Open Access Article. Published on 04 November 2021. Downloaded on 5/2/2026 2:11:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy &
Environmental
Science

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

Organic solar cells with near-unity charge

’ '.) Check for updates ‘
generation yield+t

Cite this: Energy Environ. Sci.,

2021, 14, 6484 Wei Li, (2 * Stefan Zeiske, Oskar J. Sandberg,

and Ardalan Armin@2*

* Drew B. Riley, “2 Paul Meredith

The subtle link between photogenerated charge generation yield (CGY) and bimolecular recombination
in organic semiconductor-based photovoltaics is relatively well established as a concept but has proven
extremely challenging to demonstrate and probe especially under operational conditions. Received
wisdom also teaches that charge generation in excitonic systems will always be lower than non-
excitonic semiconductors such as GaAs — but this view is being challenged with the advent of organic
semiconductor blends based upon non-fullerene acceptors (NFAs) with power conversion efficiencies
exceeding 18%. Using a newly developed approach based upon temperature dependent ultra-sensitive
external quantum efficiency measurements, we observe near unity CGY in several model NFA-based
systems measured with unprecedented accuracy. We find that a relatively small increase in yield from
0.984 to 0.993 leads to a reduction in bimolecular recombination from 400 times to 1000 times relative
to the Langevin limit. In turn, this dramatic reduction delivers the best thick junction performance to
date in any binary organic solar cell — notably 16.2% at 300 nm. The combination of high efficiency and

Received 6th May 2021, thick junction is the key for industrial fabrication of these devices via high-throughput deposition

Accepted 16th September 2021 processing such as roll-to-roll, and thus central to a viable solar cell technology. These results also

DOI: 10.1039/d1ee01367; clearly reveal and elucidate the relationship between photo-generation and recombination in excitonic

semiconductor photovoltaics thus providing an important bridge between basic device physics and

rsc.li/ees practical cell engineering.

Broader context

Organic solar cells (OSCs) hold the promise of low-cost, lightweight, flexible solar energy conversion technology, and in which have been attracting considerable
research interest in the last 20 years. They are excitonic devices and as such photons absorbed result in strongly bound hole-electron pairs, which need to be
separated into free carriers in order to produce power. Consequently, the charge generation process in OSCs is a multi-step process and the associated charge
generation yield (CGY) has been historically considered to be low and inferior to inorganic photovoltaic semiconductors such as silicon. In this work, by
utilizing ultra-sensitive, temperature dependent external quantum efficiency measurements, we advance a novel approach to accurately study the CGY in OSCs.
We reveal that it is possible to achieve near-unity CGY in solar cells based on organic semiconductors. Specifically, the state-of-art polymer: non-fullerene-blend
system, based on PM6:Y6, achieves a near-unity CGY of 98.4%. This value can be further increased to 99.3% by changing the non-fullerene acceptor to the Y6
derivate BTP-eC9. We also found that this small difference in CGY has a major impact on free carrier recombination which in turn has a big impact on
performance in industrially relevant thick junction cells. Our observations are further validated using device simulations, validating the underlying mechanism
and demonstrating a landmark >16% power conversion efficiency achieved in a 300 nm junction binary organic solar cell.

Introduction

The performance of organic solar cells (OSCs) has steadily
improved in the past two decades but very recently there has
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been a sharp increase in power conversion efficiencies (PCE).
This has been driven by radical improvements in the constitu-
ent materials properties via the development of new non-
fullerene electron acceptors (NFAs) - the n-type component.”
Throughout the history of OSCs, one of the most significant
factors limiting the PCE of bulk heterojunction cells (BHJs - the
dominant and highest performing architecture) has been large
photocurrent and photovoltage losses. These losses are asso-
ciated with incomplete charge generation and the excitonic
nature of organic semiconductors, compared to other

This journal is © The Royal Society of Chemistry 2021
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semiconductors used in photovoltaics such as perovskites, GaAs
and silicon in which charges can be generated with near-unity
probability once a photon is absorbed.” Due to the low dielectric
constant in organic semiconductors, photogenerated electron-hole
pairs (excitons) remain strongly Coulombically bound at room
temperature. For excitons to efficiently dissociate, electron
donor:acceptor interfaces are required in a BHJ interconnected
network. Free charge carriers can be subsequently generated at the
interfaces and collected at the corresponding electrodes generating
a photocurrent.? According to a former and rather historic picture
driven by the use of fullerene-based electron acceptors, efficient
charge generation requires a driving force for exciton dissociation,
which is generally believed to be provided by the energy difference
between the charge transfer (CT) state and the photoexcited exciton
(S1) state: AEcy = Es; — Ecry.® Consequently, the prevailing
wisdom is that an energy offset of about 0.3 eV is required to drive
the charge generation process.” However, the existence of this
driving force also creates a problematic trade-off between the
short-circuit current (J,) and open-circuit voltage (Vo), which
inevitably reduces the maximum PCE for OSCs.”*

