Volume 7, Issue 3, July 2020

ISSN: 2348-8565 (Online) oy

International Journal of Modern
Engineering and Research Technology

Website: http://www.ijmert.org

Email: editor.ijmert@gmail.com

Substrate Temperature Influenced Electrical, Dielectric and Optical
Properties of HfO, Films Formed by Magnetron Sputtering

S. Venkataiah

Research Scholar
Department of Physics,
Sri Venkateswara University,
Tirupati (A.P.), India

E-mail: svt487@gmail.com

ABSTRACT

DC magnetron sputtering technique was
employed for deposition of hafnium oxide
(HfO,) thin films on quartz and p-silicon
substrates held at different temperatures in the
range 30—450°C. The deposited films were
characterized for their chemical composition,
chemical binding configuration, and
crystallographic  structure and optical
properties. The films formed at substrate
temperatures less than 350°C were amorphous
nature while those deposited at 350°C and
above were of polycrystalline with monoclinic
HfO,. X-ray photoelectron spectrum showed
the characteristic core level binding energies
of HfO,. Optical band gap of the films
increased from 5.58 eV to 5.88 eV with
increase of substrate tempe-rature from 30°C
to 450°C Gate capacitor with configuration of
Al/HfOy/p- Si was fabricated and studies the
electrical and dielectric properties.

Keywords:— Hafnium oxide, thin films, DC
magnetron  sputtering, electrical, optical
properties.

I. INTRODUCTION

Hafnium oxide (HfO,) considered being a
potential high-k dielectric material among
the silicon dioxide, zirconium oxide,
titanium oxide, tantalum oxide, barium
strontium oxide and zirconium titanium
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oxide. It has advantages of good electrical
properties and better chemical stability and
compatibility with the silicon the base for
the integrated circuit technology [1]. HfO,
is a wide band gap, high refractive index
material useful as visible, near infrared
antireflection coatings, band pass filters and
heat mirrors for energy efficient windows
[2, 3]. High dielectric constant made it a
potential candidate as gate dielectric in field
effect transistor in random access memory
devices [4, 5]. Amorphous HfO, thin films
formed on polymer substrates find
application in flexible thin film capacitor
and fibre optical wave guides. Various
physical thin films deposition techniques
namely vacuum evaporation [6], electron
beam evaporation [4, 7], pulsed laser
deposition [8], DC magnetron sputtering [9,
10] and RF magnetron sputtering [1, 11, 12]
and chemical methods, atomic layer
deposition [13], sol-gel process [14] and
chemical vapour deposition [15] were
effectively employed for deposition of HfO,
thin films. Among these deposition
methods, DC reactive magnetron sputtering
considered to be the industrially employed
technique for deposition of films in the
presence of reactive gas of oxygen by
sputtering metallic target to form metal
oxide films on large area substrates.
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In this investigation, HfO, thin films were
deposited on to quartz and p-type silicon
substrates by DC reactive magnetron
sputtering method by sputtering of hafhium
target in the presence of reactive gas of
oxygen and sputter gas of argon at different
substrate temperatures in the range 30°C -
450°C. The effect of substrate temperature
on the structural, electrical, dielectric, and
optical properties of HfO, films was
systematically studied. Metal oxide semi-
conductor (MOS) structure with
configuration Al/HfO,/p- Si was fabricated
by depositing aluminium films on HfO, by
vacuum evaporation and studied the
electrical and dielectric properties of the
MOS gate capacitor.

II. EXPERIMENTAL

DC magnetron sputtering technique was
employed for deposition of HfO, thin films
on to quartz and p-type silicon (100)
substrates held at different temperatures.
The vacuum system used for deposition of
the films was the combination of diffusion
pump backed by rotary pump. Pure oxygen
and argon were used as reactive and sputter
gases respectively. Pressure in the sputter
chamber was measured with Pirani -
Penning gauge combination. After
achieving the ultimate pressure of 5x10°
Torr, the reactive gas of oxygen was
admitted into the sputter chamber to
achieve the partial pressure of 5x10™ Torr.
Then the sputter gas of argon was fed into
the sputter chamber to obtain the sputter
pressure of 6x107 Torr. Hafnium (99.95%
purity) with 50 mm diameter and 3 mm
thick was used as sputter target for
deposition of films on the substrates held at
temperatures in the range 30°C - 450°C.

