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Probing nanoscale photo-oxidation in organic films using spatial hole
burning near-field scanning optical microscopy

G. M. Credo, G. M. Lowman, J. A. DeAro, P. J. Carson, D. L. Winn, and S. K. Buratto
Department of Chemistry and Biochemistry, University of California, Santa Barbara,
California 93106-9510

~Received 14 December 1999; accepted 1 February 2000!

Spatial hole burning near-field scanning optical microscopy~SHB–NSOM! is used to locally
photopattern three species of organic thin films, poly~2-methoxy, 5-~28-ethyl hexyloxy!–
p-phenylene vinylene! ~MEH–PPV!, tris-8-hydroxyquinoline aluminum (Alq3) and
dye-functionalized polyelectrolyte self-assembled layers, on a 100 nm length scale. In SHB–NSOM
the film is illuminated with light from a stationary NSOM tip to induce photo-oxidation. The
reduction in the fluorescence yield resulting from this exposure is then mapped using fluorescence
NSOM ~FL–NSOM!. We have examined the localized photo-oxidation as a function of time,
position, and environment free from the limits of far-field spatial averaging. In all of the thin film
materials studied we find that the long-time diameter of the dark spot is much larger than the tip
diameter and is a signature of energy migration. Characteristic lengths of the energy migration are
extracted from this data by a simple diffusion model and are found to be of the order of a few
hundred nanometers for each of the films studied. ©2000 American Institute of Physics.
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I. INTRODUCTION

Small molecule organic semiconductors and conjuga
polymers have been the subject of great interest due to
interesting optical properties and their technologi
importance.1–6 Applications of these materials in light emi
ting diodes~LEDs!, photodiodes and lasers have provid
strong motivation for a detailed understanding of the opti
and electronic properties. It is also observed that mos
these materials are air sensitive and readily undergo ph
oxidation, which lowers the fluorescence quantum yield a
degrades the overall performance of the film. Su
molecular-based materials are largely amorphous but ex
a complex morphology containing areas of local order
microcrystallinity with characteristic lengths well below th
wavelength of visible light. Virtually all of the optical prop
erties, including photo-oxidation, are dependent on th
variations in morphology.7–10 In particular, the mobility of
electronic excited states, such as excitons and polaron
strongly dependent on the local structure.11–13 Traditionally,
optical properties of organic films are probed via far-fie
steady-state or time-resolved spectroscopy which typic
have an illumination spot size of greater than one micron
major caveat of these techniques is that they average ov
large area, usually several square microns in size. Since
length scale for variations in morphology is of the order
10–100 nm, these ensemble measurements are inade
for an accurate picture of excited-state diffusion in these m
terials. The approach adopted for the experiments discu
here, however, is to measure the nanoscale optical and o
electronic propertiesdirectly by probing the material in a
very localized region using near-field optics. In this paper
concentrate on probing nanoscale photo-oxidation, which
show to be dependent on film morphology. In addition,
7860021-9606/2000/112(18)/7864/9/$17.00
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calized photo-oxidation provides a means for probi
excited-state diffusion in these materials.14–16

This direct approach is made possible by the recent
velopment of near-field scanning optical microsco
~NSOM!.17 Over the past 5 years NSOM has proven to b
powerful tool for mapping the nanoscale optical properties
a variety of thin film materials including conjugated pol
mers and molecular semiconductors.18–20 In typical experi-
ments, the NSOM tip is used as a passive probe to image
light scattered or emitted by the sample. Early in the dev
opment of NSOM, however, it was shown that the NSOM
could also be used as an active probe to modify the opt
properties of thin films by light-induced heating o
photochemistry.21 Subsequently, several groups have utiliz
near-field illumination to lithographically pattern commerci
photoresists and conjugated polymers with subwavelen
spatial resolution.21–23 In the experiments discussed in th
paper we use the NSOM tip to locally photo-oxidize thr
species of organic thin films: MEH–PPV, Alq3 and dye-
functionalized polyelectrolyte layers. The photo-oxidati
results in a decrease in the fluorescence of the film. A var
of patterns can be produced in this manner all with a feat
size dependent on the illuminated spot size and the exci
state diffusion length. The size and shape of the pho
induced pattern is then imaged using fluorescence NS
~FL-NSOM!.24

