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Abstract—Scattering from microcontoured surfaces, with length scales on the order of the wavelength of
the incident radiant energy, requires consideration of electromagnetic scattering theory. A rigorous first-
principle formulation to predict the bidirectional reflectivity for microcontoured or periodically profiled
surfaces is presented. The focus of this investigation is on general scattering phenomena from such surfaces,
on the specific experimental findings reported, and on previously reported experimental results that have
not been predicted. Experimental data for the bidirectional reflectivity from nickel surfaces with sinusoidal
and triangular profiles, and for chrome specimens with rectangular profiles, are presented. Comparisons
between the reported experimental results and other measurements indicate very good agreement between
the theoretical predictions and the experimental findings. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Surface scattering is of interest in many engineering
disciplines, including manufacturing diagnostic sys-
tems used in the semiconductor industry [1, 2}, ren-
dering and visualization models in computer graphics
[3], and thermal systems where radiation transport is
important [4]. In such applications, general surface
scattering from real surfaces with length scales on the
order of the wavelength requires a complete con-
sideration of the electromagnetic scattering theory.
Simple and powerful approximations have been
developed for various domains of surface roughness,
yet rigorous analyses have recently become available
for all degrees of roughness. This work presents a
first-principle approach to predict thermal radiation
properties for microcontoured surfaces and cor-
responding experimental results.

Radiation scattering studies include rigorous solu-
tions, approximate methods and experimental pre-
dictions. Integral equation methods for electro-
magnetic theory, covering all ranges of the surface
slope, height and wavelength, provide an exact
approach to surface scattering analysis. These
methods are based on the extinction theorem and
Green’s theorem, and there is no theoretical limitation
on the roughness of the surface, nor on the dielectric
properties of the surface. This general approach has
been employed to predict the scattering phenomena
of various surfaces: dielectric surfaces [4], perfectly
conducting, randomly rough surfaces [5], non-Gaus-
sian randomly rough surfaces [6], and very deep Gaus-
sian randomly rough surfaces [7-12]. Recently, retro-
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reflection (energy reflected back into the incident solid
angle region) for metallic and perfectly conducting
random gratings was predicted with integral methods
[13]. Such methods have been used to quantify back-
scattering from a random rough dielectric surface [14]
and a free-standing dielectric film or a dielectric film
on a reflecting substrate [15]. The exact integral equa-
tions were developed for both one-dimensional per-
fectly conducting and dielectric surfaces with length
scales on the order of the wavelength [16]. More
recently, the extinction theorem boundary condition
for integral formulations of radiation scattering from
surfaces including multiply connected domains have
been developed to study the reflection distribution
from a perfectly conducting cylinder in front of a half-
space [17].

Since the integral equation methods are very com-
putationally intensive, a number of approximations
have been used to predict scattering properties. Very
common engineering approximations [18, 19] for the
reflected energy from surfaces are to assume that the
reflected energy occurs entirely in a single angle
(specular reflection), over all angles (diffuse reflec-
tion), or in a combination of both specular and diffuse
components [18-20]. Another approximate method is
termed geometric optics, which limits the wavelength
and roughness scales that can by quantified [21]. These
models are only approximate and often require
empirical approaches to determine specific results.
Various electromagnetic theory approximations have
also been used to predict the scattering from surfaces,
including the Kirchhoff approximation which deter-
mines the field on the scatterer through the tangent
plane approximation [22-24], and the perturbation
approximation which expands the field into an asymp-
totic solution [25, 26]. While each approximate
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NOMENCLATURE
A solid angle response factor £ &,  permittivity, permittivity of free space
A,, A,, B, B, functions of G and its £, ¢, & complex dielectric constant, real
derivative part, imaginary part
E electric field intensity vector ¢, (0) directional spectral emissivity
E(x), F(x), H(x), L(x) source functions; {(x) surface profile function
unknowns of the integral equations 0, angle of incidence
F spectral response factor 0, scattering or reflection angle
G Green’s function p; (0) directional-hemispherical spectral
H magnetic field intensity vector reflectivity
k, magnitude of wavevector of incident p7 (0., 0,) bidirectional spectral reflection
radiation function
L,, L, extent of surface in x- and y-directions o surface height [um] ; conductivity
m diffracted order, dimensionless T repeat distance
n, k  real and imaginary parts of refractive ®, ®, ®, radiant power, scattered radiant
index power, incident radiant power

r, scattering ratios defined in equations
(17) and (18)

t time

v output signal

x, x', & horizontal coordinates

X..» X, points in the discrete domain of the

surface profile function
z,z’  vertical coordinates,

Greek symbols

o« width of side wall
B space width
¥ incident wave tapering parameter

© circular frequency of radiation
Q solid angle.

