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Abstract: In laser application systems, the optical film is one of the most important parts of the
system, as well as its weakest link. Its damage performance determines the output characteristics and
safety performance of the laser system. This paper focuses on the fundamental frequency reflection of
dielectric films used in large high-powered laser devices. The study of the dielectric film’s initial laser
damage performance and laser damage growth performance is carried out through laser damage
testing and microscopic morphology testing of the damage. The results show two different damage
morphologies: type 1 damage (film discoloration damage) and type 2 damage (cratered damage),
and the damage growth behavior between the two is very different, with type 1 damage not growing
and type 2 damage growing rapidly under subsequent episodes that trigger their damage fluxes. The
difference in the growth behavior is well explained by the micro-zone surface shape of the damage
location. The results of this paper help to deepen the understanding of the dielectric membrane
element processing process and the damage growth behavior.

Keywords: high-reflective mirror; dielectric films; laser-induced damage threshold; damage growth

1. Introduction

High-powered solid-state laser devices are capable of generating extreme physical
conditions, such as a strong electric field, a strong magnetic field, and a high voltage
intensity in the laboratory, which not only support frontier scientific research, such as
high-energy-density physics, but they also play a significant role in the national economy,
national defense, and in military fields. With the increasing energy output and hit times,
the problem of laser damage to its optical components is gradually become a formidable
challenge for the laser device. For instance, HfO2/SiO2 thin film is one of the most easily
damaged components in laser devices. The actual laser threshold is always far below the
theoretical threshold and that limits the output capability of laser devices.

To improve the laser output capability, extensive research has been carried out all over
the world on the damage mechanism of thin films [1]. It is generally understood that the
absorption of laser light by various types of defects in thin films is an important cause of
damage [2–5]. Wu et al. and Bloembergen both found that dielectric film defects, such
as nodules, have an additional absorption of laser light that lowers the overall damage
threshold of the film [6,7]. Cheng et al. proposed that defects act as absorbers, and
a large amount of thermal deposition around them eventually destroys the coating [8–10].
Smalakys et al.’s study found that delamination of the coating occurred when the density
of the subcritical damage reached a critical point, followed by the rapid growth of damage
pits [11]. Zhao et al. and Sozet et al.’s studies showed that delamination could be due
to mechanical failure caused by a high density of subcritical damage [12,13] or due to
scattering of subcritical damage [14] caused by high-intensity areas. Smalakys found that
the same optical component, due to different means of preparation, processing, etc., can
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also have a large difference in the damage threshold of the component due to the presence
of various types of defects during the deposition process, and even high-quality optical
films with optimal post-deposition processing can show different damage results [15]. Due
to the input geometry, the craters on the film surface are formed by plastic deformation from
the recoil pressure on the contaminated particles [16]. The absorption of optical films may
be the intrinsic absorption of the film material or additional absorption introduced during
preparation, along with nonlinear absorption, such as multiphoton ionization and electron
avalanche breakdown [17]. A large number of studies have shown that the main reason
for the irradiation damage of optical films is thermal melting damage and mechanical
damage caused by laser energy absorbed by nano-scale defects on the film surface and
interface [18–22].

Although the influence of the presence of various defects on the dielectric film damage
performance has been largely determined, the subsequent change in damage growth after
damage generation, the difference in performance before and after irradiation of the optical
components have been less studied, and it is important to predict the damage growth
behavior and the difference in performance before and after component damage.

In this paper, we choose HfO2/SIO2 multilayer dielectric film samples as the research
object, and subject them to surface morphology tests, sample performance tests, damage
threshold experiments, and damage area growth experiments to investigate the damage
properties of the samples, investigate the influence of the initial damage morphology on
the subsequent damage growth and the influencing factors. The reason for the difference in
the growth of the two types of damage was determined by the surface morphology test,
which deepened the understanding of the research on the growth of dielectric film damage.

2. Experiment
2.1. Sample Introduction

The experimental samples were coated with alternating HfO2/SiO2 multilayer high
reflectivity dielectric films deposited by electron beam evaporation, and small-sized sam-
ples (50 × 50 × 5 mm3) were selected. The substrate of the samples is K9 glass, and the
refractive indices of the film materials at different wavelengths are shown in Tables 1 and 2.