In cases where the excited-state diffusion length is co
parable to or larger than the aperture diameter it is poss
to use this photo-patterning experiment to measure exci
state diffusion directly. This is accomplished by first expo
ing the film in a single spot and subsequently imaging
spot size and shape using fluorescence NSOM. In this te
nique, known as spatial hole burning NSOM~SHB–NSOM!,
4 © 2000 American Institute of Physics
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FIG. 1. Schematic of the transmission NSOM expe
mental configuration~a! and SEM images of an un-
coated~b! and coated~c! NSOM tips. The sample is
held in the near-field~;10 nm! of the NSOM tip via
the optical shear force technique. The shear force te
nique creates simultaneous topography and opti
NSOM images. The setup also allows for simultaneo
fluorescence spectra to be taken from a localized s
tion of the sample.
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the evolution of the photo-oxidized spot size with time
governed by the excited-state diffusion and the pho
oxidation kinetics.14–16

Using a two-dimensional model for excited-state diff
sion with continuous irradiation, the steady-state density
excited statesr(r ) is determined from the diffusion
equation16

DF ]2

]r 2 1
1

r

]

]r Gr~r !2
r~r !

t
1Pe4~ ln 2!r 2/D2

50, ~1!

whereD is the excited-state diffusion constant,D is the full
width at half maximum~FWHM! of the irradiation spot~for
a Gaussian profile!, P is the rate at which excited-state de
sity is created by the laser at the center of the irradiat
spot, andt is the excited-state lifetime, which is of the ord
of 1 ns for each of the organic films studied. ForADt com-
parable to or less thanD, the steady-state excited-state de
sity is dominated by the shape of the irradiation spot. F
ADt@D, the steady-state excited-state density takes on l
tails with a more exponential character away from the ir
diation spot. In SHB–NSOM the shape and size of
photo-oxidation spot is a function of both the excited-st
density at each point in the film and the photo-oxidation ra

It is important to note that in addition to measurin
excited-state diffusion, the SHB–NSOM technique provid
the means for probing photo-oxidation on a local scale, f
from spatial averaging. This advantage is important in or
to observe subtle changes in the fluorescence spectrum
function of exposure time as well as any spatial variation
the photo-oxidation kinetics.

We compare the local photo-oxidation properties
three different organic optical materials, MEH–PPV th
films, Alq3 thin films and dye-functionalized polyelectrolyt
self-assembled layers. Each of these materials undergoe
reversible photo-oxidation, which results in a decrease in
film fluorescence. Each material also has slightly differ
morphology, which is shown to influence the photochem
try. In MEH–PPV films the film packing density varies o
the 100 nm scale resulting in a spatial variation of the pho
oxidation kinetics and the excited-state diffusion length.
addition, the photo-oxidation in MEH–PPV was found
change both the surface morphology of the film as well
-
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the fluorescence spectrum. In the Alq3 films, however, the
film morphology is much more uniform. As a result, th
photochemistry shows very little spatial variation. Few e
fects are observed in the surface morphology and no cha
were observed in the fluorescence spectrum. In d
functionalized polyelectrolyte layers there were no chan
in the surface topography or in the emission spectrum. T
photo-oxidation was found to be uniform despite the inher
heterogeneity of the polyelectrolyte films.25

II. EXPERIMENT

The NSOM apparatus used for exposing the orga
films is shown in Fig. 1, and has been described in de
elsewhere.26 Near-field excitation is accomplished using
subwavelength aperture that exists at the end of a tap
optical fiber coated with 100 nm of Ag.17 The tapered fibers
are fabricated using a commercial pipette puller with a 10
CO2 laser as the heat source. Metallization of the fiber tips
done using thermal evaporation at a base pressure o
31026 torr with the tips positioned at a slight angle
shadow the end from the metal source. All of the tips used
our experiments are optimized for throughput of the exc
tion wavelength, 457.9 nm or 514 nm from an Ar1 laser, at
a maximum illumination power of 1 kW/cm2.

