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ABSTRACT We present a mesoporous hole-conducting polymer film resulting from spontaneous block

copolymer self-assembly based on a simple spin-coating protocol. A diblock copolymer consisting of a

triphenylamine side group polymer and a poly(p,L-lactide) block (PSTPA-b-PLA) is shown to microphase separate

to form ordered 13 nm cylindrical PLA microdomains embedded in the semiconducting PSTPA matrix. Partially

ordered and film-spanning PLA domains could be identified in films immediately after spin coating from toluene

solutions on conducting substrates. Selective mild etching of the minority PLA domains (in weak aqueous base)

leads to a mesoporous hole-conducting polymer matrix. The pore structure is replicated electrochemically in

platinum, demonstrating the viability of this approach to producing nano-organized heterojunction structures in

thin films.
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he ordered, periodic structures pro-

duced by the self-assembly of

diblock copolymers offer an ideal
toolbox for applications in nanotechnology
that demand intimate interdigitation of
functional materials such as in donor—
acceptor semiconductor bulk heterojunc-
tion solar cells. A continuous and distrib-
uted interdigitation of donor—acceptor
(D—A) phases on the 10 nm length scale is
needed to facilitate interfacial exciton disso-
ciation throughout the active layer of a de-
vice while maintaining charge transport
pathways through each material to exter-
nal electrodes.

A grand challenge in the application of
block copolymer self-assembly in photovol-
taic devices is to reproduce the idealized
nanostructures found in model (non-
semiconducting) materials in functional
D—A materials and to orient these struc-
tures to produce a vertical interdigitation
in a thin film device geometry. A recent re-
view of progress in photovoltaic applica-
tions of block copolymer can be found in
ref 1. Several groups have demonstrated
the possibility of tethering functional do-
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nor polymers such as poly(alkyl thiophenes)
to insulating blocks and have achieved
microphase-separated structures.®>”*

Direct synthesis of a processable
donor—acceptor diblock copolymer de-
mands significant synthetic efforts but has
been demonstrated.”> 2 An alternative ap-
proach is to attach a minority sacrificial
block to a desirable functional majority
polymer, whose sole purpose is to direct
the microphase morphology of the func-
tional material. If the sacrificial block is cho-
sen to be degradable via “soft” chemical
processing (i.e., without damage to the
functional phase), its subsequent removal
leaves a functional matrix with well-defined
mesoporosity. This strategy has been ap-
plied to nonfunctional block copolymers
that were used as templates for the growth
of nanostructured TiO, for dye-sensitized
solar cells.”®'* Boudouris et al. have recently
reported on the synthesis, microphase
separation, and etching of polythiophene-
block-polylactide block copolymers.’ In re-
cent work, Botiz and Darling used related
nanoporous templates for the deposition of
electron-accepting fullerenes.'® Signifi-
cantly, the choice of complementary com-
ponent is not limited to polymeric materi-
als synthetically compatible with the
primary polymer. A wide selection of elec-
trodeposited inorganic semiconductors,
nanoparticles, or small molecules can po-
tentially be infiltrated into the prestructured
layer.

We have synthesized a block copoly-
mer, termed PSTPA-b-PLA, with a hole-
transporting majority block made up of
redox-active triphenylamine (TPA) side
groups attached to a polystyrene (PS) back-
bone via flexible ether linkages and a mi-
nority poly(p,.-lactide) (PLA) block. Hole-
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conducting properties of TPA side group polymers
have been reported.®'” Snaith et al. have demonstrated
the utility of these homopolymers as the donor phase
in mesostructured heterojunction solar cells based on
polymer brushes infiltrated with CdSe nanoparticle
acceptors.'®'® The second minority component (PLA)
is susceptible to mild hydrolytic degradation in aque-
ous base?®?" and is designed to introduce well-defined,
~10 nm diameter cylindrical pores to the semiconduct-
ing matrix.