Table 1. Refractive index of different wavelengths (HfO2) [23].

Material HfO2

Lambda (nm) 1064 1053 700 400 375 355 351
Refractive index 1.8810 1.8811 1.8902 1.9369 1.9490 1.9614 1.9642

Table 2. Refractive index of different wavelengths (SiO2) [24].

Material SiO2

Lambda (nm) 1064 1053 700 400 375 355 351
Refractive index 1.4496 1.4498 1.4553 1.4701 1.4731 1.4761 1.4767

Reflectance testing of the samples was carried out on a UV7600 double-beam UV–
visible spectrophotometer from Lengguang technology, and the reflection spectrum of the
sample was obtained, as shown in Figure 1. The reflectance of the sample can reach nearly
100% at the wavelength of 375 nm and 1064 nm. The reflectivity is 98.5% at 375 nm and
99.6% at 1064 nm. In the wavelength range from 400 nm to 900 nm, the reflectance is
significantly reduced to less than 30%, which meets the requirements for engineering use.
Using a DEXUN SPMI-600D Profiler, the test obtained a film roughness of 2.1 nm.
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Figure 1. Sample surface testing chart.

2.2. Damage Test Device and Test Method

The multi-longitudinal mode Nd: YAG laser was used for the experiments. The
schematic diagram of the laser damage testing device is shown in Figure 2a, with an output
wavelength of 1064 nm and a pulse width of 9 ns (Figure 2c). The area of the light spot is
3.6 mm2, the quality of light is favorable, both transverse and longitudinal light intensities
are relatively uniform, and the maximum energy output accuracy of the laser is 100 mJ.
The microscopic imaging system was used to perform the online monitoring of the damage
and consisted of a microscope and CCD for the online observation by computer with
a resolution of ~6 µm. The dielectric film sample was placed at an angle of 45◦ to the optical
path. The role of the beam splitter is to perform the fixed beam splitting of the main laser
beam, and after beam splitting, the low-energy beam enters the beam diagnostic device,
which gives the beam information, such as spatial distribution of the laser pulses, time
distribution, and beam splitting energy. The outgoing laser is focused on the sample optical
surface by the optical path, the sample position spot area is 1.07 mm2, as in Figure 2b, and
the spot tuning system is 1.8. The 1-on-1, R-on-1, and damage area growth experiments are
performed on the sample using this device, and the damage of the sample is recorded by
the microscopic imaging system during the experiments.
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The initial damage threshold and subsequent damage growth threshold of the samples
were measured using the R-on-1, as well as the 1-on-1 test methods. The R-on-1 experimen-
tal method is for the same location of the sample, hit once with a flux far below the damage
threshold, increasing a small amount of flux step by step, and once at each flux until the
damage occurs. It records the flux at the time of damage and tests 15 points per sample,
respectively, to calculate the probability of damage at each flux when damage occurs.

The 1-on-1 experimental method hits each sample once at the same flux at different
locations. It records the damage probability at that flux, and varies the flux until 0 damage
probability and 100% damage probability are obtained. It tests 15 points for each flux.
Both experimental methods were used to derive the damage probability curves at different
fluxes, and the damage threshold for the experiment was obtained after fitting.

3. Results and Analysis
3.1. Initial Damage

During the damage performance testing of the samples, we documented all changes
in the damage patterns, and only two different types of damage patterns were observed
in the experiment. Type 1 damage manifested as film layer color and height changes and
type 2 damage manifested as damage pit film layer peeling or melt-like damage. The initial
threshold values of the two types of damage are different, and the subsequent impact on
the damage performance of the film layer is also different.

