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Burgeoning interest in random sequential adsorption (RSA) processes has led to 
a surge of theoretical results, but experimental work is lagging behind, due to 
a dearth of suitable techniques. This article reviews integrated-optical techniques 
for investigating the kinetics of RSA and related processes. The basic idea is to 
measure the phase shifts of guided waves, due to the adsorption of particles at 
the surface of a planar waveguide. The technique is very well suited to 
investigating 2-dimensional RSA, and can yield high-quality kinetic adsorption 
data, precise enough for rigorously testing theoretical predictions. The current 
state of the art allow adsorbed mass to be measured quasicontinuously with a 
precision of at least 1 ng/cm ~. 

KEY WORDS: Random sequential adsorption; deposition kinetics; 
integrated optics; planar waveguides; grating coupler. 

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

In a random sequential deposition or adsorption (RSA) process, particles 
are placed consecutively at random on a solid surface, such that they do 
not overlap. The basic model assumes that the surface is smooth and the 
particles are rigid and uniform; each particle arriving in the vicinity of the 
surface from the bulk in which they are suspended either adheres to the 
surface or, if a least part of its chosen site is already occupied, departs back 
into the bulk. The topic has excited the interest of theoreticians at least 
since 1957, when R6nyi solved the simplest, one-dimensional problem 
("random car parking"). (1) R6nyi himself intended the 1D case as a 
stepping stone to the 2- and 3-dimensional cases, but in dimensions higher 
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than 1 the problem is much more difficult to solve, and no analytic solu- 
tions have been found. Yet for 2 dimensions in particular, the range of 
natural phenomena which can be described by RSA and its extensions 
(involving mixtures of different kinds of particles, anisotropic particles, 
postadsorption relaxation etc.) is very large. 2 There is rapidly growing 
interest in the field, (2) but until now the main results have been theoretical. 

In contrast, the experimental situation is much less satisfactory, and 
few reliable results have been reported. The main reason seems to be the 
dearth of suitable experimental techniques. In order for useful data to be 
acquired which can be accurately compared with theory, it is necessary 
to have both good time and mass or particle number resolution. In 
many methods used to investigate adsorption phenomena, these two 
requirements are mutually exclusive: reliable, absolute mass determinations 
are slow to carry out, and so preclude kinetic measurements, whereas rapid 
measurement techniques either yield only the relative numbers of absorbed 
particles or are insufficiently precise for comparing with theoretical 
predictions. 

One of the first quantitative adsorption experiments was that of 
Brillouin, undertaken at the instigation of Perrin, to determine Avogadro's 
number from the kinetics of deposition of gamboge particles on a glass 
slide. 3 Conditions had been found under which the probability that a par- 
ticle colliding with the glass would adhere was very high, exceeding 0.95. 
The adsorbed particles were counted by observing the slide under an opti- 
cal microscope. A later report (6) used a similar technique for the determina- 
tion of the jamming limit for spherical latex particles in two dimensions. 
Although the technique has the advantage of arbitrarily high precision, in 
the sense that a single particle can be observed regardless of the total 
substrate area, and by taking a rapid sequence of photomicrographs could 
also be adapted to kinetic measurements, it is somewhat cumbersome, and 
only applicable to particles visible in the optical microscope, i.e., larger 
than a few hundred nanometers. Many natural RSA phenomena involve 

2 In addition to numerous natural phenomena, one should also include the vast field of techni- 
cal applications, such as deposition of material onto the walls of reaction vessels, tubing, and 
filters in chemical plants; the deposition of blood proteins on artificial implants in medicine; 
and the deposition of material on teeth. Many technologies involve the deposition of 
particles at a surface, e.g., the coating of transducer plates with selective receptors in chemi- 
cal sensor technology. It has furthermore recently been shown by numerical simulation that 
adsorption processes taking diffusion 13) and hydrodynamic interactions ~4) into account are 
remarkably well approximated by the simple RSA model. When both are taken into account 
the agreement is excellent, (4) suggesting that the effective neglect of both in RSA fortuitiously 
cancels out their effects. 

3 The experiment is discussed by Smoluchowski. I5) 
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molecules too small to be investigated in this way. If the adsorption of 
small molecules can be detected, flexibility in the design of experiments is 
enormously increased. 4 

An elegant new technique for the investigation of adsorption at a 
planar surface has been provided by integrated optics, a rather new field of 
activity based on the fact that light can be confined in very thin films (i.e., 
of dimensions ~2,  where 2= l igh t  wavelength) of transparent materials, 
the refractive index nv of the thin film F being greater than the refractive 
index of the surroundings. These thin-film structures are called optical 
waveguides. A planar waveguide is used as the surface on which adsorption 

o f  particles takes place. The number of absorbed particles can be deter- 
mined continuously in situ by measuring changes in the phase velocities of 
guided modes, changes which are engendered by the formation of an 
adlayer of adsorbed particles on the waveguide surface. The current mass 
resolution of the method is about 1 ng/cm 2. 

In the remainder of this article, salient concepts of integrated optics 
will be reviewed with specific reference to RSA. 

2. OVERVIEW OF INTEGRATED OPTICS 

2.1. The Mode  Equation 

When a ray of light impinges with angle 0 to the normal of a planar 
boundary between two dielectrics, let us say F and J, with refractive indices 
respectively nv and nj, according to the well-known Snell's law, 5 the 
refracted beam propagates away from the interface with an angle 0j to the 
interface normal, given by 

nv sin O=nj sin 0j (1) 

Assume nv > nj, and let 0 increase from 0. When sin 0 = nj/nv, sin 0j = 1, 
and since it cannot exceed 1, further increase in 0 results in total internal 
reflection at the interface. Let F be a thin dielectric film (the optical 
waveguide) bounded by media with lower refractive indices: a light ray 
can be trapped in F and propagate via total internal reflection alternately 

4 Furthermore, truly diffusive (uncorrelated) motion only sets in on a time scale ~ 103~,  (7) 

where z=a2/v is the hydrodynamic time scale characterizing the particle (radius=a) 
velocity autocorrelation function (v is the kinematic viscosity of the solvent). For an 
a=10#m colloidal particle in water, z,.~0.1msec, whereas for a protein (a=10nm), 

~ 10 fsec. Therefore the usual assumption of uncorrelated motion is not valid for colloidal 
particles on subsecond time scales. 

