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Abstract: Capitalizing on a previous theoretical paper, we propose a novel approach different
from the usual scattering measurements, one that is free of any mechanical movement or
scanning. Scattering is measured along a single direction. Wide-band illumination with a
properly chosen wavelength spectrum makes the signal proportional to the sample roughness,
or to the higher-order roughness moments. Spectral shaping is carried out with gratings and a
spatial light modulator. We validate the technique by crosschecking with a classical angle-
resolved scattering set-up. Though the bandwidth is reduced, this white light technique may be
of key interest for on-line measurements, large components that cannot be displaced, or other
parts that do not allow mechanical movement around them.
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1. Introduction
Light scattering from high quality optical coatings and substrates has been extensively studied

for decades [1-6]. One of the first objectives was to reduce scattering in low-loss multi-
dielectric mirrors involved in gyro-lasers systems. This has first led to huge improvements in
polishing techniques which today allow to provide glass samples with roughness lower than a
fraction of nanometer in the optical bandwidth [7-12]. The total integrated scattering from these
super-polished substrates can be around a few ppm (1ppm = 10°) of the incident light.
However, these surfaces are covered with multilayer thin films which may drastically increase
the scattering. This increase originates from different processes which include the reproduction
of substrate roughness layer after layer, the addition of residual roughness (including local
defects) brought by the thin film materials during deposition, and the inhibited/enhanced
interferences related to the multilayer design [6,13-17]. For that reason, a huge effort has been
devoted to modern thin film deposition technologies (ion-assisted deposition, ion beam
sputtering, magnetron sputtering, etc.) in order to produce thin films with high compactness
that are insensitive to variations of the environment. With these technologies, the replication of
substrate roughness within the multilayer has become the major component of light scattering,
and hence creates a roughness and scattering threshold [16-17]. Note however that when the
substrate roughness (and its replication) decreases, local defects distributed at low density on
the sample surface may create another scattering threshold.

Within this context it can be agreed that all scattering improvements have relied on both a
sophisticated metrology and a relevant theory. Integrated spheres [4,18] have been replaced by
angle-resolved scatterometers [9,19-24] able to measure angular scattering at a single
wavelength with 8-decades dynamics below a Lambertian scattering pattern. Despite these
performances, these single wavelength scatterometers did not fit all requirements of optical
coatings which are known to work in a wide wavelength range; indeed, one has to take into
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account the spectral dispersion of roughness which is bandwidth dependent [6, 25-27]. For that
reason, a few scatterometers were extended to multiple wavelengths [28-29] or to a wavelength
continuum; the key difficulty of these optical systems was to hold an 8-decade dynamic over a
wide spectral range [30-33] from the visible range to near-infrared.

Electromagnetic theories were developed in parallel to predict the angular and wavelength
behavior of light scattering from optical coatings [6, 13-15, 34]. Bulk and surface theories were
built and it was first shown that surface scattering is dominant for most materials and
technologies [16-17]. Another outcome of these studies has highlighted the role of cross-
correlation laws between interfaces, which drive the ability to produce interferences between
waves scattered from different surfaces. This has led to the anti-scattering effect [35-36] now
extended to loss minimization techniques in multilayer mirrors [37].

Today, this wealth of theoretical and experimental tools has eventually allowed scattering
and roughness to be analyzed and characterized with high accuracy [38-39]. Analysis of
uncoated opaque samples has become an easy task, which consists in extracting the roughness
spectrum as the ratio of the measured data to a calculated scattering coefficient. Once the
spectrum is determined, roughness is given by its integration in the bandwidth of the
experiment. Results on uncoated substrates have been compared with other techniques such as
atomic force microscopy, white light interferometry, scanning tunneling microscopy and
photon scanning tunneling microscopy [25-26]. Such comparison has required to adjust the
spatial frequency bandwidths of each system in order to take into account the roughness
dispersion. Generally speaking, one can admit for optical applications that light scattering fits
most characterization requirements, since the probe wavelength is the working wavelength.

