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Measurement and Modeling of the Emittance of Silicon
Wafers with Anisotropic Roughness

H. J. Lee!, A. C. Bryson', and Z. M. Zhang'-2

The unpolished surface of crystalline silicon wafers often exhibits non-
Gaussian and anisotropic roughness characteristics, as evidenced by the side
peaks in the slope distribution. This work investigates the effect of anisotropy
on the emittance. The directional-hemispherical reflectance of slightly and
strongly anisotropic silicon wafers was measured at room temperature using
a center-mount integrating sphere. A monochromator with a lamp was used
for near-normal incidence in the wavelength region from 400-1000nm, and a
continuous-wave diode laser at the wavelength of 635nm was used for mea-
surements at zenith angles up to 60°. The directional emittance was deduced
from the measured reflectance based on Kirchhoff’s law. The geometric-
optics-based Monte Carlo model that incorporates the measured surface
topography is in good agreement with the experiment. Both the experimen-
tal and modeling results suggest that anisotropic roughness increases multi-
ple scattering, thereby enhancing the emittance. On the other hand, if the
wafer with strongly anisotropic roughness were modeled as a Gaussian sur-
face with the same roughness parameters, the predicted emittance near the
normal direction would be lower by approximately 0.05, or up to 10% at
a wavelength of 400nm. Comparisons also suggest that the Gaussian sur-
face assumption is questionable in calculating the emittance at large emis-
sion angles with s polarization, even for the slightly anisotropic wafer. This
work demonstrates that anisotropy plays a significant role in the emittance
enhancement of rough surfaces. Hence, it is imperative to obtain precise sur-
face microstructure information in order to accurately predict the emittance,
a critical parameter for non-contact temperature measurements and radiative
transfer analysis.
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1. INTRODUCTION

The variation of emittance due to surface roughness is a major concern in
radiation thermometry [1,2]. Many researchers have studied the emittance
of rough silicon surfaces for accurate radiometric temperature measure-
ments during rapid thermal processing [3-5]. Vandenabeele and Maex [3]
measured the emittance of wafers with varying degrees of surface rough-
ness and found that even moderate roughness can enhance the emittance
for wafers in the semitransparent spectral region. Furthermore, multiple
reflections can enhance the emittance for opaque wafers with a large root-
mean-square roughness.

Recent studies have showed that the slope distribution of roughness
of silicon wafers is often non-Gaussian and anisotropic as a result of
the chemical etching process [6]. Some wafers possess strong anisotropy
as evidenced by side peaks in their slope distributions. Zhu and Zhang
[6] incorporated the anisotropic slope distribution function, obtained from
the topographic measurements made using an atomic force microscope
(AFM), into an analytical model of the bidirectional reflectance distri-
bution function (BRDF). Lee and Zhang [7] extended the model-based
approach to silicon wafers with thin-film coatings and studied the com-
bined effect of coating and anisotropic roughness on the BRDF. Using the
Monte Carlo method, Lee et al. [§8] developed ray-tracing techniques and
obtained good agreement with measurements for both in-plane and out-
of-plane BRDFs.

While anisotropic roughness affects the BRDF drastically, it is not
clear whether the specific roughness statistics will have a large impact on
the emittance, which is the integration of the BRDF over the hemisphere.
Lee et al. [9] calculated the emittance of anisotropic silicon wafers and
predicted an increase in emittance over that of a smooth surface or a
Gaussian (isotropic) rough surface. In the present work, we present emit-
tance measurements for silicon wafers with anisotropic roughness to study
the effect of anisotropy on the directional spectral emittance with different
polarizations. The results will be extensively compared with Monte Carlo
models based on both the measured anisotropic surface topography and
an assumed Gaussian surface with the same rms roughness (o) and auto-
correlation length (7).
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2. EXPERIMENT

This section first describes the samples and surface statistics, and
then discusses the experimental setup used for measuring the radiative
properties. Emphasis will be placed on the assumptions and corrections for
the integrating sphere measurements.

