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Polarized spectral emittance from periodic micromachined surfaces.
II. Doped silicon: Angular variation
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The polarized directional spectral (3 pm & A, & 14 pm) emittances (PDSE's) of highly doped, mi-
cromachined, periodic structures on silicon were measured. These structures have dimensions that
are comparable to the wavelengths of the measured radiation. Significant anisotropies and maxima
were found for the s and p PDSE's measured in emittance planes parallel and perpendicular to the
grating-repeat vector. Wood s singularities were clearly visible in the p PDSE on shallow gratings
(depth & 1.5 pm). Periodic maxima were observed in both the s and p PDSE in the emittance plane
perpendicular to the grating vector due to standing-wave modes in the slots of the grating. It is con-
cluded that the PDSE provides detailed information on the characteristics of the electromagnetic
modes associated with surface microstructures.

I. INTRODUCTION

Recently, the authors demonstrated maxima in the
normal polarized spectral emission from highly doped,
micromachined [microconfigured (MC)] silicon surfaces
that were periodic in wave number. ' This behavior arises
from electromagnetic standing waves, analogous to
organ-pipe modes, in deep-grating slots. This model for
the normal polarized spectral emittance of MC surfaces
was examined further in the preceding paper, hereafter
referred to as I. In this paper, measurements are report-
ed of polarized directional spectral emittance (PDSE)
from the same set of samples as those in I and the results
are interpreted with the standing-wave model.

As is well known, thermal radiative emissions from a
solid arise from the thermal motion of charges in the
solid. The emissivity of a metal is smaller than that of
a dielectric because of partially screening of the elec-
tromagnetic field by the mobile charge carriers in the
metal. The PSDE, e(8,$, )(,,p;, T), is equal to the polar-
ized directional spectral absorptance by KirchoFs law.
Here 0 is the polar angle measured with respect to the
normal in the etnittance plane of the MC surface, (fi is the
azimuthal angle measured in the surface plane with
respect to the perpendicular to the primary propagation
vector A of the periodic component of the MC geometry,
p; is the polarization of the emitted radiation (of wave-

length A, ) relative to the emittance plane (see Fig. l) and T
is the sample temperature. For all the measurements
presented in this paper, T =400 C. As shown in Fig. 1,
the s polarization is perpendicular to the emission plane
and the p polarization is parallel to it. In this figure the
emission plane is shown at an arbitrary azimuthal angle

The results to be presented in this paper were taken
for the two high-symmetry directions of /=0' and 90'.

The results obtained for /=0' are new to the best of our
knowledge.

If the emission arises from a Oat and homogeneous sur-
face on a semi-infinite solid, then

e(B,Q, A, ,p;) = 1 r(B,P—, n(A), k(A. ),p;);
where r(B,p, n (A, , k(A, ),p;) is the refiectivity of the sur-

Normal
Direction of

s Observation

~Plans of Emission ~

~ I i ~ I

FIG. 1. Coordinate system for the polarized, directional,
spectral emittance. A is the grating propagation vector, 0 is the
depth of the grating slot, W is the width of the slot, 0 is the po-
lar angle measured relative to the normal to the
microconfigured surface, and P is the azimuthal angle. The p
polarization lies in the plane of emission and the s polarization
is perpendicular to that plane. Not shown is the length of the
slots, L.
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face .r(8, g, n(A, ), k(A, ),p;) can be expressed in terms of
the spectral index of refraction n (A, ), the spectral extinc-
tion coefficients k(A, ), and the Fresnel coefficients. ' ' As
is well known, the Fresnel coeKcients are independent of
P for an isotropic material such as silicon. As a result, it
can be shown that the reflectivity for s and p polariza-
tions are the same. n (A. ) and k (A, ) are related to the real
and imaginary parts of the dielectric constant (assuming
homogeneity and isotropy) by the well-known expressions

e, (A, )=n (A, ) —k (A, ),
e2(A, )=2n(A, )k(A, ) .

