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Ultrafast Laser Heating on Metal Films: Effects of Microvoids

D. Y. Tzou*
University of Missouri-Columbia, Columbia, Missouri 65211

The effect of internal voids in microfilms on the change of the surface reflectivity is analyzed. The dual-phase-lag
model is employed to describe the interweaving behaviors of thermalization and relaxation during the short time
transient. The normalized temperature change in the two-dimensional films containing a microvoid is obtained by
an explicit algorithm of finite differencing, aiming at retrieval of the Crank-Nicholson criterion as a special case.
The presence of microvoids can significantly reduce the normalized surface reflectivity change, sometimes by one
order of magnitude, which has been observed experimentally.

Nomenclature

= autocorrelationfactor in the laser pulse, dimensionless
laser fluence, J/m?

thermal conductivity, W/m K

thin-film thickness, m

surface reflectivity, dimensionless

energy absorption rate, W/m?

temperature, K

physical time, s

laser pulse width, s

width of the square microvoid, m

space coordinates, m

thermal diffusivity, m?/s

space or time increment

skin depth of laser penetration, m

wave number, dimensionless

amplification factor in error propagation, dimensionless
= phaselags,s

<
L I | T T

Qv ] %[>Q§< g{*“\]:’;xhk‘\a
1l

Subscripts and Superscripts
D = defect

j nodal number in the x(i) and y(j) directions
nodal number in time sequence

heat flux

temperature gradient

= initial or reference values
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Introduction

AST laser heating is central to material characterizations and
laser processing of thin-film materials. Examples with demon-
strated success include nondestructive evaluation of high-7, super-
conducting films,! monitoring of grain structure and thickness of
metallic films,? laser micromachining® and patterning;* and laser
tailoring of microstructuresand thin-film deposition’ In addition to
expediting the vigorous growth of new technologies, the femtosec-
ond lasers have also facilitated detailed studies of the fundamental
phenomena in ultrafast heat transport. Validating the microscopic
two-stepmodels®” and determinationof dominatingmicrostructural
properties*!? and delay times''~'* are direct results of increasing
availability of high-power short-pulse lasers in recent years.
A submicrometerfilm would be more sensitive to the microstruc-
tural defects due to its comparable physical dimension (film thick-
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ness) to that of the defect. Possible forms of defects are granular
dislocations, microvoids, or pin holes resulting from relative slip-
page during the process of film deposition. In characterizing the
temperature dependence of optical properties of noble metals, in
fact, the quantum-mechanicalreflectivity model assuming a perfect
(defect-free) film geometry' was found to yield a surface reflectiv-
ity change being approximately one order of magnitude larger than
the experimental results.'® Whereas all of the qualitative features
were preserved well in the reflectivity model, the possible lattice
defects in the gold film were believed to be a major factor resulting
in such a large quantitativediscrepancy, along with the uncertainties
of the model parameters.

This work provides a quantitative study for the effect of the mi-
crostructural defects on the surface reflectivity of thin films in the
picosecond domain of transient. To describe the interweaving be-
haviors of thermal relaxationand rapid thermalizationduring the pi-
cosecond transient, the dual-phase-lag (DPL) model that explicitly
captures the thermalization time and relaxation time in the frame-
work of thermal lagging is adopted to study the redistribution of
thermal energy around a microvoid. Microstructural defects may
induce anisotropicresponsein both thermal'” and optical'® applica-
tions. Although pinholes are common defects for metal films in
the submicrometer range, a square hole is modeled in the two-
dimensional analysis here to illustrate the general effects of the
void size and location. A mixed finite difference scheme is devel-
oped for the numerical analysis, aiming at recovery of the familiar
Crank-Nicholson criterion in absence of thermal lagging. The fi-
nite difference method directly computes the nodal temperatures
and fluxes during the picosecond transient. Because of the blurred
physical meaning of nonequilibriumtemperature in the picosecond
domain, however, the values of Qiu and Tien®~'° will be normalized
with respect to the maximum value that occurs in the same transient
period. For metal films undergoing a temperature change less than
the Debye temperature (165 K for gold, a characteristictemperature
proportional to the cutoft frequency of vibratory lattices that can be
assumed as a continuum), such normalized temperature change has
been shown describable by the normalized reflectivity change that
was measured directly by the pumping-and-probingtechniqueat the
film surfaces. To address the much lower surface reflectivity change
that was observed experimentally on films with possible inclusions
of defects, therefore, the normalized temperature change shall be
used throughoutthe analysis.