5 This law was discovered some decades before Snell by T. Harriott. ~8) 
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Fig. 1. Ray-optic representation of a guided wave propagating in the thin film F, showing 
the various quantities referred to in the text. The layers are conventionally denoted S 
(support), F (film), A (adlayer), and C (cover). The support is needed to give tile thin film 
F adequate mechanical strength. D ( = 2Azv, J tan 0) is the lateral displacement of the reflected 
beam. 

at each interface with an angle of incidence arcsin nj/nv < 0 < 1t/2 (Fig. 1). 
This is the basis for integrated optics. The propagation constant /3 is 
defined as the wave component parallel to the waveguide, i.e.,/~ = knv  sin 0, 
where k = 27z/2 is the free-space wave number. The effective refractive index 
or mode index N of the composite waveguide structure (comprising 
waveguiding film and surroundings) is given by 

N = ~/k  = ~c/co = nv sin 0 (2) 

where c is the vacuum velocity of light and co its angular frequency; the 
phase velocity v parallel to the film is c/N. The wave component k~,v 
perpendicular to the waveguide is knv  cos 0, which, using the above 
definition of N, can be written as 

kz, F = k(n 2 - N2) m = knF cos 0 (3) 

The details of what actually occurs upon total internal reflection have 
prompted much inquiry. Newton supposed that the light went some way 
into the rarer medium J before returning to F.  (9'1~ This speculation turned 
out not to be so far from the truth: in 1947 Goos and (Lindberg)- 
H/inchen m) established that upon total internal reflection, the beam 
incident on the reflecting interface undergoes a small lateral shift D before 
returning to the medium whence it came (Fig. 1); in effect, the light 
penetrates some way into the external medium J before being reflected at 
an imaginary plane situated at a distance Azv, j from the F, J dielectric 
discontinuity. The magnitude of the penetration distance is (~2"~3) 

A z v , j =  1/{ Ikz.vl [ (N/nv)2 + (N/n j )  z -  1] ~ } (4) 
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where p equals 0 and 1 for transverse electric (TE) and transverse magnetic 
(TM) waves, respectively. 6 For  typical practical devices, Az~.j ~ 100 nm. 

The starting point for deriving the field distribution in and around the 
waveguide is Maxwell's equations. The refractive index is assumed to vary 
in the z direction only; the problem is analogous to that of a quantum 
mechanical particle confined in a 1-dimensional box by walls of finite 
height and thickness. For  TE waves, Maxwell's curl equations are ~ 

%n(z) 2 OEy/Ot = OH~/Oz - OHz/?X 

#0 ~H~/Ot = OEy/Oz 
�9 ( s )  

- #o ~H~/~t = ~Ey/~X 

aHx/ax + OHz/Oz = 0 

for an isotropic, linear, nonconducting, charge-free, and nonmagnetic 
material. By eliminating H~ and H~ from the first three equations, one 
obtains rn2(2)/c 2"] 632Ey/~12 = ~2Ey/~X2 -Jr- ~2Ey/~Z2, representing plane 
waves travelling in the x direction. Hence we look for solutions of the form 

Ey = Ey(Z) exp [i(~ot -- flx) ] 

H~ = H~ exp[i(wt - /~x ) ]  (6) 

H~ = Hz exp[i(wt -- fix)] 

Substituting back into (5) and eliminating Hx and H~ in the resulting 
system of equations, one obtains a2Ey/?Z2= -k2jE, (z ) ,  for which, taking 
the origin of z to be in the middle of F, and recalling that for J = S and 
J = C, k~.~ is imaginary, but real for J = F, the solution is 

Ey=A exp(ikz, v z )+Bexp ( - i k z ,  vZ), -d/2<~z<~d/2 

Ey=Cexp[-- lkz ,  cl(z--d/2)],  z>~d/2 (7) 

Ey=Dexp[[kz, s[(z+d/2)], z<~ -d /2  

The boundary conditions are the requirements that Ey and ~Ey/& are 
continuous at z = +_d/2, from which the unknowns A, B, C, and D can be 
eliminated and the eigenvalue equation which must be satisfied by the 
mode indices N can readily be found: 

t . . . .  _!lk. z.c[+_lk. ~,sl)kz. _,v 
antKz, Fav) -  k 2 v _  Ikz, cJ '  ]kz, sl (8) 

6 TE waves contain the field components Ey, Hx, and H: (i.e., only the electric field has a 
transverse component), and TM waves the components He, Ex, and Ez. 
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Fig. 2. 
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Electric or magnetic field distribution for a zeroth mode (m = 0). 

