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Oxygen ions (O+) were implanted into fused silica at a fixed fluence of 1×1017 ions/cm2 with different ion energies
ranging from 10 keV to 60 keV. The surface roughness, optical properties, mechanical properties and laser damage per-
formance of fused silica were investigated to understand the effect of oxygen ion implantation on laser damage resistance
of fused silica. The ion implantation accompanied with sputtering effect can passivate the sub-/surface defects to reduce
the surface roughness and improve the surface quality slightly. The implanted oxygen ions can combine with the structural
defects (ODCs and E′ centers) to reduce the defect densities and compensate the loss of oxygen in fused silica surface
under laser irradiation. Furthermore, oxygen ion implantation can reduce the Si–O–Si bond angle and densify the surface
structure, thus introducing compressive stress in the surface to strengthen the surface of fused silica. Therefore, the laser
induced damage threshold of fused silica increases and the damage growth coefficient decreases when ion energy up to
30 keV. However, at higher ion energy, the sputtering effect is weakened and implantation becomes dominant, which leads
to the surface roughness increase slightly. In addition, excessive energy aggravates the breaking of Si–O bonds. At the
same time, the density of structural defects increases and the compressive stress decreases. These will degrade the laser
laser-damage resistance of fused silica. The results indicate that oxygen ion implantation with appropriate ion energy is
helpful to improve the damage resistance capability of fused silica components.

Keywords: fused silica, oxygen ion implantation, defect, mechanical property, laser damage performance

PACS: 42.70.Ce, 68.35.Dv, 78.68.+m, 81.65.−b DOI: 10.1088/1674-1056/ac5a3e

1. Introduction
Fused silica material with excellent optical properties,

mechanical properties and thermal stability, is widely used to
fabricate optical components, such as windows and lenses, in
inertial confinement fusion (ICF) facilities (e.g., SG-III laser
facility, National Ignition Facility (NIF) and Laser MegaJoule
(LMJ)).[1–3] However, during the polishing and grinding pro-
cesses, a tremendous amount of metal impurities, destruc-
tive defects and structural defects are produced in the surface
of fused silica, which become the main precursors of laser-
induced damage in fused silica under ultraviolet laser irradia-
tion. Therefore, the laser-induced damage threshold (LIDT)
and the lifetime of fused silica components will be signifi-
cantly reduced and the operational stability of high power laser
facilities will also be decreased.[4–8] With the improvement
of growth method and surface treatment technique of fused
silica components, e.g., magnetorheological finishing (MRF),
hydrofluoric acid etching, ion beam treatment and laser pre-
treatment, the surface contamination and sub-surface defects
of fused silica are effectively restrained to enhance the LIDT
of fused silica greatly, but it is still far lower than the intrin-
sic LIDT.[9–14] Therefore, it is in urgent to find a new way to

improve the laser load capacity of fused silica components.
At present, the effect of laser radiation on fused silica

has been extensively studied. Xu et al. studied the struc-
tural change of fused silica under the irradiation of third har-
monic Nd:YAG laser. Their results indicated that the stoi-
chiometric ratio of oxygen to silicon decrease due to the loss
of oxygen, leading to the formation of oxygen vacancies and
other oxygen-deficiency related defects in the surface of fused
silica.[15] Stevens Kalceff et al. investigated the formation of
structural defects in fused silica under the irradiation of high
power pulsed (355 nm) laser and its effect on laser damage
mechanism of fused silica. They found that the shock wave
and thermal explosion produced by laser irradiation are related
to the structural defects.[16] Andrejs et al. found that the self-
trapped excitons (STEs) will be produced in fused silica due
to multiphoton absorption under the irradiation of high power
laser, and then the decay of STEs will result in the formation of
structural defects, which leads to the change of physical prop-
erties (refractive index, density, mechanical properties, etc.)
of fused silica.[17,18] Due to the ionization effect and displace-
ment effect, the laser irradiation will cause the loss of oxygen
in fused silica surface. As a result, the O/Si ratio will decrease
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and lead to the formation of various oxygen-deficiency related
defects, thus deteriorating the physical properties and decreas-
ing the laser damage performance.

