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We use near-field scanning optical microscopy (NSOM) to probe the local optical and
morphological properties in annealed, vacuum-deposited Alqgs films (10—480-nm thick) with
10—100-nm resolution. We use concurrent shear force microscopy (an analogue to atomic
force microscopy, AFM) to correlate the morphology of different regions to intensity variations
in our fluorescence images as well as variations in the localized fluorescence spectra. We
have observed nanoscale effects of annealing temperature on film morphology and
fluorescence emission. Our studies show that Alqgs films annealed below the glass transition
temperature of Algs (T < Tg= 172 °C) were very similar to unannealed films, except in very
thin films (<50 nm). Films annealed above T4 (T = 200 °C) for the same amount of time
exhibit increased surface morphology and decreased fluorescence. In sufficiently thick films
(=500 nm) annealed at 200 °C, we observe the formation of microcrystalline domains.

Introduction

Because the use of a thin film of vacuum-deposited
tris-8-hydroxyquinoline aluminum (Algs) as the emissive
layer in a practical electroluminescent device con-
structed from layered organic materials was first dem-
onstrated in 1987,! the experimental and theoretical
properties of Algs have been widely studied.2~8 When
compared to inorganic 11—V semiconductors, molecular
organic semiconductors, such as Alqs, offer the possibil-
ity of flexible commercial displays, more facile wide-area
film deposition, cheaper purification costs, and more
versatile color specificity. For over a decade, a variety
of approaches have been used to better understand the
optical and charge transport properties of Algs films.
Recently, this work resulted in Algs-based small-area
commercial displays for car stereos from Pioneer Elec-
tronics (http://www.pioneerelectronics.com). However,
despite the numerous spectroscopy techniques applied
to Algs films, the dependence of optical properties on
Algs film morphology, particularly on a submicron level,
remains poorly understood.®6
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Previous studies rely on far-field spectroscopy tech-
niques that average over many morphological do-
mains'®~12 or on topographical images taken without the
benefits of concurrent optical probing.'® Previous tem-
perature studies of Algs thin films have combined far-
field spectroscopy with bulk techniques such as differ-
ential scanning calorimetry (DSC) and X-ray diffractom-
etry (XRD).* While these techniques provide important
information about phase transitions and sample crystal-
linity, respectively, they are not able to provide the
nanoscale morphology and fluorescence variation infor-
mation that is possible with near-field scanning optical
microscopy (NSOM). In particular, Algs samples used
for DSC and XRD analysis are ~2-mm thick,* much
thicker than those used in devices. As we will describe,
in films much less than 2-mm thick, we have observed
dramatic changes in morphology and fluorescence emis-
sion efficiency after thermal annealing and these changes
vary with initial film thickness.

In this work, we apply near-field scanning optical
microscopy (NSOM) to directly probe the nanoscale (10—
100 nm) optical properties of annealed Algs thin films
between 10- and 480-nm thick. Our results complement
previous NSOM studies of Algs/TPD-based device deg-
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radation reporting micron-size features,® atomic force
microscopy (AFM) studies of Algs and TPD layers on
indium—tin oxide (1TO),>6 transmission electronic mi-
croscopy (TEM) of Algs on various substrates,® and
NSOM studies on as-deposited (unannealed) Algs thin
films from our group that are reported elsewhere.®

Experimental Section

Materials Used and Film Deposition. Glass coverslips
(0.17-um thick, Fisher) were used as sample substrates. The
slides were rinsed in acetone and flamed before use. Alqgs
powdered solid was used as-delivered (Aldrich). The solids
were placed in a baffled tungsten evaporating boat (R. D.
Mathis) and sublimed at low pressures (=108 Torr). Film
thicknesses were monitored by a quartz crystal thickness
monitor. Samples were annealed by placing them in a sample
holder in an oven for 60 min, after the oven had been
equilibrated for 30 min at the desired temperature. Samples
were stored and scanned in ambient conditions. Sample
thicknesses before and after annealing were measured by
standard profilometry (Sloan Dektak II).

