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ABSTRACT: Electrode buffer layers in polymer-based photo-
voltaic devices enable highly efficient devices. In the absence of
buffer layers, we show that diode rectification is lost in ITO/
P3HT:PCBM/Ag (ITO = indium tin oxide; P3HT = poly(3-
hexylthiophene); PCBM = phenyl Cg;-butyric acid methyl ester)
devices due to nonselective charge injection through the
percolated phase pathways of a bulk heterojunction active layer.
Charge-selective injection, and thus rectification and device
function, can be regained by placing thin, polymeric buffer layers
that break the direct electrode-active layer contact. Additionally,
we show that strong active layer—buffer layer interactions lead to
unwanted vertical phase separation and a kinked current—voltage
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curve. Device function is regained, increasing power conversion efficiency from 3.6% to 7.2%, by placing a noninteracting layer
between the buffer and active layer. These results guide the design and selection of future polymeric electrode buffer layers for

efficient polymer solar cell devices.
KEYWORDS: polymer photovoltaic, electrode interface

B INTRODUCTION

Organic photovoltaic (OPV) cells have been a fascinating
research topic due to their readily adjustable material and
device properties.' > This variability is used in the study of
relationships between device structure and performance, with
the goal of enabling the practical application of these
lightweight materials in roll-to-roll processed, inexpensive,
flexible devices.®™ The fruits of these efforts have revealed
that effective devices typically require fairly complicated
structures with multiple layers and controlled mixing of
materials; even the nonabsorbing layers within the devices
play an important role in power conversion.'%”

The structure of OPV devices is critically important for their
operation. In short, mixed-material active layers with percolated
phase pathways (bulk heterojunction, BHJ, morphologies) are
used to overcome exciton binding and diffusion length
constraints while not impeding charge extraction."*”'* The
efficiency of OPV devices is also a function of their current-
rectifying, diode behavior; if the diode lets its maximum current
through under very small positive bias, although it would be a
good diode, the photocurrent would be cut off prematurely
since it flows opposite to the diode injection. Rectifying
character is usually attained or enhanced by placing thin,
charge-selective, transparent “buffer” layers between the OPV
active layer materials and the electrode contacts.

Electrode buffer materials are used in OPVs to modify the
properties of an electrode such that a good electrical contact is
formed with the device. Buffer materials are commonly alkali
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metal compound, oxide, organic, or composite organic-oxide, or
metal-oxide based and are deposited with solution or vacuum
thermal evaporation methods.”*™>> These materials typically
embody many of the characteristics of an ideal electrode and
serve to modify or replace the poor characteristics of the
outermost electrode. For example, since indium tin oxide
(ITO) (work function: 4.5—4.7 eV) often has poor energy level
alignment with the transport levels (2.5-4.3 eV lowest
unoccupied molecular orbitals (LUMOs), 4.9—6.5 eV highest
occupied molecular orbitals (HOMOs)) of the active materials,
a buffer that has an appropriate energy level (MoOs, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
etc.) or that modifies the work function of ITO (poly-
ethylenimine (PEIE), self-assembled monolayer, etc.) is
chosen.”**"72® Many effective buffer materials are available,
but since their effects on device performance reach beyond
energy level alignment, few have been fully characterized.'***>°

Polymeric buffer materials are particularly interesting due to
the flexibility afforded to their chemical structure by synthesis.
By including charged or polar moieties into their side chains,
polymeric buffer materials have been able to either increase or
decrease the work function of the electrode onto which they are
coated.***>*° These materials have widely varying chemical
structures—some have conjugated backbones with thiophene
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or fluorene, or mixes of monomers, and others are entirely
aliphatic. These materials also have varying effects on OPV
devices; some polymer buffer materials provide great improve-
ments in device performance, while others do not.”**° Finally,
some studies identify characteristics of the buffer structure that
aid device performance; however, no concrete design principles
for effective buffer materials have been outlined.*>"

Herein, we study the behavior of OPV devices in the
presence or absence of different buffer layers to identify
properties of the buffer layers that are beneficial to device
operation. We investigate poor OPV device behavior evidenced
by shunting or kinked current—voltage curves and present
target properties for chemical design that overcome these
limitations. The influences of insulating buffer thickness and of
the buffer layer—active layer interaction are briefly studied. The
design factors that are suggested will counsel the design of
future buffer materials that will be applied in high efficiency and
flexible OPV devices.

