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Competitive Absorption and Inefficient Exciton
Harvesting: Lessons Learned from Bulk Heterojunction
Organic Photovoltaics Utilizing the Polymer Acceptor

P(NDI20D-T2)

Zhi Li, Jason D. A. Lin, Hung Phan, Alexander Sharenko, Christopher M. Proctor,
Peter Zalar, Zhihua Chen, Antonio Facchetti, and Thuc-Quyen Nguyen*

Organic solar cells utilizing the small molecule donor 7,7’-(4,4-bis(2-
ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene-2,6-diyl) bis(6-fluoro-4-(5'-
hexyl-[2,2’-bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole) (p-DTS(FBTTh,),

and the polymer acceptor poly{[N,N’-bis(2-octyldodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl]-alt-5,5"-(2,2’-bithiophene) }(P(NDI2OD-
T2)) are investigated and a power conversion efficiency of 2.1% is achieved.
By systematic study of bulk heterojunction (BHJ) organic photovoltaic (OPV)
quantum efficiency, film morphology, charge transport and extraction and
exciton diffusion, the loss processes in this blend is revealed compared to the
blend of [6,6]-phenyl-C71-butyric acid methyl ester (PC;;BM) and the same
donor. An exciton diffussion study using Forster resonant energy transfer
(FRET) shows the upper limit of the P(NDI20OD-T2) exciton diffusion length
to be only 1.1 nm. The extremely low exciton diffusion length of P(NDI2OD-
T2), in combination with the overlap in donor and acceptor absorption, is
then found to significantly limit device performance. These results suggest
that BH) OPV devices utilizing P(NDI20OD-T2) as an acceptor material will
likely be limited by its low exciton diffusion length compared to devices
utilizing functionalized fullerene acceptors, especially when P(NDI2OD-T2)
significantly competes with the donor molecule for photon absorption.

8%.17131 These impressive PCEs have all
been achieved using a fullerene deriva-
tive as the electron acceptor. Although
fullerene acceptors have significant advan-
tages with respect to efficient charge sep-
aration and generation of free carriers,
large-scale use of fullerene derivatives
may be hindered by the difficulty asso-
ciated with their purification.'*3] Puri-
fying fullerenes and fullerene derivatives
normally requires specialized equipment
such as high-performance liquid chroma-
tography which limits their scalability and
raises their cost.'®!”] Moreover, although
C;o derivatives (PC;;BM) show enhanced
absorption in the blue region compared to
Cgo derivatives (PCgBM),I18 it is still dif-
ficult to extend the absorption of fullerene
derivatives into the red and near-infrared
regions of the solar spectrum that could
potentially contribute to photocurrent. For
these reasons, a number of non-fullerene
acceptor materials have been synthesized
with the hope of replacing PCBM in BH]
solar cells.[19-30)

One alternative electron acceptor is poly{[N,N"-bis(2-

1. Introduction

In the past few years, solution-processed small molecule donor
bulk heterojunction (BHJ) solar cells have made remark-
able progress with power conversion efficiencies (PCEs) up to

octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-
alt-5,5’-(2,2’-bithiophene)}  (P(NDI20D-T2)),BY a  naph-
thalenediimide based high mobility n-type semicon-
ducting polymer. As an acceptor material, it has several
favorable properties: 1) high field-effect electron mobility
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up to 0.85 cm? V' 5732l and diode electron mobility of
5 x 10™* cm? V! s7! with trap-free transport behavior;13]
2) a reduced optical band gap (1.45 eV) compared to fullerene
derivatives (=2 eV);3*%] and 3) a lowest unoccupied molec-
ular orbital (LUMO) energy of 4.0 eV which is lower than
the LUMO of some donor polymers and small molecules to
ensure efficient photoinduced charge separation at donor/
acceptor interfaces. Nevertheless, to date, polymer BHJ solar
cells using P(NDI20OD-T2) as an electron acceptor have not
performed as well as those with PCBM acceptors, mainly due
to low short-circuit current densities (J,.).**38 The poor per-
formance may be the result of large scale phase separation.*!
Previous reports suggest preaggregation of P(NDI20D-T2) in
solution and relatively low charge mobilities as contributing
factors to poor device performance.3%#% On the other hand,
physical mixtures of small-molecules and P(NDI2OD-T2) have
been studied by Wunsch et al. showing that the morphology
can be controlled by blend composition. This finding sug-
gested that small molecules may be used with P(NDI20OD-T2)
to fine tune film morphology and thereby optimize solar cell
performance.*!!

