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The Importance of Fullerene Percolation in the Mixed
Regions of Polymer—Fullerene Bulk Heterojunction Solar Cells

Jonathan A. Bartelt, Zach M. Beiley, Eric T. Hoke, William R. Mateker, Jessica D. Douglas,
Brian A. Collins, John R. Tumbleston, Kenneth R. Graham, Aram Amassian, Harald Ade,
Jean M. J. Fréchet, Michael F. Toney, and Michael D. McGehee*

Most optimized donor-acceptor (D-A) polymer bulk heterojunction (BH)) solar
cells have active layers too thin to absorb greater than ~80% of incident pho-
tons with energies above the polymer’s band gap. If the thickness of these
devices could be increased without sacrificing internal quantum efficiency,
the device power conversion efficiency (PCE) could be significantly enhanced.
We examine the device characteristics of BH) solar cells based on poly(di(2-
ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene-co-octylthieno[3,4-c]pyrrole-4,6-
dione) (PBDTTPD) and [6,6]-phenyl-C¢;-butyric acid methyl ester (PCBM)
with 7.3% PCE and find that bimolecular recombination limits the active layer
thickness of these devices. Thermal annealing does not mitigate these bimo-
lecular recombination losses and drastically decreases the PCE of PBDTTPD
BH]J solar cells. We characterize the morphology of these BHJs before and
after thermal annealing and determine that thermal annealing drastically
reduces the concentration of PCBM in the mixed regions, which consist of
PCBM dispersed in the amorphous portions of PBDTTPD. Decreasing the
concentration of PCBM may reduce the number of percolating electron trans-
port pathways within these mixed regions and create morphological electron
traps that enhance charge-carrier recombination and limit device quantum
efficiency. These findings suggest that (i) the concentration of PCBM in

the mixed regions of polymer BH]s must be above the PCBM percolation
threshold in order to attain high solar cell internal quantum efficiency, and

(ii) novel processing techniques, which improve polymer hole mobility while
maintaining PCBM percolation within the mixed regions, should be devel-
oped in order to limit bimolecular recombination losses in optically thick
devices and maximize the PCE of polymer BH| solar cells.

1. Introduction

Polymer-based bulk heterojunction (BH])
solar cells!!l consisting of electron-donating
polymers and electron-accepting fullerene
derivatives garner interest because they
can be printed at low cost onto light-
weight, flexible substrates. The certified
power conversion efficiencies (PCEs)
of single junction polymer BHJ solar
cells are now approaching 9%>3 due to
(i) the development of new low band gap
donor-acceptor (D-A) polymers with broad
absorption capabilities,*’ (ii) the develop-
ment of polymers and fullerene deriva-
tives with energy levels optimized for
high open-circuit voltages (Voc),1*”! and
(iii) the use of solvent additives to tailor
BH] morphology®  Despite these
improvements, most optimized D-A
polymer BH] solar cells with PCE greater
than 7% are too thin to absorb greater than
~80% of incident photons with energies
above the polymer’s band gap, substan-
tially limiting potential photocurrent.[®%-14]
Unfortunately, D-A polymer BH]J solar
cells with optically thick active layers gen-
erally have lower PCEs than their thin
active layer counterparts, primarily due
to lower fill factors (FFs).'"] In contrast,
poly(3-hexylthiophene) (P3HT) BH]J solar
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cells are optimal with thick active layers and can absorb greater
than 90% of incident photons with energies above P3HT’s band
gap while maintaining FFs near 0.70.11% In optically thick P3HT
BH] devices, charge-carriers are efficiently extracted despite
the fact that blending [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) with P3HT decreases the hole mobility in P3HT by up
to three orders of magnitude.'®”) These charge-carriers can
be efficiently extracted because thermal and solvent annealing
improve the hole mobility in P3HT BH]s to nearly that in pure
P3HT.['6!7I D-A polymer BH]J solar cells, however, generally lose
PCE when thermally annealed,/®%* indicating that the as-cast
morphology of these devices is essential for optimal perform-
ance. The reason for this difference between P3HT and D-A
polymers is still not well understood.

Herein we examine the device characteristics and mor-
phology of BH]J solar cells based on a D-A polymer, poly(di(2-
ethylhexyloxy)benzo[1,2-b:4,5-b"]dithiophene-co-octylthieno[3,4-
clpyrrole-4,6-dione) (PBDTTPD),'®2% (Figure 1a) and PCBM.
Optimized PBDTTPD BH] solar cells achieve 7.3% PCE with
a Voc up to ~0.95 V and an internal quantum efficiency (IQE)
near 90%.21 These devices, however, only absorb 60-80% of
incident photons with energies above PBDTTPD’s and PCBM’s
band gaps, and increasing the device active layer thickness
decreases the PCE due to extensive bimolecular recombina-
tion losses. Thermal annealing does not improve hole trans-
port in PBDTTPD BHJs but instead drastically decreases solar
cell PCE. Using X-ray diffraction, we determine that the mor-
phology of these BHJs consists of three phases: aggregated
PBDTTPD, clustered PCBM, and mixed regions, which consist
of PCBM dispersed in the amorphous portions of PBDTTPD.
Similar three phase morphologies have been verified in several
polymer-fullerene BHJ blends,*?%°] but the effect of the com-
position of the mixed regions on solar cell performance has not
yet been investigated. With X-ray absorption techniques, we
find that thermal annealing reduces the concentration of PCBM
in the mixed regions of PBDTTPD BH]Js. Decreasing the con-
centration of PCBM may reduce the number of percolating
electron transport pathways within these mixed regions and
create morphological electron traps that enhance charge-carrier
recombination and limit device quantum efficiency. This result
suggests that the composition of the mixed regions in polymer
BHJs has profound effects on the performance of these solar
cells. Several other high performing D-A polymer BH]J solar
cells are optimal with polymer:fullerene blend ratios and active
layer thicknesses similar to PBDTTPD devices.®%101214 Thys,
we believe that the results of this study can be extended and
are applicable to a wide variety of other polymer-fullerene BHJ
blends.