(2a)

(2b)

In its simplest version, e&(A, ) and e2(A, ) can be calculated
from the Drude model. This leads to the well-known ex-
pressions

2
COp

co +1/ r
(3a)

26'~ cop

cur(co +1/2) (3b)

where e„is the high-frequency dielectric constant and v.

is the optical relaxation time. co is the plasma frequency

Nq

mom roe„
(4)

where mo is the free electron mass, m * is the effective
mass, N is the number of free carriers, co is the radial fre-
quency 2nc/A, and .

q is , the electronic charge. The angu-
lar dependence of the reflectivity can be readily obtained
from these relations and when combined with Eq. (1), the
PDSE is easily obtained for a flat surface in terms of the
number of carriers, their effective mass and relaxation
time. This free-carrier absorption theory (FCA} has not
been applied to the directional emissivity of heavily
doped silicon to the best of our knowledge. The only
published information deals with the calculated emit-
tance from absorptance studies and measurements of the
normal emittance.

No other PDSE studies have been found dealing with
periodic microconfigured surfaces. However, there has
been considerable interest in anomalous absorption on
diffraction gratings ever since the original study by Wood
in 1902. This phenomenon has been studied on shallow
gratings with aspect ratios less than unity. The aspect ra-
tio is the gratings depth H, divided by the grating repeat
distance A. %'ood and subsequent investigators observed
that when p-polarized electromagnetic waves interact
with a diffraction grating oriented at / =90, a rapid vari-
ation is seen in the reflectance spectrum. Wood terms
these as "singular anomalies. " These variations, associat-
ed with resonant absorption processes on the grating at
the onset or disappearance of particular spectral
diffraction orders, are known as Rayleigh wavelengths
A.z, which depend on O and A as

A
A,„=—(sin8+1),

fn

where m is an integer. The studies with diffraction grat-

The surface plasmon may only exist for the wavelength
regime between the bulk plasmon A, Bp, and where
e&(A, )=0. For silicon in the wavelength range corre-
sponding to our measurements, e&(A, ) &0. Thus the lower
bound is A, =A, ap. For the absorption of the incident wave
vector k by a surface plasmon, the component that paral-
lels the surface couples to the surface plasmon through
the grating "effective" wave vector, 2m/A, yielding'

sinO=
mX

1+a)(A, ) A

This equation will be used in interpreting the directional
spectral p-polarized emittance data at /=90' in Sec.
III A. The type (b) singularities have been demonstrated
both theoretically and experimentally and are observed at
the Rayleigh wavelengths. Absorption singularities, in
close agreement with theory, have also been found in the
microwave region on shallow gratings' ' and in the in-
frared. ' Similar behavior would be expected in the emis-
sion characteristics, but have not been observed until
now. The p-polarized absorptance maxima or Wood's
singularity can give rise to total absorption at a shallow
grating. ' Total absorption of s-polarized light has been
observed for a dielectric coated metallic grating. '

Other experimental and theoretical studies have con-
sidered the effect of a dielectric layer on the grating. '

One study demonstrated that a A, /5 thick dielectric layer
produced a splitting of the p-polarized maxima and a pro-
nounced enhancement of the strength of the s-polarized
singularity. ' The influence of surface coatings on MC
emission will not be considered in this paper. Measure-
ments of the directional spectral polarized absorptance of
silvered gratings and calculations by Glass and Maradu-
din have been discussed in I.

Surface roughness of various types has a strong effect
on the directional emittance. Several studies have shown
that the measured directional emittance on randomly
rough surfaces increases with polar angle, but less rapidly
than for smooth surfaces. The directional emittance also
appears to be independent of azimuthal angle. Rolling

ings having depths greater than the incident wavelength
produced singularities in the s-polarized light which were
not predicted by the earlier theories based on A, &H.
Hessel and Oliner showed theoretically that' (a) the
polar-angle dependence of the absorptance varied rapidly
for the p polarization and (b) the absorption maximum, in
both s and p polarization, suggests a resonant behavior
dependent on the grating depth which disappears when
H ( A, . These two effects were demonstrated by
representing the grating as an equivalent surface im-
pedance structure. Both effects occur close to the Ray-
leigh wavelengths and at an angle of /=90'. The type (a)
p-polarized singularities are due to the launching of a sur-
face electromagnetic wave or surface plasmon of wave-
length, A,sp. This results in an additional mechanism for
loss, thus increasing the absorption. The surface-
plasmon wave vector, ksp =277/Esp is given by"

