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TiO2 films were prepared using a very stable sol with two additives of diethanolamine (DEA) and polyethylene glycol (PEG) 

and remained intact without carbonization and cracking at high annealing temperature. It was shown that the laser-induced 

damage threshold (LIDT) at the wavelength of 1064 nm and the effective pulse duration of 12 ns of the films decreased with 

the annealing temperature increase. Because of the three-dimensional network structure and the low defect density, the 

annealing temperature of 353 K led to the highest LIDT of 14.3 J/cm
2
. After annealed at 423 K, the ordered film structure was 

damaged to some extent and the inner defects emerged, contributing to the slight reduce of LIDT. Continually, the increasing 

annealing temperature of 523 K resulted in the gradual increase of the defect density and surface roughness and the 

significant decrease of the LIDT. When the annealing temperature increased further to 623 K, the film surface became much 

rougher, and more defects including the grain boundaries and the holes appeared which caused the lowest LIDT. According 

to the LIDT results and damage morphologies, a structure evolution model of the films at different temperatures was 

proposed. 
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1. Introduction 

 
The laser damage resistance of optical films is one of 

the key factors to determine the output power of high 
power laser, and it affects the stability and the service life 
of the laser system. Therefore, it is of great significance to 
improve the laser-induced damage threshold (LIDT) of 
films for the development and application of laser system 
[1-3]. The films prepared by the sol-gel method always 
possess a few attractive features such as the low defect 
density and good surface morphologies [4]. Moreover, the 
three-dimensional network and porous structure of sol-gel 
films help alleviate the damage caused by the local 
expansion of the films under laser radiation. Therefore, 
most of the sol-gel films tend to obtain higher LIDT than 
the physical vapor deposition (PVD) films [5-7]. 

Due to the popular application in aerospace, military 
and other fields, there is an increasing influence of 
environmental factors on the laser system. It is necessary 
to consider the environmental factors especially the effect 
of high temperature on the films in the laser system. As is 
known to all, the disadvantage of sol-gel films is the poor 
high temperature resistance. However, to our best 
knowledge, few studies have been reported on the 
influence of high temperature on the LIDT of sol-gel films. 
Previous researches revealed that the instability of the 
sol-gel films under high temperature was generally related 
to the organic additives [8-11]. With the addition of 
additives such as acetylacetone (ACAC), diethanolamine 
(DEA), polyethylene glycol (PEG) and polyvinyl 
pyrrolidone (PVP), a stable sol was obtained before film 

preparation. Usually, one of these additives above is used 
and the films obtained are prone to carbonization and 
cracking under high temperature. Once this happens, the 
LIDT of the films will decrease significantly. 

The main aim of this study was to investigate the 
nanosecond LIDT of TiO2 films with two additives after 
high temperature annealing. Firstly, TiO2 sol was 
synthesized using tetrabutyl titanate (TTIP) as the 
precursor and DEA and PEG 200 as two additives. Then, 
TiO2 films were prepared by the dip coating method. 
Finally, annealing at different temperatures was performed 
on these as-deposited films. The optical properties, 
structures, photoluminescence spectra, surface 
morphologies, TG-DSC curves, LIDT and damage 
morphologies of the films were measured and discussed. 
Moreover, a structure evolution model of the films was 
proposed based on the LIDT results and damage 
morphologies. 

 
 
2. Experimental 
 
For synthesizing TiO2 sol, TTIP, ethanol, DEA, PEG 

200 and water, were mixed with molar ratios of 
1:40:0.83:0.17:2. Firstly, TTIP was dissolved in ethanol. 
Then after vigorous stirring for 20 min at room 
temperature, DEA, PEG 200 and water were added by 
drops to the above solution with a burette under stirring, 
respectively. Finally, the sol was aged at 276 K for 7 days. 

