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It is asserted, too, that these stones, when heated 

by the sun or rubbed between the fingers, will 

attract chaff and filaments of paper. 

Pliny the Elder (c. 5 B.C.) 
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A B S T R A C T 

The fabrication of pyroelectric devices using the Langmuir-Blodgett (LB) 

technique is described. Studies of a wide range of materials are reported; 

however, the thesis concentrates on electrical and structural investigations of 

two specific alternate layer films: 22-tricosenoic acid/l-docosylamine and 22-

tricosenoic acid/4-octadecylcLniline. The latter system possesses a pyroelectric 

coefficient of 0.65 nCcm^^K"^, representing the largest reported value, to date, 

for an L B film. The pyroelectric figure of merit (p/ej.) of such films is approxi

mately 0.22 nCcm~^K~^, which is comparable with the values for commercially 

available materials. The difference in pyroelectric coefficient of the two types 

of alternate layer film is attributed to differences in inter-layer bonding, as re

vealed by infrared spectroscopy. The dependence of the pyroelectric coefficients 

on parameters such as film thickness, substrate thickness and temperature is 

investigated. Structural studies, performed using electron and X-ray diffraction 

techniques, are also described. These provide information on the orientation of 

the molecules relative to the substrate and on the d-spacing of the LB films. 

It is shown that the substrate has a deleterious effect on the responsiv-

ity of L B film devices, and studies of films deposited onto different substrate 

materials indicate that there is a significant piezoelectric ally induced secondary 

effect contributing to the overall pyroelectric coefficient. This secondary effect is 

small at low temperatures, but becomes dominant at around 250 K. The results 

of thermally stimulated discharge experiments indicate that both free charges 

and dipolar groups are incorporated in the fihns during deposition, and become 

tightly bound within the polar structiire. 
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C H A P T E R 1 

I N T R O D U C T I O N 

It is widely anticipated that the steadily decreasing size of microelectronic 

components will lead ultimately to the exploitation of devices of molecular di

mensions [l]. The ability to precisely tailor the structure of organic molecules 

means that these materials offer a much broader range of properties than is likely 

to be achieved with their inorganic counterparts. There is therefore a growing 

interest in the use of molecular materials for electronic [2], optical [3] and sensor 

[4] applications. The research presented in this thesis concentrates on one such 

application, namley the use of organic materials as thermal detectors. 

The present generation of high performance thermal imaging devices re

lies mainly on the narrow band gap semiconductor cadmium mercury telluride 

(CMT) [5]. Although this system has a high sensitivity, it suffers from the 

inherent disadvantage of requiring cooling, and hence is bulky and expensive. 

Moreover, the spectral sensitivity of CMT detectors is not flat over the infrared 

region of the electromagnetic spectrum. An alternative type of thermal detec

tor is based on the pyroelectric materials [6]; these are crystals which possess 

a temperature dependent spontaneous polarisation. Pyroelectric detectors can 

be operated at room temperature, and have a flat spectral response over a very 

broad wavelength range. 

The largest pyroelectric effects occur in single crystal and ceramic materi

als such as barium titanate, triglycine sulphate and strontium barium niobate 

7]. However, for device applications, it is advantageous to prepare the material 

in thin film form [8], and pyroelectric polymers such as polyvinylidene fluoride 

(PVDF) have been widely exploited for this purpose [9]. In order to render 

P V D F pyroelectric, it is necessary to subject it to a so-called "poling" process, 

in which an electric field is applied to the stretched film at an elevated temper

ature. The minimum thickness to which pyroelectric polymers can be reduced 

is thus limited by electrical breakdown. There is a need, therefore, to find new 

pyroelectric materials which can be deposited in the form of very thin films and 



which do not require poling. This thesis describes one such class of materials. 

The Langmuir-Blodgett (LB) technique is an elegant method for produc

ing uniform, high quality organic thin films, and can be used to create novel 

structures with a precisely defined symmetry [10]. In the L B technique, a solid 

substrate is passed through a water surface on which a close-packed monolayer 

of an amphiphilic material is floating. In general, a monomolecular layer of 

the amphiphile is deposited onto the substrate with each traversal through the 

air-water interface. Because the film is built up layer by layer, the structure 

can be tailored to possess the specific symmetry requirements necessary for the 

observation of the pyroelectric effect, without the need for poling the film. 

This thesis reports on the use of L B films as pyroelectric detectors, and 

concentrates mainly on systems consisting of alternate layers of a fatty acid and 

a fatty amine, although a range of other materials has also been investigated. 

The principal aims of the present work can be summarised as follows: 

(1) To identify those L B film materials which form the most efficient pyro

electric detectors. 

(2) To study the fundamental physical mechanisms responsible for the py

roelectric effect. 

(3) To investigate the potential of LB film pyroelectric materials for prac

tical device applications. 

Chapters 2 and 3 cover the theoretical background of the pyroelectric ef

fect, and include literature reviews of previous work in the field. Chapter 2 

concentrates on bulk pyroelectric materials, whilst chapter 3 is concerned with 

the specific properties of thin films. The deleterious effect of using a thick sub

strate is emphasised in chapter 3, and expressions are derived to describe the 

thermal and mechanical clamping effects of the substrate. In chapter 4 the var

ious experimental techniques used in the course of this work are described. The 

theoretical background of each technique is discussed, and detailed descriptions 

are given of the equipment used and the procedures adopted. ^ 

Chapters 5, 6 and 7 contain the results of experiments on acid/amine al

ternate layer films. The first of these chapters deals with the structural char

acterisation of the films using the techniques of infrared spectroscopy, electron 



diffraction and X-ray diffraction. Chapters 6 and 7 are both concerned with di

electric and pyroelectric characterisation of acid/amine films. In chapter 6, fun

damental electrical measurements are reported, whilst chapter 7 describes two 

more sophisticated investigations, namely the temperature dependence of the 

pyroelectric coefficient and thermally stimulated discharge of the films. Chapter 

8 reviews the results of experiments on other L B film materials, including vinyl 

stearate and ionically terminated polybutadiene. Finally, chapter 9 summarises 

all the results, and suggests the directions in which future research should be 

aimed. 



C H A P T E R 2 

P Y R O E L E C T R I C M A T E R I A L S : 

T H E I R P R O P E R T I E S AND A P P L I C A T I O N S 

2.0 I N T R O D U C T I O N 

If the crystal structure of a material is such that the centres of positive and 

negative charge do not coincide, then a spontaneous polarisation will exist across 

the crystal. In general, this polarisation will vary with temperature, giving rise 

to the pyroelectric effect. This chapter is concerned with the general properties 

of bulk pyroelectric materials and with their applications. The specific case of 

thin films is considered separately in chapter 3. 

After a brief historical review, the basic properties of pyroelectric materials 

are defined and described in section 2.2. This is followed in section 2.3 by the 

development of a simple thermodynamic model, which relates pyroelectricity to 

macroscopic crystal properties. Section 2.4 describes the structure, preparation 

and properties of some specific pyroelectric materials. Finally, some important 

applications of pyroelectric devices are reviewed in section 2.5. 

2.1 A N H I S T O R I C A L O U T L I N E 

The study of pyroelectricity can be traced back over 2300 years [1] to the 

Greek philosopher Theophrastus [2] who, in 315 B.C. , described the ability of 

a stone known as lyngourion (probably tourmaline), when heated, to attract 

small objects. Lyngourion (or lyncurium in Latin) was greatly prized for its 

reputed medicinal properties, and was frequently referred to in the literature of 

the Greek and Roman periods [3] and the Dark and Middle Ages [4]. 

The first description of pyroelectricity in a scientific journal was published 

by Louis Lemery [5] in the Histoire de I'Academie Royale des Sciences in 1717, 

and was followed in 1756 by a systematic study of the properties of tourmaline 

by the Prussian physicist Dr. Franz Ulrich Theodor Aepinus [6], who formulated 

five "laws of the electricity of tourmaline". In 1759, John Canton [7] observed 

that the cooling of tourmaline caused its electrical polarity to be the reverse of 



that found on heating, and further discovered that the quantities of positive and 

negative charge produced were equal. It is interesting to note that Canton was a 

correspondent of Benjamin FrankHn, whose experiments on the spreading of oil 

films on Clapham Common [8] formed the basis for future work on Langmuir-

Blodgett films. 

The term "pyroelectricity" was first used by David Brewster, famous for his 

work on optics; in a paper published in 1824 [9], he listed a series of substances 

which exhibited the pyroelectric effect, including Rochelle salt, the material 

which led to the discovery of ferroelectricity almost a century later. During 

the nineteenth century, the first theoretical analyses of pyroelectricity were pub

lished [10-12], and the relationship between crystal symmetry and pyroelectric

ity was postulated, leading in 1880 to the discovery of piezoelectricity by Jacques 

and Pierre Curie [13]. 

During the early twentieth century, the study of pyroelectricity became 

rather esoteric, and several eminent theoreticians, including Schrodinger [14 

and Born [15], applied the newly-developed concepts of quantum mechanics to 

dielectric and pyroelectric materials. In 1938, Yeou Ta [16] published a paper 

entitled "Action of Radiation on Pyroelectric Crystals", proposing the use of 

tourmaline as an infrared detector, and the first dynamic pyroelectric detector 

was patented by Leon Sivian in 1942 [17]. These developments, along with 

Chynoweth's work on barium titanate [18], provided the foundation for the great 

tipsurge of interest in pyroelectric materials since 1960, 

Current research into pyro- and ferroelectricity covers a wide range of ma

terials, including ceramics, single crystals, polymers and molecular assemblies 

such as liquid crystals and Langmuir-Blodgett films. Figure 2.1 shows the log

arithmic increase in the number of publications on ferroelectrics and related 

subjects over the last 50 years. The growth of interest in this subject is also 

manifested by the holding every three or four years of an international meeting 

19], a regional European meeting [20], an I E E E applications conference [21 

and national meetings in the USSR. There is an international journal, "Ferro

electrics" [22], devoted to the subject, and Lang's Annual Literature Guide to 

Pyroelectricity [23] provides a major source of bibliographic information on this 
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Figure 2.1 Publications on ferroelectricity and related topics as a function of year. 



very important class of materials. 

2.2 D E F I N I T I O N S 

2.2.1 Crysta l symmetry and pyroelectricity 

Crystals are classified into seven systems depending on the geometry of their 

unit cell; these are termed triclinic, monoclinic, orthorhombic, tetragonal, trig

onal, hexagonal and cubic. The seven systems are, in turn, divided into point 

groups (crystal classes) according to their symmetry with respect to a point; 

there are 32 such crystal classes. Of the 32 classes, 20 are non-centrosymmetric 

and exhibit the piezoelectric effect: that is, when mechanical stress is applied 

along certain crystallographic directions, the crystals develop an electric polari

sation whose magnitude is proportional to the applied stress. Conversely, when 

an electric field is applied along certain directions in a piezoelectric crystal, it is 

strained by an amount proportional to the applied field. 

10 of the 20 non-centrosymmetric crystal classes possess a unique polar axis 

and hence a spontaneous electrical polarisation (te. they have a finite dipole 

moment per unit volume in the absence of any applied electric field) and are 

called polar. The polar axis is defined [24] as that direction which is parallel to 

the spontaneous polarisation vector. When a polar crystal is heated or cooled, 

electrical conduction generally cannot provide enough current to compensate for 

the change in polarisation with temperature, and the crystal develops an electric 

charge on its surface; this is termed the pyroelectric effect. If the material forms 

the dielectric in a capacitor, and an external resistance is connected between the 

electrodes, a pyroelectric current, i, will fiow in the external circuit; i is given 

by the expression 

.• = p A f (2.1) 

where dT/dt is the rate of change of temperature, A the device area, and p is 

termed the pyroelectric coefficient. 

The pyroelectric coeflScient is a useful parameter with which to compare 

diff"erent pyroelectric materials. However, p provides a measure of the current 

generated by a given rate of change of temperature, and not of the induced 
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voltage, which is the parameter measured in a pyroelectric detection system. 

The following proof demonstrates that it is possible to compare the pyroelecrtric 

voltages generated by different materials if the dielectric constant, ej., [ie. the 

real part of the relative permittivity) is also taken into account. 

Consider a parallel plate capacitor of area A and thickness d, in which the 

dielectric is a pyroelectric material. A small change dT in the temperature will 

generate an amount of charge dQ, where 

dQ = pAdT. (2.2) 

The charge dQ is associated with a small voltage dV given by 

dQ = CdV, (2.3) 

where C is the capacitance of the pyroelectric element. Equating (2.2) and (2.3), 

we obtain 

CdV = pAdT. (2.4) 

But, 

C = i 2 ^ , (2.5) 

where c q is the permittivity of free space. Therefore, 

dV p d 

I t = h 
Thus, we can see that the quantity p/ej. provides a useful figure of merit 

for a pyroelectric material [25], and represents a measure of the induced voltage 

per unit change of temperature. Therefore, a good pyroelectric material should 

have a large pyroelectric coefficient and a small dielectric constant [26]. Table 

2.1 lists the values of p, cj. and p/e'^ for some conventional pyroelectric materials. 

This demonstrates that a material with a relatively low pyroelectric coefficient 

can form a good pyroelectric detector if its dielectric constant is correspondingly 

low. 

2.2.2 Ferroelectricity 

Ferroelectrics are a sub-group of the polar materials, and hence are both 

piezo- and pyroelectric. They are characterised by the reversibility or reori-

entability of their spontaneous polarisation on application of a sufficiently large 
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electric field. Ferroelectric behaviour is largely analogous with ferromagnetism, 

and ferroelectric materials exhibit effects such as hysteresis. Curie-Weiss be

haviour and bistable switching. As with ferromagnetism, a Curie temperature, 

Tc, can be defined, at which a structural phase transition occurs. At temper

atures below Tc, the material is polar and ferroelectric; as Tc is approached, 

the spontaneous polarisation decreases rapidly, and vanishes at the Curie point 

(figure 2.2a). The non-polar phase above Tc is known as a paraelectric phase. 

The dielectric constant, ej., also shows anomolous behaviour at the Curie point 

(figure 2.2b). 

Ferroelectric materials are classified according to the nature of their tran

sition from the paraelectric state to the ferroelectric state [27]. The most com

monly used classification is based on the thermodynamics of the system, and 

distinguishes those materials whose phase transition is first order and those 

whose transition is second order. A first order transition is characterised by a 

finite discontinuity in the entropy, 5, at Tc, whereas a second order phase transi

tion involves a continuous change in entropy, although dS/dT is discontinuous. 

Figure 2.3 shows the entropy plotted as a function of temperature for first and 

second order transitions. 

Another widely used system for classifying ferroelectrics is to describe the 

phase transition as either displacive or order-disorder. This classification is 

best explained by considering the potential energy of a single dipole. In the 

paraelectric phase, materials exhibiting a displacive phase transition can be 

thought of as consisting of dipoles occupying a minimum energy position in a 

single potential well. The transition to the ferroelectric phase is characterised 

by a small spontaneous displacement by some of the dipoles, to occupy new 

minimum energy positions, displaced a distance d from the original equilibrium 

position (figure 2.4a). For an order-disorder transition, the paraelectric phase 

is associated with two equally probable minimum energy positions for a dipolar 

group. In the ferroelectric phase, the symmetric double potential well becomes 

distorted, such that one of the positions is preferred (figure 2.4b). In table 

2.2, the types of phase transition and Curie temperatures of some common 

ferroelectric materials are summarised. 
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In general, the pyroelectric coefficient of a ferroelectric material increases 

as the Curie temperature is approached; it is therefore advantageous to use such 

materials at temperatures close to the Curie point. However, figure 2.2b shows 

that the dielectric constant also tends to increase at this point; consequently, 

the figure of merit, p/ej., often shows an anomolous temperature dependence. 

There is therefore considerable advantage to be gained from using pyroelectric 

materials which are not ferroelectric, and hence do not show discontinuities in 

p/ej. as a function of temperature. 

2.2.3 Pr imary pyroelectricity 

In order for a material to be pyroelectric, each unit cell of the substance 

must have an electric dipole; this dipole is produced because the centres of 

positive and negative charge do not coincide. If the dipoles throughout the 

sample are afigned in such a way that they do not cancel one another, then 

the material will exhibit a spontaneous electric polarisation. An increase or 

decrease in temperature will change the strength of the dipoles by causing shifts 

in the atomic positions or by modifying the interatomic bonding; this is generally 

known as the primary (or "true") pyroelectric effect. 

The preceding discussion has referred only to single crystals. However, it 

is important to note that polycrystalline aggregates can also be pyroelectric. 

The spontaneous polarisation, Ps, is defined as the dipole moment, fx, per unit 

volume, averaged over the volume, v, of the substance. This can be expressed 

mathematically as 

Ps = ljjjt^dv. (2.7) 

In order for Ps to be non-zero, not only must /x be non-zero in at least a 

part of the material, but it is also necessary that the integration process should 

not cause cancellation of all the terms. Hence, a polycrystalline sample can be 

pyroelectric, so long as the crystallites are oriented such that the average dipole 

moment is not equal to zero. This is frequently achieved by a process known 

as poling, in which a d.c. electric field is applied along a particular direction, 

causing the dipoles to orient in this direction. 

It should be noted that a pyroelectric effect might also be generated by 



a change in the angle between the dipoles and the polar axis as a result of a 

change in temperature. This is a familiar concept in the field of ferroelectric 

liquid crystals [28], and we shall also consider this possibility in pyroelectric 

Langmuir-Blodgett films in a later section. 

2.2.4 Secondary pyroelectricity 

Because pyroelectrics are a sub-group of piezoelectrics, any material which is 

pyroelectric must also be piezoelectric. Therefore, when a pyroelectric material 

is heated (or cooled) and undergoes thermal expansion (or contraction), resulting 

in the generation of a mechanical strain, there will be a change in polarisation 

due to the piezoelectric effect. This so-called secondary effect is additional to the 

primary pyroelectric effect which will also result from heating the crystal, and, in 

practice, it is extremely difficult to distinguish between primary and secondary 

pyroelectricity. One important difference between the two phenomena is that 

the primary effect is due purely to a coupling between the thermal and electrical 

properties of the crystal, whilst the secondary effect also involves the mechanical 

properties. This is of extreme significance when considering thin films which are 

mechanically constrained by the substrate on which they are deposited, and will 

be discussed further in chapter 3. 

It should be noted that a crystal which is piezoelectric but not pyroelec

tric will not develop a surface charge when uniformly heated or subjected to a 

hydrostatic stress. In such a crystal, dipolar arrangements are present, but are 

arranged in several compensating directions such that there is no net crystal 

dipole. In quartz, for example, there are three polar axes at 120° in a plane, 

and a uniform stress will effect each axis equally, such that the net change in 

polarisation will be zero. 

2.2.5 Tertiary effects 

In addition to primary and secondary pyroelectricity, there are several phe

nomena which can give rise to spurious, and generally undesirable, tertiary ef

fects. Such phenomena can create an effective polar axis within a centrosym-

metric crystal and lead to a pyroelectric effect in a material which would not 

10 



be expected, on the basis of its crystal symmetry, to be pyroelectric. Tertiary 

pyroelectricity has recently been proposed [29] as the basis of a detection system 

for high intensity radiation pulses. 

The first such eff'ect is due to non-uniform heating, which leads to non

uniform stresses and can produce a polarisation along an effective polar axis in 

the direction of the temperature gradient. Secondly, if a crystal is not homoge

neous {ie. if its properties are not independent of position), then an asymmetric 

distribution of space-charge may exist at defects such as grain boundaries and 

dislocations; in general this space-charge distribution will be temperature depen

dent. Even in a perfectly homogeneous crystal, such effects are likely to occur 

at the surfaces [30] where surface states can trap free carriers, and this effect 

becomes particularly dominant in thin films where the surface layers constitute 

a large proportion of the total thickness. 

2.3 T H E R M O D Y N A M I C M O D E L 

The previous section described the microscopic origins of pyroelectricity, 

and predicted in which materials the effect should be observed. In this section, 

we consider the macroscopic crystal properties {ie. those which are experimen

tally determinable), and relate these to the piezo- and pyroelectric coefficients. 

The total internal energy, U, of a crystal can be completely defined by its 

thermal, electrical and mechanical properties [31]. Quantitatively, each of these 

three properties is described by a pair of variables: 

Thermal: Temperature (T) and Entropy (5) 

Electrical: Electric field {E^) and Displacement (D„) (m, n = 1 - 3) 

Mechanical: Stress (cry) and Strain (cj) {t,j = 1 - 6 ) 

Of course, either quantity in each pair may be chosen as the independent vari

able; however, in a discussion of pyroelectricity, it is clear that temperature must 

be an independent variable and displacement a dependent variable. Here, we 

choose stress as the third independent variable. 

Consider a small reversible change in temperature, dT, giving rise to a small 

change in entropy, dS, defined by the expression 

dS = 

11 

{ f ) d T (2.8) 



where c is the specific heat capacity. Similarly, a change in electric field, dEm, 

produces a change in displacement, dDn, given by 

(2.9) 

where knm is the permittivity. A change in stress, daj, produces a change in 

strain, dei, given by 

dei - Sijdoj (2.10) 

where 5,y is the elastic compliance. 

If we expand the dependent variables as perfect differentials, then we obtain 

the following set of equations: 

dS 
d E ^ ^ [ ^ ] doj (2.11a) 

dDr. 

where the subscripts to the bracketed derivatives denote the independent vari

ables which are held constant during partial differentiation. This may be ex

pressed in matrix form thus: 

dS dDn dei 

(dS\ ( dS \ (ds\ 
\dT)E,<7 [dE^J^^ \a,7j 

(dD^\ ( ^ ^ ] (dD^\ 
\ dT )E,er \aEm)„j, \ daj ) 

(lr)£;.<7 { j E ~ ) ^ j , [t^j) 

E,T 

E,T 

• dT -

dEm 

. doj . 

(2.12) 

E,<7 s^^^jnj^j, 

We can immediately see that the leading diagonal of the matrix of par

tial derivatives gives the "direct" effects described by equations (2.8), (2.9) and 

(2.10), whilst the off-diagonal elements give the coupled effects, namely, piezo

electricity, pyroelectricity and thermal expansion. It has been shown [31] that 

there is a symmetry in the off-diagonal components such that: 

(2.13a) 
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dei\ f d S , E 
a f (2.13b) 

where <î y, af and are the piezoelectric, thermal expansion and pyroelectric 

coefficients, respectively, and where the superscripts denote constant quantities. 

Figure 2.5 illustrates interactions between the thermal, electrical and me

chanical properties of a crystal; the heavy lines indicate the direct effects, whilst 

the faint lines denote the various coupled effects which can occur. Combining 

equations (2.11) and (2.13), we obtain: 

dS = a f day + pldErr, + {^T^^dT (2.14a) 

dDr, = dl^daj + k'^^ldErr, + p^dT (2.14b) 

dei = s f f d o i + dl^dE^ -h afdT. (2.14c) 

The electric displacement, is related to the polarisation, dP^, by the ex

pression 

dDr, = dP^ + eodEm (2.15) 

where CQ is the permittivity of free space. As the electric field is constant [dEm. = 

0), then 

dDr, = rfP„. (2.16) 

If the crystal is free to expand and contract, then it is in a situation of constant 

stress {daj = 0), and equation (2.14b) becomes 

dP^ = pldT. (2.17) 

Thus, the pyroelectric coefficient at constant stress is defined as 

This includes both primary and secondary pyroelectric terms. We can sep

arate these out by re-writing equations (2.14b) and (2.14c) under conditions of 

constant electric field. Neglecting entropy changes, we obtain, 

dP^ = dl.da,+pyr (2.19a) 
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Figure 2.5 The relationships between the thermal, electrical and mechanical properties 

of a crystal. 

