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Assembly and organization of poly(3-hexylthiophene)
brushes and their potential use as novel anode buffer
layers for organic photovoltaics†
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Buffer layers that control electrochemical reactions and physical interactions at electrode/film interfaces

are key components of an organic photovoltaic cell. Here the structure and properties of layers of semi-

rigid poly(3-hexylthiophene) (P3HT) chains tethered at a surface are investigated, and these functional

systems are applied in an organic photovoltaic device. Areal density of P3HT chains is readily tuned

through the choice of polymer molecular weight and annealing conditions, and insights from optical

absorption spectroscopy and semiempirical quantum calculation methods suggest that tethering causes

intrachain defects that affect co-facial p-stacking of brush chains. Because of their ability to modify

oxide surfaces, P3HT brushes are utilized as an anode buffer layer in a P3HT-PCBM (phenyl-C61-butyric

acid methyl ester) bulk heterojunction device. Current–voltage characterization shows a significant

enhancement in short circuit current, suggesting the potential of these novel nanostructured buffer

layers to replace the PEDOT:PSS buffer layer typically applied in traditional P3HT–PCBM solar cells.
Introduction

Interest in organic photovoltaic (OPV) materials and devices is
driven by the need to meet the growing global energy demand
using sustainable energy sources as well as by the compelling
potential for producing low-cost, exible solar energy devices
using solution-based, high-throughput methods such as roll-to-
roll processing. Presently, the most efficient and promising OPV
devices have been made by blending donor and acceptor
materials to create bulk heterojunction (BHJ) active layers,
which are marked by large interfacial areas formed due to
separation of donor and acceptor materials into domains of
nanoscale dimension.1–4 In addition to having domain sizes
commensurate with exciton diffusion lengths and providing the
driving force for dissociation of tightly-bound electron–hole
pairs (excitons), the BHJ active layer must provide connected
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pathways for electrons and holes to reach the cathode and
anode, respectively. As a result, it is generally accepted that
improving and optimizing the power conversion efficiency
(PCE) of devices requires control of the BHJ nanoscale
morphology. This realization has motivated numerous studies
of the role of solvent type, donor–acceptor blend ratio, anneal-
ing conditions, and additives on the morphology of the active
layer and the resultant PCE.1–8

The nature of the electrode/active layer interfaces also plays a
signicant role in the performance of an OPV device, as these
interfaces control the collection and extraction of charge
carriers. Buffer layers that break device symmetry and enhance
hole collection at the anode or electron collection at the cathode
by adjusting barrier heights and that promote good interfacial
contact have proven to be essential ingredients for maximizing
device performance.9–11 In addition, and as is the general case
for polymer thin lms, surface-modifying layers alter interac-
tions across the surface/thin lm interface, changing wetting
characteristics and affecting the segregation and organization
of material at the interface and the nal lm structure.12,13 Thus
buffer layers must satisfy complex and perhaps competing
tensions to achieve a proper balance between physical interac-
tions and electrochemical reactions at cell/electrode interfaces
in order to optimize OPV device performance. The complexity of
this dual role is exemplied in the work of Germack et al.,5,6 who
showed that the surface energy dramatically impacts the inter-
facial composition of a BHJ thin lm made from a blend of
poly(3-hexylthiophene) and phenyl-C61-butyric acidmethyl ester
Nanoscale, 2013, 5, 9357–9364 | 9357
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(P3HT and PCBM, respectively). Using near-edge X-ray absorp-
tion ne structure spectroscopy and a model substrate to mimic
the surface energy established when an anode is coated with a
layer of poly(3,4-ethylene dioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS), they showed that the anode/BHJ lm
interface was substantially enriched in PCBM (18 vol% P3HT)
while the free surface, where the cathode would be deposited,
was dominated by P3HT (74 vol% P3HT).5 Because of the
dominance of donor material (P3HT) at the cathode and PCBM
acceptor at the anode, this type of vertical phase segregation is
likely to negatively impact OPV device performance. In addition,
this “inverted” morphological structure has been observed in
neutron reectometry experiments, which are sensitive to the
laterally-averaged composition prole of the active layer normal
to the substrate.7,8 As a result, and also because of the inherent
acidity and hygroscopic nature of PEDOT:PSS and the fact that it
is not charge selective,14,15 researchers have sought alternatives
to the PEDOT:PSS dispersions that are typically applied to the
anode.9,10,14–17

