Light-scattering characterization of transparent

substrates
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Angle-resolved light scattering has been used for decades to quantify the surface roughness of optical
components. However, because this technique is affected by the contribution of both interfaces of the
sample, it cannot be applied to transparent substrates. We show how to overcome this issue and apply

these principles to the characterization of superpolished samples.
120.5820, 120.6660.
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1. Introduction

Far-field light scattering has been extensively stud-
ied these past decades'-19 as a technique for surface-
roughness characterization. In the case of opaque
samples, using both angle-resolved-scattering (ARS)
measurements and a specific electromagnetic theory,
we can deduce the surface-roughness spectrum,
which once integrated provides a root mean square of
the roughness in the optical bandwidth. Rough-
ness values can currently be measured down to 0.1 A,
with a relative accuracy of approximately 3%.

However, this technique is valid mainly in the case
of opaque substrates. When the substrates are trans-
parent, scattering from both interfaces is simulta-
neously collected by the receiver in the far field, so
that additional discrimination is required.11.12 In this
paper we present the modifications we performed to
the experimental setup, which are based on geomet-
rical considerations, to overcome this issue.

2. Characterization of Opaque Substrates

For a single surface whose irregularities are assumed
to be much smaller than the illumination wave-
length, a simple relationship issued from first-order
theory®:26.13-15 gllows us to determine the surface
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properties from the angular data of the scattering
pattern:

16, &) =C7(6, ) (6, ¥), (1)

where 6 and ¢ are the normal and polar angles, re-
spectively, that describe a scattering direction in the
far field (as illustrated in Fig. 1) and C*(0, ¢) is an
optical factor that takes into account the material
index, polarization, and wavelength. C™ is defined for
normal illumination and natural light in reflection
(C7) or in transmission (C*) by
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The roughness spectrum (6, ¢) of the surface is
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Fig. 1. Scattering angles.
given by
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where £ is the Fourier transform of the surface profile
h(r) = h(x, y); S is the illuminated area on the sam-
ple, and o = 2m(sin 6/\){cos ¢; sin ¢} = 27y, where v
is the spatial frequency. With Eq. (1) the spectrum
can be extracted from measurements, which allows
us to quantify the roughness value 3, or root mean
square, in the optical bandwidth:

62=l h*(r)dr = d 7
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o

with dr = dx dy and do = do, do,.
These results have been extensively published in
the past.1.2.14.16

3. Case of Transparent Substrates

In the case of transparent substrates, both substrate
interfaces give light scattering, as illustrated in
Fig. 2.

As shown in Fig. 3, the incident light is first scat-
tered by interface 1 in reflection (Z;7) and in trans-
mission (I; 7).

If v, is the roughness spectrum of interface 1 and
C,” and C;" are the factors defined in Egs. (2) and (3)
in reflection and transmission, respectively, we can
write

I =Ci v, (8)

I1+ = C1+'Yl- 9)

I,” will then be reflected on interface 2 and transmit-
ted through interface 1 before being measured in the
reflected half-space. So, as seen from the detector, the
contribution I’ of the light scattered in transmission
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Fig. 2. Light scattering in transparent substrates.

through interface 1 is
Ilt = RBC1+Yla (10)

where R is the angular reflectance and B is the an-
gular diffuse transmittance of the glass—air interface
defined by®-11

B:T(no)2 cos 60‘ 1)

ng) cos 6,

On the other hand, we can consider the light trans-
mitted through interface 1 and scattered by interface
2 (Fig. 4) with intensity I,. If we define the incident
intensity on interface 1 as I, taking into account the
multiple reflections inside the substrate, the incident
intensity on interface 2 is

T

[=—
" 1-R?

IO’ (12)

so that we have
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Fig. 3. Light scattered by interface 1 in a transparent sub-
strate.
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Fig. 4. Light scattered by interface 2 in a transparent sub-
strate.
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Then I, is transmitted through interface 1. So the
contribution I’ of the light scattered by interface 2 is

Iztz BL,. (14)

Finally, the scattered light coming from both inter-
faces and measured in the reflected half-space is
given by

1(0) = I, (8) + I,'(6) + I/ (6)

=C; vi T RBC ™y, + BCy y.. (15)

1-R?

