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Bidirectional Reflectance Distribution Function of
Rough Silicon Wafers1

Y. J. Shen,2 Z. M. Zhang,2, 3 B. K. Tsai,4 and D. P. DeWitt4

The trend towards miniaturization of patterning features in integrated circuits
(IC) has made traditional batch furnaces inadequate for many processes. Rapid
thermal processing (RTP) of silicon wafers has become more popular in recent
years for IC manufacturing. Light-pipe radiation thermometry is the method of
choice for real-time temperature monitoring in RTP. However, the radiation
environment can greatly affect the signal reaching the radiometer. The bidirec-
tional reflectance distribution function (BRDF) of rough silicon wafers is needed
for the prediction of the reflected radiation that reaches the radiometer and for
reflective RTP furnace design. This paper presents the BRDF measurement
results for several processing wafers in the wavelength range from 400 to 1100
nm with the spectral tri-function automated reference reflectometer (STARR) at
the National Institute of Standards and Technology (NIST). The rms roughness
of these samples ranges from 1 nm to 1 +m, as measured with an optical inter-
ferometric microscope. Correlations between the BRDF and surface parameters
are obtained using different models by comparing theoretical predictions with
experiments.

KEY WORDS: bidirectional reflectance distribution function (BRDF);
radiometric temperature measurement; rapid thermal processing (RTP); silicon
wafers; surface roughness.

1. INTRODUCTION

Reflectance of a rough or real surface is an important factor in many
practical applications. Most apparently, the directional dependence of the
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radiative properties due to surface roughness can cause a significant error
in radiative heat transfer calculations that employ specular or diffuse
surface simplifications [1]. The effect of macroscopic roughness on the
bidirectional reflectance distribution function (BRDF) has been applied to
planet observations [2]. In the field of computer graphics, which deals
with light reflection between objects, the current trends are to include the
BRDF of real surfaces and to use physically based surface reflection models
[3]. Furthermore, noncontact characterization of surfaces by scatterometry
relies on BRDF measurements and relations between BRDF data and
surface roughness parameters [4�7].

The motivation of the present study comes from our recent research
on modeling the rapid thermal processing (RTP) chamber for radiometric
temperature measurements [8, 9]. RTP is gradually replacing traditional
batch furnaces in several key integrated circuit (IC) manufacturing pro-
cesses, including annealing and oxidization [10]. The major barrier for
implementation of RTP in many industrial processes is accurate radiometric
temperature measurement, which requires the knowledge of the effective
emissivity. Zhou et al. [11] have developed a Monte Carlo model to predict
the effective emissivity according to the geometric arrangements and
radiative properties of each surface within the RTP chamber. In this model,
the reflectance of each surface consists of a specular component and a dif-
fuse component. In many process systems, the silicon wafers are polished
only on the front side, while the preferable arrangement is for the
radiometer to view the rough side of the wafer. The reflectance of many
real surfaces cannot be modeled simply by a specular component and a dif-
fuse component. Because of the large amount of computational time often
involved with Monte Carlo simulations, it is important to obtain suitable
reflectance models for rough silicon wafers, which can correctly represent
the BRDF data and be easily incorporated in Monte Carlo codes. This
paper presents BRDF measurement results for several processing wafers
and comparisons with available simplified models that are convenient for
calculations.

2. EXPERIMENT

BRDF is a basic parameter for describing the nature of reflection for
a surface element and is defined as [12�14]

fr(%i , .i ; %r , .r)=
dLr

Li cos % i d|i
(sr&1) (1)
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where (%i , .i) and (%r , .r) denote the directions of incident and reflected
beams, respectively, Li is the incident radiance, and dLr is the reflected
radiance for radiation incident from an element solid angle d|i . The
geometry of the incident and reflected beams is shown in Fig. 1. The
denominator of Eq. (1) is the incident irradiance. It is to be noted here that
all the radiative properties discussed are spectral properties, which depend
on the wavelength *.

