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Abstract 

The piezoelectric and pyroelectric properties of 
oriented films possessing dipole moments are in
creasingly being used in pressure, acoustic, ther
mal and optical devices. The performance of these 
devices in many applications may be enhanced by 
thin-film technology. The developing Langmuir-
Blodgett thin-film deposition technique offers the 
opportunity to obtain highly oriented and uni
form organic-based films in the 1 0 - 5000 nm 
thickness range. Special techniques must be used, 
however, to assemble these molecules in such a 
way as to result in polar multilayer films. Several 
possible deposition techniques are investigated, 
with one resulting in a polar and pyroelectric film 
about 50 nm thick. 

1. Introduction 

In the 1930s Irving Langmuir and Katherine 
Blodgett collaborated to develop a method of 
depositing monomolecular layers onto solid sub
strates [1,2] . In the 'classical' technique, an ap
propriate amphiphilic molecule (one possessing a 
hydrophobic tail and a hydophilic head) is de
posited onto a water surface, usually dropwise, 
from a volatile carrier solvent. It may spread to 
form a monomolecular layer with its polar head 
group associated with the water. The layer is then 
compressed to a two dimensional quasi-solid, one 
molecule thick, by sliding a hydrophobic barrier 
across the very top of the surface. If a suitable 
substrate is passed in a vertical direction through 
the water surface while the surface pressure is 
maintained at a constant value, a monolayer can 
be deposited with each transverse of the air-
water interface. Conditions such as type of 
molecule, temperature, aqueous phase pH and 
dipping speed are very important deposition 
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parameters. These parameters are discussed in 
numerous references (for example, see refs. 3 -8) . 

As is evident from the above and many other 
recent sources, the Langmuir-Blodgett (LB) film-
deposition technology is experiencing a signifi
cant resurgence of interest. The LB technique 
offers a means to deposit a highly oriented film 
of very controlled thickness. The 'thinness' can 
obviously range from the molecular length up
wards, depending merely on the number of lay
ers and the length(s) of compounds to be de
posited. The nature of the film can be altered 
very easily (within limits) simply by altering the 
molecule to be deposited. This type of 'molecular 
engineering' is very attractive to many technolog
ical and research areas, including electronics. A 
number of researchers have specifically investi
gated the dipole effect in LB films already, with 
several mentioning piezo- and pyroelectric possi
bilities [ 4 , 9 -15 ,27 ] . British and Russian groups 
have demonstrated piezoelectric and pyroelec
tric properties in several types of LB multilayers 
[16-20]. 

Films can be deposited in several modes, de
pending on the substrate surface treatment and 
dipping methodology, as shown schematically in 
Fig. 1. This is a very important point for the 
devices in question. As is evident from the Fig
ure, a spontaneous polarization should exist in 
films of polar molecules deposited in the X or Z 
mode. These deposition modes result in non-cen-
trosymmetric multilayers. N o polarization will 
exist with the centrosymmetric Y films due to 
cancellation of the dipole moments by alternating 
layers. Unfortunately, deposition of the F-type is 
usually obtained. The HHTT (head to head, tail 
to tail) organization is the most common ar
rangement found in the bulk crystals due to po
lar-polar attraction. It becomes even more likely 
as the head groups become more polar. There 
are, however, numerous possible techniques to 
obtain polar films from materials that normally 
deposit in a 7-type manner. 

We focused on two basic approaches to ob
taining polar multilayer films. The first was to try 
to force the molecules to assemble in an X or Z 
manner through special deposition procedures 
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Fig. 1. Nomenclature for different deposition types. 

coupled with polymerizations. The polymeriza
tions were employed to discourage the type of 
'molecular rearrangement' suggested by previous 
researchers [21-26]. This approach has previ
ously proved to be successful with vinyl stearate 
[24]. 

The second approach makes use of the natural 
desire of the molecules to associate polar head 
groups in adjacent layers. The alternating layer 
technique constructs multilayers from two differ
ent materials, one material possessing a much 
larger dipole than the other. The materials are 
deposited alternately with their polar head 
groups adjacent to one another. Even though the 
dipoles may oppose one another, a net dipole 
remains, since one is much larger than the other. 
If the correct materials are chosen, the dipoles 
may even face in the same direction in the multi
layer [19]. Alternating approaches have been 
demonstrated by British groups [16, 19,20]. Spe
cial 'double-dip' troughs have been fabricated to 
facilitate this technique [24, 28-30]. 