In several recent high-efficiency organic solar cells based on
NFAs, in particular the new “Y6” series, efficient charge gen-
eration at low energy offsets has been reported.” This means
that even though the energetic offset between the donor and
acceptor is smaller than 0.3 eV (but still larger than 0.1 eV'>'"),
highly efficient solar cells can be created. Combined with the
complementary light absorption of donor and NFA semicon-
ductor materials, the smaller energetic offset allows for an
increase of J,. and V,. simultaneously’>"® which ultimately
provides for PCEs exceeding 18%."*'® These new findings are
extremely promising for OSCs technologically and have also
encouraged further fundamental work on the dynamics of
charge generation."””"® This new insight into NFA-based
0SCs**** has raised important, and potentially field re-
defining questions such as: what is the maximum charge
generation yield that can be realized in organic semiconductor
photovoltaics; is a driving force for efficient charge generation
always required; and what role do charge generation kinetics
play in determining the charge carrier recombination and
device performance?

Even though PCEs as high as 18% have been realized, 20%
in sight, and a benchmark 25% optimistically predicted,
several limitations still hold back OSCs from industrial-scale
production with one important limitation being intolerance of
the PCE to increasing the thickness of the active layer. As a
general rule OSC performance in most systems is optimized at
active layer thicknesses of around 100 nm - increasing the
thickness of the active layer predominantly results in a dra-
matic loss of fill factor (FFs) and PCE due to relatively poor free
carrier transport. However, thin active layer thicknesses are
challenging for large-scale production (via high throughput,
low-cost methods such as roll-to-roll) and generally also suffer
from photocurrent losses due to incomplete above-gap absorp-
tion. As such, significant recent efforts have been expended to
identify high performance OSC systems that can tolerate thick
active layers (300 nm and above).**** Several such systems have

This journal is © The Royal Society of Chemistry 2021

View Article Online

Energy & Environmental Science

been identified, all of which exhibit a common feature of
strongly reduced second order (bimolecular) recombination
relative to the Langevin limit.>>>’ In this regard, reduction
factors as large as 2000 times have been reported for fullerene-
based systems,>® but they unfortunately suffer from large
photovoltage losses and relatively low short-circuit currents.
The obvious question arises as to whether any low-offset, low-
loss NFA-based systems exhibit similarly high reduction fac-
tors. To address this question, one must appreciate the subtle
relationship between the efficiency of charge photo-generation
and bimolecular recombination - as the former approaches
unity, the latter should in principle reduce considerably.
This important link, although historically appreciated, has
been difficult to probe and fully understand, especially under
operationally relevant, steady state conditions.

Motivated by these considerations and challenges, in this
work we investigate the charge generation quantum yield (CGY)
of several NFA-based organic solar cells using a new approach
involving a kinetic model applied to temperature-dependent,
ultra-sensitive external quantum efficiency measurements. The
results reveal for the first time, that it is possible to achieve
near-unity charge generation quantum yields and realize fully
Shockley-type solar cells with organic semiconductors by utiliz-
ing state-of-the-art NFA materials. In particular, we show that
for PM6:BTP-eC9 (see ESIt for molecular definitions), the
charge generation efficiency can be as high as 99.3%. In
addition to the energetics, which have been the subject of
several recent and important studies,'’>> we also show the
central role of kinetics in charge generation. Our results reveal
that charge generation in this system involves an energetic
barrier which is several times larger than the thermal energy at
room temperature (in accordance with previous reports on
similar systems®®) yet is extremely efficient due to the faster
dissociation rate of bound states to free charges compared with
their decay rate. This means that even though the charge
generation mechanism is energetically disadvantaged, it is
kinetically driven.”® The near-unity CGY of PM6:BTP-eC9
results in a reduction of the bimolecular recombination rate
constant by more than 1000 times (relative to the Langevin
limit) ultimately enabling organic solar cells with active thick-
nesses of approximately 300 nm to be realized with a maximum
PCE of 16.2% and FF greater than 71%. Our control systems
exhibit (considerably) smaller charge generation yields and
hence are unable to achieve high efficiencies in the thick
junction limit. The results for PM6:BTP-eC9 solar cells indicate
that this system is suitable for lab-to-fab scaling and addition-
ally, the presented approach provides a route for recognizing
and developing other systems with similar potential. It is also a
means to probe in accurate detail the link between generation
and recombination in excitonic semiconductors.

