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The surface scaling behavior of nanostructured Cu thin films, grown on glass substrates by the pulsed laser
deposition technique, as a function of the deposition time has been studied using height—height correlation
function analysis from atomic force microscopy (AFM) images. The scaling exponents «, 8, 1/z and v of the
films were determined from AFM images. The local roughness exponent, «, was found to be ~0.86 in the
early stage of growth of Cu films deposited for 10 minutes while it increased to 0.95 with a longer time of
deposition of 20 minutes and beyond this, it was nearly constant. Interface width w (rms roughness) scales
with depositing time (t) as ~ t%, with the value of the growth exponent, 8, of 1.07 + 0.11 and lateral
correlation length ¢ following ¢ = 2 and the value of 1/z = 0.70 + 0.10. These exponent values convey
that the growth dynamics of PLD Cu films can be best described by a combination of local and non-

local models under a shadowing mechanism and under highly sticking substrate conditions. From the
Received 9th January 2019 i ts and tral density function, it | luded that the films foll d lik
Accepted 15th February 2019 scaling exponents and power spectral density function, it is concluded that the films follow a mound like
growth mechanism which becomes prominent at longer deposition times. All the Cu films exhibited SPR

DOI: 10.1039/c9ra00194h properties where the SPR peak shifts towards red with increasing correlation length (§) whereas
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1. Introduction

Surface roughness of a thin film plays a significant role in
controlling the performance of various plasmonic, photonic
and electronic devices."”” Surface roughness of coated optical
components affects the performance and efficiency of optical
resonators, high damage mirrors, solar cells, etc. aside from
controlling the reflectivity.>® The electron mobility in the
inversion layer of the metal-oxide-semiconductor (MOS) system
is strongly influenced by surface roughness.” Therefore,
a quantitative characterization of the surface roughness is
essential not only for assessment of fabrication processes, but
also for precise evaluation of device preformation. The surface
roughness of the thin films controls the amount of the incident
light converted to heat energy which in turn controls the effi-
ciency of some devices e.g. solar cells.'® The increase in surface
roughness decreases the response time of biosensor whereas it
increases the conversion efficiency of a solar cell.** The nano-
structured metallic thin films of Cu, Ag, Au etc. fabricated, onto
the suitable dielectric (e.g. glass), exhibits the surface plasmons
(SPs) phenomena at the interface.**** SPs forms the basis for
near-field spectroscopy, surface enhanced Raman spectroscopy,
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bandwidth increases initially with £ and thereafter decreases gradually with &.

enormously large data storage, sensor, solar cell etc.*>'® The SP
behavior is governed by the dielectric properties of substrate
and size and shape of the nanoparticles which in turn depends
on type of surface growth and related parameters e.g. rough-
ness, correlation length, the film growth mechanism etc.'”>°
The SP signal is also affected by the roughness of the
surfaces.”"** The peak position of surface plasmon resonance
(SPR) depends on the surface nanostructure.” Thus, there is
a dire need to assess the surface roughness of the nano-
structured metal thin films in order to forecast its plasmonic
properties as well as optical properties. The atomic force
microscope (AFM) can be easily implemented to measure the
surface roughness, correlation length and other growth expo-
nents involved in the growth mechanism for thin films. It is
a non-destructive, fast and accurate technique which is appli-
cable for all types of the film including reflecting as well as
nonreflecting, former of which can also be analyzed by optical
techniques.®**** From the analysis of surface morphology, its
scaling behavior and growth model can be predicated ex situ
which is not only helpful is understanding the nucleation
process but also plays an important role in correlating with the
physical properties of the thin film*™° In the present work,
surface scaling behavior of nano structured Cu thin films,
grown onto the glass substrate at its softening temperature via
pulsed laser deposition (PLD) technique, as a function of
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deposition time is presented. The height-height correlation
function (HHCF) and power spectral density function (PSDF)
were extracted from AFM images for the estimation of growth
exponents «, § and 1/z. The influence of all these growth
parameters on the plasmonic properties of semitransparent
nanostructured Cu thin film is also presented.