B RESULTS AND DISCUSSION

Solar cells fabricated with the structure ITO/PEIE/
P3HT:PCBM/Mo0O;/Ag (P3HT = poly(3-hexylthiophene);
PCBM = phenyl Cg-butyric acid methyl ester) provide
excellent inverted device behavior. Their diode current under
dark conditions (Figure 1) shows suppression of reverse bias
leakage and good injection under forward bias. However, if
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Figure 1. Bulk heterojunction solar cells with the structure ITO/

PEIE/P3HT:PCBM/MoO5/Ag (a) have poor dark diode curves (b)

when either buffer layer is omitted. Energy levels are depicted

schematically, with disregard for actual interface effects like Fermi level
L A 25,26,32-34,41

pinning, using literature values.

either the anode (MoOj,) or the cathode (PEIE) buffer layer is
omitted from the device, the solar cell loses its rectifying
behavior. These buffers are crucial not only to operation of the
diode, but also to the power conversion process; when a
charge-selective buffer layer is left out, high levels of injection
under reverse and small forward bias suppress the power
conversion efficiency (not shown).

Reverse bias leakage current has few possible origins.
Although a chemical reaction between the metal electrode
and active materials could plausibly open up a shunting
conduction pathway, this explanation cannot account for our
loss of rectification when the nonmetallized (ITO side) buffer is
omitted.*® Alternately, electrode penetration through the active
materials to make short-type conduction pathways should not
be possible since the active layer thickness has not changed.
The most likely cause for the loss of current rectification under
dark conditions is the nonselective injection of charge carriers
into and through the OPV. Since a BHJ morphology allows
both materials to have percolated contact between the top and
bottom electrodes, nonselective injection into either material
can allow charge to flow unobstructed through the device,
bypassing the intended diode. A planar heterojunction device,
which breaks the interelectrode contact, should not display this
character.*™3®

Inverted, planar heterojunction devices can be fabricated with
the structure ITO/PEIE/PCBM/P3HT/MoQO;/Ag by using a
contact film transfer process.”>> These devices prevent
percolative contact of a single material in an OPV with both
electrodes, but still display effective diode and photovoltaic
characteristics, as shown in Figure 2.

The planar heterojunction device J—V curves begin to take
on strange shapes once either of the buffers is removed. When
the anode buffer is removed, the dark condition curve displays
an increased series resistance, in comparison to the control
device, and does not have a low-bias kink. The photocurrent
takes on a strange double kinked shape and has an increase in
reverse bias photocurrent extraction. When the cathode buffer
is removed, the dark condition curve displays an even greater
increase in series resistance and under illumination photo-
current can only be extracted under applied bias. These changes
in curve shape can be explained when one considers the role of
the buffer in energy level alignment and its impact on carrier
injection.’** When a buffer layer is removed, if the innate
work function of the electrode falls between the transport
energy levels of the active layer (ie., it presents an injection
barrier), then the electric field profile within the device, as well
as the primary recombination sites, vary from an ideal case, as
shown in Figure 3. This results in strange photocurrent
behavior as the electric field becomes positive (even for low
bias because uninjectable charges pile up), but the photocurrent
remains negative (traveling against the field due to its diffusion
driven component).”” The photocurrent eventually gets cut off
with increasing bias, but this happens at a potential before
injection can effectively “turn on,” leading to the curve
displaying a kink (no anode buffer) or not displaying a rise
of injection at all (no cathode buffer, much higher barrier).

The reverse-bias dark condition curves do not greatly
increase in current flow when either buffer layer is removed
from the planar heterojunction device. That is to say, in spite of
direct contact between an electrode and one of the active
materials, and in contrast to BHJ devices, shunting conduction
pathways are not introduced.” This evidence supports the idea
that the buffer prevents percolative contact between the two
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Figure 2. Characteristics of planar heterojunction P3HT/PCBM
OPVs (a) under illumination (solid lines) and in the dark (dashed
lines) when fabricated with or without cathode or anode buffer layers.
The semilog plot, (b), shows the dark condition curves more clearly,
indicating retention of rectifying behavior in spite of the absence of
buffer layers.

electrodes through one of the BHJ components and thus
suppresses leakage current flow.

Direct conduction across one of the materials within a BHJ
device is tested by fabricating single material devices using layer
thicknesses matching the planar heterojunction devices. Four
devices are fabricated; the devices structured ITO/PEIE/
P3HT/Ag or ITO/PEIE/PCBM/Ag will test electron injection
through the materials while the devices ITO/P3HT/MoQO;/Ag
and ITO/PCBM/MoO;/Ag will test hole injection. As shown
in Figure 4, the charge conduction behavior of single material
devices differs greatly depending upon the material and upon
the presence and type of buffer material. Additionally, these
devices do not show strongly rectifying current—voltage
character. When P3HT is contacted with a relatively high
work function buffer, MoO;, current can easily pass (likely hole
conduction across P3HTs HOMO under positive or negative
bias), but when it is contacted with PEIE, which modifies ITO
to have a low work function, current is suppressed. Similarly,
PCBM gives a fair amount of current when contacted with
PEIE (again, likely electron conduction across its LUMO), but
it does not give much current flow initially when contacted with
MoO;. Although PCBM does show an increase in current after
later scans when contacted with MoO; (device burn-in likely
aids the contact), this experiment shows that charge-selective
electrodes are needed or else charge can be carried across a
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Figure 3. A depiction of good (red) and poor (blue) energy level
alignment between the electrode and active layer (a) and its influence
on current-bias character (b). Although charge can easily exit the
device under reverse bias, poor alignment results in a charge buildup
(arrows) as bias is increased, creating a positive internal electric field.
The diffusively driven photocurrent flows against the electric field.
Photocurrent is reduced as bias is increased, but injection does not
turn on until charge can overcome the barrier (to meet and
recombine).* The result is a kinked J—V curve.

