ETRI Journal, volume 18, number 3, October 1996

195

Molecular Conformation and Applicaton of

Stereoregular PMMA Langmuir-Blodgett Films

Jang-Joo Kim, Sang-Don Jung and Wol-Yon Hwang

CONTENTS

[.  INTRODUCTION
II.  EXPERIMENTAL

lll.  SURFACE PRESSURE AND SURFACE
POTENTIAL OF THE FLOATING
MONOLAYERS

[V. MOLECULAR CONFORMATION OF
PMMA MONOLAYERS

V. APPLICATIONS
VI. CONCLUSIONS
REFERENCES

ABSTRACT

Molecular conformations of stereoregular
poly(methyl methacrylate) (PMMA) mono-
layers have been investigated by scanning
probe microscopes. Isotactic and syndio-
tactic PMMAs were found to have right and
left hand helical structures, respectively.
On the contrary atactic PMMA showed
rather random arrangement of the chains.
It has been demonstrated that the PMMA
Langmuir-Blodgett (LB) films can be utilized
to form nanoscale patterns down to 50 nm
and to form a geodesic lens. It has also been
manifested that the quantum efficiency of
a polymer electroluminescent device can
be significantly enhanced by inserting the
PMMA LB films between the emitting layer
and the cathode. All the applications utilize
the unique characteristics of the LB films to
form thin and uniform films in the molecu-

lar level.
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Table 1. Material characteristics of stereoregular PMMAS [5].

Tacticity Mol e_cul ar _ po|y._ Contents of Triads (%) Ty
Weight dispersity | H S (°C)
a-PMMA 185,000 1.05 15 37 48 100
sPMMA 100,000 1.9 6 10 84 123
i-PMMA 250,000 4.3 97 2 1 51

I. INTRODUCTION

Poly(methyl methacrylate) (PMMA) Lan-
gmuir-Blodgett (LB) films are of interest due
to their potential application in optical de-
vices and microlithography [1]-[3]. About 30
years ago, different stereoregular PMMAS
were found to result in significantly differ-
ent surface pressure-area (7-A) isotherms
[4]. In spite of this earlier work, molecular
conformations of stereoregular PMMA mono-
layers at different surface pressure have not
been studied much. In this paper, detailed
molecular conformations and applications
of stereoregular PMMA LB films will be
reported.

I1. EXPERIMENTAL

Isotactic (i-), syndiotactic (s-) and atac-
tic (a-) PMMASs were purchased from Poly-
science Inc. and used without further purifi-
cation. Their physical properties and con-
tents of triads are listed in Table 1. They

were dissolved in chloroform and the solution
was spread on deionized water. A computer
controlled normal type polytetrafluoroethylene
Langmuir trough was used [6]. The surface
pressure and the surface potential were mea-
sured using the Wilhelmy plate technique and
the vibrating plate method, respectively. The
PMMA LB films were transferred onto the
highly oriented pyrolyticgraphite(HOPG) and
mica at the various surface pressures for the
investigation of the chain conformation by
the scanning tunneling microscopy (STM) and
atomic force microscopy (AFM), respectively.
Images of the monolayers were taken in the
constant height mode under the atmospheric
condition for both cases.

I1l. SURFACE PRESSURE AND
SURFACE POTENTIAL OF
THE FLOATING
MONOLAYERS

The surface potentials and the apparent
dipole moments (un) of a-, s-, and i-PMMAS
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Fig. 1. Surface pressure (i), surface potential (AV), and
apparent dipole moment () - areaisotherms for
(a) atactic, (b) syndiotactic, and (c) isotactic PM-
MAs.

are shownin Fig. 1 with surface pressure-area
(7r-A) isotherms. The -A isothermsare qual-

Jang-Joo Kim etal. 197

itatively consistent with the previous results
[1], [2], [4]. The surface potentials of the s-
anda-PMMAsincreaserapidly from zero even
in the region where 7 = 0. In the high surface
concentration region where 7 increases from
0 to the first inflection point, the surface po-
tentials increase but with lower rate. Eventu-
ally, they reach to saturation values when the
films were compressed beyond the 1st inflec-
tion point. Apparent dipole moments increase
rapidly intheregion of = =0 to reach the max-
imum at the point where the surface pressure
starts to rise and then decrease upon further
compression. The maximum u, vaues are
0.17and 0.23 Debye (D) for s- and a-PMMASs,
respectively.

On the contrary, the surface potentia of i-
PMMA increases monotonicaly in the region
where the surface is lower than the 1st inflec-
tion point (r < 8.5 mNm™1). In the region,
the apparent dipole moment isa most constant
with 0.23 D. The surface potential above the
1st inflection point shows the similar trend as
the a- and SsPMMAs in the region of = > 0.
The fact that the apparent dipole moment is
kept constant in the expanded region implies
that the molecular orientation does not change
upon compression in the region. The high
value of un and the same position of the pen-
dant groups in the i-PMMA suggest that the
chains have horizontal dispositionwith the hy-
drophilic ester groups touching the water sur-
face.

