
s
I
p
r

Large-angle in-plane light scattering from rough surfaces

Tansel Karabacak, Yiping Zhao, Matthew Stowe, Bill Quayle, Gwo-Ching Wang, and
Ton-Ming Lu

An in-plane light scattering setup that is capable of measuring large azimuthal scattering angles is
presented. This type of measurement makes it easier to probe large ki at a fixed k' value ~ki and k'

are momentum transfer vectors parallel and perpendicular to the surface, respectively!. Therefore the
system allows us to explore small lateral scale and large vertical roughness ~;l, the wavelength of the
probe beam! of a rough surface. In-plane intensity measurements from a rough backside Si wafer and
a Cu thin-film surface are reported. The structure factor that is related to surface roughness parameters
is obtained from the measured in-plane intensity profiles. Both scalar ~Beckmann–Kirchhoff ! and
vector ~Rayleigh–Rice! theories have been applied to interpret the experimental data. The roughness
parameters obtained from the scattering measurements are compared with those measured by atomic-
force microscopy. © 2000 Optical Society of America

OCIS codes: 290.5880, 290.5820, 240.5770, 050.1960.
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1. Introduction

The characterization of random rough surfaces by
light scattering has received considerable attention
in recent years.1–3 Although the most direct way to
probe a rough surface quantitatively is to measure
the surface morphology by use of real space imaging
techniques such as atomic-force microscopy ~AFM!
and scanning-tunneling microscopy ~STM!, light
cattering does have some advantages over imaging:
t is a noncontact method and can have a large sam-
ling size. With proper design, it can be used as a
eal-time monitoring tool.4–7

The general diffraction coordinate and the recipro-
cal space geometry for light scattering are shown in
Figs. 1~a! and 1~b!, respectively. The x–y plane is
the sample plane, the z direction is the sample sur-
face normal, and the x–z plane is the plane of inci-
dence. The incident angle is ui, the polar angle of
the scattered beam is us, and the azimuthal angle is
fs. For diffraction from a random rough surface, the
momentum transfer k that is due to scattering can be
decomposed into two parts, ki, the momentum trans-
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fer parallel to the sample surface, and k', the mo-
mentum transfer perpendicular to the sample
surface:

k' 5 k~cos us 1 cos ui!, (1)

kx 5 k~sin us cos fs 2 sin ui!, (2)

ky 5 k sin us sin fs, (3)

where k 5 2pyl is the wave number. Basically
there are two different detection schemes for a scat-
tering measurement: a moving sample scheme and
a moving detector scheme. In the moving sample
scheme, the position of the detector is fixed, and the
sample rotates with respect to a certain axis. As the
sample rotates, the detector detects signals associ-
ated with the rotation angles, generating angular-
dependent diffraction profiles. In the moving
detector scheme, the position of the sample is fixed,
and the detector rotates with respect to a certain axis.

For the moving detector scheme there are basically
two types of light-scattering geometry: out of plane
and in plane, as shown in Fig. 2. For the in-plane
geometry the detector rotates in a plane parallel to
the sample plane ~us 5 ui 5 constant!; the rotation
xis is the z axis. Still using the reflection direction
s a reference point, we have

k' 5 2k cos u, (4)

kx 5 k sin u~cos Df 2 1!, (5)
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ky 5 k sin u sin Df. (6)

learly, in this case k' is independent of the rotation
angle, and only ki 5 ~kx

2 1 ky
2!1y2 changes with the

rotation angle. Figure 3~a! plots k' and ki as func-
ions of the rotation angle at u 5 45° in the range uDfu

# 10° for the in-plane geometry. In the in-plane
geometry the range of the rotation angle is from
2180° to 180°. The range of ki is from 0 to 2k sin u,
which is determined by the incident angle u. The
reater u, the larger the ki range.
For the out-of-plane geometry the detector rotates

in the incident plane, i.e., the x–z plane ~fs 5 0!; the
rotation axis is the y axis. Usually the reflection
direction serves as a reference point, i.e., us 5 u 1 Du.

fter a rotation, the momentum transfer changes
nto

k' 5 k@cos~u 1 Du! 1 cos u#, (7)

kx 5 k@sin~u 1 Du! 2 sin u#, (8)

ky 5 0. (9)

igure 3~b! plots k' and kx as functions of the rotation
angle at u 5 45° in the range uDuu # 10° for the
out-of-plane geometry. Clearly both kx and k'

change. The range of the rotation angle Du for the
out-of-plane geometry is from py2 2 u to py2 1 u.
Therefore the range of ukxu is from 0 to max@k~1 2 sin
u!, kusin~py2 1 2u! 2 sin uu#.

