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Abstract: This paper demonstrates the use of dynamic laser speckle
autocorrelation spectroscopy in conjunction with the photothermal
treatment of nanoporous gold (np-Au) thin films to probe nanoscale
morphology changes during the photothermal treatment. Utilizing this
spectroscopy method, backscattered speckle from the incident laser is
tracked during photothermal treatment and both the characteristic feature
size and annealing time of the film are determined. These results
demonstrate that this method can successfully be used to monitor laser-
based surface modification processes without the use of ex-situ
characterization.

©2016 Optical Society of America

OCIS codes: (350.3390) Laser materials processing; (310.6628) Subwavelength structures,
nanostructures; (290.5880) Scattering, rough surfaces; (300.6480) Spectroscopy, speckle;
(150.5495) Process monitoring and control; (240.6648) Surface dynamics.
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1. Introduction

For many decades, laser speckle autocorrelation spectroscopy has continually demonstrated
its utility in determining particle size in colloid suspensions as well as characterizing static
material surface properties (i.e. roughness) and slow material relaxation processes [1-3]. The
use of speckle patterns to determine these properties presents an attractive avenue for the
precise characterization of surfaces during laser materials processing using the existing
sources of energy. However, the historically quasi-static nature of this technique (i.e. the
measurement of light scattering from objects fixed or slowly varying in space) is not
amenable to integration with the wide array of the fast dynamics of laser microprocessing
platforms that have seen a rise in recent years for a myriad of applications ranging from direct
laser cutting/machining, ablating, additive manufacturing processes, as well as laser-induced
periodic surface structure formation (LIPSS) [4-8].

In order to successfully integrate speckle autocorrelation spectroscopy into applications of
laser surface processing [9,10], it is necessary to investigate the two-dimensional dynamic
laser speckle that arises due to laser-induced surface modification. Specifically, using laser-
based methods for the processing of nanostructured materials (metals and polymers) has seen
increasing interest in recent years due to the potential for nanostructured materials to improve
performance in applications spanning many disciplines ranging from biology to surface
catalysis.

Nanostructured materials present a unique albeit challenging surface to characterize via
dynamic speckle autocorrelation spectroscopy. One such nanostructured material that lends
itself well to surface morphology modification through laser processing is nanoporous gold.
Nanoporous gold (np-Au) is a porous metal produced through an alloy corrosion process,
known as dealloying, that removes a less noble metal and leaves a three dimensional porous
network of nanoscale Au ligaments and pores. Recently np-Au has received attention for its
uses in biosensors, neural interfaces, catalysis, tunable molecular release, and the ease of

#257075 Received 12 Jan 2016; revised 22 Feb 2016; accepted 24 Feb 2016; published 2 Mar 2016
© 2016 OSA 7 Mar 2016 | Vol. 24, No. 5 | DOI:10.1364/0OE.24.005323 | OPTICS EXPRESS 5324



morphology modification via photothermal treatment [11-17]. Through the thermal treatment
of np-Au it is possible to selectively evolve the Au network thereby altering the characteristic
morphology [18], an attractive feature for many emerging np-Au applications. Specifically,
photothermal treatment has received attention in order to selectively and precisely modify the
np-Au nanostructure [19,20]. Here we couple dynamic laser speckle autocorrelation
spectroscopy and the photothermal treatment of thin film np-Au to successfully probe both
morphology evolution dynamics (length and time) of the films without the use of ex situ
microscopy techniques.

2. Materials and methods
2.1 Sample fabrication and characterization

Gold-silver alloy thin films were deposited onto a piranha-cleaned bare or lithographically-
patterned silicon wafer. Gold-silver alloy films (precursor to np-Au) were deposited by direct
current sputtering (Kurt. J. Lesker). A 600 nm-thick gold and silver alloy film (64% silver and
36% gold; atomic %) was deposited on top of 80 nm-thick gold corrosion barrier and 50 nm-
thick chromium adhesion layer. The np-Au films were obtained by immersing the gold-silver
alloy in heated (55°C) nitric acid (70%) for 15 minutes. The short dealloying times used in the
present study typically result in residual silver levels in the order of 3-5%. The samples were
then soaked in deionized (DI) water for 24 hours before drying under nitrogen flow. The
morphology of the coatings was characterized by scanning electron microscopy (FEI Nova
NanoSEM430), and elemental compositions before and after dealloying were assessed with
energy dispersive X-ray spectroscopy (Oxford INCA, Energy-EDS).

