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Numerical Analysis of Near-Infrared Wave
Propagation Characteristics in Dielectric-Coated
Parallel Planar Microstructural Waveguides

Wim E. A. Van Petegem, C. Robert James, Fred E. Vermetlember, IEEEand Alexander M. Robinson

Abstract—n this paper, the properties of electromagnetic (EM)
wave propagation in layered planar microstructural waveguides
are investigated. Analytical and numerical results are presented
on the propagation of a 1um EM wave in a parallel planar
waveguide. Its walls are made of Au or Si, coated with a thin layer
of SiO; and separated by a fluid. The propagation characteristics "
of even and odd TE and TM modes are described as a function T=3
of the coating thickness. It is shown that the propagation of TE
modes exhibits a sudden shift in power flow distribution from the 7z fluid HfyEf
fluid to the coating when the coating thickness exceeds a critical
value. This property may be exploited for micromachined sensor Y
applications. TM modes do not exhibit this behavior. T=—

510,

Index Terms—Coplanar waveguides, microsensor, submillime-
ter wave propagation.

metal

I. INTRODUCTION

HE PRESENT study examines the propagation propertigg. 1. Symmetric five-layer waveguide structure.
in layered planar microstructural waveguides. Such struc-

tures have potential applications for micromachined sensor .. . . o L
systems P PP of silicon is much higher than that of gold, while its extinction

In earlier work [1], the authors have presented analyticﬁ?eﬁ'c'em is much Iowgr. Both materials will pe referred to
and numerical results on the propagation characteristics & Metals. The conducting walls are coated with a thin layer
TE and TM modes in empty parallel-plane microstructur@f SiO2 (see Fig. 1). The structure is filled with a fluid, such
waveguides made of gold for wavelengths of 1+40. Similar as water, instead of air, for the purpose of application as a
studies have been reported by the authors as well as others¥gFensor- _
cylindrical waveguides of gold and nickel [2]-[4]. Recently, 'tiS & well-known property of a loss-free asymmetric three-
changes of mode structures and attenuations in dielectifRyer slab waveguide (see Fig. 2) that waves become confined
coated circular hollow waveguides have been described in [i], the middle region which is surrounded by two media,

In this paper, the work in [1] and [5] is now extended tdnfinitely extended in thex—dlrect!qn, When its .thlckness_
the analysis of Jsm wave propagation in a symmetric para||e[eaches a cgrtaln valug. S'uch a critical thickness |s'determ|ned
five-layer planar waveguide. Included in this study is the caB¥ the relative refractive indices of the three media and the
where the metal constituting the conducting wall is gold, as iavelength, and is usually called the cutoff thickness for wave
previous work [1]. However, silicon as wall material is als@ropagation in the structure [6]. In the five-layer waveguide
studied, for two reasons: 1) silicon is readily coated with.Si00f interest in this study (Fig. 1) the distance between the
since a native layer of SiOnormally exists on its surface; metal plates must be larger than the cutoff value for the used
and 2) silicon has optical characteristics that greatly diffé¥avelength to allow wave propagation in the structure. Adding

from those of gold: at Jém wavelength the refractive indexthe coatings does not dramatically change the propagation
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Auid [ Ef B. Characteristic Equations
The approach taken here to treat electromagnetic (EM) wave
X propagation in the guiding structure of Fig. 1 is similar to that
)_ % Si0, in [1] and [6].
% The propagation constantof a wave in the guide is defined

as

metal ‘

y=a+jp 2
Fig. 2. Asymmetric three-layer slab waveguide structure. where o denotes the attenuation constant andhe phase

constant.

TABLE | Since the structure of Fig. 1 is uniform along theaxis
CoMPLEX REFRACTIVE INDICES FORWAVEGUIDE MATERIALS AT A = 1 M and infinite in they-direction, Maxwell's equations yield the

: following propagating modes:
material |~ n k * TE modes, with field component#,, H, (x E,), and
Au || 0257 | 6.820 H. (x 0E,/0x);
* TM modes, with field componentd?,, £, (x H,), and
Si 3.592 0.006 E. (x aHy/ax)_
Si0, 1.450 | 0.0002 The mathematical derivation of the characteristic equations
o 1 391 | 0.000003 for both modes is straightforward.
2 i A 1) TE Modes: Consider the TE modes first.

