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Interfaces play an important role in emerging organic electronic applications. In order to optimize and
control the performance in organic devices such as organic solar cells, a comprehensive understanding of
the contacts is essential. However, despite the vast progress made, a fundamental theory of the physical
processes taking place at the contacts is still lacking. In this work, a numerical device model is used to
clarify the effect of imperfect contacts in organic bulk heterojunction solar cells. The effect of increased
injection barriers, reduced surface recombination, interfacial minority carrier doping, and traps for majority
carriers at the electrodes causing reduced efficiencies is simulated. Two distinctly different underlying
mechanisms leading to different S-shaped features are found, both leading to an effective shift of the built-
in voltage. In the case of an extraction barrier to majority carriers at the contact, such as reduced surface
recombination, the S kink is due to an induced diffusion potential. In the case of interfacial doping or traps,
the S kink results from band bending caused by the fixed or trapped space charge. We derive analytical
expressions describing the effective reduction of the built-in voltage and the (effective) open-circuit voltage
providing means to quantify and distinguish the mechanisms. We show how to experimentally differentiate

between these effects and provide tools to extract the relevant physical parameters.

DOI: 10.1103/PhysRevApplied.1.024003

I. INTRODUCTION

Organic solar cells have recently reached power con-
version efficiencies over 10% [1]. The main advantages are
the potential for large-scale production of light-weight and
flexible thin films using small amounts of material and low
processing temperatures making roll-to-roll printing from
solution on flexible substrates possible [2—4]. Furthermore,
the properties of organic materials can be manipulated on
the molecular level using organic chemistry [4]. However,
in order to make organic photovoltaics a competitive way
of producing energy, the stability and lifetimes of the solar
cells need to be increased [5,6]. To achieve this, more
insights about the degradation processes are needed.
Furthermore, in order to improve the device performance
using new materials, it is essential to understand the effect
of imperfect contacts.

The bulk heterojunction (BHJ) solar cell consists of a
blended donor-acceptor active layer, usually a polymer-
fullerene, forming an interpenetrating network. To ensure
efficient charge extraction, the active layer is sandwiched
between a hole-collecting anode and an electron-collecting
cathode. Ideally, photogenerated holes are driven to the
anode and electrons to the cathode by a built-in voltage
where they will be collected to the external circuit [3,7]. We
will, consequently, refer to holes and electrons as majority
carriers at the anode and cathode, respectively.
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The device performance of a solar cell is directly
associated with the current-voltage characteristics (JV
curve) obtained under illumination, the key parameters
being the open-circuit voltage (V.), the short-circuit
current (Jg.), and the fill factor (FF). A reduced device
performance caused by imperfect contacts is, thereby,
directly linked with a reduction of one or more of these
key parameters. Perhaps the most prominent feature of
imperfect contacts in organic BHJ solar cells is the
appearance of an S kink in the JV curves under illumination
giving rise to a strongly reduced FF. Doping caused by
oxygen exposure [5,8], diffusion and accumulation of
organic impurities to an electrode interface [9], vertical
phase segregation [10], energy barriers to extraction [11],
reduced surface recombination for majority carriers [12],
increased injection barriers [13,14], or poor quality of the
interfacial layers between the electrode and the organic
layers have been attributed as possible sources.
Additionally, defects, surface dipoles, and traps at the
electrode interfaces have been discussed [15-17].

Controlled doping of organic solar cells can experimen-
tally be realized by introducing dopants into the active layer
[18-20]. It has been shown, however, that also charged
defects in the organic materials can give rise to (uninten-
tional) doping of the active layer [21,22]. Charged species
in the active layer can originate from oxygen, organic
impurities, or metal atoms from the electrodes. In some
cases, water and molecular oxygen have been found to
diffuse into the active layer through grains and pinholes in
the electrodes, respectively [5]. It is well known that
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polymer solar cells usually suffer from photo-oxidation in
the presence of oxygen and/or water creating charged
species in the active layer [5]. The presence of water
and oxygen near the electrodes might, therefore, give rise to
a doping profile close to the contacts under illumination.

Mateker et al. [9] observed S-shaped JV curves that
developed over a time interval of a couple of months in
solar cells consisting of a blend of high-molecular weight
poly(di(2-ethylhexyloxy)benzo[ 1,2-b:4,5-b’ dithiophene- co-
octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD) and
[6,6]-phenyl C61-butyric acid methyl ester (PCBM). The
inflection points are located in the reverse bias, far from the
observed V. in these devices. They attribute the S-shape
features to be a consequence of diffusion of organic
impurities accumulating at and possibly reacting with
the cathode [9].

Flexible device models are vital in order to understand
the electrical behavior in organic devices and be able to
interpret experimental data. Furthermore, a deeper under-
standing of the underlying physics is essential in order to
improve and develop new experimental methods. To
accurately describe the microscopic processes involved,
Monte Carlo simulations are preferred [23]. However, these
models are usually computationally time consuming, and a
large part of the flexibility is lost. Macroscopic models
based on a drift-diffusion approach, although computation-
ally cheap, still contain relevant physics and have been
successfully used in the past to describe the electrical
behavior of organic BHJ solar cells [24-29].

Drift-diffusion models have also proven useful for
investigating various contact-related effects in organic bulk
heterojunction solar cells [11,12,15-17,29-35]. Aided by
macroscopic simulations, Wagenpfahl et al. [12,32] found
significantly reduced surface recombination velocities for
majority carriers as a possible source to S-shaped JV curves
and attributed the resulting band bending from the accu-
mulated majority carriers as the reason for the deformed
characteristics. A reduced surface recombination can be
caused by an insulating layer at the electrode formed by
unintentional oxidation, or a blocking layer. S-shaped JV
curves can also be produced by explicitly introducing
energy barriers to extraction (of majority carriers), as
extensively investigated both experimentally and numeri-
cally by Tress et al. [11,33,34]. Furthermore, S shapes can
also be obtained by implementing a reduced mobility
profile for majority carriers near the electrode [35]. The
effect of bulk doping in organic solar cells has been
previously investigated using drift-diffusion models by
several groups [36-38]; however, to our knowledge, no
one has explicitly examined the effect of minority carrier
doping (holes at the cathode and/or electrons at the anode)
in the vicinity of the electrodes by means of electrical
simulations. Furthermore, analytical expressions of how to
quantify and distinguish between different mechanisms
leading to S-shaped currents in BHJ solar cells are lacking.