Figure 2.6 The relationship of primary pyroelectricity (full arrow) and secondary py

roelectricity (broken arrow) to the thermodynamic variables. 



dei = s f f d o j + afdT. (2.19b) 

Putting doj = 0 (constant stress), and equating, we obtain 

dei afdT dPn pldT 

which leads to 

But, 

^ij ^nj ^nj 
(2.20) 

where p^ is the pyroelectric coefficient at constant s^rc^xn. Also, Sij~^ = Cij, 

where Cj-y is the elastic stiffness. Therefore, 

P^=p'n + dn,Ci,ai. (2.22) 

The interpretation of equation (2.22) is that the total pyroelectric coefficient 

in a free crystal (constant stress) is the sum of the pyroelectric coefficient under 

constant strain and a term dependent on the piezoelectric coefficient. These two 

terms are, of course, the primary and secondary effects, and we can see that 

a crystal which is mechanically clamped (constant strain) will exhibit only a 

primary pyroelectric effect. This concept will be developed further in chapter 3 

when we consider thin films which are mechanically clamped in the plane of the 

film, but are free to expand and contract in the direction perpendicular to this 

plane. 

Figure 2.6 shows how primary and secondary pyroelectric effects are re

lated to the basic thermodynamic variables. The full arrow denotes the primary 

pyroelectric effect, whilst the broken arrow indicates the secondary effect. 

2.4 C O N V E N T I O N A L P Y R O E L E C T R I C M A T E R I A L S 

Polar materials may be fabricated in single crystal, ceramic or thin film 

forms, and the form chosen will depend on such factors as cost, reproducibility, 

specimen quality and dimensions. This section reviews some conventional bulk 

single crystal and ceramic pyroelectrics; thin films are discussed in chapter 3. 
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2.4.1 Inorganic single crystals 

Single crystals are widely used for basic pyro- and ferroelectric studies, 

where the polar material needs to be as near perfect as possible, and where 

cost is not a limiting factor. The most common methods of preparation of 

single crystals are growth from solution and Czochralski growth [32], both of 

which rely on nucleation of material onto a seed crystal. Figure 2.7 contains 

a comprehensive listing of pyroelectric single crystals that have been grown by 

various techniques. 

One of the most widely studied classes of pyroelectric crystals is the per-

ovskites, which have the general formula ABO3 where A is a mono- or divalent 

metal and B is a tetra- or pentavalent one. The perfect perovskite structure is 

illustrated in figure 2.8. It is immediately apparent that this structure is cubic 

and centrosymmetric and hence is not pyroelectric. However, most perovskites 

adopt a structure which is based on the cubic prototype, but which is slightly 

distorted; the most common distortion being a tilting of the oxygen octahedra 

in the unit cell, resulting in a polar structure. Perhaps the best-known example 

is barium titanate (BaTiOa) [30], which has a pyroelectric coefficient of approx

imately 30 nCcm~^K~'^. BaTiOa adopts a tetragonal structure at temperatures 

below 120°C, in which the Ti^"^ and Bâ "*" ions are shifted slightly relative to the 

framework, which also becomes distorted. Figure 2.9 shows a projection of 

the tetragonal BaTiOs unit cell onto the (100) plane. Other perovskites which 

have been widely studied include KNbOa [34], FbTiOa [35], NaNbOa [36] and 

KTaOa [37]. 

There are several other structures commonly adopted by inorganic ferro

electric crystals [38-42]; the most common of these are tabulated in table 2.3. 

In view of the importance of hydrogen bonds in Langmuir-Blodgett films, it 

is interesting to note that hydrogen bonding plays an important part in ferro

electric switching in the KH2PO4 (KDF) type materials. K D F itself possesses 

a structure which essentially consists of two interpenetrating body-centred lat

tices of PO4 tetrahedra and two interpenetrating body-centred K lattices, with 

every PO4 linked to four other FO4 groups by hydrogen bonds (figure 2.10). 

Several authors have proposed models to account for the structural changes 
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Figure 2.8 Cubic unit cell of barium titanate. 
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Figure 2.9 Projection onto the (100) plane of the tetragonal unit cell of barium titanate. 
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Figure 2.10 The structure of potassium dihydrogen phosphate (KDP). 

CERAMICS 

SINTERED DOCTOR BLAOED HOT PRESSED 

AgNbOj 
A0T8O3 
AgV03 
BajNaNbsO,, 
BaTiOj 

CdjNbjO 
CdTiO 
(K. USr)Nb,oO,3 
KNb03 
KTaOj 
K(Nb.Ta)03 
LiNbOj 
LiTaOj 
(Na.lONbOj 
NaNbO, 
NaTaO, 
Na(NbTa)0, 

Pb(Fe.Nb)08 
PbHJOj 
Pb3(MQ.Nbj)0 , 
PbNbjOa 
PbTiO, 
PbZrOj 
PbBi(Zf, Sn,Ti)03 
PbNb(Zr, Sn, Ti)03 
PbBKZr.TOOj 
PbLfl(2r, TOO, 
PbNb(Zr.Ti)03 
RbTaOj 
SrBaNbjOj 
SfTIOj 
WO, 

I 
BaTiOj 
PbNb(Zr, Sn. T D O j 
Pb(Zr, T O O j 

(Na ,K )Nb03 
Pb(Zr ,Ti)Oj 
PbBi(Zi.Ti)03 
PbU(Zr, TOO, 
PbNb(Zr, TOOj 
Pb(Sn.Zr,Ti)03 

Figure 2.11 Ceramic polar materials that have been fabricated by various techniques. 



which occur during ferroelectric switching; these have been reviewed by Lines 

and Glass [43]. Early treatments relied on a model in which polarisation reversal 

was achieved simply by a movement of protons along the asymmetric hydrogen 

bonds. More recently, it has been recognised that motion of the K, P and O 

atoms also occurs; nevertheless, the large increase in C\irie temperature (around 

80% ) which results from replacing the protons with deuterons indicates that 

protonic movement plays a crucial role in the ferroelectric transition. 

2.4.2 Inorganic ceramics 

For studies of the fundamental properties of a material, large homogeneous 

single crystals are usually desirable. However, ceramics have the advantage of 

being cheaper and easier to prepare than their single crystal counterparts [44 . 

Figure 2.11 contains a list of pyroelectric ceramics which have been prepared, 

and indicates that the most common technique for forming pyroelectric ceramics 

is sintering. In this process, the constituents of the polar material are mixed in 

the correct proportions with an organic binder and pressed into a structure of 

the desired shape and dimensions. This structure is then fired at an appropriate 

temperature, which causes the binder to be burnt out and the pressed materials 

to react chemically and form the desired polar material. 

Each grain within the ceramic has properties similar to a polar single crys

tal, but the overall structure is isotropic and shows no directional behaviour 

such as pyroelectricity; an electric field must therefore be applied to a ceramic 

in order to render it pyroelectric. Pyroelectric coefficients of 85 nCcm~^K~^ 

have been achieved for strontium barium niobate ceramics; however, the dielec

tric constant is also very high due to interfacial polarisation mechanisms at the 

numerous grain boundaries. Consequently, p/e^ is usually quite small. 

2.4.3 Organic crystals 

In order to deduce which organic materials can be used to create pyroelec

tric Langmuir-Blodgett films, it is helpful to first examine the origins of pyro-

electricity in conventional bulk organic materials; in this section we discuss two 

such materials, triglycine sulphate (TGS) and meta-dinitrobenzene (m-DNB). A 
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more comprehensive review of organic pyroelectric materials has been compiled 

by Gagulin and Chayanov [45]. 

(a) Triglycme sulphate 

Triglycine sulphate, (NH2CH2COOH)3.H2S04 (abbreviated as TGS), is a 

water soluble ferroelectric material, which is widely used in pyroelectric de

tectors. The crystal structure of TGS was elucidated by Hoshino, Okaya and 

Pepinsky [46] using a combination of X-ray diffraction and neutron scattering 

data, and was refined by later workers [47,48]. These studies showed that the 

sulphuric acid group donates both of its protons to two of the glycine units, usu

ally designated glycine I and glycine III, creating glyciniimi ions; glycine II, on 

the other hand, exists in a zwitter-ion configuration. Thus, the correct chemical 

formula for TGS is (NH+CH2COOH)2(NH+CH2COO-).SO^-. 

The structure of TGS is shown schematically in figure 2.12; most of the 

hydrogen atoms have been omitted for clarity. The proton designated X forms 

a hydrogen bond between glycines II and III, and, in the ferroelectric pheise, 

is in a position closer to glycine III than to glycine II. The other region of 

marked asymmetry is at the glycine I nitrogen location, designated Y . The 

dipole reversal mechanism in TGS is very interesting: the proton, X, "flips" 

to a position which is closer to glycine II; this provides a driving force for the 

movement of the nitrogen atom, Y , as indicated by the arrows, bringing about 

a reversal of the polar axis. It should be noted, however, that deuteration of 

T G S does not produce the vast changes in dielectric properties which result 

from deuteration of KDP. This suggests that the role of hydrogen bonds may 

be much less dominant in TGS. 

(b) Meta-dimitrobe]asene 

m-DNB is one of the simplest of a series of pyroelectric benzene derivatives, 

and has a pyroelectric coefficient of around 1.3 nCcm~^K~^. Some of the more 

complex derivatives are described by Asaji and Weiss [49]. The molecular and 

crystalline structures of m-DNB are shown in figure 2.13; the large dipole mo

ment, fj, , arises from the distortion of the delocalised 7r-electron system of the 
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Figure 2.12 The crystal structure of triglycine sulphate (TGS). 

Figure 2.13 Molecular and crystal structures of meta-dinitrobenzene (m-DNB). 



benzene ring by the strongly polar NO2 groups. 

As the temperature increases, there are two competing effects within the 

m-DNB crystal: firstly, anharmonic lattice vibrations give rise to changes of the 

average orientation of the molecules, and tend to increase the polarisation. On 

the other hand, there exists an anhaxmonic internal vibration due to twisting of 

the NO2 groups [50], which changes the charge distribution within the molecules 

and decreases their dipole moment. These opposing effects are thought to be 

responsible for the complex temperature dependence of the primary pyroelectric 

coefficient in m-DNB [51]. In the present work, it was attempted to exploit 

the pyroelectric activity of m-DNB by incorporating this group into Langmuir-

Blodgett film-forming molecules. 

2.5 A P P L I C A T I O N S OF P Y R O E L E C T R I C M A T E R I A L S 

There are numerous applications for piezo-, pyro- and ferroelectric materi

als [52]: these include ultrasonic transducers [53], bistable switches [54], PTC 

thermistors [55] and non-linear optical materials [56]. However, in this section 

we shall be concerned only with those applications which directly exploit the py

roelectric effect. The most important such use is in infrared imaging; however, 

other possible applications are also reviewed in the following sections. 

2.5.1 Thermal imaging cameras 

Infrared imaging systems are widely used for both military and civilian ap

plications. The present generation of high performance devices relies mainly on 

semiconductor quantum detectors, in which the incident radiation excites elec

trons from states near the top of the valence band into states near the bottom of 

the conduction band, producing electron-hole pairs, and changing the electrical 

properties of the material. The semiconductor must be chosen to have a band-

gap which corresponds to the energy of the longest wavelength of the radiation 

which is to be detected. 

Unfortunately, the atmosphere is largely opaque to infrared radiation, and 

the only "windows" of high infrared transmission occur in the 3-5 /xm and 8-

14 fim wavelength ranges. There is no shortage of materials with bandgaps 
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sponding to the 3-5 ^m range (0.41-0.25 eV); however, no elemental or com

pound semiconductor is known with a band-gap of only 0.09 eV, corresponding 

to a wavelength of 14 /xm. The semiconductor alloy Hgi-xCdxTe (cadmium 

mercury telluride or CMT) was therefore developed as a narrow band-gap semi

conductor, capable of detecting 8-14 fim radiation [57]. 

However, detectors based on CMT suffer from the inherent disadvantage of 

requiring cooling, in order to reduce the Johnson noise associated with the ther

mal generation of large numbers of carriers in a narrow bandgap semiconductor. 

CMT detectors are therefore both cumbersome and expensive; moreover, the 

sensitivity of these detectors is not constant over the required wavelength range. 

Thermal detectors based on the pyroelectric effect, on the other hand, do not 

require cooling and have a sensitivity versus frequency response which is flat 

over a broad wavelength range. Considerable progress has been made in pro

ducing CMT which can be used at temperatures close to ambient. However, such 

material is insensitive to long wavelength radiation. There has therefore been 

considerable interest in recent years in producing pyroelectric thermal imaging 

devices [58-62]. 

A simple pyroelectric detector consists of a slice of pyroelectric material with 

metal electrodes on opposite faces, the material being oriented such that its polar 

axis is perpendicular to the electroded faces. The performance of the detector 

is affected by a number of factors including the pyroelectric material used, the 

dimensions of the detector chip, the method of mounting and encapsulating the 

chip and the type of amplifier used. These factors have been considered by 

several authors [58-61]. The performance of a detector is usually characterised 

either by its responsivity, Ry, (the voltage output per unit incident radiation 

power), or by its specific detectivity, D*, which takes into account the various 

noise sources in the detector. 

The most well-established type of thermal-imaging camera is the pyroelec

tric vidicon [61,63], which is illustrated schematically in figure 2.14. This con

sists, essentially, of a vidicon tube with a pyroelectric target and germanium 

faceplate. The target is a disc of pyroelectric material (usually TGS) with a 

transparent front electrode. An infrared lens produces a thermal image on this 
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target, and the resulting charge distribution is read off the back surface by a 

raster-scanning electron beam. 

Since, with a steady flux of incident radiation, the target will rapidly reach 

thermal equilibrium, it is necessary to modulate the flux; for this reason, a 

mechanical chopper is incorporated into the device. The major factor limiting 

spatial resolution is thermal diffusion within the target. Pyroelectric targets are 

therefore reticulated [63]: that is, grooves are etched using ion beam milling or 

laser ablation, creating a matrix of thermally isolated islands. 

The pyroelectric vidicon is gradually being superseded by flat-panel infrared 

image sensors, using self-scanned arrays of detectors. Such a device has been 

described by Schlosser and Glower [64], who fabricated an array of elements 

by depositing rows and colunms of electrodes onto a substrate of pyroelectric 

ceramic; intersections of the row and column electrodes define the location of 

individual pyroelectric elements. The scanning electron beam is replaced by a set 

of F E T analogue switches, one for each row and column, which are actuated in 

sequence by digital signals generated in the vertical and horizontal scan circuits. 

A complete frame of video information is obtained by sampling the voltage on 

each of the array elements in turn. The device is illustrated schematically in 

figures 2.15a and b. 

2.5.2 Other applications 

In addition to their use in thermal-imaging cameras, pyroelectrics have 

several other applications as detectors of electromagnetic radiation. The pyro

electric detector is particularly well suited to such applications in view of its 

flat spectral sensitivity. Pyroelectric materials have been used to calibrate the 

power generated by ultraviolet, visible amd infrared radiation sources [65]. The 

detector is biased by an a.c. electrical signal out of phase with the input radia

tion. The applied voltage is adjusted to give a nil pyroelectric output, and the 

optical power is then equal to the electrical power supplied. A similar applica

tion is the pyrometer [66], which is used to measure the temperature of remote 

bodies; once the radiation power has been calculated, the temperature can be 

deduced from Stefan's law. The pyroelectric detector can also be used as a very 
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Figure 2.15 Schematic diagram of a self-scanned pyroelectric thermal imaging device. 

Figure 2.16 Schematic diagram of a pyroelectric solar energy convertor. 
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Figure 2.17 Schematic diagram of a gas pollutant monitor, using a pyroelectric detector. 



sensitive thermometer [67], which is able to detect temperature changes as small 

as 6 X 10-*^° C. 

By detecting the infrared radiation emitted by the human body, pyroelectric 

detectors can be used in intruder detection systems [68]. Pyroelectric materials 

respond readily to a varying infrared signal but not to a steady radiation level, 

and movement of the intruder provides the required modulation of the infrared 

signal. 

The pyroelectric detector can be considered as a high impedance thermo

electric converter, and as such can be used for solar energy conversion [69]. A 

typical converter is illustrated in figure 2.16. The incident radiation is mechani

cally chopped, and when light is stopped from reaching detector 1, it is reflected 

to detector 2, so that the full power of the light is used. To date, the best results 

have been obtained with TGS, for which the efficiency is approximately 1% . 

Broadband infrared sources and pyroelectric detectors can be used to mon

itor pollutants in gaseous samples [68]; a typical monitor is shown in figure 2.17. 

The wavelengths of the incident radiation absorbed by the sample will depend 

upon the molecular species present. The insertion of varioiis narrow band opti

cal filters into the beam enables the spectral regions corresponding to standard 

gas absorptions to be monitor^cl. By inserting different filters, many pollutants 

can be monitored in rapid succession. The inclusion of a mechauiical chopper 

allows a.c. amplifiers and phase sensitive detection techniques to be employed. 

2.6 S U M M A R Y 

We have shown that for a material to be pyroelectric it must possess a 

non-centrosymmetric crystal structure with a unique polar axis. The primary 

pyroelectric effect is that which would be observed under conditions of constant 

strain (ie. if the sample were mechanically clamped). If the sample is allowed 

to deform, then this primary effect is augmented by a piezoelectrically induced 

secondary effect. It has also been shown that there are mechanisms which can 

give rise to spurious tertiary effects. 

Some actual organic and inorganic single crystal and ceramic pyroelectric 

materials have been described, and some of the applications of pyroelectric de-
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vices have been discussed. In the next chapter, we discuss the limitations of 

bulk materials and show that, for many applications, it is advantageous to use 

thin film pyroelectrics. 

22 



C H A P T E R 3 

T H I N F I L M P Y R O E L E C T R I C S T R U C T U R E S 

3.0 I N T R O D U C T I O N 

Chapter 2 introduced the concepts of pyroelectricity and described the basic 

properties and applications of pyroelectric materials; in this chapter we discuss 

the advantages of using thin films of such materials. Section 3.1 describes some of 

the more conventional types of thin film, including inorganic layers, organic 

polymers and liquid crystals. This is followed in section 3.2 by a brief introduc

tion to Langmuir-Blodgett (LB) films, with emphasis on how polar structures 

can be produced using the LB technique. 

Section 3.3 discusses the constraints placed on an L B film by deposition 

onto a thick substrate, and derives mathematical expressions to describe two 

such effects, namely mechanical and thermal clamping. Finally, it is shown in 

section 3.4 that thermal clamping can be reduced by using a thin substrate. 

3.1 C O N V E N T I O N A L T H I N F I L M P Y R O E L E C T R I C S 

There has recently been much interest in producing thin films of polar ma

terials [1], For device applications, thin films have several important advantages 

over bulk materials; these include the ability to produce large area devices, and 

the possibility of forming the film directly on the semiconductor amplifying cir

cuits. In the case of unsupported films, however, the prime reason for using 

the material in thin film form is to a<:hieve higher sensitivity, as the voltage re

sponsivity is approximately inversely proportional to the thickness of the active 

element [2]. It will be shown later, though, that the situation is more compli

cated for filnas which are supported on substrates [3], and that the thickness of 

this substrate can often dominate the response of the pyroelectric film. 

3.1.1 Inorganic thin films 

Figure 3.1 lists some polar inorganic materials which have been produced 

in thin film form by various techniques. With the exception of r.f. sputtering, 

23 



2 

o 
w 
O 
Q. 
UJ 
Q • 
3 
O 
O 

N 
2 

D 
a . nO n-J „ 

00 CO -J CL Q. 

< 
Q. 
< 
> 

• O ._"0 

m 00 Q. 

(J 
2 

2 
I 

2 <D 
^ 2 00 

O O o " 

(75 w5 bT 

2 
O 

O 
0. 

2 
O 

O 
CO 

V) 
V) 
UJ QC o X 

"tt.-o 
ec 
t -u 

V) UJ 
w 
5 

00 

o o o < < o o 
( / ) ( / ) ( / ) CO 00 00 ta 

.E E ? c c c c 

O 2 n „ n o 

2 o K t - C I -
® 2 i i: « t JP f 

<i- •—• ^ O CO Q. — 

to -z-
> I -

00 
V 

*5 

g 

JO 

.2 
« 
«3 
6 
i i "o a 

J 
H 
I—( 

to 

N 
X) 

U <o 

00 



these techniques all produce polycrystalline films which have properties similar 

to ceramics and, like ceramics, must be poled in order to build in a unique polar 

axis. R.f. sputtering is probably the most satisfactory method for producing thin 

films of polar inorgzinic materials, as it offers good control over stoichiometry and 

thickness, and, in some cases, produces crystalline epitaxial layers [4]. In general, 

a ceramic target of the correct composition is used in a suitable atmosphere 

(usually oxygen and argon). The substrate, which is heated to around 600°C, 

is generally a single crystal whose crystal lattice and orientation are chosen 

such that the sputtered film is aligned along a desired preferred direction, thus 

obviating the need to pole the film. 

Despite the development of such techniques for producing inorganic thin 

films, researchers are now investigating the use of organic materials as pyroelec-

tric detectors. Organic materials generally lend themselves to thin film deposi

tion; and the wealth of compounds available, coupled with the skill of organic 

chemists, means that the molecular structure can be precisely tailored to give 

the desired physical properties. 

3.1.2 Pyroelectric polymers 

Piezo- and pyroelectricity in synthetic polymers were first reported by 

Kawai in 1969 [5]. Pyroelectric polymers possess the specific advantages of 

flexibility, ease of fabrication and low density. Of the pyroelectric polymers, 

polyvinylidene fluoride (PVDF) (figure 3.2a) has attracted particular attention 

because of the large piezo- and pyroelectric coefficients which can be induced in 

this material, and the literature abounds with references to potential transducer 

applications of P V D F [6 . 

The production of P V D F has been described by Pantelis [7]. The film is 

initially crystallised from the melt, and adopts the so-called a form, which is 

not polar. Conversion to the polar /3 form is effected by stretching the film 

between rollers to align the polymer backbones, followed by poling to align the 

fluorine atoms (figure 3.2b). Poling may be carried out either by applying an 

electric field at an elevated temperature (thermal poling) or by employing a 

corona discharge at ambient temperature (corona poling) [8]. Unfortunately, 

24 



In 

M in 

H In 

M nJ 

a ) 

fluorine 
carbon ^^^^^ 

a 

Figure 3.2 Polyvinylidene fluoride (PVDF): (a) molecular structure, (b) unit cells of 

the a and /? forms, looking down the carbon backbone (hydrogen atoms 

omitted). 



the minimum thickness to which pyroelectric P V D F can be prepared is limited 

by the breakdown strength of the polymer and by the fact that the pyroelectric 

coefficient diminishes for very thin films. 

P V D F has found wide application as a piezoelectric material, and has been 

used in piezoelectric keyboards, microphones, underwater hydrophones and as 

an ultrasonic transducer for medical imaging applications. P V D F has also been 

used as a pyroelectric vidicon target material, in which its low thermal conduc

tivity reduces thermal spreading; however, the responsivity is only 70% that of a 

T G S target. There have recently been several reports of pyroelectric activity in 

various copolymers of V D F and other materials [9-12], and there is a continual 

sejirch for new polymers with enhanced pyroelectric properties. 

3.1.3 Liquid crystals 

In 1975, it was proposed by Meyer et al [13] that certain liquid crystalline 

phases are pyroelectric and, indeed, ferroelectric. There has recently been a 

great deal of interest in the ferroelectric chiral smectic C* (SmC*) phase [14,15]; 

the principal advantage of these materials being their low dielectric constant 

[16,17]. 

Liquid crystal phases are adopted by elongated rod-like molecules which 

pack into well-defined but fluid structures. In the achiral smectic C (SmC) phase 

(figure 3.3a), the molecules are randomly packed in layers, and in a particular 

domain the molecules are tilted in a single direction with respect to the layer 

planes; the tilt angle, 8, varies with temperature. If the constituent molecules 

are chiral, then the structure is denoted SmC*: in this case, the tilt direction 

precesses aroimd the layer normal on passing from one layer to the next, creating 

a macromolecular helical structure (figure 3.3b). An individual layer is therefore 

polar, while the bulk phase is not, since the net polarisation is averaged to zero. 

In order to observe polar behaviour, the helix must be "unwound" by application 

of an electric field [18], or by making the device thinner than the wavelength of 

the helix [15 . 

Despite their advantages, ferroelectric liquid crystals are unlikely to form 

the basis for efficient pyroelectric detectors, because of the necessity for encapsu-
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lation in a glass cell, which acts as a heat sink and greatly increases the thermal 

mass of the device. 