Using either geometry makes it possible to obtain
the diffraction structure factor, which can provide the
surface roughness information. So far, in most of
the literature on light scattering the out-of-plane ge-
ometry has been used ~see, for example, Ref. 8 and
references therein!. In only a few papers has the
in-plane geometry been considered.5,9–12 However,
as we compare Figs. 3~a! and Fig. 3~b! for the out-of-

lane geometry, both ki and k' change with the ro-
tation angle, whereas for the in-plane geometry only
ki changes with the rotation angle. Therefore we

Fig. 3. ~a! k'yk and kiyk as functions of the rotation angle at u 5
45° in the range uDfu # 10° for the in-plane geometry. ~b! k'yk
and kxyk as a function of the rotation angle at u 5 45° in the range
uDuu # 10° for the out-of-plane geometry.
Fig. 1. ~a! Light-scattering geometry for reflection diffraction and
~b! reciprocal space geometry for reflection diffraction.
Fig. 2. Two types of light-scattering geometry: ~a! in-plane scat-
tering and ~b! out-of-plane scattering.
September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4659
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would expect it to be easier to analyze the diffraction
profile obtained with an in-plane diffraction geometry
than that of the out-of-plane geometry. In this pa-
per we show that the in-plane diffraction geometry
has a considerable advantage over the traditional
out-of-plane geometry in terms of data acquisition
and the analysis of roughness parameters. Using
the in-plane geometry, one can reach the limit of the
lateral resolution for an optical technique. Also, one
can detect the vertical roughness of a surface as large
as the wavelength of the incident beam.

We performed detailed in-plane measurements of a
backside Si wafer and a Cu sample. We obtained
the roughness parameters from the measured scat-
tering profiles and determined the roughness expo-
nent a from the power-law behavior in the tail parts
of the diffracted intensity. We later extracted the a
values and the other roughness parameters ~vertical
root-mean-square roughness w and lateral correla-
tion length j! by using an AFM and compared them
with those obtained by the in-plane light scattering
technique.

2. Diffraction Intensity

In general, the diffraction intensity can be written
as13

I~k! 5 FP~k! p S~k!, (10)

where F is a function that depends on the scattering
angles ~ui, us, fs! and the physical properties of the
ample such as the refractive index, the wavelength,
nd the polarization of the incident beam. P~k! is
he system point-spread function, or the system re-
ponse function; the asterisk represents convolution.
herefore the system response determines the angu-

ar resolution or the reciprocal space resolution of the
ystem. S~k! is the diffraction structure factor. If
he local slope of the surface is small, i.e., u¹zu ,, 1,
ccording to the Kirchhoff approximation the struc-
ure factor S~k! can be written as13

S~k! 5 * C~k', r!exp~iki z r!d2r, (11)

i.e., the structure factor is a Fourier transform of the
height difference function of the surface, C~k', r! 5
^exp~ik'@z~r 1 r! 2 z~r!#!&, where z~r! is the height at
lateral distance vector r and the average is carried
out all over the surface through r. C~k', r! is a
measure of the statistical phase correlations between
surface positions. For a statistically rough surface,
the relative surface heights, z~r! 2 z~0!, usually obey
a Gaussian distribution. The height difference func-
tion has the form13

C~k', r! 5 expF2
k'

2H~r!

2 G , (12)

where H~r! 5 ^@z~r! 2 z~0!#2& is called the height–
eight correlation function. In the case of self-
660 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
affine, homogeneous, and isotropic rough surfaces,
H~r! can be expressed as14,15

H~r! 5 H~r! 5 2w2f ~ryj!, (13)

where w 5 ^@z~r! 2 z##2&1y2 is the interface width and
z# is the average surface height. The function f ~ryj!
is a scaling function that has the following properties
within the short-range and the long-range regions:

f ~ryj! ; H~ryj!2a r ,, j
1 r .. j

, (14)

where a is the roughness exponent; it describes how
wiggly the surface is and is related to the surface
fractal dimension Ds by a 5 3 2 Ds ~note that a must
satisfy 0 # a # 1!. As an example, one can use a
phenomenological function, f ~ryj! 5 1 2 exp@2~ry
j!2a#, which satisfies Eq. ~14!.16 For a surface with a
Gaussian or an exponential autocorrelation function
@defined as ^z~r!z~0!&#, the value of a is 1 or 0.5,
respectively.13,15–19 The lateral correlation length, j,
s the distance within which the surface heights of
ny two points are correlated. The parameters w, j,
nd a characterize the major statistical properties of
self-affine surface.
The structure factor S~k! can be divided into two

arts. One is a sharp central d function associated
with the long-range flatness of the surface; another
one contains a broad diffuse component and is con-
nected to the short-range roughness of the surface:

S~k! 5 Sd~ki, k'! 1 Sdiff~ki, k'!, (15)

where Sd~ki, k'! 5 ~2p!2 exp~2V!d~ki! and V 5
k'w!2. Using the generic form of the height–height

correlation function @Eq. ~13!#, we can write the dif-
fuse part Sdiff~ki, k'! as13

Sdiff~ki, k'! 5 exp~2V! * d2r

3 exp$V@1 2 f ~ryj!#%exp~iki z r!.
(16)

Here we see that the diffuse structure factor is sen-
sitive to the short-range properties of rough surfaces.