In this paper, various contact effects leading to S-shaped
JV curves in BHJ solar cells are investigated and compared
by means of numerical drift-diffusion modeling. The
influence of a reduced surface recombination velocity for
majority carriers, interfacial doping of minority carriers in
the vicinity of the electrodes, as well as traps at the
electrodes are simulated. The emphasis is on obtaining
an understanding of the underlying physics of how these
factors alter the driving force for charge extraction giving
rise to S-shaped JV curves. Since the driving force in BHJ
is ideally provided by the built-in voltage, the effect of
increased injection barriers and the role of the built-in
voltage is analyzed also to provide a baseline for the
discussion. The open-circuit voltage is known to be limited
by the electrode work functions and the built-in voltage for
unoptimized contacts [3,39,40]. An unintentional reduction
of the built-in voltage might, therefore, lead to a reduction
of the open-circuit voltage. The exact dependence between
the built-in voltage and the open-circuit voltage at room
temperature is still under debate [3,39-41]. In this paper,
however, an analytical approximation for the open-circuit
voltage explaining the injection barrier dependence and the
role of the built-in voltage are presented also. Note that the
effect of reducing the surface recombination for minority
carriers is not considered in this work.

II. THE MODEL

Charge transport in disordered organic semiconductors is
usually described by hopping transport in a Gaussian
density of states (DOS) [42]. However, such a distribution
can effectively be divided into two sets of states: con-
ductionlike shallow states where the transport resembles
band transport and traplike deeper lying states [3,27]. The
charge transport can, therefore, be described by drift and
diffusion of charge carriers in the conductionlike states.
However, using effective macroscopic carrier mobilities
Hn(p) instead, the drift-diffusion relations for the total
electron density n in the LUMO (lowest unoccupied
molecular orbital) DOS and the total hole density p in
the HOMO (highest occupied molecular orbital) DOS can
be used [43,44]. We note that to explicitly take the effect of
hopping transport and morphology into account, other
models, such as kinetic Monte Carlo or multiscale model-
ing, are preferred [23].

The active bulk heterojunction layer is assumed to
behave like an effective (intrinsic) semiconductor, where
the holes are transported in the donor phase and the
electrons in the acceptor [24]. The anode and cathode
interfaces are defined at x =0 and x = d, respectively,
where d is the active layer thickness. A schematic picture is
shown in Fig. 1(a). The numerical device model solves the
one-dimensional carrier continuity equations coupled to the
drift-diffusion equations. For electrons (holes), the con-
tinuity equation reads
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FIG. 1. Schematic of the energy diagrams in a BHJ solar cell.

(a) Ideally, the majority carriers are driven to the respective
electrode by a built-in voltage given by the electrode work
function difference. The majority carrier injection barrier at the
anode (holes) and the cathode (electrons) is given by ¢,, and @,
respectively. (b) The minority carrier doping is implemented by
setting a fixed space charge in the vicinity of the electrode
ranging a thickness d,. into the active layer. (c) An extraction
barrier, effectively described as a reduced surface recombination
Sp.ca» possibly created by an insulating oxide layer at the
electrode. (d) A large density of (extrinsic) traps and/or charged
species in a region near the electrode giving rise to a trapped or
fixed space charge. As the trapping and release events slow down,
the transport shallow traps can effectively be described by a
reduced mobility. Note that if the density of gap states in (c) is
large, transport via gap states in the insulating layer might
become significant.

LdJ )

+G,—R=0, (1)
(g dx

with the current densities given by drift and diffusion as

d

T = quanF + p, kT2 @)
dx
dp

Note that the Einstein relation gD, (,) = p,(, kT relating
the diffusivity with the mobility is used in Egs. (2) and (3)

[45]. The carrier densities in a Gaussian DOS (using the
Boltzmann approximation) are then expressed as [46]

Ep, — E \%
n = NC CXP<%> ENC exXp (_ qkaz), (4)

B E,—Ep,\ qv,
mew( T )—Nwm< M,,(S

where N, is the effective density of states, and E,,)
corresponds to the LUMO (HOMO) levels shifted by
6i< /2kT into the gap from the center of the Gaussian

p)

DOS [0, is the width of the DOS].

The photogeneration rate of free charge carriers G; is
assumed to be constant throughout the active layer. The
dominating recombination rate is assumed to be a bimo-
lecular Langevin process

R = f(np —n}), ©)

with the bimolecular recombination coefficient given by
B =L (up +p,) and where pn? = BN N, exp (— %) is
the thermal generation rate (note that G; > ﬂn%), and
E_';A = E. — E, is taken as the effective band gap.

The space charge is related to the electric field F' via the
Poisson equation:

dF q
E:_g_go(n_p—'—Np_Nn"—nt_pt)v (7)
where N, is the concentration of p(n) dopants and

p,(n;) is the density of holes (electrons) trapped in trap
states originating from extrinsic sources (not LUMO or
HOMO). Interfacial minority carrier doping in the vicinity
of the cathode is realized by setting the doping concen-
tration of holes N, nonzero for x > (d — d.), where d is
the thickness of the doped layer and zero otherwise [see
Fig. 1(b)]. An analogous treatment is used to implement
traps at the electrodes.

