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Ta2O5 films are deposited on fused silica substrates by conventional electron beam evaporation method. By
annealing at different temperatures, Ta2O5 films of amorphous, hexagonal and orthorhombic phases are obtained
and confirmed by x-ray diffractometer (XRD) results. X-ray photoelectron spectroscopy (XPS) analysis shows
that chemical composition of all the films is stoichiometry. It is found that the amorphous Ta2O5 film achieves
the highest laser induced damage threshold (LIDT) either at 355 or 1064 nm, followed by hexagonal phase and
finally orthorhombic phase. The damage morphologies at 355 and 1064 nm are different as the former shows a
uniform fused area while the latter is centred on one or more defect points, which is induced by different damage
mechanisms. The decrease of the LIDT at 1064 nm is attributed to the increasing structural defect, while at
355 nm is due to the combination effect of the increasing structural defect and decreasing band gap energy.

PACS: 42. 79.−e, 68. 60.−p, 81. 15. Ef

The laser induced damage threshold (LIDT) of op-
tical films has become more important upon the in-
creasing of the high average output and high peak
power of lasers. Unfortunately, the mechanism of
damage initiation has not been fully understood as it is
complicated and associated with many factors.[1] For
the nanosecond pulse laser, the damage of films has
always been induced by defects, and the LIDT can be
improved by decreasing the density or enhancing the
mechanical stability of defects.[2,3] The detailed dam-
age mechanism is different and should be discussed ac-
cording to different cases. Previous reports show that
much attention has been extensively paid on the effect
of deposition methods and conditions, post-treatment,
laser characteristics, coating designs and substrates on
the LIDT of films.[4−7] To our best knowledge, little
has been studied about the LIDT of films of different
phases. Moreover, it is helpful for better known of the
damage mechanism to investigate the LIDT at differ-
ent wavelengths.[8,9]

Ta2O5 is one of the most extensively studied
transition-metal oxides. It is a well-known optical ma-
terial with high index and good quality that shows
low loss, high stability, and a broad spectral range
of high transparency. These outstanding properties
make it widely benefit many scientific and technolog-
ical branches, especially optical films for laser. How-
ever, the significant limitations for Ta2O5 films are
the chemical substoichiometry and low LIDT, which
always reduces their application in high-power laser
systems.[10] In this study, Ta2O5 films are deposited
on fused silica with conventional electron beam evap-
oration method and then annealed in air at differ-

ent temperatures to obtain different phases of films.
The chemical composition, transmittance, band gap
energy, especially the LIDT at 355 and 1064 nm of
Ta2O5 films of different phases are investigated.

The films were deposited by using Ta2O5 crushed
aggregates as starting material with the purity of
99.99%. Ta2O5 films with an optical thickness of
6 QWOT (quarter wavelength optical thickness) at
wavelength 550 nm were prepared on fused silica sub-
strates under optical control. Before deposition, the
chamber was pumped to a base pressure of 2×10−3 Pa
and oxygen was introduced to keep oxygen partial
pressure of 2 × 10−2 Pa. The substrate tempera-
ture was held at 573K and the deposition rate was
0.32 nm/s. Annealing of films was performed in air
at 873, 1073 and 1273K for 8 h, respectively. Struc-
ture of Ta2O5 films was analysed by x-ray diffractome-
ter (XRD). The composition of films were analysed
by x-ray photoelectron spectroscopy (XPS) using fo-
cused monochromatic Al Kα (hν = 1486.6 eV) radi-
ation at a pass energy of 20 eV. Transmittance spec-
tra of films were measured using a Lambda 900 spec-
trophotometer and the measurement error was within
0.08%. Thickness of films was measured by surface
profilograph. Damage testing was performed in the
one-on-one regime according to ISO standard 11254-
1, using a Q-switched Nd:YAG pulsed laser.[11] The
pulse length of the 355 and 1064 nm laser was 8 and
12 ns, respectively.[12,13] Ten sites of the sample were
exposed at the same fluence and the fraction of the
sites which were damaged was recorded. This proce-
dure was repeated for other fluence until the range of
fluence was sufficiently broad to include points of zero
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damage probability and points of 100% damage prob-
ability to develop a plot of damage probability versus
fluence. The LIDT was defined as the incident pulse’s
energy density when the damage occurred at 0% dam-
age possibility (J/cm2), and it could be obtained by
linear extrapolation of the damage possibility data to
zero damage possibility.

