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Abstract: Non-geminate recombination, as one of the most relevant loss mechanisms in organic and
perovskite solar cells, deserves special attention in research efforts to further increase device perfor-
mance. It can be subdivided into first, second, and third order processes, which can be elucidated by
the effects that they have on the time-dependent open-circuit voltage decay. In this study, analytical
expressions for the open-circuit voltage decay exhibiting one of the aforementioned recombination
mechanisms were derived. It was possible to support the analytical models with experimental
examples of three different solar cells, each of them dominated either by first (PBDBT:CETIC-4F),
second (PM6:Y6), or third (irradiated CH3NH3PbI3) order recombination. Furthermore, a simple
approach to estimate the dominant recombination process was also introduced and tested on these
examples. Moreover, limitations of the analytical models and the measurement technique itself
were discussed.

Keywords: organic solar cells; perovskite solar cells; non-geminate recombination; recombination
order; open-circuit voltage decay

1. Introduction

In recent years, new types of devices based on organic or organic–inorganic hybrid
semiconductors have emerged and garnered a lot of attention. More specifically, appli-
cations such as light-emitting diodes [1–4], field-effect transistors [5–8], solar cells [9–11],
photodiodes [12–15], sensors [16,17], and other types of energy-harvesting devices [18–20]
have been in the spotlight. Lately, a significant performance increase was observed specif-
ically for solar cells, either through the use of perovskites or, more recently, through
the advent of so-called non-fullerene, bulk-heterojunction organic solar cells [10,21]. As
promising as these results are, further improvements are a prerequisite for these emerging
technologies to take a foothold as a widespread commercial and industrial alternative to
their inorganic counterparts [22–25].

One main aspect that needs to be further understood is the loss mechanisms that
reduce the overall performance of these new types of solar cells. Apart from losses due
to leakage currents within the device, potentially resulting from faulty active layers that
contain pinholes, more fundamental loss mechanisms also need to be investigated in detail.
Specifically non-geminate recombination, which is the recombination of free charge carriers
originating from two different excitons, needs to be curtailed [26]. In general, the different
non-geminate recombination mechanisms can be categorized by the relationship of the
recombination rate R(t) and the charge carrier density n(t):

R(t) =
dn(t)

dt
= −k · n(t)β, (1)
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where k is the recombination coefficient, and β is the recombination order. First order
recombination (β = 1) usually results from the presence of trap states deep within the band
gap. It is also commonly known as Shockley–Read–Hall recombination [27]. Second order
recombination (β = 2), otherwise known as band-to-band or bimolecular recombination,
results from direct transitions [28]. Third order recombination (β = 3), or Auger recom-
bination, usually only occurs under conditions with very high charge carrier densities
that are neither relevant for perovskite nor organic solar cells under realistic operating
conditions [29,30]. The only exception is surface trap-assisted recombination, where the
combination of trap states and band bending results in (pseudo) third order processes
(cf. Figure 1) [31,32]. In experiments, solar cells tend to exhibit combinations of the three
aforementioned recombination mechanisms.

Several strategies to reduce the losses in organic solar cells have been presented in
recent years. One of the first important aspects is to align the relevant energy levels of
the active layer components and the transport layers, as well as provide enough energetic
driving force to enable exciton splitting [33]. Moreover, blend morphology plays a crucial
role in device performance and strategies such as solvent additives [34], solvent–water
evaporation [35], solvent vapor annealing [36], thermal annealing [37], and the use of com-
patibilizers [38] have become standard procedures. Furthermore, factors such as the length
of the donor polymers can also have a significant influence on device performance [39,40].
In addition, the right choice of transport layers [41] and device architecture [42] is important
to mitigate losses at the interfaces.

Different types of techniques exist to qualitatively and/or quantitatively describe the
non-geminate recombination mechanisms within solar cells. These can range from com-
paratively simple measurements under a steady state, such as light-intensity-dependent
current density–voltage (J-V) characteristics, which can qualitatively be used to estimate
the dominant non-geminate recombination mechanism [43,44], to more elaborate measure-
ments that can yield quantitative values for the recombination coefficients k and charge
carrier recombination lifetimes τ [45]. These include optoelectronic techniques such as
impedance spectroscopy [46,47], transient photovoltage and transient photocurrent [48],
open-circuit voltage decay (OCVD) [49,50] or purely optical techniques, such as photon-
induced absorption spectroscopy [51].

Figure 1. Schematic representation of first, second, and third order recombination processes, namely,
Shockley–Read–Hall, bimolecular, and surface trap-assisted recombination and experimental setup
to measure OCVD traces.