Near-Field Scanning Optical Microscopy. In NSOM, a
subwavelength (10—200 nm) aperture was placed in close
proximity to the surface of interest (near-field region ~ 10 nm)
and the interaction between laser light passing through the
aperture and the sample was limited to the aperture diam-
eter.’” If the aperture is maintained in the near-field and
scanned over a sample surface, an image can be reconstructed
point by point with spatial resolution limited by the aperture
diameter rather than by the wavelength of light (the diffraction
limit, 2/2). The combination of the proximity of the tip to the
sample and small tip aperture in NSOM made it possible to
achieve ultrahigh spatial resolution.

In our NSOM apparatus, depicted in Figure 1, a tapered
fiber optic tip with laser light coupled to it was fixed while
the sample, mounted film-side down on a piezo tube (Stavely
Sensors), was raster-scanned above it. The tip was used to
excite the sample and the emission (fluorescence) that results
in the sample was detected in the far-field using a 125x
microscope objective (0.80 NA, Leitz). Using a beam splitter
in the path of the transmitted signal, we were able to collect
spatially resolved fluorescence spectra simultaneously with
integrated fluorescence imaging. Our tip apertures were
typically 100 nm in diameter. The tip—sample distance,
regulated by the standard optical shear force feedback mech-
anism, was ~10 nm.

Shear Force Microscopy. We imaged the topography of
the sample simultaneously with NSOM using shear force
microscopy, an analogue to attractive mode atomic force
microscopy (AFM). In shear force microscopy, the tapered
optical fiber NSOM tip (diameter ~200 nm) was used to scan
the surface of the sample.'® This tip was attached to a small
piezoelectric tube and dithered on resonance. The tip—sample
distance was determined by monitoring the dither amplitude
as the sample approached the tip. The dither amplitude was
measured by scattered laser light synchronously with the
dither frequency. This provided the input for the feedback loop
of our scanning electronics, shown in Figure 1, which was set
to maintain a constant height above the sample surface (~10
nm).

Laser Scanning Confocal Microscopy. Laser scanning
confocal microscopy (LSCM) was also used to obtain larger
areas scans of the annealed Algs films with spatial resolutions
of ~400 nm. Our laser scanning confocal microscope has been
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Figure 1. Near-field scanning optical microscopy (NSOM)
schematic. The sample is placed on a piezoelectric tube
between a high numerical aperture objective and a fiber optic
tip (transmission mode NSOM). The photodiode detects (left
of the tip in the schematic) IR laser light scattered by the
dithered tip. This signal is used for optical shear force detection
and is used in a feedback circuit to maintain the tip in the
near-field (*10 nm) of the sample. In addition, this signal is
used to map topography images of the sample surface.
Transmitted fluorescence is collected in the far-field with the
microscope objective. With a beam splitter in the path of the
collected fluorescence signal, emission intensity images and
emission spectra can be acquired simultaneously.

described in detail.’® For LSCM, the same apparatus depicted
in Figure 1 was used with the NSOM tip removed. For
excitation the 457.9-nm line of an Ar* laser (Spectra-Physics)
was directed into the microscope and focused into a small spot
using the objective used for NSOM. The resulting fluorescence
was detected the same way as fluorescence NSOM, with the
APD detector placed confocal with the excitation spot.

Absorption and Emission Spectroscopy. Bulk absorp-
tion spectra of Algs films were recorded on a diode array
absorption spectrophotometer (Hewlett-Packard, 8452A). Near-
field scanning optical spectra were obtained using the optical
collection setup used for NSOM imaging.

Results and Discussion

Annealing Effects on the Absorption of Alqgs
Thin Films. Algs films of 10, 20, 50, 100, and 480 nm
were vacuum-deposited on glass and absorption spectra
were taken before annealing, after 60 min at 100°C (T
< Tg), and after 60 min at 200 °C (T > T,). Examples of
absorption spectra of two different films (10-nm thick
in Figure 2a and 480-nm thick in Figure 2b) are
presented in Figure 2. The unannealed Algs films
exhibit characteristic Algs absorption peaks at about 385
and 260 nm. The two prominent bands in the Algs
absorption spectrum are attributed to the 1L, (385 nm)
and 1By (260 nm) electronic transition bands.?° Previous
studies on Algs and other quinoline chelates in solution
have determined that Algs absorption and fluorescence
are ligand-localized.?»~?* The absorption spectra for
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Figure 2. Comparison of bulk absorption spectra of two
different vacuum-deposited Algs films with (a) a 10-nm-thick
film and (b) a 480-nm-thick film. Each plot shows spectra
taken at room temperature before annealing, after annealing
for 60 min at 100 °C, and after annealing for 60 min at 200
°C.

metal oxinates such as Algs are nearly identical to those
of free 8-hydroxyquinoline.