Two-Dimensional Formulation

Figure 1a shows a thin film of thickness L subjected to the radia-
tionof a short-pulselaser. The film thicknessis in the submicrometer
range, comparable to the grain size of metals. Granular mismatch
may occur in the solidification process of the metal vapor, giving
rise to microstructural defects along the grain boundaries. Because
the film thickness is in the submicrometer range (assumed to be
0.1 pum later), the characteristic dimension of the microstructural
defect is comparable to the film thickness, which is exemplified by
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Fig. 1 Two-dimensional film subjected to the irradiation of a short-
pulselaser: a) granular defect resulting from granular mismatch,b) sim-
ulation of the granular defect by a square hole in a symmetric two-
dimensional film, and c) the uniform mesh used in the finite difference
analysis.

a square hole of width w located at a distance x, measured from
the heated surface, as shown in Fig. 1b. The width-to-length ratio
of the metal film is assumed to be 1:5, which will be sufficient to
illustrate the far-field response, that is, the temperatureresponse far
away from the microvoid.

The real electron temperature is achieved after the first few hun-
dred femtoseconds(subpicoseconds)in ultrafastlaserheating.16 The
linearized DPL model is employed here to describe the combined ef-
fects of thermal relaxation and thermalization during the short-time
transient,'>!°

°T PT (T eT ) 1 as
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where laser irradiation is described by the energy absorptionrate S
in the thickness x direction of the thin film,!!-13:20

St 1y = 0947 [ =2 Y exp| - (£ + L2 | (g
(x,1) =0. 05 exp 3 tp

which closelyresembles the Gaussian distributionemployed by Qiu
and Tien.*~'° The thermalizationeffectis absorbedin the term led by
77, which contains two third-orderderivativesof temperature (twice
inspace and once in time), and the relaxationeffectis absorbedin the
terms led by 7,, which involvean apparentheating term (9.5 /9¢) and
a wave term (82T/8t2) during the short-time transient. Because of
the interweaving behaviors of thermalization (77 effect) and relax-
ation (t, effect), and the additional effect from the apparentheating,
note that the time at which the temperaturechangein the film reaches
a maximum will be differentfrom the time at which the laser power
reaches a maximum. Interfering by the apparent heating term due
to thermal relaxation, in addition, the full width at half maximum
(FWHM) along does not characterize laser heating applied to the
thin film. AlthoughEq. (1) is introduced to describe the normalized
temperature change of the electron gas in this work, it can be used
equally well to describe the nonequilibrium temperature in differ-
ent microsystems. When tr = 7, for example, Eq. (1) reduces to
the equilibrium temperature depicted by the classical Fourier’s law.
When tr =0, Eq. (1) reducesto the thermal wave equation proposed
by Cattaneo’' and Vernotte.?>?* Other cases for different values of
77 and 7, in correlation to the representative models in microscale
heat transfer, including the phonon scattering model, the hyperbolic
two-step model, and the three-equationmodel, are illustratedin the
works by Tzou.'>?* Though covering several models in the same
framework of thermal lagging, Eq. (1) remains to be a special form
that neglects the effects of phonon waves during the ultrafast tran-
sient. This assumptionis valid for ultrafastlaser heating with a low
intensity, which is a typical situation when used for characterizing
thin metal films.'® Under a laser fluence of 13.4 J/m?, which will
be used in the present study, the metal lattices remain almost ther-
mally undisturbed. Along with the small change of the temperature
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gradient across the film, the wave effect for heat transport through
phonons is indeed negligible.