Today, these techniques often meet new specifications. Indeed, all scatterometers involve a
receiver, sample or beam motion to record the angular scattering pattern by reflection and
transmission in the entire space. In some situations, these angular motions may present
difficulties. This is the case when rapid measurements of roughness are required (on-line
measurements), or when the sample cannot be displaced (e.g. large parts), or when only one
scattering direction is allowed (e.g. where the sample cannot be separated from a system). For
these reasons we recently proposed [40] an alternative which consists in using white light (i.e.
light with a wide-band spectrum) so as to cancel any mechanical movement in a scattering
system. The resulting system is a single-angle white-light scatterometer (WLS), which means
that scattering is measured in a unique direction with a broadband illumination source. The
bandwidth of spatial frequencies depends on the wavelength range of the illuminating beam,
and is smaller than that of classical scatterometers. However, such systems still may be of great
interest in the situations previously mentioned.

In this paper, and for obvious space limitation reasons, we restrict ourselves to a concise
description of the theoretical basis that is sufficient to our purposes. The readers interested in a
more comprehensive treatment or with a less strong background in scatter theory are invited to
refer to [6]. The principle of this white light scatterometer (WLS technique), see [40], relies
primarily on a wavelength/angle equivalence, where the two parameters (4, 8) define the spatial
frequency (v ~ sin(8)/A). However additional concepts must be introduced to make the white
light scattering in one direction proportional to roughness, or to the higher-order roughness
moments. Currently, we have to shape the illumination wavelength spectrum in a specific way
given by the theory exposed in [40], and the scope of this paper is to present the experimental
validation of this new technique.



Different techniques are available to shape the incident power spectrum. A first classical
technique is based on interferential filters but suffers from drawbacks such as the absence of
tunability or retroaction. A second technique [41] involves micro-mirror or LCD matrices
coupled with gratings, offering three key advantages:

= The shaping can be adapted to an arbitrary source;

= Fast retroaction allows a shift in the source power spectrum to be taken into
account;

= The tunability offers the opportunity to build quasi-arbitrary filters required for the
higher-order roughness moments

Recall that the series of roughness moments §, (not only the roughness §,) may enable the
autocorrelation function I'(t) of the surface topography to be retrieved, as in [27]:

I(7) = Zp(=1)*83, (mr)**

Tk 1)
For polished surfaces, a reasonable number of filters (less than 10) is sufficient for this function
to be computed with high accuracy. We will discuss the advantages and limits of this WLS
technique, schematically described in Fig. 1.

The paper is organized as follows. In section 2 we present generalized formulae which
complement the approximate formulae given in the seminal paper [40]; this is a mandatory
step for attaining greater accuracy in the roughness measurements. The experimental set-up is
presented in section 3. We show in section 4 how the spectra are generated by spectral shaping
[41]. In section 5 we present and discuss the results of the WLS experiment, and comparison
with other techniques is given for validation. We conclude the paper in section 6.
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Fig. 1. Schematic description of the principle of the white light scattering experiment.



2. Principles underlying the WLS technique

For the sake of simplicity and to emphasize the WLS basic principles, approximate formulae
were used in the seminal paper [40]. In the latter, it was assumed that the scattering coefficient
C(0,i,A) had slight angular variations, allowing analytical formulae to be developed.
Furthermore, the influence of incidence angle i was not addressed in detail. Preliminary
experiments have shown that all these points must be corrected in order to achieve high
precision in the roughness data. Hence we present below the generalized formulae that we
propose in this work.

2.1 Scattering data at oblique illumination

Recall that the average sample normal is along a z-axis, so that the average roughness plane is
(x,y). The scattered intensity | or angle-resolved scattering (ARS), is written as:

1(6y,A,i) = BRDF cos(0) = C(6y,A,0)y(6y,4,1), 2)

with 6, the unique scattering direction, i the illumination incidence angle and y (6,, 4, i) the
sample roughness spectrum. BRDF is known as the bidirectional reflection distribution
function, analogous to a luminance. The scattering coefficient C(6,, 4, i) will not be developed
since we use its exact form which is more complex, and can be found in [6, 34, 40]. This will
change all formulae given in our paper [40]. Relation (2) yields, in terms of spatial frequencies
v

1(¥, Vo) = C(, 170)]’(17' 170) = C(, Vo)y(V — 170): 3)

where v, = (@)Ec’ is the incident spatial frequency. Hence in classical ARS scattering
experiments the roughness spectrum is extracted as:

Y@ =) = L2 — (i, @)

c@Vo)

so that the following frequencies i are explored:

S5 o in(o i
d=v—"9y=ny/d) sin( s?nc(oes)(fi)n((ps)m(l) 5)

with n, the refractive index of the measurement medium, and ¢ the polar or azimuthal
scattering angle. Since we are working in the incidence plane, relation (5) becomes:

= —vi. (6)

When the sample is rotated by an angle a around its normal [16,17], this rotating angle @ must
replace the polar angle ¢ in relation (5).