2.2 Photothermal treatment of np-Au films

Laser-based photothermal treatment was carried out using a set-up with continuous-wave
(CW) laser as the processing laser (Fig. 1). In this set-up a CW laser (SproutD, Lighthouse
Photonics) operating at a wavelength of A = 532 nm was focused to a 15 pm 1/¢* Gaussian
spot onto the sample through a 5X/0.14NA objective (Mitutoyo M Plan Apo). A wavelength
of 532 nm was chosen for the photothermal treatment of the np-Au film due to the high
absorption and scattering rate of gold in the green range [21]. Samples were mounted on a
motorized XY stage (ASI MS2000) with manual Z axis control for focus. The sample surface
and laser diameter were continually monitored during the experiments using a CCD camera
(Basler A102f). Stage, laser, shutter, and camera control was accomplished through a custom
LabVIEW control program that enables the complete automation of the laser processing.

2.3 Speckle acquisition and analysis

The far-field backscattered speckle pattern during laser processing was collected to a mounted
high frame-rate CMOS camera (Mikrotron EoSens MC1362) using a 20X/0.28NA objective
(Mitutoyo M Plan Apo) focused onto the laser spot from an approximate 45° angle. The
speckle pattern evolution during annealing was imaged at 939 frames per second and saved as
an image sequence using the previously mentioned LabVIEW control program. All
subsequent analysis (autocorrelation and curve fitting) was performed using a custom
MATLAB program following the equations presented in this manuscript.

2.4 Finite element modeling

The supporting information of our previous manuscript [22] contains detailed parameters
regarding the finite element modeling done in this manuscript. All parameters used in this
manuscript were held constant except that a laser spot size of 15 um was used in all
simulations here.
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3. Results and discussion

The photothermal treatment and subsequent morphology changes of many porous metals have
been demonstrated previously [19,22]. Nanoporous gold (np-Au) presents a good model
material for the characterization of surface morphology changes due to an almost ten-fold
increase in pore area over a wide range of laser powers [22]. Adding a high frame-rate CMOS
camera to an existing CW laser annealing set-up used for the processing of np-Au thin films
(Fig. 1) it is possible to accurately and quickly capture the dynamic backscattered speckle
pattern from the changing nanostructured surface.

A: Diagram of Laser Annealing and Speckle Aquisition Set-up

CCD Camera
L—

Periscope
|n—'|3 Beam Splitter

5x/0.14NA
Objective

Sample Surface -\

Electronically Controlled
Shutter

CW Laser Source

High Frame Rate
CCD Camera
[20x/0.28NA
Objective]

XYZ Stage

Fig. 1. Laser annealing set-up used to both photothermally anneal and capture backscattered
speckle pattern from the changing surface morphology of thin film np-Au.

3.1 Photothermal treatment and morphological characterization

For these experiments, np-Au films were fabricated on silicon substrates. The np-Au films
were characterized to have an average ligament width of 30.34 + 1.26 nm (Fig. 2).

Unannealed np-Au Film Morphology
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Fig. 2. Scanning electron micrographs of the np-Au film morphology before being
photothermally treated: (A) 50kx, (B) 100kx

#257075 Received 12 Jan 2016; revised 22 Feb 2016; accepted 24 Feb 2016; published 2 Mar 2016
©2016 OSA 7 Mar 2016 | Vol. 24, No. 5 | DOI:10.1364/0E.24.005323 | OPTICS EXPRESS 5326



A wide range of laser powers were then used to anneal the np-Au films ranging from 1 to
3 W (power at the laser source) in 250 mW increments. Each individual power was exposed
to the np-Au surface for 1065 milliseconds with no stage movement. The resulting
morphology after photothermal treatment at each power was then captured through scanning
electron microscopy. Scanning electron micrographs of the nanostructural changes resulting
from laser powers below 2.25 W are shown below (Fig. 3). Laser powers above 2.25 W are
not shown here, or analyzed, due to ablation of the film during the laser exposure.