The field distributions in C and S are just exponentially decaying, i.e., 
evanescent, waves and that in F is sinusoidal (Fig. 2). Corresponding 
expressions, mutatis mutandis, can be found for the TM modes. (13'~5) 

Now that we have seen how the field distribution in the waveguiding 
film and its surroundings can be computed, we return to the ray optic 
treatment in order to obtain more convenient expressions relating the 
(measurable) mode index N to the optogeometrical parameters (refractive 
index and thickness) of a thin adlayer A of particles adsorbed at the 
F, C interface. The starting point is the well-known Fresnel reflection 
coefficients 7 

, k~,v/n~O+k~,j/n~ p (9) 

where k~,j is defined analogously to k~,v in (3); since sin 0 > nj/n v, k~,j is 
always imaginary. Using ~v,J to denote the phase shift experienced by the 
wave upon total internal reflection at the F, J interface, we can write 

RF,  J = e x p ( i ~ v , j )  (10 )  

and from (9) and (10) we readily find 

tan(~v.j/2) = Ik~,jl/k~ov (11 ) 

for the TE wave. To see that ~ is equivalent to the Goos-H/inchen 
sh i f t ,  (16'17) consider light from a slit (whose width H~>2) falling onto the 

7 These results of classical optics can be found in the usual textbooks, e.g., ref. 14. 
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dielectric discontinuity with angle 0i. This light may be considered as a 
superposition of infinitely many infinite elementary plane waves, each of 
which propagates away from the discontinuity at a slightly different angle 
0, the range of 0 remaining nevertheless very close to 0i. The x component 
of the wave vector of a reflected elementary wave is kx = (2~/2) sin 0. We 
now take just two of these waves, the first of which is exp[i(kxx+ ~)] ,  
being the phase shift due to reflection. The second wave is reflected with 
an angle O+AO, and therefore is exp{i[(kx+Jkx)x+q~+A~b]}.  The 
superposed wave is 

~p = exp[i(kxx + qs)] + exp{i [(k~ + 3kx)x + q~ + Aqs] } 

= exp[i(k~x + ~)3 { 1 + exp[i(Ak~x + A~)]  } 
(12) 

and will engender spatial beats with maxima at positions given by 
Ak~x+AqS=2~zv, v=0 ,  1 ..... Compare this wave with one reflected 
geometrically (e.g., at a silver surface), for which ~b is independent of 0 i, 
i.e., A~b=0, and hence the beats appear according to  Akxxgeo m =2zv, 
v = 0, 1 ..... Subtraction and replacing the differences with differentials yields 

D = x -  Xgeom = -dqS/dkx = -(2/2~)(dqS/dO) cos 0 (13) 

The complete calculation has been carried out by Artmann (16) and 
extended by Lotsch. (17) 

If a thin adlayer A (composed of a layer of random sequentially 
absorbed particles) is interposed between the layers F and J, the reflection 
coefficient RF, J is modified to become (18~ 

RF, A + RA,j exp(2ikz, AdA) 
RF'A'J -- 1 -t- RF, ARA, J exp(2ikz, AdA) 

(14) 

where RF, A is given by (9) with J replaced by A (similarly for RA, j) and 
kz.A by (3) with F replaced by A. For a second adlayer B, RA, j in (14) must 
be replaced by RA, B,j, given by (19) 

RA, B q- RB, J exp(2ik~,~dB) 
RA'B'J -- 1 + RA, BRB, J exp(2ikz, sdB) 

(15) 

with obvious (though unwieldy) extensions to any number of additional 
adlayers. 

In order for the ray to propagate for an indefinite distance along the 
waveguide in the x direction, the condition is that the phase change under- 
gone by the wave on a round trip [i.e., reflection at (F, S), across F to 
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(F, C), reflection at (F, C), and back again to (F, S)] is equal to zero or 
an integral multiple of 2n radians. Writing this condition out, we obtain 
the mode equations for an asymmetric waveguide: 

2k( n2 - N2)l/2 dv + q~v.s + ~V,A,C = 2rim (16) 

with the surroundings denoted explicitly as S and C, and with an adlayer 
A interposed between F and C. The mode equations (16) give us relations 
(one per mode) between the effective refractive index N, which can be 
measured, (see Section 2.2), and the optogeometric parameters of the com- 
posite waveguide (comprising support S, waveguiding film F, adlayer A, 
and cover C). 

Substituting the expressions for q~ into (16), and taking advantage of 
the extreme thinness of A (da is of molecular dimensions, i.e., dA ~ 2) to 
linearize the exponentials, after some algebra we obtain the complete mode 
equations for the four-layer waveguide: {~8) 

~m = -~- dv + dA ~ - -  
, , ~ -  n~JL (N/nc) 2 + (N/nv) 2 

�9 r['nv'~zP/'NS-n2"~l/2] j [[nv'~2pl/N2-n2"~l/2 ] 
- a r c t a n / / - - i  /--3---~50 / - a r c t a n / / - - /  /-5--255~2/ (17) 

L\ns]  \ n ? - N  ] J L \nc ]  \ n v - - N  ] 

For the experimental determination of the mass or number of particles 
adsorbed comprising adlayer A it is necessary to determine na and da (see 
Section 2.4), assuming the adlayer to be isotropic, and hence correctly 
characterized by a single refractive index na. If the remaining parameters 
in (17) are already known, then it suffices to measure N for just two modes, 
to allow two equations (17) to be solved simultaneously to yields the two 
unknown adlayer parameters nA and da. 

2.2. M e a s u r e m e n t  of  E f fec t ive  R e f r a c t i v e  Index 

Practical applications of integrated optics require some way of 
coupling beams of light propagating in the external medium into the 
waveguide (or, conversely, the coupling of a guided wave out of the 
waveguide into a beam propagating through free space). Coupling may be 
accomplished using special devices (couplers). One type comprises the 
direct class, whereby a beam is focused onto an exposed edge of the 
waveguide, a tricky operation, for the waveguide is very thin (typically a 
few hundred nm), and the edge is usually rough�9 The development of 
devices for coupling beams obliquely incident onto the waveguide was a 
significant advance. Both prisms and grating have been used as coupling 
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devices. (15) The basic idea is to match a wave excited at the surface of the 
device by an incoming beam with that of a possible guided mode. Pertur- 
bation of the waveguide effective refractive index (by adlayer formation) in 
the coupling area will change the optogeometrical parameters (wavelength 
and angle of incidence onto the device) required for maximum coupling 
efficiency. For measuring the kinetics of adlayer formation a prism is not 
practical because it blocks access of particles present in the medium C to 
the surface of F. For a grating, the coupling efficiency q, defined as (power 
of guided mode)/(power of incident beam), depends, inter alia, on the 
amplitude h of corrugation, but since the magnitude of q is not critical for 
the determination of N, h can be small enough to affect negligibly the 
planarity of the interface if placed at the F, C boundary, and in any case the 
grating corrugations can equally well be formed at the S, F interface. 

