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Formation of crownlike and related nanostructures on thin supported gold films irradiated
by single diffraction-limited nanosecond laser pulses
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A type of laser-induced surface relief nanostructure—the nanocrown—on thin metallic films was studied
both experimentally and theoretically. The nanocrowns, representing a thin corrugated rim of resolidified melt
and resembling well-known impact-induced water-crown splashes, were produced by single diffraction-limited
nanosecond laser pulses on thin gold films of variable thickness on low-melting copper and high-melting tungsten
substrates, providing different transient melting and adhesion conditions for these films. The proposed model
of the nanocrown formation, based on a hydrodynamical (thermocapillary Marangoni) surface instability and
described by a Kuramoto-Sivashinsky equation, envisions key steps of the nanocrown appearance and gives
qualitative predictions of the acquired nanocrown parameters.
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I. INTRODUCTION

Direct laser nanostructuring of thin metallic films ap-
pears as a versatile large-scale technology in fabricating
nanophotonic and plasmonic elements and devices [1]. Single
tightly focused short and ultrashort laser pulses are used to
fabricate in a deterministic “bottom-up” way different types of
single-element nanostructures—localized microbumps [2,3],
nanojets [4—6], nanoholes [7—10], or nanoparticles [11], as well
as their regular arrays (see, e.g., [11]). Likewise, quasiregular
arrays of nanotrenches [12,13] or microbumps (microcolumns)
[14—16] were produced on macroscopic scales through various
“top-down” processes by weakly focused multiple short
and ultrashort laser pulses on material surfaces via relief
self-organization, driven by diverse surface instabilities of
transient surface molten layers [17,18]. Similar phenomena
were observed upon weak laser focusing onto nanoscale
metallic lines [19] or rings [20], resulting in nanoparticle
ensembles via developing hydrodynamic instabilities.

Recently, an unusual type of laser-driven surface relief
instability in the form of nanocrowns—quasiregularly mod-
ulated nanorims of laser-molten surface layers as a sequence
of nanotips with beads atop—were observed upon single-shot
irradiation of a thin gold film deposited on a Si substrate by
strongly focused femtosecond laser pulses [21]. The shape of
the micron-wide crown observed in Ref. [21] is typical for
well-known fluid crowns formed by impact of a symmetric
object onto a fluid surface and can be arbitrarily related either
to Rayleigh-Plateau, Rayleigh-Taylor, or Richtmyer-Meshkov
hydrodynamic (HD) instabilities [22,23]. Such surface crown-
like relief with numerous spikes was shown to appear at the
initial surface instability stage, while the top beads emerge at
a more developed nonlinear stage (see Fig. 3 in Ref. [23]).
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Moreover, these surface impact-driven relief instabilities can
be potentially identified in term of Reynolds (Re) and Weber
(We) numbers as different regions—Pelegrine sheet, crown
splash, microdroplet splash, and intermediate cases—of a
unified Re-We phase diagram [22,23]. In contrast, laser-driven
melt instabilities exhibit much more complex, “bulk” character
for the three-dimensional transient temperature and stress
gradients and thus require more profound phenomenological
investigation and more complicated, different theoretical
modeling.

In this work, we report on the observation of diverse surface
nanocrowns and related surface nanostructures on 25- and
50-nm-thick supported Au/Pd films on a bulk low-melting Cu
substrate at variable energies of incident single nanosecond
diffraction-limited laser pulses, in comparison with a 50-nm-
thick supported Au/Pd film on a bulk high-melting W (a
refractory metal) substrate demonstrating just smooth rims.
These frozen surface topologies are qualitatively enlightened
in the framework of our theoretical model of a hydrodynamic
instability of laser-melted surface appearance.

II. EXPERIMENTAL SETUP AND PROCEDURES

In our experiments we used 25- and 50-nm-thick Au/Pd
(80/20 wt %) alloy films deposited by magnetron sputtering
(Quorum Technologies) either on a smooth (rms ~3 nm) edge
of a cut Cu wire, or on a W substrate, both prepolished by
accelerated Ag™ ions (Hitachi IM4000). Linearly polarized
second-harmonic (A = 532 nm) pulses of a Nd:YAG laser
(Solar LS LQ215) with a pulse width 7, ~ 7 ns [full width at
half maximum (FWHM)] and a maximum energy £ < 10 mJ
(TEMqy mode) were used for surface nanostructuring.

