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Surface plasmon polariton phase retrieval via nanoscale surface roughness
induced cross-polarization scattering
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This article demonstrates an elegant method for experimental retrieval of the buried phase information of
optical phenomena at metallic-dielectric interfaces, especially surface plasmon polaritons (SPP), employing a
model explicitly based on roughness-induced cross-polarization scattering. This inherent roughness of the inter-
faces within typical SPP Attenuated Total Reflection (ATR) setups leads to two interlinked phenomena: Angular
broadening and cross-polarization scattering. The microscopic interface features generate altered polarization
vectors which are comparably weak but, because of their orthogonal polarization direction, appreciable within
the specularly reflected light. The information contained in this s-polarized light enables us to retrieve the phase
information of SPPs through the interference model of cross-polarization scattering described here. On that
basis, this article demonstrates the retrieval of phase shifts for multiple silver thicknesses of SPPs generated
within an ATR geometry. Additionally, the method permits the evaluation of surface roughness parameters,
characterization of the angular broadening of reflection, and determination of the thicknesses of the metallic
layers.
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I. INTRODUCTION

Surface plasmon polaritons (SPPs) are resonant longi-
tudinal surface charge-density oscillations accompanied by
electromagnetic near fields which are confined to the interface
of two materials with dielectric constants of opposite signs,
i.e., a metal and a dielectric. The excitation of an SPP via an
external light source can be achieved through manipulation
of the initial momentum of the incoming light. This can be
accomplished through various methods including structuring
the metallic surface with a grating or specific nanostructure;
more commonly the technique of attenuated total internal
reflection (ATR) is utilized by transmitting the light through
a high refractive index material. Typically a thin metallic
film is illuminated by a transverse magnetic (p-polarized)
electromagnetic radiation incident from a high refractive in-
dex medium, as in prism coupling geometries such as the
Kretschmann configuration [1]. SPPs excited in this way are
extremely sensitive to local refractive index changes owing
to exponentially decaying fields into both bounding media
and are inferred by the presence of a sudden decrease in the
metal reflectivity under optimal conditions. These phenomena
have been employed as the basis for optical sensors in real
time chemical and biomolecular interaction analysis studies
[2]. SPPs also play a significant role in an array of modern
applications, such as surface-enhanced raman scattering [3],
surface plasmon-coupled emission [4], surface plasmon reso-
nance (SPR) [5,6], and subwavelength optics [7].

In the past decade, there have been a number of publica-
tions which report that by measuring the angular dependence
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of the phase shift due to SPP excitation and not the changes in
reflection intensity, an additional two to three orders of mag-
nitude in sensitivity can be achieved [8–11]. However, these
are still a relatively small number of publications compared
with traditional SPP sensing techniques. This may be due to
the complexity of detection which usually involves precise
heterodyne setups [12] and algorithms [13] as a consequence
of direct phase detection at optical frequencies (1015 Hz) not
being possible. Therefore interferometric methods of phase
measurement resolve into intensity measurements which are,
by comparison, easily sensed with photodiodes, photomulti-
plier tubes, and charge-coupled devices [14]. The improved
sensitivity of phase-based measurements is due to a more
abrupt angular dependence when compared with the inten-
sity decrease of standard reflection intensity signals [15,16].
Phase-sensitive SPR sensors are also inherently more suitable
for SPP imaging [17,18].

In the following we elaborate on an elegant method to
recover the phase information based on a self-referencing sin-
gle beam technique [19]. This technique is characteristically
different in terms of design simplicity when compared with
optical heterodyne, polarimetry [11], and interferometric tech-
niques recently reviewed by Huang et al. [20] and polarization
conversion techniques with incident s and p components [21].
The technique demonstrates that the SPP phase information
can be determined solely from the precise measurement of
low intensity s-polarized light within the reflection channel
of an ATR setup with exact incident p-polarized light. This
technique can be foreseen to be of interest to all SPR-related
sensor applications as a melioration to regular amplitude-
sensitive systems.

