
Relating Charge Transport, Contact Properties, and Recombination to Open-Circuit Voltage
in Sandwich-Type Thin-Film Solar Cells

Oskar J. Sandberg,* Anton Sundqvist, Mathias Nyman, and Ronald Österbacka
Department of Natural Sciences, Center for Functional Materials, Åbo Akademi University,

Porthaninkatu 3, 20500 Turku, Finland
(Received 11 February 2016; published 12 April 2016)

To avoid surface recombination at the contacts and ensure efficient charge collection and high open-
circuit voltages (VOC) in organic bulk heterojunction and perovskite solar cells, selective contacts with
optimized energy levels are needed. However, a detailed theoretical understanding of how the device
performance is affected by surface recombination at the contacts is still lacking. In this work, the influence
of surface recombination on the open-circuit voltage in sandwich-type solar cells, with optically thin active
layers, is clarified using numerical simulations. Furthermore, analytical expressions are derived, directly
relating VOC to relevant device parameters, such as surface recombination velocity (Sp), mobility, and
active layer thickness. At large Sp, the surface recombination is determined by diffusion-limited transport
in the bulk. By reducing Sp, thus increasing the charge selectivity of the electrode, the surface
recombination is eventually reduced as the transport becomes limited by interface kinetics at the contact.
Depending on the interplay between surface recombination and bulk recombination, and the properties of
the contacts, different operating regimes are identified featuring different light ideality factors and thickness
dependences.
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I. INTRODUCTION

Sandwich-type thin-film solar cells, such as organic or
perovskite-based solar cells, hold great potential for future
large-scale energy production [1–5]. Recently, in order to
minimize energetic losses, a great deal of effort has been
made trying to understand and maximize the open-circuit
voltage (VOC) [6–15]. VOC corresponds to the voltage V
when the total current under illumination is zero. At
these conditions the total photogeneration rate is exactly
balanced by recombination, where the recombination can
either occur in the bulk or at the contacts as surface
recombination. For a solar cell that ideally extracts holes
at the anode and electrons at the cathode under operating
conditions, the surface recombination is quantified by the
rate of carriers that are extracted at the wrong electrode, i.e.,
electrons at the anode and holes at the cathode [10,16,17].
A quantity typically associated with the dominating

recombination mechanism at open-circuit conditions, relat-
ing VOC to the light intensity via [6,17–20]

qVOC ¼ mkT lnðILÞ þ const; ð1Þ
is the so-called light ideality factor m; here, IL is a
normalized light intensity, q is the elementary charge, T
is the temperature, and k is the Boltzmann constant. In the
case when surface recombination is negligible at open
circuit, all photogenerated carriers recombine within
the bulk. In this case, for a bulk recombination rate

R ∝ ð ffiffiffiffiffiffi
np

p Þα ∼ nα of recombination order α (for free
carriers), where n and p is the free-carrier density for
electrons and holes, respectively, a light ideality factor of
m ¼ mR is expected, where [19,20]

mR ¼ 2

α
: ð2Þ

The largest VOC is obtained when direct radiative recombi-
nation between free carriers (α ¼ 2) presents the only
recombination pathway in the bulk [7,10,21]. However,
trap-assisted recombination via exponentially distributed
tail states (1 < α < 2) and/or midgap states (α ∼ 1) is
inevitably also present to some extent in most materials.
When this type of recombination dominates m between 1
and 2 is typically expected [6,17,22,23].
In organic and perovskite-based solar cells, however,

both VOC and m have also been found to be strongly dep-
endent on the choice of the electrode materials [17,24–26].
In this case, losses due to unoptimized energy levels at the
electrodes can typically be traced back to an increased
surface recombination at the contacts, typically manifested
by an electrode work-function (WF) dependence of the
open-circuit voltage [1,7,26–33]. The surface recombina-
tion has also been found to be dependent on both charge
transport properties and the thickness of the active layer
[7,10,16,34]. To reduce losses due to surface recombina-
tion, a charge-selective electrode interlayer is typically used
at the contact. In the ideal case, this layer allows for only
one carrier type to be extracted while the extraction of the
other type is prevented. Indeed, an increase in VOC is*osandber@abo.fi
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typically seen upon inserting a charge-selective buffer layer
between the electrode and the active layer [25,35–38].
However, despite the vast progress made in the last decade,
an analytic description of how surface recombination at the
contacts influences the open-circuit voltage is still lacking.
In this paper, the influence of surface recombination on

the open-circuit voltage in sandwich-type solar cells, with
optically thin active layers, is investigated. Using a numeri-
cal device model, the effect of surface recombination
velocity, mobility, photogeneration, and bulk recombina-
tion rate is simulated with different energy levels at the
contacts. Furthermore, analytical expressions for VOC are
derived. Based on the results, different regimes can be
identified, exhibiting different photogeneration depend-
ences and light ideality factors. Because of the generality
of our approach, the obtained results apply not only to
organic and perovskite solar cells but to other sandwich-
type thin-film solar cell technologies as well.

II. THEORETICAL BACKGROUND

The device to be investigated consists of an active layer,
sandwiched between a hole-extracting anode (x ¼ 0) and
an electron-extracting cathode (x ¼ d); the energy-level
diagram is shown in Fig. 1. The active layer is treated
as an effective semiconductor where the hole (electron)
transport takes place at the valence (conduction) transport
level Ev (Ec). The (effective) electrical band gap Eg is
given by the difference between the respective transport
levels. The charge transport is described by the continuity
equation [21,39]

þ
ð−Þ

1

q

dJpðnÞ
dx

¼ G − R; ð3Þ

where G is the photogeneration rate while the hole and
electron current densities are, respectively, given by

JpðxÞ ¼ pμp
dEFp

dx
; ð4Þ

JnðxÞ ¼ nμn
dEFn

dx
; ð5Þ

where μpðnÞ is the hole (electron) mobility and EFpðnÞ is the
hole (electron) quasi-Fermi-level. The classical Einstein
relation is assumed for carriers in the transport levels
[39,40], implying that p ¼ Nv exp ½ðEv − EFpÞ=kT� and
n ¼ Nc exp ½ðEFn − EcÞ=kT�, where NvðcÞ is the effective
density of states for holes (electrons). Nv and Nc are to be
considered effective quantities, incorporating the width of
the transport levels (due to disorder, etc.) [27,41].
Integrating the continuity equation, the total current

density J ¼ JpðxÞ þ JnðxÞ can be expressed as

J ¼ −q
Z

d

0

ðG − RÞdxþ Jnð0Þ þ JpðdÞ; ð6Þ

where d is the thickness of the active layer. The surface
recombination, determined by the minority carrier current
densities at the electrodes, is described as

