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a b s t r a c t

We excited surface-plasmon polariton waves (SPPW) on Cu(111) by coupling a monochromatic optical
beam with a xenon multilayer thickness grating on the metal. The SPPW excitation was detected with
an angle-resolved oblique-incidence reflectivity difference technique (OI-RD). The amplitude of the
resonance OI-RD signal was a quadratic function of the grating modulation depth. By monitoring the
decay of the resonance OI-RD signal as a function of time and temperature, we were able to study the
mass transport of xenon that plays a key role in the annealing of a ‘‘rough’’ Xe multilayer crystalline film.

© 2011 Elsevier Ltd. All rights reserved.
Mass transport in a film of adsorbate multilayers plays a crucial
role in material synthesis, fabrication and processing. Materials
grown (or synthesized) by vapor-phase deposition and those
processed by ion sputtering often end with surfaces that are
atomically rough [1]. To obtain an atomically flat surface with
roughness less than one monolayer or one unit cell or to obtain
other stable/meta-stable morphology with desirable properties,
thermal annealing during and after the process is necessary, and
for that the mass transport involving a host of kinetic processes
need to be efficient and understood under permissible conditions.
Approaches to investigatingmass transport on a solid surface range
from microscopic (i.e., sub-nm to nm) such as scanning probe
microscopy (SPM) for real-space information [2–4] and thermal
helium/electron/X-ray diffraction for k-space information [5–8],
mesoscopic (tens of nm) such as LEEM and PEEM for real-
space information [9], to macroscopic (sub-µm to µm) such as
light scattering and diffraction for real and k-space information.
Diffraction of photons or electrons or neutral atoms from a surface
is routinely used to follow particular structural factors of the
surface that characterize its morphology. A structural factor of a
surface or a thin film is a spatial Fourier component s(qs, t) of the
height or thickness h(x, y, t)with awave vectorqs along a direction
in the plane of the surface or film:

h(x, y, t) =

−
s(qs, t) exp[iqs · (xx̂ + yŷ)]. (1)
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The diffracted intensity I(qs, t) of photons or electrons or neutral
atoms under the condition kout − kin = qs is proportional to
|s(qs, t)|2. I(qs, t) is routinely measured to yield information on
mass transport on solid surfaces and in thin films [5–8,10].

In this letter, we demonstrate another optical process, grating-
coupled excitation of surface-plasmon polariton wave (SPPW)
[11–14] on a surface that responds to s(qs, t) of the surface in the
sameway as diffraction of photons ormassive particles. As a result,
this process can be used to study mass transport on a multilayer
thin film as well. In addition to being a novel optical process
for detecting s(qs, t), the SPPW method is essentially free of the
interference from diffusely scattered light from the illuminated
solid surface. The scattered light has always been the challenge
in the application of the linear optical diffraction technique to
measurement of s(qs, t).

Surface plasmon polariton waves (SPPW) are electromagnetic
waves confined to the interface between a metal and a dielectric
material. When the SPPW is excited by coupling an incident
beam with a thickness-modulated thin dielectric film (grating)
formed at the interface, the resonance-like dip in the angle-
resolved reflectivity varies as a quadratic function of the thickness
modulation depth [15]. By following the temporal evolution of the
dip, one can study the mass transport on the thin film.

We excited and detected SPPW on Cu(111) with a combination
of angle-resolved optical reflectivity difference technique and
linear optical diffraction technique at low temperature. The grating
consists of a xenon multilayer thin film epitaxially grown on
Cu(111). The experimental set-up is shown in Fig. 1. A single
crystal Cu(111) disk is placed inside an ultrahigh vacuum chamber
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Fig. 1. Optical set-up for xenon grating-coupled excitation of SPPW on single
crystalline Cu(111). M: dielectric mirrors. BS: beam splitter. PEM: photoelastic
modulator. PS: phase shifter. L: spherical lens that focuses a monochromatic light
beam on Cu(111) with an span of 4°. A: polarizing analyzer. CL: cylindrical lens that
images the reflected light into a line across a 152-element photodiode array (PDA).
AP: aperture for spatial filtering diffusely scattered light while passing the slowly
focused first-order diffraction.

and cleaned with a combination of ion sputtering and thermal
annealing before cooled to 38 K. We expose the metal surface
to 99.999% pure xenon gas to an initial thickness d0 determined
in situ by the reflectivity difference measurement [16,17]. At
38 K adsorbed Xe atoms form a crystalline film of uniform
thickness [17].