' 1/2
e)(A, )

c 1+@,(A }
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observed an overall increase for rough platinum surfaces,
with more energy concentrated in the normal direction
(8=0'). ' In addition, when the directional emittance at
1.5 and 6 pm are compared, surface roughness has a
greater effect at the longer wavelength. Calculations and
measurements of emittance, based on geometric optics
and a Gaussian distribution of asperity heights, are in
reasonable agreement with observations. Agreement is
best at small polar angles, where shadowing of adjacent
protrusions does not occur. Also, agreement is closest
for wavelengths much smaller than the rms roughness.
This model is not applicable to the regular microstruc-
tures examined here. Demont et al. studied the emit-
tance of v-shaped and other groove geometries, conical,
cylindrical, and hemispherically shaped cavities both ex-
perimentally and theoretically. In some cases, strongly
directional properties were observed. Calculations based
on a geometric optics model are in close agreement with
the data. These results are the small wavelength, asymp-
totic limit to the work reported here. However, they pro-
vide a standard of comparison for the data when the scale
of the roughness is much greater than the wavelength.
This has been reported elsewhere. '

II. EXPERIMENTAL PROCEDURES

The preparation, general description of the samples,
and an outline of the experimental methods used in the
PDSE studies are given in I. To carry out the angular
dependent emittance measurements, a stepping motor
driven goniometer was constructed. The sample is
mounted on a thermally insulated substrate on the
goniometer. The goniometer stepping motor produces
rotation of the polar angle 8 from 0' to 75'. The azirnu-
thal angle P was manually adjusted from 0' to 180. The
stepping motor operated under digital control from the
microcomputer. The resolution, limited by a single step
of the motor, is 0.9'. The polar angle increments actually
employed in the measurements was 5'. This relatively
coarse angular increment was dictated by the 5' angular
diameter of the spectrometer system condensing mirror
that focused the energy from the MC surface on the spec-
trometer entrance slit as indicated in Fig. 3 of I. The az-
imuthal adjustment was carried out manually with a gra-
ticule accuracy of 2'.

The observed surface area of the radiating sample sub-
tended by the entrance slit of the spectrometer was
0.5&(5.0 mm at 49=0'. As the substrate was rotated, the
radiating surface area imaged by the entrance aperture of
the spectrometer increased as secO. The maximum 0 was
limited by the width of the sample. Because a region of
uniform temperature was required, a more stringent limit
was imposed so that only half the available length, that is
6 mm, was imaged onto the entrance aperture. This
yielded a maximum angle of 85 for 0. Since the entrance
slit of the spectrometer is curved, the maximum polar an-
gle had to be further restricted to a value of 75'. As in I,
the sample was uniformly heated by the integrated heater
on the back of the sample. Typically, 4 % of power was
dissipated.

The directional spectral emittance was measured in
two stages for each particular wavelength. The sample

was moved to the focal point of the spectrometer and
aligned. Then the background emission from the spec-
trometer, I, „(A,,p;, TD) was measured and stored in the
data logger. T0 is the background temperature of the
spectrometer. The radiant flux, Is(O, Q, A, ,p, , T), from the
sample was measured at a temperature T as a function of
0 and stored. Following this, the normal polarized spec-
tral emittance from the blackbody source was measured
and stored. The normalized sample emittance was then
calculated as follows:

e (O, Q, A, ,p;, T) {Is&(O,Q, A,p, , T.) I, „(A—, ,p, , TQ))

e(0,$,A. ,p;, T) {Is~(OY, J,A, ,p;, T) I, „(—A, ,p;, TD))

The absolute directional spectral emittance was calculat-
ed by multiplying e(A, , O, P,p, , T) by the normal polarized
spectral emissivity [Eq. (1) of I].

