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Abstract

 The incorporation of hole conducting polymer poly(3-hexyl thiophene) (P3HT) into the 8-9 nm 

cylindrical nanopores of titania is investigated using films with a unique orthogonally oriented 

hexagonal close packed mesostructure.   The films are synthesized using evaporation induced 

self-assembly (EISA) with Pluronic triblock copolymer F127 as the structure directing agent. 

The  orthogonally  oriented  cylindrical  nanopore  structure  was  chosen  over  a  cubic  structure 

because  confinement  in  uniform  cylindrical  channels  is  hypothesized  to  enhance  hole 

conductivity of P3HT by inducing local polymer chain ordering. Orthogonal orientation of the 

cylindrical  nanopores  is  achieved by modifying the substrate  (FTO-coated glass slides) with 

crosslinked F127. After thermal treatment to remove organic templates from the films, P3HT is 

infiltrated into the nanopores by spin coating a 1 wt% P3HT solution in chlorobenzene onto the 

titania  films followed by thermal  annealing under  vacuum at  200 °C. The results  show that 

infiltration  is  essentially  complete  after  30  minutes  of  annealing,  with  little  or  no  further 

infiltration  thereafter.  A final  infiltration  depth  of  ~14  nm  is  measured  for  P3HT into  the 

nanopores  of  titania  using  neutron  reflectometry  measurements.  Photoluminescence 

measurements demonstrate that charge transfer at the P3HT-TiO2 interface improves as the P3HT 

is infiltrated into the pores, suggesting that an active organic-inorganic heterojuction is formed in 

the materials. 

Keywords: titania, organic-inorganic, P3HT, oriented, nanopores
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Introduction

Inorganic-organic  hybrid  bulk  heterojunction  solar  cells  have  attracted  considerable 

attention  in  recent  years  due  to  advantages  such  as  low  cost,  tunable  design,  and  simple 

fabrication processes that can be scaled for large-area devices [1-6]. In such bulk heterojunction 

solar  cells,  the  active  layer  consists  of  an  interdigitated  or  interpenetrating  network  of  a 

conjugated  polymer  such  as  poly(3-hexylthiophene)  (P3HT)  as  the  donor  material  and  an 

inorganic  semiconductor  (such  as  TiO2,  ZnO,  CdS)  as  the  electron  acceptor.  Out  of  all  the 

inorganic-organic hybrid systems, TiO2 is among the most widely used inorganic semiconductor 

in hybrid donor-acceptor blends because of advantages such as high availability, low toxicity and 

low cost. One major problem in hybrid solar cells, especially those composed of soft materials, is 

that  the propensity for phase segregation leads to poor blending and morphological instability. 

This represents a significant hurdle to making good devices since enforcing acceptor and donor 

domain sizes on the order of a few nm is critical for good charge separation efficiency. One 

creative strategy to get around the phase segregation problem is to use templated inorganic hosts 

with nanoscale dimensions and backfill these with conjugated polymers. This approach has been 

used by many researchers using TiO2-P3HT bulk heterojunctions  with different morphologies of 

titania  including  nanotubes  [7-12],  nanoparticles  [13],  nanorods  [13-19],  pompons  [8],  and 

spherical nanoparticles [20]. All of these morphologies have dimensions of the range of 50-200 

nm  which  is  significantly  higher  than  the  diffusion  length  for  P3HT (~5-20  nm  [21-23]). 

Therefore there is a significant likelihood of recombination of electrons and holes generated in 

the P3HT before reaching the respective electrodes, which would be expected to lead to the poor 

efficiency. Thus, it is hypothesized that electron donor P3HT must be intermixed with titania that 

has features defined on the 10 nm length scale in order to obtain a high charge separation yield. 
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As  a  transparent  and  n-type  semiconductor,  TiO2 is  a  promising  metal  oxide  for 

photovoltaic  and  opto-electronic  devices  [24,  25] and  has  been  used  previously  by  many 

researchers to play different roles in photovoltaic devices such as antireflection coating [26, 27], 

the interlayer in organic solar cells  [28], as electron transport material in dye-sensitized solar 

cells and hybrid solar cells [29-33]. However, little attention has been paid to the influence of the 

nanostructure of TiO2 on the performance of heterojunction solar cells. McGehee and coworkers 

studied infiltration of P3HT into cubic nanopores of titania of approx. 10 nm diameter [23, 34, 