Ion implantation is an effective technique for surface
modification of materials, which can be used to modify the
composition and structure of materials. Derryberry et al. ob-
served that there are two kinds of structural defects (E′ center
and peroxy radical) in the surface of amorphous silicon after
oxygen ion implantation, and both the implanted oxygen ions
and peroxy radicals combine with the oxygen-deficiency re-
lated defect (E′ center), reducing the concentrations of the E′

center and peroxy radical eventually.[19] Griscom et al. found
that the implanted oxygen ions can combine with oxygen va-
cancy defects, resulting in the reduction of the concentration
of oxygen-deficient defects. This experimental result indicated
that the concentration of the oxygen vacancy defects in fused
silica material can be effectively adjusted by introducing oxy-
gen from the outside.[20] Therefore, oxygen ion implantation
can effectively adjust the stoichiometry of fused silica surface,
compensate the loss of oxygen under laser irradiation, and mit-
igate oxygen-deficiency related defects, which is a feasible
method to improve the load capacity of fused silica compo-
nents. However, there has no research on this.

In addition, ion implantation has an important effect on
the mechanical properties of the material surface. Chinel-
lato et al. found that small fluence can enhance the mechanical
properties of glass implanted with argon ions.[21] Julien et al.
investigated the influence of nitrogen ion implantation on the
glass surface. The results indicated that the introduction of
nitrogen ions changes the chemical composition of the glass
surface, and leads to form a more compact silica network,
thus improving the hardness of the material.[22] Otherwise,
ion implanted glass has smaller bond angle, higher density
and compressive stress, thus strengthening the surface of the
material.[23,24] The mechanical properties of materials have an
important influence on the LIDT of fused silica. Our previous
researches indicated that argon ion implantation can lead to
the reduction of Si–O–Si bond angle, the increase of surface
density, the formation of compressive stress and the improve-
ment of the mechanical properties and laser damage resistance
of fused silica components.[25] Therefore, oxygen ion implan-
tation is also expected to form compressive stress in the sur-
face of fused silica to strengthen the surface and improve the
laser damage resistance. However, there are only a few stud-
ies about the effects of surface stress state modified by oxygen
ion implantation on the laser-induced damage performance of
fused silica.[26]

During the ion implantation process, the sputtering effect
of ion beam has a certain influence on laser damage precursors
of fused silica surface, such as the removal of metal impuri-

ties and the passivation of sub-/surface defects, which also has
significant effect on the laser damage performance of fused sil-
ica. The effect of oxygen ion implantation on the laser damage
performance is dominated by comprehensive factors including
surface quality, defects and compressive stress. Up to now, lit-
tle work has been done to investigate the influence of the evo-
lution of structural defect induced by oxygen ion implantation
on the laser damage behavior of fused silica. In addition, there
is also interest to study the effects of ion implantation on the
mechanical properties and the surface quality of fused silica.

In this paper, fused silica samples were implanted with
oxygen ions in the energy range of 10 keV–60 keV at a fixed
fluence of 1× 1017 ions/cm2. The effects of oxygen ion
implantation on surface morphology, optical properties, mi-
crostructure, mechanical properties and laser-induced damage
performance have been systematically studied. The results are
beneficial to develop a new idea to further improve the load
capacity of fused silica components.

2. Experimental details
Seven groups of fused silica samples (Corning 7980,

30 mm×30 mm×4 mm) used in the experiment were grinded
and polished with CeO2 lurry from the same manufacturer.
Each group contained three samples. Before ion implanta-
tion experiment, all fused silica samples were ultrasonically
cleaned with deionized water and dehydrated with absolute al-
cohol respectively. In this work, oxygen ion implantation was
performed on a multifunctional implanter with a base pres-
sure below 2× 10−3 Pa. During the implantation, the sam-
ples were mounted on a rotating metal plate to ensure the
uniform distribution of the implanted oxygen ions. Fused
silica samples were implanted at room temperature with ion
energies varying from 10 keV to 60 keV at the same flu-
ence of 1× 1017 ions/cm2. The oxygen ion beam flux den-
sities during the implantation were maintained in the range of
0.78 mA/cm2–1.05 mA/cm2. The incident angle was fixed at
0
◦
, i.e., perpendicular to the substrate surface.

