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Sol—-gel deposited ceria thin films as gate dielectric for CMOS technology
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Abstract. In this work, cerium oxide thin films were prepared using cerium chloride heptahydrate, ethanol and
citric acid as an additive by sol-gel spin-coating technique and further characterized to study the various properties.
Chemical composition of deposited films has been analysed by FTIR which shows existence of CeOQ,. The samples
have been optically characterized using ellipsometry to find refractive index of 2.18 and physical thickness which
is measured to be 5-56 nm. MOS capacitors were fabricated by depositing aluminum (Al) metal using the thermal
evaporation technique on the top of CeO; thin films. Capacitance-voltage measurement was carried out to calculate
the dielectric constant, flat-band voltage shift of 18-92, 0-3-0-5V, respectively and conductance—voltage study was

carried out to determine the Dj; of 1-40 x 1013 eV~ cm=2 at 1 MHz.
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1. Introduction

In the current era of nanotechnology, the semiconductor
device industries require high dielectric (high-k) materials
for gate dielectric applications in advance CMOS circuits.
The different dielectric layers are being used as gate oxide in
MOSFETs, as capacitor to store charge in memory devices
and as an insulator in back-end interconnects (Rathee et al
2010). Earlier, the SiO, was the most promising dielectric
material of choice for all these applications (Houssa et al
2006). The semiconductor roadmap following Moore’s law
is responsible for an exponential decrease of minimum fea-
ture size of devices. But, in order to follow Moore’s law, the
current trends are use of nanoelectronics and technological
research towards the scaling down of devices to smaller phys-
ical dimensions (Guha and Narayanan 2009). The decrease
in device feature size offers increased speed, low power con-
sumption and low cost because of the increased density of
devices per wafer as per ITRS. This size reduction presents
challenges for the various SiO, applications due to the quan-
tum mechanical effects as the thickness of conventional SiO,
gate insulators is reduced just to a few atomic layers, elec-
trons can tunnel directly through the films and cause leak-
age currents resulting in increase of power dissipation to
unacceptable levels, heat becomes critical issue and reduces
device reliability (Gusev 2006).

In order to maintain low power consumption perfor-
mance of CMOS transistors, high-k gate dielectrics must be
employed to replace conventional SiO,/SiON as the scale
of the channel length goes down to sub-100 nm feature size.
Alternative gate dielectric needs the stringent requirements
including high permittivity, thermal stability, high level film
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and interface quality, processing and materials compatibility
with fabrication of CMOS devices and long-term reliability
for practical replacement of SiO,/SiON (Wilk et al 2001).
Many materials have been investigated as candidates for this
replacement. Among all the high-k dielectrics, amorphous
metal oxides, such as unary metal oxide of Al,O3 (Gusev
et al 2000), CeO, (Kang et al 1998; Inoue et al 1999),
HfO, (Lee et al 2000; Wilk et al 2000) and ZrO, (Zhong
et al 2001) and binary systems of (Y,03).(ZrO;)_, (yttria-
stabilized ZrO,) (Wang et al 2000), LaAlO; (Xiang et al
2003) and (HfO;),(ALO3)1—, (Yu et al 2002), have been
shown to be the most promising high-k gate dielectrics due
to their high dielectric constant, excellent thermal stability
and good compatibility with modern electronics processing
techniques.

Recently, the rare earth cerium oxide (CeO;) has been
reported to be a potentially promising alternative gate dielec-
tric to replace the conventional SiO, with a lot of poten-
tial advantages (Quah et al 2010, 2011; Lim et al 2011) for
CMOS applications such as: high-dielectric constant (k ~
26), large bandgap (~5-5eV), fluorite structure with very
small lattice mismatch of ~0-35%, high thermodynamic sta-
bility and good interface with Si substrate. The film’s struc-
ture and interface properties depend upon deposition pro-
cesses. Several deposition techniques have been reported in
literature for the preparation of CeO; films on Si for CMOS
devices, including sputtering (Wang et al 2001), vacuum
evaporation (Inoue et al 1990), MBE (Joumori et al 2004),
PLD (Karakaya et al 2006), MOCVD (Ami and Suzuki
1998), and E-beam evaporation (Inoue e al 1999), etc. All
these techniques require high temperature treatments which
usually induces a deterioration of the device performance
and reliability. Therefore, for silicon-based nanoelectronics
device fabrication, low temperature processes are strongly
desired.