The damage threshold test results for the samples are shown in Figure 3 and Table 3.
In both test experiments, the type 1 damage threshold was lower than the type 2 damage
threshold; in the 1-on-1 test, the type 1 damage threshold was 34.41 J/cm2 and the type 2
damage threshold was 45.76 J/cm2; in the R-on-1 test, the type 1 damage threshold was
34.94 J/cm2 and the type 2 damage threshold was 48.05 J/cm2. The R-on-1 test is slightly
higher than the 1-on-1 test in both types of damage thresholds. The damage thresholds of
the samples were more stable and the samples were of good quality. The laser irradiation
produced different damage patterns for the two types of damage, and the subsequent
experimental changes were also different.
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threshold curve.

Table 3. The damage threshold of the sample.

Type 1 Type 2

1-on-1 34.41 J/cm2 45.76 J/cm2

R-on-1 34.94 J/cm2 48.05 J/cm2
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Type 1 damage is usually smaller in size and more dispersed. The main manifestation
is the discoloration of the film layer, which becomes white or gray, and the color difference of
the damaged area of the film layer can be observed under a high magnification microscope.
In the experiments, the laser was incident at 45◦ to the sample surface, and the damage
tended to be oval in shape. In Figure 4a, the edges of the damaged film surface are higher
than the unirradiated film surface, and the area near the center is concave.
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Figure 4. Microtopography of the sample damage. (a) Type 1; (b) type 2; and (c) local magnification
of type 2 damage.

Type 2 damage is often seen at higher laser irradiation fluxes and is mainly pit-like,
and the damaged area may be small or large with membrane layer detachment, often
accompanied by ablation marks at the edge of the damage. In Figure 4b,c, the film layer
fracture edge is clear, representing stress damage, and the height of the damage site is
lower than that of the undamaged film layer. Melt-like damage appears in Figure 4c.

3.2. Initial Damage

The two types of damage exhibited different morphologies, and it was observed that
some initial damage points would increase in the damage area as the number of strikes
increased, while some damage points did not undergo any further changes. The subsequent
growth of microscopically similar damage sites may be very different. In order to further
investigate the difference in damage performance between the two types of damage and
the causes, further damage growth experiments were conducted to explore the pattern of
the subsequent changes in the initial damage.

The damage growth experiment uses the same equipment, optical path, and samples
as the above test experiment. The two types of damage were struck by the fundamental
frequency laser at a fluence of 46.4 J/cm2, and the shape of the damage and the damaged
area were recorded. The damage was irradiated several times with the same fluence laser at
the damage point, and the change in damage shape and the corresponding number of shots
were recorded. The initial damage at each fluence has been experimented with several
times, and multiple fluences were chosen to increase gradually from below 46.4 J/cm2 to
58.9 J/cm2.

As shown in Figure 5a, the initial damage was caused by a fluence of 46.4 J/cm2 and
the damage is of type 2. In Figure 5b–e, the shape of the damage growth is at 43.7 J/cm2

fluence for 1–4 hits, which is below the threshold fluence of type 2 damage. The damage
grows and expands rapidly, forming a more serious shape of type 2 damage.
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Figure 5. Damage growth morphology of 46.4 J/cm2 experiment. (a) Initial damage morphology of
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(g–j) damage growth morphology of type 1.

Figure 5f shows the initial type 1 damage caused by 46.4 J/cm2 fluence, and Figure 5g–j
shows the damage growth morphology at 43.6 J/cm2 fluence for 5, 10, 15, and 20 hits, and
it can be observed that the shape of the damage has not changed.

It can be seen that the presence of the initial damage, especially type 2 damage, may
lead to a decrease in the damage threshold, and can lead to a rapid increase in damage. In
this regard, multiple sets of experiments were conducted for initial type 1 damage and type
2 damage by changing the laser irradiation flux.

3.2.1. Impairment Growth for Type 1 Damage

As shown in Figures 6–8, Type 1 damage subsequently uses 46.4 J/cm2 fluence (initial
damage formation flux) or less than this flux, but when there is laser irradiation or there
are multiple irradiation cases, there is no change in the damage.
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Figure 8. The threshold of type 1 damage transforming into type 2 damage.

In the subsequent striking process that uses a fluence greater than 46.4 J/cm2 but less
than 46.8 J/cm2, the area change is small. Either the area does not increase in the process of
multiple strikes or any increase is not significant, and the growth of damage morphology is
of type 1.