device at any bias through the percolation pathways of a single
material.

The main shunting conduction pathway in BHJ OPVs can be
suppressed by using charge-selective electrodes. Although it is
well-known that charge selectivity results from appropriate
energy level alignment, tests with planar heterojunction devices
suggest that a simple interruption of material percolation will
produce charge selectivity in OPVs.* Recently, research has
demonstrated the use of wide band-gap polymeric materials as
device-improving buffer layers in organic electronic devices, in
line with our hypothesis.“_44 Devices with the structure ITO/
PEIE/P3HT:PCBM/polystyrene (PS)/Ag are fabricated by
transferring PS films of different thicknesses (spincast between
750 and 6000 rpm from 2 mg/mL toluene solution) onto BHJ
devices using a contact film transfer process.”>* Polystyrene is a
wide band-gap insulator without any potential to modify the
electrode work function or to carry charge. Devices made with
PS anode buffer layers show a high series resistance and
suppressed reverse-bias dark current, as shown in Figure S.

It is notable that the dark current in reverse bias does not
vary much between the different thicknesses of PS, while the
photocurrent varies greatly. The polymeric buffer has sup-
pressed photocurrent extraction, acting as a barrier to charge
conduction, but this effect is reduced with the thickness of the
PS. Thinner PS allows for more photocurrent to pass and a
slight recovery of the normal J—V character of an OPV.
However, the injection and extraction barriers presented by the
PS and the poor energy alignment of the Ag electrode with the
active layer prevent an easy onset of injection and prematurely
cut off extraction, leading to a kinked curve with a low fill factor
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Figure 4. Current—voltage characteristics of single materials devices
measured in the dark, (a), schematically depicted to the right under
reverse bias, (b—e), with literature values for energy lev-
els. 252632334041 Energy level alignment between the electrode and
active layer moderates charge carrier injection and current magnitude.

(FF). In all thicknesses probed, the polymeric buffer layer
suppresses the reverse bias leakage by acting as a barrier to the
injection or extraction of the incorrect charge (electrons) at the
anode.

It is plausible to suggest that the inclusion of a polymer buffer
leads to the recovery of photovoltaic behavior by simply acting
as a resistor that suppresses injection or extraction of charge
carriers. Under illumination, this reduced extraction at the
anode, in combination with the electron-selective cathode, leads
to an increased electron diffusion current away from the anode,
and the seeming recovery of photovoltaic operation.®” Since
this mechanism would require tunneling transport of holes
through the polymer anode, devices with thinner anode buffer
layers are fabricated. Devices with the structure ITO/PEIE/
P3HT:PCBM/PPECN/Ag are fabricated by transferring
monolayer films of poly(2-cyanohexyloxy-S-decyloxypheny-
lene-1,4-ethynylene) (PPECN) onto the active materials.
Monolayers of PPECN are spread at the air—water interface
and compressed to 25 mN/m, and films are transferred using
Langmuir—Schaefer (LS) lifting or Langmuir—Blodgett (LB)
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Figure S. Characteristics of ITO/PEIE/P3HT:PCBM/PS/Ag devices
in the dark (a) and under illumination (b). The thickness of the PS is
controlled through spincasting speed variation between 750 and 6000
rpm. The energy levels of PS, (c), estimated based on a band gap

greater than 4 eV, should retard charge injection into the
device 2526324145

transfer. By lifting multiple monolayers, the thickness of the
buffer can be controlled with finesse. Although PPECN has a
conjugated backbone, its conductivity is very poor, and its
HOMO level (~5.6 €V) is too deep to easily inject charge onto
P3HT (4.9 eV). Finally, PPECN does not appear to affect
electrode work function, so it is treated as an insulating buffer
material.

