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Thermomechanical analysis of nodule damage in
HfO2/SiO2 multilayer coatings
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Samples with nodular defects grown from gold nanoparticles are prepared, and laser-induced damage tests
are conducted on them. Nodular defects, which are in critical state of damage, are cross-sectioned by
focusing on the ion beam and by imaging using a field emission scanning electron microscope. The cross-
sectional profile shows that cracks are generated and propagated along the nodular boundaries and the
HfO2/SiO2 interface, or are even melted. The thermomechanical process induced by the heated seed region
is analyzed based on the calculations of temperature increase and thermal stress. The numerical results
give the critical temperature of the seed region and the thermal stress for crack generation, irradiated with
threshold fluence. The numerical results are in good agreement with the experimental ones.
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Nodular defect, a typical defect in multilayer coatings,
largely limits the improvement of the laser-induced dam-
age threshold (LIDT) in the nanosecond regime and thus
has been widely investigated. Electric field enhance-
ment in the nodule, induced by the microlens effect of
the dome structure of nodular defects, is an important
factor in reducing the LIDT[1−5]. Recently, Liu et al.
has examined the relationship between the structure
feature of the nodular defect and the resistance of laser-
induced damage (LID)[6−8]. Some simple thermal stress
simulations and a simple thermo-mechanical model had
been developed to understand the damage mechanism
of the nodular defect[9−11]. The critical condition of
crack generation regarded as a damage criterion and the
corresponding LIDT were given based on the average
temperature of the seed zone. However, the critical tem-
perature of crack generation, the distribution of thermal
stress, and the position of crack generation remain to be
elucidated.

Our previous work focused on investigating the char-
acteristics and the electric field enhancement of nodular
defects[12]. The geometric characteristics of nodular de-
fect were determined by the seed. The height of the
nodular dome and the continuity of the nodular bound-
ary mainly determine the LIDT. The strong absorptive
seed and microlens effect of the nodule play important
roles in the LID of the nodule.

In this letter, samples with nodular defects grown from
gold nanoparticles were prepared, LID tests were per-
formed. The thermomechanical process induced by the
heated seed zone was analyzed. The morphology of a crit-
ically damaged nodule was analyzed with a double-beam
microscope (Auriga, Zeiss, Germang) which combines
the functions of the focused ion beam and the field emis-
sion scanning electron microscope (FESEM).

The preparation of the samples, which are multilayer
coatings with gold nanoparticles deposited on the surface

of the substrate, and the details of the LID tests have
been described in Ref. [12]. The total thickness of the
coatings is about 4.0 µm, and the films are deposited by
electron beam evaporation. The reflection coefficient of
these samples is about 99% at 1 064 nm. The morpholo-
gies of nodule ejection are imaged and cross-sectioned by
a double-beam microscope.

The LIDT threshold of the samples deposited with
gold particles on the substrate is 7.5 J/cm2, and that of
the samples free of gold particles is 23 J/cm2[12]. There
are many unejected nodules around the nodule-ejected
craters, and a typical morphology of an unejected nodule
is given as shown in Fig. 1. Figure 1(a) shows an une-
jected nodular defect resulting from a gold particle and
a crack on the surface. To examine the unejected nodule
irradiated by laser, the nodule was cross-sectioned. In
Fig. 1(b), the cross-sectional profile shows melting and
resolidification in the seed region. Cracks have generated
and propagated along the nodular boundaries and the
HfO2/SiO2 interface. A micro-cavity has been formed
above the melted region and connected with the cracks.
As evidenced by the melt, the melted material can be
concluded to have flown into the cracks, whereas the
material has melted along the cracks.

Fig. 1. FESEM image. (a) The surface morphology and (b)
the profile of the same unejected nodule.
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The nodule ejection is assumed to be initiated by laser
energy absorption in the gold particle and spherical gold
particle with a radius a = 125 nm embedded in an infinite
homogeneous HfO2 material. In the sphere symmetry co-
ordinate, the temperature of the host material around the
gold particle T can be calculated as[13,14]
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where ρh, ch, and Kh are the density, specific heat, and
thermal conductivity of the host material. r is the dis-
tance from the host material to the gold particle center.