For notational convenience, the following parameters are

) ) ) _ ) introduced:
This paper begins with a theoretical analysis of a parallel ) ) )
planar waveguide with thin coatings. In the analysis, the K5 ="+ wpysey 3)
characteristic equations for the different modes are derived. K2 =+ + W p.e, (4)
Following this, numerical results are presented for the atten- K2 =42 + 02 limem (5)

uation and phase constant of the lowest order modes, as a
function of the coating layer thickness. These results revealherew is the radian frequency.
for some modes and materials, a sudden transition in theSince the field intensities have to vanish at infinity, the
propagation path from the fluid to the coating. It is suggestedithors choose the solution (fer> 0):
how this property may be exploited for biosensor applications, K@
7 e By (z) oce™/Hm (6)
such as an optical immunosensor, where detection is based Y
on a change in coating thickness due to the binding @ksuming that:
immunocomponents at the waveguide surface. )
Re(+jKmx) > 0. (7)
II. THEORETICAL ANALYSIS Continuity conditions are then imposed on the tangential
field componentsZ, and H. at the two interface$z| = a/2
and || = /2. It can easily be shown that under these
] ) ) . constraints only even or odd solutions are possiblepf(x).
Consider the five-layer waveguide structure shown in Fig. &4nsequently, guided TE modes are divided into even and odd
This strpcture is an idealization of a waveguide that coqs!%ﬁes depending on the parity &, in the fluid layer. For each
of a fluid between two parallel metal plates, each of finitgs otk classes the characteristic equation can further be found

thickness and coated with a thin layer of Si@ach layer is p, assuring the existence of matched EM-field intensities at
characterized by its magnetic permeabiliy @nd its complex e interfaces.

electric permittivity €). Subscripts identify the various layers |, the case of nonmagnetic materiglg & iy = pim = 1o
N - m H

(f =fluid, s = SiG,, andm = metal). _ the magnetic permeability of free space), the characteristic
The complex refractive inde®” of a medium is defined by equation for even TE modes is given by

A. Model Description

N =n-jk (1) 148 k020

. . N e 1, = g K 2 g
where n is the refraction index of the medium arid its fa = K; K, b—a
extinction coefficient. Values for the complex refractive index 14y K, tan KST
at a wavelength of Am for the materials to be considered
here are summarized in Table | [8], [9]. Note that [9] doe%nd for odd TE modes
not explicitly mention a value for the extinction coefficient of 145 Ko tan K, b—a
Si at 1xm. The value stated in Table | is approximate. It is tan K @ =j S, K, 2 . )
inferred from equations in [9] and, in fact, this approximation Ky, 14 K, tan Ksb_—a

does not critically affect the results presented here. K,
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Each solution of (8) and (9) determines the attenuatidgh Analytical Approximations
and the phase constant of an even mode and an odd modey propagation Constantsinitial estimates fory are re-

respectively. Numbering the consecutive solutions indicatg§ired when numerically solving the determinantal equations.
the order of the mode. o . For the lowest order TE and TM modes in a planar waveguide
It must be pointed out that the characteristic equation (&khout a coating and filled with air, suitable approximations
and (9) can also be expressed by one equation, as is Shq¥n. 4re given in [1]. In the present study, propagation char-
in [6] and [10]. o . acteristics are analyzed as a function of the coating thickness.
2) TM Modes: A similar approach can be followed to findgq, 710 thickness, the estimate in [1] applies and can be used
the characteristic equations for even TM modes: to calculate the exact propagation constant. This result in turn