35] and obtained a power conversion efficiency of 0.5 % after infiltration of P3HT into the 

nanopores of titania to a depth of 40 nm. They attributed the low effieciency to the polymer 

chain  being  able  to  coil  within  cubic  nanopores  rather  than  forming  aligned  chains  where 

π-stacking would enhance charge carrier mobility.  McGehee and coworkers have suggested that 

the hole conductivity of P3HT in the nanopores could be significantly enhanced if the chains 

were aligned by confinement by the surface of straight pore walls [35]. This was shown to be a 

promising direction for MEH-PPV, where titania films with 90 nm pores prepared by templating 

a 2D surface relief grating provided enhanced photocurrent compared to random particle arrays 

[36].   With  this  in  mind,  an  ideal  architecture  for  an  inorganic-organic  hybrid  photovoltaic 

material  is  hypothesized  to  consist  of  P3HT  infiltrated  into  vertically  oriented  cylindrical 

nanopores of titania with a pore diameter of ~10 nm.  

The present work is the first to begin to address the infiltration of P3HT into vertically 

oriented cylindrical nanopores of titania with the long-term goal of increasing the efficiency of 

inorganic-organic hybrid photovoltaics based on these materials. The nanostructure employed 

here  consists  of  continuous  titania  films  with  vertically  aligned 2D hexagonal  close  packed 

(HCP) cylindrical nanopores with pore diameter of 8-9 nm. These films have a pore diameter 
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less than the diffusion length of P3HT, but two well-defined phases for conduction of charge 

carriers to each electrode  [35]. In addition, the uniform cylindrical channels in these films are 

hypothesized to conduct holes 5 orders of magnitude faster than in interconnected cubic channels 

by confining polymer chains as regioregular, isolated wires rather than free coiled chains likely 

to be found cubic pores [34, 35]. Because of these features, films with orthogonally aligned HCP 

(o-HCP)  channels  are  expected  to  be  ideal  components  for  improved  solid  state 

inorganic-organic hybrid photovoltaics.

The specific strategy employed to prepare the titania films uses evaporation induced 

self-assembly (EISA) [37] with Pluronic surfactant F127 as the structure-directing agent. F127 

is  a  non-ionic  triblock  copolymer  with  molecular  formula  EO106PO70EO106,  where  EO  is 

ethylene oxide and PO is propylene oxide, and has average molecular weight of 12,500 Da. 

Titania films with o-HCP phase using Pluronic surfactant P123 (MW = 5800) have previously 

been synthesized [38-42]. The hypothesis behind using F127 to synthesize titania films is that 

since F127 has higher molecular weight than P123, it should produce larger pores than P123. 

Titania films with different morphologies and phases have been synthesized previously using 

F127 including cubic  [43-50], hexagonal  [47, 51-54], and nanowire microspheres  [55]. The 

most important factor determining the final mesostructure is the molar ratio of F127 to titania 

precursor (M). According to Crepaldi et al. [47], titania films with hexagonal phase are obtained 

for  M = 0.008 to 0.01 using titanium tetrachloride as titania precursor, ethanol as the solvent 

and F127 as the structure directing agent. A very well ordered hexagonal phase was found to be 

obtained for  M = 0.01  [47] but  because conventional  oxide  substrates  were employed,  the 

hexagonal films were oriented parallel to the solid surface.  The new synthetic development 

reported  here  is  the  synthesis  of  o-HCP cylindrical  nanopores  using  F127  and  TiCl4 by 
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modifying the glass substrate with cross-linked F127 prior to dip coating.  The modifying layer 

is expected to be chemically “neutral” towards the F127 template, thus inducing the alignment 

of the HCP structure orthogonal to the film [38, 41]. The o-HCP oriented mesophase has been 

shown to form by a direct disorder-to-order transition for P123-templated TiO2 films on glass 

slides modified with crosslinked P123  [41], and a similar mechanism is expected with F127. 

Very well ordered contrasting SEM images will be obtained for films cast onto plain glass and 

F127-modified glass indicating that glass modification works to provide vertical orientation of 

the nanopores.  After confirming the o-HCP mesostructure, the infiltration of P3HT into the 

nanopores will be studied using UV-visible spectroscopy and neutron reflectometry, and the 

interactions between the two materials will be studied using photoluminescence measurements.

