Single-particle evanescent light scattering simulations
for total internal reflection microscopy
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We simulate and measure light scattering of a micrometer-sized spherical particle suspended in solution
close to a glass substrate. The model, based on the discrete sources method, is developed to describe the
experimental situation of total internal reflection microscopy experiments; i.e., the particle is illuminated
by an evanescent light field originating from the glass—solvent interface. In contrast to the well-
established assumption of a simple exponential decay of the scattering intensity with distance, we
demonstrate significant deviations for a certain range of penetration depths and polarization states of the
incident light. © 2006 Optical Society of America
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1. Introduction

Since its invention in the mid eighties,! total internal
reflection microscopy (TTRM) has been established as
an extremely sensitive technique for measuring weak
interactions between colloidal particles and surfaces
with a resolution down to a few femtonewtons.2 Fig-
ure 1 illustrates the experimental situation: a laser
beam is coupled into a prism and hits the glass—water
interface with an angle 0., slightly above the critical
angle O of total internal reflection. This generates
an evanescent field near the interface that decays in
the lower-refractive-index medium (typically water)
with a characteristic penetration depth { *. The pen-
etration depth depends on the angle of incidence and
is given by
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Here n, is the refractive index of the substrate and \,
is the wavelength of the incident light in vacuum. A
colloidal particle dispersed in the medium will scatter
light from the evanescent wave if it is in the vicinity
of the surface. The underlying concept of TIRM is to
deduce the particle-wall distance from the scattering
intensity I, of a probe particle and thereby to monitor
the vertical component of its trajectory. The particle
is observed through a microscope objective, and the
intensity of light scattered into the objective is mon-
itored by a photomultiplier. A time interval of 10-30
min and a sampling frequency around 100 Hz are
typical for such a measurement. The recorded trajec-
tory can be transformed into a histogram that shows
the probability p(z) for the probe particle having a
certain distance (z) from the surface. In thermal equi-
librium these probabilities can be related to the
particle-wall interaction potential ®(z) by the Boltz-
mann equation

p(2) = exp(—P(2)/ksT), (2)

where kpT is the thermal energy. Compared with
other methods for measuring colloidal interactions,
such as the surface force apparatus3 or atomic force
microscopy,* TIRM is the most sensitive technique.
This is because thermal fluctuations that often limit
the resolution in other methods are exploited to
determine the interaction potential. Furthermore,

1 October 2006 / Vol. 45, No. 28 / APPLIED OPTICS 7299



Medium ng

Fig. 1. Experimental situation in TIRM. A laser beam is coupled
into a prism and hits the glass—water interface at an angle 0,,
which is larger than the angle of total internal reflection ®,¢. Thus
an evanescent field is generated at the interface with intensity I,
decaying exponentially into the medium. A spherical colloidal par-
ticle near the interface will scatter light from the evanescent field
with a scattering intensity /..

optical distance detection allows a completely un-
disturbed probe particle to be measured. In this way
forces of the order of a few femtonewtons can be
detected. It was demonstrated that TIRM is a valu-
able tool for the precise measurement of weak col-
loidal interactions such as double-layer forces,5¢
van der Waals forces,” magnetic interactions,® and
depletion forces.2:9-12 Reviews of the TIRM tech-
nique can be found in Refs. 13-15.

As mentioned above, a central point of the TIRM
method is the precise knowledge of the dependence of
the scattering intensity on the particle-wall distance.
Currently a scattering model for TIRM based on ray
tracing and geometrical optics is well established.¢
This model, referred to as the exponential model, is
briefly described in the following. As a function of the
particle-wall distance, the intensity of the evanes-
cent field I, follows an exponential decay:

I, = exp(—Lz). (3)

The ray tracing model confirms the approach that the
intensity of scattered light (I,) is proportional to
the intensity of the evanescent field and thus has the
same exponential decay characteristics:

L.(z) =1, exp(—(2), 4)

where I is the scattering intensity at particle-wall
contact (z = 0). Experimentally, I, is determined by
irreversible adsorption of the probe particle to the
wall and then measurement of its scattering inten-
sity. This measurement defines the origin of the ex-
perimental distance scale. Although this exponential
model was verified for certain conditions,!617 recent
measurements!® and ray optics calculations!® sug-
gest deviations from exponential behavior due to
multiple reflections between the particle and the sub-
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strate. To our knowledge, until now no rigorous cal-
culation or simulation of the scattering-intensity—
distance relation that takes into account all near-field
effects and multiple reflections has been done. In par-
ticular, the dependence on polarization and penetra-
tion depth has not been discussed in detail before. It
will be shown that the proper choice of these parame-
ters is essential for obtaining reliable results with the
TIRM technique.