Each p-polarized laser pulse was focused onto the Au/Pd
film (Fig. 1) by means of an apertureless dielectric probe
(ADP), a tapered 20-mm-long section of a single-mode
optical fiber (Thorlabs SM400) with a constant taper angle
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FIG. 1. (Color online) Experimental setup for surface nanostructuring.

~12°19,10]. Such ADP provides spatial filtering and focusing
of a laser beam, resulting in a diffraction-limited output
spot (R ~ 0.3 um at the normal incidence) with a nearly
Gaussian spatial profile and relatively deep focal depth
(~A/2) [9,10]. The laser pulses were effectively coupled to the
ADP using a fiber coupler (Thorlabs MBT612D/M). During
laser nanostructuring, the ADP tip was located 50 nm above
the sample surface and inclined at an angle of 60° (inset in
Fig. 1) to the sample surface normal, yielding an elliptical
Gaussian spot with R, 1/, ~ 0.65 um and R, i/, ~ 0.4 um.
The probe-to-sample distance was controlled using the tuning
fork feedback. Visual control of the ADP motion and the Au/Pd
film damage was performed by means of a high-resolution
optical microscope Hirox KH7700 (optical magnification,
700x-=7000x; working distance ~ 3.4 mm).

The laser pulse energy entering the fiber was varied using
a polarizing attenuator. To measure the pulse energy E at
the ADP tip, the output laser radiation was collected by
a microscope objective [numerical aperture (NA) = 0.65]
and focused on the photodetector (J-10SI-HE energy sensor,
Coherent EPM2000). Surface topology of the laser-structured
Au/Pd film was characterized using an atomic force micro-
scope (AFM) (NanoDST Pacific Nanotechnology) in the close-
contact mode with ultrathin Au-coated cantilevers (NT MDT
01_DLC and NSC05_10°). All experiments were performed
under ambient conditions.

III. EXPERIMENTAL RESULTS
A. 50- and 25-nm-thick Au/Pd films on Cu substrates

Typical submicron-scale structures, emerging on the sur-
face of the 50-nm-thick Au/Pd film upon single-shot laser
irradiation, are shown by AFM images in Figs. 2(a)-2(c). The
minimal surface modification appears at E = 1.9 nJ [Fig. 2(a)],
referred to here as “nanocrown.” It exhibits a set of sub-100-
nm-wide and sub-30-nm-high major nanotips, connected by a
series of less pronounced minor nanotips, arranged altogether

in the form of a slightly elliptical modulated rim with major
and minor semiaxes ratio b“°*" = R, /R, ~ 1.8 [Fig. 2(a)].
This ratio b°%" represents the oblique incidence of the laser
radiation in this ADP focusing geometry (Fig. 1, inset). The
nanocrown radii monotonously increase with the increasing
pulse energy E [Figs. 2(b), 2(c), and 3]. The total number
of the constituent major and minor nanotips N,, ~ 10 — 102,
with their characteristic dimensions remaining almost constant
versus increasing E [Figs. 2(a)-2(c)].

At higher energies, E = 2.7 nJ and E = 5.5 nJ, other
known types of surface structures—submicron bumps and
holes—appear on the film surface in the laser spot cen-
ter [Figs. 2(d) and 2(f)], while the peripheral nanocrowns

[F—]
400 nm

FIG. 2. (Color online) (a)-(f) AFM images of the laser-induced
surface structures in the 50-nm-thick Au/Pd film on the Cu substrate
at laser energies E =~ 1.9 (a), 2.15 (b), 2.3 (¢), 2.7 (d), 4.9 (e), and
5.5n] ().
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FIG. 3. (Color online) Squared radii of x and y semiaxes of
nanocrowns versus InE on the 25-nm-thick (blue symbols) and
50-nm-thick (red symbols) gold films on the Cu substrates. The
straight lines fit the experimental data using the functions R,f,y =
A)zm,ln (E/E.), where A, , are the characteristic lateral scales of

laser energy deposition.

become less prominent. Single-shot-driven growth of such
bumps and holes is enhanced at the increasing laser energy
[Figs. 2(d)-2(f)], being accompanied by partial displacement
of the film material to form the local submicron depressions
and bumps. In contrast, the surface level in the vicinity of
the observed nanocrowns remains constant [Figs. 2(a)-2(c)],
while the detailed AFM analysis indicates simultaneously the
increased grain size inside the film region surrounded by the
nanocrown rim, apparently, following laser-induced melting
and resolidification processes within the focal spot.