Because they straddle interfaces, polymer brushes are one
way to alter structure and properties at substrate interfaces. By
modifying the polymer chains to include reactive end groups, it
is possible to decorate surfaces with polymer chains, thereby
imparting new or adjusting specic physical and chemical
properties of the interface by manipulating the spatial extent of
the tethered chains, their graing density, or chemical
constituents. While polymer brushes based on exible chains
have been studied for over 20 years and applied in a variety of
technologies,18–25 because of difficulties associated with adapt-
ing the polymerization methods for surface-initiated growth or
because of the limited solubility of p-conjugated polymers,
there are only a few reports of well-dened semi-rigid polymer
brushes based on p-conjugated polymers.26–30

Here we describe the formation and characterization of well-
dened P3HT brushes created using a “graing to” approach.
We show that the methodology is applicable to silicon, quartz
and ITO substrates, and allows the graing density of chains to
be easily tuned. In addition to creating P3HT brushes marked
by high graing density, a particular hallmark of this work is
that because pre-made P3HT chains are graed to the
substrates rather than grown from surface-tethered initiators,
rigorous macromolecular characterization can be brought to-
bear for a more thorough understanding of the structure of the
brush layers, which cannot be done in the case of chains grown
from surface-tethered initiators. These features provide an
avenue for understanding synthesis–structure–property rela-
tionships of devices based on P3HTs brushes. Finally, the
performance of a solar cell that uses a P3HT brush as an anode
buffer layer is compared to an analogous device made with the
commonly used PEDOT:PSS buffer layer.
Fig. 1 (left) Chemical structures of the P3HT-3K and P3HT-4K tricholorsilane end-
functionalized P3HTs used for brush formation. (right) Schematic of a P3HT brush
made by end-grafting trichlorosilane-terminated P3HTs to silicon (or quartz or
ITO) surfaces.
Experimental
Synthesis and brush formation

P3HT polymer brushes were formed from end-functionalized
P3HTs bearing a trichlorosilane group. Regio-regular P3HTs
were made by Grignard metathesis (GRIM) polymerization of
9358 | Nanoscale, 2013, 5, 9357–9364
the regiospecic monomer prepared from 2,5-dibromo-3-hexy-
lthiophene,31–34 followed by in situ quenching using a Grignard
reagent to install a terminal alkene at the chain end.32 Hydro-
silation of the terminal alkene using tricholosilane (Aldrich,
99%) was carried out as described by Sullivan and coworkers.35

Two different molecular weight P3HTs were used as starting
materials, denoted throughout this article as P3HT-3K and
P3HT-4K. The GRIM polymerization of P3HT-3K was quenched
using allylmagnesium bromide while P3HT-4K was quenched
using vinylmagnesium bromide. The chemical structures of the
two polymers are shown in Fig. 1. Molecular weights were
determined by Matrix Assisted Laser Desorption Ionization
Time-of-Flight mass spectrometry (MALDI-TOF MS) using
trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]-maloni-
trile (DCTB) as the matrix and polydispersity indices (PDI) were
determined using size exclusion chromatography (SEC) in
tetrahydrofuran relative to polystyrene standards.

Because of the various characterization methods applied,
silicon wafers (Silicon Quest International, [1,1,1]), quartz
slides, and indium tin-oxide coated glass slides (Delta Tech-
nologies, sheet resistance �35 U) were used as substrates.
Silicon wafers and quartz substrates were cleaned by immersion
in piranha acid solution (3 : 1 v/v H2SO4 : H2O2) at 90 �C for 15
minutes and then rinsed with copious amounts of deionized
(DI) water before being blown dry with a stream of nitrogen.
(Caution! Piranha acid is a strong oxidizer and a strong acid that
reacts violently with organic compounds.) ITO-coated glass
substrates would be rapidly etched by the piranha acid solution;
therefore, these substrates were washed using soap and water,
sonicated twice for 15 minutes in DI water followed by sonica-
tion for 15 minutes in acetone (Aldrich, >99.5%) and then for 15
minutes in isopropyl alcohol (Aldrich, >99.5%). Aer drying
with a stream of nitrogen, the ITO-coated glass substrates were
subjected to 20 minutes of UV-ozone treatment.

