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Thin films including layers: terminology in 
relation to their preparation and 
characterization 

Abstract. This document deals with the terminology in relation to the preparation and 

characterization of liquid and solid thin films and layers. It is not comprehensive, in that no 

consideration is given to certain types of layers such as ferromagnetic, ferroelectric, He or 

liquid metal films. Topics covered include: general terminology and characterization methods 
applicable to both solid and liquid films; terminology and characterization methods applicable 

specifically to either liquid or solid films, layers and multilayers. Comprehensive indexes of 
terms and methodologies (preparation and characterization) are given. 
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1. INTRODUCTION 

The explosive growth of technologies based on thin films and layers of condensed matter (solid or liquid) has 

stimulated considerable research in physics, chemistry and biology. The terminology used to describe the 

characteristics of the thin films are often specific to these disciplines. As a result, confusing terminology (thin, 

ultrathin, ultra-ultrathin, thin-thin, thick-thin, etc.) has emerged in the scientific litterature. 
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The present document deals with terminology related to the preparation and characterization of solid and liquid 

thin films and layers which are at least one atom or molecule thick. It expands previous IUPAC recommendations to 

these systems and should be used in conjunction with the "Manual of Symbols and Terminology for Physico- 

Chemical Quantities and Units: Appendix 11, Definitions, Terminology and Symbols in Colloid and Surface 

Chemistry" [ l ] ,  "Reporting Experimental Pressure-Area Data with Film Balance@] , "Quantities, Units and Symbols 

in Physical Chemistry"[3] and "Symbols, Units, Nomenclature and Fundamental Constants in Physics"[4]. 

The discussion of the properties of liquid thin films and layers involves, mainly, concepts of classical physics and 

surface thermodynamics. The discussion of solid thin film and layer properties (e.g. charge and heat transfer, 

catalysis, etc.) involves also quantum mechanical concepts. 

The list of films and layers considered in this document is not comprehensive. For example, the terminologies 

applicable to solid layers of ferromagnetic, ferroelectric, helium and liquid metal films are not considered. 

General terminology applicable to solid films and layers and liquid films is presented in section II. Methods used to 

characterize features common to certain solid and liquid films are listed in Table 111.1. Terminology specific to liquid 

film preparation and characterization is dealt with in section IV. There, definitions of physical quantities are 

presented in a format consistent with that of reference [3] (also recommended by IUPAC-IDCNS, IUPAC- 

Interdivisional Committee for Nomenclature and Symbols), whereas methods of characterization are presented 

briefly in a (six column) table format. The terminology related to the preparation and characterization of floating or 

deposited, organized or amorphous, organic or inorganic solid films or layers is presented in Section V in a format 

similar to that used in Section IV. The tables in these sections can be read as "check lists" and should be useful to 

referees of scientific articles. By juxtaposing in the same document terminology, "caveats" and recommendations, 

the efficiency of the present document should be enhanced. When needed, concepts and quantities specific to 

liquid interfaces are described or defined in footnotes and annexes. In the concluding Section VI several types of 

indexes are given. The symbols, abbreviations, acronyms and terms are indexed in Sections VI.l.- V1.3. An index 

of the terms related to film preparation methods is given in Section V1.4. The list of terms in Section V1.3 does not 

include those related to film characterization methodologies. Their alphabetical list is given in Section V1.5. The 

tables and figures are listed in Sections V1.6.and V1.7. Helpful suggestions and comments on the document, have 

been received from several colleagues. This is acknowledged in Section VII. 

[ I ]  Definitions, Terminology and Symbols in Colloid and Surface Chemistry, Pure Appl. 
(1972). 

Chem.,31, 579-638 

[2] Reporting Experimental Pressure Data with Film Balances, Pure Appl. Chem. 57,621-632 (1985). 

[3] Quantities, Units and Symbols in Physical Chemistfy, Blackwell Scientific Publications, Oxford, 56 (1988); 2nd 
Edition (1993). 

141 Symbols, Units, Nomenclature and Fundamental Constants in Physics, Document IUPAP-25, Physica A, 
146,l-68 (1 987). 
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II. GENERAL TERMINOLOGY APPLICABLE TO LIQUID AND SOLID FILMS 

U The term film is a generic one referring to condensed matter restricted in one dimension. 

LLZ The term layer designates any conceptual region of space restricted in one dimension, within or at the 

surface of a condensed phase or a film. In the previous IUPAC recommendations (reference [l], pages 583-584), 

this term is used to describe an interface (e.g. interfacial layer) and interfacial processes and systems (e.g. 

adsorption and adsorption layers). The usage of the term "film" for an adsorption layer is confusing and 

discouraged. The term double-layer applies to layers approximated by two "distinct" sublayers (see "electrical 

double-layer" in Il.A.Annex of Section I/ ). 

LL;L The terms substrate and tubphase refer to a condensed phase that physically supports a film or layer. 

The term substrate should be used with care in the light of the existing double meaning of the term substrate in 

film science and technology, on the one hand, and in biochemistry, on the other. The term subphase applies, 

mainly, to a liquid phase underlying an adsorption layer or a floating spread monolayer (see ref. [2] ). 

U The recommended abbreviation for film systems consists of three capital letters and two slashes (I): the 

middle letter representing the restricted phase or film, the two other letters corresponding to the adjacent bulk 

phases (tll, p. 613). For example, V/US applies to a liquid film bounded by a vapour V and a solid S bulk phase; 

WIOIW designates the oil film, 0, bounded by aqueous, W, phases. For solid films the boundaries are often 

represented by hyphens (e.g. AI-SiOAI abbreviates the S / S/ S system : bulk All solid film SiO I bulk Al). 

U 
and alylp in Fig. 11.1) and as a symmetrk fllm when the bulk phases (a andb) are identical. 

A film bounded by two different bulk phases is referred to as an asymmetric fllm (first example above 

U A film is referred to as open fllm (as in Fig. 11.1) when mass transfer can occur between the film and the 

coexisting bulk phases, for all the components. The terms transltlon zone (Fig. 11.1) and Plateau border 

(defined in [l]) refer to the regions of space located at the periphery of certain open liquid films which ensure the 

continuity (no interface) between the film and the parent bulk phase (e.g. yin Fig. 11.1). The term partly open film 

applies to the film shown in Fig. 11.2 when mass transfer can occur only for certain components. The term closed 

film applies to the films with fixed mass. 

LLL, The terms nanoscoplc film , miCrOSCOplC film and macroscoplc film should apply specifically to 

films which have lateral dimensions in the range of several O.ln~n[~] - 100 nm, 0.1-100 pm and above 100 pm, 

respectively. 

l!& The term planar fllm refers to the film whose boundaries are represented by ideal parallel planes (e.g. 

cr/y and yip in figures 11.1 and 11.2). The planar fllm thlckness is defined as the distance between these planes. 

The terms nanometer thlck fllm, mlcrometer thlck film, mllllmeter thlck film, etc. must refer specifically 

to film thicknesses in the ranges 0.1-100 nm, 0.1- 100 prn, 0.1-100 mm, respectively. 

iJ& The boundary separating a film from an adjacent solid bulk phase (e.g. SIUS, V/S/S, VIUS, US/S,  

AI/SiO/AI) is a surface defined by the position and geometric shape of the solid bulk phase, provided no mass 

[5] Contemporary lithographic fabrication methods make it possible to produce such small structures. 
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transfer occurs across the boundary. The interfacial region of a liquid film in chemical equilibrium with an adjacent, 
liquid bulk phase (e.g. V/UL and UUL) is inhomgeneous and is similar to any liquid interfacial layer. A solid/liquid 

film interface, sharp at equilibrium, becomes inhomogeneous in the dlrectbn normal to the film interface when 

interdiffusion occurs. 

Lwp, The film continuity in the x and y directions (figures 11.1 and 11.2) is a significant iswe. Films are refened to as 

dlscontlnuous fllm (consisting of discrete islands of material, on the substrate, without physical connection), 

network film (partially connected islands) or contlnuous fllm. 

LL11, Films are classified qualitatively as either thln fllm or thick fllm. Thln applies only to films whose 

thickness is of the order of a characteristic scale or smaller. Since a film may "look" operationally thin or thick, 

according to the procedure applied, it is also recommended that the measurement procedure employed be 
specified (e.g. eilipsometrically thln film, X-ray thick film, optically thin film, etc.). lt is recommended that the physical 

specification of the film thickness be used, whenever possible (e.g., thick compared to the electron mean free 

path, thin compared to the optical wavelength, etc.). 

1L,1z The term monolayer refers to a single, closely packed layer of atoms or molecules. The term floatlng 

monolayer is used for certain spread monolayers or films which are in the condensed,- often solid - state (see 

reference [2], page 627). The term Langmuif momlayer has been, recently, coined for spread monolayers. This 

usage is not recommended by IUPAC (see ref. 2). 

L& The term multllayer refers to a system of adjacent layers or monolayers. The term bllayer applies to the 

particular case of a multilayer two monolayers thick. Monolayers and multilayers may be alternatively named "films" 
provided boundaries can be defined for them as for the films in Fig. 11.3. 

11.14. The term superlattlce refers to a perlodlc multllayer which is synthetic and where a unit cell, 

consisting of successive layers that are chemically different from their adjacent neighbours, is repeated. The term 

quantum well multllayer applies to the superlattices with artificially created electronic band structures. 

11.15. 

bulk liquid y 

pyof p 

bulk solid j3 I 
1 

Fig. 11.1. Film y bounded by bulk phase p (solid), bulk phase a (fluid) 
and the transition zone; open film; asymmetric film; paand pY(pb) 
are the pressures inside bulk phases a and 7, respectively 

2 

X - .c 
bulk phase a 

film y 

bulk solid p 

Fig. 11.2. Film y at the a ly  
interface: either closed film 
or partly open film 
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(a] thiok film 
1 9 

(b) thin film 

L 4 
I 

Fig. 11.3. Films of y continuous with bulk phase y and bordered by bulk phases a and p. Asymmetric films; 
open films; planar films 

lLlL Profile in direction z (of restriction), of a quantity Q(z) (where q may designate concentration or 
specific mass, energy, enthalpy, etc.); q a, q p and q 3  are specific to phases a, p, and y, respectively; (a) thick film 
with distinct inhomogeneous interfacial layers dyand Vb of, so-called, interfacial layer width, a,, and interfacial 
layer effective thickness, h a/r (h YIP), (defined in I1.A. Annex); (b) inhomogeneous thin film with overlapped 
interfacial layers; the film effective thickness, h, is defined in Table IV.3.1 .l. 

1I.A. ANNEX TO SECTION 11. MOLECULAR INTERACTIONS AND CHARACTERISTIC LENGTHS 

AT INTERFACES 

LL&L. The interfacial layer is defined as the inhomogeneous space region intermediate between two 

bulk phases in contact, and where properties are significantly different from, but related to, the properties of the 

bulk phases 161. Examples of such properties are: composition, molecular density, orientation of conformation, 

charge density, pressure tensor, electron density, etc. The interfacial properties vary in the direction normal to the 

surface. For example, the simple profile of the quantity q (z) across the interfacial layer aly in Fig. 11.3a could be 

that of the molecular density profile in the case of a one component W interface. Complex profiles of interfacial 

properties occur in the case of multicomponent systems with coexisting bulk phases"] where attractive/ repulsive 

molecular interactions (see below) involve adsorption or depletion of one or several components. 

1lg3, The term interfacial layer effective thickness is defined as the separation between the 

"effective limits" of simple or of complex interfacial profiles, and depends on both the type of the profile and on the 

chosen profile limits (in fig.ll.3a h d Y  is the effective thickness of the interfacial layer dydefined by the simple 

profile of the quantity dz) between phase a and film core 9. 

ll.A.3. 
properties are listed below. 

Examples of the main mracfivelrepulsive interactions leading to complex profiles of interfacial 

ll.A.4. The unretarded dispersion (van der Waals) energy and the retarded dlsperslon (van der 

[6 1 ref. [ lbage 583. 
17] ref. ['I page 584. 
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Waals) energy. This energy is referred to as unretarded when the attractive interaction between two 

molecules[8], arising from fluctuation of their electronic activity and related properties (e.g. optical polarization), 

decays as r -6, where r, the intermolecular separation, is much larger than the molecular dimension. The term 

retarded applies to the intermolecular dispersion energy effective in the case of large r when the attractive 

energy decays as r -73 since the finite speed of electromagnetic radiation cannot be ignored. The transition 
"unretardedlretarded occurs at an intermolecular separation defined by r =&[g], where &, is the specific wave 

length of the electromagnetic radiation. The terms retarded and unretarded dispersion energy are applied also in 

other systems where intermolecular dispersion forces are involved, for example, when two macroscopic (semi- 

infinite) bodies interact at separations, h , much smaller than their size. Then, the unretarded dispersion energy 

varies as h -2 and the retarded as h . 

II.A.S. The Coulombic interaction of interfacial charges (e.g. ions) and the magnetic or electrostatic 

interaction of interfacial molecules lead to particularly complex interfacial structures. Complex interfacial profiles that 

can be approximated by two distinct sub-layers with different physical properties (e.g. structure and/or nature 

andlor composition), are referred to as lnterfaclal double-layers. Examples of such approximated complex 

profiles are: the electrical double-layer consisting of a surface charge layer (i.e. a two dimensional, 2D, 

distribution of one type of ions) and a diffuse charge layer (counter-ions distributed over the space region next 

to the surface) [lo]; the approximated profile of the orientation angle of anisotropic liquid molecules within a 

"double-layer" consisting of a distribution of so-called anchored molecules which are perturbed (strongly 

bound and orientated) by the surface, and the adjacent, so-called, transltlon layer, i.e. the region where the 

surface perturbation is damped. 

ll.A.6. The term characterlstlc length or scale refers, in general, to the parameter which characterizes 

a density profile (of a given physical quantity). The static (equilibrium) or dynamic character of a characteristic length 

must be specified. The terms out of plane and In plane refer to characteristic lengths normal or parallel to the 

interface, respectively. Since interfacial layer "thickness" and characteristic length correspond to various concepts, 

the current usage where an out of plane characteristic length is referred to as the interfacial layer thickness, is 

confusing and should be abandoned. Some typical out of plane, static scales are listed and defined below. The list 

is not comprehensive. 

l l .A.7.  The so-called lnterfaclal layer width, us (Fig. M a ) ,  is the characteristic length defined by the 

variance of the Gaussian function fitted to the gradient of the electron density profile established by X-ray specular 

reflectivity studies of the liquid interface. 

ll.A.8. The palr COrrelatlOn length, €, approximates to the characteristic length associated with certain 

number density profiles of diffuse layers. 5 is defined as the separation between two interacting entities 

(molecules, macromolecular segments, ions, spins) , either in bulk or interfacial regions, beyond which an 

appropriate function, referred to as palr correlatlon functlon[ll], either decays (e.g. to l /e  of an "initial" value) 

[8 ] ref.[ l ]  page 61 6. 
1'1 k corresponds to the wavelength in the absorption spectrum of interacting species (mainly in UV and near X- 
ra wavelengths) that gives the main contribution to the dispersion interaction. 

"1 ] The pair correlation function defines the degree of interdependence between microscopic properties of two 
distinct regions within a system (e.g. molecular or ionic density correlation functions in the case of liquids or 
electrolyte solutions, respectively). 

[ 18 ] Interphases in Systems of Conducting Phases, Pure Appl. Chem., 58, 437-454 (1986). 
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or vanishes. For example, ( K - ~ )  [12] or (LD )[13], the Debye screenlng length, characterizes charge density 

correlation functions (a e-ZlKor e- z /LD) .  The scale K - ~  applies to the case of electrolyte solutions or gas 
plasmas and to the profile of space charge density in diffuse charge layers of electrical double-layers. The scale LD 

applies to the diffuse space charge region of semiconductor interfacial layers. A characteristic length must be 

confused neither with the effective thickness of the interfacial layer defined above, nor with the range (effective 

distance) of the intermolecular (pair) potential. This range is defined by the distance over which this potential and 

the corresponding correlation function both vanish. 

ll.A.9. The coherence length, C, refers to the distance over which order is maintained. As an 

example, there can be long-range atomic or molecular order, i.e.coherence. Coherence lengths are significantly 

larger than molecular size. Normally, coherence length is estimated from electron, neutron or X-ray scattering and 

scales the size of ordered domains in materials where long range ordering occurs (as in liquid crystals, for example). 

The term coherence length is also used for the scale characterizing the profile of molecular axis orientation in the 

distorted, so-called, transition layers formed at a solid/liquid-crystal boundary when an appropriate external field is 

applied (e.g. when the orientation of anchored surface molecules of a nematic liquid crystal is unaffected by an 

external field - magnetic or electric - whereas the bulk molecules reorient freely). This scale is referred to as 

electric coherence length, C E  , or magnetlc coherence length, C M  , depending on the nature of the 

applied field. 

1I.A. 10. The dlsperslon (Van der Waals) Interaction characterlstlc length may be designated 

by the symbol /,defined as follows: I, is equal to the separation between the interacting species (e.g. molecules, 

bodies, etc.) where, specifically, the character of dispersion energy changes from unretafded to retarded. It is 
suggested that I, be identified with A.,which is of the order of 10 nm (see [8]). 

111. METHODS OF CHARACTERIZATION APPLICABLE TO ORGANIC OR INORGANIC, LIQUID 

OR SOLID FILMS OR LAYERS 

A certain number of characterization methods are common to a variety of films irrespective of their physical state 

and chemical nature. In the present context, common signifies that a given technique and associated technology 

permits one to dedve information on a feature specific to more than a single type of films or layer. Examples of such 

common features and related methods of characterization appear in Table 111.1. These common features, referred 

to as derived information in Table 111.1 (first column) are: average thickness, thickness uniformity, texture, crystalline 

structure, lattice parameters, molecular/atomic organization, chemical composition, surface roughness, 

functionality (first column in Table 111.1). Techniques and associated methodologies used to study these features 

appear in the second and third columns of Table 111.1. 

Further specific details regarding each type of film are to be found in Tables IV.7.1, V.1.1.2.1, V.1.2.2.1 and 

V.3.4.1, below. 

[ 3] Terminology in Semiconductor Electrochemistry and Photoelectric Energy Conversion, A. J. Bard, R. 
Memming, 5. Miller, IUPAC Document, Commission 1.3, page 19. 
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Elasticity, viscosity, 
viscoelasticity 

Texture and architecture 

Phase identification I transition, 
film stability 

mechanical, dynamic 

optical (visible range) microscopic birefringence, 

rheometry, acoustic waves, direct stress 

fluorescence and Brewster angle microscopies 

electron beam scanning electron microscopy, 
scanning tunneling microscopy 

cabrimetry, thermal quantity of heat, specific heat, 
analysis heat capacity 

electrical In plane and out of plane conductance; 
capacitance; dielectric loss 

Composition / 
composition profile 

analytical 

electron and X-ray beams 

radiochemical 

ESCA (7, XPS(") 

Molecular organization: 
tilt, crystal structure, lattice 
parameters, coherence length I 
(***I 

Chemical functionality 

Charge transfer 

Charge transport 

neutron beam 

neutron beam, X-radiation 

specular reflection ; HID contrast 

specular reflection and diffraction; H/D contrast 
(neutron only). 

optical vibrational ( IR and Raman) and electronic( UV 
and visible) spectroscopies; dichroic absorption, 
evanescent waves 

nuclear magnetic resonance magnetic + radio 
freauency 

chemical heterogeneous reactions 

photochemical /optical 

electrical conductance (electronic) 

electrical (dc, hf) (9 

fluorescence and flash spectroscopy , electronic 
and vibrational spectroscopies 

palvanomapnetic measurements 
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IV. LIQUID THIN FILMS 

IV. 1. CLASSIFICATION 

In general, the widely accepted categories of liquid films are : 

Iv.1.1. 

JV.1.2.  

I V . 1 . 3 .  

foam fllms, V N V ,  separating two vapour phases as in bubbles; 

emulsion fllms, UUL, separating two droplets or drops; 

suspenslon films, SIUS, a new term recommended for liquid films separating two solid surfaces 

(by analogy with emulsion films): 

Iv.1.4. 

liquid or a solid from a vapour. 

wetting films, V/US and V N L ,  recommended exclusively for the asymmetric films separating a 

IV.2. FILM FORMATION 

The description of thin, liquid and planar film formation covers all the stages whereby a film of given thickness, h , 
and surface area, A, is obtained from a vapour or a liquid. The time evolution of a liquid film area and/or thickness, 

depends on the film dynamics invoved in the process of film formation (e.g. spreading, drainage, etc.) . 

IV.2.1,  The term adsorptlon wetting fllm designates the layer formed by the adsorption of a vapour 

onto the surface of a condensed phase referred to as substrate (defined in section 11). In this case, the term 
"adsorptlon wetting layer" is more appropriate since it is consistent with the definition of the term "layer" in 

section II. The wetting layer in equilibrium with a vapour and formed by the evaporation of a thick liquid layer 

deposited on the substrate must also be referred to as adsorbed. The symmetric liquid film S/US formed by 

capillary condensation of adsorbed vapours in porous solids should also be referred to as adsorbed. 

I V . 2 . 2 .  Liquid spreading, often called fllm spreading, refers to the process of wettlng fllm 

formatlon from a liquid (e.g. y ) drop deposited at the substrate interface (9.g. d p )  and leads to V/US and V/UL 

films. Film expansion (not to be confused with film spreading) refers to the process where a film area increases at 

constant film mass. This term applies specifically to semiclosed or cbsed planar wetting films (see asymmetric film in 

Fig. 11.2.). Liquid spreading and film expansion are characterized by the quantity called work of liquld spreading 

which is defined by the net change in interfacial tensions in the system involved In spreading and is expressed by 
w spr = (a*B - m- a&, (see "lp. 597). 

I V . 2 . L  Drainage of a horizontal or vertical liquid layer either supported by a frame or a substrate, or 

intercalated between two bulk phases, applies to the process of thin film formation by outflow of liquid (e.g. yin fig. 

11.3a&b) from the core of the layer (see also following section IV.6.2.) For example, drainage is involved in V/UV, 

S/US, UUL, V/US and V/UL film formation. 

