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Ta2O5 films are prepared by e-beam evaporation with varied deposition temperatures, annealing temperatures,

and annealing times. The effects of temperature on the optical properties, chemical composition, structure, and laser-

induced damage threshold (LIDT) are systematically investigated. The results show that the increase of deposition

temperature decreases the film transmittance slightly, yet annealing below 923 K is beneficial for the transmittance.

The XRD analysis reveals that the film is in the amorphous phase when annealed below 873 K and in the hexagonal

phase when annealed at 1073 K. While an interesting near-crystalline phase is found when annealed at 923 K. The LIDT

increases with the deposition temperature increasing, whereas it increases firstly and then decreases as the annealing

temperature increases. In addition, the increase of the annealing time from 4 h to 12 h is favourable to improving the

LIDT, which is mainly due to the improvement of the O/Ta ratio. The highest LIDT film is obtained when annealed

at 923 K, owing to the lowest density of defect.
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1. Introduction

The increasing demand for high-power laser sys-

tems in research, industrial, and defense applications

calls for optical films witha high laser-induced damage

threshold (LIDT). The mechanism of laser-induced

damage has not been fully understood, as it is as-

sociated with many factors, such as deposition meth-

ods and conditions, substrates, laser characteristics,

protective layers, and annealing.[1−6] The damage of

films in the nanosecond laser pulse is always induced

by defects; however, the detailed damage initiation is

different and should be discussed for different cases.

As one of the most important optical film candi-

dates, Ta2O5 has a large refractive index, a high adhe-

sive force with substrates, and excellent thermal and

chemical stability. The previous studies showed that

the deposition temperature affected the properties of

Ta2O5 films significantly. Jagadeesh Chandra et al.

found that Ta2O5 films crystallized in the orthorhom-

bic phase when the deposition temperature was above

673 K.[7] Kukli et al. prepared Ta2O5 films by atomic

layer deposition, and detected the hexagonal phase

when the deposition temperature was only 573 K.[8]

In addition, Ta2O5 films are always substoichiomet-

ric in the conventional e-beam evaporation deposition

process, which decreases the optical properties and the

LIDT. Thereby, annealing is an important method for

achieving better stoichiometry.[9]

In this paper, the main aim is to systematically

investigate the effects of the deposition temperature,

annealing temperature, and annealing time on the op-

tical properties, chemical composition, structure, and

LIDT of Ta2O5 films.

2. Experiment

Tetragonal Ta2O5 aggregates with a purity of

99.99% were used as the starting material. Before de-
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position, the chamber was pumped to a base pressure

of 2×10−3 Pa, and oxygen was introduced to keep an

oxygen partial pressure of 2×10−2 Pa. Ta2O5 films

with the optical thickness of 6 QWOT (quarter wave-

length optical thickness) at the wavelength of 550 nm

were deposited by e-beam evaporation. Ten groups of

Ta2O5 films were prepared, as listed in Table 1, and

each group contained three samples deposited with

the same condition. Groups 1–3 were deposited on

BK7 substrates at room-temperature (RT), 473 K,

and 573 K, respectively. Groups 4–7 were the films

(573 K deposited, BK7 substrates) annealed at 573 K

(4 h and 12 h) and 673 K (4 h and 12 h), respectively.

Groups 8–10 were the films (573 K deposited, fused sil-

ica substrates) annealed for 8 h at 873 K, 923 K, and

1073 K, respectively. In groups 8–10, fused silica sub-

strates were used, and the annealing time was reduced,

as an annealing temperature higher than 673 K would

weaken the properties of BK7. Transmittance spectra

were measured using a Lambda 900 spectrophotome-

ter; the measurement error was within 0.08%. The

refractive indices were calculated by using the Essen-

tial Macleod (a thin film design software). The chem-

ical compositions of the films were analyzed by X-ray

photoelectron spectroscopy (XPS) using the focused

monochromatic Al-Kα (hυ = 1486.6 eV) radiation

at a pass energy of 20 eV. The band gap of Ta2O5

was calculated using the first-principles pseudopoten-

tial method within the local density approximation.

