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Analytical diode models that relate the current to key material parameters are invaluable for understand-
ing the device physics in photovoltaic (PV) devices. However, a diode model that accurately describes the
current in thin-film PVs based on low-mobility semiconductors (including organic solar cells) limited by
bimolecular recombination has been lacking. Previous models neglect effects of injected charge carriers,
which are the predominant source for bimolecular recombination in thin-film PV systems with Ohmic
contacts. In this work, we derive a unified diode equation for thin-film PVs based on undoped semicon-
ductors limited by bimolecular recombination. Based on a regional approximation approach, we derive an
analytical model for the current accounting for the interplay between charge-carrier extraction, injection,
and bimolecular recombination. The analytical model is validated by numerical simulations and tested
experimentally on organic solar cells. Our findings provide key insights into the mechanisms driving and
limiting charge collection, and ultimately the power-conversion efficiency, in low-mobility PV devices.
The presented framework is material agnostic and generally applicable to sandwich-type thin-film PV
devices, including photodiodes and indoor light-harvesting cells.
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I. INTRODUCTION

Sandwich-type thin-film photovoltaics based on
undoped semiconductors play an important role in emerg-
ing and sustainable solar cell technologies [1,2]. To
advance the performance of these technologies it is vital
to understand processes limiting important device met-
rics such as the current-voltage (J-V) characteristics.
The J-V characteristics of photovoltaic devices are com-
monly analyzed in terms of the ideal-diode equation,
which assumes a constant photocurrent [2,3]. However,
in thin-film devices limited by low charge-carrier mobil-
ities (4 < 1 cm?/Vs), the charge collection is generally
assisted by the internal electric field [4,5], resulting in
an electric-field-dependent photocurrent and, ultimately,
a deviation from the ideal-diode equation [6,7]. Notable
examples include organic semiconductor-based photo-
voltaics (OPVs) and a-Si solar cells. OPVs have recently
displayed a rapid increase in solar cell performance [8],
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while also showing promise for use in low-light-intensity
applications such as indoor light harvesting [9].

Ideally, these devices constitute an intrinsic active layer
sandwiched between two charge-carrier selective contact
layers, forming a p*-i-n*-like structure. To analytically
describe the current in devices with low mobilities, the
competition between the charge extraction and recom-
bination of photogenerated charge carriers needs to be
accounted for [6,10,11]. In general, the recombination of
free electrons and holes in low-mobility materials occurs
either by bimolecular recombination or by Shockley-Read-
Hall (SRH) recombination via traplike states within the
energy gap [5,12]. Crandall derived an analytical model
of the photocurrent for the case when SRH recombi-
nation via deep traps is the dominant recombination
channel [13]. This treatment was later extended to fully
account for effects of injected carriers by Taretto [14].
While trap-assisted recombination can in principle be
mitigated by minimizing the density of impurities and
energetic disorder, bimolecular recombination is unavoid-
able, setting the ultimate limit for recombination in any
photovoltaic device. However, analytical models for the
current in the case of bimolecular recombination have
thus far been derived only for situations that simplify
or omit effects of injected carriers from the contacts
[6,15-17].

Published by the American Physical Society
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Injected carriers are inevitably present in any thin-film
device with Ohmic contacts [18,19]. These carriers are
characterized by highly nonuniform, voltage-dependent
charge-carrier profiles and have been found to cause
energy level bending, reducing the magnitude of the built-
in electric field inside the active layer [14,20]. In addition,
recombination between injected carriers and photogener-
ated carriers has been shown to be a dominant bimolec-
ular recombination channel in OPVs causing first-order
photocurrent losses, manifesting as nonideal fill factors
(FFs) regardless of light-intensity regime [21,22]. To our
knowledge, an explicit diode equation fully describing
the interplay between charge-carrier extraction, injection,
and bimolecular recombination in low-mobility thin-film
devices has yet to be established.

In this work, we derive a diode equation describing
the J-V characteristics of thin-film photovoltaic devices
limited by bimolecular recombination. Using a regional
approximation approach, expressions for the current are
obtained that, for the first time, fully account for the
interplay between charge-carrier extraction, injection, and
bimolecular recombination in sandwich-type thin-film
devices. The derived approximations are validated by
numerical drift-diffusion simulations and applied to exper-
imental OPV results. The obtained findings provide valu-
able insight into the mechanisms driving and limiting
charge collection in low-mobility systems. Additionally,
the presented analytical framework provides a figure-of-
merit that parametrizes J-V curves more accurately than
previous models, useful for fitting experimental data to
extract key material properties. Such parametrization may
also find applications in labeling input J-J data for training
machines used for device optimization [23,24]. The devel-
oped theoretical framework is material agnostic and gener-
ally applicable to thin-film photovoltaic devices based on
undoped semiconductors with Ohmic contacts.

II. THEORETCIAL BACKGROUND

For a given applied voltage V across the active layer, the
total current density J of a thin-film diode device is deter-
mined by the flow of electrons and holes within the device.
Under steady-state conditions, J = J,(x) +J,(x), where
Ju(x) and J, (x) are the electron and hole current density,
respectively, at any position x inside the active layer. The
electron and hole current densities are related to the pho-
togeneration rate G and recombination rate R of charge
carriers within the active layer via the carrier continuity
equations,

1aJ, 109J,
q ox q Ox

where ¢ is the elementary charge and 0 < x < d, with
d being the active layer thickness, assuming an active

layer sandwiched between an anode (x = 0) and a cathode
(x = d) contact. Further, assuming an effective medium
description, J,(x) and J,(x) depend on their respective
electron and hole densities n(x) and p(x) through the
drift-diffusion relations as follows [3,25]:

0EF,
ox

0
Jo(0) = pan(x) =2 = i, [qn(x)F(x) + kTa—ﬂ )

oE 9
Jp(x) = upp (X)a—f’ = Wp [qp (X)F(x) — kT %} . (3

Here, i, (14,,) is the electron (hole) mobility, Ex, (EF,) the
quasi-Fermi level of electrons (holes), F' the electric field,
k the Boltzmann constant, and 7 the absolute temperature.
The classical Einstein relation for the electron (hole) diffu-
sion constant, D,y = n(»)kT/q, has been assumed in the
second equality of Egs. (2) and (3).

The electric field inside the active layer depends on
the densities of free charge carriers through the Poisson
equation. In the case of an undoped and trap-free active
layer, the Poisson equation is given by

F g

ox £gy

[p(x) = n(x)], “4)

with ¢ being the relative permittivity of the active layer
and &; the vacuum permittivity. The electric field is
related to the electrical potential ¢ (x) inside the active
layer via F'(x) = —d¢/dx; in this work we define ¢ (x) =
- f(“; F(x")dx" with ¢(0) =0 as the reference potential
level. Note that ¢ (x) is proportional to the effective con-
duction level E.(x) in the acceptor and valence level E, (x)
in the donor as g[¢(x) — ¢(0)] = E,(0) — E,(x), while
E.(x) = E,(x) + E; with E; being the effective transport
level gap.

In this work, the dominant recombination channel for
free charge carriers in the bulk is assumed to be bimolec-
ular recombination, corresponding to an active layer mate-
rial with low defect density and small energetic disorder.
Accordingly, the net bulk recombination rate is of the form

R(x) = Bn(x)p(x) — Bni, (5)

where § is the bimolecular recombination rate coefficient.
The effect of trap-assisted recombination and other recom-
bination channels is discussed in Sec. Il F below. In
Eq. (5), the term S n% defines the thermal (dark) generation
rate of free charge carriers within the active layer, where
n? = N.N, exp(—E,/kT) with N, (N,) being the effective
density of the conduction (valence) level.