Films were deposited in X, Z and horizontal 
modes using a single polymerizable material. Al
ternating layers were also manufactured using 
two different combinations of materials. Glancing 
angle X-ray diffraction was used to determine 
the organization (HHTT or HTHT) of the mole
cules. The type of organization for single-mate
rial multilayers determines whether or not the 
particular assembly is non-centrosymmetric. Ulti
mately, electrical measurements were made to de
termine if any of the structures were polar and 
pyroelectric. 

2. Experimental 

2.1. Substrates 
Quartz slides (5 x 1 x 0.15 cm) were used for 

the polymerization studies requiring UV-trans-
parent substrates. Glass slides (12 x 2.5 x 0.15 cm) 
and 2.5 cm diameter silicon wafers were used for 
the X-ray studies. All substrates were cleaned using 
a standard RCA degreasing technique consisting 
of consecutive five minute ultrasonic immersions 
in trichloroethylene, acetone and then methanol 
[31]. This degreasing step was performed before 
deposition took place on any substrates. 

In certain cases, hydrophobic substrates were 
needed. The substrates were suspended above 
hexamethyldisilazane (HMDS) liquid. The pure 
vapor reacted with the oxide surface, attaching 
methyl groups that formed a reasonably hydro
phobic surface [32]. Contact angles went from 
10-15° for the freshly cleaned substrates to over 
70° after treatment. 

Metal-insulator-metal (MIM) structures were 
made for the electrical studies. Aluminum elec
trodes were evaporated through contact masks 
onto cleaned glass slides or silicon wafers, then the 
substrates were re-cleaned. After film deposition, 
top aluminum electrodes were then evaporated 
through shadow masks at a slow rate of about 
1 nm s~ 1 to minimize any degradation of the LB 
films. Some studies were also carried out on sili
con wafers with electrodes patterned via pho
tolithography techniques. In this case, the LB film 
was relied upon to protect the portions of exposed 
bottom aluminum during etching of the top elec
trode pattern. The aluminum etching solution was 
used at a relatively low temperature of 30 °C to 
minimize damage to the LB films. 

2.2. Amphiphilic Materials 
Most of the special depositions that were at

tempted required a polymerizable material. 10,12-
nonacosadiynoic acid (also known as 16-8 
diacetylene) was used because of its ease of poly
merization upon UV exposure. The reaction of 
the diacetylene units is fast and can be followed 
rather easily with UV spectroscopy. 

A Perkin-Elmer Lamda 5 UV/Vis spectropho
tometer was used to evaluate the polymerization 
conditions for the X, Z and horizontal deposition 
techniques. For all three cases, material was de
posited onto quartz slides. The X deposition study 
used samples that were exposed to UV radiation 
underwater for various periods of time. The sam
ples for the Z deposition study were exposed in a 
nitrogen-purged polymerization chamber. Finally, 
the horizontal deposition study was performed on 
material that was first polymerized at the water 
surface before deposition. 



 

A molecule with a potentially higher dipole 
moment was desired for the alternating layer 
study. Laschewsky synthesized 4-octadecyloxy 
aniline with this type of application in mind. It 
was alternated with both diacetylene and 22-tri-
cosenoic acid, a well-known LB material with 
excellent film-forming properties. 

2.3. Film Deposition 
Lauda troughs were used to contain and ma

nipulate the monolayers at the water surface. 
Stepper motors were used to drive gear boxes for 
the dipping of the substrates through the mono
layers. A slow dipping speed of 3 mm min" 1 was 
used in most cases. Dipping was controlled and 
data collected through interfaces with IBM per
sonal computers. The software was developed in 
our laboratory by Shutt [33]. 

The water for the subphase was purified se
quentially via filtration, reverse osmosis and distil
lation to provide water with a resistance of 15-18 
Mohm. In some cases CdCl 2 was added to the 
subphase at a concentration of about 10~ 4 M in 
order to form the Cd salt of the acid. This allowed 
X-ray diffraction to take place from a fewer num
ber of layers, typically 7 - 8 rather than the 15-20 
needed for good diffraction from the free acid. 

