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Abstract: This work expands the use of spectroscopic ellipsometry to surfaces with roughness
that is similar to or larger than the wavelength of the incident light. By using a custom-built
spectroscopic ellipsometer and varying the angle of incidence, we were able to differentiate
between the diffusely scattered and specularly reflected components. Our findings demonstrate
that measuring the diffuse component at specular angles is highly beneficial for ellipsometry
analysis, as its response is equivalent to that of a smooth material. This allows for accurate
determination of the optical constants in materials with extremely rough surfaces. Our results
have the potential to broaden the scope and utility of the spectroscopic ellipsometry technique.
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1. Introduction

Ellipsometry is a powerful technique that utilizes the Fresnel equations to calculate the complex
refractive index of a surface from the change in the polarization state of reflected light. Fresnel
equations are derived from Maxwell’s equations and assume a perfectly smooth surface. However,
in reality, surfaces are rarely smooth, and even small variations in surface roughness can
significantly affect the measured optical properties. To address this issue, various ellipsometry
models [1,2] have been developed over the past decades to analyze surfaces with small random
roughness whose characteristic length is much smaller than the wavelength of the incident light.
One such example is the effective medium approximation (EMA) theory model [3–6], which
treats a slightly rough surface as an equivalent smooth overlayer film, with a refractive index that
is the average of the material and the immersion medium.

Interestingly, research in ellipsometry has largely overlooked situations where the characteristic
length scale of roughness is comparable to or larger than the wavelength of the incident light.
This is likely due to the fact that when roughness is significant, the specularly reflected beam
can be partially or completely destroyed, as the incident light is scattered in many directions,
resulting in a much weaker intensity of light in the specular direction than in the case of smooth
or small roughness surfaces. In such conditions, ellipsometry measurements may be difficult or
even impossible with conventional ellipsometers, which are not typically designed to work with
low light levels. However, aside from these technical challenges, there is no fundamental reason
to exclude very rough surfaces from ellipsometry analysis. Expanding ellipsometry to include
these types of surfaces can be highly valuable as natural surfaces and certain soft materials often
exhibit very rough surfaces that do not specularly reflect light and cannot be easily polished or
processed to create smooth surfaces.

Scattering of light on rough surfaces is a well-studied topic in physics, approached from a variety
of analytical and numerical perspectives due to its diverse range of applications, including remote
sensing, oceanography, communications, computer graphics, and material science. Recently,
this problem has been frequently described in terms of a bidirectional reflectance distribution
function (BDRF), which defines how light is reflected from opaque surfaces [7]. Studies have
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also been conducted on polarization or polarimetric BDRF, often using Mueller matrices to
express the results [8–10]. However, to our knowledge, these studies have not yet had a significant
impact on the application of ellipsometry in material science. In general, ellipsometry of very
rough surfaces can be considered a specific case of more general polarimetric scattering theories
[11,12], where detection is made at a specular angle relative to the incidence and the light source
is spectroscopic.

In ellipsometry, as well as other optical techniques, the concept of roughness encompasses not
only the topographical properties of a surface but also the conditions of light-matter interaction
during measurement. As a result, under certain conditions, a rough surface can be considered
"effectively" smooth as it reflects light specularly. More than a century ago, Rayleigh proposed a
roughness criterion [13], similar to the well-known angular resolution criterion, to quantitatively
determine the conditions under which specular reflection can occur from a rough surface. This
criterion highlights that the specular reflection of light depends not only on the size of roughness
but also on the incident angle and wavelength, which are parameters that can be controlled in
ellipsometry measurements.