JpðdÞ ¼ qSp½pðdÞ − pcat�; ð7aÞ

Jnð0Þ ¼ qSn½nð0Þ − nan�; ð7bÞ

where pcat ¼ Nv exp f−½ðEg − φcatÞ=kT�g is the equilib-
rium hole density at the cathode, nan ¼ Nc exp f−½ðEg−
φanÞ=kT�g is the equilibrium electron density at the anode,
while Sp and Sn are the effective recombination velocities
for holes at the cathode and electrons at the anode,
respectively. Here the energy levels of the contacts enter
via the injection barriers φcat for electrons at the cathode
and φan for holes at the anode, determined by the respective
energy-level offsets (see Fig. 1). Note that if recombination
losses are negligible at short-circuit conditions then
Jsc ¼ −qGLd, whereGL≡ ð1=dÞR d

0 GðxÞdx is the spatially
averaged photogeneration rate.
The bulk recombination rate is given by

R ¼ βRðnp − n2i Þ; ð8Þ
where n2i ¼ NcNv exp ð−Eg=kTÞ and βR is the recombi-
nation coefficient. The effect of trap-assisted recombination
can be taken into account by introducing a carrier-density-
dependent βR [18,39,42]. In homogeneous low-mobility
materials the recombination between a mobile and an
oppositely charged (either mobile or trapped) carrier is
typically described by Langevin’s theory [42,43]; the
recombination coefficient between two mobile carriers
reads

FIG. 1. The energy-level diagram of a sandwich-type thin-film
solar cell. The transport levels Ev and Ec are indicated by the red
and blue levels, respectively. The corresponding quasi-Fermi-
levels EFp and EFn are given by the dashed lines. The photo-
generated holes and electrons are to be extracted at the anode and
the cathode, respectively. The corresponding energetic injection
barriers are denoted by φan and φcat. The surface recombination at
the anode (x ¼ 0) and the cathode (x ¼ d) is determined by Jnð0Þ
and JpðdÞ, respectively.
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βL ¼ q
εε0

ðμn þ μpÞ: ð9Þ

In a phase-separated blend structure, however, the effect of
morphology leads to a reduced recombination relative to
Langevin [20,43–45]. Furthermore, if the recombination
occurs via intermediate charge transfer (CT) states [8,11],
having a finite probability to dissociate back to free carriers,
this will reduce the recombination even further [10,46].
Typically, βR ¼ ζβL, where the reduction factor ζ ranges
between 1 and 10−3 in organic solar cells [43,46,47], while
in perovskite solar cells ζ on the order of 10−5 have been
reported [48].
The surface recombination velocity Sp is given by

Sp ¼ cpNst, where cp is a capture coefficient for holes
at the cathode surface and Nst is the surface density of
recombination centers [39]. For a nonselective contact,
being able to efficiently capture and extract both types of
carriers, we expect Sp to be large. Since surface recombi-
nation (at the contact) is the inverse process of thermionic
emission, Sp can also be expressed as Sp ¼ ðA��T2=qNvÞ,
where A�� is the effective Richardson constant [39,49].
The upper value of the recombination velocity is on the
order of 106 to 107 cm=s [16,39].
To avoid surface recombination of holes at the cathode,

however, Sp needs to be as small as possible. This may
be achieved by inserting an electron-selective interlayer,
inhibiting holes from traversing the contact. In this sense, a
reduced Sp is directly correlatedwith an increased selectivity
of the contact. In the ideal scenario Sp ¼ 0, here defined
as a perfectly selective contact, no holes (only electrons) are
allowed to be extracted at the cathode. For two perfectly
selective contacts [Jnð0Þ ¼ JpðdÞ ¼ 0], the open-circuit
condition J ¼ 0 is reached when the average photogenera-
tion rate is balanced by the average recombination rate in the
bulk and VOC is given by the well-known relation [6,23]

qVOC;max ¼ Eg − kT ln

�
βRNvNc

GL

�
: ð10Þ

In reality, however, depending on processing and/or operat-
ing (ambient) conditions, impurity-induced recombination
centers are always present to some extent at the contacts,
effectively leading to nonzero surface recombination veloc-
ities Sp and Sn.
For a device that ideally extracts holes at the anode, but

has a nonzero Sp at the cathode, the surface recombination
current (at the cathode) can generally be expressed as

JpðdÞ ¼
qvd;ppcat

ð1þ vd;p
Sp
Þ
�
exp

�
qV
kT

�
− 1

�
; ð11Þ

for JpðdÞ ≠ 0, as shown in Appendix A, where

vd;p ≡ μpkT

q

�Z
d

0

JpðxÞ
JpðdÞ

e½EvðdÞ−EvðxÞ�=kTdx
�−1

ð12Þ

is an effective hole diffusion velocity in the bulk, associated
with transport of holes to the cathode interface.
Considering Eq. (11) we see that the surface recombination
at the cathode depends on both transport and contact
properties, and is determined by a two-step process:
(i) the diffusion of a hole to the cathode interface, and
(ii) the recombination of the hole at the active layer-cathode
interface. Depending on which process is limiting, the
surface recombination is either limited by diffusion
(Sp ≫ vd;p) or by the kinetics at the interface (Sp ≪ vd;p).

III. RESULTS AND DISCUSSION

In this section, the impact of surface recombination on
the open-circuit voltage is investigated. In the general case,
vd;p depends on both transport and recombination proper-
ties in the bulk, as well as the electric field. However, aided
by numerical simulations, analytical approximations can be
obtained, allowing for both JpðdÞ and VOC to be evaluated.
In the following, unless otherwise stated, an undoped active
layer of thickness d ¼ 150 nm with symmetric mobilities
μp ¼ μn ¼ 5 × 10−3 cm2 V−1 s−1 is assumed; the default
parameters are given in Appendix B. The photogeneration
rate of free carriers is taken to be spatially constant,
G ¼ GL, and always large enough for VOC ≫ kT=q to
be valid. The extraction of holes at the anode and electrons
at the cathode is assumed to be ideal. Consequently, we
have nðdÞ ¼ ncat, where ncat is the equilibrium electron
density at the cathode. (For the case with a reduced
extraction velocity for majority carriers, see Ref. [27]
and references therein.)