2.2 Spectral filter calculated with exact scattering coefficient

When illuminated with white light, the receiver at direction 6, delivers a voltage in the form:

V(06,0) = AQ [ C(8o, 4, )y (8o, 4, D)F(DK(D)dA, )



with AQ the solid angle, F()) the incident power spectrum of the source and K () the spectral
proportionality constant of the receiver. The roughness (or zero-order moment Jo) is given by:

5%(60,0) = [y(D)di = [ y(v, @)vdvdg = 21 [ F(v)vdv, ®)

where ¥ (v) is the average roughness spectrum over the polar scattering angle ¢. This gives, in
terms of wavelengths:

82(0,1) = 2m (ngsinBy)* [ 7(64, 1)dA/A%. 9)

According to (7) and (9), the voltage V(8,,i) will be proportional to the square of the
roughness 65 (6, 1) provided we introduce a spectral filter T, :

. _ 1n(6p0) 1
TT] (90!}'1 l) - 13 C(HO,A,L)F(/DK(A), (10)

where the 7 constant is chosen to satisfy the condition 75, < 1. In practice, this parameter will
be chosen to maximize the signal, which means that T, will be unity at one wavelength.

The voltage then becomes proportional to the roughness, expressed in the form:
V,(80,1) = B(B,1,00) 65(6,,1), (11)
with the constant: B(6,1, AQ) = (8, i)AQ/[2T(n, sin(6,))*]. (12)

2.3 Roughness calibration

An etalon Lambertian sample is used for calibration in the presence of the filter T,. For better
accuracy, this etalon sample is illuminated at normal incidence for calibration. It delivers the
voltage: V1,(80) = AQ [ p(4) cos(6,) F(DK (AT, (6,4, 1)dA, (13)

where p(1) = (%) [1 — A(A)] is the luminance of the etalon, whose absorption is usually

negligible. Neglecting the absorption dispersion, and taking account of the transmission filter
in (10), we obtain:

1 . 1
V(8) = (57) AQ[L = A6, D c05(6,) |55 | [Warx = Moin].  14)
where b(0,,1) is related to the scattering coefficient as:

Note here that the substrate index dispersion was neglected, which makes the factor b(6,, i)
non dispersive. Such an assumption is common but not necessary; where index dispersion needs
to be considered, the integral (13) can be calculated numerically.

Forming the ratio of the voltages delivered by the sample under study 141(90, i) and those
of the calibration sample V,,(6,), we get:



85(8o,1) = a(6y, i)Vn(Qo: )/V.(8), (16)

with the constant:
a(8y,i) = (nysin(8,)*(1 — 4) cos(8,) [1/b(8o, D[Amax — Ainl.- (A7)

This last constant is known at this stage, and allows the roughness from white scattering data
in one direction to be extracted. Note that the numerical aperture of the optical fiber does not
impact the procedure, since it is identical for sample and etalon measurements. Also, polarized
scattering can be measured with the same procedure, provided that analyzers and polarizers are
introduced in the optical system.

2.4 Procedures for higher-order roughness moments

Similar calculations and procedures must be developed for higher k-order roughness moments.
These moments are defined as:

82(00,1) = 2m [ vy (v)dv, (18)

so the filter that makes the scattering signal proportional to this moment is written as:

N _ Me(Bg,) 1
T (B0, 4, 0) = BTE COALDFKMAY (19)

Filters of this kind (in the form of an inverse wavelength power) can be produced with the LCD
matrix. The resulting voltage gives:

V77k (90' l) = ﬁk(GOJ ir AQ)&]% (90' l), (20)
With the constant : Br (80,1, AQ) = 1, (6o, DAQ/[2T(n, sin(Go))2+k]. (21)

