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ABSTRACT

The structural properties of HfO, films could be improved by thermal treatment owing to their crystallization. We deposited
HfO, films on sapphire by radio frequency (RF) magnetron sputtering, whose base vacuum pressure was lower than 4.5 x 107 Pa,
RF power was 100 W, working temperature was 200°C, working pressure was 3 mTorr, and the density of the active gas (Argon)
was 20 sccm. After depositing the HfO, films, the samples were thermally treated by rapid thermal annealing (RTA) in O, ambi-
ent at different temperatures. Subsequently, the measured physical properties (structural, morphological, and optical) indicated
that the crystallite size, refractive index at a wavelength of 632 nm, and packing density increased with rising temperatures. In
particular, an HfO, film thermally treated at 800°C in O, ambient had the highest refractive index of 2.0237 and packing den-
sity of 0.9638. The relation between optical and structural properties was also analyzed.
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1. Introduction

ith the increasing degree of integration of electronic

devices in recent years, their sizes have become pro-
gressively smaller. Consequently, the thickness of gate
oxide of metal-oxide-semiconductor field effect transistors
(MOSFETS) became small, inducing tunneling current."®
To avoid this effect, research has been conducted to replace
conventional SiO, gate oxide materials with hafnia (HfO,),
which has a high dielectric coefficient."”

In addition to displaying a high dielectric coefficient, HfO,
possesses a wide band gap, high refractive index, distin-
guished thermal and mechanical stability, excellent adhe-
siveness, and low stress.” It is necessary to study how to
apply HfO, to state-of-the-art semiconductor devices. Research
is currently being conducted for applications such as optical
coating requiring a high damage threshold, optical filter,
beam splitter, non-reflective coating, and phase-shifting
mask.™

Owing to its dielectric property, the application of HfO, in
electrical devices has been studied often, but its use in opti-
cal applications has been insufficiently described. There-
fore, this study focuses on the optical properties of HfO,,
investigating the variation of its structural and optical char-
acteristics after post-deposition annealing in O, ambient,
and the relationship between them.
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2. Experimental Procedure

Ultrasonic cleaning was used for eliminating the particles
that could degrade the properties of thin films deposited on
the sapphire substrates. These substrates were cleaned in
acetone, isopropyl alcohol, and de-ionized water for about 15
minutes, respectively. Subsequently, 10 minutes of ultra-
sonic cleaning were again carried out in new de-ionized
water. The substrates were then rinsed with de-ionized
water and dried out by N, gas.

After the cleaning, HfO, thin films were deposited by
radio frequency (RF) magnetron sputtering using a two-
inch-diameter sintered ceramic target (Cerac, purity
99.99%). RF magnetron sputtering was carried out follow-
ing the depositing conditions of HfO, films presented in
Table 1. Before the depositing process, pre-sputtering was
conducted in plasma for 10 minutes.

For the crystallization of HfO,, the films were thermally
treated by rapid thermal annealing (RTA) at 400, 600, and
800°C in O, ambient for approximately 120 seconds.

The structural and optical properties of the HfO, films

Table 1. Depositing Conditions of the HfO, Films

Base vacuum pressure 4.5x107° Pa
RF power 100 W

Active gas density 20 sccm
Working pressure 3x 107 Torr
Substrate temperature 200°C
Depositing time 20 minutes
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were analyzed. Structural properties, such as crystallinity
and crystallite size, were measured by X-ray diffraction
analysis (HR-XRD, Xpert-pro, MRD). Morphological proper-
ties, such as surface roughness and their configurations,
were analyzed by atomic force microscopy (AFM, SII Nano
Technology, SPA400). Additionally, a UV—Vis spectrometer
was used to analyze the optical properties, transmittance
and reflectance. These optical properties were input in the
thin film design software Essential Macleod to calculate the
refractive indexes of the HfO, films. The refractive indexes
were fitted by the Sellmeier dispersion formula; therefore,
the graph of the refractive index was described as a function
of wavelength. The packing density also was calculated.

3. Results and Discussion

Figure 1 describes the X-ray diffraction (XRD) patterns of
various HfO, films on sapphire substrates. All films have a
polycrystalline structure regardless of the RTA tempera-
tures. The peak intensity of M(-111), representing the haf-
nium’s crystalline direction, has a tendency to increase with
the RTA temperature; however, the width displays the
opposite tendency. This indicates that the crystal structures
are generated in their direction, M(-111), intensively. Addi-
tionally, the sub-peaks, such as M(111), M(021), M(-211),
are more clearly detected with increasing temperatures
than the XRD pattern of the as-grown sample. In the case of
the as-grown HfO, film, the peak of M(-111) was detected
at 28.25° of diffraction angle 26. The annealed HfO, films
have the tendency of increasing the diffraction angle of each
peak with rising annealing temperatures, 28.47°, 28.49° and
28.51° at 400, 600, and 800°C, respectively. These increasing
diffraction angles and decreasing width of the peaks indi-
cates that the crystallite sizes become lager.”