For the two different film thicknesses, the spectra
before annealing and annealing at below the glass
transition temperature (T = 172 °C) are nearly identi-
cal, indicating minimal differences in chemical composi-
tion. Both films, annealed at less than the glass
transition temperature, exhibit similar absorption spec-
tra to unannealed films. What is remarkable is the
disappearance of the absorption peak at 395 nm for the
10-nm-thick film (Figure 2a) but not the 480-nm-thick
film (Figure 2b). Although the peak maximum in the
absorption spectrum for the 480-nm film shifts toward
shorter wavelengths after annealing at greater than Ty,
the peak does not disappear as it does in the thinner
film. The observed absorption spectrum for the 10-nm-
thick film annealed at 200 °C suggests that Alqgs does
not remain on the glass after the anneal. However, we
verified that we were not merely subliming the Algs by
checking film thicknesses before and after annealing.
The two measurements did not vary more than 10%.
These results indicated that the thicker Algs films were
more thermally stable.

Figure 3a is a plot of the absorbance measured at 395
nm for films between 10- and 480-nm thick. In general,
the absorbance increases with thickness; however, for
thin films (<50 nm) annealed at 200 °C, absorbance at
395 nm is significantly reduced, indicating a change in
the chemical nature of the film after annealing at 200
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Figure 3. Comparing trends in absorption peak intensity for
different film thicknesses. (a) The absorption spectrum inten-
sity at 395 nm for each film thickness was used to compare
film absorption before (®) and after annealing at 100 °C (m)
or after annealing at 200 °C (@®). A dashed vertical line for
annealed and unannealed films between 10- and 480-nm thick
denotes the absorbance measured at 395 nm. The graph in
(b) is a close-up of the same plot in the region between 10-
and 100-nm thick. It highlights the absence of the 395-nm peak
for 200 °C annealed films <50-nm thick. (c) A plot of the ratio
of the 295-nm absorption peak to the 395-nm absorption peak
illustrates another difference between the annealed and unan-
nealed films.

°C. Figure 3b, which illustrates the absence of the 395-
nm absorption peak for films much less than 100 nm,
is a close-up of Figure 3a. Figure 3c illustrates a related
difference between the films annealed above Ty and
films annealed below Ty The ratio of the 295-nm
absorption peak to the 395-nm absorption peak is shown
in Figure 3c as a function of film thickness. For films
<100 nm annealed at 200 °C, this ratio is much larger,
~5:1 (295-nm peak to 395-nm peak), than that for other
annealing conditions and for thicker Algs films, which
exhibit peak ratios between 2:1 and 1:1.

The observed difference between the thinner (10 nm)
and thicker film (480 nm) absorption was unexpected.
Given the observed results, the thicker Algs films exhibit
greater thermal stability than the thinner films. Films
<50-nm thick, which have been annealed above Ty,
undergo more drastic changes in fluorescence efficiency
and morphology than thicker films. It is clear from these
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Figure 4. Fluorescence and topography effects after annealing three different Algs films at T < Ty for 60 min. Far-field fluorescence
micrographs (left-hand column), concurrently obtained NSOM fluorescence (middle column), and shear force topography (right-
hand column) images of three different thicknesses of Algs films. The following thicknesses refer to the film before annealing:
(8)—(c) 15 nm, (c)—(e) 50 nm, and (f)—(i) 480 nm. Using the scale bar at the top right, the z-scales for each image are as follows:
(a) 1000 keps, (b) 10 keps, (c) 20 nm, (d) 2000 keps, (e) 20 keps, (f) 30 nm, (g) 8000 kcps, (h) 2000 keps, and (i) 20 nm. The signal
levels in the far-field fluorescence images (left-hand column) are not directly comparable, as the laser intensity was varied to
enhance the contrast. The NSOM and shear force images, obtained with the same tip, are comparable.

spatially averaged absorption measurements that an-
nealing Algs films influences the optical properties of
the material. To understand these effects in more detail,
we conducted high-resolution fluorescence and topog-
raphy studies on these films using NSOM.