IV.3. MAIN QUANTiTlES IN THE CONTEXT OF PLANAR FILMS 
IV.3.0.1 Quantities particular to planar and thin liquid films which require special consideration, are: 

thlckness (and volume), composltlon (20 concentration), fllm tenslon, fllm dlsjolnlng pressure and 

fllm energy of Interaction. Mechanical and/or thermodynamic definitions of these quantities for planar 
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symmetric films, are given in Table IV.3.1.1, Table IV.3.1.2, Fig. IV.3.1 and Fig. IV.3.2. Remarks concerning 

asymmetric thin films may be found in table footnotes or in figure captions. The terminology concerning liquid 

intertacial layers, that is relevant to liquid films, is defined in footnotes or annexes. 

GDS 

7 

QL 
7 

GD S GDS 

Fig. IV.3.1. Illustration of thermodynamic definitions of film properties using conventions Ia and IIo for a 
thin film of liquid symmetric film with respect to a mid plane at z=O (thin dashed line ) and bordered by 
two bulk phases a 

J V . 3 . U  Continuous curve: distribution of the quantity q ( e.g. concentration, density) in the direction z of 
film restriction . Horizontal full lines : bulk phase a where q =@; vertical full lines: inhomogeneous region. h: is the 
(inhomogeneous) film effective thickness (see Fig. (a) above and definition in Table IV.3.1.1.) or the separation 
between the S/L interfaces of SiUS film. When q (z) designates the 3D (three-dimensional) concentration Cj (z), of 
a substance in the film, the film surface concentration of component i t  rjs (defined in Table IV.3.1.1.) of the 
substance corresponds to the area filled by the vertical full lines. 

IV.3.0.4. (a) Single Gibbs dividing surface convention, GDS located at 230. In the case of the asymmetric 
wetting films S N V  and S/UL, the single GDS is located at the S/L interface ( p/y in Fig. 11.1). The horizontally 
dotted lines and thick dashed line illustrate a reference system consisting of two bulk phases a homogeneous up 
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to the single GDS. In this thermodynamic convention, the film thickness, h b, and volume V1a, are equal to zero; a 
film excess quantitiy is associated with the single GDS (e.g. the film excess concentration of component i , r,'"t 
defined in Table IV.3.1.1) and are illustrated by the vertical full lines above the thick and dashed horizontal line in 
Fig. IV.3.1.la. The film surface area and film Gibbs dividing surface area are identical and noted Af. 

JV.3.0.5, (b) Two Gibbs dividing surfaces convention, GDSs, separated by a distance noted h or h 110 and 
referred to as the flim thermodynamic thkkness (defined in Table IV.3.1.1. and shown in Fig. IV.3.l.lb ). The 
horizontal dotted lines and thick dashed line illustrate the reference system consisting of: i) two bulk phases a 
homogeneous up to the two GDSs and ii) a homogeneous region of phase y (q = q Y )  which is h*Io thick (Fig. 
IV.3.1 b). In this two GDSs convention, the film thermodynamlc volume is Vfla P AfhIIo (Table IV.3.1.1) and 
the film surface excess quantities (e.g. the film surface excess concentration of component i, rjIr0 (Table IV.3.1 . l ) ,  
is associated with one of the two GDSs which exhibit a film surface total area equal to 2A f. 

IV.3.0.6, The term thermodynamlc definltlon applies when the film property (e.g. the 2D concentration) 

is defined as an excess quantity relative to a chosen reference system that is defined by using the Glbbs 

dlvldlng surface, GDS, conventlon, as in the case of interfaces [14]. For thick (either asymmetric or 

symmetric) liquid films two GDSs are required (e.g. the asymmetric thck film shown in Fig. Ma) .  For symmetric thin 

liquid films some authors prefer the use of a single GDS (Fig.lV.3.la), whilst others prefer to retain two GDSs (Fig. 

IV.3.1 b). Some authors designate the excess quantities of thin films by a subscript 0 and a subscript f, when the 

fl lm slngle GDS conventlon or the fllm two GDSs conventlon, respectively, is used. Since these 

conventions lead to essentially different excess quantities, namely, a film excess quantity and a fllm surface 

excess quantity (see Table lV.3.1.1), a clear statement should be made in every case regarding which 

convention is being adopted. In order to be consistent with the symbols recommended in [I] for surface excess 

quantities designated by a superscript a(upright), it is recommended (see Fig. IV.3.1 and legend of Table IV.3.1 .l) 

to designate the excess quantities of a thin film represented by the flim slngle GDS conventlon, by the ICY 

superscript, and the excess quantities of thin films represented by the film two GDSs convention, by the 110 

superscript. 

[14] For a single interface, with regard to the 2D concentration of species i ,  one may define either the total 
number of moles of i per unit area (of xy plane), rp, associated with the total effective volume, or thickness,of 

the interfacial region ( Guggenheim convention, ['I p.584), or the excess amount of moles of i per unit area (of 
xy plane), rfJ, with respect to the stoichometry corresponding to a reference system of homogeneous adjacent 

bulk phases o$,y (Gibbs convention). This convention defines the volumes of these bulk phases by locating 
the Gibbs dividing surface, GDS. rfo is referred to as either surface excess concentratlon or Glbbs 

surface concentratlon of component i. In the case of S/L interfaces, the solid phase surface is the chosen 

GDS. In the case of muhicomponent liquids, the location of the GDS is chosen, by convention , as the plane 

where the surface excess of a reference component (e.g. the most abundant component present viz. 

the"so1vent" designated by the subscript 0) becomes zero. The corresponding reiatlve Glbbs surface 
concentration of component i is designated by the symbol ri,ou. 
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film effective 
thickness I ['I 

IV.3.1. Flim thickness, composltlon, tenslon and dlsjoinlng pressure -- thin 1 
" o t e g s v m b o l  Detlnltlon S L u l L  

h "thickness" of the inhomogeneous film region 
(Figs. IV.2.la and IV.2.2a) 

h film equivalent 
thickness /['I ["I [**'I 

S 

he = 5 'Ciy 
C r = q T  in Fig. IV.l 

film excess 
concentration for 
component 1 ["1[§1 I "  Ia convention Fig. IV.la 

I;: I= 

film surface excess concentration of i qnq 
I ["I[§] 

relative film surface 
excess concentration r. ns 
of i 1[§§1 L 0 

t hermodynamicn, 
film thickness h 

film volume / 

a 0 Y X 

"= [ci(z) -ci]dz + [ ci(z) - c j ] d z  
l o  X 

v,'v , v film volume = film thickness x film area 
e 

110 convention Fig. IV.lb 

the choice of the two GDSs satisfies the condition 

distance between two GDSs 
IIaconvention Fig. IV.l  b 

I0 y relative 
thermodynamic film I h 
thickness I [55] 

I h O=rO (c0-C;):l when rnaEo 0 

m, nm 

-2  
mol m 

m, nm 

-2 
mol m 

m, nm 

nm3 ,m' 

Iv.3.1.1. 

JV.3.1.2, [^]h: film effective thickness ( Fig. IV.3.la); applies also to asymmetric films (figures 11.1 and 11.3). 

!V.3.1.3. 
film inhomogeneous region and bulk phases a and y, respectively; P, s: film surface concentration of i . 

JV.3.1.4, [,'*I The term "film equivalent thickness" h e designates the thickness of a layer in a bulk phase 
(e.9. y) of uniform composition and/or density ( e.g. 9y=CjT) ,  which (layer) has an area A and matches a selected 
film property (e.g. moles/unit area of the layer 0s). The value of h e  approximates that of h . 

JV.3.1.5. [§I The film excess concentration of component i ,  rjIa, is associated with the unit area of the 
single GDS of the film (Fig. IV.3.la). The (thermodynamic) film surface excess concentration of i, rj10, is the 
excess concentration associated with the unit area of each oneof the two GDSs of the film.( Fig. IV.3.lb). rila 
(r/Ia ) multiplied by the film area, A (film surface area 2A f), is equal to njla ( njII0) the film (film surface) excess 
amount of component i present in the actual film alyla in Fig. IV.3.la (Fig. IV.3.lb), over the amount present in the 
homogeneous reference system defined in the Fig. IV.3.la (Fig. IV.3.lb) exhibiting the same volume as the real 
system The unit of the excess amount is mol. This "film" thickness and volume are zero (caption (a) of Fig.lV. 3.1). 

IV.3.1.6. [55] The subscript 0 of rj,O110 and hgDo implies that the film surface excess concentration of 
component 0 is zero, by analogy with interfacial terminology (footnote 14); Tj,OIIO relative film surface excess 
concentration of component i .  [555] The film volume definitions:Vf, Ve, VIIO, correspond to film thickness 
definitions: h, he, h IIa. 

[**I Cj (z), Cia,  CiY are concentration of component [(density for single component systems) in the 
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IV.3.1.2. P f s s u r e  

a. Operational and mechanical definitions. [*I 
Name/hloteSvmbol Definltlon - 5 e m L b  

Film Tension 
(operational 
definition)/ 

r*1 
Film Tension 
(mechanical 
definition)/ 

[***I 
Film Surface 
Tension 
(mechanical 
definition) I 
[***I 

Disjoining 
pressure 
(operational 
dnfinitions) / 
[*I 

amount of reversible 
work done by the 

film area increase 

f surroundings 

specified 
conditions 

c 1 f 

or 

x 
I ; -  

Y f  

I Zf I N:-l 

z f  S O  

corresponds to a 
contractile force 
(see[*] and 
I * * ] )  

quantity associated 
with the single GDS 
(Fig. IV.3.la and 
Fig. IV.3.1.la). 

adequate to the tw~ 
GDS convention 
(see Fig.lV.3.lb 
andfig. IV.3.1.1 b) ; 
it is assigned to 
each GDS (see 
Fig. IV.3.1.lb).. 

P N " P  a b y  # P  r P  

(Fig. 11.1 and 
Fig. IV.3.1 .l) 

IV.3.1.7, 

IV.3.1.8, ['I Mechanical definitions of liquid interfacial tension oa7(see IV.3.l.A Annex below), of liquid film 
tension Zf and liquid film surface tension of  are needed to express conditions of mechanical equilibrium of the 
inhomogeneous interfacial layers and thin films. 

JV.3.1 .9, ["I The film tension zf or yf of a liquid film bounded by fluid phases is defined as the reversible 
work, done by the surroundings on the system, per unit of film area extension. Conditions to be specified are : 
state for all the bulk phases and their interfacial layers , temperature T and either volume V or pressure p of the 
system (e.g. fixed T, V, p, etc). The film tension of asymmetric or symmetric thick films (non-overlapping interfacial 
layers) is designated by a superscript = and is defined in terms of bulk interfacial tensions (also designated by 
superscript m), viz., Cfm = &F + a b '  in the case of a thick asymmetric film ( Fig. 11.3a) or Zfw = 2oaF in the 
case of a thick symmetric film (Fig. IV.3.la). 

IV.3.1 . l o .  [,,*I Definitions of R ( z )  and p a = p N are given in Table IV.3.1.2 Annex (below). Film single GDS 
convention: the GDS is the thin film surface of tension; film two GDSs convention: the GDSs are surfaces of 
tension associated with the thin film surface tension ; do and $Io : contact angles defined in Fig. IV.3.2. and its 
legend. 

JV.3.1 .1 1, [+] The disjoining pressure, IID ( h ) ,  of an open, planar liquid thin film bounded by fluid bulk 
phases is defined, operationally, by the pressure shift or excess ( p a equal to the difference between the 
pressure normal to the film p~ (equal to p a ) ,  and the pressure p Y (  or bs ) of the parent bulk phase (Fig. 11.1 and 
Fig. IV.3.2). This excess pressure is associated with the film thickness under given condaions (e.g. temperature, 
composition, state of bulk phases, film area, etc.) which must be specified. Currently, the adsorption wetting layer 
disjoining pressure is defined by the expression: ng(h) . :  - (RT/Vm) In [P(h)/psat] , where Vm is the partial molar 
volume for the adsorbate in bulk liquid and dh ) and &at are the vapour pressures at equilibrium with the layer and 
with the bulk liquid, respectively. (h)>O implies a film swelling pressure. 



1682 

IV.3.1.12 

IV.3.1.13 
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A 

Fig. IV.3.2. Individual thin liquid film and thin liquid film periphery; planar, symmetric open film. 
Thin, full : liquid interface between the phase a,on the one hand, and the thin film, the transition 

zone and the bulk phase y, on the other hand, z=O: film midplane; h : film effective thickness ; R": interfacial radius 
of curvature and interfacial tension &P of the aly interface associated with Laplace pressure APu . The 

superscript 00 refers to a region far away from the planar film zone.; zOZ', zOOZ': axis of circular film; z(x), a(x) profile 
of the interface and interfacial tension in the tnrnsltlon zone; fc, r'c : contact line radius for reference systems. 

JV .3.1.14 (a) film single GDS convention. Thick full : extrapolated, constant curvature GDSs (plane or curved) 

which define the reference system volume (homogeneous phases a, a and y, in Fig. IV.S.la), the single 

(reference) contact line C (in the film, xy, plane) and two (reference) Contact angles O1u, as shown. Xf/GDS: film 

tension associated with the single GDS. [15] 
IV.3.1.15 (b) film two GDSs convention. Thick full : extrapolated, constant curvature GDSs which define the 

reference system volume (homogeneous phases 4 a and yin Fig. IV.3.lb), two (reference) contact lines C, C' 

and contact angles 0110, O'IIU; ha0 af/GDS, dlGDS: film thermodynamic thickness (Table IV.3.1.1.) and film 
surface tensions (Tables IV. 3.1.2a and IV.3.1.2b) associated with the film (two) GDSs; 1 7 ~ :  disjoining pressure 

(Table IV.3.1.2) effective on the film (two)GDSs. 

[ls]For the wetting films d y / p  (figure ll.l), the single GDS and thermodynamic contact line C are located at the 
y l  p interface. Hence, only one reference contact angle can be defined. 
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gf =(a  A ia  A ~ )  
fixed T, Vl n; 
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quantities 
associated 
with the 

IV.3.1.2 . P I  

b. Thermodynamic Definitions 

hlame/hlotesSvmbol Deflnitlon Remarks 

Film tension 
/ [.**I 

Film grand 
potential /[*I - - - - -  

Film tension 
/ [ + I  

= f  

a I0 
- -  

Ia la z f = (aA /a A!) ; fixed T ni (cbsedfilms) 

3 m  tension 
/ [*I  
Film surface 
excess . 
Helmholtz 
energy I [ t t ] 

associated 
with the 
surface area 
A f  

Film tension 

Film surface 
tension 
/ [ * * I  
Film disjoining 
xessure 
"-1 

/[t t] [t t tl - - - -  

- - - -  

I0 Q % Z ~ A ~ = A ~ % ~ ?  4 

Zf 

rl 

(single GDS, 
Fig. IV.3.la, 

A Il0 X 
A n 0 = 2 A f j  [a(z)-aY]dz+2Afj"[(z)- aU]dz 

0 X 

x = (112) h 110 
2 A" 

convention II~: 

Film grand 
potential / [a] 

Film tension / 
J2.d - - 

[*I [ + + + I  

* I10 

B f 

- -  

whole ' I  system 

convention 10: 
auantities 

. .  
Fig. IV.3.1.la) - - - - - - - -  

zf  - (aa9a A~ ; fixed ~ ,p , ,  (openfilms) 

quantities 
associated (closed films) 

with the I surface area 

(two GDSs, I Fig. IV.3,lb, 
bed T h  110 , n i  I10 

nIIo f f I10 I10 II0 

zL (a anYa A ')=2 ot n,,hI" 

= 2 0  A + IlOy = Ai - n. p 
I /  (open films) - - - - - - - - - -  

fixed T, pi 

IV.3.1.17, r] A : system Helmholtz energy, V :  system volume and n j : system component amounts of (Ref. 
"1, p. 616); aA f>O refers to film (area) dilation; Z f  : film tension; l l ~  : disjoining pressure. [**I film single GDS 
convention. a (z), a a and a7 : Helmholtz energy density in the film inhomogeneous region and bulk phases a and 
y, respectively (e.g. a(z) =q (2) in Fig. IV.3.1.lb). A : film excess Helmholtz energy; n1o film grand potential; 
other film excess quantities can be associated with the GDS(e.g. film excess Gibbs energy, do = AI', film excess 
amount of component i ,  nj'o). 

I V  .3.1.18. [,**I njIo = 
IV.3.1.1. 

A defines njIa : the film excess amount of component i ; Fjro is defined in Table 

IV.3.1.19, [+] pi : chemical potential of component i in the system.; nil*: see I"']. [ t t] film two GDSs 
convention. njI1o = 2 rjII' A f  defines njI1o : the film surface excess amount of component i ; h : film 
thermodynamic thickness ; : film surface excess concentration of component i (see Table IV.3.1 . l )  ; Zf : film 
tension; of : film surface tension; IID : film disjoining pressure. [t t t] film two GDSs convention; V1IG : film 
thermodynamic volume (see [#§Lin Table IV.3.1.1) : C?I1G: film grand potential ; Z f  : film tension ; of : film 
surface tension. 
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IV.3.1.A. Annex of Table lV.3.1.2. Mechanical and thermodynamic definitions of interfacial tension 

IV.3.1.A.1. Mechanical definition. The interfacial tension is the excess tangential tension related to the 

anisotropic distribution of pressure tensor (stress) components associated with the inhomogeneous interfacial 
layer structure (see Fig. IV.3.1A.1): the tangential component p~ (z) , tangent to the surface , and the component 

pN normal to the surface. The interfacial tension is a surface force since it is exerted at the boundary of bulk 
phases. For example, the interfacial tension uWof the liquid interface dy i s  defined by 

N.3.1.A.2. aay=*I" [PN' PT(z)lQ. 

IV.3.1 .A.3, 

surface whose location is defined by the distribution of the tangential component ([l], page 596). 

IV.3.1 .A.& 
hydrostatic pressure in the adjacent bulk phases; namely, p N = p P p a  = p"1 . 
IV.3.1.A.5. For curved interfaces, the Laplace pressure, APu, dependent on the curvature of the 
surface of tension and the interfacial tension, aaY, compensates the difference between the bulk hydrostatic 
pressures p a and p "1. 

IV.3.1 .A.6. 

The interfacial tension is associated with the interfacial surface of tension , a geometrical 

For planar interfaces, p~ is uniform over the interfacial layer and is defined by the 

Fig. iV.3.1 .A.1 .Mechanical definition of interfacial tension aaU 
IV.3.1.A.7. h : interfacial layer effective thickness; p a =  pY hydrostatic pressures of the bulk phases 
a and y , respectively; horizontal arrows: distribution of of the (anisotropic) pressure tensor components: m(z), 
pressure tensor: tangential component; p N : pressure tensor normal component (= p a =  p 7); dashed horizontal: 

surface of tension parallel to the xy plane and associated with 8. 

IV.3.1.A.8. Thermodynamic definitions. The interfacial tension is the intensive factor in the differential 

expression for the reversible work required to increase the interfacial area (conjugated extensive variable of the 

interfacial tension) under specified conditions ("1 p. 597). 

w 3 : i  . ~ . g ,  For closed interfacial layers, the interfacial tension is defined by u= ( aA a/ aA ) at fixed T 

and nlb, where the reversible surface work is expressed by the change in the surface excess Helmholtz energy, 
AQ, associated with the GDS, and dA is the variation of GDS area. Definitions of u based on various excess 

surface quantities are given in [l] (section 1.2.4.). 

IV.3.1 . A . l O ,  For open interfacial layers, the interfacial tension is defined by a = ( anQ I aA s) at fixed T 
and p i Q  where the reversible surface work is expressed by the change in the surface grand potential associated 
with the Gibbs dividing surface R' = a A  . 
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IV.3. 2. Film lnteractlon energy, surface forces and dlsjolnlng pressure 

Film interaction energy 

Iy.3.2.1. The amount of reversible work, W(h 2, required to form a planar thin film of effective 

thickness h from a bulk phase or a thick film (h =-) under specified conditions (temperature, volume or pressure, 

composition or chemical potentials, etc.) defines the change in potential energy of the system (including the film). 

The potential energy of a system including a thick, planar film with non overlapping interfacial profiles (Fig. 11.3a) 

defines the zero level of the potential energy of the thin and planar fllm (Fig. 11.3b). Hence, the workW(h ) is the 

mechanical definition of the planar fllm lnteractlon energy. This quantity is ascribed to the coupling of 

interactions associated with the overlapped interfacial structures (See LA. Annex). In the case of deformed films 

(bent, curved, etc.) the thin film interaction energy includes the various work contributions due to film deformation. 

1\1.3.2.2. 'Interaction' thermodynamic functions, related to W(h ) and film thickness dependent, are 

given in Table IV.3.2.1 for planar, symmetric liquid films, either open or closed. For example, the term fllm 
lnteractlon Helmholtz energy, A A ( ~  ), applies when the reversible process of film formation occurs 

isothermally in a closed system under appropriate volume and film area, A', conditions. AA(h ) divided by A'should 

be represented by the symbol Ad(h ). It is referred to as the film lnteractlon speclflc Helmholtz energy. 

1\1.3.2.3. The grand potentla1 change, A n ( h  ), (Table IV.3.2.1 below) is associated with the 

formation of a thin film of thickness h from an infinitely thick one and may be referred to as the fllm formation 

grand potential. This quantity is a function of various changes in film properties including the change A q  in 

the film surface excess concentration (Table IV.3.1 below). This change may occur in muttlcomponent open films. 

Surface forces and disjbining pressure 

1\1.3.2.4. The planar film quantity derived from the variation, with thickness, of the film interaction 
Helmholtz energy is referred to as either the dlsjolnlng pressure, no, (see Tables IV.3.1.2a, IV.3.1.2b and 

IV.3.2.1) or the surface force. The term disjoining pressure is more appropriate. It is preferred and 

recommended. 

1\1.3.2.5. 
'repulsive' effect (between the film interfaces), in the first case, and to a, so called, 'attractive' effect in the latter. 

A disjoining pressure may be either positive or negative. It is equivalent to a, so called, 

1\1.3.2.6. The order of magnitude of a film effective thickness where surface structure overlapping 

becomes significant is determined by the characteristic length (see 1I.A. Annex) of the interfacial structure which 

actually overlaps. For example, in the case of a thin film with overlapping interfacial electrical double layers, only the 

diffuse layers actually overlap and the effective film thickness is of the order of the diffuse layer characteristic length 

( h  ..2K.'). 