In this work, we show how OCVD can be employed to obtain relevant information
with regard to the non-geminate recombination dynamics in organic or perovskite solar
cells. First, the necessary analytical models to describe different types of recombination
order are derived, and a fast, qualitative approach to estimate the dominating recombina-
tion mechanism from the first derivative is presented. Secondly, strategies to convert the
time-dependent open-circuit voltage VOC(t) to the time-dependent charge carrier density
n(t) are discussed, specifically only by using OCVD and standard J-V measurements.
Thirdly, the analytical models are tested with the experimental results of three types of
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solar cells, each one dominated either by first, second, or third order recombination. Finally,
limitations of the proposed analysis are also discussed in detail.

2. Materials and Methods

Three different types of solar cells were investigated as prime examples for devices
dominated either by first, second, or third order recombination mechanisms, respectively.
In the case of first order recombination, an organic bulk-heterojunction solar cell using
PBDBT:CETIC-4F as active layer was selected, as this is a material combination that has
been shown to be dominated by trap-assisted recombination in the bulk, which is a first or-
der process [52]. An organic bulk-heterojunction solar cell based on PM6:Y6 as active layer
was selected as an example for second order recombination dominating a device. The ex-
ceptional high performance of PM6:Y6 is also apparent in these measurements, as only
the (unavoidable) losses due to band-to-band recombination are relevant [53]. Moreover,
a proton-irradiated perovskite solar cell based on CH3NH3PbI3 was used as an example for
a device dominated by third order recombination processes; in this case, prolonged surface
trap-assisted recombination [29]. It should be noted that it is quite challenging to find good
examples of organic or perovskite solar cells that clearly exhibit third order recombination,
since most devices will be subject to a combination of all three of these mechanisms, and
third order recombination, in particular, rapidly loses its dominance with decreasing charge
carrier density [29,31]. The specific details of the chemical structures, device architectures
and fabrication procedures are listed in the respective literature [29,52,53].

The OCVD measurements were performed by keeping the tested devices under open-
circuit conditions via a high impedance buffer (HIB). A fast switching light source, in this
case a white LED connected to a function generator, was used to obtain photogenerated
charge carriers in the tested solar cells. The time-dependent open-circuit voltage was
monitored by an oscilloscope via the HIB, which then yielded the VOC-t-traces that are
used for the subsequent analysis (cf. Figure 1).

3. Results and Discussion
3.1. Analytical Expressions

The starting point of the analytical expressions that will be derived in this section is
the equation describing the evolution of the open-circuit voltage in dependence of time
VOC(t):

VOC(t) =
ECT

q
− 2kBT

q
ln
(

N0

n(t)

)
, (2)

where q is the elementary charge, kB is Boltzmann’s constant, T is the absolute temperature,
ECT is the energy of the charge transfer state or alternatively the effective bandgap, N0 is
the effective density of states, and n(t) is the time-dependent charge carrier density [54].
The derivation of Equation (2) is discussed in detail in Appendix A. The parameter that is
most influential in the progression of VOC(t) is n(t), which depends strongly on the type
of non-geminate recombination mechanism.

At the beginning, we will focus on first order recombination processes, with the follow-
ing relationship between the recombination rate R1(t) and the charge carrier density n(t):

R1(t) =
dn(t)

dt
= −k1 · n(t), (3)

with k1 as the first order recombination coefficient. Variable separation, integration, and in-
sertion of the boundary conditions then yield:

n(t) = n0 · exp{−k1 · t}, (4)
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where n0 is the initial charge carrier density at t = 0. The insertion of Equation (4) into
Equation (2) then leads to:

VOC(t) =
ECT

q
− 2kBT

q
ln
(

N0

n0

)
· k1 · t, (5)

which allows for the calculation of the time dependence of VOC(t) in the case of first order
recombination losses.

The equation describing second order recombination losses can be derived in a similar
fashion, starting from the relationship between the recombination rate of second order
recombination R2 and the charge carrier density n(t):

R2(t) =
dn(t)

dt
= −k2 · n(t)2, (6)

where k2 is the recombination coefficient of second order recombination. This time, variable
separation, integration, and insertion of the boundary conditions yield:

n(t) =
[

k2 · t +
1
n0

]−1
, (7)

with n0 as the initial charge carrier density. Insertion of Equation (7) into Equation (2)
leads to:

VOC(t) =
ECT

q
− 2kBT

q
ln
(

N0

n0
+ N0 · k2 · t

)
. (8)

Finally, the basis for the calculation of the time dependence of VOC(t) for third order
recombination is the following relationship:

R3(t) =
dn(t)

dt
= −k3 · n(t)3, (9)

where k3 is the third order recombination coefficient. Once again, variable separation,
integration, and insertion of the boundary conditions are employed, leading to:

n(t) =

[
2k3 · t +

1
n2

0

]−0.5

, (10)

with n0 as the initial charge carrier density. Insertion of Equation (10) into Equation (2) yields:

VOC(t) =
ECT

q
− kBT

q
ln

(
N2

0
n2

0
+ 2N2

0 · k3 · t
)

. (11)

It should be highlighted that the equations derived above are for systems that purely
exhibit only one type of non-geminate recombination mechanism. Therefore, they may only
act as approximations. Nonetheless, these analytical expressions can be used to calculate
and compare the VOC-t-traces of hypothetical devices exhibiting only one type of non-
geminate recombination. Thus, they may act as a guideline to quickly gauge experimental
data, as we will see later.

To this end, five VOC-t-traces were analytically determined each for first, second,
and third order recombination (cf. Figure 2). The initial recombination rates R0, which
are the recombination rates for a given trace R(t) at t = 0, were kept at identical values
for the five aforementioned traces to enable a better comparison between the first, second,
and third order VOC-t-plots, with the only exception being the maximum R0 values, which
did show some variations. The necessary recombination coefficients k1, k2, and k3 to obtain
the identical initial recombination rates R0 were determined in Figure 3 and are listed in
Table 1. More details about this calculation can be found in Appendix B. Interestingly,
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the initial recombination rates R0 increase with increasing recombination coefficients,
but then reach a maximum and subsequently decrease in value, which can be seen in
Figure 3 and for some selected values in the bottom row of Figure 2. However, even though
the initial recombination rates R0 for the same recombination order may be identical,
the VOC-t-traces are significantly different owing to the rapidly changing recombination
rates R(t) during the decay.

The VOC-t-traces with first order recombination exhibit a linear decrease, which is
apparent from Equation (5) (note that the x-axes in Figure 2 are logarithmic). In contrast,
the VOC-t-traces with second and third order recombination follow a logarithmic decay.
Interestingly, this opens up the possibility to qualitatively determine the order of recom-
bination by determining the slope of VOC-t-traces. To be more precise, the derivative of
the open-circuit voltage versus the logarithm of the time dVOC(t)

d log(t/s) was used, as it is more
convenient to work with when using logarithmic x-axes (cf. Figure 2, middle row).

Figure 2. Analytically determined VOC-t-, dVOC/d log(t/s)-t- and R-t-plots for hypothetical solar cells dominated by first,
second, or third order recombination, fixed to certain initial recombination rates R0 for comparison. See Figure 3 and Table 1
for further details.
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Figure 3. Initial recombination rates R0 in dependence of the recombination coefficients k1, k2, and k3, calculated following
the approach described in Appendix B. The symbols highlight the exact values of R0 that were used for the calculation of
the VOC(t) and R(t) plots depicted in Figure 2 and listed in Table 1.

Table 1. Overview of the different, initial recombination rates R0 and the underlying recombination
coefficients k that were used in Figure 2 and determined in Figure 3. The initial charge carrier density
was kept constant at n0 = 1 × 1017 cm−3.

Symbol k1
( 1

s

)
R0

(
1

s·cm3

)
k2

(
cm3

s

)
R0

(
1

s·cm3

)
k3

(
cm6

s

)
R0

(
1

s·cm3

)
× 1.0× 105 1.0× 1022 1.0× 10−12 1.0× 1022 1.0× 10−29 1.0× 1022

@ 1.1× 106 1.0× 1023 1.3× 10−11 1.0× 1023 1.5× 10−28 1.0× 1023

, 1.0× 107 3.7× 1023 1.0× 10−10 2.5× 1023 1.0× 10−27 1.9× 1023

♦ 3.5× 107 1.0× 1023 7.8× 10−10 1.0× 1023 1.1× 10−26 1.0× 1023

+ 6.4× 107 1.0× 1022 9.8× 10−9 1.0× 1022 1.2× 10−24 1.0× 1022

Unsurprisingly, the slopes of the first order traces decrease continuously. However,
the slopes of the second and third order traces converge to approximately −0.13 V and
−0.06 V, respectively. Therefore, an analysis of the slope dVOC(t)

d log(t/s) can yield important
qualitative information on the type of recombination, without delving into more complex
calculations and analyses that either require certain assumptions or further measurements
to obtain the charge carrier density n(t) [29,49]. However, if the recombination coefficients
are comparatively small, the convergence only occurs on longer timescales. If one happens
to obtain the recombination rates R(t), a similar analysis is possible by determining the
slopes dR(t)

d log(t/s) , although such a qualitative analysis is in most cases redundant, as the
knowledge of R(t) should already enable the quantitative determination of the various
recombination coefficients (k1, k2, k3).