Subscripts
X, ¥, 7 coordinates
& complex dielectric constant
o incident
s scattered.
Superscripts
> above the surface
3 complex dielectric constant.

approach is very useful within its own domain of
validity [26-28], none are generally applicable for sur-
faces with length scales on the order of the wavelength.

Many experimental facilities have been set up to
quantify reflection phenomena. An early experiment
was developed to study the off-specular peaks
phenomenon for both metals (nickel, copper and a
nickelcopper alloy) and non-metals (magnesium-
oxide ceramic) [21]. The basic parameters of surface
roughness, wavelength and incident angle were sys-
tematically varied. Another experimental study [29]
of surface roughness effects on reflection distribution
considered aluminium alloy materials roughened by
drawing them once across abrasive papers of various
sizes and then coating them with an opaque layer of
pure aluminium. Hesketh et a/. [30-32] developed a
system to study the spectral emittance of heavily
doped-silicon profiled surfaces. The experimental
results were compared to a geometric optics model.
Ford et al. [33] developed a Fourier Transform Infra-
red (FTIR) spectrometer system to measure the bi-
directional reflectivity for incident and reflected polar
angles from 157 to 60°, mid-infrared wavelengths and
different polarization states of the incident and
reflected beams. Their experimental results on a ran-
domly rough gold surface and a surface with tri-

angular profile were in agreement with the cor-
responding theoretical predictions.

This work addresses the rigorous quantification of
the bidirectional reflectivity and directional reflectivity
for microcontoured surfaces, including surfaces with
sinusoidal, triangular and rectangular one-dimen-
sional grooved profiles. The primary goals are to pre-
sent a rigorous approach to the prediction of thermal
radiation properties, to compare predictions to new
experimental results, and to analyze previously pub-
lished experimental findings. The next section presents
the analysis, including the directional radiation
properties, governing equations and numerical for-
mulation. The experimental system is then presented,
and, finally, the theory predictions are compared to
all the experimental studies.

2. ANALYSIS

The prediction of radiation properties requires
three elements: the generation of the surface profile,
the solution to the integral equations of scattering the
prescribed surface, and the calculation of the thermal
radiation properties. The governing equations require
the solution to a set of integral equations for the
electric and magnetic fields. This solution is developed
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from the extinction theorem and Maxwell’s equations.
The calculation of the bidirectional reflectivity is then
a direct integration of the integral equation solutions
for each surface profile. The bidirectional reflectivity
may be found for both metals and dielectrics. The
regular or periodic surface profiles are generated as
algebraic functions of the desired geometry.

2.1. Directional radiation properties

The bidirectional reflectivity is expressed as the
ratio of m times the reflected radiant power per unit
solid angle per unit area normal to the direction of
reflection to the incident radiant power [18]. This is
expressed in terms of the radiant power ® and the
solid angle Q as

n  do,
cos 6, dQ
do,
dQ,

pi(6,,6,) = 1)

where the subscripts o and s denote the incident and
scattered quantities, respectively. The directional-
hemispherical reflectivity of the surface is obtained by
integrating equation (1) over all the scattering angles,
for a given incidence angle. The directional-hemi-
spherical reflectivity is

1
p(0:) = ;J P3(0,, 6;) cos 6,dQ;. )
2n

Thus, computation of the bidirectional reflectivity
requires the determination of the scattered power for
the microcontoured surface. Integration of the bi-
directional reflectivity over the scattered angles pro-
vides the directional reflectivity.