Trichlorosilane-capped P3HT chains were attached to the
various substrates to create P3HT brushes, which are shown
schematically in Fig. 1. Chloroform solutions containing the
end-functionalized P3HT (nominally 0.5 wt%) were used to
deposit a thin lm of the polymer on the substrate by
This journal is ª The Royal Society of Chemistry 2013
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spin-coating at 1000 rpm for 30 seconds. Immediately aer the
deposition process, the samples were transferred to a vacuum
oven and annealed for 24 h. The P3HT-3K brushes were
annealed at either 120 �C, 150 �C or 190 �C, while the P3HT-4K
brushes were annealed at either 120 �C, 150 �C, 190 �C or 250
�C. The samples were allowed to cool to room temperature in
the vacuum oven before being immersed in chloroform and
sonicated for 1 h to remove any non-graed chains.
Table 1 Molecular characteristics of end-functionalized P3HTs

Polymer Mn
a (g mol�1) Mn

b (g mol�1) PDIb Regioregularityc

P3HT-3K 3400 9000 1.16 >95%
P3HT-4K 4300 9600 1.25 >95%

a Determined by MALDI-TOF MS. b Determined by SEC in THF versus
polystyrene standards. c Estimated by 1H NMR.
Materials and device characterizations

Ultraviolet-visible spectroscopy (UV-vis). A Varian Cary 5000
spectrophotometer (Agilent Technologies, Santa Clara, CA) was
used to measure the optical absorbance of lms deposited on
quartz and ITO-coated glass substrates. Measurements were
performed over a wavelength range from 200 nm to 800 nm, and
background spectra were collected for the clean, blank
substrates to correct the absorbance.

Ellipsometry. A J. A. Woollam M-2000U variable angle spec-
troscopic ellipsometer was used to measure the thickness of the
brushes formed on silicon surfaces. Estimates of the lm
thickness were determined by tting the data between 750 nm
and 900 nm using a model based on three slabs of uniform
optical density.6 The slabs in themodel consisted of bulk silicon
(1 mm thick), silicon dioxide (1.5 nm) and the P3HT brush,
which was described by a Cauchy model, with the layer thick-
ness and model constants treated as tting parameters. The
thicknesses reported are the average of at least 3 different
measurements from each sample.

Atomic Force Microscopy (AFM). The surface topography of
the lms and lm-free substrates were imaged with a Dimen-
sion 3100 scanning probe microscope (Veeco Instruments,
Plainview, NY, USA). Height and phase images over a 2 mm � 2
mm area were simultaneously collected in tapping model using
a SiN tip. The root mean-square roughness values obtained
from the images collected were determined using the analysis
soware supplied with the instrument.

OPV device formation and characterization. Photovoltaic
devices were fabricated by dissolving a blend of P3HT and
PCBM (1 : 0.7 by mass) in 1,2-dichlorobenzene (DCB) at a
concentration of 20 mg ml�1. A brush-modied ITO glass
substrate was prepared as described above and used immedi-
ately aer removal of any non-bonded P3HT. For the control
cell, the ITO glass substrates were cleaned as described previ-
ously, then placed on a hot plate at 140 �C for 20 minutes to
simulate the heat treatment experienced when brushes are
graed onto ITO surfaces. Aer cooling, ltered PEDOT:PSS
(H. C. Stark) was spin-coated onto the ITO-coated glass
substrate at 5000 rpm for 40 s and then dried at 140 �C for 10
min on a hotplate. The P3HT/PCBM solution in DCB was spin-
coated onto the brush-modied or PEDOT:PSS-modied ITO
substrates at 900 rpm for 40 s inside an argon lled glove box.
These substrates were then annealed at 140 �C for 20 min in a
vacuum oven. Aer annealing, the top metal cathode (15 nm Ca
and 85 nm Al) was thermally evaporated under vacuum (�3 �
10�7 Torr) using a shadow mask. Current–voltage (I–V) charac-
terization of the polymer photovoltaic cells was performed
This journal is ª The Royal Society of Chemistry 2013
using a computer-controlled measurement unit from Newport
Corporation (Irvine, CA) under an illumination of AM1.5 G,
100 mW cm�2. All device measurements were performed inside
an argon lled glove box.