A s  is well known, a grating of periodicity A engenders spatial 
harmonics. If the wave vector component k' = knai r sin c~ + 2rcl/A of the 
diffracted wave ( /=  +1,2,... is the diffraction order) engendered by a 
beam of light falling on the grating with an  angle c~ to the grating normal 
matches a possible guided mode with wave vector component kN, i.e., 
kN=k ' ,  then that mode will be excited. (2~ Hence we can write down 
the incoupling condition as (18) 

N =  n~ir sin ~ + 12/A (18) 

To determine N, the incoupled power may be measured (e.g., by a 
photodetector situated at one end of the waveguide) while varying either 
the angle of incidence onto the grating of the incoming beam or its 
wavelength. (21) The coupling efficiency can be described by a detuning 
variable _~,(~8) 

?r = N - n air sin e + 12/A (19) 

In the vicinity of N =  0 it has a resonance of width 6N (Fig. 3), which can 
be estimated from the optical uncertainty principle Lx6k x ~2r~, ~18) where  
Lx is the length of the grating and 6kx the uncertainty of the diffracted 
wave component in the x direction. Since 6kx = 6N= 6N, 3 N ~  2/Lx. For 
visible light incident on a grating a few mm long, cLN~ 10 -4. 

The choice of experimental configuration depends on technical 
considerations; goniometer technology for the precision measurement of 
angles is highly developed. When linearly polarized light falls obliquely 
onto the grating, both TE and TM modes are excited, but at different 
angles of incidence and can hence be easily separated. The development of 
precisely tunable diode lasers makes wavelength modulation another option 
for determining N. The grating may also be used as an output coupler, (~) 

822/73/5-6-4 



8 6 2  R a r n s d e n  

Fig. 3. 

t 
<~., 

1.0 

0.5 

0.0 I I 

-2 2 
1 I 

-1 0 1 

/v /10 .3 

Normalized coupling efficiency ~ as a function of the detuning variable N defined 
by (19). {18) 

in which case either wavelength modulation or position-sensitive fixed- 
wavelength detection can be used. 

A different type of configuration for measuring N is the integrated 
optics interferometer. In the Mach-Zehnder arrangement, (13,21) a single- 
mode waveguide splits into two separate arms, one of which is subject to, 
e.g., adsorption engendering a change in N. They then rejoin to form a 
single waveguide, and the phase shift of the guided mode measured. In the 
difference interferometer, (23) which does not require microstructuring the 
waveguide, the time-dependent phase difference between TE and TM 
modes propagating along a common path is measured. 

The sensitivity of the mode index to changes in the optogeometrical 
parameters of the adlayer can be calculated by (implicit) differentiation of 
the mode equations (16). (~8'24~ Some values have been plotted as a function 
of waveguide thickness dv by Tiefenthaler and Lukosz. 118) For a typical 
device, the sensitivity 3N/~dA increases sharply from zero at the cutoff 
thickness [the thickness below which, according to (16) or (17), the mode 
cannot exist (~3)] reaches a maximum, and then slowly decays. Successive 
modes m = 0, 1, 2 .... have successively lower maxima (see Fig. 4). Optimal 
sensitivity for two modes, sufficient for determining the number of 
adsorbed particles, is attained by using a thin (dv g200  nm) monomode 
waveguide with which TE 0 and TM0 can be measured. 
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Fig. 4. Sensitivities for changes in adlayer thickness for various modes. ~ for an 
adlayer formed by particles with n A = 1.5 deposited on a waveguide with nv = 1.75 (supported 
on glass with ns = 1.47) from an aqueous solution (nc = 1.333); )o = 632.8 nm. 

2.3. Calculat ion of Mass from the Optical Data 

The surface coverage (mass or number  of particles per unit area) M is 
defined as 

M =  [cs(z) - Cb,lk] dz (20) 

where cs is the surface (adsorbed) concentrat ion of the species of  interest, 
and Cbulk its bulk concentra t ion (cs --* Cbulk as z ~ oo). We assume that the 
adlayer A possesses only weak fluctuations and is amenable to a mean-field 
treatment. Al though this assumption may not  apply to an adlayer of 
polymers composed of  long chains of jointed segments, it is reasonable in 
the present case of interest, i.e., a collection of  randomly  adsorbed, compact  
particles (e.g., globular proteins), forming at most  a monolayer.  The 
adlayer may  then be described by a mean concentrat ion ca and mean 
thickness da (Fig. 5). The adlayer is assumed to be laterally uniform, but 
this requirement is not  very stringent; the distribution of  particles should 
be symmetrical  with respect to translation over distances of  order  2. For  
the uniform adlayer, (20) can be simplified to 

M = (CA -- Cb,lk) da (21 ) 

Frequent ly  CA >> Cbulk, and one can write 

M =  CAd A (22) 
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Idealized adlayer (see text). 