Through the analysis of the XRD patterns in Fig. 1, the
full width at half maximum (FWHM) of the hafnium crys-
talline and its crystallite size are described in Fig. 2. The
FWHM was measured as 2.07° in the case of the as-grown

hafnium's crystalline direction

M(-111)
?J‘l
= I
c |
= |
S ; |
S M(021)
< ILUGE
/A (002) (- M(220
2ol MO mrmaiMEzmen
5 ~800°C, 0,
= ——600°C, 02
N e s et
——400°C, O2
—— Reference
. 1 N | N | .

20 ()
Fig. 1. XRD patterns of the HfO, films.
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film. By increasing the annealing temperature from 400 to
800°C, the FWHM gradually decreased from 1.27° to 0.75°.
By inserting these results into the Scherrer equation, Equa-
tion (1), the crystallite size was calculated:

_ 0.9x4

" Bxcosf @

where D is crystallite size, A is the X-ray wavelength
(0.1541 nm), and B is the FWHM. Additionally, 6 is the
Bragg diffraction angle, from the angle 26 of the detected
peak. As a result, the as-grown HfO, on sapphire has a crys-
tallite size of 3.96 nm and this value is increased to 6.46 nm
after annealing at 400°C, 7.81 nm at 600°C, and 10.93 nm at
800°C. As expected from Equation (1), it the shapes of the
XRD patterns became intensively high and sharp, crystalli-
zation was focused in a specific direction, and the crystallite
size increased with raising the annealing temperature. Con-
sidering these facts, the tendency of constructing dense
films with high annealing temperatures could be
expected.'>!V

AFM images of the HfO, films and their surface rough-
ness are described in Fig. 3(a) without annealing, and with
annealing at (b) 400°C, (c) 600°C, and (d) 800°C. It was con-
firmed by morphological images that all the HfO, films were
deposited successfully without pin-holes or cracks that
could cause defects, regardless of the annealing and its tem-
peratures. The surface roughness was measured to be 6.840
nm in the case of the as-grown film. The HfO, films
annealed at 400 and 800°C have a surface roughness of
5.828 and 4.907 nm, respectively; these values are consider-
ably low. This validates the idea that the annealed films are
transformed into a smooth and uniform surface compared
with the as-grown film. Conversely, a film annealed at
600°C has 11.350 nm of surface roughness, indicating that
its surface is rough compared with that of as-grown film. We
can predict these results, which were already inferred from
the XRD data of Fig. 1, because sub-crystalline directions
such as M(111) and M(002) were formed in this film, and
such sub-crystallization could create stress on the surface.”
Additionally, sub-crystallites are crystallized by generating
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Fig. 2. FWHM and crystallite size of the HfO, films.
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Fig. 3. AFM images and surface roughness values of HfO, films.

local bonding in HfO, films. It has been previously reported
that oxygen vacancies were produced at this time;'” there-
fore, it could be anticipated that these vacancies affect the
surface roughness. In the case of the film annealed at 800°C,
the intensities of the sub-peaks were reduced compared to
the 600°C case, and the intensity of the M(—111) peak, rep-
resenting hafnium, is increased. By considering this fact, we
conclude that the crystallization was focused on specific
direction and a more uniform surface was constructed.'**¥
Figure 4 represents the transmittance and reflectance of
HfO, on sapphire before and after the RTA. Considering the
transmittance and reflectance curves of the as-grown film
as reference, we find that the graph for films annealed at
400°C and 600°C were shifted to the short-wavelength
region and that the 800°C case was shifted to the long-wave-
length region. The as-grown film has a good average trans-
mittance in the visible region (wavelength between 380-780
nm) of 80.71%. The films annealed at 400 and 600°C in O,
ambient have a slightly higher average transmittance of
81.05% and 81.03%, respectively, compared to that of the
as-grown film, owing to the shift to short-wavelengths. Con-
versely, in the case of 800°C, because of the shift to the long-
wavelength region, the average transmittance was mea-
sured as 80.03%, which is slightly lower than that of the as-
grown film. Nevertheless, all films have more than 80% of
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Fig. 4. Transmittance and reflectance of the HfO, films
before and after RTA treatment.