2.2. Scattering formulation

A brief overview of the analysis is provided here and
a complete formulation of the governing equations
for the surface scattering is presented elsewhere [14,
16]. The governing electromagnetic equations in
Helmholtz form are derived from the Maxwell’s equa-
tions [34] for one-dimensional surfaces with incidence
and reflection in the same plane. The p-polarized field
is given by

H(x,z;1) =(0, H,(x, 2),0) exp(—iwt) 3)
and
E(x,z;t) =(E.(x,2),0, E.(x,2)) exp(—iwt) (4)

where H(x, z; 1) is the magnetic field intensity vector,
E(x, z; ¢) is the electric field intensity vector, w is fre-
quency and ¢ is time. The components of each field
are noted by the subscripts. The s-polarized field is
given by

E(x,z;0) = (0, E (x, 2),0) exp(—iw!) 3
and

H(x,z:t) =(H.(x,2),0, H.(x,2)) exp(—iw?t). (6)
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With Green'’s theorem and the jump boundary con-
ditions, integral equations for the radiation scattering
from surfaces are derived. The Green’s function, G,
for the two-dimensional Helmholtz equation, with a
line source, is the Hankel function of the first kind
and zeroth order. In the vacuum region above the
surface z > {(x), the integral equations expressed in
terms of the coordinate x for the p-polarized case are
(14]

oC

H(x) = Hx), + f (Ao(x; x) HKX)

— o0

—B,(x;x)) L(x)]dx"  (7)

and for the material region below the surface,

z < {(x),
H(x) = —Jm

— oo

[A,(x;x") H(x)—EB,(x;x") L(x)]dx".

(8)
The corresponding integral equations for the s-pol-
arized field are

o

E(x) = E(X)0+J [4o(x; x") E(x")

-

—Bo(x;x") F(x)]dx"  (9)

and
E(x) = —jw
(10)

where 4,(x;x") and Bi(x;x") (i = o for perfectly con-
ducting and i = ¢ for general material properties) are
functions of G and its derivative. In these equations,
the limit as z goes to {(x) has been used to yield the
following definitions [14] :

[A.(x;x) E(x")— B,(x;x") F(x)]dx’

H(x), = H (x,0(x)), (11
E(x), = E7 (x.{(x))o (12)

where H(x), and E(x), are the prescribed incident
fields. 4,(x;x") and B,(x; x") are obtained by setting
é=1in A(x;x) and B,(x:;x’), respectively. The
unknowns in equations (7) and (8) are H(x) and L(x)
for the p-polarized case, and in equations (9) and (10)
they are E(x) and F(x) for the s-polarized case. L(x)
is related to derivative of H(x) along the surface, and
F(x) is related to the derivative of E(x) along the
surface, as

I54 0
L(x) = (—C(x)a + 52—) H (G, (13)
and

0
F(x) = <—C(X)£ + E)E; (xL0x). (14
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With the incident power defined by the Poynting
power theorem, the bidirectional reflection function
of the p-polarized field is

1

Pip(0:0) = 8 L, cos b, cosb,

(0017 (15)
and, similarly, for the s-polarized bidirectional refec-

tion function

P00 = § oo ooy MO (10
where [14]
rp(0,) = JX exp { —ik,(x"sin 8, +{(x") cos 6,)}
[k, (' (x) sin 0, — cos 6)H(x") — L(x)]dx"  (17)
r(0,) = fl exp { —ik,(x"sin 6, + {(x") cos 0,)}
ik (' (x) sin 0, — cos O) E(x) — F(x)}dx”  (18)

and L, is the finite surface length. For unpolarized
reflection, a simple average of equations (17) and (18)
is taken. The unpolarized equations for bidirectional
reflectivity are integrated over all 6, to obtain unpo-
larized hemispherical reflectivity [equation (2)].

2.3. Numerical implementation

In order to solve the above equations, they are
discretized. The first step is to convert the infinite
range of integration to a finite domain. Abscissas are
constructed at equally spaced points along the finite
surface length, L,. These equations were solved on a
Cray Y-MP using LAPACK routines for the
unknown H(x,), L(x,), E(x,) and F(x,). The solution
procedure starts with the calculation of the matrix
elements for a surface realization. They are stored in
various quadrants of the matrix. For s-polarization,
the matrix i1s immediately factored into its LU
decomposition. In the p-polarized case, a quadrant
must be multiplied by the & factor and then factored.
The incident field for each polarization at each surface
element is then calculated. The incident field is either
a plane wave or a Gaussian tapered wave. A tapered
wave (with tapering parameters y) attempts to elim-
inate surface edge effects [14]. The matrix equations
are solved for their respective unknowns, £(x,) and
F(x,) in the s-polarized case, and H(x,) and L(x,) in
the p-polarized case.