The final step is to form the ratio of the voltages from the sample under study (17, ) to the etalon
sample (V, ), that is:

8760, 1) = ar (8o, DV, (80,1)/ V1,1 (6o). (22)

Note again that both voltages are measured in the presence of the filter T;, . The constant is
given by:

ay (8o, 1) = 2(ngsin(8,))** (1 — A)cosby [1/b(6o, )] [ dA/A*1. (23)

The last integral is obtained immediately and depends on the k-order. At this stage it is worth
stressing the fact that all quantities (roughness moments) depend on the frequency bandwidth
related to the wavelength range (Amin, Amax) Of the measurements.



3. Experimental set-up

Our experimental set-up is shown in Fig. 2. The white light source used in our experiment is a
super-continuum laser (NKT EXB-6), and we select only the visible part of the spectrum using
a splitter. This light is collimated with a broadband reflective collimator (ERC1), and then
polarized (POL). Polarization is required here since our Spatial Light Modulator (SLM)
comprises LCOS (Liquid Crystal on Silicon) cells that require the effects of polarization to
adjust the level of the reflected light. A shutter (SH) is placed in the path of the beam and will
be closed for recording the dark spectrum and dark current.

This collimated and polarized beam is then sent to a grating of 300 lines/mm to separate
the wavelengths. An achromatic lens with a 7.5 cm focal length focuses the different spectral
components onto the SLM and a lens and a grating symmetrically recombine all the
wavelengths to generate the spectrally shaped beam. The gratings, lenses and SLM are placed
in a 4f-setup. The SLM is an LCOS (Liquid Crystal on Silicon) matrix, reference LC-R 720,
from HOLOEYE. It comprises 1280x768 pixels with a 20 um pitch, giving an active area of
25.6x15.4 mm; addressing is 8 bit, corresponding to 256 grey levels. Another beam-splitter
(BS) takes around 10% of this signal and sends it to the optical spectrum analyzer (OSA), which
will contribute to the control of the emission spectrum. In between, the beam passes through
optical density filters (ODs) to avoid saturation of the OSA. The OSA is a WASATCH
PHOTONICS spectrometer based on a transmissive VPH grating with maximized efficiency.

Using a collimator (RRC1) and optical fiber (FOL2) with a core diameter of 200 um, the
beam is redirected to the scattering part of our experiment. It illuminates the sample, which
scatters in all directions. We collect the scattered light with a reflective collimator (RRC2)
placed at a fixed angle 8o, and an optical fiber (FOL3, with a core diameter of 200 um) connects
it to our detector, a variable gain FEMTO-OE 200-SI photodiode, to obtain the voltage. The
gain can be remotely varied between 10%and 10%, and the output signal is digitized by a 16-bit
NATIONAL INSTRUMENTS USB-6211 acquisition card.
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Fig. 2. Schematic representation of the white light scattering set-up (NKT EXB-6: super-continuum laser source; FOL1:
fiber optic link 1; ERC1: emission reflective collimator 1; SH: shutter; POL: polarizer; SLM: spatial light modulator;
BS: beamsplitter; ODs: optical density filters; RC_R: reference reflective collimator; FOL_R: reference fiber optic
link; OSA: optical spectrum analyzer; RRC1: receiving reflective collimator 1; FOL2: fiber optic link 2; ERC2:
emission reflective collimator 2; RRC2: receiving reflective collimator 2; PD: variable gain photodiode).

4. Generating the spectra

In this section we describe in detail how we generate the spectra required to recover the
roughness moments. First of all, we present the SLM calibration, which needs to be carefully
performed. We then describe the algorithm involving a feedback loop coded to obtain the target
spectra.

4.1 SLM calibration

Our set-up requires two calibration steps: a calibration in wavelength, which associates a
wavelength with each column, and a calibration in amplitude, allowing the quantity of light
reflected by each column to be controlled.