Results and discussion

Four different polymeric donor:NFA systems PM6:Y6, PM6:BTP-
eC9, PM6:1ITIC, and PBDB-T:EH-IDTBR were employed to study
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their charge generation yields (see ESIt for molecular
definitions). Fig. 1a shows the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of the four blend systems PM6:Y6,
PM6:BTP-eC9, PM6:ITIC and PBDB-T:EH-IDTBR obtained
previously.”'*>2%3" While the former three systems possess
rather small HOMO-HOMO energy offsets of roughly
AEgomo-nomo = 0.1 eV, PBDB-T:EH-IDTBR has a relatively large
offset of AEyomo-nomo = 0.3 €V. The current density versus
voltage (J-V) characteristics along with the photovoltaic exter-
nal quantum efficiency (EQEpy) spectra of the corresponding
optimized OSC BH] devices are shown in Fig. 1b and c.
Experimental details of device fabrication and measurements
are provided in the ESI.{ Despite the low energy offset, PM6:1-
TIC provides for a respectable photovoltaic performance of
PCE = 9.2% (9.0 £ 0.2%) and maximum EQEpy (66%
at 680 nm), while superior PCEs of 15.7% (15.3 £+ 0.4%)
and 17.1% (16.7 + 0.2%) were obtained for PM6:Y6 and
PM6:BTP-eC9, respectively, both accompanied by EQEpy of over
80% at around 780 nm, consistent with values published
recently.”'® In contrast, PBDB-T:EH-IDBTR achieved a lower
PCE of 5.9% (5.6 =+ 0.3%) and maximum EQEpy of 54% at
570 nm. The above results highlight the significance of both
energetics (i.e., the energy offset AEcr = Es; — Ecri) and kinetics
(the CT dissociation and decay rates) in the charge generation

View Article Online

Paper

mechanism in light harvesting devices. Clearly there is not just
a simple correlation between energetic offset and efficiency and
so one is led to question as to what drives the relative perfor-
mance in this small but diverse set of models.

To clarify the charge generation quantum yield in the above
four systems, we employed a new approach based upon tem-
perature (7) dependent, ultra-sensitive EQEpy measurements
(Fig. S2, ESI¥). In general, we have EQEpy(T) = naps(T) x IQE(T),
noting that the absorption probability of the active layer #7,ps is
temperature dependent. Here, IQE(T) denotes the internal
quantum efficiency and is related to the charge generation
yield via IQE(T) = ncc x CGY(T) where 5¢cc is the charge
collection efficiency. Since charge carrier recombination is
expected to be small due to the low light intensities (at which
the EQEs were probed), changes in ncc with temperature are
assumed to be negligible. Hence, to probe charge generation,

1QE(T
we use a normalized IQE(T) given by IQE*(T) = _QB(T) =

IQE(Tmax)
EQEw(T) { Hats (T) } } Herein, as PM6, Y6, BTP-eC9,
EQEpy ( Tmax) Mabs (Tmax)
ITIC, PBDB-T, and EH-IDTBR exhibit appreciable absorption at
a wavelength of 650 nm, the logarithm of IQE* of the four NFA-
based systems (optimized full devices) at an excitation wave-
length of .. = 650 nm are shown in Fig. 2a, as a function of the
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Fig. 1 Basic device characteristics of four different NFA-based organic solar cells. (a) Energy levels of polymer donors and non-fullerene acceptors

reported from previous work, 953931 (p)

current density versus voltage (J-V) characteristics under artificial 1 sun AM 1.5G conditions, and (c) external

quantum efficiency (EQE) of ~100 nm PM6:Y6, PM6:BTP-eC9, PM6:ITIC, and PBDB-T:EH-IDTBR solar cells. Both panels (b) and (c) are for hero devices
and full statistics on multiple devices are provided in the ESI.
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Fig. 2 Temperature dependent ultra-sensitive measurements for probing charge generation in organic solar cells. (a) Logarithm of the normalized
internal quantum efficiency (IQE*) of ~100 nm thick PM6:BTP-eC9, PM6:Y6, PM6:ITIC and PBDB-T:EH-IDTBR solar cells. The experimental data are
indicated by the symbols, while solid lines show the corresponding fit to the kinetic model of the charge generation yield (CGY). The excitation
wavelength was set to 650 nm and no bias voltage was applied. (b) The extracted activation energies (E,), (c) CGY (filled symbols), and (d) CT
recombination probability (yct) for PM6:BTP-eC9, PM6:Y6, PBDB-T:EH-IDTBR and PM6:ITIC based on the fits. For comparison, the corresponding EQEpy

(open symbols) at RT and 650 nm are included in (c).