At this point we can see one of the motivations for
using an in-plane measurement technique. It can
be seen from Eqs. ~15! and ~16! that the d peak in-
tensity is a function only of V and that the diffuse
profile is a function of both V and ki. If we can
measure the structure factor of a surface in such a
way that we keep k' constant, then we can directly
obtain the lateral roughness parameters j and a from
he diffuse profile. The vertical roughness parame-
er w can be obtained from the d peak intensity at
ifferent k' values. As we discussed above, the in-

plane scattering geometry provides such an opportu-
nity. For the out-of-plane geometry, inasmuch as
both k' and ki change with the change of the polar
angle, Eq. ~16! becomes too complicated to be ana-
yzed.

As we approach the region where V ,, 1, the dif-
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fuse part of the structure factor takes a form that is
directly proportional to the power-spectrum density
~PSD! function of the surface13:

Sdiff 5 ~2p!k'
2 exp~2V!PSD~ki!, (17)

where the PSD is defined to be

PSD~kx, ky! 5
1
AU 1

2p ** z~x, y!exp@i~kx x 1 ky y!#dxdyU2

,

(18)

here A is the area of the scatterer and z~x, y! is the
surface height function. Therefore in this limit we
obtain

S~k! 5 ~2p!2 exp~2V!d~ki!

1 ~2p!k'
2 exp~2V!PSD~ki!. (19)

In addition, a power-law behavior of the form
ki

2222a always exists in the large ki regime @ki ..
ax~1, V!j21# for all values of V and has the form9

Sdiff~ki, k'! < 2pj22aVBki
2222a, (20)

where B 5 22a11 aG~a 1 1!yG~a 2 1!. This power-
law relation also holds for surfaces with non-
Gaussian height distributions.

One can therefore obtain the roughness parameter
a by calculating the slope taken from the tail part of
the log–log plot of Sdiff~ki, k'! versus ki, where k' is

ept constant ~the slope equals 22 2 2a!. Here we
see another advantage of the in-plane measurement
technique. Because k' is kept constant during the
in-plane measurement and we know that there is no
contribution from the d part away from ki 5 0 @see Eq.
15!#, we can easily extract a from the log–log plot of
he structure factor S versus ki. Then the only thing

needed is an efficient in-plane measurement tech-
nique that has the ability to provide large ki values.

One of the challenging parts of our study was to
extract the structure factor from the intensity profile
in the case of scattering from a considerably rough
surface. To do so, one needs to know the angular-
and the material-properties-dependent factor F in

q. ~10!. Starting from different assumptions, one
an find different factors. Here we consider two pos-
ible types of prefactor F that originate from scalar
nd from vector theories.

A. Scalar ~Beckmann–Kirchhoff! Theory

In the scalar theory the predicted diffuse intensity
can be expressed in a series form. As we approach
the limit V ,, 1, only the first term of the series
urvives. In this case the relation between the dif-
use part of the structure factor, Sdiff, and the inten-

sity, I, can be shown to be20,21

Sdiff~k! }
k'

2 exp~2V!l4

FB
2~cos ui 1 cos us!

2 I~k!, (21)
1

where FB is a function of the scattering angle and the
reflectivity R of the sample: FB 5 FB~ui, us, fs, R!.
Explicitly, it is defined as

FB 5
b 1 ~akx 1 cky!yk'

2 cos ui
, (22)

where k 5 2pyl and

a 5 ~1 2 R!sin ui 1 ~1 1 R!sin us cos fs,

b 5 ~1 1 R!cos us 2 ~1 2 R!cos ui,

c 5 ~1 1 R! sin us sin fs.

As V gets larger, relation ~21! should begin to fail
because of the extra terms that come from the series
expansion. Also, shadowing and multiple scattering
effects are some of the basic concerns in the
Beckmann–Kirchhoff theory.22,23 As these effects
become significant, we should expect the Beckmann–
Kirchhoff theory to work worse at large incident and
scattering angles.

B. Vector ~Rayleigh–Rice! Theory

Using the Rayleigh–Rice theory in the limit V ,, 1,
ne can obtain a relation between Sdiff and I that

includes the polarization effects and the sample’s di-
electric constant e ~Ref. 8!:

Sdiff~k! }
k'

2 exp~2V!l4

Q cos2 us cos ui
I~k!, (23)

where Q 5 Q~ui, us, fs, e! depends on the polarization
states of the incident light and the reflected light in
the detector. For the case of right or left circularly
polarized incident light and a polarization-
insensitive detector, Q is found to be ~see Appendix A
or detailed calculations!