A: 1 Watt

m30.34 + 1.26 nm

2
1.25 Watts

Total Area

1.75 Watts

Total Area

@
o
<
S04
o

2.25 Watts

Total Area

Nanostructure Region Area Nanostructure Region Area Nanostructure Region Area  Nanostructure Region Area  Nanostructure Region Area Nanostructure Region Area_Q
| Al

90% of SEM scale

Fig. 3. (A) Scanning electron microscopy images of the nanostructural changes in the np-Au
film resulting from laser irradiation at increasing powers. (B) Tracking and differentiation of
nanostructure regimes that arise in the np-Au coarsening. (C) Quantification of average
ligament width and area fraction (as seen by a 15 pm diameter laser spot) of each nanostructure
regime of coarsening.
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The scanning electron micrographs shown in Fig. 3 clearly demonstrate the significant
nanostructural changes that occur solely due to increases in power of the working laser. Using
custom MATLAB and Image] macros each image was split into regions of annealing that
corresponded to an overall shift in average feature size. The boundaries of each region were
identified visually by the dramatic changes in np-Au morphology. The area contribution of
these regions were then calculated and plotted to illustrate the shifting overall feature size of
the working area. At a laser power of 1 W no difference in the feature size is seen. At powers
between 1.25 W and 2 W there is an increase in feature size as each new region appears.
However, at 2 W and 2.25 W, new regions with diminishing feature sizes appear that present
morphologies consistent with the beginnings of film ablation that is seen in the higher powers.
These regions appear different in contrast and darkness to the other regions due primarily to
differences in the film height caused by the sintering of the np-Au in that location.

3.2 Autocorrelation analysis

During each of these photothermal treatments the scattered speckle pattern was captured at
939 frames per second and sequenced into 1000 individual frames. Autocorrelation of a signal
is accomplished through cross-correlation of the beginning signal with itself at a delay time, T,
as pictured in Eq. (1):

R(@) = [ £ F u0)du (1)

where 7 is the complex conjugate of the signal function and the integration is

over the time delay t. However, because this method is computationally slow,
for a discrete signal it is often more efficient to compute the autocorrelation
function through discrete Fourier transforms:

R(@)=(IFFT{F,[f()|F [/, +D)]})
F[f@)]=FFT[f@,)]

where IFFT and FFT represent the inverse fast Fourier transform and the fast Fourier
transform respectively. Here we have used the discrete Fourier transform method [Eq. (2)] for
the computation of the autocorrelation function from the 1000 frame speckle signal collected
from each 1065 millisecond photohermal treatments of the np-Au films.

The dynamic laser speckle from the photothermal treatment at each power tested was
collected twice and the autocorrelation function for each was calculated. For clarity purposes
the average of the autocorrelation functions was taken for each laser power tested [Fig. 3(a)].
These functions demonstrate clear differences between the behaviors of the dynamic laser
speckle signal collected during photothermal treatment at increasing laser power (i.e. film
temperature). The scanning electron microscope images of each laser spot (Fig. 3) and the
autocorrelation functions calculated from the scattered dynamic laser speckle [Fig. 4(a)]
suggest that both morphology evolution time and characteristic length scale might be derived
from this analysis.

2

3.3 Determining characteristic time and feature size through curve fitting

Traditionally in many static techniques, such as colloidal suspensions, the autocorrelation
function is fitted to dynamic models from which static parameters can be obtained, such as
Brownian motion. However, many models exist for correlating the speckle autocorrelation
function to a physically meaningful dynamic entity such as the change in surface roughness as
a function of time. As demonstrated by Gale et al. [23], the determination of the surface
roughness using reflected dynamic laser speckle can be performed by expressing the
autocorrelation function as a function of optical and morphological parameters [Eq. (3)]:
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where k is the optical field wave-vector given by 2n/A (A being laser wavelength), 0 is the
angle of incidence of the working laser beam, ny=1 is the index of refraction of the
propagating medium (air), and dc is the change in surface roughness. The change in surface
roughness can then be calculated as a function of the autocorrelation function through

rearranging Eq. (3) as:
J-In[R(z
|§o'| = M

% (4)

given that the angle of incidence in our experiments was held constant at 8 = 0°. The values of
the change in surface roughness can then be fitted to a decreasing exponential function of the
form:

So(t) =60, 1—e[%j (5)

where 80, and 1, are fit parameters corresponding to the characteristic feature size and
characteristic time associated with representative surface roughness equation. Here, we have
utilized this equation to fit the calculated autocorrelation function data collected for each laser
power. This was done through first transforming the calculated autocorrelation function data
using Eq. (4) and subsequently fitting that data to Eq. (5) [Fig. 4(b)].

A:Average Autocorrelation Function (ACF)  B:Average Fit Roughness Function [80(t)]

per Laser Power per Laser Power
. 40

w
(8,

w
(=]

N
(%)

20

5V 7
"0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (ms) Time (ms)

1W 1256W A15W @1.75W H2W @225W

Autocorrelation Value (A.U.)