Photovoltaic devices fabricated with very thin PPECN
insulating buffer layers show a decrease in reverse bias leakage
current and an increase in series resistance, similar to PS, as
shown in Figure 6. The dependence of the OPV characteristics
upon anode buffer layer thickness shows multiple trends. First,
the choice of technique (LS or LB) used to increasing the

dx.doi.org/10.1021/am502673e | ACS Appl. Mater. Interfaces 2014, 6, 14964—14974



ACS Applied Materials & Interfaces

Research Article

0,1,2,4 layers
PPECN

0.5 1 1.5
Bias (V)

c)
70%
60%
50%

40% %

30%

NCCgH1,0
2% ppECN

Fill Factor

20%

8 ®

0% - T T i
0 2 4 6

10%

Number of Layers

0.65
é Q o)
0.55
0.45 3.6 30 3,
PEIE
s 3.9
70.35 <>
> e AL
0.5 To 4.9 Ag
P3HT ¢
5.9 PPECN
0.15 PCBM
0.05 -+ ; . i
0 2 4 6
Number of Layers
\
()
2 ?
[
< CPPECN LS
£
-6 OPPECN LB
T 3
8 + P3HTPCBM/Mo03
X PPECN/Mo03
-10
0 2 4 6

Number of Layers

Figure 6. Photovoltaic behavior of ITO/PEIE/P3HT:PCBM/PPECN/Ag OPVs with multilayer PPECN anode buffer layers. Dark condition
current—voltage characteristics (a) dramatically change as up to six PPECN layers are added via Langmuir—Schaefer (LS) lifting or Langmuir—
Blodgett (LB) transfer. Photocurrent behavior including V. (b), fill factor (c), and J. (d) also change. Control devices have MoO; or PPECN/
MoO; anode buffer layers. The energy levels of PPECN act as a blocking layer relative to those of the active layer and electrodes, with literature

values for energy levels, as depicted in the inset of (b). 252632344

thickness of the PPECN layer does not appear to influence the
device behavior. As the PPECN thickness is increased to two
layers, the reverse bias leakage current drops and saturates
(Figure 6a). There is also a recovery of short circuit current
density (J,.), open circuit voltage (V,.), and a partial recovery
of FF. At the same time, the series resistance continues to rise
over the addition of six layers of PPECN and there is a drop in
FF and J; the increase in series resistance is likely the cause for
the drop in J,. and FF at higher buffer thicknesses. Also, just as
with PS, the PPECN buffer is not work function modifying and
acts as an extraction barrier, so the poor electrode and buffer
energy level alignment with the active materials leads to a
premature decrease in photocurrent, (hence a kinked J—V
curve (not shown) and a reduced FF), even at optimal buffer
thickness.

The initial recovery of the diode rectification, V,, and J is
interesting; a simple resistor that is not charge-selective would
suppress photocurrent extraction as well as reverse and forward
bias injection. This diode rectification recovery suggests that
the PPECN buffer is imparting charge selectivity. Since the
cathode is electron selective, it extracts electrons from the
device and leaves the holes, with nowhere else to go, to tunnel
through the PPECN buffer. Thus, when the PPECN layer is
very thin, it allows the hole current to tunnel through while still
suppressing the shunting, reverse bias and low forward bias
injection/extraction processes. This leads to a recovery of ]
(diffusion-driven photocurrent is extracted once nonselective

14968

extraction is suppressed) and V. (since charges are no longer
extracted at the wrong electrode, and low forward bias dark
current is suppressed). The fact that the reverse and low
forward bias dark current decreases by 5 orders of magnitude,
while the injection (higher positive bias dark) current only
drops by about 1 order of magnitude is also evidence for the
recovery of charge selectivity at the anode.

Designing devices with charge-selective electrodes does not
guarantee excellent performance with all active layer materials.
Inverted OPV devices with the structure ITO/PEIE/
P3HT:PCBM/MoO;/Ag have exemplary device characteristics.
The PEIE and MoOj buffer layers prevent contact between the
electrode and active layers and they modify the electrode work
function, providing excellent charge selectivity and easy charge
injection and extraction.”®> However, when the same buffer
layers are applied to poly[[9-(1-octylnonyl)-9H-carbazole-2.7-
diyl]-2.5-thiophenediyl-2.1.3-benzothiadiazole-4.7-diyl-2.5-thio-
phenediyl (PCDTBT) devices, as shown in Figure 7, the
photovoltaic character is damaged, and a kink appears in the
current—voltage curve.

Even in the presence of charge-selective electrodes, improper
device morphology can critically limit photovoltaic perform-
ance. For instance, if the components of the BH]J are poorly
miscible due to a mismatch in surface energy, then massive
phase segregation can prevent easy exciton dissociation and
charge extraction, potentially resulting in a kinked J—V curve.
Water contact angle is considered as a pseudocharacterization
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Figure 7. Chemical structure of PCDTBT, P3HT, and PEIE (a) and
the OPV characteristics of inverted P3HT and PCDTBT devices
where PEIE is the cathode buffer layer (b). The energy levels of the
PCDTBT device, (c), are drawn from literature values. 25263341 T
P3HT device diagram can be seen in Figure 1.

of surface energy and, as shown in Table 1, the values for
P3HT, PCDTBT, and the two PCBMs are compared.