The structure was analyzed by using an X-ray diffrac-

tometer (XRD). The surface topography and the root

mean square (RMS) roughness were obtained by a

Nanocope III atomic force microscope (AFM). Dam-

age testing was performed in the 1-on-1 regime ac-

cording to ISO standard 11254-1 using a 1064 nm Q-

switch pulsed laser at a pulse length of 12 ns.[10,11]

The laser was focused to provide a far-field circular

Gaussian beam with a diameter of 0.306 mm at 1/ e2

of the maximum intensity. The LIDT was defined as

the incident pulse’s energy density when the damage

occurred with 0% damage possibility (J/cm2), and it

could be obtained by the linear extrapolation of the

damage possibility data to the zero damage possibil-

ity. Considering the test and the statistical errors, we

estimated the total error to be about 12% in the LIDT

measurement. The damage morphologies of the films

were observed with a Leica-DMRXE microscope.

Table 1. Refractive index nf (at 550 nm), packing density P , and O/Ta ratio of Ta2O5 films.

Group Substrate
Deposition Annealing Annealing

nf P O/Ta ratio
temperature/K temperature/K time/h

1 BK7 RT – – 1.993 0.76 2.43

2 BK7 473 – – 2.047 0.82 2.42

3 BK7 573 – – 2.055 0.83 2.42

4 BK7 573 573 4 2.077 0.86 2.46

5 BK7 573 573 12 2.083 0.87 2.50

6 BK7 573 673 4 2.080 0.86 2.48

7 BK7 573 673 12 2.090 0.87 2.50

8 fused silica 573 873 8 2.092 0.88 2.50

9 fused silica 573 923 8 2.094 0.88 2.50

10 fused silica 573 1073 8 2.099 0.88 2.50

3. Results

Figure 1 shows the transmittance curves of the

Ta2O5 films. Figure 1(a) illustrates that the transmit-

tance decreases slightly with the increase of deposition

temperature. The refractive indices are shown in Ta-

ble 1, which increase with the temperature increas-

ing. In fact, the deposition temperature is an impor-

tant factor in the film growth process.[12,13] When the

molecules are adsorbed on the substrate, the surface

diffusion coefficient at equilibrium can be expressed

by the Arrhenius equation

D(T ) = D0 exp

(
− E

kBT

)
, (1)

where D0 and E are the pre-exponential factors de-

pending on the physical properties of the substrate de-

posit and the activation energy of the surface diffusion,

respectively, kB is the Boltzmann constant, and T is

the deposition temperature in the deposition process.
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From Eq. (1), it can be clearly seen that the higher the

deposition temperature is, the larger the surface self-

diffusion coefficient is. Therefore, it is easier for the

molecules to diffuse at a higher deposition tempera-

ture, which results in the decrease of the film vacancies

and the increase of the refractive index. Figures 1(b)

and 1(c) show that when the annealing temperature

increases in the range of 573–923 K, the transmittance

increases. However, if the annealing temperature in-

creases further to 1073 K, the transmittance would
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Fig. 1. (colour online) Transmittance of Ta2O5 films with

(a) different deposition temperatures on BK7, (b) differ-

ent annealing temperatures and annealing time on BK7,

and (c) different annealing temperatures on fused silica.

decrease obviously. The refractive index increases

with the annealing temperature increasing, which

could be attributed to the decrease of the structural

vacancies by the thermal modification during anneal-

ing. The relation between the refractive index nf and

the packing density P can be illustrated as[14]

nf = Pns + (1− P )nv, (2)

where ns and nv are the refractive indices of the solid

part of the film and the vacancies, respectively. Based

on Eq. (2), the packing densities of Ta2O5 films are

calculated as shown in Table 1. It shows that the

packing density increases with the increasing depo-

sition temperature, annealing temperature, and an-

nealing time. The packing densities of Ta2O5 films

deposited at room-temperature and 573 K are 0.76

and 0.83, respectively. The maximum packing density

is 0.88 for the film annealed at 1073 K. Moreover, it

indicates that there are many vacancies in the e-beam

evaporated films, either before or after annealing.