Definitions of the main disjoining pressure components and corresponding characteristic lengths are listed in 

Table 1V.3.2.2. The list is not comprehensive. 
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Ly.3.2.7. 

" d t e s v m b a l  Dellnltlon 
Film 
interaction 

energy I r] 
Film excess 
interaction 
Helmholtz 

fixed T, nj, V, A (cbsed system) 

MIa A da(h) =2uayw (coSb -1) A f  

energy I 
[,-I I I fixed T, nf?A (film closed interfaces) 

Filmsurface I I Y 

Rm IIa 
interaction I I AQEo = A G  / A f  

I I fixed T, pi , A '  (open interfaces) 

Remarks 

definitions 
based on 
observed 
mechanical 
quantities : 

z! o?q) 

thermodynamic 
definition : 
[a convention 
( Fig. IV.3.la, 
Fig. IV.3.1.la) 

thermodynamic 
definitions: 
[b convention 
(Fig. IV.3.lb, 
Fig.lV3.l.lb) ; 

cbsed film 
interfaces: 
fixed T, n .IIq 

J A f 

51 : grand 
potential of the 
system 

shift in 
film surface 
excess 
concentration 

JV.3.2.8. [ ' ] W ( h )  : reversible work supplied to the system on film formation; h : film effective thickness (Table 
IV.3.1.1 & Fig.IV.3.1); Zf :  film tension; OW: aly interfacial tension (Fig. IV.3.2) 

lV.3.2.9, ["I AA(h ): system Helmholtz energy change on isothermal film formation ( A A ( h )  = W ( h )  ); 
definition consistent with that of film disjoining pressure,nD, in Table IV.3.1.2b, line 2. 

IV.3.2.10. [.**I W ( h )  when film single GDS convention (see Fig. IV.3.2a) is used for defining Zf. 

IV.3.2.11 , [t] AAIIa and AGD[o: surface excess Helmholtz energy and film interaction Gibbs energy on 
isothermal thin film formation defined by the film two GDSs convention (Fig. IV.3.2b); definition consistent with that 
of li'~ in Table IV.3.1.2b; A~no:  film surface interaction Gibbs energy defined per unit surface area of the film. 

IV.3.2.12, [+ +I AQ (h): system grand potential change on formation of open surface thin films of film effective 
thickness h. a h )  has two forms corresponding, respectively, to the application of convention 10 or IIo for defining 
Z f  (see notes [ t] and [t t +]) of Table IV.3.1.2. 

J V  .3.2.13, [ + t t] qna, nap: thin film surface excess concentration of component i and thick film surface 
excess concentration of component i (definition of fino in Table IV.3.1 .l.); dro, u CrP. (defined in Fig. lV.3.2b). 
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Long-range 
dlsperslon 
(van der Waals) 
component / ["I i-r Hamaker constant 

Short-range 
solvatlon 
(structural ) 
component / [""I 
Long-range 
adsorpt Ion 
(excess) 
component / [,**I 
Long-range 
electrostat Ic 
(ionic) 
component / [+] 

Short- or long- 
range steric 
component / [t t] 

elastlc 
(distortion) 
comonent / [t t +] 

1\1.3.2.14. 

Aa$>O 
attractive 17, . Aa@ n,= - - 

67t h3 A-<O 
repulsive nrn 

Us ( h  :oscillatory(monotonous) 
decay with h (simulated 
and observed) 

homogeneous 
and continuum 
film 

periodic, exponential 
distribution of density / 
(correlation length 5 )  

I 

I diffuse adsomtion 

&(h)  :excess pressure 
maintaining the ionic 
diffuse layers overlapped 

nst (h) :excess pressure 
maintaining the 
interpenetration of 
molecular segments 

maintaining the thin 
film inhomogeneous 
molecular orientation 

4, (h) :excess pressure 

Boltzmann distribution 
of counter and co-ions 
/ ( Debye screening 
length K-' ) 

sub-surface distribution 
of molecular segments 

interfacial layers with 
dissimilar molecular 
orientations I 
(coherence length c) 

generally 
repulsive 
"SO 

repulsive 
or 
attractive 

repulsive 
or 
attractive 

mainly 
repulsive 

repulsive 

J V . 3 . U  ['I Definitions applicable to S/US and UUL planar films; a) asymmetric film a$ (Fig. 11.3b) of a non 
polar liquid y ; n,: dispersion component of disjoining pressure; Aa : Hamaker constant; (non-retarded 
dispersion interaction) Aa (h): Hamaker parameter is a function of Tp in the range of retarded dispersion 
interaction (see also Section ? I Annex ); 

IV .3.2.16. ['*I nS( h ):  disjoining pressure solvation component: (short-range, decaying and oscillatory 
function of h observed with liquid films bounded by nw/ecu/ar/y smooth surfaces (e.g. SIUS); examples: i) non 
polar liquid films bounded by non polar solids; ii) water thin films bounded and orientated by hydrophilic solids; iii) 
nematic liquid crystalline thin films anchored (fixed orientation) at their boundaries; 5 : (molecular size) positional 
correlation length (see Section 1I.A Annex) characterizing the "exponential" decay of the oscillation (aexp [-N{]); 

J V  .3.2.17, [***]na(h ): disjoining pressure adsorption component: excess disjoining pressure of an actual thin 
film with overlapped diffuse layers, l 7 ~  (h), over that of a homogeneous film of bulk solution (concentration F )  of 
thickness h, (h )<O (negative 
excess pressure, attractive effect) corresponds to film depletion (exclusion of constituents). 

IV.3.2.18. [+ ]  ne(h ): disjoining pressure electrostatic(ionic) component: deriving from ionic interaction 
energy between overlapping double layers; J&(h ) decay is "exponential" at low film surface charge and potential, 
the characteristic length being the Debye screening length, K-' = (eRT/2F21)li21 where E ,  R,T,f,l are bulk 
permittivity, gas constant, temperature, Faraday constant and ionic strength (Section 1I.A. Annex). 

IY.3.2.19, [+  +]  li'st(h): disjoining pressure steric component arises in thin fHms from the interpenetration of 
segments of overlapped interfacial layers of (long chain) molecules or macromolecules; the range of nst(h) (short 
or long) depends on the average molecular or macromolecular conformation (e.g. radius of gyration of 
macromolecules, etc.). 

JV.3.2& [+  + +]  &l(h ): disjoining pressure elastic component; applicable to planar films of liquid crystals 
anchored (strongly fixed and orientated) at the film boundaries (see Section 1I.A .Annex). 

( h ,  F): the pressure (h) maintains the film in the "overlapped state"; 
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IV.4. PERIPHERY OF INDIVIDUAL FILMS. PHYSICAL QUANTITIES AND GEOMETRICAL 

PARA METERS. 

l V . 4 . 1 ,  The periphery region of a liquid film is often referred to as the fllm menlscus on account of the 

curved shape of its interfaces (Fig.lV.3.2). The terminology related to the circular meniscus of the simplest model 

for the liquid films, viz. the open, planar, symmetric, individual liquid film, in the absence of external forces (e.9. 

gravity), is dealt with below. An example of such a film is the individual foam film, VILN, separating two small 

contacting bubbles (phases a) within a liquid (phase y) (Fig.lV.3.2). The case of deformed thin films, i.e. curved 

(bent), dilated (stretched) or twisted films, is not dealt with. 

J V . 4 . 2  The term transltion zone refers specifically to the inhomogeneous region of a film periphery. In 

this region, local properties (composition, interfacial tension, a(x), disjoining pressure, nD(x), etc), which are 

different from those of both the film and the three coexisting bulk phases (a, a and yin Fig.lV.3.2.), may vary in 

both the normal, z, and in the film plane (x and/or y) directions. In the case of individual films, the transition zone 

covers completely the film periphery [161. Quantities and parameters which are specific to, and characterize, the 

transition zone of the film periphery, may be defined (see below and Table IV.3.2.1). The specific quantities of the 

tilm periphery are relative to its unit of length. 

JV .4 .3 .  The term flim line tension, K, refers to the reversible work per unit change of length of the film 

periphery under specified conditions (e.g. chemical and temperature equilibrium, external force effects, etc.). The 

line tension is equivalent to a force tangential to the film. The contractile line tenslon is taken as positive 

when it opposes the dilation of the film contact line. 

JV.4 .4 .  The line tension is an excess quantity which derives from the inhomogeneous transition zone of 

the meniscus. It is the one dimensional, lD, analogue of the 20 interfacial tension (see IV.3.1.A. Annex of Table 

iV. 3.1.2.) or thin film tension (Section IV.3.1.). The definition of the excess quantities which characterize the film 

meniscus and follow from those used to define the excess quantities characterizing films and interfaces. The 

system comprising the coexisting bulk phases, the interfaces, the thin film and its periphery, are compared to a 

reference (ideal) system consisting of homogeneous bulk phases, particular GDSs (thick lines in Fig.lV.3.2) and 

contact line@) (Fig. IV.3.2a and Fig IV.3.2b). A particular GDS is the extrapolated surface of tension 

associated with the film tension Zf(or d) or with the (bulk) interfacial tensions aCFP(see Fig.lV.3.2a and Fig IV.3.2b, 

Table iV.3.1.2a and IV.3.1 .A. Annex of Table IV.3.1.2). The intersecting extrapolated surfaces of tension define 

the reference contact lines (e.g.C in Fig.lV.3.2a). The quantities contact llne length, LC, of a reference 

contact line and the associated film contact line excess quantlty (e.g. the line tension K), characterize the 

film periphery region. 

JV.4 .5 ,  Since a thin film may be defined either in terms of the film single GDS convention, ID, or the film two 

GDS convention, 110, (Section IV.3.1), two corresponding reference systems (see (a) and (b) in Fig.lV.3.2) may be 

used for defining the film periphery and the associated excess quantities. This is illustrated below in the particular 

case of an individual, planar, symetrical and circular thin film. 

[16] The term Plateau border applies in the case of liquid films supported by bulk surfaces, frames or other films 

(as in foams). For them, the region intermediate between the film proper and the film support includes some bulk 

liquid (ref. [']page 613). 
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IV.4.6, If the film single GDS convention is used, then, one equilibrium reference contact line (C in 

Fig.lV.3.2a) is obtained at the intersection of the extrapolated single GDS of the film with the two extrapolated 

GDSs of the meniscus interfaces(as in Fig.lV.3.2a). The film line tension, I C ~ ,  defined by the condition of 

thermodynamic (thermal, chemical and mechanical) equilibrium of the film with its surroundings, is effective in the 

plane of the single surface of tension of the film ( e.g. along CO in Fig.lV.3.2a). The condition of mechanical 

equilibrium for the reference system (film, interfacial surfaces of tension and film line of tension) defines the 

reference contact angle (Fig. IV.3.2a). 

I V  .4 - 7 ,  The film two GDSs convention leads to two equilibrium reference contact lines (C,C in Fig.lV.3.2b), 

since, each reference (extrapolated interfacial) surface of tension intersects separately with one of the two 

extrapolated surfaces of tension of the film. In this case, the condition of thermodynamic equilibrium between the 

film and the surroundings, defines two types of line tension: a line tension , associated with each of the two 
surfaces of tension (GDSs) of the film (e.g. along CO and CO' in Fig.lV.3.2b), and a transversal tension t 

associated with, and effective on, each contact line in the direction normal to each surface of tension of the film 

(e.g. along CC' in Fig.lV.3.2b). As in the case of the 10 convention, the reference contact angles are defined by 

the condition of mechanical equilibrium for the reference system (surfaces of tension of the film and of the 

interfaces, and the film line of tension). 

J V  .4.8, Of particular interest for the characterization of the periphery of individual, open, symmetric, planar, 

circular liquid films in the absence of external forces are the parameters defined below and the quantities defined in 

Table IV.3.2.1. 
IV.4.9, -h (x), the profile of the liquid effective thickness in the transition zone (viz., z(x) the profile of the 

meniscus surface, Fig.lV.3.2.); 

IV.4.1 P, -R-, interfacial curvature radius of the surface of tension in the meniscus region (away of the film 

and the transition region) where the interfacial tension becomes equal to m (see Fig.lV.3.2) and the Laplace or 
capillary pressure is AP,, = @FIR - ; R- is also the radius of curvature of theextrapolated GDSs that define the 

reference systems for the liquid films (see example in figures IV.3.2.a and b).; 
IV.4.11, -ri, circular film reference contact line radius (C and C defined in Fig. IV.3.2.a and Fig IV.3.2b ) ; a 

film contact line lies in the corresponding surface of tension of the film; 
IV.4.12, -&,film reference contact angle defined (within the phase y), exclusively, at a reference contact 

line, by the extrapolated surfaces of tension of the film and interfaces (as shown in Fig. IV.3.2a and Fig IV.3.2b). 

IV.4.13, The geometrical parameters relative to the reference system considered above and the analogous 

apparent parameters (e.g. obtained by optical methods) are essentially different. The mechanical equilibrium of the 

thin film periphery cannot be described rigorously in terms of the apparent parameters. 

Film periphery effect. Definitions of circular film properties 
JV.4.14, The definitions of the disjoining pressure and of the film formation energy given in sections IV.3.1 

and IV.3.2. do not apply to small circular films. A small circular film is the 20 analog of a small spherical 3D droplet 

where Laplace pressure contributes significantly to the average properties of the droplet material. 

J V.  4.1 5, Definitions correct for circular films are obtained by combining those for the planar (rectilinear) films 

(Tables IV.3.1.2a, IV.3.1.2b and IV.3.2.1) with the definitions for the periphery quantities(Tab1e IV.4.1). The 

examples below, given in the case of the convention 10 (single Gibbs dividing surface), demonstrate the film size 

effect on the definitions of circular film properties. 
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film periphery 
line tension 
(thermo- 
dynamic 
definition) [.I 
length of 
(reference) 
contact line 
oftension [“I 

film line 
tension Ye1 

film (surface) 
line tension 

film (contour) 

- m e - . -  

[“QI 

Interaction energy 

Disjoiningpressure 

W = A((CfA + KLIC ) = 4 A  ‘(C‘+21r/ rJ1 (Caveat : t p a y  vary on film formation) 

n D = - ( a A / a h ) ( A y 1  (fixed T, V, ni, fJ (Caveat: f,needstobefixedonfilmthinning) 

K 

L IC 

L~~ 

IC K 

- 
IIC 

Iv.4.18. 

film line 
tension [*el 

film (surface) 
- - - -  
line tensioi, bl 
film (contour) 
transversal 
tension 

K IC - .  
IIC 

1 reversible work of the surroundings 

unitof film periphery linear dilation 
I 4 

(specified conditions) 

contact lines defined in Fig.lV.2.2a and 
IV.2.2b 

N 

N 

N/m 

N 
- -  

N 

Remarks 

specified 
conditions: 
fixed T, V, 
Aandp 

convention 
10 (Fig. 
IV.3.2a) 

- - -  
conventior 
IIo (Fig. 
IV.3.2b) 

conventior 
Io (Fig. 
IV.3.2a) 

- - -  
convent io r 
IIo (Fig. 
IV.3.2b 

IV.4.17, [‘I Vand A : system volume and area (system: bulk phases, thin film and interfaces). K : film line 
tension: intensive factor in the differential expression for the reversible work required to dilate the film periphery; 
(“1 superscripts IC and IIC: recommended for symbols of single (two) reference contact line@) and associated 
quantities by analogy with superscripts 10 and IIo applicable in the case of thin films (see section IV.3). 

Iv.4.18. [“‘I T h e r m Q d U w  ic definitiom. [.**a] Conventions 10 and IC. R IC = KIC L Ic : single contact line 
grand potential of a thin film. The contact line and the associated film line tension lie in the surface of tension (fig. 
IV.3.2a); [“‘b] conventions IIa and IIC. Qnc = ( 2 xDc + 7 hnc )L  IIC : contact line grand potential defined for the 
film thermodynamic thickness h (figures IV.3.1 b and IV.3.2b and Table IV.3.1.1.). The film surface contact lines 
and film surface line tensions KIIC lie in the two surfaces of tension defined for the film (fig. IV.3.2b); the film 
transversal tension 7I1C associated with the two reference contact lines is normal to the film surfaces of tension 
(direction C C  in fig.lV.3.2b). 

Iv.4.19. [+IMechanrca ’ I definitions. (+a) Convention Ia and IC: the film line tension is defined by the condition 
of mechanical equilibrium of the reference contact line, subject to the effect of surface tensions associated with the 
reference surfaces which intersect at the single contact line; @Ic E @Io, &PO’ and f c  : reference contact angle; 
surface tension and contact line radius of curvature defined in fig. IV.3.2a ; ( 6  b) Convention IIa and IIC: the film 
surface line tensions and film transversal tensions associated with the reference contact lines are defined by 
individual conditions of mechanical equilibrium applicable to each one of the two contact lines defined for the thin 
film; OIIC I @IIa,c&”, f lea: reference contact angle, surface tension, contact line radius of curvature ( fig. IV.3.2b). 
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IV.5. COMPRESSION ISOTHERM OF PLANAR FILMS AND STABILITY OF EQUILIBRIUM 

STATE 

IV.5.1 The term fllm compresslon Isotherm refers to the curve representing the isothermal variation 

of any (film) property with film thickness h. Calculated (simulated) and experimental compression isotherms, nD-h 

and W-h , are available for the disjoining pressure, nD, or the film interaction energy, W, defined in Tables IV.3.1.2 

and IV.3.2.1, respectively. 

IV.5.2, Experimental, equilibrium film compression isotherms represent the reversible isothermal variation 

of planar film thickness, h, when an excess pressure is applied to compensate the difference between two bulk 
pressures, A P  = p7 -p =nD (defined In Table IV.3.1.2). For example, A P  may be compensated either by a 

hydrostatic pressure, equal to (p -p), by the Laplace pressure AP,,, defined by the film meniscus surface curvature 

and tension (Fig. IV.3.2) or, for the S N S  films, by pressing on the solids, S. 

Iv.5.3. In the case of force-film thickness compression isotherms observed with S/US films bordered by 

convex interfaces, the reported experimental isotherms are often curves representing the variation of an effective 

film interaction Helmholtz energy with an effective film thickness. This energy definition is Weff(h [F/g(R)], 

where F is the force applied when the gap between the appexes of the convex boundaries is equal to h and 

g(R ) is a geometrical factor that depends on the main radii of curvature R of the film curved boundaries. A 

geometrical factor used, currently, for films bounded by the surfaces of two crossed cylinders is g=2xR. It is 

referred to as Derjaguln's approxlmatlon. It is recommended that the term effective or equivalent be used 
when referring to Weff(hmin)=[F/g(R)], sinceW,lt(h,i,,) is the interaction energy of an equivalent planar film hmin thick. 

IV.5.4. The equilibrium of a planar, rectilinear or relatively large circular thin film is referred to as film stable 

equlllbrlum (in a given range of film thickness) when the gradient of the isotherm, ( a n D / a h )  is negative at fixed 

T, pi, and A'. It is referred to as fllm unstable equlllbrlum when this gradient is positive. The equilibrium stability 

condition is (anD/ah  ) c0 at fixed T, pi , A f  (and fc for the planar, circular liquid films). The terms film stablllzlng 

component and fllm destablllzlng component apply to the disjoining pressure contributions which are 

positive or negative , respectively. The equilibrium stability of certain thin films (e.g. wetting thin films) Is subject to 
the additional condition that n p 0 .  

I V  -5.5. The term DLVO Isotherm (Derjaguin-Landau-Vervey-Overbeek) refers to the theoretical 

isotherm applicable to liquid thin films with overlapped ionic double layers where there are only two contributions to 
n, : 

IV.5.6. nm (destabilizing dispersion component) and n e  (stabilizing electrostatic component). This 

combination may result in a variety of 17, -h theoretical curves having two minima (Fig. IV.5.1.): a shallow minimum 

referred to as secondary mlnlmum and a deeper one referred to as prlmary mlnlmum. 

IV.5.7. The term black film is generic. It applies to films which are characterized by a very small reflectance 

of visible light and, hence, look black. The term common black film, CBF, refers to a stable black film 

characterized by an equilibrium thickness h in the range of the left-hand branch of the secondary minimum (Fig. 

IV.5.1). A stable, black film of thickness h in the range of the left-hand branch of the primary minimum is referred to 
as Newton black fllm, NBF. In the case of SUrfactant black films, GI (CH ) designate the bulk concentrations of 

the surfactant solution, above (at) which CBF (NBF) occur. A discontinuous change (Fig. IV.5.1.) of black film 
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h 

n 

minimum 

primary 
minimum 

thickness (CBF-NBF), is referred to as a fllm thlckness tranrltlon (between two states of equilibrium). For 

example, such a transition may be initiated by the nucleation of Newton black spots in a CBF, which grow and lead 
to uniform and stable NBFs. The symbol designates the critical electrolyte concentration for which a 

CBF-NBF 

IV.5.8, 

Fig. IV.5.1. Compression isotherm of a UUL film with overlapped ionic double layers. 

Full line: DLVO isotherm; dashed: film thickness transition; CBF(common black film) ; NBF(Newton black film); 
AP (= L'D ) : pressure needed to compensate the disjoining pressure and maintain the film equilibrium thickness 

h =h! 

Iv.5.9. The term solvatlon Isotherm (hydration Isotherm in the case of aqueous films) refers to the 
oscillatory decay function L'D -h specific to the liquid thin films which characterizes the discrete behaviour of thin 

liquid films several molecular diameters thick which are bounded by molecularly smooth solid surfaces (e.g. cleaved 

mica). The isotherm is a combination of an oscillatory, repulsive, short-range solvation component, IT,, and of an 

attractive long-range component , n, , involving also the interaction between the adjacent solids. 

JV.5 .1  Q, The following Table IV.5.1 summarizes the range of liquid film effective thickness (wetting films 

included) corresponding to significant values of certain disjoining pressure components (see also Table lV.3.2.2). 

