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ABSTRACT 

A theoretical method'is described of using power reflection spectroscopy 

to detect the spectral properties of layers of molecular material on homogeneous 

or inhomogeneous solid substrates. Results are presented for non-reflective, 

partially reflecting and highly reflecting substrates at various angles of 

incidence in o and n polarisation. At angles near the Brewster angle of the 

substrate the nature of the spectrum in pi polarisation is such that a spectral 

feature due to a surface layer only 1.0 E( thick is visible in the form of a 

small "blip" on a constant background. For non-metallic and metallic substrates 

the spectrum is extremely sensitive to the thickness of the liquid layer, 

polarisation, and angle of incidence, so much so that this method provides 

a large amount of new information per experiment, much more so than 

conventional absorption spectroscopy. 

INTRODUCTION 

The ability to investigate thin layers of molecular material on 

homogeneous or inhomogeneous substrates is becoming increasingly important in 

several fields of application. In this paper we illustrate theoretically that 

under well-defined conditions it is possible to use power reflectivity in pi 

polarisation to detect layers of molecular liquid on a metallic substrate (e.g. 

aluminium) approximately 10 8 in thickness. Therefore it is possible, under 

these conditions, to detect a monolayer of molecular material on a metal 

substrate. The spectrum is sensitive to polarisation, thickness of surface 
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layer, and angle of incidence, so that a reflectivity experiment of.this nature 

provides more useful information than the equivalent power absorption 

coefficient of traditional spectroscopy, even were this to be possible with 

layers as thin as 100 8. 

The surface reflectivity of a layered, inhomogeneous, system has been 

calculated theoretically from the dielectric loss and permittivity of the 

surface liquid layer using the admittance method, first developed by 

Jacobsson Cl1 and later by Hild [21 in a Doctoral Dissertation. The method was 

applied to inhomogeneous, layered, semiconductor material by Hild and 

Grofscik [31, and later extended by Hild and Evans [4] to variable angles of 

incidence. For layered media consisting of liquids superimposed on homogeneous 

or inhomogeneous substrates a variety of behaviour is encountered in the 

reflectivity spectra at o and II polarisation depending on surface liquid 

thickness, angle of incidence and dielectric nature of the substrates. In this 

paper the analysis is extended to include an original and new consideration of 

liquid films on metallic substrates, where again, a variety of behaviour is 

possible depending on conditions of investigation. These results open up the 

original possibility of developing a spectroscopy, based on reflectivity from 

liquids, either resting on a solid substrate, or sandwiched between two 

windows, the top one transparent over the required frequency ranges and the 

bottom one a precisely polished aluminium mirror. The film of liquid held 

between these two windows could be made as thin as practicable, so that the 

surface properties of mirror layers could be studied as distinct from bulk 

properties of molecular material. Alternatively, the technique could be used 

for detecting the presence of monolayers of absorbing liquid or otherwise 

molecular impurity material on epitaxials of commercial importance 151. 

Another possible application would be the study of surface catalysis, and oxide 

monolayers on metallic material. 

THEORETICAL BACKGROUND 

Infra-red reflectivity is a popular method of investigating the properties 

of lightly doped epitaxial layers on heavily doped substrates. There have 

also been attempts to characterise the diffused or ion-implanted doping 

profile in semiconductor structures by means of infra-red reflectivity, usually 

at normal incidence. 

The use of arbitrary angles of incidence, as in this work, requires the 

development of special mathematical methods to solve the Maxwell equations for 

reflectivity and transmission in non-homogeneous layered media. The 
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theoretical basis for these methods was worked out initially by Jacobsson Cl1 

and are mentioned in a monograph by Knittl C61. These methods were arrived 

at independently by Hild, in a Doctoral Dissertation C21, and were developed 

considerably by her for use with multi-layer semiconductor systems involving 

buried layers containing doping profiles. These methods have been described 

in papers by Hild and Grofscik C31, and have been extended to variable 

incidence angle by Hild and Evans C41. For epitaxial semiconductors, this is a 

considerable improvement on conventional methods which depend on the application 

of plane-wave formalism. The latter is certainly not the best for solving the 

second order differential equations - the Maxwell equations - which govern the 

behaviour of the electromagnetic field vectors in a medium whose optical 

properties vary, either continuously, or discontinuously. 

The methods developed by Hild and co-workers C2-41 enable the calculation 

of the power reflectance and transmittance of inhomogeneous media by 

transforming the second order differential equations of the field vectors into 

first order Riccati type differential equations, which can be integrated using 

the Runge-Kutta method c41 . Both reflectance and transmittance can be 

expressed in terms of the optical admittance function. In this section we 

illustrate additionally how this method can be applied in an original way to 

monolayers of absorbing material on highly reflecting substrates, either 

homogeneous or inhomogeneous. 

LIGHT PROPAGATION IN INHOMOGENEOUS MEDIA IN TERMS OF THE OPTICAL ADMITTANCE 

The electric and magnetic field vectors E and g of angular frequency w 

obey the following differential equations in an inhomogeneous medium of relative 

permittivity ; (usually a complex function), and a relative permeability of 

lLl2 ̂ 
AR + - E g - grad div E = o 

c2 
% 

AR 
,2, 

+--E 
C2 

Q + i grad i rot 2 

It is assumed that the system 

inhomogeneous only in axis z: 

; = E(Z) 

= 
& (lb) 

is infinite in directions x and y and 

(2) 

(la) 

It is assumed that the interfaces in the system are parallel to plane (x, y), 
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and that the inhomogeneous layer is on a homogeneous substrate of infinite 

thickness. 

Let a plane wave: 

A, = AZ exp(i(wt - Jcc.5)) (3) 

be incident from the air side on the surface of the system at z = 0. In 

equn. (3) "A" denotes any component of the electromagnetic field vectors 

orH k 
+ 

R %' % o is the wave vector of the incident wave and < is the position vector. 