Q 5 uqssu2 1 uqppu2 1 uqspu2 1 uqpsu2, (24)

where the elements qkl are given in Eqs. ~A12! below.
The vector Kirchhoff theory is another light-

scattering theory that is worth mentioning. For
small surface roughness and a perfectly conducting
sample ~and with the half-space Green’s function re-
ormulation!, the vector Kirchhoff theory gives the
ame angular factors qkl that one would obtain from

the Raylaigh–Rice vector theory @see Eqs. ~28! for the
alues of angular factors in this limit#. In the case of
cattering from finite conductors, however, the vector
irchhoff theory does not have a complete solution

hat would relate the intensity and the PSD at any
cattering angle.21

The relations can be simplified if we consider the
in-plane scattering case, in which ui 5 us. That is,
the parameters k' ~therefore V!, ui, and us are kept
constant throughout the measurements. Then Eq.
~10! also is simplified to the following result:

S~ki! } FI~ki!, (25)
September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4661
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where F has the values

F ; H1yFB
2 from scalar theory with FB 5 FB~fs, R!

1yQ from vector theory with Q 5 Q~fs, e!
.

(26)

One of our basic aims was to find a suitable pref-
ctor that would link the experimentally obtained
ntensity data to the corresponding structure factor.
f a correct prefactor is found, one can test the reli-
bility of the calculated structure factor by examining
ome characteristic properties of the rough surface,
uch as the power-law behavior mentioned above.
e can calculate the a value from the power-law

ehavior at the large ki regime and compare it with
that obtained from other scanning probe techniques
such as AFM and STM. ~Note that one can calculate
the surface parameters w, j, and a from the real
space height–height correlation function obtained
from AFM or STM.!

3. Experiments

To achieve large ki measurements, we designed an
in-plane light-scattering setup as shown in Figs. 4
and Fig. 5~a!. The incident light was a He–Ne laser

ith a wavelength of 632.8 nm. A spatial filter was
sed to improve the quality of the incident beam. A

ocusing lens was placed in front of and at the back of
he spatial filter to focus the light entering the spatial
lter and to collimate the light after the filter. A
ight circularly polarized incident light was achieved
ith a linear polarizer and a quarter-wave plate

right circular polarization is in the clockwise direc-
ion when viewed in the direction of propagation!.
hen the beam was sent through two apertures to
educe the stray light further. The beam was di-
ected to the sample by two high-precision coated
irrors; we could achieve different incident angles by

djusting the position of the upper mirror @see Fig.
~a!#. After two reflections from these two mirrors
e still had right circularly polarized incident light.

Fig. 4. In-plane scattering experimental setup ~top view!.
662 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
The reflected specular beam from the sample was
absorbed by a black hole. When necessary, neutral-
density filters were also used to reduce the intensity
of the incident light so that it would not saturate the
photodetector. The detector that we used was a
Si-photodiode detector with a 1.1 mm 3 1.1 mm
square-shaped detecting area. We kept the detector
arm length ~;0.5 m! long enough that we were able to
reach a reasonable angular resolution ~;0.12°!. The
detector arm was able to rotate 360° about the sample
normal in the plane parallel to the sample surface.
Also, the detector arm position was adjustable over
the polar angle us, so one could set ui 5 us, which is the
condition for our in-plane measurements. The rota-
tion was performed by a stepper motor. In addition,
the stage was isolated by black-painted boards so
that the measurement would not be affected by stray
light scattered by other optical components.

The scattered intensity was measured with the
help of lock-in techniques ~see Fig. 4!. The chopper

rovided reference signals for the two lock-in ampli-
ers that we used. The intensity of the scattered

ight from the sample was measured with the photo-
iode detector, which was placed at the end of the
rm. We also placed another Si-photodiode detector
djacent ~see Fig. 4! to the chopper blade, so we were
ble to monitor the intensity fluctuations of the inci-
ent beam. Therefore the scattered intensity could
e readjusted by the incident intensity fluctuations
imultaneously during the experiment, and the ef-
ects of incident intensity fluctuations were mini-
ized. Data acquisition was controlled by a

omputer through the use of a LabView program.

Fig. 5. ~a! In-plane scattering experimental geometry ~side view!
and ~b! out-of-plane scattering experimental geometry.
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The LabView program was capable of controlling the
two lock-in amplifiers and the stepper motor through
two RS232 serial ports and a National Instruments
data-acquisition card, respectively. The detector
arm could be rotated by use of the optional step an-
gles of 0.1°, 0.2°, and 0.5°.

