic points of Jp,(V):
the compensation voltage Vi, where the photocurrent density
vanishes, i.e., Jpn(Vo) = 0, the quasi-flat band (QFB) voltage
Vorg, and the point of symmetry (POS).

Although, the electric field in the center of the cell vanishes
at V = Vg, other driving forces like diffusion due to selective
contacts or an electric field in the band bending regions close
to the contacts can still result in |Jpy| > 0. Thus the QFB
condition occurs at a voltage close to, but generally not equal
to, Vj. In contrast to previous publications, we found that the
POS is not a meaningful physical quantity and can generally
not be related to the QFB condition. Because the current
density Jpos at the POS does not have to be related to actual
changes in the photocurrent density’s saturation value Jyp s,
increasing Jppg constitutes no option for device optimization.
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