Results and discussion

The molecular properties of the P3HT-3K and P3HT-4K polymers
prepared for the interfacial layer formation are summarized in
Table 1. While both materials have low polydispersities, the
molecular weights determined byMALDI and by SEC are different
because P3HT is a semi-rigid polymer whose molecular weight is
overestimated by SEC and also because the absolute molecular
weight determined by MALDI-TOF MS is sensitive to the extrac-
tion process.31,36 The in situ end-capping of the GRIM polymeri-
zation using allylmagnesium bromide or vinylmagnesium
bromide is known to produce monofunctional P3HTs in near-
quantitative yields.32 Regioregularity of the resultant poly-
thiophenes, as estimated by 1H NMR spectroscopy using a
combination of the aryl proton and methylene protons of the
hexyl side chains,37,38 is high (>95%) and comparable. Thermog-
ravimetric measurements (Fig. S1 in the ESI† le) indicate that
the two P3HTs decompose above 400 �C and should, therefore,
not degrade signicantly during annealing. DSC heat ow traces
(Fig. S2 in the ESI† le) recorded on the allyl- and vinyl-terminated
analogs conrm that melting transition temperatures, Tm, are
similar: Tm ¼ 216 �C for P3HT-3K and Tm ¼ 208 �C for P3HT-4K.

The thicknesses of the layers determined by ellipsometry as a
function of annealing temperature are presented in Fig. 2 along
with graing densities that are calculated based on the molec-
ular weights determined using MALDI-TOF MS. The measured
thickness, t, is related to the areal graing density, s, by s ¼
trNAv/Mn, where r is the bulk density of the polymer (assumed
to be 1.1 g cm�3), NAv is Avogadro's number, and Mn is the
number average molecular weight. When annealed at 120 �C or
150 �C for 20 minutes, spin coated lms made using P3HT-3K
and P3HT-4K produce interfacial layers having similar thick-
nesses. The P3HT-3K consistently produces much thicker layers
when annealed at 190 �C, but the increase in layer thickness and
graing density is more gradual for the P3HT-4K and there is no
sharp increase even when the lms are annealed at 250 �C. The
different behaviors observed most likely originate in the
molecular characteristics of the P3HTs. The larger chain length
of the P3HT-4K, including a population of longer chains
resulting from the higher polydispersity, may decrease the
average accessibility of the reactive trichlorosilane groups to the
substrate, resulting in lower graing densities. Also, the extra
methylene unit present in the allyl-terminated P3HT-3K (not
Nanoscale, 2013, 5, 9357–9364 | 9359
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Fig. 3 UV-vis spectra of P3HT-3K brushes formed at 120 �C (red) 150 �C (green)
and 190 �C (blue) along with the spectra of the as-spun P3HT-3K films after
annealing at 150 �C (grey dotted) and at 190 �C (black).

Fig. 2 Thickness (filled markers) and grafting densities (hollow markers) for end-
tethered layers formed from the P3HT-3K (squares) and P3HT-4K (circles) poly-
mers as a function of annealing temperature.
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present in the vinyl-terminated P3HT-4K) may provide addi-
tional conformational freedom that relieves steric hindrance
resulting from the hexyl side chain being proximal to the tri-
chlorosilane end group, thereby enabling more trichlorosilane-
capped chains to reach and react with hydroxyl groups on the
surface.

These results demonstrate that controlling the annealing
temperature provides a facile way to manipulate the layer thick-
ness and graing density. It is tempting to refer to the end-
tethered layers as P3HT brushes because of the single-point
attachment as well as the concomitant increase in thickness with
chain crowding; however, P3HT is generally not considered to be
a exible polymer. For exible polymers the brush regime is oen
benchmarked by the relation d/2Rg < 1, which compares (one-half
of) the distance between chain tethering points, d, to the radius
of gyration of the free chain, Rg.22,25 While d can be calculated
from the graing density,25 reports of Rg of P3HTs are rare. This is
ostensibly due to ambiguity resulting from disagreement
between molecular weights obtained by MALDI-TOF MS and by
SEC, as well as the optical absorbance and low solubility of
conjugated polymers that complicate light scattering measure-
ments. To make a reasonable approximation, we use the Kratky–
Porod worm-like chain model based on the weight-average
molecular weight as determined by MALDI-TOF MS. This model
is parameterized using a persistence length of 2.4 nm, which was
determined byHeffner and Pearson39 for regio-irregular P3HTs in
THF and found to be relatively insensitive to the moment of the
molecular weight distribution, and a monomer size of 0.36 nm,
which was determined by ab initio calculation.40 This treatment
results in d/2Rg values that range from 0.18 for the P3HT-3K at
the highest s to 0.31 for the P3HT-4K at the lowest s.41 As these
two cases bracket all of the surface-tethered P3HT layers
produced, they conrm that the P3HT chains are laterally crow-
ded in a manner consistent with brush-like structures, as repre-
sented schematically by the drawing shown in Fig. 1.