Unpolymerized diacetylene was maintained at 
a surface pressure of 20 mN m ~ 1 and the sub-
phase was kept at 15 °C unless stated otherwise. 
Diacetylene polymerized at the water surface be
fore deposition was maintained at 25 mN m ~ 1 

and 20 °C. The 22-tricosenoic acid was deposited 
at 27 mN m" 1 and 20 °C, while the oxyaniline 
material was deposited at about 20 mN m - 1 and 
20 °C. 

2.4. X, Z and Horizontal Depositions 
As discussed earlier, most materials will deposit 

in a centrosymmetric HHTT fashion. In order 
to force the molecules to assemble in a non-
centrosymmetric HTHT structure, procedures 
such as allowing monolayers to deposit only on 
uptrips or downtrips by removing the material 
between steps were attempted. Polymerization of 
each freshly deposited monolayer was effected to 
discourage molecular rearrangement and film loss 
during passage through the clean water surface. 

Hydrophobic glass or silicon substrates were 
dipped through spread monolayers of diacetylene 
as the first step in Z-type deposition. A monolayer 
was deposited on the downtrip and the substrate 
was left underwater. The remaining material on 
the water surface was then removed via aspira
tion. A UV pencil lamp, fitted in a quartz tube, 
was submerged in front of the substrate. The 
freshly deposited monolayer was then exposed to 
radiation for a period of time determined by the 

UV polymerization study. After the exposure, the 
substrate was raised through the clean water sur
face. The water surface was cleaned further, then 
another monolayer spread and the process re
peated until the desired number of layers were 
deposited. Z-type films were prepared in a similar 
manner, except that hydrophilic substrates were 
used and polymerizatons of each layer were car
ried out in a nitrogen atmosphere rather than 
underwater. 

Two types of depositions were attempted using 
diacetylene pre-polymerized at the water surface. 
Diacetylene was spread on the water surface and 
maintained at a surface pressure of l O m N m " 1 . 
The area above the monolayer was then purged 
with nitrogen before a UV lamp housed in the 
trough top was activated. The polymerized mate
rial was then compressed to 25 mN m 1 before 
deposition. 

Z-type deposition with this pre-polymer mate
rial was effected by merely reducing the pressure 
to about 10 mN m during downtrips. N o depo
sition took place during the low-pressure down-
trip, as determined by the lack of barrier 
movement. When deposition is occurring, the 
compression barrier will move in, reducing the 
monolayer area in order to maintain pressure as 
material is removed from the surface. This pro
cessing technique saved considerable time and 
effort. 

Horizontal deposition was effected by placing 
the substrates parallel with the water/monolayer 
surface. A hole is 'punched" in the polymerized 
diacetylene as the large surface penetrates the 
interface. The integrity of the monolayer was sub
stantial, as a depression of about 1 cm below the 
surface was possible before the film broke and 
water rushed over the sample. The barrier moved 
by an amount corresponding to the area of the 
substrate, suggesting that a uniform monolayer 
had indeed been deposited. 

2.5. Alternating Layers 
Alternating layers were constructive in our 

laboratory without the use of an automated 
double-dip trough. Two troughs were used; one 
containing either the 22-tricosenoic acid or the 
diacetylene acid and the other containing the 
oxyaniline. The acids were typically deposited on 
the downtrips and the oxyaniline on the uptrips. 
Since two separate troughs were used, deposition 
was prohibited on the uptrips for the acids and on 
the downtrips for the oxyaniline by lowering the 
pressure, as was done for the pre-polymerized 
diacetylene. However, care had to be taken not to 
lower the pressure too far or the previously de
posited material would re-deposit onto the water 
surface. 



 

2.6. Characterization 
Glancing angle X-ray diffraction was per

formed on the various samples with a Philips 
diffractometer. The diffractometer used Cu Ka 
radiation with a wavelength of 0.1542 nm. The 
glancing angle diffraction results will give the 
repeat distance for the LB films provided that 
uniform multilayers have been deposited. A 
HHTT structure will result in a repeat distance of 
roughly two molecular lengths, while a HTHT 
structure will have a repeat distance roughly equal 
to one molecular length. 

Electrical characterization was carried out on a 
Wentworth Labs Probing Station. Tungsten 
probes were used to make contact to the alu
minum pads in most cases. However, a gold wire 
attached to a tungsten probe proved to be less 
damaging to the top electrodes. The top alu
minum was evaporated onto the soap-like multi
layers and therefore exhibited poorer adhesion 
than the bottom metallization deposited directly 
on to the glass and silicon substrates. For the 
larger area electrodes used in the pyroelectric 
measurements, gold wires were bonded to the 
aluminum using conductive epoxy. 