The measurements were performed using the spectral tri-function
automated reference reflectometer (STARR) [13] in the Optical Technol-
ogy Division at the National Institute of Standards and Technology
(NIST). The STARR instrument can cover the spectral range from 200 to
2500 nm at angles of incidence from 0 to 80%, where the direction of reflec-
tion is constrained within the plane of incidence. Only measurements at
wavelengths from 400 to 1100 nm, using a quartz-tungsten-halogen lamp
and a silicon photodiode detector, are described here. The detector output
signal is proportional to the radiant power reaching the detector. Hence,
the BRDF is calculated by the following measurement equation:

fr(%i , .i ; %r , .r)=
Sr

Si

1
cos %r $|r

(2)

where Sr and Si are the detector signals for the incident and reflected radia-
tion; the ratio of Sr to Si is a measure of the bidirectional reflectance, the
solid angle $|r is approximately equal to Ar�D2, where Ar is the aperture
area of the detector, and D is the distance between the sample and the

Fig. 1. Geometry of incident and reflected radiant beams.
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detector. For the STARR, Ar=796.726 mm2 and D=672.02 mm, indicat-
ing that $|r=0.0017642 sr and the corresponding cone angle is 2.7%.

The other important property is the directional-hemispherical reflec-
tance, which is related to the BRDF by

\dh(%i , .i)=|
2?

fr(%i , .i ; %r , .r) cos %r d|r (3)

The STARR also measures the directional-hemispherical reflectance at
different wavelengths and at an incidence angle of 6%, using an integrating
sphere. Utilizing the calibration with a white polytetrafluoroethylene
(PTFE) plaque, the relative combined uncertainty ranges from 0.14 to
1.980 for the bidirectional reflectance measurements at wavelengths from
200 to 1600 nm when the reflection angle lies between 0 and 80%. The
relative combined uncertainty for the directional-hemispherical reflectance
measurements ranges from 0.21 to 0.670 for wavelengths from 200 to
1600 nm [13].

The sample surfaces were characterized with a scanning interference
microscope system, TOPO-3D [15], in which interference fringes are
produced when the light reflected off the reference mirror is combined with
that reflected from the sample. The surface is profiled by scanning verti-
cally, so that each point on the surface has an interference signal, and then
locating the exact vertical position where each signal reaches its maximum
amplitude [16]. The rms roughness averaged over three different spots
(606 +m_461 +m area) and their standard deviations are listed in Table I
for four surfaces, labeled as A, B, C, and S. The surface images of surfaces
A, B, and C are represented in Fig. 2. Surfaces A and B are the rough sides
of two silicon wafers of 200 mm diameter and 0.8 mm thickness. These two
surfaces may have been coated with oxide or nitride layers since their
appearances are purple (surface A) and blue (surface B). Surface C is the
rough side of a silicon wafer of 150 mm diameter and 0.6 mm thickness.
A smooth surface, labeled S, is the polished side of the same wafer of
surface B.

Table I. Sample Surfaces of Different Silicon Wafers

Surface label A B C S

Diameter (mm) 200 200 150 200
Wafer thickness (mm) 0.8 0.8 0.6 0.8
rms roughness _ 0.23 +m 0.13 +m 0.94 +m 1.08 nm
Standard deviation 0.003 +m 0.002 +m 0.04 +m 0.2 nm
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Fig. 2. Surface profiles for the three surfaces, A, B, and C.
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3. RESULTS AND DISCUSSION

In the measurements, the reflected beam is constrained within the
plane of incidence, i.e., .i and .r are related by either .r=.i or .r=
.i\?. Therefore, the BRDF data are presented in terms of an observation
angle, defined as

%obs={%r

&%r

for .r=.i\?
for .r=.i

(4)