The total internal voltage over the active layer is given by

d
V — Vbi = / Fdx, (8)
0

where V is the applied voltage, and the built-in voltage is
determined by the work function difference of the electro-
des: ¢V, = ®,, — P, The charge injection and extraction
at the electrodes is described in terms of an effective surface
recombination [12,15]. The electron current at the cathode
reads

Jn(d) = _qsn,cat(n(d) - ncat)’ (9)

where ng, is the cathode electron density during thermal
equilibrium, and S,, ., is the electron surface recombination

024003-3



SANDBERG, NYMAN, AND OSTERBACKA

PHYS. REV. APPLIED 1, 024003 (2014)

velocity at the cathode, effectively describing the electron
transfer (hopping) rate between the electrode and the active
organic layer surface. The injection barriers for the majority
carriers are denoted by ¢, and ¢,, at the cathode and the
anode, respectively, and defined as ¢V,|., = ¢eu and
gV plan = @an [see Fig. 1(a)]. (For minority carriers, we
have qvp'cat = EgDA — @ea and gV, |, = EgDA — Pan.) For
an ideal contact, the surface recombination velocity is
infinite [n(d) reduces to n., in Eq. (9)]. In practice, a
contact is considered ideal (for majority carrier extraction)
if the charge extraction is limited by the charge transport in
the active layer. If we assume that the bulk transport is drift
dominated, the condition for an ideal contact is then
S > pF. In this case, there is no extraction barrier present,
and the charge injection is limited only by the thermionic
injection barrier ¢ (the thermally activated carrier density at
the contact) and not the charge-transfer rate. In contrast, if
S <« pF, both charge injection and extraction become
contact limited. Here, we use the value S = 10° ms~!
for an ideal contact. Note that in organic solar cells, the
ideal case scenario is when S = co for majority carriers
(ideal extraction) and S = O for minority carriers (perfect
blocking).

III. RESULTS AND DISCUSSION

The default parameters we use in the simulations are
given in Table I. Unless otherwise stated, these parameters
will be used. The mobilities are set equal to ease the
analysis, and the generation rate of free carriers is set to
correspond to a saturated net photocurrent density of
Johsat = qGrd = 100 Am~2, where the thickness of the
active layer is d = 100 nm. The undoped trap-free case
with nonselective ideally extracting contacts (S, ., =
Spcat = Span = Snea = 10° ms™!) is referred to as the
ideal case in this paper. Unless otherwise stated, low
injection barriers (@ey = @an = 0.10 eV) are assumed.
In the simulations, starting from the ideal case, the cathode
(or region near the cathode) is gradually degraded by either
reducing the surface recombination velocity for electrons or
introducing an adjacent layer with either a fixed negative
space charge (p doping) or traps next to the contact. Note

TABLE 1. Input parameters in the simulations. Unless other-
wise stated, these parameters have been used in the simulations.

EDA 12 eV

T 300 K

£ 34

d 100 nm

N. N, 10%° m=3

s My 1078 m? v-1s~!
G. 6.24 x 10’ m™3s7!
@eats Pan 0.10 eV

0 —1
Sp.am Sp.cat’ Sn,am Smcat 10° ms

that since symmetric parameters are chosen, the case with
degrading the anode instead is completely analogous.

A. Increased injection barriers

To provide a baseline for the discussion, we first
investigate the effect of increased injection barriers on
the open-circuit voltage in ideal devices. Note that an
increase of the cathode (anode) injection barrier is equiv-
alent to an increase (decrease) of the cathode (anode)
work function (cf. Fig. 1). From Eqgs. (4) and (5), the quasi-
Fermi level difference between electrons and holes can be
written as

EFn_EFp:E]g)A_qu_an‘ (10)

Since In(np) « (Ep, — Ep,), the maximum obtainable
open-circuit voltage determined by the largest photogen-
erated quasi-Fermi level difference inside the active layer is
given by

qvoc,max = E_](/)A - 5[) — Ops (1)

where 6,(,) = gV () |x:xmax with x,,,,, corresponding to the
point in the active layer where the product np is the largest.

At open-circuit conditions, the photogenerated charge
carriers are canceled by recombination. If the dominating
recombination mechanism is bimolecular, we have that
G, ~ f(np — n?) at xp,,, and, consequently,

kKT BN?> kT, p
5, = —1 —In—, 12
= T, (12)
kKT BN2 kT . n
6, = —1 —In—, 13
» 2nG+2np (13)

where G = G, + fpn?. Direct insertion in Eq. (11) gives

N, N ..
Voo = EDM mn/%, (14)

as expected for bimolecular recombination in case of low
injection barriers [24,48,49].

For unoptimized contacts, however, the open-circuit
voltage is known to be injection barrier dependent
[39,40]. To understand this behavior, consider a device
with ideal contacts. At open-circuit conditions, the output
voltage determined by the quasi-Fermi level difference
between the contacts is given by

quc = EFn|cat - EFp|an' (15)

Utilizing the metal-insulator-metal concept, the following
analytical expression explaining the injection barrier
dependence is found for the open-circuit voltage (see
Appendix A):
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qVoe = EEA — max ((panv 5[)) — max ((pcat’ 6n) (16)
The derivation based on a drift-diffusion approach is
presented in Appendix A. The relation between photo-
generated carriers can be approximated as p,n,;, ~ p,p
[47]. Using this approximation in Eq. (12) [Eq. (13)], one
finds

kT ﬁNz(y)

Hp(n)

KT Hate) a17)

This approximation is expected to break down at strongly
imbalanced charge transport.