The rough silicon samples, identified as Si-1 and Si-2, were pre-
pared by dicing commercial lightly doped <100> single crystalline wafers
into 25 x 25mm? pieces. The thickness of Si-1 is 525um, and that of
Si-2 is 500 um. These wafers have been extensively studied and described
in Refs. [6,8] . Their surface topographic data were measured several times
using an AFM that scans over a 100 x 100 um? area and stores the out-
put in a 512 x 512 data array. The roughness statistics were calculated from
the measured topographic data to obtain the height and slope distribu-
tion functions. While the height distribution functions of the two samples
appear to be very similar, the slope distribution functions of Si-1 and Si-2
are non-Gaussian and anisotropic. The anisotropy of Si-1 is not as strik-
ing as that of Si-2. The slope distribution function of Si-2 reveals eight
side peaks (four large and four small) along diagonal directions, i.e., at
the azimuthal angles ¢ =445°, in addition to a central peak at zero slope.
These side peaks are associated with the orientation of microfacets which
has preferential orientation along the {311} and {111} crystalline planes,
although some deviations exist due to the artifacts in the topographic
measurements [6,8]. The rms roughness o of Si-1 is 0.51 um, and that
of Si-2 is 0.64 um. The average rms slope w and autocorrelation length
were calculated at ¢ =0° and ¢ =45° for each sample. However, the depen-
dence on the azimuthal angle is negligibly small. The results are w=0.28
and T =4.2um for Si-1, and w=0.48 and 7 =3.1um for Si-2. Due to
anisotropy, the relation w = +/20/7, derived for Gaussian surfaces, does
not hold anymore. It can be seen that the rms slope is much larger for
Si-2 than for Si-1.

A custom-designed integrating sphere from Sphere Optics, Inc. was
used to obtain the directional spectral emittance, by measuring the
directional-hemispherical spectral reflectance. Figure 1 shows the experi-
mental setup. The inner wall of the 200-mm-diameter sphere was coated
with polytetrafluoroethylene (PTFE), which is a nearly diffuse material
with a reflectance of approximately 0.99 in the wavelength region of inter-
est [10]. A center-mount scheme was used in the present study for mea-
surements at various angles of incidence [11,12]. The entrance aperture has
a diameter D, =25mm. A silicon detector was mounted at the bottom of
the sphere with a baffle in front of it to block radiation directly from the
sample. The sample can be rotated out of the beam path for a reference
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Fig. 1. Schematic of the setup for measuring spectral radiative properties. The light source
consists of a tungsten halogen lamp, a filter wheel, and a monochromator. The light exiting
the aperture of the monochromator is focused on the sample mounted in the middle of the
integrating sphere. The light reflected by the sphere walls is collected by the silicon detector
located at the bottom of the sphere under the baffle, which prevents direct reflection from
the sample to the detector. The lock-in amplifier is used together with the pre-amplifier to
pick up the detector output signals, which are synchronized with the frequency of an optical
chopper.

measurement, in which light hits the back wall of the sphere. The sample
measurement is taken by ensuring that all light hits the sample surface.
The ratio of the signal from the sample measurement to that from the
reference measurement allows the deduction of the directional-hemispherical
reflectance as will be discussed later.

A monochromator (Oriel Instruments Cornerstone 130) with a tung-
sten halogen lamp served as the light source in the wavelength region from
400 to 1000nm. The rms fluctuation of power from the monochroma-
tor was estimated to be less than 1%. Two lenses inside the light shield
focus the emission from the lamp on the entrance slit of the monochro-
mator, and the light from the exit slit has a focal length of 130 mm. The
1200 lines/mm grating provides a resolution of 10 nm at the wavelength of
500 nm when combined with entrance and exit slits of 1.56 mm width. In
order to reduce the beam dimension, the exit slit was blocked above and
below to confine the vertical opening to approximately 3.1 mm. Light pass-
ing through a collimating lens, which has a diameter of 25mm and a focal
length of 100 mm, and a chopper was then refocused to the sample by
a second lens with a focal length of 250 mm. The beam-spot size on the
sample was approximately 5x 10mm?. The chopper was synchronized to
the lock-in amplifier (EG&G 7265DSP) at 400 Hz.
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A thermoelectrically-cooled diode laser at the wavelength of 635nm
was used for reflectance measurements at different angles of incidence,
because of its small beam size of approximately 3 mm diameter. Compared
with the spectral power output from the monochromator, the continuous-
wave diode laser can provide higher and more stable optical power,
yielding much lower measurement noise. The incidence angle was deter-
mined by manual rotation of the sample holder. The lock-in amplifier
was connected to the diode laser controller to supply modulated current,
so that the optical power of the laser was modulated without using a
mechanical chopper. A linear polarizer was placed between the diode laser
and the integrating sphere to measure the reflectance for a specific polar-
ization.