III. EXPERIMENTAL RESULTS AND DISCUSSION

The PDSE for a smooth, heavily doped silicon surface
is presented initially. These results are then analyzed us-
ing the FCA theory outlined in Sec. I. Following this,
the extensive experimental PDSE data taken on speci-
mens with four different repeat distances, A=10, 14, 18,
and 22 pm, are presented. It should be noted that MC
surfaces have a high degree of symmetry corresponding
to the direction of the grating vector(s). As a result, we
chose to examine the emission along planes correspond-
ing to the two different high-symmetry azimuthal angles,
/=0' and 90' and for the two polarizations. The presen-
tation of the information has been organized to reAect
these symmetries. The PDSE polar angular range is
0'& 0 & 75' for all of the data shown. The samples used in
the PDSE study are the same as those used in I. Only
data which show the most pertinent features of the phe-
nomena observed have been selected for inclusion here.

A. Smooth silicon

The PDSE of heavily doped silicon has not been re-
ported in the literature. In Fig. 2 the measured values of
PDSE are plotted as a solid line for selected wavelengths
in the range 3 pm & A, & 14 pm. As expected for a metal-
lic surface, the s-polarized emission decreases monotoni-
cally with polar angle, Fig. 2(a), and the p-polarized emis-
sion increases, Fig. 2(b). The s electric field is more
effectively screened as the polar angle increases and
e(O, P, s, 400'C) decreases monotonically in magnitude.
The p electric field may be split into two components, one
perpendicular and the other parallel to the surface. The
parallel component is in the same direction as the s-
polarized electric field. The perpendicular component is
less effectively screened as 0 increases. Therefore,
e (O, g,p, 400'C) may reach a maximum value at some po-
lar angle. For a perfect conductor, the maximum would
occur at approaching 0=90'. Note that the slope of the
curve at large 8 increases as A. increases. This indicates
that the surface at this wavelength is behaving in a more
metallic fashion.

The PDSE was calculated using FCA theory [Eqs.
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and the emission from a waveguide have been examined.
In both cases, O,„should be proportional to A, . This is
clearly not the case with these data. The data for
wedged-shaped microcavities are quite similar to the
grating data of corresponding A. Again, when A, g W, the
amplitude of the emittance peak is reduced significantly.

D. Gratings: /=0; s polarization

For / =0', the radiation is emitted perpendicular to the
grating vector of the MC surface (see Fig. 1). This plane
is orthogonal to the plane of incidence considered in
diffraction (/=90'). This orientation corresponds to the
"conical diffraction" mode in eschelette gratings. It is

appropriate at this point to note that radiation absorp-
tion processes occurring in the lamellar structures treated
here are dominated by the modal structure of the cavi-
ties. It has been pointed out by several authors that cal-
culations of the modal behavior of gratings with finite
conductivities are far from simple. Therefore, it was
not surprising that no previous studies were found on ern-

ittance or absorptance for /=0'.
A larger number of measurements were conducted for

/=0'. Again, for clarity, only those results which illus-
trate the principal features of these measurements are
given. All the e (A, , H, O', s, 400'C) data for deep slots with
10 pm (A (22 pm show periodic variations with 0 at the
longer wavelengths which are independent of A, even
though A varies by a factor of 2.2. In Fig. 6(a),
e(14 pm, 0,0,s, 400 C) is shown for H =47 pm with A

as the parameter. The lack of a A dependence in these
maxima is quite striking. The simplest interpretation of
these results is that the maxima are due to coupling be-
tween the k vector of the emitted radiation and the
Planckian modes shown schematically in Fig. 6(b). The
measured values of 0,