The simulated JV curves, both as a function of the
applied voltage V and as a function of the total internal
voltage (V — Vy;), are shown in Fig. 2. Three different
regimes for the open-circuit voltage as a function of the
injection barriers are found, in complete agreement with
Eq. (16). Note that 6, and §, are both around 0.25 eV in
Fig. 2. When both injection barriers are high, the open-
circuit voltage is directly determined by the built-in voltage
(Vo = Vi) given by the electrode work function differ-
ence, or, equivalently,

1
Vbi = a(Elg)A — @Pan — (pcat)' (18)

If, on the other hand, both injection barriers are low
[@cat(an) < On(p))s the open-circuit voltage becomes inde-
pendent of the injection barriers (V.. < V,;) and closely
given by Vi.m. as per Eq. (14). The third scenario
corresponding to the set of curves in the middle in
Fig. 2(b) results when one of the injection barriers is high
and the other is low. In this case, the open-circuit voltage
depends only on the high injection barrier.

We stress that the influence of possible charge-transfer
states [50], as well as the effect of disorder [51], are
implicitly included in the effective band gap Ep* [49]. We

further note that using the same approach as given above, it
is straightforward to extend Eq. (17) to the case with purely
trap-assisted recombination [28,49].

B. Reduced surface recombination for majority carriers

Simulated JV curves demonstrating the effect of reduced
surface recombination velocities for electrons at the cath-
ode are shown in Fig. 3(a). For comparison, also aJV curve
for an ideal device but with an increased electron injection
barrier is included and depicted by the thin dashed line.
Interestingly, as long as only the working regime of the
solar cell is considered (V < V), a sufficient reduction of
the surface recombination velocity S, ., seems to be
equivalent to effectively increasing the injection barrier
Q.o Of an ideal device. In contrast to the case in Fig. 2,
however, when the voltage is increased close to and above
Ve, the current remains relatively close to zero until the
open-circuit voltage for the ideal device with low injection
barrier is reached, resulting in an S shape. Note that a
significantly reduced surface recombination for electrons at
the cathode reduces both the extraction and injection of
electrons at the cathode, leading to forward currents solely
given by hole injection from the anode [12].

To relate the reduced surface recombination to an
effective shift of the injection barrier, consider a BHJ solar
cell having a reduced S, .. Neglecting space charge
effects, the electric field is essentially zero at ideal flatband
conditions and the transport is diffusion driven. Because of
the (electron) blocking character of the cathode, the
direction of the diffusion current will be towards the
cathode (electrons diffuse towards the anode). Under these
specific circumstances, the cathode current is given
by J,(d) z% (d), where L, is the diffusion length.

According to Eq. (9), we can now rewrite

A
() = newenp (- 552 (19)

T

100 9o = 0.10 €V - 100 [ U j
80| 0, =030eV = 80 |- LoeemT ]
,°
60f 0,y =050 8V 60| K ]
40 == "0 = 0108V wf J/ ]
— o[ " T0w=030eV — 20| J 1
E ---np,=050eV c
X 0 a S 0
- 20t 9, =0.10eV S 20f 1
40 ¢,,=0.60 eV 40 <
-60 - 60 [ .
80 | P ’! % -80 «
-100 -100 .
. . . . . . . . . . . .
15 10 -05 00 05 10 15 15 1.0 05 00 05 10 15
VIV V-V, IV

FIG. 2. Simulated JV curves for an ideal BHJ solar cell under illumination for varying electron injection barriers ¢, are displayed in
(a). The solid lines correspond to a fixed hole injection barrier of ¢,, = 0.10 eV, while the dashed lines correspond to ¢,, = 0.60 eV. In
(b), the simulated curves are rescaled as a function of the total internal voltage (V — V).
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FIG. 3. Simulated JV curves of a BHJ solar cell under illumination for varying surface recombination velocity S, ., at the cathode
(colored lines). For comparison, also a JV curve with S,, ., = 10° ms™! but with an increased injection barrier ¢, iy given by the black
dashed line is plotted in the figure. In (b), the simulated curves are rescaled as a function of an effective internal voltage (V — Vy; o),
with the corresponding effective built-in voltages given by qVyierr = gV — Ay car

where Ag ., = kT'In (1 + SD—) is the effective shift of the

ncatln

built-in voltage induced by the increased diffusion potential
formed by a reduced surface recombination of majority
carriers. The effective shift A .,  may also be interpreted as
the effective extraction barrier that a reduced S, ., corre-
sponds to. At open-circuit conditions (assuming the device
is thin), the profiles for the charge carriers generated
uniformly throughout the device are symmetric, and we
approximate the diffusion length by L, :‘51 [24]. Using
gD,, = u,kT, we obtain

(20)

2, kT
Asqcat:len<1+ atl )

an,catd

The effective electron injection barrier during extraction
conditions may then be written as

Peatett = Pear T AS.,cah 21

where Ag ., is given by Eq. (20). Analogous expressions
are valid for the case with a reduced hole surface recombi-
nation velocity at the anode. Indeed, the effective increase

of the injection barrier required to fit the nonideal JV curves
in Fig. 3(a) with the otherwise ideal device (thin dashed
line) is closely given by Eq. (20).

In Fig. 3(b), the currents are rescaled as a function of
(V= Viier) with the effective built-in  given by
qVviert = qVvi — Ag - Given the crudity of the analytical
model, a striking agreement is found between the numerical
simulations and the analytical model [Eq. (21)] when
J < 0. The influence of imbalanced mobilities is simulated
in Fig. 4. A slight deviation between the nonideal curves
and the ideal curves, with ¢, effectively shifted by
Eq. (20), starts to emerge in the reverse photocurrents of
Fig. 4(a) when p,, > u,. This deviation is explained by an
increased bulk recombination of majority carriers in this
case. Simulated JV curves with and without band bending
(space charge effects) realized by setting dF'/dx = 0 in the
numerical model are shown in Fig. 5. As evident from
Fig. 5, space charge effects and band bending per se are not
needed to reproduce the S kink.