It should be noted that the generation and bimolec-
ular recombination of free charge carriers in organic
semiconductors generally take place via bound excitonic
states and charge-transfer (CT) states [8,26—30]. As such,
the corresponding G and B are expected to depend on
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the exciton and CT state kinetics [31]. In this picture,
B = (1 — Pct) By, which involves the encounter of free
electrons and holes (described by rate constant 8y) [32] and
the formation and subsequent decay of the bound states
to the ground state (with a probability of 1 — Pct) [31].
The latter process is believed to be the leading source of
nonradiative recombination in OPV solar cells [33-35].
B is commonly compared to the Langevin recombination
constant B, = q[u, + 1,1/ (g€0) [36], considered to be the
upper limit for 8 in low-mobility systems.

Based on Egs. (1) and (5), the total current density can
be expressed as

d
J= _Jgen + Qﬂ/ [n(x)p(x) — nf]dx +J,(0) +Jp(d)’
0
(6)

where Jgen = g fod G(x)dx is the saturated photogeneration
current density. In this work, we consider contacts that
are ideally selective for the extraction of majority carri-
ers (electrons at cathode, holes at anode). In other words,
majority carriers are assumed to remain at thermal equi-
librium at the contacts, such that p(0) = p,, and n(d) =
Ncat, While J,(0) = J,(d) = 0 (no surface recombination
of minority carriers). Here, p., (#ca) 1s the correspond-
ing thermal equilibrium density for holes (electrons) at the
anode (cathode). Finally, V is related to F'(x) via

d
V= Vg = / F)d, )
0

where gVpro = kT In(pannicat /nf) corresponds to the work
function difference between the anode and cathode contact.

To evaluate J for a given V, the set of coupled differ-
ential equations Eqgs. (1)~(5) needs to be solved for ¢ (x),
n(x), and p (x). In the next section, we present an analyti-
cal framework for J based on approximative solutions of
¢ (x), n(x), and p (x). To validate the obtained approximate
expressions, we compare them with the results of numer-
ical simulations representing the “exact” solutions. For
this purpose, we use a previously established numerical
device model (see Ref. [37]), based on the Scharfetter-
Gummel discretization scheme and Gummel’s iteration
method [38—40]. In the simulations, we consider an active
layer having d = 100 nm, N, = N. = 10*! cm™3, and an
energy level gap of E, = 1.42 eV. Further, we assume a
uniform photogeneration rate (G(x) = G) that scales lin-
early with light intensity and takes a value of 6.24 x
10! ecm™ s~! under 1-sun conditions. Unless otherwise
stated, balanced mobilities (i = w, = [1,,) are assumed in
the simulations. Finally, we assume that the contacts are
Ohmic, corresponding to injecting contacts at which the
carrier density is high enough (negligible resistance) to not
limit the majority-carrier current. To ensure this condition,
we assume p, = N, and sy = N,.

II1. RESULTS AND DISCUSSION

In Fig. 1 the effect of the interplay between charge
collection and bimolecular recombination on the J-V char-
acteristics is demonstrated. A photovoltaic device with
w=10"%cm?/Vs is simulated and compared with the
idealized case with perfect charge collection (u — 00),
assuming a fixed B = 1071 cm?/s. Figures 1(a) and 1(b)
show the normalized currents J/Jge, under 1-sun (solar
cell) and 0.001-sun (relevant for indoor PVs) illumination
conditions, respectively. Independent of the light intensity,
decreasing p generally reduces both the short-circuit cur-
rent density (Jsc) and the FF. This suggests that, even at
low light intensities, there can be a substantial charge col-
lection loss caused by bimolecular recombination in the
case of low mobilities. Conversely, in the limit of high
mobilities, both Js¢ and FF saturate to their maximum val-
ues (set by the prevailing intensity) as Jsc —> Jgen. Note
that the open-circuit voltage (Voc) is independent of u
in this case (since § is fixed) and depends only on the
light intensity. For an analytical model of the J-V charac-
teristics to be accurate, it is imperative that it reproduces
the mobility- and intensity-dependent behaviors in Fig. 1.
In the following, approximations relating the current and
bimolecular recombination in sandwich-type thin-film PV
devices with Ohmic contacts are derived.

A. Analytical approach

To obtain approximate solutions for the charge-carrier
transport equations, we use the following ansatz for the
electron and hole density:

nx) = no(x) + An(x), (8)
p(x) =po(x) + Ap(x). ©)

Here, ny(x) and po(x) are defined as the respective ideal
carrier densities expected in case of flat quasi-Fermi levels
(0EF,/0x = 0EF,/dx = 0) separated by ¢V In accordance
with Egs. (2) and (3), we have, by definition, that

gno()F(x) = —kr 208 (10)
0x

apoCF () = kT, (11)
X

for every x inside the active layer. Noting thatJ = J,(x) =
J,(x) = 0 at open circuit, it directly follows that n(x) =
no(x) and p (x) = po(x) at V' = Voc. In other words, ny(x)
and po(x) at any given applied voltage V in the dark are
identical to the respective n(x) and p(x) obtained at open
circuit under a light intensity that results in a Voc equal
to V.

Conversely, An(x) and Ap (x) represent the correspond-
ing deviations of n(x) and p(x) from their ideal carrier
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Simulated J-V characteristics of a sandwich-type thin-film PV device under (a) 1-sun and (b) 0.001-sun illumination con-

ditions demonstrating the effect of finite mobilities on the current density. The case of balanced mobilities with & = 10~* cm?/Vs
(red line) is shown and compared to the idealized case of u — oo (blue line). A fixed bimolecular recombination coefficient
B = 10719 cm?/s is assumed for both cases. The predictions based on the ideal-diode equation Eq. (17) are indicated by black dashed

lines.

densities. An(x) and Ap(x) are determined by the charge-
carrier transport properties inside the device. Making use
of Egs. (10) and (11), in conjunction with Egs. (2) and (3),
in Eq. (1) the electron and hole continuity equations can be
expressed as

FBAn 4 A oF 4 kT 3> An
— n_ —
Mn ax Mn 9x MUn q ax?
= —G + Blpono — n% + poAn + noAp + AnAp],
12)

FaAp+ A oF kT 3> Ap
Hp ax Hp 2P ax Hp g 0x2

= G — Blpono — n* + poAn+ ngAp + AnAp]. (13)

While general analytically tractable solutions to Egs. (12)
and (13) cannot be found, approximate expressions can
be obtained depending on the dominant recombination
terms. Note that An and Ap should primarily be consid-
ered mathematical tools that may take positive or negative
values. In regions where An > ng (Ap > po) applies,
however, An (Ap) may be identified as the excess density
of photogenerated electrons (holes).

1. Ideal charge collection

We first consider the idealized zeroth-order case, when
n(x) = no(x) and p(x) — po(x). Excluding open-circuit
conditions, this corresponds to the limit of infinite mobil-
ities (or ideal conductivities). This follows from the fact
that for J,(x) and J,(x) to remain finite as w, and u,
approach infinity, we must generally have

0Er,
ox

ox

Figures 2(a) and 2(b) show the carrier densities inside the
active layer (under the 1-sun illumination condition) for
different mobilities at ' = 0 and V' = 0.5 V, respectively.
The corresponding energy level diagrams are depicted in
Figs. 2(c) and 2(d). As expected, £, and Ef, in the
limit of high mobilities are flat throughout the active layer
and separated by ¢V. In other words, the free carriers
are in electrochemical equilibrium with their collecting
electrodes.