Assume that k+ 
0 

lies in the (x,2) plane (the plane of incidence), then: 

k; = F sin 0,; 
+ 

and koz = ; cos $. (4) 

where $I~ is the angle of incidence. The system is homogeneous in direction 

x, so that the dependence of the field vectors on x can be expressed by the 

factor: 

exp ( - F sin 4,) (5) 

The dependence of the field vector on z will be treated separately for IT 

and o polarisation. In TI polarisation the electric field is parallel to the 

plane of incidence, and for o polarisation perpendicular. The o polarisation 

corresponds to the transverse electric (TE) mode, with & in direction y, 

and the m polarisation to the transverse magnetic (TM) with 6 in direction y. 

The transverse field components Ey and Hy then obey the following differential 

equations: 

?.f% + & (; - sin2$o)Ey = 0 

az2 c2 

)Hy=O 

(6a) 

(6b) 

The parallel and transverse components can be linked with Maxwell's 

equations: 

H =- !?i% 1 
(7) 

x ^ 

Ex 
1 aHY =-- - 

^ 
iwsoc a2 

(8) 
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where E 
o 

and p o are the permittivity and permeability respectively of 

vacuum. 

OPTICAL ADMITTANCE FUNCTION 

This is defined as follows: 

(9) 

and therefore involves the ratio of the tangential field components H 
t 

and E 
t' 

According to the boundary conditions of Maxwell's equations, Ht and Et are 

continuous, so j(z) is a continuous function of z in the system unless 

Et 
= 0, where the admittance function becomes infinite. The relations between 

3 and the transverse field components come from eqn. '(9) using eqns (7) and (8): 

^ ic 
'TE=; a= a (loge EY) 

' Ey = Ey(o)exp . . 

by integrating eqn. (10). 

Similarly: 

(10) 

z 

I j(z')dz' (11) 

z 

* Hy = Hy(o)exp . . 

Substituting these expressions for Ey and Hy into (6a) and (6b) 

respectively, we obtain differential equations in the admittance function: 

:2 sin2$, - ~~~1 

&, sin2$ 
- =- 

dz 

&!? [ (1 - +)j*& - ;I 

c E 

In the homogeneous parts of the system the field is a combination of 

a travelling wave with spatial dependence: 

(12) 

(13) 

(14) 

(15) 

exp(-i(kxx + ksz)) (16) 
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and of a reflected one with spatial factor: 

exp(-i(kxx - kss)) 

where 

(17) 

kx=E sin+ 
0 (18) 

c 

ks = : Cl, - sin2$11 (19) 

The optical admittance of the travelling wave in a homogeneous medium 

is therefore: 

^ 

jh,TE 
=iks = (Eh - sir-~~$~) 1 

n 
^ ^ 

jh,,l=-z = 1 
eh 

z (E - sin2+o) 1 
h 

(20) 

Eqn. (20) defines the wave admittance and it is denoted by h . Therefore: 

A ^ 
j, = n (21) 

for the travelling wave, and: 

A 
j,=-n (22) 

for the reflected one. There is only a single travelling wave in the 

homogeneous, seminfinite, substrate, so: 

js(r) = Ti, for z t zs, 

and because of the continuity of j: 

(23a) 

j(ss) = ns (23b) 

serves as a boundary condition for the differential equations (14) and (15), 

the Ricatti type eqns. for the optical admittance. 

The field in the medium from which the light beam has emerged is 

the sum of the incident and reflected wave: 

EO 
= E+ + E- , 

% ,I,0 QJo 

(24) 

Ho = H+ + H- 
% %O %o 

(25) 
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The reflection coefficients can now be defined as the ratio of the 

transverse components of the field vectors in the reflected wave to those 

in the incident wave: 

E- 
OY(O) 

rTE = E+ ; 

H& (0) 
=- 

OY (O) 

534 H+ 

O/O) 

There is a direct connection between the reflection coefficients and 

the optical admittance. For the TE mode: 

Y(O) 
H+ 

OX 
+ I$O) 

Eiyb) + Eiyb) 

rTEH~x(0)/E~y(O) = H;xb) /E;yb) + 

1 + iTE 

,. 
= 

'TE 

The same formula can be derived for the TM mode so the reflection 

coefficients in both modes can be obtained from the surface value of the 

corresponding optical admittance: 

^ 

^ Ilo - I(o) 
r=, ^ . 

‘IO 
+ j(O) 

The power reflectance is then: 

(26) 

(27) 

(28) 

R = lr12 (29) 

With eqn. (28) it is possible to calculate the reflectance of a system 
^ 

of arbitrary E(Z) in the range 0 S z 5 zs if one knows the optical admittance 
^ 

at z s and solves the differential equations (9) of j at z = 0. 

Expressions for the transmittance can also be derived in terms of 
L 
j. Assume that the system is bounded by the same medium (air) on both 

sides. By definition the transmission coefficients are: 

^ E+ 

tTE = 

sy (=s) ^ 

“iy (0) 
; 3-M 

Hfy(zs) 
=p; 

Hzyb) 
(30) 
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Because of the 

and because of eqns. 

continuity of the y components of the field vectors 

(14) and (15): 
z 

Eiy(zs) = Ey(zs) = Ey(o)exp 

where the subscript refers to the medium and the electric field in the 

inhomogeneous layer is denoted by EY. We have seen that: 

(31) 

Ey(o) = E+ + E- = E-+(1 + ;TE) 
oY oY 

so: 

n 
tTE 

= (1 + rTE)exp (- " /aj(sV),,.) 

0 

and, in the same way, ? 

^ 

tTM 

-S 

;(z');-l(z')dz' 

The power transmittance is defined as: 

T = l^t/' 

(32) 

(33) 

(34) 

(35) 

If there is a homogeneous layer in the system with boundaries .zhl and 

=h2 
the field in this layer is again a combination of a travelling wave and 

a reflected one. 