3.2 L A N G M U I R - B L O D G E T T F I L M S 

Langmuir-Blodgett (LB) films are ultrarthin, highly ordered organic layers 

and are formed from molecules which possess both hydrophilic and hydrophobic 

groups. They are produced by dissolving a small amount of a suitable am-

phiphilic material in an organic solvent, spreading the solution on a clean water 

surface, allowing the solvent to evaporate, and compressing the resultant mono

layer to produce a close-packed structure which is a two-dimensional analogue of 

a solid phase. If a suitable substrate is passed through the water surfax;e, then, 

in general, a single monolayer of the amphiphilic material is transferred to the 

substrate with each traversal through the interfax:e. The L B film can therefore 

be built up to the desired thickness by repeatedly depositing monolayers. 

There aje many advantages which make L B films particularly attractive 

candidates for pyroelectric devices. The most important of these is that the 

sequential deposition of single monolayers enables the symmetry of the film to 

be precisely defined; in particular, layers of different materials can be built up 

to produce a highly polar structure. Secondly, the polarisation of an LB fihn is 

"frozen in" during deposition, and it is therefore not necessary to subject the film 

to the poling process which must be used for pyroelectric polymers. This also 

implies that ferroelectric behaviour would not be expected in LB films, as the 

polarisation cannot be reversed without breaking down the entire structure. The 

third advantage of the L B technique is that it enables very much thinner films 

to be prepared than any of the methods thus far described. Finally, LB films are 

produced at ambient temperatures, and can be deposited onto a wide variety 

of substrates. A pyroelectric L B fihn could therefore be deposited directly onto 

a silicon chip which incorporates the circuitry for amplifying the pyroelectric 

signal. 
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3.2.1 L B films of a single material 

One of the pioneers of the LB technique, Katharine Blodgett, postulated 

three possible modes of L B film deposition and named them X, Y and Z type 

19], as illustrated in figure 3.4. The majority of materials deposit in the Y type 

mode (figure 3.4a), where material is transferred on both up- and down-strokes 

of the substrate, resulting in a structure in which the molecules are packed in a 

head-to-head and tail-to-tail sequence. It should be noted that, if a hydrophilic 

substrate is used, Y type pick-up does not commence until the first up-stroke. 

Y type structures comprising an even number of monolayers are, of course, 

centrosymmetric and hence cannot be pyroelectric. 

X type deposition (figure 3.4b) is the situation where material is transferred 

to the substrate only on the downstroke, and is common for fatty acid esters 

such as ethyl stearate [20] and vinyl stearate [21]. X type deposition also oc

curs when fatty acid salts are dipped at very high pH levels; however, X-ray 

diffraction has revealed that the molecules undergo rearrangement during, or 

subsequent to, deposition, reverting to the energetically more favourable Y type 

structure [22]. Finally, Z type deposition (figure 3.4c) refers to transfer only 

on the upstroke, and had not been observed when described by Blodgett. Since 

then, Z type dipping has been reported in the phthalocyanines [23]. It it obvious 

from figure 3.4 that both X and Z type deposition produce non-centrosymmetric 

polar structures, which should exhibit pyroelectricity. 

Christie et al [24] have described the fabrication of polar LB films of polybu-

tadiene. Multilayers of this material deposit in an X type conformation, provid

ing the film is irradiated with ultra-violet light after deposition of each mono

layer, to initiate cross-linking of the polymer chains. Although surface potential 

measurements confirmed that the films possessed a large polarisation, no pyro

electric signal was detected. The authors attribute this to the rigidity of the 

cross-linked structure causing mechanical clamping [25]. 

Blinov has reported pyroelectric activity in mono- and multilayer LB films 

of a series of amphiphilic azoxy compounds [26-29]. Blinov reports that these 

materials can be deposited in X, Y or Z type modes depending on the conditions 

used, and that both X and Z type deposition lead to the formation of pyroelectric 
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structures, whilst Y type layers are not pyroelectric. It should be noted, however, 

that this behaviour is most unusual: LB materials usually deposit in a single 

mode (X, Y or Z) and, although they can sometimes be constrained to deposit 

in a different mode, rearrangement usually occurs, and the structure reverts to 

its preferred form [21, 22]. 

Blinov has reported pyroelectric coefficients as high as 0.3 nCcm~^K~^, and 

attributes the effect to a predominantly primary mechanism on the basis of the 

observed temperature dependence of the electrical polarisation. Piezoelectricity 

and the linear Stark effect were also reported in these films. 

3.2.2 Alternate layer structures 

In recent years, several L B troughs have been constructed which can be 

used to deposit alternate layers of two different materials [30-32]. If the two 

materials possess polar head groups whose dipole moments are in opposite senses 

with respect to the hydrocarbon chain, then, although the molecules deposit 

in a head-to-head and tail-to-tail fashion, the dipoles will not cancel, but will 

reinforce one another and the structure will be highly polar. An example is 

shown in figure 3.5; in this case the two materials are a fatty acid and a fatty 

amine. The acid/amine system might also have an additional contribution to 

the polarisation due to the transfer of protons from the acid to the amine and 

the resultant formation of amino and carboxylate ions [33]. Rather than using 

two highly polar materials in alternate layers, it is possible to use one material 

with a large polarisation and a second material which acts as a spacer layer to 

prevent cancellation of the dipoles in the active layer. 

Pyroelectricity in alternate layer L B films has been described by two previ

ous authors [34, 35], both of whom used fatty acid/fatty amine alternate layers. 

Smith et al [34] achieved pyroelectric coefficients of around 0.05 nCcm~^K~^ 

using stearylamine with a series of straight chain fatty acids; slightly higher 

coefficients were obtained by replacing the fatty acid with a polar amphiphilic 

dye. These authors concluded that the pyroelectric effect was predominantly 

secondary, because of the small pyroelectric coefficient which resulted from a 

relatively large polarisation. 
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Smith et al observed these effects in very thick L B films (several hundred 

monolayers); however, Christie et al [35] have reported a pyroelectric coefficient 

of 0.3 nCcm~^K~^ for 11 layer samples of 1-docosylamine and 22-tricosenoic 

acid, increasing to 1 nCcm~^K~^ for 99 layer fihns of the same two materi

als. One of the aims of the present work was to further investigate the 1-

docosylamine/22- tricosenoic acid system, and to gain an insight into the nature 

of the polarisation, with a view to selecting new materials for L B film deposition, 

with enhanced pyroelectric activity. 

3.3 E F F E C T O F A T H I C K SUBS: 

One method for producmg pyroelectric devices is to deposit an LB film onto 

an electrically conducting substrate; to thermally evaporate top electrodes; and 

finally to coat the resulting devices with a layer of infrared absorbing material, 

such as bismuth black [36]. The substrate is usually an aluminised glass micro

scope slide of thickness ~1 mm, whilst the blacking layer has a thickness of ~1 

fim, and the electrodes are ~40 nm thick. The L B film, whose thickness is of 

the order of 100 nm, is therefore extremely thin compared with the substrate 

on which it is deposited and the blacking layer with which it is coated. 

The thick substrate imposes two restraints on the pyroelectric response of 

the L B film: firstly, secondary pyroelectricity is limited by the thermal expansion 

of the substrate (mechanical clamping); and, secondly, the substrate acts as a 

heat sink, reducing the excess temperature of the L B film over ambient (thermal 

clamping). The following sections propose models to account for these two 

effects. 

3.3.1 Mechanical clamping 

In section 2.3, we developed a general thermodynamic model which demon

strated that the total pyroelectric coefficient in a free crystal is given by the 

sum of the pyroelectric coefficient for the fully clamped crystal and a secondary 

term which depends on the piezoelectric coefficient of the crystal. This model 

will now be applied to the case of an L B film, which is mechanically clamped in 

the plane of the substrate, but is free to expand and contract in the direction 
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perpendicular to the substrate (partial clamping) [37]. 

In section 2.3, we derived the following pair of equations: 

dP^ = dl,.daj + pyT (3.1a) 

dei = s f f d o j + afdT, (3.1b) 

where all symbols have the same meaning as in chapter 2. The model used for 

the case of an L B film on a substrate is shown in figure 3.6; a coordinate system 

is defined, in which the substrate is in the plane of the 1 and 2 axes, and the 

polar axis is assumed to be perpendicular to the substrate. It will be shown 

later, however, that this model is not always accurate, since some films adopt 

a structure in which the polar axis is inclined at a small angle to the substrate 

normal. Assuming the polar axis is perpendicular to the substrate plane, then 

dPi = dP2 = 0. 

We shall also make the assumption that the polar axis has 3-fold or greater 

symmetry, so that there is isotropy in the plane of the substrate. Therefore, 

a i = Q!2 and = = aQ = 0 

Sii = 522 aJld 5 i 2 = 521 

dsi = d32-

Furthermore, it will be assumed that the temperature of the substrate changes, 

such that there are non-zero stresses and strains in the substrate plane: 

dai = da2, da^ = 0 and de^ = de2-

Since the film is much thinner than the substrate, the strains dci and dt^ are 

determined by the thermal expansion coefficient of the substrate, ai^: 

_ dCi _ rf€2 

If we expand equations (3.1a) and (3.1b), and use the substitutions stated 

above, we obtain the following pair of equations: 

d€i = [sii + Si2)d(^i + OLidT (3.2a) 
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Figure 3.6 Model for partial clamping when an L B film is deposited onto a thick sub

strate. 
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Figure 3.7 Thermal model for an L B film pyroelectric detector. 



dPs = 2d3idoi + pldT, (3.2b) 

where we have dropped all superscripts except for p" 

However, dei = audT, therefore (3.2a) gives. 

dT \su + Si2j 
(3.3) 

The partially clamped pyroelectric coefficient, p^" is defined as 

Pa — 
dP3 
dT 

Differentiating (3.2b) with respect to temperature. 

P r = 2 d 3 i ^ + P ? . (3.4) 

Substituting from (3.3) to (3.4), we obtain: 

Thus, we can see that the effect of the substrate is to reduce the pyroelectric 

coefficient of the free crystal by an amount given by the second term on the right 

hand side of equation (3.5), Furthermore, this reduction can be minimised by 

matching the thermal expansion coefficients of the fihn and substrate, rendering 

the film effectively free in all three directions. Equation (3.5) also demonstrates 

that partial clamping by the substrate does not affect the primary component of 

the total pyroelectric coefficient. Mechanical clamping would therefore not be a 

problem in films whose pyroelectric effect was predominantly primary in origin. 

3.3.2 Thermal clamping 

Several theories [38-40] have been proposed to account for the heat sink

ing effect when a thin pyroelectric element is deposited on a thick substrate. 

However, these all assume that the pyroelectric film is sufficiently thick for an 

appreciable temperature gradient to exist across its thickness; these theories are 

therefore not relevant to the case of L B films. In this section, a novel model 

will be developed, in which we assume that the thermal mass of the LB film is 

negligible when compared to those of the substrate and of the blacking layer, 
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and we apply the heat flow equation to such a device irradiated by sinusoidally 

modulated radiation. 

The dynamic method of Chynoweth [41] is a commonly used technique 

for observing pyroelectric activity; the device is heated by a black-body source 

which is modulated by a mechanical chopper, and the resulting pyroelectric 

voltage is detected, amplified and displayed by a phase-sensitive detection system 

synchronised to the modulation frequency. The thermal analysis developed here 

enables pyroelectric coefficients to be calculated from the measured pyroelectric 

voltages. 

The model used in this analysis is shown in figure 3.7 [42]. The device is as

sumed to consist of an infinitessimally thin pyroelectric film sandwiched between 

a thick substrate, which acts as a heat sink, and a black radiation-absorbing 

layer. The metal electrodes are also assumed to have negligible thermal mass, 

as they are thin compared with the substrate and the blacking layer. The device 

is heated by a black body of temperature To, separated from the device by a 

medium of radiation transfer conductance H, and sinusoidally modulated at an 

angular frequency, UQ. 

The problem is essentially that of a two layer structure on a heat sink, a 

case which has been solved by Holeman [38], assuming a temperature variation 

of the form 

$ = $0 + T{x) ex-p{juot). (3.6) 

For a thin upper layer and low modulation frequency, the temperature T{x) in 

the upper layer was calculated to be 

where 

Ky p and c are, respectively, the thermal conductivity, density and specific heat 

capacity of the substrate. 

We extend this model to the case of L B films by assuming that the film 

does not contribute to the thermal properties of the device, and hence the tem

perature of the L B film is given by the temperature T,- at the interface between 
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the substrate and the blacking layer, and 

Ti « T{x). 

Therefore, assuming Kuj/H >> 1, 

n = ^ . (3.9) 

Using Stefan's law for black body radiation, the incident radiation power per 

unit area, W, is given by 

W = ani^T^, (3.10) 

where a is Stefan's constant and r/L the emissivity of the radiator. 

H is defined [38] as 

H = AaT^riLVB, (3.11) 

where TK is the average temperature of the radiator and the blacking layer, and 

7/B is the emissivity of the blacking layer. Assuming there is no re-radiation 

from the blacking layer, then 

H=^aT^VLr}B- (3-12) 

Hence, 

HTo = ^WriB-

Using this substitution, and also substituting for w, 

r, = ^UMILJI. (3.13) 

2{Kpcu;o)» 

We model the pyroelectric element as a current source in parallel with 

a resistor R and a capacitor C, where R and C are the total resistance and 

capacitance due to the L B film in parallel with the input impedance of the 

amplifier. 
The pyroelectric current, t, is defined by the equation 

dO 
i = pA-, (3.14) 

where p is the pyroelectric coefficient and A the area of the device. Substituting 

from (3,6) we obtain 

= pATiUoexp 3[t^ot + ^) • (3.15) 
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The pyroelectric voltage, v, is given by 

v = iZ, ^.16) 

where Z is the impedance. As the device area is typically ~ 2 cm^, then C > 1 

nF. Also, R ~ 10" and wo ~ (1-20) x 27r rad s'^. Therefore, ulR^C^ » 1, 

and the impedance approximates to 

Hence, 

H = ^ . (3.1S) 

If we write 

C = f 2 ^ , (3.19) 

where cj. is the relative permittivity of the LB film, N is the number of mono

layers and d is the thickness of a monolayer, then 

^ WrjBNd ^ ' ^ 

Noting that 

then 

i + y 
V2 ' 

I'' " WvBNd ' ^^-^^^ 

where Vm is the measured root mean square pyroelectric voltage, which is similar 

in form to the equation used by Blinov et al [28]; and the measured pyroelectric 

voltage, Vm, is given by 

^^^IplWrisNdM-^ (3.22) 
2V2€oeUKpc)'^ 

All of the parameters on the right hand side of equation (3.21) are known 

or can be experimentally determined, and it is therefore possible to calculate 

dynamic pyroelectric coefficients of L B films. The heat sinking effect of the 

substrate can be examined by comparing equation (3.21) with the equation for 

the dynamic pyroelectric coefficient of a bulk material [43]: 

j V 2 r ^ (3.23) 
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where G is the thermal conductance of the material and R its electrical resis-

tajice. It is interesting to note that for a bulk detector the pyroelectric voltage, 

Vm, is proportional to w q , whilst for an LB film detector Vm is proportional 

to (wo)~'; LB film detectors are therefore expected to be best suited to low 

frequency applications. Furthermore, the performance can by optimised by se

lecting a substrate with suitable values of thermal conductivity, density and 

specific heat capacity. 

3.4 T H I N S U B S T R A T E S 

It has already been demonstrated that the pyroelectric response of an LB 

film detector is limited by the heat sinking effect of the substrate; we will now 

show that an efficient device must incorporate a thin substrate in order to min

imise this effect. Consider a small change dT in the temperature of a pyroelectric 

element, generating an amount of charge dQ, given by 

dQ = pAdT, (3.24) 

where p is the pyroelectric coefficient and A the device area. If the voltage 

generated is dV and the capacitance of the device is C, then 

dV = ^dT. (3.25) 

According to Putley [43 , dT is given by the ratio of the radiative power absorbed 

to the total thermal admittajice, Yt, which can be expressed thus: 

dT = ^ , (3.26) 

where W is the radiative power emitted by the object and rj the emissivity of 

the detector. Therefore, 

= (3.27) 

Hence, it is desirable that the thermal admittance, Yt, should be as small as 

possible. 

Yt has components due to thermal conductance, Gt, and thermal capaci

tance, Cf, such that 

y2 = G2 - {juoCtf. (3.28) 
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But, 

Ct = cdA, (3.29) 

where c is the volume specific heat capacity of the film and d the total thickness 

of the device (film plus substrate). Therefore, 

= G^ + Jic^^A^. (3.30) 

The thermal conductance term is dominated by the metal electrodes and 

connecting leads, and is difficult to control; therefore, the performance of the 

detector can only be improved by minimising the thermal capacitance term, 

{jjQcdA. In order to achieve this, however, the thermal capacitance term must 

dominate in the expression for thermal admittance; that is, 

uiQcdA > Gf (3.31) 

Consider a typical LB film device, where the total thickness of the metal 

electrodes is t, and the top and bottom electrodes are both connected to wires 

of length 6 and diameter u;. Gt is given by: 

Gt = (3.32) 

where K is the thermal conductivity of the metal electrodes, ff 

i f = 200 Wm-^K-^ 

t = 5x 10"^ m 

w = 10"^ m 

b = 10-2 

then, 

Gt = 2x 10-^ W K - ^ 

Therefore, the requirement for the capacitajice term to dominate is: 

d > ^ , (3.33) 
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If Wo = 167r rad s'^, c = 10̂  Jkg-^R-^ and A = 10"̂  m ,̂ then d > 400 

nm. Hence, we can see that, whilst equations (3.27) and (3.30) indicate that 

the voltage responsivity can be improved by making the total device thickness, 

d, as small as possible, d must not be smaller than about 400 nm, otherwise the 

thermal conductance of the metal electrodes will dominate. In practice, d can 

be reduced by using a thin substrate. 

3,5 S U M M A R Y 

It has been shown that there are considerable advantages in using LB films 

as pyroelectric infrared detectors. These advantages include precise control over 

thickness and symmetry, high sensitivity, ease of deposition onto integrated cir

cuits, low dielectric constant, and built-in polarisation, removing the need to 

pole the films. However, the response of a thin film detector can be dramatically 

reduced if a thick substrate is employed, due to the effects of thermal and me

chanical clamping. Thermal clamping can be reduced by using a thin substrate; 

mechanical clamping is a more fundamental problem, but could be avoided by 

using a material in which the total pyroelectric effect includes a large primary 

component, or by selecting a substrate material with an appropriate thermal 

expansion coefficient. 
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C H A P T E R 4 

E X P E R I M E N T A L T E C H N I Q U E S 

4.0 I N T R O D U C T I O N 

This chapter provides a general description of the techniques used in the fab

rication and characterisation of pyroelectric LB film structures. The Langmuir 

trough and the procedures adopted for the characterisation of new materials and 

the deposition of LB films are described in section 4.1. Section 4.2 describes the 

fabrication of LB film devices, and sections 4.3 and 4.4 discuss, respectively, 

their structural and electrical assessment. For each technique the theoretical 

background is presented, and this is followed by a detailed description of the 

equipment used and the procedure adopted. 

4.1 T H E L A N G M U I R T R O U G H 

The trough used by Langmuir and Blodgett in their pioneering work [l 

consisted of a metal container, coated with paraflSn wax to render it hydrophobic, 

and filled to the brim with water. The floating monolayer was compressed using 

a film of piston oil, which was separated from the LB film by a waxed thread 

floating on the water and fastened to the sides of the trough. The substrate was 

raised and lowered by means of a crude hand winder, the piston oil maintaining 

a constant surface pressure as material was removed from the surface. 

Modern Langmuir troughs bear little resemblance to this early version; 

sophisticated electronic circuitry controls the surface pressure, high grade mate

rials are used in their manufacture, and systems are often housed in microelec

tronics clean rooms to avoid the problems associated with dust. The troughs 

used for the present work are described in the following sections. 

4.1.1 The conventional trough 

The trough used for the deposition of single materials weis of the constant 

perimeter barrier type [2], and is illustrated schematically in figure 4.1; the inset 

illustrates the maximum and minimum areas contained within the barrier. The 

barrier was made of PTFE-coated glass fibre, and was held taut by three pairs 
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of rollers mounted on cross-members; the cross-members were pulled by means 

of toothed rubber belts driven by an electric motor. The trough itself was made 

of glass and was mounted on a platform which could be raised and lowered. The 

surface pressure was monitored using a Wilhelmy plate, consisting of a 1 cm 

wide strip of filter paper; this was suspended in the water by a thread from a CI 

microbalance head. The microbalance was an integral component of the control 

system, and formed part of a feedback loop, such that any change in surface 

pressure during film deposition could be compensated for by movement of the 

constant perimeter barrier. Movement of the barrier could also be achieved by 

manual forward and reverse controls. The dipping head consisted of a metal 

screw clamp, in which substrates could be held, affixed to a motor driven mi

crometer screw. The complete assembly was housed in a glass-doored cabinet, 

incorporating an extractor fan to aid solvent evaporation, and was mounted 

on a pneumatic anti-vibration table. The trough was located in a class 10,000 

microelectronics clean room. 

The water used as the subphase in the trough was purified using an Elgastat 

Spectrum SC31 reverse osmosis tmit, and a Milli Q double deionisation and 0.2 

fim filtration system. In-line monitors confirmed that the resistivity was close to 

its theoretical maximum of 18 MO cm, and that the total organic carbon content 

was less than 20 ppb. The water was delivered to the trough via high quality 

polypropylene tubing. The trough water was changed at frequent intervals, as 

rapid bacterial growth is known to occur when water is left in the trough for pe

riods of several days [3]. In addition, a regular cleaning procediu-e was employed, 

in which the barrier and rollers were removed and refiuxed in propan-2-ol, and 

the trough was rinsed with chloroform, propan-2-ol and purified water. On re

assembly, the Wilhelmy plate was renewed and the instrumentation recalibrated. 

Immediately prior to monolayer spreading, the water surface was cleaned with 

a fine nozzled glass pipe, connected to an aspirator suction pump. 

A Bryans 29000 X-Y chart recorder was used to plot surface pressure versus 

surface area isotherms, and a Bryans 312 2Y-T chart recorder plotted both area 

and pressure as functions of time. The pH of the subphase was continuously 

monitored using a Pye Unicam PW 9409 pH meter. 
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4.1.2 The alteriaate layer trougli 

The trough used to deposit alternate layers [4] was identical in many re

spects to that described above; however, the area defined by the constant perime

ter barrier was divided into two by a fixed PTFE beam (figure 4.2). Two mi-

crobalances and barrier motors were used, enabling the surface pressures of 

the two separate monolayers to be controlled independently. The substrate was 

mounted on a P T F E cylinder, which was accommodated within the central fixed 

beam. This cylinder rotated about a central axis, entering the water through one 

monolayer, and leaving through the other. The water purification and cleaning 

processes described above were also employed for the alternate layer trough. 

4.1.S Pressure-area isotlkerms 

The first step in the assessment of a new LB film material is the determi

nation of its surface pressure-area {n-A) isotherm. This involves spreading a 

monolayer onto the water stirface, slowly compressing it by means of the mov

ing barrier, and monitoring the surface pressure (TT) as a function of the area 

enclosed by the barrier [A). If the number of molecules spread on the surface 

is known, then the average area occupied by a molecule can be deduced. An 

ideal w-A isotherm of a fatty acid is shown in figtire 4.3a; three distinct regions 

are present, corresponding to two dimensional analogues of gas, liquid and solid 

phases. It should be noted, however, that isotherms of many materials do not 

show this distinct structure; for example, the isotherm of ammonium terminated 

polybutadiene [5] is expanded (figure 4.3b), with no abrupt phase changes. In 

figures 4.3a and b, the high pressure region of the curve has been extrapolated 

down to the X-axis; the point of intersection gives the moleculaj area at zero 

surface pressure, an important parameter in the characterisation of a material. 

The procedure adopted for the screening of new materials was as follows: 

the material was first dissolved in an organic solvent (invariably "Aristar^ grade 

chloroform) to an accurately known concentration (usually close to 1 mg ml"^). 

A known volume (typically 100 (il) was then deposited onto the clean water 

surface, using a Kloehn microlitre syringe, and the extractor fan was switched 

on for several minutes to aid solvent evaporation. A TT-A isotherm was then 
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plotted on the X-Y chart recorder by compressing the film at a fixed rate. 