A. The influence of surface recombination
at Ohmic contacts

We first consider the case when both of the contacts are
Ohmic, corresponding to electrodes with optimized energy
levels. The cathode contact is said to be Ohmic for
electrons, when the electron current is not limited by the
cathode. This implies that (i) a considerable accumulation
of free electrons (and energy-level bending) is present in the
vicinity of the cathode and (ii) that ncat ≫ nph, where

nph ¼
ffiffiffiffiffiffi
np

p ¼ ni exp

�
qVph

2kT

�
; ð13Þ

and qVphðxÞ ¼ EFn − EFp. An analogous situation is valid
for holes at the anode. JV curves for a solar cell with
perfectly selective (Sp ¼ 0) and nonselective (Sp → ∞)
contacts are simulated in Figs. 2(a) and 2(b), respectively,
for varying βR ¼ ζβL. For simplicity, Sn ¼ Sp is assumed.
The corresponding VOC as a function of surface recombi-
nation velocity is simulated in Fig. 2(c), as indicated by the
solid lines. It is seen that at a small enough Sp (Sp → 0),
VOC is essentially independent of Sp; in this regime VOC

follows Eq. (10), increasing with a decreasing βR. When Sp
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is large, however, a saturation of VOC (with a decreasing
βR) starts to appear at ζ < 10−3, as VOC becomes inde-
pendent of the magnitude of recombination in the bulk. As
a result, for small βR, a substantial loss due to surface
recombination is inevitably present at large Sp.
To understand the reason for this behavior in more

detail, typical energy-level diagrams at V ¼ VOC for
the two limiting regimes Sp → ∞ and Sp → 0 are simu-
lated in Figs. 3(a) and 3(b), respectively. In the bulk
the quasi-Fermi-levels are essentially constant throughout
the active layer with the quasi-Fermi-level splitting
qVph, on average, being equal to qVOC. Concomitantly,

R
d
0 ðG − RÞdx ≈ ½GL − βRn2i exp ðqVOC=kTÞ�d. Under
open-circuit conditions, it then follows from Eqs. (6)
and (11) that

qVOC ¼ Eg − kT ln

�ðβR þ βS;p þ βS;nÞNvNc

GL

�
; ð14Þ

where βS;p ¼ ðvd;ppcat=n2i dÞ½1þ ðvd;p=SpÞ�−1 is an effec-
tive capture coefficient for the surface recombination of
holes at the cathode, βS;n is the respective coefficient for
electrons at the anode; in our case βS;n ¼ βS;p. While βR is a
material parameter, βS;p is dependent on device properties,
taking surface effects into account. As a result, the
open-circuit voltage is in general device dependent; only
in the limit of perfectly selective contacts is VOC given
by Eq. (10).

1. Dominating surface recombination

When βR is small (compared to βS;p), surface recombi-
nation dominates at V ¼ VOC. With Ohmic contacts, an
accumulation of injected carriers is present at both electro-
des, giving rise to bending of the transport levels.
Considering the transport of holes, the energy-level bend-
ing at the anode can be treated as an effective injection
barrier b for holes at the anode [50]. Under these con-
ditions, assuming that n, p → nph well within the active
layer, the energy-level bending of EvðxÞ induced by the
electron-Ohmic cathode is well approximated by [51]

EvðxÞ ≈ EvðdÞ − 2kT ln

8<
:
coth ½ð1þ d−x

Lcat
Þ

ffiffiffiffiffi
nph
ncat

q
�

coth
� ffiffiffiffiffi

nph
ncat

q �
9=
;; ð15Þ

where Lcat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εε0kT=q2ncat

p
. Taking R ¼ βRn2ph to be

constant throughout the active layer at V ¼ VOC, as implied
by Fig. 3, the current density can be evaluated analytically
as JpðxÞ ¼ JpðdÞ½ð2x=dÞ − 1�. In conjunction with

(a) (b) (c)

O
C

FIG. 2. Simulated JV curves and VOC under 1 sun illumination for the case with Ohmic contacts at different βR ¼ ζβL and assuming
Sp ¼ Sn. In (a) and (b) JV curves for perfectly selective (Sp → 0) and nonselective (Sp → ∞) contacts are shown, respectively. The case
with no bulk recombination, βR → 0, is indicated by the dashed line in (b) for comparison. In (c) the corresponding Sp dependence of
VOC (in units of eV) is simulated (solid lines). The analytical prediction Eq. (14) is indicated by the dashed lines.

ph phOC OC

(a)

(c)

(b)

(d)

FIG. 3. Simulated energy-level diagrams at the open circuit of a
device with Ohmic contacts and Sp ¼ Sn for (a) a large Sp and
(b) Sp → 0, corresponding to dominating surface and bulk
recombination, respectively. Equation (15), as indicated by the
dashed black line, has been included for comparison in (a) and
(b). In (c) and (d) the corresponding normalized hole current
densities JpðxÞ=JpðdÞ and bulk recombination rates RðxÞ=GL are
shown, respectively (at V ¼ VOC), for different βR ¼ ζβL in the
limit of large Sp ¼ Sn. The dashed line in (c) corresponds to the
case with βR → 0.
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Eq. (15), we find vd;p ≈ μpkT=qLcat for nph ≪ ncat (see
Ref. [52]); hence, for Ohmic contacts

βS;p ¼ μpkT

qn2i d
pcat=Lcat

ð1þ μpkT
qSpLcat

Þ
: ð16Þ

An analogous treatment is valid for surface recombination
of electrons at the anode.
Now, upon comparing the analytical prediction Eq. (14)

(dashed lines) with βS;p given by Eq. (16) and the simulated
VOC (solid lines) in Fig. 2(c), an excellent agreement over
the entire range of Sp is found. It can be seen that also the
photogeneration rate and mobility dependence of VOC as
simulated in Figs. 4(a) and 4(b) (solid lines), respectively, for
different βR and Sp, is well reproduced by Eq. (14) (dashed
lines). The effect of surface recombination on the open-
circuit voltage can now be explained in detail. By reducing
the bulk recombination rate, the recombination at the surface
eventually becomes comparable to the one in the bulk, and as
βR ≪ βS;p, the photogeneration is completely canceled
by surface recombination at open-circuit conditions. In this
limit, qVOC ¼ Eg − kT ln ð2βS;pNvNc=GLÞ, explaining the
saturation of VOC with decreasing ζ. Note the similarity
between this type of surface recombination and direct
bimolecular bulk recombination.
At large Sp, i.e., when Sp ≫ vd;p, the surface recombi-

nation is diffusion limited and the VOC is essentially
independent of Sp. Under these conditions, the effective
capture coefficient βS;p is directly proportional to the
mobility (behaving similar to a reduced βL) but inversely
proportional to the active layer thickness; hence,
qVOC ∝ −kT ln ðμp=dÞ. As a result, VOC decreases with
an increasing mobility and a decreasing thickness, in
agreement with previous findings by Kirchartz et al.
and Tress et al. [10,16]. When Sp ≪ vd;p, on the other
hand, the surface recombination becomes limited by the
interface kinetics at the electrode. In this case, an Sp-
dependent VOC regime, qVOC ∝ −kT ln ðSp=dÞ, is entered
[as βS;p ∝ ðSp=dÞ]; by decreasing Sp, the magnitude of
surface recombination is reduced and VOC increased. We
note that the d dependence of VOC, that is present

regardless of whether the surface recombination is limited
by diffusion or kinetics at the electrode interface, originates
from the photocurrent, Jph ¼ q

R
d
0 GðxÞdx ¼ qGLd, that

needs to be compensated for to reach the open-circuit
condition. Since the diffusion process is limited by holes
diffusing against the energy-level bending at the cathode,
the diffusion-limited transport (vp;d) per se does not depend
on d in this case (Ohmic contacts).