As n(x) — no(x) and p(x) — po(x), the recombination
rate is dominated by the Bpo(x)ng(x) term in Egs. (12)
and (13) (i.e., the zeroth-order term with respect to pho-
togenerated carriers). This term can be directly evaluated
noting that ny(x) and py(x), as per Egs. (10) and (11), can
be equivalently expressed as

qlV — VBI,0+¢(X)])’ (14)
kT

q¢ (x) >
kT )°

1o (X) = Nea€Xp (

P0(X) = Pan €Xp <— (15)
As a result, in this limit 7 (x)po(x), and thus the bimolecu-
lar recombination rate, is independent of the position inside
the active layer. Making use of the definition of Vg, the
generalized mass action law is further obtained as

14
no()po(x) = nexp ("—) .

T (16)

Hence, for selective contacts (J,(0) = J,(d) = 0), the total
current density [Eq. (6)] in the limit of ideal charge
collection (jt,, — 00) is given by

14
Jidea (V) = _Jgen +Jo |:GXP (%) - 1] > (17)
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Simulated carrier density profiles of the thin-film PV device from Fig. 1 at 1 sun for (a) "= 0 and (b) V"= 0.5 V. The

solid and dotted lines indicate the case of ;1 — oo and p = 10™* cm?/V's, respectively. In (c),(d), the corresponding energy level
diagrams for ' =0 and V' = 0.5 V are shown, respectively. The conduction and valence levels are indicated by blue and red solid
lines, respectively, while the electron and hole quasi-Fermi levels are indicated by blue and red dashed lines. For comparison, the
analytical approximations based on Egs. (15) and (19) are depicted by the black dashed lines.

where Jy = gBn?d is the dark saturation current density
induced by thermal generation of charge carriers in the
active layer. As expected, in the high-mobility limit, J (V)
is of an identical form to the ideal-diode equation. Indeed,
Eq. (17) (indicated by the dashed lines) precisely repro-
duces the simulated J-V curves when u — oo in Fig. 1.

2. Regional approximation

Based on Egs. (14) and (15), expressions for the ideal
carrier densities can be derived by making use of a regional
approximation. In the ideal limit, the densities of electrons
and holes dominate at cathode and anode contacts, respec-
tively, while they decrease exponentially away from the
contact [see Figs. 2(a) and 2(b)]. Subsequently, the active
layer can be divided into a hole-dominated (0 < x < x*)
and an electron-dominated region (x* < x < d), where x*
is the width of the hole-dominated region. Assuming that
Po > ng in the hole-dominated region, analytical approx-
imations for po(x) can be obtained [19,41]. For x < x*,
Eq. (4) then simplifies as

0F(x) _32¢(X) ~ qpo(x)
ax ax? ggy

(18)

Substituting Eq. (15) into Eq. (18) and solving for ¢ (x)

yields
. gFox . qFoAan
nh nh
o |:2kT T < a7 )|)

2kT, [ 2kT
¢(x) = —1In (
(19)

qFO)"an

q

for Fy > 2kT/qd, where lay = +/2660kT/[q?pan] repre-

sents the Debye screening length for holes at the anode
contact and Fj is an integration constant of the electric
field. Thus, the electric field in this region is obtained as

qFox L qFoMan
F(x) = —Fy coth | —— h . (20
(x) 0 CO |: T + sin < AT (20)

Note that sufficiently far from the contact, ¥ — —Fj in
Eq. (20). Concomitantly, F represents the magnitude of
the electric field deep inside the active layer. A completely
analogous treatment applies for x > x* (assuming ng >
po) [42]. Demanding that F(x) is continuous at x = x*,
it can be shown that x* & d/2 for Ohmic contacts, cor-
responding to Aap, Aeat K d, where Ay 18 the correspond-
ing Debye screening length for electrons at the cathode
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contact. Finally, an expression for Fj, can be obtained In the case of finite mobilities, Eq. (15) is also seen
after matching ¢ (x) at x = x* and applying the boundary = to accurately describe p(x) within the anode contact
condition Eq. (7). region; this is a consequence of the high hole density

In general, Fy depends on the contact properties (rep-  resulting in a virtually flat Ep, [cf. Eq. (3)], and thus
resented by Aan, Acat, and Vpro) and the applied voltage  p(x) = po(x) within this region. Subsequently, the major-
through a transcendental dependence. In the case of Ohmic ity carrier densities within the contact regions are inde-
contacts (A, Acat < d), however, Fy may be approxi- pendent of charge-transport properties, consistent with
mated as follows [42]: the defining characteristic of Ohmic contacts. Finally,

the FE,(x) predicted based on Eq. (19) (dashed line)

F 1 v — 1+ In|2| Q1 e compared with the simulated E,(x) (solid lines) in
0 g (qVe1/8kT) — 1) |’ Figs. 2(c) and 2(d); an excellent agreement is obtained.

It should be noted that the simulated E,(x) at the two

for Vg — V > 8In(2)kT/q. Herein, Vg, is the effective different mobility cases in Figs. 2(c) and 2(d) coalesce,
built-in voltage inside the active layer at V' = 0, determined  suggesting that ¢ (x) is independent of mobilities in this

via case.
2kT, (& /Panlicat 4kT . (qVpi B. First-order approximation
Vei=Vpo— —I|———— )+ —In|— ).
q 2ee0kT kT In the case of finite mobilities n(x) ~ ny(x) and p (x) =~

(22)  py(x) only within the high-density region near the cathode
and anode contact, respectively, while the carrier densi-
Note that the effective built-in voltage inside the active  tjes strongly deviate from the ideal limit well inside the
layer is reduced relative to the electrode work function  4ctive layer, as shown in Figs. 2(a) and 2(b). The devia-
difference Vg because of energy level bending near the  tjons An(x) and Ap (x) depend on both the light intensity
contacts, as seen in Figs. 2(c) and 2(d). This energy level 34 the charge-transport properties. In the low-intensity
bending also depends on the applied voltage, which is limit, however, when the second-order recombination term
accounted for by the final term within the round brackets BAnAp is negligible (the recombination rate is determined
on the right-hand side of Eq. (21). only by the first-order terms) and the space charge induced
In Fig. 2, po(x) predicted by Eq. (15) (dashed lines), by An and Ap is insignificant [i.e., F(x) is given by
with ¢ (x) given by Eq. (19), are compared with the sim-  Eq. (20)], approximative solutions to Egs. (12) and (13)
ulated p(x) (solid lines). Indeed, Eq. (15) reproduces the  an be obtained.
simulated p(x) in the limit wu, — oo. Inside the active
layer, Eq. (19) predicts ¢ (x) to be linearly dependent on 1. Drift-only solutions for An(x)
x, translating into exponentially varying carrier densities
in this limit. Near the contacts, however, the accumula-
tion of majority carriers induces significant energy level
bending resulting in nonexponential behavior within these
regions. It should be noted that, although initially derived
for x < x*, the approximation based on Eq. (19) generally
applies beyond this region; in fact, except for the electron- 0An oF
accumulation region near the cathode contact, Eq. (19) —Hnk’ (X)W + 1z — l],unaAn(x) =Gr, (23)
remains a good approximation for ¢ (x) throughout the
entire active layer.

We consider the drift-only case, assuming the diffusion
component of An(x) to be negligible. For electrons suffi-
ciently far from the cathode contact, the term 7o (x) Ap (x)
can be neglected. Then, noting that py(x) is related to F'(x)
via Eq. (18), in this region, Eq. (12) reduces to

J

where Gr =G — ﬂnf[exp(qV/kT) — 1] and z, = B/B,, with B, = qu,/(¢gp) being an equivalent electron-only
Langevin recombination constant. The solution for Eq. (23) is of the form

Gr [ tanh™[(qFox’ /2kT) + sinh™' (qFohan/2kT)]dx’
o tanh™~'[(qFox/2kT) + sinh™ (gFoAan/2kT)]

An(x) = , 24

with An(0) = 0 and using Eq. (20) for F'(x). An analogous expression can be obtained for Ap (x) sufficiently far from
the anode contact.