2. Results and Discussion
2.1. Performance of Optimized PBDTTPD BH] Solar Cells

Previously, 6.8%['® and 7.1% PCER® were reported for
PBDTTPD BH]J solar cells fabricated with a single solvent addi-
tive (1,8-diiodooctane) and co-solvent additives (1,8-diiodooctane
and 1-chloronaphthalene), respectively. We recently improved
upon these results and reported?!! 7.3% PCE for PBDTTPD
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Figure 1. a) Chemical structure of PBDTTPD. b) Current density—voltage
characteristics, c) quantum efficiency, and active layer absorption for opti-
mized PBDTTPD BH] solar cells.

BH] devices (average PCE of 7.1%) placing PBDTTPD among
the top performing polymers for BHJ solar cells (Figure 1b).
Our optimized devices have ~100-nm-thick active layers of
PBDTTPD and PCBM in a 1:1.5 weight ratio and are fabri-
cated without the use of solvent additives, thermal annealing,
or solvent annealing. The V¢ of these devices is ~0.95 V and
is the highest reported Vo for a polymer BH] solar cell with
PCE over 7%. The devices also achieve FFs near 0.70 and short-
circuit currents (Jgc) above 11 mA c¢cm™, which is notable
because many polymer BHJ solar cells with Vo near 1V suffer
from poor Jg¢ and FF.127:28]

While optimized PBDTTPD BH]J solar cells perform excep-
tionally well, PBDTTPD’s band gap (~1.8 eV) is higher than
the optimal band gap for a single junction polymer BH]J solar

wileyonlinelibrary.com 365

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

366 wileyonlinelibrary.com

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

cell.?%3% The relatively high band gap and exceptional V¢ and
FF, however, make PBDTTPD BH] solar cells an ideal candi-
date for the high band gap cell in a tandem solar cell.*! For
example, a PBDTTPD BH]J solar cell would provide a ~0.1 V
improvement in voltage compared to the P3HT BH] solar cell
used as the high band gap solar cell in the current record 10.6%
PCE tandem polymer solar cell.[332!

The quantum efficiency and active layer absorption of opti-
mized PBDTTPD BH]J solar cells are plotted in Figure 1c. The
IQE is essentially wavelength independent and is ~90%, which
is similar to that of several of the highest-efficiency polymer
BHJ solar cells;®%33) this high IQE shows that these devices
generate and collect charge-carriers from photons absorbed by
both PBDTTPD and PCBM with high efficiency. Using steady-
state photoluminescence (PL) measurements, we determined
that 99.7% of PBDTTPD PL is quenched in as-cast PBDTTPD
BHJs (Figure S1). The highly efficient PL quenching sug-
gests that the morphology of these BHJs is finely intermixed
and essentially all excitons generated in the polymer are able
to reach PBDTTPD-PCBM heterojunction interfaces. We note,
however, that steady-state PL quenching experiments only
probe the fraction of excitons that decay radiatively and that
the PL quantum efficiency of conjugated polymers can be quite
low (~2% for P3HT). But, the IQE of optimized PBDTTPD
BH] devices approaches ~98% when strong negative biases are
applied on the devices, which verifies that nearly all excitons are
in fact quenched in these devices (Figure S2). Thus, the 10%
IQE loss at short-circuit in optimized devices is due to ineffi-
ciencies in charge-carrier separation and/or transport processes.
The external quantum efficiency (EQE) of optimized devices
peaks at ~70%, where PBDTTPD is the primary absorber. At
shorter wavelengths where PCBM is the primary absorber, the
EQE decreases to ~50% because the extinction coefficient of
PCBM is low. Incomplete light absorption by the active layer
plays a large role in limiting the EQE of these devices. Figure 1c
shows that the active layer absorbs only ~80% of incident
photons with wavelengths in the range of 550-650 nm
and ~60% of incident photons with wavelengths in the
range of 350-500 nm. This result highlights that there is
room for significant PCE enhancement if light absorption in
PBDTTPD BHJ solar cells can be improved without sacrificing

IQE.

2.2. Bimolecular Recombination in Optically Thick Devices
Transfer matrix modelingl®®! predicts that increasing the active
layer thickness of PBDTTPD BH] solar cells from 100 to
260 nm will improve the device Jsc by 23% and push the PCE
above 8.5% (Figure 2a). We fabricated devices with different
active layer thickness and found that 260-nm-thick devices pro-
duced 12% more current than 100-nm-thick devices at short-
circuit and 18% more current at —1 V bias. While this current
enhancement demonstrates that augmenting the active layer
thickness does improve light absorption, the FF of the devices
decreases substantially as the active layer thickness increases
above 100 nm, resulting in a lower device PCE (Figure 2b, ]-V
curves shown in Figure S3). The strong dependence of FF on
active layer thickness indicates that the built-in electric field in
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Figure 2. a) Current density vs. active layer thickness for PBDTTPD BH)
solar cells at short-circuit and with —1 V applied bias. The current density at
short-circuit was also calculated from transfer matrix modeling assuming
100% IQE. b) Open-circuit voltage, power conversion efficiency, and fill
factor as a function of active layer thickness for PBDTTPD BH] solar cells.
The markers denote the average values and error bars show the high and
low values across several devices.

thicker-than-optimal devices is not strong enough to efficiently
sweep charge-carriers out of the devices before they recombine.

To determine if recombination in optically thick devices is
bimolecular in nature, we performed light intensity dependent
EQE measurements (Figure 3). The rate of bimolecular recom-
bination in solar cells is proportional to the product of the hole
and electron concentrations in the device and consequently
becomes more significant at higher light intensities. Using a
low intensity monochromatic light chopped at 100 Hz and
superimposed over a white light bias of varying intensity, the
differential EQE, AEQE, was measured with a lock-in amplifier.
AEQE represents the EQE of the additional photons supplied by
the low intensity chopped light as a function of the total light
intensity incident on the device. Using Equation (1), the EQE of
a device at a given light intensity, I, can be determined by calcu-
lating the average AEQE for all photons absorbed by the device
at that light intensity.