Fig. 1. XRD patterns of Ta2O5 aggregates and films (T-
tetragonal, A-amorphous, H-hexagonal, O-orthorhombic).

Figure 1 shows XRD patterns of Ta2O5crushed
aggregates and films annealed at different tempera-
tures. The aggregate is tetragonal α-Ta2O5 according
to the Joint Committee for Powder Diffraction Stud-
ies (JCPDS) data (Card 21-1119). During evaporation
process, amorphous films are obtained and the film an-
nealed at 873K is still amorphous as shown in Fig. 1.
When annealed at 1073K, XRD analysis reveals the
preferred formation of hexagonal δ-Ta2O5 phase (Card
19-1299).[14] The film becomes strongly crystallized
showing the most intense (001), (100) and (101) re-
flections at 2θ = 23.2, 28.5 and 36.9◦, respectively. In
addition, the (002) and (110) reflections with lower
intensity appear at 47.0 and 50.5◦, respectively. The
film annealed at 1273K exhibits two distinct XRD re-
flection peaks at 28.4 and 28.7◦, which is attributed
to the (1110) and (200) reflection of orthorhombic β-
Ta2O5 phase (Card 25-0922).[14,15] However, since all
peaks originated from hexagonal phase spectrum can
be assigned to orthorhombic phase as well, the or-
thorhombic phase cannot be identified on the basis
of XRD alone. Considering that the temperature of
orthorhombic phase transition is between 1073 and
1273K reported by many previous researches and in
this study the annealing is held at 1273K for 8 h, we
believe that little hexagonal phase exists except or-
thorhombic phase. The average grain sizes of films
are calculated by Scherrer’s equation:

D =
0.89λ

β cos θ
, (1)

where D is the grain size, λ is the x-ray wavelength
used by diffractometer, β is the full width at half-
maximum of diffraction peak (FWHM), and θ is the
Bragg diffraction angle. Thereinto, λ = 0.15418 nm.
The grain sizes of Ta2O5 films of different phases are
shown in Table 1. It is demonstrated that the grain
sizes of hexagonal and orthorhombic Ta2O5films are
62 and 82 nm, respectively.

Table 1. Average grain sizes of Ta2O5 films of different phases.

Phases 2θ (deg) β (deg) D (nm)

Amorphous
Hexagonal 22.8669 0.1301 62

Orthorhombic 22.8425 0.0973 82

Fig. 2. High resolution XPS spectra of samples: (a) Ta
4f and (b) O1s.

All films are examined by high-resolution XPS in
order to obtain the chemical composition. Figure 2(a)
shows the Ta 4f spectra from samples. Curve fit-
ting reveals two 4f7/2 and 4f5/2 peaks at 26.4 and
28.2 eV, respectively, which shows composition of films
is Ta5+.[16] Figure 2(b) shows that the two peaks fit-
ted from O 1s spectra point to the presence of dif-
ferent chemical environments. The lower binding en-
ergy peak at 530.6 eV is due to Ta-O bonds, indicat-
ing the presence of Ta2O5. The peak at higher bind-
ing energy of 532.0 eV is usually attributed to surface
contamination.[17] The O/Ta ratio is estimated from
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the XPS peak areas together with their relative sen-
sitivity factors. It is shown that all the O/Ta ratio of
films is 2.50, which means that they are stoichiometry.

Fig. 3. Transmittance curves of samples.

Fig. 4. (αhν)1/2 versus energy plots of samples.

Figure 3 represents the transmittance spectra of
samples. The amorphous Ta2O5 film shows perfect
transmittance, while the transmittance of crystalline
Ta2O5 films decreases especially in the short wave-
length region. It is mainly due to the crystal growth
in films. The band gap energy Eg of films is calculated
from Tauc formula:[18]

α = B
(hν − Eg)2

hν
, (2)

where B is a constant related to the densities of states
in the conduction and the valence band, α is ab-
sorption coefficient, and hν is photon energy. Eg of
Ta2O5films is obtained by plotting (αhν)1/2 versus hν
and extrapolating the linear portion of the spectrum
for α = 0. Absorption coefficient α is mainly influ-
enced by two factors: (1) scattering losses and (2)
intrinsic absorption. At shorter wavelength close to
the band gap, the influence of intrinsic absorption on
α is more prominent than scattering losses and α may

be obtained by[19]

α =
1
d

ln
( 1

T

)
, (3)

where d is the thickness of films and T is the transmit-
tance. Figure 4 illustrates plots of (αhν)1/2 against
hν in accordance with Eq. (2). The thickness d and
Eg of films are given in Table 2. It shows that
Eg of the amorphous film is 4.20 eV near the previ-
ous reports.[20−21] Eg of hexagonal and orthorhombic
films decrease, are 4.12 and 4.05 eV, respectively.