^ A 

jh = nh Cl - 2/ [1-p-lexp(2 

where 

^ 
P = Gh - 3(2,,))/(;, + 3(2,,)) 

(36) 

(37) 

is the reflection coefficient at the "back" boundary of the homogeneous 

layer, and: 

AZ = zh2 - shl ; zh2 2 z 2 zhl (38) 

For numerical calculations it is more convenient to use real variables 

and to use the wavenumber (7) instead of w. Let us introduce the real 

variables through the formulae. 
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. 
j=j - 

1 ij, ; n =nl-in2 ; 

^ 
c =c 

1 
- ic 

2 (39) 
^ 
E =c - ic 
s sl s2 

fiS 
=q= 11 -ik 

S s * 

The algorithm to calculate the reflectance of an inhomogeneous layer on a 

homogeneous substrate of refractive index ns and absorption index k consists 
S 

of solving the system of the first order differential equations: 

dj, 
- = 2lG (-E2 + 2j,j,) 
dz 

dj, 
- = 2G(cl - sin29 
dz 

0 
- jf - j$) 

for the TE mode, and 

dj, sin2eo 
- = 2*;CE2 - 2jlj2 + - 
dz c:+c; 

C2clj,j, - c2(jf + j$)ll 

dj, sin2$ 
-= 

dz 
2avCsl-jz+j$ + o Ccl(ji-j;) + 2s2jlj21 

E2+E2 
12 

for the TM mode, with the boundary conditions: 

(40a) 

(4Ob) 

(41.3) 

(4lb) 

jl(zs) = nsl ; j2(zs) = ns2 (42) 

where n 
sl 

and n 
s2 

are the real and imaginary parts respectively, of the wave 

admittance of the substrate. 

The reflectivity is obtained 

R= 
(no - jl(o)j2 + j2(o12 
(no + jl(o)j2 + j,(o) 

2 

by the following formulae: 

(43) 

where n o cos $. for the TE mode and 

nO 
= -l/cos $. for the TM mode 

and n sl and n s2 
are calculated as follows 
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Let: 

% % 
El = Es1 - sin2$o; ~2 = ~~2 ; 

y1 
= C0.5(E1 + E)li ; y2 = 0.5[E - :l+ , 

then n 
5.1 

= Y; ns* = y2 for the TE mode, and 

--E 
sly1 - Es2y2 

--E 
s2y1 

+E 
sly2 

n = 
Sl 

; 
E 

n's2 = 
E 

for the TM mode. 

RESULTS AND DISCUSSION 

In this section we consider reflectivity from a surface liquid layer 

on different types of substrates. The dielectric loss and permittivity of the 

liquid are both governed by a simple theory based on the truncation of the 

Mori linear continued fraction expansion of the orientational autocorrelation 

function, fully described elsewhere in the literature C71. 

The three variable Mori theory used to produce the infra red absorption 

is an approximation to the Lioville equation which governs the dynamics of an 

ensemble of N molecules in the liquid state. It defines the dielectric loss and 

permittivity (Ed and E' respectively) as follows [71. 

E”(W) = 
(EO--E,)Y4,(0)$,b) 

Y2($,k+W + ~2(w2-(~ob) + epm2 
(44) 

E’ (w) = Eo-(Eo-E,)W2 
Y2(~2-~o(o>)+(w2-~l(o))(~2-(~o(o)+~l(o))) (45) 

Y2($ (0~-~~~~+~~(~~-(~,(0)+~1(0)))~ 0 

Where co is the static permittivity and E_ that at the end of the high frequency 
-1 

of the absorption process (at about 200 cm ). The far infra-red power 

absorption coefficient in terms of the dielectric loss and permittivity is 

then, as usual: 

CL(;) = 
2filrs"(V)V 

[(E'(g) + P(& + E’(i)1 1 
(46) 

where the wavenumber is ; = w/(~*c). 
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The effective Debye relaxation time in this theory is 

($ob) + $,W2 - Wobh2 
'D = 

o;(o)? 
(47) 

The parameters $,,$l and y govern the shape of the far infra red spectrum and 

can also be defined in terms of molecular and inter molecular properties. 

$o(o) is related to the root mean square molecular angular velocity; $1(o) 

to the mean square torque; and y to the Debye relaxation time through 

eqn (47). Therefore $. is defined through the geometry of the molecular and 

the equipartition theorem in the usual way; but $1 needs for its definition a 

knowledge of the intermolecular mean square torque. Usually the latter can be 

obtained from a computer simulation. The results in fig. (1) are for 

y = 1.0 x 1o13 -l 25 -1 
see ; O,(o) = 1.0 x 10 set ; 

o,(o) = 1.0 x 1O25 see-l. 

This gives a relatively sharp peak in E" and a dispersion for E' which includes 

a negative portion. Transformed with eqn (47) into power absorption this would 

provide a sharp far infra red peak, usually observable in liquid crystals. 

It is important to note that the theory leading to fig. (1) is used in 

this paper only for the sake of illustration. In general any type of infra 

red absorption can be used as a basis for generating reflectivity using the new 

admittance method of this paper, including experimental data from any sample 

(e.g. a low dimensional deposition on a solid super lattice). 

Whenever the infra red peak (or peaks) is (or are) sharp, the equivalent 

dielectric dispersion can become negative before reaching the final plateau 

at the positive value of E_. This means that the dispersion cuts the abscissa 

at a certain wavenumber ; o on the high frequency side of the loss peak. It 

C’ 6. 

100 

om 2 l!!z -100 w, , 
0 50 100 cM 

Fig. 1. The basic loss (1) and dielectric permittivity (2) used to generate 

the power reflectivity curves of this paper. 

Ordinate: Permittivity; Asscissa: 
-1 

wavenumberlcm 



will be shown in this section that this property leads to an additional feature 

in the reflectivity at pi polarisation at the frequency io. The shape 

and contrast of this feature are strongly dependent on polarisation, angle of 

incidence and the thickness of the surface layer. There would be several such 

features if the absorption spectrum of the thin surface layer consisted of 

several sharp peaks, as is usually the case at liquid helium temperatures in 

low dimensional materials of interest. 