Some useful insight can be gained by examining the thick-
ness of the tethered P3HT layer, t, relative to the size of the coil,
t/2Rg. Using Rg values based upon molecular weight determined
9360 | Nanoscale, 2013, 5, 9357–9364
by MALDI-TOF MS results in a range of 0.8 < t/2Rg < 2.3 for
P3HT-3K and 0.7 < t/2Rg < 1.7 for P3HT-4K.41 If the layers are
considered to be comprised of a single layer of end-tethered
chains, then these values suggest that at the highest graing
densities achieved, the chains of the brush are stretched about
twice their extent as a coil. This degree-of-stretching is not
unreasonable, particularly in light of the known caveats asso-
ciated with determining molecular weight of P3HTs31,36 as well
as results from Luzinov and co-workers, who showed that end-
graed, polystyrene brushes of moderate molecular weight
displayed t/2Rg ¼ 1.5–3.42 As they point out, graing end-func-
tional chains from the melt state, rather than from solution,
benets from the screening of excluded volume interactions
and also allows many chains to be in close proximity to the
graing surface, resulting in higher graing densities and
thicknesses.42

Fig. 3 shows the UV-vis spectra collected for the P3HT-3K
brushes formed on quartz substrates aer annealing and
subsequent removal of the unattached polymer chains. The
spectra have a single peak centered near 510 nm with a slight
shoulder at �600 nm that results from interchain processes
brought on by aggregation.43,43 Analogous to the behavior of
semi-rigid poly(cyclohexadiene) brushes,30 the peak height
scales linearly with the ellipsometric thickness of the brushes
and, therefore, with the amount of tethered P3HT chains.
Spectra collected aer spin coating and annealing but prior to
removal of the unattached chains are also shown in Fig. 3.
These spectra are consistent with the absorption spectrum
expected for P3HT, and they also indicate that spin coating
deposits a comparable amount of trichlorosilane-terminated
P3HT polymer. The fact that the detailed shape of the UV-vis
spectra of the P3HT brushes does not contain the well-dened
features observed in the spectra of thicker as-coated lms or in
the annealed lms (prior to removal of any free chains) may be
simply due to the short path length (thinness) of the brushes
and low signal, or it may reect a difference in how the P3HT
This journal is ª The Royal Society of Chemistry 2013
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chains aggregate when conned by end-tethering. In the context
of Spano's treatment of the photophysics of aggregates of P3HT
chains, an increase in orientation defects – such as torsional
defects or kinks that prevent chain organization by co-facial
p-stacking – brought about by tethering of the chain-like
molecules would, in general, broaden spectral features because
of an increase in energetic site disorder.43 A minor but worth-
while comparison to note is that the FTIR spectra collected for
P3HT powder and the P3HT brushes on silicon substrates (data
not shown) are mutually consistent, with each showing the
expected vibrational modes for the hexyl side chains and
aromatic ring stretching modes.45

A series of calculations were performed to conrm that the
shape of the UV-vis absorption spectra results from defects.
Given a reasonable approximation of the electronic ground
state, there are several methods that can be used to probe the
electronic excited states.46 A simple but effective approach is to
use semiempirical quantum methods, in particular those
developed by Zerner et al.,47,48 based on parameterizing the
INDOmethod on the basis of fairly extensive spectroscopic data
(sometimes referred to as INDO/s or ZINDO/s). This approach
when combined with conguration interaction singles (CIS),
has been very successful for describing a variety of vertical
electronic transitions, including p–p* transitions.49