2. Dominating bulk recombination

When βS;p and βR are of the same order of magnitude,
βS;p is still well approximated by Eq. (16). As Sp → 0, the
limit βR ≫ βS;p is eventually reached. In this case, losses
due to surface recombination are negligible relative to the
recombination in the bulk, and VOC approaches VOC;max

[Eq. (14) becomes identical to Eq. (10)]. When Sp is large,
on the other hand, βS;p starts to deviate from Eq. (16) as
βR ≫ βS;p, in accordance with Fig. 3(c); at ζ ¼ 1 Eq. (16)
underestimates βS;p by a factor of 2. However, since this
occurs when βR ≫ βS;p, the error made in Eq. (16) is
completely overshadowed by the large bulk recombination
as VOC becomes independent of βS;p.
A necessary condition to obtain the optimum VOC

given by Eq. (10) is that βS;p ≪ βR, corresponding to
Sp ≪ βRn2i d=pcat. Consequently, at lower βR, a smaller Sp
is required. Note that, depending on the device parameters,
for Ohmic contacts βS=βL between ∼10−2 and 10−4 are
expected at large Sp. This clearly demonstrates the impor-
tance of the contacts, especially in solar-cell materials
exhibiting long recombination lifetimes and/or relatively
high mobilities. Unless the charge selectivity at the contacts
can be ensured, the VOC becomes limited by surface
recombination rather than by bulk recombination.

B. The influence of surface recombination
at non-Ohmic contacts

Under conditions when the energy levels at the cathode
are mismatched a non-Ohmic contact may be formed. This
occurs when the injection barrier φcat is large enough for
ncat ≪ nph, where ncat ¼ Nce−ðφcat=kTÞ, corresponding to the

(a) (b)

O
C

O
C

FIG. 4. Simulated VOC for
a device with Ohmic con-
tacts and Sn ¼ Sp. In (a) the
photogeneration dependence
with a varying degree of bulk
recombination βR ¼ ζβL. In
(b) The mobility dependence
(at 1 sun) for different Sp, ass-
uming a fixed βR ¼ 5.17×
10−12 cm3 s−1. The analy-
tical prediction Eq. (14) is
indicated by the dashed lines.
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case with an increased (or too high) WF at the cathode
contact. It is a fairly well-known phenomenon that the WFs
of both low-WF metals and metal-oxide-based (inter)
electrode layers (e.g., ITO, TiO2, ZnO, NiOx) are prone
to degradation, depending on processing, ambient, and/or
operating conditions [30,33,53–55], and might thus result
in non-Ohmic contacts. In the case of two non-Ohmic
nonselective contacts, VOC is limited by the work-function
difference between the contacts, qVOC ¼ Eg − φcat − φan

[26–29]. On the other hand, in the limit of two perfectly
selective contacts it has been shown that VOC → VOC;max,
independent of the energy levels at the electrodes [10,21];
see Eq. (10). In the remainder of this section, the influence
of surface recombination of holes at a non-Ohmic cathode
is investigated for a general surface recombination velocity
Sp. To avoid interference from the surface recombination
of electrons, the anode is taken to be perfectly selective
[Jnð0Þ ¼ 0] and Ohmic for holes. At the non-Ohmic
cathode, we assume φcat ¼ 0.4 eV.
The JV curves and the Sp dependence of VOC for a

device under illumination is simulated in Figs. 5(a)
and 5(b), respectively, with different βR ¼ ζβL. As
expected, when Sp → 0, the VOC are identical to the case
with Ohmic contacts (Fig. 2). At large and moderate Sp,
however, the VOC in Fig. 5(b) are markedly lower, always
well below VOC;max, even at large βR. Furthermore, the
smaller βR is, the more prominent the loss due to surface
recombination becomes. The effect of increasing the

injection barrier is to increase the magnitude of surface
recombination current JpðdÞ at the cathode, growing
exponentially with φcat (via pcat). Consequently, due to
the non-Ohmic contact, the surface recombination is
considerably larger in this case. In the limiting case when
surface recombination at the cathode is dominating,
we expect

qVOC ¼ Eg − φcat − kT ln

�
vd;pNv

GLd

�
1þ vd;p

Sp

�−1�
: ð17Þ

Under these conditions, Eq. (3) reveals JpðxÞ ≈ qGLx ¼
JpðdÞ½x=d�. Approximating EvðxÞ ¼ EvðdÞ − qF½d − x�,
we obtain

vd;p ¼ μpF
kT
qFd ðeqFd=kT − 1Þ − 1

; ð18Þ

where F is the electric field at V ¼ VOC given by

F ≈min

�
VOC − V�

bi

d
; 0

�
: ð19Þ

Here, V�
bi ¼ ðEg − φcat − bÞ=q is the effective built-in

voltage, taking the energy-level bending at the anode into
account via b. For F < 0, we assume b ¼ 0.24 eV at
d ¼ 150 nm. The corresponding energy-level diagrams at
V ¼ VOC are simulated in Fig. 6.
In deriving Eqs. (17) and (18) we assumed that (i) the

bulk recombination is negligible compared to surface
recombination so that JpðdÞ ¼ qGLd [R ≈ 0 in Eq. (3)],

(a) (b)

O
C

non-Ohmic cat. non-Ohmic cat.
FIG. 5. Simulated JV
curves and VOC of a device
(under illumination) with a
non-Ohmic contact at the
cathode (φcat ¼ 0.4 eV) are
depicted in (a) and (b), respec-
tively, for varying βR ¼ ζβL
and surface recombination
velocity Sp [solid lines in
(b)]. The anode is assumed
to be perfectly selective
[Jnð0Þ ¼ 0] and Ohmic for
holes.