Combinations of several types of non-geminate recombination, such as first/second,
second/third, first/third, and first/second/third order, are also possible and more realistic
in actual devices. However, the analytical determination of the VOC-t-traces is not always
possible, and the reduced forms of the differential equations were determined for com-
pleteness and are listed in Appendix C. Nonetheless, the three cases with a single type of
non-geminate recombination order can already bestow crucial information, as we will see
below with several experimental examples.

3.2. Determination of the Charge Carrier Density

The determination of the time-dependent charge carrier density n(t) is an important
prerequisite to obtain quantitative insights with regard to the recombination rates R and
recombination coefficients k, as discussed above and in more detail in Section 3.3. The
most common approach would be to use a secondary technique other than OCVD to
obtain time-dependent values for the charge carrier density. However, there are other
strategies that can be used as well. The basis for a quantitative analysis of the VOC-t-traces
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is the conversion of the time-dependent open-circuit voltage VOC(t) to the time-dependent
charge carrier density n(t) via the following relationship:

n(t) = ni · exp
{

qVOC(t)
2kBT

}
(12)

where ni is the intrinsic charge carrier density. Since VOC(t) is known from the OCVD
measurement, the only missing variable is ni.

The first strategy is based on the calculation of ni using estimated values of the
effective density of states N0 and the energy of the charge transfer state ECT via the
following relationship:

ni = N0 · exp
{
− ECT

2kBT

}
. (13)

Typical values for the effective density of states of organic semiconductor blends
were given as N0 ≈ 2.5× 1019 cm−3 [55] or could be estimated as the number of repeat
units per cubic centimeter in a thin film of a polymer semiconductor. Similarly, ECT can
be obtained from the literature for more common blend systems. Otherwise, additional
measurements, such as a combination of external quantum efficiency and electrolumines-
cence spectra [53,56] or a combination of temperature and light-intensity-dependent J-V
characteristics [57], are required. However, the method described above is an estimation
and should be treated as such.

The second approach focuses on the initial charge carrier density n0 and initial recom-
bination lifetime τ0 for a given light intensity:

n0 =
τ0 · Jrec,OC

qL
, (14)

where Jrec,OC is the recombination current density under open-circuit conditions, which
can be determined from J-V curves, q is the elementary charge, and L is the active layer
thickness. The initial recombination lifetime τ0 can be obtained just from the OCVD
measurements, as is described at great length in Ref. [49]. A combination of OCVD and
J-V measurements at a single light intensity can already yield n0, although measurements
at several light intensities would be preferable to obtain more reliable results. Once n0 is
known, ni is accessible through the following relationship:

ni = n0 · exp
{
− qVOC

2kBT

}
. (15)

Subsequently, the knowledge of ni enables the conversion of the time-dependent
open-circuit voltage VOC(t) to the time-dependent charge carrier density n(t) according to
Equation (12).

3.3. Experimental Examples

As mentioned at the end of Section 3.1, three experimental examples have been
selected depicting VOC-t-traces mainly dominated by either first, second, or third order
recombination processes, namely, devices based on PBDBT:CETIC-4F, PM6:Y6, and proton-
irradiated CH3NH3PbI3 (cf. Figure 4) [29,52,53]. It should be noted that these examples
also exhibit other types of recombination that were taken into account to obtain the best fits.
The following fundamental equation was necessary to eventually obtain the fitting function:

n(t) = ni · exp

{
qVOC(t)

2kBT

}
⇔ VOC(t) =

2kBT
q
· ln
[

n(t)
ni

]
, (16)
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where ni is the intrinsic charge carrier density. Derivation then yields:

dVOC(t)
dt

=
2kBT

q
·
[

n(t)
ni

]−1

· 1
ni
· dn(t)

dt
=

2kBT
q
· 1

n(t)
· dn(t)

dt
. (17)

In general, it is assumed that the three types of recombination mechanisms discussed
so far can occur in parallel without interfering with each other, thus leading to the following
superposition of Equations (3), (6), and (9):

dn(t)
dt

= −
[
k3n(t)3 + k2n(t)2 + k1n(t)

]
. (18)