Before preparing the films, BK7 substrates were 
cleaned carefully with ethanol under ultrasonic. The 

http://dict.cnki.net/dict_result.aspx?searchword=%e9%80%80%e7%81%ab&tjType=sentence&style=&t=annealing
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substrates were dip-coated at 60 mm/min using the TiO2 
sol above, and then the deposited films were heated at 353 
K for 6 min. This coating and heating process was 
repeated until the films reached up to a certain thickness. 
In this study, annealing at 353 K was directly performed 
on the as-deposited film in the air for 1 h. With regard to 
higher temperature annealing, the as-deposited films were 
firstly annealed at 353 K for 1 h, and then annealed at 423 
K, 523 K and 623 K for 1 h in the air, respectively. All the 
annealed films were colorless and crack-free under optical 
microscopy. 

  The viscosity of TiO2 sol was measured by Glass 
Capillary Viscometers at 293 K. Transmittance spectra of 
the films were performed by using a Lambda 900 
spectrophotometer in the range of 250-1800 nm. Structures 
of the films were determined by a D8 Advance X-ray 
diffractometer (XRD). Photoluminescence spectra were 
measured by a Cary 3000 fluorescence spectrophotometer 
with an excitation laser at 310 nm wavelength. Surface 
morphologies of the films were characterized by a Sirion 
200 field emission scanning electron microscope (FESEM) 
and a Dimension V atomic force microscopy (AFM). 
Thermogravimetry-Differential scanning calorimetry 
(TG-DSC) analysis was conducted by STA 409 PG on 200 
mg of the as-deposited film at a heating rate of 10 K/min 
in static air up to 923 K. Damage testing was performed in 
the “1-on-1” regime according to ISO standard 11254-1, 
using 1064 nm Q-switch pulsed laser at a effective pulse 
duration of 12 ns [12-13]. Damage morphologies after 
laser radiation were evaluated by a Quanta 250 scanning 
electron microscope (SEM). 

 
 
3. Results and discussion 
 
The time dependence of the sol viscosity is given in 

Fig. 1. The results show that the viscosity increases 
exponentially with the aging time. During the first 18 days, 
the viscosity increases slowly, indicating the stability of 
the sol. The viscosity starts to grow rapidly from the 18th 
day and it has a remarkable increase from the 32th day. 
This phenomenon can be explained as below [14]: At the 
beginning of the aging time, the nucleation in the sol 
occurs, thus the viscosity increases slowly. Then the 
particles begin to form larger aggregates, resulting in the 
accelerated increase of the viscosity. Finally, the 
aggregates form a three-dimensional network structure and 
the sol starts to turn into gel, so the viscosity increases 
remarkably. It is noting that the viscosity increases by only 
0.11 mm

2
·s

-1
 during 38 days, indicating that the two 

additives are effective and the sol is very stable. 
Fig. 2 shows the transmittance spectra of the films. 

The transmittance spectra of the film annealed at 423 K 
keep near the same as that of the film annealed at 353 K, 
which also remains high transmittance. The transmittance 
of the films annealed at 523 K and 623 K decreases 
significantly at the wavelength of more than 500 nm. 
However, in the range of 420 nm to 500 nm, both these 
two films still maintain high transmittance. Therefore, the 
transmittance decrease of the films can be attributed to the 
thickness change caused by annealing. In addition, the 
inset picture in Fig. 2 shows that the cut-off wavelengths 

have a red shift with the annealing temperature rise due to 
the band gap decrease [15]. 
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Fig. 1. Time dependence of the sol viscosity 
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Fig. 2. Transmittance spectra of the films 

 

Fig. 3. XRD patterns of the films 

 

The XRD patterns of the films are shown in Fig. 3. It 
shows that the films remain amorphous when annealed at 
353 K and 423 K. However, the film begins to crystallize 
to anatase phase when annealed at 523 K and the 
crystalline size grows up with the annealing temperature 
increase. The average crystalline sizes of the films 
annealed at 523 K and 623 K are calculated using the 
Scherrer equation, which are 7.2 nm and 9.6 nm as is 
shown in Table 1, respectively. It should be noted that the 
crystal growth will have a negative impact on the LIDT as 
the grain boundary defects arise. 
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Table 1 The structure, 2θ, width of half peak β  

and crystalline size D of the films 

 