For the Gaussian intensity distribution in the focal laser
spot [9,10], the experimental dependences of R} and R} on E

(Fig. 3) can be fitted in the form Rﬁ’y = Ai’ylnE/Ec, where
E. is the threshold energy of the nanocrown formation, and
A,y (50 nm) are the characteristic lateral scales of laser energy
deposition [24], including the focal spot size and the heat
transport length. The resulting two characteristic scales of the
transient surface modification, A,(50 nm) = 0.63 4 0.01 um
and A, (50 nm) = 0.35 £ 0.01 wm, with their ratio A, /A, ~
1.8, are consistent with the magnitude »“°"" = 1.8. In
comparison to the same focusing scales R, 1/, ~ 0.65 ;um and
Ry 170 ~ 0.4 um, the good correspondence of R, i/ (Ry 1/c)
and A, (A,) magnitudes indicates the presumable vertical
heat conduction into the bulk copper substrate. The threshold
fluence of the nanocrown formation, F, = E./(m A A,), was
obtained by extrapolating the dependences to R? y =0,
yielding the threshold energy E.(50 nm) ~ 1.1 £ 0.1 nJ
and the corresponding threshold fluence F.(50 nm) ~ 0.16
+0.02 J/cm?.

Likewise, the 25-nm-thick Au/Pd film on the Cu substrate
demonstrates a number of similar crownlike structures around
the single-shot craters, becoming more pronounced for the
increasing pulse energy E (Fig. 4). Meanwhile, for the thinner
film the fitted parameters A,(25 nm) = 0.54 pum and A (25
nm) =0.313 um (A /A, = 1.72)are somewhat smaller, than
for the thicker film, while the corresponding threshold energy
E.(25 nm) = 0.45 £ 0.07 nJ is almost two times lower. As
a result, the crown-formation threshold fluence F. = 0.09 £+
0.02 J/cm? for the 25-nm-thick film is consistently scalable
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FIG. 4. (Color online) AFM and SEM images of the laser-
induced surface structures in the 25-nm-thick Au/Pd film on the
Cu substrate at laser energies E ~ 0.5 (a), 0.87 (b), 1.55 (c), and
2.4 nlJ (d).

with the film thickness, accounting for the higher threshold
F.(50 nm) = 0.16 £ 0.02 J/cm? for the thicker film.

B. 50-nm-thick Au/Pd film on W substrate

In contrast with the evident crown formation on the 25- and
50-nm-thick Au/Pd films on the Cu substrates, a 50-nm-thick
Au/Pd film on a tungsten substrate demonstrates a number
of smooth asymmetric rims of variable, energy-dependent
heights right around the single-shot craters (Fig. 5). Moreover,
both increased rim heights and diameters are observed at the
same focusing conditions and comparable pulse energies (cf.
Figs. 2, 4, and 5). Comparing to the 50-nm-thick Au/Pd film
on the Cu substrate, in this case the experimental dependences
R? and R} versus E in Fig. 5 exhibit significantly larger
energy deposition spatial scales —A, ~ 0.83 4 0.01 um and
Ay, ~0.514+0.01 um (Ax/A, ~ 1.62), corresponding to
significantly higher threshold energy £, =~ 1.9 & 0.1 nJ, but

ol—— ;
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FIG. 5. (Color online) (a)—(c) Pairs of AFM and SEM images of
the laser-induced surface structures (nanorims and nanocraters) in the
50-nm-thick Au/Pd film on a tungsten substrate at the laser energies
E = 2.2 (a), 2.9 (b), and 4.6 nJ (c). (d) Squared radii of x and y
semiaxes of the rims versus InE.
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FIG. 6. (Color online) (a) Sketch of a molten pool with the rim of the radius R, and the periodically (azimuthally) modulated height
h = h,, + h; (the nanocrown). (b) Angular fragment of the nanocrown shown in (a), which illustrates the height modulation of the molten rim

with the small amplitude #, (k; > h,,) and the wavelength A.

somewhat lower threshold fluence F, =~ 0.13 & 0.02 J/cm?
for nanorim formation in the film on the W substrate.