Here, we investigate BH] solar cell performance using
P(NDI2OD-T2) as an electron acceptor with a small mol-
ecule donor material: 7,7’-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-
b:4,5-b’]dithiophene-2,6-diyl)bis(6-fluoro-4-(5’-hexyl-[2,2’-
bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole), p-DTS(FBTThy),.
The chemical structures and energy levels of the two com-
pounds are shown in Figure 1. We hypothesize that the use
of a small molecule donor material may mitigate some of the
large-scale phase separation observed in polymer:P(NDI20D-
T2) blends.’®! We selected p-DTS(FBTTh,), as the donor
material because of its excellent performance in solar cells
using PCy;BM as an electron acceptor, achieving PCEs of
up to 8%.122142-46] The quantum efficiency, film morphology,
charge transport and extraction and exciton diffusion are sys-
tematically studied in order to understand what factors limit
the final performance of p-DTS(FBTTh,),:P(NDI20D-T2)
BH]J OPV devices.
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Figure 1. a) Chemical structures of donor p-DTS(FBTTh,), and acceptor
P(NDI2OD-T2). b) The energy levels of the different BH) components.
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Figure 2. Film absorption spectra of pristine p-DTS(FBTTh,), and
P(NDI20D-T2), blend of p-DTS(FBTThy),:P(NDI20D-T2) with and
without 0.4% DIO.

2. Results and Discussion

The chemical structures and energy levels of p-DTS(FBTTh,),
and P(NDI2OD-T2) as measured by cyclic voltammetry are
shown in Figure 1. P(NDI20D-T2)’s LUMO energy level is
at 4.0 eV which provides a =0.64 eV offset from the LUMO
of p-DTS(FBTTh,), for electron transfer from donor to
acceptor.*! In addition, hole transfer from P(NDI20D-T2)
to p-DTS(FBTTh,), is likely favorable, based on the 0.32 eV
offset between the HOMO of p-DTS(FBTTh,), and P(NDI20OD-
T2). P(NDI20OD-T2) has a band gap of 1.45 eV, slightly less
than that of p-DTS(FBTTh,), (1.67 eV). In Figure 2, the thin-
film absorption spectra are shown for p-DTS(FBTTh,),,
P(NDI2OD-T2) and the 3:2 donor:acceptor blend with and
without 0.4% v/v 1,8-diiodooctane (DIO). The absorption
spectra of pristine p-DTS(FBTTh,), and P(NDI20D-T2) have
typical absorption characteristics for donor—acceptor type con-
jugated polymers, with m—7* transitions and the intramolecular
charge transfer (ICT) transition in the ranges of 300-450 and
450-800 nm, respectively. The film absorption coefficients are
comparable for pristine P(NDI20D-T2) and p-DTS(FBTTh,),,
5.3 10° cm™! and 8.7 x 10> cm™. Specifically, p-DTS(FBTTh,),
has a strong 77 stacking absorption peak at 675 nm. Pre-
vious studies have shown that p-DTS(FBTTh,),’s ICT and
m—nm* bands can be red-shifted by the addition of DIO, indi-
cating increased solid state order in the film.2*] In this work,
when p-DTS(FBTTh,), is blended with P(NDI20D-T2), the
vibronic peak of p-DTS(FBTTh,), is weakened compared to
pristine p-DTS(FBTTh,), suggesting reduced solid state order
of p-DTS(FBTTh,), in the blend. It is difficult to infer structural
information about p-DTS(FBTTh,), or P(NDI20OD-T2) from
the blend absorption spectra because of the significant overlap
between the absorption spectra of pristine donor and acceptor.
Furthermore, the addition of a small amount DIO has no sig-
nificant effect on the blend film absorption profile. The absorp-
tion spectra of pristine P(NDI20D-T2) and P(NDI20D-T2) with
DIO are shown in Figure S1 of the Supporting Information.

Adv. Funct. Mater. 2014, 24, 6989-6998
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; Table 1. Device parameters of p-DTS(FBTTh,),:P(NDI20D-T2) solar |
o cells. (-
—V— As cast % F
U
—O— Annealed at 80 °C é Voe oo FF PCE
0 : , M [mA cm? 1%l 9
«Q —A= N0 A% D10 Vo A 0.77 1.48 0.54 0.61 >
B . s cast . . . E ‘
5 I A AAAA A : o Annealed 082 3.46 057 1.64 ;
:é i 0002 With 0.4% DIO  0.79 5.06 0.53 21
= 00000000 A
)OOOOOOOOOOOOOO AA
st has stronger absorption than PCBM, which should potentially
allow for an increased J,. compared to p-DTS(FBTTh,),.PC;,BM
devices, the Ji of p-DTS(FBTTh,), P(NDI2OD-T2) is less than
half of the J,. of the p-DTS(FBTTh,),.PC;;BM devices.>*?l Gen-
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Figure 3. J-V characteristics of p-DTS(FBTTh,),:P(NDI20OD-T2) solar cell
devices prepared with different processing conditions: as cast, annealed

and with 0.4% v/v DIO. Devices were tested with 100 mW cm™2 light
intensity.