The two factored matrices, for s- and p-pola-
rizations, can be used for different incident angles
and the same surface profile. On the Cray Y-MP, the
LAPACK-b! routines CGETRF and CGETRS are
used to factor and solve, respectively, the matrix equa-
tions. Simple polynomial approximations [35] are
used to obtain values for the Hankel functions
required to evaluate the matrix elements.

The bidirectional reflectivity is an explicit inte-
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gration over the L, of H(x) and L(x), for the p-pol-
arized case, and F(x) and F(x), for the s-polarized
case. The bidirectional transmissivity is also an explicit
integration over L, of H(x) and L(x), for the p-pol-
arized case, and E(x) and F(x), for the s-polarized
case. The difference in the two integrations arises from
the placement of the dielectric constant in the equa-
tions. The bidirectional reflectivity is a ratio of
reflected energy to incident energy for every com-
bination of incident angle and scattering angle.

The bidirectional reflectivity and the bidirectional
transmissivity for a given polarization are the square
of the magnitudes of the above equations relative to
the incident energy. The bidirectional reflectivity is the
average of the two polarizations. The bidirectional
reflectivity and the bidirectional transmissivity are
then integrated over all the reflection and transmission
angles to determine the hemispherical values. For
dielectric materials, these integrated functions must
sum to one, which is used to verify conservation of
energy. All the numerical resuits presented below con-
serve energy to within 1.0%.

3. FOURIER TRANSFORM INFRARED
SPECTROMETER SYSTEM

3.1. Experimental set up

Bidirectional reflectivity measurements are per-
formed with an FTIR system [33]. This system per-
forms multiple wavelength measurements by utilizing
a Michelson interferometer. The in-plane measure-
ments are achieved by coupling the system with a
variable-angle reflectometer. The system can provide
results for reflection, transmission and emission of
various interfaces, although only reflection measure-
ments have been conducted.

An air-cooled Ever-Glo™ source operating at 1500
K is used in this experiment, and the detector is a high-
sensitivity, liquid-nitrogen cooled mercury cadmium
telluride (MCT), operating over the spectral range
from 1 to 16 um. The linear-response region of the
MCT detector has been established, and all the mea-
sured data presented are within this region. Since the
source beam is invisible, an HeNe laser for tracing the
source beam’s path through the optics is included in
the facility. The laser beam also provides a reference
for the wavelength.

The measurements were performed with the reflec-
tometer system based on a modified Seagull™ vari-
able-angle reflectivity accessory from Harrick Scien-
tific Corporation. The accessory located in the sample
compartment of the optical bench allows collection of
in-plane bidirectional reflectivity data. Two ellipsoidal
mirrors were installed above the horizontal sample
focal plane. One mirror focuses the collimated energy
beam that leaves the interferometer onto the sample
while the other mirror collects the reflected energy to
the detector element. Two plane mirrors guide the
incident and reflected beams along the optical path.
Those plane mirrors are free to rotate so that the
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incident and reflected angles can be varied from 15°
to 65°. Several limiting apertures at the inlet and exit
ports of the reflectometer, combined with the source
aperture of the spectrometer itself, provide control
over the size of the incident and reflected solid angles
for fertilizing the output energy level. For the exper-
imental findings reported in Section 4.3, the solid
angles of the incident and reflected energy are set in a
planar angle of approximately 4°. Two polarizers are
located in the inlet and exit ports of the reflectometer,
providing the ability to polarize both the incident and
reflected beams. They are aluminium wire grids on a
KRS-5 substrate manufactured by Graesby Specac
Inc.

3.2. Data evaluation

The bidirectional reflectivity can be calculated by
using either the absolute or the relative method. In
the absolute method, the intensities of the incident
beam and reflected beam are measured, and the
reflectivity can be calculated through dividing the
reflected intensity by the incident flux and the cosine
of the reflected angle and multiplying by = [see equa-
tion (1)]. The accuracy of this method is primarily
dependent on the instrumentation error.