Energy loss from all surfaces is negligible during the picosecond
transient®!""1 resulting in the following insulated conditions in
accordance with the coordinate system shown in Fig. 1b:

x = 0 (front surface) and x = L (rear surface)

oT

— =0 at

0x x:xD:I:%,yE[O, %:|(V0idsurfaces) 3)
oT 0 at w c w +w (void surf )
= a =—,x Xp——,X — S
% y > b=t void surfaces

@)

Only the upper half plan (y > 0) needs to be considered due to
symmetry of the problem. The symmetric conditions are imposed
at y =0 (the x axis) and are expressed as

oT w w
—=0 at y=0,x€|0,xp——| and x € |xp+—,L
ay 2 2

5

Employing the same condition of FWHM pulse duration, 7,, de-
scribing the temporal shape of the laser pulse, the initial time is
shifted from zero to —2¢, (Refs. 8-11, 13, and 20). The initial con-
ditions at t = —21, are, thus,

T

T =T, Yo 0 (6)
where the second condition refers to a thermal disturbance from a
stationary state.

Note that the symmetrical condition posed in Eq. (5), in correla-
tion to the thin-film model containing multiple voids, is sometimes
used as the periodic condition imposed on the boundaries of the
unit cell enclosing a representative void.'> The results obtained as
follows, therefore, would reflect certain qualitative featuresin films
with multiple voids in microscale. A quantitative assessment, ob-
viously, will require implementation of such periodic conditionsin
all directions surrounding the representativecell (if the distribution
of such microvoids is indeed uniform) or placement of individual
microvoidsin the computational model (for distinctive microvoids).

Finite Differencing

An explicit finite difference solution to Egs. (1-6) will be at-
tempted, mainly for intractable analytical solutions in the multiply
connectedregion and because of the need for a stability and conver-
gence criterion for the DPL equation. Although a powerful implicit
scheme of finite difference already exists,* fulfilling this vacancy
is necessary in the continuous development of the thermal lagging
model.

Two-Dimensional Formulation

The stability and convergence criterion will be derived by the
mixed use of central differencing, backward differencing, and for-
ward differencing in Eq. (1), so that the resulting criterion can be
explicitly reduced to the Crank-Nicholson criterion in the limiting
case of Fourier diffusion. The central difference scheme, as usual,
is applied to all of the second-order derivatives in space and time:

aZT ! 1 n n n
(w) = (Ax)? [Ti+l.j —27 + Ti—l.j]
ij

3*T\" 1 . o
(a_yZ) = Gy e = 20+ 1

ij

aZT ' 1 n+1 n n—1
( 12 ) ) = (At)z [Tl] - 2Tl/ + Tz; ] (7)
L]




32

The backward difference scheme, in time, is then applied to all of
the terms containing the mixed derivatives:

PT 1
ax2ot T (AX)2(AD)

iJ

x [Tin+ Lj 2Ti’.1j + Tinfl.j - TinJ:l.lj + 2Ti’.1j71 - Tin:l.lj]
P T\ 1
0y20t ), (Ay)(AD)
) [T =2m + T =T T =T ] @)

The forward difference scheme is applied to all of the first-order
derivativesin time:

AT\ _ g LA R P
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©)
The stability and convergence criterion depicting the appropriate
space and time increments (Ax, Ay, and At) is independentof the
heating terms. In studying the stability and convergence criterion
for Eq. (1), therefore, both the real, S, and apparent (3.5/3t) source
terms will be temporarily omitted. The error propagation of lag-

ging temperature can be analyzed by the von Neumann eigenmode
decomposition with ¢ = /—1 (Ref. 25):

T, = §" explc (iAx + jAY)] (10)

When Eq. (10) is substitutedinto Egs. (7-9) and the resultsback into
Eq. (1), the amplification factor & can be obtained as a function of
k. The amplification factor thus obtained is a complex number. The
stability condition requires that |£|*> <1 for all values of «, which
can be simplified to give