Experimental

NoChromix powder (Godax Laboratories, Inc.), sulfuric acid (95-98%, Sigma Aldrich), 

F127  (Mn ~  12,500  Da,  Sigma-Aldrich),  1,6-diisocyanatohexane  (98%,  Sigma  Aldrich), 

glycerol (99+%, Sigma Aldrich),  TiCl4 (99.9%, Acros Organics), ethanol (200 Proof, Decon 

Laboratories), acetone (histological grade, Fisher Scientific), chlorobenzene (anhydrous 99.8%, 

Sigma-Aldrich), and regioregular P3HT (MW ~  54,000-75,000 Da, Sigma-Aldrich) were all 

used as received.

Commercially  available  borosilicate  glass  slides  were  cleaned  using  NoChromix 

solution in concentrated sulfuric acid and modified based on the method of Koganti et al. [38] 

using F127 as the Pluronic surfactant. The solution was prepared by first adding 0.696 mmol/L 

of F127 and a drop of glycerol as a cross-linker to 100 ml acetone. An equal number of moles 

of 1,6-diisocyanatohexane was added dropwise to the mixture in a nitrogen-filled glove bag. 

The freshly prepared solution was then dip coated onto glass slides and the slides were aged at 
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120 °C overnight (approx. 12 hours) to drive the isocyanate-hydroxyl cross-linking reaction to 

completion.  Titania  films with F127 as  the structure directing agent  have been synthesized 

according to  the  procedure  of  Crepaldi  et  al.  with  a  modified  thermal  treatment  [47].  The 

coating solution was prepared by adding 0.01 mole (1.93 g) of TiCl4 to a solution of 1.26 g 

F127 (M = 0.01) in 30 g anhydrous ethanol in a nitrogen-filled glove bag.  To this solution, 0.1 

mole (1.8 g) of water was slowly added and the sol was allowed to react for 10 minutes before 

coating. Films were prepared by dip coating glass substrates with the sol at room temperature.  

Titania films were aged after coating at a temperature of 4 °C for 2 hours at a relative humidity 

of  approx.  94%.   Titania  films  were  then  calcined  by  transferring  them directly  from the 

refrigerator to a muffle furnace and increasing the temperature at 25 °C/min to 400 °C and 

holding for 10 min followed by rapid cooling. Films were not only coated onto plain glass, but 

also onto modified glass in order to provide orthogonal alignment of cylindrical nanopores.

Vertically  oriented  mesoporous  titania  films  were  then  used  to  study  the  infiltration 

mechanism of P3HT into the nanopores. 1 wt% P3HT solution was prepared in chlorobenzene 

with continuous stirring at 100 °C in a water bath to ensure complete dissolution. The P3HT 

solution  (0.5 ml)  was spin coated onto  titania  films using spin coater  (Laurell  Technologies 

Corporation, Model WS-400BZ-6NPP/LITE)  at 1500 rpm for 45 seconds. In order to increase 

the infiltration of P3HT into pores, these films were then annealed at 200 °C  in a vacuum oven at 

a pressure of 20 mm Hg for variable time. Annealing was done under vacuum because P3HT is 

sensitive to ambient air and can degrade in the presence of air or moisture.

For  plan-view imaging  of  pore  structures,  scanning  electron  microscopy  (SEM)  was 

performed using a Hitachi S-4300 at 3 kV. SEM samples were prepared by cutting the glass slide 

to the desired shape using a glass cutter and then mounting them exactly at the center of SEM 
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stubs coated with carbon tape.  The edges of the sample were coated with colloidal graphite 

(isopropanol  base,  Ted  Pella,  Inc.)  to  increase  conductivity  by  keeping  the  top  surface  in 

electrical contact with the lower surface. The samples were aged at 120 °C overnight (approx. 12 

hours) to evaporate all the solvent from the colloidal graphite solution. The GISAXS pattern of a 

representative titania film was collected at the Advanced Photon Source at Argonne National 

Labs on beamline 8-ID-E in order to confirm vertical orientation of the pores. 