The effect of an extraction barrier, such as a reduced
surface recombination velocity, for majority carriers is to
decrease the effective driving force (built-in voltage) a

40f s =10°ms’,u =10°mV's"
s
—_—u =10 MV s
20 "
—_—, =107 Vs
off =——n,=10"mV's"
b= 107 m?

mV's"
-20

J[A/mM?]

40 -

-60 |

-80

-100

408l's. =10°ms", p =10°m*V's"
ncat y

I R 10° m*V's™
—, =107 mV's"
of =—u,=10"mV's"

0= 10" mA/'s”

-20

J[A/m?]

40 -

-60 |

-80

-100 B

FIG. 4. Simulated JV curves with imbalanced mobilities and a reduced surface recombination for electrons at the cathode for (a)
varying electron mobilities and (b) varying hole mobilities. The thin dashed lines correspond to the respective ideal JV curves but with
effectively increased electron injection barriers as per Eq. (21) in the main text.
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OF  cameas a), but
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J [A/m?]

40 F

-60 +

Y

-100

=20 +

J [A/m?]

.40 |

-60 +

-80 +

-100 - s

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
V[V]
(@

FIG. 5.
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(a) Simulated JV curves with and without a reduced surface recombination for electrons at the cathode. The corresponding JV

curves of an otherwise ideal device but with an effectively increased injection barrier as per Eq. (21) are included, depicted by the dashed
lines. (b) Same as in (a) but neglecting band bending (space charge effects). [Note, however, that by neglecting band bending
(counteracting the diffusion potential), a larger number of carriers is allowed to diffuse from the contacts increasing the recombination at

short-circuit conditions.]

generated carrier experiences in the device during extrac-
tion conditions (J < 0). This reduction is seen as an
effective increase of the injection barrier at the respective
electrode. Based on the results above, we argue that the
reduced FF in the S-shaped JV curves formed upon
significantly reducing the surface recombination velocity
is not due to space charge effects per se but rather a
consequence of the induced diffusion potential (additional
asymmetry) that an accumulation of charge -carriers
brings about.

C. Interfacial minority carrier doping in the vicinity
of the electrodes

The case with a doped layer of holes adjacent to the
cathode [see Fig. 1(b)] is simulated in Fig. 6. In Figs. 6(a)
and 6(c), the effect of increasing thickness d,. of the doped
layer and concentration of dopants N, on the JV curve is
shown, respectively. In this case, a slightly different kind of
S-shaped behavior is found, as compared to the case with
reduced surface recombination velocities. Note that d,, = d
corresponds to the case when the entire active layer is
doped (bulk doping).

For current densities below the open-circuit voltage
(V < Vo), two different regions can be observed, provided
that the doping concentration is high enough. At voltages
close to V., the electric field is strongly screened by the
space charge at the electrode, and the currents are strongly
dominated by diffusion and recombination. Interestingly,
the currents in this voltage region are identical to the case
with same concentration of dopants but where the doping
extends throughout the whole active layer. On applying a
higher (negative) electric field, eventually an increase in the
magnitude of the photocurrent (away from the bulk-doped
case) is obtained, after which the current saturates to the
ideally extracting case but with an effectively increased
injection barrier. The S kink marks the transition between

the behavior of a bulk-doped device and that of an undoped
device.

To shed light on this behavior, consider a bulk-doped
organic BHJ solar cell. If the doping is high enough
(N,23x10*2 m™3), a negatively charged depletion
region will form near the cathode, over which the total
internal voltage (V — Vy;) will drop [36,38]. Assuming a
spatially constant doping concentration throughout the
active layer, the thickness of the (abrupt) depletion region
of fixed space charge is [52]

2eey(Vi — V)

N (22)

w =
P

Note that since the electric field will be zero inside the
neutral region [0 < x < (d — w)], the current is dominated
by diffusion in this region. Now consider the case with
interfacial doping, where a thin layer d, at the cathode is p
doped. As long as w < dg, Eq. (22) is also valid in this
case, since in both cases the total potential drop over the
“neutral” region (x € [0,d —w]) is zero, as evident from
the simulated band diagrams in Fig. 7. When V,; — V is
increased to such an extent that w = d. is reached, the
voltage drop over the depletion region is given by

q 2eg
where A, ., is the magnitude of the band bending from the
fixed space charge over the thickness d .. However, since
there are no dopants in the region x € [0,d — d], this
corresponds to the point where the depletion region has
reached its maximum value. By further increasing Vy; — V,
the additional potential difference now drops over the
undoped region, increasing the electric field over the
active layer. Consequently, the ideal (undoped) case has
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FIG. 6. Simulated JV curves for a BHJ solar cell under illumination for (a) varying thickness d,. of the minority carrier doped layer at
the electrode and (c) varying concentration of fixed minority carrier dopants. In (b) and (d), the curves from (a) and (c), respectively, are
rescaled as a function of the effective internal voltage (V — Vy,; or), the effective built-in voltage given by gV, oif = Vi — A, o Where
A, ¢ 18 given in the text. The thin solid line represents the case for an ideal JV curve but with an effectively increased cathode injection

barrier.

been regained but with the built-in voltage effectively
replaced by
qVviett = qVi — Ap,cat’ (24)
where the band bending A, ., given by Eq. (23) can be
viewed as an effectively increased injection barrier:
Peareft = Peat T Ap - In Figs. 6(b) and 6(d), the curves
from Figs. 6(a) and 6(c), respectively, are rescaled as a
function of the effective internal voltage V — V\; ¢y over the
(undoped) active layer, where V\, ¢+ is given by Eq. (24).
The thin black line corresponds to the ideal (undoped) case
but with an effectively increased cathode injection barrier.
Again, a striking agreement between the simulations and
Eq. (24) is found within the undoped voltage region.
The behavior of minority carrier doping in the vicinity of
the electrode is completely analogous to the case with
reduced surface recombination velocities in terms of an
effective built-in voltage. The mechanism leading to the
S-shaped JV curves is, however, distinctly different for
interfacial minority carrier doping. In this case, space
charge effects and band bending at the interface are clearly
important, and the S kink results from the transition
between a region, where the field inside the bulk is strongly
screened by the fixed space charge to a field-driven region