Corresponding characteristic lengths are also shown in Table IV.5.1. This term refers to the scale which 

characterizes a disjoining pressure isotherm and is, often, related to the characteristic length specific to the 

overlapped interfacial layers of the thin film (e.g. case of the disjoining pressure components of films stabilized by 

adsorbed macromolecules or ionized surfactants; see 1I.A.Annex of Section 11). The characteristic length of the 
dispersion component has not been defined yet. A proposal for such a definition and a symbol, I,,, , can be found in 

the caption [""I of Table IV.5.1 below. The list of the components in this table is not comprehensive. 
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VS.l.\ 
P 

Banrze "I ["I 

nS: short-range solvation, structural [***I - 
III]I L$.t: stericp] - steric characteristic length 

"h : hydrophobic [*] 
I hydrophobic "Characteristic length "[++I 

5 : molecular pair correlation length ["*I 

ne : electrostatic (ionic) [+++I 
I Debye screening length K - 1  [+*I 

riel: long-range elastic (distortion) ["I 
( : coherence length ["I 

nm: bng-range dispersion [""I 
I,: dispersion characteristic length [""I 

I I I I 
I 1 I 

1 10 100 1000 

Film effective thickness and characteristic lengths; 
scale : molecular diameters 

& 

I V  3 . 1 2  r] Range of film effective thickness and characteristic length corresponding to significant values of 
various components under various conditions; unit of scale = one molecular diameter. 

IV.5.13. r*] Disjoining pressure components (defined in Table lV.3.2.2) and characteristic lengths of 
interfacial structures (defined in II A.Annex of Section 11). 

JV.5.14, [,**I ns(h ): disjoining pressure solvation component; 5 : molecular pair correlation length; films 
several molecular diameters thick, with discrete compression behaviour (steps); see 

J V  .5.15, [+ ]  nst (h ): disjoining pressure steric component; films several molecular diameters thick 
(molecules or macromolecules); unit of scale: one molecular or macromolecular effective diameter depending on 
molecular conformation and/or orientation in the film (e.g. 2Rg) where Rg is the macromolecular radius of gyration 
(relevant to a gaussian radial distribution of macromolecular segments). The steric component and its characteristic 
length are scaled using molecular diameters for molecular or macromolecular stabilized films. 

IV.5.16, [+ e ]  nh(h ): disjoining pressure hydrophobic component; this range and the disjoining pressure 
hydrophobic component: characteristic length are defined operationally. 

IV.5.17. [+ ++ ]  ne(h): disjoining pressure electrostatic (ionic) component; K-': Debye screening length; 
scale unit : d is the diameter of a water molecule; the range shown corresponds to supporting electrolyte 
concentrations : - 10-1 M. 

I V  .5.18, ["I nel(h ): disjoining pressure elastic component; standard theories predict infinite coherence 
lengths, C , at certain transition temperatures, for certain llquid crystals(e.g. nematic). 

J V  3 . 1  9. [""I nm(h ): disjoining pressure dispersion component; suggested disjoining pressure dispersion 
component : characteristic length, I m  z , where ;3c is the specific wavelength in the absorption spectrum of 
interacting species which gives the maximum contribution to the dispersion interaction (see end of IIA.Annex of 
Section II) and footnote [9] In page 9. 

in Table lV.3.2.2. 
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IV.6. FILM DYNAMICS 

IV.6.1. Fllm dralnage 

On film drainage, (see IV.6.2), the outflow of lhuid from the film core may be driven by the gravitational force, a 

normal (squeezing) stress or the disjoining or capillary pressures. The forces opposing liquid outflow may be due to 
both film core and interfacial viscous stresses (see IV.6.2. below) and are dependent on the system rheology. 

JV.6.1.1,  The film interface where liquid flow may occur (e.g. V l W  or UUL films) is referred to as mobile 

interface. In the case of a zero surface flow rate (e.g. for S/L and certain liquid interfaces with adsorbed layers) 

the surface is called immobile Surface. 

Jv .6.1.2,  The Marangonl effect designates the hydrodynamic motion of the fluid next to its surface where 

an interfacial tension gradient has been established. This term appears in reports on drainage of films with mobile 

surfaces, since, when the outflow of liquid core causes a surface tension gradient a surface fbw occurs and 

opposes the gradient. 

JV.6.1.3,  The thlnnlng rate of draining planar films is defined as the rate of decrease in film average 
thickness (-dhldt). The symbol v,, P - (dh /dt)R,, where Re stands for "Reynolds", designates the so-called 

Reynolds rate of thlnnlng. In the case of circular, non-deformable planar films bounded by "immobile" 
surfaces where the film core liquid outflow is laminar, the expression of v R. is : v R. = [2 /+ (1) I 3  q r q  A f  where q is 

the liquid film core viscosity, r the film radius and A f  an external stress normal to the film. 

J V . 6 . 1 . 4  The term dlmple designates the region of a draining liquid film, with a one or two deformable 

interfaces, which exhibits particular interfacial shapes (e.g. bell-shape), Instead of the interfacial curvature of the 
equilibrium film. For example, a circular dimple is characterized by its radius rand the two thickness parameters 

and bin , shown in Fig. IV.6.2.1. below. 

I 
Fig. IV.6.1 .l. Dimples of draining, horizontal, circular liquid films 
left: film with deformable interfaces; right: film with a single deformable interface. 

IV.6.2. Fllm stablllty and related parameters 
JV .6.2.1 Fllm stablllty is a generic term which refers to the response of the drained film to mechanical and 

thermal perturbations. 

JV.6.2.2,  Associated with fllm rupturlng is a probablllty of rupturlng defined as the percentage of 

films that have ruptured within a given time interval. This probability plotted against the film mean thickness 

displays a maximum at a thickness referred to as crltlcal fllm thkkness. 
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1V.6.2.3,  Film rupturing may be spontaneous or forced. Forced rupturing applies when films are subject 

to an external force (e.g. electric fields, radioactive a-radiation, etc.) ; spontaneous rupturing applies when 

thermally excited ripples (on the film interfaces) are coupled coherently . Two types of coupling of interfacial film 

ripples are defined in figures IV.6.2.la & V.6.2.lb. They are referred to as squeezlng mode and bendlng 
mode, respectively(1~. For example, the probability of rupturing is significant mainly in the squeezing mode. In 
this mode, the crltlcal thlckness he and crltlcal wavelength & are defined by the mean thickness and 

thickness fluctuation wavelength for which the film rupturing probability is maximum. 

lv.6.2.4. 

a: film squeezing rode b:fiimberKUngmode 

Fig. IV.6.2. 1. Modes of film deformation due to coupling of interfacial ripples. 

J V . 6 . 2 . k  Film rupturing stability is characterized by a parameter referred to as film life t h e ,  T. It is defined 

as the total time interval necessary to drain and rupture the film. In the case of film thickness transition, T includes 

also the time for black film spot nudeation and growth (see section IV.5). 

J V . 6 . 2 . L  Parameters characterizing the response of planar, non-rupturing liquid films to mechanical 

perturbations are defined below . The types of deformation considered are those referred to as film dllatlonal 

deformation, film shearing deformation and film compresslon (no bending nor twisting). 

JV.6.2.7,  The film elastlclty modulus is defined by analogy to the Young modulus for bulk phases 
reference ([4] page 29) and is currently noted Y$ or €lf.lt is defined as the ratio of excess pressure (stress normal 

to the film) to the relative variation in film thickness (linear compression): Y$or €$=-(aP/ a Inh ) [N/m2] at 

constant surface area and shape of the film at equilibrium. 

J V . 6 . 2 . L  The dllatlonal elastlclty modulus or Glbbs elastlclty modulus of a thin film, noted €',is 

defined as the ratio of change in film tension, 8' ,to the corresponding change in film area A : 15'- ( aZf/ a In A f, 

[Nlm] at constant curvature and shape of the film (e.g. increasing the area of a planar and circular large area film). 

This definition is operational. It is relevant for the Gibbs convention (10 or Ifc) applied to define Zf. 

["I The two modes in Fig. IV.6.2.1 are referred to as symmetric and anti-symmetric Lamb waves, in acoustics. 
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lV .6 .2 .9 .  The film shear modulus or film shear r l a ld l t v  modulus, Gf, applies in the case of 

deformations involving a film shape change at constant surface area and curvature. For example, when a square 

film becomes a rectangle, the deformation is referred to pure shear deformatlon and as simple shear 

deformatlon when the deformed film does not remain rectangular. When necessary, the use of the complete 

term ,viz., shear rigidify modulus , is recommended, since, rigidify is often applied also in the case of bending and 

twisting film deformations. 

IV .6 .2 .10 .  

are referred to as fllm dllatlonal vlscoslty and fllm shear vlscoslty. 

The surface and bulk viscosities associated with the dilational and shear deformations of the film 

I V .6 .2 .1  1 

Then, the instantaneous and local film tension is referred to as the dynamlc fllm tension. 

Under dynamic conditions, the planar film tension may be time and rate of deformation dependent. 

IV .6 .2 .12 ,  The term Glbbs-Marangonl effect refers to the film stabilizing effect due to inflow of liquid into 

the film core, provided the liquid inflow is induced by film surface tension gradients (occuring, for example, in the 

case of very high rates of dilational deformation of films). 

IV. 7. CHARACTERIZATION OF LIQUID FILMS 

Thickness, area, film tension, line tension, disjoining pressure, capillary pressure (Section IV.3.) and their 

combinations (e.g. disjoining pressure/ thickness or circular film radius/contact angle isotherms) are important 

mechanical characteristics of liquid films. Information on the molecular structure and other properties of the liquid 

films may be obtained by using spectroscopic, electric, etc. approaches. Methods used to characterize the liquid 

films at mechanical equilibrium, mainly, are listed in the following Table IV.7.1. The list is not comprehensive. 

The methods listed in Table IV 7.1 below are for liquid films. In this table, the characterization methods are listed in 

the first and second column, such that the methodologies (second column) associated with a given technique 

(first column) appear in a distinct column. For example, both the (usual) two-beam reflected interferometry and the 

topographical method are optical methods for assessing liquid thickness. Sampled area scale (fourth column) 

refers to the order of magnitude of the area or length which is sampled, i.8. effectively investigated by the 

technique and methodology under consideration (e.g. 100 sq. pm in the case of Newton rings seen in a 

microscope; lsq. mm in the case of the 'topographic" method). Primary information (third column) refers to the raw 

information (usually experimental data) needed to obtain further information (viz. by interpretting the data) which is 

then referred to as derived information (fifth column). An example of primary information is the observed 

interferometric pattern (e.g. Newton rings) and the calculated optical thickness (path length). The equivalent film 

thickness is the information derived by using the bulk refraction index of the solution from which the film is 

prepared. Under the heading Caveats (sixth column) are listed factors and basic "traps" limiting the validity of the 

derived information (column five) and hence of the data interpretation and of final conclusions (based on the 

might be needed for deriving the interpretation). For example the assessment of the film material refractlonlndex 
real film thickness from the corresponding primary information. 

* .  
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film equivalent thickness, 
film texture, global 
domain orientation information 

vibrating bond no access to 
identification; molecular 
film equilibrium and angle 
dynamic composition, distribution 
order parameter, 
tiR (average); 
order/disorder transition 

rechniaues 

m d  

rnm2 

100 p d  - 
1 mn? 

1-100 mm2 

Iptical 

ieutron beam 

mean-square amplitude surface and 
of film surface ripples; film 
disjoining pressure contamina- 
components: dispersion & tion sensitivt 
electrostatic 

time evolution of film surface and 
deformation (squeezing, film 
bending) modes; film co ntami na- 
dynamic surface tension tion sensitiw 
and viscosity; disjoining 
pressure components 

thickness or/and refractive 
refractive index["] index might 

be needed 

neutron refractive index averaged 
profile, film structure, small scale 
thickness, interfacial inhomoge- 
capillary ripples neities 

Methodoloav 

interference 
microscopy 
(visible light) ; 
differential 
interferrometry 
(topographical 
method) 

polarized light 
interference 
microscopy 

vibrational 
spectroscopy : 
FT- IR, and 
Raman; 
UV. visible. 

light diffraction : 
time averaged 
scattering 

light diffraction : 
dynamic light 
scattering 

ellipsometry and 
Brewster angle 
microscopy 

specular 
reflection 
at various 
wavelengths A 
and incidence 
angle 8 

interferometric 
patterns: 
Newton rings for 
Plateau border, 
fringes etc; 
optical thickness; 
film geometty (static 
and dynamic) 

interferometric 
patterns; 
optical thickness, 
birefringence 

absorption spectra, 
light scattering 

mean scattered 
intensity vs. directior 
(scattering angle) of 
diffracted wave ; 

time fluctuations of 
scattered light 
intensity 

ellipticity ["I; 
optical ihickness 

reflectivity vs 
wavelength A, 
incidence angle 8 
and V], 
interference pattern 

film thickness and 
thickness inhomogeneity; 
profile of transition zone; 
contact angle film hulk ; 
Plateau border surface 
curvature & capillary 
pressure;film tension, 
film line tension, 
permeability, 
diffusion coefficients 

separate 
assessment 
of film local 
refractive 
index (es) 
is required 

r] The quantities concerned by the methods of characterization in this table have been defined in sections IV.1- 
IV.6. 

['*I Elllptlclty (of the reflected radiation) is the ratio of amplitudes for electric fields polarized parallel 
and normal to the incidence plane; thickness andrefractive index are obtained by the ellipsometry referred to as 
spectroscopic. m. [,+*I IC= 41c sin@/A is referred to as momentum transfer. 
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Iv.7.4. 

recnnlcruas 

nechanical 

?lectrical 

adiotracer 
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U l e i F  IV.7.1. ! 

mechanical 
stress normal to 
film : dynamic or 
static conditions 

film tensiometr) 
[of macroscopic 
planar, strechec 
lilms); 

dc, ac 
experiments 

dielectric 
experiments 

radiochemical 
analysis 

normal to film: 
capillary or 
hydrostatic 
pressures or normal 
stress 

film area and tensile 
force; 
capillary pressure 01 
curved films 

film conductance (in 
plane) 

capacitance, 
permittivity 
(dielectric constant) 

film radioactivity 
(emissionhnit film 
area) 

disjoining pressure: 
isotherms, characteristic 
lengths(**], Hamaker 
constant; film stabilisation 
rheology, Gibbs I 
Helmholtz energy of 
interaction; elastic 
modulus 

interaction Helmholtz 
energy; 
film contact angles, 
rheological parameters 
(shear, dilational) 

equivalent thickness of 
aqueous layers in cornpiel 
films; 
ion transport numbers in 
the film 

equivalent film thickness 

lilm surface area and 
average surface 
composition 
(concentration of 
radiolabeled 
moleculeshnit film area) 

Caveats 

evaporation; 
mechanical 
artefacts 
(vibrations); 
contaminatic 
n sensitive; 
thermody- 
namic 
conditions 
(T ,  P, etc.) 
ambiguous 

as above 

thickness 
calculation 
involves 
bulk compo- 
sition and 
conductivity 

information 
dependent 
on the 
Permittivity 
assigned to 
the film 

accuracy of 
film 
composition 
is 
dependent 
on the 
Cali brat ion 
met hod ; 
device 
geometry 
dependent 

['I The quantities concerned by the methods of characterization in this table have been defined in sections IV.1- 
IV.6. 

[*'I Characteristic lengths are defined in 1I.A. Annex to section II. See also Table W.3.2.2 and Table IV.5.1. 
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V. 1 ORGANIZED ORGANIC LAYERS 

The strongly growing interest in organic monolayer assemblies is due to the fact that chemists are becoming 

increasingly aware of the importance of constructing organized aggregates of molecules. These have potential 

interest in any field which require materials with basically new properties depending on the exact location of each 

molecular component. 

v . l . l .  The generic term organlrate refers to organized molecular assemblies where each molecule has 

its individual purposely planned place. Supramolecular machlnes or supramolecular devlces are 

assemblies of basic, molecular functional units, each contributing to the achievement of a specific complex 

function. "Supramolecular machine" may apply even to a very simple arrangement. For example, a dye molecule 

and an electron acceptor molecule, fixed at some separation, are basic functional units designed to form a 

photoinduced electron transfer unit which acts as a machine consisting of fixed parts (dye and acceptor) and 

moving parts (photon, electron). The term supramolecular englneerlng refers to the engineering of 

supramolecular machines and organizates, as well as of organized monolayers and monolayer assemblies. 

v .1 .2 .  A monolayer, either floating (see definition of floating monolayer in section II), deposited on a solid 

substrate (see section V.1.2.la) or adsorbed from solution (see section V.1.2.1 b), exhibiting structural order at the 

molecular scale, is referred to as an organlzed monolayer or deslgned monolayer when the organization of 

the molecules within the monolayer is purposely planned at the molecular level. The term designed 

(organized) monolayer assembly applies to multilayers of monolayers superimposed in a purposely planned 

sequence. 

v.1 .I. Floatlng monolayers 
y. 1 .l . l  The term mlxed monolayers refers to multicomponent organic floating monolayers. The term 

compound monolayer applies to the mixed floating monolayer in which different components interlock, i.e. 

gradually aggregate to form a planned 2D compound. The terms 2D self-assembling or 2D self- 

designate a process leading to a compound floating monolayer. 

V.1.1.2.  A mixed floating monolayer is qualified as a homogeneous mlxed monolayer when the 

monolayer composition is uniform in two dimensions. It is referred to as a heterogeneous mlxed monolayer 

when 2D-demixing "91 occurs, i.e. domains of homogeneous but different composition coexist. The term two- 

dimensional (2D) crystalllte applies in the case of monocrystalline 2D domains. 

V. 1.1.1. Preparatlon methods 
V .l , 1 . 1 .l . The basic fabrication (i.e. spreading and compressing) and characterization procedures applicable 

to one component and mixed (two or more components) monolayers floating on the surface of a liquid, referred to 

[18] Self-organization of molecules should be seen as a key feature of supramolecular architecture. The fabrication 
of increasingly complex self-organizing layers is a challenge in future developments. The use of the term "20 self- 
organization" focuses on that point. 

[I9] For example in the mixed monolayer consisting of a dye with a long hydrocarbon chain and arachidic acid, 
under certain conditions, two 2D mixed crystals may coexist: dye rich and.arachidic rich 2Dcrystals. 
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as a subphase, are described in [2]. In this sectlon we focus on particular aspects concerning the preparation of 
mixed and compound floating monolayers. 

v . 1 . 1 . 1 . 2 ,  Homogeneous mixed monolayers may also include non-amphiphilic components incorporated 

from the subphase, the gas or the spreading solution. For example, the substance referred to as a molecular 

lubrlcant is a molecule which is temporarily incorporated into the monolayer to assist molecular organization 

and/or 2D homogenization of the monolayer. Because the molecular lubricant is essentially an "impurity", it needs 
to be eliminated from the final, organized monolayer. 

V.1.1.1.3,  Components originally present in the spreading solution or in the subphase may contribute to 

compound monolayer formation. The new term co-amphlphlllc compound is recommended for the compound 

consisting of an amphiphilic and a non-amphiphilic component, the non-amphiphilic component being necessary 

to the specific functionality of the monolayer. This non-amphiphilic component is often a solute of the subphase. 

Compound formation between monolayer and subphase species are critically dependent on the micro- 

environmental conditions and functional group positioning (e.g. hidden or exposed to the subphase). Therefore, 

it is strongly recommended that information be provided about the actual composition of the subphase, the 

structure of the monolayer (at least after deposition on the solid plate) and the nature of the monolayer functionality 
(e.g. protonation or complex-equilibria or enzymatic reactions). 

V. 1.1.2. Chafacteflzatlon of floatlng monolayefs 

The methods listed in Table V 1.1.2.1. below apply to organized monolayers at gas-liquid interfaces. In this table, 

the characterization methods are listed in the first and second column, such that the methodologies (second 

column) associated with a given technique (first column), appear in a distinct column . For example, both the film 

balance and the surface tensiometry, used to establish 17-A isotherms, involve the measurement of a mechanical 

force by techniques referred to as mechanical; in the methodology referred to as static the monolayer surface 

pressure, IT, is permitted to relax at each value of surface area, A, in contrast to the continuously compressed 

monolayers for which the 17-A isotherm is continuously recorded. Sampled area scale (fourth column) refers to 

the order of magnitude of the area or length which is sampled, i.e. effectively investigated by the technique and 
methodology under consideration (e.g. subphase surface area, = 10-2sq m, in the case of Langmuir troughs, beam 

or slit area in the case of optical or spectroscopic methods). Primary information (third column) refers to the raw 

information (usually experimental data) needed to obtain (viz. by interpreting the data) further information which is 

then referred to as derived information (fifth column). For example, partial molar areas and 2D Helmhottz energies of 

monolayer constituents are pieces of derived information (from the raw compression isotherms). Under the 

heading Caveats (sixth column) are listed factors and basic "traps" limiting the validity of the derived information 
(column five) and hence of the data interpretation and of final conclusions (based on the interpretation). 
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-Caveats 
'.l .1.2.1, 

wchanical 

lectrical 

2D12D and 2D/3D 
(collapse) phase 
transitions , 
2D phase diagrams and 
miscibility, 
partial molecular area , 
Helmholtz energy, etc. 

Nptical 

smaller scale 
monolayer 
heterogeneities 
ignored; 
monolayers 
continuously 
compressed may 
be out of 

(-MY, 
ieutron 
*am 

molecular orientation 

V.l.l.2.1. of floetlnrr-d o r m c  m w l a v e r g  

smaller scale 

Methadbloav 

and till 

film (monolayer) 
balance, surface 
tensiometry ; 
(static or 
continuous 
compression 
procedure) 

heterogeneities 
ignored 

surface 
potentiometry: 

lrom Brewster 
extinction, phase 
transition ( mn- 
uniform monolayers) 

distribution map of 
fluorescent 
molecules 

reflection spectrum, 
light scattering 

amplitudes of 
second and third 
harmonic radiation 

reflectivity vs angle 
0, wave length A or 
momentum transfer 

polarized light 
reflectivity 
spectroscopy 

nm? 