The insertion of Equation (18) into Equation (17) then leads to:

dVOC(t)
dt

= −2kBT
q
·
[
k3 · n(t)2 + k2 · n(t) + k1

]
. (19)

The fitting process itself was carried out on the log
∣∣∣dVOC(t)

dt

∣∣∣-plots in an effort to put
more relative weight on the fitting at shorter timescales (note that the absolute values of
the slopes were employed). Therefore, the logarithmic version of Equation (19) was used:

log

∣∣∣∣∣dVOC(t)
dt

∣∣∣∣∣ = log

∣∣∣∣∣− 2kBT
q
·
[
k3 · n(t)2 + k2 · n(t) + k1

]∣∣∣∣∣, (20)

where the recombination coefficients k1, k2, and k3 were the fitting parameters. The ad-
vantage of this approach is the potential to quantitatively determine the recombination
coefficients via the fit. However, the necessary prerequisite for the successful fit is the a
priori knowledge of the charge carrier density n(t), which can be obtained through inde-
pendent measurements such as impedance spectroscopy (IS), or a combination of transient
photocurrent and transient photovoltage measurements, or via the strategies discussed
above in Section 3.2 [47,49]. The charge carrier density was obtained via utilization of IS
measurements in the case of the PBDBT:CETIC-4F and PM6:Y6 devices [52,53]. The second
strategy discussed in Section 3.2, which is based on the relationship between the recombi-
nation current density Jrec,OC and the initial lifetime τ0, had to be used in the case of the
proton-irradiated CH3NH3PbI3 solar cell, which is also described in more detail in Ref. [31].
In addition, this strategy was also employed for the PBDBT:CETIC-4F and PM6:Y6 devices,
to test the validity of the results and compare them to the IS-based data (cf. Table 2). Indeed,
the values for n0 and ni determined via the two aforementioned approaches are in good
agreement for the PBDBT:CETIC-4F device, whereas there are some deviations for the
PM6:Y6 device. The use of two different light sources in the measurement setups (IS: solar
simulator; OCVD: white LED) can incur deviations. However, it is more likely that the
exact approach to determine the charge carrier density via IS has led to overestimated
values, which is what is being observed in comparison to the Jrec,OC-τ0-strategy and which
has already been described in great detail in Ref. [46].

Be this as it may, it is nonetheless possible to observe that the experimental exam-
ples also converge to the dVOC(t)

d log(t/s) -slopes discussed above for the cases of dominant sec-
ond (−0.13 V) and third (−0.06 V) order recombination, respectively (cf. bottom row of
Figure 4). This is very prominent for the irradiated CH3NH3PbI3 device and third order
recombination, whereas it takes several orders of magnitude for the PM6:Y6 device to
converge in the case of second order recombination, which would be expected from a
high-performing solar cell exhibiting only limited amounts of (mostly) band-to-band re-
combination. However, the PM6:Y6 device is then mostly dominated by the continuously
decreasing first order recombination on even longer timescales, which only leaves the time
span from t = 1× 10−5 − 5× 10−5 s, where the convergence is apparent. In the case of the
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PBDBT:CETIC-4F, there is no noticeable convergence, which is unsurprising, since it is a
device strongly dominated by first order recombination.

Figure 4. Experimental and fitted VOC-t-traces of devices dominated by first order (PBDBT:CETIC-4F), second order
(PM6:Y6), and third order (irradiated CH3NH3PbI3) recombination. The main fits (orange lines) are based on Equation (20),
whereas the tail fits (green dashes) are based on a mono- (PM6:Y6) or biexponential decay (PBDBT:CETIC-4F; irradiated
CH3NH3PbI3). The derivatives dVOC/d log(t/s) are depicted in the bottom row and were essential for the fitting procedure.
The parameters for the main fit are the recombination coefficients k1, k2, and k3, which are listed in their respective insets as
well as in Table 2. The parameters for the mono- and biexponential decays to fit the tails are also listed in Table 2.

3.4. Deviations between Models and Experiments

However, there are notable differences of the main fits from the experimental examples,
though, specifically at longer timescales and smaller VOC(t)-values. This is likely related
to a breakdown of the model, once the charge carrier density n(t) reaches values under a
certain threshold. Thus, the remaining tails of the VOC(t)-traces were independently fitted
using either a mono- or biexponential decay:

VOC(t) = A1 · exp

{
− t

τ1

}
+ y0, (21)

VOC(t) = A1 · exp

{
− t

τ1

}
+ A2 · exp

{
− t

τ2

}
+ y0, (22)

where τ is the time constant, A is the exponential prefactor, and y0 is the offset, respectively
(cf. Table 2); this is an approach that has been used in the OCVD measurements of other
solar cells [58]. The approach via the exponential decays yields a convincing fit of the tails,
as can be seen in Figure 4, most notably when also the derivatives are taken into account. It
is striking that the deviations from the recombination model, and thus the start of the tails
best described by an exponential decay, can be localized around the extreme point of the
slope. Interestingly, this coincides with the timescales that are relevant to leakage and the
shunt resistance Rsh of the tested solar cells (cf. Figure 4).
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Table 2. Overview of the performance, geometric, main fitting, and tail fitting parameters of the three
investigated solar cells.