Table 1. Water Contact Angles of P3HT, PCDTBT, PCBM,
PC70BM, and PEIE

P3HT PCDTBT PCBM PC70BM“ PEIE

water contact 90 + 4 92 +2 63 + 2 65 +1 9+1
angle (deg)

“Phenyl C,,-butyric acid methyl ester.

The water contact angles of the conjugated polymers in
Table 1 are very similar to each other (as are the fullerenes).
Although the makeup of the active layer of each device contains
a different mass fraction of fullerene, the similarity between the
constituent material water contact angles suggests that there is
not some massive chemical incompatibility within the active
layer, which is causing device limiting phase separation. Indeed,
many others have optimized devices and morphologies with the
same active layer materials and blending ratios that are used
here.*® The difference between P3HT and PCDTBT inverted
device characteristics is likely due to the buffer layer—active
layer interface.

The impact of morphology on device behavior can be ruled
out by making planar heterojunction devices. In this case, by
making planar heterojunction PCDTBT devices (ITO/PEIE/
PCBM/(PCDTBT or P3HT)/MOO3/Ag) the interface with
the PEIE bufler is forced to be entirely PCBM. Thus, the planar
device is expected to show which component of the BHJ at the
buffer interface is responsible for the poor device behavior. As
shown in Figure 8, PCDTBT and P3HT planar heterojunction
devices on PEIE both have nonkinked current—voltage
characteristics.

0.002 ;
]
P3HT —— H
£ 0001 | bilayer on - 1
<
< PEIE
Z /
§ 0 ~ - . 5 B
[=]
£
£ 0001 i PCDTBT
3 / bilayer on
PEIE
-0.002 .
-1 -0.5 0 0.5 1 1.5
Bias (V)

Figure 8. Current—voltage characteristics of planar heterojunction
PCDTBT and P3HT devices with PEIE cathode buffer layers do not
exhibit kinked curves.

The planar heterojunction ITO/PEIE/PCBM/PCDTBT/
MoO;/Ag devices show that the PEIE/PCBM interface is not
responsible for kinked J—V curves. This is not surprising since
the P3HT planar and BH]J devices each have this same interface
and since they function well. Instead, it appears that the
interface between PCDTBT and PEIE is responsible for the
kink in the device curve. Further, since BHJ OPVs with other
conjugated polymers, such as P3HT, do not show this
character, and since it is known that extraction barriers lead
to kinked device curves, we hypothesize that there is some
interaction that preferentially pulls PCDTBT to the cathode
buffer interface.*”*® This vertical segregation of polymer acts as
a charge-extraction and charge-injection barrier for electrons on
PCBM, as shown in Figure 9.

Variable angle spectroscopic ellipsometry was used to check
our suspicion; by fitting ellipsometric data from a film of glass/
PEIE/PCDTBT:PC70BM using previously measured optical
constants for glass, PEIE, PCDTBT, and PC70BM, we are able
to see the surface segregation (shown in the Supporting
Information). A Cauchy model is used, along with an effective
medium approximation, to fit the thickness and PCBM
concentration of the film. Then, the film is modeled as two
consecutive PCDTBT:PC70BM layers on glass/PEIE. This
fitting method is used to approximate the thickness, if any, of a
surface segregated PCDTBT layer. The PCDTBT:PC70BM
film is found to be about 56 nm thick, with a PC70BM
concentration of 82%, which is appropriate for the 1:4 mixing
ratio. Further, fitting the thickness of a PCDTBT region of the
film with 0% PC70BM near the PEIE layer gives 1.38 nm.
Although this method may not quantitatively prove pure
interface separation of PCDTBT, it does support our
hypothesis that the interface is PCDTBT-rich. The evidence
that PCDTBT is segregated to the PEIE interface is suggestive

dx.doi.org/10.1021/am502673e | ACS Appl. Mater. Interfaces 2014, 6, 14964—14974
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Figure 9. Depictions of the ITO/PEIE/PC70BM:PCDTBT/MoQ;/
Ag device structure (a) and energy level diagram (b) when PEIE is
used as a cathode buffer. PCDTBT has an interaction with PEIE that
segregates PCDTBT to the cathode creating an electron (@)
collection and injection barrier.

of a chemical interaction between the two materials. During
spincasting, as the PCDTBT:PCBM film dries on top of the
buffer, the interaction between PCDTBT and the buffer drives
the formation of the morphology of the film. The absence of
this interaction between P3HT and PEIE can explain why
P3HT-based devices do not exhibit this depreciatory behavior.
This model is consistent with previous research wherein P3HT
is shown to vertically segregate based upon surface energy
interactions, independent of the presence of PEIE.**®
However, this result is not consistent with the work of Sach-
Quintana et al, who reported a similar PCDTBT device
architecture (albeit with water washed PEIE) and made no
mention of kinked J—V curves.*’