1 I
EQE(I) = Tfo AEQE(I')dT (1)

The percentage of EQE loss in the device due to bimolecular
recombination at light intensity I = I’ can be estimated by the

Adv. Energy Mater. 2013, 3, 364-374



ADVANCED
ENERGY
MATERIALS

M \IW‘"§

www.MaterialsViews.com

0.8
g - - -B--E-E-BEE
¢ ----0-0-00¢
t 06
£ @---9---9--2-90-9¢ .
A
u 04 I __a--300 nm, No Anneal
W --¢--100 nm, No Anneal
S 02 | --e--300 nm, 200 °C
--4--100 nm, 200 °C
0.0 . : ' '
104 103 102  10% 1

Light Intensity [Suns]

Figure 3. Differential external quantum efficiency (A =550 nm, at short-
circuit) vs. light intensity for PBDTTPD BH| solar cells. The data is shown
for as-cast and thermally annealed (10 minutes) 100 and 300-nm-thick
devices.

ratio of EQE(I =I') to EQE(I = 0). We find that at one sun light
intensity (at 550 nm and short-circuit conditions) bimolecular
recombination accounts for 7.8% EQE loss in 300-nm-thick
devices and only 1.3% EQE loss in optimal, 100-nm-thick
devices. Bimolecular recombination losses are quite small at
short-circuit in optimized devices, which is expected considering
these devices have ~90% IQE and ~0.70 FF. The 300-nm-thick
devices, however, have substantial 7.8% EQE loss, indicating
that a significant fraction of charge-carriers recombine before
they are extracted from these devices, even at short-circuit when
the built-in electric field in the device is much stronger than
it is at the maximum power point. This bimolecular recombi-
nation problem is likely the cause of the poor FFs in optically
thick PBDTTPD BH] solar cells and may be a result of space-
charge build-up due to the slow extraction of photogenerated
charge-carriers.

2.3. Reduced PBDTTPD Hole Mobility in BH)s

PCBM has been shown to drastically

www.advenergymat.de

molecular orbital (LUMO) and that holes were efficiently
injected into and extracted from PBDTTPD’s highest occu-
pied molecular orbital (HOMO, ~5.4 eV).'8 Figure 4
shows the current density—voltage characteristics for both neat
PBDTTPD and PBDTTPD BH]J hole-only diodes. Hole mobili-
ties were determined by fitting the data to Child’s Law using
Equation (2), where J is the current density, V is the voltage, Vi;;
is the difference in work functions between the two contacts, L
is the film thickness, and € and 1, are the material's dielectric
constant and hole mobility, respectively.

9 (V= V)
JEgem

Devices of a range of thickness (150-450 nm) were tested
over a wide voltage range (3—-15 V) to ensure that the current
density was indeed space-charge limited and was properly
described by Equation (2). Over ten devices were measured
for each and we determined that yy, = 2.0 £ 0.7 x 10~* cm? Vs~!
in neat PBDTTPD and p, = 2.9 + 0.9 x 10~ cm? Vs7! in
PBDTTPD BHJs. Thus, the hole mobility in PBDTTPD
decreases by a factor of seven when it is blended with PCBM
in the optimal 1:1.5 weight ratio. We believe that this low hole
mobility causes the extensive bimolecular recombination in
optically thick PBDTTPD BH]J solar cells. The hole mobility
in neat PBDTTPD is similar to the hole mobility in optimized
P3HT BH]J solar cells,'””] which have minimal bimolecular
recombination in devices with 220-nm-thick active layers.
This comparison shows that measuring the hole mobility in
a pure polymer is not sufficient to determine whether or not
hole transport in a polymer-fullerene BHJ will be adequate to
avoid bimolecular recombination since PCBM can hinder the
polymer’s hole mobility.

(2)

2.4. Three Phase Morphology of As-Cast PBDTTPD BH|s

Ideal BH] morphologies provide complete exciton quenching,
allow for highly efficient charge-carrier separation, and facili-
tate efficient charge-carrier transport so that electrons and holes
can be quickly swept out of devices before recombining. Opti-
mized PBDTTPD BH] solar cells have ~90% IQE, but optically

affect hole transport in polymer BH]Js, 10%
either increasing or decreasing polymer
hole mobility by several orders of magni-
tude.l'73% To elucidate if PCBM reduces the
hole mobility in PBDTTPD BH]Js, we used
space-charge limited current (SCLC) meas-
urements to determine the hole mobility in
both neat PBDTTPD and PBDTTPD BH]
hole-only diodes. In our hole-only diodes
we used a proprietary conducting polymer
from Plextronics, CA-1914 (=55 eV), 1 A%

104
0 150nm < 430nm g) 0 140nm < 275nm b)
O 280nm A 660nm O 190nm A 450 nm
103 | «==Fit 103

-

W, = 1.9X10* cm? Vst A

= Fit

Neat PBDTTPD PBDTTPD BHJ

Ty = 2.5X10° cm? V2

as the electron blocking contact to avoid 2
evaporating a high work function metal
on the active layer and used PEDOT:PSS
(~5.0 eV) as the hole-injecting contact. These
contacts ensured that electrons were not
injected into PCBM’s lowest unoccupied
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Figure 4. Current density-voltage characteristics (room temperature, in the dark) of a) neat
PBDTTPD and b) PBDTTPD BH) hole-only diodes of differing thickness. The data for all devices
is simultaneously fit to Equation (2) using Vi, =-0.5V, £=3 X 8.85x 107 F cm™~
fitting parameter, .

1, and a single
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2.5 2.5 morphologies have been observed in other
non-intercalating polymer BH]J systems,
2.0 2.0 and we infer that these fibrils are composed
of PBDTTPD because pure PBDTTPD
1.5 < 1.5 domains should appear brightest in bright-
=< < field TEM images (PBDTTPD has a lower
= 1.0 = 1.0 electron density than PCBM), and fibrillar
features are present in pure PBDTTPD films
0.5 0.5 but not in pure PCBM films (Figure S4).
'_m While this result further supports the pres-
0.0 0.0 . B ——

-0.5 0.0 0.5 1.0 1.5 2.0
a, [A7]

Figure 5. Two dimensional grazing incidence X-ray diffraction images of as-cast a) neat
PBDTTPD and b) PBDTTPD BH] films. Diffraction intensity is plotted on a log scale. c) Top-
down bright-field transmission electron microscope images of PBDTTPD BHJs (~5 pum defocus)

as-cast and thermally annealed for 10 minutes at various temperatures.

thick devices suffer from significant bimolecular recombination
losses due to the low hole mobility in these BHJs. We character-
ized the morphology of as-cast PBDTTPD BHJs to determine
both why optimized devices can attain exceptional IQE and why
PCBM reduces the hole mobility in these BHJs.