Variable Device: PBDBT:CETIC-4F PM6:Y6 CH3NH3PbI3

JSC (mA·cm−2) 15.6 25.2 8.7
VOC (V) 0.71 0.83 0.96
FF - 0.54 0.74 0.69
η % 5.96 15.35 5.7

L (nm) 99.0 90.0 350
A (cm2) 0.22 0.22 0.16
Cg (nF) 6.0 5.6 6.8
εr - 3.05 2.58 38

Rsh (Ω·cm2) 2.2× 104 5.0× 105 6.0× 106

tsh (s) 9.0× 10−5 2.5× 10−4 1.5× 10−3

τRC (s) 6.0× 10−4 1.3× 10−2 2.6× 10−1

τ0 (s) 3.0× 10−6 1.4× 10−6 1.0× 10−6

n0,OCVD (cm−3) 3.1× 1016 2.5× 1016 1.5× 1015

n0,IS (cm−3) 3.8× 1016 2.6× 1017 -
ni,OCVD (cm−3) 3.1× 1010 2.6× 109 8.3× 106

ni,IS (cm−3) 3.8× 1010 2.1× 1010 -

k1 (s−1) 5.0× 104 7.9× 103 7.3× 102

k2 (cm3·s−1) 3.0× 10−12 2.4× 10−12 9.2× 10−12

k3 (cm6·s−1) - - 5.8× 10−25

τ1 (s) 4.6× 10−4 1.0× 10−3 5.7× 10−3

τ2 (s) 1.2× 10−4 - 5.1× 10−2

A1 (V) 2.7× 10−1 6.3× 10−1 2.3× 10−1

A2 (V) 4.3× 10−1 - 6.5× 10−3

y0 (V) 2.3× 10−3 1.0× 10−3 6.7× 10−2

The shunt resistance of solar cells can be estimated from the differential resistance
(Rdiff =

∂V
∂J ) of the device in the dark under short-circuit conditions (Rsh = Rdiff(0 V)) [49].

Once the shunt resistance Rsh is equal to the internal resistance Rin of the solar cell, it can be
assumed that the decay of the open-circuit voltage VOC starts to be dominated by leakage.
The internal resistance Rin is defined as:

Rin =
VOC(t)

Jin
=

τ ·VOC(t)
qL · n(t) , (23)

where Jin is the internal current density in the device under open-circuit that is responsible
for the loss of charge carriers n(t), either through recombination or leakage mechanisms,
where τ is the charge carrier recombination lifetime, q is the elementary charge, and L is
the active layer thickness. However, introducing another loss mechanism in the models
discussed above should lead to the same or an even faster decay, assuming that the
fastest loss channel dominates the process. Although, as the comparison of the fit and
the experimental data suggests, the opposite happens, since the overall decay speed
decreases significantly.

Another potential explanation for the observed changes in the decay could be related
to RC effects of the solar cells, namely, the interplay between the shunt resistance Rsh and
the geometric capacitance Cg. The characteristic RC time constant τRC can be determined
as follows:

τRC =
RshCg

A
. (24)

It turns out that the time constants τRC are significantly larger than the time constants
from the tail fits τ1 and τ2, with the exception of the first order example, where these time
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constants are in a similar order of magnitude (cf. Figure 4 and Table 2). Furthermore,
the addition of an RC-loss term to the recombination model would also lead to an acceler-
ated decay, rather than a significantly reduced one. Hence, it is likely that the models that
successfully describe the different types of non-geminate recombination mechanisms on
shorter timescales are simply not valid anymore (cf. Equation (19)).