In the theory used for the sake of illustration in this section the 

width of the loss peak in fig. (1) and therefore the depth of the negative 

trough in the dispersion, is controlled essentially by the ratio $1/y. The 

greater this ratio the sharper the loss, and therefore the sharper the power 

absorption. This means that the sharper the loss peak the more clearly 

discernible will be the new reflectivity feature at ; illustrated in this 
0 

section. This could be most useful analytically for the study of infra red 

reflectivity from low dimensional materials. In a spectrum of natural 

(i.e. experimentally observed) infra red frequencies there would be plenty of 

scope to see the pi reflectivity in the infra red provided conditions are 

optimised. 

The absorption equation from the loss (eqn (44)) and the dispersion 

(eqn (45)) is too complex for analytical integration when used in the 

fundamental equations (14) and (15) but the Runge Kutta integrator used in the 

algairthm behind this work is easily accurate enough to overcome this 

difficulty, and for homogeneous substrates is very fast. The effect on the 

spectrum of varying the ratio el/y for a given 0, can be investigated 

straightforwardly. The algorithm could also be adapted to compute reflectivity 

spectra from a set of experimental absorption data suitably parameterised. 

i) Assuming that the substrate is pure silicon, it can be represented in 

dielectric terms by a constant permittivity E = 11.7 and zero dielectric 
0 

loss c3,41. 

ii) A polished metallic substrate is a nearly perfect reflector, and can 

be represented [81 by a very high constant dielectric loss E" and a much lower 

dielectric permittivity because the pure metal becomes transparent to radiation 

well above the infra-red range in which we are interested. In this work, we 

also chose to use a highly reflecting substrate with a constant permittivity: 

i) of 1,000 and ii) 10,000 and zero loss throughout the frequency range of 

interest. 
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RESULTS FOR SILICON SUBSTRATE [3,41 

The dielectric loss and permittivity of the surface liquid layer is shown 

in Fig. (1) for illustration. The reflectivity coefficients computed in x 

and u polarisation in the figures that follow are all based on the same - 

dielectric properties for the surface liquid layer - those of Fig. (1). These 

figures attempt to illustrate the wide range of information available from 

Ro and Rx as a function of a) surface liquid thickness; b) angle of incidence; 

c) polarisation of the probe radiation, for the same sample. This 

information can be stored in the data-base of a computer and used as a very 

detailed fingerprint of the optical properties of the sample under 

investigation. 

The first series of figures in this section deals with a surface liquid 

layer of 1.0 x 10d4 cm on a substrate of permittivity so = 11.7 (silicon), 

for various angles of incidence - (4). It can be seen from Fig. Z(a) that 

as the incidence angle departs from the normal (I$ = ZOO), the Ro and Rx 

power reflection coefficients are already significantly different from those 

for $ = 0' . In particular, for TI polarisation, a second inverted peak is 
-1 

visible in Fig. 2(a) at 76 cm , the point at which the dielectric 

permittivity in Fig. (1) cuts the frequency axis for the second time. 

As the angle is increased to 61.874' the Ro and R curves become 
II 

distinctly separated (Fig. 2(b)) the feature at pi polarisation at 76 cm 
-1 

, 

the point at which the dielectric pennittivity in Fig. (1) cuts the frequency 

axis for the second time. 

As the angle is increased to 61.874O the Ro and Rx curves become 
-1 

distinctly separated (Fig. 2(b)) the feature at pi polarisation at 76 cm now 

shows signs of being a dispersion, Fig. 2(c) showing clearly that it is in the 

process of "inverting" from a negative to a positive peak. It is interesting 

to note in this context that an angle of incidence of 61.874O corresponds to 

tan-l (c 1 ) m'liq 
, where E 

-,liq 
is the high frequency limit of the dielectric 

permittivity of the liquid, and this compares with the spectrum at $ = 73.701' 

in Fig. 2(c) which is the Brewster angle C4,91 of the substrate, 

tan -1 E 1 = tan-l ll 7j! 
oa . . It is significant that in II polarisation at the 

Brewster angle of + = 73.701° (Fig. 2(c)), the higher frequency peak has 

become the greater in magnitude, and is the most visible feature in the 

landscape. 

As the incidence angle is increased to 85' (Fig. 2(d)) there is yet 

another interesting development in the spectrum at pi polarisation, in that 
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O=O’ 

<.. 
0 ,F ,’ 

1 
n 2 

P 
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the higher frequency peak continues to grow, but the lower frequency peak now 

inverts and becomes negative. Therefore the "peak pattern" in Fig. 2(d) is 

the mirror image of that in Fig. 2(a), the lower frequency peak has inverted 

from positive to negative and the higher frequency peak from negative to 

positive. Finally, at a glancing angle of 89O the power reflectivity spectra 

in both polarisations converge to the constant value of unity expected when the 

beam is precisely parallel to the surface of the reflector. 

The series of spectra 2(a) to 2(e) therefore contain a great deal more 

information than the simple loss and dispersion curves of Fig. (1) from which 

they are all derived, using admittance theory. Reflection spectroscopy, when 

used in this way, therefore provides a completely original and much more 

detailed fingerprint than a conventional infra-red absorption spectrum. This 

is especially true of molecular liquids. 

When the thickness of the surface liquid layer is increased to 0.1 mm 

(Fig. 3)) the corresponding change in the reflectivity spectra, both in u 

and II polarisation, is pronounced (cf. Fig. (2) and Fig. (3)). In particular, 

the peak at low frequency in Fig. (2) has evolved into a triplet of fringes 

which are deeper in II polarisation compared with those in o polarisation at 

incidence angles of 61.874O, 73.701' and a glancing angle of 89' 

(Fig. 3(c)). The higher frequency feature in Fig. (2) has evolved in Fig. (3) 

into a sharp "band edge", followed at higher frequency by a set of fringes, 

which are considerably deeper in u than in II polarisation, at 61.874', the 

angle defined by tan 
-1 ’ 

E 
-,2iq 

= tan -l 3.51. If this angle is increased 

further to 73.701° = tan-l E= iub = tan --l 11.74 (the Brewster angle [4,91 
, 

of the silicon substrate),then the Ro and R, signals become separated on the 

ordinate scale, the Ro signal being so far the more reflective. The low 

frequency triplet pattern and higher frequency "band edge" are followed at 

this angle by a set of very deep interference fringes, which are again more 

pronounced in sigma polarisation than in pi. Finally, at the glacing angle 

Fig. 2. Surface liquid layer of 1.0 x 10 
-4 

cm on a substrate of permittivity 

c 
0 

= 11.7, and no dielectric loss. 

a) Incidence angle of $ = 0 (- - - -); and Cp = 20°: (1) in o polarisation; 

(2) in 71 polarisation. 

b) Incidence angle of C$ = 61.874', (1)o polarisation; (2)x polarisation. 