The molecular area at zero pressure was calculated from the isotherm, and 

this value was compared with that obtained from measurements on space filling 

molecular models. Poor agreement between these values indicates instabilities 

in the film due to dissolution into the subphase, evaporation or buckling of 

the film [6]. The film stability was further investigated by selecting a value of 

surface pressure within the condensed region of the isotherm, controlling the film 

pressure at this value, and monitoring the surface area as a function of time. It 

was found that the rate of dissolution could sometimes be controlled by altering 

the pH of the subphase with the addition of hydrochloric acid or ammonium 

hydroxide solutions. 

If the molecular area was in reasonable agreement with the theoretical value, 

and the surface area at constant pressure was relatively stable, then a material 

was judged to be suitable for LB film deposition. 

4.1.4 Film deposition 

Most of the films deposited during the course of this work adopted the 

Y type structure, and were fabricated on hydrophilic substrates; material was 

therefore not transferred until the first withdrawal of the substrate through the 

monolayer. For this reason, the substrate was immersed through a clean water 

surface prior to the spreading of the film. After the film had been spread and 

the solvent allowed to evaporate, the system was switched to "control" mode, 

such that the surface pressure was maintained at a pre-selected value. It was 

found that high quality films could usually be produced if the first withdrawal of 

the substrate was performed extremely slowly, and was followed by a "draining" 

period of aroimd 30 minutes before subsequent layers were deposited at a faster 

rate. 

The deposition was characterised by monitoring the surface area as a func

tion of time. Figure 4.4 shows schematically the traces that would be expected 

for X, Y and Z type deposition onto a hydrophilic substrate. In each case, de

position does not commence until the first withdrawal of the substrate (if the 

substrate is hydrophilic); thereafter, X, Y and Z type deposition occur, as de-
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scribed in section 3.2.1. A deposition ratio was also calculated; this is defined as 

the ratio of the decrease in surface area to the area of the substrate immersed; 

thus, no pick-up corresponds to a ratio of zero, whilst complete coverage corre

sponds to a ratio of unity. 

4.2 D E V I C E F A B R I C A T I O N 

4.2.1 Substrate preparation 

(a) Glass 

Several glasses with different thermal expansion coefficients were used; how

ever, routine measurements were performed on ordinary Chance-Propper labo

ratory microscope slides. The glasses were all cleaned rigourously before being 

used as substrates. Initially, the slides were wiped with lint-free lens cleaning 

tissue, soaked in propan-2-ol, to remove large particles of dust. They were then 

ultrasonically agitated in a 5% solution of "Decon 90" de-greasing agent, and 

rinsed twice in ultrasonically agitated deionised water. Finally, the slides were 

refluxed in boiling propan-2-ol for several hours. 

(b) Aluminised glass 

Highly conducting substrates were produced by evaporating a layer of alu

minium onto glass which had been cleaned by the process described above. The 

evaporation was performed in an Edwards E306A vacuum coating system, at 

pressures of less than 10"^ torr, using a resistively heated timgsten filament 

as the evaporation source. Substrates prepared in this way were refluxed in 

propan-2-ol immediately before use, in order to produce a uniformly hydrophilic 

surface. 

(c) Silicon 

Silicon wafers were used as substrates for infrared spectroscopy and elec

tron microscopy experiments. For this purpose, n-type silicon of either {100} 

or {111} orientation was used; the wafers were cleaned by refluxing in 1,1,1-

trichloroethane. The native oxide on the silicon provided a hydrophilic surface, 

onto which Y type deposition did not occur until the first withdrawal of the 

substrate through the floating monolayer; hence, it was only possible to deposit 

odd numbers of monomolecular layers onto such surfaces. When an even num-
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ber of layers was required, the surface was rendered hydrophobic by adding a 

small amount of dimethyldichlorosilane to the 1,1,1-trichloroethEine reflux. The 

hydrochloric acid produced by the reaction with the surface oxide wais removed 

by rinsing with deionised water. 

4.2.2 Fabrication of M I M devices 

Electrical measurements were made on devices in which the LB film formed 

the dielectric layer of a metal-insulator-metal (MIM) capacitor. Films were 

deposited onto aluminised glass slides, and were then stored in a desiccator 

under a low pressure of dry nitrogen for two days. Capacitor structures were 

produced by evaporating aluminium discs of approximate area 1.8 cm^ onto 

the LB film; these discs were connected to an unmetallised portion of the glass 

substrate by narrow aluminium strips, enabling silver paste contacts to be made 

to both lower and upper electrodes without damage to the organic layer. The 

resulting device is illustrated in figure 4.5. 

4.2.3 Surface blacking 

As the top electrodes were highly reflective, and hence inefficient at absorb

ing infrared radiation, it was necessary to coat the MIM devices with a layer of 

metal black [7]. Metal blacks are produced when a metallic or semimetallic ele

ment is evaporated under a low pressure of an inert gas, and the metal particles 

condense into colloidal aggregates. In this case, the metal used was bismuth, 

and the inert gas nitrogen. A special evaporation chamber was constructed, into 

which nitrogen could be admitted and maintained at a pressure of 1 mbar by 

means of a rotary pump. The bismuth, which was in the form of granules, was 

evaporated from a resistively heated molybdenum boat. 

4.3 S T R U C T U R A L C H A R A C T E R I S A T I O N 

4.3.1 Reflection high energy electron diffraction 

Reflection high energy electron diffraction (RHEED) is a powerful and con

venient technique for studying the orientation of LB film molecules relative to 

the substrate surface, and has been widely used for this purpose [8-15]. Un-
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like transmission electron diffraction (TED), RHEED does not require that the 

sample be prepared in the form of a very thin fihn; hence, an LB film deposited 

onto a thick silicon or aluminised glass substrate can readily be examined by 

this technique. RHEED is particularly useful for examining surface films, since 

the geometry is such that the electron beam samples a very thin surface layer 

over a large area. 

In the RHEED technique, the specimen is mo\mted in a transmission elec

tron microscope, such that the incident electron beam strikes it at grazing inci

dence. Diffraction will occur according to the usual Bragg relationship; however, 

since the wavelength of the electron beam is typically 0.01 nm, and the interpla-

nar spacing for most crystals is of the order of 0.2 nm, the Bragg angle, 6, will 

vary from about 1.5 to 0.5°. Consequently, in RHEED, only those crystal planes 

which are inclined at less than a few degrees to the surface of the specimen will 

diff'ract an electron beam that strikes it at grazing incidence. 

Typical d-spacings of LB films are considerably greater than 0.2 nm (~6 

nm); however, the hydrocarbon chains of LB film molecules are comprised of 

regular C2H4 repeat imits, and the RHEED pattern which is obtained from an 

LB film specimen corresponds to diffraction from planes of these C2H4 subcells. 

It has been established [12] that the structure of fatty acid LB films is granular, 

with the molecules within all of the grains inclined at approximately the same 

angle to the substrate surface, but with the azimuth of this inclination varying 

by a small amoimt from grain to grain. Thus the structure of an LB film is some

what disordered within the substrate plane, but exhibits a preferred common 

orientation of the molecules perpendicular to this plane. The RHEED patterns 

characteristic of such a structure consist of arcs of intensity [16]. In these pat

terns, the angle between the shadow edge of the sample and the diffraction arc 

corresponding to the preferential pljuie of packing provides a measurement of 

the inclination of the molecules relative to the substrate normal. 

The present studies were performed in a JEM 120 transmission electron 

microscope operated at 100 kV, with the sample stage located at the top of the 

projection chamber. In order to investigate the presence of any anisotropy in the 

fihns, RHEED studies were performed with the incident electron beam inclined 



at a range of azimuths, varying from parallel to perpendicular to the direction 

of dipping [15]. 

4.3.2 Fourier transform infrared spectroscopy 

The characteristic vibrational frequencies of most chemical bonds lie in 

the range 4000 to 200 cm~^, corresponding to the infrared (IR) region of the 

electromagnetic spectrum. If a vibration causes a periodic change in the electric 

dipole moment associated with a bond, then IR radiation of the same frequency 

will interact, producing a resonant energy transfer, where radiation is absorbed. 

Each type of bond corresponds to a particular characteristic frequency; this 

frequency depends not only on the atomic masses of the bonding species, but 

also on the nature of the local envirorunent. As the environment of a bond is 

unique to a particular molecule, an infrared spectrum provides a "finger print" 

of the molecule, from which it can be characterised. In this case, IR spectroscopy 

was used to study head group interactions in acid/amine alternate layer LB films, 

since this technique can detect hydrogen bonding and proton transfer from the 

acid to the amine. 

Conventional dispersive IR spectroscopy involves passing broad band IR 

radiation through the sample, frequency analysing the transmitted beam, and 

comparing this with a reference beam. The Fourier transform infrared (FTIR) 

technique, on the other hand, is based on the Michelson interferometer, which is 

shown in figure 4.6. A parallel beam of broad band light is incident on a beam 

splitter, from which half is reflected to Ml (fixed mirror), and the remainder 

passes through to M2 (moveable mirror). The radiation is then reflected back 

to the beam splitter, where it recombines, passes through the sample and is 

detected. The detected radiation corresponds to an interferogram produced by 

constructive and destructive interference between the beams which have been 

reflected by Ml and M2, with characteristic frequencies absorbed by the sample. 

A normal absorption spectrum is calculated by taking the Fourier transform of 

the detected signal. The main advantage of FTIR over dispersive spectroscopy 

is the speed with which the spectrum can be obtained, since the entire spectrum 

is contained in the interferogram. In addition, the intensity of radiation incident 
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on the sample is greater (Jacquinot's advantage), and the signal to noise ratio 

is improved (Fellgett's advantage) [17]. 

In this study, a Mattson Sirius 100 Fourier tramsform spectrometer was 

used. Transmission spectra were obtained xising films deposited onto silicon 

wafers; also, reflection absorption infrared spectroscopy (RAIRS) experiments 

were performed, using aluminised glass substrates, with an average angle of 

reflection of 81*. 

4.3.3 X-ray low aBgle diflfractioB 

The wavelength of copper K a radiation is approximately 0.15 nm; such 

radiation will therefore be diffracted by the planes formed by the layers of LB 

film molecules, rather than by the C2H4 subcells. Hence, X-ray diffraction 

provides a means of determining the d-spacing of L B films. Since the d-spacing 

of an L B film is typically of the order of 6 nm, the first order (001) reflection 

will occur at a Bragg angle of less than 1°. The criterion for observing X-ray 

diffraction from L B films is, therefore, that the beam should strike the sample 

at grazing incidence; for this reason, the technique of X-ray low angle diffraction 

(XRLAD) was employed [18-21 . 

All measurements were performed at Bristol University, using a specially 

constructed glancing angle diffractometer, which utilised copper K a radiation. 

The detector was interfaced to a microcomputer which plotted the diffracted 

intensity as a function of detector position. The system was calibrated such 

that a value of 6 could be readily calculated for each position of the detector. 

The resultant spectra consisted of a series of equally spaced peais due to reflec

tions from the (00/) planes {ie. those planes which are parallel to the substrate 

surface). Values of 0, and ultimately of the d-spacing were calculated from each 

reflection, and an average value was taken. 

4.4 P Y R O E L E C T R I C AND D I E L E C T R I C C H A R A C T E R I S A T I O N 

4.4.1 Static pyroelectric detectiom 

It was stated in chapter 2 that the pyroelectric current, i, generated by a 
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device of area A is given by 

.• = M f (4.1) 

where dT/dt is the rate of chajige of temperature and p the pyroelectric coeffi

cient.* If a pyroelectric sample of known area is heated or cooled at a constant 

rate, a constant current will therefore flow; by measuring this current, the pyro

electric coefficient can be calculated. The value of p obtained using this simple 

technique is very accurate, since equation (4.1) makes no assumptions about the 

thermal and electrical properties of the sample. 

In this case, the heating and cooling of the sample were performed using 

a Cambion model 801-3958-01 thermoelectric element. This was mounted on a 

heat sink consisting of a copper block through which cold water continuously 

circulated; thus, the bottom face of the thermoelectric element was maintained 

at a constant temperature, and the top face was heated or cooled relative to this. 

L B film devices in the form of MIM capacitors deposited on glass substrates 

were mounted on top of the thermoelectric module, and good thermal contact 

was established using zinc oxide heat sink compound. Also mounted on the 

thermoelectric element was a piece of glass identical to the substrate material, 

supporting a platinum resistance thermometer; this enabled the temperature of 

the L B film to be measured without damaging the specimen. Contacts were 

made to the sample using platinum wires and silver paste. 

The assembly was mounted inside a brass chamber which could be evac

uated; containers of silica gel desiccant were housed in the base. A schematic 

diagram of the chamber is shown in figure 4.7. The pyroelectric current was 

measured using a Keithley 600B electrometer, and the output was displayed 

on one channel of a Rikadenki R-52 2Y-T chart recorder. The other channel 

displayed the temperature measured by the platinum resistance thermometer. 

The following procedure was adop-te<i. for the measurement of the pyro

electric coefficient of an L B film. First, the sample was mounted on the ther

moelectric element, and electrical contacts were made. The chamber was then 

evacuated by means of a two stage rotary pump, and the sample was maintained 

under vacuum for approximately 30 minutes. The measiirement commenced by 

* p is assumed to be constant over the temperature range of the experiment. 
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heating the sample through about 10° C and monitoring both the pyroelectric 

current and the temperature on the chart recorder. The sample was then cooled 

back to ambient temperature, again monitoring the current and temperature. 

Since the rate of change of temperature was approximately constant, a trace of 

the type shown schematically in figure 4.8 was obtained. The rates of change 

of temperature during heating and cooling were calculated from the gradient of 

the temperature versiis time graph. Two separate values of p were calculated 

for the heating and cooling phases of the cycle; an average of these values was 

then taken. 

The static technique was also used to measure the pyroelectric coefficient as 

a function of temperature. In this case, the sample was mounted in an Oxford 

Instruments DN 704 gas exchange cryostat, and the current was measured us

ing a Keithley 410A picoammeter. Again, a Rikadenki R-52 chart recorder was 

used to monitor both current and temperature. The rate of change of temper

ature was not constant in this case; it was therefore necessary to assume that 

p was constant over temperature increments of 5°C, and to take average values 

of dT/dt and t over this range, from which approximate values of p could be 

calculated. 

4.4.2 Dynamic pyroelectric detection 

The dynamic method of Chynoweth [22] was also used to evaluate pyro

electric coefficients, as this represented a more realistic simulation of a thermal 

imaging system. This technique involved the sample being heated by a black-

body source, modulated by a mechanical chopper; the resulting pyroelectric 

voltage was detected by a phase-sensitive detection (PSD) system, synchronised 

to the modulation frequency. Pyroelectric coefficients could then be evaluated 

using equation 3.21 (page 34). The model used in the derivation of equation 

3.21 involves approximations concerning the thermal and electrical properties 

of the structure; the values of p obtained by this technique are therefore not 

expected to be as accurate as the static values. 

The experimental arrangement is shown in figure 4.9. An incandescent 

light bulb mounted in an aluminium housing was used as the source of infrared 
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radiation; this was modulated by a Brookdeal 9479 chopper unit, usually at a 

frequency of 8 Hz, although some frequency dependent measurements were also 

made. The devices were mounted in an earthed metal sample chamber in order to 

reduce background radiation and electrical noise. The system components were 

mounted on an optical bench to facilitate beam alignment. The voltage output 

from the device was amplified by a Brookdeal 5006 preamplifier and a Brookdeal 

9502 "Ortholoc" two phase lock-in amplifier, and displayed on a voltmeter. The 

reference signal for the PSD system was derived from the chopper imit, and this 

signal was also used to display the modulation frequency on a Global Specialties 

5001 frequency meter. 

In order to calculate pyroelectric coefficients from the measured voltages, it 

was necessary to evaluate the various parameters in equation 3.21. The dielectric 

constant, cj., of the film was calculated from a plot of reciprocal capacitance (at 

50 Hz) versus number of monolayers (see section 4.4.4). The thermal conductiv

ities, densities and specific heat capacities {K, p and c) of the glass substrates 

were provided by the manufacturers. The incident radiation intensity, W, was 

measured using a thermopile. The emissivity, r/, of the bismuth was calculated 

from the pyroelectric voltage generated by a sample of lithium niobate, which 

had been coated with a layer of the blacking material, and whose pyroelectric 

coefficient was accurately known. 

4.4.3 Surface potential characterisation 

In order to assess whether certain samples possessed a permanent polarisa

tion, the Kelvin probe method was used to measure surface potentials [23]. This 

is an attractive technique, since it is non-destructive of the L B film, and does 

not require the evaporation of top conta<:ts. 

The basic principle of this technique is that a vibrating probe of metal A 

is positioned just above a substrate of metal B; the metal surfaces can then be 

thought of as the two electrodes of a parallel plate capacitor. Because the two 

metals have different work functions, a potential difference will exist between 

them. If the plates are connected via an external circuit, and the distance 

between them is changed, there will be a change in the charge on the plates, 
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giving rise to a current in the external circuit. If the metal substrate is covered 

with a layer of a polar L B film, there will be an additional potential barrier 

to electrons moving out from the surface of the metal (ie. the work function 

of metal B will have been increased); this will change the potential difference 

between the plates. On the other hand, if the LB multilayer film is non-polar, 

the surface potential will be unchanged relative to the clean metal surface. 

The system which was used is shown schematically in figure 4.10. The probe 

consisted of an inner brass electrode of diameter 2 mm, co-axially situated inside 

a P T F E insulating rod and an outer earthed sleeve; this sleeve served to reduce 

capacitative coupling between the vibrating electrode and stationary parts of the 

apparatus at earth potential. The probe was driven by a Gearing Eind Watson 

GWV2 vibrator unit at a frequency of 180 Hz. The height of the probe above 

the sample was variable; however, measurements were performed with a mean 

separation of about 2 mm. The unit was mounted in an earthed metal chamber 

(Faraday cage), which could be evacuated using a rotary pimip. The a.c. voltage 

generated by the probe was detected by a Brookdeal 401 lock-in amplifier and 

displayed on a voltmeter. A null detection technique was employed, whereby a 

variable d.c. voltage was applied to the specimen using a Time Electronics 2003S 

voltage calibrator, in order to "back-ofT the surface potential. This voltage was 

adjusted until the voltmeter on the output of the lock-in amplifier gave a zero 

reading; the applied voltage was then equal and opposite to the surface potential. 

The samples used consisted of aluminised glass slides with different numbers 

of monolayers deposited in different regions, as shown in figure 4.11a. Initially, 

the probe was positioned above the clean metal part of the slide, and the surface 

potential was measured; this value was then taken to be the zero point, relative 

to which the surface potential of the L B film was measured. The probe was 

translated horizontally so that the surface potentials of the various regions of the 

sample could be measured. Figures 4.11b and c show, respectively, the surface 

potential profiles that would be expected for polar and non-polar multilayer films 

of the geometry shown in figure 4.11a. Figure 4.11c shows an initial increase in 

potential on depositing a single monolayer; however, no further increase occurs 

when additional non-polar bilayers are deposited. In figure 4.11b, on the other 
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hand, the dipoles in successive layers enhance one another, and the surface 

potential therefore increases as more layers are deposited. 

4.4.4 Measurement of relative permittivity 

The measured capacitance, C r , of an LB film MIM structure consists of a 

series combination of the capacitance of the LB film, CLB, and the capacitance 

of the interfacial oxide layer on the lower aluminiimi electrode, CQX- Thus, 

CT CLB COX 

This may be re-written as 

+ ^ (4.3) 
CT eoe'r^ ' CQX 

where N is the number of monolayers, d is the monolayer thickness, cj. is the 

real part of the relative permittivity of the L B film (also known as the dielectric 

constant), and A is the device area. The two capacitances may therefore be sep

arated out by measuring CT for a series of devices containing different numbers 

of monolayers. If a graph of {CT)~^ versus N is plotted, the intercept will be 

given by [Cox)~^ and the gradient by d/eoe[.A. Thus the quantity d/e[. can be 

calculated from the gradient; this quantity is known as the dielectric thickness. 

If d is evaluated from X-ray diffraction, then cj. can be calculated independently. 

The MIM capacitors which were used were of the type described in section 

4.2.2. For each material, a series of devices comprising different numbers of 

monolayers was fabricated. The devices were mounted in an earthed metal 

sample chamber, and electrical contacts were made using platinum wires and 

silver paste; all measurements were performed under vacuum. The capacitance 

was measured at 50 Hz, using an ESP 300A auto-ranging capacitance bridge. A 

graph of {CT)~^ versus N was then plotted, from which the dielectric thickness, 

and ultimately the dielectric constant, was calculated. 

Another important measurement was the determination of the frequency 

dependence of the relative permittivity, as this provides information concerning 

the various dielectric relaxation processes in the films [24]. These processes arise 

as a result of four main polarisation mechanisms which occur when an electric 
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field is applied to a dielectric. Electronic polarisation is due to a displacement 

between the centres of positive and negative charge within an atom, and occurs 

in all materials. Ionic polarisation occurs only in ionically bonded materials, 

and is the result of a shift in the positions of the positive and negative ionic 

sub-lattices. Dipolar relaxation occurs in materials with a permanent dipole 

moment, and is due to the tendency of dipoles to align with the electric field. 

Finally, interfacial polarisation occurs in polycrystalline materials as a result of 

charge accumulation at grain boundaries or other interfaces. 

For each polarisation mechanism, there is a maximum frequency of applied 

field, above which the mechanism will no longer respond; the response is then 

said to have relaxed, and it will cease to contribute to the total polarisation. This 

is manifested by a decrease in the real part of the relative permittivity, ej., and 

a peak in the imaginary component, c", at the relaxation frequency. Each type 

of mechanism is associated with a characteristic range of relaxation frequencies, 

as shown in figure 4.12; thus, a polarisation mechanism can be characterised by 

the frequency at which its relaxation occurs. 

It can be shown [25] that the complex permittivity, ê j of a dielectric in a 

capacitor at frequency u is given by 

Gz Cz 

where G and C are the measured a.c. conductance and capacitance, z is the 

thickness of the capacitor and A the area.* If equation 4.4 is sepjirated into real 

and imaginary components, then it can be seen that: 

0£ —. 

Thus, the frequency response of the relative permittivity can be investigated by 

measuring the capacitance and conductsmce ^ functions of frequency. 

The experimental arrangement which was used is shown in figure 4.13. 

The sample was excited by an E.G. voltage of variable frequency. The small 

a.c. current which resulted was measured by a Brookdeal Ortholoc 9502 two 

Assuming no d.c. conductance. 
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phase lock-in amplifier; this instrument resolved the current into two components 

which were in-phase and out-of-phase with the driving signal. These are in turn 

proportional to the conductance and capacitzmce. The system was calibrated at 

each frequency using standard capacitors and resistors. 

4.4.5 Thermally stimulated discharge 

If a polar dielectric in the form of a parallel plate capacitor is heated to 

temperatures approaching its melting point, chaige is released due to three 

principal mechanisms, namely excess charge motion, dipole reorientation and 

Ohmic conduction. The first of these processes is due to the unintentional 

incorporation of charges during the production of the device; as the sample is 

heated, the charges become more mobile and diffuse towards the electrodes, 

where they caji be released into an external circuit. The second process, dipole 

reorientation is the thermal agitation of the previously well-ordered dipoles in 

the dielectric; this leads to a decrease in the internal polarisation, and image 

charges axe released at the electrodes. Ohmic conduction is usually negligible in 

samples of high resistance. 

The technique of thermally stimulated discharge (TSD) [26] involves heat

ing a polar dielectric, and monitoring the short-circuit current as a function of 

temperature. If the discharge mechanisms described above occur, then a series of 

current peaks will be observed. These peaks may then be analysed 2ind assigned 

to particular discharge mechanisms [27-31]. The equipment and technique used 

in the present study were virtually identical to the static pyroelectric detec

tion experiment (section 4.4.1); the only difference being that the samples were 

heated to much higher temperatures (80°C in some cases). A chart recorder 

was again used to plot current and temperature as functions of time; these data 

were then transformed into a graph of TSD current versus temperature. 

4.5 S U M M A R Y 

The fabrication and characterisation of pyroelectric L B film devices have 

been described. Structural and chemical information concerning the orientation 

of the molecules and the nature of the bonding within the film can be obtained 
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using a combination of reflection high energy electron diffraction, Fourier trans

form infrared spectroscopy and X-ray low angle diffraction. 