Inside the integrating sphere, light incident upon the sample or the
sphere wall undergoes multiple reflections, and only a portion of the
reflected power reaches the silicon detector. The detector output signal was
sent to the lock-in amplifier, while passing through a trans-impedance pre-
amplifier with a wide amplification range. The pre-amplifier gain was opti-
mized so that the lock-in amplifier can efficiently pick up the phase-locked
signal and filter out noise. Additional information about the diode laser
system and electronics has been described in Ref. 13. Both the acquisition
of data from the lock-in amplifier and the operation of the monochroma-
tor were digitally controlled under a LabView environment.

The reflectance of an opaque sample is calculated from the ratio of
the radiant power reaching the detector when light is incident on the sam-
ple to that when light is incident on the sphere wall. When the incident
beam with a radiant power @; hits the sphere wall, the radiant power that
reaches the detector after multiple reflections inside the sphere is

FRy

¢ =
YT 1Ry

@ (1

where Ry and Ry, represent the reflectance of sphere wall and the aver-
age reflectance of the sphere wall, respectively. The view factor from the
sphere wall to the detector is denoted by F. If the effects of the baf-
fle, sample, and entrance aperture are neglected, then F = Dé /4D82p, where
Dy and D, stand for the diameters of the detector and the sphere,
respectively [12,14].

When the light is incident on the sample, the first reflection from the
sample has a larger chance to escape from the entrance aperture than light
from subsequent reflections. It is absolutely necessary to tilt the sample if
the surface is smooth or has a large reflection peak. Even though the sam-
ple reflects diffusely, the view factor between the sample and the aperture
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is roughly four times greater than that between the wall and the aperture
because the sample is mounted at the center. Assuming that the rotation
of the sample does not affect the average reflectance of the wall Ry, and
the view factor between the wall and the detector F, the total radiant
power that reaches the detector for sample measurement is

_FRy(L=n) Ry

@ _
* 1—Ry

@; (2

where Ry is the reflectance of the sample and 75 is the fraction of
light leaving the sample directly through the entrance aperture. The term
(1—n) Ry represents the average reflectance of the wall that receives the
first reflection from the sample. Although it is common practice to ignore
the baffle, its effect has been considered in the derivation of Eq. (2) by
assuming that the first reflection from the sample does not reach the detec-
tor directly [14].

If the detector sensitivity is independent of direction and the incom-
ing power, the output signal will be proportional to the incoming radiant
power. From Egs. (1) and (2), the ratio of the detector outputs is related
to the sample reflectance by

Vs s

—=—=(-n)R 3

Vo | Dy ( n) Rs (3)
which is the measurement equation of the integrating sphere. Theoretically,
the correction factor n can be calculated from the BRDF f;(6;, ¢, 6:, ¢r),

7341

where 6 and ¢ are the zenith and azimuthal angles and subscripts “i” and

€9

r” signify incidence and reflection, respectively.

 Jo Jr i 1, B, ¢r) cos Brday
= Jor fr 63, ¢4, 6, ¢r) cos Order
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The numerator represents the directional-conical reflectance from the sam-
ple toward the solid angle of the entrance aperture w,, while the denomi-
nator is the directional-hemispherical reflectance R;. For a finite beam size,
Eq. (4) needs to be integrated over the area as well, which is not done in
the present study for simplicity. If the sample is specular, it is always pos-
sible to tilt the sample so that the first reflection hits the wall rather than
the aperture. In this case, =0 and no correction is needed. For a diffuse
sample, n is reduced to the view factor from the sample to the entrance
aperture as n= Dg/ (D§+D§p) =0.015. The samples of interest are how-
ever, neither specular nor diffuse, and the calculation of n and the mea-
surement uncertainty will be discussed later.
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Although the derivation of Eq. (3) is based on opaque samples,
this measurement equation can be used for emittance measurements of
semitransparent materials by replacing the right side of Eq. (3) with
(1—n) Ry + Ty = Ry + T, — n/, where n’ =nRs is a new correction fac-
tor that is equal to the numerator of Eq. (4). Hence, the ratio of the
detector outputs gives the sum of reflectance and transmittance. The direc-
tional spectral emittance can be calculated by & =1 — Ry — Ty accord-
ing to Kirchhoff’s law. In terms of emittance, the direction defined by
(6, ¢;) becomes the direction of emission; therefore, 6; and ¢; are called
the emission angles. All measurements in the present study were performed
at room temperature.