IV. HYDRODYNAMIC MODEL OF NANOCROWN
FORMATION

To envision the essential physics behind the nanocrown-
formation mechanism, a two-stage hydrodynamic model was
developed to describe the underlying instability of the molten
surface.

A. First stage: Formation of a molten cylindrical rim on surface

The 7-ns 532-nm laser pulse with the Gaussian intensity
distribution (the focal radius R;.) melts a surface layer of the
thin gold film and the copper substrate within the radius R,, to
depth H,,, which is a decreasing radial function H,, = H,,(|r])
in the surface plane, with H,,(R,,) = 0. Surface temperature
in the center of the melt pool is higher than that at its
periphery, resulting in the gradient of its surface tension o
directed outward due to ds /0T < O for liquid metals [25], and
pulling the molten surface layer away from the spot center to
its periphery. Moreover, friction forces in the melt layer are
increased versus its radially decreasing depth, slowing down
the outward melt motion and eventually stopping it at the
melt-solid boundary at r = R,,, where the thermocapillary
pressure forces push it to move up along the surface normal.
Such complex motion within the melt pool yields a cylindrical
rim as a thin wall of the molten gold and copper with radius
R,, and height & [Fig. 6(a)].

To describe subsequent evolution of the cylindrical rim up
to its total solidification, one should analyze the influence of
other factors. First, the temperature gradient in the rim wall
is directed from its top to the bottom (37 /dz < 0), since the
lower part of the wall is formed by flow of the hotter molten
material from the spot center, while the upper part of the wall
appears through displacement of the cooler peripheral melt.
Second, a perturbation of the molten rim height / leads to a
modulation of surface tension: Vo = —|d0/dT|(0T/9z)Vh.
In this case, directions of liquid flows at each tip depend
on the direction of the temperature gradient (07/0z) in the
cylinder wall along its height. Therefore, in the case of such
negative temperature gradient, (07 /9z) < 0, thermocapillary
forces provide a HD instability of the wall relief for Vo ~ Vh.

B. Second stage: Marangoni hydrodynamic instability
of the cylindrical rim height

The height of the molten cylindrical rim in Fig. 6(b) can
be written in the form h = h,, + h(r,t), where hy is the
spatially uniform height and h(r,7) is the small spatially
nonuniform perturbation (h; < h,,) of the rim height, arising
from the development of the thermocapillary (Marangoni) HD
instability. The HD thermocapillary-induced modulation of
the thickness of the viscous molten layer can be described, in
the long-wave limit (2w h;/A < 1), by the two-dimensional
hydrodynamic Kuramoto-Sivashinsky (HDKS) equation for
hi(r,t) [18]:

ah

2D
— = ~DAR = DA = 2= (VI (D)

where D = (lor|h%/2pm)|0T /dz,,; (0T /3z)y, =
(0T/0z),—p, is the normal temperature gradient at the
tip of the melted spot rim; |o7| = |do/dT|; p and n are
the melt density and kinematic viscosity, respectively;
D) =ohy,/3pn; and the scaling parameter [, = hl/3.
Above, A and V are the two-dimensional Laplace and
gradient operators, respectively. The HDKS equation (1) was
earlier derived in [18] from a more general HD equation given
in [26].

We assume the thickness of the rim wall AR,, < R,, and
consider one-dimensional HD instability of the rim with the
radius R,,. In this case, the cylindrical rim height depends on
the angle between x or y axis, and the vector r [see Fig. 4(a)]:
h = h,, + h (¢,t). Then, one can transform Eq. (1) to the
HDKS equation on the ring,

dh 92h *h, 29 [dh\>
=0 - ( ‘>, @)

ar o agr T 3t hw \dp

where Q = D/R? and b* = Dllf/Dern.

To carry out linear analysis of the HD instability of the
molten cylindrical rim height, the solution of the linearized
Eq. (2) was written as

hi(@.t) =Y hio(N)exp(iNg + Ant), 3)
N

where h19 = const, N is an integer, and Ay is the growth rate,

Ay = QN2 — Qb>N*, “)
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for the Nth azimuthal harmonic. The solution in the form of
Eq. (3) satisfies the periodical condition on the ring i (¢,t) =
hi(p + 2m,1).

