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Abstract: Near-field scanning optical microscopy (NSOM) and scanning force microscopy have been employed to
spatially resolve the complex morphologies, spectroscopy, and charge transfer induced fluorescence quenching
efficiencies of a (perylene phenethylimide)/(titanyl phthalocyanine) bilayer (PPEI/TiOPc). The PPEI/TiOPc bilayer
is a typical example of an-like/p-like molecular semiconductor heterojunction, which is a common component in
photocells, LEDs, and other devices. NSOM-polarized fluorescence and transmission datasand separate bulk X-ray
diffraction and spectroscopic measurementsson PPEI/TiOPc bilayers and PPEI and TiOPc single layers has lead to
a nanoscopic and mesoscopic picture of how vacuum deposition and subsequent solvent-vapor-annealing controls
the local structure of these films. The layers and bilayers are highly organized, containing localized crystalline
regions which are preferentially oriented relative to the substrate and PPEI/TiOPc interface. In highly annealed
bilayers, only a small fraction of the area of the interface makes good contact between the bilayers, and the contact
regions are less than 100 nm2 in most cases. The consequences of the observed morphology on the charge separation
efficiencies at the interface is examined. It is shown that exciton migration both perpendicular and parallel to the
molecular interface are involved in the charge separation mechanism. Extended methylene chloride, solvent-vapor-
annealing of PPEI films produces long needle-like PPEI crystals with a range of sizes, as follows: width (50-200
nm), length (1000-2000 nm), and height (50-200 nm). Annealing of the TiOPc yields nanocrystallites that are
preferentially oriented relative to the interface with a height in the range of 10-100 nm and widths in the range of
<10 nm to 30 nm.

Introduction

There is tremendous activity in the use of molecular
semiconductor heterojunctions in optical and electronic devices,
including light-emitting-diode displays, chemical sensors, and
solar cells.1-8 For example, consider a typical solar cell device,
as shown in Figure 1, in which the semiconductor heterojunction
is comprised of an interface betweenn-like andp-like molecular
semiconductor layers (n-MSL andp-MSL). Light absorption
in the n-MSL (typically a perylene derivative) results in the
production of mobile singlet excitons which diffuse to the
perylene/p-MSL interface and then create an electron-hole pair
across the interfaceby electron transfer, i.e. generation of charge
carriers. The charge carrier generation process is effected by
the rates and efficiencies of many “primary processes” including
exciton diffusion/migration to the interface, kinetics of electron
transfer across the interface between molecular pairs, dissocia-

tion of the charge transfer state into free carriers at the interface,
and the “energy wasting”, radiative and radiationless decay of
excitonsen routeto the interface.9-13 It should be emphasized
that the efficiencies and rates of these various photophysical
processes are believed to be a strong function of the complex
morphologies of the perylene layer, thep-MSL layer, and the
interfacial region. Indeed, the interface structure depicted in
Figure 1 is highly oversimplified since the morphology of the
individual layers and interfacial regions in real devices are
known to be highly structured on the meso- and nanoscale which
implies highly anisotropic electrical and photophysical proper-
ties.
Thin film morphologies are a strong function of the methods

and conditions of film preparation, including vacuum deposition,
spin-casting, etc. Film morphologies can also be dramatically
altered by post-deposition-processing, including solvent-vapor-
annealing, thermal-annealing, solvent “pasting”, etc., which leads
to highly nanostructured crystalline films with a high degree of
order.3,4,14-16 These post-deposition-processing techniques are
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known to improve the electrophotographic,3,4 photovoltaic,17-20

photoconductive,21 and photoelectrochemical15,16,22 properties
of thin film devices in many cases, including well established
industrial applications.23,24 This improved performance has been
attributed to longer range exciton migration, improved optical
properties, improved photoconductivities, alterations of the
optical and/or electronic band structures, and other factors. In
contrast, in certain cases, solvent-vapor-annealing over extended
periods has been reported to degrade photoconductivity and
other properties (especially for thin bilayers).20 It would be
beneficial to develop a detailed morphologically-based under-
standing of the apparently conflicting results on the effect of
solvent annealing on the various properties of the heterojunc-
tions.
Despite the extensive research that shows that nanoscopic

and mesoscopic structure can dramatically effect device per-
formance,direct spatially resolVed photophysical measurements
designed to probe the structural dependence of the photophysical

behavior of these bilayer assemblies have rarely been pursued.
Indeed, much of the current understanding of perylene/p-MSL
photophysics has been inferred from bulk spectroscopic and thin-
film conductivity techniques, in conjunction with nonspectro-
scopic structural techniques such as scanning electron micros-
copy (SEM)14-16,25 and atomic force microscopy (AFM).6

The present study, in contrast, utilizes the high topographical
and optical/spectroscopic resolution of near-field scanning
optical microscopy (NSOM) to investigate a typical bilayer
heterojunction, namely, perylene phenethylimide (PPEI)/ titanyl
phthalocyanine (TiOPc) (Figure 1). NSOM is a high resolution
scanning probe technique which produces simultaneous topo-
graphical (resolution∼10 nm) and optical/spectroscopic images
(resolutiong 30 nm). It has been shown to be a unique tool in
the investigation of the morphology of organic photoactive
nanostructured thin film materials, including locally aggregated
conjugated-polymer thin films, complex thin film assemblies
of fluorescent molecules such as porphyrin wheels and fibrous
j-aggregates, and organic nanocrystals.26-31 In particular, near-
field opticalspectroscopy(both transmission and fluorescence)
has been used to effectively probe the local electronic structure
of molecular systems via the local electronic spectra (emission,
absorption) of these materials. Furthermore, NSOM spectros-
copy with polarized light and polarized detection schemes has
been shown to be an efficient and extraordinarily sensitive tool
for the determination of the local molecular orientation of
nanostructured thin films.32,33

In this paper, fluorescence NSOM, transmission NSOM, and
simultaneous scanning force microscopy are used to determine
the PPEI/TiOPc bilayer morphology over a range of distance
scales form the molecular to the macroscopic. Additionally,
the effect of the observed morphology on the charge generation
efficiency is inferred by spatially resolving the TiOPc-induced
quenching of the PPEI charge transfer-exciton-fluorescence.
Since the primary quenching mechanism of excitons at the PPEI/
TiOPc interface is apparently charge separation,10 fluorescence
quenching can be used in bulk studies as an indirect measure
of charge transfer at the interface.25 The NSOM data in this
paper leads toa nanoscopic understandingof how vacuum-
deposition and solvent-vapor-annealing controls the complex
morphologies and photophysical properties of a bilayer, and in
particular, why solvent annealing can alternately improve or
degrade charge generation efficiency of perylene/p-MSL het-
erojunctions depending on film preparation conditions.