The FL signal is collected with a high numerical ape
ture (NA50.85) objective and routed to either an avalanc
photodiode~APD! for imaging or to a spectrometer/CCD
detector for spectroscopy via the optics of a conventio
optical microscope. The excitation wavelength is suppres
with a holographic notch filter. We construct fluorescen
images of our samples point-by-point by raster scanning
sample while keeping the tip fixed. The scanner is control
with commercial scanning probe microscopy electron
~Digital Instruments, Santa Barbara, CA!.

The standard optically detected shear for
techniques27,28 are used to maintain the tip within the ne
field ~;15 nm! of the surface of the film@Fig. 1~a!#. This
feedback mechanism provides a simultaneous topogra
image with the FL–NSOM image. The feedback loop, whi
maintains the tip-sample distance, is also active during
exposure of the patterns as well as during imaging.
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SHB–NSOM is performed by programming the sca
ning electronics so that the NSOM tip traces a specific p
tern over the surface of the sample. The photo-oxidation
terns are written using the maximum illumination pow
possible~1 kW/cm2! and are imaged using FL–NSOM a
lower illumination powers~typically of the order of 100
W/cm2!.

Glass coverslips~Fisher! were used as sample substra
for the MEH–PPV and Alq3 films. The slides were rinsed in
acetone and flamed before use. The MEH–PPV~Uniax
Corp.! films were spin cast from a 10mM solution of MEH–
PPV in p xylene. The resulting thin films had a thickness
approximately 100 nm and a surface roughness below 5
as measured with FL–NSOM. Before high power illumin
tion, the FL signal was observed to be uniform to less th
5%, even on the 100 nm length scale.

Alq3 powdered solids~Aldrich! were purified by train-
sublimation. The solid was placed in a baffled tungs
evaporating boat and sublimed at low pressures~5.5
31026 torr, Kurt J. Lesker evaporator!. Deposition rate and
film thickness were monitored by quartz crystal thickne
monitor ~Leybold Inficon!. The typical deposition rate wa
2–5 Å/s. The Alq3 films in these experiments were betwe
20 nm and 100 nm thick. Before high power illuminatio
the FL signal was observed to be uniform to less than
and the topography had a root-mean-squared~rms! surface
roughness value of,1 nm. The characterization of as
deposited Alq3 films by NSOM is described in more deta
elsewhere.29

Dye-functionalized polyelectrolyte layers were produc
via polyelectrolyte self-assembly according to the proced
described by Decher.30,31 Poly~sodium p-styrenesulfonate!
~PSS!, was purchased from Acros Organics. Poly~allylamine
hydrochloride! ~PAH! and Fluorescein Isothiocyanate~Fl!,
were purchased from Aldrich. All materials were used wi
out further purification. PAH was covalently labeled wi
fluorescein using a procedure previously reported.32 This re-
action produced a dye concentration of 1 per 20 mono
units as measured by UV–Vis spectroscopy. This imp
that in an idealized straight polymer chain the average
tance between fluorescein molecules is approximately 58

All polyelectrolyte self-assembled films were prepar
on microscope cover glass~Fisher, size 253253 1