This study presents our findings on the characterization of extremely rough surfaces using
spectroscopic ellipsometry. We were able to achieve this by using a Mueller matrix ellipsometer
that utilizes long integration times to detect the low-intensity light scattered by a very rough
surface at the specular angle. By implementing a discrete rotation pattern for the compensator, we
were able to independently control the integration time at the detector, making our measurements
possible, even when only diffuse light could be observed. Our method contrasts with the traditional
continuously rotating setups, which limit the exposure time for each intensity acquisition. To
better understand the impact of the Rayleigh roughness criterion on ellipsometry results, we
conducted Mueller matrix measurements at various angles of incidence and wavelengths on
rough samples of silicon and silver, and developed a simple model to interpret and analyze our
results. Contrarily to what one might expect, our results indicate that ellipsometry measurements
on very rough surfaces can sometimes be easier to analyze than measurements on surfaces with
small roughness, enabling the measurement of optical constants of materials with surfaces that
were previously considered unsuitable for ellipsometry measurements.

hθi
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ray 2

shadow
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Fig. 1. Phase difference of the reflected wave between ray 1 and ray 2, owing to the surface
roughness. The part of the surface that can not be illuminated is a shadowed region.
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2. Theoretical description

We consider light reflection on a randomly rough surface. Following the description in [14,15],
we denote the total reflected field resulting from the contribution of all reflected fields from the
random heights of the surface as Er. Er can be split into two contributions:

Er = ⟨Er⟩ + δEr, (1)

where ⟨Er⟩ is the field’s mean component and δEr is the fluctuating component. The angular
brackets ⟨· · · ⟩ denote a statistical average. ⟨Er⟩ is found around the specular direction of reflection
and can be considered a coherent component due to its well-defined phase relation with the
incident wave. On the other hand, δEr is generated by roughness and represents the incoherent
(or diffuse) fields that show angular spreading and weak correlation with the incident wave. The
statistical average of the diffuse fields is zero (⟨δEr⟩=0).

The total reflected intensity by the rough surface can be written as

⟨|Er |
2⟩ = |⟨Er⟩|

2 + ⟨|δEr |
2⟩. (2)

For a perfectly flat surface, the incoherent term ⟨|δEr |
2⟩ vanishes and |⟨Er⟩|

2 is maximum.
However, as the surface roughness increases, the coherent term is damped and can become
very weak or effectively disappear. From an electromagnetic perspective, the roughness of a
surface is influenced not only by the height of the surface, but also by the frequency and angle
of the incident wave. This means that a single surface can be perceived as rough or smooth
depending on the conditions of the measurement. This is because the impact of roughness on the
electromagnetic response is linked to the phase variations δϕr of the reflected waves relative to
its mean value, which corresponds to the phase of an “equivalent” flat surface. Figure 1 shows
an illustrative example of the phase difference between two reflected rays produced by surface
roughness.

Under the tangent plane approximation (sometimes called Kirchhoff approximation or
Beckmann-Kirchhoff approximation [16]) that is valid for large surface curvature radio and gentle
slopes the effect of roughness in the coherent scattered field can be expressed as

⟨Er⟩ = E0⟨exp(iδϕr)⟩. (3)

The phase variation δϕr at a given point of the surface for the coherent scattered field can be
written as

δϕr = 2δhA
2π
λ

cos θi, (4)

where θi is the angle of incidence (AOI) with respect to the surface normal λ is the wavelength of
light and δhA is the height variation with respect to the mean value (δhA = hA − ⟨hA⟩) at a given
point of the surface. The Rayleigh roughness criterion states that if the phase variation is very
small (δϕr ≪ π

2 ) for all points of the surface then all reflected waves are nearly in phase and
will interfere constructively and the surface will reflect light specularly, like if it was a perfectly
flat surface [17]. This happens not only when the height variation (δhA) is very small but also
when the AOI approaches grazing incidence (θi → 90◦) even if the roughness is large. However,
when there is a non-negligible phase variation, the surface must be considered rough and it will
produce a damping of the coherent intensity.