Films Annealed at T < Tg. As shown in previous
studies, unannealed vacuum-deposited Algs thin films
exhibit homogeneous fluorescence (rms < 3 kcps) and
topography (rms < 1 nm).2> The far-field UV/vis absorp-
tion spectra of films annealed at less than T, in Figure
2 indicated that these annealed films are very similar
to unannealed films. In contrast, far-field fluorescence
microscopy, NSOM, and topography images of films
annealed at less than Ty has revealed significant
unexpected differences in both fluorescence and topog-
raphy from unannealed films.

Although we have found that in films on the order of
hundreds of nanometers thick, annealing at 100 °C for
60 min does not decrease the fluorescence efficiency,
Figure 4 shows that this is not the case for thinner films
(<100 nm). Figure 4 contains far-field fluorescence,

(25) Credo, G. M.; Buratto, S. K. Adv. Mater. 2000, 12, 183—186.

NSOM, and shear force topography images from Alqs
films of different thicknesses. Note that the lateral scale
bars on the far-field fluorescence images (far left) are
10 times those of the NSOM (middle column) and
topography (far right) images.

Parts a—c of Figure 4 are microscopy images of a 15-
nm-thick film. Figure 4a is characteristic of electrolu-
minescence (EL) and photoluminescence (PL) images
taken of degraded LEDs.?%1° In organic LEDs using Algs
as the emissive layer, dark spots visible in both PL and
EL micrograph images are known to form after opera-
tion and these areas grow larger with continued use.©
In these studies, the EL and PL dark spots are not
necessarily present in the same regions, but this is to
be expected as the transport processes that contribute
to each mechanism are not the same. The NSOM
(Figure 4b) and concurrently obtained shear force
(Figure 4c) images reveal that the near-field fluores-
cence also varies on a submicron scale and the topog-
raphy exhibits many variations that correlate one to one

(26) Aziz, H.; Popovic, Z.; Xie, S.; Hor, A. M.; Hu, N. X.; Tripp, C.;
Xu, G. Appl. Phys. Lett. 1998, 72, 756—758.
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T (200°C) >Tg

Far-field Fluorescence Near-field Fluorescence Shear Force Topography

Figure 5. Fluorescence and topography effects after annealing three different Algs films at T > Ty for 60 min. Far-field fluorescence
micrographs (left-hand column), concurrently obtained NSOM fluorescence (middle column), and shear force topography (right-
hand column) images of three different thicknesses of Algs films. The following thicknesses refer to the film before annealing:
(8)—(c) 15 nm, (c)—(e) 50 nm, and (f)—(i) 480 nm. Using the scale bar at the top right, the z-scales for each image are as follows:
(a) 90 keps, (b) 25 keps, (c) 20 nm, (d) 1200 keps, (e) 120 keps, (f) 50 nm, (g) 500 keps, (h) 250 keps, and (i) 80 nm. The signal levels
in the far-field fluorescence images (left-hand column) are not directly comparable, as the laser intensity was varied to enhance
the contrast. The NSOM and shear force images, obtained with the same tip, are comparable.

with the darker regions in the NSOM image. However,
the variations in the topography image do not com-
pletely account for the variations in fluorescence inten-
sity observed in Figure 4b. In addition, we believe that
we are scanning a region of the film that would be
considered brighter rather than darker in the far-field
fluorescence image. Such a region represents a greater
percentage of the surface area of this particular film.
We do not observe the expected fluorescence contrast if
we were scanning the edge of one of the dark spots
apparent in Figure 4a.