For the case of perfect Ohmic contacts (corresponding to p,, — 00 and A, — 0), An(x) far from both contacts
simplifies as

Jn(x) ~ —q,l,L,,F()AI’l()C) ~ _qGR[x _x()n]a (25)
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Normalized electron current density profiles simulated at (a) short circuit and (b) V"= 0.5 V for the low-mobility device

from Fig. 1(b) (u = 10~* cm?/V s and 8 = B;), indicated by the red solid lines. The corresponding approximations Eqs. (25) and (29)
for the electron current densities well inside the active layer are indicated by the solid blue lines and dashed lines, respectively.

where xo, = (KT/qFo)fo(B/B,) with fo(z) =2 [5°[1 —
tanh® (1) ]du. The integral function f;(z) can be readily eval-
uated for special cases (e.g., fo(2) = 2, fo(1) = In(4)); for
a general z, we find

z+1

So@) = (T) +y +1n4),

(26)
where ¥ is the digamma function and y ~ 0.5772 is the
Euler constant. For z < 1 we expect fy(z) — m%z/4, while
fo(z) = In[2zexp(y)] in the limit of large z. For prac-
tical purposes, however, it is convenient to assume the
following approximation for Eq. (26):

2
foz) ~In ( |+ B2 + %) : 27)

with B = [8exp(y) — m2]/4 ~ 1.0947, which reproduces
the two extreme cases.

2. Accounting for diffusion

The preceding analysis culminating in Eq. (24) predicts
that J,(x) is given by Eq. (25) far from the anode con-
tact (x > x¢,). On the other hand, for x < xg,, Eq. (24)
approximates as

qGrx?
2pnkTTL + B/ Bl

An(x) ~ (28)

for perfect Ohmic contacts (A,, — 0). However, this
treatment neglects diffusion of Amn(x), assuming the
drift component AJ, g = g, AnF to be much larger
than the corresponding diffusion component, AJ,gig =
UnkT(dAn/dx). While this is a good approximation for
X > Xon, the assumption is generally not valid for electrons

close to the anode contact. Using Eq. (28), the corre-
sponding AJ, 4i is approximately equal but opposite to
the drift component (AJ, gir & —AJp arift), suggesting the
actual total electron current (J, = AJy gt + AJpair) for
X < Xo, 1s close to zero. Therefore, to a first approxima-
tion, the drift-only analysis underestimates the magnitude
of J,(x) by AJ,grifi(xon) for x > x¢,. Based on Eq. (28),
we expect this correction to be given by AJ, dris(xon) ~
—qGgrxon/(zy + 1). A completely analogous consideration
applies for Ap (x). It should be stressed, however, that this
approach is only applicable for large electric fields when
the diffusion component of An(x) inside the active layer is
small compared with the associated drift component.

Based on these considerations, the electron and hole
current densities well inside the active layer can then be
approximated as

Ju(x) = —qGr[x — xga],
Jp(x) = qGrlx — d + xpp].

(29
(30)

where xgp) = (kT/qFo)fr(B/Bup)), and By = qu, /(£€0)
is an equivalent hole-only Langevin recombination con-

stant. Further, after approximating fy(z) by Eq. (27), fz(z)
is given by

z+2
z+1

z

Jr(2) =

2
In (\/1 + B2z2 4 %) )
(€29)

+2
il

Figure 3 shows the simulated J,(x) of the low-mobility
device in Fig. 1(b) at low illumination conditions (where
the first-order recombination channel dominates). Compar-
ing the simulations with Eq. (29) yields a good agreement
between the two inside the active layer.
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(a) Schematic energy level diagram indicating the recombination zones near the contacts, where first-order recombination

between injected and photogenerated carriers dominate, and the charge collection zone of width des where first-order recombination is
negligible. (b) Simulated intensity dependence of Jgc/Jgen (red solid line) of the low-mobility device (1 = 10~ cm?/V's) from Fig. 1
is shown alongside the corresponding analytical approximations based on Eq. (33) (blue dashed line) and Eq. (41) (black dotted line).
(¢),(d) The corresponding simulated J-V" curves at 0.001 sun [from Fig. 1(b)] and 1 sun [from Fig. 1(a)], respectively, indicated by
red solid lines. The analytical approximations based on Eq. (33) (accounting for first-order recombination with injected carriers) and
Eq. (41) (also including effects of second-order recombination among photogenerated carriers) are indicated by blue dashed and black
dotted lines, respectively. The associated contributions from first- and second-order recombination to the total charge collection losses,
relative to the ideal limit [Eq. (17), dark-cyan solid lines], are highlighted by purple and blue shaded areas, respectively.

3. Approximate expression for the current density

As is implied in Fig. 3, the effect of injected carri-
ers is to induce recombination zones for minority carriers
near the contacts. In accordance with Egs. (29) and (30),
X, and xg, can be viewed as the corresponding effective
widths within which all minority carriers recombine near
the anode and cathode contact, respectively. Further, these
recombination zones are separated by a recombination-free
charge collection zone of width

deff =d— XRn — XRp (32)
inside the active layer, as illustrated in the schematic
energy level diagram in Fig. 4(a). Note that the widths
of the recombination zones depend on the ratios between
the mobilities and recombination coefficient and grow with

increasing applied voltage. As a result, the recombination-
free charge collection zone is reduced with increasing
voltage, giving rise to an increased charge collection loss.
Conversely, in the limit of large reverse-bias voltages, high
mobilities, or small 8, we expect dey — d, as the ideal
high-mobility limit is approached.

Finally, combining Egs. (29) and (30), the total cur-
rent density J = J,(x) + J, (x), evaluated inside the active
layer, can be approximated as

J=|1 KT Jideal (V) 33
( —< - qFo(V)d> ldeal( 5 ( )
where Jigeal (V) is given by Eq. (17) and

0 =/r(B/Bn) +Ir(B/Bp)- (34)
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with fr(z) defined through Eq. (31). Subsequently, the
effect of a finite mobility is to reduce the magnitude of the
current density, relative to the idealized high-mobility limit
[Eq. (17)], by a prefactor given by deg/d. In addition to
the applied voltage and the (effective) built-in voltage (via
Fy), this current reduction factor only depends on 8/8,, and
B/Bp in the active layer (through 0).

Equation (33) generally describes the current density
under low intensity conditions when first-order recom-
bination with injected carriers dominates. In Fig. 4 the
light-intensity dependence of Jsc /Jgen Of the low-mobility
case from Fig. 1 (u = 10~* cm?/Vs), along with the cor-
responding J-V curves at 0.001- and 1-sun conditions,
is simulated and compared with the analytical predic-
tion Eq. (33). Indeed, a nearly perfect agreement between
Eq. (33) and the simulations is obtained at low intensi-
ties (0.001 sun). Note that for the case © — oo, Eq. (33)
reduces back to the ideal-diode equation Jige, (V).