(a) (b) (c)

cat

cat

cat

cat

catphph

cat

bi OC

OC
OCOC

FIG. 6. Simulated energy-level diagrams at V ¼ VOC for a device with a non-Ohmic contact at the cathode and negligible
recombination in the bulk (βR → 0). The case with Sp ≫ vd;p is depicted in (a) and (b) in the limit of low and high light intensities,
respectively. The case with Sp ≪ vd;p is shown in (c). The anode is assumed to be perfectly selective and Ohmic for holes. The
approximation EvðxÞ ¼ EvðdÞ − qF½d − x�, with F given by Eq. (19), is indicated by the dashed lines.
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and (ii) that the electric field at open-circuit conditions is
constant, F ≤ 0. For a general Sp and βR, however, neither
of these assumptions needs to be true. In the following, the
two limiting cases Sp ≫ vd;p and Sp ≪ vd;p are analyzed
in more detail and the impact of a nonzero bulk recombi-
nation clarified.

1. Diffusion-limited surface recombination

For Sp ≫ vd;p, VOC is independent of Sp and deter-
mined by diffusion-limited transport and recombination
in the bulk. In this limit, Eq. (17) simplifies as qVOC ¼
Eg − φcat − kT ln ðvd;pNv=GLdÞ, with vd;p given by
Eq. (18). In case of negligible bulk recombination, we
thus expect qVOC ∝ −kT ln ðμp=d2Þ, implying a stronger
thickness dependence compared to the case with Ohmic
contacts. In Figs. 7(a) and 7(b) the light-intensity depend-
ence and mobility dependence of VOC is simulated,
respectively. Indeed, under conditions when the bulk
recombination is negligible compared to surface reco-
mbination, corresponding to small βR and large μp, the
simulated VOC in Fig. 7 are well reproduced by Eq. (17).
At low light intensities (V�

bi − VOC ≫ kT=q), the open
circuit is reached when the total photogeneration is can-
celed by the surface recombination of holes, diffusing
from the Ohmic anode towards the cathode against a
roughly constant electric field [see Fig. 6(a)]. In this
case, VOC is dependent on the electric field and increases
with the decreasing magnitude of F, as vd;p ≈ μpjFj. At
higher intensities and/or larger d, Eq. (18) approaches
vd;p → 2μpkT=qd, as the bulk becomes dominated by
photogenerated carriers that efficiently screen the electric
field within the active layer [see Fig. 6(b)], resulting in a
purely diffusion-driven surface recombination at the
cathode.

While the VOC in Fig. 7(a) is accurately described by
Eq. (17) in the regime of negligible bulk recombination
(R ≈ 0), at high enough light intensities and/or large βR a
deviation from Eq. (17) is eventually obtained as the
bulk recombination becomes significant. Typical energy-
level diagrams at VOC in this βR-dependent regime are
simulated in Fig. 10(a). Well within the active layer,
the carrier density is limited by bulk recombination and
Vph ¼ VOC;max; the loss in photovoltage, ΔEFn ¼
qðVOC;max − VOCÞ, mainly takes place in a region close
to the cathode where surface recombination is dominating.
This behavior can be understood in terms of an effective

diffusion length L�
n, corresponding to the equivalent aver-

age distance a carrier travels before it recombines in the
bulk. If we effectively assume that all carriers photo-
generated within the distance L�

n ≪ d from the cathode
interface are extracted, while the rest recombine in the bulk:
JpðxÞ ≈ qGLðx − dþ L�

nÞ when x ∈ ½d − L�
n; d�, and

JpðxÞ ≈ 0 otherwise. Under these circumstances, an
approximation can be obtained when VOC is close to
flatband conditions, we obtain [56]

qVOC ≈ Eg − φcat − kT ln
�
v�d;pNv

GLL�
n

�
; ð20Þ

with v�d;p ¼ ð2μpkT=qL�
nÞ½1 − ðqFL�

n=3kTÞ�, where (see
Appendix A)

L�
n ≈

�
μeffkT

q
ffiffiffiffiffiffiffiffiffiffiffi
βRGL

p
�

1=2
; ð21Þ

and μeff ¼ 2
ffiffiffiffiffiffiffiffiffiffi
μpμn

p . Note that F ≤ 0.
Comparing with the simulated VOC in Fig. 7 a good

agreement with Eq. (20) is obtained at high enough
intensities, when the open-circuit voltage is close to
flatband conditions; in the limit F → 0,

O
C

O
C

(a) (b)

FIG. 7. Simulated VOC (solid lines) for a device having a non-Ohmic contact at the cathode in the limit of large Sp. In (a) the
photogeneration dependence of VOC is shown for varying βR ¼ ζβL (at d ¼ 150 nm). In (b) the corresponding mobility dependence of
VOC (at 1 sun) for different layer thickness d, assuming a fixed βR ¼ 5.17 × 10−12 cm2=Vs. Equations (17) and (20) are indicated by
dashed and dash-dotted lines, respectively. In Eq. (17) (for F < 0) we assume a value of b ¼ 0.24 eV at d ¼ 150 nm and that
b ∝ kT lnðd2Þ [50].
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qVOC → Eg − φcat − kT
2
ln

�
μpβRN2

v

μnGL

�
:

The effect of increasing βR and/or light intensity is to
reduce L�

n as the probability for carriers to recombine inside
the bulk increases. On average, only holes within the
distance L�

n from the cathode are able to reach the contact.
Concomitantly, the surface recombination becomes
restricted to this spatial region, and VOC becomes inde-
pendent of d. Conversely, by increasing the mobility or
reducing the layer thickness so that d < L�

n, holes are more
probable to be extracted at the cathode than to recombine in
the bulk, and the regime of negligible bulk recombination
[Eq. (17)], where the surface recombination dominates
over the entire layer, is entered. The crossover between
these two regimes occurs when L�

n ∼ d.

2. Interface kinetic-limited surface recombination

We next consider the case Sp ≪ vd;p, when the surface
recombination is limited by the kinetics at the cathode
interface. In this limit, VOC is independent of vd;p and
Eq. (17) approaches qVOC ¼ kT ln ðGLd=SppcatÞ. The
simulated generation dependence of VOC with different
βR ¼ ζβL is shown in Fig. 9(a) for Sp ¼ 10−1 cm=s. In
Fig. 9(b), the mobility dependence of VOC is simulated for
varying Sp. As long as the surface recombination domi-
nates, corresponding to the case when βR is small and/or μp
is large but VOC is well below VOC;max, the VOC is to a fair
approximation given by Eq. (17). From the corresponding
energy-level diagrams in Fig. 6(c), we see that a
bias-induced upward-energy-level bending is present at
the non-Ohmic cathode in this case. Since this energy-level
bending was neglected in Eq. (18), leading to a severe
overestimation of vd;p, Eq. (17) underestimates the VOC

when vd;p ∼ Sp (at high GL). The energy-level bending is a
direct consequence of the interface kinetic-limited hole
transport, increasing the hole density at the cathode with
increasing VOC. Provided that Sp ≪ vd;p, we have [57]