To examine the molecular ordering in as-cast PBDTTPD
BHJs, we performed grazing incidence X-ray diffraction (GIXD)
measurements®”] on neat PBDTTPD and PBDTTPD BHJ films.
Our measurements agree with those reported previously!'®l
with the PBDTTPD 77 stacking (q = 1.7 A™') and lamellar
stacking (q = 0.3 A™') peaks in the out-of-plane and in-plane
orientations, respectively (Figure 5). The orientation of these
diffraction peaks suggests that the PBDTTPD polymer chains
preferentially pack in a “face-on” orientation, but both of these
peaks are smeared into partial arc shapes indicating there is
a distribution of molecular orientations. Other high-efficiency
D-A polymers also pack in a face-on orientation®!®! and this
orientation is thought to be advantageous for hole transport in
the diode configuration.¥ The locations of the PBDTTPD dif-
fraction peaks are not altered after blending PBDTTPD with
PCBM, which indicates that PCBM does not intercalate into
the diffracting, PBDTTPD domainsl®)! and suggests the pres-
ence of a pure PBDTTPD phase in as-cast PBDTTPD BH]Js.
The diffuse halos at q = 0.7 A" and q = 1.4 A™! in Figure 5b are
diffraction from small, amorphous PCBM clusters!*? and verify
the presence of a pure PCBM phase in these BH]Js. Transmis-
sion electron microscope (TEM) images show small fibrillar
domains in as-cast PBDTTPD BH]Js (Figure 5c). Similar

-05 0.0 05 1.0 1.5 2.0
g, [A7]

. 200°C
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ence of small, pure PBDTTPD domains in
these BHJs, additional experiments would
be needed to determine the composition of
these domains and verify that they do not
contain any PCBM.[*2l

The large radial breadth of the PBDTTPD
diffraction peaks and absence of higher-order
and mixed-index diffraction peaks indicate
that the diffraction from PBDTTPD is due
to relatively short-range molecular order
and not long-range order. This observation
suggests that the overall degree of order in
PBDTTPD BH]Js is low compared to BH]Js
made with more crystalline polymers like
P3HT or poly(2,5-bis(3-alkylthiophen-2-yl)
thieno[3,2-b]thiophene) (PBTTT).}%*%  Fur-
thermore, the degree of molecular order
within the pure PBDTTPD domains can be
probed by calculating the paracrystallinity
parameter, g, which is a measure of the statis-
tical deviation from the mean lattice spacing
in a crystal. For reference, g = 0% for a perfect crystal, g = 1%
for specular diffraction in highly textured 6,13-bis(triisopropy
Isilylethynyl) pentacene (TIPS-pentacene), g = 7% for the m—n
stacking in aligned PBTTT, and g = 12% for amorphous silicon
dioxide (SiO,) glass.>* Rivnay et al.*3l showed that g can be
estimated in systems where disorder dominates peak broad-
ening effects using Equation (3), where A, and dy, are the full
width at half maximum (FWHM) and interplanar spacing for
the diffraction peak of interest, respectively.

1
g~ 5Byl 3)

With Equation (3) we estimate that g = 14% for the n-7
stacking and g = 11% for the lamellar stacking in the pure
polymer domains in as-cast PBDTTPD BH]Js. This analysis
shows that the PBDTTPD domains in these BH]Js are largely
disordered since their paracrystallinity parameter is more com-
parable to SiO, glass than to crystals of ordered molecules
like TIPS-pentacene or PBTTT. Thus, we find that the pure
PBDTTPD domains are more accurately described as “disor-
dered polymer aggregates” rather than as “polymer crystals”
with finite grain sizes.

The hole mobility in semiconducting polymers has been
correlated with the orientation of the polymer 77 stacking,*!
the 7 stacking paracrystallinity (or coherence length),[>] the
polymer degree of aggregation (or crystallinity),*l and the
degree of polymer backbone alignment.”’! In the GIXD images
in Figure 5, we see that the PBDTTPD 5 stacking diffraction

Adv. Energy Mater. 2013, 3, 364-374
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peak at q = 1.7 A1 is preferentially oriented
out of plane in both the neat PBDTTPD and
PBDTTPD BHJ samples, and the angular
dependence of the peak intensity for each
sample is similar. This result indicates that
PCBM does not significantly alter the orien-
tation of the PBDTTPD 7m—r stacking. Using
Equation (3), we also estimate that the m-n
stacking paracrystallinity is ~14% in both
neat PBDTTPD and PBDTTPD BHJs, which

Normalized Intensity [a.u.]
N w IS

b
4

o

indicates that PCBM does not significantly 0 20
affect the m—r stacking order within the pure
PBDTTPD aggregates. The degree of aggrega-
tion of a polymer film affects the hole mobility
because hole transport in semiconducting
polymer films can be aided by the presence
of percolating pathways of crystalline or
aggregated polymer domains.*?! We hypothe-
size that the hole mobility in PBDTTPD BHJs is lower than the
hole mobility in neat PBDTTPD because there are fewer perco-
lating aggregated PBDTTPD pathways in the BHJs compared
to the neat PBDTTPD films. Hammond et al.8] and Turner
et al® recently determined that fullerenes significantly
decrease the degree of polymer aggregation in as-cast BHJs
based on PTB71 (a high performing D-A polymer) and P3HT,
respectively. A quantitative assessment of the degree of aggrega-
tion in PBDTTPD films is beyond the scope of this work, but we
suggest that PCBM inhibits PBDTTPD aggregation in as-cast
BHJs. Thus, PCBM reduces the hole mobility in PBDTTPD,
and bimolecular recombination limits the active layer thickness
of PBDTTPD BH]J solar cells.