1
inverse thermal energy T (with kg being the Boltzmann constant).
B

The experimental data (symbols) are fitted to a kinetic model (solid
lines) which accounts for the competition between thermally-
activated dissociation [of rate constant k4(7)] and recombination
(with rate constant kgJ) of bound electron-hole pairs:

-1
CGY(T) = {1 +kd]EfT)} 3% Here, kq(T) = ko x exp{fki—aT},
where k, corresponds to the rate ky at infinite temperature and E,
is the activation energy of the charge dissociation. The uncertainties
of our CGY calculations are shown in the ESL

From the fits, the activation energies of PM6:BTP-eC9
(E, = 118 + 10 meV), PM6:Y6 (E, = 103 + 6 meV), PBDB-T:EH-
IDTBR (E, = 45 + 2 meV) and PM6:ITIC (E, = 53 + 4 meV) were
determined (see Fig. 2b). Based on our analysis, all four BHJ
systems exhibit a small, yet non-negligible energy barrier for
charge generation, strongly suggesting these systems possess a

kinetically driven CT state dissociation and thermally activated
kq rate at room temperature (RT) (i.e., E, > 25 meV). The

This journal is © The Royal Society of Chemistry 2021

corresponding CGYs of the four OSCs at RT are shown
in Fig. 2c. Relatively low CGYs of CGY = 0.633 £ 0.026 for
PBDB-T:EH-IDTBR, and CGY = 0.857 + 0.019 for PM6:ITIC were
obtained, consistent with their modest EQEpy of approximately
50% and 64% at 650 nm, respectively. Interestingly, while
PM6:Y6 shows a very high charge generation yield of
CGY = 0.984 £ 0.003 close to unity, this value increases even
further to CGY = 0.993 + 0.003 for the PM6:Y6 derivative
PM6:BTP-eC9. Our new approach combining ultra-sensitive,
temperature dependent and absorptance-corrected EQE mea-
surements with a kinetic rate model, allows one to not only
evaluate the CGY with very high accuracy, but also proves that
near-unity charge generation quantum yields in excitonic
organic solar cells are indeed possible.

Although all four OSC systems exhibit similar activation
energies, a near-unity CGY was only obtained in PM6:Y6 and
PM6:BTP-eC9 suggesting different CT state recombination
kinetics. The corresponding recombination probability for CT
states ycr = 1 — CGY, critically determined by the rate constant

Energy Environ. Sci., 2021, 14, 6484-6493 | 6487
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ratio kg/kq, is shown in Fig. 2d at RT. Indeed, while the
PBDB-T:EH-IDTBR and PM6:ITIC devices showed a relatively
high ycr of 0.37 £ 0.03 and 0.14 + 0.02, we find ycr = 0.016 +
0.03 for PM6:Y6 and an approximately two times smaller ycr =
0.007 + 0.003 for PM6:BTP-eC9. The above findings demon-
strate that both energetics and kinetics determine the CGY with
the latter being the key factor underpinning the better device
performance in PM6:BTP-eC9 and PM6:Y6. The low CT state
recombination probabilities have direct implications for the
bimolecular recombination coefficient f in PM6:Y6 and
PM6:BTP-eC9. In this regard, the important figure-of-merit is
the Langevin reduction factor y = 5/, where f, is the Langevin
recombination coefficient given by i, = glun + ppl/ego, with g
being the elementary charge, u, (1) the electron (hole) mobility
and g, the permittivity of the active layer. However, ycr is
related to the Langevin-reduction factor via y = ycr X Ygeo, Where
Ygeo = Penc/Pr is the geometrical reduction factor with fi,. being
the encounter rate coefficient for charge carriers to form CT
states.>® Therefore, we expect significantly reduced Langevin
reduction factors in these two systems.

To verify this, we conducted charge transport and recombi-
nation measurements to estimate y. Firstly, we applied
resistance-dependent photovoltage (RPV) measurements at
zero applied bias voltage to obtain the mobilities in PM6:Y6
and PM6:BTP-eC9 operational devices (Fig. S3 in the ESIt). For
PM6:Y6, slower and faster charge carrier mobilities of igow &
2x10*em?> Vi st and g & 1.2 x 107 em? V! s were
extracted, respectively, whereas ligiow & 4 x 107 % cm?> V' s "
and ppg & 1.5 x 1072 were found in PM6:BTP-eC9. We note
that the mobility values obtained for PM6:Y6 are close to the
ones estimated via space-charge-limited-current (SCLC) mea-
surements by Shoaee and co-workers.***> Subsequently, we
assigned the faster carriers to electrons and the slower carriers
to holes. Next, we quantified the corresponding f from steady-
state double injection (Dol) currents. Based on the Dol mea-
surements, we find y ~ 2.5 x 10> for PM6:Y6 and y ~ 10 for
PM6:BTP-eC9, respectively, corresponding to 400 times and
1000 times reduced recombination relative to the Langevin