pðdÞ ¼ pcat exp

�
qVOC

kT

�
: ð22Þ

Furthermore, since the hole transport is not limited by the
bulk, the hole quasi-Fermi-level is flat throughout the active
layer in this limit.
At smaller Sp (or higher intensities) the bulk recombi-

nation eventually starts to dominate within the active layer.
The corresponding energy-level diagrams at V ¼ VOC is
shown in Fig. 8(b). Well within the active layer, bulk
recombination is dominating (R ≈GL) and the quasi-
Fermi-level splitting is limited by Vph ¼ VOC;max. In con-
junction with the buildup of bias-induced holes at small Sp,
this results in an excess of holes in the device (p ≫ n),
accumulating at the cathode interface in accordance with
Eq. (22). Concomitantly, the bulk recombination close to

the cathode cannot be neglected in this case; in the vicinity
of the cathode we have RðdÞ ¼ βRncatpðdÞ. However, as
long as JpðdÞ ≠ 0, the bulk recombination rate close to the
cathode will remain lower than the bulk recombination rate
inside the active layer.
To satisfy the open-circuit condition JnðdÞ ¼ −JpðdÞ,

the photogenerated electrons, driven by the quasi-Fermi-
level differenceΔEFn ¼ qðVOC;max − VOCÞ, have to diffuse
“uphill” over the upward energy level bending (induced by
the holes) in order to be extracted at the cathode. Subject
to these conditions, taking into account the decrease in R
from R ≈GL to RðdÞ ¼ βRncatpðdÞ that a nonzero electron
current (close to the cathode) brings about, we find

qVOC ¼ Eg − kT ln

�ðβR þ Sp
ncatdeff

ÞNcNv

GL

�
; ð23Þ

where deff ¼ L��
n when L��

n ≪ d, and deff ≈ d when
L��
n ≫ d, as shown in Appendix A. Here, L��

n ¼
K−1=

ffiffiffiffiffiffiffiffiffiffi
pðdÞp

is a reduced effective diffusion length, with

K ≈
βR
μn

ffiffiffiffiffiffiffiffiffi
8εε0
kT

r " ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8εε0βR

qμn

s
þ 1

#−1
ð24Þ

being a parameter independent of Sp, but dependent on
material properties of the active layer. In the following, we
approximate deff ≈ minðL��

n ; dÞ.
A striking agreement between Eq. (23) and the simulated

VOC in Fig. 9(a) is found at large enough βR and/or high
intensities, when the bulk recombination eventually starts

OC,max OC OCOC,max
cat

cat
cat

cat

(a) (b)

(c) (d)

FIG. 8. Typical energy-level diagrams at V ¼ VOC for a device
having a non-Ohmic contact at the cathode in the case when bulk
recombination dominates well within the active layer. In (a) and
(b) the cases Sp ≫ vp;d and Sp ≪ vp;d are simulated, respec-
tively. In (c) and (d) the corresponding profiles for the normalized
hole current densities JpðxÞ=JpðdÞ and bulk recombination rates
RðxÞ=GL are shown, respectively; the dashed lines corresponds to
the case when βR → 0.
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to compete with surface recombination. Also, the behavior
at small Sp in Fig. 9(b) is well reproduced by Eq. (23).
Note, however, that a deviation occurs when L��

n ∼ d. For
L��
n ≪ d, Eq. (23) simplifies as

qVOC ≈ Eg − φcat − 2kT
3

ln

�
K
SpN

3=2
v

GL

�
;

when VOC < VOC;max (i.e., Sp > βRncatL��
n ). The effect of

reducing Sp is to reduce JpðdÞ, simultaneously reducing
the amount of electrons diffusing out at the cathode (as the
upward energy-level bending becomes higher), leading to
an increase in the VOC. Interestingly, the VOC increases
with increasing μn=βR in this case. This is due to the
increased electron diffusion that needs to be compensated
by a larger VOC (smaller ΔEFn). As Sp → 0, Eq. (23)
eventually saturates and becomes identical to Eq. (10)
(VOC → VOC;max). Under these conditions, corresponding
to negligibly small surface recombination, the driving force
for electron extraction at the cathode vanishes (ΔEFn → 0)
and essentially all recombination occurs in the bulk. The
crossover from Eq. (23) to Eq. (10) occurs when
Sp < βRncatdeff . Hence, for larger φcat (smaller ncat) and/
or small βR, a smaller Sp is required to minimize losses due
to surface recombination and ensure sufficient selectivity at
the contact.

C. The light ideality factor

For the cases studied above, depending on the interplay
between bulk and surface recombination and whether
both of the contacts are Ohmic or not, distinctly different
behaviors for the VOC are expected. With GL ∝ IL, the
transition between a bulk recombination-dominated and a
surface recombination-dominated regime is manifested as a
generation dependence in the light ideality factor m in
Eq. (1); in this case m is obtained from

m ¼ q
kT

∂VOC

∂½lnðGLÞ�
: ð25Þ

The change in the light ideality factor m may thereby be
used to distinguish between surface recombination and
bulk recombination at open-circuit conditions.

Consider first the case with Ohmic contacts. In this case
VOC is given by Eq. (14). Depending on the dominating
recombination mechanism, we expect m to be close to
m ¼ mR when bulk recombination dominates (βR ≫ βS)
[58], while m ¼ 1 when surface recombination dominates
(βR ≪ βS), in accordance with Eq. (25). Since mR ¼ 1
for direct bimolecular bulk recombination (α ¼ 2), m ¼ 1
is also expected when this type of bulk recombination
dominates, making it difficult to distinguish between direct
bulk recombination and surface recombination in this case.
Note, however, that a (different) thickness dependence in
the VOC is expected when surface recombination is domi-
nating, provided that GL is held the same (or normalized
via Jph ¼ qGLd).
In the case of trap-assisted bulk recombination via

deep midgap states, a behavior similar to monomolecular
recombination (α ∼ 1) is typically obtained, suggesting that
mR ¼ 2. The impact of surface recombination on the light
ideality factor, for trap-assisted bulk recombination and
nonselective Ohmic contacts, is simulated in Fig. 10(a)
(with negligible direct recombination). As expected, when
bulk recombination dominates m ≈ 2. However, at higher
intensities and/or decreasing magnitude of bulk recombi-
nation, m → 1 as surface recombination grows stronger,
and in the limit when surface recombination dominates
m ¼ 1, in accordance with Eq. (14). Hence, neglecting the
influence of surface recombination leads to an under-
estimation of mR (and an overestimation of α) in this case.
We note that similar transitions from m ¼ 1 to m ¼ 2 have
been observed experimentally in the past, typically attrib-
uted to increased direct bulk recombination at high inten-
sities. As demonstrated in Fig. 10(a), however, a similar
behavior can also be caused by surface recombination.
Consider next the case when one of the contacts is non-