The measured BRDFs of surfaces A, B, and C at the wavelength of
950 nm are shown in Fig. 3 for incidence angles of 10 and 45%. The data
represent the average values for p-polarization (where the electric field is
parallel to the plane of incidence) and s-polarization (where the electric
field is perpendicular to the plane of incidence). All curves are nearly sym-
metric about the specular angle, %obs=%i , where the BRDF is the greatest.
In general, a rougher surface should show a lower specular reflection and
a more uniform angular distribution due to surface scattering. Surface C,
the roughest, clearly shows a much smaller BRDF value at the specular
angle (more than an order of magnitude smaller than those of surfaces A
and B). The angular variation of surface C is much smaller compared with
other samples. In fact, the BRDF values, away from specular, for surface
C are greater than those for surfaces A and B. It is interesting to note that
for surface C, there exist subsidiary maxima at observation angles about
45% from the specular. Similar scattering results were seen for rough dielec-
tric surfaces (due to multiple scattering) [17] and rough thin metallic films
(due to the combined effect of multiple scattering and interference) [18].
The BRDF for surface B decreases most rapidly away from the specular
angle, although the value at the specular angle for surface B is slightly
smaller than that for surface A. The measured rms roughness for surface B
is the smallest as expected. However, the abnormal behavior of the specular
values indicates that the surface coatings may have affected the BRDF and
roughness measurements. This is also shown by the measured directional-
hemispherical reflectance of surface A, \dh=0.81, which indicates a possible
coating effect.

The directional-hemispherical reflectance and the BRDF values at the
specular angle for surface C are shown in Fig. 4 for 400 nm<*<1100 nm.
Notice that the directional emissivity is equal to 1&\dh . The smooth curve
in Fig. 4a is calculated from the Fresnel equations [14] using the refractive
index (n) and extinction coefficient (}) of silicon [19]. The measured \dh

agrees well with the theoretical values for smooth surfaces (except for
*=1100 nm). For dielectric materials, surface roughness has little impact
on the emissivity, unless the specimen is semi-transparent or the roughness
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Fig. 3. Comparison of the measured BRDF at *=0.95 +m at incidence angle of 10%
(upper) and 45% (lower).
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Fig. 4. Directional-hemispherical reflectance (upper) and BRDF at the specular angle
(lower) for surface C.
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is large enough to cause multiple scattering [20]. The larger \dh measured
at 1100 nm could be caused by the reflection from the other surface of the
wafer since the absorption coefficient of silicon decreases rapidly as the
wavelength is increased around 1100 nm (corresponding to the energy gap
of silicon). In addition, the silicon diode used in these measurements almost
reaches its detection limit at *=1100 nm, which may cause a large measure-
ment uncertainty. In Fig. 4b, the calculated values are based on the Fresnel
reflectance multiplied by a constant. In other words, the BRDF depends on
the wavelength only through the refractive index and extinction coefficient.
This is valid when the rms roughness is much greater than the wavelength
as predicted by the theoretical models to be discussed in the next session.
The constant is set to the ratio of the measured BRDF to the Fresnel
reflectance at *=950 nm.

The BRDF data are employed to estimate the directional-hemispheri-
cal reflectance using Eq. (3). Since the BRDF data are limited within the
plane of incidence, the assumption of an isotropic surface is made to per-
form the integration along the azimuthal direction. The calculated \dh are
0.78, 0.27, and 0.53 for surfaces A, B, and C, respectively, whereas the
measured values are correspondingly 0.81, 0.32, and 0.31. The large differ-
ences may be caused by the limited data used in the integration, especially
near the specular direction, and the assumption of isotropic surfaces. The
existence and shape of subsidiary maxima in the out-of-incidence planes of
surface C should be further investigated.

Reflectance measurements for surface S were also made. The surface
can be considered optically smooth and should be described by the Fresnel
reflection equations. The measured specular reflectance at 10% incidence
angle is 0.317 (averaged over \==0.322 for s-polarization and \ | |=0.312
for p-polarization), which compares well with the theoretical value of
0.3195 (\==0.325 and \ | | =0.314), calculated from the Fresnel equations
with an estimated refractive index n=3.6 at *=950 nm [19]. However, the
measured specular reflectance is 0.288 (\==0.397 and \ | |=0.179)) at 45%
incidence angle, which is much smaller than the theoretical value of 0.3204
(\==0.444 and \ | |=0.197). This unexpected large discrepancy needs
further investigation.