Wavelength calibration is done by selecting a small number of columns and setting them to
1, all other columns being turned off. In our case, we consider 9 columns at each step, as this
number gives a good compromise between the level of signal and the precision of the
calibration. For each stack of 9 columns, we record the spectrum with the OSA, and a Gaussian
fit gives the wavelength of the central pixel. The final result of this process is given in Fig. 3.
We show that a 500 nm wavelength range between 520 nm and 1020 nm is spread over 600
columns, leading to a resolution of 0.8 nm/pix. In order to associate a wavelength with each
column, we fit a 4" order polynomial to the measurement (blue curve). We observe that the
wavelength distribution is almost linear, but a polynomial fit is nevertheless slightly more
precise. In this figure we also represent (red curve with vertical scale on the right) the maximum
intensity measured for each column. Using the 2 curves, we obtain a maximum power around
680 nm.
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Fig. 3. Wavelength calibration of the LCOS matrix. Each wavelength is associated with one column (blue
curve, left vertical scale). The spectral density of the incident power is plotted versus the columns (red curve,
right vertical scale in arbitrary units).

The next step is the amplitude calibration. With our SLM, the level of each pixel is
determined by entering in a matrix a value between 0 and 1. However, the measurement is not
proportional to this value, so we need to establish the relationship between the entered value
and the effect on the measurement. This can be done by setting the matrix to a constant value,
and varying it between 0 and 1. Then for each spectral component, we extract the corresponding
value from the measured spectrum, the final result being shown in Fig. 4. A 4" order polynomial
fit gives very good agreement with our data. This relationship is wavelength dependent, and is
thus established for each column.
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Fig. 4. Amplitude calibration of the LCOS matrix (see text)

4.2 Algorithm and results

Although the calibration is carried out with great precision, it always contains imperfections.
This means that if we want to realize a defined shape of spectrum, it cannot be attained in just
one step. We also want to take into account the temporal variations of the super-continuum
laser. For these two reasons, the use of a feedback loop is necessary.

The algorithm draws considerably on [41], where it was used to flatten the spectrum of
super-continua. No spectral shaping is applied to the initialization (all pixels set to 1). We
record the first spectrum under these conditions, then allocate to each column a value for
reaching the target spectrum in accordance with the amplitude calibration. A spectrum with
these parameters is measured again, and from this new spectrum, we recalculate a spectrum
without spectral shaping, i. e. we divide the measured spectrum by the coefficients given to the
matrix during this iteration. Then we re-initiate the loop using this hypothetical spectrum as
input. In practice, convergence occurs in approximately 15 iterations.

The spectrum displayed by the OSA already includes the emission spectrum of the source.
Hence from (19) the target spectrum can be expressed as:

1
b(Bg,)K(A)'

Sk(D) = Ty, (80,2, DF () = 5252 (24)
where K is the spectral response of the receiver (we use a silicon photodiode). We also have to
take into account the transmission coefficient of the optical densities and the reflectivity of the
beam-splitter, since the part of the beam that illuminates the sample does not pass through these
elements. In the text that follows, all spectra will be normalized to 1.

Fig. 5 shows the result of the algorithm and comparison with the target filter for the
spectrum Sp that will yield the roughness &, of the sample. The agreement is very satisfactory
in the range (A, = 538 nm; 1,4, = 887 nm). We can still observe small oscillations on the
spectrum due to instabilities in the super-continuum laser, but their intensity is too low to
disturb the scattering measurements. Note that the spectral range of wavelengths (A2 = 4,0 —
Amin = 349 nm) is limited mainly by the spectral response of the optical elements such as the



diffraction gratings or the LCOS matrix. Note also that the good agreement obtained in Fig.5
confirms that the optical fiber does not impact the shaping calibration procedure, due to its large
core diameter (200 pum).
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Fig. 5. Measured spectrum S, (blue) generated with the algorithm, compared with the target theoretical spectrum
(green) - See text

Once this first spectrum is realized we increase the k-index of the spectra Sk and generate
the next signals with the same procedure. Following relation (1), we are only interested in the
even orders Sy As shown in Fig. 6, we obtain a very good agreement up to k=12. The targets
plotted in Fig. 6 are S, S4, Se and S14. Above k=14, the noise floor of our experiment is reached,
due to the specific dynamics in the spectral range. Hence under these experimental conditions,
the number of accessible spectra is 6.
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Fig. 6. Measured spectrum Sy generated with the algorithm (blue) and target theoretical spectrum (green) for different
k values: a): k=2; b): k=4; c): k=6; d): k=14