Experimental Section

Materials. Perylene phenethylimide, PPEI (structure is shown in
Figure 1b) was synthesized and purified as reported previously.20

Titanyl phthalocyanine (TiOPc) (Figure 1b) was purchased from H.
W. Sands Corp. Glass microscope cover slips substrates were
dehydrated prior to use by baking at 150°C for at least 1 h. They
were then transferred directly to the evaporation chamber. PPEI and
TiOPc were separately evaporated in a vacuum at∼10-7 Torr onto
substrates at room temperature by a method previously described.20
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Figure 1. (a) Schematic drawing of a typical geometry for a molecular
semiconductor based heterojunction photovoltaic device. (b) Chemical
structures of perylene phenethylimide (PPEI) and titanyl phthalocyanine
(TiOPc).
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Various films were prepared with single layers of TiOPc and PPEI, as
well as PPEI/TiOPc bilayers. In certain cases PPEI only layers and
PPEI/TiOPc bilayers were prepared on the same substrate to aid in
making comparisons between the different types of films. The films
were solvent-vapor-annealed in a methylene chloride/air environment
at room temperature for the various times described below.
X-ray Diffraction. Thin film X-ray diffraction measurements of

the solvent-vapor-annealed films were recorded on a Siemens D-500
diffractometer from 2θ angles of 5° to 35°, step size) 0.05°, and at
collection times of 90 s per step. Diffraction data were corrected for
the scattering of the glass cover slips. For further details see Supporting
Information S1-S5.
NSOM Measurements. The static and time-resolved NSOM

measurements were performed on a modified Topometrix Aurora
NSOM using homemade NSOM probes. The apparatus and analogous
experimental methods have been described in detail elsewhere.27,34,35

NSOM measurements were reproduced on numerous occasions with
different NSOM tips and in different regions of the sample, or with
different samples. The results were observed to be highly reproducible
and not subject to artifacts due to sample heating by the NSOM probe
or photolysis of the samples by the near-field excitation.

Results and Discussion

Overview. The two major issues in this paper are (i) the
effects of solvent-vapor-annealing on the morphologies of the
PPEI/TiOPc heterojunction and (ii) the impact of the modified
morphology on the efficiency of the PPEI exciton quenching
at the PPEI/TiOPc interface. Toward these goals, a variety of
PPEI, TiOPc, and PPEI/TiOPc bilayer thin films were prepared
by vacuum deposition. Vacuum deposition of organics under
the conditions described herein, produces amorphous flat layers
that conform to the substrate or underlayer (which itself may
be rough). The thicknesses reported in this paper correspond
to the film thickness after deposition only, i.e. before solvent-
vapor-annealing.
The complex morphologies of the PPEI, TiOPc, and PPEI/

TiOPc thin films, at various stages of solvent-vapor-annealing,
have been characterized by bulk spectroscopy and X-ray
diffraction methods. More importantly, the morphologies of
the films have beendirectly resolvedspatiallyby a variety of
fluorescence and transmission NSOM experiments as portrayed
in Figure 2. Polarized spectroscopic NSOM experiments have
been employed to obtain a detailed, nanoscopic picture of the
PPEI/TiOPc molecular interface. Thin film PPEI/TiOPc bilay-
ers have been studied to examine how solvent-vapor-annealing
alters the PPEI morphology away from the PPEI/TiOPc
interface. Finally, the nanoscale details of the PPEI/TiOPc
charge generation process have been inferred from spatially
resolved static and time-resolved fluorescence experiments.
Bulk Spectroscopy of the Films.Much of the data presented

in this paper involves optical excitation at 488 nm of the PPEI
layer of a PPEI/TiOPc bilayer and associated quenching of this
fluorescence by charge transfer across the PPEI/TiOPc interface.
The electronic absorption spectrum of a 30 nm film of PPEI
vapor-annealed in CH2Cl2 for 30 min is shown in Figure 3. The
vapor-annealed films show two absorption maxima at 460 and
610 nm. The solution electronic absorption spectrum of many
perylene derivatives show well structured vibronic transitions
to the S1 state, where the 0-0 transition is located at∼530 nm.
The splitting of this absorption band in the solid state, into higher
and lower energy components, respectively, occurs as the
amorphous film is vapor-annealed.20 Vapor-annealing of the
films beyond 30 min does not result in further significant

changes in the spectrum. Large shifts in energy of the optical
absorption bands are evidence of the strong intermolecular
interactions which occur in the solid state. The characteristics
of the vapor-annealed PPEI thin film absorption are similar to
those observed in related thin films of perylene tetracarboxylic
acid dianhydride (PTCDA).36,37 The high energy band in
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Figure 2. The experimental geometry used in the present study. The
aluminum-coated fiber optic probe (∼70 nm Al coating,>30 nm
aperture) and oil emersion microscope objective are held in fixed
positions relative to the sample. The sample is brought into the near
field of the NSOM probe and is held within 5-10 nm ((1 nm) of the
probe with the shear-force feed-back mechanism. The sample stage is
scanned in theX,Yplane, and the tip-sample distance in theZ direction
is regulated by moving the sample. An oil immersion objective is used
to collect transmitted and/or fluorescence from the sample which is
sent to a beam splitter. The signal can be simultaneously detected by
two separate avalanche photodiode detectors (APD) in conjunction with
a charge-coupled device (CCD) camera. Filters are placed prior to the
detectors to block the laser excitation and/or fluorescence.

