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Abstract: Ta2O5 thin films were deposited by DC reactive magnetron sputtering followed by rapid thermal annealing(RTA). 
Influence of sputtering pressure and annealing temperature on surface characteristics, microstructure and optical property of Ta2O5 
thin films were investigated. As-deposited Ta2O5 thin films are amorphous. It takes hexagonal structure (δ-Ta2O5) after being 
annealed at 800 ℃. A transition from δ-Ta2O5 to orthorhombic structure (L-Ta2O5) occurs at 900−1 000 ℃. Surface roughness is 
decreased after annealing at low temperature. Refractive index and extinction coefficient are decreased when annealing temperature 
is increased. 
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1 Introduction 
 

Because of good chemical and thermal stability, 
high refractive index, high transmission and low 
extinction coefficient in visible spectrum, Ta2O5 thin 
films are used in optical applications[1−2], such as 
anti-reflecting coatings, optical waveguides, interference 
coatings and photoelectric conversion. Ta2O5 thin films 
have a large dielectric constant (20−26) and are 
considered as the potential candidates for high k gate 
dielectrics[3−4]. 

Methods and conditions of deposition affect optical 
and structural properties of Ta2O5 thin films. Various 
techniques have been used to deposit Ta2O5 thin films, 
such as chemical vapor deposition[5−6], sol-gel[7], 
electron beam evaporation[8], thermal oxidation[9], ion 
beam sputtering[10] and RF sputtering[11]. GHODSI 
and TEPEHAN[12] studied the effect of heat treatment 
on optical properties of sol-gel Ta2O5 thin films. 
SPASSOV et al [13] prepared Ta2O5-Si structures by RF 
sputtering and discussed effects of rapid thermal 
annealing(RTA) on electrical properties of Ta2O5 thin 
films. Compared with other methods, DC reactive 
magnetron sputtering has lots of advantages[14], such as 
low deposition temperature and better adhesion. The 

thickness and stoichiometric composition of the films 
can be easily controlled. The complexity and expense of 
RF systems can be avoided since metallic targets are 
electrically conductive, which allows DC power to be 
applied. Studying the effect of sputtering pressure and 
annealing on optical properties of Ta2O5 thin films 
prepared by DC reactive magnetron sputtering is helpful 
to understanding and optimizing the fabrication 
processing. 

In this work, Ta2O5 thin films were prepared by DC 
reactive magnetron sputtering and annealed at different 
temperatures. The material properties were investigated 
by X-ray diffractometer, atom force microscope, 
ultraviolet and visible spectrophotometer. The refractive 
index and extinction coefficient were calculated by the 
envelop method. Effects of sputtering pressure and 
annealing on properties of Ta2O5 thin films were also 
discussed. 
 
2 Experimental 
 

Ta2O5 thin films were deposited by DC reactive 
magnetron sputtering. Target was pure Ta metal (99.9%). 
Glass slide and Si(111) substrates were placed under the 
targets (60 mm in distance) in the chamber. The base 
pressure was 1×10−3 Pa. Mixture of argon (99.99%) and 
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oxygen (99.99%) was used as sputtering gas. The oxygen 
volume fraction was kept constant at 30%, with working 
pressure changed between 0.1 and 0.9 Pa. The magnetron 
sputter source was supplied by a constant DC power of 
200 W. To remove compound layer from the target 
surface, the target was sputter etched in pure argon for 10 
min before deposition. HT−600 was performed for rapid 
thermal annealing. Ta2O5 thin films were annealed at 300, 
500, 700, 800, 900 and 1 000 ℃  in pure nitrogen 
(99.99%) for 5 min, respectively, and the heating rate 
used was 70 ℃/s. 

Mean deposition rate was calculated by deposition 
time and film thickness. Ta2O5 thin film thickness 
ranging from 300 to 450 nm, was measured by 
Alpha-Step IQ surface profiler (KLA-Tencor). A y2000 
X-ray diffraction measurement (Cu Kα 40 kV, 20 mA) 
was performed to obtain the phase composition. The 
diffraction angle 2θ was scanned in 10˚−90˚ with step of 
0.05˚. Solver P47 AFM was used to exam surface 
morphology, and the scan area was  1 000 nm×1 000 
nm. Transmitted spectrum of selected samples was 
measured by Tu−1800PC ultraviolet and visible 
spectrophotometer with resolution of 0.3 nm. Optical 
constants were calculated from optical transmission 
measurements using envelop method[15−17]. 
 