The distributions of implanted oxygen ions and displace-
ment damage were simulated by the Monte Carlo codes using
TRIDYN software. Before and after the implantation, the in-
tensities of implanted oxygen ions were characterized by time
of flight secondary ion mass spectrometry (TOF-SIMS) using
30 keV bismuth ions (B+) as the sputtering source. The sur-
face morphology and roughness of the samples were observed
using an atomic force microscope (Bruker Dimension Icon).
Three areas of each sample were selected to measure and cal-
culate the average value of the root-mean-square roughness
(RMS). The absorption spectra of the samples were measured
at the wavelength interval of 1 nm in the range from 200 nm to
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800 nm by UV–Vis spectrophotometer (PE lambda 950). The
photoluminescence spectra (PL) were carried out in the wave-
length range of 300 nm–750 nm using a fluorescence spec-
trometer (FLS1000). The excitation wavelength was 240 nm.
Fourier transform infrared spectra (FTIR) were characterized
in the region of 550 nm–1500 nm by a Nicolet 5700 FTIR
spectrophotometer. The FTIR measurement was performed
in an attenuated total reflection mode. A nanoindentation in-
strument (NHT2 from Anton Parr) was used to measure the
mechanical properties of the sample surfaces. The depth of
the indenter into the surface and the loading force during load-
ing/unloading were recorded to obtain the load–displacement
curve.

Laser damage performance tests were performed using a
single longitudinal mode Q-switched Nd: YAG laser operated
at 355 nm with a pulse width of 6.4 ns. The laser beam had
a spatial and temporal near-Gaussian distribution with a 1/ e2

area of 0.6 mm2. The laser damage threshold of fused sil-
ica was determined by R-on-1 procedure.[27] 20 sites were se-
lected randomly for each sample and the average value was
taken as the final damage threshold. The growth process of
damage pit was monitored by the CCD combined with optical
microscope. The morphology and the area of damage pit were
collected on-line and measured off-line, respectively. Then the
increase of damage pit area with the number of laser irradia-
tion pulses was obtained.

3. Results and discussion
3.1. Depth profiles

Oxygen ion implantation with ion energies varying from
10 keV to 60 keV at a fixed fluence of 1×1017 ions/cm2 were
simulated by TRIDYN software. The simulated results are
shown in Fig. 1. Figure 1(a) illustrates the distributions of
implanted oxygen ions in fused silica surfaces at different ion
energies. The implanted oxygen ions follow the Gaussian dis-
tribution with the deepest depth about 400 nm. As the ion
energy increases, the main distribution of implanted oxygen
ions moves to the inside of fused silica substrate and becomes
wider, while the maximum oxygen concentration gradually
decreases. The depth profiles of silicon are just the opposite
to those of oxygen in Fig. 1(b). The oxygen–silicon ratios
can also be figured out, as shown in Fig. 1(c). The oxygen–
silicon ratio increases after oxygen ion implantation, and its
shape is in agreement with the distribution of implanted oxy-
gen ions. Figure 1(d) shows the depth distributions of dis-
placement damage (dpa) in fused silica surface at different ion
energies. The dpa represents the degree of damage to sub-
strate caused by implanted ions. As we can see in Fig. 1(d),
with the increase of the ion energy, the damage area broad-
ens and extends from the surface to the inside. Based on the
above results, the depth of implanted oxygen ions increases,
the damage degree becomes more seriously with the increas-
ing ion energy.
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Fig. 1. Simulated results of O+-implanted fused silica at different ion energies: (a) oxygen distributions; (b) silicon distributions; (c) oxygen-silicon
ratios; (d) displacement damage distributions.
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The oxygen profiles before and after ion implantation
were obtained by TOF-SIMS, as shown in Fig. 2. It can be
seen that the oxygen intensity of the O+-implanted sample is
higher than that of the un-implanted sample surface, which
proves that oxygen ions have been implanted in the substrate,
corresponding to the simulated results.
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Fig. 2. The oxygen depth profiles of fused silica surfaces before and after
oxygen ion implantation by TOF-SIMS.