a e Ky serves as a starting value which guides the search for further
tan Ky PR K; em roots of the characteristic equations as the layer thickness is
e K, b—a incrementally increased.
I+ K . -tan K;—— 2) Onset of Transition in Propagation Pathway from Fluid
: Esm K:l 7—a (0) to Coating: A change in wave-propagation characteristics is
144 Kz -tan K 5 expected as the coating thickness exceeds that value where
o cutoff occurs [7], [11]-[12]. Indeed, when the coating thick-
and for odd TM modes: ness is above its cutoff value a major part of the wave will
a .em K propagate in the coating and not in the fluid.
tan Kf§ K. Cep The cutoff thickness of the coating, and hence the oc-
e, K, b—a currence of the shift in propagation from one medium to
I+ K = -tan K, another, can be predicted by a phase-matching condition [7],
: e K. b—a (1) [11]12]; the phase shift of the propagating wave (expected
1+ K, . - tan KST to be predominantly in the coating when its thickness is

_ _ _ _ _ larger than the cutoff thickness) should be approximately
Again, consecutive solutions of these equations yield tgual to the wavenumber in the fluid, the medium where the
propagation characteristics of all even and odd modes, respggéve propagates before the cutoff in the coating occurs. In

tively. mathematical terms, this condition is
Without the SiQ coating on the metal walls of the structure o
of Fig. 1, the above characteristic equations for TE and TM 8~ N (15)
modes can be simplified and are in agreement with the ones
given in [1]. when the extinction coefficient of the fluidf) is neglected.

3) Three-Layer Slab Waveguided special case emergesAt cutoff, the attenuation constant is generally very small
when the distance between the metal plates increases witheutk /), and for simplicity of the calculations, it is ignored
limit, but the coating thickness is kept constaat § — oo, [7]; i.e.,
but (b — a)/2 = d). This situation corresponds to the three-

layer slab waveguide of Fig. 2. The left-hand side (LHS) of a~0. (16)
(9) and (10) reduces to Thus, the transition occurs whelii; = 0.
. a . At the transition, the characteristic equations for TE modes
alggo tan ng =y -sign[Im(K )] become
=—J (12) K
tan Kyd ~ j —2°. (17)
since only exponentially decaying field intensities are physi- K,
cally acceptable in infinite media. The characteristic equatioing the definitions of, and k,,, and the optical properties
now become given in Table I, it can be shown that for both wall materials
K, (Kn+K Au and Si
tan Kod = - Ko B+ Ky) 13) )
KS+KfKrn KSd%I (18)
and 2
K, <ﬁ n ﬁ) Using (4), an approximation for the cutoff thickness of the
van Koyd = j - €s , Ef Em (14) coating can be obtained as
KS Krn Kf d 1
Eg—i—g—m-? Xzi (19)
4y/n2 —n

for TE and TM modes, respectively. Note that the distinction

between even and odd modes no longer exists for the structirem (19) and with the material properties mentioned in Table
of Fig. 2; equations (8) and (9) both reduce to (13), while (10) it follows that when the coating increases to a thickness of
and (11) reduce to (14). These equations will be used later@et2\, the TE wave is no longer confined in the fluid (water),
calculate the coating cutoff thickness, at which propagatidiut starts propagating in the Si@oating, whatever metal (Au
becomes possible in the SiQayer. or Si) is used. Similar behavior does not occur for TM modes.
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This is not unexpected, since lack of a well-defined cutoff is 2s00 — ; : . . : : -
a characteristic usually associated with a TM mode [11].

~— TE even, b=2um

[ll. SIMULATION RESULTS 20001 R - - TEeven, b=sum | |
In order to find the roots of the characteristic equations for E ' ' L TE odd, b=2um
each mode a numerical root solver based on Muller’s methcgd15 ~= = TE 0dd, b=5um
was implemented in MATLAB [14]. Results are presented hel% ® T e TE, 3-layers 1

for the lowest order even and odd TE and TM modes. Th%
wavelength) in the simulations is chosen to beufn.

u

c
@ 1000

att

A. TE Modes

The propagation constants for the lowest order even and seo
odd TE modes are calculated from (8) and (9). The results
are presented in Fig. 3, as a function of the coating thickness,
with the metal spacing as a parameter. )