Table 2. Thickness of the HfO, Films
RTA Temperature

Film thickness

As-grown 179.62 nm
400°C 245.57 nm
600°C 262.05 nm
800°C 265.45 nm
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transmittance and these results are mostly identical, with
negligible differences.

The thickness of the films, measured by using the trans-
mittance and reflectance results and the Essential Macleod
program, are described in Table 2. HfO, films with a thick-
ness of 179.62 nm were deposited by sputtering and became
thicker up to 245.57 nm, 262.05 nm, and 265.45 nm after
annealing at 400, 600, and 800°C, respectively. As the crys-
tallite size increased, the lattice expanded by strong repul-
sion between surface dipoles; therefore, it could be expected
that the increase of thickness was caused by this strong
repulsion between the dipoles.”

Figure 5 represents the refractive index at a wavelength
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Fig. 5. Refractive index at 632 nm with different RTA tem-
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Fig. 6. Refractive index of HfO, annealed at 800°C and that
fitted by Sellmeier dispersion equation.

Table 3. Calculated Coefficients A and B of the Sellmeier
Dispersion Formula
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of 632 nm for different RTA temperatures. Furthermore,
Fig. 6 displays the refractive index as a function of wave-
length for a film annealed at 800°C in O, ambient. The
reflective indexes were obtained by using the transmittance
and reflectance results in Fig. 4 and the Essential Macleod
program values shown in Fig. 5. These refractive indexes
were fitted by the Sellmeier dispersion formula, Equation
(2) and illustrated in Fig. 6. The coefficients A and B used in
the Sellmeier dispersion formula have been listed in Table 3.
(A'-B)

The refractive index of the as-grown HfO, film is 1.8870 at
a wavelength of 632 nm. The annealed films have higher
refractive indexes than the as-grown film: 1.9125, 1.9416,
and 2.0237, when treated at 400, 600, and 800°C, respec-
tively. This increase in the refractive index was caused by
intensive crystallization with direction M(-111), which rep-
resents the hafnium crystal, generating denser films."'®
Liu et al.” had investigated the refractive index of HfO, on a
quartz substrate, which was 2.008 at a wavelength of
500nm. And Puthenkovilakam et al.'” also had studied the
refractive index of HfO, on silicon, which was 1.75 at a
wavelength of 632nm. The results of this research have
higher refractive index, 2.0237, than that of Liu et al.®’ and
Puthenkovilakam et al.."”

Figure 7 shows the packing density of HfO, films before
and after the annealing, for different RTA temperatures.
There is a close relationship between the refractive index
and packing density; this could be represented by Equation
(8), which was designed by Bragg and Pippard:'™?

@

2= =pnet (L pyngng
(1+p)ni+(1-p)n:

®3)

where n_ represents the void refractive index and n_ is the
bulk refractive index. In this study, the void refractive index
in dry air (n,=1) and the refractive index of bulk HfO,
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(n,=2.1) were used. As-grown HfO, films have 0.8907 of
packing density, which is a high enough value for applying
to electronic device. However, the packing density of
annealed films has a higher packing density, with values of
0.9053, 0.9213, and 0.9638, for RTA temperatures of 400,
600, and 800°C, respectively. It could be observed that the
density has a tendency to increase with the RTA tempera-
tures.""® These results describe that optical properties
such as the refractive index (which is measured by trans-
mittance and reflectance) are related to structural proper-
ties such as packing density and crystallite size. Liu et al.?
had investigated the packing density of HfO,, which was
measured as 0.912. This paper represents the packing den-
sity of 0.9638 which is higher than that of Liu et al..?

4. Conclusions

After being deposited on sapphire substrates by RF mag-
netron sputtering, HfO, films were thermally treated by
RTA at 400, 600, and 800°C in O, ambient. As the RTA tem-
peratures increased, the M(-111) peak representing haf-
nium crystal became higher and narrower, and sub-
crystallites were generated such that the films presented a
polycrystalline structure. In particular, in the case of a film
annealed at 800°C, the average transmittance in the visible
region was lowest at 80.03%, but the difference between this
value and that of other films was only 1%. However, the
film presented the smallest value of surface roughness,
4.907 nm, indicating that the film was uniform and smooth.
Additionally, the refractive index and packing density were
2.0237 and 0.9638, respectively. These results indicate that
the film annealed at 800°C has supreme properties com-
pared to others, and that HfO, is a suitable material for
applications in transparent or optical devices.
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