DIO does not have much effect on the absorption of pristine
P(NDI20OD-T2).

Solar cell devices were fabricated and investigated with dif-
ferent donor:acceptor ratios, annealing temperatures, DIO con-
tent and cathodes (see Figures S2-S6 of the SI). As shown in
Figure 3, the best performance is achieved using the architec-
ture of ITO/PEDOT:PSS/3:2 w:w p-DTS(FBTTh,),:P(NDI20OD-
T2)/Al The active layer was spun-coat from an 80 °C chloroben-
zene solution. As shown in Figure 3 and Table 1, as cast BH]
blends exhibit an open-circuit voltage (V,) of 0.77 V which is
comparable to that of p-DTS(FBTTh,),:PC;;BM system, but the
Jec is very low, 1.48 mA cm™2. After thermal annealing at 80 °C,
the ], increases to 3.46 mA cm™2. By processing with 0.4% v/v
DIO, the J, increases further to 5.06 mA cm™2. The V, and
the fill factor (FF) remain relatively constant for all three device
processing conditions (Table 1). Thus, improvement in device
performance is mainly due to changes in the J,. with PCEs of
0.61%, 1.64% and 2.11% for the as cast, annealed and addi-
tive processed devices, respectively. Although P(NDI20D-T2)

www.afm-journal.de

erally, the PCE of an organic BH]J solar cell depends on sev-
eral processes: photon absorption, exciton diffusion, charge
generation, charge transport, and charge extraction. In order to
understand the origin of the relatively low ., we first focus our
attention on the internal quantum efficiency (IQE) of the opti-
mized p-DTS(FBTThy,),:P(NDI20D-T2) solar cells.

2.1. Internal Quantum Efficiency of
p-DTS(FBTTh,),:P(NDI20D-T2)

The external quantum efficiency (EQE) of an optimized
p-DTS(FBTTh,),:P(NDI20D-T2) device is shown in Figure 4a.
Notably, the EQE of p-DTS(FBTTh,),:P(NDI20D-T2) only
reaches a maximum value of 23%. To resolve how much of this
can be attributed to losses not related to absorption, the IQE
was determined. The IQE of a solar cell is defined as the per-
centage of absorbed photons that are successfully converted to
current. We followed the procedure of Burkhart et al. to deter-
mine the number of photons absorbed in the active layer.[*”] In
this technique, the total device absorption is measured and the
parasitic absorption from the contacts (glass, ITO, PEDOT:PSS,
and Al) is calculated using a transfer matrix model. The active
layer absorption is then taken to be the total absorption minus
the parasitic absorption. As expected, the active layer absorp-
tion matches very well with the wavelength-dependent EQE
(Figure 4a) leading to a relatively wavelength-independent IQE
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Figure 4. a) Parasitic absorption, active layer absorption and total absorption of p-DTS(FBTThj),:
matrix optical model along with the EQE of the optimal solar cell device. b) Bias dependent IQE spectrum of optimized p-DTS(FBTTh,),:
T2) devices.

P(NDI20OD-T2) device as calculated by the transfer
P(NDI20D-
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Figure 5. 2 pm x 2 pm AFM topographic images of a) as cast, b) annealed, and c) 0.4% DIO p-DTS(FBTTh,),:P(NDI20D-T2) cast atop PEDOT:PSS.

(Figure 4b). From IQE measurements under no applied bias,
it is found that the IQE of the p-DTS(FBTTh,),:P(NDI20D-T2)
device is only 25%, similar to the EQE value. This similarity
implies that absorption does not limit device performance. This
relatively low IQE additionally agrees with the ratio of the meas-
ured i (5.06 mA cm™2) to the maximum theoretical photocur-
rent (19.6 mA cm?) calculated using the active layer absorption
of p-DTS(FBTThy,),:P(NDI20D-T2) devices and assuming 100%
IQE.[#]

As an initial probe into the origin of the low IQE in
p-DTS(FBTTh,),:P(NDI20D-T2) devices, the IQE was meas-
ured as a function of applied bias to understand whether
charge generation and extraction may be an issue. As shown
in Figure 4b, the IQE of the device increases from 25% to
35% when the bias is further decreased from -2 to —6 V. Addi-
tionally, the IQE does not reach a saturation point within the
measured bias range. The modest increase in IQE under
strong reverse bias may be due to a field dependent charge
generation mechanism,*®#% or the release of trapped charge
carriers?!l as the negative bias increases the internal electric
field within the device. More notable however, is that even
at =6 V the IQE is still <40% suggesting that in addition to a
voltage dependent loss mechanism, there are significant losses
that are likely independent of voltage. These losses may be
from geminate recombination and/or excitons that fail to dif-
fuse to a donor—acceptor interface. Thus, we designed a series
of experiments to further investigate the loss mechanisms in
p-DTS(FBTTh,),:P(NDI20D-T2) BHJ OPV devices.