3 Results and discussion 
 
3.1 Deposition rate 

Fig.1 shows the relationship between deposition rate 
and sputtering pressure. At φ(O2)=10% and p=0.9 Pa, the 
deposition rate is 79.35 nm/min, which is much higher 
than that at φ(O2)=30%. When oxygen content increases 
from 10% to 30%, the process changes from metallic 
mode to reactive mode, leading to so-called target 
poisoning. The deposition rate reaches a maximum (32.9 
nm/min) at 0.3 Pa, and starts to decrease with the increase 
 

 
Fig.1 Deposition rate as function of sputtering pressure 

of sputtering pressure. At a low sputtering pressure, less 
particles present in the plasma, which permits low 
deposition rate. Consequently, the deposition rate 
increases with sputtering pressure. But at a high 
sputtering pressure, mean free path of gas molecules is 
very short, whereas the collision of particles becomes 
frequent in the chamber. Due to collision, particles lost 
energy, and cannot reach the substrate or do not have 
enough energy to form films. As the result, the 
deposition rate decreases. 
 
3.2 Structural analyses 

Fig.2 presents XRD patterns of Ta2O5 thin film as a 
function of annealing temperature. As-deposited Ta2O5 
thin film is amorphous, and exhibits no diffraction peaks 
but a typical noncrystalline diffraction package at 2θ=23˚ 
for glass substrates. Ta2O5 thin film is crystallized at 
700−800 ℃ , and takes hexagonal structure(δ-Ta2O5) 
[18]. New diffraction peaks appear at the diffraction 
angle range of 45˚−60˚. After being annealed at 900 ℃, 
the structure of Ta2O5 thin films is transformed from 
hexagonal structure to low temperature orthorhombic 
structure (L-Ta2O5) [18]. δ-Ta2O5 and L-Ta2O5 are two 
likely phases, and their three major X-ray diffraction 
peaks are very closely located. It is to be noted that 
diffraction patterns in the case of orthorhombic 
polymorphs of the stoichiometric pentoxide should 
contain two or more peaks, instead of one for the 
hexagonal phase, close to 28.3˚, 36.7˚ and 50˚ [19]. 
Indeed, displacement and broadening of those peaks are 
observed in Fig.2, which are attributed to new 
contributions from orthorhombic structure. 
 
3.3 AFM analysis 

In order to discover the effects of sputtering 
 

 
Fig.2 XRD patterns of Ta2O5 films annealed at different 
temperature (θ<700 ℃, glass substrate; θ≥700 ℃, Si(111) 
substrate) 
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pressure and annealing temperature on the surface 
properties of Ta2O5 thin films, AFM was performed. 
Figs.3(a)−(c) show AFM images of Ta2O5 thin films 
deposited at different sputtering pressure. All surfaces are 
constructed by evenly dispersed islands without any 
visible defects or holes. With the increase of sputtering 
pressure, the maximum roughness(Rmax) and root mean 
square roughness(Ra) are decreased. At higher deposition 
rate, the particles have less time to diffuse and are 
covered instantly by incoming particles, leading to larger 
roughness. With the decrease of sputtering pressure, the 
deposition rate decreases, so the formed islands have 
enough time to diffuse, which makes the roughness of 
the thin films decrease. 

Sample deposited at 0.6 Pa was annealed at 300, 
500 and 800 ℃, respectively. Figs.3(c)−(d) show that 
the surface morphologies of Ta2O5 thin films is improved 
after being annealed at low temperature, and the surface 
roughness decreases. With the increase of annealing 
temperature, the diffusion of particles is increased, which 

causes the decrease of roughness. When the annealing 
temperature is higher than 800 ℃, Ta2O5 thin films are 
transformed from amorphous to crystalline. Fig.3(f) 
presents large grains on surface of sample after annealing 
at 800 ℃, and the roughness increases significantly. 
 