2 mm3!.
Ultra-purified ~Millipore! water (pH55.5) was used for all
preparation steps. The glass surface was functionalized
immersion in a Piranha solution, H2SO4/H2O2(7:3), and
sonicated for 1 h and then rinsed with ultra-pure water a
dried. Substrates were then sonicated for 1 h in
H2O/H2O2/NH4OH ~5:1:1! solution, rinsed and dried. Ad
sorption of PAH and PSS was carried out in 0.02 M aque
solution.30,31FI–PAH was adsorbed from a 7 mM solution
ethylene glycol, which was made slightly basic by additi
of solid sodium hydroxide. Films were prepared by sequ
tial dipping of the functionalized substrates in the approp
ately charged polyelectrolyte solution. Many multilayer fil
architectures are possible using this method of self-assem
Typically a single layer of unlabeled PAH~cation!, or unla-
beled PSS~anion! are deposited by immersion for 15–2
minutes in the polyelectrolyte solution, followed by rinsin
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with ultra-pure water and drying. Dye-labeled PAH was a
sorbed from a 10 minute immersion, rinsed with ethan
ultra-pure water/ethanol, then dried. Film growth was mo
tored by UV/Vis spectroscopy.

III. RESULTS AND DISCUSSION

An example of photo-patterning of MEH–PPV is show
in Fig. 2. The rate of exposure of the diamond pattern wa
mm/s, which is equivalent to 20 ms per pixel. The diamo
pattern was exposed 10 times~a total of 200 ms/pixel! before
imaging the resulting fluorescence. Under these condition
clear photo-pattern is observed with a depth of contras
20% and a spatial resolution of 200 nm. In addition, a cha
in the surface topography is also observed@Fig. 2~a!#. The
topography shows both a slight protrusion~15 nm! on each
side of the diamond pattern as well as a depression~50 nm!
in the middle. This topography is attributed to melting of t
polymer film. It is important to note that the melting on
occurs from absorption of the excitation light and was n
observed in the absence of light or in the presence of li
not absorbed by the polymer. We have determined that
onset of the topography occurs for exposure times larger t
30 ms/pixel. In addition, we do not observe a change in

FIG. 2. Photo-oxidation patterning of a thin film of MEH–PPV and phot
induced topography. The diamond pattern in~b! was written in the FL–
NSOM image with 10 passes of the NSOM tip, the corresponding topo
phy is shown in~a!. The topographical depression is;50 nm deep and the
ridges are;25 nm tall. The black to white contrast in~b! is 20%.
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lateral size of the depression with increased exposure.
only change observed is the height of the protrusion and
depth of the depression which both increase with increa
exposure.

A change in the fluorescence spectrum was also
served during the photo-patterning process. This chang
illustrated in Figs. 3 and 4. Figure 3 shows the fluoresce
spectra from a single spot after 10 s 120 s, and 360 s
exposure both in air and under flowing nitrogen. Each sp
trum was fitted to the sum of four Gaussians, as shown
light gray, with a single energy defining the splitting betwe
adjacent peaks during the fit. Figure 4 shows a plot of
ratio of the height of the second peak to the height of the fi
peak as a function of exposure time~the widths of these two

FIG. 3. Fluorescence spectra from a fresh MEH–PPV film in air~left-hand
side! and under flowing nitrogen~right-hand side! over time. The fluores-
cence spectra after 10 s~a!, 120 s~b!, and 360 s~c! are shown. The spectra
are fit to four Gaussians shown in gray with the residual shown below e
spectrum. The spectrum changes with exposure time, not only in the ov
intensity, but also in the ratio of the second and first vibronic peak.

FIG. 4. The change in the ratio of the intensities of the second to
vibronic bands of the fluorescence spectra over time for samples of a
MEH–PPV thin film in air~l! and nitrogen~j!.
he
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peaks is nominally constant!. As is seen from both figures
the change in the fluorescence spectrum as a function
exposure time in air is characterized by an increase in
intensity of the second vibronic band relative to the fi
vibronic band. A slight blue shift in air relative to nitrogen
also observed, with the blueshift increasing with expos
time. It is also important to note that the changes in
fluorescence spectrum observed in air are drastically redu
under flowing nitrogen~also shown in Figs. 3 and 4!. These
changes are attributed to additional, unresolved vibronic c
pling to carbonyl groups formed during photo-oxidation
the polymer.33,34The production of carbonyls in PPV deriva
tives during exposure to light and oxygen has been obse
previously in spatially averaged experiments using
spectroscopy.35 In these experiments, however, very litt
change in the fluorescence spectrum was observed. We
lieve this is due to spatial-averaging that results from a la