—0—PM6:Y6 —0—PM6:BTP-eC9 —0—PM6:ITIC
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limit. This confirms the presence of strongly reduced recombi-
nation coefficients in PM6:Y6 and PM6:BTP-eC9, as expected
from the near-unity CGY. From 7y and ycr, we further estimate
geometrical Langevin-reduction factors of 74, ~ 0.16 and
Ygeo & 0.13 for PM6:Y6 and PM6:BTP-eC9, respectively. These
values are consistent with theoretically expected values for
Jgeor . verifying the accuracy of the obtained CGY values.

The strongly suppressed recombination (low y), being a
direct consequence of the near-unity CGY, is expected
to translate into improved device performance in thick junc-
tions. Concomitantly, PM6:Y6, PM6:BTP-eC9, PM6:ITIC and
PBDB-T:EH-IDTBR devices were fabricated with different active
layer thickness from 30 to 470 nm. The -V curves and full
statistics of photovoltaic parameters on multiple devices (mini-
mum of 15) are shown in Fig. S4 and Tables S1-S4 in the ESL.¥
Fig. 3a and b show the corresponding FFs and PCEs at different
active layer thicknesses. The PCE of PBDB-T:EH-IDTBR and
PMG6:ITIC systems drop off rapidly with increasing active layer
thickness due to a significant reduction of both J,. and FF,
suggesting that enhanced carrier recombination (due to the
increased thickness) severely limits the charge collection effi-
ciency in these thick-junction devices. In contrast, PM6:Y6
shows a much less severe thickness dependency, with FF =
61.4%, Jo. = 26.8 mA cm > and PCE = 13.1% for the hero device
at a thickness of 300 + 10 nm. However, although PM6:Y6
exhibits respectable device performance in thick junctions, a
substantial degradation in efficiency is still observed when
compared with the 100 nm thick junction. Finally, the best
thickness dependent device performance is obtained for
PM6:BTP-eC9 showing a hero PCE of 16.2%, together with an
FF of 71.3%, in a 300 £ 10 nm thick junction. To the best of our
knowledge, this ~300 nm thick PM6:BTP-eC9 BH] is the most
efficient binary OSC at this active layer thickness, leaving
PM6:BTP-eC9 as a promising candidate for lab-to-fab up-
scaling. Importantly, since PM6:Y6 and PM6:BTP-eC9 systems
have similar optical constants, energy levels, and energy losses
(see Fig. S5 and S6 in the ESIt), their contrasting thick-junction
performance further confirms the relation between CGY and

PBDB-T:EH-IDTBR

(b)

18
16 1
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Fig. 3 Thickness dependent device performance. (a) Fill factors (FFs) and (b) power conversion efficiencies (PCEs) of PM6:Y6, PM6:BTP-eC9, PM6:ITIC,
and PBDB-T:EH-IDTBR OSCs plotted as a function of active layer thickness (average values for multiple devices with error bars representing standard
deviations). FFs and PCEs were determined from current density versus voltage curves measured under artificial 1 sun AM 1.5G conditions.
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efficiency of thick-junction OSCs. The thicknesses dependent
EQEpy of PM6:Y6 and PM6:BTP-eC9 (see Fig. S7 and S8 in the
ESIT) reveal EQEpy responses over 75% in the main absorption
region (500 to 850 nm), with the integrated J,. obtained from
the EQEpy being consistent with the measured Js. under artifi-
cial 1 sun AM 1.5G conditions (less than 5% difference). This
confirms the accuracy of calibration and measurement robustness.

To further confirm that the thickness dependent device
performance is related to the suppressed recombination (and
thus the near-unity CGY), we performed electro-optical device
simulations for PM6:Y6 and PM6:BTP-eC9 devices, based on a
drift-diffusion (DD) model.*”*® An optical transfer-matrix
model which accounts for optical interference effects in the
device stack was used to calculate the generation profile within
the active layer.>**° The measured refractive indices of PM6:Y6
and PM6:BTP-eC9 were used as input for the optical model
(Fig. S5 in the ESIT). The resultant “charge generation” profiles
under AM 1.5G were then imported to the DD simulations to
calculate the corresponding /J-V parameters. In Fig. 4,
the experimentally measured (symbols) and simulated (solid
lines) PV parameters are plotted as a function of active
layer thickness. A good overall agreement between simulations
and experimental data is obtained, validating the measured
transport and recombination parameters. We note that a
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considerable deviation between experimental data and DD
simulations is only seen for the thickest PM6:Y6 device (see
Fig. 4a and b). A possible explanation for this deviation could
be the presence of traps,'’ which are expected to become
increasingly important at larger thicknesses,”* or morphologi-
cal non-uniformities due to different active layer drying rates
after deposition.