Since this interaction manifests as vertical phase separation,
which is detrimental to OPV function, changing the chemical
character of the cathode buffer layer should lead to a change in
device operation. For instance, by reducing the amount of
amine functionality within the buffer by switching from
poly(ethylenimine) (PEI, all amine), to poly(ethylenimine,
ethoxylated) (PEIE, some of the amines have been ethoxylated
and are hydroxyl-terminated) to 80% hydrolyzed poly(vinyl
alcohol) (PVA, no amine, mostly hydroxyl) the influence of
buffer chemical structure on the PCDTBT OPV device
operation can be monitored. This change alludes to changes
in the active layer—buffer interaction. As shown in Figure 10
and Table 2, changing the cathode buffer from PEI to PEIE or
to PVA drastically changes device performance.

As the amount of amine functionality in the cathode buffer is
reduced, the kink in the J—V curve of PCDTBT devices is
reduced, and the FF, J, and power conversion efficiency
(PCE) all increase. Although the thickness of these insulating
buffer layers is not explicitly controlled (optimization presented
in the Supporting Information), the concentration (0.4 wt %)
and spincasting rates (3000 rpm) for PEIE and PEI are held the
same, and PVA (2 mg/mL) is also similar. Since the series
resistances (qualitatively shown in Supporting Information) of
these devices are also all very similar, we expect that buffer
thickness is not limiting the performance of these devices.
Rather, the differences between these devices likely stems from
differences in bufter—PCDTBT interaction strength that leads
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Figure 10. Kink in the OPV current—voltage sweep changes (a) with
changing cathode buffer in ITO/cathode buffer/PCDTBT:PC70BM/
MoO;/Ag devices. This suggests reduced PCDTBT /buffer interaction
as the amount of amine functionality in the buffer is reduced. The

device schematic, (b), is depicted with energy levels from other
papers 2325263341

Table 2. Photovoltaic Properties of PCDTBT Devices with
Different Cathode Buffer Layers

cathode buffer PEI PEIE PVA

Voo 0.43 + 0.02 0.79 + 0.06 0.72 + 0.02
Joc (mA/cm?) 43+ 03 8.7 + 02 112 + 0.1
FF (%) 27+ 1 32+1 54+ 1
PCE (%) 0.51 + 0.06 22+ 0.1 43 +03

to differences in vertical segregation of the active layer
materials.

It appears that amine functionality has an interaction with
PCDTBT. To characterize the interaction strength between
buffers with particular functionality and PCDTBT, dissolution
studies are performed. PCDTBT is spincast upon different
buffer materials, and the whole film is immersed in 1,2-
dichlorobenzene (a good solvent for PCDTBT) for 10 min. If
there is a strong buffer—PCDTBT interaction, some PCDTBT
will not dissolve. The change in peak PCDTBT absorption
(575 nm) strength after the solvent soak, as shown in Table 3,
is used as a pseudomeasurement of interaction strength.

The dissolution studies corroborate the OPV device
characteristics in light of the hypothesis of interaction-driven
interface segregation. There is an increase in remaining
PCDTBT absorption as the hydrophilicity (from poly-
(vinylacetate), PVAc, to 100% hydrolyzed PVA) and amount
of amine functionality (from PVA to PEI) increase. This trend
mirrors the device characteristics, and suggests that control over
the interaction strength, through control over chemical
structure of the buffer layer, leads to control over the level of
interface segregation of PCDTBT in BHJ OPVs. This control
can ultimately lead to influence over the shape of the J-V
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Table 3. Dissolution Studies Provide an Indication of
Buffer—PCDTBT Interaction Strength

buffer” remaining absorption” of PCDTBT (%) at 575 nm
PEO 66 + 9°
PEI 61 +5
glass S8+5
PEIE 40 £ 8
PEDOT:PSS 36+ 4
PVA100 33+6
PVA80 24+ 1
PVAc 15 + 4°

“Stronger interactions lead to less dissolution and greater remaining
absorption strength. YError bars are from 2 to 4 samples for each
condition. “PEO and PVAc have some solubility in 1,2-dichlor-
obenzene, but this does not seem to dictate the measured dissolution.

curve, as has been previously shown for P3HT devices; in
conventional architecture P3HT:PCBM devices, kinked J—V
curve shapes that are caused by free-surface (cathode)
segregation of P3HT can be re4paired by placing a thin fullerene
layer at the cathode interface.”’