In the following we briefly describe the mathemat-
ical background of the discrete sources method (DSM)
used to solve the scattering problem and then its
adaptation to TIRM measurements. Next, simulation
results and their consequences for TIRM measure-
ments are discussed. A subsequent comparison with
experimental data demonstrates that the deviations
from the exponential model predicted by DSM simu-
lation results are actually observed and that all
trends are at least qualitatively correct. We conclude
by giving suggestions to avoid distortions in TIRM
measurements when the simple exponential scatter-
ing model is used.

2. Discrete Sources Method

For theoretical light scattering modeling the DSM
has been chosen. The DSM is a well-known method
for the analysis of light scattering.19:20 It has recently
been applied to evanescent wave scattering.2! The
model has extensively been validated by comparing
the null-field method2?2 with the DSM. Within the
framework of the DSM the scattering problem con-
sists of Maxwell equations, infinity conditions, trans-
mission conditions at the interface, and boundary
conditions at an obstacle surface. An approximate
solution of the scattering problem is constructed as a
finite linear combination of discrete sources, deposited
in some domain inside a scatterer, with certain ampli-
tudes. The constructed approximate solution satisfies
all the terms of the original scattering problem except
the boundary conditions at an obstacle surface. At the
last stage the amplitudes of the discrete sources are
defined from the boundary conditions at the surface of
the scatterer according to the generalized point-
matching technique. A mathematical statement and
detailed theory can be found in Ref. 21.

One of the most important scattering characteris-
tics is the intensity of scattered light

(0, &) = [E., (0, &)|*+ |E.,**(6, &)|% ()

where a = P, S indicates P or S polarization of inci-
dent light; 6 and ¢ are the polar and the azimuthal
angles in a spherical coordinate system with the
origin in the center of the sphere. E..,*(9, &) and
Ex,¢°’“(e, ¢) are the components of the far-field pat-
tern for the corresponding polarization. Explicit ex-
pressions for E..,* and Ex,d,O’P are given as Eqs. (17)
and (18) in Ref. 21. Within the notation introduced
there, the components for S-polarized illumination
take the form
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To adapt the theory to the experimental situation, an
analyzer for segregating the desired polarization of
the scattered light has to be considered. For further
discussion we define the following abbreviations for
the polarizations of the illuminating and detected
light: The upper index PP and the term PP conditions
will be used for P-polarized illumination and detec-
tion of P-polarized light, while the index PS will be
used for the depolarized scattering intensity under
P-polarized illumination. The indices SS and SP will
be used accordingly for S-polarized illumination. Ap-
plying this, the intensity equation (5) takes the fol-
lowing forms:

IPP — |EOCO,P . ex|2

= |E.,"" cos 6 cos & — E..," sin ¢ |,

7S = |Em0,P . ey|2

= |E.,"" cos 0 sin & + E..,*" cos &%,

ISP — |EwO,S . ex|2

= |E.,"* cos 6 cos & — E..,*° sin ¢,

ISS _ |EWO,S . ey|2

= |E.,"’cos Osind +E. > cosb|®. (7

For comparison with experimental data we will also
examine the objective response function, which is
plotted as a function of particle-wall distance z. It
represents the integrated intensity scattered into the
prescribed solid angle

O_SPP,PS,SP,SS — j IPP,PS,SP,SS(G’ d))d(.l), (8)
Q

where ) = {0 = ¢ = 360° 0; 0 < 0 = 0Oya}, Ona IS an
angle that corresponds to the numerical aperture
(NA) of the objective lens in accordance with 6y, =
arcsin(NA/n,).

To obtain the numerical results presented here, the
number of matching points where the discrete source
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Fig. 2. Scattering intensity 1(®) according to Egs. (7) integrated
over ¢ for a 1.6 pm diameter polystyrene particle (n = 1.59) sus-
pended in water (n = 1.333) at a distance of z = 50 nm away from
a glass surface (n = 1.515) and \, = 658 nm. (a) Results for PP
conditions. (b) Calculated for SS conditions. Solid curves, for a
moderate penetration depth of {™! = 180 nm; dotted curves, for a
larger penetration depth of {' = 377 nm. The two vertical lines
mark the acceptance cone of a microscope objective with 0.5 NA.

amplitudes are defined is increased until the neces-
sary accuracy is achieved. The discrete source num-
ber is usually 2-3 times less than the number of the
matching points on the particle generatrix. As a rule
the discrete sources are deposited on the axis of sym-
metry inside the particle. The order of multipoles (M)
is defined a priori from the condition that the plane
wave approximation should not differ from the exact
values by more then 0.1%. The detailed algorithm of
the choice of the matching point and deposition is
described in Ref. 23.