To form a grating from the uniform Xe film, we split a single
7 ns laser pulse at 532 nm to two nearly equal parts and
recombine them at the Cu surface to produce an interference
pattern with a periodicity of 2a = 5.45 µm [15]. The thermal
desorption produced by the interference pattern made a xenon
thickness grating from the original uniform layer. At 38 K, the
xenon thickness grating remains unchanged for many hours. The
thickness of the grating-like Xe film can be decomposed into a
Fourier series,

d(x) = ⟨d⟩ + d1 cos(qs · r) + d2 cos(2qs · r) + · · · (2)

with qs = (π/a)x̂, s(qs, t) = d1, s(2qs, t) = d2, and so forth. We
excite the surface-plasmon polariton wave on Cu(111) using the
angle-resolved oblique-incidence reflectivity difference (OI-RD)
measurement with a cw diode laser at optical wavelength of λ =

780 nm. The laser beam is focused to a small spot at the center
of the interference pattern with angular spread of 4°. The reflected
beam is imaged onto a 152-element linear photodiode arraywith a
cylindrical lens for angle-resolved reflectivity difference detection.
The OI-RD signal, defined as∆p−∆s ≡ (rp−rp0)/rp0−(rs−rs0)/rs0
(with rp0 and rs0 being the complex reflectivity for p-polarized and
s-polarized light from a bare Cu(111)while rp and rs the reflectivity
from the Xe-covered Cu(111) [16,17], varies with the incidence
angle φinc near the SPR angle φSPR as

∆p − ∆s ∼= −i
4πεCu tan2 φinc cosφinc

(εCu − 1)(εCu − tan2 φinc)

(εXe − εCu)(εXe − 1)
εXe

×


⟨d⟩
λ

+
g

(φinc − φSPR) + iΓSPR


d1
λ

2


. (3)

εCu = ε′

Cu + iε′′

Cu and εXe are the optical constants of Cu and bulk-
phase Xe, respectively. φSPR, given by sinφSPR =


ε′

Cu/(ε
′

Cu + 1) −

λ/2a, is the angle at which the SPPW is maximally excited.
ΓSPR = ε′′

Cu(ε
′

Cu/(ε
′

Cu + 1) − ε′

Cu)/2 cosφSPRε
′3
Cu


ε′

Cu/(ε
′

Cu + 1) ≈

ε′′

Cu/(2 cosφSPRε
′2
Cu) is the half-width at half maximum (HWHM).

g is a real number presently and varies weakly with φinc near
φSPR [15]. Thus the real part of ∆p − ∆s exhibits a resonance-like
dip at φSPR ∼ 63.7° at 780 nm with the maximummagnitude

{∆p − ∆s}SPR, max ∼= −
4πε′

Cu tan
2 φinc cosφinc

(ε′

Cu − 1)(ε′

Cu − tan2 θinc)

×
(εXe − ε′

Cu)(εXe − 1)
εXe

g
ΓSPR


d1
λ

2

. (4)

The quadratic dependence ofOI-RD signal on themodulation depth
d1 or the structure factor s(qs, t) is understandable from a wave-
coupling argument and can be derived explicitly. Away from the
resonance angle, the imaginary part of the OI-RD signal measures
the mean thickness ⟨d⟩ in the same area,

{∆p − ∆s}off resonance ∼= −i
4πε′

Cu tan
2 φinc cosφinc

(ε′

Cu − 1)(ε′

Cu − tan2 θinc)

×
(εXe − ε′

Cu)(εXe − 1)
εXe

⟨d⟩
λ

. (5)

For linear optical diffraction measurement, we pass a cw probe
laser beam at 532 nm along the path of one of the two 7 ns optical
pulses (see Fig. 1) and monitor the diffraction from the grating
with a photomultiplier after a pair of aperture. With a long focal
length lens, we focus the probe beam such that after reflection the
diffracted beam forms the smallest waist at the second aperture
(AP in Fig. 1), thus minimizing the diffusely scattered light into the
photomultiplier. In doing so, the probe beamcovers an area slightly
larger than that of the interference pattern and the diffraction
signal is spatially averaged over the area. The magnitude of the
n-th order diffraction from the thickness-modulated Xe film as
described by Eq. (2) is as follows

I(nqs, t) = η |s(nqs, t)|2 = η d2n. (6)

η is a constant. In our present experiment we found that the first-
order diffraction intensity I(qs, t)wasmuch larger than that of the
second-order diffraction I(2qs, t) so that only the first two terms
in Eq. (2) were truly significant after the thickness grating was
formed. Taking advantage of this fact, we deduced the modulation
depth d1 from the thickness of the initial film d0 and the mean
thickness ⟨d⟩ of the Xe thickness grating,

d1 = d0 − ⟨d⟩. (7)

In Fig. 2, we show the log–log plot of {∆p −∆s}SPR,max measured
at the resonance angle φSPR ∼ 63.7° vs. the modulation depth d1
(nm) measured at the angle away from the resonance angle. The
solid line is a fit to a power law function y(x) ∼ xγ . We found the
exponent γ equal to 1.95, indeed very close to 2 (see Eq. (4)).