2.0 — , , , . .
24[
28l
32l

36F 3
4.0+
44l
48l
5.2

2.0
24|
28}
32k
36
40}
44l
48}
52

Energy [eV]

Energy [eV]

FIG. 7. Simulated band diagrams for cell under illumination at
varying applied voltages for (a) p doping in the vicinity of the
cathode ranging a thickness d,. = 10 nm into the active layer and
(b) an entirely p-doped solar cell (d,, = 100 nm). The edge of
the depletion layer of fixed space charge with the thickness w
given by Eq. (22) is indicated with an arrow for the different
applied voltages. The cathode is chosen as a reference electrode
with the Fermi level at —4.0 eV.
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where the depletion layer formed by the fixed space charge
has reached the thickness of the doped region. The field-
driven region corresponds to the ideal case but with the
built-in voltage effectively reduced by the band bending
from the fixed space charge.

D. Effect of traps for majority carriers
at the electrode interfaces

The influence on JV characteristics of a large electron
trap density near the cathode interface is simulated
in Fig. 8. Single-level traps with a trapped electron density
n, = N,[1 + exp( ““" Er —m =] " and a trap depth of
E, = E. — Eyyp, where N, is the trap density and E,, is
the trap level, have been assumed. In Fig. 8(a), the trap
depth is varied. In case of deep traps (E, = 0.5 eV), the
density of trapped electrons is n, % N, effectively acting as
a fixed space charge, and, thus, completely equivalent to the
case with interfacial minority carrier doping. For shallow
traps, however, the trap-filling effect becomes important.
The space charge from the occupied shallow traps is,
consequently, voltage dependent in this case, and a dis-
tinctly different S shape is found. In Fig. 8(b), JV curves for
varying trap density N, with E, = 0.3 eV (shallow traps)
are shown. Eventually, when a high enough reverse bias is
applied and the trap-filled limit is entered, the ideal
photocurrent behavior (with a built-in voltage effectively
shifted by the band bending from the filled traps) is
regained.

By instead reducing the majority carrier mobility y, near
the electrode, as depicted in Fig. 8(c), a similar behavior
as in Fig. 8(b) is found. This is because the effect of
shallow traps can be incorporated in an effective
mobility y, & ,u [53]. The deviations between the curves
in Figs. 8(b) and 8(c) (especially seen in the forward
currents), mainly arise from the abrupt mobility difference
at the interfaces of the low-mobility region creating addi-
tional barriers to extraction and injection in this case. We

note that a reduced mobility near the electrode interface can
also be used to effectively describe transport through gap
states in an insulating layer at the electrode, e.g., formed by
unintentional oxidation of the electrode [see Fig. 1(c)]. If
the insulating layer has a high barrier to extraction but
contains a large density of gap states, transport through gap
states might become important.

The effect of deep traps for majority carriers at the
electrode is equivalent to minority carrier doping in the
vicinity of the electrodes, the sharp S-shaped JV curves
being a direct consequence of the fixed trapped space
charge at the electrodes. In case of shallow traps, the space
charge is voltage dependent as the trap filling becomes
important. Consequently, a prolonged S-shaped region is
found. A similar S-shaped behavior is found between
shallow traps for majority carriers and reduced majority
carrier mobility profile near the electrode; however, an
additional effective barrier to extraction is formed in the
reduced mobility case.

E. How to experimentally distinguish between
different contact-related mechanisms leading
to S-shaped JV curves

The different mechanisms resulting in S-shaped JV
curves presented above show distinctly different behaviors.
When comparing a nonideal device to an ideal one, it is in
some cases possible to determine the dominating under-
lying mechanism causing the S kink. The clarification and
quantification of the underlying mechanisms will be easier
and more reliable if an ideal JV curve is available as well as
the nonideal. For example, when performing degradation
studies or when replacing a metal contact with cheaper
alternatives, an ideal device is often available. However,
when developing new materials and device architectures,
the ideal JV is not available, and in these cases, quantifi-
cation of the relevant factors is difficult, but some con-
clusions can be drawn from the shape of the JV curves.

T T T T

100 100 F

T
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T T T T T T

4 100 -

. .
trap free U / b
80 ----E=020eV 80 ——N=1x10"m® B0 emmy = 1x10%, ]
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FIG. 8. Simulated JV curves having various densities of majority carrier traps near the electrode ranging d,. = 7 nm into the active

layer from the electrode for (a) varying trap depth E, and (b) varying trap density N, with a trap depth of E, = 0.3 eV corresponding to
shallow traps. In (c), the trap-free case but instead with a reduced majority carrier mobility at the region ranging 7 nm into the active layer

from the electrode is shown.
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In order to do this, one should first look at the position of
the inflection point (located near the green stars in Fig. 9).
In the case of reduced surface recombination, the inflection
point is positioned in the vicinity of the x axis. By shifting
the nonideal JV curve so that it overlaps with the ideal one
(in reverse bias), as shown in Figs. 9(a) and 9(b), the shift
AV between the ideal V¢ and the nonideal effective

noneff (oreen stars in Fig. 9) can be expressed as

qAVgEf = Acat(an) + Pcat(an) — MaX (gocat(an)’ 5n(p))7 (25)

where A y(an) 18 the effective shift of the built-in voltage. In
case of a reduced surface recombination for electrons
(holes) at the cathode (anode), Acy(an) = Agcar(an)- From
Eq. (25), the effective shift Ag .y an) Of the built-in voltage
and, thus, the reduction in the surface recombination
velocity can be determined as per Eq. (20). Note that
taking N.~N,, we may rewrite Eq. (17): &, ~

TIEPA — qVoemax — kT ln(%)] where V. max 18 the open-

circuit voltage of the ideal device with Ohmic (optimized)
contacts. If the injection barrier @cyan) > 6n(p)> Eq. (25)
reduces t0 gAVES = A y(an)-

If the ideal JV curve is not available, the distance
between the two inflection points can be used as an

approximate assay of the surface recombination velocity:
the longer the distance between the inflection points, the
lower the surface recombination velocity. This is a useful
rule of thumb when comparing several nonideal JV curves.
However, due to the exponential dependence on Ag, it is
difficult to quantify the surface recombination velocity in
this case.