3. MONTE CARLO MODELING

If a surface is rough, multiple reflections can occur in cavities formed
by roughness. As a result, surface roughness traps incident light in the
cavities, thereby increasing absorptance or emittance. When a material is
semitransparent, the emittance can increase drastically due to the large
chance of light trapping by total internal reflections inside the material.
Some previous studies calculated the emittance of rough silicon wafers by
considering surface roughness as a parameter in an emittance model with-
out considering the actual statistics of the surface topography [3,4]. In the
present study, we calculate the emittance from the BRDF obtained from
a Monte Carlo ray-tracing method, which incorporates the actual surface
statistics to investigate the effect of anisotropic roughness on the direc-
tional spectral emittance. When geometric optics is applicable, the Monte
Carlo method takes full account of multiple scattering and allows the pre-
diction of emittance enhancement due to the cavity effects that cause light
trapping.

From the viewpoint of geometric optics, a rough surface consists
of many small, smooth surfaces called microfacets. In the Monte Carlo
method, a large number of rays are traced numerically between micro-
facets while undergoing reflections [8,9,15-17]. Incident light rays are
specularly reflected at each microfacet, and the energy of the ray is
reduced by the locally calculated reflectivity. The rays are traced for mul-
tiple reflections at the surface until they leave the surface without re-
striking. Most ray-tracing methods use a pre-generated rough surface,
which is constructed before the ray bundles are traced. The numerical
generation of a rough surface is called a surface realization. A surface
realization provides a discrete surface profile, from which the direction
of reflection and the reflectivity can be determined based on the phys-
ical location and orientation of a microfacet. The BRDF of a surface
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realization is calculated with an algebraic sum of the reduced energy
of rays leaving in the same direction, and BRDFs are averaged with
a sufficiently large number of surface realizations to suppress statistical
fluctuations. Moreover, the calculation of the directional-conical reflectance
using the Monte Carlo method is straightforward if the solid angle
of a reflection cone is specified. Therefore, the directional-hemispherical
reflectance can be simultaneously calculated based on the numerical algo-
rithm. Furthermore, the Monte Carlo method also yields the correction
factor n in Eq. (4) based on the solid angle between the surface and the
entrance aperture for given surface statistics and optical constants of the
sample.

The spectral method based on the power spectrum and random num-
bers is widely applied for surface realizations [15]. Since the power spec-
trum is obtained from the variance o> and the autocorrelation function
using the Fourier transform, a rough surface is commonly specified with
rms roughness o and autocorrelation length t, by prescribing an auto-
correlation function. For instance, a Gaussian surface is generated with
the Gaussian autocorrelation function once values of o and t are speci-
fied. However, the spectral method is not applicable for the generation of
anisotropic surfaces although the variance and the autocorrelation func-
tion of the anisotropic surfaces can be obtained from surface topographic
measurements. Lee et al. [8] performed ray tracing on the surface pro-
file that the AFM measurement provides as a two-dimensional (2D) array.
Direct ray tracing with the surface topography measurement allows the
incorporation of actual surface statistics into modeling.

The consideration of depolarization is necessary to model the emit-
tance of a 2D rough surface for s or p polarization. Even though the
incident light is purely s or p polarized, both polarization components
are present in the local coordinates of a microfacet due to its random
orientation. As a result, the polarization state of the scattered wave is dif-
ferent from that of the incident wave, i.e., depolarization occurs. Depo-
larization can be considered in the ray-tracing algorithm when Fresnel’s
reflection coefficients are calculated [8]. In the present study, the emit-
tance is calculated for each polarization of the incident wave, taking into
account depolarization. The emittance can be determined for each individ-
ual polarization, assuming that Planck’s blackbody distribution function is
divided by two to describe an equilibrium photon gas for a single polar-
ization. This will allow the definition of emittance for each polarization
to lie between 0 and 1. On the other hand, the average of the emittance
for p and s polarizations gives the emittance with both polarization com-
ponents. This is the regular emittance defined according to Planck’s law
considering both polarizations. Kirchhoff’s law is applicable for each
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polarization individually. Since the reflectance for random polarization is
the average of the reflectance for p and s polarizations, the regular emit-
tance is one minus the reflectance for random polarization for opaque
surfaces. When the radiative properties of isotropic surfaces for random
polarization are of interest, many studies assumed that changes between p
and s polarizations counterbalance each other due to randomness of the
scattering events, and thus ignored depolarization [16,17]. However, this
approximation may not be applicable to anisotropic surfaces, for which
depolarization may be significant, even for random polarization.