3. Simulation Results and Discussion

Figure 2 shows plots of the calculated scattering in-
tensity as a function of the scattering angle for a
1.6 pm diameter polystyrene particle at a distance of
z = 50 nm away from the surface. The calculations
were performed for two different angles of incidence
corresponding to ' = 377 nm (dotted curves) and
¢! = 180 nm (solid curves) and for both SS and PP
conditions. While for both polarization conditions the
strongest scattering occurs in the forward direction
near ©® = 80°, there is a significant difference in the
shape of the graphs for S- and P-polarized light. For
SS conditions and large penetration depths [Fig. 2(b)
dotted curve] the curve shows some oscillations in the
range from ® = —10° to ® = 60° and pronounced
oscillations for ® < —60°. For PP conditions the curve
is much smoother. At smaller penetration depths for
both polarizations the important part of the upward
scattered light around ©® = 0° has no salient features.

To get the objective response, Eq. (8), the curves
shown in Fig. 2 are integrated over the acceptance
cone of the microscope objective given by its NA.
The objective response refers to the fraction of scat-
tered light gathered by the microscope objective
from an incoming plane wave of unit intensity and
is proportional to the intensity measured by the
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Fig. 3. Objective response for a 1.6 um diameter polystyrene par-
ticle suspended in water as a function of distance z for different
penetration depths (a) {™! = 132 nm, (b) {! = 180 nm, (c) {* =
377 nm. The penetration depths correspond to 5°, 2.6°, and 0.58°
deviation from the critical angle 0, = 61.63°, respectively, and
N\o = 658 nm. Circles, result for SS conditions (o) squares, for PP
conditions (¢*F). For the sake of clarity the squares in (c) are shifted
—0.005 units in the vertical direction. The solid curves are analyt-
ical functions of the form I(z) = A exp(—{z), showing the expecta-
tions from the exponential model. The prefactor A was chosen to
allow convenient comparison with the simulation data by matching
the curves for large distances. The triangles in (c) explicitly show the
difference between the simulation results and the exponential curve
for SS conditions, revealing the oscillatory structure of the devia-
tions. The dotted curve that overlaps the triangles shows the em-
pirical fit according to Eq. (11). Note that the first exponential term
in Eq. (11) was subtracted in the same way as for the data.

photomultiplier in a real experiment. For all si-
mulations presented here an integration interval
—20° < 0 < 20° as indicated by the vertical lines in
Fig. 2 was chosen. This corresponds to a NA of 0.5,
typical for a 50X long distance objective. As men-
tioned before, the scattering intensity is rather
smooth over the integration interval, which ensures
the numerical stability of the results. From this the
objective response can be calculated as a function of
the particle-wall distance, which is of particular in-
terest for the interpretation of TIRM scattering data.

Figure 3 shows the calculated objective response
for various penetration depths and PP (squares) and
SS (circles) conditions as a function of distance. For
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the smallest penetration depth { ' = 132 nm [Fig.
3(a)]l and z > 100 nm the simulation results for PP
conditions agree well with an exponential decay.
The exponential model overestimates the simulated
scattering intensity only very close to the surface
(z <100 nm). The DSM result for SS conditions shows
the same trend for small distances and an additional
minor deviation around a distance of 250 nm. It will be
shown that the deviations observed here are general
features of the near-field scattering problem. With
increasing penetration depth the deviations qualita-
tively remain the same but considerably increase in
magnitude. This can be seen in Figs. 3(b) and 3(c) for
{!'=180nm and { ' = 377 nm, respectively. For
{"' = 180 nm the overall scattering intensity in-
creases about a factor of three; i.e., the probe particle
scatters more light for larger penetration depths. The
deviations around 250 nm for SS conditions (circles)
increase in magnitude. For {*' = 377 nm the simu-
lation results for SS conditions even oscillate around
the expected value from the exponential model. To
illustrate this, the triangles in Fig. 3(c) show the
difference between the DSM results and the corre-
sponding exponential fit. Even for PP conditions the
onset of an additional deviation toward lower inten-
sities around 300 nm is observed.