Infiltration  of  P3HT  into  the  pores  of  titania  was  characterized  using  UV-visible 

spectroscopy with an Ocean Optics Jaz Spectrometer in transmission mode. Glass slides coated 

with thin films were positioned exactly vertically so that the spectrophotometer beam passed 

through  glass  slide  and  film  in  sequence.  In  order  to  quantify  infiltration  depth,  neutron 

reflectometry experiments were performed at  the Liquids Reflectometer (beamline 4B) at the 

Spallation Neutron Source (SNS) at Oak Ridge National Lab (ORNL).  The reflectivity  R(Q), 

was measured as a function of perpendicular wave vector transfer, Q = (4π/λ)sin θ, where λ is the 

neutron wavelength and  θ the angle between neutron beam and sample surface  [56]. With the 

neutron spectrum covering wavelengths from 2.5 to 17.5  Å and three incident angles of θ = 

0.30°, 0.8°, and 1.8°, neutron reflectivity (NR) data were collected in time-of-flight mode.  The 

films were prepared on 5 mm thick circular silicon wafers with a diameter of 50 mm by the same 

modification and dip coating procedures described above. All reflectivity measurements were 

performed at room temperature and atmospheric pressure. Photoluminescence (PL) spectra were 

measured  using  a  Renishaw  inVia  Raman  microscope  (Model:  RE02)  operating  at  room 

temperature. The PL of P3HT infiltrated into nanoporous TiO2 was measured at steady state by 

excitation using 442.1 nm light generated using a blue (HeCd) laser.  The samples for PL were 
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stored  under  vacuum  immediately  after  synthesis  to  avoid  changes  in  PL behavior  due  to 

exposure to air, and analyzed within 24 hours of preparation.

Results and Discussion

Figure 1 shows representative SEM images of F127-templated films on plain glass and 

crosslinked F127-modified glass prepared with M = 0.01 and 30 g of ethanol. The thickness of 

the titania films was estimated using ellipsometry of films cast onto silicon wafers to be 120 nm. 

Prior studies have shown that the thickness of the films can be controlled at least within a range 

from 50  nm to  250  nm by  changing  the  ethanol:Ti  ratio  [38],  and  a  multilayer  deposition 

technique  is  under  development  to  expand  the  thickness  of  titania  films  with  orthogonally 

oriented mesopores into the micron range.  For films on plain glass (Fig. 1a), most of the time 

(approx. 8 out of 10 times that a region was sampled), parallel stripes were observed in SEM 

images, which is consistent with cylindrical pores primarily aligned parallel to the substrate. For 

films on modified glass, the contrast between titania wall and the empty pore is much better, and 

as  Fig.  1b  illustrates,  very  well  ordered,  accessible  pores  are  observed,  suggesting  that 

orthogonal  alignment  of  mesopores  has  been  increased  for  films  cast  onto  modified  glass. 

However, these pores are not 100% orthogonally oriented and thus we also see parallel stripes in 

some SEM images for the film on modified glass with  M = 0.01. However, the frequency of 

parallel stripes was less than for unmodified glass, having been observed 3 out of 10 times. 

These SEM images suggest that a 2D HCP microstructure is formed with a pore diameter of 

about  8-9  nm for  orthogonal  pores.  The unit  cell  parameter,  which  here  corresponds to  the 

distance between the center of consecutive pores, is 14.5 nm.  Selected area electron diffraction 

and high resolution transmission electron microscopy (Supporting Information Figure S1) were 
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applied to the materials and showed that the walls of the material are a mixture of amorphous 

TiO2 with small anatase crystallites.

Figure 2a shows the GISAXS pattern of a TiO2 film on modified glass after calcination at 

400° C and Fig. 2b the corresponding 1D linecut derived by integrating along the qz direction 

within the upper part of the strongest Bragg rod from 0.08-0.1 Å-1. The GISAXS pattern clearly 

shows two intense vertical rods located on both sides of the beam stop, qy = ±0.042 Å-1 indexed 

to the (100) plane of the HCP structure. The d-spacing calculated from the GISAXS pattern is 15 

nm.  Also  from  the  linecut  (figure  2b),  we  can  see  a  diffraction  peak  of  low  intensity 

approximately at qy = 0.083Å-1, with a d-spacing of 7.55 nm, indexed to the (200) plane of the 

HCP structure.  There is another pair of in-plane diffraction spots within the Yoneda band at qy = 

±0.05  Å-1 which  is  speculated  to  be  caused  by  a  layer  of  the  o-HCP material  which  has 

undergone contraction.  No distinct out of plane diffraction spots are visible. The presence of the 

vertical rods and absence of out of the plane diffraction spots clearly indicate that orthogonally 

oriented HCP pores are indeed present for the titania film prepared on modified glass.  Cross 

sectional  SEM  of  a  fractured  film  (Supporting  Information  Figure  S2)  provided  final 

confirmation of the o-HCP structure.