Moreover, it has been shown that there exists a convergence of VOC-t-traces, when
the same device is measured at different light intensities [49]. A full overlap was observed
for the VOC-n-traces, which supported the idea of an equivalence between individual
VOC-t-measurements at different light intensities and a single VOC-t-measurement at a
sufficiently high light intensity. Therefore, the single measurement would encompass
all the information about the recombination dynamics as measurements at lower light
intensities. This relationship was further confirmed by the identical values determined
for the recombination order β, which can also be used to describe the non-geminate
recombination dynamics via an effective mechanism:

R(t) =
dn(t)

dt
= −keff · n(t)β. (25)

Experimentally, the recombination order β is available via several approaches, first
through the second order derivative of the VOC-t-traces:

β = 1 +
d ln τ−1

d ln n(t)
= 1 +

kBT
q
· d ln τ−1

d ln VOC(t)
, (26)

where τ is the recombination lifetime, defined as:

τ = − kBT
q
·
(

dVOC(t)
dt

)−1

. (27)

Then, secondly, via the comparison of the initial charge carrier densities at the begin-
ning of the decay n0 for VOC-t-traces measured at different light intensities:

τ−1 ∝ nβ−1
0 ⇔ log τ ∝ −(β− 1) log n0. (28)

Since there also exists a direct proportionality between the used light intensity and
the initial charge carrier density (I ∝ n0), one can obtain the recombination order β by
determining the slope of a log τ-log I-plot. Both approaches to obtain the recombination
order β typically yield very similar results [49]. Thus, the aforementioned equivalence
further supports the hypothesis that the breakdown of the model is related to the charge
carrier density n(t) and not simply the time t. Otherwise, one could observe different
results, depending on the used light intensity. Another approach is to describe the tail decay
based on the time constants that were determined (τ1, τ2) either by the de-trapping of charge
carriers or polarization effects, which are processes that occur on much longer timescales
than non-geminate recombination [59–62]. However, a more detailed investigation is
required for a better understanding of the physics behind the tail region of the VOC-t-traces.
This particular question should be the focus of future studies though.

4. Conclusions

In conclusion, analytical expressions for first, second, and third order recombination
were derived, and the characteristic shapes of hypothetical VOC-t-traces dominated purely
by one type of non-geminate recombination were highlighted. The determination of the
dVOC/d log(t/s)-t-plots turned out to be an easily accessible approach to qualitatively
inspect the dominant non-geminate recombination process via the convergence of the slopes
over time, specifically for second and third order recombination. Moreover, strategies
to determine the charge carrier densities were discussed that do not require additional
measurements other than OCVD and J-V characteristics. The models resulting from these
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analytical expressions were then applied on three different types of solar cells, each of
them dominated either by first (PBDBT:CETIC-4F), second (PM6:Y6), or third (irradiated
CH3NH3PbI3) order recombination, which was clarified by more complex techniques
in previous studies. Indeed, the dominant non-geminate recombination process could
be determined by simply checking for the convergence of the slopes in the respective
dVOC/d log(t/s)-t-plots. In addition, deviations from the proposed recombination model
and the experimental data at longer timescales caused by the RC circuit, the finite shunt
resistance Rsh, de-trapping of charge carriers, or polarization effects were also explored.
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Abbreviations
The following abbreviations are used in this manuscript:
PBDBT Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-

diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo-
[1,2-c:4,5-c′]dithiophene-1,3-diyl]]

CETIC-4F Bis(2-ethylhexyl)-2,2′-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b′]-
dithiophene-2,6-diyl)bis(5-((Z)-(1-(dicyanomethylene)-5,6-difluoro-3-oxo-
1H-inden-2(3H)-ylidene)methyl)thiophene-3-carboxylate)

PM6 Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b′]-
dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-
dioxo-4H,8H-benzo[1,2-c:4,5-c′]dithiophene-1,3-diyl]-2,5-thiophenediyl]

Y6 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo-
[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanyl-
ylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile

OCVD Open-Circuit Voltage Decay
LUMO Lowest Unoccupied Molecular Orbital
HOMO Highest Occupied Molecular Orbital
HIB High Impedance Buffer
IS Impedance Spectroscopy
VOC (V) Open-Circuit Voltage
JSC (mA/cm2) Short-Circuit Current Density
FF Fill Factor
η (%) Power Conversion Efficiency
ECT (eV) Energy of the Charge Transfer State
q (As) Elementary Charge
kB (J/K) Boltzmann’s Constant
T (K) Absolute Temperature
N0 (cm−3) Effective Density of States
t (s) Time after Turning Off the Light Source
n(t) (cm−3) Time-Dependent Charge Carrier Density
n0 (cm−3) Initial Charge Carrier Density at t = 0, either via OCVD or IS Approach
ni (cm−3) Intrinsic Charge Carrier Density, either via OCVD or IS Approach
β Recombination Order (β ≈ 1− 3)
Rβ(t) (s−1cm−3) Time-Dependent Recombination Rate of the Order β
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R0 (s−1cm−3) Initial Recombination Rate at t = 0
k1 (s−1) 1st Order Recombination Coefficient
k2 (cm3/s) 2nd Order Recombination Coefficient
k3 (cm6/s) 3rd Order Recombination Coefficient
Rdiff (Ωcm2) Differential Resistance
Rsh (Ωcm2) Shunt Resistance
Rin (Ωcm2) Internal Resistance
Jin (mA/cm2) Internal Current Density
Jrec (mA/cm2) Recombination Current Density
τ (s) Recombination Lifetime
τ0 (s) Initial Recombination Lifetime at t = 0
τRC (s) RC Time Constant