Thickness of the deposited films measured
with Dektak depth profilometer was in the
range 65 - 80 nm. Chemical composition of
the deposited HfO, films was determined
with energy dispersive X-ray analyzer

(Oxford Instruments Inca Penta FETX3)
attached to the scanning electron
microscope (Carl Zeiss model EVO MAIS).
Chemical binding configuration and core
level binding energies of the films were
analyzed with X-ray photoelectron
spectroscope (Physical Electronics Model
PHI 5700) and Fourier transform infrared
spectrophotometer (Thermo-Nicolet model
6700). X-ray diffractometer (X’pert Pro
PAN Analytical) with Cu K, radiation
(wavelength of 0.15406 nm) was used to
determine the crystallographic structure of
the films. Optical transmittance of the films
formed on quartz substrates was recorded in
the wavelength range 200 - 1000 nm using
JASCO (modelV570) UV—Vis-NIR double
beam spectrophotometer for determination
of optical band gap. Metal oxide
semiconductor structure with configuration
of Al/HfO,/p- Si was fabricated with
circular capacitors of 300 pum diameter by
vacuum evaporation of aluminium on the
top of HfO, films. The capacitance - voltage
and current - voltage characteristics of the
capacitor were measured with LCR meter
(MIOKI model 3532-50) and pA meter
(Hewlett Packard model hp 4140B)
respectively.

III. RESULTS AND DISCUSSION

Chemical composition

Figure 1 shows a representative energy
dispersive X-ray analysis spectrum of the
HfO, film formed on silicon substrate at
30°. The spectrum showed the characteristic
kinetic energy peaks of hathium and oxygen
along with silicon. The silicon signal arises
from the silicon substrate.

Chemical composition of the films was
calculated from the intensity of the peaks of
hafnium and oxygen and their sensitivity
factors.
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correspond to the Hf 4ds, and Hf 4d;;
(figure 3c). From deconvolution of the
peaks, the full width at half maximum of
the peaks determined was 1.1 eV and 1.3
eV respectively for Hf 4f;, and Hf 4fs)
which is the characteristic of HfO, films
[17]. Figure 2(d) showed the oxygen O Is
core level binding energy of 529.5¢V
indicated the fully oxidized form of HfO,.
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Figure 1: EDAX spectrum of HfO, film formed at =
250°C.
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The chemical composition of the films was
hafnium 33.6 at. % and oxygen 66.4 at. %.
It clearly indicated that the deposited films
were of HfO,.
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X-ray photoelectron spectroscopic studies

Figure 2 shows the X-ray photoelectron
spectrum of HfO, films formed on silicon
substrate held at 250°C. The survey
spectrum showed the core level binding
energy peaks around 17 eV, 215 eV, 380 eV
related to hafnium Hf 4f, Hf 4d and Hf 4p
respectively (Figure 2a). The peak seen at
about 530 eV correspond to binding energy
of oxygen O 1s. The peak observed at about
284 eV related to carbon C 1s due to the
contamination on the surface of the films
since it exposed to the atmosphere before
the XPS study. The carbon contamination
was disappeared after one minute of argon
ion bombardment on the films. Figure 2(b) -
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shows the narrow scan spectrum of HfO,
films at the core level binding energies of
Hf 4f, Hf 4d and O 1s in the binding energy
ranges12-24eV, 205 - 235 eV and 526 - 536
eV. It is seen from Figure 2 (b) that the core
level binding energy of 16.4 eV and 18.0
eV related to the Hf 4f;, and Hf 4fs, with
spin-orbit splitting energy separation of 1.6 = = == =~
eV revealed the growth with tetravalent T

Hf*" state, the characteristics of HfO, [16]. Figure. 2 XPS spectrum of HfO: film formed at 250°C:

In addition to this, the binding energies (a) survey scan, and (b) narrow scan spectra of hafnium
exhibited at 213.0 eV and 223.0 eV Hf 4f, (c) Hf 4d and (d) Oxygen O Is

Intewsity (a.u)
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Fourier transform infrared spectroscopic
studies

Chemical bonding configuration of the
HfO, films deposited on silicon substrates
was determined with the Fourier transform
infrared spectroscopic studies. Figure 3
shows the Fourier transform infrared
transmittance spectra of HfO, films
deposited at different substrate
temperatures. The films formed at 30°C not
exhibited any absorption band because of
amorphous nature. The films formed at 250°
C contained a broad absorption band at 550
- 650 cm™' characterized the amorphous and
crystalline phase of HfO, [11]. Films
deposited at 350°C and 450°C contained the
absorption bands at 522 cm’l, 545 cm™, 604
cm™ and 736 cm”. The absorption band
located at 522 c¢cm™ was the vibration band
of Hf - O related to monoclinic HfO, [18]
and absorption bands located at 551 cm™
and 736 cm™ were the vibration mode of Hf
- O in HfO,[9, 19]. From these studied it
revealed that the films formed at 350°C and
above were of polycrystalline with mono-
clinic structured HfO,,

Transmittance (%)
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)
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Figure 3: FTIR transmittance spectra of HfO, films
formed at different substrate temperatures.

Structural studies

X-ray diffraction profiles of the HfO, films
formed at different substrate temperatures
are shown in Figure 4. The films deposited
at room temperature and at 250°C were of
amorphous in nature. The films formed at
substrate temperature of 350°C showed the
diffraction peak at 20 values at 28.33°
related to the reflection (T11) of monoclinic
phase of HfO, [20]. The films deposited at
450°C contained the diffraction peaks at
28.19°, 35.22°, 41.31° and 50.46°
correspond to (T11), (200), (102) and (T22)
reflections of monoclinic HfO, [1] and in
accordance with the JCPDS Data Card No.
06-0318.

The crystallite size (D) of the films was
calculated from X-ray diffraction peak of
(T11) using the Debye - Scherrer’s relation
[21],

D = 0.9M/Bcos® ...ovveeeereeeenn., (1)

where A 1s the wavelength of copper X-ray
radiation, B the full width at half maximum
intensity of X-ray diffraction peak and 0 the
diffraction angle. The crystallite size
calculated from the peak of (T11) increased
from the 16 nm to 22 nm with increase of
substrate temperature from 350°C to 450°C
respectively due to improvement in the
crystallinity of the films.

pO,=5x10 4 Torr
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Figure 4: X-ray diffraction profiles of HfO, films
formed at different substrate temperatures.
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Optical properties

The optical transmittance of the films
formed on quartz substrates was recorded in
order to study the optical absorption and to
determine the optical band gap. Figure 5
shows the optical transmittance spectra of
HfO, films formed at different substrate
temperatures. The films were transparent
(85 - 90%) in the visible wavelength region.
The fundamental optical absorption edge of
the films shifted towards lower wavelengths
side with increase of substrate temperature.
The optical absorption coefficient (o) was
determine from the optical transmittance
(T) and thickness (t) of films using relation
[22],

100

80

60

40
Ts=

—'c

Transmittance (%)

0
—0c
20
—u'c

—s0'c

0 ] L 1 ) ] ) ] . 1
200 400 600 300 1000

Wavelength (nm)

Figure 5: Optical transmittance spectra of HfO, films
formed at different substrate temperatures.
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In order to determine the optical band gap
(Eg). The optical absorption in the films was
fitted to the Tauc’s relation,

(chv) = A (hv- Eg)* oo, ((3)

where A is the edge with parameter, hv the
photon energy and E,the optical band gap
of the films. Figure 6 shows the plots of
(ahv)?
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Figure 6: Plots of (ahv)’ versus photon energy of HfO,
films formed at different substrate temperature.

band gap of the films was evaluated from
the Tauc’s plots increased from 5.52 eV to
5.88 eV with increase of substrate
temperature from 30°C to 450°C
respectively due to the transformation from
amorphous to crystal-lline phase HfO,. It
was reported that the optical band gap of
the films increased from 5.51 eV to 5.85 eV
[23] and from 5.64 eV to 5.90 eV [24] due
to transformation from amorphous to
crystalline HfO, films.