Our initial hypothesis was that F127 should produce pores of larger diameter than those 

obtained using P123, as it has higher molecular weight than P123. However, when measured, 

the pore diameter for these mesoporous films was the same as obtained using P123 (8-9 nm) 

[40].  The  difference  between  F127  and  P123  is  that  F127  (EO106PO70EO106)  has  longer 

hydrophilic PEO (polyethylene oxide) blocks than P123 (EO20PO70EO20). The likely reason that 

longer PEO blocks of F127 do not expand the pore size is that PPO (polypropylene oxide) 

blocks dictate the pore size while PEO mixes with titania matrix. The (100) diffraction peak for 
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P123 templated titania films is observed at qy = 0.048 Å-1 [40] corresponding to a d-spacing of 13 

nm.  The d-spacing using F127 (15 nm) is slightly larger, indicating that mixing of PEO blocks 

with TiO2 precursor leads to thicker walls when F127 is used as the template. Similar results 

were  reported  by  Feng  et  al.  who  reported  a  2.4  nm  increase  in  wall  thickness  for 

F127-tempalted silica films compared to P123-templated films, while the pore size remained 

the same  [57]. Although F127 did not produce larger diameter pores than films made using 

P123, the characterization results demonstrate that the synthetic strategy reported by Koganti et 

al.  [38] can be generalized to generate o-HCP titania films using other Pluronic surfactants. 

The  thicker  walls  may  impart  stability  to  the  films  for  further  processing,  although  this 

advantage is not within the scope of the current study.

After titania films with o-HCP nanopores were successfully synthesized using F127, the 

pores were infiltrated with the hole conducting polymer P3HT in order to begin the process of 

creating a bulk heterojunction for hybrid solar cells. To do this, the o-HCP films were spin coated 

using a 1 wt.% P3HT solution in chlorobenzene followed by annealing at 20 mm Hg and 200 °C 

for variable time periods.  To rule  out  the posibility  of P3HT undergoing degradation during 

annealing because of oxidation of alkyl side chains or the thiophene ring (which disrupts the 

π-conjugation and reduces the intensity of the absorption band accompanied with a blue shift 

[58]), a control experiment was performed with regioregular P3HT cast onto cleaned plain glass 

followed by annealing under the same conditions as the P3HT on o-HCP titania films. Figure 3a 

shows  UV-vis absorption spectra of regioregular P3HT during annealing at 200  °C for times 

from 15 min to 5 hour. No changes in the absorption spectra of regioregular P3HT are observed 

with increasing annealing time, indicating that the polymer remains stable at this temperature and 

pressure. The absorption spectrum of P3HT features a maximum at ~520 nm which is attributed 
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to the electron transition from the valence band (HOMO) to the conduction band (LUMO) of 

P3HT. The absorption spectrum also features two shoulder peaks at 550 nm and 600 nm, which 

are attributed to inter-chain absorption coming from locally ordered domains, i.e.,  interstrand 

π-conjugation  [59]. The presence of absorption peaks of the same intensity with no blue shift 

throughout the annealing time demonstrates no change in chain structure or interactions simply 

due to annealing and cooling back to room temperature.

Figure 3b shows UV-vis absorption spectra of P3HT infiltrated into o-HCP titania films at 

200  °C.  The  spectra  of  infiltrated  P3HT  are  compared  with  the  absorption  spectrum  of 

regioregular P3HT on glass in Fig. 3b.  According to Brown et al. [59], when P3HT is infiltrated 

into  the nanopores  of  titania,  a  blue shift  relative to  regioregular  P3HT is  observed,  due to 

reduced  π-π  stacking  of  polymers  confined  within  the  pore.  This  blue  shift  with  respect  to 

regioregular P3HT is consistent with infiltration of P3HT into the pores of titania and is taken as 

preliminary evidence that infiltration is occurring. The as-spun P3HT on a mesoporous titania 

film displays  little  or  no  blue  shift  with  respect  to  regioregular  P3HT,  as  expected  prior  to 

incorporation. As the annealing time increases, the P3HT absorbance band displays a monotonic 

blue shift consistent with gradual infiltration into the titania pores. The magnitude of this blue 

shift increases with annealing time up to a plateau of about 7-8 nm after 60 min of annealing, 

consistent with previous reports of P3HT infiltration [23, 60]. 

A plot of blue shift of the maximum absorbance as a function of annealing time (Figure 

4a) indicates a rapid increase during the first 30 min, followed by a plateau from 60 min on. 