We found spontaneous formation of a film-spanning
and microphase-separated PLA minority domain struc-
ture immediately after spin coating of block copolymer
thin films on Au-coated silicon substrates. The PLA com-
ponent was successfully removed to produce mesopo-
rous polymeric hole conductor films with 10 nm pores.
We demonstrate that electrochemical deposition can
be used to fill the internal pore structure, which pen-
etrates the full thickness of the film, such that both ma-
terial phases can provide continuous charge extraction
pathways to external electrodes. We plan, ultimately, to
infiltrate strongly absorbing acceptor phases such as
CdSe into the mesoporous PSTPA film to produce effi-
cient bulk heterojunction hybrid photovoltaic devices.

RESULTS AND DISCUSSION

The synthesis of the PSTPA-b-PLA block copolymer
by RAFT and ring-opening polymerization is summa-
rized in Figure 1 and described in detail in the Support-
ing Information.

The absorption maximum of the block copolymer
in the neutral state was 302 nm in chloroform solution
and is identical to the absorption of the corresponding
monomer triphenylamine.?? While the polymer alone
shows rather short wavelength absorption to effectively
cover the solar spectrum, this offers the opportunity to
couple with an infiltrated acceptor absorbing in the red
(for example, CdSe) giving a broad overall cell absorp-
tion. The charge transport mobility of a PSTPA homo-
polymer film (h-PSTPA) was probed in bottom gate,
bottom contact thin film field-effect transistors. A hole
mobility of ppstpa = 1 X 107> cm? V™" s~ " was measured
in the saturation regime (transistor characteristics are
included in Supporting Information). Cyclic voltamme-
try showed, in accordance with literature,®'”** a HOMO
level for the PSTPA of —5.21 eV, which further increased
to —5.02 eV following irreversible dimerization of TPA
groups upon in situ electrochemical oxidation (see Sup-
porting Information).

We studied three block copolymers containing be-
tween 60 and 70 wt % of the PSTPA component as to
target cylinders of PLA in a matrix of PSTPA. Morpho-
logical data shown here are taken from the copolymer
PSTPA-b-PLA(l) with a M, of 30.9 kg mol~" (determined
by NMR spectroscopy) containing 62 wt % PSTPA and
with a polydispersity index of 1.35 (determined by SEC).
All three copolymers showed identical microphase be-
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Figure 1. Synthesis of PSTPA-b-PLA.

havior. The films were spin-coated from 10 wt % tolu-
ene solutions onto gold-coated silicon substrates. The
copolymer microphase morphology was first investi-
gated by thermally annealing thin copolymer films un-
der inert atmosphere at 140 °C above the glass transi-
tion temperatures of both components (7, values from
DSC are 52 and 69 °C for PLA and PSTPA, respectively).
After cooling the films to room temperature, the PLA
minority component was selectively etched by sub-
mersing the films in 0.05 M NaOH,q solutions contain-
ing 40 vol % methanol for several hours.

Films annealed both with an unconfined free sur-
face and confined in a sandwich geometry consisting
of a cross-linked poly(dimethylsiloxane) (PDMS) stamp
pressed onto the upper surface resulted in a cylindrical
microphase morphology lying parallel to the substrate.
This morphology was confirmed by a combination of
scanning force microscopy (SFM) height data and cross-
sectional transmission electron microscopy (TEM)
shown in Figure 2. The principle center-to-center spac-
ing determined by Fourier transform of the surface
SFM image is 27 = 4 nm.

Parallel alignment of the block copolymer cylinder
morphology in both free surface and surface-confined
thin films is well-known and usually arises from asymmet-
ric interaction energy of the two blocks with one or both
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Figure 2. Thin film copolymer morphology. (a) Tapping-mode SFM (height
data) image of a 240 nm PSTPA-b-PLA film annealed at 140 °C for 35 h fol-
lowed by PLA etching. (b) Cross-sectional TEM (negative image, high electron
density bright) and schematic of lying cylinder morphology. The PSTPA phase
was stained with ruthenium tetroxide vapors to improve contrast.

confining interfaces. A vertical interdigitation of two ma-
terials, as required in the bulk heterojunction concept, de-
mands a degree of perpendicular orientation of the co-
polymer morphology such that the minority cylindrical
domains span continuously from top to bottom of the
film. In fact, we found that the PSTPA-b-PLA copolymer
can spontaneously adopt such a morphology after simple
spin coating, without the need for further annealing. Fig-
ure 3a shows a scanning electron micrograph (SEM) of a
380 nm thick film (determined by SFM height measure-
ments) following PLA removal immediately after spin
coating. A well-ordered, hexagonally packed array of cir-