Static and dynamic detection systems can be used to measure the pyro

electric activity of L B films, and surface potential measurements can reveal the 

presence of a spontaneous polarisation. The relative permittivity can be mea

sured either by a simple capacitance measurement, or as a fimction of frequency, 

using a phase sensitive detection system. Finally, information concerning dipolar 

orientation and excess trapped charge can be obtained from thermally stimu

lated discharge experiments. 
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C H A P T E R 5 

D E P O S I T I O N A N D S T R U C T U R A L C H A R A C T E R I S A T I O N OF 

A C I D / A M I N E F I L M S : R E S U L T S AND D I S C U S S I O N 

5.0 I N T R O D U C T I O N 

In this chapter and the two following chapters, the results of structural and 

electrical experiments on three different acid/amine alternate layer systems are 

presented and discussed. In each case, the acid used was 22-tricosenoic acid; this 

was alternated with three different amine derivatives. The molecular structures 

of the four materials are shown in figure 5.1, along with the abbreviations by 

which they will be known. 

Chapter 5 concerns the deposition and structural characterisation of these 

acid/amine films. Pressure-area isotherms for the various materials, and details 

of film deposition are presented in section 5.1. In section 5.2 the results of in

frared spectroscopic studies are discussed, and related to chemical interactions 

in the films. Section 5.3 describes R H E E D investigations of both single ma

terial and alternate layer films. Finally, in section 5.4, X-ray diffraction data, 

concerning the d-spacing of acid/amine L B films, are presented. 

5.1 F I L M C H A R A C T E R I S A T I O N AND D E P O S I T I O N 

5.1.1 Pressure-area isotherms 

Pressure-area {n-A) isotherms for 22-tricosenoic acid, 1-docosyIamine, do-

cosyl 4-aminobenzoate and 4-octadecylaniline are shown in figures 5.2a, b, c and 

d, respectively. The isotherms were all recorded with a subphase pH of approx

imately 5.8, and with a compression rate of around 2.7 cm^ s~^. It is clear 

that all four isotherms conform quite closely to the condensed "classical" shape, 

with discernible phase transitions occurring in some cases. The molecular area 

at zero surface pressure was calculated for each material, and compared with 

the value obtained from measurements on space-filling molecular models; the 

results are summarised in table 5.1. In each case, the measured area is smaller 

than the theoretical value, indicating a degree of dissolution into the subphase. 
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For the first three materials, agreement is good; however, for the aniline, the 

discrepancy is considerable. The reasons for the small measured value of the 

aniline molecular area are unclear. Dissolution, evaporation or collapse of the 

monolayer [1] are not the pr imary causes, since the surface area remained al

most constant when the film was maintained at a surface pressure of 30 m N 

m ~ ^ for a period of 30 minutes. Previous authors have reported the formation 

of multilayers on the water surface [2]; however, infrared spectroscopy and X-ray 

d i f f rac t ion results, which w i l l be presented in later sections, suggest that a true 

monolayer is formed in this ceise. I t is possible that the discrepancy is due to 

impurit ies i n either the aniline solid or i n the chloroform solvent. 

Based on the results of these isotherm studies and those of previous workers 

3], values of surface pressure were chosen for film deposition. 37 m N m~^ was 

selected for 22-TA, and 30 m N m~^ for all of the amines. The stabili ty of each 

monolayer at the appropriate surface pressure was confirmed by maintaining 

this pressure for a period of 30 minutes, and monitoring the surface area. A l l 

four monolayers were found to be extremely stable; this is i l lustrated in table 

5.2, which gives the percentage decrease in the area occupied by the monolayers 

dur ing the 30 minute period. 

5.1.2 F i l m d e p o s i t i o n a n d dev ice f a b r i c a t i o n 

I t was stated in section 4.1.4 that the first layer was always deposited at 

a very slow rate, and that this was followed by a 30 minute "draining" period, 

after which subsequent layers could be deposited faster. The actual substrate 

speeds employed are given i n table 5.3. Af te r deposition of the first layer, 22-

TA/docosylamine and 22-TA/ani l ine films could be deposited at the maximum 

attainable speed of 52 m m m i n ~ ^ ; however, deposition of 22-TA/aminobenzoate 

had to be performed much more slowly in order to maintain high deposition 

ratios. I n each case, the acid was deposited first, as this was found to produce 

better qual i ty multilayers than i f the amine formed the first layer. Also, the best 

films were produced by depositing the amine when the substrate was moving 

into the water and the acid when i t was being wi thdrawn. The deposition ratios 

were close to un i ty for al l the materials, but were slightly lower for the amine 
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MATERIAL SURFACE PRESSURE 

imH m-'' ) 

% MOLECULES REMA8NBNG 

AFTER 30 MIMUTES 

22-TA 
3? m 

docosylamine 3© m 

aminobenzoat® 3© 

30 ©a 

Table 5.2 Results of s tabi l i ty experiments on monolayers of the materials used in this 

study. 

ALTERNATE 

LAYER SYSTEM 

DEPOSmON RATE FOR 

FIRST LAYER (mm/mm) 

DEPOSITION RATE FOR 

SUBSEQUENT LAYERS Cmm/min) 

22-TA/docosylamin® 2 52 

22-TA/aminobenzoate 2 5 

22-TA/aniline 2 52 

Table 5.3 Deposition rates (substrate speeds) for alternate layer L B films. 



than for the acid. 

Dur ing the fabricat ion of M I M devices, i t was found that there was an 

o p t i m u m rate for the thermal evaporation of a luminium top electrodes. Very 

slow evaporation led to mel t ing of the L B film due to prolonged exposure to the 

red-hot tungsten source, whils t rapid evaporation also damaged the filin because 

of the h igh source temperature required. The op t imum rate was approximately 

0.4 n m s~^, and electrodes of thickness 30 n m were deposited in this way. The 

"stepped evaporation" technique, which has been used by previous workers for 

the deposition of gold electrodes [4], was found to be unnecessary in this case. 

5.2 F O U R I E R T R A N S F O R M I N F R A R E D S P E C T R O S C O P Y 

Detailed pyroelectric data w i l l be presented in chapter 6; however, in or

der t o f u l l y interpret the infrared spectra, i t is necessary to state now that 

no pyroelectric signal was detected in 22-TA/aminobenzoate films, whilst 22-

TA/docosylamine and 22-TA/ani l ine films exhibited pyroelectric activity, w i th 

22-TA/ani l ine showing the larger pyroelectric coefficient. The infrared spectra 

of the three systems are described individual ly in the following sections. 

5 .2 .1 2 2 - T A / d o c o 8 y l a i n i n e 

The transmission and reflection absorption (RAIRS) spectra of 22-TA/ do

cosylamine are shown i n figures 5.3a and b , respectively; for comparison, the 

transmission spectrum of 22-TA is given in figure 5.4. I t is clear that , whilst 

figure 5.4 has a strong absorption in the 1700 cm~^ region (corresponding to 

the acid C = 0 stretching v ibra t ion) , this band is extremely weak in the 22-

TA/docosylamine spectrum of figure 5.3a. This indicates that the acid group 

(RCOOH) has been largely converted to carboxylate ( R C O O ~ ) , by the transfer 

of protons to the amine. The very broad and diffuse band in the 1520-1580 cm~^ 

region, which has been observed by previous v/orkers [5], is par t ly attributable 

to the C O O " asymmetric stretch. 

The R A I R S spectrum of figure 5.3b confirms the presence of bo th RCOO~ 

( j / , ( C O O - ) at 1420 c m - i ) and R ' N H j (i^6(NH+) at 1597 c m ' ^ ) , where i/, 

and Ub refer to stretching and bending vibrations, respectively. I f i t is assumed 
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Figure 5.3 (a) Transmission spectrum of a SO layer film of 22-TA/docosylamine, (b) 

R A I R S spectrum of a 29 layer film of 22-TA/docosylamine. 
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Figure 5.5 R A I R S spectrum of a 25 layer film of 22-TA/aminobenzoate. 



that complete proton transfer occurs, resulting in a charge separation of 0.3 nm 

[5], then the dipole moment associated w i t h the ion format ion is 14 D. On the 

other hand, the dipole moment calculated by summing the individual dipole 

moments of the acid and the amine [6] is only of the order of 3 D ; therefore, 

the polarisation in the 22-TA/docosylamine films is dominated by the presence 

of ions. However, i t should be noted that pyroelectric act ivi ty is dependent not 

on the magnitude of the polarisation, but on its temperature dependence. The 

pyroelectric effect might , therefore, be a result of the temperature variation of 

the small dipole moments of the individual molecules rather than that of the 

larger dipole moment associated w i t h proton transfer. 

5.2.2 2 2 - T A / a m i n o b e n z o a t e 

The R A I R S spectrum of the 22-TA/aminobenzoate system is shown in fig

ure 5.5, a j i d provides an explanation for the absence of pyroelectric activity in 

these films. The strong band at 1696 cm~^ is caused by the ester / / ( C = 0 ) 

v ibra t ion , but the band of particular interest is that due to the acid i / ( C = 0 ) 

v ib ra t ion at 1705 cm~^ . Carboxylic acids tend to dimerise through hydrogen 

bonding, and the geometry of the dimer depends upon the packing of the acid 

groups. T w o types of acid dimer are commonly observed; these are known as 

"facing" and "sideways" dimers (figue 5.6). The type of dimerisation can be 

identif ied f r o m the posit ion of the acid z / (C=0) band in the infrared spectrum, 

since this absorption occurs around 1705 cm~^ for facing dimers and around 

1728 cm~^ for sideways dimers [7]. I t is apparent f r o m figure 5.5, therefore, 

tha t the acid exists as facing dimers in the 22-TA/aminobenzoate system. This 

indicates that the molecules must have rearranged in a similar manner to that 

reported by Barraud et cd [7] (figure 5.7), restoring a centrosymmetric structure 

to the layers and precluding pyroelectric activity. I n view of the slow dipping 

speeds which had to be used for this system, i t is likely tha t rearrangement 

occurred at the point of deposition, rather than at a later t ime. This reorgani

sation is analogous to the transformation which occurs when f a t t y acid salts are 

constrained to deposit i n the X type mode; such films show a tendency to revert 

to the Y type structure which is adopted by bulk phase fa t ty acid salts [8]. 
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Figure 5.6 Fatty acid dimers: (a) "facing" dimers, (b) "sideways" dimers. 
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Figure 5.7 Schematic diagram of a 22-TA/aminobenzoate film, (a) before and (b) after 

rearrangement, ni and H2 are the dipole moments of the acid and the amine. 



5.2.3 2 2 - T A / a n i l i n e 

For 22-TA/ani l ine films, the transmission spectroscopy technique was re

placed by attenuated to ta l reflection ( A T R ) spectroscopy, because of the supe

rior sensitivity and resolution of the latter technique [9]. The A T R and RAIRS 

spectra are shown in figures 5.8a and b, respectively. No bands assignable to 

the carboxylate group are present. (The bands at 1520 and 1616 cm~^ are due 

to the benzene r ing of the amine.) I n figure 5.8b, the acid i / ( C = 0 ) band is at 

1728 cm~^ , indicating the presence of sideways dimers. Figure 5.8a, however, 

shows bands at 1709 and 1728 cm~^ , implying that both sideways and facing 

dimers are present. The occurrence of facing dimers can be at t r ibuted to the 

presence of two consecutive layers of 22-TA adjacent to the substrate, in order 

to improve alternate layer deposition onto the A T R crystal [10]. Subtraction of 

the appropriate spectral density, corresponding to two layers of 22-TA, yielded 

the isolated 22-TA/ani l ine sideways dimer spectrum. The results indicate that 

no proton transfer has occurred, and that the molecules have not rearranged. 

The region of figures 5.8a and b corresponding to NHa vibrations contains 

weak but nevertheless interesting bands. The A T R spectrum of bulk aniline 

(figure 5.9) exhibits bands at 3372 and 3299 cm~^, due to the asymmetric and 

symmetric NHa stretching modes, respectively. I n figure 5.8b, the symmetric 

m NH2 absorption is shifted to 3318 cm~^, indicating weaker interactions than 

the bulk. The A T R spectrum of figure 5.8a has i/(NH2) bands at 3390 and 3326 

cm~^ (not shown). The cause of these shifts is unclear at present, but may be 

indicative of an additional hydrogen bonded R'NH2 species, of the type shown 

in figure 5.10. Such a hydrogen bond may be contr ibuting to the pyroelectric 

eff"ect i n 22-TA/ani l ine films, in a similar manner to that occurring in K D P (see 

section 2.4.1). 

I t is also possible that the larger pyroelectric coefficient of the 22-TA/aniline 

system, relative to 22-TA/docosylamine, is related to the absence of proton 

transfer. I n the 22-TA/docosylamine system, proton transfer leads to the for

mat ion of ions, and the layers are bound to one another by relatively strong ionic 

forces. I n 22-TA/ani l ine films, on the other hand, the layers are bound only by 

weak hydrogen bonds, w i t h the result that this system w i l l be more polaris-
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able than the 22-TA/docosylamine system. Hence, i t might be expected that a 

change in temperature would produce a larger change in the dipole moment of 

polarisable 22-TA/ani l ine films than in ionised 22-TA/docosylamine layers. 

5.3 R E F L E C T I O N H I G H E N E R G Y E L E C T R O N D I F F R A C T I O N 

I n this section, the results of two R H E E D investigations are presented. The 

first is a general study of u l t ra - th in L B films comprising one to seven monolayers; 

22-TA was chosen as the material for this study, since i t is known to produce ex

cellent d i f f rac t ion patterns [ l l ] . The second investigation concerns the structure 

of the three different acid/amine systems whose infrared spectra were described 

above. 

5 .3 .1 22- t r i coseno ic a c i d 

I n this study, films were deposited onto hydrophilic silicon wafers of ei

ther {100} or {111} orientation; films prepared using both vertical and rotary 

dipping mechanisms were investigated. The R H E E D patterns obtained f rom a 

seven layer film w i t h the electron beam lying perpendicular and parallel to the 

direction of dipping are shown in figures 5.11a and b, respectively. The rows of 

d i f f rac t ion spots in figure 5.11a are typically t i l t ed at ~ 20° w i t h respect to the 

shadow edge of the sample, indicating that the molecular chains are inclined at 

a similar angle to the substrate normal. The sense of this t i l t is upwards for 

samples dipped in the vertical plane; for rotary dipping, the sense of the t i l t is 

upwards w i t h respect to the substrate normal for the outward stroke. In figure 

5.11b, corresponding to the beam parallel to the dipping direction, the rows of 

reflections are parallel to the shadow edge. This anisotropy w i t h dipping direc

t ion has been observed in several previous studies of thicker films of fa t ty acid 

materials [12-15 . 

The R H E E D pat tern obtained f r o m a three layer film is shown in figure 

5.12; similar patterns were produced by one and five layer films. The pattern 

was found to be invariant as the sample was rotated about the substrate normal, 

indicating that there was no anisotropy w i t h dipping direction in these very 

th in films. The patterns exhibit an unusual arrangement of reflections, which 
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Figure 5.12 RHEED pattern from 3 layer film of 22-TA on hydrophilic silicon surface. 
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Figure 5.13 The indexing ot the RHEED pattern shown in figure 5.12. 



is indicative of a structure comprised of grains in which the molecular chains 

are all inclined at the same angle of about 20° to the substrate normal, but the 

azimuthal direction of this tilt is random, and varies from grain to grain [16 . 

It should be noted that the azimuthal angle of the tilt will also vary by a small 

amount from grain to grain in the thicker films; however, this variation is small 

in films comprising seven or more monolayers, and the "average" direction of 

the tilt is 20° upwards from the substrate normal, with respect to the dipping 

direction. The Miller indices of the most intense reflections are shown in figure 

5.13 [16]. The notation used is consistent with that of Peterson and Russell [14], 

whereby the spots with subscript B are in mirror-image-related positions across 

the substrate normal to similar reflections with subscript A. 

Patterns indicative of an isotropic but tilted structure were obtained from 

films prepared using both vertical and rotary dipping, and deposited onto both 

{100} and { i l l } silicon substrates. It was further observed that when a seven 

layer film, examined perpendicular to the dipping direction, was tilted so that 

the electron beam penetrated to a greater depth, the pattern obtained resembled 

a superposition of figures 5.11a and 5.12. This indicates that the isotropically 

distributed tilt of the first few monolayers is retained, even though subsequent 

layers develop a structure in which the molecules within all of the grains are 

preferentially tilted upwards with respect to the dipping direction. 

The eff̂ ect of the substrate surface on the structure of these very thin films 

was also investigated. Results obtained from samples dipped onto aluminium 

substrates showed that, as the film thickness was increased from one to seven 

layers, there was a progressive increase in the tilting of the molecular chains, to 

reach a final value of ~ 20°, and the molecules were always inclined in a single 

direction, even for monomolecular layers; this is in agreement with the results 

of Bonnerot et al [15]. By using hydrophobic silicon wafers, it was possible to 

deposit even numbers of monolayers; two and four layer samples of 22-TA pre

pared in this manner produced R H E E D patterns which showed a predominantly 

single direction of tilt. 

Thus, the structure in the first few monolayers is critically dependent upon 

the chemical nature of the substrate surface. This is almost certainly due to 
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effects occurring in the interface between the substrate and the first monolayer. 

There is some evidence that, when deposition is such that the polar head-groups 

in the first monolayer are nearest to the substrate ("head-down"), this layer is 

chemically bonded to the substrate [17]. Films deposited onto hydrophobic 

silicon substrates orient in a "head-up" configuration and hence are unlikely 

to form chemical bonds with the substrate. Films dipped onto aluminium or 

hydrophilic silicon adopt a head-down arrangement, and will tend to bond to 

the substrate, but the type of bonds formed will, of course, be different in the 

two cases. Hence, it is not surprising that the structure of the first monolayer 

is not the same for each of the three substrates considered. According to the 

theory of epitaxial development [18], this initial layer will, to a large extent, 

determine the structure of subsequent layers. 

5.3.2 Acid/amine alternate layers 

Xhe results presented in the previous section indicate that the structure 

adopted by the first few monolayers of an L B film can be different from that 

of subsequent layers; it is therefore necessary to study films comprising at least 

seven monolayers in order to determine the structure of the "bulk" LB film. 

However, since the quality of the diffraction pattern deteriorates as the film 

thickness is increased, due to an accumulation of charge, very thick films cannot 

be used. It was therefore decided that the optimum thickness for this study of 

acid/amine alternate layer films would be seven layers. 

The R H E E D patterns for seven layer films of 22-TA/docosylamine, 22-

TA/aminobenzoate and 22-TA/aniIine, deposited onto silicon, are shown in fig

ures 5.14a, b and c, respectively. In each case, the incident electron beam was 

perpendicular to the direction of dipping. The patterns obtained were all inde

pendent of whether silicon or aluminium substrates were iised, and, in the case of 

22-TA/docosylamine, it was confirmed that the structure did not depend upon 

whether the acid or the amine was deposited first. 

It is clear from figures 5.14a and b that, for films of 22-TA/docosylamine 

and of 22-TA/aminobenzoate, the molecules are oriented perpendicular to the 

substrate surface. In both cases, the pattern was invariant as the sample was 
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Figure 5.14 R H E E D patterns from 7 layer films of (a) 22.TA/doco8ylamine, (b) 22-TA/ 

aminobenioate and (c) 22-TA/aniline, all on hydrophilic silicon surfaces. 



rotated about the substrate normal, indicating isotropy in the substrate plane. 

The structure of 22-TA/aminobenzoate films will not be discussed further, since 

it has already been established that these films do not represent true alternate 

layers. Figure 5.14c shows that in 22-TA/aniline films, the molecules are inclined 

at ~ 20° to the substrate normal; as in 7 layer 22-TA films, the sense of this tilt 

is upwards with respect to the outward stroke of the rotary dipping cycle. The 

22-TA/docosylamine and 22-TA/aniline R H E E D patterns provide evidence for 

an apparent relationship between structure and inter-layer bonding in LB films. 

It has previously been reported that LB films of pure fatty acids, in which 

the structure is bound together by hydrogen bonds, tend to adopt a triclinic 

structure, in which the molecules are tilted at ~ 20° to the substrate normal [19 . 

However, L B films of fatty acid salts, in which ionic bonds are present, usually 

pack in an orthorhombic structure, with the molecules perpendicular to the 

substrate plane. The acid/amine films appear to follow the same pattern, since 

infrared spectroscopy has shown that 22-TA/docosylamine films are ionically 

bonded, whilst 22-TA/aniline films are bound together by hydrogen bonds. 

5.4 X - R A Y L O W A N G L E D I F F R A C T I O N 

The X-ray diff"ractometer traces obtained from various 60 layer LB films are 

shown in figure 5.15, and the d-spacings calculated from these data are given 

in table 5.4. For comparison, the chain lengths of the constituent molecules, 

as determined from molecular models, are listed in table 5.5. The d-spacing of 

the 22-TA film (5.9 nm) is slightly less than twice the molecular chain length, 

indicating that bilayers, characteristic of a Y type film, are present, but that 

the molecules are tilted at a small angle, 0, to the substrate normal, ELS shown in 

figure 5.16a. It can be shown by simple geometry that 0 is equal to 18°, which 

corresponds very closely to the value determined by electron diffraction. 

The d-spacing for the 22-TA/docosylamine film (5.9 nm) is also smaller 

than the sum of the chain lengths of the constituent molecules. In this case, 

however, the discrepancy cannot be attributed to a tilting of the molecules, 

since R H E E D experiments indicated that the molecular chains are oriented per

pendicular to the substrate surface. It is also unlikely that interdigitalion of the 
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MATERIAL SUBSTRATE d-SPACING (nm) 

22-TA silicon 5.9 * 0.1 

22-TA/docosylamine silicon 5.9 * 0.1 

22-TA/aniline silicon 5.26 i 0.04 

22-TA/aniline aluminium 

5.7 * 0.1 and 

5.27 0.05 

Table 5.4 d-spacings of 60 layer LB films, determined by X-ray low angle diffraction. 

MATERIAL CHAIN LEI^GTH (nm) 

22-TA 3.1 

docosylamine 3.0 

aniline 2.95 

Table 5.5 Molecular chain lengths of the materials used in this study, determined from 

molecular models. 
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hydrocarbon chains, which has previoxisly been reported in LB films of charge 

transfer complexes [20], is occurring in these acid/amine films, since the head 

groups are insufficiently bulky to permit this. A possible explanation is that the 

formation of positive and negative ions through interaction between the acid 

and the amine leads to a slight contraction of the head groups and a decrezise 

in the molecular lengths. 

22-TA/aniline films deposited on silicon substrates gave a value of 5.26 nm 

for the d-spacing. However, films deposited on aluminised glass yielded two 

first order diffraction peaks of approximately equal intensity, corresponding to 

d-spacings of 5.7 and 5.27 nm. These results imply that the film exists in two 

different phases on an aluminium substrate, but that only one of these phases 

is present on a silicon substrate; this indicates again the importance of the 

substrate surface in determining the final structure of an L B film. RHEED 

experiments have shown that in 22-TA/aniline films deposited on silicon the 

molecules are tilted at ~ 20° to the substrate normal. However, a tilting of 

20° cannot account for the difference between the measured d-spacing (5.26 

nm) and the sum of the chain lengths (6.05 nm). It is likely, therefore, that 

there is some chain interdigitation (figure 5.16b), due to the fact that the bulky 

benzene ring prevents close packing of the hydrocarbon chains. The additional 

phase which is present in films deposited onto aluminium substrates can be 

accounted for by molecules oriented at 20° to the substrate normal, but without 

interdigitation of the chains. For calculations which required a knowledge of 

the d-spacing in 22-TA/aniline films on aluminium substrates, an average of the 

values corresponding to the two phases was taken. 

5.5 S U M M A R Y 

Surface pressure-area isotherms and deposition conditions for three different 

acid/amine systems have been described. Infrared spectroscopy has shown that 

chemical interactions between the acid and the amine are different in the three 

cases: in 22-TA/docosylamine films, protons are transferred from the acid to 

the amine; in 22-TA/aniline, there is no proton transfer, but there is evidence 

for hydrogen bonding between the two materials; finally, 22-TA/aminobenzoate 
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alternate layer films tend to rearrange, producing a centrosymmetric structure, 

in which pyroelectricity is precluded. 