The model of cross-polarization scattering presented here
during SPP excitation and subsequent interference of two
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different channels fully explains the origin of the measured
line shape associated with the SPR phase shift, which is
buried in the intensity information of the reflected light
in an ATR setup. Through rejecting the regularly reflected
p-polarized light, which contains the typical SPR charac-
teristics, it is possible to uncover the hidden SPR phase
shift-dependent s-polarization components. The model pre-
dicts the metal thickness dependence of such a signal through
a combination of cross-polarization scattering and interfer-
ence theories. Specifically, the detected signal depends on two
phase-shifted channels of s-polarization in the specular reflec-
tion direction, both channels resulting from the phenomenon
of cross-polarization scattering within the ATR setup.

The Fresnel equations and Malus’ law dictate that in an
ideal system there should be no s-polarization component
when there is strictly p-polarized incident light entering the
system. However, precise measurement of the low intensity
s-polarization reflected light in the ATR configuration reveals
a nonzero line shape which is characteristically different in
terms of shape from the regular SPR reflectivity dip [1] and
the polarization conversion “resonant maximum” observed
by Elston and Sambles when both s and p components are
incident [21].

II. THEORETICAL CONSIDERATIONS

Most optical models of reflection assume the surfaces
involved are perfectly smooth, for instance, the Fresnel equa-
tions. This assumption holds for macroscopic processes where
surface features can be relatively small when compared with
the light beam diameter. However, when working on the
nanoscale the surface geometry of any optical component will
play a significant role in experimental results. Traditionally,
atomic force microscopy (AFM) is utilized to determine an
average RMS roughness value for a surface. However, from
an optical standpoint it is useful to have specific knowledge
of the region illuminated by the light source, e.g., a laser. In
particular, when performing optical experiments that are sen-
sitive to surface roughness it is desirable to know the surface
roughness at the exact point of incidence/reflection. As per-
forming AFM measurements requires removing the sample
from the optical system, obtaining the surface characteristics
of the exact point of incidence is difficult and time consuming.

Surface roughness can lead to an overall broadening of the
reflectivity signal from a system. This is due to the distribution
of incident angles experienced at the point of reflection. Such
a distribution is directly related to the slope at each point
along the surface; see Fig. 1(b). Therefore a measure of this
broadening will yield direct information about the roughness
at the point of incidence.

For the derived model here, the uniformly coated sur-
faces are assumed to be homogeneous and isotropic, with a
Gaussian surface-height distribution [22]. Consequently the
assumption can be made that an incident laser beam illumi-
nating such a surface will experience a Gaussian-distributed
range of incident angles. Due to the sharp angular selection of
an SPP excitation it is a perfect example to see this broadening
directly. It should be noted that, while a Gaussian rough-
ness distribution is often used in the literature including the
presented research here, more sophisticated models can be

FIG. 1. Surface roughness effects on the incident angle. (a) Sam-
ple 1 data showing comparison of a smooth surface simulation
of reflectivity from a Kretschmann configuration setup, Rp, with
a Gaussian-broadened simulation, RB

p (ω = 0.17◦). The insert com-
pares the corresponding residuals of both models; (b) infographic
illustrating the effect surface features have on the distribution of
incident angles.

employed which describe the actual roughness of a surface
more precisely [23,24]. Such sophisticated models may also
benefit from detailed measurements that measure the surface
roughness [24]. However, the model presented here is fully
informed by the implicitly measured cross-polarization prob-
ability. In this context a Gaussian roughness model is fully
sufficient to extract all data from the laser excitation.