The refractive index of the layer nA is related to cA according to (25) 

dn 
nA = nc + cA dcc (23) 

where nc is the refractive index of the medium in which the particles to 
be adsorbed are suspended. This equation is assumed to be valid both in 
the bulk and in the thin adlayer. The coefficient dn/dc depends on the 
polarizability of the particles, and hence on their chemical constitution; it 
mayh readily be determined to high precision using a bulk solution of the 
particles in a Rayleigh interferometer/26) 

�9 Eliminating CA between (22) and (23), one obtains 

M = dA nA - -  nr  
dn/dc (24) 

which is used to calculate M from the experimentally determined d A 
and F/A .(25'27) 

3. W A V E G U I D E  M A T E R I A L S  A N D  F A B R I C A T I O N  

Materials. Dielectric metal oxides (TiO2, Ta2Os, etc.) are suitable 
for manufacturing high-refractive-index waveguides for RSA applications. 
Since it is usually desirable to carry out experiments with adsorbing 
particles suspended in aqueous solutions (Section 5) nonoxide materials 
(e.g., Si3N4, GaAs) are unsuitable because they may be extensively 
oxidized, hydrolyzed, or corroded in water. The oxides are also convenient 
because their surface properties, especially charge density, can be readily 
modified by changing solution conditions (pH, ionic strength). As shown in 
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Section2.3, monomode waveguides are advantageous if only two 
unknowns (thickness and refractive index of the adsorbed adlayer, from 
which the mass or number of particles can be calculated) need to be deter- 
mined simultaneously, because the sensitivity (ON/Ow, where w is one of the 
two unknowns) is higher than for multimode waveguides (Fig. 4). Because 
of the thinness of monomode waveguides (typically 100-200nm), the 
waveguiding layer F must rest on a support S, typically glass 500 #m thick. 
The layer F can be fabricated using techniques such as chemical vapor 
deposition, pyrolysis of sol-gel coatings, and sputtering321) Polymers can 
be deposited using spin coating; but thick layers (,-~ 1 #m), exceeding the 
penetration depth [Eq. (4)] of the evanescent field, are produced, and 
hence the mode indices are no longer sensitive to the presence of an 
adsorbed adlayer. A further possibility is to use the Langmuir-Blodgett 
technique ~28) to build up suitably thick waveguiding layers. (29) 

Grating fabrication. The ideal grating for the application described 
in this article is a compromise between corrugations of amplitude small 
enough to perturb negligibly the planarity of the surface (if the grating is 
at the F,J interface) and propagation of the guided modes, and large 
enough to couple enough light into the waveguide from the incoming beam 
to be detected at the end of the waveguide (or conversely, couple enough 
light out of the waveguide, if the outcoupling configuration is being used). 

The technological advance of low-cost grating couplers has greatly 
facilitated the experimental situation, which, because of contamination 
problems, etc., often requires that fresh gratings are used for each measure- 
ment. Waveguides fabricated inexpensively from pyrolyzing dip-coated 
sol-gel films have been found to be adequate for RSA experiments. The 
grating coupler may be conveniently embossed into the F,C interface 
before hardening the waveguiding film. (3~ 

Surface characterization. The physical and chemical nature of the 
waveguide surface characterizes to a great extent the kinetics of adsorption 
of particles, independently of the random sequential nature of the 
process. The rugosity determines the mass transport to the surface 
(Section4.1)--the ideal is a smooth, planar surface--and the surface 
chemistry affects the probability of particles sticking upon collision, their 
lateral mobility, and postadsorption conformational relaxation. These 
factors are important in extensions to the basic RSA model and in natural 
RSA processes. 

Although metal oxides show long-term stability when immersed in 
water, the oxide and hydroxyl groups at the surface may be ionized 
(protonated or deprotonated) or suffer ionic exchange when the waveguide 
is first placed in contact with an aqueous solution. The surface charge 
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density therefore depends, upon the pH and ionic strength of the solution, 
as well, of course, as on temperature. (32J The behavior of the oxides of 
titanium and silicon has been extensively documentedJ 33'341 

Surface modification. The moderate reactivity of metal oxide 
surfaces is very useful for modulating parameters important in RSA 
models, such as the surface mobility, adhesion, and conformational relaxa- 
tion of the adsorbed particles, which may interact with the surface via 
many different varieties of (electromagnetic) forces--dispersion (van der 
Waals), electrostatic (double layer, ion-pair, dipole-dipole interactions), or 
by electron exchange (chemical bond formation). Multivalent metal ions 
are useful for modifying the surface charge of the waveguide and may be 
incorporated into the waveguide surface by bringing it into contact with a 
solution of an appropriate metal salt. ~35~ Alkyl groups can be covalently 
attached to the surface, often by simply exposing it to the vapor of simple 
alkyl silane derivatives, and are useful for increasing the affinity of the 
surface for hydrophobic particles; the same technique can be used to incor- 
porate other chemical functionalities in the surface. An important and 
general way of controlling the surface is via the Langmuir-Blodgett (LB) 
technique, (28) which is especially especially useful for fine tuning the chemi- 
cal properties ~36~ or reflection phase shifts (29) of a planar waveguide, 
because a single or few monolayers, for which the quality of the deposition 
is high, suffice to obtain the desired effect. Such films may also eliminate 
small rugosities on the surface. 

Surface heterogeneity. Most applications of integrated optics do 
not require great uniformity of material properties at the atomic scale. 
Scattering due to defects is a nuisance for transmission applications, but in 
the present case is unimportant, because the guided wave only has to travel 
a distance ~ 1 cm before detection. Nevertheless, adsorption kinetics may 
greatly depend on the chemical properties of the surface at the atomic scale. 
It is often assumed that particle-surface bond energies are everywhere 
identical; a distribution of adsorption energies leads to adsorption kinetics 
different from the case of a surface where the energy is everywhere 
identical. (37, 38) 

4. M A S S  T R A N S P O R T  W I T H I N  A D S O R P T I O N  CELLS 

In theory, or numerical simulations, the kinetics of the RSA process 
are scaled with the number of attempts to deposit a particle. In an actual 
experiment, a solution containing the particles is placed in or driven 
through a cuvette, one wall of which is formed by the grating region of the 
waveguide (Fig. 6). The frequency of attempts thus depends to a very great 
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Fig. 6. Schematic diagram of a cuvette into which liquids containing particles may be intro- 
duced. The optical waveguide, set up for measurement of the incoupling angle, forms one wall 
of the cuvette. L, linearly polarized incoming light beam; G, diffraction grating; 
D, photodetector. For other symbols, see text. Typically, the grating might be 2 mm long, 
the incoming beam less than 1 mm in diameter, R ~ I  ram, and the flow rate 

~ 0.1 mm3/sec/4~) 

degree on purely hydrodynamic factors, and the experimental arrangement 
should be such as to facilitate the analysis of these factors. This can be 
fulfilled far more easily with a planar substrate than with a collection of 
comminuted substrate particles as in the packed bed technique, (39'4~ in 
which only an average flux to the surface can be estimated. 