3.4 Optical characteristic 

Ta2O5 thin films are transparent, and have color of 
light green. From the transmittance of samples (Fig.4), 
Ta2O5 thin films exhibit a good visible optical 
transmission of 75%−85%. The maximum transmittance 
is very close to the bare glass, revealing that there are 
few impurities and defects in the films. With the increase 
of sputtering pressure, the absorption of visible light of 
the films decreases, mainly due to the following reasons. 
1) The surface roughness decreases with the increase of 
sputtering pressure, which reduces the scattering of 
visible light. So the transmittance of samples increases. 2) 
The growth process of Ta2O5 thin films includes 
absorption, diffusion and re-evaporation. In general, the   

 

  
Fig.3 AFM images of Ta2O5 films: (a) 0.4 Pa; (b) 0.6 Pa; (c) 0.8 Pa; (d) 300 ℃; (e) 500 ℃; (f) 800 ℃ (Samples (a)−(e): glass 
substrate; sample (f): Si(111) substrate) 
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equilibrium pressure of O is considered to be higher than 
that of Ta. Hence, O atoms easily break away from Ta2O5 
films, leading to the formation of oxygen vacancies. 
With the increase of sputtering pressure, oxygen partial 
pressure increases, which enhances the combination of 
Ta and O, thereby reducing oxygen vacancies and 
improving the transparence of Ta2O5 thin films. Fig.5 
shows the transmittance of Ta2O5 films deposited at 0.6 
Pa, which decreases with increase of annealing 
temperature. 
 

 
Fig.4 Transmittance of as-deposited Ta2O5 films 
 

 
Fig.5 Transmittance of as-deposited and annealed Ta2O5 films 
 

The optical constant of films is calculated from the 
transmittance curve by using envelop method. Fig.6 
presents the variation of refractive index with sputtering 
pressure. At λ=550 nm, refractive index of Ta2O5 thin 
films ranges from 2.04 to 2.16, and decreases with the 
increase of sputtering pressure. Because at lower 
sputtering pressure, Ta2O5 thin films are formed by 
particles with higher energy, the density of the films is 
greater. The refractive index of thin films varies 
inversely with the density, therefore, refractive index of 
Ta2O5 thin films decreases with the increase of sputtering 
pressure. 

In Fig.7 refractive index and extinction coefficient 

of Ta2O5 thin films deposited at 0.6 Pa are simulated by 
CAUCHY model. Refractive indexes of 2.091, 2.063 and 
2.049 are obtained at 550 nm for as-deposited, 300 ℃
and 500 ℃  annealed films, respectively. Extinction 
coefficients of 2.37×10−4, 1.03×10−4 and 7.40×10−5 
are obtained at 550 nm. Because crystallization 
temperature of Ta2O5 thin films is higher than 700 ℃, 
the films maintain amorphous after annealing at low 
temperature. Internal stress of Ta2O5 thin films is 
released after annealing, so the density of the films 
decreases. Thus, refractive index of Ta2O5 thin films 
decreases with increase of annealing temperature. 
Furthermore, defects inside the films are reduced after 
annealing, which is helpful to decreasing the absorption 
of visible light of Ta2O5 thin films. 
 

 
Fig.6 Refractive index of as-deposited Ta2O5 films (λ=50 nm) 
 

 
Fig.7 Refractive index and extinction coefficient of Ta2O5 films 
simulated by CAUCHY model 
 
4 Conclusions 
 

1) As sputtering pressure increases, the deposition 
rate of Ta2O5 thin films reaches the maximum at 0.3 Pa. 

2) It is shown that as-deposited Ta2O5 thin films are 
amorphous, and a hexagonal structure (δ-Ta2O5) is 
identified after annealing at 800 ℃. A transition from 
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δ-Ta2O5 to low temperature orthorhombic structure 
(L-Ta2O5) occurs at 900−1 000 ℃. 

3) The roughness of Ta2O5 thin films decreases with 
the increase of sputtering pressure. At 550 nm, refractive 
index of Ta2O5 thin films ranges from 2.04 to 2.16. 

4) While maintaining amorphous state, roughness, 
refractive index and extinction coefficient of Ta2O5 thin 
films decrease with the increase of annealing 
temperature. 
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