Figure 3. Electronic absorption spectra of CH2Cl2 vapor-annealed PPEI
(thin solid line) and TiOPc (thick solid line) thin films. The near-field
fluorescence spectrum of a single PPEI nanocrystal is plotted as a dotted
line. The optical absorption in arbitrary units (left axis) and fluorescence
intensity in arbitrary units (right axis) are plotted versus wavelength
(λ) in units of nanometers.
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PTCDA has been assigned as the transition to a so-called S1

Frenkel-like state (i.e. the excitation is confined to the mono-
mer), while the low energy band has been assigned to a charge
transfer (CT) excitonic state with a radius of 12 Å involving
charge transfer over more than one perylene molecule. The
near-field excited fluorescence spectrum of a single nanocrystal
of PPEI is also shown in Figure 3. Fluorescence of the vapor-
annealed PPEI film occurs from the lowest energy excited sate,
namely the CT state.
The designation S1 Frenkel-like state is a misnomer since

the CT band of the crystal is actually the lowest energy excited
singlet state. Nevertheless, the so-called S1 Frenkel-like state
does correspond to S1 of perylenes in solution, i.e. for which
the CT is absent and the lowest excited state is aπ-π* in plane,
long axis polarized transition.38,39

The visible Q-band absorption of phthalocyanines occurs in
the 600-750 nm range and arises from theπ-π* in plane
polarized charge transfer transition of the phthalocyanine ring
system.3 The electronic absorption spectrum of a 10 nm film
of TiOPc-annealed in methylene chloride vapor for 24 h is
shown in Figure 3. The annealed TiOPc films show a broad
absorption from 600-950 nm with maxima occurring at 610
and 860 nm. The evolution of the optical absorption spectrum
of TiOPc upon vapor-annealing with CH2Cl2 is qualitatively
similar to the evolution observed in PPEI films. The low energy
band at 860 nm has been assigned as a charge transfer excitonic
state.21

The mechanism of charge separation at the interface of a
PPEI/TiOPc bilayer assembly is schematically represented in
Figure 4. Absorption by the PPEI layer into the S1 Frenkel
exciton band near 488 nm efficiently produces CT excitons by
a radiationless decay mechanism. In the absence of a TiOPc
layer, the PPEI layer is highly fluorescent. At the interface,
exciton dissociation occurs by injection of an electron into the
perylene layer and a hole into TiOPc layer (i.e. electron transfer
from TiOPc to PPEI). Thus, the electron transfer process at
the PPEI/TiOPc interface is an efficient quenching mechanism
for the CT fluorescence of the PPEI layer.

X-ray Diffraction Measurements. X-ray diffraction mea-
surements on the vapor-annealed films of TiOPc, PPEI, and
PPEI/TiOPc were performed in order to ascertain the molecular
order and orientation (Figure 5) in the films. A detailed
description of the data and analysis is given in Supporting
Information S1-S5. TiOPc films in the present study have been
assigned to the phase II polymorph previously reported.40 The
b-axis of the unit cell must lie vertical to the surface for these
reflections to be observed. The inset of Figure 5 displays the
unit cell of the phase II polymorph of TiOPc where theb-axis
is plotted in the vertical direction. In order to illustrate the
molecular orientation relative to the substrate, a stereoplot of
the TiOPc unit cell is plotted in Figure 6a, where thea,c-plane
of the unit cell is plotted in the plane of the paper. Two more
molecules have been added to the unit cell in order to illustrate
the molecular packing in the crystal. The phthalocyanine
molecules orient edge on to the substrate and resemble slightly
“tipped-over domino” rows. Within a given row, TiOPc
molecules have identical orientation. The oxygen groups of
phthalocyanines in a given row are aligned oppositely to the
neighboring rows.
It will be shown below that the solvent-annealed PPEI layer

exhibits long needle-like crystals with a single apparent mor-
phology. The only reported crystal structure of PPEI has aC2/c
space group with four molecules per unit cell, and half the mole-
cules arranged orthogonal to the other half.41 The X-ray diffrac-
tion pattern of a 50 nm PPEI thin film annealed in methylene
chloride for 48 h is shown in Figure 5. The positions of the
diffraction peaks of the vapor-annealed PPEI film in the present
study do not correspond to any of the diffraction peaks which
are expected for theC2/c structure, and thus it is unlikely that
this morphology is present in the samples described in this paper.
Current studies are in progress to obtain a single crystal

structure of the PPEI from methylene chloride solution suitable
for single crystal X-ray diffraction. Many perylene derivatives
crystallize in theP1h space group with one molecule per unit
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Figure 4. Schematic representation of the charge separation process
at the interface. The horizontal lines represent the approximate relative
energy orderings of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the PPEI and
TiOPc molecules at the interface. Photoexcitation of the PPEI surface
leads to creation of Frenkel like (S1) or charge transfer (CT) excitonic
states which diffuse to the interfacial region where charge separation
occurs by electron transfer from the HOMO of TiOPc molecule to the
HOMO of the PPEI molecule. The efficiency of charge carrier
generation in molecular semiconductor heterojunctions is influenced
by exciton diffusion to the interface, kinetics of electron transfer across
the interface between molecule pairs (driving force and reorganization
energies), and dissociation probability of charge separated species into
free carriers.

Figure 5. X-ray scattering data for the CH2Cl2 vapor-annealed thin
films. (a) PPEI/TiOPc on glass. (b) PPEI only on glass. (c) TiOPc only
on glass. The diffraction intensity is plotted versus diffraction angle
(2θ).
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cell.41 Perylene 3-methoxy propylimide, PMPI, and PPEI have
similar molecular dimensions. Furthermore, thin films of PMPI
have nearly identical optical absorption characteristics to those
of the annealed PPEI films in the present study.42,43 It is likely
that the methylene chloride vapor-annealing process produces
a crystalline form of PPEI which is nearly identical to theP1h
structure of PMPI. Figure 6b shows a stereoplot of PMPI where
the view is perpendicular to theb,c-face of the unit cell which
lies in the plane of the paper. The vapor-annealed PPEI crystals
likely have this orientation of the unit cell relative to the
substrate where theb,c-face of the unit-cell is parallel to the
surface. Theb-axis of the unit cell lies along the long axis of
the crystal. Moreover the long axis of the perylene ring system
is tilted ∼45° off of the b-axis. Such an orientation of the
perylene is expected to produce highly anisotropic absorption
of light.
NSOM Investigation of the Morphologies of Vacuum-

Deposited/Solvent-Vapor-Annealed TiOPc and PPEI Single
Layers and Heterojunctions. (i) Annealed TiOPc (10 nm).
The topographical image of a 10 nm TiOPc film that was
annealed for 24 h is shown in Figure 7a. The image shows
that the initially amorphous film has restructured to a highly
porous film of nanocrystallites ranging in height from the level
of the substrate (0 nm) to over 100 nm. The flat profile of the
fiber probe is responsible for making the TiOPc crystals to
appear bigger in the film plane due to a so-called tip-artifact.
Indeed, topographical images with a conventional AFM tip of
similar films shows that more than half of the film area is void
of TiOPc and at the level of the substrate.44 These images reveal
sharp pointed TiOPc nanocrystals which are not fully resolved
even with sharp AFM tips. The typical in-plane cross-sections
of these TiOPc nanocrystals range from<10 nm to 30 nm. The
heights of the crystals, in contrast, are not distorted by the shear-
force images and range up to 100 nm.