4. COMPARISON WITH APPROXIMATE MODELS

Approximate models are selected to calculate the BRDF using a
personal computer for a quick comparison with the experimental data.
A review of various methods and approximations to describe wave scatter-
ing from rough surfaces can be found in Ogilvy [21]. Extensive theoretical
and experimental investigations have been performed to obtain rigorous
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electromagnetic-wave solutions and to determine the applicable regimes for
each model [22�24]. The rigorous electromagnetic-wave solutions, however,
are extremely computationally intensive. On the basis of simplicity and
convenience for calculation, two approximate models are chosen and com-
pared with the experimental results.

4.1. Davies Model

Davies [25] assumed a Gaussian distribution of heights of surface
irregularities about the mean level and employed the Kirchhoff approxima-
tion to derive expressions for the electromagnetic energy reflected from
rough surfaces. The Kirchhoff approximation is an extension of the Fresnel
approximation that includes scattering but assumes that the radius of the
surface curvature is smaller than the wavelength and that there is no multi-
ple scattering [26]. The conditions for this approximation to be valid are:
_�(a cos %i )<0.2 and _�*<2 [22], where _ is the rms roughness and a is
the surface autocorrelation length.

For slightly rough surfaces (_�*<<1), the BRDF includes a specular
component and an off-specular component in this model. The specular
component is expressed as

fr, s(%i , .i )=
\dh, s(%i )
cos % i $|i

exp _&\4?
_
*

cos %i+
2

& (5)

and the off-specular component is calculated by

fr, off (%i , .i; %r , .r)

=
\dh, s(%i )

cos %i cos %r
?3 \a

*+
2

\_
*+

2

(cos % i+cos %r)
4

} exp {&\?a
* +

2

[sin2 %i+sin2 %r+2 sin %i sin %r cos(.i&.r)]= (6)

where \dh, s is the directional-hemispherical reflectance for a smooth
(specular) surface and is determined by the Fresnel equations. Considering
the actual measurement conditions, the specular component, given by
Eq. (5), exists in a finite solid angle around the specular direction [27].
Considering the solid angle in the measurement of the reflected radiation
in the STARR instrument, we assume that the specular component con-
tributes only in the range of specular angle \1.36%.
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The Davies model is also extended to very rough surfaces with _�*>1
using the following expression,

fr(% i , .i ; %r , .r)=
\dh, s(% i )

cos %i cos %r

1
16? \

a
_+

2

exp _&\ a
2_+

2

}
sin2 % i+sin2 %r+2 sin % i sin %r cos(.i&.r)

(cos %i+cos %r)
2 & (7)

As seen in Eq. (7), for very rough surfaces, the wavelength dependence
comes from the Fresnel reflectance only.

4.2. Torrance-Sparrow Model

Torrance and Sparrow [28] assumed that the rough surface consists
of small, randomly disposed, mirror-like facets. This model is based on the
geometrical-optics approximation, which neglects the phase of the electro-
magnetic wave. The applicable regions are approximately given by
_ cos %i �*>0.2 and _�a<2 [23]. The equations for calculating the BRDF
are rearranged in the following form [28, 29]:

fr(%i , .i ; %r , .r)=
A

cos % i _
g\dh, s(%d ) G

cos %r
exp(&c2:2)+cos % i& (8)

where A, c, and g are constants related to the properties of facets and the
solid angle of the incident beam, G is a masking and shading function and
is equal to unity in the angle range considered in the present study, and the
angles : and %d are related to % i , %r , .i , and .r through the fundamental
spherical trigonometric relations [28]. When the reflected beam lies in the
plane of incidence, :=(%r&%i )�2 and %d=(%i +%r)�2.