. . . . 0 01 0.2 0.3 04 0.5 06 0.7 08 0?9 1
The attenuation constant decreases with increasing metal coating thickness (um)

spacingy. This behavior is well-expected [1]. Results for metal
spacings larger than 5:m have been calculated as well, but
are not shown. These results were found to be almost identical $x10°
to the ones shown fa¥ = 5 um, for both the attenuation and
phase constant. Thus, increasing the metal spacing has little
effect on the propagation constant once a value of abpm 5 ®%| 1
is reached. Larger spacings will allow higher order modes to.
propagate, a situation which is generally undesirable for mo§ 86r B
applications. =
Of significance is the shape of the attenuation constarg8-4~ 1
curve forb = 5um. For the smallest coating thicknessesg | ______ . _-_ <7
(in the range from 0 to 0.3m), the attenuation constant is 28.2»- ————————————— > —— TE even, b=2um 1
only slightly dependent on coating thickness. Increasing thg L -~ TE even, bosum
coating thickness beyond this range causes a sudden increasesl -

(@

—T T T T T T T T T

of about one order of magnitude in the attenuation constant. TE odd, b=2um

The coating thickness at which this happens is aboup4 _ -=+- TE odd, b-5um |

the value calculated above for the cutoff thickness. Beyond |..... B TE. 3-layers

this thickness, the TE mode shifts from propagating in the - . . . . ) — - ,

fluid to propagating in the Siplayer. 0 o1 02 03 04 05 08 07 08 09 1
This latter statement is supported by the time-averaged coating thickness (um)

power-flow distributions shown in Fig. 4. In this figure, the (b)

time-averaged power flow distribution is plotted against theg. 3. (a) Attenuation and (b) phase constant of a wave in a five-layer

distance z from the center of the Waveguide. Symmetriévaveguide with Au as the metal, SiGas the coating, and water as the fluid
plotted as a function of the coating thickness for the lowest order even and

profiles apply for the Other_ half of the gUide' _The spacbng odd TE modes and metal spacingsbof 2 and 5um, and compared to the
between the metal planes is chosen to han5 since a sharp lowest order TE mode propagation characteristics in a three-layer waveguide

transition in wave propagation from fluid to coating occurs &f the same materials; note that the latter completely coincides with the odd
TE mode in the five-layer structure.

this value.
The power flow distribution is calculated by use of the
Poynting vector the latter are calculated from (13). As can be seen in Fig. 3,

the attenuation and phase constants become identical for both
structures wherb = 5um, once the SiQ layer has been
and is normalized to equal Vil per-unit width in they- increased in thickness beyond its cutoff value for the lowest

direction. For both the even and odd TE modes, it can clea@yder TE mode. In fact, increasing the metal spacing in Fig. 1

be seen that the wave propagates mainly in the fluid whisnessentially equivalent to removing the upper boundary of

the thickness of the SiDcoating is less than the cutoffthe waveguide, to create a structure that resembles the one in
thickness. However, for a thickness of @5, power flow Fig. 2. Hence, very similar wave propagation characteristics

has predominantly shifted from the fluid to the coating. ~ are expected. This can easily be verified in the case of

This transition in propagation path may also be demoh-= 5pm, although not fob = 2 pm.

strated by comparing the wave propagation characteristics forThere is also a difference in the attenuation and phase
the five-layer structure of Fig. 1 with those for the threesonstants of the even and odd TE modes, when the wave
layer structure of Fig. 2. The propagation characteristics ftx propagating in the fluid. Once the SiQayer has been

(S) = iRe(E x H*) (20)
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Fig. 4. Time-average power flow distributions normalized & Iper-unit width in they-direction, in the transverse plane of a five-layer waveguide
with Au as the metal, Si® as the coating, and water as the fluid plotted as a function of the distarficen the center of the structure for the lowest
order even and odd TE modes and a metal spacing e 5pum.