(ii) Annealed PPEI (30 nm) and PPEI/TiOPc (30 nm/10
nm). Bilayer assemblies of PPEI/TiOPc were made by first
evaporating 10 nm of TiOPc onto half of the glass substrate
and subsequently vapor-annealing this film in methylene
chloride for 24 h. 30 nm of PPEI was then evaporated onto
the vapor-annealed TiOPc film, such that a single glass substrate
contained PPEI on a TiOPc layer on one half and PPEI on the
bare glass on the other. These slides were then subsequently
vapor-annealed in methylene chloride for an additional 30 min.
The PPEI/TiOPc region of the films partially retains the
topography of the TiOPc underlayer layer (Figure 7b). The
polarized near-field fluorescence images of this film obtained
with 488 nm photoexcitation (Figures 7c,d) display large
intensity variations in fluorescence and highly polarized regions
of fluorescence of the PPEI overlayer. These regions of
polarized emission are attributed to crystalline domains of PPEI
which reside on the crystalline TiOPc surface. The size of many
of the PPEI domains is smaller than the near-field optical
resolution of∼70 nm. The variations in fluorescence intensity
are attributable to local variations in PPEI concentration.It is
likely that crystallization of PPEI is aided by the TiOPc surface
and occurs preferentially on the TiOPc crystals.
For comparison, the topographical and fluorescence images

of the PPEI only region of the sample is shown in Figures 7e-
g. These PPEI only regions show much less topographical
variation than PPEI/TiOPc. Although the images show some
polarization dependent variations in fluorescence intensity, the
films display much more uniform PPEI fluorescence over the
entire scan region than PPEI/TiOPc. It is likely that in contrast
to PPEI films on TiOPc, smaller crystalline domains of PPEI
form on the bare glass and cover the surface more uniformly.
(iii) Thick PPEI (300 nm) with Moderate Annealing. The

topographical image of Figure 7h and fluorescence image Figure
7i (different region) show the remarkable features of a 300 nm
vacuum-deposited PPEI film after extended annealing in me-
thylene chloride. The annealing process creates large needle-
like crystals of PPEI which range from hundreds of nanometers
to microns in their long direction. Previous investigations have
utilized solvent-annealed thicker films such as these to study
the photovoltaic effect in PPEI/TiOPc, and also to measure the
exciton diffusion lengths in PPEI/p-MSL assemblies.20,25 For
our purposes of characterizing the interfacial region, these
thicker films were not appropriate, since the fluorescence images
were uninterpretable due to competing near-field and far-field
effects inherent when studying thicker films with NSOM.
Purposefully thin films of PPEI were used in the present study
in order to obtain, after solvent annealing, isolated crystals of
PPEI which lie on the TiOPc surface.
It is important to note that thick PPEI films are nearly

continuous, i.e. lacking open regions to the substrate level
(Figure 7h). Additionally the largest PPEI crystals are at the
exposed face of the film. This implies, as might be expected,
that the annealing process in a thick film is most dramatic at
the exposed face. Thus, in a PPEI/TiOPc bilayer with a thick
exposed PPEI layer, short-to-moderate time solvent-vapor-
annealing times would be expected to primarily alter the top of
the PPEI layer, while having much less if any impact on the
PPEI/TiOPc molecular interface.
(iv) PPEI and PPEI/TiOPc with Extended Annealing. The

mechanism of the solvent-vapor-annealing process is not well
understood. The substrate that contained the bilayer assembly
PPEI/TiOPc and PPEI on bare glass and whose topographical
and fluorescence images are shown in Figures 7b-g was
subjected to 48 h more of solvent vapor-annealing. Figure 8a
dramatically displays the topographical changes which occur
as the initially amorphous film is subjected to extended vapor-

(42) Graser, F.; Hadicke, E.Liebigs Ann. Chem.1984, 483.
(43) Graser, F.; Hadicke, E.Liebigs Ann. Chem.1980, 1994.
(44) Conboy, J. C.; Barbara, P. F. Work in progress.

Figure 6. Stereoplots of the unit cells of (a) TiOPc and (b) perylene
methylpropylimide (PMPI), an isostructural analog of PPEI. The view
depicts the orientation of the unit cells relative to the substrate (plane
of the paper) as derived from the X-ray diffraction data.
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annealing. Here topographically it can be seen that the film of
nanometer scale PPEI on TiOPc (Figures 7b-d) has been trans-
formed into needle like micron length PPEI crystals resting on
TiOPc nanocrystals. Figure 8b shows an enlargement of the
TiOPc region marked in Figure 8a. The surface topography of
TiOPc on glass (Figure 7a) and the topography of the bare
TiOPc after the secondary annealing of the PPEI over layer
(Figure 8b) display comparable features. The resolution of
Figure 8a is slightly better than that of Figure 7a due to a sharper

near-field probe. The initial annealing of the TiOPc for 24 h,
prior to vacuum deposition of the PPEI and secondary annealing,
serves to crystallize the TiOPc and help maintain its topographi-
cal integrity throughout the PPEI crystallization process. The
solvent-vapor-annealing process is remarkable in light of the
fact that both TiOPc and PPEI are nearly insoluble in methylene
chloride.
The topographical and fluorescence properties of PPEI

crystals on bare glass and on a nanocrystalline TiOPc layer were

Figure 7. (a) Topographic image of a 10 nm TiOPc thin film which was vapor-annealed in CH2Cl2 for 24 h. Topographic (b) and corresponding
polarized fluorescence (c and d) images of a bilayer assembly PPEI/TiOPc, where a film of PPEI has been vacuum-deposited onto an annealed
TiOPc surface (as in image a) and subsequently vapor-annealed for only 30 min. Topographic (e) and corresponding polarized fluorescence (f and
g) images of PPEI on glass which has been vapor-annealed for 30 min. (h) Topographic image of 300 nm thick film of PPEI on glass which has
been vapor-annealed for 48 h. (i) Fluorescence image of an annealed 300 nm PPEI film similar to that shown in image h.
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compared by imaging a series of regions on the same substrate.
Experimental conditions (i.e. near-field probe, excitation power,
tip sample distance, dither frequency, etc.) were held constant
in order to make quantitative comparisons between the two
environments. Figures 8c-f show typical topographical and
fluorescence images from this series of experiments. Circularly
polarized 488 nm light was used for photoexcitation in order
to ensure equal excitation of the anisotropically absorbing PPEI

crystals in a particular image area. All PPEI emission greater
than 550 nm was collected at the detector. Topographically,
PPEI crystals on glass and on a TiOPc layer appear smooth on
their upper surface. Fluorescence from PPEI crystals on glass
is relatively uniform indicating uniform crystal thickness. In
contrast, the emission from the PPEI crystals on TiOPc display
variations in intensity along the length of the crystal. The
bottom surface of these crystals undoubtedly conforms to the