Parts d—f of Figure 4 are, respectively, far-field
fluorescence, NSOM, and shear force microscopy images
of a 50-nm-thick film. In Figure 4d, there are darker
areas of the far-field fluorescence image of the film, but
these are no longer large round dark spots as seen in
Figure 4a. In contrast to the 15-nm-thick film, there
appears to be phase segregation of a brighter Algs and
much less fluorescence (by 50%) Algs. As in the case of
the 15-nm-thick film, the observed contrast in the
NSOM image (Figure 4e) is not correlated one to one
with the topography features of Figure 4f.

The final series of images (parts g—i of Figure 4) are
the far-field fluorescence, NSOM, and shear force to-
pograhpy images of a 480-nm-thick film. The images
clearly reveal that, at a sufficient film thickness, an-
nealing at less than the glass transition temperature
does not change the film fluorescence homogeneity when
compared to that of an unannealed film. The fluores-
cence and topography vary <1%.

Films Annealed at T > T4 As explained in the
previous section, although the bulk absorption spectra
for unannealed films and films annealed at less than
Ty were nearly identical, the far-field fluorescence
microscopy, NSOM, and topography images of films
annealed at less than Ty revealed significant unexpected
differences in both fluorescence and topography from
unannealed films, below a particular film thickness. For
films annealed at greater than Ty, we observed signifi-
cant differences in both bulk absorption spectra and
microscopy images when compared to those of the
original, unannealed films for all film thicknesses (10—
480 nm) in our study.
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The Alqgs films annealed at 200 °C exhibit larger
regions of decreased fluorescence efficiency (darker
regions in the LSCM images) for a given thickness when
compared to films annealed at 100 °C. At elevated
temperatures, above the glass transition temperature,
dark spots similar to those seen in Figure 4a may have
formed, but thermally aided mass transport at 200 °C
has appeared to lead to the formation of crystals or
crystalline regions in the far-field fluorescence image
in Figure 5a. Analogous XRD results in much thicker
films confirm the increase in crystallinity with exposure
of the film to temperatures greater than Ty for times as
low as 20 min.

The corresponding NSOM and topography images
reveal phase segregation similar to that observed in
Figure 4e, but the aggregates of the brighter fluorescent
material are larger. Note that the darker regions are
also fluorescing, but the intensity is 50% less. In
contrast to the topography images obtained in Figure
4, where the observed differences in fluorescence inten-
sity were not easily correlated to features in the shear
force images, Figure 5c does help to understand the
corresponding NSOM image. While there are no mea-
surable topography differences, which correspond to the
darker and lighter fluorescence, there are depressions
in the topography image that correspond to the bound-
aries of the brighter regions in the NSOM image. When
interpreted in this fashion, the brighter regions cor-
respond to islandlike regions in the topography image,
while the darker NSOM regions correspond to elongated
features in the topography image. The far-field fluores-
cence image (Figure 5a) suggested that the brighter
fluorescence regions consisted of crystalline aggregates
of Algs. The brighter fluorescence could have been the
result of more Algs in a particular region of the film.
The corresponding NSOM and topography images do
not support this hypothesis. Except for the depressions
in the film visible in the topography image, thickness
variations do not account for the observed fluorescence
variations in the NSOM image. The shear force image
indicates that molecular packing or differences in local
chemical composition in certain regions of the film may
contribute to greater film fluorescence efficiency in
A|Q3.25

Parts d—f of Figure 5 are microscopy images of a 50-
nm-thick film. Again, we observe variations in the
fluorescence in both the far-field fluorescence and
NSOM images of the annealed film. The NSOM image
provides a closer look at the fluorescence variations in
the film as well as the corresponding surface topogra-
phy. As in Figure 5c¢, the topography image for this film
thickness (Figure 5f) reveals that variations in film
thickness are not the cause of the larger fluorescence
variations in the NSOM image. In particular, the darker
region on the left side of the NSOM image does not
correspond to a lower or darker region in the topography
image.