Si substrate

Figure 3. Porous PSTPA templates as formed immediately
after spin coating from toluene solution. (a) Surface SEM im-
age showing hexagonal ordering of pores in the PSTPA ma-
trix after PLA removal (film thickness = 380 nm). Average
pore diameter = 13 = 2 nm, center-to-center spacing = 21
=+ 2 nm. (b) Cross-sectional SEM view of electrochemical rep-
lication of the film in (a) with platinum followed by dissolv-
ing the PSTPA matrix in toluene. “Overgrowth” of platinum
metal can be seen emerging at the top of the image. The rep-
lication indicates that the porous structure penetrates the
full film thickness to the conducting Au substrate.
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cular pores with a center-to-center distance of 21 = 2
nm and an average diameter of 13 = 2 nm indicates a
perpendicular alignment of the cylindrical PLA domains

' at the free surface. The pore density is 1950 um~2 For
~ comparison, the pore density in the unit cell of the hex-

agonal structure is 2000 wm ™2, consistent with a high de-
gree of perpendicular orientation at the surface. Electro-
chemical deposition of platinum metal is an ideal probe of
the continuity of the pore structure within the film. No
electrochemical deposition was possible at all through
films with parallel orientation of the cylinders, indicating
that the nonporous PSTPA itself is an effective barrier for
active species in the electrolyte. On the other hand, elec-
trochemical deposition was possible through the pore
structure in spin-coated films. The continuity of the pores
is revealed by SEM of the freestanding conducting plati-
num nanostructures after simple dissolution of the PSTPA
template (Figure 3b). A cross-section view of the nano-
structure shows a densely packed network of platinum
structures (i.e., with no clear preferential orientation) that
penetrate through the template to the conducting
substrate.

A film-spanning microphase-separated PLA minority
domain structure immediately after spin coating can be
rationalized by comparison to observations of classical
block copolymer thin film phase behavior. The morphol-
ogy obtained by spin coating is far from equilibrium and
kinetically trapped. Further thermal annealing leads to the
equilibrium lying cylinder morphology demonstrated in
Figure 2 and the tendency to form terraces in very thin
films. Surprisingly, however, the morphology at the sur-
face (Figure 3a) shows well-ordered hexagonally arranged
holes. Although the microphase morphology in the cen-
ter of the films lacks long-range order in either horizontal
or vertical directions, the PLA domains certainly perco-
late through to the substrate. During spin coating, the ini-
tially spin-coated film is phase-mixed due to the pres-
ence of toluene, which is a good solvent for both blocks.
In a dilute solution, the presence of solvent molecules me-
diates nonfavorable interactions between the immiscible
blocks, resulting in a single disordered phase. After the
flow-induced thinning of the film during spin coating, sol-
vent evaporation from the layer causes a gradient in sol-
vent concentration and therefore a disorder to order tran-
sition. Interfacial interactions are strongly mediated by
the presence of solvent molecules in both phases, which
mitigates preference of one of the blocks for the surface.
This could explain the high order at the free surface. The
rate of solvent evaporation and the resulting concentra-
tion gradients also influence the order and alignment of
classical block copolymer films. Russell and co-workers
studied solvent annealing and extraction as a means of
producing vertically aligned cylinders throughout the
film.?*2° The influence of these factors on the structure
formation, however, is a critical interplay between the x
parameters of the polymers and the solvent and is there-
fore strongly system-dependent.
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CONCLUSION
In summary, we have synthesized a cylinder-

forming diblock copolymer with a majority PSTPA
phase exhibiting hole transport mobility and a mi-
nority PLA phase susceptible to soft selective etch-
ing. In thin films, we are able to introduce ~13 nm
pores into the hole-transporting matrix by removal
of PLA. Interestingly, a film-spanning pore structure

METHODS

Cyclic Voltammetry in Thin Films. Cyclic voltammetry was done in
a typical three-electrode setup. The block copolymer was dis-
solved in toluene (concentration = 15 mg/mL) and deposited
onto the platinum working electrode via spin coating. The CV ex-
periments were performed at room temperature under argon at-
mosphere with a Ag/AgCl reference electrode and a platinum
sheet as counter electrode in acetonitrile (with 0.1 M tetrabutyl-
ammonium hexafluorophosphate). Potentials were calibrated
with the redox couple ferrocene/ferrocenium as external stan-
dard (Ei /2 (Fc®/Fc™) = 0.37 V versus Ag/AgCl). The setup was con-
trolled by a JAISSLE BI-POT-PG 10 bipotentiostat, and the poten-
tial scans were performed with an AMEL Model 568
programmable function generator.