Photovoltaic devices are fabricated with compound cathode
buffer layers to tune the strength of the buffter—PCDTBT
interaction. As shown in Figure 11 and Table 4, PCDTBT
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Figure 11. PCDTBT devices with different cathode buffer layers.
When a noninteracting buffer material, like PVAc, is placed between
two interacting layers, PCDTBT and PEIE, the influence of the
interaction of device character, (a), is suppressed. The device

schematic, (b), is depicted with energy levels from other
23,25,26,33/41

papers.

OPVs with PVAc cathode buffer layers do not show kinked J—
V curves. PVAc is spincast at 3000 rpm from 1 mg/mL solution
in dimethylformamide (DMF) and, in spite of its dilution,
makes a noticeable difference on device performance in
comparison to a device with no cathode buffer. The work
function of the compound buffer layer is compared to its
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constituent materials through kelvin probe measurements
relative to ITO. As shown in the Supporting Information, the
work function shift caused by the compound buffer layer is
similar to that of PEIE, in spite of the insulating, nonwork
function modifying PVAc layer on top. The work function shift
measured for PEIE is similar to literature values.”

The inclusion of a cathode buffer layer that does not have a
strong interaction with PCDTBT does not lead to unfavorable
vertical phase separation in OPV devices. By placing the
polymeric cathode buffer, PVAc, into PCDTBT devices, the V.
and J,. increase, relative to a device with no cathode buffer
layer, as the onset of injection current is suppressed (see
semilog plots in Supporting Information). More so, since PVAc
does not pull PCDTBT to the cathode interface, charge
extraction is not reduced and the ] is greater than devices with
PEIE cathode buffer layers. However, since PVAc does not
reduce the work function of ITO the V__ is limited by the
injection barrier at the cathode contact with the BH]J
morphology active layer (recombination of holes at the
electron collecting electrode). Previous devices with PEIE
do not show a severely limited V_; however, the interaction
strength with PCDTBT is device-limiting. Thus, we fabricate
devices with a compound buffer layer where PVAc is spincast
on top of the PEIE, acting as a morphology directing layer that
tempers the interface with PCDTBT. The compound cathode
buffer layer devices show excellent behavior, displaying all of
the positive characteristics of each buffer; a high V,, J,., FF, and
PCE of 7.2% result when the cathode buffer-active layer
interaction strength is appropriately controlled and its work
function is appropriate for good electrical contact.

B CONCLUSION

The design of new buffer layer materials for high-performance
OPVs requires that the loss routes in the device that the buffer
improves are known and that the role of the buffer in mitigating
this loss is understood in terms of the chemical structure of the
buffer. We have shown that shunting conduction pathways,
caused by nonselective charge injection and conduction across
one of the components of the active material of a BHJ OPV,
leads to loss of diode rectification and photovoltaic power
conversion behavior. This shunting loss route is avoided by
imparting charge selectivity to the electrodes. Further, non-
selective Ag anodes are improved by placing a thin, polymeric
buffer layer between the electrode and active layer. The
incorporation of the buffer layer seemingly provides charge
selectivity to the dark (diode) current and suppresses extraction
of charge, which in combination with the highly selective
opposite electrode, provides a partial recovery of photovoltaic
performance. The design of effective buffer materials for high-
efficiency OPVs also requires knowledge of the role of the
buffer in device morphology development. We have shown that
a strong interaction between a cathode buffer material (PEIE)
and the hole conducting conjugated polymer (PCDTBT) in
the active layer of a BHJ OPV leads to device-harming
segregation of the polymer to the buffer interface. This
interaction appears to originate from interaction with the
hydrophilic, amine functionality of PEIE, and manifests in
devices as kinked current—voltage behavior due to the
interfacial electron injection/extraction barrier that the polymer
becomes. By placing noninteracting materials between PEIE
and PCDTBT, the negative device character is repaired
resulting in a high PCE. These results provide design rules
that justify the use of thin, polymeric buffer materials with
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Table 4. Device Properties of PCDTBT OPVs with Different Cathode Buffer Layers

no cathode buffer
V.. 028 + 0.05
Joc (mA/cm?) —114 + 0.7
FF (%) 42+2
PCE (%) 14+ 04

0.64 + 0.09
—12.5+ 03

46 +1

PVAc PEIE PEIE/PVAc
0.83 + 0.02 0.88 + 0.02

—11.0 £ 0.8 —13.1 = 04

58+3 40+ 1 62.7 £ 0.7
36 +£03 7.2 £02

tempered active layer interaction and will help enable the
design of electrode buffer layers for high efficiency OPVs.