Importantly, the enhanced performance of PM6:BTP-eC9,
relative to PM6:Y6, is well-reproduced by the DD model con-
firming the lower recombination coefficient in PM6:BTP-eC9 to
be the primary underlying reason for the relative improvement.
Since y oc 1 — CGY, the value of the Langevin reduction factor
is very sensitive to small changes of CGY in systems where
CGY =~ 1. This also explains why the modest increase of only
0.9% in the CGY in PM6:BTP-eC9, relative to PM6:Y6, can result
in noticeably smaller y and subsequently considerably
improved device performance in thicker junctions. For refer-
ence, the FF of PM6:Y6 and PM6:BTP-eC9 devices with different
7y (and mobilities) were also simulated and are shown in Fig. 4c
and d (and Fig. S10 in the ESIY). It is clear that both systems
benefit more from reduced recombination enabling high effi-
ciencies in thick junctions, whereas the degradation of the FF
in thicker junctions is much more pronounced for larger
recombination coefficients. It should be noted, however, that

e Electro-optical simulated PM6:Y6
e Electr o-optical simulated PM6:BTP-eC9

®) 20 r r . .
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Fig. 4 Electro-optical simulations of PM6:Y6 and PM6:BTP-eC9 solar cells. (a) Short-circuit current density (Jsc) and (b) power conversion efficiency
(PCE) of PM6:Y6 and PM6:BTP-eC9 as a function of active layer thickness. The symbols are experimental data (averages with standard deviations as error
bars), solid (dashed) lines correspond to drift-diffusion (optical transfer-matrix model) simulations. (c) Experimentally obtained Fill Factors (FFs) (symbols)
of PM6:Y6 plotted as a function of active layer thickness and compared with DD simulations (solid lines) assuming different Langevin reduction factors.
(d) Repetition of panel (c) but for PM6:BTP-eC9 OSCs. The input parameters for the simulations are provided in the ESI.§
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is indicated by the solid lines; for comparison, the cases when « = 0 and o = 1 corresponding to the dashed and dotted lines, respectively, have been

included for PM6:BTP-eC9.

a high enough electron mobility is also vital to ensure balanced
charge extraction in conventional thick OSC junctions (where
charge carriers are predominantly generated near the transpar-
ent anode), as discussed in previous works.****

Finally, we quantified the competition between charge
extraction and recombination in PM6:Y6 and PM6:BTP-eC9
devices at different thicknesses using the modified Shockley
model proposed by Neher et al.*® The associated figure-of-merit
o is given by:

o2 = apJcd’
4:u’nlup (kB T)2

where J; is the photogeneration current density and d is the
active layer thickness. In this context, if « < 1, the device is not
limited by transport and referred to as Shockley-type. In Fig. 5a,
the FFs of PM6:Y6 and PM6:BTP-eC9 at different thicknesses
are shown as a function of o estimated from the measured
charge transport and recombination parameters. Both systems
exhibit with increasing active layer thickness a regime of
Shockley-type behavior. This behavior is maintained up to
active layer thicknesses of 109 nm and 200 nm for PM6:Y6
and PM6:BTP-eC9, respectively. For comparison, in Fig. 5a we
have also included the analytical approximation for the FF as
per the modified Shockley model (dashed line).*> To further
support the presence of Shockley-type behavior, we calculated
the effective series resistance Rs ¢ from the inverse slope of the
J-V curve at V = V,, for cells of different junction thicknesses.
Based on the modified Shockley equation,* we find
Rs eff = Rseries + ;{T](;[l + o], where Rgeries is the combined series
resistance from the contacts, the electrodes, and the external
wires. As shown in Fig. 5b, upon comparing Rg .¢ from experi-
mental data (symbols) with the analytical Rg.s using the

6490 | Energy Environ. Sci., 2021, 14, 6484-6493

estimated o (solid lines), a good overall agreement is indeed
obtained.