Figure 8. (a) Topographic image of a 48 h vapor-annealed PPEI film (30 nm) on a TiOPc film (10 nm). The TiOPc thin film was annealed for
24 h prior to deposition of the PPEI over layer. (b) Enlargement of the TiOPc only region marked in image a. Topographic (c) and corresponding
fluorescence (d) images of a vapor-annealed PPEI film (30 nm) on glass. Topographic (e) and corresponding fluorescence (f) images of a vapor-
annealed film of PPEI (30 nm) on TiOPc (10 nm). Topographic (g), fluorescence (h), and polarized transmission (i) images of a vapor-annealed
thin film of PPEI (30 nm) on TiOPc (10 nm).
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topography of the smaller TiOPc crystals. The nonuniformity
of the thickness of the PPEI crystals likely results in the observed
variations in the fluorescence intensity along the length of the
crystals.
The width and height of the PPEI crystals can be obtained

by an analysis of both the topographical and fluorescence
images. The width of the fluorescence features in Figures 8d
and 8f are clearly narrower than their topographical counterparts
in Figures 8c and 8e, respectively. Figure 9a shows a plot of
crystal width versus crystal height in nanometers measured
topographically for a number of crystals. The vertical heights
of the PPEI crystals are accurately represented to within 0.5
nm in the topographical image. The average height of crystals
grown on TiOPc is 150 nm, whereas the average height of the
crystals grown on bare glass is 80 nm. However, the topo-
graphical images do not accurately represent the width of the
crystal. This is a common problem with scanning probe
techniques where large diameter probes are used to image tall
objects. The PPEI crystals appear wider in the topographical

image since they represent a convolution of the shape of the
tip and the shape of the crystal. The near-field optical images,
in contrast, more accurately depict the width of the crystals since
the NSOM aperture is smaller than the width of the crystals.
Figure 9b shows a plot of fluorescence width versus crystal
height in nanometers. The average width of crystals grown on
TiOPc is 200 nm, while the average width of crystals grown
on glass is 180 nm. Figure 9b accurately represents the width
of PPEI crystals as function of crystal height. The nearly 1:1
increase in height with width shows that the crystals are nearly
square in profile.
Polarized Spectroscopic NSOM Experiments.The fluo-

rescence from the low energy CT state of the PPEI crystals is
highly polarized, and the maximum fluorescence intensity occurs
at an angle of the∼45° from the long axis of the crystal. The
emission dipole of this low energy CT state appears to be nearly
coincident with the absorption dipole of the higher energy S1

state. Figures 10a,b display the polarized fluorescence images
of a collection of PPEI crystals on glass obtained with 488 nm
circularly polarized photoexcitation. Depending on the orienta-
tion, the emission from a PPEI crystal may appear in only one
of the images. If the emission dipole of a crystal is aligned at
45° with respect to parallel and perpendicular detectors, then
the crystal will appear in both images.
Linearly polarized light can be used to selectively photoexcite

the PPEI crystals. Figure 10c,d are the polarized fluorescence
images of PPEI crystals on a TiOPc surface obtained with 488
nm light polarized vertical to the image. The incident light is
not perfectly polarized in the vertical direction, which results
in a small component of excitation in the horizontal direction.
The absorption dipole of the crystal in the upper region of Figure
10c is nearly coincident with the incident 488 nm vertically
polarized light. Consequently bright emission is observed for
this crystal. Contrastingly, the lower crystal shows very little
emission since its absorption dipole is nearly orthogonal to the
excitation. The orthogonally polarized fluorescence image,
Figure 10d, shows increased fluorescence intensity from the
lower crystal since the emission dipole is nearly coincident with
the horizontal direction.
The large anisotropic absorption of the PPEI crystals is also

apparent in the transmission NSOM images of the PPEI and
PPEI/TiOPc samples. It has been shown that the dominant
contrast mechanism of transmission near-field spectroscopy, for
samples that are imaged at a wavelength that corresponds to a
strong absorption, is absorption of the near-field.33 Thus, the
transmission NSOM image is essentially a measure of the
spatially resolved extinction (absorption) of the sample. How-
ever, transmission NSOM is complicated by the competition
between (i) the absorption of the near-field light by the sample
(which is reflected in an intensity decreases of the far-field light
at the detector) and (ii) refractive index effects in the sample/
probe near-field region (which is reflected in increases and
decreases of the detected far-field light due to the scattering of
the near-field light).33 Refractive index effects are the dominate
contrast mechanism in transmission NSOM images for probe
wavelengths that are not “in resonance” with a strong absorption
band of the sample. Furthermore, even for situations where
the probe wavelength does correspond to a strong absorption
of the medium, the refractive index effects can dominate if the
polarization direction of the NSOM probe is orthogonal to the
absorption dipole of a sample in the region being probed.
These complex effects are demonstrated in Figure 8i for PPEI/

TiOPc. The highly anisotropic absorption of light by the crystals
is nicely displayed by the nearly parallel crystals showing
opposite transmission characteristics. This results from one