From the analysis of Eq. (4), one can find the maximum
growth rate at

D R,

N=N, = TD]W (5)
Thus, the wavelength of the dominant rim height modula-
tion reads
_ 2Ry _ 47 [ id }1/2 ©)
" N, 3 " LlorllaT/0zl, hw]

m

The cylindrical rim height modulation [Fig. 6(b)] leads to
formation of the crown structure [Fig. 6(a)]. The tip number
in the crown, according to Eq. (5), equals

N, — 3Rm |6T| |8T/8Z|hm hm 1/2
m = 2h,, s

and the growth rate of the dominant modulation is given
by

D2\ 1 aT /o B \ 2
o = (22Y 1L 90 10T /0zl},, lor] L ®
4D, lﬁ 16,0nh,, o

(7

o

V. DISCUSSION

In our experiments on the Cu-supported gold films, there
are prominent indications of the increased nanograin sizes
within the observed nanocrowns, which can be related to
the film annealing—melting and resolidification—processes
(e.g., the Cu melting temperature 7,, ~ 1356 K, the melting
enthalpy AH,, ~ 13kJ/mole [27], the Aumelting temperature
Tn, = 1337 K [28], and the Pd melting temperature
T, = 1825 K [29]). The related transient surface melt
thickness, which is the key parameter for the crown-formation
process, was evaluated using [30]

h = J4xt,In(F/Fy), 9)

where the characteristic heat conduction length \/4x 7, ~ 1.7
pum for the known high-temperature thermal diffusivity in
copper, x (1000 K) ~ 1 cm?/s [27] (cf. the penetration
depth in gold at 532 nm ~ 17 nm [31]), and the melting
threshold F,, < F. ~ 0.22 J/cm?. Then, for In(F/F,,) < 1,
the submicron-deep melt pool may appear on the Cu surface
in each laser shot prior to the nanocrown formation. In
contrast, melting of W occurs at much (almost three times)
higher 7,, ~ 3693K and AH,, ~ 35.1 kJ/mole [27], thus
requiring much higher thermal fluxes (laser fluences) at the
rather comparable high-temperature thermal diffusivity x
(1000 K) = 0.4 cm? /s [27]. Hence, in this work at comparable
incident laser fluences the W substrate may remain solid,
carrying the rather thin ( = 50-nm-thick) molten Au/Pd layer,
in comparison to 4, ~ 107>~10~* cm for the above-mentioned
Cu-supported gold films.

The developed HD model provides basic understanding of
nanocrown formation on a molten film-substrate surface and
some useful estimates of its evident and “hidden” character-
istics. For numerical estimates of the number of nanoridges

PHYSICAL REVIEW E 90, 023017 (2014)

in the nanocrown, we use in Eq. (7) experimental values
hy ~ 107°-10~* c¢m for the Cu-supported gold films and
~1073 cm for the W-supported gold films, respectively, and
Ry ~ Ay, ~5x 10~ cm. Several approximations in Eq. (7)
were also taken, assuming [d7/0z|, ~ T/h, and |oT|~
o/T,tosimplify Eq. (7) to N ~ 3R,,/2h,,. Thus, we estimate
the number of nanoridges as N ~ 10 for the Cu-supported
gold films in agreement with the experimental numbers of the
major tips with the typical spacings A ~ 107> cm (Figs. 2
and 4). In contrast, a much thinner (4,, ~ 10~ ¢cm) molten
layer is expected for the W-supported gold films, resulting in
accordance with Egs. (6) and (7) in a much larger number of
spikes (N ~ 10?) and much smaller spacings A ~ 107%cm.
Apparently, such closely spaced, tiny nanotips can hardly be
resolved by AFM, accounting also for the finite tip widths, and
thus may appear as continuous rims.