20AtQtr + AN [ 1 L (11)
Qr, +An (A 7 Ay

Equation (11) must be satisfied by the grid sizes of Ax, Ay, and
At for obtaining a convergent solution from the finite difference
scheme shown in Eqgs. (7-9). In the case of 17 = 7., not necessarily
equal to zero,'""! heat flux vector and temperature gradient become
instantaneous and the lagging behavior diminishes. Equation (11)
in this case reduces to

aAt[1/(Ax)’ +1/(Ay)°1 < 3 (12)
whichis the familiar Crank-Nicholsoncriterionin Fourierdiffusion.
Note that the space grid with Ax = Ay is often used in finite differ-

ence calculations. For the two-dimensional formulation, Eq. (11) in
this case can be simplified as

Av s [4a At 2t + At)7
27, + At

One-Dimensional Reduction

Ay = Ax (13)

The stability and convergence criterion for the one-dimensional
DPL equation can be derived as a special case. Denoting the one-
dimensional spatial grid size by Ax and time grid size by At, the
same procedure results in the following requirement for the one-
dimensional formulation:

200At(2 At
Ax > [20A1Qtr + AL (14)
21, + At

The factor 4 in Eq. (13) for the two-dimensional formulation is
changed to 2 in Eq. (14) for the one-dimensional formulation.

Similarly, in the case of 7 =1,, Eq. (14) is reduced to the one-
dimensional Crank-Nicholson criterion in Fourier diffusion. Equa-
tions (11), (13), and (14) are in general forms that cover the clas-
sical thermal wave equation’' =2 with 77 = 0. For thermal waves
propagating in a one-dimensional medium, the resulting criterion,
(Ax/At) = /[2a/ (27, + A1)], which can be derived directly from
Eq. (14) by setting t7 = 0, results in indistinguishableresults when
compared to the analytical solutions.'*2°

Note that the DPL model [Eq. (1)] describes the microstructural
effects of rapid thermalization and relaxation in terms of the re-
sulting delayed response in time. As far as the thermalization and
relaxation behaviors are concerned, no additional consideration is
needed to incorporate the microstructural effects; even though the
space, Ax, and time, At, increments in Egs. (13) and (14) may be
reduced to the orders of mean free path (time) of electrons. To de-
scribe additional effects in microscale, such as the tunneling effects
of phonons or quantum effects of electrons in transporting heat,
Eq. (1) needs to be modified according to the Boltzmann transport
equation to accommodate such effects. An example is the T-wave
model'® that includes a jerk term (third-order derivative of temper-
ature with respect to time) reflecting the ballistic behavior of heat
transportby electrons near the Fermi surface.

Numerical Results

We first examine the one-dimensional finite difference results by
comparing them to the earlier obtained analytical and experimental
results. A microvoid is then introduced into the two-dimensional
film to investigate the effects of void size and location on thin-film
heating.

One-Dimensional Validation

A gold film of thickness 0.1 um heated by a 96-fs (z,) pulse
laser was studied by Brorson et al.?® and Qiu et al.'® Figure 2
shows the normalizedtemperaturechangeat the front surface (x = 0)
of the film, which was converted from the normalized surface re-
flectivity measured in their experiments. The analytical result em-
ployed the Riemann-sum approximation for obtaining the lagging
temperature!' '3 under the same thermal and optical properties
determined for the gold film: @ =1.2 x 10~* m?%/s, R=0.93, and
J =13.4 J/m? (Refs. 8-10). The autocorrelation factor simulating
the temporal profile of the laser pulse is chosen to be a =1.992, in
contrast to the model parameter 2.77 assumed in the Gaussian pro-
file that describes the normalized autocorrelation of the laser pulse
in the experiment.'® The response curve obtained at the front sur-
face of the film accurately describes the experimental results, which
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Analytical solution, Tzou (1997)
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Fig. 2 Normalized temperature change at the front surface of a one-
dimensional film; comparison of the finite difference solutions with the
analytical and experimental results.



justifies the effective values of 77 =90 ps and 7, =8.5 ps for the
gold film, as well as the use of the normalized temperature change
in describing the normalized surface reflectivity change obtained
experimentally.