Ordinate: Power Reflectivity; Abscissa: cm 
-1 

c) As for b), = tan -1 11.7$ = 73.701° (Brewster angle). 

d) As for b), = 85', note the inversion in the low frequency peak for 

angles greater than the Brewster angle. 

e) As for b), Q = 89O, a "glancing" angle. 
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80 160 

I I 

80 160 

Fig. 3. As for Fig. (Z), surface liquid layer of 1.0 x 10 
-2 

cm ( = 0.1 mm). 

a) ---- - -0 polarisation; IT polarisation; 4 = 61.874'. 

b) $ = 73.701'; c) Q = 89'. 

of 89' the patterns of Ro and Rr have again changed significantly in 

particular the triplet in Rr at low frequency has evolved into a slightly more 

complex pattern with four peaks. Both spectra, in Ro and RV are converging 

to the value of unity at all ; for $ = 90'. Therefore, the patterns in 

Fig. (2) and (3) provide detailed fingerprint information on the properties of 

liquid surface layers as a function of incidence angle and liquid depth. 

HIGHLY REFLECTING SUBSTRATES C81 

This section provides theoretical results for a surface liquid layer on 

highly reflecting substrates. These results are obtained from the dielectric 
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loss and permittivity of Fig. (1) and aim to demonstrate the detection by 

power reflection spectroscopy of very thin layers of molecular liquid placed 

on a highly reflective substrate. This entirely original technique could be 

useful in detecting monolayers of surface material and in studying by 

reflectivity low dimensional materials C61 arranged on highly reflecting 

substrates such as front polished aluminium mirrors. 

Two different types of reflecting substrates are considered. 

i) Substrate material with a very high, constant, permittivity in the far 

infra-red range, and no dielectric loss. 

ii) Metallic substrates, typified by pure aluminium, whose optical properties 

in the far infra-red have recently been determined experimentally 181 . From 

this work it is possible to see that the dielectric loss of Al in the far 

-1 
infra-red is approximately constant to about 200 cm , and is about 320,000. 

The dielectric permittivity of aluminium on the other hand is small in this 

region C81 . We have estimated a value of about 1.5 from the work in 

the literature C81. The reflectivity at normal incidence of Al in the far 

infra-red is about 0.997 - a value taken from the same literature source. 

1. SUBSTRATE OF VERY HIGH CONSTANT PERMITTIVITY 

For a liquid layer of 1.0 x 10 
-4 

cm the spectrum takes on the 

appearance of a very sharp spike (Fig. 4(a)) centred in B polarisation at a 

frequency (76 cm-l) corresponding to that at which the permittivity dispersion 

in Fig. (1) cuts the abscissa from negative to positive at high frequency. 

In Fig. 4(a) the dielectric permittivity of the substrate is E = 1,000 and 
0 

the dielectric loss is zero. As the angle of incidence increases from 

$ = 40° to $I = 61.874' the high frequency Rx spike becomes deeper and would be 

easy to discern if the reflectivity technique were to be used for the 

investigation of surface liquid layers on reflecting substrates of this nature. 

Another useful feature of this type of spectroscopy is revealed when the angle 

of incidence is increased to near glancing. The first signs of this change are 

discernible at $ = 85', where the high frequency peak has inverted with respect 

to that for $ = 61.874' in Fig. 4(b). In the region between 85' and 90' the 

Ro spectrum is featureless near 1.00, but the Rn spectrum becomes extremely 

sensitive to small changes in incidence angle (Fig. 4(d)) and therefore provides 

a useful fingerprint of the properties of the surface liquid layer. At the 

Brewster angle defined by tan -1 1000' = 88.189O (Fig. 4(d)) the Rn dependence 

has changed out of all recognition from that of Fig. 4(a) or 4(b). A further 
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Fig. 4. Surface liquid layer of 1.0 x 10 
-4 

cm on a substrate of high, constant, 

permittivity, co = 1,000. (1)o polarisation; (2)71 polarisation. 

a)$ = 40'; b)$ = 61.874O; c)$ = 85'; d)$ = 89.9'; e) E = lO,OOO,$ = 61.874O; 
0 

f) E 
0 

= 10,000,~ = 89.427'. 
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Fig. 5. Surface layer of 0.1 mm on a substrate of constant permittivity 

E 
0 

= 1000; R . 

: 
a)$ = O"; b)$ = 20°; c)$ = 61.874O; d)$ = 89O 

e) Ro,$ = 20 ; f) Ro,$ = 89'. 



increase of this angle to 89.9' (Fig. 4(d)) means that the whole RT profile 

is shifted up the complex ordinate scale and approaches the limiting value of 

unity expected at 90'. If the permittivity of the substrate is increased to 

10,000, again for zero loss, Fig. 4(e) and 4(f) show that the pattern is 

repeated as $ is increased from 61.874O to the Brewster angle of 

tan -' 10,OOOb = 89.427O. 