B EXPERIMENTAL PROCEDURES

All materials are used as purchased. Poly(3-hexylthiophene) (P3HT),
P100 or RMI-001EE, is purchased from Rieke Metals, poly[N-9’-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7’-di-2-thienyl-2’,1’,3’-benzo-
thiadiazole)] (PCDTBT), SOL4280, is purchased from Solaris Chem
Inc. Phenyl Cg-butyric acid methyl ester (PCBM), ADS61BFA, is
purchased from American Dye Source, and phenyl C,;-butyric acid
methyl ester (PC70BM), 910—1500, is purchased from SES Research.
ITO-coated glass, CG-S0IN-S107, is purchased from Delta tech-
nologies, Ltd., All of the polymer buffer materials are purchased from
Sigma-Aldrich, as are MoO; and the constituent materials for the
poly(phenylene ethynylene) (PPECN) buffer, as depicted the
Supporting Information. Silver pellets are purchased from Kurt J.
Lesker.

Multilayer films of the PPECN buffer material are deposited from
monolayers spread at the air—water interface from a 5.9 mg/mL
solution in chloroform. The monolayers are compressed to 25 mN/m
with a NIMA Langmuir—Blodgett trough for transfer.

Bulk heterojunction polymer solar cells, with a structure of ITO/
buffer 1/PCBM:polymer/buffer 2/Ag are fabricated by spincasting,
film transfer, and vacuum thermal evaporation. ITO glass is sonicated
in isopropanol and then acetone, in each case for 10 min, followed by a
10 min UV—ozone treatment. Next, buffer 1 is spincast in a nitrogen-
filled glovebox. ITO covering buffers are commonly cast (2 mg of
PVA/mL of DMF, 1 mg of PVAc/mL of DMF, 2 mg PEO/mL
MeOH) at 3000 rpm/30 s and annealed at 100 °C/10 min, excepting
PEIE and PEI which are cast from a 0.4 wt % in 2-methoxyethanol
solution at 3000 rpm for 1 min, accelerating at 1000 rpm/s.>> The
active layer is then spincast and annealed (either PSHT:PCBM, 1:1 by
weight, 10 mg polymer/mL chlorobenzene, 1000 rpm/30 s, 150 °C/
1S min or PCDTBT:PC70BM, 1:4 by weight, 1.75 wt % in 1:3
chlorobenzene/1,2-dichlorobenzene by volume, 1500 rpm/30 s, 70
°C/15 min).* In some devices, buffer 2 is deposited via film transfer
of PPECN monolayers (as above) or of polystyrene from (2 mg/mL
in toluene) sacrificial poly(sodium styrenesulfonate) substrates.
Finally, the top electrode is deposited at pressures below 5 X 1077
Torr; after buffer 2 (commonly 10 nm of MoO;), Ag (100 nm) is
deposited through a circular shadow mask of 1 mm in diameter.

Bilayer devices, ITO/PEIE/PCBM/polymer/MoQO;/Ag, are fab-
ricated in a manner similar to previous routes, where the polymer layer
is transferred from a sacrificial substrate onto PCBM (for P3HT) or
PC70BM (for PCDTBT).>** PCDTBT is cast from 10 mg/mL o-
dichlorobenzene, at 6000 rpm/30 s, and both types of PCBM films are
cast from 30 mg/mL chlorobenzene at 1000 rpm/60 s followed by a
150 °C/1S min anneal. These active-layer casting conditions are also
used for single-active material devices.

Photovoltaic devices are characterized with an HP/Agilent semi-
conductor parameter analyzer while being illuminated with simulated
AM 1.5G, 1 sun light from a Newport solar simulator. The device
current is normalized to the electrode mask size. Typically, nine
devices on one substrate are made for each condition, and J—V curves,
which clearly show leaky or short-like behavior, are dropped. Devices
that are fabricated during the same day are typically compared, since
there is a large day-to-day variation in devices with kinked J—V curves.

Absorption of the polymer films is measured using transmission
mode in a Varian Cary 50 spectrometer. The quality of the monolayer
films is observed macroscopically with an Olympus BX-51
fluorescence/optical microscope.

Work function shifts are measured using a homemade kelvin probe
with an ITO reference electrode (see Supporting Information).

Cyclic voltammetry is measured with a CH instruments CHIG00C
potentiostat using 0.1 M tetrabutylammonium hexafluorophosphate in
acetonitrile as the working electrolyte, silver nitrate as the reference
electrode, and Pt wire as the counter electrode. The scans are taken at
the rate of 0.1 V/s and are shifted using the onset of ferrocene
oxidation (—4.80 eV). The working electrode is glassy carbon, and
HOMO and LUMO values are calculated using the onset of reduction
or oxidation.

B ASSOCIATED CONTENT

© Supporting Information

Synthetic information for PPECN, optimization of the buffer
layer thicknesses, semilog J—V curves for buffer—active layer
interaction, a homemade kelvin probe schematic, and work
function measurements. This material is available free of charge
via the Internet at http://pubs.acs.org.
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