ch
all

t
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FIG. 5. Spatial hole burning of a thin film of MEH–PPV. The FL–NSO
image~a! shows the result of varying the exposure time of a single locat
to the light from the NSOM tip. The first column of holes were made w
5 s, 10 s, and 15 s exposures and the second column were made with
40 s, and 60 s exposures. As the exposure time increases, the fluores
intensity decreases and the size of the affected area, measured b
FWHM of the dark spot, increases. The line cut in~b! shows the hole profile
for the 60 s hole. The graph in~c! shows the decrease in the fluorescen
signal as a function of exposure time. A double exponential fit to the da
shown in gray with the overall decay. The residual is shown along
bottom of the graph.
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excitation spot size and nonuniform photo-oxidation of t
polymer film. This nonuniformity is probed further in th
SHB–NSOM experiments discussed below.

The results of SHB–NSOM on a 100 nm thick MEH
PPV film are presented in Figs. 5 and 6. Figure 5 shows
array of six dark spots created by exposing the film ove
single spot for exposure times from 5 s to 60 s. As isclearly
observed in the image of Fig. 5~a! the diameter of the dark
spot increases and the fluorescence signal decreases wi
creasing exposure time. Figure 5~b! shows a one-
dimensional line trace of the fluorescence intensity of the
s hole. Figure 5~c! shows the fluorescence yield decay as
function of exposure time at the center of a hole. A multie
ponential fit to the transient of Fig. 5~c! shows that this data
fits well to the sum of two exponentials with time constan
of 0.8 s and 14 s. These time constants represent the kin
of the photo-oxidation. The fast time constant is attributed
the surface photo-oxidation and the slow time constan
attributed to the subsurface photo-oxidation, which is limit
by diffusion of the oxygen into the bulk of the film. It i
important to note that films left out in air for more than a fe
hours exhibit nearly single exponential photo-oxidation
netics with a time constant of the order of 0.5–5 s.

FIG. 6. SHB–NSOM of MEH–PPV as a function of position. The FL
NSOM image~a! shows the affect of exposing the film in various locatio
for the same amount of time~5 s!. The two fluorescence decays shown in~b!
and ~c! are from the middle hole on the right and the top left hole, resp
tively. The fluorescence decays have been fit to two exponentials an
offset. For~b! the decay time constants weret150.109 s andt255 s and
the decay time constants for~c! weret150.02 ms andt251 s.
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The photo-oxidation kinetics are extremely sensitive
the position on the films as illustrated by the data of Fig.
In this experiment the film is exposed for 5 s over six differ-
ent spots on the film. As is observed in the data of Fig. 6,
fast time constant varies from 0.02 s to 0.2 s and the s
time constant varies from 1 s to 10 s. This variation is attr
uted to different packing density of the MEH–PPV film
which is known to vary on the 100 nm length scale. It is a
important to note that the order of magnitude variation in
photo-oxidation kinetics is much larger than the 5% variat
of the film fluorescence, which implies higher sensitivity
the photo-oxidation to film morphology than the film fluo
rescence.

Another important observation regarding the data
Figs. 5 and 6 is the large size of the dark spot after 60 s
exposure. Although the illumination spot is only 100 nm
diameter, the dark spot reaches a pseudo-steady-state s
nearly 1 mm. This is indicative of excited-state diffusion
Figure 7 shows a plot of both the fractional decrease~mea-
sured at the center of the spot! and diameter of the spot as
function of exposure time. The change in diameter with e
posure time and the decrease in fluorescence intensity
proach a pseudo-asymptote at 60 s. Both curves fit well
single exponential with a time constant of 15 s, which
approximately equal to that obtained for the slow time co
stant in the fit to the data of Fig. 5~c!. This is expected since
the evolution of the diameter of the dark spot is indicative
the photo-oxidation kinetics. Since the data of Fig. 7 w
acquired with a 5 stime resolution, the fast time constant~of
the order of 100 ms! was not observed due to insufficien
data points at early times. Considering the diffusion mo
discussed in Eq.~1!, the shape of the photo-oxidation ho
extrapolated to zero time should match the inverted shap
the steady-state excited-state density peak. For our co
tions the FWHM of this peak roughly corresponds to diff
sion length. Extrapolation of the width in Fig. 7 to zero tim
puts a rough upper bound~since we may be missing fas
kinetics! on the diffusion length of 50 nm.