A R H E E D study of ultra-thin 22-TA films has shown that the structure in 

the first few layers of an L B film can be diff'erent from that of subsequent layers. 

It has also been demonstrated that the chemical nature of the substrate surface 

is of extreme importance in determining the structure adopted by an LB film. 

R H E E D investigations of acid/amine films have revealed that the molecules 

in 22-TA/docosylamine films are oriented perpendicular to the substrate, whilst 

those in 22-TA/aniline films are tilted at ~ 20° to the substrate normal. Finally, 

X R L A D has shown that there is some evidence for chain interdigitation and for 

the existence of two diff'erent phases in 22-TA/aniline alternate layer films. 
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6.0 I N T R O D U C T I O N 

The results presented in this chapter fall into two main areas, namely, dielec

tric and pyroelectric characterisation of acid/amine alternate layer films. The 

dielectric data are presented in section 6.1, and include the measurement of ê , 

and of its temperature and frequency dependence, for both 22-TA/docosylamine 

and 22-TA/aniline films. In section 6.2 the results of static and dynamic pyro

electric experiments on these films are presented, and the effects of film thickness 

and of substrate thickness and thermal expansion coefficient are discussed. 

6.1 D I E L E C T R I C C H A R A C T E R I S A T I O N 

6,1.1 Determination of ej. 

Plots of reciprocal capacitance (at 50 Hz) versus number of monolayers for 

22-TA/ docosylamine and 22-TA/aniline films are shown in figure 6.1. Both 

graphs comply well with the predicted straight line, indicating the reproducibil

ity of capacitance, and hence of thickness, in successive monolayers. The two 

graphs intercept the Y-axis at approximately the same point, indicating a com

mon dielectric thickness for the interfacial oxide layer of around 1 nm; this value 

is in reasonable agreement with those obtained by previous workers [l . 

The gradients of the two graphs yield values of 1.05 nm and 0.95 nm for 

the dielectric thicknesses of the 22-TA/docosylamine and 22-TA/aniline films, 

respectively. If the values of d-spacing determined by X R L A D are used, these 

correspond to dielectric constants of 2.8 for the 22-TA/docosylamine and 2.9 

for the 22-TA/aniline film. In general, the dielectric constants of LB film am-

phiphiles decrease as the length of the hydrocarbon chain increases [2], due to the 

weaker influence of the highly polarisable head group. It might therefore be ex

pected that the relatively long chains of the 22-TA and docosylamine molecules 

would lead to lower dielectric constants than for films of shorter chain materials 
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such as stearic acid. However, the literature value for the dielectric constant of 

stearic acid is 2.6 [2, 4]. The fact that e|. is greater for the acid/amine films 

may be indicative of an additional dipolar polarisation mechanism in the non-

centrosymmetric alternate layers. However, a wider range of polar and non-polar 

films will have to be studied before firm conclusions can be reached. 

6.1.2 Temperature dependence of ej. 

The temperature dependence of the dielectric constant was studied in the 

range 77-300 K, by measuring the capacitance of the devices as they were heated 

in a gas exchange cryostat. For both 22-TA/docosylamine and 22-TA/aniline 

films, the capacitance was constant to within 1% of its room temperature value 

over the entire temperature range, implying that no structural or chemical phase 

changes occur within this range. This has important consequences for the pyro-

electric evaluation of the films. It was shown in chapter 2 that most conventional 

pyroelectrics have relatively large dielectric constants, which diverge rapidly near 

the Curie temperature if the material is also ferroelectric; this results in low val

ues for the pyroelectric figure of merit, p/ej.. The very low dielectric constant of 

L B films, and the consistency with temperature therefore represent an important 

advantage of pyroelectric L B films over conventional materials. 

6.1.3 Frequency dependence of Cr 

Although it is possible, in principle, to use the admittance bridge described 

in section 4.4.4 to measure both capacitance and conductance as functions of 

frequency; in practice, the conductance of acid/amine films proved to be too 

small to measure with this system. However, it was possible to measure the 

relatively large values of capacitance with great precision. The capacitance 

data were used to calculate the real part of the relative permittivity {ie. the 

dielectric constant) as a function of frequency. Figures 6.2a and b show ej. versus 

frequency plots for 31 layer films of 22-TA/docosylamine and 22-TA/aniline, 

respectively. The values of ej. are all slightly higher than those calculated in 

section 6.1.1; this can be attributed to the fact that the dielectric thickness of the 

interfacial oxide layer was not subtracted in the present calculations. It is clear 
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Figure 6.2 Variation of cj. with frequency for 31 layer films of (a) 22-TA/docosylamine 

and (b) 22-TA/aniline. 



that there is very little change in the permittivity over 5 decades of frequency, 

and there is no evidence for any dielectric relaxation in this frequency regime. 

Since dipolar relaxations generally occur at frequencies of 1-10 MHz, the only 

polarisation mechanism which is likely to exhibit a relaxation in the frequency 

range studied is the interfacial mechanism. The absence of such a relaxation is 

indicative of a high quality film, with very little charge accumulation at grain 

boundaries. Thus, it is unlikely that any pyroelectric signal is merely a tertiary 

effect resulting from inhomogeneoiis charge distribution. It should be noted, 

however, that a dielectric relaxation corresponding to interfacial polarisation 

might occur at frequencies much lower than those attainable with the present 

system. Indeed, previous workers [5, 6] have reported relaxations in stearic acid 

L B films at frequencies as low as 10"^ Hz. 

6.2 P Y R O E L E C T R I C M E A S U R E M E N T S 

6.2.1 Static and dynamic measurements 

The electrical integrity of every device was assessed by measuring its elec

trical resistance. Only devices with a resistance in excess of 10̂ ^ f2 were used 

for further experiments. The pyroelectric current obtained from a 99 layer film 

of 22-TA/docosylamine using the static technique is shown in figure 6.3. It is 

apparent that the current flows in opposite senses when the sample is heated 

and when it is cooled, and it can be seen that the current is proportional to the 

rate of change of temperature, as predicted by equation 2.1. This is strong evi

dence that the phenomenon observed was, indeed, pyroelectricity. Furthermore, 

when a control device of 22-TA, which adopts a centrosymmetric structure, was 

examined, no pyroelectric signal was detected. 

In chapter 3, a model was developed to describe the dynamic response of an 

L B film pyroelectric detector. This model predicted that the measured dynamic 

pyroelectric voltage, v^, is proportional to (wo)~») where is the angular 

modulation frequency. The validity of the model was therefore investigated 

by studying the frequency dependence of v^. In figure 6.4 Vm is plotted ais a 

function of (wo)~' for 11 layer and 99 layer films of 22-TA/docosylamine, whilst 

figure 6.5 shows a similar plot for a 31 layer 22-TA/aniline film. Both graphs 
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show excellent straight line fits in the frequency range 1-12 Hz, indicating good 

agreement with equation 3.21. There was some deviation from the straight line 

for frequencies greater than about 20 Hz; this can be attributed to the low 

frequency approximation made in the derivation of the theoretical equation. 

In order to calculate pyroelectric coefficients from the voltages measured us

ing the dynamic technique, it was necessary to evaluate the various parameters in 

equation 3.21, using the methods described in section 4.2.2. The dielectric con

stants of the 22-TA/docosylamine and 22-TA/aniline films were taken to be 2.8 

and 2.9, respectively, as discussed in the previous section. For Chance-Propper 

glass substrates, the values of thermal conductivity, density and specific heat 

capacity (provided by the manufacturers) were as follows: K=0.9 W m ~ ^ K ~ \ 

/) = 2.5 X 10^ kg m"^, c = 1 X 10^ J k g ~ ^ K ~ ^ The incident radiation intensity, 

W, was measured using a thermopile, and was found to be 7.5 Wm~^. The 

emissivity, 77, of the bismuth was calculated from the pyroelectric voltage gener

ated by a blacked sample of LiNbOa, whose pyroelectric coefficient was known; 

the calculated value for r] was 0.8. 

Table 6.1 sunmiarises the values of p measured by the static and dynamic 

techniques for 31 layer films of 22-TA/docosylamine and 22-TA/aniline; figures 

of merit (p/cj.), based on both static and dynamic coefficients axe also given. In 

both Ccises, the dynamic coefficient (Pdynamic) is approximately twice as large 

as the corresponding static value (pstatk)- A-S was noted previously, the static 

coefficients are likely to be the more accurate of the two because of the com

plexity of the model used in the derivation of the dynamic equation. Also, the 

calculation of dynamic coefficients involves the determination of many parame

ters, leading to several possible sources of error. The two prime sources are the 

measurements of W and of r}, since the value of W obtained depended critically 

on the positioning of the thermopile, whilst the value of rj was dependent on 

the "blackness" of the bismuth layer. It was estimated that errors of up to 50% 

in W and 25% in rj may have been introduced. When a test sample of LiNbOa 

was examined by the static and dynamic techniques, it was again found that the 

dynamic coefficient was approximately twice as large as the static coefficient, 

which was close to its theoretical value. 
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It is apparent from table 6.1 that the pyroelectric coefficients for 22-TA/ 

aniline films are approximately three times larger than those for 22-TA/ docosy-

lamine films. The pyroelectric coefficient of the 22-TA/aniline system represents 

the highest reported value, to date, for an L B film, and is of the same order of 

magnitude as that for P V D F . The large value of p is, perhaps, somewhat sur

prising in view of the structural data, which show that two phases are present 

in 22-TA/aniline films (section 5,4). The mixture of phases may be related to 

the presence of impurities in the aniline, ais indicated by the isotherm (section 

5.1.1). If this is the case, then it is likely that the structural order and hence 

the pyroelectric coefficient might be improved by using purer material. 

Although the 22-TA/docosylamine system has a larger spontaneous polar

isation than 22-TA/aniline, due to proton transfer, the latter film exhibits the 

larger pyroelectric coefficient. Since the origin of the pyroelectric eff"ect is likely 

to be the same for the two types of alternate layer film, it is almost certain 

that the pyroelectric activity of 22-TA/docosylamine is a result of the temper

ature dependence of the relatively small dipole moments of the molecular head 

groups, rather than the larger polarisation resulting from proton transfer and 

ion formation. The greater pyroelectric activity of 22-TA/aniline films relative 

to 22-TA/docosylamine is probably a result of the larger polarisability of the 

former system, due to the presence of the highly delocalised benzene ring. Fur

ther enhancement of the pyroelectric effect may therefore be attainable by using 

molecules containing large delocalised and highly polarisable groups. 

The pyroelectric figures of merit compare favourably with those for conven

tional materials (see table 2,1), If the static coefficients are assumed to represent 

the true values, then the resultant figure of merit for the 22-TA/aniline film is 

almost as high as that for F V D F . If the dynamic coefficients are used, then the 

22-TA/aniline system has a figure of merit comparable to that of T G S , whilst 22-

TA/docosylamine films have values close to those of strontium barium niobate 

ceramics. 
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6.2.2 Dependence of p on f i lm thickness 

In figure 6.6, the measured static and dynamic pyroelectric coefficients of 

22-TA/docosylamine films are plotted as a function of the number of monolayers 

deposited, in curves (a) and (b) respectively. Each point on the graph repre

sents an average of the values obtained from six different devices, and the error 

bars correspond to the standard error (o-„_ i /n) calculated from these data. The 

static coefficient is virtually independent of film thickness, whilst the dynamic 

value, unexpectedly, increases with the number of monolayers. A possible expla

nation for this observed thickness dependence is that the thermal evaporation 

of the aluminium top electrodes and the deposition of the blacking layer may 

have "burnt through" the outermost layers of the film, and hence the values 

of iV used in equation 3.21 were inaccurate [7]. A series of values for Pdynamic 

was therefore recalculated using equation 3.21, but substituting N with N-x, 

where x is an integer equal in value to the number of layers destroyed by the 

evaporation process. It was found that the only value of x for which Pdynainir 

became independent of film thickness was x = 5. The recalculated values are 

plotted as curve (c) in figure 6.6. 

Figure 6.7 shows a plot of the static and dynamic pyroelectric coefficients of 

22-TA/aniline films as a function of the number of monolayers deposited. It is 

interesting to note that in this case both static and dynamic coefficients appear 

to increase with the number of monolayers in the array. Furthermore, it was not 

possible to render the dynamic data independent of film thickness by using the 

N-x substitution described above. The thickness dependence of the pyroelectric 

coefficient for 22-TA/aniline films is unexpected, since p is an intensive variable 

8], which should be independent of the amount of material present. Thickness 

dependent pyroelectric coefficients have been reported for thin films of other ma

terials [9-12], and have been attributed to the predominance of surface effects. 

In barium titanate, for example, it has been postulated [12] that thin semi

conducting layers exist near the surface of the crystal, with oxygen vacancies 

acting as donors. In very thin films, charge carriers can penetrate throughout 

the bulk of the material as a result of diffusion from the surface, and alter the 

electrical and pyroelectric properties of the crystal. Similar effects have been 

71 



' £ 
u 

O 
c 

i 
0) 
5 
u 
u 

I 
8 >> 
Q. 

20 80 AO 60 

Number of Monolayers 

Figure 6.6 Variation of pyroelectric coefficients with number of monolayers for 22-TA/ do-

cosy lamine films: (a) measured using the static technique; (b) measured using 

the dynamic technique; (c) the data of (b) corrected to account for "burning 

through" 5 layers. 

l A 

100 

10 40 50 20 30 

Number of Monolayers 

Figure 6.7 Variation of pyroelectric coefficient with number of monolayers for 22-TA/ 
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observed in organic crystals [11]. It seems likely that surface phenomena are 

significant in L B films as a result of their extreme thinness, and this may be the 

cause of the observed thickness dependence of the pyroelectric coefficient for 22-

TA/anil ine films. A detailed analysis is not yet possible, as there are insufficient 

data concerning the band structure and surface states of L B films. Although it 

was stated above that the pyroelectric coefficient of 22-TA/docosylamine films 

is virtually independent of film thickness, it should be noted that the number 

of experimental points on the p versus iV graph is small; the slight increase in 

p may therefore be significant, indicating the predominance of surface effects in 

these films. 

6.2.3 Dependence of p on substrate thickness 

It was predicted in chapter 3 that the heat sinking effect of the substrate 

can be reduced by using a thinner substrate. Indeed, previous workers have 

improved the pyroelectric response of L B film devices by using thin polymer 

film substrates [13]. In the present study, microscope cover slips, made of the 

same glass as the Chance-Propper microscope slides, were used; this ensured 

that all other parameters were maintained constant, the only variable being the 

thickness of the substrate. It was found that the dynamic pyroelectric voltages 

generated by 31 layer 22-TA/docosylamine films on the two substrates were as 

follows: 

Microscope slide (thickness=1100 /xm): t;^=3.2 fiV 

Cover slip (thickness= 210 fim): Um=7.2 /xV. 

Thus it can be seen that, as predicted, the pyroelectric voltage responsivity of 

an L B film detector can be improved by using a thinner substrate. As was noted 

in section 3.4, reducing the thickness of the substrate tends to decrease the total 

thermal admittance of the device, and hence increase the excess temperature 

of the device above ambient. This in turn produces a larger voltage per unit 

incident radiation power. 
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6.2.4 Dependence of p on au 

In chapter 3, the general thermodynamic model for a pyroelectric crystal 

was applied to an L B film whose polar axis is perpendicular to the substrate 

plane (section 3.3.1). It was shown that the so-called partially clamped pyro

electric coefficient, p^", measured in such a case is given by 

where is the total pyroelectric coefficient for the free crystal; a i and ai^ are 

the thermal expansion coefficients, in the substrate plane, of the L B film and 

the substrate, respectively; dsi, sn and si2 are components of the piezoelectric 

and elastic compliance tensors, as discussed in chapters 2 and 3. If we let 

2(̂ 31 
c = • , 

then equation 6.1 simplifies to 

P r = P f - c ( « i - " i ^ ) - (6.2) 

The primary pyroelectric contribution to the overall pyroelectric coefficient 

is contained entirely in the pg term, whilst any secondary effect contributes both 

to pg and to c (since c is a function of the piezoelectric coefficient). Therefore, 

the occurrence of a significant secondary contribution will result in a non-zero 

value of c, and this will lead to a me£isured pyroelectric coefficient, pg", which 

is dependent upon the thermal expansion coefficient of the substrate, ai^. The 

presence of a secondary contribution was therefore investigated by measuring the 

pyroelectric coefficients of films deposited onto a series of different aluminised 

glasses. The thermal expansion coefficients of these glasses are given below: 

Silica au = 0.5 x 10"® K " ^ 

Pyrex a i , = 3.2 x 10"^ K " ^ 

Corning 7059 = 4.6 x IQ-^ K " ^ 

Chance - Propper ai^ = 7.87 x 10"^ 

The thermodynamic model developed in section 3.3.1 assumes that the polar 

axis of the L B film is perpendicular to the plane of the substrate. Since this 
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is not the case for 22-TA/aiiiline films, the present investigation was performed 

using 22-TA/docosylamine layers. A series of 31 layer devices was fabricated 

on each type of substrate, and the pyroelectric coefficients were measured using 

both static and dynamic techniques. 

In figure 6.8, the static and dynamic coefficients are plotted as a function 

of the substrate thermal expansion coefficient. This shows that the measured 

pyroelectric coefficient tends to decrease as increases, indicating that piezo-

electrically induced secondary effects are making a significant contribution to 

the overall pyroelectric coefficient. Unfortunately, it is not possible, on the ba

sis of these results, to totally separate the primary and secondary effects, since 

the P3 term contains both primary and secondary contributions. In the next 

chapter, a different approach will be taken in order to separate the primary and 

secondary pyroelectric terms. The fact that decreases as ai^, increases im

plies that the secondary contribution is a negative one, which serves to decrease 

the pyroelectric coefficient which would be observed if only the primary effect 

were occurring. The secondary effect is therefore undesirable, and should be 

reduced as far as possible by using a substrate with a small thermal expansion 

coefficient. 

The effect of the substrate thermal expansion coefficient on the static mea

surement is much smaller than that occurring for the dynamic technique. The 

explanation for this can be seen by referring back to section 3.3.1. It was shown 

in equation 3.4 (page 31) that the pyroelectric coefficient, , for a partially 

clamped film is given by 

pf = pl + 2 d , , ^ , (6.3) 

where p% is the pyroelectric coefficient for the free crystal, ^31 is a component 

of the piezoelectric tensor, T is the temperature, and is the mechanical stress 

in the plane of the substrate. In the static experiment, the device is essentially 

uniformly heated at a very slow rate, and the stresses in the substrate plane are 

therefore expected to be much smaller than those occurring with the dynamic 

technique. Hence, the effect of partial clamping will be greater for a dynamic 

measurement than for a static measurement, and the pyroelectric coefficient 

measured using the former technique will show a much stronger dependence on 
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the thermal expansion coefficient of the substrate. 

These results are in contrast to those of Blinov et al [14], who have pos

tulated that the pyroelectric activity observed in L B films of azo dyes is pre

dominantly a primary effect; this theory is based on a comparison between 

experimental and literature values for the temperature dependence of the dipole 

moments of the materials. Smith et al [15], however, have attributed the pyro

electric effect in alternate layer films consisting of stearylamine with a variety of 

fatty acids to secondary phenomena, on the basis of the low values of the pyro

electric coefficient (~ 0.03-0.11 n C c m ~ ^ K ~ ^ ) , which resulted from a relatively 

large polarisation. 

6.3 S U M M A R Y 

Dielectric constants of 2.8 and 2.9 have been measured for 22-TA/ doco

sylamine and 22-TA/aniline films, respectively; these values are virtually inde

pendent of either temperature or frequency. Pyroelectric coefficients have been 

measured using static and dynamic techniques, and values of 0.19 nCcm~^K"^ 

for 22-TA/docosylamine and 0.65 n C c m - ^ K " ^ for 22-TA/aniline have been ob

tained from the static method. Coefficients measured using the dynamic tech

nique are approximately twice as large; however, the static values are considered 

to be the more accurate of the two. The figures of merit calculated from these 

measurements of p and of Cr compare favourably with those for conventional 

pyroelectric materials such as P V D F and T G S . 

As predicted in chapter 3, it has been found that the thermal clamping effect 

of the substrate can be reduced by using a thinner substrate; this leads to an 

enhanced voltage responsivity. Mechanical clamping has also been investigated 

by using substrates of different thermal expansion coefficient, ait. It has been 

found that the pyroelectric coefficient decreases as a i , increases; this implies 

that the secondary pyroelectric contribution is a negative one, which reduces 

the pyroelectric coefficient relative to that which would be observed if only the 

primary effect were occurring. 
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7.0 I N T R O D U C T I O N 

In the preceding chapter the results of some fundamental pyroelectric and 

dielectric studies of acid/amine films were presented. Chapter 7 is concerned 

with more sophisticated investigations of these alternate layer films. Section 7.1 

describes the results of a study of the temperature dependence of the pyroelectric 

coefficient, and attempts to correlate the experimental data with theoretical 

models. In section 7.2, thermally stimulated discharge of polar L B films is 

discussed, and a model is proposed to account for the observed thermograms. 

Both investigations provide further insight into the nature of the spontaneous 

polarisation and the pyroelectric effect in acid/amine L B films. 

7 .1 T E M P E R A T U R E D E P E N D E N C E O F p 

The theoretical temperature dependence of p has been debated for many 

years. One of the earliest treatments was performed by Boguslawski in 1914 [ l -

3], using an Einstein model of independent linear oscillators. In this model the 

crystal is assumed to consist of an array of atoms, all undergoing simple harmonic 

oscillations at the same frequency. The Einstein model gave a good fit to the 

experimental data obtained by Ackermann [4] at high temperatures, but there 

was considerable deviation at lower temperatures. Boguslawski also obtained 

moderate success using a Debye model of coupled oscillators, in which the atoms 

are assumed to oscillate at a range of frequencies, whose distribution is given 

by Bose-Einstein statistics. However, this theory predicted a low temperature 

relationship of the form p a T^, whilst experiments showed that p <xT. 

The problem was largely resolved by Born [5], who acknowledged the need 

to distinguish between primary and secondary pyroelectricity. Born postulated 

that, since the piezoelectric coefficient is virtually independent of temperature, 

the secondary contribution should follow the same temperature dependence as 
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the thermal expansion coefficient; that is, a dependence at low tempera

tures. Born also introduced a quantum mechanical correction to account for the 

deformation of the electronic clouds surrounding the nuclei of the atoms, and 

hence derived a function to describe the primary pyroelectric coefficient. This 

expression indeed followed the observed linear dependence on temperature for 

small T. 

It has subsequently been proposed by Lang [6], that the Born function is 

an adequate description of the primary pyroelectric coefficient at temperatures 

sufficiently low that only acoustic phonons are excited, but that at higher tem

peratures optical phonon vibrations contribute a series of Einstein functions to 

the pyroelectric effect. Thus, the primary pyroelectric coefficient, p ,̂ is given by 

»=1 
where a and are constants of proportionality, 0£» and 0^;. are the charac

teristic Debye and Einstein temperatures of the crystal [7], and B{x) and E[x) 

are the Born and Einstein functions. Lang illustrated the validity of this model 

by empirically fitting the temperature dependent primary pyroelectric coeffi

cient of lithium sulphate monohydrate (LSM) to an expression consisting of a 

Debye temperature and five Einstein temperatures. Russian scientists [8] have 

performed similar analyses on a much wider range of materials, and have con

cluded that the primary pyroelectric coefficient in ferroelectric crystals is defined 

mainly by optical phonon modes, whilst non-ferroelectric pyroelectrics exhibit 

mainly acoustic modes. 

Figure 7.1 shows the temperature dependence of the pyroelectric coeffi

cient for 31 layer films of 22-TA/docosylamine and 22-TA/aniline deposited 

onto Chance-Propper glass substrates. For both films there is an initial in

crease in pyroelectric coefficient, reaching a maximum at around 245 K for 

22-TA/docosylamine and around 270 K for 22-TA/aniline films. At higher tem

peratures the pyroelectric coefficient begins to decrease quite rapidly. The low 

temperature data were fitted to an empirical power law by plotting logiop ver

sus logioT; the results are shown in figure 7.2. Both graphs show good fits 

to straight lines, indicating a relationship of the form p a T " . For the 22-

TA/docosylamine film n=2.3; whilst, for the 22-TA/aniline film, the graph has 
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two straight line regions corresponding to n=1.9 for 100 K < T" < 190 K and 

n=2.6 for 190 K < T < 260 K . 