Charge Transport Measurements. Field-effect transistors (FETs)
were fabricated in a bottom-gate bottom-contact configuration
on highly doped Si wafers with a 300 nm thermally grown SiO,
layer acting as gate dielectric. The freshly O, plasma-cleaned sub-
strates were first treated with a hexamethyldisiloxane (HMDS)
layer by sealing overnight in a glass vessel containing saturated
HMDS vapor or alternatively soaked in a T mmol solution of oc-
tadecyltrichlorosilane (OTS) in cyclohexane for 30 min. Au source
and drain electrodes were defined by standard photolithogra-
phy (channel length L = 5 pm, width W = 10 mm). The FETs
were characterized using a HP4155B semiconductor parameter
analyzer. h-PSTPA films were deposited by spin coating from
toluene and annealed for 12 h at 100 °C in a nitrogen atmo-
sphere. Field-effect mobilities (jrer) were extracted from the
saturated transfer characteristics employing eq 1, where Isp is
the source—drain current in the saturation regime, Vg and Vsp
are the gate and source—drain voltages, Cis the insulator capaci-
tance, and V, is the threshold voltage.?®

lsp = Z_MZCP"FET(VG =)’ m

Thin Film Characterization. Copolymer films were formed by
spin coating at 2000 rpm (accelaration 250 rpms~") from 10 wt
% solutions in toluene onto silicon substrates coated with a 40
nm Au layer (thermally evaporated at 0.2 nms™' on a 2 nm Cr ad-
hesion layer, rms surface roughness =1 nm for all wavelengths
between 50 and 200 nm). Substrates were cleaned before spin
coating by exposure to a CO, snowjet. The spin-coating cham-
ber was purged with dry nitrogen flow at room temperature. The
films were thermally annealed at 140 °C for up to 35 h under a ni-
trogen atmosphere. A cross-linked poly(dimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning) stamp was placed in contact
with the surface of selected films during thermal annealing. The
PLA minority component of the block copolymer was selectively
degraded by immersing the films in 0.05 M NaOH,q solutions
containing 40 vol% methanol. Ten minutes etching time was suf-
ficient to obtain a fully porous structure in a 400 nm thick film.

Thin film microphase morphology was investigated by scan-
ning force microscopy (SFM) (Nanoscope IV scanning force mi-
croscope, Digital Instruments 3100) in tapping mode with a sili-
con cantilever of resonant frequency 250—400 kHz).
Transmission electron microscopy was conducted on a FEI Phil-
ips Tecnai 20 TEM, with an accelerating voltage of 200 keV (LaBs
source filament). Cross-section samples for TEM were prepared
by curing a drop of epoxy (Streurs epoxide) on top of the an-
nealed polymer film protected by a 40 nm thermally evaporated
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is formed immediately after spin coating without
the need for any alignment or annealing step. This
self-assembled mesoporous hole-conducting film is
a significant step toward self-assembled bulk hetero-
junction solar cell structures based on block copoly-
mers. PSTPA microphase structures show promise
for future device applications and are the subject of
further research.

gold layer. Immersing the sample in liquid nitrogen resulted in
the epoxy drop cleaving from the silicon substrate, carrying the
polymer film with it. Cross-section samples (=50 nm thick) were
prepared using an ultramictrome and stained by 10 min expo-
sure to RuO, vapor in a sealed 4 mL vial containing 10 mg of
RuCl; - 3H,0 powder in 1 mL of 15—20% NaOCl(q.
Electrochemical Deposition. Electrochemical deposition of plati-
num was conducted potentiostatically in a standard three-
electrode cell as described previously.'* The copolymer film
coated the working electrode with an active area of approxi-
mately 0.5 cm? defined by Kapton (DuPont) adhesive tape.
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