This value is consistent with exciton diffusion lengths

-
an

FIG. 7. Parameters of a SHB–NSOM experiment on a 100 nm thick ME
PPV film. The graph shows the decrease in the percent of the percent i
intensity ~m! of each hole, as well as the broadening of the hole diame
~j! with increasing exposure time. At zero exposure time the fluoresce
signal is 100%. The decay of the fluorescence signal and the rise of the
spot diameter both fit to a single exponential with a time constant of 1
The fit for each data set is shown as a solid line through the points.
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MEH–PPV reported by several groups to be of the orde
10–100 nm.35–37We considered the possibility that the larg
size of the dark spot is due to scattering of the light from
near-field tip within the film. We do not believe the scatte
ing would account for such a large diameter of the dark s
since most of the light is confined to and is absorbed wit
one aperture diameter due to the highly localized nature
the evanescent near-field radiation.38 It is apparent that the
large width of the photo-oxidation hole at longer times
primarily due to the effect of saturating the photo-oxidati
directly under the excitation source. It is also possible t
the photo-oxidation process itself, which alters both
chemical identity of the polymer film as well as its morpho
ogy, influences the shape of the photo-oxidation hole. T
introduction of carbonyl groups into PPV films has be
shown to enhance the photoconductivity implying a high
mobility for photocarriers in an oxidized film. This woul
also increase the steady-state size of the dark spot if t
photocarriers also contribute to photo-oxidation.

As mentioned earlier, we have observed changes
MEH–PPV fluorescence spectra in oxygenated air which
more pronounced than when the sample was scanne
nitrogen.38 Both oxygen which has diffused into the samp
bulk and oxygen present in the air can react with MEH–P
to form carbonyl groups. In both cases, triplet oxyg
present in the film may contribute to the observed ene
migration in MEH–PPV films.

The localized photo-oxidation of Alq3 thin films is pre-
sented in Figs. 8, 9, and 10. As in the photo-oxidation
MEH–PPV films, the effects of SHB–NSOM on a 100 n
thick vacuum-deposited Alq3 film results in a dark spot and
the diameter of the dark spot increases with increasing ex
sure time as is observed in Fig. 8~a!. A one-dimensional line
trace of the 60 s dark spot is shown in Fig. 8~b!. The de-
crease in fluorescence intensity fits well to a single Loren
ian, which is a good approximation of the shape expec
The fluorescence yield decay is shown in Fig. 8~c!, which fits
well to a multiexponential decay with time constants of 5
31 s, and 205 s. As with the MEH–PPV films, the fast tim
constant is attributed to surface photo-oxidation while
slow time constants are attributed to oxidation of the bulk.
contrast to the photo-oxidation of MEH–PPV, however,
heterogeneity of the SHB–NSOM was observed in
photo-oxidation of Alq3 films as seen in Fig. 9. The fluores
cence yield decays for each of the four spots are equiva
with the same photo-oxidation time constants. In additi
the shape of the fluorescence spectrum@Fig. 9~b!# does not
change as a function of exposure time, only the fluoresce
signal changes. This is not surprising since the morphol
of Alq3 films is much more uniform than that of MEH–PPV
We also note that very little change in topography is o
served in the photo-oxidation of Alq3. The only effects ob-
served in the topography after exposure occurred for v
thin films ,30 nm thick. Thus, the heating induced by a
sorption in 100 nm thick Alq3 films is much less than tha
observed in MEH–PPV films.