The wavelength of the oscillatory deviations is
close to half of the excitation wavelength in water
(Np=1.333/2 = 247 nm). This suggests that their origin
lies in multiple reflections between the surfaces of the
probe particle and the substrate, which, depending
on distance, lead to constructive or destructive inter-
ference of the light scattered into the detector.2¢
Deviations from an exponential intensity—distance
relation that are due to multiple reflections for large
probe particles have already been discussed by
Prieve and Walz,16 using a ray optics model. Within
the context of multiple reflections, deviations in
S-polarized light are indeed expected to be larger
than for P-polarized light because the reflectance for
P-polarized light is always lower than for S-polarized
light. This effect is most pronounced near the Brew-
ster angle, where the reflectivity for P-polarized light
is zero. Clearly such hand-waving explanations based
on multiple reflections are not sufficient to understand
the whole near-field scattering problem. However, con-
sidering further simulations and experimental results,
this simple picture was very useful for predicting the
right trends.

So far only the polarization-conserving component
of the scattered light was analyzed. To complete the
discussion, the depolarized part of the scattered light
is discussed next. It is known that micrometer-sized
spherical particles under evanescent illumination are
to a large extent polarization-conserving scatterers.25
Thus in a TIRM experiment it is unfavorable to detect
depolarized light because of the low scattering inten-
sity. For depolarized light the same trends as for
polarization-conserving scattered light can be seen.
Figure 4 shows the DSM results for PS conditions
(diamonds) and SP conditions (triangles) with all



°E 0.0012 i
=
)
2
© 0.0008 F -
[0)]
[
oy
[o]
& AR
2 0.0004 | 1
[1)]
=
k3]
2
& 0.0000 s ; :
0 200 400 800 800
z [nm]

Fig. 4. Objective response for a 1.6 pm diameter polystyrene
(n = 1.59) particle suspended in water as a function of distance z
for PS conditions (diamonds) and SP conditions (triangles) at
' = 377 nm and \, = 658 nm. The solid curves are analytical
functions of the form I(z) = A exp(—{z), showing the expectations
from the exponential model. The prefactor A was chosen to allow
convenient comparison with the simulation data by matching the
curves for large distances.

other parameters identical to those used for the cal-
culations shown in Fig. 3(c). Under these conditions
only about 3% of the scattered light is depolarized.

For both illumination polarizations deviations from
the exponential distance dependence are present. How-
ever they are much larger for S-polarized than for
P-polarized illumination. It is noteworthy that for
S-polarized illumination the maximum scattering in-
tensity is no longer at particle—wall contact (z = 0) but
is about 50 nm away from the surface, and the dis-
tance dependence of the scattering intensity is very
weak between z = 0 nm and z = 70 nm. This results
in an unambiguous relation between the scattering
intensity and the particle—wall distance close to the
wall. Even though only a small portion of depolarized
light shows this problematic behavior for the given
parameters, in general the performance of TIRM ex-
periments can be improved by placing an analyzer
that eliminates the depolarized part of the light scat-
tered into the detection beam path.

4. Consequences for TIRM Data Evaluation

Since until now the exponential model has been the
only model used for TIRM data evaluation, in this
section we discuss the consequences of using this
model under illumination conditions where the expo-
nential intensity—distance relation is no longer valid.
It will become clear how the measured potentials are
distorted if the wrong intensity—distance relation is
assumed.

In a typical TIRM experiment the probe particle
will fluctuate close to the surface in a metastable
potential well. As is explained in detail, for example,
in Ref. 6, the particle—wall interaction potential ®
can be written as

®(2) =B exp(—«k2) + Gz + D, 9)

Close to the wall an exponentially decaying electro-
static repulsion between the like-charged surfaces of

Potential [k_T]
N W h~ 0 (o> I

-
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Fig. 5. a) Typical interaction potential of a TIRM probe particle
with the substrate according to Eq. (9), using parameters
B =20,k ! =15nm, G = 5. b) Calculated distorted TIRM poten-
tial achieved by assuming the exponential model for data evalua-
tion under conditions where the true intensity—distance relation is
the DSM result shown in Fig. 3(c) as circles. Details are discussed
in the text.

the substrate and the probe particle is dominant.
Assuming a monovalent electrolyte, the characteris-
tic decay length, called the Debye screening length,

-1

“‘SkBT 1
K — |

- |
\ 262 Csalt’

(10)

is given by the concentration c,; of an added electro-
lyte (typically NaCl). Here e is the elementary charge,
¢ is the dielectric constant of the medium (e.g., wa-
ter), and kzT is the thermal energy. The prefactor B
is essentially given by the radius of the probe particle
and the surface charge densities of the substrate and
the probe particle.¢ At larger distances the particle—
wall interactions have decayed, and because of grav-
ity an attractive linear part of the potential prevails.
The slope G is given by the radius and mass density
of the probe particle and the mass density of the
solvent. @, is an arbitrary offset. It can be chosen in
a way that allows convenient display and discussion
of the data. Close to the surface, i.e., for distances
smaller than about 100 nm, attractive van der Waals
forces can become relevant in addition to the forces
considered in Eq. (9). However, for most experimental
situations Eq. (9) describes the interaction potential
accurately.6 A typical interaction potential according
to Eq. (9) is plotted in Fig. 5 as curve a).