C. Accounting for second-order recombination
between photogenerated carriers

As is evident from Fig. 4, a deviation between the
simulations and the prediction based on Eq. (33) even-
tually appears at high enough intensities as second-
order recombination between photogenerated electrons
and holes becomes important. Under these conditions, the
BAnAp term in Eq. (12) can no longer be neglected.
Subsequently, there will be a competition between charge
extraction and second-order recombination taking place
within the bulk of the active layer, with J (V) deviating
from Eq. (33). However, a correction to Eq. (33) can

J

be obtained by accounting for second-order recombina-
tion within the charge collection zone, xg, < x < d — xg,.
Since An > ny and Ap > py, within this region, An and
Ap represent the actual excess densities of electrons and
holes induced by photogeneration. First-order recombi-
nation (dominating near the contacts) is accounted for
by assuming that J,(xz,) =0 and J,(d —xg,) =0. In
other words, the device is effectively treated as having
a thickness d.g, where all electrons (holes) photogener-
ated within 0 < x < xp, (d — xg, < x < d) are lost due to
recombination.

1. Effect of second-order recombination inside the
collection zone

We consider the effect of second-order recombination at
small voltages when Voc — V' > kT/q, corresponding to
Gr =~ G. Then, assuming that the transport of photogener-
ated carriers is dominated by drift and that space-charge
effects are negligible, within the charge collection zone,
Eq. (12) simplifies as

dAn
_M"FW =G — BAn(x)Ap(x)
— G- P Ane) + PP ane, 35)
qupF Mp

where J = g[u,An(x) + u, Ap(x)]F is used in the last
step to eliminate Ap(x). Assuming that An(xg,) =0,
while noting that the total current J is independent of
x, Eq. (35) can be readily solved for An(x) with the
result

2 2
An(x) = A 1 - (i) tan| 2,/1 — (i> M +sin~! <i> + L, (36)
,u,,ﬂ Jg Jﬂ Jﬂ Jﬂ 2qLL,,F

forxg, < x < d — xg,, where Jg = 2q, /Ittty ~/ (G/B)|F|.
An analogous treatment applies for photogenerated holes
within the collection zone; in fact, assuming that Ap =
0 at x=d—xg,, it can be shown that Ap(x) =
(/'Ln//"p)An(d — Xpp — X).

Unfortunately, an analytically tractable explicit solution
of Eq. (36) in terms of the total current density J cannot
be established [17]. However, noting that w,An =, Ap
(and thus J, =J, =J/2) at the midplane of the charge
collection zone, the following implicit relation is obtained:

J J, J\?
sin™! <—> =2 /1 <—> . (37)
Jp Jp Jp

(

Here, Jg., is defined as Jg, = gGdes and corresponds
to the magnitude of the current density obtained when
all carriers photogenerated within the collection zone are
extracted.

We note that the derivation of Eq. (36) assumes the
electric field to be uniform in the charge collection zone.
At small voltages, the electric field within this region is
well approximated by ' ~ —F,. However, the derivation
of Eq. (36) also neglects the effect of diffusion of photo-
generated carriers induced by superlinear density profiles
in the collection zone, resulting in Eq. (37) overestimat-
ing the magnitude of the actual J. The deviation may
be estimated from the difference between the expected
diffusion components (u,kT0An(x)/dx) of Eq. (36)
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evaluated at the edge (x = xg,) and midplane of the col-
lection zone. It turns out that this effect can be corrected
for in Eq. (37) by modifying Jg as [43]

G 2kT 7712
Jg =~ 2q. /10, —Fol 1l + ——— s 38
p 7 S Kbl B 0|: +qFOdeff:| 3%

where the final term on the right-hand side of Eq. (38) rep-
resents a second-order correction induced by a diffusion of
An(x) in the collection zone.

In accordance with Eq. (37) the current density depends
on the ratio Jg,/Jg, as shown in Fig. 5. As expected, J
approaches —Jg, in the limit when Jg,, < J, correspond-
ing to the low-intensity limit when second-order recombi-
nation within the charge collection zone is negligible. At
high intensities when Jg., > Jg, in turn, Eq. (37) predicts
that / — —Jpg; in this regime, the current is strongly lim-
ited by second-order bimolecular recombination between
photogenerated electrons and holes inside the collection
zone. For the general case, an explicit approximation for
J can be obtained based on expanding the left-hand-
side of Eq. (37) as sin~!(J /Jg) &~ J /J5. Subsequently, the
following approximative expression is found:

J*

gen

Ja e 39
NES<UL )

with

K Jg*en 2 Jg*en 40
h=(7") ++5 (40)

where « is a correction factor. Here, the case x = 0 cor-
responds to the first-order approximation sin~!(J /J) ~
J/Jg in Eq. (37). However, by introducing an additional
correction term (with nonzero «), the accuracy between
the exact value for J based on Egs. (37) and (39) can be
further improved. As shown in Fig. 5, a good agreement is
obtained for x = 0.173.

2. Revised approximation for the current density

Based on Eq. (39), Eq. (33) can be extended to account
for the effect of second-order recombination among pho-
togenerated charge carriers. Noting that Jg, is equal to
Eq. (33) for Voc — V' > kT/q, it becomes evident that the
effect of second-order recombination is to reduce the cur-
rent density by a factor 1/4/1 + K (V). Hence, the current
density can be approximated as

1 (1 kT
VI+KD) qFo(Nd

In other words, apart from the reduction induced by recom-
bination with injected carriers at the contacts, the mag-
nitude of the current density is further reduced, relative

J(V) = )Jideal(V)- (41)

FIG. 5. Calculated J/Jg as a function of Jg,/Jg. The solid
line corresponds to the exact (implicit) solution to Eq. (37). The
approximations based on Eq. (39) with x =0 and « = 0.173
are indicated by dotted and short-dashed lines, respectively.
The case of J = —Jg, (long-dashed lines) neglecting second-
order recombination between photogenerated carriers has been
included for comparison.

to Jigeal(V), by an additional reduction factor induced by
second-order recombination among photogenerated carri-
ers within the charge collection zone.

In accordance with Eq. (41), the current loss induced by
second-order recombination among photogenerated car-
riers depends on the generation rate (or Jye,) with the
magnitude of J /Jgen generally decreasing with increasing
light intensity. Indeed, Eq. (41) reproduces both the sim-
ulated intensity dependence of Jsc /Jgen and the J-V curve
at 1 sun as shown in Figs. 4(b) and 4(d), respectively. The
degree of second-order recombination is critically deter-
mined by K as per Eq. (40); at short-circuit, Eq. (40) can
be approximated by

4
BGd (1

OKT \*
~ . ) : (42)
4antp Vi

B qVei

With the exception of the additional factor within the
parenthesis, Eq. (42) is essentially identical to the figure-
of-merit previously proposed by Bartesaghi et al. [10].
Apart from the photogeneration current (Jgen), the
degree of the second-order recombination also depends on
the recombination coefficient and the product of the elec-
tron and hole mobility. When K « 1, corresponding to low
intensities, small g8, or high enough mobilities, Eq. (41)
reduces to Eq. (33) as the second-order recombination
within the collection zone is negligible. Conversely, in the
high-intensity regime, when K >> 1, second-order recom-
bination dominates over charge extraction of the photo-
generated charge carriers. In this regime, J approaches a
linear V' dependence while displaying a sublinear intensity
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FIG. 6. Comparison between numerical simulations indicated by the colored solid lines and the analytical approximations Eq. (41)
indicated by the corresponding dashed lines are shown under 1-sun (left-hand-side panel) and 0.001-sun (right-hand-side panel) illu-
mination conditions. In (a),(b) the simulated J-V characteristics for the case of varying /8, are shown for u, = u, = 1073 cm?/Vs.
In (c),(d) the simulated J-¥ characteristics at different but balanced mobilities are shown for 8 = 10~!! cm?/s. In (e),(f) the simulated

J-V characteristics at increasing mobility imbalance 11, /1, are shown for a fixed p,,

dependence of the form J o« G'/2 (or J [Jgen x G™1/?),
consistent with previous reports [17,44,45].