The interpretation of the L B film data in terms of a detailed lattice dynamic 

model would be almost impossible for two reasons; firstly, the complexity of the 

unit cell will give rise to a very large number of optical phonon modes; and 

secondly, the simple dependence of the secondary pyroelectric effect will be 

complicated by the partial clamping effect of the substrate. Nevertheless, it is 

possible to make some qualitative observations from the results. 

The decrease in pyroelectric coefficient of the two systems above a certain 

temperature might be due to two possible eflfects; namely, a phase change or 

competition between primary and secondary pyroelectric effects [6]. Since the 

dielectric constant is a well-behaved function of temperature in both cases, a 

phase change is unlikely. The possibility of competing primary and secondary 

effects was investigated by repeating the measurement using a 31 layer film of 

22-TA/docosylamine deposited onto Corning 7059 glass. Since this material has 

a lower thermal expansion coefficient than Chance-Propper glass, the secondary 

pyroelectric contribution should be different from that observed previously. 

The p versus T graphs obtained using the two different substrates are shown 

in figure 7.3. The graphs are virtually identical at low temperatures, but the 

pyroelectric coefficient of the sample deposited on Corning glass continues to 

rise up to a temperature of approximately 260 K , and reaches a greater max

imum value. It was shown in section 6.2.4 that the primary and secondary 

contributions to the total pyroelectric effect are opposite in sign, and that a 

larger secondary contribution tends to give a smaller total pyroelectric coeffi

cient. Since only the secondary contribution will be affected by changing the 

substrate material, this suggests that the pyroelectric effect is predominantly 

primary at low temperatures, and secondary phenomena only begin to domi

nate at around 240-260 K , depending on the thermal expansion coefficient of 

the substrate. 

Although there are insufficient data to totally separate the primary and 

secondary contributions, figure 7.4 shows qualitatively their deduced tempera

ture dependences. The absence of any significant secondary contribution at low 
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temperatures, which is in apparent contradiction to the predicted depen

dence, has been observed in bulk crystals [8], and has been attributed to the 

temperature dependence of the constant of proportionality of the secondary py

roelectric coefficient. A full analysis for the L B film samples is not yet possible, 

as there is insufficient information concerning the temperature dependence of 

partial clamping. 

The preceding discussion indicates that, at temperatures below about 240 

K , the pyroelectric effect is predominantly primary in origin, zmd should there

fore obey equation 7.1. However, at present, there are too many unknown 

parameters to determine whether the observed temperature dependences fit this 

theoretical relationship. The abrupt change in gradient of the logarithmic plot 

for the 22-TA/aniline film at 190 K suggests a radical change in the contributions 

from the various phonon modes at this temperature. In order to gain further 

insight into these phonon vibrations, and evaluate some of the parameters in 

equation 7.1, low frequency infrared studies (100-500 cm"^) were performed on 

the acid/amine films. Radiation of this frequency is insufficiently energetic to 

excite most bond vibrations, but instead excites whole lattice vibrations (phonon 

modes). Born, Einstein or Debye temperatures, 0 , can be calculated from the 

frequencies at which infrared absorption occurs, using the relationship 

where u is the wavenumber and k, h and c have their usual meanings. Unfortu

nately, the existing system proved insufficiently sensitive to detect the relatively 

weak far infrared bands above the high level of background noise. However, it 

is likely that, in the future, far infrared studies may become possible, using a 

liquid helium cooled detector. 

7.2 T H E R M A L L Y S T I M U L A T E D D I S C H A R G E 

The basic principles of thermally stimulated discharge (TSD) were described 

in section 4.4.5. Previous T S D studies [9-15] have been almost exclusively con

cerned with polymer electrets. These structures are usually formed by a thermal 

process, in which the polymer is heated to a temperature above its glass transi

tion point, such that the dipolar side groups and free charges are mobilised. An 
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electric field of the order of 10"* V cm~^ is then applied, causing an alignment 

of the dipoles and a drift of free charges to the electrodes. After a period of 

tintie, the charged polymer is cooled back to room temperature, and the poly

mer chains are immobilised, freezing in the polarisation. When the applied field 

is subsequently removed, the polymer is in a state of permanent polarisation. 

This is a non-equilibrium state, and the polarisation will therefore tend to decay; 

however, this happens only very slowly at room temperature. In order to make 

realistic studies of the discharge, the process must therefore be accelerated by 

increasing the mobility of the frozen-in dipoles and charges; this can be achieved 

using TSD. Polax LB films differ from polymer electrets, in that their permanent 

polarisation constitutes an equilibrium state. The TSD current versus temper

ature "thermogram" of a polar L B film is therefore expected to be dominated, 

not by the decay of the built-in polarisation, but by other processes [16, 17 . 

It was determined in section 5.2 that the spontaneous polarisation in 22-

TA/docosylamine films is predominantly due to the large dipole moment re

sulting from proton transfer and ion formation [18]. In 22-TA/aniline films, 

however, no proton transfer occurs, and the only component of the polarisation 

is that due to the head groups of the constituent molecules. Since these two 

contributions to the polarisation are in opposite directions with respect to the 

substrate, the resultant spontaneous polarisation of a 22-TA/docosylamine film 

is therefore in the opposite sense to that of a 22-TA/aniline film (figure 7.5). 

In the present study, both 22-TA/docosylamine and 22-TA/aniline films were 

studied. 

7.2.1 Results of T S D experiments 

Figures 7.6a and b show the current versus temperature thermograms ob

tained from 31 layer 22-TA/docosylamine and 22-TA/aniline films respectively. 

The dashed lines indicate the data obtained on re-heating the samples. For 

comparison figure 7.7 shows the corresponding TSD curves obtained from a 31 

layer film of 22-TA. All samples were heated at a constant rate of approximately 

1°C s~^. The data shown in figures 7.6 and 7.7 were found to be reproducible 

for a number of samples fabricated under similar conditions. 
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The thermograms for the initial heating of both alternate layer structures 

consist of four distinct features: a small, approximately constant, current at 

low temperatures, followed by two more distinct peaks, and finally a rapidly 

decreasing current at around 55°C. The evidence which will be presented in the 

following sections suggests that the origins of these four features are essentially 

the same for the two materials, and they have therefore been designated A, B, 

C and D in both cases. For the 22-TA/aniline data of figure 7.6b, C has been 

assigned to the current minimum at ~ 43°C, rather than to the current maxi

mum at ~ 48°C, because the former lies below the dashed reheating curve, and 

hence represents a genuine current peak. Thus the current flow corresponding 

to features A and D is in the same direction in the 22-TA/docosylamine and 

22-TA/aniline films; however for peaks B and C the flow of the current is in 

opposite senses in the two types of film. When the samples are heated for the 

second time, features A and D remain (although the magnitude of A has de

creased), but B and C are absent. The data for 22-TA (figure 7.7) simply reveal 

a small peak at ~ 40°C (note the expanded ordinate scale in this diagram), 

followed by a rapid decrease in current. 

7.2.2 Feature A 

Feature A is almost certainly a pyroelectric current, since the effect is not 

observed in the centrosymmetric 22-TA film. Moreover, the pyroelectric coef

ficients calculated from the magnitude of the current correspond closely to the 

values obtained using the static and dynamic measurement techniques. It is in

teresting to note that the pyroelectric current flows in the same sense in the two 

types of alternate layer film, despite the fact that the overall polarisation is in 

opposite directions (figure 7.5). This leads to the important result that pyroelec-

tricity in 22-TA/docosylamine layers is related to the temperature dependence 

of the relatively small dipole moments associated with the head groups, rather 

than to the larger polarisation resulting from proton transfer and ion forma

tion. This is in agreement with the theory that pyroelectric activity is related 

to molecular polarisability. 

81 



7.2.3 Feature D 

The slight decrease in pyroelectric activity for both types of alternate layer 

film after the initial heating process indicates that some degree of disorder has 

been introduced into the LB assembly. This is the most likely origin of the 

rapidly decreasing current at high temperatures, which occurs in both alternate 

layer systems (feature D) and also in the 22-TA film. The temperature at which 

the rapid current decrease begins seems to be related to the melting points of 

the three types of film investigated. Approximate values for the melting points 

were obtained by continuing the heating process, and noting the temperature, 

Tm, at which the film acquired an "amorphous" appearance. The measured 

values were as follows: 

22-TA = 55° C 

22-TA/docosylamine Tm = 80° C 

22-TA/aniline Tm = 57° C 

As expected, the highest melting point occurs for the 22-TA/docosylamine film, 

which contains ionic bonds. Previous workers [19-21] have reported on the 

thermal disordering of fatty acid L B films. Naselli et al [19] have attributed their 

infrared spectroscopy results to a two step process in the organic layer: in the 

first stage the head groups of the molecules remain static, but the hydrocarbon 

chains begin to move and adopt random configurations relative to the substrate 

surface; at higher temperatures the head groups also become disordered, and 

the film melts. 

The possibility of similar processes occurring in the alternate layer films was 

investigated by measuring the infrared spectrum of a 22-TA/docosylamine film 

both before and after heating to 60° C (approximately 20°C below the melting 

point). Figure 7.8 shows the region of the spectrum corresponding to C H 2 and 

CH3 absorptions. It is evident that there is a change in the relative intensities 

of the bands on heating the sample, indicating a change in the orientation of 

the molecular chains relative to the substrate surface. The data are very similar 

to those obtained by Naselli et al for multilayers of cadmium stearate [19]. 

It is likely, therefore, that the decrease in current noted for all the present 

samples above 50°C (feature D) is associated with a pre-transitional disordering 
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Figure 7.8 Part of the infrared spectrum of a 31 layer film of 22-TA/docosylamine, (a) 

before and (b) after heating to 60°C. 



U 

o   

Figure 7.9 TSD thermogram of a 31 layer sample of 22-TA/docosylamine which was 

short-circuited for 24 hours before performing the experiment. 

  

Figure 7.10 TSD thermogram of a 15 layer sample of 22-TA/docosyl amme. 



C has the opposite polarity in 22-TA/docosylamine and 22-TA/aniline samples 

implies that the internal polarisation in the alternate layer structures is the main 

driving force. 

In a similar experiment it was found that the small current peak at approxi

mately 40°C in the 22-TA structure (figure 7.7) could be significantly reduced in 

magnitude by short-circuiting the structure before performing the TSD experi

ment. This peak is therefore also attributed to the movement of excess charges. 

The driving force for the release of this charge is probably derived from some 

slight asymmetry in the device structure; possible sources include the unpaired 

dipole resulting from the deposition of an odd number of monolayers, or the 

presence of an interfacial oxide layer on the lower electrode. The small dipole 

associated with the terminal double bond in the hydrocarbon chain is almost 

certainly not the driving force, since very similar results were obtained from a 

31 layer film of the saturated analogue, tricosanoic acid. 

The second additional experiment involved studying the dependence of the 

TSD current on the number of monolayers in the array. Figure 7.10 shows 

the thermogram obtained for a 15 layer 22-TA/docosylamine sample. For this 

device, peak B is of a similar magnitude to that observed in the 31 layer sample 

of figure 7.6a, whilst peak C has increeised significantly in magnitude. The 

TSD currents associated with dipole reorientation have an efficiency of 100% 

[9]; this is because each unit change in polarisation of the sample will release 

a corresponding image charge from the electrodes, which can then flow around 

the external circuit. However, for decay processes involving the relejise of space 

charges, only part of the charge originally stored may be recovered. In the latter 

case the efficiency of the process will depend on recombination both within the 

specimen and at the electrodes. Thus, changes in properties such as the sample 

thickness are expected to directly effect the components of the TSD current 

which are due to trapped charge. The data shown in figure 7.10 therefore appear 

to confirm the theory that peak B is due to dipole reorientation and C is due to 

release of trapped charges. 

84 



7.2.5 Origins of excess charges and dipoles 

The TSD experiment cannot, of course, identify directly the origins of the 

charges and dipoles that produce the current maxima. Nevertheless, the fea

tures observed in these studies require some comment. The dipoles that are 

responsible for peak B cannot be those directly associated with the head groups 

of the alternate layer structures. If this were the case, heating the samples to 

approximately 50° C (te., above peak B) would eliminate the pyroelectric effect. 

However, the dipoles concerned must be oriented in the same direction as the 

overall polarisation in the specimens (figure 7.5); this is necessary to account 

for the fact that peak B is of opposite polarity in the 22-TA/docosylamine and 

22-TA/aniline structures. A tentative explanation is that B is due to the reori

entation of water molecules which have been incorporated into the film during 

deposition. Such polar molecules will tend to align themselves with the internal 

electric field in the multilayer assembly, and may become tightly bound within 

the film structure; thus they may not be removed by the room temperature des

iccation procedure. However, when the sample is heated, the water molecules 

will first gain thermal energy and reorient into random configurations, account

ing for peak B, and ultimately be expelled from the multilayer assembly, possibly 

by diffusion to grain boundaries where they are free to evaporate. Other workers 

have attributed low frequency dielectric dispersions in LB films to trapped water 

23, 24], and have speculated that, in some cases, the electrical properties of LB 

films can be heavily dominated by the presence of small amounts of water. 

The presence of charges in multilayer systems has also been postulated by 

earlier researchers [25-27]. For example, it has been suggested that trapped 

charges can account for the change in Schottky barrier height observed when 

an L B layer is sandwiched between a metal and a semiconductor [26]. A de

tailed study by Evans [27] has revealed the presence of two types of charge in 

symmetric L B arrays. By monitoring the capacitance-voltage characteristics 

of metal-insulator-semiconductor (MIS) devices incorporating L B layers of 22-

tricosenoic acid, Evans concluded that a positive charge is associated with the 

deposition of the first monolayer; however, negative charge is introduced into the 

system with esjch subsequent monolayer coated onto the device. In the present 
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study, peak C is more likely to originate from bulk trapped charges than from 

surface charges, which would probably be neutralised by the electrodes [9]. 

The mechanisms of charge storage in electrets have been reviewed by Perl-

man [12]. The trapping of excess charges can occur on three structural levels, 

known as primary, secondary and tertiary. At the primary level, the traps are 

on the molecular chains themselves, and charge is stored at atomic sites; such 

charge may be released by individual atomic motions. At the secondary level, 

electrons become caged within groups of atoms in neighbouring molecules, and 

can be released only by the cooperative motion of atomic groups. At the tertiary 

level, charge is stored at grain boundaries, dislocations and other defects. In all 

of the L B film samples, peak C occurs at a temperature just below that at which 

the hydrocarbon chains begin to move. It therefore seems likely that charge is 

stored at either the secondary or the tertiary level, rather than on the molecular 

chains. 

7.3 S U M M A R Y 

The temperature dependence of the pyroelectric coefficients of 22-TA/ do-

cosylamine and 22-TA/aniline films has been investigated. Both types of film 

show a relationship of the form p a T"^: for 22-TA/docosylamine, n=2.3; whilst 

for 22-TA/aniline, n=1.9 for 100 K < T < 190 K, and n=2.6 for 190 K < T < 

260 K. The results of experiments using different substrate materials indicate 

that at low temperatures the pyroelectric effect is predominantly primary in 

origin, but that secondary phenomena begin to dominate at temperatures above 

about 250 K. At this stage, it is not possible to fully interpret the results in terms 

of lattice dynamical models; however, it is hoped that future far infrared data 

will lead to a greater understanding of the relationship between pyroelectricity 

and phonon modes in L B films. 

In TSD experiments, four distinct features have been identified in the cur

rent versus temperature thermograms of 22-TA/docosylamine and 22-TA/ ani

line alternate layer films. The precise origins of these features cannot be de

termined conclusively from the present experimental data. However, it seems 

likely that they result from the pyroelectric effect, the reorientation of dipoles, 
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the release of excess charge, and the thermal disordering of the structure. The 

polarities of the current peaks which are due to the pyroelectric effect indicate 

that pyroelectricity in 22-TA/docosylamine films is related to the small dipole 

moments of the constituent molecules, rather than the larger polarisation re

sulting from proton transfer and ion formation. 
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C H A P T E R 8 

O T H E R M A T E R I A L S : R E S U L T S AND DISCUSSION 

8.0 I N T R O D U C T I O N 

The results presented so far have concentrated on two specific alternate 

layer films, namely 22-TA/docosylamine and 22-TA/aniline. However, during 

the course of this work, a wide range of other materials was assessed for LB 

film forming ability and pyroelectric activity. The results of these studies are 

presented in this chapter, and have been divided into three catagories: section 

8.1 describes studies of other alternate layer systems; in section 8.2 the results 

of an investigation into the use of ionically terminated polymers are presented; 

finally, section 8.3 discusses pyroelectric and surface potential studies of some 

stearic acid esters. 

It should be noted that the dynamic pyroelectric coefficients quoted in 

this chapter are only approximate. This is because it would have been an ex

tremely time-consuming process to measure the d-spacing and dielectric con

stant of every material; therefore, the values of these parameters measured for 

22-TA/docosylamine have been used throughout the chapter. 

8.1 O T H E R A L T E R N A T E L A Y E R S Y S T E M S 

In addition to the acid/amine systems described in the preceding chapters, 

a range of other alternate layer films was evaluated for pyroelectric activity. 

These studies are described in the following sections, and have been classified 

into three groups: highly polarisable systems, systems possessing a large dipole 

moment, and other systems. 

8.1.1 Highly polarisable systems 

Recently, the Langmuir-Blodgett technique has been successfully applied 

in the field of non-linear optics, and phenomena such as the Pockel's effect and 

second harmonic generation have been observed in LB films of dye materials 

1-6]. It has been noted by Lines and Glass [7] that the residual non-linear 
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susceptibility, X^^^K of a crystal is directly proportional to the pyroelectric co

efficient, p. It is therefore expected that those materials which exhibit non-linear 

optical effects should also be pyroelectric. The largest non-linear susceptibilities 

have been observed in non-centrosymmetric films of chromophoric materials, in 

which donor and acceptor groups are separated by a conjugated system. In 

such materials, charge transfer occurs along the conjugated group, resulting in 

a large dipole moment. It is immediately apparent that these properties of non-

centrosymmetry and a large dipole moment are identical to the requirements for 

pyroelectricity. Furthermore, as was noted in chapters 5 and 6, a large polaris-

ability is desirable for enhanced pyroelectric activity. It would seem, therefore, 

that alternate layer structures incorporating chromophoric molecules are ideal 

candidates for the observation of pyroelectricity. 

A range of different chromophoric alternate layer systems was investigated, 

and the experimental conditions and results are summarised in table 8.1. The 

pyridinium salt and diacetylene derivative in systems A4 and A7 are not, strictly 

speaking, chromophores, but were nevertheless used because of their highly po-

larisable functional groups. With the exception of system A6, the films consisted 

of an "active" component (the chromophoric material) and a "passive" compo

nent, which was a fatty acid or a fatty amine. The role of the passive material 

was to prevent cancellation of the dipole moments in successive layers of the 

active component. In system A6, both components were active, as it was hoped 

that this would lead to further enhancement of the pyroelectric effect [4]. 

The dipping conditions used, which were in accordance with those of previ

ous workers [8-10], are summarised in the fourth column of table 8.1; ITA and TTB 

refer to the surface pressures of the two monolayers. Unless otherwise indicated, 

all films were deposited from a nominally pure water subphase of pH 5.8. In 

every case, the dipping speed was 2.5 mm min~^, and a total of 31 layers was 

deposited. The film quality was assessed qualitatively from observation of the 

deposition ratios and visual inspection of the deposited layer. In two cases (A6 

and AT) it proved impossible to deposit multilayers of the materials. 

The pyroelectric results are somewhat disappointing, since only systems A3 

and A5 showed any pyroelectric activity, and the coefficients in both cases are 
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extremely small. The reasons for the poor pyroelectric response of materials 

containing delocalised groups are unclear in view of the large non-linear sus

ceptibilities of these materials [9]. In the cases where the film quality was not 

very good, this may be attributable to poor structural order; however, this is 

certainly not the case for films such as A l , A3 and A5. A possible explanation 

lies in the fact that non-linear optical studies have generally been performed on 

small (1-7) numbers of monolayers, whilst much thicker films were used in the 

present pyroelectric study. It is conceivable that, as more layers are deposited, 

the structure changes, and reorganises to give a centrosymmetric film. A similar 

effect was reported in 22-TA/aminobenzoate films in chapter 5, and it would be 

very interesting to perform infrared spectroscopic studies of the chromophore 

containing films, in order to ascertain whether structural reorganisation is oc

curring. 

It is interesting to note that the pyroelectric acid/amine films discussed 

in the preceding chapters are expected to exhibit non-linear optical effects. 10 

layer samples of 22-TA/docosylamine and 22-TA/aniline, deposited onto quartz 

substrates, were therefore sent to Plessey, Caswell for measurement of second 

harmonic intensity. No signal was detected from the 22-TA/docosylamine film, 

but a small signal, equivalent to ^ that of a monolayer of hemicyanine (material 

A of system A6 in table 8.1), was generated by 22-TA/aniline films. 

8.1.3 Systems with large dipole moments 

In addition to the acid/amine films already described, a range of other 

alternate layers, in which the constituent molecules possessed dipole moments 

in opposite senses with respect to the hydrocarbon chain, was investigated. The 

experimental details and results are summarised in table 8.2. All materials were 

deposited from a nominally pure water subphase of pH 5.8; the surface pressures 

and dipping speeds employed in each case are indicated. 

Several of the systems investigated would not form multilayer films; this 

may be attributable to the very weak interactions between the head groups of 

the two materials. However, all of the films which did form multilayers gave 

pyroelectric signals. The pyroelectric coefficient of the acid/amide system (B4) 
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is approximately equal to that of 22-TA/docosylamine (see table 6.1). The sim

ilarity in the pyroelectric coefficients of these two films suggests that proton 

transfer may have occurred in the acid/amide film, in a similar manner to that 

occurring in 22-TA/docosylamine. It would therefore be of interest to study 

infrared spectra of acid/amide films in order to further investigate this phe

nomenon. System B5 is very similar to 22-TA/docosylamine, but with the acid 

replaced by its saturated analogue, tricosanoic acid. The reduced pyroelectric 

coefficient of B5 is probably not related to the absence of the terminal double 

bond, but is more likely to be a result of the poorer quality of the film. 

Systems B6 and B8 are both based on 22-TA/aniline films, but with addi

tional electron accepting groups between the benzene ring and the hydrocarbon 

chain of the aniline molecule. The pyroelectric coefficient of both films is sig

nificantly lower than that of the simple 22-TA/aniline system. This implies a 

reduction in polarisability due to the presence of the acceptor group. It is worth 

noting that, although B7 would not form multilayers, this is potentially a very 

interesting system, since the aniline and the acid terminated dye represent the 

two best reported materials in terms of attaining large pyroelectric coefficients 

[11, 12]. It would therefore be worthwhile, in the future, experimenting with 

different deposition conditions in an attempt to deposit alternate layers of these 

two materials. 

8.1.3 O t h e r a l ternate layer systems 

The alternate layers reported in this section were investigated for a variety 

of reasons. The experimental details and results are given in table 8.3. In the 

first three cases ( C I , C2 and C3) , material B is a "passive" component, whilst 

material A possesses a specific property which it was intended to exploit. In 

system C l , the active material was chosen because it has a chiral centre, and 

possesses a structure similar to many ferroelectric liquid crystals [13]. However, 

the measured pyroelectric coefficients are extremely small, and it seems, there

fore, that the properties of the liquid crystalline phase are not applicable to the 

material in L B film form. In system C2, the active material is a bisubstituted 

benzene derivative, and it was hoped that such a material would show similar 
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temperature dependent behaviour to m-DNB (see section 2.4.3). Unfortunately, 

the two materials would not form alternate multilayer films; this is probably 

attributable to the large difference in cross-sectional area of the two molecules. 

The active epoxide of system C3 contains a highly strained cyclic group, whose 

bond angles, and hence polarisation, should be strongly temperature dependent. 

Although the quality of film C3 was good, no pyroelectric signal was detectable. 