If the irradiation fluence is greater than 46.8 J/cm2 (damage transformation threshold),
part of type 1 damage will grow into type 2 damage, and the probability of growth increases
as the laser fluence increases.

Both the initial damage formation flux and the damage transformation threshold flux
of type 1 damage are much larger than the threshold of type 1 damage and larger than the
threshold of type 2 damage, and it can be assumed that if the laser flux is not increased
significantly after the occurrence of type 1 damage, the damage will not grow and becomes
more stable. This suggests that the formation of type 1 damage may be related to the
formation of plasma caused by defects and contamination on the surface during laser
irradiation. High-temperature plasma scalded film layers produce type 1 damage, and
with the laser energy increases, the maximum damage size of the scald increases [16].

3.2.2. Impairment Growth for Type 2 Damage

From Figures 9–11, type 2 damage causes damage growth at fluxes above 26.3 J/cm2,
which is much less than the type 2 damage threshold (and also less than the type 1 damage
threshold). As the fluence increases, a small number of shots can cause a rapid increase in
damage. This suggests that type 2 damage is often the result of thermal effects and thermal
stress from laser irradiation.
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Type 2 damage is caused by the presence of film fragmentation, faulting, and reduced
reflectivity, which intensifies light reflection and film absorption, leading to increased subse-
quent damage, and rapid growth of the damage site to its maximum area at a value below the
type 2 damage threshold. The damage threshold was tested in the area around the occurrence
of type 2 damage, and compared to the undamaged sample, the damage threshold decreased
by 44%, demonstrating the increased absorption of laser light in this area.

As shown in Figure 12, with the increase in the number of laser irradiations, the
damaged area increases, and eventually, there is an upper limit to the damaged area, after
which the damaged area remains unchanged and does not continue to grow, a phenomenon
that may be related to the effective area of the laser spot size.
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The slope of the fitting curve under different fluxes in Figure 12 can be observed, with
the increase of laser irradiation flux, the damage area increases first and then decreases.
The maximum growth rate of the damaged area was observed near the fluence of damage
formation. The growth rate of the damaged area under the fluence of 58.9 J/cm2 was
greater than 55.8 J/cm2, which was considered to be too large a fluence, resulting in new
damage to the sample. Regardless of the size of the initial damage area, whenever type 2
damage is produced, the damaged area grows rapidly under shorter hit times.

In the experiments, the initial damage under subsequent laser irradiation showed
an area growth phenomenon, and the area growth occurred both below and above the
formation flux at the damage point. When the irradiation energy reaches a certain amount,
a few pulses are sufficient to intensify the microdamage inside the film layer, which is
macroscopically manifested as damage growth.

Therefore, further laser irradiation should be avoided for areas where damage craters
occur to avoid damage area growth. If a damage point is generated, the damaged area
will expand rapidly at the original fluence, leading to fracture damage of the film layer.
In contrast, a small amount of one type of damage occurs, which can be temporarily
left untreated if subsequently irradiated with the same fluence, and the damage will not
continue to expand.

4. Discussions

In the experiments, it was observed that the two types of damage had different growth
characteristics under subsequent irradiation: type 1 damage is more stable; the second type
of damage grows when irradiated by laser light well below the damage threshold. The
difference between the two types of damage may be due to the corresponding changes
in the sample before and after laser irradiation. In order to analyze the reasons for the
variability of the two types of damage, we tested the change in the reflective surface shape
of the sample using an online experiment, and the experimental setup is shown in Figure 13.
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Figure 13. Sample surface shape test device.