Before the data were taken, the whole system was
optimized to give a maximum signal-to-noise ratio.
Then we performed the in-plane measurements on
the samples including two backside Si wafers and one
electroplated Cu film. Using the configuration
shown in Figs. 2~a! and 5~a!, we swept the detector
hrough angle fs from 2p to p. The detector arm

was rotated with a step angle of 0.1°. At each step
the computer program adjusted the lock-in amplifier
to the highest sensitivity, and 10 readings were ac-
cumulated to improve the signal-to-noise ratio. The
average intensity value was recorded, along with its
standard deviation. We repeated the in-plane mea-
surements with incident angles ~ui! of 48°, 75°, and
83° for the backside Si wafer and of 52° for Cu. Be-
cause of the saturation of intensity in the detector
near the specular beam, we performed additional
near-specular beam measurements with a neutral-
density filter and multiplied the measured intensity
data by the factor 1ytransmissivity of the filter.

For comparison, we also performed out-of-plane de-
tection from the backside Si wafer, as shown in Fig.
5~b!. As we discussed in Section 1, the only differ-
ence in this geometry from that for in-plane detection
is that the detector rotates in the plane of incidence.

Real space measurements were also performed by
the AFM technique. AFM scans were obtained with
a Park Scientific Instruments Auto Probe CP with
Si3N4 tips. The typical radius and the tip side angle
were approximately 10 nm and 10°, respectively.
The sampling AFM images for the backside Si wafer
and the Cu film are shown in Figs. 6~a! and 6~b!,
respectively. The roughness parameters a, w, and j
obtained from the height–height correlation function
analysis are listed in Table 1.

4. Results and Discussions

A. In-Plane Diffraction Profiles

In Fig. 7 we show the measured in-plane intensity
profiles of the backside Si sample for incident angles
48°, 75°, and 83°. As we discussed in Section 1, all
three profiles are symmetric. The diffraction pro-
files have two components, for incident angles 75°
and 83°, a very sharp central peak, and a broad dif-
fuse profile, which is consistent with the prediction of
Eq. ~15!. The central peak intensity for the 75° in-
cident angle is smaller than that of the 83° incident
angle because as ui decreases, k' increases, resulting
in increasing V for the same rough surface. As ui
decreases further, as for the case of ui 5 48°, the
sharp central peak of the profile disappears, and the
diffuse profile becomes much broader than in the
other two cases. These are the general features pre-
dicted by the diffraction theory.10,13
1

B. Comparison of In-Plane and Out-of-Plane Diffraction
Profiles

Figure 8 shows the diffraction profile obtained from
the out-of-plane diffraction geometry for the same
backside Si wafer at 75° incident angle. Clearly the
diffraction profile obtained by the out-of-plane setup
is highly asymmetric, as discussed in Section 1.

Because, for the out-of-plane geometry, both k'

and ki change with the rotation angle, Eq. ~16! be-
omes too complicated to be analyzed. It is only
hen V 5 ~k'w!2 ,, 1 ~also wyj ,, 1! that Eq. ~17!

is valid. Then the change of k' acts only as an an-
gular factor, which is separated from the PSD.
Therefore one should have w ,, l to satisfy the V ,,
1 condition. For example, during an out-of-plane
measurement k' may take values to as high as the
order of ;4pyl; and, for l 5 0.6328 mm, we should
have w , 500 Å to make sure that at least V , 1.

However, for the in-plane geometry, because V is
fixed for a fixed incident angle, the analysis is much
simpler. For small V, the diffuse part of the struc-

Fig. 6. AFM images of ~a! a backside Si wafer for a 90 mm 3 90
mm sampling size and ~b! a Cu film surface for a 20 mm 3 20 mm
sampling size.

Table 1. Calculated a, w, and j Values from AFM Measurements for a
Backside Si Wafer and for an Electroplated Cu Film

Material

AFM Measurements for

a w ~mm! j ~mm!

Si 0.89 6 0.02 0.29 6 0.01 3.75 6 0.03
Cu 0.72 6 0.01 0.0273 6 0.0005 0.50 6 0.01
September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4663
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ture factor is simply proportional to the PSD of the
surface. Also, with an in-plane geometry, the mea-
surement of w does not require that w ,, l as long as
wyj ,, 1 is satisfied.10,22,23 Therefore the in-plane
geometry can expand the measurement of the verti-
cal roughness range to as high as w ; l with a
detector of good dynamic range and with large inci-
dent angles providing small k'.24 By changing the
incident angle, one can obtain the diffraction struc-
ture factor for different V values.

C. Extraction of Diffraction Structure Factors for a
Backside Si Wafer

To obtain the diffraction structure factor, we cor-
rected the intensity profiles by using the correction
factor F that was presented in relation ~25! and Eq.
26!. Both scalar and vector theories were applied to
escribe F. Then, based on approximation ~20!, we

Fig. 7. In-plane intensity profiles of a Si backside for incident
angles 83°, 75°, and 48°.