The first consequence for TIRM data evaluation
addresses the shape of the potentials. In the following
it will be discussed how the results of TIRM measure-
ments are distorted when the exponential model is
used to evaluate TIRM data instead of the DSM
model that takes multiple reflections into account. To
illustrate the effect, the DSM results for a 1.6 pm
diameter polystyrene particle under SS conditions at
¢! = 377 nm (compare Fig. 3(c), circles) are discussed
in detail. In this case deviations are most pronounced.
For z values in the range of 0 < z < 1200 nm, the
simulation results could be accurately fitted with the
empirical analytical function for the simulated scat-
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The fit function consists of three parts: the first term
on the right-hand side in Eq. (11) is the exponential
decay as in Eq. (4) for the given parameters. The next
term considers a superimposed damped oscillation
with a periodicity slightly varying with z. The last
term is a second-order polynomial that improves the
fit, in particular at larger distances where the expo-
nential terms are small. The accuracy of the fit can be
verified in Fig. 3(c) by comparing the dotted curve
and the triangles.

For the correct derivation of the potential resulting
from a TIRM measurement using the exponential
model for data evaluation, the procedure of data anal-
ysis has to be considered step by step. We accom-
plished this in the following way:

(i) The probability for the probe particle’s being at
a certain distance was calculated by using the Boltz-
mann equation (2) and the assumed interaction po-
tential [see Eq. (9) and Fig. 5, curve a)l.

(ii) The distances were transferred to intensities
by using Eq. (11).

(iii) The intensities were weighted by the corre-
sponding probabilities calculated in (i).

(iv) A probability histogram of the weighted inten-
sities having a constant bin size in intensity space
was created. Except for normalization, this would be
exactly the histogram one would get from a TIRM
measurement.

(v) A TIRM potential was calculated from the his-
togram by using the standard procedure based on the
exponential model.13-15 This assumes the use of the
exponential intensity—distance relation, Eq. (4), and
is connected to the assumption that the constant bin
size in intensity space is transferred to a bin size
growing exponentially in the z coordinate. A look at
the distance between the data points in TIRM poten-
tial data curves (see below) nicely illustrates this
effect.

At this point for a nonexponential intensity—
distance relation like Eq. (11) an error is introduced
that leads to a severe distortion of the calculated
potential. For distances where the actual intensity—
distance relation, Eq. (11), is shallower than the as-
sumed exponential, Eq. (4), the bin size in z-coordinate
space is underestimated, leading to an overestimated
probability and, via Eq. (2), to a lower value for the po-
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tential. The potential obtained by the procedure de-
scribed above is displayed as curve b) in Fig. 5. The
superimposed oscillatory structure in the intensity dis-
tance relation originating from multiple reflections is
transferred to an oscillatory deviation in the TIRM po-
tential when the exponential model is used for data eval-
uation. Given the major (>1kzT) distortion of the
TIRM potential around z = 350 nm and z = 650 nm,
the corresponding deviation from a pure exponential
intensity—distance relation that causes the distortion
is astonishingly small (compare Fig. 3(c), circles or
triangles). Thus very subtle deviations have to be
taken seriously, and a precise scattering model is
needed for a correct interpretation of the intensity
data. It is worth mentioning that the shape of the
distorted potential is independent of parameters
like the number of bins or an offset in the z direction
that can be varied during the evaluation proce-
dure.

The second consequence of the DSM simulation
results for TIRM experiments arises within the con-
text of the so-called sticking method to determine the
origin of the z axis.13-15 For this the probe particle is
irreversibly adsorbed to the wall (e.g., by adding large
amounts of salt), and the scattering intensity of the
adsorbed particle is then interpreted as I, in Eq. (4).
All DSM results (Fig. 3 and other tests performed for
different parameters not shown here) consistently in-
dicate that deviations from the exponential model are
largest for a particle at z = 0. This poses a question
regarding the applicability of the sticking method.
Very close to the surface (z < 100 nm) the scattering
intensities are in general lower than suggested by the
exponential model that fits the simulation data for
larger distances. Thus the particle—wall distance sug-
gested by the exponential model is smaller than the
real distance. For the parameters chosen in Figs. 3(b)
and 3(c) for PP conditions the error is about 20 and
50 nm, respectively, when the simulation result at
z = 0 is taken as a value for I,.