Figure 9. Plot of topographical width (FWHM), fluorescence width
(FWHM), and total fluorescence intensity of PPEI crystals versus crystal
height for PPEI crystals on glass (b) and PPEI crystals on TiOPc (9).
The widths, heights, and fluorescence intensities were measured directly
from the topographical and fluorescence images which include Figures
8c-f. Photoexcitation of the PPEI crystals was performed at 488 nm
with circularly polarized light in order to ensure equal excitation of all
crystals irrespective of orientation. (a) Plot of the measured topographi-
cal width versus topographical crystal height of PPEI on glass (b) and
PPEI on TiOPc (9). (b) Plot of the fluorescence width versus
topographical crystal height. (c) Plot of the fluorescence intensity (cps)
versus PPEI crystal height for PPEI on glass (b) and PPEI on TiOPc
(9). The fluorescence intensity was measured as the average intensity
in ∼100 nm by∼500 nm regions.
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crystal being “upside down” with respect to the other. The
maximum absorption of the PPEI crystals occurs at∼45° off
of the long axis of the crystal. The dark regions in Figure 8i
apparently correspond to contrast due to absorption of the near-
field of the probe. However, when crystals are thin or when
the transition dipole and excitation polarization are not coaligned,
anisotropic refractive index effects become more important and

in some cases may even become the dominant contrast mech-
anism for the transmission image. For example, thin crystals
of PPEI and crystals that are not coaligned with the excitation
polarization appear as bright regions in Figure 8i. The intensity
of light coupled to the detector over these crystals is nearly the
same as that observed over the nonresonant TiOPc regions of
the image. It might appear as if little or no light is being

Figure 10. Polarized near-field fluorescence images (a and b) of the PPEI crystals on glass obtained following photoexcitation with 488 nm
circularly polarized light. Polarized near-field fluorescence images (c and d) of PPEI crystals on TiOPc obtained following photoexcitation with
488 nm linearly polarized light in the direction vertical to the images. Fluorescence images of PPEI crystals on glass (e) and PPEI on TiOPc (f).
Images (e and f) are plotted on the same scale in order to reveal the quenching of the PPEI fluorescence by the TiOPc underlayer. (g) High
resolution fluorescence image of a small PPEI crystal on TiOPc. (h) Polarized 633 nm near-field transmission image of PPEI crystals on TiOPc
crystals. (i) Polarized 820 nm near-field transmission image of a PPEI crystal on TiOPc. Line 1 in i is along the top of the PPEI crystal. Line 2 is
along a region of TiOPc nanocrystallites only. The line scan plots corresponding to lines 1 and 2 are shown in Figure 12.
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absorbed by these crystals. However, clearly these crystals are
absorbing light since the corresponding fluorescence image
shows that light is emitted from these regions of the film.
Nanoscale Structure of the Interface. In this section,

insights into the nanoscale structure of the PPEI/TiOPc interface
are obtained by carefully analyzing a variety of polarized
fluorescence and transmission NSOM experiments. These
experiments address to what extent the PPEI layer conforms to
the TiOPc underlayer and leads to an estimate of the nature
and spatial distribution of the contact points between the layers.
The results take advantage of transmission NSOM at multiple
probe wavelengths which allows for an examination of the
TiOPc underlayer, while locating the tip over PPEI crystals.
The use of multiple probe wavelengths is also an aid in
interpreting the complex contrast mechanisms that are present
in the transmission images.
The spatial variation in thickness of the PPEI crystals on

TiOPc has been probed by measuring the transmission of 488
nm light through the sample. Topographic, polarized transmis-
sion, and fluorescence optical images of the PPEI/TiOPc
assembly obtained with 488 nm linearly polarized light are
shown in Figures 8g-i. The direction of polarization of the
488 nm incident light is shown in the Figure 8i. At 488 nm
the PPEI crystals absorb strongly while TiOPc has little or no
absorption. The polarization has been adjusted so as to
maximize absorption on the large nearly horizontal PPEI crystal
near the top of Figure 8i, in order to control and in some cases
minimize the complex contrast effects that were described in
the previous section.
The fluorescence and transmission images are complementary,

i.e. regions of strong absorption in Figure 8i correspond to
regions of strong emission in Figure 8h. Figures 8h,i, as well
as other images not presented here, demonstrate that the local
variations in fluorescence intensity along single PPEI crystals
(dark spots) are due to local variations in the crystal thickness
(thin spots). Since the upper surface of the PPEI crystals are
flat (Figure 8g), the thin spots in PPEI must be due to the lower
surface of the crystal conforming to the nanocrystalline TiOPc
surface. In other words, the dark spots in the fluorescence
correspond to locations where a relatively large TiOPc crystal
protrudes up into the PPEI/TiOPc interface. Presumably, these
dark spots indicate some of the electrical contact points between
the PPEI crystal and the nanocrystalline TiOPc surface.
A simple qualitative model of thin, highly annealed PPEI/

TiOPc interfaces is shown in Figure 11a. This model is
consistent with the various NSOM topographic, fluorescence,
and transmission data presented in this paper. The interface is
comprised of relatively large PPEI crystals with small nanoc-
rystals of TiOPc making occasional contacts with the PPEI. The
individual contacts are only on the order of a few tens of
nanometers, in most cases. Much of the underside of the PPEI
crystal is free of TiOPc contacts. Occasionally, larger TiOPc
crystals jut up into the PPEI crystals. The impact of such an
interface on the fluorescence quenching and efficiency of the
PPEI/TiOPc heterojunction is discussed in the following section.
Polarized transmission NSOM at wavelengths of 633 nm

(Figure 10h) and 820 nm (Figure 10i) have been performed in
order to further probe the nanocrystalline TiOPc layer, and
specifically, the TiOPc crystals that are located beneath the PPEI
crystals. 820 nm light is resonant with the CT transition of the
TiOPc while PPEI is nonabsorbing at this wavelength. Figure
10i shows a polarized transmission image of a PPEI crystal
(center of image, horizontally oriented) on the TiOPc surface,
where the incident 820 nm light is polarized vertical to the
image. Decreased transmission results from resonant absorption

of the 820 nm light by the TiOPc crystals. This image and its
horizontally polarized counterpart (not shown) reveal polariza-
tion dependent features in the transmitted light intensity due to
anisotropic absorption of the TiOPc. These variations are
apparent in TiOPc-regions of the sample. More importantly,
these variations are also observed in the region covered by a
PPEI crystal. This is a critical result that strongly suggests that
the TiOPc layer underneath a PPEI crystal is similar in structure
to the exposed TiOPc regions. Line scan plots of the vertical
and horizontal transmission intensities are plotted in Figure 12.
The relative change in transmission intensity as a function of
distance along the horizontally oriented PPEI crystal (line 1,
Figure 10i) for both polarizations is plotted in Figure 12a.
Figure 12b shows line scan plots of the polarized transmission
in a region of TiOPc only (line 2, Figure 10i). Clearly the
magnitude of the intensity variations are comparable over the
PPEI crystal and over TiOPc only.
Unfortunately, the transmission images are complicated by