2. Experimental methods

Nanostructured Cu thin films were deposited onto polished
glass substrate via PLD by focusing a 2" harmonic of a Q-
switched Nd:YAG laser (Quanta system HYL-01, pulse dura-
tion - 10 ns and repetition rate - 10 Hz) on polycrystalline Cu
target of >99.965% purity (Sigma-Aldrich, U.S.A), at a laser flu-
ence of ~ 4 J cm™> under vacuum (~10~° mbar).** The films
were deposited for 6, 8, 10, 20, 30 and 45 min duration at
a substrate temperature of 400 °C. The thickness of these films
were measured by profilometer (Veeco Dektak 150). All these six
films were subjected to X-ray diffractometer (Rigaku TTRAX III)
operated at a wavelength of 1.5407 A of Cu K, at a glancing
incidence angle of w = 1° and scanned 26 in the range of 20° to
70° in an angular step of 0.02° for structural identification. In
order to study the dynamic scaling behaviour and growth
mechanism of Cu films via PLD technique, all these films were
subjected to AFM (Agilent 5500). The Surface Plasmon Reso-
nance (SPR) spectra of these thin metallic Cu films were recor-
ded by UV-Vis-NIR spectrophotometer (Shimadzu UV 3100) and
correlated with the scaling parameters.

3. Results and discussions

The thickness of the PLD Cu thin film was found to increase
nearly linearly with the deposition time. It was in the range of
~35-280 nm for the deposition time of 6-45 minutes
respectively.

The XRD spectra of Cu metallic thin films deposited on the
glass substrate for various deposition time from 6 to 45 minutes
are shown in Fig. 1. The XRD peaks observed at 43.33° and
50.29° correspond to the Cu (111) and Cu (220) planes,
respectively with former being more intense.** Fig. 1 clearly
shows the increase in the intensity of both the peaks with the
deposition time which is due to the increase in thickness thus
facilitating the participation of larger number of diffracting
planes. The crystallite size was estimated from the FWHM of the
most intense peak of (111) plane by Debye-Scherrer's formula.**
The inset in Fig. 1 shows the nearly linear increase in the size of
Cu crystallites from 3.2 nm to 30.3 nm with increasing deposi-
tion time from 6 to 45 min respectively.

The surface morphology of the films was characterized by
AFM to unveil the surface microstructures and the growth
dynamics of the films.* Fig. 2(a)—(f) shows the AFM images of
all the films for the deposition time of 6, 8, 10, 20, 30 and
45 min, respectively. The initial visualization of AFM micro-
graphs indicates the uniform distribution of grains over the
film surface. Initially, for the lower deposition time, the grains
were observed to be of spherical in shape. With increasing
deposition time or growth time, the repeated impinging of
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Fig.1 XRD spectra of PLD Cu thin films deposited on glass substrate
(SiO,) for deposition time, t, from 6 to 45 min. Inset shows variation of
crystallite size with t.

particle flux from incoming laser induced plasma towards the
substrate, the nucleation sites increased followed by coales-
cence of smaller size grains to form bigger particles along with
the formation of columnar structure. Eventually, at 30 and 45
minutes duration, relatively large sized and densely packed
grains were formed as is evident from Fig. 2(e) and (f) respec-
tively. To unveil the growth process and the dynamic scaling
behaviour, the scaling exponents; root mean square (RMS)
roughness or interface width (w) and local slope (m) of the
islands had been calculated from AFM images. These quantities
were obtained from HHCF, H(r, ¢). It is defined by the statistical
average of the mean square of height difference between the
pair of points, separated by r and is written as:*

H(r, ) = (|h(r + 7, t) — h(, D) (1)

where & (7, t) is the surface height at a point 7/ and that of & (r +
Y, t) at (r + 7), as marked in Fig. 2(a) as an example. From the
AFM images HHCF was directly evaluated by averaging over
three distinct regions of large extent, much larger than r in
order to avoid edge effects.

The HHCF, can also be defined by exponential correlation
model, which satisfies the requirement for self-affine surface
and manifests anisotropic scale invariance, given by*

H(r) = 202 {1 —exp { - ('g) zaH 2)

For r < &, from eqn (2)

2
H (r<£) = 2w? @ 3)
and forr > &,
H (r>£) =2w? (4)

This journal is © The Royal Society of Chemistry 2019
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Fig.2 AFMimages of PLD Cu films for the deposition time of (a) 6 minutes, (b) 8 minutes, (c) 10 minutes, (d) 20 minutes, (e) 30 minutes and (f) 45

minutes.

where w is the interface width, « is the local roughness scaling
exponent, and £ is the lateral correlation length.