From the above combined experimental and simulation
results it is clear that the CGY of a thin film OSC is linked to
both donor:acceptor interfacial energetics (energy offset and
activation energy) and kinetics, inevitably reflected in the
efficiency of the corresponding thick junction BHJ. Based on
this framework it becomes clear that a 0.9% higher, near-unity
CGY, translating into a ~2.5 stronger suppressed recombina-
tion, leads to a drastic improvement in PM6:BTP-eC9 relative to
PM6:Y6 not only in thin junction BHJs, but more importantly in
the thick-junction limit. This subtle link between photo-
generation and charge recombination provides a powerful tool
to merge basic device physics and practical solar cell engineer-
ing, allowing for promising candidates for industrial large-area
solar cell fabrication to be identified.

Conclusions

The charge generation dynamics of several state-of-art organic
solar cells were investigated via a kinetic model based upon
temperature dependent ultra-sensitive external quantum effi-
ciency measurements. Near-unity charge generation quantum
yields (0.993) were found in a recently reported high efficiency
PM6:BTP-eC9 system, outperforming its PM6:Y6 (CGY = 0.984)
counterpart and other non-fullerene solar cell models. This
apparently small difference in the CGY makes these two sys-
tems very different in how they perform in the industrially-
relevant thick junction limit. The presented results not only
confirm it is possible to achieve near-unity charge generation
quantum yields using organic semiconductors and to realize
Shockley-type solar cells (i.e., not limited by charge transport),
but also shows the importance of kinetics in charge generation
in addition to the energetics. More significantly, PM6:BTP-eC9

This journal is © The Royal Society of Chemistry 2021
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was found to exhibit a faster dissociation of bound states to free
charges compared to PM6:Y6, enabling a reduction of bimole-
cular recombination rate constant by more than 1000 times. As
a result, an unprecedented power conversion efficiency over
16% with an FF greater than 71% was achieved in PM6:BTP-eC9
solar cells with an active layer thicknesses of approximately
300 nm. The above results not only reveal the interplay between
charge generation, recombination, and device efficiency in
novel state-of-art non-fullerene solar cells, but also present a
route for recognizing and developing other systems with simi-
lar potential.

Experimental sections

Light and dark current density versus voltage (J-V)
measurement

The current density versus voltage (J-V) curves of the devices
(pixel area: 0.04 cm”) were measured through a shadow mask
using an Ossila Solar Cell I-V Test System. The simulator was
calibrated by a standard silicon reference cell certified by the
National Renewable Energy Laboratory. Dark j-V curves were
measured by a Keithley source-measure unit (model 2400). The
values of the effective series resistances of devices were
obtained from the Ossila Solar Cell I-V Test System which were
calculated from the inverse of the gradient at the appropriate
points of the J-V curve.

Electroluminescent external quantum efficiency (EQEg;)

The electro-luminescent external quantum efficiency (EQEg;)
was measured using a HAMAMATSU EQE measurement system
(C9920-12). An integrating sphere was used as the sample
chamber to account for different radiation angles and absorp-
tion by the sample. A Keithley source-measure unit (model
2400) was used to drive the electroluminescence of the samples.
A photonic multichannel analyzer was used to measure the
spectral luminescence. The software (U6039-06 Version 4.0.1)
for the spectral measurement and EQEg; calculation was
provided by HAMAMATSU.

Photovoltaic external quantum efficiency (EQEpy)

The photovoltaic external quantum efficiency (EQEpy,) was mea-
sured between 300 nm and 1100 nm using a home-build EQE
setup. Details of the EQE setup are provided elsewhere.*"*® A
liquid nitrogen-based, temperature-controlled sample holder (Linkam)
was used for temperature dependent EQEp, measurements.

Steady-state double-injection (Dol) currents

The Langevin reduction factor y = f§/ff;, was quantified by steady-
state double-injection (DoI) on operational PM6:Y6 and
PM6:BTP-eC9 devices.*® Here, f§ is the bimolecular recombina-

tion coefficient and f; = g(un + 1) is the Langevin coeffi-
0

cient, where ¢ is the dielectric constant of the active layer, ¢, is

the vacuum permittivity, and u, (u,) denotes the electron (hole)

mobility. According to the theory of double injection in insu-
lators, the space-charge-limited current (of electrons and holes)

This journal is © The Royal Society of Chemistry 2021
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in forward-bias (V » V;) is limited by the recombination of
electrons and holes injected from the contacts (here, V is the
applied voltage and Vy; the built-in voltage). For f > f,, the
injected electrons and holes from the electrodes recombine as
soon as they encounter each other in the active layer. In this
limit, the total current J is given by the combined space charge
limited currents from the separate electron- and hole-
dominated regions:

VdeV2
a3

9
JscL = geeo (1o + 1)

where, Vqey is the applied voltage across the device and d is the
thickness of the active layer. For f « f;, corresponding to
the case when the recombination is reduced with respect to the
Langevin rate, the electron and hole currents do not immedi-
ately annihilate each other upon meeting in space, resulting in
the establishment of an injected electron-hole plasma in the
bulk. In this case, the total current J is given by:

o 9 Vdev2
Jp1 = gEOHerr— 5

where

2 (Am )
Hefr = 3 —“/ .