increased beyond its cutoff thickness, these differences dis-coating thickness) makes Si potentially a more attractive
appear. This is a further indication of the transition to material for microsensor applications, as discussed later.
behavior typical of the waveguide structure of Fig. 2. Indeed,
as previously mentioned, no distinction is possible betwe€h TM Modes
even and odd modes for such a slab waveguide. As already indicated, the TM modes do not show the same
A comparison between Au and Si as metal is made in Fig.t&ansition in the propagation pathway as the TE modes when
for a metal spacing = 5pm. Both metals lead to a similarthe thickness of the SiQlayer is increased.
variation in wave propagation behavior for the lowest order The propagation constants of the even and odd lowest order
TE modes as the coating thickness is varied although thé®d modes are calculated from (11) and (10). The results are
metals have quite different optical properties. The phase shifiesented in Fig. 6, for a metal spacithg 5 ;:m and for both
is almost identical in both cases. The attenuation constaAy and Si as metal. In the case of Au, the attenuation and phase
however, is about an order of magnitude larger for Si thatonstants of the even and odd modes virtually coincide, for all
for Au. The cutoff thickness of the SiOcoating is approx- SiO, coating thicknesses considered. The general shape of the
imately 0.4um, for both metals. This is in agreement withattenuation and the phase constant curves remotely resembles
the theoretical analysis; equation (19) indeed shows that tie shape of the corresponding curves for TE modes in the case
cutoff thickness is not dependent on the properties of the metall. Au, when this TE mode propagates in the Sidyer (i.e.,
Although the attenuation constant is larger for Si than for Agpating thickness above its cutoff value). This suggests that
wave propagation for the Si exhibits a sharper transition frothe TM modes are never propagated in the fluid, but always
propagation in the fluid to propagation in the Sifayer. This in the SiG layer. Indeed, the power flow distributions shown
larger sensitivity (change in attenuation constant with changeFig. 7 show this to be the case. It should also be noted that
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Fig. 5. (a) Attenuation and (b) phase constant of a wave in a five-layer . . )
waveguide with Au or Si as the metal, Si@s the coating, and water as the ig. 6. _(a) Attenuatlon _and (b) phase constant of a wave In a five-layer
fluid plotted as a function of the coating thickness for the lowest order evéfveguide with Au or Si as the metal, SiGs the coating, and water as
and odd TE modes and a metal spacingef 5 um. e fluid plotted as a function of the coating thickness for the lowest order
even and odd TM modes and a metal spacing ef 5 um; the curves for
Si become discontinuous at a coating thickness for which solutions with a

. . field intensity that decays exponentially in the Si can no longer be found; the
the attenuation constant for TM modes is at least one orderfves for even and odd TM modes in the case of Au completely coincide

magnitude larger than for TE modes. in these plots.
When Siis used as a metal, the attenuation constant is higher
than when Au is used (see Fig. 6). Moreover, the attenuation
and phase constant curves become discontinuous at a cenétal boundaries. A more detailed model is required to fully
coating thickness. For this thickness (and larger ones), iwestigate the propagation characteristics for TM modes (as
solutions can be found for (10) and (11), for which the fieldescribed in [10]) when Si is used as a metal.
intensity decays exponentially in the metal. In all previous
cases considered the field intensity in the metal decays very IV. SENSOR APPLICATIONS OF A PARALLEL
rapidly in the z-direction and hence the five-layer model of =~ PLANAR WAVEGUIDE COATED WITH A THIN LAYER
Fig. 1 is adequate for representing a structure having metal
walls of finite thickness. In the present case, however, whefe Sensing Principle
the field intensity in the metal does not decay exponentially, Based on their propagation characteristics, TE modes show
the model of Fig. 1 is inappropriate for a structure with finitpotential for use in sensing applications. TM modes are not
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Fig. 7. Time-average power flow distributions normalized & Iper-unit width in they-direction, in the transverse plane of a five-layer waveguide
with Au as the metal, Si® as the coating, and water as the fluid plotted as a function of the distarficen the center of the structure for the lowest
order even and odd TM modes and a metal spacing et 5 pum.

suitable since they do not exhibit the transition in propagation A common way to present the attenuation constant is to
pathway from fluid to Si@ layer. Therefore, the following determine the number of wavelengths a wave propagates in
discussion is limited to TE modes. the waveguide before its field intensity is reduced fe @f its