Fullerenes are known to mix in the amorphous portions
of semicrystalline polymers in several polymer-fullerene BH]
systems.[?>°%-53] Since we believe the degree of aggregation in
as-cast PBDTTPD BH]s is relatively low, there is likely a signifi-
cant fraction of amorphous PBDTTPD in these BH]Js. To deter-
mine the extent of polymer-fullerene mixing, we examined the
GIXD intensity as a function of PBDTTPD BH] composition
(Figure Ga). At q = 0.7 A" there is negligible diffraction from
PBDTTPD, and any diffraction intensity above the background
is solely due to diffraction from PCBM clusters (cake segments
in Figure S5). The absence of PCBM diffraction intensity at
q = 0.7 A™! in as-cast PBDTTPD BHJs with PCBM concentra-
tions less than 20 wt% shows that PCBM and PBDTTPD are
well mixed at these compositions and form a phase consisting
of PCBM dispersed in the amorphous portions of PBDTTPD.
As the PCBM concentration is increased above 20 wt%, the
diffraction intensity at q = 0.7 A~ increases linearly indi-
cating that pure PCBM clusters begin to form in blends with
PCBM concentrations greater than 20 wt% (Figure 6a). We fit
the data points from 0 to 20 wt% PCBM and 30 to 100 wt%
PCBM with linear regressions and define the as-cast concentra-
tion of PCBM mixed in PBDTTPD as the intersection of these
two lines of best fit. It should be noted that this method meas-
ures the concentration of PCBM mixed in the total mass of
PBDTTPD, including both the aggregated and amorphous por-
tions; the concentration of PCBM in the amorphous portions
of PBDTTPD is higher than the measured value since PCBM
does not intercalate into the PBDTTPD aggregates. Thus, we
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Figure 6. a) Normalized grazing incidence X-ray diffraction intensity (q = 0.7 A"} as a func-
tion of the PCBM concentration in PBDTTPD BH]Js. The data is normalized by the background
diffraction intensity for each sample, and the gray rectangle marks the estimated as-cast con-
centration of PCBM mixed in PBDTTPD. b) Morphology schematic of an as-cast PBDTTPD BH]
(the volume fraction of each phase is estimated).

find that in as-cast PBDTTPD BHJs the concentration of PCBM
mixed in the amorphous portions of PBDTTPD is at least 25 +
5 wt%, where the error is due to uncertainty in the linear fits.
Using this analysis, we conclude that the as-cast morphology
of PBDTTPD BHJs consists of three phases: 1) disordered
PBDTTPD aggregates, 2) amorphous, clustered PCBM, and
3) molecularly-mixed amorphous PBDTTPD and PCBM.
Figure 6b shows a schematic of the as-cast morphology of
PBDTTPD BHJs. Three phase BH] morphologies have been
observed in other BHJ systems and may be advantageous for
BHJ solar cell operation for several reasons.?”~?°! First, the
aggregated PBDTTPD and clustered PCBM domains may act
as high mobility hole and electron transporting pathways in
the BH]J, respectively.?!l It has been shown in other polymer-
fullerene BH]J systems that pure fullerene domains are neces-
sary for efficient electron transport,?>”! and, as noted previously,
hole transport in semiconducting polymers is aided by
percolating aggregated or crystalline polymer domains.®! Fur-
thermore, it is advantageous to have relatively small PBDTTPD
and PCBM domains because large domains can reduce exciton
quenching efficiency.’*>! Secondly, intimately molecularly-
mixed regions with adequate carrier mobility allow for both
highly efficient exciton quenching and charge-carrier extrac-
tion. Given that optimized PBDTTPD BH]J solar cells have
~90% IQE, charge-carriers generated in the mixed regions are
efficiently separated and extracted from these devices. We pro-
pose that this extraction process is efficient because there is
an energetic driving force for electrons and holes to leave the
mixed regions and travel into and through the clustered PCBM
and aggregated PBDTTPD domains, respectively. More specifi-
cally, electrons lower their energy by travelling from the mixed
regions to the clustered PCBM domains because the electron
affinity of the clustered PCBM domains may be higher than
that of the PCBM in the mixed regions, as was determined by
Jamieson et al.?’! Conversely, holes lower their energy by travel-
ling from the mixed regions into the aggregated PBDTTPD
domains, which likely have longer conjugation lengths and
lower ionization potentials than the amorphous PBDTTPD in
the mixed regions.’® This mechanism of hole transfer from
amorphous to aggregated polymer regions was recently verified
experimentally in semicrystalline P3HT films.[’]
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2.5. Thermal Annealing Creates Morphological Electron Traps

Thermal and solvent annealing improve the PCE of P3HT
BH]J solar cells from less than 2% to greater than 4% by
drastically improving the FF and Jsc; these effects are attrib-
uted primarily to improvements in polymer ordering and
hole mobility.'®'7] In an attempt to improve hole transport
and enhance the PCE of optically thick PBDTTPD BH]J solar
cells, we thermally annealed devices for 10 minutes at tem-
peratures above and below the glass transition temperature
(T, = 138 °C)[" of PBDTTPD. Thermal annealing at all tem-
peratures decreased the PCE in both 100-nm-thick and opti-
cally thick devices primarily due to decreases in Jsc and to a
lesser extent in FF (Figure 7a). The PCE degradation became
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Figure 7. a) PBDTTPD BH] solar cell performance vs. thermal anneal
temperature (10 minutes anneals, ~100-nm-thick devices). Similar trends
were observed in optically thick devices. The markers denote the average
value and error bars denote the high and low values across several
devices. b) Schematic of the PBDTTPD BH) morphology before and after
thermal annealing. ) Concentration of PCBM mixed in PBDTTPD as a
function of temperature.
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progressively more pronounced as the thermal annealing tem-
perature was increased with the 200 °C anneal decreasing the
Jsc and PCE by 20% and 30%, respectively. Previous studies on
other polymer-fullerene BH] systems have demonstrated that
thermal annealing can decrease solar cell PCE; most often it
is concluded that thermal annealing decreases device photocur-
rent because it drives phase separation and reduces the amount
of interfacial area between the donor and acceptor materials,
which inhibits exciton quenching.’®%"! We performed steady-
state PL quenching experiments and verified that the PBDTTPD
PL is still 98.7% quenched after thermal annealing PBDTTPD
BH]Js with both 60 wt% and 43 wt% PCBM at 200 °C for up
to 60 minutes (Figure S1). Thus, the 20% decrease in Jg¢ after
thermal annealing PBDTTPD BH]J solar cells is not caused by
decreases in exciton dissociation efficiency, although this result
may not be the case for other BHJ blends.