The angular selectivity of such an excitation will be on the
order of ±0.5◦. Figure 1(a) shows the use of the Fresnel equa-
tions to predict the reflectivity, Rn(θ ), from a Kretschmann
configuration using 50 nm of silver on a fused silica prism
(where n ∈ {p, s} indicates the incident polarization). By in-
troducing a Gaussian distribution around each incident angle
(width, ω = 0.17◦), contributions from the neighboring angles
can be shown to broaden the simulated signal, RB

n (ω, θ ); see
Eq. (1). The width of the Gaussian is used as a free parameter
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FIG. 2. Simulated s-polarized reflectivity angular scan for vari-
ous Ag metal thickness: 40, 46, 48, 50, and 55 nm with an excitation
wavelength of λ = 561.2 nm.

when the experimental data are fit by the model. The assertion
of the width of the Gaussian provides insightful information
about the distribution of true incident angles within the laser
spot,

RB
n (ω, θ ) =

∫ θ+ ω
2

θ− ω
2

Rn(θ ′)
2πω

exp

(
− (θ ′ − θ )2

2ω2

)
dθ ′. (1)

Surface roughness in an optical experiment not only ef-
fects the angular distribution of the light but also changes
the polarization of the light on reflection. This is particu-
larly apparent during the excitation of SPPs. As previously
mentioned, in order to excite an SPP the incident light must
be polarized parallel to the plane of incidence (p polarized).
Classical theories of reflection and polarization predict that
after reflection from a Kretschmann configuration all light
that was originally p polarized will retain this polarization.
The Fresnel equation predictions, i.e., for flat surfaces, for
both the reflectivity of s-polarized Rs(θ ) and the p-polarized
Rp(θ ) incident light orientations are shown in Figs. 2 and 3,
respectively. However, as a consequence of surface roughness,
a portion of this light is scattered and results in a polarization
conversion to s-polarization, i.e., polarized perpendicular to
the plane of incidence. This process is referred to as cross-
polarization scattering and can be measured and quantified by
the cross-polarization ratio, Cp→s; this is the ratio of the inten-
sity of light seen in the perpendicular channel (s polarized) to
the intensity of light seen in the original polarization direction
(p polarized). As both variables can be measured without
significantly altering the system, specifically by changing only
the angle of the polarizer, this ratio can be determined exper-
imentally for every angular scan. Cp→s yields information in
relation to the average shape and size distribution of features
along the surface [22,25].

The SPP excitation condition along a metal surface is
achieved by altering the k-vector of the incident light until
it satisfies the SPP dispersion relation. The Kretschmann con-
figuration accomplishes this by using a higher index optical

FIG. 3. Simulated p-polarized reflectivity angular scan for vari-
ous Ag metal thickness: 40, 46, 48, 50, and 55 nm with an excitation
wavelength of λ = 561.2 nm.

material to alter the momentum of the incoming light before
it reaches the metallic surface. Here the configuration consists
of a semicylindrical glass prism (typically BK7 or fused sil-
ica) with a thin layer of metal (on the order of 50 nm) on
the flat face. At a specific angle the internal reflection from
the prism/metal interface creates the conditions needed
for the light to resonantly couple to the free electrons in the
metal and therefore excite an SPP. A significant consequence
of such coupling is an angular-dependent phase shift between
the incoming light and the light measured in the specular
reflection direction. As mentioned above, this phenomenon is
utilized in biosensors and refractive index retrieval devices.
As will be shown in the following, precise and simple mea-
surement of the SPP phase shift, φ, is achievable through
the process of cross-polarization scattering combined with the
Gaussian-broadened model of reflection.