The same problem is investigated by the one-dimensional finite
difference algorithm developed in this work. The time increment
is chosen to be At =8 fs, resulting in Ax >4.51 nm according to
Eq. (14) for a stable and convergentsolution. The finite difference
results shown in Fig. 2 employ Ax =5 nm, resulting in a transient
curve that agrees well with both the analytical and experimental
results.

Effects of Microvoids

For a two-dimensional film containing a square microvoid, as
shown in Fig. lc, an equal-sided (Ax = Ay) uniform mesh is used
to discretize the physical domain. Mesh objectiveness is carefully
examined by incessantly doubling the number of grid points used in
the analysis, until a consistentnumerical accuracy is achieved. The
Cauchynormin the successfulapproximationsis less than 1% forall
of the results presented in this work. The space and time increments
are chosen to be Ar=4.5 fs and Ax = Ay =5 nm, which satisfy
the criterion posed in Eq. (13).

The film thickness is assumed to be L = 0.1 um throughout the
study. To demonstrate the pronouncedeffect of microvoids, we first
consider a square void of 20% of the film thickness, w/L =0.2
or w=0.02um, that is located at x,/L=0.2(xp=0.02 um).
Figure 3 shows the normalized temperature change obtained at dif-
ferentlocationson the front surface (x = 0) of the film. In correspon-
dence with the normalizedreflectivity changemeasuredin the exper-
iments, the temperature change [AT (1) =T (t) — Tp] is normalized
with respectto its maximum value, (AT ) p.x = Thax — To, Which oc-
curs in the same transient period. Emphasis should be placed on the
transient response after 0.5 ps, when the physical process of ther-
malization starts. The temperature response between 0 and 0.5 ps
should be ignored because even the physical meaning of the nor-
malized temperature change becomes blurred in this time domain.
The presence of a microvoid significantly reduces the normalized
temperature change at y =0, which is immediately left to the mi-
crovoid. When compared to the far-field response away from the
microvoid (the defect-free response), the amount of reduction may
reach one order of magnitude. This confirms the suspicion raised
by Qiu et al.'® in their efforts examining the opticalthermal proper-
ties of thin metal films. While preserving the same feature in rapid
thermalization, the normalized temperature change in films with a
defect approaches that without (defect-free) as the distance from
the microvoid increases; this is evidenced by the transient curves at
y=0.5L (0.05 um), L (0.1 um), 2L (0.2 um), and 3L (0.3 pm)
in Fig. 3. No significant difference in the normalized temperature
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Fig. 3 Normalized temperature change at different locations on the
front surface (x=0) of the film containing a square microvoid: L=
0.1 pm, xp =0.02 pm, and w = 0.02 pm.
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Fig. 4 Normalized temperature change at different locations on the
front surface (x=0) of the film containing a square microvoid: L=
0.1 pm, xp = 0.05 pm, and w =0.01 pom (smallest size).
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Fig. 5 Normalized temperature change at different locations on the
front surface (x=0) of the film containing a square microvoid: L=
0.1 pom, xp = 0.05 pm, and w = 0.02 m (medium size).

change can be observed for y > 2L, and the one-dimensional solu-
tion (defect-free, full circles shown in Fig. 2) is recovered beyond
this threshold.

Reductionof the normalized temperature change dependson both
size and location of the microvoid. At the same distance from the
front surface, xp = 0.05 um, Figs. 4-6 show the front-surface tem-
perature for the two-dimensionalfilm containing a microvoid of dif-
ferent sizes: w =0.01 um (Fig. 4), 0.02 um (Fig. 5), and 0.03 pum
(Fig. 6). The effect of the microvoid diminishes, and consequently,
the defect-free solutions are recovered,as y > 2L (0.2 um). Again,
in all of the cases shown, the normalized temperature change can
be lower than that in a defect-free film by one order of magnitude.
The time at which such a significant reduction occurs, however, de-
creases as the microvoidsize increases. For the case of w =0.03 um
and y =0, as shown in Fig. 6, this occurs as t = 1.61 ps where the
normalized surface temperature in a defective film is 0.022 in con-
trast to that in a perfect (defect-free) film being 0.222.