1-100 mm2 

0 .01 - lmd  

1- 
100 m d  

polarized 
fluorescence 
spectroscopy 

second and third order 
molecular hyper- 
polarisability, molecular 
orientation and 
orientational ordering 

monolayer thickness 
and roughness, 2D 
lattice constant and 
homogeneity, mole- 
cular tilt, 2Dcoherence 
length , composition 
and 2D density profiles; 
H20 profiles (neutron 
only) 

ellipsometry with 
Brewster angle 
microscopy 

smaller scale 
heterogeneities 
ignored 

smaller scale 
heterogeneities 
ignored 

fluorescence 
microscopy 

vibrational 
spectroscopy: IR 
and Raman 

generation of 
non-linear 
(second and thin 
order ) radiation 

specular 
reflection 
(diffraction and 
diffuse 
scattering) 

ellipticity ['I, 
map of deviation 

I equilibrium 
molecular dipole I smaller scale 
moment, degree of 
apparent molecular 
orientational order, 
monolayer 
heterogeneity 

heterogeneities 
ignored; (see 
above) 

molecular orientation, 
intermolecular energy 
transfer, 
quenching 
mechanisms 

thickness and/or 
refractive index [*I; 
optical anisotropy, 
optical thickness 
distribution, domain 
size and shape 

phase transitions, 
molecular segregation, 
domain size and shape 

molecular orientation, 
orderdisorder 
transition 

rigorous 
interpretation 
requires 
additional 
structural studies 

limited to optical 
size or larger 
homogeneous 
patches, 
refractive index 
might be needed 

dye miscibility; 
unobservable 
submicroscopic 
inhomogeneities 

no access to 
molecular angle 
distribution 

v.1.1.2.2. rl ElliDticitv (of reflected radiation) is the ratio of amplitudes for electric fields polarized parallel and 
normal to the in&& p&; thickness andrefrzhve index may b;l obtained by spectrom& ellipsometry. 
I"] Momentum transfer is defined as K =  4% sin6/A ; A = radiation wavelength; 0= angle of incidence. 
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V.1.2. Organlzed layers (fllms) on solld substrates 

An organized layer (film), either depositedor adsorbed(inc1uding the chemisorbed) on a solid substrate, may be a 

monolayer or a multilayer which exhibits a certain degree of order. The terms defined below are general and refer to 

any solid-supported monolayers or multilayers, independently of their specific formation method (see section 

below), chemical nature and applicability. 

V.  1 -2 .1  Homolayer refers to the multilayer consisting of chemically identical monolayers. Heterolayer 

applies to the deposited multilayer consisting of a periodic or non-peri~dic[~o] stack of chemically different 

monolayers. 

V , 1 . 2 , 2 .  The periodic multilayer consisting of two alternating monolayers (e.g. A and B) is referred to as 

alternate multllayer. Centrosymmetrlc multilayer applies to an alternate multilayer in which the molecular 

assembly has a center of symmetry, as in the sequence -A-B-B-A-. Otherwise, they are referred to as non- 

centrosymmetrlc multllayers. 

V - 1  .2 .3 .  

as palred multllayers. 

The multilayers consisting of alternating pairs of identical monolayers (as in -AA-BB-) are referred to 

V . 1 . 2 . 4  I The term two-dimensional (2D) molecular pattern designates a specific lateral molecular 

arrangement, in floating or substrate-supported mixed monolayers, designed to act as a template for further 

deposition. These templates may serve as matrices to induce epltaxlal growth of 3D crystals (i.e. growth of 

crystals whose lattice has an organizational relationship with the lattice of the matrix) from an adjacent liquid phase 

components. 

V. 1 . 2 . 5 .  Molecular epltaxy applies to the process of rearrangement in a depositing monolayer, induced 

by the lattice of the distinct 2D template (solid substrate) in contact with a monolayer. For instance, molecular 

epitaxy can occur in a floating monolayer on temporary transfer of this monolayer onto a solid substrate surface (see 

following section V.1.2.) which acts as a matrix. The induced, specific 2 0  molecular arrangement or pattern may be 

preserved in the monolayer after its separation from the template. 

V , 1 . 2 , 6 .  Molecular recognltlon [zl] refers to the process of specific adsorption of a type of molecule on 

a particular molecular pattern (in a monolayer) specific to the adsorbing species. When the pattern is created in 

some way by the adsorbing molecule, it is referred to as a molecular repllca or molecular print. For example, 

a molecular replica can be "printed on a floating mixed monolayer consisting of an assembly of flexible molecules 

surrounding a weakly bound adsorbate (dye for instance), which organizes the assembly, i.e. creates the pattern, 

around it. This pattern may be "fixed" by deposition of the layer onto a solid substrate, for example (see following 

section V.l.2.), and the adsorbed molecule removed. Subsequently, only the "printed in" dye molecule is 

"recognized" by the fixed pattern, i.e.can be re-adsorbed on the imprinted layer. 

[20]. The supramolecular machines (see above) consist, often, of non-periodic multilayers(e.g. the pile of 
monolayers ABCD, where A, B, C and D designate different monolayers). 

[21] This term must not be confused with the similar one used in enzymology to designate the property of natural 
macromolecules to associate with small molecules when the geometry of their "interfaces" is complementary and 
permits a significant number of weak interactions to be established. 
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V. 1.2.1 Preperetlon methods of OrgenlZed leyers 

V.1.2.la. Vertical and horizontal depositbn procedures 

Y J A U A J L  The term Langmulr-Blodgett deposltlon method, (LB) , applies to the method 

where a floating monolayer (see V.l.1.) in a well defined thermodynamic state (monolayer surface pressure, 
composition and temperature, subphase pH, etc.) is transferred from the air water interface onto the surface of a 

slide referred to as the multllayer substrate . 
V.1.2.la.2. The Langmulr sequence is the discontinuous procedure for monolayer preparation 

and deposition which operates in the single compartment film balance (see ref. 2) often referred to as the 

Langmulr trough. The Langmuir sequence consists in four successive steps: floating monolayer spreading, 

solvent evaporation, monolayer compressbn and monolayer deposition. 

V.1.2.la.3. A contlnuous trough is a device which permits monolayer preparation and deposition by 

a continuous procedure. It consists of a mlticompartment film trough in which a distinct compartment is dedicated 
to each one of the four steps of the above mentioned sequence, the trough compartments being connected in 

series to operate simultaneously. 

V.1.2.la.4. The term venlcal llftlng LB technlque (VLLB) refers to the technique where the 

substrate is vertical and is alternately dipped into (down stroke) and pulled out (up stroke) from the subphase 

of the floating monolayer. The speed of fllm transfer under the given thermodynamic conditions is defined by 

the vertical lifting velocity [m/sec] of the (often) rectangular solid substrate. The maxlmum speed of fllm 

transfer refers to the vertical lifting velocity above which subphase liquid is dragged along and the substrate 
emerges apparently wet [22]. The monolayer transfer ratio characterizes the floating monolayer deposition 
process. It is defined by the ratio between the change (decrease) in the area of the floating monolayer AA 

(molecules are removed from this monolayer) and the change(increase) of the deposited monolayer area AA' (on 

the solid substrate). 

V.1.2.la.5. The term Y monolayer deposhlon applies when monolayer deposition occurs on down 

and up strokes. X monolayer deposition applies when the floating monolayer deposition occurs only on the 

downstrokes; 2 monolayer deposltion applies when il occurs only on the upstrokes. The type of deposition 

depends on the deposited molecules and deposition conditions. Only if the vectorial orientation of the deposited 

layer is proved to be that corresponding to the X, Y, Z type defined in Fig. V.1.2.1.1 below, can they be called X 

multilayers , Y multllayers or 2 multllayers respectively. 

o-++--oo- 

Y layers 
b-.- X layers I--- Z layers 0 

V.1.2.la.6. 

Fig. V.1.2.1 .l. Vectorial orientation of deposited monolayers in X, Y and 2 multilayers 
( ) : deposited monolayer of amphiphilic molecules 

[22] Visual inspection under grazing illumination during floating monolayer transfer permits observing 
whether the pulled out substrate is dry or wet. 
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v.1.2.la.7, 

sequence of chemically different floating monolayers (e.g. ABCD,ABA). 

The preparation of deslgned heterolayers involves the deposition of a designed 

V.1.2.la.8. Monolayer horlzontal llftlng refers to the monolayer deposition procedure where the 

substrate is in a horizontal position during either or both of the up and down-stroke steps. For example, in the case 

of alternate layer deposition, the operational sequence may consist of the following steps: horizontal down-stroke, 

removal of remaining floating layer, spreading , evaporation and compression of an appropriate new type of floating 

layer and vertical up-stroke lifting (deposition of the second type of monolayer). 

Since the quality of the deposited layers (e.9. degree of organization) depends critically on the properties of the 

substrate (chemical nature, roughness, cieanliness,.etc) and on the conditions of the floating monolayer 

deposition (speed of transfer, surface pressure, etc.), information on these factors must be included in the reports. 

A transfer ratio equal to one(1) is considered as satisfactory. Speeds of transfer less than the maximum speed are 

recommended (see definition of maximum speed above and footnote [20]). 

V.1.2.1 b. Controlled layer adsorption from solution and stepwise film growing 

V.1.2.1b.1, Controlled layer adsorptlon from solution (including chemisorption) applies to the 

procedure specific to the preparation of chemisorbed organized multilayers. In this procedure, chemical reactions 

are carried out between the multilayer "end groups" (in contact with a solution) and molecules adsorbed on the 

multilayer interface. This results in designed, complex multilayer assemblies where the successive monolayers are 

chemically bound. 

V. 1.2.2. Methods of characterization 

Essential characteristics of solid, organized organic layers are: thickness, structure, organization (molecular and 

supramolecular) and functionality (e.g. molecular recognition, energy or electron intermolecular transfer, 2D 

electrical conductivity,.etc.). 

The main methods of characterization applicable to these layers deposited on solid substrates are listed in Table 

V.1.2.2.1, below. The technique (first column) associated with a given methodology (second column) appears in a 

separate column (e.g. fluorescence microscopy is a methodology involving optical techniques). Sampled area 

scale (fourth column) refers to the order of magnitude of the area or length which is sampled, i.e. effectively 

investigated by the standard technique and methodology under consideration (e.g. mm2 in the case of 

microscopy). Primary information (third column) refers to the type of information (usually sets of raw experimental 

data) from which further information on a system (e.g. state, structure, behaviour, composition, physical quantities), 

referred to as derived information (fifth column), can be obtained (e.g. the distribution map of fluorescent 

molecules refers to the image provided by the microscope, from which information on the 20 inhomogeneity of a 

layer is derived ). Under the heading Caveats (sixth column) are listed factors and basic "traps" limiting the validity of 

the derived information (column five) concerning the system (e.g. in the case of fluorescence microscopy and 

domains smaller than microscope resolution, the layer appears homogeneous). 
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cfwmlau htmwQmY- 

fluorescence 
microscopy 

ellipsometry 
and Brewster 
angle microscopy 

polarized ligM 
microscopy 
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rs IPaH /‘J 

lnformatlon 

distribution map 
of fluorescent 
molecules 

ellipticity [^I; map of 
deviation from 
Brewster extinction, 
uniformity defects 

birefringence; 
crystalline domains 

)ptical 

nicrowave + 
nagnetic 

ITwn2 

d 

d 

2D homogeneity, 
molecular segregation, 
domain size and shape 

layer thickness and lor 
refractive lndex[7; 
optical anisotropy and 
thickness distribution 

layer texture 
and crystalline 
structure 

film quality, 
uniformity, defects, 
collapse 

visualisat ion 

Nomarski 
interference 
microscopy 

IR spectroscopy, 
IR linear 
dichroism 
(FTIR-ATR [“I 
included) 

UV, visible 
spectroscopy; 
UV, visible linear 
dichroism 

polarized light 
Raman 
spectroscopy 

map of thickness 
distribution; 
film discontinuity 

absorption spectra ; 
dichroic ratio of 
polarized absorption 
intensities 

electronic 
absorption spectra; 
dichroic ratio of 
polarized absorption 
intensities 

Raman spectra at 
various exciting light 
wavelengths 

i 00mm2 

i00mm2 

electronic transition 
identification; 
oscillator strength; 
orientation of 
molecular axes 

molecular 
polarisability and tilt; 
film order 

energy transfer 
efficiency; donor I 
acceptor separation; 
quenching mechanism 

vibrating bond 
identification: bond 

absorption / 
emission 
spectroscopy 

anisotropic, 
electron spin 
resonance 
ESR 

fluorescence spectra 
excited state life time 
action spectra 

microwave 
absorption 
spectrum vs. 
magnetic field and 
film relative 
orientation 

access to 
paramagnetic group 
angular distribution 
and surface 
concentration 
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limited to micros- 
copic or larger 
domains; dye 
solubility in layers 

limited to optical 
size or larger 
domains 

limited to micros 
copic or larger 
domains 

destructive 
method 
sign of surface 
gradients 
ambiguous; 

no access to the 
molecular 
angular 
distribution 

no access to the 
angular 
distribution of 
molecular axes 

film damaging 

average values 

limited to 
paramagnetic 
layers; probe 
may affect layer 
organization 

5.1.2.2.2 I*] Ellipticity (of the reflected radiation) is the ratio of amplitudes for electric fields polarized 
Jarallel and normal to the incidence plane; thickness and refractive index are obtained by the ellipsometry referred 
:o as spectroscopic. 
J .1 .2 .2 .3  [“I ATR: atenuated total reflectance. 
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salumdDerived 
aLBd ffLmmun 
sale 

I -  cornposition, 
100 mm2 chemical interactions 

1.1.2.2.4, 

Gray beams 

'ray and 
eutron 
eams 

?lectron 
)earn 

Caveats 

info rmatiin 
averaged on 
large areas; 

secondary 

slectron 
mission 

>hot@ 

!lectrical 

profiles of electron 
density (X-ray) or 
(neutron) refractive 
index ; layer thickness, 
homogeneity and 
roughness, molecular 
tilt, crystalline lattice 
constant, coherence 
length 

? lect ro- 
:hemica1 

information 
averaged on 
large areas; 
limited to 
crystallized 
material 

fluorescence 
spectroscopy 

1-1 00 mn? 

5-10 nm 

10-2 - 
104 pm2 

1-1 00 mn? 

1-100 pm2 

mn? 

specular 
reflection 
[ditfraction and 
diffuse 
scattering) at 
various 
wavelengths A 
and/or incidence 
angles8 

electron 
diffraction 

crystalline lattice Struc- film damaging; 
ture and parameters; film evaporation 
molecular tilt and (vacuum) 
packing, positional 
and orientational long 
range order 

layer roughness, film damaging 
and charging 
effects; image 

morphPlogY and 
homogeneity 

interpretation 

film chemical film damaging 
composition; and evaporation; 
nature of film defects contaminant 

sensitive 

ionization energy, contaminant 
electron binding sensitive; 
energy, average 
composition near film information; 
interface film evaporation 

anisotropic conductivity; film thickness 
defect and grain is required; 
boundary effects; contamination 
supramolecular sensitive ; test of 
architecture functionality 

thickness, permittivity 
water content, pinhole values needed, 
overall a r e r ]  as appropriate 

layer continuity and decoration 
quality; technique 
pinholes [""I 

scanning 
electron 
microscopy 

Auger 
spectroscopy 
and microscopy 

secondary 
electron 
sDectroscoDies 
XPS , ups; 
ESCA, EXAFS[" 

dc current / 
voltage and higl 
frequency 
experiments; 

dielectric 
experiments 

electrolytic metal 
deposition on 
the substrate 
free surface 

spectrum 

,eflectivity, 6 and % 
limit angle of total 
,eflection ), 
,eflectivity vs.K(*), 
nterference pattern 

diifraction 
pattern or 
energy spectra 

map of secondary 
electron emission 

energy spectrum 01 
secondary electron 
distinct map for eac 
film element 

secondary electron 
kinetic energy 
spectrum vs. 
irradiation wave 
length; 

anisotropic (in and 
out of plane) 
conductance; 

capacitance; 
losses; dc leakage 
current 

metal deposits 
(decoration) at film 
pinholes [.**I 

I -  
100 mm2 

V . 1 .2.2.5, 

V . 1 .2 .2 .6 .  
ESCA(e1ectron spectroscopy for chemical analysis), EXAFS(extended X-ray absorption fine structure) . 
V - 1  .2.2.7.  
large in LB films). 

(*) K =  47t sin8 / A  is referred to as momentum transfer. 

[*'I UPS(UV photoelectron spectroscopy) , XPS(X-ray photoelectron spectroscopy), 

[.**I Pinhole: local discontinuity in the deposited layer, i.e. free substrate surface (typically 50 nm 
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mechanical 

micro- 
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TecnnlaueMethbdblbav- &mlRLQdDerlvsd GaYQiua 
lnfonnatlon BLaa Lnformatlon 

sale 

acoustic frequency shift 100 mm2 film mass surface average 
concentration (mass I information; 
film unit area) wave damping 

atomic force surface profibmetry; 6 nm2 molecular scale surface questionable 

TABLE V . 1 . 2 . 2 . o n  of 0r-s (Part 

radiiaactive or 
radiolabeled 
components 

reactivity: 
catalysis, 
polymerization, 
charge transfer 

photothermal 
(PT) 
spectroscopy 

emission/unit area of 
the film 

reaction rate, 1000 mm2 
reaction efficiency, 
turnover, reaction 
mechanism, group 
accessibility 

PT signal 
(pyroelectrical 
detection of evolved 
heat) vs. absorbed 
energy of radiation . 

mechanical 

radiotracer 

chemical 

thermal 

microscopy lforce btjtween I 

radioactivity intensity of 1000 mm2 
eemitted by radioactive 

roughness, surface 
interactions; interfacial 
elastic modulus 

average surface 
composition and 
concentration 

molecular orientation 
and conformation, 
film permeabliy 

film electrical 
polarization; 
characteristics of 
thermal depolarbation 

image 
interpretation ; 
highly sensitive 
to probe qualiiy 

information 
averaged over a 
large film area 

highly indirect 
and global 
information; 
functionality test 

global 
functionality test 

V.2. AMORPHOUS AND LOW CRYSTALLINITY ORGANIC LAYERS 

v.2.0. Thin layers of amorphous or low crystallinity organic materials with high optical clariiy are 

technologically important in many areas. They are used as optical structures, photoresists, 

electrophotographic layers, piezoelectric and pyroelectric elements or simply as free-standing films. The 

latter are used as substrates or as barrier or sealant materials. 

V.2.1 Preparatlon methods 

Amorphous organic layers or films can be prepared by various deposition methods on various substrates 

(glass, metals or plastics). Many organic amorphous film materials consist of macromolecules which have 

viscoelastic properties used to faciliate thin layer formation . 

Y .  2 .1  . 1 , The terms cast fllm and extruded film refer to films formed directly from the melt phase 

or solution. Cast flims are those that are spread into a layer using a metal cylinder as a temporary 

supporting mechanical platform to aid the film formation process during cooling of the meit, before the film is 

transferred to a final support; extruded fllms emanate as a melt from a tooled die and are deposited 

directly onto the substrate. Micrometer to millimeter (20-500 pm) thick films can thus be prepared. 

V .  2 .1  .2 .  The terms dip-coatlng method and spln-coatlng method (or "spin-casting'' in 

section V.3.3.5) refer, mainly, to methods of nanometer to many micrometer (1-100 pm ) thick film formation 
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from solution. In the first method the substrate is dipped into a solution of the film-former in a volatile solvent 

and then removed for drying. The residue remaining after evaporation of the solvent constitutes the film. In 

spincoating, a rapidly spinning solid substrate is coated with a wetting film of a solution containing the film 

material in a volatile solvent of appropriate viscosity. The solvent evaporates during the spinning cycle 

leaving the organic film on the substrate. 

V . 2 , 1 . 3 ,  The spreadlng method applies to the method of film formation by solvent evaporation 

from a uniformly thick layer of solution spread (smeared) onto a substrate using either a doctor blade or a 

wire-bound bar. A doctor blade Is a barrier device with a preset gap which meters the solution layer 

thickness. A wire-bound bar is a similar device which employs a thin wire wrapped helically around a 

metal bar to produce a series of fine gaps to aid the spreading of the film. 

V. 2 . 1  .4 ,  

transferred to one substrate from another. 

The term lamlnatlon method refers to the procedure whereby pre-formed films may be 

v . 2 . 1 . 5 ,  The plasma polymerlzatlon method or the electropolymerizatlon method are 

processes used to form nanometer to micrometer thick films (e.g. used in PC Board industry). Plasma 

polymerlratlon refers to processes in which ionized gas atmospheres of a monomer are allowed to 

condense, with electrical neutralization, onto a substrate to form a thin macromolecular deposit: 

electropolymerization refers to a similar deposition process initiated by electrochemical processes at 

electrode surfaces. Radicals or ions produced at the electrode are formed and initiate polymerization 

directly on the electrode material surface. MuRilayer amorphous organic films can be built by either of the 

above processes or by combinations of processes. 

V.2.2. Characterlratlon of amorphous organlc layers 

Amorphous organic solid films may be characterized by many of the methods appropriate for liquid films, 

organized organic layers or inorganic solid layers. 

Methods of characterization applicable to the amorphous organic layers are listed in Table V.2.2.1, below. 

The "Technique" (first column) associated with a given "Methodology" (second column) appears in a 
separate column (e.g. ellipsometry is a methodology involving optical techniques). "Sampled area scale" 

(fourth column) refers to the order of magnitude of the area or length which is sampled, i.e. effectively 

investigated by the standard technique and methodology under consideration (e.g.100pm2 - l m d  in the 

case of ellipsometry). "Primary information" (third column) refers to the type of information (usually sets of raw 

experimental data) from which further information on a system (e.g. state, structure, behaviour, composition, 

physical quantities) referred to as Derived information (fifth column) can be obtained (e.g. the film thickness 

and/or refractive index). Under the heading "Caveats" (sixth column) are listed factors and basic "traps" 

limiting the validity of the derived information (column five) concerning the system (e.g. in the case of 

classical ellipsometry, the actual refractive index of the film material must be known to determine the film 

thickness, in contrast to the new spectroscopic ellipsometry which permits simultaneous measurement of 
both film thickness and refractive index; see footnote [1 in the following Table V.2.2.1). 



v.2 .2 .1 .  
Technlcrue 

optical 

photo- 
electron 
emission 

thermal 

micro- 
mechanical 

mechanical 

electrical 

chemical 

v .2 .2 .2 .  