The maximum u, vaues seem to be
smaller than the molecular dipole moment of
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methyl ester group (1.39 D). In generdl, the
un Of a monolayer at the air/water interface
estimated from the measured surface potential
is smaller than that of the molecular dipole
moment. The discrepancy has been explained
in terms of the polarization due to water
molecules and uncertainties in the value of
the relative permittivity [7]. However, the
discrepancy is still remained unsolved and
only the relative value of w, is meaningful
in the case of the monolayer at the air/water
interface.

IV. MOLECULAR
CONFORMATION OF
PMMA MONOLAYERS

STM and AFM images of the i-PMMA
monolayer transferred onto the HOPG at the
surface pressure of 15 mNm~1 [8], [9] are
shown in Fig. 2. The monolayer was trans-
ferred during the upward stroke (vertical direc-
tion in the images). The AFM image is sim-
ilar to the STM image, suggesting that STM
can be used to obtain molecular images of thin
nonconducting polymers even though there
are some arguments on the mechanism of the
imaging. All theimagesin Fig. 2 show closaly
packed well ordered chain arrangement. How-
ever details of the images are different for dif-
ferent areas, indicatingthat the monol ayer con-
sists of mixed phases. For instance, the lower
part of the image in Fig. 2(a) appears to be
coiled in contrast to the upper part of the im-
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Fig. 2. (a) STM, and (b) AFM images of the isotactic
PMMA monolayer transferred at the surface pres-
sure of 15 mN/m~2. The scanning ranges are (a)
10.2nm x 9.1 nm, and (b) 16.7 nm x 16.6 nm, re-
spectively.

age where the PMMA chainslook linear. The
coiled and linear appearance of the chains may
represent helical conformation and a horizon-
tal disposition, respectively. The fact that the
monolayer iscomposed of mixed phasesisnat-
ural since the surface pressure of 15 mNm—1
islocated between the two inflection pointsin
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the 7-A isotherm. This mixed phase appear-
ance of the images with the linear and coiled
parts suggests that the low inflection point is
related to the phase transformation from hor-
izontal disposition to the helix. The contrast
formed by the pitches of the helices of the
chain can beobservedinFig. 2 asaband across
the chains. Theband appearsonly inthecoiled
region. It isinteresting to notethat the helix is
coiled right-handedly which was reproducibly
obtained for different samples.

The spacing between the chains and the
pitch of the helix were measured by compar-
ing the images of the molecules with the un-
derlying graphite images. The width of the
chains varied from sample to sample with an
average value of 0.37 nm. The variation was
+0.08 nm. The spacings between chains of
the linear parts and the coiled parts are amost
the same in the images of mixed phases. The
appearance of the helix and the small spacing
between the chains indicate that the helix is
a single stranded one. The chain spacing of
the monolayer istoo small for the moleculeto
have adoublestrand helical conformation pro-
posed by Brinkhuis and Schouten [10] since
thewidth of the double helix isabout 1.25 nm.

Monolayers of a- and sSsPMMA monolay-
ers were transferred at the surface pressure of
10 mNm~1. It was also observed that both
monolayers have long range ordered chain ar-
rangement over 10 nm x 10 nm area [11].
In contrast to the i-PMMA, however, the s-
PMMA monolayer showed |eft-handed helix
and a-PMMA rather random side chain ar-
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rangement. The reason why different stere-
oregular PMMASs show different coil hand-
edness is not clear yet. Further experiments
are required to clarify the results and for the
molecular conformations to be more conclu-
sive.

V. APPLICATIONS

1. Nanoscale Lithography

PMMA LB films have been utilized to
form nanostructures [12]. 15 monolayers of
atactic PMMA LB films were transferred on
the 50 nm thick Cr layer evaporated on S
wafer at the surface pressure of 12 mNm™.
Electron beam (Cambridge EBMF 10.5) was
used to form fine patterns. The exposed pat-
tern was devel oped by the solution of cellulose
diluted with methanol by 1:3 for 10 - 20 sec.
The developed pattern was transferred to the
Cr layer by wet etching. Commercidly avail-
able CR-7 from Cyantek Co. was used as the
Cr etchant. After the stripping of the PMMA
layers with acetone, the pattern was examined
by scanning electron microscopy. The results
are shown in Fig. 3. 15 layers of LB films
werethick enough to protect the underlying Cr
layers from the etchant suggesting the PMMA
LB films are uniform and pinhole free. Fine
patterns with 0.1 wm line and spacing were
successfully obtained and even 50 nm patterns
could be obtained with the PMMA LB films.
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Fig. 3. Scanning electron micrographs of (a) 0.1 um
lines with 0.1 um spacing, (b) 50 nm lines with
0.5 um spacing, () 50 nm patterns with 0.2 um
spacing, and (d) 50 nm lines with 0.1 um spac-
ing formed using a-PMMA LB films as electron
beam resist.