Appendix A. Relationship between the Open-Circuit Voltage, Effective Density of
States, and Intrinsic Charge Carrier Density

The basis for the analytical expressions of the open-circuit voltage in dependence
of time discussed in Section 3.1 (Equation (2)) and Section 3.3 (Equation (16)) are related
through the intrinsic charge carrier density ni, as shown below:

VOC(t) =
2kBT

q
· ln
[

n(t)
ni

]
, (A1)

where the intrinsic charge carrier density ni is defined as:

ni = N0 · exp
{
− ECT

2kBT

}
. (A2)

Insertion of Equation (A2) into Equation (A1) then leads to:

VOC(t) =
2kBT

q
· ln
[

n(t)

N0 · exp{− ECT
2kBT }

]
=

2kBT
q
·
(

ln[n(t)]−
[

ln[N0]−
ECT

2kBT

])
. (A3)

Simplification of Equation (A3) leads to the familiar expression used in Section 3.1
(Equation (2)):

VOC(t) =
ECT

q
− 2kBT

q
ln
(

N0

n(t)

)
. (A4)

Appendix B. Calculation of the Initial Recombination Rate

The initial recombination rate R0 for first, second, and third order recombination was
discussed in Section 3.1, specifically in the context of Figures 2 and 3. To calculate R0 for
the first order case, Equation (4) has to be inserted into Equation (3), yielding:

R0 = −k1 · n0 · exp
{
− k1 · t0

}
. (A5)

In the case of second order recombination, Equation (7) has to be inserted into
Equation (6), yielding:

R0 = −k2 ·
[

k2 · t0 +
1
n0

]−2
. (A6)

To calculate R0 for the third order case, Equation (10) has to be inserted into
Equation (9), yielding:

R0 = −k3 ·
[

2k3 · t0 +
1
n2

0

]−1.5

. (A7)
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To obtain the plots depicted in Figure 3, the recombination coefficients k were var-
ied, whereas the initial charge carrier density (n0 = 1× 1017 cm−3) and the initial time
(t0 = 1× 10−7 s) were kept constant.

Appendix C. Analytical Determination of Combined Recombination Mechanisms

The analytical determination of the VOC-t-traces presented in Section 3.1 is not always
possible for all combinations of non-geminate recombination mechanisms. Therefore,
the reduced forms of the differential equations were determined for completeness, which
are listed below:

R1,2(t) =
dn(t)

dt
= −

(
k2 · n(t)2 + k1 · n(t)

)
, (A8)

n1,2(t) = −
k1 · exp{−k1 · γ}

k2 · exp{−k1 · γ} − exp{−k1 · t}
, (A9)

R2,3(t) =
dn(t)

dt
= −

(
k3 · n(t)3 + k2 · n(t)2

)
, (A10)

γ− t = − k3 · ln[n2,3(t)]
k2

2
+

k3 · ln[k3 · n2,3(t) + k2]

k2
2

− 1
k2 · n2,3(t)

, (A11)

R1,3(t) =
dn(t)

dt
= −

(
k3 · n(t)3 + k1 · n(t)

)
, (A12)

n1,3(t) = ±
√

k1

exp{2k1 · (γ + 1)− k3)}
, (A13)

R1,2,3(t) =
dn(t)

dt
= −

(
k3 · n(t)3 + k2 · n(t)2 + k1 · n(t)

)
, (A14)

γ− t =

2k2 tan−1

(
2k3n1,2,3(t)+k2√

4k3k1−k2
2

)
√

4k3k1−k2
2

+ ln[n1,2,3(t) · (k3n1,2,3(t) + k2) + k1]− 2 ln[n1,2,3(t)]

2k1
, (A15)

where R(t) is the recombination rate, k is the relevant recombination coefficient, t is the
time, n(t) is the transient charge carrier density of the various cases, and where γ is a
constant resulting from the integration.
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