;smaledDerlved 

ioomm2 

100mm2 

1OOmmZ 

Thin films including layers 

lmuam- 
layer thickness andlor 
refractive index"] 

vibrating bond identifi- 
cation; bond transition 
moment and orientation 
transport mechanism; 
charge transfer ratio 

composition 

molecular 
polarisability ; 
film order 

film thickness and 
uniformity ;quenc hing 
mechanism; probe 
mobility (diffusion); 
domain structure 

ellipsometry ellipticity ['I I 
UV, visible 
spectroscopies 

polarized light 
Raman 
spectroscopy 

absorption I 
emission 
spectroscopy 

XPS (photo- 
electron 
spectroscopy) [*'I 

thermal analysis 
(DSC, TGA ["'I) 
AFM (atomic 
force 
microscopy) 

impact tensile 
dilatometry 

dc current I 
voltage and hf 
experiments 

dielectric 
measurements 

photo- 
conductivity 

chromatography 

IR spectroscopy, absorption spectra ; 
linear dichroism dichroic ratio of 
IFTIR-ATR and I DOlariZed absomtior 

spectrum 

Raman spectra at 
various exciting ligh 
wavelengths 

emission spectra 
vs time; 
excited state life tim 

energy spectrum of 
emitted electrons 

cabrimetric 

surface profilometry 
force between 
surfaces 

strength at impact, 
strength at break 
tension 

anisotropic (in and 
out of plane) 
conductance 

capacitance; 
dielectric loss 

conductivity; carrier 
concentrations; 
transport properties 

cornposition 

RAS included) intensities I -  

1- 
iootnr~? 

surface composition 
and geometry 

I 

c5 nn? 

Y 

i -1 00 pm2 
to bulk 

100 mm2 

100 mm2 

surface roughness at 
molecular scale , surface 
interactions; 
interfacial elastic 
modulus 

hardness, strength 
modulus, 
surface tension 

average conductivity 
anisotropy; surface 
conductance; pinhole 
overall a r e a y ]  

thickness;polarisability 
microstructu re; 
relaxation processes; 
phase transitions 

carrier mobilii; 
photoresponse 
spectrum; trap depths 

composition 

phase transitions; 
thermal stability 
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Caveats 

only optical size 
homogeneities 

no access to the 
bond angular 
distribution 

average 
information 

film damaging 

average values 

contamination, 
average values 

average values 

image 
interpretation 
difficult; 
highly sensitive 
to probe quality 

destructive 
(some methods) 

film thickness 
is required; 
contamination 
sensitive 

permittivity 
values needed, 
as appropriate 

impurity sensitive 

limited to soluble 
organic layers 

1'1 ElliDticiiY (of the reflected radiation) is the ratio of amplitudes for electric fields polarized parallel 
and normal to the incidence' plane; thickness and refractive index can'be obtained by specfros&pic ellipsometry. 
V .2 .2 .3 .  ["I XPS: X - ray photoelectron spectroscopy. 
V .2 ,2 .4 ,  [.**I DSC: differential scanning calorimetry; TGA: thermal gravimetric analysis. 
V .2 .2 ,5  I r**'] Pinhole: local discontinuity in the deposited layer, i.e. free substrate surface. 



1710 COMMISSION ON COLLOID AND SURFACE CHEMISTRY INCLUDING CATALYSIS 

V.3. INORGANIC DEPOSITED LAYERS 

V.3.1. lntroductlon 

To fully describe these film materials reference should be made to their crystalline, preparative and/or material 

properties, e.g. amorphous silicon films, microcrystalline sputtered films. The description of the films as 

discontinuous, network, continuous or superlattice (defined in Section II, above) should also be included, when 
appropriate. The present project considers only continuous films. 

V.3.2. Characterlstics by layer crystalllnity 

V.3.2.1. lntroductlon 

Generally speaking, the categories of thin films that are widely accepted are : 
1. single crystalline film 

2. polycrystalline film 
2a macrocrystalline film 

2b microcrystalline film 

3. amorphous film 

When the geometric scale of the film (thickness is an example) becomes comparable to a physical scale (e.g. the 

mean free path, the wavelength of electromagnetic radiation, etc.,) the physics of the film may become complicated 

and, eventually, geometric scale dependent. Hence, the distinction between geometric and physical scales (see 
Table V.3.2.1 . l )  is essential for thin solid films. Relative values of various solid film scales and solid film geometric 

scales, for various inorganic materials, are illustrated in Fig. V.3.2.1 . l .  The geometric scales and the physical scales 

or characteristic lengths are defined in Table V.3.2.1 .la This list is not exhaustive. 

l F  V.3.2.1.1. Deflnitlon of for 

v.3.2.1.1. 

V -3.2.1 .A 

a) 

film geometric (effective) thickness d ( h )  see definition of h in Table IV.3.1 . l a  

average dimension of the single crystal 
element in polycrystalline film 

repeat scale defined as the numbe!, N, of 
lattice constants,%, in a specific eptaxial 
layer in a wltilayer film 

grain size ds 

quantum wall thickness dqw = N% 

. .  
b) P 

electromagnetic wavelength (scale) ;3. repeat distance for electromagnetic waves 

repeat distance for quantized lattice 
vibrations 

average distance between collisions by 
free caniers 

distance over which an electric field is 
screened to e -1 of its surface value 
(see similar definition of Debye 
screening length, K-’, in Section II Annex 

phonon wavelength (scale) +h 

charge carrier mean free path h f P  

Debye screening length (in a solid) LD 
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~~~ ~ 

Geometric and Physical Scales 

Geometric Thickness, d 

Grain SielRepeat Scale, c$ f+, 

Photon Wavelength, A 
Charge Carrier Mean Free path, 

I I I I I 
Bulk Crystal 

Single Crystal 
Fh 

Polycrystalline 
m 

Amorphous 
m 

Su perlattii 
Layer 

0 1  2 3 4 5  

I d lattice scale constant 3 

Fig. V.3.2.1 .l. Relative values of various physical characteristic lengths or 
geometric scales in bulk crystals and certain types of Inorganic solid films 

V.3.2.2. Slngle crystalllne fllms, lncludlng epltaxlal fllms 
V .  3 .2 .2 .1  , A single crystalline film is a single crystal restricted in one dimension (z direction, see Section 

11). 

V. 3 . 2 . 2 2  Epitaxy is defined as the crystalline overgrowth of a material referred to as the epltaxlal film, on 

a crystalline substrate where the crystal axes have a definite relationship to the crystal axes of the substrate. The 

epitaxial film is a typical example of a single crystalline film. Homoepltaxy refers to the ordered (single crystalline) 

overgrowth of a film on a single crystal substrate of the same material, e.g. homoepltaxlal film of Si on Si. 

Heteroepitaxy refers to the overgrowth of a single crystalline film on a single crystal substrate of a different 
material, e.g. heteroepltaxlal film of Gal-xAlx As on GaAs. In some instances, the lattice constants, a, may not 

be equal (see Fig. V.3.2.2.1). 

Y .3.2.2.3.  The lattlce mlsmatch is the relative difference between substrate and film material lattice 

constants: (ai - aj)/aj, The term mlsflt dlslocatlon applies to a localized dislocation (see Fig. V.3.2.2.1) which 

accomodates a misfit in the lattice constants of the two materials and makes possible the existence of the normal 

periodicity at some distance from the surface. 
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V . 3 . 2 U  

Fig. V.3.2.2.1, Schematic illustration of an epitaxial film (lattice constant, %) 
on a substrate (lattice constant, al )  depicting the misfit dislocations 

V.3.2.3. Polycrystalline fllms 
y .3.2.3.1,  The term polycrystalllne fllm refers to films which are composed of individual adjoining single 

crystals. (Fig. V.3.2.3.1). The term llne dlslocation (Fig. V.3.2.3.2) refers to the termination of a partial plane of 

atoms or molecules (dashed lines in Fig. V.3.2.3.2) inserted into the crystal. The array of line dislocations is referred 

to as the grain boundary for the crystallite. 

Substrate 

v.3.2.3.2. 
Fig. V.3.2.3.1. Illustration of the cross sectional structure of a polycrystalline film 

v.3.2.3.3. 

Fig. V.3.2.3.2. Depiction of a grain 
boundary showing the additional planes of 
atoms or molecules that produce line 
dislocations (indicated by circles) 

V.3.2.3.4, The lateral dimension, d,, of the individual grains (Fig. V.3.2.3.1), depends on the film preparation 

conditions. A macrocrystalline film is significantly larger than the film effective thickness while it is considerably 
I 
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smaller in microcrystalline films. For historical reasons, the term "thin film", often designates atWfafi/y, insulator, 
semiconductor and metal films 1 pm or thinner. 

V.3.2.4. Amorphous vs. mlcrocrystalllne flims 
V ,3.2.4.1, A film is, usually, referred to as an amorphous fllm when second nearest neighbor order is not 

exhibited. (This does not exclude nearest neighbor order). Examples of inorganic amorphous films are: silica, 

hydrogenated sputtered silicon, etc. 

u 2 . 4 . 2 ,  A solid film having sufficient long range order so that X-ray or electron diffraction measurements 

give a significant number of dmraction maxima should be referred to as a mlcrocrystalllne fllm. Typically this 
occurs when the effective crystallite dimensions d, are equal to or larger than 2-5 nm (5 -20%). 

V.3.3. Methods of preparatlon 

V.3.3.7. introduction 

The creation of a film of solid involves virtually every known method of material processing. The methods described 

below have the common feature that they involve deposition of material, to form the film, rather than depletion 
of material [23]. This list Is not exhaustive. 

IUPAC does not recommend the proliferation of abbreviations and acronyms. Hence upon describing the method 

of preparation it is strongly recommended that the use of acronyms should be restricted to those used in this 

chapter and they must be defined once in any paper to assist the reader. 

v.3.3.1.1. The term deposltlon refers to the methods where atoms 

or molecules accrete to a film growing on the surface of a substrate which 
is a condensed phase distinct from the phase which acts as the fllm 

material source. The overall system is illustrated schematically in Fig. 

V.3.3.1.1. The means for the preparation of the film are as varied as the 

materials themselves. They may be grouped together in the general 

classes treated below. 

V.3.3.1.2, The term anneallng refers to a post deposition process 

specifically carried out to relieve mechanical stress and stabilize the film 

properties. Annealing is often accompanied by grain growth. 

I Source of molecules or /I atoms 

Transport medium 

Film-transport interface 

Bulk film region 

Film-substrate interface 

I 11 Substrate 

Fig. V.3.3.1 .l. Schematic of 

When reporting on solid films, a description of the preparative conditions as complete as possible is needed to 

assess the film quality and the effect of film substrate on film properties. Specification of the predeposition vacuum 

conditions is one of the prime pieces of information to be reported since the residual impurity level in many classes 

of solid films is strongly influenced by these conditions. Whenever possible, direct analytical methods should be 

employed and information on the final chemical composition of a fllm should be included in the description 8~ of 
the method of its preparation . 

V.3.3.2. Sputtering and ion assisted deposltion 
V.3.3.2.1 a Sputterlng is a general process. In the case of solid film preparation, sputtering refers to 

[23] Micron thick membranes of silicon can be fabricated using etching methods from a bulk single crystal. 
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technologies where the source of material called a sputtering target is impacted by bns accelerated from a 

gaseous plama As a result, these bns eject, vk. sputter atomdmolecules, aggregates or clusters, from the 
source surface. This is distlnct from physical vapour depositbn and chemical vapour deposition. Plasma refers to 
the partially bnhed gas formed by the electrical discharge at reduced pressures when a suitable electrlc field is 
established between anode on which the substrate is usually placed, and cathode, the sputtering target (Fig. 
v.3.3.2.1)[24]. The plasma is maintained by the secondaty electrons emitted by the sputtering target 
which is surrounded by a positive ion rich plasma region called negative glow plasm. 

c +  + + + + + + + + ) 
inelastic collisions with free electrons 

v.3.3.2.2. 

Fig. V.3.3.2.1. Depictbn of the sputtering process 

The efficiency of the sputtering process is highly dependent on the operational conditions of the plasma and 

geometry of the excitation chamber which must be described. In reporting on the operational conditbns of the 

plasma and associated sputtering process, it is recommended that as many parameters as possible be speciiied, 
e.g. applied potentlal and magnetic fields (where appropriate), gas composition, chemical characteristics of the 
source and substrate, operational pressure, type and geometry of the discharge or excitatbn chamber and 
presence of insulator surfaces in the sputtering system, and specify the associated matching networks, if any. 

Classifiiation of the varbus sputtering and ion assisted methods is generally based on the excitation used for 

plasma or bn  generatio@]. 

v.3.3.2.3. dc-sputtering refers to the method where a dc-field is applied across a simple two electrode 
(substrateltarget) configuration (diode). It may be employed whenever charging of the target surface is not a 

problem (e.g. metals). 

Y .3.3 &L RF-sputterlng refers to the method where an intense high frequency electric field is established 

across the electrodes. It is appropriate for sputtering insulating materials (e.g. 2110). 

[24]. For further details see sections 10.1.5 and 10.1.6. In lUPAC Compendium of Analytical Nomenclature, 
Definitive Rules 7987 prepared by H. Freiser and H. Nancolas, Bladcwell Scientific Rtblications, OxfOrd(l987). 

[25] Nomenclature relative to plasma or ion generation procedures used in analytical chemistry is recommended in 
sections 10.1 -2.1, 10.1 5, 10.1.8 and 17.2.38 Of IUPAC Compendium of Analytical Nomenclature, Definitive 
Rules 7987prepared by H. Freiser and H. Nancolas, Bladcwell Scientific Publications, Oxford(1987). 
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v . 3 . 3 . 2 . 5 ,  Magnetron Sputtering is a magnetic field assisted, low pressure sputtering method in which 

the efficiency of the gas ionization (plasma formation) is greatly increased by spiraling the electron path. As a result 

of the reduced background pressure, film contamination by gas components can be substantially reduced. 

V . 3 . 3 . 2 . 6 .  Reactlve sputterlng refers to a method whereby the plasma can produce active species which 

by reacting with either the target or the sputtered material produces appropriate compound films. Careful control 

of the gas composition is required for optimum film properties. 

V . 3 . 3 . 2 . 7 ,  Ion beam sputtering also called Ion mllling refers to a plasma free, extremely low pressure 

sputtering procedure whereby a beam of ions formed in an independent ion gun is used to sputter the target. This 

procedure leads to high purity deposited films. The term reactlve Ion milling refers to a variant of reactive 

sputtering which can be used to deposit cornpound materials or etch surfaces. 

V.3.3.3. Physlcal vapour deposltlon (PVD) 

V . 3 . 3 . 3 . 1 ,  Physical vapour deposltlon method, PVD, refers to the method where thermal energy is 

used to transform the source material into vapor which is then deposited by adsorption and solidification onto the 

substrate at another site of the system. The specific step in PVD is the incorporation of the adsorbate (atoms 

and/or molecules) into the film structure. 

v . 3 . 3 . 3 . 2  . The kinetics of material deposition onto the substrate depend on the vapour pressure and the 

stlcklng coefflclent or stlcklng probability which is the probability that an incident vapour atom or molecule 

condenses on the substrate. The main critical parameters in PVD are: the vacuum conditions (pressure, vacuum 

system, type and material construction, residual gas composition, presence of ionized and acclerated atoms or 

clusters in the vapour, etc.); the temperature of the source, substrate and walls of the chamber; the purity of the 

source material. it is recommended that publication of articles describing the properties of films should either 

include information on the factors mentioned above to the greatest extent practical, or should be traceable to such 

descriptions. 

V.3 .3 .3 .3 ,  

conductors evaporation or sublimation: 

molecular beam oven refers to the heated enclosure with a small exit aperture; 

- open source refers to the film material source consisting in an electrically heated spiral wire; 

-electron beam heated cold hearth technlque refers to the technique where an electron beam bombards 

the source to heat it. 

The three basic techniques defined below are commonly employed for metals and semi- 

Variants of the above basic methods involve intense laser and electron or ion beams (for ion beams see also 

section V.3.3.2.) for local heating and material emission by the source. 

v .3 .3  I3.4, 

dropped onto a very hot surface causing it to melt and evaporate, or sublimate extremely quickly. 

Flash evaporatlon method refers to an obsolete method where a small particle of material is 

V . 3 . 3 . 3 . 5 .  Molecular beam epltaxy method (MBE) refers to the PVD method which is collision free in 

the transport step and permits extremely fine control of film composition and impurity down to single atomic layer 

thickness. This process involves no chemical reaction other than compound formation on the substrate. An 

important example of MBE application is the preparation of complex, i.e. multicomponent and periodic multilayer 
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(quantum we// semiconducting materials [29. 

v . 3 . 3 3 9 ,  The term cold wall system refers to the ultra-high vacuum systems used in conventional MBE, 

operating at residual pressures on the 10.’ - l o o  Pa range in chambers which are normally at or near room 

temperature. In addfiion, MBE is generally characterized by : single crystal substrates ; in situ monitoring of the 

oriented overgrowths, with electron diffraction and various types of spectroscopies; extreme attention to detail and 

cleanliness. 

V . 3 . 3 . 3 . L  Hot wall epitaxy method refers to a specialized PVD method which involves a reactor referred 

to as hot wall system. It employs a temperature gradient TsubstrateS TsourceS Ttransport zone which limits the 

material deposition to the substrate and allows the temperatures to be adjusted so that near equilibrium conditions 

can be maintained. 

V.3.3.3.8,  The cluster deposltlon system refers to a variant of the conventional PVD system. Cluster 

deposition proceeds under conditions where atomslmolecule clusters referred to as hyper-thermal clusters, 

are formed and accelerated onto the substrate. Good quality polycrystalline films are rapidly formed by this process. 

The method is appropriate also to the deposition of metallic layers. 

V.3.3.4. Chemical vapour deposltlon (CVD) 

V .3.3.4.1.  The term chemlcal vapour deposltlon method(CVD) applies to the deposition methods 

which involve in the set of processes leading to the formation of the film, at least one intermediate chemical 
reaction. It is generally distinguished from PVD-MBE where compound formation takes piace on the substrate (see 

Section V.3.34, by the intermediate reaction being other than compound formation. This reaction may take place 

in the gas phase or between adsorbates aWih  an appropriate substrate. An example is given below. 

The same class of physical and chemical parameters recommended for reporting on PVD (Section V.3.3.3.) should 

also be reported for CVD whenever possible In addition, specific information that should be reported is listed in the 

following sections. 

V.3.3.4.2 . The terms hlgh pressure chemlcal vapour deposltlon, HPCVD, and low pressure 

chemlcal vapour deposltlon, LPCVD, refer to the two general strategies in CVD. 

In HPCVD, gases or combinations of gases and vapors are at or above atmospheric pressure. Gas flow and mass 

transport (diffusion and/or convection) limit the uniformity of the film properties (thickness, composition, etc.). 

Hence, when possible and appropriate, information should be given on: the methods used to obtain the flow and 

temperature patterns inside the system, the location of the film studied relative to flow patterns and the 

temperature profiles in the system. In LPCVD the pressure is significantly lower than atmospheric pressure. The 

rates of interfacial reaction and of the removal of reaction products are controlling factors, as a rule. Gas flow and 

mass transport are generally more readily controlled. Details on the temperature profiles and mass flow control at 

[26]. A wide range of semiconducting compounds and alloys in the 11-Vl, Ill-V and IV-VI families are routinely 
prepared using MBE. Molecular beam ovens supply the various constituents (e.g. Al, Ga, In, P, As, Sb, for Il-V 
compounds) as well as a variety of dopant atoms (Zn, Si,). 
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these low pressures are important and should be reported. Since these systems operate below atmospheric 

pressure, information on the ultimate pressure both before and after the deposition should also be reported. 

v.3.3.4.3, Plasma enhanced chemlcal vapour deposltlon method, PECVD, refers to the variant 

of CVD wherein an electric field is applied to produce ion and active species by electrical breakdown of the reactor 

gases. By this technique various reactions may be promoted, molecular beams of chemically reactive species 

developed, geometric reaction zones limited and background purity improved. 

L3.3.4.4,  Organo-metallic chemlcal vapour deposltlon method, MOCVD, refers to the variant of 

CVD procedure where the active species in a metallo-organic compound usually is carried by an inert gas. The 
species involved [e.g. As(CH3)51 are less hazardous than the gaseous hydrides (e.g. AsH5) ] used in ordinary 

CVD. The reporting recommendations are the same as for other CVD methods. 

Y.3.3.4.5, Chemlcal molecular beam epltaxy method, CMBE, refers to the LPCVD method where 

the sources for the film growth are chemical compounds supplied through fine nozzles that react on the substrate 

surface. The basic system is identical in most respects to an ultra-high vacuum MBE system which allows a 

combination of the relatively cleaner and simpler approach of CVD and better controlled environment of an MBE 

system. For example the composition and structure of the film can be directly monitored during the CVD growth 

process. 

V.3.3.5. Liquid phase Nlm growth 
V.3.3.5.1, The methods referred to as llquld phase fllm growth consist of various physical chemical 

reactions between a liquid and the solid substrate. These reactions fall into three broad categories: electrically 

medlated (including electrochemlcal) deposition methods, heterogeneous preclpltatlon methods 

(including epltaxy) and spin castlng methods. In the liquid phase film growth process, the deposition of film 

material is, mainly, controlled by the transfer properties of the liquid. 

Electrochemical deposition is a widely used method for growing metal films onto surfaces. The fotbwing terms refer 

to the three types of processes occuring at the (deposition) surface. 