Figure 10 shows a plot of the diameter of the dark s
and the decrease in fluorescence as a function of expo
time. The hole depth fits well to a sum of two exponenti
f
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with time constants of 52 s and 203 s which agrees well w
the fit to the data of Fig. 8~c! for the photo-oxidation kinet-
ics. The fast time constant was not obtainable from this d
due to lack of data points for early exposure times. The
ponential rise of the dark spot diameter required only
single exponential to fit the data with a time constant of 3
s. This suggests that the evolution of the dark spot diam
is not limited to the photo-oxidation kinetics, but is also d
pendent on another long-time process such as the slow
fusion of oxygen ions or diffusion of deeply trapped carrie
Deeply trapped carriers in Alq3 films have been reported in
previous studies.39,40 Extrapolation of the hole width to zero
time provides a rough upper bound on the diffusion len
for energy migration in Alq3 determined from the data o
Fig. 10 of 400 nm; approximately a 10-fold increase over
largest exciton diffusion length reported in the literature
Alq3.

41,42

As in the case of MEH–PPV, the photo-oxidation
Alq3 results in the formation of new chemical species. A
cording to studies on the hydrolytic stability of Alq3, the
primary product of this photo-oxidation is a dark nonem
sive polymer resulting from the polymerization of free

FIG. 8. SHB–NSOM of a 100 nm thick Alq3 film. The FL–NSOM image
~a! shows the results of varying the exposure time of a single location to
light from the NSOM tip for various lengths of time, as marked: 10 s, 30
45 s, 60 s, 90 s, and 20 s. The line cut in~b! shows the profile of the 60 s
hole in ~a!. Graph~c! is a representative time course for a 100 nm Alq3 film.
Fitting this curve to three decaying exponentials we obtained time const
of t155 s, t2531 s, andt35205 s. The residual is shown along the botto
of the graph.
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8-hydroxyquinoline.43,44 While the exact structure of thi
polymer has yet to be determined, the polymer has b
shown to be an acceptor for efficient energy transfer fr
Alq3.

43 If this energy transfer is sufficiently long range
there are a number of cascading energy transfer pathw
then it is possible that this dark polymer could quench A3

over very long distances.43,45

FIG. 9. SHB–NSOM of a 20 nm Alq3 film as a function of position. The
shear force topography image~a! contains four depressions, with raise
edges, that correspond to four separate 20 s exposures to the NSOM tip
FL–NSOM image~b! taken simultaneously with~a! reveals decreased fluo
rescence efficiency at the four areas exposed to the NSOM tip. Iden
fluorescence spectra~c! were obtained for each exposed spot. The shape
these spectra are characteristic of the rest of the film, but the fluoresc
intensity is less than surrounding regions of the film.

FIG. 10. Parameters of a SHB–NSOM experiment on a 100 nm thick
film. The graph shows the decrease in the % initial intensity~d! from each
hole, as well as the broadening of the hole diameter~j! with increasing
exposure time. The width has been fit to a single rising exponential wit
5360 s. The fluorescence intensity decreases with time and has been
two decaying exponentials witht1553 s andt25205 s. These time con
stants compare favorably to the time constants obtained from the fluo
cence yield decay of Fig. 8~c!.
n

ys,
Finally, we have examined photo-oxidation and ener

migration in self-assembled films of PSS/Fl–PAH~nine bi-
layers!. Unlike the organic semiconductors MEH–PPV a
Alq3, this film does not produce delocalized excited stat
Energy migration in these materials will occur via homom
lecular energy transfer,46–48 which depends strongly on th
concentration of dye molecules in the film. The localiz
photo-oxidation of a 50 nm self-assembled PSS/Fl–P
film ~nine bilayers! is presented in Figs. 11 and 12. Figu
11~a! shows the result of an SHB–NSOM dark spot after
s exposure. Like MEH–PPV and Alq3, the diameter of the
dark spot increases and the fluorescence signal decre
with increasing exposure time~see Fig. 12!. Figure 11~b!
shows a one-dimensional line trace of the hole in the fl
rescence image of Fig. 11~a!. Figure 11~c! shows the fluo-
rescence yield decay that fits well to a multiexponential w
time constants of 1.3 s and 11.3 s. We also observe no
erogeneity of the photo-oxidation on the 100 nm length sc
nor do we observe any change in the fluorescence spec
as a function of exposure time.