Finally, the externally applied voltage V is related to the device
voltage via

Vdev =V- .]RseriesA

where Rgerics is the external series resistance and A is the device
area. Neglecting the presence of an external series resistance
(especially in thin devices) generally results in an underestima-
tion of y. Note that the Dol theory is only valid for V >» Vy;;
therefore, to account for the presence of a built-in voltage,
V is usually replaced by V — V;; in the above relations for Jscr,
and Jp;.

Resistance dependent photovoltage

For resistance dependent photovoltage measurements, the
device under test (DUT) was in series with a variable load
resistance. A diode pumped, Q-switched Nd:YAG laser (Viron,
Quantel Laser) was used to create a short laser pulse, thus
photo-generating charge carriers in the active layer of the DUT.
An oscilloscope (Rhode & Schwarz, RTM 3004), in parallel to the
DUT, was used to measure the photo-pulse induced photovol-
tage of the DUT. The load resistance was stepwise increased
from 50 Q to 1 MQ. From the RPV transients and the corres-
ponding transit times (¢,) the charge carrier mobility was
d2
tie X [Vbi — V]
in voltage, V corresponds to the applied bias voltage and d is the
thickness of the active layer.

calculated via u = , where V},; denotes the built-

Temperature dependent absorbance

A liquid nitrogen-based, temperature-controlled sample holder
(Linkam) and a high-performance spectrophotometer Lambda

Energy Environ. Sci., 2021, 14, 6484-6493 | 6491
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950 (PerkinElmer) in combination with an integrating sphere
module were used to measure temperature dependent absor-
bance of films of interest on glass.

Electro-optical device simulations

For the simulations, a numerical drift-diffusion (DD) model
was used to describe the electrical behavior of the device. The
DD model solves the Poisson equation for the electrical
potential and the continuity equations for electrons and holes
inside the active layer. Furthermore, the electron and hole
current densities are assumed to be given by the drift-
diffusion (Nernst-Planck) relations. These equations are dis-
cretized using the Scharfetter-Gummel discretization scheme
and solved iteratively using Gummel’s method, allowing for the
current density to be evaluated. The default input parameters
for the simulations in Fig. 4 and Fig. S9 and S10 (ESIt) are
listed in Table S6 (ESIt). The active layer is treated as an
effective medium with the transport level of holes in donor
and of electrons in the acceptor act as effective valence and
conduction levels, respectively. These energy levels are sepa-
rated by the (effective) electrical bandgap Eypa. Unless other-
wise stated, the active layer is assumed trap-free and undoped,
with the recombination within the bulk being bimolecular. The
associated bimolecular recombination coefficient is given by
f = 9P, where y is the Langevin reduction factor and
pL = %[un + up]. Thermal equilibrium is assumed to prevail
at the contacts. Further details about the model are provided in
ref. 37. The photogeneration profile, used as input for the DD
simulations, was obtained from an optical transfer-matrix
(TMM) model which accounts for interference effects and
reflection.*® For the TMM model, a device stack consisting of
glass/ITO(110 nm)/PEDOT:PSS(10 nm)/active layer/PDINO
(10 nm)/Ag(100 nm) was used, where glass is treated as an
incoherent layer in accordance with ref. 40. Based on the
refractive indices and extinction coefficients of the different
layers, the TMM model then evaluates the absorption profile
inside the active layer, for incident photons described by the
AM 1.5G solar spectrum.

Uncertainty calculations for charge generation quantum yield
(CGY) and charge transfer (CT) recombination probability (ycr)

The uncertainty of the calculated parameters CGY and ycr
were determined based upon error propagation. For the
fittings, we take the logarithm of the normalized IQE(T)
[IQEX(T) = CGY(T)/CGY(Tmay)] and fit the data to the func-

B
—In[CGY(Tmax)] and B = kg/k,. From the fit function we obtain
the parameters [errors] E, [d(E,.)], B [d(B)] and A [d(A)]. At
T = Tmax, Yor = 1 — CGY; the corresponding uncertainties
d(CGY(Tmay) and d(ycr) are then calculated via d(ycr) =
|~d(COY(Tra)] = d(CGY(Tmar)) = CGY(Tinay) * d(A).

The details of device fabrication can be found in the ESL¥

tion In[IQE*(T)]=4—In {1 + B x exp (kE—aT)}’ where A =

6492 | Energy Environ. Sci., 2021, 14, 6484-6493
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