Temperature Structure 2θ 

(deg) 

Β 

(deg) 

D 

(nm) 

353 K amorphous - - - 

423 K amorphous - - - 

523 K anatase 48.49 1.20 7.2 

623 K anatase 48.80 0.893 9.6 

 

Fig. 4 shows the room-temperature 
photoluminescence spectra of the films. No obvious 
photoluminescence can be observed for the films annealed 
at 353 K and 423 K. However, with the temperature 
increase, both the films annealed at 523 K and 623 K show 
the photoluminescence bands between 350 nm and 420 nm. 
This increase of the photoluminescence intensity can be 
attributed to the gradual growth of TiO2 nanocrystals with 
the annealing temperature increase. In addition, with the 
annealing temperature increase from 523 K to 623 K, the 
photoluminescence bands shift slightly, indicating the 
change of the band gap which is in accordance with the 
transmittance spectra as is shown in Fig. 2.  

Fig. 5 shows the FESEM images of the films. No 
cracking can be found for all the films after annealing. 
Figs. 5(a) and 5(b) show that both the films annealed at 
353 K and 423 K have perfect surface morphologies 
without defects. However, some large defects as much as 
300 nm appear on the surface of the film annealed at 523 
K, as shown in Fig. 5(c). When the annealing temperature 
increases to 623 K, not only large defects appear, but also 

many small dot defects emerge on the film surface as is 
shown in Fig. 5(d), indicating the large increase of the 
defect density. 
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Fig. 4. Photoluminescence spectra of the films 

 
The AFM patterns recorded from the films are shown 

in Fig. 6. Figs. 6(a) and 6(b) show that the film surface is 
very uniform and smooth, and the root mean square (RMS) 
roughness is 0.497 nm and 0.441 nm when annealed at 373 
K and 423 K, respectively. Fig. 6(c) shows that the RMS 
roughness slightly increases to 0.553 nm when annealed at 
523 K. It is interesting to note that with the annealing 
temperature increase to 623 K, some protuberances are 
found on the film surface, and the surface quality of the 
film deteriorates, as shown in Fig. 6(d). In addition, the 
RMS roughness of the film annealed at 623 K increases 
dramatically to 1.12 nm, which is mainly due to the phase 
transformation as seen in Fig. 3 and the volatilization of 
organics in the film at high temperature. 

 

 

Fig. 5. FESEM images of the films annealed at (a) 353 K, (b) 423 K, (c) 523 K and (d) 623 K 

(a) (b) 

(c) (d) 
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Fig. 6. AFM patterns of the films annealed at (a) 353 K, (b) 423 K, (c) 523 K and (d) 623 K 

 
Fig. 7 illustrates the TG-DSC curves with four stages 

of the as-deposited film. During the first stage, the 
temperature rises from 300 K to 373 K alongside with the 
2.22% decline of quantity, all of which are attributed to the 
evaporation of retained water and organics corresponding 
to the weak endothermic peak in the DSC curve [16]. Then, 
in the second stage, the temperature increases further up 
from 374 K to 590 K and the quality decreases by 4.90% 
correspondingly because of the decomposition of the 
organics mostly originated from TTIP. There is an 
exothermic peak in 500 K to 590 K owing to 
crystallization of TiO2. During the third stage, the 
temperature grows from 591 K to 640 K while the quality 
goes down sharply by 15.08% mainly due to the 
evaporation of DEA and PEG 200 counterpart to the 
endothermic peak in the DSC curve. In the fourth stage, 
there is a rise in the temperature from 641 K to 923 K and 
a decline in the quality by 11.09%, which is attributed to 
the recombination of hydoxy and the decomposition of 
retained organics.  
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Fig. 7. TG-DSC curves of the as-deposited film 