When the solution (or suspension) is in a state of equilibrium, the 
temperature T, pressure p, and chemical potentials/~ of the constituents are 
constant and there is no macroscopic motion (flow). Any departure from 
equilibrium will be assumed to be caused by differences in solute concen- 
tration c between two points in the liquid, or its macroscopic motion, or 
both. The transport of the solute particles is governed by two distinct 
mechanisms: molecular diffusion as a result of concentration differences, 
and the entrainment of particles in the flow of the liquid. The combination 
of the two is called convective diffusion. (42) 

4.1. Closed Cells 

In this case transport of particles in the liquid is governed purely by 
molecular diffusion. Initially the particle concentration is everywhere 
uniform, but since any particle arriving at the surface sticks irreversibly, the 
concentration (of the particles in solution) at t > 0  will be zero at the 
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surface. For a semi-infinite cylinder, bounded at one end by the adsorbing 
surface, the flux is (43) 

I =  2Cbulk(Dt/g) ~ (25) 

with c~ = 0.5, and where D is the diffusion coefficient of the particles, defined 
by 

This equation may be used even for a macroscopically small finite cylinder 
(with a reflecting barrier at the other end), provided it is still large with 
respect to molecular dimensions, and that there is no significant depletion 
of the solution during adsorption. (44) Otherwise, more complicated and less 
convenient equations must be used. (44) If the sticking probability of a 
particle which arrives at the surface is less than unity, (25) must be 
modified. (36) For rugose surfaces with self-similar corrugations charac- 
terized by a fractal dimension d, the exponent ~ in (25) becomes 
( d -  1 )/(/.(45,46) 

4.2. Open (Flow) Cells 

When the available volume of solution permits, it is better to arrange 
to have it flowing through the cuvette, for the frequency of adsorption 
attempts is then uniform in time (i.e., sidereal time). Another advantage of 
flow cells is that particles failing to adsorb on their first attempt will tend 
to be swept away, whereas if transport is purely diffusive, a particle which 
arrives at the surface and fails to adsorb at its first attempt will probably 
make several fresh attempts in the vicinity of the first before diffusing 
away. (47"4a) Basic RSA assumes the absence of such correlations between 
attempts. (3) 

The macroscopic motion of the liquid is determined by the volume 
and surface forces acting on it, and can be described by the appropriate 
equations of motion and continuity. (42) As noted above, mass transport 
(represented by the flux I to or across a plane of unit area) is governed by 
both convection and molecular diffusion, corresponding, respectively, to 
the first and second terms on the right hand side of 

I = c v  - D V c  (27) 

where v is the vector describing the volume of liquid passing through the 
plane in unit time. Concentration and chemical potential gradients are 
assumed to be small. 
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The macroscopic flow is characterized by the dimensionless Reynolds 
number Re, defined by 

Re = Ux/v (28) 

where U is a characteristic velocity (e.g., of the fluid flowing through the 
cell) and x a characteristic length. Flow is laminar when Re < ~2500, and 
otherwise turbulent. ~42) For typical experimental arrangements (Fig. 6), 
Re,,~ 1. 

When a liquid flow past a solid surface, the liquid experiences viscous 
drag and its velocity drops to zero at the surface. 8 One may divide the 
liquid into two regions, a narrow boundary region where the velocity 
changes rapidly, of thickness ~42) 

60 ,,~ 1.7(vx/U) 1/2 (29) 

where x is the distance from the leading edge of the surface, and the region 
far from the surface where the velocity is constant. 

The relationship between convective and diffusive transport is 
described by another dimensionless ratio, the Peclet number Pe: 

Pe = Ux/D (30) 

The small diffusion coefficients of particles of molecular size in liquids 
results in their being characterized by large Peclet numbers even at slow 
rates of fluid flow. In such a regime, the liquid can again be divided into 
two regions: a region of rapidly changing concentration near the adsorbing 
surface, the diffusion boundary layer, of thickness ~42) 

6 ~ 3(D/v) 1/3 (vx/U) 1/2 (31) 

where x is the distance along the surface from its leading edge; and a region 
of constant particle concentration distant from the surface. The ratio 6o/6 
is therefore equal to (v/D) 1/3, i.e., Pr 1/3, where the Prandtl number Pr is 
given by the ratio Pe/Re, i.e., independent of the flow velocity or charac- 
teristic dimensions. A high value of Pr means that convection predominates 
over diffusion even at low flow rates. For P r ~  1000, a typical value for 
small molecules in water, the hydrodynamic boundary layer is about ten 
times thicker then the diffusion boundary layer (Fig. 7). Under these condi- 
tions convective transport predominates over diffusive. Close to the surface, 
however, the final stage of transport through the fluid whose velocity is 
close to zero is diffusive, and approximately equal to 

I=  DCbulk/6 (32) 

8 For recent numerical simulations hearing on this assumption, see ref. 49. 
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Fig. 7. Diagram of the fluid velocity profile in the vicinity of the waveguide F. 6 is the thick- 
ness of the diffusion boundary layer, and h0 the thickness of the hydrodynamic boundary 
layer. 