When the whole illuminated surface is considered, we have to consider a mean phenomenon.
The mean value of height variation will vanish, leading to ⟨δϕr⟩ = 0. However, the variance of
the phase variation is

⟨(δϕr)
2⟩ = 4σ2

h

(︃
2π
λ

)︃2
cos2 θi, (5)

where σh is the surface RMS (root mean square) height. In this study, we are only concerned
with cases where the RMS height is comparable to or greater than the wavelength of the probe.
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For a rough surface with Gaussian height distribution, the exponential term in Eq. (3) satisfies
⟨exp(iδϕr)⟩ = exp(−⟨(δϕr)

2⟩/2) [14], so that the intensity of the specular beam will be given by

|⟨Er⟩|
2 = |E0 |

2 exp(−⟨(δϕr)
2⟩), (6)

where |E0 |
2 corresponds to the intensity reflected by a perfectly flat surface and the term

exp(−⟨(δϕr)
2⟩) describes the damping effect of roughness on the specular intensity. This equation

explains the overall attenuation of the specular component: if p and s waves are attenuated in the
same way, there will be no effect of roughness in ellipsometry measurement with specular light,
but if they are attenuated in different ways there will be a change in the polarization of reflected
light.

Ellipsometry essentially analyzes at the specular angle the change of polarization of light after
being reflected on a sample. For a rough surface, the total scattered p and s components of the
electric field (Ep, Es) are related to the components of the incident field (E0p, E0s) by

Ep = (⟨rpp⟩ + spp)E0p, (7a)

Es = (⟨rss⟩ + sss)E0s, (7b)

where ⟨rii⟩ and sii are respectively the mean and fluctuating components of complex reflectance
coefficients. ⟨rii⟩ is responsible for the specular component of the reflection and sii for the
diffuse scattering component, schematically illustrated in Fig. 2. As our ellipsometer has a
very small numerical aperture we can assume that only fields reflected at a specular angle are
detected. Furthermore, in the above equations, we have also assumed that the material is isotropic
and the roughness is random and has the same properties in all directions along the surface,
which involves that the cross-polarization coefficients are zero in both the specular and diffuse
components (⟨rij⟩ = sij = 0 when i ≠ j).

The ensemble average of Eqs. (7) defines the collective specular response given by ⟨Ep⟩ =

⟨rpp⟩⟨E0p⟩ and ⟨Es⟩ = ⟨rss⟩⟨E0s⟩. As the fields from the diffuse component have random phases,
their ensemble average sums up to zero (⟨sii⟩ = 0). However, this does not mean that they have a
negligible contribution to experiments. Conventional ellipsometry typically only considers the
specular (non-fluctuating) fields ⟨Er⟩ and ignores all the diffuse fields. However, as shown in
Eq. (2), when the roughness is high, the diffusely scattered fields can contribute significantly
to the overall detected intensity and must be taken into account. To include this effect, the
Stokes-Mueller formalism, which deals with second-order moments, must be used. Without this,
a simple average of the fields would only take into account the mean coherent term.

Stokes parameters are linear combinations of the second moments of the fields ⟨EiE∗
j ⟩. If we

assume that there is no correlation between the mean part and the fluctuating part, ⟨siir∗jj⟩ = 0,

Fig. 2. Diffuse reflection (a) and specular reflection (b). In diffuse reflection, the detected
light at specular angles comes from individual optically smooth facets, but in specular
reflection, the detected light intensity and polarization are contributed by the collective effect
of the surface.
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the calculation of the second moments is straightforward. Each moment is calculated as

⟨EiE∗
j ⟩ = [⟨rii⟩⟨r∗jj⟩ + ⟨siis∗jj⟩]⟨E0iE∗

0j⟩. (8)

From linear combinations of ⟨rii⟩⟨r∗jj⟩ one can construct the Mueller matrix Mspec that relates
the input and output Stokes vectors corresponding to specular fields. Linear combinations of
⟨siis∗jj⟩ will define the elements of the diffuse scattering Mueller matrix Mdif . Overall, this implies
that the total Mueller matrix M is separated into specular and diffuse scattering contributions
[12]:

M =Mspec +Mdif , (9)

For the specular component, it holds the usual definition of the ellipsometry angles Ψ and ∆:

ρspec =
⟨rpp⟩

⟨rss⟩
= tanΨspec exp i∆spec, (10)

so that

Mspec =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 − cos 2Ψspec 0 0

− cos 2Ψspec 1 0 0

0 0 sin 2Ψspec cos∆spec sin 2Ψspec sin∆spec

0 0 − sin 2Ψspec sin∆spec sin 2Ψspec cos∆spec

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (11)

Note, however, that the complex ratio ρspec or the ellipsometry angles Ψspec and ∆spec are not
equal to the ones corresponding to specular reflection on a perfectly smooth surface (ρ0, Ψ0 and
∆0 respectively). Even in situations where the roughness is very small and the diffuse component
can be fully neglected, it is well-known that the coherent collective effects of roughness change
the polarization response of a surface [1,4], as we have previously discussed.

The diffuse component of the reflected light results from the (incoherent) superposition of
waves scattered from different parts of the illuminated sample around the specular direction. If
the numerical aperture is sufficiently small, one can assume that all the detected diffuse intensity
comes from reflections of locally optically smooth surfaces [18,19]. In each one of these surfaces
one can apply the same Fresnel equations as for a perfectly flat material, namely:

ρdif = ρ0 = tanΨ0 exp i∆0. (12)

Since all these local reflections are thus characterized by the same non-depolarizing Mueller
matrix, the ensemble average of the diffuse component, Mdif , is still a non-depolarizing Mueller
matrix and fully coincides with the Mueller matrix of a flat material (M0, which has the same
form as Eq. (11) but using the ellipsometry angles Ψ0 and ∆0). Given this coincidence, this
diffuse component becomes especially interesting to measure by ellipsometry when studying
very rough surfaces. For surfaces with roughness comparable to or larger than the wavelength
this diffuse component can be much larger than the specular one. However, the balance between
the specular and diffuse components will depend on the AOI as shown by Eq. (6), as the specular
component becomes increasingly dominant at grazing angles approaching 90◦.

For the roughness levels considered in this work (where σh is comparable or slightly larger
than the wavelength), we can summarize the ellipsometry response in three main situations:

• For small AOI M ≃ Mdif =M0.

• At grazing incidence (AOI close to 90◦) M ≃ Mspec.

• For intermediate AOI values both contributions should be considered, according to Eq. (9).
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Fig. 3. 1D surface profile for the silicon wafer (a), and the silver sample (b). Photos of the
samples are also included as inset images.

Fig. 4. Photo of the instrument (a) and schematic of the measurement at different AOIs
(b)(c)(d). The rough sample is positioned horizontally on a holder between the PSG and PSA
arms, which are arranged symmetrically. The PSA arm only collects light that is reflected
in the specular direction with respect to the incident beam. To reduce the aperture of the
detection, an aperture diaphragm is placed before the final parabolic mirror in the PSA
arm. Schemes (b), (c), (d) emphasize the appearance of the specular reflection at grazing
incidence.

Equation (9) describes the superposition of two distinct non-depolarizing Mueller matrices,
both of which possess the same block-diagonal symmetry. This combination can potentially
result in a depolarizing Mueller matrix. However, as demonstrated by our measurements, no
measurable depolarization was detected (regardless of the AOI) within the noise level of the
detection. This is due to the fact that even though Mspec and Mdif are different, they are relatively
similar numerically, resulting in negligible depolarization.

3. Experiment

The studied samples in this work are the non-polished side of a (001) silicon wafer and a bare
silver sputtering target (Kurt J. Lesker, 99,9% purity). In order to evaluate the roughness of the
surfaces the samples were measured with an optical surface profilometer (Sensofar PLu 2300
confocal microscope). A representative example of the obtained topographies is shown in the
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one-dimensional roughness profiles in Fig. 3. Optical profilometry results show that surface
roughness in these samples follows a random Gaussian distribution and the obtained and the
obtained height of root mean standard σh is 0.6 ± 0.1 µm for the Si sample and 1.0 ± 0.1 µm for
the Ag sample. Note that these roughness values are much larger than those typically appearing
in ellipsometry literature, where most usually roughness is no larger than a few nanometers.