In the case of deep traps (or doping) and shallow traps,
the inflection point appears below the x axis (higher trap
density moves the inflection point towards the x axis). The
current at strong reverse bias corresponds to the undoped
case, whereas close to the inflection point, the current
corresponds to the case where the concentration of trapped
or fixed space charge stretches through the whole of the
bulk. The deeper the traps, the sharper this transition is. By
shifting the ideal JV curve to overlap with the nonideal one,
as shown in Figs. 9(c) and 9(d), the effectively shifted open-
circuit voltage Vi™ can be estimated and AVE! evalu-
ated. Using Eq. (25), the effective shift of the built-in
voltage that is caused by a fixed or trapped space charge
density in the vicinity of the electrode can be determined.
This shift is related to both the density and the thickness d.
of the fixed space charge layer through Eq. (24). In
principle, it should be possible to independently determine
the density either by using Mott-Schottky analysis (within
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FIG. 9. Method to extract the relevant contact-related parameters from JV curves (see main text). The case with a reduced surface
recombination illustrated in (a) and (b), while the case with interfacial doping at the cathode interface is given in (c) and (d). The
effective V. shift between the ideal and the cell with a nonideal cathode is given by gAVE! = A, — max (5,, Pey) + Pear From the JV
curves in (a) and (b), AV is found to be 0.20 and 0.45 V, respectively, leading to Ag 2 0.45 eV. Using Eq. (20), we find
S, cat & 1071 ms~! (in accordance with the input value). In a similar fashion, AVET is found to be around 0.95 and 1.2 V in (c) and (d),
respectively, giving A, . ~ 1.2 eV. Note that if the cathode injection barrier ¢, is high, gV = Ay

024003-10



EFFECT OF CONTACTS IN ORGANIC BULK ...

PHYS. REV. APPLIED 1, 024003 (2014)

the voltage range where the current is dominated by
doping) [38], or charge extraction by linearly increasing
voltage [54]. The current extrapolated from the inflection
point towards reverse bias [the dotted (bulk-doping) line in
Figs. 9(c) and 9(d)] corresponds to constant doping con-
centration. Note that if the ideal JV curve is not known in
this case, the effective shift can be approximated by the
distance between the two inflection points.

In the cases of shallow traps and/or reduced effective
mobilities, the trap concentrations and mobilities are
difficult to quantify. However, by observing the position
of the inflection point and how quickly the reverse bias
current saturates, one can draw some conclusions as to what
is the dominating effect.

As a practical demonstration, this approach is applied to
the experimental results reported by Mateker et al. [9],
where it was observed that an S kink developed over time.
The inflection point is located far in reverse bias, well
below the x axis, which implies that the kink is due to
doping near the interface, consistent with their explanation.
The S-shaped JV curves reported by Lilliedal et al. [8] on
inverted P3HT:PCBM cells containing electron-collecting
layers of ZnO, on the other hand, seem qualitatively similar
to the case with reduced mobility near the electrode. As the
cells were stored and operated in ambient air, a mechanism
based on the formation of oxygen radicals in ZnO was
proposed as the underlying reason for the inflection points
[5,8]. As negatively charged oxygen radicals are expected
to slow down the electron transport in the ZnO layer, an
effectively reduced electron mobility at the cathode is in
agreement with the proposed mechanism.

IV. SUMMARY

We use a numerical device model to clarify the effect of
imperfect contacts leading to S-shaped JV characteristics in
bulk heterojunction solar cells. The effect of reduced
surface recombination velocities, interfacial minority car-
rier doping, and traps for majority carriers at the electrodes
are simulated and compared to the case with increased
injection barriers. We find two different underlying mech-
anisms responsible for the S-shaped JV curves and are able
to derive analytical expressions to distinguish and quantify
between various contact-related mechanisms leading to
S-shaped JV curves. Also, an analytical expression explain-
ing the injection barrier dependence of the open-circuit
voltage is derived.

The effect of reduced surface recombination velocities is
shown to decrease the effective driving force (built-in
voltage), a generated carrier experience in the device.
This reduction is seen as an effective increase of the
injection barrier at the respective electrode and is not
due to space charge effects per se but rather a consequence
of the induced diffusion potential (additional asymmetry)
that an accumulation of charge carriers brings about. We

provide means to calculate the reduction in the surface
recombination velocity from actual measurement data.

The behavior in the case of minority carrier doping in
the vicinity of the electrode is completely analogous in
terms of an effective built-in voltage to the case with
reduced surface recombination velocities. The underlying
mechanism is, however, decidedly different. The S kink
results from the transition between a region where the field
inside the bulk is strongly screened by the fixed space
charge, to a field-driven region where the band bending
from the charged dopants reaches its maximum value
effectively shifting the built-in voltage. If this transition is
sharp, it is possible to estimate the doping concentration
and the width of the doping layer according to the recipe
given in Sec. IIIE.