2.2. Morphological Characterization

Atomic force microscopy (AFM) was used to probe the sur-
face morphology of as cast, annealed, and additive processed
p-DTS(FBTTh,),:P(NDI20D-T2) films. As shown in Figure 5,
the as cast film has a relatively smooth and featureless surface
(RMS 3.1 nm); however, upon thermal annealing, one observes
fiber-like structures and a higher RMS value, which may imply
enhanced crystallinity of the film. Similarly, the additive pro-
cessed blend film shows some coarser features on the surface
with an RMS of =6.1 nm. From the AFM images, it is clear that
there are no large-scale topographic features present; however,
it is difficult to gain insight into the degree of phase separation
from tapping-mode AFM measurements alone.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Conducting AFM (c-AFM) is utilized to further investi-
gate the phase separation and conductive domain size of the
optimal solar cell devices (Figure 6). C-AFM measures surface
topography and current simultaneously.”*>% In c-AFM meas-
urements, a Au-coated Si tip scans over the blend films with an
applied voltage between the ITO substrate and the tip. Applying
a negative bias to the ITO substrate induces hole injection from
tip and hole collection by PEDOT:PSS. The device configuration
ITO/PEDOT:PSS/active layer/Au tip resembles the hole-only
diode configuration since the work-function of PEDOT:PSS and
Au are much closer to the HOMO of p-DTS(FBTTh,), than the
LUMO of either PCBM or P(NDI20D-T2). As a result, holes are
favorably injected to and collected from the p-DTS(FBTTh,),-
rich domains, which correlate to the higher current domains
in c-AFM images. The size of high current and low current
domains, which correspond to donor-rich and acceptor-rich
domains, respectively, is determined by the cross-section pro-
file of current images (Supporting Information Figure S8).

Figure 6. 2 pm x 2 um scale currentimages of a) p-DTS(FBTTh;),:PC7;BM
with 0.4% DIO collected at -1 V; b) p-DTS(FBTTh,),:P(NDI20D-T2)
with 0.4% DIO; c) as cast p-DTS(FBTThy),:P(NDI20D-T2); d) annealed
p-DTS(FBTTh,),:P(NDI20D-T2) collected at -5 V.

Adv. Funct. Mater. 2014, 24, 6989-6998
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In agreement with the tapping mode images in Figure
5, there is no large micrometer-scale phase separation in
as cast, annealed or additive processed p-DTS(FBTTh,),:
P(NDI2OD-T2) films. The donor conductive domains are
slightly larger than those in p-DTS(FBTTh,),:PC;BM. Cur-
rent image of p-DTS(FBTTh,),:PC;;BM reveals fiber-like
domains with an average size of 13 £ 2 nm, which is con-
sistent with the TEM study by Love et al.*3] Current images
of p-DTS(FBTTh,),:P(NDI20D-T2) as cast and annealed films
show much lower conductivity than p-DTS(FBTTh,),:PC;;BM
blend film and relatively larger conductive domain size as
19 £ 7 nm, 21 + 2 nm, respectively. When using 0.4% DIO, the
p-DTS(FBTTh,),:P(NDI20D-T2) blend film shows higher con-
ductivity and relatively more homogeneous fiber-like domains,
with an average size of only 15 + 1 nm which suggest that the
improvement in J,. may be due to the smaller donor domains.
Furthermore, the similar domain size of the 0.4% DIO
p-DTS(FBTTh,),:PC;;BM and p-DTS(FBTTh,),:P(NDI20D-T2)
films suggests that the p-DTS(FBTTh,),:P(NDI20D-T2) system
is not limited by large-scale phase separation.