3.2. Surface morphology and roughness

The microscopic morphologies of fused silica surfaces
before and after oxygen ion implantations at different ion en-
ergies were measured by AFM, as shown Fig. 3. The average
RMS surface roughness of O+-implanted fused silica samples

with various ion energies was calculated and the results are
also shown in Fig. 3. Although all samples had been polished
and cleaned, the impurity defects and sub-/surface defects still
existed in fused silica surfaces. Therefore, the surface of un-
implanted sample has a relatively large RMS roughness of
0.352 nm. According to Figs. 3(b)–3(d), the RMS roughness
of the samples has a tendency of decrease when the ion en-
ergy increases from 10 keV to 30 keV. This change can be
interpreted in terms of the sputtering effect accompanied with
ion implantation which can remove the metal impurities and
the residual polishing particles. At the same time, the sputter-
ing effect can passivate the sub-/surface defects (scratch, up-
heaval, groove, etc.) to smooth these destructive defects. As
a result, the sample surface roughness decreases and the sur-
face quality becomes better. Subsequently, as the ion energy
increases, ion implantation becomes dominant, and sputtering
effect is weakened, which becomes the main factor affecting
surface roughness. Therefore, the RMS roughness increases
slightly to a stable value of 0.3 nm when the ion energy ex-
ceeds 40 keV. But the RMS roughness of the implanted sam-
ple surface is still lower than that of un-implanted sample sur-
face. Generally, the sputtering effect during the oxygen ion
implantation process can remove metal impurities and resid-
ual polishing particles, and passivate sub/-surface defects, thus
improving the surface quality.
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Fig. 3. AFM images of O+-implanted fused silica at different ion energies: (a) 0 keV; (b) 10 keV; (c) 20 keV; (d) 30 keV; (e) 40 keV; (f) 50 keV; (g) 60 keV.

3.3. Structural defects

Fused silica has a three-dimensional grid framework with
the basic tetrahedral structure composed of Si and O. In the
fabrication of fused silica components, the abnormal distri-
bution of oxygen atoms will lead to the formation of intrin-
sic structural defects such as oxygen vacancy defect (ODC),
non bridged oxygen center (NBOHC), etc. Under the laser
irradiation, these defects will become the strong absorption
centers of ultraviolet laser energy, so that the temperature of
the defect centers rises rapidly. This eventually leads to elec-

tron avalanche ionization, which destroys the structure of the
material.[28]

In order to study evolution of structural defects of fused
silica sample surfaces induced by oxygen ion implantation,
the optical absorption spectra of the samples before and af-
ter oxygen ion implantation at various energies were mea-
sured and the results are shown in Fig. 4. As can be seen in
Fig. 4, the un-implanted sample has two absorption peaks at
232 nm and 280 nm, corresponding to E′ centers and NBOHC,
respectively.[8,29] The intensities of these absorption peaks de-
crease with the increasing ion energy and reach the minimum
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at 30 keV. During the oxygen ion implantation, the implanted
oxygen ions will combine with Si dangling bonds.[30] What’s
more, owing to the electronic effect caused by oxygen ion im-
plantation, the E′ centers are combined with NBOHCs, result-
ing in the restoration of complete tetrahedral structure. Hence,
the decrease of concentrations of E′ centers and NBOHC man-
ifests as the decrease of the intensities of both two peaks.
However, when fused silica is bombarded with high energy
ions, a series of collisions between implanted ions and the na-
tive atoms will lead to the breaking of Si–O–Si bonds, forming
the structural defects (E′ center, NBOHC, etc.).[13] Therefore,
oxygen ion implantation can not only mitigate the structure de-
fects, but also introduce defects into the surface. When the ion
energy is larger than 30 keV, the defect production is greater
than defect recombination, resulting in the increase of the con-
centrations of E′ centers and NBOHC. Therefore, the inten-
sities of the absorption peaks of these two structural defects
increase when the ion energy exceeds 30 keV.

In addition, the absorption edge is found to shift to the
lower wavelength (blue shift) when the ion energy is below
50 keV, which reduces the possibility of multi-photon ioniza-
tion and avalanche ionization of fused silica under 355 nm
laser irradiation. As a consequence, the damage of fused silica
caused by optical breakdown will be alleviated.
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Fig. 4. Absorption spectra of O+-implanted fused silica surfaces at different
ion energies.