We propose that thermal annealing decreases the Jsc and
PCE of PBDTTPD BH] solar cells because it drives PCBM to
diffuse out of the mixed regions in these BHJs and into pure
PCBM domains (Figure 7b). As a result, the number of PCBM
pathways that percolate throughout the amorphous PBDTTPD
matrix may be reduced. Without these percolating PCBM path-
ways, electrons in the mixed regions would have to hop large
distances across polymer molecules from one isolated PCBM
molecule (or small cluster) to another in order to drift under
an applied electric field. This hopping process would be exceed-
ingly slow, and the electrons would likely quickly recombine
with nearby holes. Thus, the isolated PCBM molecules in the
non-percolated mixed regions would act as “morphological
electron traps,” because any electrons transferred to these iso-
lated molecules would be effectively trapped and would have
a negligible drift velocity. The hypothesis that isolated PCBM
molecules in polymer BHJs act as charge-carrier traps has been
proposed previously,?#°%% but the effects of these traps on
solar cell performance have not yet been investigated. In our
morphological electron trap model, thermal annealing and trap
formation does not significantly affect the number of photons
absorbed or the number of excitons dissociated in the solar
cells. Thermal annealing instead affects the ability to extract
charge-carriers from the mixed regions in these devices.

To verify our hypothesis, we examined the miscibility of
PCBM in PBDTTPD as a function of temperature. The as-cast
concentration of PCBM mixed in PBDTTPD was measured
from GIXD as described previously. The PCBM concentra-
tion at elevated temperatures, however, was measured using a
method®in which the near-edge X-ray absorption fine structure
(NEXAFS) spectrum of the mixed regions was quantitatively fit
using a combination of the NEXAFS spectra of pure PBDTTPD
and PCBM. For this measurement, the PBDTTPD BH]J sam-
ples were thermally annealed at their respective temperatures
for 90 hours to ensure the mixed regions in each sample had
adequate time to approach their equilibrium composition and
to ensure that the PCBM-depleted regions were sufficiently
large enough (>100 nm laterally) to accurately measure the
composition of the mixed regions with NEXAFS due to the lim-
ited lateral resolution of the focused X-ray beam.[®!] The PCBM
concentration was then determined by measuring the composi-
tion of the PCBM-depleted mixed regions surrounding the large
PCBM clusters that were formed in the thermally annealed
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samples (Figure S6). As with the GIXD PCBM concentration
measurement, this technique measures the concentration of
PCBM mixed in the total mass of PBDTTPD, including both
the amorphous and aggregated portions. While the morphology
obtained after spin-casting may be metastable, it is still instruc-
tive to compare the as-cast PCBM concentration measured by
GIXD to that measured by NEXAFS at elevated temperature
because it provides an idea of how the BH] morphology will
tend to evolve during thermal annealing.

We find that the concentration of PCBM mixed in PBDTTPD is
reduced significantly as the temperature is increased, decreasing
from ~25 wt% as-cast to ~6 wt% at 200 °C (Figure 7c). The trend
of decreasing PCBM and polymer miscibility with increasing
temperature has not yet been observed in other BHJ systems,P"
and two component mixtures often become more miscible as
temperature is increased because the entropic gains associated
with mixing begin to overcome the enthalpic penalties of mixing
at higher temperatures. While a comprehensive examination
of the thermodynamics of mixing in this system is beyond the
scope of this work, the most important finding is that the mis-
cibility of PCBM in PBDTTPD clearly decreases as the tempera-
ture is increased. This behavior implies there is a driving force
at elevated temperatures for PCBM to diffuse out of the mixed
regions of as-cast PBDTTPD BHJs and either contribute to the
growth of the PCBM clusters present in as-cast films or nucleate
small PCBM clusters within the mixed regions. Although the
90 hour thermal anneals used for the NEXAFS composition meas-
urements are much longer than the 10 minute thermal anneals
used for solar cell fabrication, significant fullerene diffusion has
been observed on times scales as short as 10 seconds in P3HT
and PCBM bilayersl® and P3HT BHJsl®! at similar thermal
anneal temperatures. Thus, we believe it is reasonable to assume
that PCBM will diffuse out of the mixed regions adjacent to the
PCBM clusters in PBDTTPD BH]J solar cells after 10 minutes of
thermal annealing. The size of the PCBM-depleted mixed regions
formed after only 10 minutes of thermal annealing, however,
is much smaller than that obtained after 90 hours of annealing
(>1 um wide, Figure S6) since the PCBM diffusion length is pro-
portional to the square root of the thermal anneal time.

Vakhshouri et al.l® recently showed that the transistor elec-
tron mobility in BHJs of regiorandom P3HT (RRa-P3HT) and
PCBM is described by percolation theory

www.advenergymat.de

determined by Vakhshouri et al. The measured PCBM concen-
trations for the 150 °C (20 wt%), 180 °C (11 wt%), and 200 °C
(6 wt%) thermally annealed PBDTTPD BHJs, however, either
just meet or are below this percolation threshold. We note again
that the concentration of PCBM mixed in the amorphous por-
tions of the PBDTTPD is actually higher than these measured
concentrations because the aggregated PBDTTPD domains
exclude PCBM. But, unrealistically high degrees of PBDTTPD
aggregation (45% and 70%) would be needed for the concen-
tration of PCBM in the amorphous portions of PBDTTPD to
just reach the 20 wt% percolation threshold in the 180 and
200 °C samples, respectively. Thus, we infer that the mixed
regions surrounding the PCBM clusters in thermally annealed
PBDTTPD BH]Js are depleted of PCBM and have poorly con-
nected PCBM networks. These PCBM-depleted mixed regions
likely have isolated PCBM molecules surrounded by PBDTTPD
and dead ends in the PCBM network, which act as morpholo-
gical electron traps and make electron transport inefficient. On
the other hand, the more fullerene-rich mixed regions in the
as-cast BHJs likely have well-connected PCBM networks, which
can efficiently transport electrons from the mixed regions to the
pure PCBM phase and the device contacts.