2. Geodesic Lens

When light propagatesthrough adeformed
planar waveguide region, it follows the short-
est path according to the Fermat’s principle. If

ETRI Journal, volume 18, number 3, October 1996

the guiding plane is deformed properly, it is
possible to make a lens called geodesic lens.
Thelenshas application potential in integrated
optics because of itslarge numerical aperture,
no chromatic aberration, and mode indepen-
dent focal length. It is usually fabricated by
making a spherical depression on a substrate
and forming a guiding layer on the surface
by Ti diffusion. LB technique is an another
way to form organic planar waveguideon ade-
formed surface with uniform layer thickness
because of the layer-by-layer deposition char-
acteristics. i-PMMA was used as waveguide
material. The LB film was transferred at the
surface pressure of 15 mNm~1. Total 640 |ay-
ers were transferred to form about 0.64 um
thick waveguide [13]. LaSFy prism was em-
ployedto launch thelight (transverse magnetic
mode) into the waveguide. The waveguide
showed a single mode behavior at 0.6328 pm.
The light launched at 0.5 mm from the lens
axis showed clear focusing behavior as shown
in Fig. 4. The measured foca lengths agree
well with theoretical ones[14].

Fig. 4. A geodesiclensformed by i-PMMA LB films.
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3. Tunneling Barrier to Enhance the
Quantum Efficiency in Polymer
Light Emitting Diode

Electroluminescence (EL) from conju-
gated polymers isin active research recently
since the first demonstration of it from poly
(p-phenylene vinylene) (PPV) [15]. Subse-
guently, PPV derivatives and other conjugated
polymers have been used to achieve increased
guantum efficiencies and to provide a range
of colors[16]-[21]. Various materias, such as
indium-tin-oxide (ITO), semitransparent gold,
or polyaniline, can be used as hole injecting
electrodes, however ITO has the advantage of
high conductivity and high transparency over
the visible range combined with high work
function for adequate hole injection. Metals
such as aluminum, calcium and magnesium-
silver have been evaporated on the polymer
films to provide the electron injection elec-
trode. In most conjugated polymers, electron
injection has proved more difficult than hole
injection. To achieve good efficiency it has
been necessary to use a low work function
metal such as calcium to reduce the barrier to
electron injection [22], [23]. Unfortunately,
low work function metals are reactive in air
environment.

Variousmethodshavebeen tried to achieve
bal anced injection of holesand el ectronswith-
out using the metals having low work func-
tion. These include the formation of hetero-
junction or blending [19] with electron trans-
porting materials and synthesis of new emit-
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ting materials having high electron affinity. In
thispaper wewill demonstrate another method
to control holeand el ectron injection by insert-
ing a thin insulating layer between an emit-
ting layer and an electron injecting electrode
as shown in Fig. 5. In the device, the effec-
tive barrier to electron injection can be low-
ered whiletheinjection of holesto theemitting
layer isreduced if the thickness of the insulat-
inglayer iswithinthetunnelingrange. Asare-
sult, more balanced injection of electrons and
holes is expected and the quantum efficiency
will increase significantly. a-PMMA was used
astheinsulatingmaterial. Themateria hasthe
energy bandgap of about 6 eV and therefore
shows good insulating properties.

Cathode

MEHPPV

PMMA LB Films

ITO

Glass

Fig. 5. Schematic diagram of polymer electrolumines-
cence device. MEHPPV is used for the lumines-
cent material.

The devicesareformed on glass substrates
coated with ITO. A layer of poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylene-vinylene]
(MEHPPV) was deposited onto the ITO by
spin coating from dichloroethane solution
[16]. The thickness of the layer was about 90
nm measured with an Alpha Step profilometer.
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After drying at 100 °C for an hour in an oven,
a-PMMA LB films were transferred onto the
emitting layer at the surface pressure of 10
mN/m. The number of the monolayers varied
from 2 to 14. Aluminum electrodes were vac-
uum evaporated onto the upper surface of the
PMMA LB films after drying the films in an
oven at 100 °C for 1 hour. Light output from
the devices was measured using an optica
power meter (Newport 835) as a function of
the applied field and current.  Electrolumi-
nescent spectra were measured using a dua
grating monochromator (Spex 270M) with the
photomultiplier tube (Hamamatsu R955). All
the experiments were performed in air and at
the room temperature.
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Fig. 6. Currentvs. electricfield of the EL devicesfor dif-
ferent thickness of PMMA LB layers: 2 nm (full
circle), 4 nm (circle), 6 nm (full square), 8 nm
(square), 10 nm (full triangle), 12 nm (triangle),
14 nm (full diamond) and no PMMA LB layers
(solid).
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Fig. 7. Luminance vs. current characteristics of the
EL devicesfor different thickness of PMMA LB
layers: 2 nm (full circle), 4 nm (circle), 6 nm
(full square), 8 nm (square), 10 nm (full triangle),
12 nm (triangle), 14 nm (full diamond) and no
PMMA LB layers (solid).