The log-log plot of H(r, t) as measured from AFM images, as
a function of distance ‘7’ along with curve fitted to eqn (2) for all
the films deposited for various interval of time (¢) is shown in
Fig. 3. The measured value fits well to eqn (2) (R* > 0.97). The
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Fig. 3 log-log plot of HHCF, Hi(r, t) as a function of distance r and

fitted to egn (2) for Cu thin films on glass substrate for deposition times
of 6—-45 minutes along with bare substrate.
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HHCEF can be clearly divided into two distinct regions of r < £
and r > £. For longer deposition time of 20-45 minutes, an
oscillatory behavior was observed for r > £ indicating the
formation of the mounded surface.” It is clear from Fig. 3 that
the value of H(r, ) increases as Cu film thickness increases (with
increasing growth time), indicating the increase in the RMS
roughness. From the best fitting of experimental HHCF curves
using eqn (2), w, £ as well as « were estimated for each film. The
variation of w, £ and « as a function of deposition time on the
log-log scale is shown in Fig. 4 (a), (b) and (c) respectively.
Fig. 4(a) shows the increase in the value of w from 0.65 to
7.48 nm for the films grown from 6 to 45 minutes respectively
further confirming the increase in roughness of the film with
the increasing growth time ‘¢.

The increasing nature of £ with ¢, as shown in Fig. 4(b),
indicates the lateral growth of the islands. The lateral growth
could be attributed to the increased in crystallite size (XRD
results, Fig. 1) with increasing deposition time. The parameters
w and £ showed power law dependence as w ~ # and £ ~ 17
respectively having values of 8 = 1.07 &+ 0.11 and z = 1.42 +
0.21. There is a slight decrease in value of o from 0.88 for 6
minutes deposited film to 0.86 for that of 10 minutes and
beyond this it increases to 0.95 for 20 minutes and thereafter
the changes are insignificant. This affirms that local roughness
decreases while the RMS roughness (defined by w) increases
from 0.65 to 7.48 nm with increasing film thickness from ~35 to
280 nm. In order to quantify the dynamics of the roughness, £

RSC Adv., 2019, 9, 7967-7974 | 7969
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Fig. 4 Variation in (a) surface roughness w, (b) correlation length &,
and (c) roughness exponent « with the deposition duration, t.

versus w for all the samples were plotted (on log-log scale) and
shown in Fig. 5(a). The relation between w and £ can be worked
out as w ~ £7, where the value of exponent, v, was found to be
1.50 £+ 0.54 comparable to that obtained from the values of
6 and 1/z. The value of v can predict the competition between
lateral and vertical growth.

The observed value of v > 1 indicates the faster vertical
growth compared to lateral growth and is also related to the

roughness of the film surface. In order to identify the mode of
1/

the growth, local slope (m ~ ) as a function of deposition

time was plotted and as shown in Fig. 5(b). The dependence of
m on time indicates the non-stationary growth in the present
case. The upward shift of the H(r) with deposition time, Fig. 3,
further signifies the non-stationary growth of the film.>>*

In the case of PLD, the particle flux from laser produced
plasma impinging on the substrate is of diverging nature having
non-uniform distribution of particles thus the growth process is
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Fig. 5 Plot of (a) w versus ¢ and (b) local slope m as a function of
deposition time, t.

dominated by shadowing effect. Another unique feature of this
technique is the large kinetic energy of the particles striking the
substrate, and so the deposition can be performed at relatively
low substrate temperature with minimal re-emission.*> Thus
growth model best suited for the PLD is of that of proposed by
Drotar et al. in which the surface under shadowing (roughening
effect) and zeroth-order sticking coefficient corresponding to
minimal reemission (s, = 1 and s,, = 0 for n > 0) are considered.
It is described by stochastic continuum growth equation,®

oh
5= wW2h(r, 1) — kN*h(r, 1) + soFo(r, 0)\/ 1 + [VA]* + n(r, 1), (5)