V.3.3.5.2. 4) Electrolytic deposltlon method refers to the method where an adsorbed metallic ion is 

reduced (neutralized) on the cathode. The specific reduction potentials, electrolytes present, deposition 

geometry and additives that control the character and quality of the deposited films are criiical. Chemical purity and 

electrode cleaning procedures are important. Because of the industrial significance of electrolytic deposition, 

publication of these details is often omitted for commercial reasons. Nevertheless, reporting this information is 

essential when the electrochemically deposited film properties are the subject of a scientific publication. 

v.3.3.5.3, -ii) electroless deposltlon method refers to the variant of electrolytic deposition where the 

film growth consists of the heterogeneous precipitation of the metal. This metal then acts as a catalyst for further 

deposition of metal present as ions in the interfacial region of the working electrode. For example, Interfacial, 

solvated Ni2+ ions are reduced by the hydrogen produced locally (at the metalsurface) by the decomposition of an 

anion, e.g. sulphoxylate ion (also called hyposulfite), decomposition catalysed by the presence of the metallic Ni 

film. The following information on the deposition conditions must be reported : temperature and pH, metal ion 

concentration, complete information on the chemical composition of the deposition medium (concentration of 

reducible anions, etc.). 
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v.3.3.5.4, -iii) anodic oxldatlon method refers to the growth of oxide layers on metal anodes (e.g. Al, Ta, 

etc.) in the presence of aqueous solutions. The growth rate generally depends on the current densitry. The layer 

thickness depends on the applied potential, temperature and chemical composition of the aqueous solution. 

Information on these parameters should be included in publications on these materials. 

v.3.3.5.5, Liquid phase epltaxy method refers to a heterogeneous precipitation method (from saturated 

solution) in which the temperature is reduced sufficiently slowly to allow the solute to precipitate epitaxially onto the 

substrate surface. An example is the film growth of Ill-V compounds (see Section V.3.3.34, where the metallic 

constituent acts as the solvent for the group V species. Essential for successful epitaxial film growth are extreme 

material purity and strict temperature control, hence information on these parameters should be reported. 

V.3.3.5.3 Spln-castlng method ( spin-coating in section V.2.1) refers to the method of deposition 

whereby a centrifugal technique is used to thin down a thick wetting liquid film supported by a rotating solid 

substrate. The wetting film consists of a solution of a non-volatile solute in a volatile solvent. Simultaneous 

controlled evaporation of the solvent results in a smooth, uniform solid film of solute. The solute may be inorganic, 

organic or organo-metallic. 

V.3.4. Characterlzatlon of solid Inorganic fllms 

The characterization of solid inorganic films involves virtually every known type of measurement made on 

solids[27]. It would be pointless to attempt to cover all these methods in this project. However, specific to films is 
their geometry (see film definition in section II) and the possible thickness dependence of film properties (see the 

definition of a thin film in section 11). 

Thickness and sffuctufal characteristics are generally agreed to be the two most important pieces of information 

about a thin solid film. Thickness assessment relies on physical, optical and electrical measurements for all classes 

of films. Sffucfufal studies most commonly employ diffraction or are derived from diffraction methods (e.g. specular 

reflection studies). Aside from these diffraction measurements, optical and electron micrographic studies are the 

other major physical means for establishing the structure of thin films. In a limited number of situations, electrical 

measurements can also supply valuable insight into the structure of semiconductor films. In the case of crystalline 

films mainly, a number of characteristics other than thickness and structure are needed since these characteristics 

may permit comparing the properties of bulk and film material. 

In any description of the properties of semiconductor or metal films, it is necessary and recommended to include 

the specific methods of solid film preparation since they are essential for film characterization. The more commonly 

employed methods of characterization applicable to the inorganic solid films are listed in Table V.3.4.1, below. The 

methods are listed in the first and second columns, such that the Technique (first column) associated with a given 

Methodology (second column), appears in a separate column (e.g. in the electrical experiments the relationship 

currenVvoItage is the methodology associated with a particular electrical technique). Sampled area scale (fourth 

column) refers to the order of magnitude of the film area which is sampled , i.e. effectively characterized by the 

standard technique and methodology under consideration (e.g. 1-100 pm2 in the first line of the table V.5.3.4.1 

below). Primary information (third column) refers to the information (usually experimental data) from which further 

[27] A Survey of Experimental Techniques in Surface Chemical Physics, Pure. Appl. Chem. 62, 2297-2322 
(1990). 
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lpm2 - 
I oo ,,2 

information referred to as Derived information (fifth column) can be obtained (e.g. the film material resistivity is 

derived from the measured ratio currentlvoltage, i.e. the film resistance). Under the heading Caveats information 

(sixth column) are listed factors and basic "traps" limiting the validity of the above derived information (e.g. the 

resistivity is affected by the film morphology). 

energy levels of 
impurities 

LE V.3.4.1. C h a r m n  of &mg.m~c solld 

, lpm2 

1pm2 - 
,,2 

temperature 
dependence of 
scattering 

density, energy and 
cross section of 
recombination centers 

10-6- 
100 pm2 

1- 
100 mm2 

film morphology 

atomic arrangement in 
outermost layers , 
struc-ture-lattice 
constant 

.3 .4 .1.  
EcLuzmu Caveats 

information 
erlmarv 
information 

lectrical xrrent - voltage 
*elationship 

resistance resistivity / carrier preparation de- 
pendent, geo- 
metry sensitive 

preparation de- 
pendent, geo- 
metry sensitive 

strongly 
preparation 
dependent 

as above and 
geometry 
sensitive 

!preparation de- 
pendent, geo- 
metry sensitive 

requires ultra- 
clean surfaces in 
high vacuum 

contamination 
sensitive, high 
vacuum needed 
average 
information 

:urrent - voltage 
Jersus 
:emperature 

resistance versus 
te mperatu re, 
thickness 

Hall voltage Hall effect 

generation I 
recombination of 
minority carriers 

free carrier bulk and 
surface lifetime 

w i e r  trapping carrier lifetime density, energy and 
cross section of traps 

4 10-2- 
104 nm2 

scanning - 
tunneling 
microscopy 

local current - 
voltage plot, image 

morphology and / or 
chemical composition c 
the outermost layer 

surface atomic 
composition, atomic 
bond orientation & 
length, surface 
geometries, energy 
gaps 

photoelectron 1- 
100 mm2 

energy distribution 
(spectrum ) of 
emitted photo 
elect ions 

thoto- 
mlectron 
'mission 

dectron 
ieam 

spectroscopies 

Auger, ESCA, 
EXAFS) ['I 
(UPS, XPS, 

scanning 
electron 
microscopy 

transmission 
electron 
microscopy 

10-4 - 
104 pm* 

surface morphology, 
lattice spacing, surface 
charging effects 

surface limited, 
lateral dimensior 
limited to 10 nm 

acceleration 
voltage is film 
thickness 
dependent 

local secondary 
electron emission, 
imaging 

electron current, 
image 

e I ect ro n 
diffraction 

diffraction pattern 

contamination 
sensitive, 
radiation damagc 

Auger electron 
spectroscopy 

spectrum of 
secondary 
electrons 

[*] UPS (UV photoelectron spectroscopy), XPS(X-ray photoelectron spectroscopy), ESCA(e1ectron 
spectroscopy for chemical analysis), EXAFS(extended X-ray absorption fine structure) . 
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V.3.- of inor- 
V.3 .4 .2 ,  

Prlmarv 
lntormatlon 

spectrum 

reflectivity vs. 8 and 
~ = 4 x  sine la [+I,  
interference pattern 

ion currents 

mass spectroscopy 
of secondary or 
sputter ions 

image, 
bi-refringence 

absorption, 
dielectric constant, 

:-ray beam 

ieutron 
ind 
:-ray beams 

ieavy ion 
ieam 

SauRlQdDerived Caveats 
~~ lllmmam 
1- composition, average 
100 mm2 chemical interactions information on 

large film areas 

100 - film composition, average primary 
4000 mm 2 thickness, roughness, information (as 

and 
structure- lattice above) 
constant, coherence 

1-100 mm2 length [**I 

10- single crystallinity, preparation 
l o o  pm2 impurity distribution dependent, 

geometry 
sensitive 

cleanliness 
1 o pm2 spatial distribution surface 

10-2- physical morphology, surface limited, 
104 pm2 chemical composition, Rayleigh crii. on 

crystalline axes lateral dimension 

1-1 00 mm2 carrier concentration preparation 
and band gap, phonon dependent 

lptical 

hermal I 
?lectrical I 
mechanical 

absorption, 
dielectric constant 

fluorescence 

1-100 mm2 band structure preparation 
dependent 

spectroscopy 

heat flow rate, 

specular 
reflection 
(diffraction and 
diffuse 
scattering) 

Rutherford 
backscattering 
(surface analysis) 

10- scattering processes preparation 

ion probe and 
milling (surface) 
microanalysis 

thermoelectric 
potential, power, 

thermal expansion, 
pyroelectricity 

ordinary and 
polarized light 
microscopy 

IR and Raman 
spectroscopies 

10- type of carriers, 
100 pm2 scattering processes 

I - piezoelectric tensor, built-in stress ma 
100 pm2 thermal expansion mask intrinsic 

visible, UV, soft 

spectroscopies 
x-ray 

ellipsometry 

heat flow 
experiments 

thermo-elect rical 
experiments 

thermo- 
mechanical 
experiments 

light scattering, spectrum, impurity 
polerizability I 

refractive index"], 
map of optical 
thickness 

assessed 
refractive index 
might be require 
for measuring n film thickness 

I I  I geometry 
sensitive 

I I tensor I properties I 
v.3.4.3. 
length. 

( e )  K =  4x sine/jl is referred to as momentum transfer; 8 , jl are the beam angle of incidence and Wi 

[+ +] The coherence length is defined in Section II Annex. 

V . 3 . 4 . 4 ,  "1 Ellipticity (of the reflected radiation) is the ratio of amplitudes for electric fields polarized parallel 
and normal to the incidence plane; thickness and refractive index are obtained by the "new" ellipsometry referred 
to as spectroscopic. 
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'Derived 
information 

elastic tensor, yield 

piezoelectric tensor 

friction coefficient, 
electrons 

image, morphology of 
the outermost atomic 
layer 

mechanism of catalysis 

IeimuueMethodoloav 

mechanical 1 streswstrain 
electrical relationship 

electro- 
mechanical 

Caveats 
information 

preparation 
dependent, 
geometry 
sensitive 

built-in stress 
may mask 
intrinsic 
properties 

surface 
chemically 
sensitive, built-in 
stress may mask 
intrinsic 
properties 

preparation and 
contamination 
sensitive 

microscopy / 
tribology r 

chemical reactivity : I functionality) 

heterogeneous 
catalysis (film 

resonant response 
100 pnl2 

be haviou r 

force of probe tip 4.10-2- 
displacement 1 0 4 d  

film quality impact 100 mm2 
on catalysis 

VI. INDEXES 

The upright, bold and underlined numbers appearing in the left margin of a page are paragraph numbers. Figures, 

tables as well as figure or table captions are classed and numbered as paragraphs. 

VI.1. INDEX OF SYMBOLS 

The symbols representing physical quantities are in italics as recommended in reference [3]. The upright, bold and 

underlined number following the name of the physical quantity corresponding to a symbol, is the paragraph 
number where the symbol is defined. For example, the symbols a,, al, lattice constants, are defined in paragraph 

V.3.2.2.4. (a figure). When the symbol is defined in a table or figure and also in a (figure or table) caption, the 

corresponding paragraph number is indicated. For example, &*, the Hamaker parameter, is defined in two 

paragraphs : W . 1 4 .  (a table); 1V.3.2.15, (the table caption). 

Vi.l. l .  Latin symbols 

a@), aa ,  a7 : local Helmholtz energy density JV.3.1.16. : IV.3.1.17 

a , al : lattice constants V.3.2.2.4, 

Aarp(h) : Hamaker constant (retarded ) ly.3.2.14, : JV.3.2.15, 

Aarp: Hamaker constant ( non-retarded) JV.3.2.14 : JV.3.2.15. 

A : film surface area ; JV.3.15, 

A, : surface area of an interface JV.3.1 .A.10, 
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A: Helmholtz energy of the system JV.3.1.1& ; lY&lJ.Z 
A10 : film excess Helmholtz energy JV.3.1.1& ; JV.3.l.lZ 

A : film surface excess Helmholtz energy JV.3.1.16, ; JV.3.1.19 

AA (h ) : liquid film interaction Helmholtz energy 1\1.9.2.2. ; 1\1.3.2.7. ; JV.3.2.9.(operationaI definition) 

AA 'Q(h ) : liquid film interaction Helmholtz energy 1\1.3.2.7. (convention 10) 
AA IIa(h ) : liquid film surface interaction Helmholtz energy JV.3.2.7. : IV.3.2.11, (convention 110) 

c bl , c N : surfactant bulk concentrations JUJ, 
: critical electrolyte concentration lYA& 

Cj (z), Cia, CjT : three dimensional concentration of component i JV.3.1.1. : IV.3.1.3. 

d : film geometric (effective) thickness: v.3.2.1.3. 
dg : grain size of polycristalline film: v.3.2.1.3. 
dqW : quantum wall thickness : v.3.2.1.3. 
DLVO : (isotherm) JLS,& ; y,S,gi, 

E':  film dilational (Gibbs) elasticity modulus lv.6.2.8. 
E 2 : film (Young) elasticity modulus lv.6.2.7. 

F : Faraday constant 1\1.3.2.18. 
F : force JV.5.3, 

AG IIO(h ) : liquid film interaction excess Gibbs energy jV.3.2.7. : IV.3.2.11. 

Ag IIO: liquid film specific interaction excess Gibbs energy jV.3.2.7, ; IV.3.2.11, 

h : film effective thickness IV.3.0.2. ; JV.3.1.1. ; JV.3.1.p ; JV.3.l.lZFig. IV.3.2a 

h e : film equivalent thickness JV.3.l.tTable IV.3.1.1 ; JV.3.1.4, 

h 110 : film thermodynamic thickness JV.3.OA ; JV.3.0.5. : IV 3.1.1 

hoIIa : relative thermodynamic film thickness JV 3.1.1.; JV 3 . l g  

I : ionic strength in bulk solution Iv.3.2.18. 

Ia superscript (single Gibbs dividing surface convention ) IV.3.0.2, 

IC superscript : reference contact line corresponding to convention Ia IV.4.17. 

110 superscript : (two Gibbs dividing surfaces convention ) JV.3.0.2 

IIC (superscript) : reference contact line corresponding to convention IIa IV.4.17, 

LD : Debye screening length (in a solid) :lLA& ; V.3.2.14, 

L1c , LnC : lengths of reference contact lines IC and IIC JV.4.16, ; IV.4.17. 

I ,,, : dispersion component characteristic length U.A.10.; Iv.5.19. 

n i : amount of component i in the system JV.3.1.16. : IV.3.1.17 

n 
n {I0 : film surface excess amount of component i JV.3.1.5. : IV.3.1.16. : IV.3.1.19. 

: film excess amount of component i JV.3.1.5, ; IV.3.1.16, ; IV.3.1.18 

A P ~  : Laplace pressure JV.3.1.1 Z .; IV.3.1.A.5. 
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p~ : pressure tensor (stress) normal component JV.3.1.7, ; Iv.3.1.10.; IV.3.1.11. ; IV.3.1 .A.l, 

p (z) : pressure tensor (stress) tangential component Iv.3.1.7. ; IV.3.1.10.; IV.3.1.11, ; 

IV.3.1.A.1, 

p b  ( p a ,  pT) : isotropic pressure in a bulk, b, phase (aory) IV.3.1.7. ; IV.3.1.10. ;IV.3.1.11. ; 

IV.3.1.12. ; IV.3.l.A.4, 

R : gas constant jV.3.1.11, 

R O0 : meniscus radius of curvature Iv.3.1.12. 
R g  : macromolecular radius of gyration jV.5.15, 

rc, f I c :  contact line radii of curvature Iv.3.1.12. 

T : temperature JV.3.1 .ll ; JV.3.1.18, 

V : volume of the system JV.3.1.17, 

V e : equivalent film volume JV.3.1.1, ; Iv.3.1.6. 
V f : film effective volume JV.3.1.1, ; Iv.3.1.6. 
VIIa : film thermodynamic volume IV.3.0.5. ; jV.3.1 .l ,T ; ;lV.3.1& 

W ( h  ) : film interaction potential energy lv.3.2.7. ; lv.3.2.8. ; JV.3.2.10. 

Yfl : film elasticity (Young) modulus 1\1.6.2.7. 

v1.1.2. Greek symbols. 

E : bulk permittivity JV.3.2.18, 

r j 10 : film excess concentration of component i IV.3.0.2, ; JV.3.0.4. : IV.3.1 .l. : IV.3.1.5. 

Ti110 : film surface excess concentration of component i ; JV.3.0.5. : IV.3.1.1. : IV.3.1.5. 

Ar/Ia : film formation surface excess concentration jv.3.2.7. 

Tj,oIIO : relative film surface excess concentration of component i JV.3.1.1. : IV.3.1.6, ; 

TjS : film surface concentration of component i JV.3.1.1. : IV.3.1.3. 

y fw: (thick) liquid film tension IV.3.1.7, : J V . 3 - m  

y f  : (thin) liquid film tension JV.3.1.7, ; JV.3.19 ; IV.3.1.16, (general definition) 

Ic-1 

IC : film (periphery) line tension JV.4.16. ; JV.4.1Z 

K : momentum transfer V.1.2.2.4, ; V.1.223. 

K I C :  film line tension JV.4.18. ; IV.4.18, 

K I I C :  film surface line tension Iv.4.16. ; lV.4.18, 

: Debye screening length llga. ; 1y33. 14,;JV.3.2.18,; IV.5.11.: IV.5.17. 

A : electromagnetic wavelength V . 3 . 2 . U  

;Iph : phonon wavelength: Y.3.2.1.2, 

Amfp : charge carrier mean free path : Y&2.1.2, 

: specific wavelength in absorption spectrum 1lg4, ; footnote [9]; ll.A.10. 

pj : chemical potential of component i in the system Iv.3.1.16. 
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na(h ): disjoining pressure adsorption component JV.3.2.14, ; JV.3.2.a 

no(h  ) : disjoining pressure IV.3.1.7. ; JV.3.1.11, ; JV.3.1.12.; IV.3.1.16. 

n e ( h  ) : disjoining pressure electrostatic(ionic) component JV.3.1.14. ; IV.3.1.18. ; IV.5.11. : 

&l(h ) : disjoining pressure elastic component N.3.2.14. : IV.3.2.20. : IV.5.11. ; JV.5.18, 

nh(h ) : disjoining pressure hydrophobic component JV.5.11 , ; JV.5.16. 

nm ( h  ): disjoining pressure dispersion component 1V.3.2.14. ; LV.3.2.15.; IV.5.11. : IV.5.19. 

ns(h ) : disjoining pressure solvation component JV.3.2.14, ; 1V.3.2.16,; jV.5.11. ; IV.5.14, 

nst(h ): disjoining pressure steric component JV.3.2.1& ; JV.3.2.19,; 1V.5.11. : Iv.5.15. 

jV.5.17, 

810 ( 8  Ic), 8110 (8I Ic)  : reference contact angles for conventions Ia(1C) and IIa(1IC) IV.3.1.12, ; 

IV.3.1.14, ;Iv.3.1.15 

Z f  : (thin) liquid film tension JV.3.1.7, ; JV.3.l.Q. ; JV.3.1. lZ ; JV.3.1.1& ; JV.3.1.19, (general 

Zfw : (thick) liquid film tension 1y3.1.19. 

uf : thin liquid film surface tension Jy,&l,L; JV.3.1.8, ;1V.3.1.12,; LV.3.1.15. ; IV.3.1.16. ; 

definition, convention 10 and convention IIa) 

IV.3.1.19. 

6, &Y : interfacial tension between liquid a and y JV.3.1.A. 2. ; IV.3.1.A.6. ; IV.3.1.12, 

us : interfacial layer width j.Ll,Z, : ll.A.7, 

TIIC : film (contour) transversal tension JV.4.16, ; 1V.4.18. : IV.4.19, 

IC : grand potential of film line (convention IC) JV.4.16. : IV.4.18, 

a I1C : grand potential of film line (convention IIC) JV.4.19, 

a 0 : interfacial grand potential JV.3.l .A.lQ, 

a110 : film grand potential (convention IIa) JV.4.16. : IV.4.19, 

ha (h) : change of grand potential of the system on thin liquid film formation lV.3.2.7. ; lV.3.2.12. 

: film grand potential (convention 10) JV.4.16, ; JV.4.17, 

5 : molecular pair correlation length Ugs, ; JV.5.11, ; JV.5.14 

4' : coherence length JI.A.9. ; IV.5.11, ; JV.5.18 

re: electric coherence length llgg, 
(m : magnetic coherence length Ilgp, 

VI. 2. INDEX OF ABBREVIATIONS AND ACRONYMS 

The underlined number following the explanation of an abbreviation or acronym is the paragraph number where 

they appear. 

1 D : one dimensional 

2D : two dimensional 

3D : three dimensional 

AFM: atomic force microscopy v.2.2.1. 
Al I S O  I Al : recommended abbreviation tor the film system Al I solid film I Al 11.10 
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ATR: atenuated total reflectance v.1.2.2.1. ; v.2.2.1. 
ac: alternative current JV.7.4 

CBF : common black film J L L Z ,  
CMBE : chemical molecular beam epitaxy v.3.3.4.5. 
CVD : chemical vapour deposition 1\1.3.3.4.1. 

DLVO : Derjaguin- Landau- Vervey-Overbeek lY,M, 
DSC: differential scanning calorimetry v.2.2.1. 
dc: direct current 11L1, ; JYiL?, 

ESCA: electron spectroscopy for chemical analysis uL1. ; IlLz ; V.1.2.2.4. ; V.1.2.2.6. ; v.3.4.1. 

ESR: electron spin resonance v.1.2.2.1. 
EXAFS: extended X- ray absorption fine Structure V.1.2.2.4. ; v.1.2.2.6, : v.3.4.1. 

FTIR: Fourier transform infrared Jy;w2 : v.1.2.2.1. ; v,2.2.1. 

GDS : Gibbs dividing surface uL;tG, 

HPCVD : high pressure chemical vapour deposition v.3.3.4.2. 
hf: high frequency 111,1 

IR infrared IlL1, ; y.1.1.2.1. : v.2.2.1. ; v.3.4.2. 

L: liquid 

UUL : emulsion film system liquid I liquid film / liquid m. ; Iv.2.2 
LB : Langmuir-Blodgett V.1 .Z.la.l 

LPCVD : low pressure chemical vapour deposition V.3.3.4.2, 

MBE : molecular beam epitaxy v.3.3.3.5. 
MOCVD : metallo-organic chemical vapour deposition v.3.3.4.4. 