Cross-polarization scattering causes an element of the re-
flected light to contain an s-polarized component. There are
two origins of the s-polarized light in such a system: (a)
Cross-polarization scattering of directly reflected light and (b)
cross-polarization scattering into the far field subsequent to
SPP excitation, the first of which occurs when incident p-
polarized light experiences cross-polarization scattering from
roughness along the reflecting surface. This contribution
can undergo multiple-scattering processes, resulting in an
s-polarization signal along the specular reflection direction.
This is referred to as direct cross-polarization scattering be-
cause it has an immediate effect on the polarization in that
all directly cross-polarized light no longer contributes to the
excitation of an SPP; it will behave similarly to light which
originally entered as s polarized. The intensity profile, Iscat

s ,
of such a channel can be deemed to be proportional to the
intensity given by the Gaussian-broadened Fresnel reflectivity
for s-polarized light entering the system; see Fig. 2. If I inc

p
is the initial laser intensity the intensity of this channel is
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given by

Iscat
s (θ ) ∝ I inc

p

∫ θ+ ω
2

θ− ω
2

Rs(θ ′)
2πω

exp

(
− (θ ′ − θ )2

2ω2

)
dθ ′. (2)

As the incident angle approaches the regime of SPP excita-
tion, the nondirect cross-polarization-scattered portion of the
incident p-polarized light will contribute toward the excitation
of the SPP. This is commonly detected as a decrease in reflec-
tion intensity of the p-polarized light itself. Due to the nature
of cross-polarization scattering this light will intrinsically
cause an element of s-polarized light, Ispp

s . This component is
proportional to the intensity given by the Gaussian-broadened
Fresnel reflectivity for p-polarized light entering the system,
RB

p ; see Fig. 3. From here Eq. (2) can be rearranged to form

Ispp
s (θ ) ∝ I inc

∫ θ+ ω
2

θ− ω
2

Rp(θ ′)
2πω

exp

(
− (θ ′ − θ )2

2ω2

)
dθ ′. (3)

A typical example for the existence and generation of
cross-polarization radiation subsequent to SPP generation
is the so-called ATR cone whose origins and polarization
behavior are explained in detail by Isfort et al. [26,27].
Further examples include scattering of SPPs at mesoscopic
structures [28].

The superposition of the above two phase-shifted cross-
polarized contributions, Eqs. (2) and (3), results in an
angularly dependent s-polarized signal, Is(θ ) [19],

Is(θ ) = Iscat
s + Ispp

s + 2 cos
(
φspp

s − φscat
s

)√
Iscat
s Ispp

s . (4)

The proportionality constant for both Eqs. (2) and (3) is
given by the probability of cross-polarization scattering to
occur, referred to as C′

p→s, which is measured at a fixed angle
away from polarization-dependent effects, i.e., some degrees
from the SPP excitation angle,

C′
p→s = Is(θ )√

(Ip(θ ))2 + (Is(θ ))2
. (5)

As both contributions to Eq. (4) are coherent and are of
the same order of magnitude, the profile of this signal is
strongly dependent on the phase shift between the channels,
φ = φ

spp
s − φscat

s . This enables the retrieval of phase informa-
tion from, for example, a standard Kretschmann configuration
via two direct measurements: The intensity of the p-polarized
component, Ip(θ ) (a standard SPP scan), and the intensity of
the s-polarized component, Is(θ ).

As outlined above, the surface roughness-induced Gaus-
sian broadening can be measured via the original p-polarized
SPP scan, Ip(θ ). This provides a value for the Gaussian width,
ω, in Eqs. (2) and (3). Once the degree of broadening is
known, both Rs(θ ) and Rp(θ ) can be simulated and RB

s (θ )
and RB

s (θ ) can be calculated. The precise angular width of
the features seen in Is(θ ) can thus be predicted by the model,
allowing for intensity variations over a narrow angular range
to equate back to local refractive index changes and for mea-
surements of the phase shift due to the SPP.