Subsequently, we followed the evolution of {∆p − ∆s}SPR,max ∼

d21 ∼ (s(qs, t))2 at elevated temperatures to study the mass trans-
port on the Xe multilayer film. We first formed the Xe multilayer
grating on Cu(111) at 38 K, then raised the substrate temperature
to a value between 47 and 53 K in a few seconds andmeasured the
optical signal as a function of time. During the temperature change
from 38 K to the set temperature and the subsequent measure-
ment, the substrate orientation in the incidence plane was actively
controlled so that the diffracted beamwasmaintained at the center
of Aperture AP [18]. For diffusion measurement, the initial thick-
ness of Xe multilayer was chosen to d0 = 2.13 nm (6 monolayers).
After the laser-induced desorption that formed the Xe multilayer
grating, the mean thickness was typically ⟨d⟩ = 1.42 nm (4mono-
layers) so that the bare Cu surface was not exposed and the initial
value of d1 was 0.71 nm (2 monolayers). As long as the Cu surface
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Fig. 2. Log–log plot of {∆p −∆s}SPR,max measured at φinc = φSPR vs. themodulation
depth (nm) of the Xe grating. The solid line is a fit to a power law function
y(x) ∼ xγ with the exponent γ = 1.95, confirming the quadratic dependence
of {∆p − ∆s}SPR,max on d1 as described by Eq. (4).

Fig. 3. Real-time decay curves of {∆p − ∆s}SPR, max ∼ d21 ∼ (s(qs, t))2 measured
at different substrate temperatures. The temperature dependence of s(qs, t) was
subsequently fit to exponential functions s(qs, t) = s(qs, 0) exp(−α(T ) t) to obtain
the decay rate constant α(T ).

is not exposed, the results do not change with the values of d0 and
d1 as expected.

In Fig. 3, we show a set of real-time curves of {∆p − ∆s}SPR,max
measured at four substrate temperatures. These real-time curves
display the evolution behavior of the structural factor s(qs, t). To
capture the key feature of the temperature dependence of s(qs, t),
we fit the curves to exponential functions by simply assuming
s(qs, t) ∼ s(qs, 0) exp(−α(T ) t). We plot the rate constant
α(T ) vs. 1000/T in Fig. 4. α(T ) is reasonably well approximated
to an Arrhenius function α(T ) = α0 exp(−Ea/kBT ) (solid line)
characterized by an activation energy Ea = 3.7 kcal/mol
(160 meV) and a pre-exponential factor α0 = 7.7 × 1012 Hz.

It would seem sensible to attribute the decay of s(qs, t) as
dominated by the diffusion of Xe monomers across the surface of
the Xe multilayer film. If so we should expect α0 = (2π2/a2)D0
and then arrived at D0 = 2.9× 104 cm2/s. However the activation
energy and the diffusivity are both too high for intralayer and
interlayer transport of Xe monomers. The activation energy for a
Xe monomer hopping on open Xe(111) terraces is in the range of
10 meV, and the energy barrier for crossing a step edge (interlayer
transport) is in the neighborhood of 30 meV. It means that the
decay of s(qs, t) as displayed in Fig. 3 is dominated by other kinetic
Fig. 4. Arrhenius plot of decay rate constantα(T ) that characterize the temperature
dependence s(qs, t). The solid line is a fit to an Arrhenius function α(T ) =

α0 exp(−Ea/kBT ) with Ea = 3.7 kcal/mol and α0 = 7.7 × 1012 Hz.

processes [19]. In fact 160 meV is close to as the experimental
cohesive energy (170 meV) of bulk-phase Xe [20].

It is instructive to recognize that in addition to hopping of
Xe monomers on (111) terraces of the Xe film and step-edge
crossing from an upper terrace to the neighboring lower terrace,
detachment of Xe from kinks and step edges of an upper terrace
onto the lower terrace is another key ingredient of surface mass
transport. In this case, detachment from straight step edges or
kinks breaks 6–7 nearest-neighbor and 3 next-nearest neighbor
‘‘Xe–Xe’’ bonds that amount to 140–150 meV, in good agreement
with the experimental observation. We thus arrive at a useful
scenario of mass transport on a Xe multilayer film. The thickness-
modulated (non-equilibrium) form of a Xe multilayer film with an
average thickness ⟨d⟩ evolves toward a uniform film through a
sequence of kinetic events: (1) detachment of Xe monomers from
kinks and long straight step edges; (2) hopping of monomers across
open (111) terraces; (3) downward step-edge crossing from the
upper terrace to the lower terrace (either directly or through atom
exchange); (4) accommodation of Xe monomers at the step edge on
top of the lowest terrace. From 47 to 53 K, the first step dominates the
overall rate of mass transport. It is noteworthy that the detachment
from step edges and kinks also dominates the overall rate of
thermal desorption from a Xe multilayer with thickness over 2
monolayers. Gray and coworkers found that the Xe desorption
from a Xemultilayer filmwas of zeroth order and characterized by
an apparent activation energy of 170 meV (same as the cohesive
energy for bulk-phase Xe) and a pre-exponential factor of 6.5 ×

1013 Hz [21].
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