NBF : Newton black film JY&L 

0 : oil IL1Q, 

PECVD: plasma enhanced chemical vapour deposition : V.3.3.4.3. 
PT: photothermal Y . 1 . 2 . m  

PVD : physical vapour deposition v.3.3.3.1. 

S: solid lLLQ 
SIUS : suspension film system solid / liquid film I solid jV.l.3. 

SISISI : solid / solid film I solid 1114, 

UPS: ultraviolet photoelectron spectroscopy V.t2.2.4. ; v.1.2.2.6. ; v.3.4.1. 
UV: ultraviolet ULL, ; Iv.7.4,; Y L 2 2 , L  ; v.2.2.81 

V: vapour jUQ, 
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V/L /V :foam film system vapour / liquid film / vapour JV.l.1, : JV.6,l.lk 

V/UL : recommended abbreviation for the wetting film system vapour / liquid film / liquid JV.l.4, 

VlUS : recommended abbreviation for the wetting film system vapour / liquid film / solid 11.10. : IV.1.4. 

VLLB : vertical lifting Langmuir-Blodgett V.1.2.la.4. 

W :water IL4, 
W / 0 / W : emulsion film system water / oil film / water JJA 

XPS: X - ray photoelectron spectroscopy I1L1, ; llL3, ; V.1.2.2.4. ; V.1.2.2.6, : v,2.2.1. : v.3.4.1. 

V1.3. INDEX OF TERMS 

A number in this index indicates the paragraph number where the term is defined in the text, in a table or caption 

(of table or figure). 

adsorption wetting film 

adsorption wetting layer Iv.2.1. 

alternate multilayer y.1.2.2. 

amorphous inorganic film L3 .2 .1  , ; V.3.2.4.1 , 
amorphous organic film YAQ, 
anchored molecule 1lg5, 
anodic oxidation method V.3.3.5.4, 

asymmetric film 

disjoining pressure JV.3.1.11 , 

; Jl.15. : IV.3.1 .l. ; IV.3.2.2, 

bilayer U 
black film JV.5.7, 

cast film (amorphous organic) V.2.1.t 

centrosymmetric multilayer V.l  ,iLz 

characteristic length ( in plane or out of plane) IL&6, 
charge carrier mean free path V . 3 . 2 . a  ; V.3.2.1.3, 

chemical molecular beam epitaxy method V.3.3.4.5, 

chemical vapour deposition method y.3.3.4.1, 

circular planar film, disjoining pressure jV.4.15, 

grand potential Iv.4.18. 
interaction energy Ly.4.15, 

reference contact line radius JV.4.11, 

closed film JL& ; M. 
cluster deposition system V.3.3.3.8. 

co-amphiphilic compound V.1 .t13, 
coherence length Ll.A.9. : IV.5.11, ; JV.5.18, 

cold wall system v,3.3.3.6. 
common black film IV.5.7, ; KU!, 
compound monolayer V. l . l  .l, 
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electropolymerization method v.2.1.5. 
ellipticity K2.L ; Iv.7.2. 
emulsion film J U  
epitaxial film v.3.2.2.2. ; v.3.2.2.4. 
epitaxial growth V h !  

epitaxy v.3.2.2.2. 
extrapolated surface of tension ]&!?&I, 
extruded film v.2.1.1. 

film Il;t 
film annealing v.3.3.1.2. 
film bending mode lv.6.2.3. ; lv.6.2.4. 
film compression lv.6.2.6. 

isotherm Iv.5.1.;Iv.5.8. 
film contact angle J Y A L L  : Iv.3.1.10. : Iv.3.1.12. ; IV.3.1.15. ; I v .3 .1 .16~  ; IV.3.1.19, 

film contact line Jv.3.1.12, : J v . 3 . 1 . 1 4 ,  ; Iv.3.1.15. 
excess quantity JV.4.k 

length JV.4.k 

grand potential J V . 4 . l d  ; 

radius of curvature Iv.3.1.12; Iv.3.i.i3. ; Iv.4.16.; Iv.4.19. 
film contractile line tension 1y93. 
film critical thickness JV.6.2.L ; lv.6.2.3. 
film depletion J V . 3 U  

film deposition V.3.3.1.1, 

film destabilizing component JV.5.a 

film dilational viscosity Jv.6.2.1. 
film effective thickness LlL; lLLL ; Iv.s.az ; Ly.3.0.3. ; Iv.3.1.1. ; IV.3.1.12. ; IV.5.11, 
film elasticity modulus 1\1.6.2.7. 
film equivalent interaction energy JBA& 
film equivalent thickness JV.3 .1A ; Iv.3.1.4. 
film excess quantity IV.3.0.2. ; IV.3.0.4. : J U A  

amount of component i Jv.3.1.18. 
concentration of component i Iv.3.0.4. ; N h !  : Iv.3.1.5. ; IV.3.1.18, 

Gibbs energy JV.3.1.17, 

Helmholtz energy JV.3.l .l§., : Jv.3.1.17. 
film expansion J Y U ,  
film forced rupturing IV.6.2.b 
film formation grand potential 1\1.3.2.3. 
film geometric scale v.3.2.1.1. 
film geometric (effective) thickness v.3.2.i.i. ; v.3.2.1.3. 
film grand potential Jv.B.i.lb, ; JW, 
film growth system V.3 .3 .1L  ; v.3.3.1.2. 
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film interaction energy Iv.3.2.1. 
Gibbs energy 1\1.3.2.7. ; lY3.2.11 , 
Helmholtz energy 1\1.3.2.2. : lv.3.2.7. : JV.3.2.9, 

potential energy lv.3.2.7. : JV.3.2.8, 

specific Gibbs energy 1\1.3.2.7. : Iv.3.2.11. 
specific Helmholtz energy lv.3.2.2 

film life time lv.6.2.5 
film line tension JV.4.3, : JV.4.7, ; JV.4.16, : JV.4.17, ; JV.4.lh 

film material source V.3.3.1.1, 

film meniscus JV.4.1 , 
film reference contact angle JV.3.1 .lL W.3.1.lL W.4.16, ; Jv.4.19. 
film rupturing stability 35 
film shear modulus 1\1.6.2.2. 
film shear rigidity modulus JV.6.2.9, 

film shear viscosity IV.6.2.10. 
film shearing deformation JV.6.2.4, 

film single GDS convention JV.3.OA ; JV.3.0.4, ; JV.3.0.6, ; JV.3.1.12, ; 1V.3.1.14, ; JV.3.1.16, ; 

IV.3.1.17,; lV.3,1.1&; lv.3.2.7.; JV.3.2.10,; JV.S.l . l&; JV.3.1.16,; IV.3.2.12. ; IV.4.6, 

film spontaneous rupturing JV.6.24, 

film spreading JY&& 
film squeezing mode -3. : 1 V . u  

film stability J V . 6 . u  

film stabilizing component IYSJ., 
film stable equilibrium JV.5.G 

film substrate Y.3.3.l .l , 
film surface area JV.3.0.4, ; lV.3.Q& 

film surface concentration of component i JV.3.0,& : JV.3.0.& ; JV.3.1.1. ; IV.3.1.3, 

contact line JV.3.1.12, ;lV.3.1.=; JV.4.16,: JV .4 . lS  

excess amount of component i JV.3.13, ; JV.3.1.19, 

excess concentration of component i IV.3.0.5. ; JV.3.1 .L ; Iv.3.1.5. ; JV.3.1.19, 

excess Helmholtz energy 1\1.3.2.7. ; v.3.2.11. 
line tension JV.4.16, ; Iv.4.19. 
tension J V . 3 . l . L ;  JV.3.1.12b,;JV.3.1.lk; JV.3.1.16,; JV.3.1.19, 

film tension JV.3.1.L,; JV.3.1.9,; J V . 3 . u ;  JV.3.1.14,;JV.3.1. 16. ; IV.3.1.19, 

film surface of tension IV.3.1.10. 
film thermodynamic thickness IV.3.0.5. ; JV.3.1.1. : IV.3.1.15, 

film thermodynamic volume JV.3.0.5, ; JV.3.1 II, ; Ly.3.1.15, 

film thickness transition IL5J. ; l!L,U, 
film total surface area IV.3.0.4. 
film transversal tension JV.4.16, ; u1.4.18, 

film two GDSs convention J V . 3 . U  :IV.3.0.5. : JV.3.0& ; 1y.s.i.io. : JV.3.1.15, ; JV.3.1.19, ; 

1V.3.2.7. ; IV.3.2.11. ; IV.3.2J& ;Iv.4.7. 
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film unstable equilibrium JV.5.4. 

flash evaporation method V.3.3.3.4, 

floating monolayer lLlz 
foam film JV.1 .I, 

Gibbs dividing surface convention IV.8.0.(1. 
Gibbs surface concentration f Q Q S n 9 9  
Gibbs elasticity modulus lv.6.2.8. 
Gibbs-Marangoni effect JV.0.2.12 

grain boundary y3.2.3.1 ; v.3.2.3.9. 
grain size V.3.2. l . lL  ; v.3.2.1.3. 

Hamaker constant lv.3.2.14. : Iv.3.2.15. 
Helmholtz energy (3D) density M&Ll& ; Jv.3.1.17, 
heteroepitaxial film v.3.2.2.2. 
heteroepitaxy v.3.2.2.2. 
heterogeneous mixed monolayer YJLL22 
heterolayer V.1.2.1, 

high pressure chemical vapour deposition v.3.3.4.2. 
homoepitaxial film v.3.2.2.2. 
homoepitaxy v.3.2.2.2. 
homogeneous mixed monolayer V.l .l 2, 
homolayer v.i.2.1. 
hot wall epitaxy method v.3.3.8.7. 
hot wall system V.3.3.3.7, 

hydration isotherm JV.5.9, 

hyper-thermal cluster V.3.3.3.8, 

immobile surface JV.6.11, 

inorganic solid film v.3.4.1. ; v.3.4.2. ; v.3.4.5. 
geometric scale W . 1 . 1  , 
physical scale v.9.2.1.2. ; v.3.2.1.3, ; JV.3.1 .A .7, 

interfacial double-layer W 
interfacial layer JLU, ; J!&L 

effective thickness lLlL ; llgz 
width U; IWL ;U 

interfacial radius of curvature JV.4.1Q, ; 9 

interfacial surface of tension J&&LA,L 
interfacial tension Iv.3.1.7, ; Iv.3.1.12.; IV.3.1.A.1. 
ion beam sputtering V . 3 . 3 . m  

ionmilling v.3.3.9.7. 

lamination method V.2.1.4, 

Langmuir sequence V.1.2.la.2. 
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Langmuir-Blodgett deposition method V . 1 . 2 . l U  

Laplace pressure Jv.3.1.12. : JV.3.1.A.5,; 
lattice constant v.3.2.i.i. : v.3.2.2.4. 
lattice mismatch v.3.2.2.3. 
layer ILL 
line dislocation V . 3 . 2 . a  : -.%& 
liquid phase epitaxy method v.3.3.J.5. 
liquid phase film growth v.3.3.5.1. 
liquid spreading jV.2.2 

low pressure chemical vapour deposition V.3.3.2.4, 

macrocrystalline film v.3.2.1. 
macroscopic film ILZ, 
magnetic coherence length W 
magnetron sputtering v.3.3.2.5. 
Marangoni effect Iv.6.1.2. 
maximum speed of film transfer V . l . 2 . 1 a  

microcrystalline film v.3.2.1. : v.3.2.4.2. 
micrometer thick film Ug 

microscopic film ILZ, 
millimeter thick film Ug 
misfit dislocation y . 3 . 2 a  ; v.3.2.2.4. 
mixed monolayer V.l . l . l  I 

mobile interface JV.6.1.1, 

molecular beam epitaxy method v.9.3.3.5. 
molecular beam oven v.3.3.3.3. 
molecular epitaxy V.1.2.5, 

molecular lubricant V.l.1.1.Z 

molecular print V.1.2.5, 

molecular recognition V.1.2.8 

molecular replica V.1.2.5, 

momentum transfer JV.7.1 , : IV.7.3, :v.1.2.2.4. : 
monolayer Il;La, 
monolayer horizontal lifting y.1.2.la.8. 

monolayer transfer ratio V.1.2.ia.4. 
multilayer 1l53, 
multilayer substrate V.1.2.la.l. 

y.1.2.2.5, 

nanometer thick film Ug 

pair correlation length llge, ; Iv.5.li. ; JUJA 
paired multilayers. V.1.23, 

partly open film IL6, : J.W. 
periodic mutlilayers lL14, 
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phonon wavelength (scale) v.3.2.i.z 
physical vapor deposition method y33.3.1, 

pinhole V.1.2& ; v.1.2.2.7. 
planar film 1LB. ; JJ& 

planar film thickness Ug 
plasma v.3.3.2.1. 
plasma enhanced vapour deposition method v.3.3.4.3. 
plasma polymerization method V.2.1,& 

Plateau border Ug ; f.QWlote 16 
polycrystalline film v.3.2.1. ; V.3.2.3.1, 

positional correlation length Iv.3.2.le. 
pressure tensor 

normal component 
tangential component IV.3.1.A.2. ; JV.3.l .A.6, ; V.3.1 .A.7, 

J V . 3 . 1 . U  : J V . S . l g g ,  : JV.3.l  .A.7, 

primary minimum U,U, 
probability of rupturing 1\1.6.2.2. 
pure shear deformation 1\1.6.2.9. 

quantum wall thickness y3.2.1.1, 

quantum well multilayer 1114 

reactive ion milling V.3.3.2. 7, 

reactive sputtering v.3.3.2.6. 
reference contact angle JV.4.g ; JV.4.12, ; JV.4.19, 

reference contact line JV.4.4. : IV.4.16, ; 1V.4.18, 

reference contact line length JVm4.1Q, 

reference system 
reference system volume JV.3.1.1 Z : JV.3.1.14, ; JU!,U& 
relative film surface excess concentration of component i 17 IV.3.1.1. ; IV.3.1.6. 

relative Gibbs surface excess concentration of component i footnote 14 
retarded dispersion (van der Waals) energy Uge 

reversible surface work JV.3.1 .A.8, ; IV.3.I.A.g. 

reversible work 1\1.3.2.7. ; JV.3.24, 

Reynolds rate of thinning JV.6.13, 

RF-sputtering V.3.3.2.4, 

jV .3 .0 .~;V.3 .0 .~; ]V .3 .0 .4 , ;V .3 .0 .5 , ; IV .3 .1 .12 .  ; IV.3.1.14. ; IV.3.1.15. 

scale 

secondary minimum ly&& 
simple shear deformation 1\1.6.2.9. 
single crystalline film v.3.2.1. ; v.3.2.2.1 
solvation isotherm 1y3L9, 
speed of film transfer V . l . 2 . l a A  

spin-casting method V.2.1.Z ; V.3.3.5.g 

spin-coating method V.2.1& ; V.3.3.5.6, 
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spreading method v,2.1.9. 

sputtering process v.3.3.2.1. ; v.3.3.2.2. 
sputtering target v.3.3.2.1. ; V.3.3A2, 

sticking coefficient v.8.3.3.2. 
sticking probabillty v.3.3.8.2. 
sublayer Il;L 
subphase ~ ; Y . 1 . 1 . 1 . 1 .  

substrate U ; v,3.2.3.2. ; Y.3.2.2 .4, ; v.3.3.l.i. 
superlattice lL14. 
supramolecular devices Y.1.1 .l , 
supramolecular engineering V. l . l . l  , 
supramolecular machine V.l.1 .l, 

surface charge layer W 
surface excess concentration of component i footnote 14 

surface force W.3.2.4, 

surface grand potential IV.3.1.A.10. 
surface of tension IV.3.1.A.3. ; JV.4.12, 

surface tension 29 

suspension film JV.14, 

symmetric film ; 

thermodynamic definition IV.3.0.2. ; IV.3.0.6. 
thick asymmetric film JV.3.1.Q, 

thick film ; JJJ& 

thick film surface excess concentration of component i 1\1.3.2.13. 
thick symmetric film JV.3.1.A 

thin film lLyL ; JlJL ; Iv.8.2. 
thin liquid film JV.3.1.12, 

periphery l V . 3 . l . l Z  

surface tension JV.3.1.7, ; JV.3.1 .l Z 
thinning rate JV.6.1.3, 

transition layer Jl&L 
transition zone ILb, ; JJJA ; JV.3.1 a: Iv.3.1.13. ; W 
transversal tension JV.4. ld 

two-dimensional (2D) crystallite V.1.l .2, 
molecular pattern V.l.29, 

self-assembling V.l . l  .l , 
self-organization V.l.1.1 , 

unretarded dispersion (van der Waals) energy IL&e 
up stroke V.1.2.la.4. 

vertical lifting LB technique V.i.2.ia.4. 
wetting film 
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wetting film formation llLzz 
wire-bound bar V.2.1 .a 
work of liquid spreading lU2,  

X monolayer deposition V.1.2.14A 

X multilayer V.1.2.la.5. ; Y.1.2.la.6 

Y monolayer deposition V.1.2.14A 

Y multilayer V.l.2. l a &  ; V.1.2.la.6 

Z monolayer deposition V.1.2.1a.5, 

2 multilayer V.1.2.la.5. ; Y.1.2. 1 a.6 

VI.4.INDEX OF PREPARATION METHODS 

A number in the list indicates the paragraph where the term appears. 

anodic oxidation method v.3.3.5.4. 

cast film v.2.l.i. 
chemical molecular beam epitaxy v.3.3.4.5. 
chemical vapour deposition v.3.3.4.1. 
cluster deposition system v.3.3.3.8. 
cold wall system v.3.3.3.6. 

dc-sputtering v.3.3.2.3. 
drainage J L 2 A  

electroless deposition v.3.3.5.3. 
electrolytic deposition v.3.3.5.2. 
electron beam heated hearth technique v.3.3.3.3. 
eiectropolymerization v.2.1.5. 
epitaxy v.3.2.2.2. 
extruded film V.2.1 .l, 

film annealing v.3.3.1.2. 
film material open source v.3.3.3.3. 
film spreading method v.2.1.3. 
flash evaporation method v.3.3.8.4. 

homoepitaxy 57 
hot wall epitaxy method v,3.3.3.7. 

ion milling method v.3.3.2.3. 

lamination method Ka,tR 
Langmuir-Blodgetl deposition method V.1.2.la.l. 
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liquid phase epitaxy method v.3.3.5.5. 
liquid phase film growth v.3.3.5.1. 
liquid spreading lY,2,2, 
low pressure chemical vapour deposition method v.3.3.4.2. 

magnetron sputtering v.3.3.2.5. 
molecular beam epitaxy v.3.3.3.5. 
molecular epitaxy !LL2& 

organo-metallic chemical deposition v.3.3.4.4. 

physical vapour deposition v.3.3.1.1, 
plasma enhanced vapour deposition v.3.3.4.3. 
plasma polymerization V.2.13, 

reactive ion milling v.3.3.2.7. 
reactive sputtering v.3.3.2.6. 
RF-sputtering V.3.3.2.4, 

spin-casting (spin-coating) v.2.1.2. ; v.3.3.5.6. 
sputtering -1. : V.3.3.2.2. 

vertical lifting Langmuir-Blodgett V.1.2.1 a.4, 

V1.5. INDEX OF FILM CHARACTERIZATION METHODOLOGIES 

The list below is based on the second column, Methodology, in Table IV.7.1 , Table V.1.1.2.1 , TableV.1.2.2.1 , 

Table V.2.2.1 and Table V.3.4.1 . In the list below, the underlined number indicates the paragraph where the term 

appears. 

absorption / emission spectroscopy v.1.2.2.1. ; v.2.2.1. 
acoustic V . l . 2 A L  

atomic force microscopy V.1.- : v.2.2.1; v.3.4.5. 
Auger spectroscopy / microscopy V.1.2.2.4. : V.3.4.1, 

Brewster angle microscopy JV.7.1 , ; v.1.1.2.1. ; -A; 

carrier generation / recombination v.3.4.1. 
carrier trapping V.3.4.1, 

chemical reactivity v.1.2.2.8. ; v.3.4.5. 
current-voltage relationship V.3.4.1, 

current-voltage-temperature relationship V.3.4.1, 

dc, ac experiments JV.7.4 ; Y,L2&& : v.2.l.i. 
dielectric experiments Iv.7.4. ; Y J A 2 A  ; v.2.2.1. 
differential interferometry lY,Z,l. 
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electro-mechanical v.3.4.5. 
electrolytic metal deposition v.1.2.2.4. 
electron diffraction v.1.2.2.4. ; 69 TableY.3.4.1. 

electron spin resonance V.1.221, 

ellipsometry JV.7.1. ; v.i.1.2.1.; V.1.2.2.1. : V.2.2.1,; V.3.4.2. 

film tensiometry JV.7.4, 

film (monolayer) balance y.1.1.2.1. 

fluorescence microscopy v.1.1.2.1. ; v.i.2.2.1. 

Hall effect V.3.4.1, 

heat flow experiments V.3.4.Z 

impact tensile dilatometry v.2.2.1. 
interference microscopy (Nomarski) V.t2.2.1. 
interference microscopy (polarized light, visible light) L2,L 
ion probe and milling v,3.4.2. 
IR linear dichroism V . 1 . 2 . U  ; v.2.2.1. 
IR spectroscopy JV.7.1,; v.i.i.l.i.;v.2.2.1. ; v.3.4.2. 

mechanical stress IV.7.4, 

mechanical stress / strain relationship V.3.4.5, 

microscopy (polarized or ordinary light) V.1.221, ; V . 3 . 4 5  

microscopy I tribology V.3.4.5, 

neutron specular reflection JV.7.1, ; ,U&2d, ; !LJJL&& ; v.3.4.2. 
non-linear radiation (generation) y.1.1.2.1. 

photoconductivity v,2.2.1. 

photoelectron spectroscopy V.3.4.1 I 

photothermal spectroscopy v.1.2.2.8. 
polarized fluorescence spectroscopy Y .1.1.2.1 I 

radiochemical analysis JV.7.4, ; v.1.2.2.8. 
Raman spectroscopy JV.7.1, ; V . l . 1 . U  ; v.1.2.2.1.G Y.2.2.1. 
reflectivity (light) spectroscopy v.I.I.p.1. 
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