Fig. 8. Diffraction profile obtained from the out-of-plane diffrac-
tion geometry for the same backside Si wafer as for Fig. 7 at a 75°
incident angle.
664 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
xtracted the roughness exponent a from the tails of
he structure factors. The extracted values of a
ere then compared with that obtained from the
FM measurements. As we performed the intensity
orrection, the experimentally obtained front ~flat!
ide Si wafer reflectivities ~R 5 $0.336, 0.322, 0.444%
or ui 5 $48°, 75°, 83°%! and theoretical complex di-
lectric constant value ~e 5 15.07 1 i0.15! were
sed.25 Figure 9~a! shows the corrected in-plane dif-

fraction profiles for the backside Si wafer at an inci-
dent angle of 83° for both scalar and vector theories.
Note that we have labeled the structure factors ob-
tained from Rayleigh’s vector and Beckmann’s scalar
theories, respectively, SQ and SFB. Clearly, differ-
ent correction factors give quite different structure
factors for the backside Si wafer. To calculate the
roughness parameter a, we plotted the intensity and
tructure factor profiles on a log–log scale ~see Fig.
0!. As described above, on a log–log scale the slope

Fig. 9. ~a! Normalized and corrected diffraction profiles from both
calar and vector theories for the in-plane diffraction intensity of
he backside Si wafer at an 83° incident angle. Curve a, the
ormalized intensity. Structure factors labeled SQ ~curve b! and
FB ~curve c! are obtained from the Rayleigh vector and the Beck-
ann scalar theories, respectively. ~b! In-plane light-scattering

ormalized intensity profile and normalized corrected structure
actors for the scattering from an electroplated Cu film with a 52°
ncident angle.
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of the profile at a large ki region gives the a value
ith a slope of 22 2 2a. As 0 # a # 1, the value of

he slope should be 22 to 24. Figure 10 shows that
nly the vector theory gives a reasonable slope value
f approximately 23.84.
Tables 1 and 2 list comparisons of the extracted a,

w, and j values obtained by AFM measurements and
values from the in-plane light-scattering measure-
ments for different incident angles. Roughness pa-
rameters w and j obtained from the diffraction profile
agree well with the AFM measurements. We can
also see that, for large incident angles, only the a
values obtained from the structure factors based on
the vector theory ~SQ! appear to be very close to the
values obtained from the AFM analysis. At the
large incident angle of 83°, which gives the best a
value from the vector theory analysis, we have V 5
k'w!2 . 0.5. This suggests that the V ,, 1 condi-
ion of relation ~23! can be relaxed to V , 1. Zhao et
l. reported a similar observation in their paper.10

As V gets larger ~;1.5 and ;14.8 for the incident
angles of 75° and 48°, respectively!, however, the vec-
tor theory also begins to fail.

We also checked the effect of multiple scattering
and shadowing effects in our experiments for back-
side Si wafers. These effects can play a role espe-
cially in the large incident and scattering angle
profiles predicted by the scalar theory.22,23 But even
at ui 5 83° we have tan21~wyj! . 4°, which is still

Fig. 10. Normalized intensity and structure factors versus ki pro-
les of the backside Si wafer at an 83° incident angle on the log–log
cale.

Table 2. Calculated a, w, and j Values from the In-Plane Light-Scatter

Material ui ~deg!

a

From SQ

Si 48 2.10 6 0.06
75 0.84 6 0.02
83 0.92 6 0.02

Cu 52 0.73 6 0.01
1

smaller than the grazing angle of ~90° 2 83°! 5 7°.
Therefore surface slopes are not deep enough to cause
severe multiple scattering. We followed Wagner’s
formula to estimate the shadowing effects.23 Again,
even at the incident angle of 83°, the ratio of the
apparent interface width to the true interface width
is ;0.99993. That is to say, shadowing effects also
can be neglected in our measurements. Therefore
the failure of the scalar theory should be due to the
large values of V invalidating relation ~21!.

D. Scattering from a Cu Film

For scattering from a metal surface, one would expect
the scalar and the vector theories to give similar re-
sults. Figure 9~b! shows the in-plane light-
cattering intensity profile and the corrected
tructure factors for the scattering from an electro-
lated Cu sample with a 52° incident angle. We can
ee that the corrected structure factors obtained from
he scalar and the vector theories are very close. In
act, because Cu is a good conductor, we find a reflec-
ivity of R ' 1. Therefore, with ui 5 us 5 u, we get

FB
2 5

1 1 cos2 u 2 sin2 u cos fs

2 cos2 u
(27)

for an in-plane setup.
In the limit of a perfect conductor, e approaches

infinity, and polarization-dependent elements of Q,
efined in Eq. ~A12! below, can be simplified as

qss 5 2cos fs,

qsp 5 ~sin fsycos u!,

qps 5 2~sin fsycos u!,

qpp 5 ~sin2 u 2 cos fs!ycos2 u. (28)

Because for circularly polarized light we have Q 5
uqssu

2 1 uqppu2 1 uqspu2 1 uqpsu
2, a detailed calculation

reveals that Q } FB
2, i.e., the scalar and the vector

theories should give the same correction factor in the
limit of a perfectly conducting surface.