Table 2. Thickness d and Eg of samples.

Phases d (nm) Eg (eV)

Amorphous 415 4.20
Hexagonal 410 4.12

Orthorhombic 403 4.05

Figure 5 illustrates the LIDT of samples. The
amorphous film has the highest LIDT among the three
samples either at the wavelength of 355 or 1064 nm.
The LIDT of hexagonal film decreases, and the or-
thorhombic film achieves the lowest LIDT. In addi-
tion, the LIDT at 355 nm is lower than that at 1064 nm
for all samples.

Fig. 5. LIDT results at 355 and 1064 nm of samples.

The film morphologies are observed with a Leica-
DMRXE micropolariscope. Figures 6(a), 6(d) and
6(g) show that when the amorphous film transforms to
crystalline film, the surface becomes more rough due
to the crystal growth in the phase transition process.
Although the surface roughness of the film increases
significantly, the bulk structure of the film has not
been broken, which can be attributed to the high tem-
perature resistance of Ta2O5.[22] In addition, it can
be found from Fig. 6 of some difference between the
damage morphologies at 355 nm and 1064 nm. When
damaged at 355 nm, it exhibits a uniform fused area
without apparent defect points. However, at 1064 nm
the damage areas are centred on one or more defect
points.

The only model used to interpret damage statistics
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in the nanosecond laser pulse regime until now is based
on a physical assumption that a damage site is linked
to the presence of at least one defect.[23] As the defect
has a larger absorption index than the film around, it
is more liable to absorb the laser energy. The tem-
perature of the defect under the laser radiation in-
creases to the melting or boiling point fast, thus the
film would be damaged from the defect points. There
are two kinds of defects in films, substoichiometric
and structural defects, which would weaken the LIDT
significantly.[24,25] As XPS results show that all the
films are stoichiometry, the structural defect will be
the dominant factor in LIDT. The decreased LIDT at
the two wavelengths of Ta2O5 films can be explained
as follows: when the film transforms from amorphous
phase to crystalline phase, the crystal grain grows
up accompanied with the increase of defect such as
grain boundary. Thus, the LIDT of crystalline film
decreases and is lower than that of amorphous film. In
addition, the grain size of orthorhombic film (82 nm)
is larger than that of hexagonal film (62 nm), resulting
in the increased defect and lower LIDT.

Fig. 6. Undamaged and damaged morphologies at 355
and 1064 nm of amorphous films (a)–(c), hexagonal films
(d)–(f) and orthorhombic films (g)–(i).

Moreover, as the photon energy of 355 nm laser is
3.50 eV near Eg of Ta2O5, the intrinsic absorption of
the film will also contribute to the initiation of dam-
age. The reduced Eg will increase the intrinsic ab-
sorption and decrease the LIDT at 355 nm. There-
fore, the mechanism is different between the damage
of Ta2O5 films at 355 and 1064 nm. The initiation
of damage at 1064 nm is merely dominated by defect,
while at 355 nm it is dominated by the combination
effect of defect and Eg of films. It is the reason why
defect points in the damage morphology at 355 nm
become less apparent than that at 1064 nm. Similar
damage morphologies are also found for TiO2 films
damaged at 355 nm and most oxide films at 266 nm.[26]

As Eg is the least and the defect density is the high-

est, the LIDT at 355 nm of orthorhombic film is the
minimum. The lower LIDT of films at 355 nm com-
pared to 1064 nm is due to the stronger absorption
of defect at shorter wavelength.[27] Detailed damage
mechanism at the two wavelengths is in our further
research.

In summary, Ta2O5 films of amorphous, hexago-
nal and orthorhombic phases are obtained by anneal-
ing at different temperatures. The chemical compo-
sition, transmittance, band gap energy and LIDT of
Ta2O5 films are investigated. Amorphous Ta2O5 films
achieve the highest LIDT either at 355 or 1064 nm,
followed by hexagonal phase and finally orthorhombic
phase. Moreover, damage morphologies are different
at different wavelengths, as it shows a uniform fused
area at 355 nm whereas the damage is centred on one
or more defect points at 1064 nm. The damage initia-
tion at 1064 nm can be attributed to defect, while the
damage at 355 nm is due to the combination effect of
defect and Eg of films.
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