However, many instrumentation parameters can be
canceled in the relative method. The outputs of the
detector, V (4., AQ, ., AQ,.), are recorded for a ref-
erence standard reflector in which the bidirectional
reflectivity prei(Ac, 0., 0,), is known as the calibration
wavelength, A, and various incident and reflected
angles. The outputs of the sample of interest are mea-
sured, and the bidirectional reflectivity of the sample
is calculated as follows :

p:’(lﬂ, 00’ 65) = p;/ef(ic’ gm 05)

Vm (;"’ AQoa AQS)
x Vref(ica Ago,ca AQS.C)

F, Ao Ana-  (19)

In order to calculate the bidirectional reflectivity of
the sample at the wavelengths other than 4, a spectral
response factor, F), is introduced in equation (19).
The factor is determined by using an aluminium mir-
ror which exhibits negligible reflectivity variation over
the infrared region. In general, measurements of the
reflection properties of the reference and the sample
of interest using the same incident and reflected solid
angles are preferred. However, in some situations,
differences in the size of the incident and reflected
solid angles between reflection measurements with the
reference and the sample are inevitable. For a highly
reflective reference material, a large solid angle pro-
vides a signal beyond the linear region of the MCT
detector, while, for a dielectric sample, a small solid
angle will result in a low signal-to-noise ratio. Since
an intermediate value of the solid angle in which the
outputs are within the linear region and provide a
high signal-to-noise ratio does not always exist, inci-
dent and reflected solid angle factors, A and Axq,
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are included in equation (19) to account for the
difference in solid angles.

The reference standard reflector used in this exper-
iment is Spectralon™ (sintered polytetrafluoro-
ethylene), designed by Lapsphere, Inc. The material
was selected because of its repeatable directional
reflectance values with long-term stability and its
diffuse reflectivity properties with an acceptable sig-
nal-to-noise ratio over the entire range of angles,
wavelengths and polarization. The bidirectional
reflectivity was measured by TMA Technologies, Inc.
[36], using their CASI™ Scatterometer.

The overall system uncertainty for the reflection
measurements is less than 10%. The estimation is
based on the guidelines provided by Kim and Simon
[37] as reported in ref. [33]. The major contributions
of the experimental uncertainty include the quanti-
fication of the solid angles, wavelength and the ref-
erence TMA data.

4. RESULTS

4.1. Surfaces

The microcontoured surfaces considered include
cases with previously reported experimental results
and the surfaces experimentally investigated in this
work. Experimental findings for surfaces made from
doped silicon with rectangular profiles have been pub-
lished by Hesketh er al. [30-32]. The uncertainty of
their results is less than 5.0%. Additional exper-
imental results for the bidirectional reflectivity for
microconfigured metallic surfaces are obtained with
the FTIR system and reported here. The geometry,
radiative properties and associated results for the sur-
faces schematically shown in Fig. 1 are indicated in
Table 1.

Geometrically, the three types of microconfigured
surfaces considered include the following shapes:
sinusoidal profiles, triangular profiles and rectangular
profiles. These microconfigured surfaces are easily
expressed in simple algebraic functions. Figure 1(a)
shows a sinusoidal surface profile with the surface
height, o, and repeat distance, 7. The general tri-
angular surface profile is shown in Fig. 1(b). The
surface is described by three parameters. The surface
peak parameter, f, is required in addition to the sur-
face height, o, and the repeat distance, 7. The peak
parameter is between 0.0 and 1.0, with /' = 0.5 yielding
a symmetric triangular profile. The rectangular profile
shown in Fig. 1(c) is described by the depth of the
grooves, g, the width of each groove,  (from the
midpoints of the side walls), and the repeat distance
between the midpoints of the grooves, 1. Figure 1(d)
presents an SEM image of the chrome rectangular
surface considered in this investigation.

The surfaces investigated by Hesketh et al. [30—
32] provide relatively short repeat distances with two
different groove depths. The corresponding ratios of
surface height to repeat distance are relatively large,
i.e. o/t = 0.07 and 0.15, for these cases. The additional
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Fig. 1. Schematic of the surface cross section defining parameters for surfaces with sinusoidal profile (a),
triangular profile (b), rectangular profile (c) and SEM of the chrome rectangular surface (d).

Table 1. Surface geometries and radiative properties

Geometric parameters (Fig.