D. Validation of the analytical model

To substantiate the presented analytical framework
for the current density, we next compare the obtained
diode equation [Eq. (41)] against numerical simulations of
different cases. Figure 6 shows the numerically simulated

103 cm?/V s and constant 8 = 10710 cm3/s.

J-V characteristics for varying mobilities 8 and mobility
imbalance 1, /i, under 1-sun and 0.001-sun illumination
conditions. Upon comparing the numerically simulated J-
V curves (colored solid lines) with the predictions based
on Eq. (41) (black dashed lines) an excellent agreement
is obtained for voltages sufficiently below Vg, in case
of balanced mobilities. This is particularly true for the
low-intensity cases (when Voc < Vpp) where a virtually
perfect agreement is obtained across the board.
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At higher forward-bias voltages, however, a deviation is
obtained for systems with low mobilities and large Voc.
This can be attributed to the fact that the approximation
for Fy [Eq. (21)] in Eq. (41) is no longer valid at high
voltages [and that Eq. (41) diverges for d. — 0]. In addi-
tion, effects of diffusion become increasingly important as
the voltage approaches Vpg;. This is expected to cause devi-
ations near open circuit when Vpc becomes comparable
to Vg1. Note that Eq. (41) is essentially indistinguishable
from Eq. (33) at 0.001 sun, but also at 1 sun for mobilities
>1073 cm?/V s in Fig. 6.

A good agreement is also obtained for imbalanced
mobilities, especially at low intensities. At large enough
mobility imbalances, however, a deviation is eventually
observed between the analytically predicted and the sim-
ulated J-V curves. This deviation is attributed to the
inevitable space-charge build-up of the slower photogener-
ated carriers at high intensities, which screens the electric
field inside the active layer, resulting in strongly space-
charge-limited photocurrents [46—50].

E. Implications for photovoltaic device performance

The presented theoretical framework implies that the
charge collection loss induced by bimolecular recombi-
nation can generally be partitioned into zeroth-, first-,
and second-order contributions. The zeroth-order case
[Eq. (17)] represents perfect charge collection of pho-
togenerated carriers, containing only fundamental losses
associated with the Vpc. Conversely, first- and second-
order losses directly reduce the number of collected photo-
generated carriers. The corresponding contributions from
first- and second-order losses are highlighted by shaded
areas in Figs. 4(c) and 4(d) for the case £=10"* cm?/Vs.
These results suggest that even at 1 sun the predomi-
nant charge collection loss due to bimolecular recombina-
tion in thin-film PVs (with Ohmic contacts) is first-order,
while second-order losses only show up at low mobili-
ties, which may not be relevant to state-of-the art devices.
The implications of first-order charge collection losses for
photovoltaic devices are discussed in the following.

1. Fill factor and power-conversion efficiency

For a solar cell under a given light intensity (/.), the
power-conversion efficiency (PCE) and FF are defined
thl’Ollgh PCE = |J(VMP) VMp|/IL = FF x ch VOC/[L,
where Vyp is the voltage at which the output power of the
device is maximal. In the ideal-diode limit, when J (V) is
given by Eq. (17), the FF can be approximated as [25]

FF.py — (qVoc/kT) —In(1 + (quc/kT)), (43)

1 + (gVoc/kT)

with the corresponding maximum power point voltage
given by

» kT
Vldeal = Ve — 1 1
MP oC _q n < + T

qVOC>. (44)

Equation (43) corresponds to the FF in the limit of ideal
charge collection.

In the general case, the FF also depends on the inter-
play between 1, 11,, and B, deviating from the ideal-diode
limit set by Eq. (43). This is demonstrated in Fig. 7(a),
where the FF is shown as a function of 8/8; for a wide
set of numerically simulated devices with different w,,
Mp, B, and Jeen, while keeping the Voc fixed at either
0.81 or 0.63 V. The mobilities are allowed to vary inde-
pendently across 6 orders of magnitude from 1077 to
107" ¢cm?/V's. As shown, there is a large spread in the sim-
ulated data. While the upper bound of the FF is seen to
correlate with 8/8;, approaching Eq. (43) at small 8/8;,
the lower bound remains largely independent of §/8;. Pre-
vious studies have suggested the FF to depend critically on
BJgen/ (ntrp) [10,11], encapsulated in the figure-of-merit
« proposed by Neher et al. [15],

2 q,BJgend3

= . 45
= Bty KT )

Such a dependence is expected when the photocurrent is
limited by second-order recombination [cf. Equation (42)].
In Fig. 7(b), the numerically simulated FFs [from Fig. 7(a)]
are replotted as a function of «. However, the spread in the
FF remains substantial, especially for moderate « values.
This observation suggests that first-order recombination
with injected carriers plays a crucial role in determining
the FF in this case.

An approximation of FF for the case when first-order
recombination with injected carriers dominates can be
obtained from Eq. (33). Noting that the principal voltage
dependence in Eq. (33) is determined by the Jige, (V) com-
ponent, while the prefactor varies relatively slowly with
voltage, we expect Vyp =~ V‘]'\‘}ﬁ,al. Subsequently, the FF is
reduced relative to the ideal limit by the ratio between the
prefactor at V' = Vyp and at short circuit as follows:

FFideal

FF = (1 - L) (46)
(= OkT/qVo) \ ~ qFo(Vihd)

where FFigea and V‘ﬁ%al are given by Egs. (43) and (44),
respectively. The critical material parameter determining
FF in this case is 6, which depends on 8/8, and B/B, in
accordance with Eqgs. (31) and (34); in the limit of small 8
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with different 11, i,, B/B, and G at fixed open-circuit voltages of Voc = 0.81 V and Voc = 0.63 V. In the simulations, 8/8; spans
between 0.0001 and 1, while 1, and f, are allowed to independently vary between 1077 and 10! ¢cm?/V's. For comparison, the
approximation based on Eq. (46) is included in panel (d) as indicated by solid lines, corresponding to the limit of the FF when the
charge collection is limited by first-order recombination with injected carriers.

and large mobilities, 6 can be approximated by

2
T
elow = ’8 +
2B,

2 2
ﬂﬂznwo[ﬁ /3]. @7

2B, 2q | * Mp
Hence, we expect FF to be limited by the ratio between
the bimolecular recombination coefficient and the smaller
mobility.

In Fig. 7(c), the simulated FFs [from Figs. 7(a) and
7(b)] are plotted as a function of 6,,,. Indeed, a much bet-
ter correlation is obtained in this case, suggesting that the
simulated FFs in Fig. 7 are primarily governed by first-
order recombination between injected and photogenerated
charge carriers. This is further substantiated in Fig. 7(d),
where, upon plotting the numerically simulated FFs (sym-
bols) as a function of O [obtained from Eq. (34)], the
simulated data set is seen to coalesce into a common trend
that depends only on 0. For comparison, the approxima-
tion based on Eq. (46) (solid lines) has been included
in Fig. 7(d), showing an excellent agreement against the

simulated FFs at small 6 (large mobilities and/or small
B) and low Vo, in particular. Note that, for balanced
mobilities, & depends only on 8/8; explaining the behav-
ior of the upper bound of FF in Fig. 7(a). The spread
observed in Figs. 7(a) and 7(b) can thus be traced back
to an increased mobility imbalance. A significant devia-
tion from the trend in Fig. 7(d) is seen only for high Voc
at 6 > 1 (corresponding to severely imbalanced mobili-
ties), when the simulated devices instead become limited
by space-charge effects and second-order recombination.
Based on these results, we see that the condition for a
thin-film device to be in the high-mobility regime is that
Biow < 1 or, equivalently, that p > (w2egoB/2q) for the
mobility of the slower charge-carrier type.