„

for the complete
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III. Interestingly enough, the emission maxima for the
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larger values of A are only seen at larger 0.
To account for this behavior, the wave vector of the

emitted s-polarized radiation must be coupled to the
quantized vertical Planckian modes. In this azimuth, the
s-polarized field is perpendicular to the microgrooves cor-
responding to the E electric field component of the TM
waveguide mode. See Fig. 6(c) for the coordinate system.
When /=0', the plane of observation remains in the z-x
plane as 0 is varied. Since the Planckian modes are
present in the z direction, the wave vector for the E
component of the electric field is quantized in the z direc-
tion by the geometry. A continuum of modes exists in
the x direction. This is represented in k space as sheets
with mode numbers a distance +n. /H apart along k, .
For coupling to take place, the z component of the wave
vector of the emitted radiation must equal k, in the direc-
tion of observation, i.e.,

FIG. 5. s-polarized directional spectral ernittance of
1.6X 10 cm phosphorus-doped silicon microgrooves, with
wavelength as the parameter, at T=400'C, /=90': (a) A=10
pm, H=53 pm, %=7.3 pm; (b) A=22 pm, H =42 pm,
W=14 pm.
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k,„cosO,„=k,
but since k, =+mar/H and k,„=2m/k, „,then

m A, ,„=2HcosO,„,
(10)

where m is the integer order 2 through 5. In Fig. 7 the
cos8,„ofthe PDSE for /=0 are plotted against A. ,„.
A linear regression with a zero intercept provided a satis-
factory fit to the data found. Only the A=10 and 14 pm

maxima are plotted but the other data agreed equally
well. Using the slope of m/2H from Eq. (2), a value of
H =36+4 pm was obtained from the average slope in

Fig. 7. This is in reasonable agreement with the average
calculated depth of 40+5 (Mm from the slope of k,„(m)
for 0=0' found in I and the average optically measured
depth of 47+8 pm. It is not clear why the coupling
occurs only for the s-polarized emission which corre-
sponds to a TM waveguide mode. Furthermore, there is
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FIG. 6. (a) s-polarized directional spectral emittance of 1.6& 10 crn phosphorus-doped silicon microgrooves at A, = 14 pm with

A as the parameter at T =400'C, /=0', H =47 pm. The dashed vertical lines emphasize the alignment of the PDSE maxima for the
four diff'erent A' s. (h) Illustration of the quantized propagation vector (n = I —4) for the s-polarized emission (/=0'). (c) Schematic
drawing of the /=0 plane of emission in a deep grating. Also illustrated are the TE and TM electric fields in relationship to the s-

and p-polarization vectors. 0 is the polar angle with respect to the normal.
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FIG. 7. cos8,„(A, ,„)of s-polarized directional spectral emit-
tance of 1.6 X 10 cm ' phosphorus-doped silicon micro-
grooves, H =47 pm at /=0' for A = 10 and 14 pm.

no simple explanation for the maxima appearing only for
t9 & 35'.

Multiple peaks are also present in gratings with shal-
lower slots, 1.5 pm&H &14 pm. In Fig. 8, cosO,

„

is
plotted against A,m» for two gratings, H ='7 pm, 4=10
pm and H =13 pm, A=22 pm. 12 and 5.3 pm are ob-
tained for H from the slopes of these lines, in reasonable
agreement with the optically measured values of 13 and 7
pm, respectively.

There are peaks in the emittance of shallower gratings
with H &3 Ittm, as seen in Figs. 9(a). The peak moves to
smaller 0 as A, increases, in general agreement with the
Planckian mode, standing-wave model. There is almost
no dependence on H in these shallow gratings. This be-
havior may arise from the triangular trough at the bot-

0.0 I I I I I I I I I I I S I I

0 2 4 6 8 10 12 14

WAYELENGTH (pm)

FIG. 8. cos8,„(A, ,„)for s-polarized directional spectral em-
ittance of 1.6)&10 cm phosphorus-doped silicon micro-
grooves at /=0', H =13 IIIm ( X ), A=22 pm, H =7 pm (+ ),
A=10@m; H =14pm (V), A=10pm.

tom of the grating slot. The depth of the apex of the
trough is much less dependent on H at these small values
of H. The resolution of this behavior requires further ex-
perimental study. The data for the wedge-shaped micro-
cavities showed little structure.