1)

. Figure
Profile 7 {um] @ [pum] Other Material numbers
Sinusoidal 356 1.12 None Nickel-perfectly 2and 9
conducting
Triangular 16.7 1.38 =05 Nickel-perfectly 3and 10
conducting
Rectangular 20.0 0.94 f = 10.0 um Chrome-perfectly 4and 11
conducting
10.0 0.70 p =630 um Doped silicon 7
10.0 1.50

f = 7.30um Doped silicon S,6and 8

experimental results reported here include surfaces
with sinusoidal and triangular profiles designed by
Giddings & Lewis, Sheffield, Inc. [Fig. 1(d)], and a
surface with a rectangular profile manufactured by
VLSI Standards, Inc. The sinusoidal surface has a
ratio of surface height to repeat distance of
o/t = 0.031, and the triangular and rectangular sur-
faces have larger values of g/1, 0.082 and 0.047, respec-
tively.

The radiative properties of the rectangular grooves
are those of doped silicon as reported by Hesketh et
al. [30-32]. In order to predict and compare with
the experimental results in these references, it was
necessary to calculate the dielectric parameters n and
K, or equivalently g, and &,, the real and imaginary
parts of the complex dielectric constant. This was done
by the method outlined by Hesketh et /. [30] using

free carrier absorption theory. All parameters are
given therein, except the high-frequency dielectric con-
stant, which is provided in Hesketh [32]. The high-
frequency dielectric constant has a value of 11.6. The
optical properties for the metallic surfaces are
approximated as perfectly conducting in the infrared
region, i.e. n and k are equal to infinity in the theor-
etical predictions. For the nickel and chrome surfaces
in the wavelength region investigated, the perfectly
conducting approximation provides an accurate pre-
diction of surface reflection.

4.2. Theoretical modal results

The modal behavior of the bidirectional reflectivity
indicates that, for a given incident angle, repeat dis-
tance and wavelength, energy is scattered only into
certain angles. This behavior is illustrated in Figs. 2—
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Fig. 2. P-polarized bidirectional reflectivity as a function of scattering angle and incident wavelength for a
perfectly conducting surface with a sinusoidal profile (¢ = 1.12 pm, t = 35.60 um).
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Fig. 3. P-polarized bidirectional reflectivity as a function of scattering angle and incident wavelength for a
perfectly conducting surface with a triangular profile (¢ = 1.38 um, 7 = 16.70 ym).

4 for the perfectly conducting surfaces with sinusoidal,
triangular and rectangular profiles. The location of

the reflection modes is given by [38]
sinf, =sinf,+mift;m=0,+1,+2,... 20)

where m is the diffracted order. As shown in Fig. 2,
the bidirectional reflectivity for incident p-polarized

radiation on the sinusoidal surface at an incident angle
of 30° demonstrates this mode behavior. The bidi-
rectional reflectivity for A = 3.50 um shows a con-
centration of peaks in a small region of the positive
reflected angles, compared to the bidirectional reflect-
ivity for 1 = 12.00 um, where the peaks are isolated.
As wavelength increases, the ratio of A/t increases [see
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Fig. 4. P-polarized bidirectional reflectivity as a function of scattering angle and incident wavelength for a
perfectly conducting surface with a rectangular profile (¢ = 0.94 ym. r = 20.00 um).

equation (20)], resulting in a greater angular distance
between two consecutive peaks (e.g. 8, for m = 0 and
0, form = +1).

Figures 3 and 4 present the bidirectional reflectivity
for the same wavelengths and incident angle of inci-
dent p-polarized radiation on surfaces with triangular
and rectangular profiles. Both rectangular and tri-
angular profiles exhibit the modal behavior described

above, and the angular region between two neigh-
bouring reflection peaks decreases as wavelength
decreases. Additionally, since the repeat distances of
the triangular and rectangular profiles are approxi-
mately half that of the sinusoidal surface, the angular
regions between two neighbouring reflection peaks are
much wider, and the surfaces exhibit retro-reflection
phenomena.
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' ' 1 -
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Fig. 5. P-polarized bidirectional reflectivity as a function of scattering angle and incident angle for a doped
silicon surface with a rectangular profile (r = 10.00 yum, ¢ = 1.50 um, f# = 7.30 um. y = 4.0, 2 = 12.0 um).
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Fig. 6. P-polarized bidirectional reflectivity as a function of scattering angle and incident angle for a doped
silicon surface with a rectangular profile (t = 10.00 um, 6 = 1.50 ym, f = 7.30 um, y = 4.0, 2 = 8.0 ym).