Equation (46) predicts a relatively weak dependence
on the active layer thickness, with the d dependence
being implicitly accounted for within the terms F| O(V‘ﬁ%al)d
and Vpg;. It should be stressed, however, that Eq. (46)
is only valid for sufficiently thin devices. As the active
layer thickness is increased, the device rapidly becomes
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influenced by second-order recombination [not accounted
for in Eq. (46)], which generally results in a strong d
dependence in FF.

The findings in Fig. 7 have important implications not
only for the FF, but also for the maximal achievable PCE
in low-mobility solar cell devices. Combining Eq. (46)
with the corresponding Jsc predicted by Eq. (33), an
upper limit estimate of the PCE for low-mobility thin-
film devices with Ohmic contacts can be established. The
corresponding PCE takes the form

0kT
PCE = PCEjeal (1 — ) , (48)

gFo(MisHd

where PCEjqe, is the PCE expected in the case of perfect
charge collection. The parameter & may thus be taken as
an associated figure-of-merit for charge collection. Figure
8 shows the PCE/PCE;j4e, of the numerically simulated
devices from Fig. 7 plotted as a function of §. Again, for a
given Voc (and Vp) the simulated data set coalesces into
a common trend that depends only on 6. Indeed, com-
paring the simulated trend with the upper limit estimate
Eq. (48), a very good overall agreement can be obtained.
As a result, Eq. (48) can be used to separately estimate
the loss in the PCE associated with charge collection in
devices with selective Ohmic contacts. These results can
also be used to facilitate machine learning for PCE predic-
tions. The fact that the spread in the numerically simulated
data (from Fig. 7) is drastically reduced when parametrized
against 0 elevates 6 as a more accurate figure-of-merit for
charge collection in thin-film PVs based on low-mobility
semiconductors such as OPVs.

2. The dark current and the reciprocity between charge
injection and extraction

The theoretical framework based on Eq. (33) can be con-
solidated with the principle of reciprocity between charge
injection and extraction [51], provided that the voltage
dependence of the photovoltaic external quantum effi-
ciency (EQE) is accounted for [52]. In general, the EQE
describes the efficiency of incident photons being con-
verted into collected electron-hole pairs at the contacts.
In excitonic semiconductors, the EQE can be written as
EQE = nascoyNeol, Where 7,4 1s the efficiency of an
incident photon being absorbed and generating an exci-
ton, and ncgy is the efficiency of a photogenerated exciton
generating a free electron-hole pair. Finally, ne, is the
charge collection efficiency of photogenerated carriers,
defined as neol = |J — Jyark|/Jgen, Where Jyark is the cur-
rent density under dark conditions. Note that, from this
perspective, Jyen can be equivalently expressed as Jgen =
q fooo NabsNcGy PextdE, where @ (E) is the photon flux
of the external light source used to photogenerate charge
carriers (e.g., 1 sun).

0 Voc =081V
5 08F o numerical 7
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O 06 10 7
D_ ©
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0
FIG. 8. The PCE/PCEj4q, of the numerically simulated

devices from Fig. 7 are shown as a function of the figure-of-
merit 6 at Voc = 0.81 V, as indicated by open symbols. The
corresponding case for Voc = 0.63 V is shown in the inset. The
upper-limit estimate of the PCE based on Eq. (48), expected in
the presence of first-order recombination with injected carriers,
is depicted by the solid lines.

In accordance with Eq. (33), under conditions when
recombination between photogenerated and injected
charge carriers dominates, the charge collection efficiency
is given by

OkT
qFy(V)d’

for V<« Vg;. Based on Eq. (49), ne depends on the
applied voltage but is independent of light intensity, con-
sistent with the first-order nature of the current loss. In fact,
Eq. (49) applies to dark conditions as well, noting that the
current density of Eq. (33) in the dark is given by

J. (1= YT\, "N 4], 50
dark(V)—< —m) O[CXP(E)— ], (50)

for V « Vgr.

The effect of finite mobilities is to reduce the injected
dark current density, relative to the ideal-diode case Jigeay =
Jolexp(qV/kT) — 1] [i.e., Eq. (17) in the dark], by the pref-
actor 7¢,1(V) given by Eq. (49). Concomitantly, Jgui (V)
can be described in terms of an effective dark saturation
current density Jo (V) = nco1(V)Jo, which depends on the
applied voltage. This is demonstrated in Fig. 9, where J-V
curves under dark conditions are simulated and compared
to Eq. (50), showing excellent agreement for V' < Vg;. We
note that the additional voltage dependence present at low
mobilities translates into nonideal-diode behavior in the
forward bias, which, depending on V, is seen as a diode
ideality factor above unity in the dark.

A different situation applies at open circuit under illu-
mination. Under open-circuit conditions, the rates of

Neol (V) =1 (49)
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(a) Simulated dark current densities at different mobilities with 8 of 107! cm?/s. (b) Normalized dark current densities

relative to the idealized expected dark current density [Eq. (17) with Jgep = 0] in the limit of high mobilities. The approximations

based on Eq. (50) are indicated by dashed lines.

charge-carrier injection and extraction are exactly bal-
anced (J = 0). From Eq. (17) [or Eq. (33)], the open-
circuit voltage is obtained as

Jgen

Jo )’

kT
Voc=—In{|1+
q

Since J,(x) =J,(x) =0, corresponding to 0Ep,/dx =
0Ep,/dx = 0, the device is essentially operating in the
ideal-diode regime under these conditions. For a fixed §
(and light intensity), the Voc is therefore independent of
the charge-transport properties. This is seen in the sim-
ulated J-V curves in Figs. 6(c)-6(f), where Voc remains
unchanged with varying mobility. Note that Eq. (51) is
equivalent to Jyen = Jo[exp(gVoc/kT) — 1]. Therefore, the
ideal J-V curve [Eq. (17)] expected for a given device may
be constructed from the corresponding Jgen — Voc curve,
which can be obtained from intensity-dependent suns-Voc
measurements [53].

Jo is defined as the (saturated) thermal generation
current density in the bulk. Noting that charge carriers
can be thermally generated either radiatively or nonra-
diatively, we can write J() = (q/nrad) fooo nabanGYcDBBdEa
where ®gg(F) is the black-body photon flux of the envi-
ronment and 7,4 is the radiation efficiency. On the other
hand, provided that 7., remains independent of intensity,
it follows that Jgen/Jo = Neol (V) Jgen/Jo (V). If the EQE is
evaluated at low intensities under short-circuit conditions
(V' =0), Eq. (51) can then be reformulated as

kT J&
Voc = —111(1 +i>,
q Josc

(1)

(52)

where J§. = ¢ f0°° EQE(E)¢exi (E)dE is the expected Jsc
in the absence of second-order losses, while Jysc =
(@/1aa) Jy° EQE(E) g (E)dE corresponds to Joer(V = 0),
consistent with detailed balance.

Note that Jysc generally differs from Jj, owing to the
fact that 7., and thus the EQE, generally depends on volt-
age. Indeed, such a voltage-dependent EQE (at low light
intensity) was also experimentally observed by Wiirfel et
al. [22]. In addition, it should be emphasized that the EQE-
integrated short-circuit current density Jg. generally only
equals the actual short-circuit current density Jgc for con-
ditions when Eq. (42) is negligibly small, i.e., K < 1. For
very low mobilities or high intensities, this condition is no
longer valid, and a deviation from reciprocity is expected
at open circuit, in agreement with previous findings [52].