The EQE spectra of thermally annealed PBDTTPD solar
cells show losses that are consistent with our morphological
electron trapping model (Figure 8). For this analysis, we exam-
ined ~260-nm-thick devices to amplify all recombination losses,
but similar trends were also observed in 100-nm-thick devices.
As shown in Figure 8a, thermal annealing decreases the EQE
across all wavelengths, indicating that charge-carriers are lost
from photons generated by both PBDTTPD and PCBM absorp-
tion. This broadband decrease in EQE supports the morpho-
logical electron trap model because any electron generated
from an exciton dissociated at the interface of a morphological
electron trap is trapped whether that exciton was generated in
PCBM or PBDTTPD. Additionally, the magnitude of the EQE
loss increases with increasing thermal annealing temperature,
which matches the trend in Jsc loss observed in Figure 7a. This
trend indicates that the number of morphological traps in ther-
mally annealed devices increases as the annealing temperature
increases and the concentration of PCBM in the mixed regions
is decreased (Figure 7c). We expect the number of morphological
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Figure 8. a) External quantum efficiency vs. wavelength and b) external quantum efficiency
(A =550 nm) vs. applied bias for thermally annealed PBDTTPD BH] solar cells (10 minutes
anneals, ~260-nm-thick devices).

wileyonlinelibrary.com 371

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

372  wileyonlinelibrary.com

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

electron traps to increase as the concentration of PCBM
decreases because the number of percolating PCBM pathways
throughout the mixed regions would likely be further reduced,
leaving more isolated PCBM molecules in these regions. Addi-
tionally, because diffusion coefficients increase exponentially
with temperature, PCBM likely diffuses most quickly in the
PBDTTPD BHJs thermally annealed at the highest tempera-
tures; thus, the volume of the PCBM-depleted mixed regions
(and number of morphological traps) in the thermally annealed
devices should increase with increasing annealing temperature.
Figure 8b shows the EQE as a function of bias applied on the
same thermally annealed PBDTTPD solar cells. We find that
the EQE lost after thermal annealing cannot be fully recovered,
even when a negative bias is applied on the devices. This result
suggests that there are trapped charge-carriers in the thermally
annealed devices, which cannot be extracted and collected
from the devices. Our morphological trap model is consistent
with this result because electrons trapped on isolated PCBM
molecules in the mixed regions of thermally annealed devices
likely have negligible mobility (i, < 1071 cm? Vs~!). Thus, these
trapped electrons cannot be swept out of the mixed regions
in these devices by an electric field and recombine with holes
regardless of the applied bias. The J-V curves of both 100-nm-
thick and 260-nm-thick thermally annealed devices (Figure S7)
have relatively bias-independent currents in reverse bias, which
further verifies this finding.

The primary effects of thermal annealing on PBDTTPD BH]
solar cell performance are fundamentally different from those
observed in some other polymer BH]J systems. In PCDTBT BH]J
solar cells, thermal annealing decreases device PCE because it
significantly decreases the PCDTBT n—r stacking coherence and
hole mobility.” The reduction in PCDTBT structural order pre-
dominantly leads to large decreases in device FF and PCE, butall
trapped charge-carriers in the annealed devices can be recovered
with sufficient reverse bias. We examined the PBDTTPD BH]
morphology and hole mobility after thermal annealing and veri-
fied that a similar mechanism was not significant in PBDTTPD
BH]J devices. We found that thermal annealing only decreased
the PBDTTPD 57 stacking coherence in PBDTTPD BH]Js mod-
erately (Figure S8) and did not significantly affect the SCLC hole
mobility in PBDTTPD BH] hole-only diodes (data not shown).
Additionally, GIXD (Figure S9 and S10) confirmed that the ori-
entation of the PBDTTPD domains was only changed slightly
by thermal annealing (population of face-on oriented domains
increased) and TEM (Figure 2c) confirmed that the size and
shape of the PBDTTPD domains were not significantly altered
by thermal annealing. These results confirm that only small-
scale PBDTTPD morphology changes occur in PBDTTPD BHJs
after 10 minutes of thermal annealing. We also performed light
intensity dependent EQE measurements to examine bimolecular
recombination losses in thermally annealed PBDTTPD
BH] solar cells (Figure 5). Thermal annealing at 200 °C for
10 minutes only increased the amount of EQE lost to bimolecular
recombination from 1.3% to 3.1% in 100-nm-thick devices and
7.8% to 11.6% in 300-nm-thick devices. The relatively small
increase in bimolecular recombination after thermal annealing
shows that the overall bulk charge-carrier mobilities are not
significantly affected by thermal annealing and illustrates that
the non-trapped charge-carriers in these devices are extracted
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with efficiency similar to as-cast devices. Lastly, we verified that
the absorption of PBDTTPD BH]J solar cells was not affected by
thermal annealing, and thus conclude that PCBM diffusion and
morphological trap formation are likely the primary cause of the
PCE decrease in thermally annealed PBDTTPD BH] devices.

3. Conclusions

Making thicker PBDTTPD BH] solar cells to increase light
absorption could potentially increase device PCE from 7.3%
to over 8.5%, but the active layer thickness of these devices is
limited by bimolecular recombination. Thermal annealing does
not improve charge transport in PBDTTPD BH]Js and reduces
solar cell PCE because it significantly decreases the concentra-
tion of PCBM mixed in the amorphous portions of PBDTTPD.
The concentration of PCBM in these mixed regions must be
well above the percolation threshold for efficient electron
transport, or else isolated PCBM molecules surrounded by
PBDTTPD can act as morphological electron traps and enhance
charge-carrier recombination. Thus, the development of novel
processing techniques, which improve PBDTTPD hole mobility
while maintaining PCBM percolation in the mixed regions, is
necessary to minimize bimolecular recombination losses in
optically thick devices and maximize the PCE of PBDTTPD
BH]J solar cells. Given that many high-efficiency D-A polymers
are largely disordered®'>#8 and polymer-fullerene mixing is
commonplace,?550-5365 these findings likely apply to a variety
of BH]J systems. This work highlights that even if a polymer
BHJ solar cell has complete exciton quenching, highly efficient
charge-carrier separation, and high bulk charge-carrier mobility,
near unity IQE can only be attained if there is a well-connected
PCBM network in the mixed regions of the device.