Along  with  the  blue  shift,  the  intensity  of  the  shoulder  peak  at  600 nm due  to  interstrand 

π-conjugation  decreases  during  infiltration.  The  most  likely  reason  for  change  is  that  the 

infiltration reduces the degree of inter-chain order in the microcrystalline domains of P3HT, as 
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P3HT is confined into the nanopores of titania. According to Kim et al.  [60], this reduction in 

intensity  of  the  shoulder  peak  at  600  nm is  consistent  with  the  infiltration  of  the  polymer. 

However, the shoulder peak does not vanish completely, which suggests that all the P3HT might 

not have been infiltrated into the porous titania film. P3HT which has not been infiltrated might 

have formed an overlayer at the top surface that gives rise to the shoulder peak after infiltration.

The  rate  of  P3HT infiltration  was  also  studied  by  measuring  optical  density  of  the 

infiltrated  polymer  after  removing  unincorporated  polymer  from  the  top  of  the  film  by 

ultrasonicating the films in toluene for 20 minutes (Figure 4b). The optical density increases with 

time from a small background value with no annealing, up to a plateau of ~0.2 from 60 min of 

annealing onwards. However, it is unreliable to estimate infiltration depending upon the optical 

density of the embedded polymer since it is possible that the P3HT overlayer might not have 

been  rinsed  off  completely.  Thus,  we  need  a  different  technique  to  directly  determine  the 

infiltration depth of the polymer. 

In  order  to  quantify  the  infiltration  depth,  neutron  reflectometry  was  performed. 

Reflectivity (R) data were obtained as a function of the wave vector transfer,  Q for films with 

varying  times  of  annealing  and  the  data  were  analyzed  using  Motofit  [61] software  as 

implemented in Igor Pro. After analyzing the data, the model was fitted to the R vs. Q resulting 

in a multilayer neutron scattering length density (NSLD) profile as a function of normalized film 

depth.  A  materials’  SLD  relates  its  chemical  composition  and  density  according  to  the 

relationship as follows:

NSLD=
Na ρm

M
∑
i=1

n

bi (1)
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where M is molecular weight of the compound, Na is Avogadro’s number, ρm mass density and bi 

the  bound  coherent  scattering  length  of  ith atom  comprising  the  material  [56].  These  are 

calculated using the SLD calculator in Motofit. The theoretically calculated NSLD for nonporous 

titania is 2.34×10-6 Å-2 based on the mass density of 3.78 g/cm3 for anatase titania. From the top 

view SEM image, the porosity calculated for titania films with vertically oriented cylindrical 

nanopores is 45-47% (based on pore diameter of 8-9 nm and unit cell parameter of 14.5 nm), 

which would give a NSLD of 1.24×10-6 Å-2.  The theoretically calculated NSLD for P3HT is 

0.68×10-6 Å-2 based on the mass density of 1.1 g/cm3 for bulk P3HT. Previously, Rawolle et al. 

studied  the  infiltration  of  polymer  hole-conductor  into  mesoporous  titania  and  reported  the 

NSLD of   0.705×10-6 Å-2 for  a  compact  P3HT layer  and NSLD of  1.67×10-6 Å-2  for  P3HT 

infiltrated into the nanopores of titania with 41% porosity [62]. Considering the porosity of the 

mesoporous films and NSLD of each material, the NSLD of P3HT infiltrated into the nanopores 

of titania is expected to be a volume-weight average value of 1.6-1.7×10-6 Å-2. 

Figure 5 shows the neutron reflectivity profile of P3HT infiltrated into the nanopores of 

titania after annealing at 200ο C for 30 minutes, with a NSLD profile in the inset. The model 

matches very well  with the experimental  data.  The NSLD profile that  fits  the data has four 

distinct  layers:  a  bottom  silica  substrate,  a  nanoporous  titania  layer  near  the  substrate,  an 

interfacial P3HT layer infiltrated into the nanopores, and a top uniform P3HT layer.  Attempting 

to fit the data with only three layers led to a significantly worse fit. The NSLD values of different 

layers obtained after fitting match very well with the theoretically calculated NSLD values. The 

best-fit  parameters  including  the  thickness,  NSLD  and  surface  roughness  of  each  layer  are 

summarized in Table 1 for 30 min of annealing. The profile clearly indicates the infiltration of 

P3HT about  14  nm into  the  nanopores  of  titania.  Thus,  the  blue  shift  obtained  in  UV-Vis 
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spectroscopy  studies  was  indeed  because  of  the  infiltration  of  the  polymer  and  neutron 

reflectivity confirms the infiltration. 