Furthermore, to derive the important relationship between
N,, and E, one can assume that during the laser pulse
width the surface molten ring sheet of a thickness § and
the width L = V,t, (V, is the characteristic radial melt
flow velocity) is displaced from the periphery region of
the molten circle spot of the radius R, to form the rim
with the same thickness § and the height &, (here, the
circular shape of the molten spot is assumed for simplicity).
The volume of this ring sheet is 2w R,,L$. The radial flow
velocity V ~ O0T/0r, where the lateral temperature distribu-
tion is 7'(r) = Toexp(—rz/Az). At r ~ R,,, the characteris-
tic radial velocity V = constTyR,exp(—R2%/A?) and from
the volume conservation condition 2w R, LS = 27w R, h,,8
one finds h,, = constTyR,exp(—R?% /A?). We use here Ty ~
E, ern = AzlnE/EC (see Figs. 4 and 6) to obtain h, =
consty/In(E/E.). Thus, N(E) ~ 3R,,/2h,, = const and is
independent of the laser pulse energy. This conclusion corre-
sponds to the whole energy interval of nanocrown formation
[Figs. 2(a)-2(c)], in which the number of pronounced major
nanotips is indeed independent of pulse energy, N(E) ~ 10 =
const. Then, the appearance of a number of the minor tips with
smaller spacings can be attributed to the second-harmonic
generation (SHG) of rim height modulation, based on the
last term ~ (3h,/d¢)* in the HDKS equation (2) (cf. [32]).
At higher pulse energies [Figs. 2(e) and 2(f)], the SHG
can become the dominant process and is responsible for the
formation of all nanocrown tips.

The nanocrown-formation time tgm, = k;;x can be es-
timated, using Eq. (8) and the molten copper parameters
n~1x1073Pasand o (1150°C-1550°C) ~ 1.4 N/m [27],
and the assumptions previously made. Then, the crown-
formation time #gpmm ~ 3.70s < T,, that corresponds to the
increment factor Apmax 7, ~ 2 in Eq. (3). After the laser pulse
termination, the molten cylindrical rim becomes frozen in the
surface promptly (ffreeze ~ h%l /x ~ 0.1 —1ns for x (1000
K) ~ 1 cm?/s for copper [27]), resulting in the solidified
nanocrown.

Interestingly, the main difference between the nanocrowns
formed by femtosecond [21] and nanosecond (our experi-
ments) laser irradiation is the shape of the corrugated wall.
In the case of femtosecond laser action, each nanocrown
maximum looks as a nanotip with a bead atop, while in our
experiments formation of only the tiplike corrugations was
observed, yielding from either Rayleigh-Plateau, Rayleigh-
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Taylor, or Richtmyer-Meshkov instabilities [22,23]. These
two characteristic shapes of crowns were shown to appear
at different stages of the HD surface instability with formation
of ridges at the initial stage and spikes with tip bead at a more
developed nonlinear stage (see Fig. 3 in [23]). We believe that
this explanation of crown shape differences can be also used
in the case of laser-induced nanocrown formation in surface
melts. However, in our specific case (no impact), another,
Marangoni type of HD instability is assumed to play the key
role in the nanocrown formation.

Finally, sub-100-nm through holes and nanobumps emerg-
ing at higher laser pulse energies appear as different surface
topography features inside the nanocrowns on the metallic
substrates, as compared to the same conditions of laser irra-
diation of a Au/Pd film deposited on quartz substrates [1-3],
exhibiting substantially lower thermal conductivity and lower
surface energy. In particular, in our case the different laser-
induced topographies on the Au/Pd film can be ascribed to
its stronger adhesion to the copper or tungsten substrates and
Marangoni-like HD instability of the melt pool.

VI. CONCLUSIONS

In conclusion, an interesting type of laser-induced surface
relief nanostructure on thin metallic films—the nanocrown—
was studied both experimentally and theoretically. The

PHYSICAL REVIEW E 90, 023017 (2014)

nanocrowns were produced by single diffraction-limited
nanosecond laser pulses on thin gold-palladium alloy films
of variable thickness supported only by low-melting copper,
but not high-melting tungsten substrates. The nanocrowns
represent a thin corrugated wall, resembling well-known
impact water-crown splashes. The proposed model based on
the underlying hydrodynamical (thermocapillary Marangoni)
surface instability, described by a hydrodynamical Kuramoto-
Sivashinsky equation, throws light on the nanocrown-
formation mechanism and gives reasonable predictions of the
acquired nanocrown parameters.

Note added. As an illustration of the universal character
of this instability, pronounced microcrowns were recently
seeded and developed on silicon surfaces in a multishot (1-103
shots) regime both by IR (1030 nm) and visible (515 nm)
femtosecond laser pulses [33].
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