contrast mechanisms other than the anisotropic absorption of
the TiOPc nanocrystals. For example there is increased intensity
above the PPEI crystal due presumably to increased scattering
from the near-field to the far-field as a result of a higher
refractive index in the PPEI crystal compared to the TiOPc-
coated substrate. The dark upper edge on the PPEI crystal is
apparently a tip-type NSOM/topographical artifact that has been
described in detail for other crystals.35 The artifact results from
the large radius of the near-field probe which causes the sample
to retract away from the tip as the edges of tall crystals are
encountered. This, in turn, briefly increases the distance
between the aperture and the sample at the crystal edge.
Consequently at the edge of the crystal less light is diffracted
from the near-field to the far-field, and the edges of the crystal
appear as dark lines in the transmission image.
Figure 10h shows a polarized transmission image obtained

Figure 11. (a) Schematic representation of near-field probe, the optical
field, and the nanocrystalline PPEI/TiOPc interface, drawn approxi-
mately to scale. (b) Depiction of a thick PPEI layer, solvent-vapor-
annealed for a short amount of time, showing a gradient of crystal sizes
toward the interface from micron size to amorphous.
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with 633 nm light of PPEI crystals on TiOPc. 633 nm light is
simultaneously resonant with the low energy CT excitonic
transition of PPEI and the high energy transition of TiOPc. In
this image the PPEI crystals appear dark due to polarized
absorption from the CT band. Interestingly, the polarization
direction of this band is parallel to the S1 Frenkel band which
is probed by the 488 nm NSOM images.

Static and Time-Resolved NSOM Fluorescence Quenching
Measurements. The fluorescence intensity as a function of
crystal height was measured directly for individual crystals of
PPEI. A series of fluorescence images were taken of PPEI
crystals on bare glass and on the nanocrystalline TiOPc
quencher. Figure 9c shows a plot of the fluorescence intensity
versus crystal height for the quenched and unquenched films
for a number of PPEI crystals. The average fluorescence inten-
sities of PPEI crystals were measured in rectangular areas of
∼100 nm by∼500 nm, along regions of constant vertical height.
This average intensity was used to account for the local varia-
tions in emission intensity due to local variations in thickness
of the PPEI crystals. The fluorescence intensity of the un-
quenched PPEI crystals on glass is expected to increase expo-
nentially with crystal thickness as the optical density at 488
nm of the PPEI crystals increases. The solid line through the
unquenched fluorescence data represents a fit of the data toI
) Imax(1 + e-Rl) using the measured optical extinction coef-
ficient R488 ) 5.5× 104 cm-1 for PPEI at 488 nm. The solid
line through the quenched fluorescence is added in order to guide
the eye. Figure 9c provides clear evidence of substantial
quenching of fluorescence by the TiOPc layer. There is an
∼60% decrease in fluorescence intensity from the PPEI crystals
on the quencher as compared to the nonquencher area. The
magnitude of fluorescence quenching seen for these single
crystals is comparable to that observed in the far-field measure-
ments on bulk films.25 Unfortunately, we were unable to obtain
PPEI crystals larger than 250 nm, and consequently the limited

data set precludes the fitting of the data to an exciton diffusion
theory.
Near-field time resolved single photon counting experiments

further corroborate that quenching of PPEI fluorescence occurs
on the TiOPc surface. Figure 13 shows the near-field fluores-
cence decays of single crystals of PPEI on glass and on TiOPc.
The decay curves are well represented by a fit to 3 exponentials.
The solid lines represents a convolution of the instrument
response function (50 ps FWHM) with an exponential decay
of the formI ) A1 exp[t/τ1] + A2 exp[t/τ2] + A3 exp[t/τ3]. The
lifetime of fluorescence on glass isτavg ) 400 ps (τ1 ) 130 ps
A1 ) 1013,τ2 ) 493 psA2 ) 872, τ3 ) 1654 psA3 ) 154)
compared toτavg ) 252 ps (τ1 ) 82 psA1 ) 880,τ2 ) 352 ps
A2 ) 530, τ3 ) 1309 psA3 ) 92) on TiOPc. The error in
these lifetimes is∼50 ps. This 40% decrease in emission
lifetime is consistent (within experimental error) with the
observed 60% decrease in emission intensity of the near-field
steady state fluorescence of single PPEI crystals on glass vs
TiOPc. The decrease in both lifetime and emission yield should,
therefore, be attributed to a change in the nonradiative decay
rate (presumably charge transfer) of the exciton state, as opposed
to variations in the radiative rate.
Quenching of fluorescence occurs, surprisingly, nearly uni-

formly along micron length regions of PPEI crystals, even
though there are multiple TiOPc contact points at the interface.
Fluorescence images plotted on the same intensity scale, of PPEI
crystals on bare glass, Figure 10e, and PPEI crystals on
nanocrystalline TiOPc, Figure 10f, dramatically display this
effect. The bright horizontal crystal in Figure 10e and the
crystals shown in Figure 10f are all of∼100 nm vertical height.
Figure 10g shows the fluorescence image of a small crystal of
PPEI embedded on a layer of TiOPc nanocrystals. The emission
intensity along the length of this crystal is uniform. We do not
observe light and dark regions of emission from this crystal

Figure 12. (a) Line scan plot of the polarized NSOM intensity
variations along the PPEI crystal in Figure 8i (line 1) obtained with
linearly polarized 820 nm light. (b) Line scan plot of the polarized
NSOM intensity variations along a region of TiOPc crystals only shown
in Figure 8i (line 2). Transmission data obtained with (O) horizontally
and (9) vertically polarized 820 nm light.