From c-AFM, the conductivity of 0.4% DIO blend is higher
than that of as cast and annealed blend films which is con-
sistent with the higher J,. in the device processed with additive.
In order to further explain the conductivity and J,. difference
between different processing conditions, grazing incidence
wide-angle X-ray scattering (GIWAXS) was used to investigate
the solid state order and crystalline texture of blend films.[%% As
shown in Figure 7a, in the as cast blend the (001) and poly-
morph peak (q = 0.4, out of plane) of p-DTS(FBTTh,), are pre-
sent.] P(NDI20OD-T2)’s 77 stacking peak (010), is visible out
of plane, indicating a face on orientation to the substrate.l®!]
Upon adding 0.4% DIO the p-DTS(FBTTh,), polymorph peak
disappears and the higher order p-DTS(FBTTh,), peaks appear
out of plane indicating increased p-DTS(FBTTh,), solid state
order. P(NDI2OD-T2)’s n—r peak also narrows in width upon
use of DIO, indicating larger and/or more ordered crystallites
compared to the as cast sample. Qualitatively, the annealed
blend appears very similar to the blend processed with DIO.
GIWAXS then indicates that annealing or processing the
blends with DIO increases the solid state order of both donor
and acceptor, perhaps in part explaining the increased conduc-
tivity and J,. of these blends.

2.3. Charge Transport and Extraction

The charge carrier mobility is another important factor that
affects solar cell device performance. Both the electron and
hole mobilities are important because if they are too low or
imbalanced, charge carriers may recombine before they are
collected at the electrodes. This is among the reasons PCBM
works well as an acceptor material since its electron mobility
is roughly 107 c¢m? V1 s7LI62 Pristine P(NDI20D-T2) has
previously been reported to exhibit trap free electron and hole
transport with mobilities of 5 x 10™* cm? V™! s and 3.4 x
107° cm? V7! 57, respectively.**! To gauge the charge transport
properties of p-DTS(FBTTh,),:P(NDI20D-T2) blends, hole-
only and electron-only diodes were fabricated and measured
using device geometries of ITO/PEDOT:PSS/blend/Au and

Adv. Funct. Mater. 2014, 24, 6989-6998
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Figure 7. 2D GIWAXS images of p-DTS(FBTTh,),:P(NDI20D-T2) BH]
films cast atop silicon a) as cast, b) annealed, and c) processed with 0.4%
DIO. p-DTS(FBTTh,), peaks are indexed in italics while the P(NDI2OD-
T2) (010) plane is denoted out of plane.

Al/blend/LiF/Al, respectively. The hole and electron mobilities
of with p-DTS(FBTTh,),:P(NDI20D-T2) blend processed with
0.4% DIO are 7.5 x 10° cm? V' st and 7.8 X 10> cm? V-1 s},
respectively. The J-V curves of as cast, annealed and addi-
tive processed hole- and electron-only devices are shown in
Figure S9 of the Supporting Information. When adding DIO
or thermal annealing, the electron mobility is increased from
43 x 10° cm? V! st to 7.8 x 107° ecm? V! s7! and 1.3 x
10™* cm? V7! 571, respectively, consistent with the increase in
P(NDI20D-T2) solid state order observed with GIWAXS when
using additive or thermal annealing. While the electron and
hole mobilities in the optimal p-DTS(FBTTh,),:P(NDI20D-T2)
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Figure 8. a) Light intensity dependence of J... b) Light intensity depend-
ence of V,.. ¢) Photocurrent versus effective voltage in optimal devices of
p-DTS(FBTTh,),:PC;1BM and p-DTS(FBTTh,),:P(NDI20D-T2).

blend are well balanced, they are an order of magnitude lower
than other high performing organic BHJ solar cell systems.
For comparison, the electron mobility and hole mobility
of p-DTS(FBTTh,),:PC;;BM processed with 0.4% DIO are
5x10*cm? Vsl and 2 x 107 cm? V! 571193 Thus, it is likely
that the lower FF for p-DTS(FBTTh,),:P(NDI20D-T2) as com-
pared to p-DTS(FBTTh,),:PC;;BM (0.53 vs 0.70) is in part due
to the lower charge carrier mobilitiesl®®%l which may limit
the ability to efficiently extract charges before they recombine.
The dependence of . on light intensity was measured to
examine if charge transport and nongeminate recombina-
tion (bimolecular and trap-assisted recombination) may also
significantly limit the J. In J,-light intensity measurements,
the J,. should follow a power law relationship as J, ~ I* where

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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o < 1.0 is indicative of significant bimolecular recombination
and/or a build up of space-charge.l’”! As shown in Figure 8a,
for the optimized device, |, scales linearly with light intensity
(e = 1), which indicates that bimolecular recombination is not
a significant loss mechanism at short-circuit. A linear depend-
ence of J. on light intensity does not preclude the possibility
that trap-assisted recombination may be limiting; however, both
hole and electron only single carrier diodes exhibited trap-free
transport (Supporting Information Figure S9). Furthermore as
shown in Figure 8b, the V,  exhibits a logarithmic dependence
on light intensity with slope =0.93 kT q!, which indicates that
trapping is not a significant loss mechanism. (68

To further understand the charge extraction process, as
shown in Figure 8c, a typical J-V curve is converted to J,—Vesr
by plotting the photocurrent with respect to effective voltage
which is the voltage at no photocurrent less the applied voltage,
Vo-V. The influence of charge extraction dominates at low
voltages while the influence of charge generation dominates
at high voltages. From J,,—Veg for both devices, at a low effec-
tive voltage of around 0.2 V, J,, reaches a plateau suggesting
that free charges are swept out efficiently. Thus, it is likely that
charge extraction is not a limiting factor for J.