The effect of the microvoid becomes weaker as its distance
from the heated surface increases, as expected. With the same
size microvoid studied in Fig. 3, w =0.02 pum, the distance of the
microvoid is increased from xp =0.03 um (Fig. 7) to 0.08 pum
(Fig. 8) to illustrate such a distance effect. When compared to
Fig. 3 (xp =0.02 um), the normalized temperature changes shown
in Fig. 7 are higher at all of the corresponding values of y be-
cause the microvoid is farther away from the heated front surface
(xp =0.03 um). This becomes even more obvious in Fig. 8, where
the microvoidis moved close to the rear surface,xp = 0.08 pum. The
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Fig. 6 Normalized temperature change at different locations on the
front surface (x=0) of the film containing a square microvoid: L=
0.1 pm,xp =0.05 pm, and w = 0.03 pom (largest size).
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Fig. 7 Normalized temperature change at different locations on the

front surface (x=0) of the film containing a square microvoid: L=
0.1 pm, w=0.02 pm, and xp =0.03 m (medium position).
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Fig. 8 Normalized temperature change at different locations on the
front surface (x=0) of the film containing a square microvoid: L=
0.1 pm, w=0.02 pm, and xp = 0.08 pm (farthest position).

normalized temperature changes at different locations on the front
surface (different values of y) are not only higher, but also closer
to each other in comparison with those in Figs. 3 and 7 due to the
weaker effect of the microvoids.

The presence of a microvoid with insulated surfaces, regardless
of its shape, results in higher values of both T (¢) (the transient tem-
perature at the front surface) and T}, [the maximum value of 7'(¢)
in the same transient period] due to the reduced areas in transporting
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heat through the film. When compared to the case of a perfect film
without any defects, a smaller value of the normalized temperature
change, that is, AT /(AT )max =[T(t) — To1/[Timax — To] shown in
Figs. 3-8, implies a larger increase of Ty« than 7 (¢) from 7. The
resulting temperature response of T}, in other words, is more ex-
aggerated than 7 (7) in the presence of a microvoid. Along with the
local intensification of thermal energy around a microvoid,” the
significant reduction of the normalized temperature change (and,
hence, the normalized reflectivity change) is a noteworthy effect of
microvoids.

The finite difference scheme developed in this work has been
extendedto incorporatethe effectof temperature-dependert thermal
properties in Ref. 27.

Conclusions

The effect of microvoids during the short-time transientin ultra-
fast laser heating has been quantified in this work. The emphasis
has been placed on the microstructural effects on the normalized
temperature change, which is a quantity directly correlated to the
normalized surfacereflectivity change measured from the pumping-
and-probing technique. Microvoids have been confirmed as an in-
ternal structure to reduce the normalized temperature change on the
film surface. The actual reduction depends on both the size and the
location of the microvoid in the thin film. A larger microvoid (size
effect) or a microvoid closer to the heated surface (location effect)
would result in a normalized temperature change that is lower than
that in a perfect (defect-free) film by one order of magnitude. This
is consistent with the earlier observations.

A mixed, explicit finite difference scheme has been developed to
solve the linearized DPL equation that describes the interwoven be-
haviors of thermal relaxationand thermalizationat short times. The
stability and convergence criterion is derived by the von Neumann
eigenmode analysis, which dictates the appropriate space and time
increments for a reliable numerical solution. In absence of thermal
lagging, such a criterion reduces to the classical Crank-Nicholson
criterionin Fourierdiffusion. This criterionshould be applicableto a
number of other microscopic models, including the phonon scatter-
ing model and the three-equation model in microscale heat transfer
inasmuch as the field equationsin these models have the same form
as the DPL equation. The use of the mixed formation in terms of
both heat flux and temperature, due to the temperature-dependert
thermal diffusivity, effective heat capacity, and thermalization and
relaxationtimes, necessitatesconstantupdates of thermal properties
in the heating history that add significant complexitiesin the numer-
ical procedure. Following the same stability and convergence cri-
terion derived in this work, however, the surface reflectivity agrees
very well with the experimental results for thin films of various
thickness.
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