In addition to wavelength, incident angle also has
important effects on scattering phenomena. The bi-
directional reflectivity for incident p-polarized radi-
ation at various incident angles of surfaces with rec-
tangular profiles demonstrates the modal behavior in
Figs. 5 and 6. When one of these modes is at
0, = +90°, then energy in that mode does not leave
the surface. Thus there is less total reflection (reflec-
tion reduction) at incident angles that yield modes at
0, = +90°, and the mode enhances the corresponding
absorptivity of the surface. In the present case, this
reflection reduction can only occur if resonant modes
are set up in the cavities made by the grooves which
then direct energy away from the surface. This surface
wave is indicated in Fig. 5 at the scattering angle
0, = —90° for 8, = 11°. The profiled surface specified
in Fig. 6 exhibits such reflection reduction near
0, = 11"and 36°.

Surface material also plays an important role on
scattering phenomena. Although the rectangular pro-
files presented in Figs. 4-6 are the same order of mag-
nitude in surface geometric parameters (z, § and a),
the magnitude of the bidirectional reflectivity in Fig.
4 is much larger than in Figs. 5 and 6. For perfectly
conducting surfaces, all the incident energy is
reflected, while, for the doped silicon surfaces, a frac-
tion of the incident energy will be absorbed. Thus,
the magnitudes of the bidirectional reflectivity for the
perfectly conducting surfaces (Fig. 4) is much larger
than for the doped silicon surfaces (Figs. 5 and 6).

4.3. Experimental and theoretical comparisons
Directional-hemispherical reflectivity is obtained
directly from the bidirectional reflectivity, similar to

those in Figs. 5 and 6, as indicated in equation (2).
For the doped silicon surfaces, the directional-hemi-
spherical spectral reflectivity predictions of p-pol-
arized incident radiation are shown in Fig. 7 along
with the experimental data of Hesketh [32]. Since the
directional spectral emissivity is presented in ref. [32],
the experimental directional spectral reflectivity is cal-
culated from Kirchhoff’s law and conservation of
energy,

pi(0) = 1—¢,(0).

The numerical predictions and experimental results
show the same trends. Moreover, the predicted results
show the same reflection reductions in the same angles
as the experimental results. The location of the
reflected angles where reduction occur is given by Hes-
keth er al. [30] as

2n

€1 (4) . ﬂ

SmO:l—i—s,(},) .

(22)

where ¢, is the real part of the complex dielectric
constant, and m is the diffracted order. Hesketh et
al. [30] state that these reductions in the p-polarized
reflection can be attributed to the “launching of a
surface electromagnetic wave,” that is, a wave that
travels along the surface. S-polarized results are very
smooth and are not presented. Also, directional spec-
tral reflectivity does not change significantly for wave-
lengths larger than the repeat distance.

The p-polarized reflection results for the surfaces
with rectangular profiles and ¢ = 1.50 um are shown
with experimental values in Fig. 8. Good agreement
between the numerical and experimental results were
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Fig. 7. P-polarized directional reflectivity as a function of scattering angle and incident angle for a doped
silicon surface with a rectangular profile (t = 10.00 yum, ¢ = 0.70 ym, f = 6.30 um, = 4.0) [32].

obtained at most wavelengths, yet the predicted
reflection reductions are much greater than the exper-
imental values. The profiles specified in Fig. 8 exhibit
reductions at 11" and 217 at wavelengths of 12.00 and
14.00 um. To understand the difference between the
predictions and the experiments, a variation in surface
repeat distance was investigated. For surfaces whose

periodicity is perfect, the magnitude of the predicted
reflection reductions are strong as shown in Fig. 8
for 4= 12.00 and 14.00 um. To assess the effect of
experimental construction precision on the minimums
in the p-polarized reflection results, special surfaces
were numerically constructed. Rectangular profiles
were constructed with the groove dimensions altered

0.6
ge
-2
a
0.4 A =12.00 pm -
i Rectangular Profile, Doped Silicon Surface
3 Electromagnetic Theory -
e.2 I eeaas Irregular Groove Spacing T
s _e - & Experiments {32] 1
- E
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Fig. 8. P-polarized directional reflectivity as a function of scattering angle and incident angle for a doped
silicon surface with a rectangular profile (t = 10.00 pm, ¢ = 1.50 pm, § = 7.30 pum, y = 4.0) [32].
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Fig. 9. Comparison between electromagnetic theory and experimental results as a function of scattering
angle and incident wavelength for a nickel surface with a sinusoidal profile.

so that the distance between corresponding points on
each groove was not exactly 7, but varied from that
value by approximately 10%. The results for surfaces
with such irregular groove spacing are shown in Fig.
8 and they indicate that the reductions are sharply
attenuated. Since Hesketh [32] states that the width
measurements have a variation of 10% and the depth
variations of 20%, these construction difficulties have

apparently degraded the reduction effects numerically
predicted for these gratings.