A representative XPS survey scan in the range

from 0 eV to 1400 eV of the Ta2O5 films is shown in

Fig. 2(a). The peak at 284.8 eV corresponds to C 1s,

owing to the contamination of the carbon on the sur-

face, since they are exposed to the atmosphere. The

survey spectrum shows the peak at the binding en-

ergy of 27 eV related to Ta 4f. The peaks observed

at 230 eV and 242 eV correspond to Ta 4d5/2 and Ta

4d3/2, respectively. The peak located at 404 eV is at-

tributed to Ta 4p3/2. The O 1s peak is observed at

531.5 eV. In addition, some impurities are found in the

range of 975–1000 eV. Figure 2(b) shows the narrow

scan XPS spectra in 23–32 eV for the as-deposited

and the annealed Ta2O5 films. The spectra reveal

4f7/2 and 4f5/2 peaks at 26.4 eV and 28.2 eV, respec-

tively, which shows that the composition of the films is

Ta5+. Figure 2(c) shows the two peaks fitted from the

O 1s spectra, which illustrate the presence of differ-

ent chemical environments. The lower binding energy

peak at 530.6 eV is due to the Ta–O bonds, which in-

dicates the presence of Ta2O5. The peak at 532.0 eV

is usually attributed to the surface contamination.[15]

The O/Ta ratio shown in Table 1 is estimated from

the XPS peak areas together with their relative sensi-

tivity factors. The relative sensitivity factors are 0.66

and 2.40 for O 1s and Ta 4f, respectively. On the

whole, the O/Ta ratio decreases slightly with the de-

position temperature increasing, which indicates the

increase of the film absorption. The O/Ta ratio of the

film annealed at 573 K for 12 h is 2.50, whereas it is
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2.48 for the film annealed at 673 K for 4 h. It indi-

cates that the O/Ta ratio of the Ta2O5 films depends

not only on the annealing temperature, but also on

the annealing time. In addition, all the films annealed

above 673 K for 8 h are stoichiometric. Moreover, as

the O/Ta ratio is less than 2.50, the substoichiometric

defects in the Ta2O5 films are oxygen vacancies.
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Fig. 2. (colour online) Typical XPS (a) survey scan and

((b), (c)) narrow scans of Ta2O5 films.

For the band gap calculation, the program

CASTEP (Cambridge Serial Total Energy Package) is

used,[16] which is based on the density functional the-

ory (DFT) in describing the electron–electron interac-

tion and a pseudopotential description of the electron–

core interaction. For the exchange–correlation term,

the local density approximation is used. As crys-

talline Ta2O5 is usually used to calculate the band

gap, Ta2O5 of the C12/c1 space group is chosen in

this paper. The lattice constants are a = 12.7853,

b = 4.8537, c = 5.5276, α = γ = 90, and β = 104.264.

A 2×2×1 supercell is built, as shown in Fig. 3(a). The

energy cutoff is set at 340 eV. The k-point grid is set

to be 3×3×3. The results show that the band gap

of Ta2O5 is 2.54 eV, which is consistent to the previ-

ous results.[4,17] However, it is much smaller than the

experimental band gap of Ta2O5 (4.3 eV). This dis-

crepancy is related to the DFT method, which often

underestimates the band gap values.
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Fig. 3. (colour online) (a) The 2×2×1 supercell and (b)

the microscopic band gap of Ta2O5.

To explore the effect of a substoichiometric chem-

ical composition on the band gap, the partial occu-

pancies of oxygen are used to simulate firstly. This

approach treats all oxygen sites in each unit cell equiv-

alently, and is a type of mean-field approach, which is

called the virtual crystal approximation.[18] Therefore,

the O/Ta ratios of 2.42, 2.43, 2.46, and 2.48 are in

correspondence with the oxygen occupations of 0.968,

0.972, 0.984, and 0.992, respectively. The calculated

band gap is shown in Fig. 4. The results indicate that

the substoichiometric chemical composition plays a lit-

tle effect on the band gap.
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Fig. 4. (colour online) The band gaps of Ta2O5 with O/Ta ratios of (a) 2.42, (b) 2.43, (c) 2.46, and (d) 2.48.
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Fig. 5. (colour online) (a) The 2×2×1 supercell and (b)

the band gap of Ta2O5 with oxygen vacancy.