Figure 6 shows the neutron reflectivity profile of P3HT infiltrated into the nanopores of 

titania after annealing at 200ο C for 60 min. The fitting results are similar to those for Figure 6, 

and there is not much change in the infiltration depth of the polymer after increasing annealing 

time.  Even after 2 hours of annealing, an infiltration depth of 14 nm is still observed (data not 

shown but similar to Fig. 6). Thus, the plateau in blue shift and shoulder intensity decrease in  

Fig.  4 were,  as expected,  a  result  of  having reached a  maximum level  of infiltration of the 

polymer into the pores. The infiltraton depth is lower than that obtained in previous studies [23, 

34],  which  reported  a  maximum infiltration  depth  of  40  nm or  more  for  cubic  mesoporous 

titania. However, a monotonic decrease in the external quantum efficiency was reported in those 

studies as the infiltration depth increased, which indicates that charge generation mostly occurs 

near the top of the TiO2 film [34, 35]. Thus, the holes generated below 10-20 nm below the top of 

TiO2 film  might  undergo  recombination  with  the  electron  from  TiO2 before  escaping  the 

P3HT-TiO2 region since polymer chains located in the bottom of TiO2 might act as the filter layer 

which prevents light from reaching the top of the interface [63]. Therefore, an infiltration depth 

of 14 nm may be sufficient for efficient solar cell performance. The reason for higher infiltration 

of P3HT within the first 30 minutes might be that the solvent chlorobenzene that we used to 

make the P3HT solution evaporated with increasing annealing time. The rate of evaporation of 

chlorobenzene is likely to be higher than the rate of infiltration of the polymer. After the one hour 

of annealing time, all the chlorobenzene should have evaporated. After this time, the infiltrated, 

solidified P3HT blocked the pores as a result of which, there is no further infiltration of P3HT 

with increasing annealing time. Another related reason for the reduced infiltration of P3HT into 
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cylindrical channels is entropic; in order to enter into the pores, the chains are forced to adopt an 

elongated  configuration  less  entropically  favorable  than  the  coiled  configuration  found  in 

solution and in free melts.  Polymers confined within anodized alumina membrane pores have 

been shown to form a layer of reduced mobility near the pore wall, and alteration in crystallinity 

has been observed under extreme confinement [64].  These effects would be expected to inhibit 

the transport of neat P3HT into the pores. The shallow depth of penetration suggests that there 

may be an opportunity in the future to optimize photovoltaic performance by decreasing the TiO2 

layer thickness to minimize the electron transport distance.

The efficiency of electron transfer at the interface between P3HT and nanoporous TiO2 

can be investigated indirectly by means of photoluminescence (PL) quenching (Figure 7) [7, 65]. 

The PL spectrum of regioregular P3HT shows a characteristic emission pattern with two peaks in 

the 550-740 nm wavelength range [66]. The PL emission peak at around 600 nm can be assigned 

to the pure electronic transition and the peak at around 700 nm is assigned to the first vibronic 

band [67]. While the spectra exhibit significant noise because the films are so thin, the intensity 

of the PL spectrum decreases considerably as the P3HT-TiO2 interface develops. The decrease in 

intensity or the quenching of both the peaks indicates efficient energy or charge transfer across 

the P3HT-TiO2  interface. In other words, the quenching indicates reduced recombination within 

P3HT as the charge is transferred to TiO2 and efficient exciton dissociation, as shown in other 

studies [68-71]. As observed for the other measurements above, the PL intensity decreases most 

rapidly during the first 30 min of annealing, followed by a plateau in quenching (Fig. 7b). This is 

also consistent with the UV-Vis spectroscopy data indicating that infiltration occurs over the first 

30 minutes  of  annealing and plateaus thereafter.  Thus,  infiltration correlates  with the charge 

transfer  at  the interface,  which suggests that an active p/n heterojunction is  present  in  these 
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systems which can be developed in future studies to understand photovoltaic performance and 

the  effect  of  polymer  confinement  on  organic-inorganic  hybrid  solar  cells.  Even  though the 

infiltration  depth  is  smaller  than  the  previous  reports  [23,  34,  35],  the  infiltration  depth  is 

consistent  with  the  active  layer  reported  previously  and  the  nanowire  architecture  of  the 

incorporated  polymer  is  expected  to  provide  higher  hole  mobility  of  P3HT chains  in  the 

nanopores, which would improve the performance of P3HT-TiO2 hybrid solar cells.