Ifthe sample is studied in the same way as an opaque
sample with a single interface reachable, a roughness

1.00E+07

spectrum <y can be deduced as follows:

(16)

where C(0) = C, (0).
So the equivalent roughness spectrum v,, deduced
from the I measurement for interface 1 is in fact
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So we can see that the roughness spectrum vy deduced
for interface 1 is different from both y; and vy, and
that it is not an obvious combination of y; and v,. In
Fig. 5 the equivalent spectrum v, is plotted for two
spectra simulating vy, and v, for the case in which
Y1 = 7vs. This shows that in the case of transparent
substrates, the spectrum deduced from a classical
measurement contains an error due to the second-
interface contribution that is not negligible.

So, in the case of transparent substrates, to provide
an adequate sample characterization, one must dis-
criminate between the light scattered by both inter-
faces. Several solutions were proposed a few years
agol” with limited success, based on simultaneous
data analysis in the reflected and transmitted half-
spaces. We propose here a simple solution based on
geometrical considerations, which permits the isola-
tion of the scattering from each face.

4. Experimental Setup and Theoretical Investigation

The measurements were carried out on a scatterom-
eter developed at the Fresnel Institute and were

—
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Fig. 5. Difference between real and equivalent spectra.
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Fig. 6. Side view showing the separation of both faces using the geometrical approach. (a) Definition of the equivalent thickness of the
sample as a function of the scattering angle. (b) Visualization of the areas illuminated and measured by the scatterometer on each interface

of the sample.

based on the collection in the far field of scattered
light by a detector placed on a rotating arm.'® We now
describe those modifications realized to perform the
present study.

An elementary optical system was added on the
rotating arm, between the sample and the collecting
optical fiber. This optical system is defined in the
simplest way by the fixation of a pinhole in the direc-
tion of the measured direction 6, as illustrated in Fig.
6. The eligible parameters are D, and D,, the distance
from the hole to the sample and from the hole to the
optical fiber, respectively, with ¢ the diameter of the
hole. Adjustment of these parameters allows inter-
face discrimination optimization.

We can see in Fig. 7 that using this optical system
allows an area S; to be fully captured by the scatterom-
eter on the front interface of the sample, and in the

On the front face

On the rear face

A,
\/p =P

Fig. 7. Top view showing the separation of both faces using the
geometrical approach.

same way, an area S, can be fully captured by the
captor on the rear sample interface. S; and S, can be
defined as a function of parameters ¢, D,, and D,. In
other words, the optical fiber can collect only light scat-
tering that originates from S; and S,. These surfaces
are ellipsoidal, and their areas vary with angle 6.
Therefore all parameters must be chosen to reduce or
increase the ratio S;/S,, so that one surface can be
measured regardless of the other. To go further we
define the capture ratio by

S, N X, (face 2)

=, 18

S;N X, (face 1) (18)
where >,; and >, are the illuminated areas on each
interface, (S; and S,) are the areas measured by the
captor on each interface, and S; N X,; is the area
common between S; and ;. This ratio permits the

Capture ratio
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Fig. 8. Capture ratio for different sample thicknesses.
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Fig. 9.
reflectance distribution function.

quantification of the amount of scattering from inter-
face 2, which is simultaneously collected with the
scattering from interface 1. All parameters in Fig. 6
can be calculated by trigonometric relations and nu-
merical implementations. The visible areas depend
on the thickness sample and, more precisely, on the
equivalent thickness e’, which is

) e cos 0
7 (n2—sin®0) (19

In Fig. 8 the capture ratio is numerically calculated
as a function of the scattering angle 6 for different
values of the sample thickness. These results were
obtained with D; = D, = 20 cm and ¢ = 1 mm.

It must be noticed that the capture ratio equals
zero in a limited angular domain, provided that the
sample is thick enough. In this case the front inter-

Intensity scattered I by a superpolished transparent substrate measured without the separation system. BRDF, bidirectional

face can be insulated. The same technique can then
be used to characterize the other surface (rotation of
sample perpendicular to its plane).