CIS-ZINDO/s calculations of 3-hexylthiophene oligomers
(12-mers) were used to estimate the transition energies and
oscillator strengths. As seen in Fig. 4, an isolated P3HT 12-mer
without conformational defects shows a single sharp peak for the
singlet transition, and a small shoulder arises when three
Fig. 4 Calculations of optical absorption spectra of P3HT oligomers using the sem
which correspond to the singlet transition, were shifted to coincide with the correspo
encircled with a line having a color that corresponds to the calculated spectrum: blac
lateral p stacks each containing three co-facially stacked 12-mers; and pink: one sta

This journal is ª The Royal Society of Chemistry 2013
12-mers are aggregated in a single co-facial p-stack. This effect of
p-stacking is a well-accepted behavior.43,44 The sharp singlet
transition observed in both of these spectra is split when a
second p-stack, also containing three 12-mers (with no confor-
mational defects), is added to the system. Finally, to address the
impact of intrachain defects, one conformational defect was
added to each chain (P3HT 12-mer) in a system comprising 2
lateral p-stacks (of three 12-mers each). The well-resolved split-
ting of the main singlet transition disappears and the shoulder
due p-stacking is signicantly attenuated. These results support
the interpretation that the detailed shape of the UV-vis spectra of
the P3HT brushes could originate from intrachain defects that
interrupt interchain contributions to the absorption spectra.

AFM was used to characterize the surface topography of the
brush-modied substrates aer removal of the unattached poly-
mer chains. The images, shown in Fig. 5, indicate uniform
coverage of the substrates, which has been somewhat difficult to
attain when orthogonal “click” reactions were used to attach
azido-terminated P3HTs to alkyne groups decorating a solid
substrate26 or during early stages of growth from surface-tethered
initiators.27 In the case of the quartz and ITO substrates, attach-
ment of the P3HT chains decreases the root mean square (RMS)
roughness values (from 2.6 nm to 1.7 nm for P3HT-graed onto
quartz and from 3.0 nm to 2.1 nm for P3HT graed onto ITO),
indicating that the brush lls features on the substrate.

A P3HT brush-modied ITO substrate was used to fabricate
an OPV device, creating an ITO/P3HT brush/P3HT-PCBM/Ca/Al
architecture. The performance of this device was compared to a
traditional P3HT-PCBM bulk heterojunction device having an
iempirical quantum method CIS-ZINDO/s. The most intense oscillator strengths,
ndingmaximummeasured by experiment. Each of the inset optimized structures is
k: single 12-mer P3HT chain; red: one co-facial p stack of three 12-mers; blue: two
ck of three 12-mers, each with a single conformational defect.

Nanoscale, 2013, 5, 9357–9364 | 9361
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Fig. 5 AFM height (top) and phase (bottom) images acquired for the P3HT
brushes formed on silicon (A), quartz (B), and ITO-coated glass (C) substrates. All
images are 2 mm � 2 mm.

Table 2 Performance characteristics of OPV devices made with PEDOT:PSS and
P3HT-4K brush buffer layers

Anode buffer layer Jsc (mA cm�2) Voc (V) FF PCE

PEDOT:PSS 7.48 0.64 0.53 2.54
P3HT-4K 14.20 0.46 0.35 2.27
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ITO/PEDOT:PSS/P3HT-PCBM/Ca/Al architecture. In the former,
a P3HT brush was formed using P3HT-4K annealed at 150 �C in
place of the PEDOT:PSS buffer layer commonly used to break
the symmetry of BHJ devices and selectively transport holes to
the anode. Device performance I–V curves were measured under
AM1.5G illumination as shown in Fig. 6, and the device
performance characteristics are presented in Table 2.