4. RESULTS AND DISCUSSION

The measurement equation, i.e., Eq. (3), inevitably causes errors in
actual measurements because of the assumptions made in the integrating
sphere theory. General error sources for integrating sphere measurements
have been identified and well documented [11,12]. In particular, Edwards
[11] carefully examined various error sources for center-mount integrating
spheres. In the present study, measurements were made on a double-side-
polished silicon wafer to estimate the uncertainty, as discussed next.

The wafer with both sides polished is lightly doped single crys-
talline silicon of 200 um thickness. The spectral measurements were made
using the monochromator, with the sample tilted at approximately 7°. No
polarizer was used because the difference between the two polarizations
is negligible at this angle. Figure 2a shows the emittance averaged over
five measurements, along with that calculated using the optical constants
of silicon given in Ref. [18]. For a smooth sample, =0 and no cor-
rection in the measurement equation is necessary. The wafer is opaque
except near the wavelength A =1000nm, where the emittance drops sud-
denly because the wafer becomes semitransparent. The reduction of the
emittance at short wavelengths is due to an increase in the refractive index
of silicon. Excellent agreement exists between the experiment and calcu-
lation with the largest deviation of 0.008 occurring at 950 nm. Standard
deviations for five measurements are less than 0.001. Based on both the
95% confidence level of five measurements and the deviation from the
calculations, the expanded uncertainty for measurements of near-normal
emittance is estimated to be less than 0.010.

Figure 2b shows the emittance of the double-side-polished wafer at
different emission angles, measured using the 635nm diode laser for each
polarization. The measured data points are indicated by symbols: circles
are for p polarization and diamonds for s polarization. The theoretical
calculations are shown as curves for comparison. The maximum standard
deviation of five measurements increases to 0.005 due to manual rotation
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Fig. 2. Comparison of emittance measurements (circle or diamond symbols) with theoreti-
cal calculations (solid or dashed line) for a double-side-polished wafer of 200 um thickness:
(a) emittance spectrum for the near-normal direction (9;~7°) in the wavelength region from
400 to 1000nm; and (b) variation of emittance with the emission angle 6; at the wavelength
of 635nm for individual polarizations.

of the sample holder. Except at the emission angle of 40°, deviations of
measurements are less than 0.008, which are comparable to those of the
monochromator measurement shown in Fig. 2a. Much larger deviations
occur at 6; =40°, where the absolute error becomes 0.020 for p polariza-
tion and 0.032 for s polarization. A rod supporting the baffle lies between
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a sidewall of the sphere and the detector; refer to Fig. 1. Therefore, when
the incidence angle is around 45°, the support rod screens some of the
reflected light from the sidewall to the detector, resulting in large measure-
ment errors. However, if a rough sample is measured, the errors due to the
support rod will be reduced. Therefore, the expanded uncertainty for direc-
tional measurements is estimated to be generally within 0.020.

The measured emittance spectrum of Si-1 for random polarization
in the near-normal direction is shown in Fig. 3a, together with model-
ing results from two different methods. Recall that Si-1 is a rough sur-
face with slight anisotropy. Anisotropic modeling was based on the AFM
topographic measurements. Gaussian modeling was based on hypotheti-
cal Gaussian surface realizations generated by the spectral method with
the same rms roughness and autocorrelation length as those of the rough
surface. The two modeling methods reveal negligibly small deviation in
the predicted emittance of Si-1. Both modeling results agree with exper-
iment well within an expanded uncertainty of 0.010, except at the wave-
length of 1000nm. As mentioned earlier, while the wafer is essentially
opaque at wavelengths shorter than 950 nm, it becomes slightly transpar-
ent at A=1000 nm even with a thickness of 500 um. The ray-tracing model
was based on opaque surfaces, but the integrating sphere collected both
the reflected and transmitted radiation. For this reason, the calculation
overpredicts the emittance at A =1000nm. The results shown in Fig. 3a
suggest that the emittance enhancement due to roughness is insignificant
for Si-1. Specifically, the increase in emittance of Si-1 is less than 0.8%
over that of a smooth surface in the opaque region.