The transition in the propagation pathway is accompaniediginal value. The authors then define sensitivity as the change
by a sudden increase in attenuation, a property that canibehat propagated number of wavelengths per-unit change in
used in sensor applications. A relatively small change in ti80, layer thickness. The attenuation constant was calculated
SiO; layer thickness will lead to a very large change ifor fluid refractive indices in the range between 1.3 to 1.4,
attenuation of the propagated wave. This occurs when tbavering most physiological fluids [9], [15]. For each index,
layer thickness increases from below to above the cutoff valueaximum sensitivity was determined and plotted in Fig. 8 for
As shown in Fig. 5, the highest sensitivity occurs for odddd TE modes, for a structure with Si as metal and 5 :m.
TE modes. Comparing both wall materials considered, Si isFig. 8 shows that for the odd TE mode the maximum
more promising than Au. Although the attenuation constasénsitivity for a fluid refractive index; of 1.3 is 55A/nm.
reaches higher values for Si than for Au, thus reducirfgor a given coating thickness, guin wave will propagate a
the overall propagation distance, the sudden increase in tiegtain number of wavelengths in the structure. An increase in
attenuation constant with increase in coating thickness tiickness of the Si@layer of 1 nm will reduce that number
much steeper for Si than for Au. Combined with the fadty 55 wavelengths (or 5om). Note that this is maximum
that it is relatively easy to grow a thin SjCfilm on Si, sensitivity, which occurs when the initial coating thickness is
this creates a favorable situation for practical implementahosen where the attenuation curve (Fig. 5) has its steepest
tions. slope, i.e., about 0.42m.
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analytically and numerically. The characteristic equations for
the even and odd TE and TM modes are derived. Roots
of these equations are calculated numerically and yield the
respective attenuation and phase constants. From these results
it becomes clear that the lowest order TE modes are propagated
in the fluid for very thin SiQ coatings. As the Si@coating
thickness exceeds its cutoff value the mode is propagated in
the coating and no longer in the fluid. A possible application
of this transition in the propagation pathway is its use as a
detection principle for an optical immunosensor. The lowest
order TM modes do not show this behavior for the materials

s P

1
1.34 1.36
fluid refractive index nf

L
1.3 1.32 1.38 1.4

considered.
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index, for the lowest order even TE mode, and a metal spacibg=oH pm.

For a range of the refractive index: between 1.3-1.4, the
maximum sensitivity varies from 55 to 20nm. This should
be in all cases experimentally detectable.

(1]

o [2]

B. Application

The steep increase in attenuation constant and its high
sensitivity with respect to an increase in coating layer thick{3]
ness has potential value for biosensor applications. One such
application is an optical immunosensor [16].

Indeed, a micromachined Si waveguide can be coated with!
a SiG, layer, up to a thickness of about 048, where
maximum sensitivity occurs as indicated in Fig. 5. A layer off5]
(capture) antibodies is then bound to that surface. A TE mode
will propagate over a certain distance in the coated waveguidg
Whenever a physiological test fluid containing the specific
antigens is flowing through the fluid region of the structure,[7
these antigens will bind to their respective antibodies, hereby
increasing the thickness of the coating layer by a few ten8l
of nm. As a result, it immediately decreases the propagatiol!g]
distance for a :m wave by at least 100m (see Fig. 8), since
the operation region is chosen to have maximum sensitivity°!
Measuring such a change in propagation distance can be
realized with state-of-the-art integrated optics. [11]

Several problems can be expected in the practical devel-
opment of this type of immunosensor: the binding procedure
for the immunocomponents, the flow of physiological fluid
through microchannels, the minimum detectable amount of
antigens, and the appropriate calibration procedure. Thesg
practical problems, however, have been solved before for other
applications (see, e.g., [17]-[19]). [14]

(18]

In this paper, the influence of an SjQayer coating a [16]
planar waveguide structure filled with a fluid is analyzed both

V. CONCLUSION

was going on, are especially remembered and acknowledged.
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