The initial and boundary conditions are t = 0, T =
T0 = 300 K, and infinity T = T0. The thermal conduc-
tivity of the particle is much larger than that of the host
material, so the temperature inside the particle can be
assumed to be homogeneous. At the interface of the par-
ticle and the host, the power absorbed by the inclusion
must be equal to the power leaving the surface by the
conduction plus the rate of change in heat energy of the
particle[13]
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where ρp and cp are the density, and specific heat of
the gold particle, respectively. Iin is the laser intensity
which reaches the gold particle. Qabs is the absorption
efficiency factor and is assumed to be 2 considering the
microlens effect of the nodular defect and the convergent
light irradiation on the gold particle. Meanwhile, local-
ized electric field enhancement on the seed also has an
important contribution to energy absorption. The laser
intensity in the seed zone is expressed as

Iin = m(1 − Rz)I0f(t), (3)

where I0 is the incident light peak intensity, and f(t) is
the temporal distribution of the pulse. Rz = 99% is the
partial reflectivity of the mirror above the seed. m = 4
is the intensification factor of the laser intensity around
the seed[12].

In Eq. (2), the temperature of the gold particle is as-
sumed to be uniform throughout its volume, and the
temperature of the particle equals that of the host at
the surface of the particle. This assumption is justified
because the particle thermal diffusion time is extremely
small, which is in the order of 10−10 s for the gold par-
ticle with a 125-nm radius. The solution of Eq. (1) with
the boundary condition Eq. (2) gives the final result for
the temperature of the gold particle

T (a, t) = T0 + T∞ [1 − exp(−t/τ)] , (4)

and the temperature of the host material at time t and
distance r from the center of the gold particle is
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where T∞ = IinQabsa/4Kh, τ = a2ρpcp/3Kh, and ρ =
(r − a)(4Kht/ρhch)1/2.

We assume that the dynamic effects can be ignored
during the heating stage, and no phase change has taken
place. Therefore, the mechanical process can be analyzed
by equations of the quasi-stationary thermo-elasticity
theory. For a spherically symmetrical system, the ther-
moelasticity equation takes the following form[15]:

∂

∂r

[
1
r2

∂

∂r

(
r2ur

)]
= α

1 + ν

1 − ν

∂T (r, t)
∂r

, (6)

where ur is the radial component of the displacement vec-
tor, ν is the Poisson ratio, and α is the thermal expansion
coefficient. The relations between strains and stress have
the following forms in a spherical symmetry system:
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where E is Young’s modulus, ε is the strain, and σ is the
stress. The subscripts r and θ denote the radial and tan-
gential directions. After two integrals were carried out
on Eq. (5), the following can be obtained by
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where C1 and C2 are the integral constants and are deter-
mined by boundary conditions. ur(0, t) = 0, so C2 = 0.
σr(∞, t) = 0 and ur(∞, t) = 0, so C1 = 0. From Eqs. (6)
and (7), the tangential stress can be obtained by
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According to the Griffith criterion, the linear elastic the-
ory of crack propagation, the critical stress level takes
the following form[16]:

σc =
√

EG/πr0, (10)

where σc is the critical stress for a body containing an
internal crack of length 2r0, E is the Young’s modulus
of the host material, and G is the energy release rate.
Equation (10) indicates that the critical stress level de-
creases with the crack length.