Rearranging Eq. (4) and incorporating both measured vari-
ables, Iscat

s and Ispp
s , results in a method of determining the

phase of an SPP with respect to the phase of the reflected laser

FIG. 4. Placing an analyzer in the reflection channel of a modi-
fied ATR setup to block the reflected p-polarized light and accurately
recording the orthogonally scattered light produces a phase-related
intensity line shape.

beam which acts as an intrinsic reference:

φ = cos−1

(
Is − Iscat

s − Ispp
s

2
√

Iscat
s Ispp

s

)
. (6)

III. EXPERIMENTAL METHODS

While the method is not limited to a specific SPP excitation
geometry, the experimental setup chosen here for the phase
intensity measurements is similar to that employed in regular
theta/two-theta angular interrogation Kretschmann configu-
rations but with the sole addition of an analyzer polarizer in
the reflection channel. It is thus an ellipsometric setup similar
to the one used by Naraoka and Hooper [29,30]. However,
in this case, the analyzer is employed to filter out the reflected
p-polarized light, leaving the nonplane-of-incidence polarized
scattered light.

Two distinct wavelengths of visible illumination have been
used to characterize the signal. In the present study the wave-
lengths employed are �790 nm (Ti-Sapphire laser in CW
mode, Griffin C, KM Labs) and 561.2 nm (single mode sta-
bilized diode laser, Torus, Oxius).

As illustrated in the experimental setup in Fig. 4, the in-
cident beam is passed through a high grade Glan-Thompson
polarizer (B. Halle, PGT 2.10 + PGT 0.8) which has an
exceptional extinction ratio of 10−8. The Glan-Thompson po-
larizer is employed to improve the linear polarization ratio of
the incident laser sources and to precisely define its polariza-
tion orientation. The incident beam is then passed through a
double Fresnel rhombus (B. Halle, RFR 1.500), which allows
the incident linear polarization to be freely rotated to ensure a
strict incident p polarization. A number of fine adjust microm-
eter slits are used to constrain the beam and to improve the
collimation, as a very small spot size is important for angular
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FIG. 5. Direct measurement of the s-polarization intensity in
the reflection channel of an ATR configuration illuminated with p-
polarized light. Sample is 43 nm of silver on a Fused silica prism. The
insert shows theoretical prediction from cross-polarization scattering
model at various thicknesses.

resolution considerations relating to plasmon excitation. On
reflection from the prism/metal interface, the reflected light is
passed through a second identical high grade Glan-Thompson
analyzer polarizer. The signal is passed though a final microm-
eter slit and the resulting photodiode (BPW34) measurement
is recorded using a Nano-Voltmeter (Agilent, 34420 A).

All angular scans correspond to going from lower momen-
tum to higher momentum(e.g., 40◦ → 50◦), with 0◦ being
normal to the surface. When performing conventional angular
SPR reflectivity scans no analyzer is present. For phase mea-
surements, the Glan-Thompson analyzer is always orientated
perpendicularly to the incident polarization. Due to the high
quality of the polarizers only the intensity of the s-polarized
components are detected in the reflection channel.

Silver (Goodfellow, 99.99%) thin films are deposited by
vacuum thermal evaporation directly onto both BK7 and fused
silica prisms. Base pressures are typically 5 × 10−5 mbar.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Multiple samples were used with varying thicknesses in
order to illustrate the generality of the model over the en-
tire region of SPP excitation. All samples were mounted in
the system shown in Fig. 4 with the incoming polarization
set to p polarization; both angle-dependent intensities of the
resultant p-polarized and s-polarized reflected lights were
recorded consecutively. Figure 5 shows the directly reflected
intensity of s-polarized light. An example of the classically
measured p-polarization signal is shown in Fig. 1(a). From
these two measurements alone, which only require an addi-
tional quality polarizer in the setup, the roughness parameters,
Gaussian width (ω), and cross-polarization scattering proba-
bility (C′

p→s) can be determined. Table I shows these variables
extracted from such pairs of measurements in conjunction
with Eqs. (2) and (3) for four distinct thicknesses of silver
films on Fused Silica prisms. Each value is specific to the

TABLE I. Roughness parameters for silver film samples 1 − 4;
ω is the Gaussian width from (1) and C′

p→s is the likelihood of cross-
polarization scattering to occur used as the proportionality constant
of Eqs. (2) and (3).