For a substrate e = 1000, and a surface liquid layer of 0.1 mm the Rr 

spectra computed from Fig. (1) are shown in Fig. (5). In the sequence (5a) 

5(d) the Rv spectrum is shown as the incidence angle is increased from 

to 

$ = 0' (normal to $I = 89' (Fig. 5(d)). The most obvious change in the spectrum 

1 1 
0 0 

---____A~_____ 

n 
\r lb1 

id 

5- .5- 

Fig. 6. Surface layer of 100 13 on a substrate of constant permittivity 

E 
0 

= 1000; (1) RG; (2) RR. 

a) $= 61.864', - - - - - -$ = 0; (b)$ = 89'; (C)I+ = 89.9o. 
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is that for angles greater than the Brewster angle ($ = 88.189') the high 

frequency interference fringes become sharp and pronounced (Fig. (5d)). The 

sharp inverted peak at 80 cm 
-1 

is split in various ways as the angle is 

increased, and the triplet feature at low frequencies is inverted as 0 becomes 

greater than 88.189'. Note that these features are all generated self- - 

consistently from the simple loss and dispersion curves of Fig. (1). This 

pattern is echoed in sigma polarisation (Figs. 5(e) and 5(f)), but the lower 

frequency features at $ = 89O in Ro have vanished. 

For surface liquid layers of 100 2 and 10 2 depth the R* and Ro spectra 

(Fig. 6)) are changed markedly from those of Fig. (5). At $I = 61.864' a small 
-1 

peak at 76 cm in II polarisation is clearly visible in Fig. 6(a) on a 

substrate of permittivity E = 1000. In Fig. 6(b), it is clear that increasing 

the angle to $ = 89O results in the inversion of this peak from negative to 

positive. In Fig. 6(c) of this series the RT peak at 89.9O is clearly visible 

for a 10 2 depth of surface liquid on a substrate of permittivity 10,000. 

This implies that the technique of power reflectivity should be useful for 

the detailed study of monolayers C61 of absorbing material on a highly 

reflecting substrate. 

Finally, in Fig. (7) it is demonstrated that the nature of the substrate 

has an effect on the surface reflectivity, even at normal incidence. This 

illustration is for a surface liquid layer of depth 1.0 x 10 
-4 

cm on a substrate 

composed of a transition layer of 1.0 x 10 
-4 

cm on an infinite bottom layer 

of permittivity 1.5. 

Fig. 7. Illustration of inhomogeneity of substrate on surface reflectivity. 

o polarisation 

---- 'TI polarisation. 
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RESULTS FOR A SURFACE LIQUID 

The optical properties 

investigated thoroughly C81 

it can be estimated that the 

LAYER ON ALUMINIUM SUBSTRATE 

of metallic aluminium have recently been 

from the far infra-red to the ultra-violet, and 

permittivity of metallic aluminium up to about 

200 cm 
-1 

is approximately constant at about 1.5, and that the dielectric loss 

-1 
is approximately constant at about 320,000 up to approximately 200 cm . These 

values were used in our program to calculate the power reflectivity from 

surface liquid layer on metallic aluminium e.g. a front polished aluminium 

mirror. The Brewster angle in this case is determined by the dielectric loss, 

and is: 

$B = tan -' 320,000' = 89.8987'. 

There the Rv spectrum changes shape at an angle a few minutes of arc above 

the parallel. It is shown in this section that low angle reflectivity of this 

nature in pi polarisation is able, theoretically, to detect and characterise 

a layer of liquid on the substrate only 1.0 8 (1.0 x 10 
-8 

cm) thick. This new 

and original method could therefore be of great practical interest in the 

optical investigation of low dimensional materials, monolayers, and interfaces 

between materials. 

As the depth of the surface liquid layer decreases it becomes clear that 

the conventional technique of normal incidence reflectivity will lose all 

spectral information, both in Ro and R . 
II 

Information is retained in R,, only, 

and is available in proliferation at low angles of incidence, to an arc 

minute f fifty or so arc seconds above the parallel. The practical means of 

setting up an optical apparatus to observe these Rv spectra should be based 

on the methods already in use Cl01 for low angle X-ray scattering. It will be 

necessary to use precisely collimated tunable laser radiation 100% polarised 

into sigma or pi. The reflected laser beam will be analysed by a spectrometer, 

either an interferometer or using conventional prisms or gratings, depending 

on the frequencies of interest (i.e. far infra-red, infra-red, visible, 

ultra-violet, or perhaps microwave and radio frequency). 

ILLUSTRATIVE RESULTS 

These are given for the dielectric loss and permittivity of Fig. (1) and 

for various depths of surface liquid layer and angle of incidence 0. 

In Fig. (8) the depth is 0.1 mm (10s2 cm). At this depth, and for an 



0 00 160 

Fig. 8. Reflectivity on an aluminium substrate. Surface liquid depth = 
-2 

1.0x10 cm. 

a) Rr at $ = 61.874'; 

b) Ro at 0 = 61.874'; 

c) R= at $ = 89.500' and d) s at = 89.8987' 

angle of incidence of 61.874O detailed fingerprints are observable both in 

Ro (Fig. 8(a)) and in RV (Fig. 8(b)). The Ro and Rr spectra cover the full 

scale from 1.0 to 0.0, giving plenty of opportunity for spectral analysis 

of the surface liquid layer. For + = 89.500', just below the Brewster angle 

(Fig. 8(c)), the RT spectrum has "inverted" at low frequencies and the high 

frequency, full scale, fringes have sharpened and are well defined. In Ro 

polarisation (not shown), the reflectivity at low frequency, in great contrast, 

is dominated completely at this angle by that of aluminium C81 (0.997). 

Nothing is therefore observable in R o except some residual high frequency 
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fringes, which appear in a different frequency pattern, however, to those 

illustrated in Fig. 8(c) at R . 

At the Brewster angle 01 41 = 89.8987' (Fig. 8(d)) the Rs spectrum has 

shifted up-scale, and is approaching the value of Rr = 1.000 for all ; 

expected at I$ = 90.0000', when the radiation does not, of course, enter the 

sample, being precisely parallel to the surface of the liquid. For this depth 

of liquid layer the spectrum does not change dramatically in shape near the 

Brewster angle, but the fringes are "dampened" from full scale (Fig. 8(c)) 

to about quarter scale for about 30 arc minutes change in angle. The 

amplitude of the spectrum is therefore extremely sensitive to angle of 

incidence near the parallel. 