5. Comparison with TIRM Measurements

In the TIRM setup used for the experiments a linear
polarized Gaussian laser beam is slightly focused
onto the substrate—solvent interface where the eva-
nescent wave is generated in the sample cell. To en-
sure a laterally homogeneous intensity distribution
over the field of view, the spot size is chosen to be
significantly larger than the view field of the micro-
scope. Thus a planar wavefront of constant intensity
is created at the interface, which is a good approxi-
mation to the plane wave used in the simulations.26
The wavelength of the laser is \; = 658 nm, as in the
simulations discussed before. A \/2-wave plate fol-
lowed by a polarizer is used to adjust the polarization
of the incident beam. On the detection side, a 50X
long-distance microscope objective collects the scat-
tered light from the probe particle that is emitted into
the acceptance cone of the objective defined by its
numerical aperture (NA of 0.5 as in the simulations).
Behind the objective an additional polarizer can be
placed as analyzer so that polarization-conserving
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Fig. 6. Standard TIRM potentials measured with a 3 pm diam-
eter polystyrene particle in aqueous dispersion containing c,
= 50 wmol/1 of NaCl near a glass wall at { ! = 400 nm penetration
depth. The upper curve (circles) was measured under SS condi-
tions, while the lower curve (squares) was obtained under PP
conditions. Since no absolute distance could be determined, the
distance scale has an offset z ... chosen such that the first mini-
mum in each standard TIRM potential appears at z — z,g. = O.
The curve that overlaps the squares is a fit of Eq. (9) to the PP data
by using B and ®, as free parameters and the calculated values of
k' =43nm and G = 1.8 k3T pm ', equivalent to a gravity force
of 7.4 fN.

and depolarized scattered light can be projected onto
the photomultiplier used for detection.

In the following we use the term standard TIRM
potential for potentials deduced from intensity data
measured assuming the exponential model and ap-
plying the established data evaluation procedure as
discussed above. In this procedure the undetermined
prefactor I, leads to an unknown offset (z,g.) in the z
direction. For parameters where the exponential
intensity—distance relation is not fulfilled, the stan-
dard TIRM potentials do not have the shape of the
real interaction potential. Nevertheless, the distorted
potentials are explicitly shown to illustrate the typi-
cal shape of distortions and to facilitate their identi-
fication in further experiments.

Figure 6 shows two experimentally determined
standard TIRM potentials measured with a 3 pm di-
ameter polystyrene particle at ' = 400 nm. The
lower data curve (squares) was measured for PP con-
ditions. The line overlapping the squares is a fit of Eq.
(9), with B and &, being the only fit parameters.
Obviously there is reasonably good agreement be-
tween the experimental results and the theoretical
expectations. The opposite is the case for data mea-
sured with SS conditions. As can be seen in the upper
curve (circles) in Fig. 6, an oscillatory deviation from
the true potential shape is observed. This is very
similar to the prediction for smaller probe particles
and slightly different penetration depth shown in Fig.
5. Knowing the deviations within the curve measured
for SS conditions, one can see the onset of deviations
in the curve measured under PP conditions as well.
This is indicated by the arrows in Fig. 6. This also
agrees well with the DSM results shown in Fig. 3(c),
where for PP conditions a slight deviation from an
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Fig. 7. Standard TIRM potentials measured under SS conditions
with a 4 um diameter polystyrene particle in aqueous dispersion
containing cg;; = 150 wmol/l of NaCl at various penetration
depths: 7' = 135 nm (diamonds), {™* = 169 nm (triangles), {*
= 400 nm (circles), { ' = 624 nm (squares). The topmost curve is
a fit of Eq. (9) to the {! = 135 nm (diamonds) data, which agrees
well with the real potential shape. Again B and ®, were free
parameters, and the calculated values of k' = 25nm and G
= 4.8 kT pm ! were used. The potentials for larger penetration
depths are shifted downward, and the fitted curve is reproduced for
each potential with the appropriate shift. Since no absolute dis-
tance could be determined, the distance scale has an offset (2t
chosen such that the minimum of the {™! = 135 nm (diamonds)
potential is at z — z4.. = 0. The other potentials were aligned
accordingly along the z axis.

exponential intensity—distance relation is observed
but for SS conditions deviations are larger but
roughly at the same distances.