The anisotropic modeling shows that the correction factor n for Si-1
at 6; =7° does not change significantly with wavelength, and thus a con-
stant value of 0.035 has been applied for the measurements in Fig. 3a. The
correction factor changes the absolute values of emittance by 0.012 (rel-
atively 1.9%) on the average. Emittance measurements would change by
0.005 under the assumption of diffuse reflection (n=0.015). The difference
in measurements using the two values of the correction factor is within
the experimental uncertainty. If the Gaussian surface model were used, the
correction factor would be 0.055, which could change measurements by
0.020. Obviously, the correction factor based on anisotropic BRDF mod-
eling is more reasonable.

Figure 3b shows a similar comparison for the emittance of Si-2 at
wavelengths from 400 to 1000 nm. The correction factor 5 for all measure-
ments of Si-2 can be approximated as 0.024, which is closer to the cor-
rection factor for a diffuse surface. Gaussian modeling yields essentially
the same value of 5 for Si-2. The standard deviation of the anisotropic
modeling results is approximately 0.008 due to the artifacts of AFM
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Fig. 3. Comparison of the measured and predicted near-normal emittance for the two
rough wafers: (a) Si-1 and (b) Si-2. The anisotropic modeling relies on the measured sur-
face topographic data, whereas the Gaussian modeling assumes that the surfaces follow
Gaussian statistics with corresponding roughness parameters o and t. Error bars indicate
measurement uncertainty.

measurements for Si-2 [8]. It can be seen that Si-2 gives rise to a notice-
able enhancement of emittance, compared to the emittance of a smooth
surface in Fig. 2a. The average enhancement is 0.050 (7.8%), and the
maximum is 0.058 (11.3%) at 400 nm. While anisotropic modeling is in
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reasonable agreement with experiments, Gaussian modeling failed to pre-
dict the emittance enhancement. These striking results are further dis-
cussed below.

Anisotropic modeling predicts well the large emittance enhancement
for Si-2, but the prediction is consistently lower than the measurements.
The standard deviation between the anisotropic modeling and the mea-
surement is 0.010 (absolute) or 1.5% (relative), which slightly exceeds
the uncertainty of the integrating sphere measurements. This disagree-
ment may be due to artifacts in the AFM surface measurements and
to the limitations of geometric optics. The absolute deviation between
the anisotropic modeling and experiment increases slightly with the wave-
length. The reflectance, on the other hand, decreases with increasing wave-
length. Therefore, the relative difference between the predicted and mea-
sured reflectance increases from 2% to 5% as the wavelength is increased
from 400 to 950 nm. Geometric optics is applicable when the wavelength is
much smaller than the autocorrelation length (r =3.1 um for Si-2). Con-
sidering the uncertainty of integrating sphere and surface measurements, it
can be concluded that geometric optics is valid for Si-2 in predicting the
emittance. This result is consistent with the recent study on the applicabil-
ity of geometric optics in modeling the emittance of rough surfaces [19].

Unlike anisotropic modeling, Gaussian modeling underpredicts the
emittance of Si-2 by 7% on the average with a maximum of 10% at A =
400nm. The emittance enhancement of the Gaussian surface is insignifi-
cant, similarly to the emittance of Si-1 shown in Fig. 3a. The large dif-
ference between the two modeling results occurs due to the effect of the
strong anisotropy of the Si-2 roughness. The average inclination angle of
microfacets on the Gaussian surface is 9.7° from the relation of /20 /7.
However, the large and small side peaks in the slope distribution func-
tion of Si-2 indicate that Si-2 possesses a larger number of steep micro-
facets inclined at 25.2° and 54.7° than does the Gaussian surface. Thus,
the steep microfacets of Si-2 strengthen the cavity effects to trap incident
light by multiple scattering, and the resulting large enhancement cannot
be predicted with Gaussian surface statistics. It can be concluded that
anisotropic roughness is the reason for the emittance enhancement for Si-
2. Therefore, detailed information on the roughness statistics is essential
for accurate prediction of the emittance of anisotropic surfaces.