Ohmic and nonselective (Sp ≫ vd;p). In Fig. 10(b) the light
ideality factor in the case of a non-Ohmic contact at the
cathode is simulated, assuming direct bulk recombination.
The anode is assumed to be selective and Ohmic. Because
of the high injection barrier, a substantial surface recombi-
nation is always present at the cathode, leading
to a deviation from m ¼ mR. In the case when the bulk
recombination is negligibly small compared to diffusion,

(a) (b)
O

C

O
C

FIG. 9. Simulated VOC
(solid lines) of a device with
a non-Ohmic cathode. In
(a) thephotogenerationdepen-
dence is depicted for different
βR ¼ ζβL at Sp ¼ 10−1 cm=s.
In (b) the corresponding
mobility dependence of VOC
is shown for different Sp
at 1 sun, assuming a fixed
βR ¼ 5.17 × 10−12 cm2=Vs.

RELATING CHARGE TRANSPORT, CONTACT … PHYS. REV. APPLIED 5, 044005 (2016)

044005-9



VOC is given by Eq. (17). At low light intensities, VOC is
dependent on the electric field, resulting in a light ideality
factor m ∼ 1þ ½kT=qðV�

bi − VOCÞ� > 1 that increases with
increasing GL. As flatband conditions are approached at
higher light intensities (VOC approaches V�

bi), however, m
peaks at a maximum value of m ∼ 1.4 in Fig. 10(b), after
which it decreases and plateaus to m ¼ 1 (at high GL).
It can thus be seen that a light ideality factor well above
m ¼ 1 can also be caused by diffusion-limited surface
recombination alone. Upon increasing βR the recombina-
tion in the bulk eventually starts to limit the transport within
the active layer, with VOC well approximated by Eq. (20).
In this case, a lower m is obtained and at high enough GL
we see that m → 1=2, in accordance with Eq. (20). Note
that for a more general recombination order of α (for
free carriers), we instead expect a light ideality factor of
m → mR=2 under these conditions [58]. This halving of
m ¼ mR (into m ¼ mR=2), expected upon changing the
Ohmic cathode to a non-Ohmic one, is in good agreement
with experimental data reported in the literature [28,59]. It
should be noted that when both contacts are allowed to be
nonselective, an additional reduction of m due to surface
recombination at anode is present at highGL and eventually
as qVOC → Eg − φcat − φan, m → 0.
On the other hand, by reducing Sp to such an extent that

Sp ≪ vd;p, thus increasing the selectivity at the non-Ohmic
cathode, the surface recombination at the cathode is
reduced and becomes limited by the interface kinetics.
Assuming a carrier-independent Sp, the VOC is closely
approximated by Eq. (23). If the recombination in the
bulk remains negligible (deff ¼ d), we expect m ¼ 1. On
the other hand, at higher GL and larger βR, when bulk
recombination dominates within the active layer (L��

n ≪ d),
a distinct ideality factor of m ¼ 2=3 is expected when
VOC < VOC;max. The appearance ofm ¼ 2=3 is in excellent
agreement with the experimental light ideality factor
obtained on inverted TiO2-P3HT:PCBM solar cells, having

unoptimized energy levels at the hole-blocking
TiO2-P3HT:PCBM interface [55].

IV. SUMMARY AND CONCLUSIONS

The impact of surface recombination on the open-circuit
voltage in sandwich-type solar cells with optically
thin layers has been clarified. Aided by numerical drift-
diffusion simulations, we have investigated the influence of
surface recombination velocity Sp at different magnitudes
of the bulk recombination rates and energy levels at the
contacts. At large Sp, the surface recombination is inde-
pendent of Sp, and determined by diffusion-limited trans-
port in the bulk and depends on the mobility μp. At small
Sp, however, the surface recombination becomes limited
by the interface kinetics at the contact, and reduces with
decreasing Sp. Furthermore, analytical expressions have
been derived, directly relating the open-circuit voltage to
relevant charge transport, recombination, and contact
properties, allowing for an analytic description of the
underlying device physics. The analytical expressions
are validated by numerical simulations, showing an excel-
lent overall agreement over a wide range of surface
recombination velocities, mobilities, and photogeneration
rates. Depending on the interplay between surface recom-
bination and bulk recombination different operating
regimes can be identified, exhibiting different light ideality
factors and thickness dependences.
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FIG. 10. The impact of surface recombination on the light ideality factorm. In (a) simulated photogeneration dependence of the open-
circuit voltage VOC for a device with Ohmic, but nonselective, contacts for varying degree recombination, assuming the recombination
to be trap-assisted Shockley-Read-Hall (SRH) recombination only. The inset shows the corresponding light ideality factors. In (b) the
light ideality factors for the case with a nonselective non-Ohmic cathode and direct bulk recombination is shown; the anode is Ohmic
and perfectly selective. The two dotted lines in (b) correspond to m ¼ 1þ ½kT=qðV�

bi − VOCÞ� and m ¼ 1=2.
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APPENDIX A: ANALYTICAL DERIVATIONS

1. The current density at the electrodes

Makinguseofp ¼ NveðEv−EFpÞ=kT , theholecurrentdensity
equation [Eq. (4)] may be rearranged and integrated as

Z
d

0

JpðxÞ
NvμpkT

e½EvðdÞ−EvðxÞ�=kTdx¼ e½EvðdÞ−EFpð0Þ�=kT

−e½EvðdÞ−EFpðdÞ�=kT

¼pcat

Nv
eqV=kT −pðdÞ

Nv
; ðA1Þ

where EFpð0Þ ¼ EFjan, Eg − φcat ¼ EvðdÞ − EFjcat, and
qV ¼ EFjcat − EFjan were used in the last step. Then, solving
Eq. (A1) forJpðdÞ, noting thatpðdÞ ¼ ½JpðdÞ=qSp� þ pcat, it
follows that

JpðdÞ ¼
qvd;ppcat

ð1þ vd;p
Sp
Þ ðe

qV=kT − 1Þ; ðA2Þ

where vd;p ≡ ðμpkT=qÞf
R
d
0 ½JpðxÞ=JpðdÞ�e½EvðdÞ−EvðxÞ�=kT×

dxg−1. An analogous treatment for electrons yieldsZ
d

0

JnðxÞ
NcμnkT

e½EcðxÞ−Ecð0Þ�=kTdx ¼ e½EFnðdÞ−Ecð0Þ�=kT

− e½EFnð0Þ−Ecð0Þ�=kT

¼ nan
Nc

eqV=kT − nð0Þ
Nc

; ðA3Þ

and

Jnð0Þ ¼
qvd;nnan
ð1þ vd;n

Sn
Þ ðe

qV=kT − 1Þ; ðA4Þ

where vd;n ≡ ðμnkT=qÞf
R
d
0 ½JnðxÞ=Jnð0Þ�e½EcðxÞ−Ecð0Þ�=kT×

dxg−1.