The effect of traps at the electrodes is, in general, not
easily quantifiable. The effect of deep traps for majority
carriers at the electrode is equivalent to minority carrier
doping in the vicinity of the electrodes; the trap density can,
in this case, be calculated in the same way as the doping
concentration. In the case of shallow traps, the space charge
is voltage dependent, which results in a prolonged S shape
and makes it difficult to quantify the trap density.
Furthermore, the case of shallow traps is qualitatively
similar to reduced effective mobilities in the vicinity of
the contacts during extraction conditions.

In general, there might be several contact-related imper-
fections that give rise to S-shaped JVs, and in these cases, it
is difficult to determine exactly all the mechanisms
involved. However, the results we present here provide
tools to determine the dominating effect and, in some cases,
quantify the processes involved in the contact degradation.
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APPENDIX A: ANALYTICAL DERIVATION OF
THE OPEN-CIRCUIT VOLTAGE

In this section, an analytical expression of the open-
circuit voltage in bulk heterojunction solar cells assuming
the metal-insulator-metal picture is derived. To understand
the injection barrier dependence of the open-circuit voltage,
consider a device with ideal contacts at open-circuit
conditions. The output voltage is given by

qVoe = EFn|Cat_EFp|a.n’ (A1)
where  Epy(p)|ca(an) 18 the electron (hole) quasi-Fermi
levels at the cathode (anode). Denoting +AEp, ) =

Epn(p)l v,y = EFn(p)lcar(an) [Where xpq, is defined as in
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Eq. (11)], and further using Eq. (11), the open-circuit AEp, = AE, — 6, + Qoys (A3)
voltage can be rewritten as

qVoe = qVoemax — AEp, — AEF]:‘ (A2) AEFp =AE, — 5[) + @un, (A4)

Using Eq. (10), noting that qV,|,— =, and  where AE, = E/l, —E/|q and AE, = E,|,, —E,[, .
qVﬂ(p)'cat(an) = Peat(an)>, We rewrite AEp, and AEp, in  We further note that the electric field is related to E.

Eq. (A2) as and E, as
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FIG. 10. Simulated band diagrams (upper panels), carrier densities (middle panels), and carrier current densities (lower panels) for,
otherwise, ideal devices at open-circuit conditions (under illumination) but with the injection barriers: (a) @, = @ = 0.10 €V,
(b) @ = 0.10 eV and ¢, = 0.60 eV, and (¢) @, = @ = 0.60 eV. The corresponding output open-circuit voltages given by the
difference between the electron quasi-Fermi level at the cathode (x = d) and the hole quasi-Fermi level at the anode (x = 0) are
Voe = Voemax (@), Ve = %VOC.maX (b),and V. = 0(c), where V. n.x & 0.71 V. The quasi-Fermi levels are depicted by the thin dashed
lines in the upper panel. The input parameters are given in Table I.
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o VdE. _1dE,

= = , A5
q dx g dx (A5)
and that Egs. (2) and (3) can be rewritten as

dE
Jy = pun I , (A6)

dx

dEr
Jp=tpp—F (A7)

At open-circuit conditions, the total steady-state current
J=1J,+J, is zero at every point in the device. This
condition is fulfilled either when J,=J,=0 or
J, =—J, #0. Consider the following two cases for
electrons in the region X, < x < d:

(1) @ear < 6, In this case, ng, > nyp, where nyy, is the
photogenerated electron density. On applying a
positive voltage (V < Vy;), a large number of dark
carriers diffuse from the cathode into the device.
Open-circuit conditions are reached (V.. < Vy;)
when the drift current consisting of the photogen-
erated electrons is canceled by the large diffusion
current of dark electrons from the cathode so that
J, = 0. But according to Eq. (A6), this corresponds
to Er, ~ constant [see Fig. 10(a)] and, consequently,
AEg, =0.

(i) @ca > 6,. In this case, ny, > ng, [see Figs. 10(b)
and 10(c)]. Consequently, the diffusion current from
the cathode (V < Vy;) is not sufficient to cancel the
field-driven photocurrent. In contrast, the open-
circuit conditions are reached when the magnitude
of the electric field is reduced to such an extent that
F~0 and the electron current at the cathode
becomes driven by diffusion. This current is, cor-
respondingly, canceled by an equal but opposite
diffusion current of photogenerated holes, such that
J,~—J, #0. According to Eq. (A5), this corre-
sponds to AE,. ~ 0 and we obtain AEg, = @y — 6,

The two different cases, thus, read

AE,, — {0 if e < 85

if Qe > 6, (A8)

Pear — 5n

A completely analogous treatment for holes (when
0 < x < xpax) gives

0 if @gn < 5,

. A9
Pan — 6, 1f @y, > 6. (A9)

AEF[) - {

Combining Egs. (A8) and (A9) with Egs. (11) and (A2),
the open-circuit voltage is summarized in the following
form:

qVee = EEA — max (@, 6,) — Max (@ey, 6,).  (A10)

APPENDIX B: SIMULATED ENERGY LEVELS,
CARRIER DENSITIES, AND CURRENTS AT
OPEN-CIRCUIT IN IDEAL DEVICES

The spatial distributions of the band diagrams, current
densities, as well as the carrier densities in the active layer
at open-circuit conditions for three different cases are
simulated in Fig. 10. The simulations are in excellent
agreement with the analytical expressions found in
Appendix A. Note that in the case of @ey(an) < 9y(p), @
small deviation from J, = J, = 0 is seen at the cathode
(anode). This is due to the diffusion of minority carriers
being extracted at the wrong electrode. This current is
compensated by an equal diffusion of majority carriers
(such that J,, = —J)).

APPENDIX C: NUMERICAL METHODS

The coupled equations given in Sec. II are discretized
and decoupled using an iterative scheme by Scharfetter and
Gummel as outlined in Ref. [55]. This numerical approach
was used previously by several other groups [12,24,36].
The resulting tridiagonal system of decoupled equations are
implemented using the programming language C and
solved iteratively using the routine tridag from Ref. [56].
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