The first term on the right-hand side (vV?h) represents the
evaporation dynamics where surface relaxation is achieved by
annealing mechanism, the second term (kV*h) accounts for
smoothening by surface diffusion due to the curvature-induced
chemical potential gradient, in the third term F, contains
information about the shadowing effect, as well as the nature of
the incoming particle flux given by Fy = 02 ™ jg‘““x R(6, D)
[sin 0(i cos @ +j sin @) +j cos ]i(r)(sin §)d0d®, where 6 is
the local polar angle, @ is the local azimuthal angle and R(6, @)
is the distribution of the incoming flux and 7 is the unit vector

normal to the substrate. The factor /1 + |VA|* in the third term

represents growth normal to the local surface and the last term
in eqn (5), n (7, ), is the noise in the system. The value of 8 and
1/z via Monte Carlo simulations in 2 + 1 dimensions from the
eqn (5) was reported to be 1 and 0.93 £ 0.1 respectively.*® These
values are in close proximity to that of obtained in the present

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 PSDF, P(k) as a function of k (in reciprocal space) for Cu thin films deposited on glass substrate for the deposition time of (a) 6 minutes, (b)
8 minutes, (c) 10 minutes, (d) 20 minutes, (e) 30 minutes and (f) 45 minutes. Inset shows corresponding 2D FFT pattern of the AFM images.

case for HHCF analysis. In the PLD process, the impinging
particles from laser produced plasma plume on the substrate,
arrive within the angular range of 0° to +6,,,(~cos *(1/2)"),**
where 6, is the angle between normal to the target surface and
the direction where flux density becomes half of maximum and
p varies from 7-20 depending on laser spot size on the target,
laser fluence and degree of ionization of plasma.**** In the
present work, on Cu target the laser spot size was of ~1 mm
diameter and laser fluence ~ 4 J cm ™2, the corresponding value
of p ~ 7-8 giving 6,,-22-23°.>* The glass substrate used has
a melting point of around 550 °C and deposition temperature
was kept at 400 °C, close to the softening temperature, which
could have resulted in a very high sticking coefficient, s, ~ 1.
These deposition conditions favouring large shadowing and
high sticking coefficient for substrate satisfy the requirement

This journal is © The Royal Society of Chemistry 2019

for the surface growth model given by eqn (5).>* Under the
dynamic scaling, 4 = /e — 1/z = 0, but in the present case, 4 =
0.37 indicates the presence of anomalous scaling behavior and
the surface is not self-affine. This is understandable as the
growth of the film in PLD is under strong influence of shad-
owing and thus dynamic scaling no longer holds.* Interest-
ingly, the calculated exponents («, 8, 1/z) are quite close to the
exponents predicted by the model of mound formation.***® The
oscillating behavior of the HHCF in the region where r > £,
Fig. 3, also indicates the formation of mounded surface,
particularly for thicker films (deposited for duration, ¢ = 20, 30
and 45 minutes).

The power spectral density function (PSDF), given by

Pk, t) = ! |(h(r, zf)e’i’")]Z 2 for these films is exhibited in
(2m)?

RSC Adv., 2019, 9, 7967-7974 | 7971
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Fig. 6. It displays P(k) versus k plot extracted from the respective
AFM images of Cu films deposited on glass substrates for
duration of 6, 8, 10, 20, 30 and 45 minutes. The PSDF shows
a characteristics peak, k,, = 27/ (A = wavelength) for mounded
surface and is absent for self-affine surface.”® The characteristic
peak was absent in the PSDF spectra of the films deposited for 6
to 10 minutes duration, Fig. 6(a)-(c), indicating self-affine film
surface. The PSDF of the films deposited for duration longer than
10 minutes show characteristics peak depicting mound forma-
tion. With increasing time, the peak feature of mounded surface
becomes more prominent and &k, (~1/£) reduces indicating
increase in average separation between the islands. Inset in Fig. 6
shows corresponding 2D fast Fourier transform (FFT) images. It
clearly shows a bright ring like structure in k-space for films
deposited for longer times, 30 and 45 minutes, further support-
ing the mound growth.?® From above observation it is clear that
the growth of the Cu film initially, for the shorter duration of
deposition is predominantly self-affine surface but as deposition
progresses film surface becomes mounded with the well-defined
characteristic wavelength. The formation of mounds on any
surface are basically due to different growth effects such as step-
edge barrier, diffusion effect, shadowing, and re-emission, and
which could be local or non-local in nature. In the present case,
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the non-local phenomena of strong shadowing owing to the
directional nature of PLD along with high sticking condition of
substrate (the deposition performed at glass softening tempera-
ture) favours mound formation in Cu films.