In this letter, the length of crack 2r0 is taken to be
2a, the diameter of the gold seed, and the stress is the
tangential tensile stress σθ. When the condition σθ > σc

is satisfied, crack growth would occur around the seed.
From Eq. (5), the physical parameters used in the

calculation are listed in Table 1[20]. Obtaining the nu-
merical results is easy. The temperature distribution in
the radial direction, irradiated with threshold fluence 7.5
J/cm2, is shown in Fig. 2. The maximal temperature
of the seed zone is 3 280 K at the end of 12-ns pulse.
The maximal temperature, corresponding to the LIDT,
is the critical temperature of the seed zone for nodule
damage. From the temperature distribution in the radial
direction, if the critical temperature of the inelastic de-
formation of the HfO2 material is assumed to be 1 924 K,
the corresponding radial position is 0.25 µm. Therefore,
the thermoelasticity of solids can be applied to the range
where the temperature is below 1 924 K.
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Fig. 2. Temperature distribution in the radial direction under
the irradiation of threshold fluence.

Table 1. Main Parameters Used in the Numerical
Calculations[20]

Parameter HfO2 Gold

Thermal Expansion Coefficient (K) 3.8×10−6 14.2×10−6

Thermal Conductivity (W/m· K) 4.3 311

Specific Heat (J/(kg·K)) 340 131

Melting Point (K) 3 031 1 336

Boiling Point (K) 5 673 3 090

Density (kg/m3) 9 680 19 300

Young Modulus (GPa) 76 79

Poisson’s Ratio 0.27(ZrO2) 0.44

Energy Release Rate (J/m2) 1

Fig. 3. Distribution of tangential stress in the radial direction
at the end of 12-ns pulse.

The tangential stress and the critical tensile stress in
the radial direction can be calculated from Eqs. (9) and
(10). At the end of the 12-ns pulse of threshold fluence,
the tangential stress distribution is shown in Fig. 3. The
tangential stress is larger than the critical value of the
host material from 0.25 to 1.200 µm. This indicates that
crack generation occurs in this range. This result is in
good agreement with the cracks shown in Fig. 2.

According to the numerical results, the cracks should
have propagated in all directions for the spherical sym-
metrical system. However, the cracks just propagate
along the nodular boundaries and the HfO2/SiO2 inter-
face as shown in Fig. 1(b). This phenomenon is related
to the structure feature of the nodule and interface[17].

Recently, Liu et al. has observed that the boundary
region between the nodular defect and the surrounding
layers changes as the deposition progresses. Close to the
seed, the boundary region is completely discontinuous.
However, as more materials are deposited, the bound-
aries heal and tend to be continuous[6]. The mechanical
properties of the nodular boundaries have undesirable
effects, and cracks are initiated at the nodules when the
coatings are stressed by mechanical forces[16,18]. This
is why crack generation and propagation have the ten-
dency to take place along the nodular boundaries when
the thermal stress is loaded by the heated seed.

Once crack growth takes place, on one hand, the in-
ternal elastic potential energy is partly released, and the
tangential stress is decreased; on the other hand, the
critical tensile stress σc also decreases due to the length
of crack increase. If the condition σθ > σc is still satisfied
at the crack tip, the crack will continue to extend until
the condition is broken.

From the above, the thermomechanical analysis of the
critical conditions of nodule damage agree with our ex-
perimental findings. However, theoretical analysis is just
qualitative analysis, and the assumption on the absorp-
tion efficiency factor Qabs needs to be proven.

The whole process of defect-initiated damage is com-
plex and involves the electrodynamics, thermodynamics,
and mechanics of continuous materials. Bonneau et al.
have performed numerical simulations on the damage
process of ultraviolet (UV), laser interaction with gold
nanoparticles, including energy absorption, crack for-
mation, and propagation leading to craters[19]. Their
numerical and experimental results agree well, but the
numerical analysis is complicated. From the critical
conditions of nodule damage, we can conclude with
our model that cracks start generating irradiated with
threshold fluence based on the analysis of temperature
rise and stress distribution. This model gives a concise
and effective way to analyze qualitatively the critical
conditions of nodule-initiated damage.

In conclusion, based on the calculation of temperature
rise and the corresponding thermal stress, the thermo-
mechanical process of nodule damage is analyzed. The
numerical temperature of nodule damage is about 3 300
K in the seed region, and the tangential stress loaded
by the heated seed region can induce crack generation,
irradiated with threshold fluence. The numerical results
can explain well the experimental phenomena.
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