These findings also have implications for polymer BH]J solar
cell reliability. PBDTTPD BH]J solar cells lose PCE when ther-
mally annealed at temperatures as low as 50 °C. This result
illustrates that PCBM diffusion can occur in BHJs made with
high T, polymers at temperatures reached during outdoor
solar cell operation. Thus, the PCE of polymer BH]J solar cells
may be adversely affected by morphological electron trap for-
mation after outdoor use if the equilibrium polymer-fullerene
miscibility is below that needed for fullerene percolation. This
finding suggests that BHJ] systems with high equilibrium
polymer-fullerene miscibility??>3%>! should be used or novel
methods like polymer cross-linking/®®®’l should be employed
to limit fullerene diffusion and improve the morphological
thermal stability of polymer BHJ solar cells.

4. Experimental Section

Device Preparation: Glass substrates patterned with ITO (15 Q/
square, Xinyan Technologies LTD) were scrubbed with a dilute Extran
300 detergent, ultrasonicated in dilute Extran 300 detergent for 15 min,
rinsed in de-ionized (DI) water for 5 min, sequentially ultrasonicated
in acetone and isopropyl alcohol baths for 15 min, and exposed to a
UV-ozone plasma for 15 min. An aqueous solution of PEDOT:PSS
(Clevios P VP Al 4083) was spin-cast at 4,000 rpm onto the substrates
and baked at 140 °C for 10 min. Substrates were next transferred into
a dry nitrogen glovebox (<3 ppm O,). PBDTTPD was synthesized as
described in the Supplementary Information and PCBM was purchased
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from Nano-C. Solutions (all in chlorobenzene, purchased from
Sigma-Aldrich) were prepared in the glovebox and active layers were
spin-cast at 115 °C after the solutions were allowed to dissolve overnight
at 115 °C. Optimized solar cells used 8 mg PBDTTPD ml™ - 12 mg
PCBM ml™" solutions and were spin-cast at 1,200-1,300 rpm for
45 seconds (500 rpm s7'). All thermal annealing was done in the
glovebox prior to electrode deposition. Electrodes were thermally
evaporated at ~1 X 107 torr (7 nm of calcium and 150 nm of aluminum,
metals purchased from Plasmaterials and K. J. Lesker, respectively). For
hole-only diodes, a film of CA-1914 (Plextronics, diluted 50% by volume
with ethanol) was spin-cast onto the active layer at 4,000 rpm (in the air,
in the dark) and baked at 65 °C for 15 min before thermally evaporating
~150 nm of aluminum for the top electrode. Hole-only diodes of neat
PBDTTPD were also prepared with aluminum instead of CA-1914 to
ensure that exposure to air and low temperature thermal annealing did
not significantly affect the PBDTTPD hole mobility. The active area of all
solar cells and diodes was 0.1 cm?.

Device Characterization: Current density—voltage measurements were
performed in a dry nitrogen glovebox using a Keithley 2400 source
meter and a Spectra-Physics 91160-1000 solar simulator (calibrated to
1 sun, AM1.5 G, with a NREL certified KG-5 filtered silicon photodiode).
EQE was also measured in the glovebox and a halogen lamp (intensity
calibrated with a KG-5 photodiode) was used for the white light bias
when needed. A Stanford Research Systems model SR830 DSP lock-in
amplifier was used to measure the EQE when the samples were irradiated
with a chopped monochromatic light. Active layer optical constants were
measured with a Woollam M2000 spectroscopic ellipsometer and film
thicknesses were measured with a Veeco Dektak profilometer. To calculate
the IQE, the device absorption was measured with an integrating sphere
to collect scattered light, and the active layer absorption was isolated
by subtracting parasitic electrode absorptions, calculated by transfer
matrix modeling, from the total device absorption.[%8 Current density—
voltage measurements for the hole-only diodes were not corrected for
potential loss due to series resistance as this correction was small for
the measurement range used.

PL Quenching: Active layers were spin-cast onto cleaned glass slides
using the procedures outlined previously. An Ar-ion laser (1 = 488 nm)
was used to illuminate the samples in a nitrogen-filled chamber and PL
was measured with a Princeton Instruments spectrophotometer with a
silicon CCD detector that was corrected for the instrument response. PL
data was normalized by the film optical density, which was measured
in air using an Ocean Optics DT-1000-CE UV-Vis spectrometer. PL
quenching efficiency was determined by dividing the spectrally integrated
PL intensity of a blend film by that of a pure polymer film processed in
a similar manner.

GIXD: Active layers were spin-cast onto PEDOT:PSS-coated silicon
substrates using the procedures outlined previously. GIXD experiments
were carried out at the Stanford Synchrotron Radiation Lightsource
beamline 11-3 using photon energy of 12.7 keV, a MAR345 image plate
area detector, a helium-filled sample chamber, and an incident X-ray
beam angle of ~0.12°.

TEM: Active layers were spin-cast onto PEDOT:PSS-coated silicon
substrates using the procedures outlined previously. The films were then
floated off the substrates by dissolving the PEDOT:PSS in Dl-water and
were collected on lacey carbon coated TEM grids. TEM characterization
was performed on a FEI Tecnai T12 transmission electron microscope in
bright-field mode with an accelerating voltage of 120 keV.

NEXAFS and STXM: Active layers were spin-cast onto poly(styrene)-
co-styrene sodium sulfonate (NaPSS)-coated glass substrates. A 1:1
PBDTTPD:PCBM weight ratio was used because it produced films with
the easily discernible PCBM clusters. The films were thermally annealed
in a nitrogen glovebox environment enclosed in a chamber over a
hotplate. The temperature was monitored via a NIST-calibrated surface
thermometer. The samples were quickly quenched to room temperature
by placing the samples on an aluminum block. The films were floated
off the substrates by dissolving the NaPSS layer in Dl-water and were
placed on copper TEM grids. NEXAFS and STXM experiments were
carried out at the Advanced Light Source at Lawrence Berkeley National
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Laboratory beamline 5.3.2.2.1%1 All NEXAFS measurements were taken in
transmission mode to ensure that the bulk composition of the thin film
samples was probed.

Supporting Information

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