Fitted Roughness Change [6a(t)] (nm)

Fig. 4. (A) The averaged autocorrelation function (ACF) as collected from each 1065 second
laser spot at varying powers. (B) The averaged surface roughness change derived from a fit of
Eq. (5) to each of the autocorrelation functions derived from the average signals seen in (A).

The resulting change in surface roughness functions for each laser power [Fig. 4(b)]
demonstrates a clear difference between the behaviors of morphology change during
photothermal treatment at laser powers above 1.25 W. Because the 1 W case produced no
significant change due to the material nanostructure, the small initial decorrelation in the 1 W
case is assumed to be attributed to the thermal expansion of the np-Au film (0.07% at 350 K).
Similarly, because the 1.25 W case falls into the same trend, the decorrelation is again
primarily attributed to the linear thermal expansion of the film (0.11% at 375 K). To support
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this, we can approximate the decorrelation due to small morphology changes as R=1-
(4m/0)*3c%, which yields R=0.99, in good agreement with the small initial change in R
observed in Fig. 4(a) for both 1 W and 1.25 W cases. Although this decorrelation due to linear
thermal expansion speaks to the overall sensitivity of this technique, it is not a value that is
important for analysis here. However, at laser powers above 1.25 W the decorrelation of the
dynamic speckle signal increases as the power of the laser used for photothermal treatment
increases. This result is expected due to the morphology evolution of nanoporous gold being
highly dependent on the thermal activation of Au surface diffusion. Plotting the fit parameters
of characteristic roughness and characteristic time versus laser power used for photothermal
treatment a clear trend becomes apparent (Fig. 5). As the laser power increases, the
characteristic feature size of fit increases [Fig. 5(a)] and the characteristic time decreases [Fig.
5(b)]. These trends are expected in the temperature dependent annealing of a np-Au film
where the diffusion coefficient is directly related to the film temperature. However, whether
these fit parameters follow the correct amount of change for the parameters physically
observed (change in feature size and change in diffusion time) needs to be validated.

A:Characteristic Feature Size (80,) of o(t) ~ B:Characteristic Time (Tp) of do(t)

per Laser Power per Laser Power
£ 40 : : 250
E . . . .
= 35 .
g 2 200/
O, 30 E
(0] -
N £
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o ; UE—‘ 150
2200 E
© ; 0
L 15 I B 100]
L i @
% 10 &
g 5 5
(0]
~ i i i i i
08 1 12 14 16 18 2 22 24 08 1 12 14 16 18 2 22 24
Laser Power (W) Laser Power (W)

Fig. 5. (A) The characteristic feature size from the fit equation per laser power shows an
increase in the surface morphology roughness due to increasing laser power. (B) The
characteristic times for the fit roughness equation to reach steady state show a decrease in time
with increasing laser power. Laser power of 1 W (no morphology change) and 1.25 W (little
morphology change) were above the threshold for detection by this method and therefor both
show low characteristic times.

3.4 Validating calculated characteristic feature size and time

The characteristic feature size of each photothermally treated spot, calculated through speckle
analysis, increases with the application of increasing laser power, with the exception of 1.25
W [Fig. 5(a)]. In order to validate that the characteristic feature sizes determined through this
analysis are correlated to the real nanoscale feature sizes of the film the average feature size
of each laser shot (shown in Fig. 3) was calculated by weighing each regions feature size by
its area percentage. The resulting feature sizes calculated through dynamic speckle analysis,
as well as through image analysis of the spot morphologies calculated by taking a weighted
average of the feature sizes using region areas identified in Fig. 3, are shown in Fig. 6(a)
where a linear correlation is found with a R value of 0.947 [Fig. 6(b)]. This demonstrates that
through using the autocorrelation analysis of the dynamic laser speckle it is possible to
correctly estimate the feature size of the film with nanometer sensitivity.
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Similarly, the characteristic times calculated through speckle analysis show decreasing
time of annealing as laser power is increased [Fig. 5(b)]. This parameter corresponds directly
to the time that it took the speckle pattern autocorrelation to reach a steady-state value and
therefore is associated with the changing diffusion coefficient in due to laser irradiation.
Unfortunately, the time scale used for these experiments was not long enough to capture the
characteristic time for powers below 1.5 W. However, disregarding the points above the limit
of detection a clear exponential decrease in time versus laser power becomes apparent. In
order to validate that the characteristic time calculated through dynamic speckle follows the
expected rate of change, we can make a comparison to simulated photothermal heating of a
np-Au thin film. Recently, we have shown a simple thermal model for the photothermal

A:Comparison of Characteristic (50,) and  B:Characteristic (50,) Feature Size vs.
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Fig. 6. (A) Characteristic feature sizes calculated from the fitted speckle autocorrelation
function (red) and from directly measuring nanostructure via image analysis (blue). (B) The
characteristic feature sizes calculated from fitting the calculated speckle autocorrelation
function show a strong linear relationship with the feature sizes measured directly via image
analysis (R? = 0.947).

annealing of np-Au using a finite element multiphysics program [22].