For better understanding the types and densities of the
structural defects, the PL spectra of un-implanted and O+-
implanted fused silica sample surfaces were measured, as
shown in Fig. 5. The PL spectrum of the un-implanted sample
exhibits two peaks at ∼ 350 nm and ∼ 500 nm, correspond-
ing to metallic impurities and oxygen-deficiency related defect
(ODC), respectively.[31] The intensities of both peaks change
with the ion energy, indicating that the densities of these de-
fects are related to the ion energy. The intensity of the PL peak
at 350 nm decreases and tends to be stable with increasing ion
energy, indicating that the densities of metallic impurities de-
crease during the ion implantation process. This is attributed

to the sputtering effect accompanied by ion implantation, cor-
responding to the result of AFM (in Fig. 2). The intensity of
the strong and broad PL band at around 500 nm appears to re-
duce significantly when ion energy below 40 keV. It is because
that the implanted oxygen ions will be captured by ODCs to
combine, and the higher ion energy has a deeper distribu-
tion of the implanted oxygen ions to recombine more ODC
defects.[20] Therefore, as the ion energy increases to 40 keV,
the density of ODC reduces obviously.

A new peak at 660 nm appears in the PL spectra when ion
energy reaches 50 keV, which is ascribed to NBOHC.[32] Ion
implantation will lead to the breaking of Si–O–Si bond to form
the E′ centers and NBOHCs. Meanwhile, the implanted oxy-
gen ions can combine with E′ centers to form NBOHCs.[30]

Both of them lead to the increase of the density of NBOHC
defects. As the ion energy goes up to 60 keV, excessive energy
will aggravate the breaking of Si–O bonds in substrate includ-
ing NBOHCs. As a result, NBOHCs are transformed into E′

centers. Then two E′ centers can be combined into ODCs.[13]

Therefore, the density of NBOHC decreases and the density
of ODC increases obviously.

From the above experimental results analysis, it can be
concluded that the process of oxygen ion implantation is ac-
companied by the formation and recombination of defects,
leading to the absorption peak intensity varying with the ion
energy. At the ion energy of 30 keV, due to the dynamic
balance between the generation and recombination of defects,
fused silica surface has the least defect types and the minimum
defect density. The results indicate that oxygen ion implanta-
tion with appropriate ion energy conduces to eliminate or mit-
igate the structural defects of fused silica surface.
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Fig. 5. PL spectra of O+-implanted fused silica surfaces at different ion
energies.

3.4. Micro structure

Infrared absorption spectrum is commonly used to study
the changes of fused silica structure. Figure 6 shows the in-
frared absorption spectra of O+-implanted fused silica sam-
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ple surfaces at different implanted energies. In order to bet-
ter understand the change of the absorption peak position, the
overlapping peaks of samples were resolved into four Gaus-
sian peaks centered at ∼ 787 nm, ∼ 982 nm, ∼ 1076 nm and
∼ 1179 nm, corresponding to the Si–O–Si bending vibration
mode (TO2), Si–OH bridging mode (υ1), transverse optical
mode (TO3) and longitudinal optical mode (LO3) of the Si–
O–Si asymmetric stretching, respectively. The Gaussian peak
positions of infrared absorption spectra of the sample surfaces
before and after oxygen ion implantation are listed in Table 1.
The shift of infrared absorption peak positions indicates that
the molecular structures of fused silica surface are changed
by oxygen ion implantation, which is mainly manifested by
the change of Si–O–Si bond angle and material density, gen-
erally monitored by the TO3 peak.[33] With the increase of
the ion energy, the TO3 peak continually shifts toward the

lower wavenumber, indicating that the Si–O–Si bond angle de-
creases. This gives rise to the increase of surface density and
the compaction of surface structure. Therefore, oxygen ion
implantation can reduce the Si–O–Si bond angle and densify
the surface structure of fused silica, leading to the formation of
compressive stress which will enhance the fracture resistance
of the fused silica surface.

Table 1. Positions of Gaussian peaks in infrared absorption spectra of fused
silica before and after oxygen ion implantation.

Ion energy (keV)
Group vibration model

TO2 (cm−1) υ1 (cm−1) TO3 (cm−1) LO3 (cm−1)

0 787.11 982.94 1076.17 1179.06
10 785.91 977.57 1072.18 1178.05
20 786.88 971.12 1066.99 1172.18
30 783.66 965.74 1062.19 1175.30
40 784.54 965.77 1061.11 1179.09
50 786.54 961.03 1052.85 1182.28
60 785.22 956.97 1049.05 1183.73
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Fig. 6. Infrared absorption spectra of un-implanted and O+-implanted fused silica at different ion energies.