5. Results and discussion

In this section we present the scattering measurements carried out with the spectrally shaped
illuminating beams. The sample is a polished RG 1000 black glass sample with a real index in
the visible range of around 1.55. This sample is opaque in the wavelength range [200 nm; 800
nm]; this opacity eliminates its back face in the scattering process, which provides easier
investigation of the front face roughness for further comparison. Note that the imaginary index
of the sample can be neglected in the scattering analysis, since the opacity is due to its great
thickness (a few mm). This is valid because bulk scattering is known to be negligible in most
optical substrates [34]. Following the previous sections, and taking into account the opacity
range of the sample, we here use the WLS technique in the range [538 nm-800 nm] with normal
and unpolarized illumination on the sample.

5.1 Results and comparison with zero-order roughness

We are first interested in the zero-order roughness moment &, of the sample. Measurement is
made using the WLS technique in direction 8, = 56°, giving a roughness value of 4.8 nm for
the polished sample. This measurement is immediate, as just one voltage is required to calculate
the roughness. Note that since the incident beam is un-polarized, the scattering coefficient C of

section 2 was taken as the half sum (%) (Cs + Cp) of the polarized coefficients.

It now remains to check this value with another scattering technique. To that end we
crosschecked the WLS technique with a more classical multispectral Angle Resolved Scattering
(ARS) measurement [25]. At this point it is necessary to stress the fact that roughness is
bandwidth dependent [25-26]; theoretically a roughness moment is an integral over all spatial
frequencies, but in practice it has limits determined by the experimental conditions. Hence the
spatial frequency bandwidths of the WLS and the ARS techniques must be adjusted.



With classical ARS scatterometers (using angular scan at one wavelength A, or at each
consecutive wavelength), the bandwidth is:

BPags(A) = [F20min) 5y (25)
where 6,,,;,, is the minimum scattering angle close to specular reflection. In the case of the
WLS technique at a fixed angle 8y, this bandwidth is written as:

sin(8y) sin(6y)

BPy1s(6o) = [ (26)

)

Amax Amin

We proceed as follows: with the SALSA set-up [32], ARS data are recorded at one visible
wavelength A. Though the set-up works in the range (400 nm-1.7 um), the scattering data were
recorded at A=500 nm. The illumination incidence is i = 5°, with a minimum scattering angle
of 5° from this reflected beam, that is, 8,,;,, = 10°. Such a minimum angle is enough for
comparison with the WLS technique. Hence the angular range of ARS data is [10°; 90°].
Following relations (4-6) the roughness spectrum y(v) of the sample is extracted in the
BPygrs(A) bandwidth, as plotted in Fig. 7 (blue curve). Then using relations (8,18), we
calculate the k-order roughness moments with these datas by integrating the function
vk*1y(v) in the WLS bandwidth BP,,;5(6,), so that the comparison becomes meaningful.
This calculation is possible because the ARS range is greater than the WLS one, given the
experimental conditions. The WLS technique is used at normal illumination. Note that since
the incident beam of the SALSA set-up was un-polarized for this experiment, the scattering

coefficients of section 2 were again taken as the half-sum (%)(CS + Cp). Furthermore, these

coefficients were calculated for the oblique incidence (5°) of the SALSA set-up.

Comparison in the same bandwidth between the two methods gives a SALSA roughness
value of 4.3 nm, in acceptable agreement with the previous WLS roughness of 4.8 nm. The
slight difference could be explained by the larger size of the WLS probe beam when the sample
roughness is non-stationary. Anisotropy may also explain this difference, due to the fact that
the angular position of the sample was not scanned.
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Fig. 7. Roughness spectrum of sample measured with the SALSA instrument (blue curve) at wavelength 500 nm. The
WLS bandwidth is emphasized in color for different scattering directions. See text.