Figure 4 shows the variation of emittance with emission angles for
Si-1 and Si-2, at the wavelength of 635 nm, measured with the diode
laser. To examine the effect of the azimuthal angle for anisotropic sur-
faces, the emittance for each polarization was measured along both the
x axis (¢; =0°) and the diagonal (¢; = 45°). The correction factor n
depends considerably on the zenith angle 6;. Approximate values of n for
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Fig. 4. Emittance of the two rough silicon wafers measured at the wavelength of 635nm for
two azimuthal angles ¢; =0° and ¢; =45°: (a) Si-1, p polarization; (b) Si-2, p polarization;
(c) Si-1, s Si-2,p polarization; and (d) s polarization.

measurements of Si-1 are 0.065, 0.025, and 0.015 at 6;=0°, 10°, and 20°,
respectively, and they become almost zero at larger angles. The values of
of n for measurements of Si-2 are 0.058 and 0.013 at 6; =0° and 10°,
respectively, and negligible at larger angles.

Comparisons for Si-1 in Fig. 4a, ¢ show that the anisotropic modeling
agrees well with measurement, although slight disagreement is observed at
angles beyond 6; =40°. This disagreement may be related to the block-
ing of light by the rod that supports the baffle, as demonstrated in Fig.
2b. The Monte Carlo model based on geometric optics may be subject
to larger uncertainties at large angles. The standard deviation between
the anisotropic modeling and the measurement is 0.008. The dependence
on azimuthal angle is negligible for Si-1 in accordance with the slightly
anisotropic slope distribution function. On the other hand, Gaussian mod-
eling tends to deviate from measurement at large angles, especially for s
polarization.
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As demonstrated previously [6,8], the anisotropy of Si-2 is so strong
that the BRDF of Si-2 along ¢; = 45° reveals prominent side peaks
according to the slope distribution function, whereas no side peaks exist in
the BRDF along ¢; =0°. However, the measured and predicted emittance
values are close to each other between ¢; =0° and ¢; =45°, as shown in
Fig. 4b, d. It appears that the effect of anisotropy on the emittance evens
out in the azimuthal direction as a result of the integration of BRDF. In
a trend similar to that shown in Fig. 3b, anisotropic modeling consistently
underpredicts the emittance, and the difference gradually increases with 6;
for p polarization. The standard deviation between the anisotropic model-
ing and the measurement is 0.021 for Si-2. However, the Gaussian model-
ing does not predict the variation of emittance for p polarization correctly
and largely underpredicts the emittance for s polarization.

When the emittance of Si-1 and Si-2 shown in Fig. 4 is compared
to that of a smooth silicon surface (e.g., Fig. 2b), the emittance for p
polarization is decreased at large angles, while that for s polarization is
increased. This can be explained by the effect of depolarization, which
becomes significant at large 6;. Furthermore, depolarization affects the
emittance of Si-2 more strongly than that of Si-1 due to larger surface
roughness. Consequently, the emittance difference between the two polar-
izations is much smaller for Si-2. However, the average emittance for the
two polarizations depends little on 6;, indicating nearly diffuse emission up
to 60° for both Si-1 and Si-2, similar to that of a smooth surface.

5. CONCLUSIONS

The directional spectral emittance of two silicon wafers with slightly
and strongly anisotropic roughness was measured using a center-mount
integrating sphere at wavelengths from 400 to 1000 nm. The Monte Carlo
method was used to predict the emittance based on measured surface
topography. The results suggest that anisotropic roughness can signifi-
cantly enhance the emittance due to the increased cavity effects for light
trapping. As a result, the simple assumption of a Gaussian surface yields
errors as large as 10% at 400nm and 7% on the average for the strongly
anisotropic wafer. Even for the slightly anisotropic wafer, the emittance
modeled with Gaussian statistics deviates at large angles. Furthermore, the
consideration of depolarization in the modeling is important to accurately
predict the angular dependence of the emittance for p and s polarizations.
The present study manifests the significant role of anisotropic roughness in
the enhancement of emittance and illustrates pitfalls of assuming Gaussian
surfaces without addressing specific roughness statistics. Therefore, precise
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measurements and appropriate incorporation of surface topography in the
modeling are critical for accurate prediction of the emittance.
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