Table 2 lists the a values for Cu obtained from the
diffraction tails after the angular corrections. They
are quite close to the value obtained from AFM.
From Table 2 we can see that the other roughness
parameters, w and j, obtained from the diffraction

rofile are also consistent with those in Table 1 ob-
ained from the AFM measurements.

easurements for a Backside Si Wafer and for an Electroplated Cu Film

ight Scattering

w ~mm! j ~mm!om SFB

6 0.03
6 0.02 0.20 6 0.01 3.96 6 0.05
6 0.02
6 0.01 0.0340 6 0.0005 1.10 6 0.05
L

Fr

2.12
1.22
1.58
0.73
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In conclusion, we have shown in detail the advan-
tage of using the in-plane method for measuring light
scattering for a rough surface. The momentum
transfer perpendicular to the sample surface k' is
fixed, so the calculation of the structure factor from
an intensity profile and therefore data analysis is
much easier than for the out-of-plane geometry.
Under the condition that wyj ,, 1, the in-plane ge-
ometry can expand the measurement of the vertical
roughness range to as high as w ; l.

Also, our experimental results show that both the
scalar and the vector theories work well for a per-
fectly conducting and small roughness film. But, in
the case of a much rougher semiconductor sample,
the vector theory works better as long as we have V 5
~k'w!2 , 1. None of the a values obtained from the
Beckmann–Kirchhoff scalar theory is consistent with
the AFM results. The shadowing and multiple scat-
tering effects are expected to be insignificant.
Therefore the scalar theory is believed to fail because
the value of V at which relation ~21! becomes invalid
is insufficiently small.

Appendix A

Barrick, in his work on radar cross sections for rough
surfaces,26 presented the polarization dependence of
the scattering matrix elements. The scattering ma-
trix is a tool with which incident and scattered field
vector components can be related and is represented
as follows:

FE1
s

E2
sG 5 @S#FE1

i

E2
iG , (A1)

where E1 and E2 are the complex electric field com-
ponents along the orthogonal basis vector directions.
The scattering matrix has the elements

@S# 5 Fa11 a12

a21 a22
G , (A2)

here each of the aij elements above is a complex
number ~has both amplitude and phase! and relates
the jth component of the incident field vector to the
ith component of the scattered field vector.

The most familiar vector basis is the one formed by
unit vectors p̂ and ŝ, where p̂ lies in a plane contain-
ing the z axis and the propagation vector k ~see Fig.
1! and ŝ lies in the plane that is perpendicular to the
p̂ plane. Any electric field vector can be represented
on this basis as

E 5 Es 1 Ep 5 Esŝ 1 Ep exp~id!p̂, (A3)

here d is the time phase angle by which Ep leads Es.
On this basis of linearly polarized field vectors, we
can rewrite Eq. ~A1! as

FEs
s

Ep
sG 5 Fass asp

aps app
GFEs

i

Ep
iG . (A4)

Right and left circularly polarized unit basis vec-
ors R̂ and L̂, respectively, also form an orthogonal
et ~here we use the Institute of Electrical and Elec-
666 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
tronics Engineers standards, in which right circular
polarization is in the clockwise direction as viewed in
the direction of propagation and left circular polar-
ization is in the counterclockwise direction!. We can
represent any electric field on this basis as

E 5 ER 1 EL 5 ERR̂ 1 EL exp~iC!L̂, (A5)

here C is the time phase angle by which EL leads
R. Therefore, on the basis of circularly polarized

field vectors, we can rewrite Eq. ~A1! as

FER
s

ES
sG 5 FaRR aRL

aLR aLL
GFER

i

ES
iG . (A6)

Matrix notation provides a convenient representa-
tion of the transformations of a wave between the
linearly and the circularly polarized systems. These
transformations are

FER

ES
G 5

1

Î2
F1 2i
1 1iGFEs

Ep
G ,

FEs

Ep
G 5

1

Î2
F 1 1
1i 2iGFER

EL
G . (A7)

Also, the individual matrix elements of the circular
scattering matrix are related to the linearly polarized
elements by

aRR 5
2app 1 ass 2 i~asp 1 aps!

2
,

aRL 5
1app 1 ass 1 i~asp 2 aps!

2
,

aLR 5
1app 1 ass 2 i~asp 2 aps!

2
,

aLL 5
2app 1 ass 1 i~asp 1 aps!