Conclusions 

We  have  synthesized  titania  thin  films  with  vertically  oriented  2D-HCP cylindrical 

nanopores using Pluronic triblock copolymer surfactant F127. The pore size of F127 templated 

titania films is the same as that of P123-templated titania films because both surfactants have the 

same content of hydrophobic block (PPO) and but F127 provides a higher wall thickness because 

of  its  larger  hydrophilic  block  (PEO).  Regioregular  P3HT  has  been  incorporated  into  the 

vertically oriented cylindrical nanopores of the resulting films. An infiltration depth of ~14 nm is 

obtained after 30 minutes of annealing at 200 °C under vacuum and for higher annealing times, 

there is no further improvement in the infiltration depth. This infiltration is measured directly by 

neutron reflectivity, and causes a corresponding blue shift in the absorbance of the P3HT.  The 

infiltration depth is lower than that reported in previous studies, most likely because of the higher 

cost  of  confinement  of P3HT chains into straight  cylindrical  nanopores.  The charge transfer 

across the P3HT-TiO2 interface is significant and correlates with the degree of infiltration of 

P3HT. In the future,  these results  can be used to  fabricate  efficient  solar  cells  by using the 

knowledge gained about  the optimal  conditions  for  incorporation of P3HT into the pores  of 

orthogonal HCP titania films and comparing the performance with cubic nanopore arrangement 

of titania and planar titania.   
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Figure 1. Representative plan view SEM images of mesoporous titania films prepared on (a) 
plain glass and (b) F127-modified glass prepared from sols containing 1.26 g F127  and 30 g of 
ethanol, aged at 4 °C and calcined at 400 °C at the rate of 25 °C/min.
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Figure  2.  (a)  GISAXS pattern  of  nanoporous  titania  film prepared  on  modified  glass  after 
calcination at 400° C at a rate of 25 °C/min and (b) the corresponding 1D linecut derived by 
integrating along the qz direction from 0.08-0.1 Å-1. 
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Figure  3. UV-vis  absorption  spectra  of  (a)  regioregular  P3HT and  (b)  regioregular  P3HT 
infiltrated into titania  films with thickness  of 120 nm after  annealing under  vacuum for the 
indicated times at 200° C (The data has been shifted in part (b) for absorbance values). 
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Figure 4.  (a) Blue shift of P3HT UV-vis absorbance maximum as a function of annealing time 
and (b) optical density of embedded P3HT after infiltration for varying periods of time at 200 °C 
under vacuum.
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Figure 5.  Neutron reflectivity  profile  of  P3HT infiltrated  into  the  nanopores  of  titania  after 
annealing at 200ο C for 30 minutes.  The inset shows that scattering length density (SLD) profile 
of the fitted model.
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Figure 6.  Neutron reflectivity  profile  of  P3HT infiltrated  into  the  nanopores  of  titania  after 
annealing at 200ο C for 60 minutes.  The inset shows that scattering length density (SLD) profile 
of the fitted model.
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Figure 7. (a).PL spectra for P3HT infiltrated into nanoporous TiO2 by spin coating 1 wt% P3HT 
solution followed by annealing at 200 °C for the indicated time and comparison with as spun 
P3HT, and (b) integrated PL intensity for P3HT infiltrated into nanoporous TiO2 as a function of 
annealing  time.  The error  bars  represent  the  standard  deviation  of  the  PL intensity  of  three 
different samples.
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Table 1. Characteristics of layers obtained by fiting a multilayer model to the neutron reflectivity 
profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο C for 30 minutes.

Layer Thickness (Ǻ) SLD (*10-6 Ǻ-2 ) Roughness (Ǻ)
P3HT 1035 0.72 27

Interface 139 1.7 19
Mesoporous TiO2 1078 1.25 11

SiOx 30 3.78 2

Table 2. Characteristics of layers obtained by fiting a multilayer model to the neutron reflectivity 
profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο C for 60 minutes.

Layer Thickness (Ǻ) SLD (*10-6 Ǻ-2 ) Roughness (Ǻ)
P3HT 1072 0.7 26

Interface 137 1.7 19
Mesoporous TiO2 1118 1.25 14

SiOx 27 3.4 3
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