This is surprising in view of the fact that acid and amine groups are present, 

and may be indicative of a structural rearrangement. 

The phenol/amine system (C4) was selected as it represents a weak acid/ 

strong base system, and it was hoped that the degree of proton transfer in such 

a film might be intermediate between the total transfer occurring in 22-TA/ 

docosylamine and the complete lack of proton transfer in 22-TA/aniline. If 

this were the czise, it is likely that the degree of proton transfer would be a 

function of temperature, and hence might contribute to the pyroelectric effect. 

In fact, the measured pyroelectric coefficient is very much smaller than that of 

22-TA/aniline films. This is almost certainly attributable to the poorer quality 

of the C4 films. 

In summary, then, attempts to improve on the pyroelectric activity of 

acid/amine films have been largely unsuccessful, and the 22-TA/aniline system 

remains the best reported alternate layer L B film pyroelectric system. 

8.2 l O N I C A L L Y T E R M I N A T E D P O L Y M E R S 

An alternative approach to creating the non-centrosymmetric films neces

sary for observation of the pyroelectric effect is to use materials which deposit 

in the X or Z type modes (figure 3.4). One such class of materials is the ioni-

cally terminated polybutadienes (PBD's) . The repeat unit in the P B D chain is 

C 4 H 6 , but the structure has two isomeric variants, referred to as 1,2-PBD and 

1,4-PBD, as shown in figure 8.1. Previous workers [14] have built up X type 

multilayer structures of low (~ 600) molecular weight 1,2-PBD, terminated by 

a quaternary ammonium salt, - N ( C H 3 ) 3 B r ~ , which acts as the hydrophilic 

head group for L B film deposition. The process used in depositing multilayers 

involves irradiating the deposited film with ultraviolet light after deposition of 
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Figure 8.1 The structural isomers of polybutadiene: (a) 1,2-PBD; (b) 1,4-PBD. 
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Figure 8.2 The molecular structure of m-DNB terminated P B D . 



each monolayer, in order to initiate cross-linking of the polymer chains and so 

stabilise the structure. 

In the present study, a range of PBD's of both 1,2 and 1,4 configurations 

and possessing various terminal groups and molecular weights was studied. 

8.2.1 Ammonium terminated P B D 

Initially, the work of Christie et al [14] was repeated, using the quaternary 

ammonium terminated 1,2-PBD of molecular weight 600. The cross-linking 

process was performed by irradiating the sample in an E P R O M eraser for 50 

minutes after deposition of each monolayer. Devices prepared in this manner did 

not exhibit pyroelectricity, in agreement with the results obtained by Christie et 

al. Since it has been shown [15], using the surface potential technique, that the 

P B D films possess a permanent polarisation, the absence of pyroelectric activity 

cannot be attributed to reorganisation, yielding a centrosymmetric structure. 

An alternative explanation is that the film, which is already partially clamped 

in two directions by the substrate, is rendered fully clamped by the cross-linking 

of the polymer chains. The total absence of pyroelectricity implies that any 

pyroelectric activity in "undamped" P B D is almost entirely secondary in origin, 

and that mechanical constraints remove this piezoelectrically induced effect. 

A sample of ammonium terminated P B D of the 1,4 configuration was also 

studied. As with the 1,2 material, it was found that multilayers could not be 

deposited in the absence of ultraviolet radiation. However, in this case, even 

after irradiating the samples for 90 minutes, it was not possible to deposit more 

than one monolayer. This can be explained by the fact that irradiation of 1,4-

P B D does not initiate cross-linking, but rather causes chain fission [16]. 

8.2.2 Boron terminated P B D 

Several batches of 1,2-PBD terminated by various boron containing groups 

and with a range of molecular weights were studied. The terminal groups used 

were: - B ( C 2 H 5 ) 3 L i + , - B ( C 4 H 9 ) 3 L i + and - B ( C 6 H 5 ) 3 L i + . In every case, 

the material reacted with the atmosphere within hours of being dissolved in 

the chloroform solvent, forming a white or blue precipitate. The reaction was 
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thought to be due to elimination of the polar group via a hydrolysis or oxidation 

reaction. It was therefore not possible to form L B films of these boron terminated 

PBD's . 

8.2.3 Ammonium terminated polystyrene 

Low (~1500) molecular weight ammonium terminated polystyrene was also 

investigated, in the hope that it would exhibit X type deposition without the 

constraint of cross-linking encountered with P B D . Unfortunately, the spread 

monolayer was so rigid that material could not flow to counter the effect of 

removing the monolayer from the surface. Attempts were made to overcome this 

difficulty by mixing the spreading solution with arachidic acid, and by using a 

mixed solvent of chloroform and mesitylene, as described by Baker [17], but no 

significant improvement was observed. 

8.2.4 Acid terminated P B D 

A study of carboxylic acid terminated 1,2-PBD of molecular weight 800 

yielded the interesting result that the deposition mode, after ultraviolet irradi

ation, was Y type. This suggests that the X type deposition observed for the 

ammonium terminated material was not directly related to cross-linking, as had 

previously been thought, but rather to the nature of the polar group. 

Since this material deposited in a centrosymmetric structure, attempts were 

made to dip alternate layers of acid terminated and quaternary ammonium 

terminated P B D . Unfortunately, multilayers could not be deposited using the 

conventional alternate layer technique; however, it is possible that exposing the 

film to ultraviolet radiation after deposition of each bilayer might enable the 

dipping of P B D acid/amine alternate layer films. 

8.2.5 m-DNB terminated P B D 

The pyroelectric properties of m-DNB were discussed in section 2.4.3. This 

group was incorporated into an L B film by using a novel m-DNB terminated 

P B D , which is shown in figure 8.2. The P B D was of the 1,2 configuration, and 

of molecular weight 700. The n-A isotherm of this material is shown in figure 
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8.3, and is of the "expanded" type. As with most expanded isotherms, the mea

sured molecular area of 0.49 nm^ is considerably greater than that calculated 

from molecular models (~ 0.35 nm^); Gaines [18] has attributed this observa

tion to a monolayer which is liquid-like, with the polar groups anchored in the 

air-water interface, but the chains randomly intertwined (figure 8.4). Using a 

surface pressure of 35 mN m~^, a dipping speed of 7 nmi min~^, and by ir

radiating the sample for 5 minutes after deposition of each monolayer,^ it was 

possible to build up X type multilayers of m-DNB terminated P B D ; however, 

no pyroelectric signal was detected from these films. As with the other PBD's , 

it was expected that the cross-linking process would remove the secondary com

ponent of the pyroelectric effect; however, the primary contribution from the 

m-DNB group was still expected. The absence of such a contribution suggests 

that the anharmonic vibrations of the nitro groups are precluded by the packing 

arrangement in the L B film. 

A n alternative packing arrangement was achieved by depositing alternate 

layers of m-DNB terminated P B D and 22-TA. It was found that such films 

could be formed without irradiating the sample; however, films prepared in this 

manner could not withstand the evaporation of top electrodes. This is not 

surprising in view of the liquid-like properties of non-cross-linked P B D . The 

problem was overcome in two ways: the first method involved depositing 31 

alternate layers, and then irradiating the film for 50 minutes; whilst the second 

technique consisted of depositing 31 alternate layers, followed by 20 layers of 

pure 22-TA. Both methods enabled high resistance devices to be fabricated, and 

devices prepared using both techniques showed a small degree of pyroelectric 

activity; the measured pyroelectric coefficients are given in table 8.4. These 

very small coefficients are unlikely to be due to the large primary pyroelectric 

effect expected to result from the m-DNB group. It is more likely that the 

observed effect is a result of the asymmetry of the lattice, and that anharmonic 

vibrations of the m-DNB group are again restricted by the packing arrangement. 
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8.3 E S T E R S OF S T E A R I C A C I D 

X type deposition has been widely reported [19-22] in the esters of stearic 

acid. In contrast to fatty acid multilayers [23], these X type structures do 

not undergo rearrangement, but retain their overall polarisation. The following 

sections describe investigations of two such esters, namely ethyl stearate and 

vinyl stearate. 

8.3.1 Ethyl stearate 

Ethyl stearate (C17H35COOC2H5) was found to form stable monolayers, 

giving a condensed isotherm (figure 8.5), and a molecular area of 0.25 nm^, in 

agreement with the work of Fukuda and Shiozawa [21]. However, the collapse 

pressure of 40 mN m~^ was considerably higher than that measured by previous 

workers; this may be attributable to the low (99%) purity of the material. Al

though it was possible to deposit X type multilayers of ethyl stearate, deposition 

ratios were only around 0.3. The poor quality of the films, which was appar

ent from a visual inspection, meaait that top electrodes could not be deposited 

without short-circuiting the device. It was therefore not possible to test ethyl 

stearate multilayers for pyroelectric activity. 

8.3.2. Vinyl stearate 

The n-A isotherm of vinyl stearate (Ci7H35COOCH=CH2) is shown in fig

ure 8.6, and resembles two superimposed "classical" type isotherms, occurring 

for different degrees of compression of the monolayer. The most probable in

terpretation of this isotherm is that a pheise change occurs at a molecular area 

of around 0.19 nm^, and the regions on either side of this value correspond to 

the Tx-A isotherms of the two different phases. The molecular areas at zero sur

face pressure for the two regions of the isotherm are 0.15 nm^ and 0.20 nm^. 

Vinyl stearate can be constrained to deposit in either the X or Y type modes, 

depending on the surface pressure employed; however. X-ray measurements (21 

have shown that Y type films rearrange to give an ultimate structure which is 

identical to that of films deposited in the X, type mode. An experiment was 

devised to illustrate this phenomenon by surface potential measurements, and 
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is described below. 

It was found that the hydrophilic nature of the aluminium substrate led to 

the first layer always being deposited on the initial withdrawal of the substrate 

through the floating monolayer. Subsequently, an X type film could be prepared 

by dipping at a surface pressure of 10 mN m~ ^ or a Y type sample by dipping 

at 28 mN m~^. The two samples consisted of regions of different film thickness, 

and were of such a geometry that rearrangement of the Y type device would 

result in a structure identical to that of the X type device; this is illustrated in 

figure 8.7. Figures 8.8a and b show, respectively, the results of surface potential 

measurements on the X and Y type samples. The error bars on the horizontal 

scale, which have been shown as an inset for clarity, correspond to the diameter 

of the vibrating probe. 

It should be noted that a dipole in the "down" direction (positive pole away 

from substrate) will cause an increase in surface potential, whilst an "upward" 

pointing dipole (positive pole towards substrate) will cause a decrease in po

tential relative to the clean aluminium surface. The X type sample is therefore 

expected to have a surface potential which increases in a step-wise fashion cor

responding to the different film thicknesses. Figure 8.8a does indeed show an 

increase in surface potential along the film, but the increase occurs in a gradual 

rather than a stepped fashion. The most likely explanation for this is associated 

with the incorporation of charges in the film [24]. 

As the substrate is repeatedly passed through the water subphcise during 

the deposition process, ions may be adsorbed by the film, and some of the ions 

may remain attached on withdrawal of the substrate from the water, producing 

a surface charge. If there are n elementary charges, +e, per unit area on the 

surface of a film of thickness t and dielectric constant e'^, then there will be an 

induced charge —ne on the surface of the underlying metal, and an apparent 

surface potential, V 5 , given by 

Vs = £ f . (8.1) 

During the deposition process, such surface charges may be covered by sub

sequent layers, so that internal volume charges are built into the film. The 

potential which results from these internal charges may be calculated using the 
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Figure 8.7 Schematic diagram of the stepped thickness vinyl stearate samples used for 
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Poisson equation. The accumulation of surface and volume charges is expected 

to be greatest for those parts of the sample which have been immersed in the 

water for the longest period of time. Hence, the gradual increase in surface 

potential can be accounted for by the incorporation of spurious surface and vol

ume charges in the film. This indicates that the surface potential technique is 

not always a reliable method for revealing a spontaneous polarisation, and the 

results should be treated with great caution. 

If the predicted rearrangement of the Y type sample occurs, then the surface 

potential should vary in an identical manner to that of the X type sample. On 

the other hand, if no rearrangement occurs, there should be a small decrease in 

potential corresponding to the first step (due to the unpaired dipole of the first 

layer), and no subsequent variation along the rest of the sample. Figure 8.8b 

shows an initial decrease in surface potential, which may be due to spurious 

effects at the edge of the film. The remainder of the 7 layer region shows 

an almost constant value of surface potential, slightly lower than that of the 

clean surface; this suggests that the Y type structure is retained in the first few 

layers of the film. For greater film thicknesses there is a gradual increase in 

surface potential, with discernible steps at the boundaries between the regions 

of different film thickness. This suggests that the predicted rearrangement has 

occurred, and the fact that there are clear potential steps indicates that there 

is less charge accumulation in the Y type film than in the X type. 

Although the surface potential measurements were inconclusive in indicat

ing whether vinyl stearate films possess a permanent polarisation, it was de

cided to examine an X type device of this material using the dynamic pyroelec

tric technique. The measured pyroelectric coefficient was approximately 0.06 

nCcm~^K~'^, indicating that vinyl stearate films are only weakly pyroelectric. 

8.4 S U M M A R Y 

Several alternate layer L B film systems have exhibited pyroelectric activ

ity; however, the 22-TA/aniline system remains the best pyroelectric L B film 

reported, to date. The X type deposition approach to producing pyroelectric 

films has been largely unsuccessful. X type films of ionically terminated polymers 
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were not pyroelectric, probably because of the mechanical constraints placed on 

the film by molecular packing and cross-linking of the chains. A small pyroelec

tric signal was detected from vinyl steaxate multilayers, but attempts to detect 

directly the spontaneous polarisation in such films using the surface potential 

method were unsuccessful, because of the presence of trapped charge. 
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C H A P T E R 9 

C O N C L U S I O N S A N D S U G G E S T I O N S 

F O R F U R T H E R W O R K 

9.1 S U M M A R Y 

The L B technique has been successfully used to fabricate ultra-thin organic 

films which exhibit the pyroelectric effect. The work presented in this thesis 

has concentrated mainly on two specific acid/amine alternate layer systems, 

namely 22-TA/docosylamine and 22-TA/aniline. The latter type of film has 

exhibited the largest reported pyroelectric coefficient, to date, for an L B film, 

and possesses a figure of merit (p/cj.) comparable with those of commercially 

available materials. 

In view of the close relationship between structure and pyroelectric ac

tivity, three complementary structural studies of the films were undertaken. 

R H E E D experiments showed that the molecules are oriented with their chain 

axes perpendicular to the substrate plane in 22-TA/docosylamine films, but that 

the molecules are tilted at approximately 20° to the substrate normal for 22-

TA/anil ine. A more general investigation of ultra-thin L B films demonstrated 

the importance of the substrate surface in determining the structure adopted 

by a film. The second structural technique to be used was F T I R spectroscopy. 

This method revealed that ionic bonding occurs in 22-TA/docosylamine films as 

a result of proton transfer from the acid to the amine. In 22-TA/aniline, how

ever, the electron withdrawing nature of the benzene ring reduces the basicity 

of the amine to such an extent that no proton transfer occurs, and the layers 

in such films are bound together by weaker hydrogen bonds. The results sug

gest a possible link between polarisability and pyroelectric activity. F T I R also 

revealed that the absence of pyroelectric activity in 22-TA/aminobenzoate films 

can be attributed to a rearrangement of the film, producing a centrosymmetric 

structure. It was shown by X-ray diffraction that the d-spacing of 22-TA/aniline 

films is considerably less than expected, and this has been interpreted in terms 

of an interdigitation of the hydrocarbon chains in adjacent layers. 

100 



A detailed study of the dielectric and pyroelectric properties of acid/amine 

films has been undertaken. The dielectric constants of 22-TA/docosylamine and 

22-TA/aniline films are 2.8 and 2.9 respectively, and show very little variation 

with either temperature (in the range 77-300 K ) or frequency (in the range 

1 Hz-lOO kHz). The low values of dielectric constant represent an important 

advantage of L B films over most conventional pyroelectric materials. 

The pyroelectric coefficients of 31 layer films, measured using the static 

technique, are approximately 0.19 nCcm~^K~^ for 22-TA/docosylamine and 

0.65 n C c m ~ ^ K ~ ^ for 22-TA/aniline. These correspond to figures of merit (p/e|.) 

of 0.07 n C c m ' ^ K " ^ and 0.22 nCcm~'^K-^, respectively. The latter figure com

pares favourably with those for conventional materials; for example, p/e'^ is 

equal to 0.14 n C c m ~ ^ K ~ ^ for strontium barium niobate and 0.3 nCcm"^K"^ 

for P V D F . The pyroelectric coefficients mezisured using the dynamic technique 

are consistently higher them the static values, indicating some degree of in

accuracy in either the model used to describe the pyroelectric response or in 

the measurement of the various parameters. However, studies of the frequency 

dependence of the pyroelectric voltage have demonstrated the validity of the 

theoretically derived relationship, Vm (x UQ^ . 

The effect of the substrate has been studied in detail, and it has been shown 

by a combination of theoretical and experimental techniques that the substrate 

causes both thermal and mechanical clamping effects. Thermal clamping is a 

result of the heat sinking effect of the substrate, and a novel theoretical model 

has been proposed to describe this. Mechanical clamping refers to the reduction 

in the secondary pyroelectric effect due to a mis-match in the thermal expan

sion coefficients of the L B film and the substrate. Studies of films deposited 

onto different substrates have revealed that there is a significant piezoelectri-

cally induced secondary contribution to the overall pyroelectric coefficient. Fur

thermore, this secondary component is a negative one, which serves to decrease 

the pyroelectric coefficient relative to that which would be observed if only the 

primary effect were occurring. 

The temperature dependence of the pyroelectric coefficient has been investi

gated. For both types of acid/amine film there is an initial increase in pyroelec-

101 



trie coefficient, reaching a matximum at around 245 K for 22-TA/docosylamine 

and around 270 K for 22-TA/aniline films. At higher temperatures, the pyroelec

tric coefficients begin to decrease again. The low temperature data have been 

fitted to an empirical power law of the form p ocT^, and the results have been 

compared with theoretical lattice dynamical models. Experiments using differ

ent substrate materials indicate that the pyroelectric effect is predominantly 

primary at low temperatures, but that secondary phenomena begin to dominate 

at around 240-260 K . 

In T S D experiments, four features have been identified in the current versus 

temperature thermograms. Two of these are almost certainly attributable to 

the pyroelectric effect and to a pre-transitional disordering of the hydrocarbon 

chains prior to melting. The sense of the pyroelectric current indicates that 

the pyroelectric effect in 22-TA/docosylamine films is due to the temperature 

dependence of the small dipole moments of the constituent molecules, rather 

than of the larger polarisation resulting from proton transfer and ion formation. 

The origins of the other two peaks are less clear, but there is evidence that these 

result from the release of trapped space charge, and the reorientation of dipolar 

groups (possibly water molecules.) 

In addition to the acid/amine systems, a large range of other films has been 

investigated. Other alternate layer films were generally unsuccessful compared 

with the acid/amines; many materials would not form alternate layers, and a 

large proportion of those which did were of poor structural quality. As an alter

native approach to producing polaw films, X type layers of ionically terminated 

polybutadienes were investigated. In general, it was necessary to irradiate these 

films with ultraviolet light after deposition of each monolayer, in order to initi

ate cross-linking of the polymer chains and form a stable base for deposition of 

the next layer. Little or no pyroelectric activity was observed in such films, and 

this has been attributed to the mechanical clamping effect of the rigid polymer 

matrix. A small pyroelectric efiFect was observed in X type multilayers of vinyl 

stearate; however, surface potential measurements on these films were inconclu

sive due to the effects of trapped space charge. 
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0.2 S U G G E S T I O N S F O R F U R T H E R W O R K 

As a result of the present work, comparatively large pyroelectric figures of 

merit have been attained in alternate layer L B films. The origins of the pyro

electric eff̂ ect and the influence of such parameters as the substrate thickness 

and thermal expansion coefficient are now reasonably well understood. However, 

there remain some areas in which further basic research is required in order to 

understand the physical processes involved. In particular, it is anticipated that 

infrared spectroscopic studies will be of extreme importance in gaining further 

insight into the microscopic origins of pyroelectricity. Recent infrared investiga

tions have revealed chzinges in the interlayer hydrogen bonding of 22-TA/aniline 

films as a function of temperature; this may indicate that hydrogen bonds play 

an important role in the mechanism of the pyroelectric effect. Lifrared spec

troscopy may also prove useful as a tool for observing phonon vibrations, and 

hence lead to an understanding of the lattice dynamics of L B films. 

Although the pyroelectric figure of merit for 22-TA/aniline is comparable 

with those of commercially available materials, this type of film has a low melt

ing point (~ 57°C) , and hence is unlikely to be useful in a practical thermal 

imaging device. It is therefore desirable that new materials are found which, 

not only possess large pyroelectric figures of merit, but are also more stable 

with respect to temperature. Another drawback of the present alternate layer 

films is the relative importance of secondary pyroelectricity at room tempera

ture. The maximum attainable sensitivity in devices based on such films may 

ultimately be determined by the substrate rather than the L B film. New mate

rials, whose pyroelectric effect is predominantly primary at room temperature, 

must therefore be sought. 

In addition to investigating new materials and studying the origins of pyro-

electricity, future work should concentrate on the incorporation of L B films into 

efficient thermal imaging devices. In particular, it is essential that ultra-thin 

substrates are developed in order to reduce thermal clamping and improve the 

voltage responsivity. This might be achieved using "pellicles" of silicon oxide or 

silicon nitride, fabricated by growing a surface insulating layer on a silicon wafer, 

and etching away the semiconductor from the back. An array of pixels could be 
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defined in this way, and the amplifying circuitry could also be accommodated 

on the same wafer. 

Another component of the device requiring considerable further research 

is the electrodes. Metal electrodes are incompatible with organic materials; 

in particular, the highly energetic evaporation of top electrodes will inevitably 

result in some damage to the L B film. It would therefore be desirable to use 

conducting orgemic materials as electrodes. There is a great deal of current 

interest in producing conducting L B films [1-3], and preHminary experiments 

in this laboratory have suggested that "MIM" devices composed entirely of 

L B films can be fabricated. Structures such as these would represent the first 

step towards a new generation of electronic devices based entirely on organic 

materials. 

0.3 C O N C L U S I O N S 

In this section the results reported in this thesis will be evaluated, and 

L B films will be compared with other materials which are used for pyroelectric 

detection. The precisely defined symmetry of L B films has enabled the creation 

of structures which are inherently polaj, and hence do not need poling. This 

is m contrast to polymers and ceramics, both of which must be subjected to a 

poling process in order to render them pyroelectric. Although the pyroelectric 

coefficients of the L B films are small compared with most polar single crystals 

and ceramics, the very low dielectric constants compensate for this, making the 

values of p/ej. comparable with those for many commercially available materials. 

It is important to note that a wide variety of chemical groups can easily be 

incorporated into L B film forming molecules. Therefore, as the basic physical 

processes responsible for the pyroelectric effect become clearer, it will be possi

ble to design and synthesise new L B fibn materials with enhanced pyroelectric 

properties. New materials must also be investigated with a view to improving 

the stability of pyroelectric L B films; it is particularly important that materi

als with a greater thermal stability are found if L B films are to compete with 

inorganic crystals and ceramics. 

Possibly the greatest drawback of using L B films is the reduction of the py-
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roelectric response by the substrate, through thermal and mechanicail clamping 

effects. However, it is anticipated that this problem might be partially overcome 

by using ultra-thin substrates, such as silicon oxide pellicles. If an array of these 

pellicles could be fabricated on a silicon wafer, then there would be a possibil

ity of incorporating the amplifying circuitry into the same wafer. It should be 

noted that ferroelectric liquid crystals also suffer from the constraints of thermal 

clamping, since they must be incorporated into glass cells. 

As the size of microelectronic components is further reduced, it is antic

ipated that organic materials will become increasingly important for a wide 

range of electronics applications. The L B technique represents an elegzmt and 

convenient method for fabricating organic structures with the required electrical, 

optical or structural properties. If the two principal problems of thermal sta

bility and clamping by the substrate can be overcome, then it seems very likely 

that L B films will compete favourably with the current generation of pyroelectric 

materials, and may be exploited on a commercial basis. 
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