At sufficiently  high  electric  fields, J,,  of
p-DTS(FBTTh,),:;PC;;BM and p-DTS(FBTTh,),:P(NDI20D-
T2) devices show drastic differences. Above 0.2 'V,

p-DTS(FBTThy,),:PC7,BM shows a flat plateau and at V=3 V the
photocurrent is =15 mA cm™2. For p-DTS(FBTTh,),:P(NDI20D-
T2), the photocurrent does not saturate and increases mod-
estly with higher bias. In addition, at V¢ = 3 V, the photocur-
rent of p-DTS(FBTTh,),:P(NDI20D-T2) is only =5.5 mA cm™.
The difference in the saturation region shows that compared
to p-DTS(FBTTh,),:PC5BM, fewer charges are generated. All
together, these findings support the conclusions drawn from
the IQE measurements that the primary loss mechanism lim-
iting the J;. is mostly likely related to charge generation.

2.4. Exciton Diffusion

Charge generation in donor:acceptor solar cells occurs via
a multistep process: after photoexcitation of the donor (or
acceptor), excitons diffuse toward the donor:acceptor interface,
where they can separate into free charges directly, via ultra-
fast dissociation, or through an intermediate state, usually
referred to as charge transfer (CT) state.’%”! The latter con-
sists of a Coulombically bound electron and hole pair at the
donor:acceptor interface, with a binding energy of about 0.1 to
0.5 eV."V72] The overall process of charge generation requires
dissociation of these initially photogenerated bound electron-
hole pairs into free charge carriers, which can then be trans-
ported to and collected by the device electrodes. The term “free
carrier” used here refers to the yield of fully dissociated (i.e.,
free) charges. Considering that the Coulomb binding energy
is significantly larger than room temperature thermal energy,
kgT, an energy offset between LUMO energy levels of donor
and acceptor material is necessary for electron transfer to take
place. Both PC5BM and P(NDI20D-T2) have similar LUMO
energies, making electron transfer energetically favorable in
both systems (Figure 1).
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Figure 9. a) Photoluminescence of pristine p-DTS(FBTTh,), and P(NDI20D-T2) films and blend normalized by absorption intensity. b) Time-resolved
photoluminescence of p-DTS(FBTTh,), and as cast, annealed, and additive processed p-DTS(FBTTh,), blend films.

As mentioned previously P(NDI20D-T2) has much stronger
absorption in the visible when compared to PC;BM, yielding
the possibility of enhanced |, in devices. However, the smaller
band gap consequently leads to a smaller HOMO-HOMO
offset 0.32 eV for p-DTS(FBTTh,),:P(NDI20OD-T2) compared
to >0.6 eV for p-DTS(FBTTh,),:PC,;BM. While 0.3 eV is often
cited in the literature as the threshold energy level offset needed
for efficient charge generation, it is worth noting that this
remains an area of active research and thus it is not clear what
effect, if any, the smaller offset present here may have on the
charge generation process. Nonetheless, for the hole transfer
process to occur at the p-DTS(FBTTh,),:P(NDI20D-T2) inter-
face, it first requires that excitons from P(NDI20D-T2) diffuse
to that interface. Thus, we attempted to measure the exciton
diffusion length using photoluminescence (PL) quenching
measurements.’3]