_-z___ 
m=o 

lb1 

II---=- n 

Fig. 9. As for Fig. (8). Surface depth = 1.0 x 10 
-3 

cm. 

a)----Ro; ,, R at $ = 61.874' 

b) (1) - - - - - R . (5’ -R_ at = 85 .ooo” 
(2) - - - - - Ro = Rs at $ = 0' 

C) (1) Ro; (2) Rn at + = 89.8987O. 
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For a surface liquid depth of 100,000 g (10e3 cm) the reflectivity 

spectra are completely different in appearance (Fig. 9) from those of Fig. (8). 

At $ = 61.874' (Fig. 9(a)) there are no interference fringes visible, because 

they have become widely separated in frequency by reducing the liquid depth 

from 10 
-2 -3 

cm to 10 cm. The R. and Rr profiles in Fig. 9(a) consist of one 

inverted peak (R,) and two for Rr. The minima of the Rr peaks correspond 

exactly with the frequency in Fig. (1) of the maximum of the dielectric loss 

(17.5 cm-') and the frequency (78.0 cm-l) where the permittivity cuts the 

abscissa for the second time, negative to positive. 

Fig. 9(b) contrasts the Ro and Rr profiles at $I = 0 (normal incidence) 

and $I = 85O (low angle of incidence). At $I = 0, Ro = Rx, and the reflectivity 
-1 

consists of one inverted peak at 17.5 cm . At $I = 85' , in great contrast, 

the Ro profile is dominated by the aluminium substrate CSI, and the 17.5 cm 
-1 

feature is barely visible. In Rr two features are clearly visible, at 17.5 

-1 -1 
cm and 76 cm , and are almost full scale. Therefore it would be much more 

useful to study the RTI profile at $ = 85.000'. Finally for this depth 

(100,000 8) Fig. 9(c) illustrates Ro and Rx at the Brewster angle $ = 89.8987'. 

The Rx profile has shifted upscale, as in Fig. 8(d), but now there is visible 

in Fig. 9(c) a clear change of shape in Rx, because there has appeared around 

zero frequency a new "spike". Therefore the R spectrum now consists of three 
II 

clear features, but the Ro spectrum, in great contrast, is simply a constant 

very close to 1.000 for all ;, and tells us nothing at all. 

For a surface depth of liquid of 10,000 2 (10S4 cm) the spectra, both 

in R,, and R x, become dominated at sub-Brewster angles by a sharp, full-scale, 
-1 

spike at 76 cm . For example, Fig. (lOa), at $ = 50.7685', where the original 

loss peak-frequency at 17.5 cm 
-1 

is invisible on the scale of the diagram. 

Note that nothing at all is visible in Ro, except the (approximately) constant 

reflectivity C81 of the aluminium substrate (0.997). In Rr however, the 

profile is dominated entirely by the full-scale feature at 76 cm . -1 
At normal 

-1 
incidence ($ = 0) this 76 cm spike vanishes completely, so that this 

illustrates the information lost by conventional normal-incidence, reflectivity. 

In this case it loses everything that is there to observe. As the angle is 

increased to $ = 85' (Fig. 10(b)), the 76 cm-l (Rs) feature of Fig. (10(a)) 

broadens and flattens to half-scale, and the original 17.5 cm 
-1 

feature becomes 

just visible as a shallow, broad trough. Also the main spike in Fig. 10(b) has 
-1 

shifted up-frequency to 78 cm . However, as the incidence angle $ is 

increased to the Brewster angle (Fig. 10(c)) there is a great change in the 

appearance of the spectrum in Rx. The high frequency spike again becomes much 
-1 

sharper and to full-scale, but is shifted to 89 cm . Additionally a 
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Fig. 10. As for Fig. (8), surface liquid depth = 1.0 x 10 
-4 

cm. 

a) (1) Ro; (2) RB at $I = 50.7685O. 

b) - - - - (1) Ro; - - - - (2) R, at # = 85.000'. 

3) Ro = Rr at 0 = O" 

c) (1) Ro; (2) Rs at $ = 89.8987'. 

pronounced zero frequency spike changes the whole aspect of things at low 

frequency, the original 17.5 cm 
-1 

feature having completely disappeared. The 

Ro profile (Fig. 10(c)) in contrast is simply total reflection for all ;. 

Comparing Figs (9) and (10) it is clear that the underlying pattern is 

similar, but that this is emphasized quite differently for 10,000 2 

(Fig. 10)) as opposed to 100,000 13 (Fig. (9)), i.e. Fig. (10) is a variation 

on the theme of Fig. (9). The "fingerprints" for the two cases are quite 

distinct and easily recognisable. Note that all these various patterns are 

generated mathematically, and therefore entirely consistently, from the one 

simple loss peak C71 of Fig. (1). 



1, I 

80 160 

Fig. 11 As for Fig. (8), surface liquid depth = 1.0 x 10 
-5 

cm. 

a) 

b) 

cl 

(1) Ro; (2) 

(1) Ro; (2) 

(1) Rn at $ = 50.7685' 

(2) Rn at C$ = 89.980° 

(3) Ro at both angles. 

Rr; at 0 = 85.000' 

R1; at $I = 89.8987'. 

The equivalent patterns for a surface liquid depth of 1,000 2 (10m5 cm) 

(Fig. (11)) are developments of those in Fig. (10). A layer of 1,000 2 is 

about 200 small molecules thick, and it is therefore of practical importance to 

note for $J = 85' (Fig. 11(a)) that the 76 cm-l spike is full-scale. This 

implies that it would be straightforward to observe the spectral properties 

of a 1,000 2 depth of liquid in RK. Additionally the pi spectrum from 

$ = 85O to the Brewster angle (Fig. 11(b)) is dramatically sensitive to a 

small change of 4.8987'. At $B = 89.8987O the zero frequency feature, which 

first became visible in Fig. (9(c)), has come to dominate the Rx profile, 
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and the full scale high frequency minimum of Fig. 
-1 

11(a) has shifted to 86 cm . 