Fig. 8 shows the LIDT results of the films. It shows 

that the LIDT decreases with the annealing temperature 

increase. The highest LIDT is 14.3 J/cm
2
 obtained by the 

film annealed at 353 K. When the annealing temperature 

rises up to 423 K, the LIDT of the film drops by 29.4% to 

10.1 J/cm
2
 compared to the highest LIDT. However, it is 

still higher than that of PVD films [17]. With the 

temperature increasing further to 523 K, the LIDT falls off 

significantly to 4.0 J/cm
2
 with 72.0% down to the highest 

LIDT. The lowest LIDT is 3.5 J/cm
2
 when the film is 

annealed at 623 K. 
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Fig. 8. LIDT results of the films 
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Fig. 9. Damage morphologies of the films annealed at (a) 353 K, (b) enlarged area A, (c) 423 K, (d) enlarged area B, 

 (e) 523 K, (f) enlarged area C, (g) 623 K and (h) enlarged area D 
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Fig. 10. Structure evolution model of the films at (a) 353 K, (b) 423 K, (c) 523 K and (d) 623 K. 

 

The damage morphologies of the films after laser 

radiation are shown in Fig. 9. It illustrates that all of these 

can be ascribed to the defect-induced damage mechanism, 

the typical characteristic of which is that the damage area 

has at least one defect [18-19]. The defect has higher 

absorption coefficient and absorbs more laser energy, so 

the temperature of the defect rise faster and higher. The 

film will be damaged once the temperature reaches the 

melting point or boiling point of the film material [20-21]. 

In addition, Figs. 9(b), 9(d), 9(f) and 9(h) display that the 

defect size increases gradually with the annealing 

temperature increase, which are the enlarged pictures of 

the four damage areas A, B, C and D in Figs. 9(a), 9(c), 

9(e) and 9(g), respectively. Meanwhile, Fig. 9(b) indicates 

that the damage is initiated by many defects. With the 

annealing temperature increase, the damage is induced by 

fewer and fewer defects, as shown in Figs. 9(d) and 9(f). 

After the highest temperature annealing of 623 K, Figs. 

9(g) and 9(h) show that the damage area has only one 

defect. It is consistent with the FESEM results in Fig. 5 

that the defect becomes more and more serious with the 

annealing temperature increase. An interesting 

phenomenon is that the damage of the film annealed at 623 

K shows different morphology from that of the PVD films 

and the sol-gel films with single additive [22-24]. The 

damage center of PVD films after laser radiation shows 

the circular melting feature, so does the sol-gel films with 

single additive annealed at more than 523 K. However, 

both Figs. 9(f) and 9(h) show some organic residues 

obviously in the damage center. The organics absorb a lot 

of energy in the laser damage process, reducing the 

temperature rise and preventing the total melt of the 

damage area. After absorbing energy, the organics turn 

into gases and the volume expands rapidly, resulting in the 

irregular damage features with cracking and spalling. 

 

 

4. Discussion 

 

The film annealed at 353 K obtains the highest LIDT 

of 14.3 J/cm
2
. It is probably mainly due to the 

three-dimensional network structure and the low defect 

density of the sol-gel film. The network structure is helpful 

to relieve the expansion of the film skeleton when 

absorbing the laser energy, contributing to the LIDT 

improvement [25-26]. Meanwhile, it has been well 

recognized that due to its low temperature deposition route, 

the sol-gel film is free of substoichiometric defects, which 

is also one of the reasons for the high LIDT. After 

annealed at 423 K, though the film surface still remains 

intact without defects and very smooth as is shown in  

Figs. 5 and 6, the TG-DSC results indicate that some 

organics are lost from the film. Therefore, the ordered film 

structure may be damaged to some extent and inner 

defects emerge. Consequently, the LIDT slightly reduces 

to 10.1 J/cm
2
. The boiling points of PEG 200 and DEA are 

523 K and 542 K, respectively. Therefore, after annealed 

at 523 K or higher temperature, the organic additives 

evaporate rapidly. In the meantime, the film starts to 

crystallize and transform to anatase phase, as shown by 

XRD results in Fig. 3. Both the additives evaporation and 

film crystallization lead to the increase of defect density 
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and surface roughness as is shown in Figs. 5 and 6. 