i.e., of the same form as in Nernst's theory, except that the thickness of the 
diffusion boundary layer depends on the velocity and (kinematic) viscosity 
of the liquid and the distance from the leading edge of the surface. (45'5~ 

Where the dimensions of the cuvette are small enough for the adsorb- 
ing surface (the waveguide) to be considered one wall of a tube (whose 
cross section we will suppose approximates to a circle with radius R), then, 
as first shown by Poiseuille, the fluid will adopt a parabolic velocity profile 
U(z) = Uma~(l --z2/R 2) due to viscous drag at the walls. This profile is not, 
however, established immediately; when the fluid first enters the tube the 
velocity profile is flat. The tube may be divided into three sections along 
the direction of the flow: the hydrodynamic inlet section, of length 
h~O.1R.  Re, in which (31) and (32) can be used to compute the transport 
of solute, the diffusion inlet region, of length H ~  R . R e .  Pr, in which 
solute transport is again given by (32), but with the thickness of the 
diffusion boundary layer given by: (42)'9 

(~ = ( 3/2 )( D x R / e m a x )  1/3 ( 3 3 )  

and hence the flux per unit area by 

I = (2/3) Cbulk D 2/3 [ Umax/(XJ~ ) ] 1/3 (34) 

9 These expressions are valid for v ,> D, i.e., when the diffusion boundary layer is much thinner 
than the hydrodynamic boundary layer. 
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and finally the region in which the Poiseuille profile is properly developed. 
Since Pr~> 1, not only is H~>h, but in most cases encountered, H will 
usually be much longer then the entire length of the tube, i.e., the Poiseuille 
profile is never properly established, and this region need not be considered 
here. 

5. R E C E N T  A N D  E X P E C T E D  R E S U L T S  

Proteins as adsorbing particles. Proteins are very attractive 
molecules for use in RSA experiments. Typically they are spheroidal with 
diameters of a few tens of nanometers, but highly elongated and branched 
forms several hundred nm long are also known. (44) Unlike colloidal 
particles, which always show some size dispersity, a protein is a molecule 
of a definite chemical structure whose congeners are identical. Modern 
methods of purification and handling mean that homogeneous populations 
of identical molecules can readily be obtained. For  the 200 or so proteins 
whose crystal structures have been worked out, surface chemistry and 
topology are precisely known. From the shape and mass data important  
hydrodynamic parameters such as the diffusion coefficient can be 
calculated. Native proteins offer an astonishing variety of chemical species, 
often with subtly different surface properties, and modern techniques of 
molecular biology can be used to make small changes ("mutations"), even 
of a single atom out of the 10,000 or so in an average protein, at a precisely 
known location, and an arbitrarily large collection of identical congeners of 
the modified protein can be prepared. The adsorption behavior of proteins 
appears to display a richness commensurate with their manifold functions 
in living organisms.~~ Not  only do their sticking probabilities to adsorbing 
surfaces and to each other depend upon their surface chemistries and solu- 
tions, but, again in contrast to latex and other colloidal particles, proteins 
possess a complex internal structure and may change their shape other 
attributes, including sticking probability, following adsorption. (sl,52) 

In a recently reported example,(41) adsorption of the almost spheroidal 
protein transferrin to SiTiO2 planar waveguides was shown to be well 
described, at any given concentration, by the Schaaf-Talbot  expression for 

10 Protein adsorption at solid surfaces has attracted intense interest from investigators 
interested in physiological and medical implications. Nevertheless, despite a great volume of 
work, (51~ very little is actually usable in connection with testing RSA theories. The main 
drawbacks are: that the actual amounts of material adsorbed were either not known in 
terms of absolute mass or numbers of particles, or known with too high uncertainty to 
permit more than qualititative inferences; that the systems investigated were too complex, 
consisting of ill-defined natural products or mixtures; or that kinetic data were too sparse. 
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RSA of disks. (53'54) A protein such as transferrin is extremely soluble in 
water and shows no tendency to aggregate in solution. It therefore meets 
the basic RSA condition, that any particle arriving near an area of the sur- 
face where no gap large enough for adsorption is available will diffuse back 
into the bulk solution. Nevertheless, the area per molecule was found to 
depend on protein concentration, implying that even in this simple case 
two different orientations or conformations of adsorbed molecules were 
possible and that relaxation from one to the other occurred. This work is 
now being extended to other proteins. (55~ 

Proteins are too small for their transport to the adsorbing surface to 
be affected by terrestrial gravitational fields, at least on the time scales of 
reasonable experiments, but are usually ionized, depending on amino acid 
composition and solution pH. When the metal oxide surface of waveguides 
are exposed to aqueous solutions, hydroxyl groups are ionized, leaving a 
negatively charged surface, neutralized by a space charge of positive ions in 
the adjacent solution (electrical double layer). (34) At moderate salt concen- 
trations the surface charge is neutralized within a distance of one or two 
solvent molecule diameters from the surface, i.e., a distance much smaller 
than the protein diameter, but at low salt concentrations the electrostatic 
force between the surface and the protein must be included in (27). Since 
the charge on a protein is rarely homogeneously distributed (there may be 
patches of positive and negative charges on the same molecule), a charge 
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Fig. 8. Experimental results showing the kinetics of adsorption of apotransferrin from pure 
water (a) and buffered solutions (pH 8.0) of different ionic strengths; (b) 2 mM tris-HC1; 
(c) 10 mM tris-HC1; (d) 10 mM tris-HCl + 0.1 M NaC1. {6~ 
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on the adsorbing surface may orient arriving molecules. Multiple weak 
chemical bonds (hydrogen bonds) (56) are important for binding proteins 
to hydrated oxide surfaces. Particularly in aqueous solutions, solvent- 
mediated interactions may occur (the hydrophobic effect). (57-59) Both 
hydrogen bonds and the hydrophobic effect may be important in determin- 
ing the relaxation processes which follow the initial arrival and adsorption 
of the protein at a surface, and these interactions may be modulated by 
varying the ionic strength of the bulk solution (Fig. 8). (6o) 