A: Modeled Film Temperature B: Au Diffusion Coefficient due to Applied Heat
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Using this model, the Gaussian film temperature of the film can be simulated for each
laser power used in this study [Fig. 7(a)], this distribution can then be used to calculate the
diffusion coefficient increase due to laser irradiation [Fig. 7(b)] via the Arrhenius relationship
for Au surface diffusion [24]. Using the area fractions for each different nanostructure region
(shown in Fig. 3) the total diffusion time can be calculated. Plotting the modeled total
diffusion time and the calculated characteristic time of the dynamic speckle analysis, without
1 and 1.25 W, shows remarkable similarity between the modeled and calculated times [Fig.
8(a)]. Plotting these values versus the inverse modeled film temperatures seen in Fig. 7, gives
exponential factors close to the expected ‘ideal’ Arrhenius relationship of the activation
energy of Au (g, = 6.41x107° J) divided by the Boltzmann constant (kg = 1.38x107> J/K), or
4644.92 K [Fig. 8(b)] [24].

A:Comparison of Measured and Modeled B: Comparison of Measured and Modeled
Diffusion Times vs. Laser Power Diffusion Times vs. Inverse Film Temperature
emeeeem y = 8B60.6624'8 R?= 0.98154 wevereenm y = 1,211 @56 5% 2 R%= ,96808

—_ sssssssem \ = 2 5826 2 _ [uS—— -} 5932 2 2=
EZSC : y 2275We+8.e R 0956?1 25 107 g 250 y = 0.91042¢ R®=0.99925 2.5 107
= 200 2107 % E 200 2107 2

()]
s E 5 E
& =g F
B 150 15107 s g 150 15107 ¢
g g2 3 B
R 7 £ 8 £
S 100 1107 O S 100 1107 @
4 k] < =}
L 2 Q @
® i} ® K
= 50) 15108 8§ 50 \.{5106 B
< = bt % =
s o
© i H H ®
50 0 £ 0 | 0
O 08 1 1214 16 1.8 2 22 24 O '® & 4 &£ P O P

$ & & & & &S
Laser Power (W) N 0 o o o oY o

Inverse Film Temperature (-1/T )

Hl Modeled Time ® Autocorrelation Time

Fig. 8. (A) Characteristic times calculated from the fitted speckle autocorrelation functions
(red) and the total diffusion time of the modeled np-Au film (blue) for each laser power used in
this study. Both the characteristic time and the modeled diffusion time show strong exponential
fits with similar exponential decreases. (B) Plotting these values against inverse film
temperature gives exponential factors on the same order of magnitude of the ‘ideal’
relationship governed by the Arrhenius relationship.

Other optical techniques, such as extinction spectroscopy, have been successfully
employed to measure nanostructural changes in np-Au disks [25]. Although the resolution of
these processes is high, coupling these processes to existing laser processing techniques to
track morphology change in situ would prove difficult. Ultimately this method of utilizing
dynamic laser speckle to determine the nanostructured morphology change during
photothermal treatment shows promise in being directly applied to many laser processing
techniques being used in industry and academic research to accurately predict the morphology
changes of both microstructured and nanostructured materials being processed in situ without
the use of external microscopy techniques.

4. Conclusion

In this work we have demonstrated that dynamic laser speckle autocorrelation spectroscopy
can be utilized in an in sifu laser microprocessing environment to probe nanoscale
morphology changes of the material being processed. This advancement has the potential to
be added into traditional laser materials processing techniques such as ablation, nanoscale
coarsening, as well as many metal based additive manufacturing techniques as a feedback
control for the system to determine when the material being processed has reached the desired
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change in morphology. Further characterization of the dynamic laser speckle autocorrelation
produced from the processing laser with a constant linear velocity is currently underway. By
separating the speckle pattern changes due to linear laser beam movement over the sample
surface and the thermally-induced morphology change this technique will be applicable as a
real time characterization technique for any scanning laser machining process allowing for the
simultaneous fabrication and characterization of the material being processed.
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