Spectroscopic ellipsometry was performed using a custom-built Mueller matrix ellipsometer
that incorporated dual Fresnel rhombs compensators with a discrete rotation implementation
[20,21]. The main advantage of this instrument is that it allows for the integration time at the
CCD spectrometer to be set to large values, as it is not affected by the compensator rotation

Fig. 5. Measured Mueller matrix of silicon rough surface (black curve) and flat surface
(green curve) at AOI of 40◦ and 85◦ over the wavelength from 250 nm to 1000 nm.
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speed. A photo of the instrument is shown in Fig. 4. The polarization state generator (PSG) and
polarization state analyzer (PSA) arms are symmetrical with respect to the plane of the sample,
allowing for the collection of light reflected at specular angles to the direction of the incident light.
An additional aperture diaphragm is placed in front of the final parabolic mirror that focuses
light onto an optical fiber, reducing the numerical aperture of the detection system (estimated to
be below 0.002). This ensures that only light at specular angles is collected and other angles
are blocked. Despite the generally weak light intensity during measurements, a significant
intensity was measured by adjusting the integration time (in the measurements reported here, the
integration time for each intensity acquisition varied between 20 ms to 2 s, depending on the
sample and AOI used). As the PSG and PSA arms are mounted on a rotation motor, the AOI can
be adjusted between a minimum of 40◦ and a maximum of 85◦. At the smallest AOI, only diffuse
light was measured and there was no specular reflection as shown in Fig. 4(b). Due to the low
intensities at the detector, longer integration times were required for this configuration. As the
AOI increased, the measured intensity became larger as the specular reflection appeared, as seen
in Fig. 4(c). At grazing incidence, the measured intensity reached its maximum level and the
contribution from diffuse light became negligible, as shown in Fig. 4(d).

Figure 5 illustrates representative Mueller matrix measurements at AOIs of 40◦ and 85◦ for the
non-polished side of a silicon wafer. Measurements at other AOIs can be found in Supplement
1. For comparison, the measurements made on the polished side of the silicon wafer are also
shown in the figure. It is evident that the measurements on both the flat and rough sides adhere to
the symmetry of Eq. (11), and no measurable depolarization is observed. Azimuthal rotation of
the samples did not change the measured Mueller matrices or the observed scattering patterns,
which is a result consistent with the isotropic character of the materials studied and a random
roughness with the same properties in all directions. At an AOI of 40◦, the Mueller matrix of
the rough side (black curve) and flat side (green curve) are nearly identical across the entire
spectral range despite the measurements on the rough surface being much noisier due to the
low light levels. This can be attributed to the geometrical optical approximation, where only
light reflected from locally approximately flat facets can enter the detector, as explained in the
previous section. However, as the AOI increases, specular reflection emerges, and the rough and
flat Mueller matrices gradually diverge. At the AOI of 85◦, there is a clear distinction between
the flat and rough measurements. The experiment on a silver sample yielded similar results, as
shown in Supplement 1.

4. Results and discussion

Our experimental results are analyzed with the linear superposition model presented in Eq. (9)
which suggests that every measured Mueller matrix can be understood as a linear combination
between diffuse and specular components. As this linear combination will depend on the
wavelength and the AOI, we can make these dependencies explicit and rewrite Eq. (9) as

M(θ, λ) = a(θ, λ)Mdif(θ, λ) + (1 − a(θ, λ))Mspec(θ, λ), (13)

where a represents the weight ratio between the diffuse and specular components. M, Mdif ,
and Mspec are normalized Mueller matrices. As we have discussed in Section 2 and verified
experimentally in the previous section, the diffuse component Mdif (which dominates at small
angles of incidence) fully coincides with the perfectly smooth surface response using the optical
constants of Si or Ag. For the Si sample, we incorporated a SiO2 overlayer with a thickness of
2.63 nm, which is the same value as that of the flat side, to consider the presence of the native
oxide layer. On the other hand, for the Ag sample, we performed a direct fit of the diffuse term
using the optical constants of Ag [22], without the need to consider any additional overlayer.