3.5. Mechanical property

Nanoindentation technique has been widely used to
measure mechanical properties of materials surface on the
nanometer scale. In the past decade, researchers have made
a systematic study on the measurement of surface stress by
depth-sensing indentation technique and found that the com-
pressive stress can restrain the plastic strain of the indentation
while the tensile stress has an opposite effect.[34]

In order to investigate the mechanical properties of fused
silica surfaces at different ion energies, the load–displacement
curves of the sample surface with the maximum loading force
of 5 mN are shown in Fig. 7. When the load is fixed, the dis-
placement curves of loading and unloading will move to the
left under the compressive stress generally, but it is opposite
under the tensile stress.[35] Moreover, the offset of the curve
increases with the increase of the stress. From Fig. 7, under

the same load at 5 mN, the loading and unloading curves of
O+implanted sample surfaces shift to the left compared with
that of the un-implanted sample surface. The result indicates
that the oxygen ion implantation leads to the formation of
compressive stress in the surface. The magnitude and distribu-
tion of the compressive stress are closely related to the oxygen
ion distribution determined by the ion energy, which implies
that the compressive stress may be resulted from the surface
densification. At the fixed fluence of 1× 1017 ions/cm2, the
higher ion energy will lead to the increase of ion implantation
depth, indicating that the ion distribution is more dispersed,
and the number ions implanted per unit volume in the sam-
ple surface is less, as shown in Fig. 1(a). Therefore, with the
increasing ion energy, the compressive stress decreases, but
the distribution depth of compressive stress increases. In fact,
the oxygen ion implantation leads to a maximum compressive
stress at 10 keV with the fixed ion fluence of 1×1017 ions/cm2.
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According to Oliver and Pharr’s classical method for cal-
culating the hardness and elastic modulus based on the load–
displacement curve,[36] the hardness and elastic modulus of
O+-implanted fused silica surfaces at different ion energies
under the maximum loading force of 5 mN are listed in Ta-
ble 2. The hardness and elastic modulus increase in the O+-
implanted samples, and the changing trend with ion energy is
the same as that of compressive stress, which confirms that
the oxygen ion implantation with appropriate ion energy can
strengthen the surface and improve the mechanical properties
of fused silica surface resulting from the surface densification
of the material.
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Fig. 7. Load–displacement curves of O+-implanted fused silica surface at
different ion energies under the maximum loading force of 5 mN.

Table 2. Hardness and elastic modulus of O+implanted fused silica surface at different ion energies under the maximum loading force of 5 mN.

Ion energy (keV)
0 10 20 30 40 50 60

Fmax = 5 mN Hardness, H (GPa) 7.91 8.29 8.35 8.36 8.28 8.15 8.08
Elastic modolus, E (GPa) 55.63 65.11 67.86 68.03 64.98 60.67 59.71

Final depth, d (nm) 203.75 192.91 190.91 189.90 193.07 198.79 199.38

3.6. Laser damage performance

The laser-induced damage thresholds of un-implanted
and O+-implanted fused silica at different ion energies were
measured and the results are shown in Fig. 8. Before the ion
implantation, the LIDT of the sample is 21.83 J/cm2. In the
process of ion implantation, the incident ions can remove the
surface impurity defects and passivate the destructive defects,
thus improving the surface quality. Besides, a tremendous
amount of implanted oxygen ions combine with Si dangling
bonds, leading to the reduction of ODC and the transformation
from E′ center to NBOHC. Because of the electron effect ac-
companied by ion implantation, the E′ center and NBOHC are
recombined into a complete Si–O–Si bond. All of these pro-
cesses will result in the decrease of the densities of structural
defects, which can reduce the absorption of UV laser energy.
In addition, oxygen ion implantation can compact the surface
structure, leading to the formation of compressive stress in the
surface and the strengthening of the sample surface. As a re-
sult, as the ion energy increases, the LIDT gradually increases
and reaches a maximum of 28.49 J/cm2 at 30 keV, increas-
ing by 30.51% compared with that of un-implanted samples.
However, with the continuous increase of the ion energy, the
surface roughness increases slightly and reaches a stable value.
In addition, the excessive energy can break the Si–O bonds
which will increase the density of structural defects. More-
over, the compressive stress decreases gradually and the sur-
face strength decreases slightly. Hence, the LIDT gradually
decreases to 23.09 J/cm2 as the ion energy increases to 60 keV,
which is still higher than that of un-implanted sample. This is
because of the existence of compressive stress in the surface
and the compensation for oxygen loss of the surface by im-
planted oxygen ions when the fused silica sample is irradiated