This gives ample scope to study the Rx properties of a 1,000 2 surface layer 

in practice. In Fig. 11(c) the RV profiles are contrasted at $ = 50.7685' and 

$I = 89.980°, and it is clear that the use of low angles amplifies considerably, 

the small spike observable at 76 cm 
-1 

at 0 = 50.7685O. The Rr profile 

at $ = 89.980° (about one arc minute from the parallel) shows that above the 

Brewster angle the RT spectrum retains the overall profile at the Brewster 

angle itself (Fig. 11(b)), but shifts very rapidly up-scale to the value of 

Rx = 1.000 for all ; which it must attain, from simple physical considerations, 

at $ = 90.000°. This change, for aluminium substrate, must occur in just over 

O.l" (six arc minutes) so that the RT spectrum must, accordingly, be extremely 

sensitive to a six arc minute variation in incidence angle. Again, this gives 

plenty of scope for precise practical investigation of an entirely original 

kind. 

SURFACE LIQUID LAYERS OF 100 2 (lo+ cm) AND LESS 

In this limit there is room only for about twenty small molecules, on 

rough average, from the surface of the liquid to the surface of the aluminium. 

Several other limits are being reached simultaneously, some technical, some 

theoretical. For example: 

i) The molecular dynamics of the surface liquid layer may no longer be 

those of a bulk liquid, if, say, 100,000 2. The vibrational, rotational, and 

translational motions of the molecules may be affected by frequent collisions 

with the surface of the aluminium, so that classical or quantum statistical 

mechanics of bulk liquids [71 do not apply. 

ii) Practical considerations. For example it may not be possible to obtain 

a surface liquid layer of 100 2 or less without the use of a top window to 

trap the layer on the aluminium substrate. However, it is possible to develop 

the theory described in this article for reflectivity from a window, liquid, 

aluminium system. Naturally, the surface of the aluminium substrate must 

be machined and polished to high precision when dealing with angstroms of 

surface layer. However, if the latter is not a liquid but a solid low 

dimensional material (monolayer) of some type, then what follows proves that 

Rn Brewster angle reflectivity can be used to detect, theoretically, surface 

layers of down to 1.0 2 (10 
-8 

cm) on aluminium substrate over the whole range 

of the electromagnetic spectrum. 

Taking the loss peak and dispersion of Fig. (1) for a theoretical 100 I 

layer of liquid (10 
-6 

cm), the dependence of R* on $ is illustrated in Fig. (12). 
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I I I 
80 160 

Fig. 12. As for Fig. (8), surface liquid 
depth 

= 1.0 x 10 -6 
cm. 

The pattern of Fig. (11) is accentuated, and the original sharp zero frequency 

feature which made its first appearance in Fig. 9(c) has broadened across the 

whole spectrum in Fig. (12), which is in the process of transition to one 

composed of a feature centred around 76 cm 
-1 

superimposed on a fairly constant 

R, background, the level of which is determined by the incidence angle $. 

At around the Brewster angle in Fig. (12) there is the now familiar 

sensitivity, of Rr on $I, both in shape and amplitude, so that a 100 8 layer, 

if one could be prepared, is quite easy to characterise. Note that Ro gives no 

information at all now, it is, to within 10 
-5 , unity for all Q and v. 

Assuming that the technology becomes available to prepare a surface film 

of molecular material of 10 8, with the dielectric properties of Fig. (l), 

on an aluminium mirror polished to a tolerance of an angstrom or less, the 

dependence of RV on $ is that of Fig. (13). This figure concentrates on an 

arc of a few minutes either side of Q 
B 

= 89.8987' because at higher incident 

angles the 76 cm 
-1 

feature is less visible. At $ = 89.500' (30 minutes of arc 

from the parallel) the spike at 76 cm 
-1 

covers a range of about 0.1 in RTI, 

and this is easily enough for its practical observation. A further useful 

feature is the sensitivity of the Rr background to $. In Fig. 13(a), 

RT at $ = 85.000' is at 0.94, but is at 0.57 at 89.500°. The 76 cm 
-1 

spike 

is much less visible, however, at $ = 85.000', and the position of the original 

loss peak of Fig. (l), at 17.5 cm-l is completely undiscernible for all $. 

At the Brewster angle (Fig. 13(b)), the background Ra is down to 0.175 t 0.005, 
-1 

and the signature of the 76 cm feature is starting to change into "first- 

differential", i.e. a positive peak followed immediately by a negative peak. 
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Fig. 13. As for Fig. (8), surface liquid depth = 1.0 x 10 -7 cm. 

a) (1) Rv at $ = 89.500'; (2) Rr at Q = 85.000°; 

(3) Ro for both angles. 

b) (1) Ro; (2) Ra; at $ = 89.900'. 

c) As for (b), $ = 89.8987'. 

This process is complete at Q = 89.980° (Fig. 13(c)), and the background has 

moved up scale to about 0.58 + 0.005. 

For a 10 g surface liquid depth Ro is unity (to within 10W8) for all 

$ and ;. 

Finally, Fig. (14) shows that it is possible, theoretically, to 

characterise a surface film only 1.0 8 (10S8 cm) in thickness. Fig. (14a) 

illustrates the change in signature as we sweep through the Brewster angle 

from $ = 89.500' to $ = 89.980°. The result at the Brewster angle itself is 

shown in Fig. (14(b)) and shows the considerable fall in background level. 
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80 160 

Fig. 14 As for Fig. (8), surface liquid depth = 1.0 x 10 
-8 

cm. 

a) (1) Rx at $I = 89.500° 

(2) R; at $ = 89.980' 

b) Rr at I$ = 89.900 . 

CONCLUSIONS 

1. The theoretical Ro and Rs spectra in Figs. (2) to (14) have all been - 

generated, using admittance theory, from the simple far infra-red peak of 

Fig. (11, using different solid substrates, angles 

thicknesses. 

2. These theoretical results show in great detail 

especially at angles near the Brewster angle in pi 

practical importance in the infra-red study of low 

monolayers, interfaces between layers, and similar 
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