Microscopy images of a 480-nm-thick annealed film
(Figure 5g—i) illustrate similar trends to those observed
in the previous images in Figure 5. Notably, this series
is very different from the far-field fluorescence, NSOM,
and topography images taken of a 480-nm-thick film
annealed at less than Ty (Figure 4g—i). Annealing the
Alqgs films at greater than Tq resulted in fluorescence
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Figure 6. Spatially resolved spectroscopy on a 100-nm-thick
Algs film annealed for 60 min at 200 °C. (a) An NSOM
fluorescence intensity image with four labeled regions (A, B,
C, D). (b) A topography image obtained concurrently. (c) Plot
of spectra taken at the points indicated on the NSOM image
in (a). Spectrum A was obtained by integrating the collected
signal over several lines in the image (scanning) while B, C,
and D were obtained at the indicated points (zoomed in, not
scanning).

and topography changes in films from 10- to 480-nm
thick. In this particular case, the topography image
(Figure 5i) demonstrates the presence of elongated,
needlelike features, which are most likely crystals of
Algs.136 The corresponding NSOM images reveal regions
of fluorescence that sometimes correspond to the elon-
gated crystals in the topography image, but not all of
the apparent crystals in the Algs image are as fluores-
cent as others. These images also suggest the impor-
tance of local order in the annealed Algs film and the
effects of this order on fluorescence efficiency.

Like previous studies, atomic force microscopy (AFM)
studies of Alqgs films, we have found that film topogra-
phy does change with annealing temperature, but
concurrently obtained fluorescence NSOM images allow
us to better understand some of the observed topogra-
phy features. With sample annealing, the Algs films
undergo phase segregation, with distinct regions of
bright fluorescence and less intense fluorescence becom-
ing more apparent with increased annealing tempera-
ture. What is unexpected is that there is often no
obvious topography change denoting one type of region
from the other, although local morphology changes may
be the cause of the fluorescence efficiency differences.
Sometimes boundaries between the two regions can be
assigned by comparing the NSOM image with the shear
force image, but this is not always the case.

Spatially Resolved Spectroscopy of Annealed
Alqgs Films. Another way to determine the nature of
fluorescent regions within an NSOM or far-field fluo-
rescence image is to evaluate concurrently obtained
fluorescence spectra from regions of different fluores-
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Figure 7. Evaluating variations in fluorescence intensity and
surface topography using rms surface roughness. (a) A plot of
absolute rms roughness (not adjusted for thickness of film)
with increasing film thickness for films after annealing at 100
°C (I) and after annealing at 200 °C (n). For both thin and
thicker Algs; films annealed at T < Ty the rms surface
roughness in nm is relatively constant for films between 10
and 500 nm. For films annealed at T > T4, the rms surface
roughness in nm for films between 10- and 500-nm thick in-
creases roughly linearly with film thickness. (b) A graph com-
paring percent variation in topography for all films annealed
below and above Ty. (c) A graph comparing percent variation
in fluorescence NSOM intensity signal variation for all films.
Although absolute rms values may increase with film thick-
ness, the variation in topography compared to the overall
thickness of the film (percent variation) may be small, as
shown here for films >100-nm thick. The percent variation in
the NSOM signal also decreases with increasing film thick-
ness.

cence intensity in the film. Figure 6 contains NSOM
images (Figure 6a) and concurrently obtained topogra-
phy (Figure 6b) images of a 100-nm-thick Algs film
annealed at 200 °C. As shown in Figure 6c¢, spectra were
taken at the points indicated on the NSOM image in
Figure 6a. There are significant intensity variations in
the NSOM fluorescence image and intensity variations
in the spatially resolved spectra obtained but minimal
variation in the position of the fluorescence intensity
maxima, which is apparent using the vertical line drawn
through the spectra as a reference. Although the top-
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ography image of the annealed film is not homogeneous,
the marked variations in fluorescence intensity observed
are surprising because the topography in the fluorescent
and less fluorescent regions appears identical.

RMS Roughness and Absorption vs Film Thick-
ness and Annealing Temperature. The peak fluo-
rescence intensity in our confocal and NSOM images
decreases with increasing annealing temperature, par-
ticularly with T > T4 This decrease in fluorescence
intensity with annealing temperature occurs in all our
films, from 10- to 500-nm thick. This is not unexpected.
Photodegradation of Algsz,'® humidity-induced crystal-
lization,26 and device operation®27 all lead to decreases
in initial Algs film fluorescence. This decrease can be
attenuated by decreasing the concentration of cationic
Algz in the film® and encapsulating the Algs-based
device (isolating it from O, and/or H,O in the air),28:2%
but these methods do not entirely eliminate the decrease
in fluorescence efficiency; they merely slow it down.
What is interesting in our case is the degree to which
the fluorescence and topography vary given the expo-
sure of the entire film to the same annealing temper-
ature.