According to the trends predicted by the simulation
results, the distortions should become more pro-
nounced at larger penetration depths. This is dem-
onstrated in Fig. 7. Here measurements at different
penetration depths ranging from {' = 135 nm to
("' = 625 nm with the same 4 pm diameter polysty-
rene probe particle were performed under SS condi-
tions. While for { ! = 135 nm even for SS conditions
the standard TIRM potential agrees with the ex-
pected potential shape, the standard TIRM potential
shape becomes increasingly distorted for larger pen-
etration depths. For the two largest penetration
depths (squares, circles) the distortions again reveal
the oscillatory structure already known from Fig. 6
and deviate strongly from any reasonable potential
shape. Measuring the same potentials under PP con-
ditions (data not shown) leads to reasonably undis-
torted potentials up to about {' = 300 nm.

In Fig. 8 a salt-dependent measurement with a
3 wm diameter polystyrene probe particle is shown.
The standard TIRM potentials were measured with a
large penetration depth of {™' = 400 nm under SS
conditions. For this measurement an optical twee-
zer2” was used to restrict the lateral motion of the
particle and to increase the effective weight of the
particle to a convenient value. The same probe par-
ticle was measured at three different salt concentra-
tions. In this way the Debye length and the average
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Fig. 8. Standard TIRM potentials measured under SS conditions
with a 3 pm diameter polystyrene particle at a penetration depth
of ' = 400 nm for three different salt concentrations: c
= 10 pmol/l (diamonds), 50 pmol/l (triangles), 250 pmol/1 (cir-
cles). With increasing salt concentration the particle comes closer
to the substrate. The absolute particle-wall distance was deter-
mined with the sticking method, which is subject to a large error
but is consistent for all three potentials. The expected slope to
which all potentials should converge for large distances is indi-
cated by the underlying straight line.

particle-wall distance was successively reduced, and a
large range of particle—wall distances could be sam-
pled. As can be seen most clearly in the gravitational
parts of the potentials, there is an oscillatory deviation
from the expected potential shape, and the distortions
of the different potentials match in a consistent way.
Figure 8 also illustrates how the shape of the mea-
sured standard TIRM potentials can vary depending
on the absolute particle-wall distance. In principle it
should be possible to derive the absolute particle-wall
distance if the periodicity and starting point of the
oscillations are predictable from simulations. Note
that for an exponential function, Eq. (4), a shift along
the z axis is equivalent to a variation of the amplitude
(i.e., I)). Experimentally the amplitude is given by the
intensity of the evanescent field, i.e., the laser power,
the scattering cross section of the probe particle, and
the detection efficiency of the whole apparatus. There-
fore it is mandatory to measure a reference point (such
as I,)) to determine the absolute distance to the wall,
and in addition one has to rely on the exponential
intensity—distance relation to determine the absolute
distance. However, if oscillations are superimposed
onto the exponential intensity—distance relation they
can be employed to determine the absolute particle—
wall distance, since their position and amplitude are
characteristic for the scattering process. This would
also have the advantage that no modifications (like
adding salt to stick the particle to the surface) to the
system under study would be necessary. Work on this
is currently in progress.

Recently other qualitative experimental evidence
for deviations from the exponential model found in
the DSM simulations was given by McKee et al.18
They developed an evanescent light scattering appa-
ratus in which a single colloidal particle is attached to
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the cantilever of an atomic force microscope (AFM)
and illuminated with an evanescent field from be-
low.28 An inverted microscope is used to detect the
light scattered into the lower half-space. With this
TIRM—-AFM combination they were able to directly
measure the scattering intensity as a function of the
particle-wall distance. The latter was known from
the AFM cantilever position. Even though the exper-
imental geometry is slightly different from our sim-
ulations (which consider detection from above and a
free spherical probe particle), their findings are very
similar to our results. Using a penetration depth of
only 66 nm, they found a lower scattering intensity
than expected for a simple exponential intensity
distance relation, Eq. (4). Deviations occurred for dis-
tances smaller than two or three times the penetra-
tion depth. Qualitatively the same trend of lower
scattering intensity at small distances was observed
for polystyrene and borosilicate particles of various
sizes between 2 and 23 pm. The magnitude of the
effect varied with illumination polarization, probe
particle type, and lateral position on the substrate.