Current-voltage characteristics of the EL
devicesunder forward biasareshowninFig. 6.
The current density at a certain eectric field
decreases as the number of PMMA LB layers
increase. The dependence of the emission in-
tensity on the injected current (L-I) is shown
inFig. 7 for different number of LB layers. As
aretypical polymer light emitting devices, the
emission intensity increases linearly with the
injection current for al the devices. The rel-
ative quantum efficiency (the slopesin the L-
| curves) increases rapidly up to 6 layers and
remains or slowly decreases as the number of
the layers increase further. The quantum ef-
ficiency was enhanced by more than 4 times
compared to the MEHPPV only device by in-
serting the thin insulating layer.
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All the behaviors may be explained based
on the energy band model (Fig. 8). Mgjor car-
rier flowing through the device is known to be
hole. If weinsert thethininsulatinglayer inthe
device, it will block the hole transport through
the device. As the thickness of the insulating
layer is getting thicker, the blocking becomes
more effective dueto the more effective block-
ing of the hole tunneling through the LB films,
resultingsmaller current densities(mainly hole
current) under the same applied potentia inthe
device.

MEHPPV PMMA

\

LUMO

ITO

Fig. 8. Schematic energy band model to illustrate
the electroluminescence characteristics of the de-
vices: (a) without PMMA LB layers, (b) 2nm, (c)
6-8 nm and (d) thicker than 10 nm of PMMA LB
layers. 1 and 2 represent MEHPPV and PMMA
layers, respectively.

In contrast to the hole injection, inserting
the thin insulating layer between the emitting
layer and the cathode does not increase the ef-
fective barrier to the electron injection as long
as the thickness of the layer is within a cer-
tain range. If the cathode is in direct contact
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with the emitting layer (Fig. 8(a)), the energy
barrier height to the electron injection is fixed
to the difference between the LUMO level of
the emitting layer and the metal work function
(Aem). However if we insert a thin insulat-
ing layer between the metal and the emitting
layer (Fig. 8(b)-(d)), A¢em changes with ap-
plied bias and the thickness of the insulating
layer. Because of that, increasing thethickness
of theinsulating layer has two different effects
interms of electron tunneling probability: One
is decreasing the tunneling probability due to
theincreasing tunneling barrier thickness. The
other one isincreasing the tunneling probabil -
ity due to the decreasing A¢em and also due
to the increasing potentia drop in the insulat-
ing layer. The latter effect may be dominant
over the former if the insulating layer is thin-
ner than a certain limit, as notified from the
higher luminescenceupto 8layers. If thelayer
is thicker than the limit, most of the potentia
drop takes place within theinsulating layer. In
thecase, theinsulatinglayer determinescarrier
transport through thedeviceand higher el ectric
field should be applied to get a certain electron
current density. In our specia casethelimiting
thickness of the PMMA layer turnsout to be 8
nm.

The above discussion indicates that more
baanced injection of eectron and hole is
achievable by inserting the thin insulating
layer, which leads to the enhancement of the
guantum efficiency. The above discussion is
based on the assumptions that the major cur-
rent flowing through the devices is the hole
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current and the luminescence efficiency is pro-
portional to the electron current injected into
the devices. These assumptions seem to be
quite reasonablein our system.

VI. CONCLUSIONS

Molecular conformations of stereoregular
PMMA monolayerswereinvestigated by scan-
ning probe microscopes. i- and sSsPMMAs
were found to have right and left hand heli-
cal structures, respectively. On the contrary
a-PMMA showed rather random arrangement
of the chains. It has been demonstrated that
the PMMA LB films can be utilized to form
nanoscal e patterns down to 50 nm and to form
ageodesic lens. It has also been demonstrated
that the quantum efficiency of a polymer elec-
troluminescence device can be significantly
enhanced by insertingthe PMMA LB films be-
tween the emitting layer and the cathode. All
the applications utilize the unique characteris-
tics of the LB films to form thin and uniform
filmsin the molecular level.
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