5.2 Further comparison at different angles of the WLS technique

We also performed this crosscheck for different angles 8, by manually moving the detector.
Recall that the 8, angle alters the WLS bandwidth (see Fig. 7), which provides additional
comparison with the ARS technique. Six 6, angles were considered in the range (15°; 70°)
with an angular step of 10°. Each resulting WLS roughness &, (8,) was then compared with
the SALSA roughness by integrating vy (v) over the appropriate bandwidth BPy;s(6,).
Results are shown in Fig. 8. From the first angle to the last, the relative difference varies
between 4% and 11%. The average value over the 8, angle is 4 nm with the WLS technique,
and 3.8 nm with the ARS technique. These results confirm the good correspondence.
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Fig. 8. Comparison of the roughness of the RG 1000 glass sample measured with the white light scattering technique
at different 6, angles, and with the multispectral ARS SALSA instrument. All bandwidths were adjusted for the
comparison (see text).



5.3 Results on the higher-order roughness moments

The last cross-checking between the two methods was carried out on the higher order roughness
moments (Fig. 9-10). With the white light configuration, the k™ order roughness moment is
determined from the voltage ratio (see eq. 22-23) when the illuminating beam is shaped to get
the spectrum Sk. A unique angle is here considered (see Fig.7). We chose 6, = 35° since it
corresponds to a medium bandwidth, as shown in Fig.7. For the SALSA instrument, the
moments were calculated by integrating v¥*1y(v) over the appropriate pass-band. Fig. 9-10
shows good agreement for the 6 other moments that were obtainable with the WLS technique.
The difference between the two methods is less than 10%. To provide an accurate comparison,
in Fig. 9 we plotted the ratio of the roughness moments obtained by the two techniques. In
Fig.10 the two roughness moments are plotted to emphasize their absolute values. Note that §,
gives the root mean square of the sample slope.
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Fig. 9. Value of the ratio between the roughness moments measured with the white light scattering set-up at an angle
of 35°, and the roughness moments obtained with the multispectral ARS SALSA instrument.



' *WLS
- . < ARS
-20 .

L4

w ]
=30+ 1
-40 o
50— : —

2 4 6 8 10 12

Index

Fig. 10. Absolute values of the roughness moments measured by the ARS technique (red data) and the WLS
techniques (blue data)

Before conclusion, it is interesting to stress the fact that, though the general discussion in
this section has emphasized a successful comparison between the WLS and the SALSA
techniques, some discrepancies (less than 10%) remain on the roughness moments. These
differences are not attributed to bar errors since the relative and absolute accuracy of the
scattering techniques lie around 1% in the spectral range. Hence it is more probable that they
must be attributed to roughness anisotropy, due to the fact that all measurements were
performed in the incidence plane, while the angular position of the sample was not checked
from one technique (WLS) to another (SALSA). Also, the spot size is different in the two
experiments, while the density of local defects is not uniform on the sample. We hope to
improve the comparison in a future work thanks to the mounting of the sample on rotation and
translation plates.

6. Conclusion

We have presented a new method for scattering measurements that requires no mechanical
motion or wavelength scan. This is made possible by the use of white light (i.e. light with a
wide-band spectrum) with defined spectra to illuminate the sample. These spectra were
generated by spectral shaping, allowing us to create programmable filters that use retroaction
and that take into account the temporal shift of the super-continuum laser. We have shown that,
using these spectra, we could obtain immediate and reliable roughness measurements, validated
by another ARS technique. The WLS technique also enables higher-order roughness moments
of the sample to be obtained by shaping specific spectra. All results are quasi-instantaneous.
The trade-off to the gain in speed and flexibility is a reduced range of spatial frequencies. This
method should prove useful in industry for testing large or immovable samples, or for on-line
measurements, or where angular motion around the sample is not possible. It may find
applications in space, microelectronics, biology or security.

Note that the WLS pass-band could be broadened with a wider spectral range; for instance,
3 frequency decades would be provided between 400 nm and 1200 nm, but this would require
optical elements with broader spectral responses. Note also that there is no ideal pass-band to
characterize the roughness (the wider the better), unless the application (optical, mechanical,

chemical, etc.) is specified and its pass-band of interest can be identified. The WLS technique



provides roughness moments &y at different k-orders, providing an alternative to the roughness
spectrum data y(vq).

It should also be noted that this WLS technique is for now limited to uncoated substrates.
Addressing the case of multilayers would require to replace the scattering coefficients by a sum
of numerous scattering coefficients weighted by different roughness spectra and cross-
correlation laws between roughnesses [6].
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