E. Gratings and cavities: / =0'; p polarization

The PDSE of the shallow gratings, H & 1.5 pm, is iden-
tical to that of smooth silicon. When H g3 pm, other
features are observed, see Fig. 10(a), for 8'=10 Ittm,

TABLE III. 9,
„

for s-polarized emittance at /=0', H =47 pm. The dashes mean not observed.

Wavelength
(pm)

14

13

12

10

Order
(m)

gpredicted
max

(deg)

38
54
67
43
57
68
33
48
60
70
40
52
62
33
46
56

A=10 pm

32
50
65
39
55
70
26
44
60
70
37
50
65
30
45
57

A=14 pm

35
53
65
40
55
70

45
60
70

50
65

57

gmeasu red
max

(deg)
A=18 pm

52
65

55
70

60
70

A=22 pm

50
65

55
65

60
70
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H =7 pm. These data display a broad maximum, where
O,„decreases with increasing A, . However, the position
of the peak is not a simple function of H and A. In Fig.
10(b), it is seen that cos8,„varies linearly with A. ,„.By
employing Eq. (11), dimensions may be calculated from
the slopes which are determined to be 6.5 pm for A = 10
pm, 8.5 pm for A=14 pm, 11.7 pm for A=18 pm, and
14.3 pm for A=22 pm. These values are in remarkable
agreement with the corresponding widths of the slots in
the gratings, i.e., 7.3 pm for A=10 pm, 8.4 pm for A=14
pm, 12.6 pm for A=18 pm, and 14.0 pm for A=22 pm.
This again suggests that standing-wave Planckian modes
similar to those responsible for the maxima in the s-
polarized /=0' PDSE are responsible for the observed
maxima. The critical difference here is that the charac-
teristic dimension is the width of the grooves instead of
the depth.

If the grating slots are viewed as a waveguide, then the
TE and TM waveguide modes have electric 6eld com-
ponents E„and E„respectively, as shown in Fig. 6(c).
These components will couple to a p-polarized elec-
tromagnetic wave at /=0'. At 8=0', the p-polarized
wave is coupled to the E component and at 0=90', to
the E, component. At intermediate angles there is a par-
tial coupling. The k vectors of both E, and E are quan-
tized in y and, in addition, the k vector of E is quantized
in z. The results on the p polarized, /=0' PDSE strongly
suggests that there is a first-order (n =1) quantized wave
vector in the k direction. However, it is not clear why
the k, quantization is not observed.

The remainder of the microgrooves studied show simi-
lar maxima. A peak is observed in the PDSE in the same
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FIG. 9. s-polarized directional spectral emittance of
1.6)& 10 cm phosphorus-doped silicon shallow micro-
grooves, with wavelength as the parameter, at T =400'C, 4) =0,
A=10 pm. (a) H=1.5 pm, W=7. 3 pm; (b) H =14 pm,
W=8.4 pm.
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FIG. 10. (a) p-polarized directional spectral ernittance of
1.6&10 cm ' phosphorus-doped silicon microgrooves, with
wavelength as the parameter, at T =400 C, /=0, A=10 pm,
H =7 pm, W=7. 3 pm. (b} cos0,„(A, ,„)of p-polarized direc-
tional spectral emittance of 1.6)&10 cm ' phosphorus-doped
silicon microgrooves at /=0, H=47 pm, A=22 pm (k, ), 18
pm ( O ), 14 pm (El ), and 10 pm (+ ).
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polar angle range as for the deep grooves. While O,„de-
creases in an approximately linear fashion with increas-
ing A. ,„,the intercept is not always zero. Here, too, no
simple explanation is apparent for this behavior. As was
the situation with the other PDSE measurements cavities,
the data for this azimuth and polarization show little
structure.