The next step is to understand the specular term Mspec, which is less straightforward than the
diffuse term. To study it, we focus on the measurements taken at an AOI of 85◦. At this grazing

https://doi.org/10.6084/m9.figshare.22701484
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angle, we assume that the specular fields are much more intense than the diffuse ones, and in
a good approximation, Eq. (13) is only contributed by Mspec (i.e., M ≃ Mspec). To study the
effect that a rough surface has on the specular component Mspec, we need to construct a suitable
ellipsometry model that fits our grazing angle measurements. Once this model is available, it
will be possible to calculate the Mueller matrix for specular reflection at other AOIs, so that both
terms in Eq. (13) would be known.

In an initial test, we attempted to use the widely-used method of modeling roughness as an
EMA Bruggeman overlayer. However, the roughness scale of our samples significantly exceeded
the limits of the EMA model, resulting in a failed fit even when several EMA layers with different
ratios and fractions are utilized [23]. Therefore, we developed a new phenomenological model in
which the roughness is still represented as an overlayer on an otherwise flat material (the oxide
layer was disregarded in the fits of Mspec to keep the model as simple as possible since it did not
substantially improve the fit results). The effect of this overlayer that accounts for the roughness
is essentially attenuating or extinguishing light differently for p and s polarizations, meaning
the attenuation described in Eq. (6) is not the same for p and s waves. This can occur due to
the effect of the steep slopes of the roughness and shadowing effects (see Fig. 1), in which the
shadowed parts of the surface may not contribute or contribute differently to the scattered field
[24]. Numerical studies have shown that at grazing incidence, p polarization (i.e. incoming
polarization close to perpendicular to the surface) induces much stronger surface currents in
shadowed regions than s polarization (i.e. parallel to the surface) [25].

The extinction overlay can be created by setting its refractive index to match the input medium
(such as n = 1 for air) and its absorption coefficient to a non-zero value (k ≠ 0). This allows
for the differential extinction between p and s to disappear as k approaches 0 or the thickness of
the overlay, d, approaches 0, resulting in a flat material. It is important to note that the optical
properties of this overlay do not represent any actual material, but instead, represent the collective
effect that roughness has on the polarization of specular reflection. Additionally, the thickness d
obtained from the fit is not directly related to the roughness size, as the bulk extinction effect of
the overlay will scale as ∼ kd. In our fits at 85◦ AOI, we only allow k to change with wavelength,
parameterizing this dependence as an exponential function.

k = AeB(Eλ−Eb), (14)

where A and B are the two parameters, along with d, that are included in the fitting process. Eλ

is energy corresponding to incident wavelength and Eb was fixed to 3.1 eV. This exponential
function is often utilized to describe the shape of Urbach tails. After determining the values of k
and d from the fit of measurements at 85◦ AOI, we can use the same stacked model to calculate
the value of Mspec at any AOI. Once the values of Mspec(θ, λ) and Mdif(θ, λ) are known, Eq. (13)
can be used to analyze measurements obtained at any AOI. The weight ratio a, which determines
the balance between specular and diffuse reflection, is the only free parameter that needs to be
determined.

4.1. Silicon

Figure 6 shows experimental results in terms of Ψ and ∆ for rough silicon measured at 85◦, along
with the best-fit values and the fitted k values of the overlay. The optical constants of silicon
from [26] were used as the substrate material. The values of the two parameters that define
the extinction of the overlay (Eq. (14)) obtained from the fit were A = 0.0387 and B = −0.319
eV−1, and the thickness of this attenuation layer was determined to be 90.63 nm. The proposed
phenomenological model can fit the experimental data from the rough wafer well. The values
of k increase with wavelength because the phase variation is an inverse function of wavelength,
meaning that as wavelength increases, larger portions of the rough surface contribute to the
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specular reflection. Once all the parameters of the substrate and overlay are known, one can
calculate Mspec at other AOIs.