Accordingly, the LIDT falls off significantly to 4.0 J/cm
2
 

with 72.0% down to that of the film annealed at 353 K. It 

is worth noting that even after annealing at 623 K, there 

are still some residual organics in the film according to the 

damage morphologies in Fig. 9. The possible reason is that 

the two additives make the evaporation of organics 

difficult. It will be beneficial for the film to stay intact 

without cracking at high temperature. Meanwhile, it is 

well known that the presence of organics earn higher LIDT 

for the sol-gel films than for the PVD films. Therefore, 

although the films annealed at higher than 523 K only 

have very low LIDT in this study, it may provide a 

possible way to improve the laser damage resistance at 

high temperature by using two additives in the future. 

In addition, base on the LIDT results and damage 

morphologies, a structure evolution model of TiO2 films at 

different temperatures is proposed in Fig. 10. Fig. 10(a) 

shows the three-dimensional network structure of the film 

consisting of TiO2 clusters with similar size assisted by 

DEA and PEG 200. This film contains maximum amount 

of organics, and it has the lowest defect density and the 

highest LIDT. When the temperature increases to 423 K, 

TiO2 nanoparticles start to grow up and some organics are 

lost. Meanwhile, the network structure becomes partially 

disordered, as shown in Fig. 10(b). It results in the 

emergence of defects and thereby the decrease of the LIDT. 

With the temperature climbing up to 523 K, the 

nanoparticles in the film start to crystallize and transform 

to nanocrystals. At the same time, the network structure of 

the film is destroyed seriously due to the large amount of 

additives evaporation. As a result, the surface roughness of 

the film increases and a few pores emerge, as shown in Fig. 

10(c). Thus, the defect density of the film increases 

significantly and the LIDT continues to reduce. When the 

temperature rises further to 623 K, the nanocrystals grow 

up inhomogenously. Since only a small amount of organics 

remain in the film, the network structure is totally 

destroyed. Consequently, the film surface becomes 

rougher, and more defects such as the grain boundaries 

and the holes appear as is shown in Fig. 10(d), resulting in 

the lowest LIDT. 

 

 

5. Conclusions 

 

In summary, with the two additives of DEA and PEG 

200, a very stable TiO2 sol is synthesized from TTIP 

precursor. TiO2 films are prepared by dip-coating using the 

sol and remain intact without carbonization and cracking 

at high temperature. The results show that the nanosecond 

LIDT decreases with the annealing temperature increase. 

The highest LIDT is 14.3 J/cm
2
 obtained by the film 

annealed at 353 K. It is probably mainly due to the 

three-dimensional network structure and the low defect 

density. After annealed at 423 K, the ordered film structure 

is damaged to some extent and inner defects emerge, 

contributing to the slight reduce of LIDT. With the 

temperature increase to 523 K, the additives evaporate 

rapidly and the film starts to crystallize, resulting in the 

increase of defect density and surface roughness. 

Accordingly, the LIDT falls off significantly to 4.0 J/cm
2
 

with 72.0% down to that of the film annealed at 353 K. 

When the temperature rises further to 623 K, only a small 

amount of organics remain in the film, thus the network 

structure is totally destroyed. The film surface becomes 

rougher, and more defects such as the grain boundaries 

and the holes appear which result in the lowest LIDT. A 

structure evolution model of TiO2 films at different 

temperatures is proposed afterwards. 
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