IV. CONCLUSIONS

As pointed out in I, there are essentially no direct
theoretical results that have a bearing on the experimen-
tal results obtained. Such work as has been done suggests
the absence of absorption processes that are clearly ob-
served in the normal direction. The observation of not
only first-order Wood's singularities in I but also the
presence of second-order singularities in the p-polarized
directional spectral emittance confirms that this measure-
ment technique is a powerful tool for exploring elec-
tromagnetic resonant processes occurring in rnicrostruc-
tures. In reviewing the literature, it has been clear that
there are significant disagreements between the resonant
processes we observe and the theoretical calculations per-
formed to date, especially on s-polarized, /=0' and 90'
polar emission. Even more striking is the observed reso-
nance on the p-polarized, )=0' observations. We con-
clude that there have been no discussions of resonance in
the so-called conical diffraction case that would relate the
electromagnetic modal structure to these observations.

The extraordinary diversity of structure in the emit-
tance data observed in this study and the preceding paper
demonstrate that small microstructures in modestly con-
ducting materials like doped silicon gives rise to well-
defined, finite density, radiating electromagnetic modes
on their surfaces. Consequently, these results support the
discussion of Baltes and co-workers that the emission
characteristics of small radiators are profoundly different
from macroscopic blackbodies because of the finite densi-
ty of allowed electromagnetic modes. ' Since the
thermal energy populates all existing modes with the
thermodynamically available electromagnetic energy,
PDSE measurements are particularly well suited for
studying the varied characteristics of these modes, in-
cluding their geometric dependence, the interaction be-
tween the electromagnetic field and the finite conducting
walls of the microstructures, and the energy distribution
of the modes. It has been suggested in some private dis-
cussions that reflectance measurements are equally suited
for this type of measurement. While the same informa-
tion may be extracted because of Kirchoff's law, the pres-
ence of diffracted orders tends to complicate the observa-
tions. It is for this reason that we conclude that emit-
tance is a versatile tool for studying the electromagnetic
characteristics of rnicrostructured elements. This con-
trasts with earlier measurements in which the directional
spectral emission behavior was largely an adjunct to con-
ventional optical measurements.

All the s-PDSE at /=90' have a broad maxima in the
general range of 0 near 40. This angular value coincides
with the cut-off wavelength of the TEoz and TMoz modes

of a waveguide with the same dimensions. However, the
emission does not have the wavelength dependence pre-
dicted by waveguide theory. This persistent feature has
not been related to any standard electromagnetic theory
for cavity antennae. The understanding of these reso-
nances will require further developments in theory.

Radiative processes have always been a very important
consideration in heat-transfer studies. Conventionally,
only total directional and spectral emittances have been
available for modeling radiative transfer, and that only
for a very few materials and surface conditions. The high
degree of anisotropy observed in the emission from the
grating MC structure point out the limitations of past
conventional methodologies in studying randomly
roughened surfaces. These measurements clearly dernon-
strate that resonances occur in both s- and p-polarized
emission from gratings.

To summarize the results on the PDSE of lamellar
gratings: the resonances in the s polarization at /=0'
demonstrate the coupling of the quantized k, wave vector
to a radiating wave; the p-polarized emission at /=0 is
coupled to the quantized k„wave vector and not to k, . A
better description for this coupling process is needed. Be-
cause the standing-wave modes couple to the radiating
modes so well (high emittance at the resonant wave-
length), the microgrooves are efficient antennae. From
the p-polarized PDSE at /=90', the first two orders of
the Wood's anomaly are readily observed on shallow
gratings but become masked by the Planckian mode reso-
nant peaks in the deeper grooves. While the s-polarized
spectral emittance at /=90' and normal incidence shows
pronounced resonances for deep gratings, the polar angu-
lar dependence of the corresponding PSDE requires fur-
ther study. Finally, the parameters obtained by fitting
the free-carrier absorption theory to the directional emis-
sivity measurements on smooth, heavily doped silicon is
in excellent agreement with other values in the literature.

Note added in proof. Neviere presents the results of a
calculation that demonstrates that the type of variation
illustrated in Fig. 3 is due to variations in the poles and
zeros of the emitted intensity [M. Neviere, in E/ectromag
netic Theory of Gratings, edited by R. Petit (Springer-
Verlag, Berlin, 1980), p. 136].
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