It is worth noting that the above simulation has

some limits, as the actual situation of the substoi-

chiometry of Ta2O5 is the existence of oxygen vacan-

cies, according to the XPS results. Thus, the oxygen

atom at the center of the 2×2×1 Ta2O5 supercell is

removed, as shown in Fig. 5 (a). Figure 5 (b) shows

that the calculated band gap is 0.68 eV. It indicates

that once the oxygen vacancy forms, the band gap

decreases 73%.
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Fig. 6. (colour online) XRD analysis of Ta2O5 films.

Figure 6 illustrates that the films are amorphous

when deposited below 573 K and annealed below

873 K. As the annealing temperature increases to

1073 K, the film crystallizes in the hexagonal phase.

An interesting phenomenon is that areas A and B in
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Fig. 6 show the position change and the intensity in-

crease when annealed at 923 K. It indicates the crys-

talline trend of the film. Therefore, we can call it

the near-crystalline phase, which means between the

amorphous phase and the crystalline phase.

Figure 7 demonstrates the surface topographies of

room-temperature deposited, 473 K deposited, 923 K

annealed, and 1073 K annealed films. It displays

that the surface topography depends on the deposit-

ing temperature, the annealing temperature, and the

annealed time. The RMS roughness of Ta2O5 films is

shown in Fig. 8. It reveals that the deposition temper-

ature has little effect on the RMS. In addition, when

annealed in the range of 573–923 K, the RMS rough-

ness of the film changes slightly. However, when the

annealing temperature increases to 1073 K, the RMS

increases significantly, which could be attributed to

the crystallization of the Ta2O5 films, as shown in

Fig. 6. Meanwhile, as the crystal grows up rapidly

in the phase transition process, some microcracks are

easily found on the film’s surface by the naked eye.
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Fig. 7. (colour online) AFM images of groups (a) 1, (b) 2, (c) 9, and (d) 10.
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Figure 9 shows the LIDTs of the Ta2O5 films.

It reveals that the LIDT increases with the increase

of the deposition temperature, whereas it increases

firstly and then decreases as the annealing temper-

ature increases. In addition, all the LIDTs of the as-

deposited films are smaller than those of the annealed

films. Moreover, it can be seen that the film annealed

at 673 K for 4 h (group 6) achieves a lower LIDT than

the film annealed at 573 K for 12 h (group 5), which

indicates that the LIDT is affected by the combination

of annealing temperature and annealing time.
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Fig. 9. The LIDTs of Ta2O5 films.

The typical bright-field microscopy image of dam-

age morphology is shown in Fig. 10. It illustrates the

absorption centers in the damaged area, which reveals

that the damage initiates from the defects. It is consis-

tent with the defect-induced mechanism, as the defect

has a larger absorbance index than the film around,

it is more liable to absorb the laser energy and results

in damage.

100 mm

Fig. 10. (colour online) Typical damage morphology of

Ta2O5 films.

4. Discussion

The experimental results evidently show that the

temperature affects the optical properties, chemical

composition, structure, and LIDT of the Ta2O5 films.

In the following, the effects of temperature on the

LIDT will be especially discussed. The laser dam-

age in the nanosecond region always arises as a result

of strong absorption points induced by the defects.

The previous results showed that the defects can be

divided into two kinds: one is the structural defects,

such as big structural vacancies, nodular defects, grain

boundaries, and microcracks, and the other is the sub-

stoichiometric defect.[19,20] In addition, the adhesive

force, the intrinsic absorption, and the melting point

also influence the LIDT.[21,22] The discussion about

the different effects of the deposition temperature, an-

nealing temperature, and annealing time on the LIDT

is given in the following.

(i) With the increasing deposition temperature,

the packing density increases, and the film vacancies

decrease. Therefore, the density of the structural de-

fect decreases, contributing to the LIDT improvement.