To probe the behavior of excited states in our system, we
explore the steady-state PL quenching efficiency in blends
and the exciton diffusion length of pristine P(NDI20D-T2).
Geminate recombination of the initially generated CT states
back to the ground state may compete with dissociation of
these charges into free charge carriers.”” One simple method
to investigate whether excitons in both materials successfully
reach the interface is a PL quenching measurement. By stud-
ying the time-resolved PL of the p-DTS(FBTTh,),:P(NDI20D-
T2) blend film along with the pristine films, the quenching
efficiency of each material in the blend can be calculated using
Equation S1 in the Supporting Information. The static PL
spectra of p-DTS(FBTTh,), and P(NDI20OD-T2) overlap above
775 nm (Figure 9a). However, at 750 nm, the PL emission is
only from p-DTS(FBTTh,),. Thus, to rule out the effect of the
PL from P(NDI20D-T2), the emission at 750 nm was measured
in p-DTS(FBTThy,), pristine film and blend film. In Figure 9a,
the PL of the blend is significantly quenched compared to pris-
tine p-DTS(FBTTh,), and from 750 nm, quenching efficiency
is calculated as 83.1%. In Figure 9D, the time-resolved PL of
blend films under different conditions are all quenched by
P(NDI20D-T2) which is consistent with the static PL spectra in
Figure 9a. This observation indicates efficient charge transfer
from donor to acceptor. The quenching efficiencies of as cast,
annealed, and additive processed BH]J blend films are 83.2%,
83.0% and 84.4% respectively. Optimized additive processed
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p-DTS(FBTTh,),:PC;,;BM BH] OPV blends have a quenching
efficiency of 83.4%, similar to the p-DTS(FBTTh,),:P(NDI20D-
T2) blend films. The relatively high quenching efficiency
in optimized device is consistent the fine phase separa-
tion observed by AFM. Conclusively, it is evident that in
p-DTS(FBTTh,),:P(NDI2OD-T2) blend films most excitons
generated in p-DTS(FBTTh,), are able to diffuse to the D:A
interface.

From the static PL spectra of p-DTS(FBTTh,), and
P(NDI2OD-T2) in Figure 9a, it is obvious that it is diffi-
cult to decouple P(NDI20OD-T2)’s PL spectrum from that of
p-DTS(FBTTh,), making it infeasible to study the exciton diffu-
sion in P(NDI20D-T2) by the PL quenching method. Another
method used to measure exciton diffusion length is to model
the EQE of a bilayer device.”>”7?) However, this methodology
is impractical in the current case as both p-DTS(FBTTh,),
and P(NDI20OD-T2) are soluble in common organic solvents,
preventing the fabrication of a bilayer with an abrupt donor—
acceptor interface. Thus, we estimate the P(NDI20D-T2)
exciton diffusion length using Forster resonant energy transfer
(FRET) theory. For conjugated materials, it is well established
that exciton diffusion occurs through a hopping mechanism.
Because of the exponential attenuation of overlap of the donor
and acceptor molecular orbitals with distance between mol-
ecules, contributions from Dexter energy transfer are normally
negligible. The efficiency of this type of energy transfer process
can be calculated from FRET theory.®*# In FRET theory the
exciton diffusion coefficient can be calculated from the spectral
overlap of the absorption and emission of the chromophores.
With an inter-chromophore distance R, the diffusion process
is simplified as a 3D random walk with six nearest neighbor
chromophores and the diffusion coefficient is expressed as:®4

R2
D=
61hop

(1)

In Equation (1), T,y is exciton hopping lifetime and can be
calculated from FRET theory

R 6
Thop = T(R—o) (2)
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where 7 is the fluorescence lifetime in film and R is the Forster
radius which was calculated from the extinction coefficient and
area normalized PL spectra shown in Supporting Informa-
tion Figure S10b. R is estimated by assuming chromophores
are positioned in cubic lattice using Supporting Information
Equation S2. The Forster radius R, is calculated from the spec-
tral overlap of absorption and emission using:[®’!

2
¢ — 2000(In10)K*QY ¢ 9000(n10)QY 1 5

AAtda, 3
* T 1287°N,nt G)

0

where k? is the relative orientation of dipoles (k* = 0.476
assuming rigid and randomly oriented dipoles),®% QY is the
PL quantum yield in film, n is the average refractive index of
the medium in the wavelength range at which spectral overlap
is significant, gA) is the molar extinction coefficient in film
which was obtained using spectral ellipsometry as shown in
Supporting Information Figure S10a, and F(A) is the corrected
fluorescence intensity of the film with the area normalized to
unity. The exciton diffusion length (L) easily follows from the
above calculations, as shown in Equation (4).

- Jbr ®

For P(NDI20OD-T2) films, the PL quantum yield is too low
to detect by our home-built fluorimeter (see Supporting Infor-
mation). Therefore, we cannot calculate the exact value of the
exciton diffusion coefficient nor the exciton diffusion length
in P(NDI20OD-T2) films. The low PL quantum yield and PL
lifetime could be the result of intrinsic material properties or
exciton traps.®”%8] However, in dilute solution, chain aggrega-
tion and interchain hopping are significantly reduced and exci-
tons have fewer chances to encounter defects or traps. Thus,
the solution PL quantum yield is measured as an estimate of
the potential maximum values of QY and the exciton diffu-
sion length of P(NDI20D-T?2). For the measurement of the QY
value of P(NDI20OD-T2) in solution, chloronaphthalene (CN)
is used as the solvent since P(NDI20OD-T2) tends to preaggre-
gate in most solvents, including chlorobenzene, while it does
not aggregate in dilute concentrations in CN.® Therefore, to
minimize any aggregation in solution, a low concentration of
P(NDI20D-T2) (4 x 10~ mg mL™!) in CN was used for meas-
urement of QY. Even in dilute solution, the PL quantum yield
of P(NDI20OD-T2) is only 0.8%, which should be considered as
the upper limit for the film QY.