2
. (A8)

The scattering cross section s is defined to be 4p
times the power delivered per unit solid angle in the
direction of the detector divided by the power per unit
area incident at the target surface. Therefore we rep-
resent the scattering cross section for an l-polarized
incident and a k-polarized scattered wave as

skl 5 4pr2 ~Ek
s z Ek

s*!

~El
i z El

i*!
, (A9)

where r is the distance from target surface to detec-
tor. Scattering cross-section elements are related to
those of scattering matrix @S# by

skl 5 4pr2uaklu2. (A10)

Barrick has used the Rice model to obtain the scat-
tering cross section for the diffuse part of the scat-
tered wave from a rough surface. The model is a
perturbation technique for far fields ~large r! and
ssumes that the roughness is small ~V , 1!, the
urface slopes are relatively small ~wyj , 1!, and the
oughness is isotropic. For an incident beam that
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has circular shape and uniform intensity, the diffuse
part of the average scattering cross section per unit
illuminated surface area is ~see Fig. 1 for the angles
of scattering!

gkl
diff 5

^skl
diff&

~Aycos ui!

5 4p S2p

l D4

cos2 ui cos2 usuqklu2 PSD~ki!, (A11)

where A is the illuminated area when the incident
beam comes normally to surface, l is the wavelength
of the wave, and ki 5 ~kx

2 1 ky
2!1y2, where kx and ky

are defined in Eq. ~2!. Scattering angles ui, us, and
fs are shown in Fig. 1. The quantity qkl is directly
proportional to the scattering matrix elements.
Therefore, after we know all qkl for a particular type
f polarization system ~e.g., linear or circular!, we can
alculate them for the other type of polarization sys-
em through transformations given in Eqs. ~A8!.
or the case of a linear polarization system ~e.g., s-
nd p-polarization states of incident wave and detec-
or sensitivity! and for a nonmagnetic target surface
m 5 1!, Barrick’s results give
~

s

here e is the relative permittivity of the surface.
arrick also gives the elements qkl for the circular

polarization system ~e.g., R- and L-polarization states
of incident wave and detector sensitivity!, which are
related to linear polarization elements by

qRR 5
2qpp 1 qss 1 i~qps 1 qsp!

2
,

qRL 5
qpp 1 qss 2 i~qsp 2 qps!

2
,

qLR 5
qpp 1 qss 1 i~qsp 2 qps!

2
,

qLL 5
2qpp 1 qss 2 i~qps 1 qsp!

2
. (A13)

Therefore we can substitute elements of Eqs.
~A13! into Eq. ~A11! to get the elements of ^skl

diff&.
1

Later we can find the magnitudes of complex scat-
tering matrix elements uaklu from Eq. ~A10!. After

e know uaklu, we can set akl 5 uakluexp~iFkl! and
alculate the magnitudes of scattered fields from
q. ~A6! and by use of the definition uEk

su 5 ~Ek
s z

Ek
s*!1y2. The last equation that we get relates in-

cident and scattered field magnitudes through the
incident and scattering angles, wavelength of the
beam, PSD of the surface, and polarization- and
permittivity-dependent quantities. Because the
experimentally measured intensity is proportional
to the square of the field amplitude, after some
algebra we find that

~i! For the right circularly polarized incident light
Ei 5 ERR̂! with intensity Ii } uERu2, the diffuse part

of the measured scattered intensity at constant r is
proportional to

Is~k! } uERR
su2 1 uELR

su2 } IiQR cos2 us cos uil
4 PSD~ki!,

(A14)

here QR 5 uqssu
2 1 uqppu2 1 uqspu2 1 uqpsu

2, and qkl is
given by Eqs. ~A12!.
~ii! For the left circularly polarized incident light
Ei 5 ELL̂! with intensity Ii } uELu2, the diffuse part

of the measured scattered intensity at constant r is
proportional to

Is~k! } uERL
su2 1 uELL

su2 } IiQL cos2 us cos uil
4 PSD~ki!,

(A15)

where QL 5 uqssu
2 1 uqppu2 1 uqspu2 1 uqpsu

2, which is
just equal to QR in relation ~A14!.

Therefore the scattered wave intensity has the
ame polarization-dependent factor ~Q 5 QL 5 QR!

whether the incident beam is right or left circularly
polarized.
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,
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~e 2 1!Îe 2 sin2 us sin fs
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~1 2 e!Îe 2 sin2 us sinfs

~cos ui 1 Îe 2 sin2 ui!~e cos us 1 Îe 2 sin2 us!
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~e 2 1!~e sin ui sin us 2 Îe 2 sin2 us Îe 2 sin2 ui cos fs!

~e cos ui 1 Îe 2 sin2 ui!~e cos us 1 Îe 2 sin2 us!
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