Current versus voltage (IV) measurements 
were made using an EG & G Princeton Applied 
Research model 410 C-VPlotter with the oscilla
tor turned off to function as a programmable 
voltage source. A Keithley 616 Digital Electrome
ter functioned as the current meter. The samples 
were scanned at a rate of 100 mV s ~ \ N o differ
ences were found for the tungsten and the gold 
wire top electrodes in these tests. The electrometer 
was also used to measure charge accumulation 
and depletion for the pyroelectric studies. 

3. Results and Discussion 

3.1. X-ray Diffraction 
Samples produced by either the X or Z deposi

tion techniques resulted in multilayers with layer 
spacings corresponding to HHTT structures. The 
indicated d-spacings were consistently about 
6.4 nm for the Cd-salt samples and about 5.4 nm 
for the free acid samples. Since the theoretical 
molecular length of our diacetylene is about 
3.5 nm, this can only correspond to a bilayer 
repeat. The less than theoretical repeat distance is 
common for LB films, and is typically explained 
by molecular tilting [34, 35]. An interdigitation 
mechanism has also been proposed [36]. 

Since the first two techniques resulted only in 
HHTT multilayers, it was felt that the molecules 
must be reorganizing during deposition. Unlike 
vinyl stearate, the more polar diacetylene acid 
molecules still find a way to associate head 
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Fig. 2. Glancing angle X-ray diffraction spectrum for an alter
nating film of 19 layers. 

groups, even with the unique deposition proce
dures. To 'lock' the depositing molecules in place, 
diacetylene was pre-polymerized at the water sur
face before deposition. Both Z and horizontal 
depositions, however, resulted in only HHTT in
dicated molecular structures when examined with 
glancing angle X-ray diffraction. 

One way to work with this extreme propensity 
for the polar head groups to associate is to use the 
alternating layer technique described earlier. An 
X-ray diffraction spectrum from a 19-layer sample 
of diacetylene alternated with the oxyaniline is 
shown in Fig. 2. The calculated layer spacing is 
about 5.6 nm, indicating that the molecules are 
indeed arranged in the usual HHTT organization. 

The </-spacing calculated from the X-ray 
diffraction of a 69-layer sample of pure oxyaniline 
was 5.7 nm. This implies that the aniline molecule 
is arranged HHTT and is essentially perpendicular 
to the substrate, since the estimated molecular 
length is 2.86 nm. A slight amount of tilting is 
probably present, since this estimate does not 
allow for bilayer intermolecular spacing. If we use 
the 2.86 length for the aniline and the 2.7 nm 
length for the 16-8 diacetylene (5.4/2), we get an 
estimated 5.56 nm bilayer repeat. This is essen
tially equal to the 5.6 nm observed spacing for the 
alternating structure. Furthermore, the intensity is 
comparable to that of straight diacetylene sys
tems, suggesting that a well-organized multilayer 
structure has been obtained. 

3.3. Electrical Characterization 
Several types of electrical tests were performed 

on the MIM structures. Current versus voltage 
(IV) measurements were made to verify that the 
multilayers were continuous (good insulators). A 
voltage ramp of 100 m V s - 1 was applied starting 
from 0 V. The resistance of these films in the linear 



 

range of the IV curves was in the Gohm range or 
greater. At higher voltages, the current begins to 
deviate from linearity. This deviation becomes 
precipitous as the insulator begins to suffer 'soft-
breakdown'. Full breakdown of the insulator does 
not occur at these small currents and the curves 
can be reproduced. At currents on the order of 
10" 7 A, however, the insulator does suffer perma
nent breakdown (manifested as a complete short). 
The current densities that are withstood by these 
devices are of the order of 10 8 A cm~ 2 . 

In order to determine if a polar structure had 
been produced, a pyroelectric measurement was 
made on an alternating-layer sample using an 
approach similar to that demonstrated by Smith 
et al. [16]. In this case, the sample was placed on 
the heating stage of the probing station. The 
entire station was enclosed in an aluminum box to 
reduce air currents and electronic interference. 
Gold wires were attached to the electrodes via a 
room-temperature cure silver conductive epoxy to 
facilitate making electrical contact. 

