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Large angle in-plane light scattering from rough surfaces: comment
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A recent paper by Karabacak et al., which discussed the scattering from rough surfacesin
directions out of the plane of incidence, exhibited an error in the derivation of a
polarization factor. An asymmetry in the scattering function for directions out of the
plane of incidence and for circularly polarized incident light is predicted by the correct
derivation of this factor and can be observed in their data.
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It is sometimes assumed that circularly polarized light can be used interchangeably
with unpolarized light in an optical experiment. The former is a wave whose projections
along two orthogonal directions have equal amplitude and a fixed relative phase 12,
while the latter has a random phase between the two projections, varying either in time or
in space. A specific example of how these two optical states are not equivalent can be
found in the scattering of light from a single rough metallic interface. When light is
incident on such a surface at an oblique angle with circular polarization, the intensity of
light diffusely scattered towards one side of the plane of incidence differs from that
scattered towards the other side. This effect can be observed in data recently published
by Karabacak et al® for scattering from an electrodeposited copper surface. However,
due to an error in their derivation of a polarization factor, they overlooked this effect.
This Comment seeks to point out this interesting phenomenon and the error in their
derivation.

The differential intensity dPs of light scattered by a single rough interface in the small
amplitude perturbation limit is related to the power spectral density (PSD) function
S(k,) of the surface height function by the expressi on’

dP, = (167°/A*)cosf cos® 6, QS(k )R dQ, (1)
where A is the wavelength of the light, 4 is the incident angle, &; is the scattering angle,

Pi is the incident power, and dQ is the differential solid angle. The surface wavevector
k, probed by a specific scattering geometry is given by the Bragg relationship and has

components

K, =2n(sinf,cos@ —sinf)/ A, (2a)
k, =2nsing,sin@/A. (2b)
The factor Q is afactor derived from the scattering matrix elements,
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where ¢ is the complex dielectric function of the material evaluated at the wavelength A,
@ is the azimuthal angle of scattering, the first index represents the polarization of the

scattered light, while the second index represents the polarization of the incident light.
When p-polarized light isincident upon a sample, for example, the factor Q is

2 2
Q, =[Gpp| *|dg| - (4)
The article by Karabacak et al.! describes a measurement whereby circularly polarized
light was incident upon the sample, and the intensities scattered by rough silicon and
copper surfaces were measured with a polarization-insensitive detector.  The
measurements were performed by varying @ with fixed 8 = 6., in what they refer to as

an “in-plane” geometry.For right-hand and left-hand circularly polarized light incident
upon the sample, the respective fact@rare given by

Qg = |qRR|2 +|qLR|2' (5a)
Q :|qRL|2 +|qLL|2’ (5b)

where the matrix elements in the circular basis are related to those in the plane-
polarization basis by

Orr =[Oy + s +1(dps +05)1/ 2, (6a)
Or = [0y + 05 —i(dy, — a1/ 2, (6b)
Or =0y + O +i(dg, =)l 2, (6¢)
A =[—dyp + 9 —i(0, +05,)]/ 2. (6d)

Substituting Egs. (6) into Egs. (5) and performing some algebra, we arrive at
2 2 2 2
Qe = [0+ [ +Jtg " [
+2Imq, Req,, —2Imq,, Req (7a)

+2Imqg Req,, —2Imq,, ReqS)/Z,

2

Q= ([0l + [0+ [0 +[0e
-2lmq, Req,, +2Imq,, Req, (7b)

-2lmgg Reqg, +2Imq Reqss)/z.

These expressions f@r andQ, differ from those given after Eqs. (A14) and (A15) of
Karabacaket al.® They determined, incorrectly, that these factors should be identical to
the factor appropriate for unpolarized incident light,

Q = (|l +[ae]” + o]+ ) 2. ®)

Such an error can be made if one ignores the relative phases between the different matrix
elementSs, pp, Gsp, @NAQps.




The factors Qg and Q. are only equal to Qu in certain cases, such aswhen £ -1 isred
and positive, or in the plane of incidence, where q,, and g, are zero. For silicon at the

wavelength used in the study, A = 633 nm, the dielectric function is* ¢ = 15.1 + 0.1i,
which approximately satisfies the first of these conditions. For copper, the dielectric
function is* £ = —11.6 + 1.7i, and the cross terms in Eq. (7) do not vanish. Copper at
visible wavelengths is not a perfect conductor, so that using the perfectly conducting
form of the scattering matrix would be a poor approximation. If the power spectrum of
the roughness is isotropic [ S(k ) = S(k;) ], the cross terms in Egs. (7) lead to a difference

between the scattering intensity for positive and negative @ for either left or right
circularly polarized light incident at an oblique angle. This effect isonly evident for non-
zero @, that is, in directions out of the plane of incidence, a geometry that exhibits
handedness.

The predicted asymmetry can be observed in the data of Karabacak et al. Figure 1
shows their data, for scattering from silicon and copper, as originaly plotted and for
@ - —@. Theincident light was right-circularly polarized (clockwise when viewed in

the direction of propagation®). The data for the rough backside of asilicon wafer shows a
symmetric scattering distribution. In comparison, a distinct asymmetry to the scattering
function for the electroplated copper sample can be observed. Figure 2 shows the
Q:()/Qx(—@) predicted by Egs. (3) and (7) compared to that extracted from the data

The sign of the effect is reproduced, while the absolute magnitude of the effect is
underestimated. To account for an oxide film which may have been present, we have
calculated the predicted behavior of a 12 nm conformal Cu,O film using small amplitude
perturbation theory.> The existence of afilm, however, is difficult to account for without
knowing its thickness, its composition, and the statistics of the roughness functions of the
two interfaces.

It is relatively easy to understand why incident light polarized linearly at 45° from
either p- or s-polarization would generate an asymmetric scattering pattern.® Induced
dipoles in the materia will be preferentialy aligned in the direction of the local electric
field, and will radiate perpendicular to those dipoles. The intensity of the light will
therefore be lower on that side of the plane of incidence pointed to by the electric field.
This effect can be observed even for insulating rough surfaces. For circularly polarized
incident light, an understanding of the effect is more subtle. Circularly polarized light
incident upon a metallic surface or a surface with films generally becomes elliptically
polarized upon reflection with its major axis tilted from the plane of incidence. The side
towards which the major axis becomes tilted depends upon the handedness of the incident
circular polarization. As for linearly polarized incident light, the material would be
expected to radiate less in the direction of the major axis of the reflected polarization
ellipse.

Finally, a typographical error exists in the g, in Eq. (A12) of Karabacak, et al. The
expression for g, should read as shown abovein Eq. (3b) or in Ref. 2.

I would like to thank Tansel Karabacak for sharing their origina data and
John C. Stephenson for some insightful comments.
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Fig. 1. (a) Normalized scattering function at an incident angle of 83° as a function of
azimuthal scattering angle @ from the rough backside of a silicon wafer, shown with the

original data (open symbols) and after the transformation ¢ — —@ (closed symbols). (b)

Normalized scattering function at an incident angle of 52° as a function of azimuthal
scattering angle ¢ from an electroplated copper film, shown with the original data (open

symbols) and after the transformation ¢ — —@ (closed symbols). Dataare from Ref. 1.
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Fig. 2. Theratio Qz(@)/Q:(-@) measured by Karabacak, et al. (points), calculated
from Egs. (3) and (7) (solid curve), and calculated for a 12 nm conformal Cu,O film.