The increase of the diameter of the dark spot and
corresponding decrease in fluorescence yield is presente
Fig. 12~a!. Both curves are fit well to two exponentials wit
time constants approximately equal to the time constants
served for the photo-oxidation kinetics@Fig. 11~c!#. Extrapo-

he

al
f
ce

q

t to

s-

FIG. 11. SHB–NSOM of a 50 nm thick self-assembled film of PSS/F
PAH ~nine bilayers!. FL–NSOM image~a! following 30 s exposure to the
stationary NSOM tip. Line cut~b! of the hole in fluorescence image~a! as
marked. The graph in~c! shows the decrease in the fluorescence signal a
function of exposure time. The resulting signal was fit to two exponent
and an offset, witht151.3 s andt2511.3 s.
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lating the width in Fig. 12 to zero time gives a rough upp
bound of the diffusion length for energy migration of 20
nm. While this is a large diffusion length it is not unexpect
for these materials. The loading of the fluorescein dye w
determined to be 1:20, which implies that the average
tance between dye molecules is 58 Å in an idealized stra
polymer chain. Since the polymer film is an ensemble
disordered polymer chains a conservative estimate of
distance is 0.5 times the Fo¨rster radiusR0 ~58.2 Å! for en-
ergy transfer. Since the rate of energy transfer scales
(R0 /R)6 whereR is the distance between neighboring flu
rescein molecules, the energy can be transferred up to
times in one excited-state lifetime~1 ns!. This would imply a
diffusion length of many hundreds of nanometer as is
served in our data. Furthermore, reduction of the concen
tion of dye molecules should drastically reduce the diffus
length, which has been observed in other experiments~not
shown!.

IV. CONCLUSIONS

We have shown that SHB–NSOM can be applied to
number of luminescent organic films to produce nanosc
photo-patterns, probe photochemistry on a 10–100 nm s
and to determine the characteristic length of excited-s
diffusion. In the molecular semiconductors~MEH–PPV and
Alq3! the excited-state diffusion observed in our experime
are several times larger than previously reported values.
suggest that the large diffusion lengths may be due to che
cal and topological changes in the film which alters the
ergy migration. We also observe long range diffusion in d
functionalized polyelectrolyte layers which is attributed
efficient homomolecular energy transfer. In addition, our
periments revealed a number of interesting differences in
local photo-oxidation properties of the three films studie
MEH–PPV was the most readily photo-oxidized and show
a strong heterogeneity of the photo-oxidation, which co
be correlated to film morphology. In addition, the surfa
topography of the photo-oxidized region indicated localiz
heating and melting of the polymer film. Changes in t

FIG. 12. Parameters of a SHB–NSOM experiment on a 50 nm thick P
Fl–PAH film. The graph shows the decrease in the % initial intensity~l!
from each hole, as well as the broadening of the hole diameter~m! with
increasing exposure time. At zero exposure time the fluorescence sign
100%. The decay of the fluorescence signal was fit to two exponentials
t150.8 s andt256.0 s. The rise of the dark spot diameter was fit to tw
exponentials with time constants oft151.3 s andt2511.3 s.
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vibronic bands of the fluorescence spectrum were also
served upon exposure to light. These properties were sh
to have a strong heterogeneity attributed to changes in
packing density of the film. These same signatures of pho
oxidation were not observed in the Alq3 films or the dye-
functionalized polyelectrolyte films.
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