Fig. 6. Fits of Ψ and ∆ (b) at AOI of 85◦ for the rough silicon sample. (a) experimental
points (solid circles) and simulated data (line) show good agreement over the wavelengths
from 250nm-1000nm. The k values of the overlayer are shown in (b).

Using Eq. (13), it is possible to fit the Mueller matrices M measured at any angle of incidence
by superimposing the diffuse and specular responses. The only free parameter, a, varies with
wavelength. Therefore, we first performed a wavelength-by-wavelength analysis to determine the
evolution of a. The results showed that a followed a linear relation with wavelength. Therefore,
we implemented a global fit for our spectroscopically measured data, where a was parameterized
as a linear function of wavelength, such as a = mλ + n. For clarity, we only display in Fig. 7 the
experimental data and the fitting results of Ψ and ∆ obtained at AOIs between 45◦ and 70◦. Our
analysis was limited to the linear dispersion relation for a that we empirically determined, but
further research would be interesting to understand the relationship between a and the roughness
parameters, especially in our experimental conditions where we used large angles of incidence
[27]. The results of classic works on the Beckmann-Kirchoff theory [16,28] are not directly
applicable to our measurements since they assume near-normal incidence.

Fig. 7. Fitting results of Ψ (a) and ∆ (b) of the rough silicon sample at AOIs from 45◦ to
70◦. Experimental data (circles) and simulated data (lines) are plotted together.
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4.2. Silver

Figure 8 illustrates the results of measuring a rough silver sample at an AOI of 85◦. The fit
used the optical constants of silver reported in a previous study [22], and included an extinction
overlay with a thickness of 41.4 nm and a k defined by the parameters A = 0.056 and B = −0.701
eV−1. The results show that at this AOI, the dispersion in k is similar to that of silicon, as shown
in Fig. 6(b), but with larger values due to the rougher surface of the silver sample.

Fig. 8. Fits of Ψ and ∆ at 85◦ AOI for the silver sample (a). Experimental points
(solid circles) and simulated data (line) show good agreement over the wavelengths from
250nm-1000nm. The k values of the overlayer are shown in (b).

Furthermore, at AOIs of 40◦ and 45◦, the experimental data agree well with a smooth surface
semi-infinite model using the optical constants reported in [22]. This indicates that within this
range of AOI, the approximation of reflection by locally flat facets is fully applicable, and the
measured data matches what would be measured in a flat silver sample.

Figure 9 shows the fitting results of Ψ and ∆ at AOIs from 45◦ to 75◦. Equation (13) was used
to fit all these intermediate AOIs. As in the case of silicon, a linear dispersion function for a was
used.

Fig. 9. Fitting results of Ψ (a) and ∆ (b) of the rough silver sample at AOIs from 55◦ to 75◦.
Experimental data (circles) and simulated data (lines) are plotted together.

Figure 10 presents a summary of the values of a obtained for both silicon and silver samples
from the fits shown in Figs. 7 and 9. As expected, a decreases as the AOI increases. This
is because a specifies the balance between diffuse and specular reflection in Eq. (13) (a = 1
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indicates a fully diffusive character and a = 0 complete specularity). Additionally, for each AOI,
there is a linear decrease in a values with wavelength, which also aligns with the expectation of
the Rayleigh criterion.

Fig. 10. Values of a at different AOIs for silicon (a) and silver (b). A linear dependence of
the spectral response of a has been assumed.

All spectroscopic ellipsometry measurements on the rough samples of silicon and silver could
be reasonably well understood using the linear combination model of Eq. (13). Table 1 lists the
reduced χ2 merit function obtained for all measurements, together with the type of contribution
(diffuse, specular, or combination of both) that is applicable at each AOIs. The value of a at 550
nm for each measurement is also included for illustration. In the silicon sample, the flat-like
ellipsometry response (a = 1) given by fully diffuse scattered light is obtained until an AOI ∼
40◦, while in the silver sample, thanks to its larger roughness, it can be used until and AOI ∼ 45◦.
Above these values of the AOI, the effect of the specular beam can no longer be neglected.