by laser.
The damage growth of fused silica samples was inves-

tigated before and after oxygen ion implantation. The laser
beam with laser energy density of 27 J/cm2 was used to cause
initial damage to the rear surface of fused silica samples, and
then the damage growth was measured under the laser irradi-
ation of 13.58 J/cm2. The results show that the area of dam-
age spot increases exponentially with the number of irradiation
pulses, as shown in Fig. 9(a). The relationship between the
area of the damage spots and the number of irradiation pulses
can be expressed as

A=A0 eαN ,

where A0, N, A and α are the area of the initial damage spot,
the number of irradiation pulses, the area of damage spot af-
ter N pulses laser irradiation and the damage growth coeffi-
cient, respectively. Therefore, the damage growth coefficients
of un-implanted and O+-implanted fused silica were obtained
by calculation, as shown in Fig. 9(b).
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Fig. 8. Laser-induced damage thresholds of O+-implanted fused silica at
different ion energies.
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Fig. 9. Damage growth of O+-implanted fused silica at different ion ener-
gies: (a) damage growth curves; (b) damage growth coefficient.

The removal of surface impurities and the passivation of
sub-/surface defects reduce the laser-induced damage to the
fused silica surface. In addition, the implanted oxygen ions
can recombine the structural defects and compensate the loss
of oxygen in fused silica surface under laser irradiation, which
can reduce the absorption of laser energy and the plasma pres-
sure in crack zone, thus relieving the crack propagation. More-
over, the compressive stress produced by oxygen ion implan-
tation can counteract or eliminate the thermal stress induced
by laser irradiation. Hence, the damage growth coefficient de-
creases with the increase of ion energy when the ion energy is
below 30 keV. However, when the ion energy exceeds 30 keV,
the slightly increase of surface roguness, the increase of struc-
tural defect density and the decrease of compressive stress will
all lead to the increase of the damage growth coefficient.

In conclusion, the laser damage performance of fused sil-
ica is affected by various factors, including surface quality,
defects and surface stress. After oxygen ion implantation with
appropriate energy, the improvement of the surface quality,
the recombination of the structural defects and the formation
of the compressive stress are beneficial to increase the laser-
induced damage thresholds and alleviate the damage growth.

4. Conclusion
Oxygen ions with different energies (10 keV–60 keV) at

a fixed fluence (1× 1017 ions/cm2) were implanted into the
fused silica surface. The effects of oxygen ion implantation
on the surface morphology, micro-structure, mechanical prop-
erties and laser damage performance of fused silica surface

were studied systematically. We have found that the sputter-
ing effect accompanied with ion implantation can remove or
passivate the sub-/surface defects (residual polishing particles,
metal impurities, scratches, etc.) and reduce surface roughness
to improve the surface quality slightly. The implanted oxygen
ions can combine with oxygen-deficient structural defects to
reduce the density of structural defects and compensate the
loss of oxygen in fused silica surface under laser irradiation.
Oxygen ion implantation also can reduce the Si–O–Si bond
angle and increase the surface density, forming a compres-
sive stress layer and strengthening the surface of fused silica.
Therefore, when the ion energy is below 30 keV, the above
synergistic effects enhance the laser-induced damage thresh-
olds of fused silica and inhibit the damage growth. When the
ion energy exceeds 30 keV, the laser damage performance is
slightly degraded due to the slight increase of surface rough-
ness, the increase of structural defect density and the decrease
of compressive stress. Based on the above results, oxygen ion
implantation can effectively enhance the laser resistant capac-
ity of fused silica with optimized ion energy of 30 keV. The
study on the mechanism of oxygen ion implanted into fused
silica and its effect on the laser damage performance is useful
to improve the laser loading capacity of fused silica compo-
nent.
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