Metal nanoparticles (NPs) having plasmonic properties
possess characteristic SPR peak at which incident light is
strongly absorbed or scattered. Fig. 7(a) shows the absorption
spectra of Cu films grown for deposition time from 6 minutes to
45 minutes via PLD. All these spectra exhibit the characteristic
SPR absorption peak with asymmetric tail toward longer wave-
length and broad bandwidth. All these absorbance spectra were
fitted with bi-gaussian lineshape function®” and are shown in
Fig. 7(a) as solid lines for estimation of SPR peak positions and
respective bandwidths (I'). The SPR peak, Aspg, shifts to longer
wavelength side and accompanied by continuous increase in
intensity with increasing time of deposition. The SPR peak
position as a function of £ and w are shown in Fig. 7(b) and (c)
respectively. It was observed that with increase in &, which gives
island size, Agpgr was red shifted from 780 nm to 922 nm.
According to Mie theory,®® metal clusters above a critical size
exhibit red-shift in Agpr, with increasing size of cluster.”® The
surface roughness, w, of the film is also responsible for the shift
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(a) The absorption spectra of PLD Cu thin film, (b) SPR peak positions (Aspr) as a function of correlation length (£), (c) Aspr as a function of

interface width and (d) bandwidth (I') as a function of correlation length (£).
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in Agpr and it increases with w” and similar trend was observed
in the present case as shown Fig. 7(c).

The broadening of the SPR bandwidth increases abruptly
initially from 428 nm to 635 nm with ¢ increasing from 13 to
14.5 nm respectively and then it falls down to 470 nm with
further increase in £ to 58 nm as shown in Fig. 7(d). The
broadening of SPR band as well as asymmetric nature are due to
wide size distribution of nanoparticles within the film, irregu-
larity in the shapes, and increase in surface roughness of the
film.'**** The bandwidth of SPR has been reported to increase
with decreasing particle size exhibiting inverse size effect"
while it increases in proportion to r.m.s roughness.*>** In the
present case, SPR bandwidth increased for the films deposited
from 6 minutes to 10 minutes due to increase in interface width
(or r.m.s roughness) from 0.6 nm to 1.51 nm even though £
increased from 13 to 14.5 nm. However, the film deposited for
20 min to 45 min (£ > 20 nm) had shown an overall decrease in
SPR bandwidth with an increase in & from 24 to 58 nm satisfying
the inverse size effect. Thus w and £ play dominant role in
shaping up the SPR bandwidth of the plasmonic nano-
structured Cu thin films.

4. Conclusions

The evolution of nanostructured Cu thin films deposited onto
glass substrate via PLD at 400 °C substrate temperature as
a function of increasing deposition time was investigated. The
film thickness was ranging from 35 nm to 280 nm for the
deposition time of 6 to 45 minutes respectively. The XRD
spectra showed the dominating peak corresponding to Cu (111)
and relatively week peak corresponding to Cu (220) with average
crystallite size increasing from 3.6 to 29.5 nm with increasing
deposition time. From HHCF analysis (obtained from AFM
images), the interface width (RMS roughness), w, was observed
to scale with depositing time (¢) as, ~t"**°' while lateral
correlation length & grows as 7" affirming the faster
vertical growth compared to the lateral growth. The average
roughness exponent « was observed to be nearly 0.95. The
results showed that shadowing instability model for deposition
with no remission can explain the growth of PLD Cu films onto
SiO,. The strong shadowing effect is attributed to directional
nature of PLD. The high sticking probability was due to the
deposition taking place at around softening temperature of the
substrate. From the analysis of PSDF and 2D FFT, the evolution
of the PLD Cu films follows strong shadowing assisted mound-
like growth. The anomalous scaling behavior of growth expo-
nent was observed for the films of higher thickness. All the Cu
films exhibited SPR peaks where the peak intensity increased
with increasing thickness. The peak position and bandwidth of
SPR, show the dependent on the correlation length £ and RMS
roughness w estimated from HHCF function.
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