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a b s t r a c t

The HfO2 thin films prepared by ion beam sputtering are thinned after heat treatment. The optical
constants of the thin films were obtained by inversion of the ellipsometric parameters. The crystal
structure of the films was characterized by X-ray diffractometer. The results show that the correlation
coefficient between the refractive index and the grain size is more than 90%. The refractive index in-
creases with the increase of the grain size. The physical mechanism of the refractive index in-
homogeneity in the film thickness direction is crystallization of thin films.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, with the development of high performance
optical multilayer components, the theory and control technique of
refractive index inhomogeneity of thin films have been widely
investigated, and become one of the hotspots in the field of high
performance thin film for laser optics [1e6]. HfO2 thin film has high
refractive index, excellent thermodynamic properties and high
laser damage threshold, which is widely used in the field of high
laser damage threshold film from short wavelength to near infrared
[7e10].

HfO2 thin films are mainly deposited by electron beam evap-
oration [11], plasma assisted deposition [12], ion beam sputter
deposition [13], magnetron sputtering [14], atomic layer deposi-
tion [15], and sol-gel [16,17]. The refractive index inhomogeneity
of the HfO2 thin films prepared by electron beam evaporation have
been reported. The spectral properties of the multilayers seriously
deviated from the design objectives caused by the refractive index
inhomogeneity limits the development of the high-performance
and high-damage threshold films [4e6]. Compared with low
refractive index materials (SiO2, Al2O3), the HfO2 thin films pre-
pared by ion beam sputtering have the advantages of low scat-
tering, low absorption and high density. It has beenwidely used in
the field of high laser damage threshold thin films. Ion beam
sputtering deposition technique has become one of the main-
stream technologies for the preparation of HfO2 thin films [18,19].
The refractive index, extinction coefficient, stress, crystal struc-
ture and band structure of HfO2 thin films have been reported. But
there are no report on the mechanism of refractive index
inhomogeneity.
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In this paper, the HfO2 thin film growth process is proposed in
the reverse direction. The optical and crystalline properties of HfO2
thin films by ion beam sputtering technique were investigated by
ellipsometer and X-ray diffractometer, respectively. It is proved that
the microstructure of HfO2 film tends to crystallize in the growth
process, which is the physical mechanism of the refractive index
inhomogeneity of HfO2 film.

2. Characterization of refractive index inhomogeneity

The physical model of the HfO2 film is shown in Fig. 1, and the
schematic diagram of the inhomogeneity of the refractive index in
the longitudinal direction of the thin film is shown in Fig. 2, which
shows a schematic diagram of the arbitrary refractive index in-
homogeneity. Borgogno et al. [7] reported the refractive index in-
homogeneity of five kinds of thin films: Y2O3, TiO2, MgF2, HfO2 and
SiO2. The refractive index inhomogeneity of HfO2 thin film is pos-
itive, whichmeans the refractive index of the thin film outer surface
(near air side) is higher than the inner surface of the film (near
substrate side).

In the transparent spectral region, the optical constants
dispersion of the HfO2 thin film is usually represented by the
Cauchy dispersion physical model:

nðlÞ ¼ Aþ B
.
l2 þ C

.
l4 (1)

where l is wavelength (um), and A, B, and C are constant terms,
where B and C characterize the dispersion properties of the
refractive index. Taking into account the refractive index in-
homogeneity shown in Fig. 2, the inhomogeneity change equation
of the refractive index is expressed by the following equation [20]:

nðl; dÞ ¼ nðlÞ
�
V
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where nðlÞ is average refractive index of the film, and x is any po-
sition in the thin film from the substrate direction of any position,
and T is the refractive index gradient equation of the coefficient,
and V is from the substrate to the air refractive index gradient.

According to the multi-beam interference theory of film-
substrate system, the refractive index of the substrate, the inci-
dent medium and the thin film, and the physical thickness of the
thin film uniquely determine its spectral characteristics. In calcu-
lating the spectral characteristics of the thin film, the continuous
gradient of the thin film is subdivided in a matrix, and the
continuous film is equivalent to a discrete N layers thin film [20]. In
this paper, the ellipsometric parameters ji

exp and Di
exp of the film-

substrate system were obtained using ellipsometer of J.A.Wool-
lam, and the coefficients of equations (1) and (2) were obtained by
numerical inversion. The functions to evaluate the inversion per-
formance were as follows:
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whereMSE is the mean square deviation of the measured value and
the calculated value from theoretical model, and N is the number of
measurement wavelengths, and M is the number of variables, and
ji
exp and Di

exp are measured values at the ith wavelength, and ji
mod

and Di
mod are calculated value from theoretical model at the ith

wavelength, and sj,i
exp and sD,i

exp are the measurement error of the i-th
wavelength, respectively. It can be seen from equation (3) that as
MSE is weighted, the noise of the data is ignored, andMSE is used to
evaluation the degree of agreement of theory calculated value and
measured value.

3. Experimental methods

3.1. Sample preparation

HfO2 thin films were prepared by ion beam sputtering on single
crystalline silicon wafers (F40 � 0.32 mm) and single-sided pol-
ished fused silica(F40 � 1 mm), which surface roughness of the
substrate was better than 0.3 nm. The preparation parameters of
the HfO2 thin films were as follows: the ion source was a radio-
frequency ion source with a diameter of 16 cm (ion beam viltage
was 1250V and ion beam current was 500mA), and the target was a
high purity metal Hafnium target (purity�99.9%), and the substrate
temperature was room temperature, and the oxygen gas flow rate
was 30sccm. Before deposition, vacuum chamber pressure was
pumped as low as 1.0 � 10�3Pa.

In the first group of samples, HfO2 films on silicon substrates are
labeled Si-3, Si-5, Si-6 and Si-7, and HfO2 films on the fused silica
substrates are labeled S-3, S-5, S-6 and S-7. In the second group of
samples, the HfO2 thin films on the silicon substrate were labeled
Si-1, Si-2, Si-4 and Si-8, and the HfO2 films on the fused silica
substrates were labeled S-1, S-2, S-4 and S-8. In addition, the sec-
ond group of samples in the atmosphere of heat treatment 300 �C,
keep the temperature 16 h, take the way of natural cooling tem-
perature to room temperature.

The chemical polishing was used to decrease the thickness of
the film which was helpful to reproduce the refractive index dis-
tribution in the film thickness direction. Chemical solution was
prepared by using hydrogen fluoride ammonia(NH4HF2, 13 g),
glycerol (20 ml), eutralization solution (NaHCO3, 10 g), ethylene
glycol (10ml) and deionizedwater (1100ml, thewater temperature
maintained at about 80 �C). In order to ensure the uniformity of the
etching of the film sample, the samples were placed vertically on a
Teflon tray. The trays were placed in a beaker and sonicated in an
ultrasonic cleaner. HfO2 thin films of different physical thicknesses
were obtained by controlling different etching times. All the thinFig. 1. The physical model of the film-substrate system.

Fig. 2. The inhomogeneity of refractive index.
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