F. Other effects

The presented diode equations neglect the effect of
external resistive losses. In real devices, the voltage V'
over the active layer (diode) is generally different to the
externally applied voltage Vey, due to the finite resistance
of the wires (connecting the load to the diode) and the
electrodes. In addition, diode devices suffer from parasitic
shunts, commonly attributed to extrinsic nonidealities from
the device fabrication. The device-intrinsic current den-
sity J (V) (considered previously) is related to the external
current density Jpeas, measured as a function of Ve, via

Jmeas(Vext) = J(V) +

s 53
Rshunt ( )

where V = Vgt — Jimeas Roseries. Here, Reries 1S the com-
bined series resistance (in units of € cm?) of the external
circuit and the electrodes and Rgpune is the shunt resis-
tance (in © cm?). While voltage losses induced by a finite
series resistance become prevalent when the magnitude of
the current density is large (high intensity and/or high for-
ward bias), the effect of the shunt is generally important at
low current densities and light intensities (dominating the
measured dark current density in the reverse bias).
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FIG. 10. (a) Experimental J-V curves at 1 sun and (b) normalized Jsc /Jgen as a function of light intensity for PM6:ITIC are shown
(symbols). (c),(d) are a repetition of panels (a),(b) for PCDTBT:PCBM. (e),(f) are a repetition of panels (a),(b) for PTB7-Th:PCBM.
Star-shaped symbols indicate the value at 1 sun. The corresponding suns-Vpc measurements are shown as insets. The solid lines
indicate the qualitative fits using Eq. (41). Corresponding ideal J-V curves as predicted by the analytical model (dashed lines) and by
the suns-Vpc measurements (crosses) have been included for comparison.

The presented theoretical treatment for J (V) applies
to undoped thin-film diode devices with Ohmic con-
tacts, dominated by bimolecular recombination. This cor-
responds to situations where additional loss channels
induced by trap-assisted recombination and surface recom-
bination of minority carriers at the contacts are negligible.
In accordance with Eq. (51), we expect the light ideality
factor nyg, defined through gVoc o nigkT In(Jgen), to equal
unity (n;q = 1) under such conditions.

If there is a sufficiently large number of traps in
the active layer, however, the resultant trap-assisted
recombination generally gives rise to an increased charge
collection loss [45,54-57], which depends on the trap
energy and distribution. Similar to doping in the active
layer [58], trapped charge carriers may also induce
considerable electric field screening inside the active layer
[55,59], further reducing the photocurrent. The presence
of trap-assisted recombination is generally manifested by
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a light ideality factor above unity, njg > 1. Similarly,
if the contacts are nonselective for the extraction of
majority carriers, additional charge collection losses and
reductions in the open-circuit voltages caused by sur-
face recombination of minority carriers may occur. This
loss is expected to be particularly prominent in case of
energetically unoptimized contacts and/or large carrier
mobilities [60—63], and commonly correlates with an ide-
ality factor below unity, njq < 1.

Finally, it should be stressed that the theoretical anal-
ysis is limited to thin active layers with relatively uni-
form charge-carrier generation rates. While the absorption
rate of photons inside the active layer decays exponen-
tially with the distance from the transparent electrode,
the combined effect of optical interference and back
reflection from the reflective counter electrode results in
smooth generation rates in (optically) thin active layers.
For thick active layers, however, the photon absorption
rate in the active layer is concentrated near the trans-
parent contact resulting in a highly nonuniform charge-
carrier generation and asymmetric charge extraction [64—
67]. Furthermore, thick active layers are generally more
sensitive to space-charge effects induced by photogener-
ated carriers, trapped charge carriers, or (unintentional)
dopants.

G. Comparison with experimental data

To test the validity against experimental data, we
applied our analytical model to three different OPV sys-
tems where bimolecular recombination is the dominant
loss mechanism of photogenerated charge carriers: poly
[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-ben
zo[1,2-b:4,5-b']dithiophene))-alt-5,5-(1',3’-di-2-thienyl-5,
7’-bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-¢'|dithiophene-4,8-
dione)]:3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-in
danone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d
:2/,3'-d’]-s-indaceno[1,2-b:5,6-b]dithiophene (PM6:ITIC);
poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4",7'-di-2-th
ienyl-2’,1’,3’-benzothiadiazole)]:[6,6]-phenyl-C7 1 -butyric
acid methyl ester (PCDTBT:PCBM); and poly[4,8-bis
(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b;4,5-b’]dithiop
hene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]th
iophene-)-2-carboxylate-2-6-diyl]:PCBM  (PTB7-Th:PC
BM). The carrier mobilities in these systems were pre-
viously found to be balanced and estimated to be close
to 2 x 107* cm?/Vs for PM6:ITIC and PTB7-Th:PCBM,
and 10~* cm?/Vs for PCDTBT:PCBM. The details of the
device fabrication and the experimental measurements can
be found elsewhere [68,69].

In Fig. 10, the J-V curves under 1-sun illumina-
tion (left panel) and light-intensity-dependent Jsc/Jgen
(right panel) of PM6:ITIC [Figs. 10(a) and 10(b)],
PCDTBT:PCBM [Figs. 10(c) and 10(d)], and PTB7-
Th:PCBM [Figs. 10(e) and 10(f)] are shown and indicated

by open symbols. The corresponding suns-Voc data have
been included as insets in Fig. 10. The presence of
bimolecular recombination in these systems is evident
from the pronounced intensity dependence of Jsc/Jgen,
consistent with second-order recombination prevailing at
the higher intensities (above 1 sun), and the observed
suns-Voc dependence following a light ideality factor
of njg =1 (in the relevant intensity regime). The dras-
tic decrease in Voc at lower intensities near and below
0.01 sun (while Jsc/Jgen remains unaffected) can be
attributed to shunt effects starting to dominate, as per
Eq. (53).

The solid lines in Fig. 10 indicate the qualitative fits
based on Eq. (41) using B and Vp; as fitting parame-
ters. An overall excellent agreement between the ana-
lytical model and the experimental data can be found.
Herein, 8 = 0.158; ~ 3.6 x 10~!! cm3/s for PM6:ITIC;
B =0.258;, ~ 3 x 10~ cm?/s for PCDTBT:PCBM; and
B =0.078, ~ 1.7 x 10" cm?®/s for PTB7-Th:PCBM.
The relatively large values for 8/8; are consistent with
the moderate FFs in these systems. The deviation between
the experimental data and the fit at the highest intensi-
ties in Fig. 7(b) is attributed to additional losses induced
by the series resistance of the external circuit (cf. Sec.
III F). The corresponding ideal J-V curves (perfect col-
lection) predicted by the analytical model are depicted by
the dashed lines in Fig. 10 (left panel). For comparison,
the reconstructed ideal J-V curves based on the experimen-
tal suns-Vpc data have also been included as indicated by
crosses. As expected, a good agreement is again obtained.
These results further fortify the validity of the analytical
model.

IV. CONCLUSIONS

In conclusion, we present an analytic framework for
describing the device physics of charge collection in thin-
film PVs with Ohmic contacts and limited by bimolecular
recombination. Based on this framework, a diode equation
describing the J-V characteristics is derived, showing
excellent agreement with numerical drift-diffusion sim-
ulations. The presented framework is further employed
to analytically understand what limits the charge collec-
tion efficiency, FF, and ultimately the PCE in sandwich-
type thin-film PVs based on low-mobility semiconduc-
tors, including organic solar cells and photodiodes. The
obtained findings provide vital physical insights into the
interplay between charge-carrier extraction, injection, and
bimolecular recombination and their influence on the
device performance. In addition, the derived approxima-
tions can be used to extract material parameters from
experimental data, for example, using a global fitting pro-
cedure, in systems where bimolecular recombination is
the dominant loss mechanism of photogenerated charge
carriers.
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