Moreover, the increase of the packing density will also

be favourable to enhancing the adhesive force between

aggregations in the films, which is also beneficial for

the LIDT.

(ii) The LIDT of the annealed films is higher

than that of the as-deposited films, which can be ex-

plained as follows. The O/Ta ratio of the as-deposited

Ta2O5 films is less than 2.50, indicating the films are

substoichiometric. The activation energy of the sub-

stoichiometric defect is only 0.6 eV, so this defect is

very easy to turn into the damage center under laser

radiation.[23] Moreover, as shown in Figs. 3 and 5, the

band gap of Ta2O5 is 2.54 eV, and it decreases 73%
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to 0.68 eV when the oxygen vacancy forms. The se-

rious decrease of the microscopic band gap may sig-

nificantly increase the absorbance of the micro areas

in films when irradiated by a laser, thus the dam-

age probability increases. So the damage of the as-

deposited films is mainly induced by this kind of de-

fect, and the LIDT is low. In the annealing process,

as the Gibbs free energy of the reaction of oxygen

and nonoxidized Ta inside the film is negative, it is

favourable for this reaction to occur based on thermo-

dynamical arguments.[24] During annealing, the oxy-

gen penetrates and reacts with the substoichiometic

films, improving the film stoichiometry and decreasing

the density of the substoichiometric defect. Moreover,

the effects of annealing are similar to the increase of

the deposition temperature, as it provides the ther-

mal energy to drive the atoms to modify and diffuse,

decreasing the density of the structural defect and en-

hancing the adhesive force. Therefore, annealing im-

proves the LIDT significantly.

(iii) The LIDT increases firstly with the increase

of the annealing temperature, and the film annealed

at 923 K achieves the LIDT of 12.2 J/cm2. Then it de-

creases to 10.1 J/cm2 when the temperature increases

to 1073 K. It reveals that the effects of the annealing

temperature on the LIDT are more complicated than

the deposition temperature effects. It is worth not-

ing that both the O/Ta ratios of the films annealed at

923 K and 1073 K are 2.50, so there is no substoichio-

metric defect. The most obvious difference in the two

films is that the former is in the near-crystalline phase

and the later is in the crystalline phase. Therefore,

the decrease of LIDT is due to the increased density

of structural defects, such as the grain boundaries and

the microcracks, during the phase transition process.

In addition, the LIDT of the film annealed at 923 K

is higher than that annealed at 873 K, which might

mean that the former also has fewer defects than the

later.

(iv) The effects of annealing on the film proper-

ties depend not only on the annealing temperature,

but also on the annealing time. The results show that

the 12 h annealed films have higher LIDTs than the

4 h annealed films. In this experiment, groups 5 and

7 have higher LIDTs than groups 4 and 6, increas-

ing 29.8% and 53.1%, respectively. It is attributed

to the disappearance of the substoichiometric defect,

as the O/Ta ratio increases to 2.50. Meanwhile, the

increase of the annealing time decreases the density

of the structural defects, also contributing to the im-

provement of the LIDT. In addition, the film annealed

at 573 K for 12 h (group 5) achieves a higher LIDT

than the film annealed at 673 K for 4 h (group 6)

mainly owning to the disappearance of the substoi-

chiometric defect.

5. Conclusion

In summary, the effects of the deposition temper-

ature, annealing temperature, and annealing time on

the optical properties, chemical composition, struc-

ture, and LIDT of the Ta2O5 films have been investi-

gated in this paper. The results show that the increase

of the deposition temperature decreases the film trans-

mittance slightly, yet annealing below 923 K is bene-

ficial for the transmittance. The O/Ta ratio depends

not only on the annealing temperature, but also on

the annealing time. The LIDT increases with both the

increasing deposition temperature and the increasing

annealing time, whereas it increases firstly and then

decreases with the increasing annealing temperature.

Moreover, the LIDT is affected by the combination of

the annealing temperature and annealing time. The

highest LIDT film will be obtained when annealed at

923 K owing to the lowest density of defect.
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