The performance of the photovoltaic device created with the
P3HT brush demonstrates the potential of these interfacial
layers in solar energy conversion applications. While the ITO/
P3HT brush/P3HT-PCBM/Ca/Al solar cell has a lower open
circuit voltage, Voc, and ll factor, FF, compared to the typical
ITO/PEDOT:PSS/P3HT-PCBM/Ca/Al device architecture, the
short-circuit current, Jsc, of the P3HT brush device is nearly
double that of the control cell, resulting in similar PCEs. One
possible explanation for the change produced by the P3HT
brush is that the chemical attachment of the P3HT chains to the
Fig. 6 I–V curves measured for the ITO/PEDOT:PSS/P3HT-PCBM/Ca/Al control
solar cell (dot–dash curve) and the ITO/P3HT-4K brush/P3HT-PCBM/Ca/Al (solid
curve) under AM1.5G illumination. The brush-modified device shows a consid-
erable increase in short circuit current relative to the device made using
PEDOT:PSS as an anode buffer layer.
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ITO substrate has resulted in depletion of PCBM near the
anode, leaving a donor-rich material in contact with the anode.
Additionally, the preferential upright orientation of the P3HT
chains induced by graing may increase hole mobility toward
the electrode, contributing favorably to charge extraction. A
similar effect was reported by Xue et al., who observed that
slowing the post-annealing cooling rate of OPV devices based on
P3HT–PCBM blends led to small improvements in Jsc (changes
of �1–3 mA cm�2).50 The changes in Jsc were correlated with
increases in vertical alignment of P3HT chains at the interface
between the PEDOT:PSS buffer layer and the BHJ lm, which
was interpreted from near edge X-ray absorption ne structure
(NEXAFS) spectroscopy.

In addition to the importance of interfacial structure on
charge transfer, it is understood that changing the chemistry of
the anode buffer layer can improve Jsc. Examples of this include
changing the type of PEDOT:PSS used or adjusting the stoichi-
ometry of the mixture,11 chemically modifying the PEDOT
material,16 or inserting a P3HT lm between the PEDOT:PSS
anode buffer layer and the P3HT/PCBM active layer.17 The
increases in Jsc seen in these situations are typically accompa-
nied by lower Voc and FF values, suggesting that the anode
buffer layer affects charge injection and the internal electric
eld distribution.11,16 Of course, these changes may also alter
the nanoscale morphology and vertical segregation of the active
layer, which can lead to a decrease in device performance.5,16,17,51

With this in mind, the advantage of the P3HT brush-based
anode buffer layers appears to reside in the potential of P3HT
brushes to serve as buffer layers that result in a material
homojunction yet offer an electronic heterojunction caused by
the formation of a surface dipole.52 A detailed account of how
surface electrostatics are affected by the presence of surface
monolayers and are dependent on their molecular orientation
is offered in a recent review by Heimel et al.53 Particularly
germane are recent computational studies showing that the
frontier electronic states of P3HT monolayers are impacted by
the orientation angle between the chain backbones and the
conning surface54 as well as studies showing that surface
dipoles resulting from molecular assemblies of thiophene
oligomers lying coincident with or perpendicular to the plane of
the surface dramatically impact electronic structure and device-
relevant properties.55 Thus, not only do the P3HT brushes lead
to a marked increase in Jsc and eliminate the drawbacks of
PEDOT:PSS, but from a fundamental point-of-view, these model
systems may be useful in teasing apart the complex, intertwined
connections between structure and properties of the anode
buffer layer, morphology of the active layer, and device perfor-
mance without altering the chemistry at the electrode-active
layer interface.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3nr02226a


Paper Nanoscale

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
L

ib
ra

ry
 o

n 
04

/1
0/

20
13

 0
4:

29
:1

1.
 

View Article Online
Conclusions

End-functionalized, regioregular P3HT chains were used to
create P3HT brushes on a variety of oxide surfaces. Dense,
uniform interfacial layers are formed, and control of layer
thickness and graing density is afforded by manipulating the
annealing temperature used during the brush formation
process. While connement and tethering may alter the
aggregation state of the chains, as evidenced from optical
absorbance measurements, OPV devices created with anode-
modifying P3HT brushes, rather than PSS:PEDOT layers, show a
remarkable improvement in the short circuit current, which
suggests that these interfacial, hole-transporting layers offer
considerable potential in solar cell devices. Additional efforts to
examine the phase separation of PCBM and P3HT bulk het-
erojunction thin lms coated atop P3HT brush buffer layers and
the impact of graing density, molecular weight and processing
conditions on structure–property–performance relationships
are underway. These ndings and future studies underscore the
continued utility of polymer brushes as model systems, even in
situations where the polymeric materials are somewhat intrac-
table due to rigidity or limited solubility.
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