In the thinner films, darker regions in the fluores-
cence intensity images occupy larger areas than those
found in the thicker films, given the same amount of
annealing time. Both the NSOM and confocal images
exhibit this trend, but NSOM allows us to examine
fluorescence intensity changes by comparing fluores-
cence images and localized emission spectra with shear
force topography images. We observe more pronounced
topography changes after annealing the thinner films.
There is evidence of crystal formation, with the forma-
tion of regularly shaped features, but these changes are
less pronounced for thicker films.

Overall trends in the rms roughness value for fluo-
rescence contrast and topography variation are shown
in Figure 6. The absolute rms variation for shear force
topography increases with thickness for both thin and
thick films annealed above Tg, increases for thin films
annealed below Ty, and is fairly constant for thicker
films annealed below, as shown in Figure 6a. The
topography for films annealed at less than T4 remains
fairly even throughout (with more variation for thinner
films), as shown in Figure 6a. In comparison, for films
annealed at 200 °C, the rms value for the topography
variation increases with thickness. For films annealed
above Ty, the rms value increases more rapidly with
thickness for films <100-nm thick. As we observed with
the absorption spectra for annealed Alqs; films, the
thinner films (<100-nm thick) are more likely to un-
dergo temperature-induced changes when compared to
the thicker, more thermally stable films. The absolute
rms roughness value for fluorescence contrast increases
approximately linearly for both films annealed at 100
and 200 °C (not shown).

Another way to analyze the rms surface roughness is
to compare the variation to the overall thickness of the
film, so we used the absolute rms roughness value to

(27) Nguyen, T. P.; Jolinat, P.; Destruel, P.; Clergereaux, R.; Farenc,
J. Thin Solid Films 1998, 325, 175—180.

(28) Popovic, Z. D.; Aziz, H.; Hu, N.-X.; Hor, A.-M.; Xu, G. Synth.
Met. 2000, 111112, 229—232.

(29) Laubender, J.; Chkoda, L.; Sokolowski, M.; Umbach, E. Synth.
Met. 2000, 111-112, 373—376.
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calculate the variation in the fluorescence and topog-
raphy as a percentage of the overall film thickness (%
rms roughness or % variation). Although the absolute
rms roughness value does increase with thickness in
some cases (shown in Figure 7a), there is clearly less
variation in the percent rms roughness value for films
greater than 100-nm thick in both films annealed at less
than Ty (Figure 7b) and films annealed at greater than
Tqy (Figure 7c). This is more evidence that thicker Algs
films are more thermally stable. When we plot percent
rms variation in topography and fluorescence contrast
as a function of thickness, we find that thinner films
exhibit greater percentage fluctuations in rms values,
with a maximum at ~50 nm and then a slow decrease
to fairly constant values for films >250-nm thick.

In conclusion, with the optical spatial resolution made
possible by NSOM, we have observed nanoscale effects
of annealing temperature on film morphology and
fluorescence emission characteristics in thin films (10—
500 nm) of the molecular semiconductor Algs. Topo-
graphic homogeneity, fluorescence homogeneity, and
fluorescence intensity changes as a function of anneal-
ing temperature and film thickness. Comparing shear
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force topography and fluorescence NSOM images to each
other, we have determined the degree of correlation
between topographical and fluorescent features as a
function of annealing temperature and initial film
thickness. Although annealing temperature is the de-
termining factor in many of these changes, the degree
to which the films are altered is affected by the initial
film thickness. Films annealed at 100 °C for 1 h were
very similar to unannealed Alqgs films, except for very
thin Algs samples (<50-nm thick). In contrast, films
annealed at 200 °C (T > Tg) exhibited large variations
in topography and fluorescence homogeneity. In par-
ticular, in thicker Alqgs films (=500 nm), we observed
the formation of microcrystalline features on the order
of 100 nm.
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