Recently, very large and elaborate proteins, important in the forma- 
tion of basement membranes in multicellular organisms, have been purified 
and characterized. (61) They are expected to show complex adsorption 
behavior, not yet investigated theoretically. It seems to be typical that a 
small change in solution conditions engenders a significant change in 
adsorption behavior. For example, in the absence of calcium ions, the 
tetrabrachiate extracellular matrix protein laminin forms monolayers at the 
solid-solution interface, but multilayers in the presence of calciumJ 62) 

6. C O N C L U S I O N S  

Light may be confined in a thin dielectric medium bounded by media 
with lower refractive indices (the basis of integrated optics). The light 
propagates in the thin film by total internal reflection at the refractive 
index discontinuities bordering the film. The electric field distribution in the 
film is a standing wave whose eigenvalues N depend on the bulk waveguide 
parameters (fixed) and the boundary conditions (variable), i.e., the 
polarizability profile at the solid-solution interface. N can be conveniently 
determined by measuring the angle of incidence of an external beam onto 
a grating coupler incorporated into a waveguide designed for optimal 
incoupling [-Eq. (18)]. The dependence of the eigenvalues on the boundary 
conditions is described by the mode equations (17). If an adlayer A is inter- 
posed between the film and the covering medium, its parameters (thickness 
and refractive index) also enter into the mode equation, and, provided the 
other waveguide parameters are known, can be determined from the 
measurement of N for two modes. If the polarizability of the particles 
constituting the adlayer is known, the surface density of adsorbed adlayer 
particles can be calculated [Eq. (24)]. Adsorption is initiated by placing a 
cuvette into which a~ suspension of the adsorbable particles can be intro- 
duced over the grating region, which thus forms one wall of the cuvette. 

Assumptions made in the derivation of the working equations [Eqs. 
(17), (18), and (24)]. All the layers in the multilayer waveguide are 
assumed to be isotropic, linear, nonmagnetic, nonconducting, and charge- 
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free. This is only an approximation. Many biological structures are 
birefringent(63); however, most commonly the birefringence is due to arrays 
of oriented elongated particles (proteins) which are intrinsically optically 
isotropic. Since up until now RSA has mainly been concerned with 
randomly arranged spheres, birefringence of the adlayer is not expected. 
Nevertheless, as more elaborate adsorbing objects are investigated, the 
birefringence of the adlayer will have to be taken into account. This will 
require the measurement of the effective refractive indices of three modes, 
and the isotropic ng in Eq. (17) will have to be replaced by ha.p, p = 0  
corresponding to the TE modes (ordinary ray) and p = 1 related to the TM 
modes (extraordinary ray). 

The assumptions of a charge-free and nonconducting adlayer will often 
be violated because most experiments are carried out with proteins 
dissolved in solutions of aqueous electrolytes, and both the proteins and 
the surface of the waveguide will be ionized. (32) The charge and conduc- 
tivity can be taken care of by replacing the real refractive indices charac- 
terizing the layers by complex ones; typically only a very small imaginary 
part will be required. The mode equations can then be derived in exactly 
the same way from the Fresnel reflection coefficients, but now they will be 
more complicated, and must be solved numerically. Sample calculations 
show that the error introduced by the assumption of neither charge nor 
conductivity is much less than the current precision of the effective index 
measurements. The reason is, of course, that most of the energy of the 
guided waves flows through the layer F, for which the assumptions hold. 
A similar argument applies to adlayers which adsorb some of the guided 
radiation. 

Equation (17) is the linearized form of the full mode equation, valid 
for adlayer thicknesses up to 50-100 nm, depending upon the degree of 
precision required, i.e., adequate for protein monolayers and otigolayers of 
proteins which typically have diameters ~ 10 nm. For thicker layers, the 
full, nonlinear form has to be used, (18) and solved numerically. 

The use of Eq. (24) assumes that the adlayer has a uniform refractive 
index profile perpendicular to the interface. For a monolayer of spherical 
particles, this is correct. If several orientations of the particles are possible, 
the layer can be decomposed into two or more layers, (64) and the 
appropriate additional number of modes measured to characterize them. 
Arbitrary profiles can also be dealt with. (65) 

Equation (24) further assumes that nA is a linear function of CA- The 
linearity has been tested in bulk protein solutions up to a concentration of 
0.4 g/cm 3, with no indication of any deviation from linearity. (25) For a 
protein forming a layer 10 nm thick, this corresponds to M=0.4  #g/cm z. 
For a typical protein of molecular mass 60,000 g/mole, this corresponds to 
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4 x 1012 molecules/cm 2, which represents the upper limit of adsorption in 
typical experiments (see Fig. 8). 

Long-range order is absent in the structures produced by RSA, and 
there is no experimental evidence that proteins form regular arrays which 
could interfere with the propagation of guided modes in the waveguide. On 
the contrary, since the characteristic dimensions of proteins are much 
smaller than 2, the surface film constitutes, at least to a first approxima- 
tion, an effective medium well describable by a thickness and refractive 
index. 

The working equations written down in the forms given above have 
the advantage that they can be solved analytically to determine M from the 
experimentally measured quantities. If the assumptions used in deriving 
them are relaxed, the equations become more complicated, and must be 
solved numerically, but the basic principle of the measurement is 
unchanged. Apart from their experimental simplicity, one of the main 
advantages of the integrated optics methods discussed in this review over 
other techniques which have been used in the past to measure the mass of 
adsorbed material at surfaces is the robustness of the derivations of the 
working equations under conditions likely to be encountered in practice. (66) 
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