Figures 9-11 present the predictions and FTIR
experimental results for the surfaces with sinusoidal,
triangular and rectangular profiles. The results of the
electromagnetic theory presented in Figs. 9-11 have
been integrated over the experimentally measured
solid angle of +4° about incident and reflected angles.

20 [T T T T T T T T
L Triangular Profile, Nickel Surface: 6 = 30° d
L @4 FTIR Measurements h
L Electromagnetic Theory

A =12.00 pm

Fig. 10. Comparison between electromagnetic theory and experimental results as a function of scattering
angle and incident wavelength for a nickel surface with a triangular profile.



3234

D. W. COHN et al.

20 BN BEm amm s s e au s

Rectangular Profile, Chrome Surface: 8 = 30°

T T r o v

15

-@-&# FTIR Measurements 1
Electromagnetic Theory

A =12.00 um

;\-\
”8 10
=
a

5

0

20° 25° 30° 35° 40° 45° 50°
[¢]

Fig. 11. Comparison between electromagnetic theory and experimental results as a function of scattering
angle and incident wavelength for a chrome surface with a rectangular profile.

In general, the experimental results are very similar to
the electromagnetic theory predictions in both trend
and absolute magnitude. The bidirectional reflectivity
for the sinusoidal surface at an incident angle of 30
for wavelengths of 3.50, 5.00 and 12.00 um is pre-
sented in Fig. 9. For 1 = 12.00 um, which is on the
order of the repeat distance, the sample exhibits specu-
lar reflection with a single isolated reflection peak in
the scattering angles investigated as previously dis-
cussed (Fig. 2). Large values of reflection are predicted
about the scattering angles, 6, = 30". For 4 = 5.00
um, the reflection distribution spans a wider range of
the scattering angle than that of 4 = 12.00 ym. The
bidirectional reflectivity is even more diffuse for
4 = 3.50 um. Comparing the modal predictions in Fig.
2 and the experimental findings for 4 = 5.00 and 12.00
um, the fine detail of the modal predictions are
reduced by the finite solid angles of the experiments.
However, the modes are observed at 0,= 30" for
4= 5.00 um, and 0, = 24° and 37" for 4 = 3.50 um.
The results for the surfaces with a triangular profile
(Fig. 10) and rectangular profile (Fig. 11) indicate a
reflection distribution that is relatively specular and
similar to that of the sinusoidal surface for 4 = 12.00
um. However, for A =500 um, the reflection dis-
tribution of the triangular and rectangular profiled
surfaces exhibit the modal structure shown in Figs. 3
and 4, respectively. For 4= 3.50 pum, a similar
phenomenon is observed. Since the modal reflection
predictions in Figs. 3 and 4 indicate a wider dis-
tribution of peaks in scattering angle, the integration
of the bidirectional reflectivity over the experimental
solid angle of +4° does not eliminate the modes. The
peaks in both the experimental results and the inte-

grated predictions are relatively distinct. Thus, the
comparisons of the magnitude of the predicted and
experimental results are quite good, and the reflection
phenomenon is strongly dependent upon the repeat
distance, 7, and surface slope, o¢/t. Similar depen-
dencies have been observed in random rough surfaces
[27, 28, 39].

5. CONCLUSIONS

The rigorous electromagnetic theory approach pro-
vides a means of predicting the scattering behavior of
microconfigured surfaces. It is, in principle, an exact
method since no fundamental theoretical approxi-
mations are made in its formulation. This research
has focused on general scattering phenomena and on
specific cases where experimental observations are
available. In particular, the spectral directional
reflectivity for silicon surfaces with rectangular
profiles, experimental results form previous studies
are in good agreement with the present theoretical
predictions at various incident angles. The FTIR
measurements of bidirectional reflectivity for metallic
surface with sinusoidal, triangular and rectangular
profiles agree well with the corresponding theoretical
predictions in both trend and magnitude. In general,
for the various geometries, length scales, and material
properties investigated, the agreement of the pre-
dictions with experimental data is very good.
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