A Nd:YAG laser with an output wavelength of 532 nm was used, the wavefront data
test beam was output at the damage point and passed through the beam expander into
the laser wavefront analysis device, which gave the wavefront data for the sample. The
damage samples, type I damage samples, and type II damage samples were tested by this
device, and the experimental results are shown in Figures 14 and 15.
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shape test. (a) Pre-irradiation; (b) damage; (c) after 1 irradiation at the same flux; (d) pre-irradiation;
(e) damage; and (f) after 1 irradiation at the same flux.
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Figure 14 shows the microstructure of type 1 damage and the results of micro-zone
wavefront tests, where (a) shows the microstructure of the sample before laser irradiation,
(b) shows the shape of type 1 damage produced after laser irradiation, and (c) shows the
shape of damage produced after re-irradiation at the same fluence. Figure 14d–f shows the
results of wavefront tests in the microregion corresponding to Figure 14a−c. Comparing
Figure 14b,c, the damage did not grow after re-irradiation after the laser produced type 1
damage. Corresponding to Figure 14e,f, the wavefront of the sample changed before and
after the damage was produced, and the re-irradiation after the damage caused further
changes in the sample, but the actual maximum change was only 0.006λ.

Figure 15 shows the microscopic morphology of the type 2 damage and the micro-zone
wavefront test results, where (a) shows the microscopic morphology of the sample before
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laser irradiation, (b) shows the morphology of the type 2 damage after laser irradiation,
and (c) shows the morphology of the damage after re-irradiation at the same fluence after
damage generation. Figure 15d−f shows the results of wavefront tests in the microregion
corresponding to Figure 15a–c. The wavefront distribution of the sample before and after
the damage was produced, significantly changed the center of the damage point, and after
the damage was irradiated again, the wavefront data around the damage point increased
significantly, which corresponds to the growth of the damage point in Figure 15c compared
with that in Figure 15b for the second type of damage.

From the test results, we can predict the subsequent development trend of the damage
by the change of the face shape of the sample. Although the difference between the wave-
front distribution after local irradiation of type 1 damage is large, the maximum intensity
is only 0.006λ, which is considered as the noise distribution after zeroing the wavefront,
i.e., no change in the wavefront; while the local surface shape of type 2 damage forms
a wavefront deformation centered on the damage point after irradiation, and the change
in the surface shape means that there is local stress here, while the spectral transmittance
increases. The strengthening of the local stress leads to the fragmentation of the film layer,
the fault is intensified, and the increase in spectral transmittance intensifies the reflection of
light and film absorption, resulting in the subsequent intensified damage, so that the type
2 damage in the case of that below the damage threshold, the damage point will rapidly
grow to the maximum area. In contrast, the face shape of the unchanged type 1 damage is
not prone to increase with the number of hits.

5. Conclusions

In this paper, the laser damage performance of HfO2/SiO2 multilayer dielectric film
samples were studied, it was found that there are two types of dielectric film damage, and
the growth characteristics of the two types of damage under subsequent irradiation are
also different.

Type 1 damage is discolored, turning white or gray, is more stable after the occurrence,
and the damage will not grow without a significant increase in laser fluence. This indicates
that type 1 damage formation may be related to the formation of plasma caused by defects
and contamination on the surface during laser irradiation. A high-temperature plasma
scalding film layer produces type 1 damage, and as the laser energy increases, the maximum
size of the scalding damage increases.

Type 2 damage often occurs at higher irradiation fluxes and is manifested by the gener-
ation of crater-like damage, which may be small or large in area and may be accompanied
by ablation marks on the edges of the damage. Following the occurrence of type 2 damage,
a small number of hit times can cause rapid growth of the damage, which indicates that
type 2 damage is often caused by the thermal effects and thermal stresses brought about
by laser irradiation. Due to the presence of film fragmentation, faulting, and reduced
reflectivity, the reflection of light and film absorption are intensified, leading to increased
subsequent damage.

The micro-area surface shape of the damage point was tested for both types of damage,
and it was found that the wavefront of the first type of damage was unchanged, while the
local surface shape of the second type of damage formed a wavefront deformation centered
on the damage point after irradiation, and the deformation increased with the expansion
of the damage point. The experiments showed that the damage point without substantial
changes in the surface shape will not continue to grow in the subsequent irradiation, and
the degree of change in the surface shape can predict the growth of the damage point,
the more drastic the change in surface shape, the more likely the damage point will grow
rapidly in subsequent irradiation. In practice, the subsequent trend of damage can be
predicted by the change of the surface shape of the sample.
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