The solution PL lifetime in CN is 198 ps, similar to that
of the film (Supporting Information Figure S11). The very
low PL QY and short PL lifetime may be intrinsic properties
of P(NDI20D-T2). According to Equation (3), the upper limit
of the Forster radius Ry is calculated as 1.37 nm by using
the solution PL quantum yield and lifetime values. From
Equations (1), (2) and (4), the upper limit of the exciton dif-
fusion length is then determined to be 1.1 nm, significantly
shorter than most other studied organic semiconductors
(5-10 nm).73879991 With such a short exciton diffusion length,
excitons generated in the P(NDI2OD-T2) phase may not be
able to reach the donor:acceptor interface resulting in photo-
current losses. This is especially noteworthy as the absorp-
tion spectra of p-DTS(FBTTh,), and P(NDI20OD-T2) overlap,
thus leading to competition between donor and acceptor for

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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absorption of incident photons. The short exciton diffusion
length of excitons originating on P(NDI20OD-T2) is there-
fore likely a significant cause of the relatively low J . observed
in p-DTS(FBTTh,),:P(NDI2OD-T2) BH] OPV devices. The
extremely short P(NDI20OD-T2) exciton diffusion length cal-
culated here is also consistent with the negligible EQE in the
wavelength region associated with P(NDI20OD-T2) absorption
in previously reported polymer:polymer BH] OPV blends.?”:%

3. Conclusion

Due to the desirable electronic and optical properties of
P(NDI2OD-T2), we have used it as an alternative electron
acceptor to PC;BM in combination with the molecular
donor p-DTS(FBTTh,),. By using a small molecule donor, we
hoped to avoid the development of large-scale phase separa-
tion that has been identified as a limiting factor in blends of
polymeric donors with P(NDI20D-T2). Despite the prom-
ising morphological properties of blend films, the optimized
devices yield a relatively low PCE of 2.11%. The low PCE of
p-DTS(FBTTh,),:P(NDI20D-T2) BH] OPV devices is primarily
caused by low J in combination with a reduced FF relative to
the analogous PC;;BM blends. Single-carrier diodes of the opti-
mized p-DTS(FBTTh,),:P(NDI20D-T2) blend films revealed
that the reduced FF may be the result of lower hole and elec-
tron mobilities. More importantly, the significantly reduced J,.
relative to devices with PC;;BM as an electron acceptor could
be explained by the very short exciton diffusion length of
P(NDI20D-T2) (=1.1 nm) as compared to PC7;BM (>5 nm)."®l
This results in inefficient exciton harvesting, which is exacer-
bated due to the competitive absorption between donor and
acceptor, leading to a very low J.

This comprehensive combination of optical and electronic
characterization leads us to conclude that the very short exciton
diffusion length of P(NDI20D-T2) is an intrinsic limitation
of the material that puts a ceiling on the performance of BH]J
OPVs that use it as an acceptor. This limitation is quite dif-
ferent than that of perylene diimide (PDI) acceptor blended
with p-DTS(FBTTh,),, in which, lower device performance
is primarily limited by some combination of charge trapping
and geminate recombination.?'3% It differes from other non-
fullerene acceptors as well: diketopyrrolopyrrole based accep-
tors, have yielded low PCEs to date because of the more compact
aromatic surface, which diminishes aggregation of the acceptor
and thereby inhibits electron transport in the blend film;/**%4
pentacene acceptors suffer from over crystallization resulting in
poor charge separation;® carbazole acceptors, have yielded
low fill factors and current mainly due to the limited electron
mobility.””] Therefore, to realize BH] OPVs with PCEs equiva-
lent to or surpassing those of devices with PCBM utilizing non-
fullerene, new structures must be synthesized that not only have
superior exciton diffusion lengths and electron mobility but also
reduced geminate recombination and controllable phase separa-
tion. Recently Zhou et al. and Earmme et al. both used n-type
acceptors structurally similar to P(NDI20OD-T2) and achieved
PCE of 4.21% and 4.8% respectively.?®%® Inspired by these
successful examples, the future development of non-fullerene
acceptors based on P(NDI20D-T2) should consider chemical
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modifications to increase exciton diffusion lengths while still
maintaining trap-free transport and high electron mobility.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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