Sample Thickness (nm) ω (deg.) C′
p→s(×10−3)

1 43 0.1701 0.8220
2 56 0.1261 2.0836
3 70 0.2240 3.4855
4 75 0.1477 2.4636

sample and is a consequence of the manufacturing procedure,
environmental history, and the thickness-dependent angle un-
der which the SPP maximum (and related features) occurs.
From these values, along with the Fresnel prediction of the
reflectivity, RB

n can be determined. Consequently, the phase
shift between the two channels can be measured and then
directly calculated from Eq. (6) which is the main result of this
article. Figure 6 demonstrates the high quality of the method
presented here of determining the SPP phase with respect to
the reflected laser beam from the cross-polarization scattered
light as it compares our measured data directly with the theo-
retical predictions. The agreement between the measurements
(open circles) and the theoretical calculations (solid lines) is
stunning—especially if one takes into account that, despite all
efforts, the measured data must have some residual noise (e.g.,
originating from laser intensity fluctuations, dust particles in
the laser beam, and changes in laser pointing) and the fact that
the theoretical predictions must assume a certain simplified
roughness distribution (Gaussian) which is a good approxima-
tion but in no way identical to the roughness on our samples.
Along with determination of the phase, shown in Fig. 6, the
direct measurement itself can be utilized for local refractive
index-sensitive systems. The sensitivity of such systems de-
pends on how steep the phase changes are for a given angular
change. An excellent measure for this is the angular separation
of the minimum and maximum of the phase. Figure 7 shows

FIG. 6. Angular-dependent phase calculation from Eq. (6). Silver
films on fused silica prism with λ = 561 nm.
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FIG. 7. Calculated and measured maximum to minimum separa-
tion distance for λ = 790 nm incident silver films through BK7.

the angular separation of the maximum and minimum phase
points of the systems investigated, taken from measurements
performed at a wavelength of 790 nm. The change in wave-
length has deliberately been made to illustrate the versatility
of the method—not only extending it to different thicknesses
as shown above but also demonstrating that it can be used with
arbitrary wavelengths. There is a clear trend in the narrowing
of the feature as is indicated by both the theoretical and
the experimental values. The angular separation of maximum
and minimum values sharpens as the metal becomes thicker
until it reduces to a relatively stable value of roughly 0.2◦.
Significantly, the optimum SPP excitation thickness has no
effect on the measured signal. This is primarily because the
s-polarization signal, Is, is strongly dependent on the cosine
of the phase shift rather than the phase shift directly. This is
seen as the strong dominance of the phase term, cos(φ), in
Eq. (4) in comparison with the intensity terms.

One critical remark would be to note that the predictions
and measurements of the angular separation work well for all
thicknesses and are within the error bars but for the thinnest
system investigated at 30 nm thickness. A potential reason
for this deviation might be that the expected Gaussian dis-
tribution of roughness is perturbed for ultrathin metal films
on substrates like quartz as the initial growth mode of the
coinage metal would typically deviate from its bulk growth
mode because of the nonmatching lattice constants between
the substrate and its coating. In this vein, this is not a failure of
the predictions but aids in analyzing the deviations in growth
mode for thin films when compared against the expected dis-
tribution.

V. CONCLUSIONS

The cross-polarization scattering model, in conjunction
with surface roughness-induced Gaussian broadening, can
be utilized to determine the phase of the SPP phenomenon.
Through two standard measurements the model illustrates
a straightforward approach to phase retrieval. The angular
dependence for three samples of varying thicknesses is cal-
culated and shown to accurately reflect the phase values
predicted by a Gaussian-broadened version of Fresnel equa-
tions; see Fig. 6.

In addition to phase calculations, the signal detected di-
rectly in the s-polarization configuration (Is) has a strong
metal thickness dependence and itself has the potential to be
utilized within local refractive index sensor technologies.
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