5. Application

To validate the technique, we used 9 mm thick optical
polish-quality fused-silica samples. Light-scattering
measurements were performed first without the sep-
aration system (Fig. 9) and then with the separation
system (Fig. 10). In this last measurement configu-
ration, when the incident light arrives on interface 1,
we measure ;. Then the sample is turned and illu-
minated on interface 2, and I,’ is measured.

On the one hand, we can see a difference in the
scattering level, depending on whether the separa-
tion system is used. On the other hand, we note that
there is a higher intensity gap between the two mea-
surements when the separation system is used.
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Intensity scattered I; and I, by each interface of a superpolished transparent substrate measured with the separation sys-
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Fig. 11.
coming from the sample side).

Let us now see whether the experiment confirms
what we saw in Section 4. The roughness spectra v;
and v, of interfaces 1 and 2, respectively, were calcu-
lated with Eq. (1) from the intensities I; and I,’, re-
spectively, given in Fig. 10 and measured with the
separation system. The spectrum v,;’ of interface 1
was deduced from the intensity I measured without
the separation system and shown in Fig. 9. In addi-
tion, the equivalent roughness spectrum ., of inter-
face 1, calculated with Eq. (17), which is expected
knowing vy, and vs,, is plotted in Fig. 11. First, we can
see that y; and v, are different from each other and
that vy, and v, are lower than v,’, confirming the
results given in Figs. 9 and 10.

Moreover, we notice that the calculated spectrum v,
has the same level as that of the measured spectrum
v1'. We can then deduce that the v; and v, spectra are
the real spectra of interfaces 1 and 2, respectively.

To finish, we can quantify the roughness values of
each interface and compare them with the values that
should be obtained in the absence of the separation
system. Results are shown in Figs. 9 and 10. In Fig. 9
the two curves correspond to the measurement of the
same sample insulated on one interface and then on
the other. The curves are nearly the same, with a
roughness value close to 1.4 nm. In this case both in-
terfaces are contributing to light scattering, and the
result is nearly the same regardless of the illuminated
interface. In Fig. 10 we can see that the separation
system permits the measurement of the differences
between both faces. In this case the roughnesses de-
duced are 0.47 nm for interface 1 and 0.77 nm for
interface 2.

6. Comparison with Atomic Force Microscopy
Measurements

The final verifications were performed by atomic
force microscopy (AFM). Previous studies!4-16.18 have

Calculated and measured roughness spectra (higher spectra values for higher scattering angles are due to the parasite light

shown that it is possible to predict angular light scat-
tering through the measurement of the surface pro-
file by using microscopic techniques. Toward this end,
we use AFM. Equation (1) can be applied. The optical
term C is calculated by using the optical param-
eters (index, wavelength, and polarization),’2 and
the roughness spectrum is given by Eq. (6), where the
profile 2 comes from the microscopic measurement.
We can see in Fig. 12 the AFM image of another
9 mm thick optical polish-quality fused-silica sample.

However the AFM bandpass (Bapy) must be ad-
justed to the ARS one (B,gs), since we have

® B.gs(\) = [sin 0,,/\, 1/\] with \ the incident
wavelength,

® B,u(Ax) = [1/L, 1/2Ax] with L? the measured
area and Ax the sampling interval.

The parameters we chose are L = 50 pm and N
= 256, which guarantee an intersection of ARS and
AFM bandwidths.16:19 Therefore the AFM data can be

10 nm

0 nm

25

50

pum O
pm um um
Fig. 12. AFM image of the sample surface.
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Fig. 13. Comparison between the roughness spectra calculated from the AFM measurements of each interface of the sample and the

measured spectra for each interface.

used to calculate the roughness spectrum, and this
spectrum is then used in the scattering calculation.

In Fig. 13 we can see that the angular scattering
collected from the front and back surfaces is in agree-
ment with the AFM calculation for the same surfaces.
Differences still remain but are due to the stationar-
ity of the surfaces at the AFM scale. On the other
hand, the measurement performed without the sep-
aration system (Fig. 13) yields a roughness spectrum
that is very far from the real spectrum.

7. Conclusion

A technique to insulate scattering from each interface
of a transparent substrate has been introduced. Such
a procedure allows us to characterize the micropolish
of each face of a superpolished transparent sample.
The results were checked with AFM measurements.
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