Electrical and dielectric properties

Metal-oxide-semiconductor capacitor with
configuration of AI/HfO,/p- Si was
fabricated to study the electrical properties
of the HfO, films. Figure 7 shows the
capacitance - voltage characteristics of the
thick HfO, films formed at different
substrate temperatures (at 1 MHz) by
applying bias voltage from + 3 to — 3 V.
From the plots, it was observed that the
accumulation capacitance increased from 38
nF to 46 nF with the increase of substrate
temperature from 250°C to 450°C. This
could be due to the reduction in the physical
thickness of the HfO, layer with respect to
substrate temperature. Besides, it is clear
from the figures that with increase of
substrate temperature, accumulation of
capacitance improve the interface stability
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of HfO,/Si [25]. On the other hand, there
was slight shift in the flat band voltage by
increasing the substrate temperature. The
appropriate reason for this could be the
decrease of dipole density and oxygen
defect density at bottom interface of HfO,/
Si in MOS device [26]. In this
investigation, there was small shift in the
flat band potential with increase of substrate
temperature which could be due to effective
reduction in the oxygen vacancies in the
bulk of HfO, layer, and at interface of HfO,
and Si substrate. Dielectric constant was
calculated from the capacitance - voltage
curves using the relation,

where C is the capacitance, k the dielectric
constant of the material, g, the permittivity
of free space and A the area of the
capacitor. The dielectric constant increased
from 22 to 25 with increase of substrate
temperature from 250°C to 450°C. The
improvement in the crystallinity of the HfO,
films that is the reduction in full width at
half maximum is the evidence for the
improvement of the dielectric constant.

0
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0
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Figure 7: Capacitance - voltage characteristic of Al/
HfO/Si capacitors formed at different substrate
temperature.

Figure 8 shows the leakage current versus
applied voltages on the top electrode in
analogy with the current - voltage curves of
diodes to the MOS capacitor. From the
figure, it is observed that leakage current
density (at 1 V) decreased from 5.1x10™* A/
cm® to 4.8x10° A/cm® with increase of
substrate temperature from 250°C to 450°C
respectively. It implies that the deposition
of HfO, films on Si substrate at high
substrate temperatures showed a significant
impact on suppressing the defects in gate
insulator resulted in the improvement of
interface quality between the gate insulator
HfO, and substrate.

10°
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Leakage current dnsity J(Acm‘z]
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-4 -2 0 2 4
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Figure 8: Current - voltage characteristic of AI/HfO,/Si
capacitors formed at different substrate temperatures.

IV. CONCLUSIONS

Thin films of HfO, were deposited on to
quartz and p- silicon substrates held at
different temperatures in the range 30°C-
450°C by sputtering of hafnium target in an
oxygen partial pressure of 5x10™* Torr using
DC magnetron sputtering technique. EDAX
analysis of the films confirmed the growth
of HfO,. X-ray photoelectron spectrum
showed the characteristic core level binding
energies of HfO,. The films deposited at
substrate temperatures up to 250°C were
amorphous in nature. Films formed at
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350°C and above were of polycrystalline
with monoclinic structured of HfO,. The
crystallite size of the films increased from
16 nm to 22 nm with increase of substrate
temperature form 350°C to 450°C. Optical
band gap of the films increased from 5.58
eV to 5.88 eV with increase of substrate
temperature from 30°C to 450°C. Gate
capacitor with configuration of AI/HfO,/p-
Si was fabricated and studies the electrical
and dielectric properties. The dielectric
constant of the capacitor increased from 22
to 25 with increase of substrate
temperature. The leakage current decreased
from 5.1x10* A/em® to 4.8x10° A/em’
with increase of substrate temperature from
250°C to 450°C.
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