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Stress mechanism of pulsed laser-driven damage in thin film

under nanosecond ultraviolet laser irradiation
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An analytical model is derived to describe the stress mechanism in a thin film against the laser-induced
damage threshold (LIDT) based on the thermal transfer equation. Different structures of high-reflection
films at 355 nm are prepared to validate this model. LIDTs are found to have a linear relationship with
stress. Furthermore, predictions from the simple model agree with the experiments.
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Pulsed laser-driven damage on thin film has been stud-
ied over the past five decades. In nanosecond (ns) scale,
the thermal effect of thin film is considered as the main
reason for laser-induced damage[1,2]. However, the role of
stress in this process has not yet to be fully understood
because the initial source of damage is complex. Further
research is required to elucidate the relationship between
stress and laser-induced damage threshold (LIDT). Stress
has certain effects on threshold[3−6]. For example, ten-
sile stress often has a negative effect on threshold, that is,
higher tensile stress is based on a lower damage thresh-
old. Nevertheless, few works systematically explain the
relationship between stress and threshold.

In this letter, we aim to derive an analytical model for
determining the relationship between stress and damage
threshold based on the thermal transfer equation. The
temperature distribution (T ) under laser irradiation (I)
based on the thermal transfer equation can be described
as[7]

ρc
∂T

∂t
= ∇(k∇T ) + α(hv)

dI

dt
e−α(hv)x, (1)

where k, ρ, c, and α(hv) are the thermal conductivity,
density, thermal capacity, and absorption coefficient, re-
spectively. If the initial damage source is defect, which
has a strong absorption coefficient, then α(hv) is the
absorption coefficient of such defect; alternatively, it is
the absorption coefficient of the thin film. The damage
threshold through Eq. (1) is simplified as

Ith ≈
Tc

√
kρct

2α(hv)
, (2)

where Tc is the critical temperature and t is the pulse
time of the laser. In general, the damage in ns regime is
defined as the temperature of the thin film above Tc. As
a result of the thermal stress mechanism, the relationship
between Tc and the pressure of thin film is given by[8]

P =
∆σETc

1 − γ
, (3)

where γ and E are the Poisson’s ratio and Young’s modu-
lus of the material, respectively, and ∆σ is the differential
value of the thermal expansion coefficient at the neigh-
boring layers in the film. The critical temperature can
then be described as

Tc=
P (1 − γ)

∆σE
. (4)

In Eq. (4), stress P contains two parts, namely, Pc,
which is the critical stress of the bulk material, and Pthin,
which is the extra stress induced by the thin film. In ad-
dition, Pc is a constant that is only correlated to the ma-
terial, whereas Pthin is a variable influenced by numerous
parameters, such as coating rate, film thickness, and sur-
face roughness of the substrate. However, once the coat-
ing materials and technology are chosen, the values of
thermal properties, Young’s modulus, and Poisson’s ra-
tio in the thin film can be considered as constants. Based
on Eqs. (2) and (4), the relationship between stress and
threshold can be simplified as

Ith=M(Pc − Pthin), (5)

where M is a constant decided by the features of the
coating materials. The effective range of Eq. (5) is that
the initial source of the induced damage is the same; oth-
erwise, M is not a constant, and this equation cannot be
used.

The theory prediction is compared against the exper-
iments to validate the analytical model. First, the sub-
strate affects the damage threshold through its inter-
action with the thin film. This situation is not favor-
able in obtaining the relationship between stress and
threshold[5]. High-reflection (HR), which indicates that
only a small amount of laser energy can still reach the
substrate, is the best choice to avoid this effect.

In this letter, three structures of HR films were pre-
pared using a Leybold coater. The substrates were pol-
ished BK7 (Φ50 × 5 (mm)). The coating materials were
mainly fluorides, which was also used as a easily induced
the change of stress in the HR film. SiO2 coating ma-
terial was used to adjust the stress of the thin film; it
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had no effect on the reflectivity of the optical spectrum
or the electromagnetic standing wave field. The coat-
ing stacks of the three structures were S/6L V(NV)10/A,
S/V(NV)15/A, and S/6L V(NV)15/A, where L, V, and
N denote SiO2, LaF3, and AlF3, respectively, and with
one-quarter wavelength optical thickness (QWOT) at 355
nm. In addition, S and A denote the substrate and air,
respectively. All three structures (Table 1) were manu-
factured through the same coating process. The details of
the coating process are discussed in our previous work[9].
The stress of films can be obtained using the curvature
method. The total stress can be calculated from Stoney’s
equation[10]

Pthin=
4Es

3(1 − γs)

t2s
D2

s tf
∆Power, (6)

Table 1. Threshold and Stress of HR Films

Symbol Structure LIDT (J/cm2) Stress (MPa)

A S/6L V(NV)10/A 20.1 15

B S/V(NV)15/A 8.6 78

C S/6L V(NV)15/A 16.7 30

Notes: V: LaF3(n=1.71); N: AlF3(n=1.41); L: SiO2(n=1.54)

where Es and γs refer to Young’s modulus and Pois-
son’s ratio of substrate, respectively; ts and tf denote the
thicknesses of the substrate and thin film, respectively;
Ds is the radius of the substrate, respectively. The value
of ∆Power was measured by an interferometer.

The damage threshold was measured by a triple
Nd:YAG laser system (355 nm, 8 ns)[11]. The LIDT
test was implemented based on ISO11254-1 standards
under the “1-on-1” mode, with 20 sample sites tested
using a fixed fluence step. Each sample had 200 total
sites. The repetitive frequency of the laser was 5 Hz, and
the laser was focused on the sample surface. In this let-
ter, damage was defined as any irreversible modification
detected by an online CCD camera. The relative LIDT
determination error was approximately ±10%. Mean-
while, damage threshold was defined as the laser fluence
as the zero damage probability beginning increased.

The damage morphology was observed using a SEM.
Figure 1 shows the typical damaged features of the three
structures. The depth of the damage zone indicates

Fig. 1. Damage morphologies of the three structures: (a)
S/6L V(NV)10/A; (b) S/V(NV)15/A; (c) S/6L V(NV)15/A.

Fig. 2. Damage threshold as a linear function of stress.

that the damage mainly occurs in the outside layers.
The outside layers are LaF3 and AlF3 in all the three
structures. The experimental results agree with our ex-
perimental purpose, which is to obtain the laser-induced
damage of the thin film without the substrate effect.
The initial source of damage can be considered the same
based on the damage morphology (Fig. 1) and the coat-
ing conditions. All results, which contain the damage
threshold and stress, are shown in Table 1 and Fig. 2,
respectively. A linear dependency of the threshold with
the stress is observed from Eq. (5), which is the line in
Fig. 2, where M is 0.1792 and Pc is 125.5 MPa. The
result concurs with our theory analysis.

In conclusion, we develop an analytical model to pre-
dict the relationship between stress and damage thresh-
old. Our model can capture the threshold trend as a
function of stress. Moreover, our model proves that we
can improve the threshold by adjusting the stress in the
film. Finally, this model only works when the initial
damage induced by the source of the thin films is the
same.
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