2. Analytical approximations of the effective
diffusion length

At open-circuit conditions, the surface recombination
current JpðdÞ is balanced by an equal but opposite electron
current at the cathode; this electron current, driven by the
gradient in EFn, can be expressed as

JnðdÞ¼− μnkTncat

½R d
0

JpðxÞ
JpðdÞe

½EcðxÞ−EcðdÞ�=kTdx�
ðeΔEFn=kT −1Þ; ðA5Þ

where ΔEFn ¼ EFnð0Þ − EFnðdÞ. [Equation (A5) is
obtained by multiplying Eq. (A3) with e½Ecð0Þ−EcðdÞ�=kT ,
noting that JnðxÞ ¼ JnðdÞ½JpðxÞ=JpðdÞ� at V ¼ VOC, and
solving for JnðdÞ.]
In the casewhen recombination dominates well within the

bulk, only electrons and holes that are sufficiently close
to the cathode are able to leave the active layer and recombine

at the surface. In this case, due to the perfectly selective
anode (Sn ¼ 0), we expect ΔEFn ¼ qðVOC;max − VOCÞ,
where VOC;max is given by Eq. (10).

a. Sp ≫ vp;d
With the approximation that all holes within a distance

L�
n from the cathode are able to avoid recombination in the

bulk, while the rest recombine in the bulk, Eq. (3) reveals

JpðxÞ≈
	
qGLðx−dþL�

nÞ when d−L�
n < x≤ d

0 otherwise:
ðA6Þ

Close to flatband conditions, we have that Ecð0Þ ≈ EcðdÞ.
In this case,

JnðdÞ ≈ − 2kTμnncat
L�
n

ðeΔEFn=kT − 1Þ; ðA7Þ

while the open-circuit voltage approaches qVOC → Eg−
φcat − kT ln ð2μpkTNv=qGLL�

n
2Þ. In conjunction with

Eq. (10), we obtain ΔEFn ¼ kT ln ð2μpkT=qβncatL�
n
2Þ.

Inserting into Eq. (A7), it follows from the open-circuit
condition −JnðdÞ ¼ JpðdÞ ¼ qGL�

n that

L�
n ≈

�
μeffkT

q
ffiffiffiffiffiffiffiffiffiffiffi
βRGL

p
�

1=2
; ðA8Þ

where μeff ¼ 2
ffiffiffiffiffiffiffiffiffiffi
μpμn

p .

b. Sp ≪ vp;d
In the following, we assume the requirements

(i) Sp ≪ vp;d and (ii) L��
n ≪ d to be valid. Under conditions

of p ≫ n and constant EFp throughout the active layer, the
upward bending of EcðxÞ close to the cathode, as obtained
from the Poisson equation, is given by

EcðxÞ ≈ EcðdÞ − 2kT ln

�
1þ d − x

Lsc

�
; ðA9Þ

where Lsc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εε0kT=q2pðdÞ

p
. Then, if we effectively

approximate the decrease in R [from R ≈GL to
RðdÞ ¼ βRncatpðdÞ] to be linear within the region
x∈½d−2L��

n ;d�, we find JpðdÞ¼q½GL−βRncatpðdÞ�L��
n .

With G − R ≈ ½GL − βRncatpðdÞ�½ðx − dþ 2L��
n Þ=2L��

n �
for x > d − 2L��

n , and JpðxÞ ≈ 0 otherwise, we obtain
JpðxÞ ¼ JpðdÞ½ðx − dþ 2L��

n Þ=2L��
n �2. Accordingly, the

integralBn¼
R
d
0 ½JpðxÞ=JpðdÞ�e½EcðxÞ−EcðdÞ�=kTdx in Eq. (A5)

can be evaluated as
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Bn ¼
Z

d

d−2L��
n

�
x − dþ 2L��

n

2L��
n

�
2
�
1þ d − x

Lsc

�−2
dx

¼ −Lsc þ Lsc

�
2þ Lsc

L��
n

��
1 − Lsc

2L��
n
ln

�
1þ 2L��

n

Lsc

��

≈ L��
n

�
1þ L��

n

Lsc

�−1
; ðA10Þ

where the approximation f1 − ½ln ð1þ uÞ=u�g ≈
(1 − f1=½1þ ðu=2Þ�g)was used in the last step. This purely
mathematical approximation is exact in the limits of
small and large u ¼ 2L��

n =Lsc, while a deviation of roughly
5% to 10% is found at moderate u.
Now, utilizing Eq. (22), we can write ΔEFn¼

kT ln½GLpcat=βRn2i pðdÞ�¼kT ln½GL=βRncatpðdÞ�; inserting
into Eq. (A5), in conjunction with Eq. (A10), we obtain

JnðdÞ ≈ −(μnkTncat=fL��
n ½1þ ðL��

n =LscÞ�−1g)
× f½GL=βRncatpðdÞ� − 1g

¼ −(f μn kT½GL − βRncatpðdÞ�g=
fβRpðdÞL��

n ½1þ ðL��
n =LscÞ�−1g):

Then, noting that JnðdÞ ¼ −q½GL − βRncatpðdÞ�L��
n and

solving for L��
n reveals

L��
n ≈

μn
βR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

8εε0pðdÞ

s � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8εε0βR

qμn

s
þ 1

�
; ðA11Þ

or equivalently, L��
n ¼ ½K−1=

ffiffiffiffiffiffiffiffiffiffi
pðdÞp � with K defined by

Eq. (24).
The above analysis is valid for L��

n ≪ d only. At large
mobilities and small βR, however, when L��

n becomes
comparable to d, conditions similar to Eq. (14) with
R∼ const are approached. Thus, we expect
JpðdÞ ¼ q½GL − βRncatpðdÞ�deff , where deff ¼ L��

n when
L��
n ≪ d, and deff ¼ d when L��

n ≫ d. Equating with
Eq. (11), we finally arrive at Eq. (23).

APPENDIX B: THE DEVICE MODEL

A previously developed numerical drift-diffusion model,
as described in Ref. [27], is used for the macroscopic
simulations. Macroscopic device models of this kind have

been particularly successful in describing the electrical
behavior of both inorganic and organic-based devices and
is in this sense very general [5,21,39]. The model solves
the continuity equations coupled to the drift-diffusion
equations, in conjunction with the Poisson equation. The
default parameters used in the simulations are given in
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