Table 1. Summary of fits for the experimental datasets of silicon and silver at
different AOIs.

Silicon Silver

AOI χ2 Type a@550nm AOI χ2 Type a@550nm

40◦ 2.46 Mdif a = 1 40◦ 3.11 Mdif a = 1

45◦ 1.26 Mdif&Mspec a = 0.89 45◦ 3.88 Mdif a = 1

55◦ 2.85 Mdif&Mspec a = 0.85 55◦ 4.50 Mdif&Mspec a = 0.87

65◦ 7.13 Mdif&Mspec a = 0.74 65◦ 1.63 Mdif&Mspec a = 0.76

70◦ 8.85 Mdif&Mspec a = 0.34 75◦ 5.90 Mdif&Mspec a = 0.53

85◦ 3.36 Mspec a = 0 85◦ 3.67 Mspec a = 0

5. Conclusion

Experimental evidence has been presented on the feasibility of using spectroscopic ellipsometry
to study extremely rough surfaces where the roughness is on par with or larger than the wavelength
of light. Simple models and analysis tools have been provided to aid in understanding these
measurements, highlighting the importance of considering the phase change caused by the
distribution of surface irregularity heights at the position of the detector (which in ellipsometry
is always at a specular angle relative to the incidence).

In ellipsometry of very rough surfaces, when the AOI is small, the individual facets that make
up a rough surface behave as independent plane reflectors. As the detection arm is at a specular
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angle, only locally flat facets are sampled, resulting in an ensemble average that aligns with a
perfectly smooth material as predicted by the Fresnel equations. In this case, data analysis is
straightforward, but the measurement can be experimentally challenging due to low detected light
levels as the detector only captures a small portion of the overall diffuse light. This requires a
small numerical aperture to ensure that only individual flat facets contribute to the measurement.
As the AOI or wavelength increases, the amount of light detected at the detector also increases
because, in addition to the diffuse light, the coherent (specular) reflection appears. This is because
light reflected from facets that are not too distinct can be effectively in phase, as inferred from the
Rayleigh roughness criterion. At grazing incidence, when θi → 90◦, nearly all of the reflected
radiation is coherent, as a condition of nearly constructive interference can exist over the entire
illuminated surface. This offers the highest intensity levels at the detector, as the whole rough
surface collectively contributes to the specular reflection, and the contribution of diffuse light
can be ignored.

We have shown that the polarization of the specular beam reflected from a rough surface no
longer aligns with the polarization of a perfectly flat surface predicted by the Fresnel equations.
This is due to the small phase differences created by surface irregularities, in addition to other
factors such as shadowing, which can subtly alter the polarization of the specular beam. To
understand these changes in polarization, it is possible to modify the Fresnel equations of a flat
substrate with an effective overlayer that incorporates the collective effect of surface roughness
on the polarization of the specular beam. For the extremely rough surfaces we have measured, we
have determined empirically that this can be achieved through the use of an extinction overlayer,
characterized by a specific extinction coefficient k and thickness. We were able to analyze cases
where both specular and diffuse reflectances have a significant contribution to the overall intensity
through the linear superposition of two Mueller matrices. This simple model is adequate to
explain the results at any AOI and across any spectral range.

With appropriate instrumentation, the characterization of very rough surfaces with spectroscopic
ellipsometry is not significantly more complex than for surfaces with roughness much smaller
than the probing wavelength. In fact, in some experimental configurations with small AOI, when
there is no specular beam, it can even be simpler because the roughness effect becomes negligible
and the inversion of the ellipsometry equation using Fresnel equations is straightforward. Our
findings demonstrate that the technique of spectroscopic ellipsometry can be extended to the
study of rough surfaces without the need for further processing, thus enabling the measurement
of the optical constants of materials with rough surfaces.
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