6. Possibilities for Avoiding Distortions

Extreme care has to be taken not to confuse optical
distortions from multiple reflections with real phys-
ical properties of the system under investigation. For
example, depletion forces in charged systems often
lead to an oscillatory structure in the particle—wall
interaction potential and at the same time demand a
large penetration depth of the evanescent field so
that long-range depletion forces can be sampled.2® A
safe approach to exclude distortions is to measure the
interaction potentials at different penetration depths
and to show that the potential shape is independent
of optical parameters. It might also be useful to mea-
sure one potential with a large penetration depth and
S-polarized light. Under these conditions distortions
are most likely to occur, and, because their form is
known, the experiment can be tuned to parameters
where they safely disappear. For example, looking at
the curves in Fig. 6, a measurement with PP condi-
tions at a slightly lower penetration depth would
have led to results completely free of any distortions.

In the majority of TIRM experiments found in the
literature the polarization of the incident light is not
specified. However, most experiments were con-
ducted with penetration depths below 130 nm. Our
simulation results and experimental findings for a
wider range of probe particles indicate that these
measurements lead to correct results for either po-
larization as long as the probe particle is not too close
to the surface (say, z > 100 nm). For smaller dis-
tances the exponential model will not hold even if the
penetration depth is very small. As was mentioned
above, this was experimentally verified in combined
TIRM-AFM experiments.'® On the other hand, it is
not very likely that TIRM experiments can be per-
formed in the distance range of z < 100 nm, since for
these small distances van der Waals forces often lead
to an irreversible sticking of the probe particle to the
substrate.



To permit accurate TIRM measurements very close
to the wall, we propose to use substrate coatings that
are index matched to the solvent. Such experiments
are desirable, for example, for the study of depletion
interactions in hard-sphere systems, where the
probe particle samples distances up to particle-wall
contact.212 In the case of an index-matched coating
the evanescent field is generated at the substrate—
substrate-coating interface and decays first into the
coating with a nonexponential intensity—distance
dependence. For a sufficiently thick coating (say
150 nm) at the index-matched interface of the coating
and the solvent, the intensity—distance dependence
already follows a strictly exponential decay (compare,
e.g., Fig. 3(b), squares). In other words, the physical
particle—wall contact is at an optical distance of
150 nm away from the interface of total internal re-
flection. For larger distances the TIRM scattering
data can be reliably interpreted by using the estab-
lished exponential scattering model. This strategy
was successfully employed to measure entropic forces
in sphere rod mixtures where the SiO, coating, which
was index matched to the solvent, served not only as
an antireflection coating for the evanescent illumina-
tion but also to suppress van der Waals forces be-
tween the probe particle and the substrate.212

7. Conclusion

We have shown that it is extremely important in
TIRM measurements to be aware of the parameters
chosen to generate an evanescent wave. The wrong
parameters, such as S-polarized illumination and
large penetration depths, lead to severe and unphysi-
cal distortions of the evaluated interaction potential.
In the case of broad potentials the deviations are
easily identified as oscillations in the gravitational
part of the potentials. The typical wavelength of these
oscillations is in the range between 200 and 300 nm.
When more moderate parameters are chosen or the
potentials are narrower than the oscillation wave-
length, deviations from the true shape of the poten-
tial are introduced. These distortions can easily be
overlooked or misinterpreted. From the DSM results
suggestions for safe parameters (PP conditions, pen-
etration depth { ' < 200 nm) could be derived. Even
for parameters where the smallest deviations from
simple exponential behavior are expected, the expo-
nential distance dependence breaks down very near
the surface. This makes the application of the stick-
ing method to determine absolute particle-wall dis-
tances questionable. Also, potentials measured very
close to the surface are likely to be distorted.
Clearly more work is needed to fully understand
the processes involved in single-particle evanescent
light scattering to develop and experimentally verify
a scattering model that accurately predicts the rela-
tion between scattering intensity and particle-wall
distance. Our present model qualitatively predicts
the observed oscillations in the standard TIRM po-
tentials and also the deviations for small distances
well. A quantitative comparison between experiment
and simulation where all parameters are exactly

matched needs more refinement of the new experi-
mental setup and would exceed the scope of this pa-
per. On the side of computational simulation, further
improvements of the numerical algorithm, such as
the discrete source choice or positioning of matching
points is needed. This will make it possible to simu-
late larger probe particles, which so far are too de-
manding in computation time, and to get stable
simulation results for penetration depths even larger
than those presented here (i.e., {* > 377 nm).

With these improvements, we are confident that
quantitative agreement with measurements will be
achieved in the near future. This would allow us to
deduce the accurate particle—wall distance from the
simulation results and measured intensities even
for experimental parameters where the exponential
model is not applicable. Consequently, reliable TIRM
potentials at large penetration depths, i.e., with
probe particles sampling large distance ranges, could
be performed. In addition the determination of the
absolute particle—wall distance without modifications
to the system would become possible.
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