4.3. Comparisons

Comparisons between the measured data and model calculations for
surfaces B and C are shown in Figs. 5 and 6, at *=950 nm and for
0%�%r�60%. Because of the lack of accurate information, some parameters
in the models are obtained by fitting the BRDF data. The fitting process,
except for the specular data point in the slightly rough Davies model, is
performed by an iterative algorithm, the Marquardt�Levenberg method
[30], to obtain a convergent result. In the model for slightly rough sur-
faces, the off-specular component is fitted first, using Eq. (6), to obtain the
roughness parameters a and _. At the specular angle, the summation of the

1321Bidirectional Reflectance of Rough Silicon Wafers



File: 840J 014912 . By:XX . Date:21:05:01 . Time:08:17 LOP8M. V8.B. Page 01:01
Codes: 550 Signs: 203 . Length: 44 pic 2 pts, 186 mm

Fig. 5. Comparison of the Davies model with experiments for surface B: fitted result
for 10% incidence angle (upper), and calculated result for 45% incidence angle (lower).
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Fig. 6. Comparison of the Davies model and Torrance�Sparrow model with
experiments for surface C: fitted results for 10% incidence angle (upper), and calculated
results for 45% incidence angle (lower).
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specular component, Eq. (5), and the off-specular component, Eq. (6), is
fitted to the data point to obtain an additional parameter, $|i , which was
not known exactly in the experiments. Because the angular dependence of
\dh, s(%) averaged over the two polarizations is small for %�45%, it is
assumed to be a constant, equal to 0.81 for surface A or 0.32 for surface B,
in Eqs. (5)�(8) to simplify the fitting process. The fitting parameters for
different models are listed in Table II.

For surface B, the Davies model for slightly rough surfaces is used to
fit the measured data at a 10% incidence angle, as shown in Fig. 5a. The
optimal fitting parameters obtained by fitting the data for the 10% incidence
angle are then used to calculate the BRDF for the 45% incidence angle, as
shown in Fig. 5b. The model approaches approximately the variation in
BRDF data, but the relative difference in the calculated and measured
values at the specular angle for the 45% incidence angle is 14.60. The fitted
_ is smaller than the measured value of 0.13 +m, and $|i is greater than
$|r . The surface coatings may have influenced the BRDF and roughness
measurements; hence, the model considering pure silicon may not be
suitable to predict the actual behavior. For surface A, the same model can
be fit to the data approximately with different parameters using \dh=0.81,
but the deviation is larger due to the possible coating effect. For surfaces
A and B, good agreement could not be obtained using the Torrance�
Sparrow model because the geometrical-optics approximation is applicable
for relatively rough surfaces only.

For surface C, both the Davies model for rough surfaces and the
Torrance�Sparrow model are fitted to the BDRF data at 10% incidence
angle, as shown in Fig. 6a. The Torrance�Sparrow model can fit the data
well for %r<40%, whereas the fitting results of the Davies model are not as
good since there is only one adjustable parameter. At large reflection
angles, the BRDF calculated from the Davies model approaches zero, while
that calculated from the Torrance�Sparrow model approaches a constant,
equal to A in Eq. (8). Both models failed to predict the subsidiary peaks

Table II. Values of Fitting Parameters

Surface A B C

Model
Davies

(slightly rough)
Davies

(slightly rough)
Davies
(rough)

Torrance-
Sparrow

Parameters
_=0.07 +m
a=2.2 +m

$|i=0.0078 sr

_=0.06 +m
a=2.7 +m

_wi=0.0036 sr
a�_=22

A=0.124
c=13.5
g=80
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at about 45% from the specular angle. The same fitting parameters are used
to calculate the BRDF for 45% incidence angle and compared with the data,
as shown in Fig. 6b. Compared with the measured results, the curve
calculated from the Torrence�Sparrow model is slightly shifted towards the
right. This needs further investigation.

5. CONCLUSION AND FUTURE WORK

The BRDFs of several processing wafers, with rms roughness ranging
from about 1 nm to 1 +m, have been measured at wavelengths from 400
to 1100 nm. Two simple models, categorized as the Kirchhoff approxima-
tion and the geometrical-optics approximation, are applied to fit the BRDF
data. Reasonable agreement exists between the measured results and the
model predictions without considering the coating effect. These simple for-
mulae could be incorporated into the Monte Carlo model for rapid thermal
processing systems to evaluate the effect of rough surfaces. Detailed surface
characterization should be obtained to provide all the necessary parameters
to correlate with the BRDF data. The effects of multi-layer coatings,
polarization, and doping will be investigated in the future, and suitable
models that include these effects will be developed to calculate the radiative
properties of silicon.
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