The electrometer was operated in Coulomb 
mode in order to evaluate the change in charge 
with temperature. The stage was heated electri
cally to 20 °C, then cooled with circulating water 
to 10 °C. This was repeated several times. The 10° 
temperature change produced an average decrease 
in charge accumulation of 2.75 x 1 0 ~ l o C c m ~ 2 

upon heating and an average increase of 
4.0 x 1 0 ~ 1 0 C c m - 2 upon cooling. This cycle was 
very reproducible. 

If this alternating multilayer is non-centrosym-
metric as expected, it should contain a sponta
neous polarization, Ps. If Ps is a function of 
temperature, we will have a pyroelectric effect. 
The pyroelectric coefficient is defined as: 

P=dPJdT 

where p = pyroelectric coefficient, C c m " 2 K _ I 

and T = temperature change, K. 
Since we cannot easily measure Ps, we measure 

the charge that develops on the surfaces perpen
dicular to the polar axis. The LB film is a dielec
tric and the compensation conduction charges are 
too slow to follow the induced change in Ps. A 
pyroelectric coefficient can be calculated from: 

Q=p&T 

where Q = charge in Coulombs and T = 
temperature change, K. 

Averaging the two changes for heating and 
cooling (as Smith et al. did), gives 3.4 x 
1 0 " 1 0 C c m " 2 for a 10 °C change. Using this num
ber, the calculated value for p comes out to 
3.4 x 10~" C cm 2 K - 1 , which is of the same 
order of magnitude as for the saturated acid/ 

amine systems tested by Smith et al. [16]. How
ever, a 22-tricosenoic/amine system evaluated by 
Jones et al. [19] exhibited a coefficient about six 
times greater than the one we measured. It was 
hoped that the oxyaniline system would be better 
than the amine systems due to a higher suspected 
dipole moment. With more controlled deposition, 
a more uniform alternating structure could be 
produced, with possibly higher pyroelectric re
sponse. This is still one to two orders of magni
tude less than coefficients reported for PVDF [37], 
although these ultra-thin films should prove to be 
more sensitive due to their lower thermal mass. 

One of the reasons for the relatively low co
efficient lies in the fact that the dipole moment is 
concentrated at the ends of the molecules. The 
non-polar 'tails' of the molecules act to dilute the 
effect on a volume basis. The effect may also be 
one of secondary pyroelectricity only; i.e., simply 
due to the change in charge/volume from the 
thermal expansion and contraction. Primary py
roelectric activity requires molecular dipole mo
ment changes. 

To help understand the 'rigidity' of this system, 
FT-IR was used to determine if salt formation 
occurred between the aniline and acid groups. 
Separate LB films of the oxyaniline, the tri-
cosenoic acid and an alternating structure using 
these two materials were produced on germanium 
plates for transmission IR spectroscopy. The re
sults are shown in Fig. 3. Salt formation should be 
accompanied by a loss of the C = 0 stretching 
vibration at about 1700 cm" 1 and the appearance 
of a peak or peaks between 1500 and 1550cm" 1 

for the N H 3

+ and the COO". 
There is a reduction in the relative height of the 

C = 0 peak at 1700 cm ', but this is probably 
simply due to a roughly 50% dilution effect 
from the aniline in alternating layers. It does not 
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Fig. 3. FT-IR spectra of individual materials compared to an 
alternating layer sample. 



 

apear that the 'salt' (— C O O H ^ N — ) has been 
formed. Smith et al. felt that they had formed the 
salt from their aniline/acid systems based on the 
changes in the IR, however, they included 1 0 - 3 M 
ammonium sulphate in their subphase to control 
the pH [16]. They could very easily have formed 
the salt with this component. 

Conclusions 

The natural propensity for these amphiphilic 
molecules to organize with their polar head 
groups associated in a centrosymmetric structure 
is difficult, if not impossible, to overcome using 
the LB technique. The alternating-layer technique 
represents a method to use this natural desire to 
form non-centrosymmetric structures. Other re
search groups have already demonstrated that 
acid/amine alternating multilayers can form films 
that will exhibit pyroelectric behavior. We used an 
acid/oxyaniline alternating system in an attempt 
to improve on these earlier results. Our measured 
pyroelectric coefficient was slightly less than that 
of the best system measured by previous groups 
using automated alternating-deposition equip
ment. Furthermore, our system did not appear to 
form the 'salt' of the acid/amine end groups as 
proposed by previous researchers. 
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