Figure 13. Near-field fluorescence decay curves for single PPEI
crystals on bare glass and on a nanocrystalline TiOPc surface. The
instrument response function is plotted at time zero. The solid lines
through the data represent a convolution of the IRF with an exponential
decay of the formI ) A1 exp[t/τ1] + A2 exp[t/τ2] + A3 exp[t/τ3]. The
lifetime of fluorescence on glass isτavg ) 400 ps (τ1 ) 130 psA1 )
1013,τ2 ) 493 psA2 ) 872,τ3 ) 1654 psA3 ) 154) compared toτavg
) 252 ps (τ1 ) 82 psA1 ) 880,τ2 ) 352 psA2 ) 530,τ3 ) 1309 ps
A3 ) 92) on TiOPc.
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even though the crystal is literally embedded on the nanocrys-
talline TiOPc layer.
The absence of high-contrast dark spots in the fluorescence

NSOM images is apparently a consequence of the extremely
small (<∼100 nm2) contact areas for each TiOPc crystal that
is in contact with the PPEI. This is shown schematically in
Figure 11a. Excitons created in the near-field of the probe must
diffuse to a contact point in order to be quenched. Since the
contact areas are exceedingly small and widely spaced relative
to the size of the contacts, many excitons can migrate parallel
to the plane of the interface over micron lengths without finding
a TiOPc contact. Thus, the relatively uniform quenching
efficiency, even for thin crystals, is a consequence of the spatial
distribution of the contact points and the three-dimensional
nature of the exciton migration.
Solvent Annealing and Fluorescence Quenching Efficien-

cies. Further insights into the effect of the solvent-vapor-
annealing on fluorescence quenching efficiency are found in
the bulk-film fluorescence quenching experiments of Gregget
al.25 In those studies, PPEI films of varying thickness on various
p-MSL layers were prepared and the exciting light was incident
on the air/PPEI interface. The excitons created on the top PPEI
surface must traverse the PPEI layer in order to become
quenched at the PPEI/p-MSL interface. The fluorescence
intensity as a function of film thickness was analyzed to obtain
a measure of the diffusion length of at least 2.5µm for the
highly efficient quencher, poly(methylthiophene) (PMT). The
fluorescence of thin PPEI films (<200 nm) were nearly
completely quenched by the PMT layer, while much thicker
PPEI films were less efficiently quenched due to the longer
required exciton transit times to the interface and the consequent
“energy wasting”en routeto the interface. In contrast, PPEI/
TiOPc bilayers showed inefficient quenching (∼40-60%) even
for very thin PPEI layers. The NSOM results summarized in
Figure 11a would suggest that inefficient fluorescence quenching
observed for bulk films should be attributed to poor contact
between PPEI/TiOPc at the interface that resulted from restruc-
turing of the interface during solvent annealing.
Analogous arguments to those presented above that explain

the spatial uniformity of PPEI/TiOPc fluorescence quenching
also qualitatively account for the low quenching efficiency.
Thus, even for a very thin PPEI layer (for which exciton
migration perpendicular to the interface should be facile) the
excitons are not efficiently quenched since the migration parallel
to the interface is still required in order to find a contact point
with TiOPc. For PPEI on PMT, the quenching efficiencies are
nearly 100% for thin films, presumably due to a more effective
contact at the PPEI/PMT interface. The cross-linked PMT layer
is likely not restructured by solvent-vapor-annealing.
Additional evidence that extensive solvent-vapor-annealing

of thin PPEI/TiOPc interfaces disturbs the interfacial region is
shown in Table 1. Here the fluorescence quenching efficiency

of various bulk samples has been measured as a function of
solvent vapor-annealing time. For thin PPEI layers on top of
thin TiOPc layers, the quenching efficiency is nearly 100% for
bilayers with a PPEI layer which has not been annealed. Even
a small amount of annealing reduces the efficiency of quenching
due, presumably to the restructuring of the PPEI/TiOPc
interface.
It is important to note that in contrast to the observed behavior

for the 22 nm and 48 nm PPEI films, the thicker films actually
show an increase in fluorescence quenching efficiency due to
solvent annealing. This contradictory behavior can be rational-
ized by considering the topographical images of thick PPEI films
(Figure 7h) and the schematic drawing of such a film in Figure
11b. For thick films, solvent-vapor-annealing improves the
upper regions of the PPEI layer without disturbing the interface
regions. This improves energy migration to the PPEI/TiOPc
interface without degrading the contact regions between the
PPEI and TiOPc layers at the interface.

Conclusions and Summary

The high topographic and optical resolution of NSOM has
been employed to spatially resolve the complex morphologies,
spectroscopy, and charge transfer induced fluorescence quench-
ing efficiencies of a PPEI/TiOPc bilayer assembly. NSOM
topographic, fluorescence, and transmission images have been
used to show that the highly solvent-vapor-annealed PPEI/TiOPc
interface is comprised of relatively large PPEI crystals with
small nanocrystals of TiOPc making occasional contacts with
the PPEI. Only a small fraction of the area of the interface
makes good contact between the bilayers, and the contact regions
are less than 100 nm2 in most cases. Moreover, transmission
NSOM has shown that the nanocrystalline TiOPc layer under-
neath PPEI crystals is similar in structure to the exposed TiOPc
regions. Fluorescence of PPEI is quenched by∼60% on the
TiOPc surface and has been shown to occur, surprisingly, nearly
uniformly along micron length regions of PPEI crystals, even
though there are multiple TiOPc contact points at the interface.
This relatively uniform quenching efficiency, even for thin
crystals, is proposed to be a consequence of the spatial
distribution of the extremely small (<∼100 nm2) contact points
and the three-dimensional nature of the exciton migration. The
restructuring of the PPEI/TiOPc interface inthin films by
solvent-vapor-annealing has been shown to reduce the efficiency
of charge transfer induced fluorescence quenching at the
interface. On the other hand, annealing ofthick filmsof PPEI
has been shown improve the efficiency of quenching by inducing
crystallinity at the outer surface, and consequently improving
energy migration toward the PPEI/TiOPc interface, without
degrading the efficient amorphous contact region between the
PPEI/TiOPc at the interface.
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Table 1. Bulk Film % Fluorescence Quenched as a Function of
Solvent-Vapor-Annealing Time for Bilayer Films of PPEI/TiOPca,b

PPEI
annealing time

22 nm
PPEI layer

48 nm
PPEI layer

200 nm
PPEI layer

820 nm
PPEI layer

0 95 79 47 27
1 min 91 72 54 26
1 h 88 65 80 49
24 h 65 67 76 77

a 30 nm TiOPc films solvent-vapor-annealed for 2 h in CH2Cl2 prior
to evaporation of the PPEI layer, were used in all cases.b Percent
fluorescence quenched was calculated from (1- (Flquenched/Flun-
quenched))‚100, where Flquenchedis the fluorescence from the PPEI/TiOPc
film and Flunquenchedis fluorescence from the PPEI film on bare glass of
corresponding PPEI thickness.
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