259



260

The present paper is concerned with the deposition of
spin-coated CeO, films prepared using an ethanolic precur-
sor sol containing citric acid as an additive. The deposited
CeO; films have been characterized by XRD, FTIR and ellip-
someter for microstructural, chemical and optical properties
and also capacitance—voltage (C—V') measurement is carried
out for studying some of the electrical properties. This work
attempts to explore the properties of ceria for gate dielec-
tric applications in CMOS devices. Experimental details are
presented in the second section and the results are discussed
in the third section of the paper whereas the fourth section
concludes the paper.

2. Experimental

Sol-gel derived CeO, films were deposited on commer-
cially available p-type Si (1 0 0) wafers with resistivity
~10-20 Q-cm. The silicon substrates were cleaned using
trichloro-ethylene (Himedia), acetone and methanol with
Smin heat treatment, respectively, followed by rinse in
deionized water (DI). Ceria sol was prepared by dissolv-
ing 2.5 g cerium chloride heptahydrate (CeCls-7H,0O, make-
Himedia) as source of ceria in 30 ml ethanol, followed by the
addition of citric acid (Fisher Scientific) precursor in 1:1-0
mole ratio. Then solution was spin coated (Milman-2000S)
at a spinning speed of 6000 rpm for 30 s on Si. These spin-
coated films were heat treated for Smin in air in an elec-
tric furnace at 400 °C. The metal and substrate contacts were
formed by depositing aluminum metal using the thermal
evaporation (Hind-HIVAC) system for MOS capacitor fabri-
cation. The native oxide at the backside of Si was removed
by the hydrofluoric acid followed by rinsing in deionized
water and then the bulk contact of Al was formed by using
thermal evaporation system at the backside of Si. The elec-
trical connections are taken from top metal electrode and
backside substrate contact. The deposited films were cha-
racterized by ellipsometer (Philips SD-1000), Fourier trans-
form infrared spectroscopy (FTIR) and X-ray diffraction.
Capacitance—voltage (C—V') and conductance—voltage (G-V)
measurements have been carried out using (Agilent 4284 A)
LCR meter. Electrical dielectric constant and density of inter-
face traps (Djy) have been determined with the help of C-V
and G-V curves.

2.1 MOS structure

The MOS capacitor structure is shown in figure 1(a), it con-
sists of metal-oxide—semiconductor regions. Electrical con-
tacts are made to the metal gate and the back contact to
the semiconductor. Accumulation occurs typically for nega-
tive voltages (p-Si substrate), where the negative charge
on the gate attracts holes from the substrate to the oxide—
semiconductor interface. Depletion occurs for positive volta-
ges; the positive charge on the gate pushes the mobile holes
into the substrate, thereby depleting the semiconductor of the
mobile carriers and leaving a negative charge in the space
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Figure 1. a. Cross section of MOS capacitor structure and

b. C-V characteristics of MOS structure at high frequencies.

charge region which is due to the ionized acceptor ions. The
voltage separating the accumulation and depletion regime is
referred to as the flatband voltage as shown in figure 1(b).
Inversion occurs at more positive voltages which are larger
than the threshold voltage. In addition to the depletion layer
charge, a negatively charged inversion layer forms at the
oxide—semiconductor interface.

2.2 Concept of equivalent oxide thickness (EOT)

The gate oxide thickness required for good MOSFET control
actually depends on the capacitance of the film. Capacitance
is given by

C = keoAftox. (M

where k is the dielectric constant, A the area and 7, the
thickness.

Silicon dioxide (SiO,) has a k value of 39, if an alternate
material could be found with a higher k value, then the same
capacitance per unit area A could be achieved with a physi-
cally thicker film and potentially lower leakage. Comparison
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Figure 2. Comparison of gate dielectrics used in transistor gate stacks. Both
structures result in same gate stack capacitance.
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Figure 3. FTIR spectra of CeO, film annealed at 400 °C.

of various films and thickness that would result is done using
the concept of equivalent oxide thickness (EOT) (figure 2).
EOT is given by:

EOT = (kSiOZtox)/kx s 2)

where ky is the k value for the film of interest, 7. the physical
thickness of the film of interest and ks;o, the k value of silicon
dioxide. From (2), a film with a k value of 7 could be almost
twice as thick as a silicon dioxide film with a k of 3-9 and
still have the same control over MOSFET.

3. Results and discussion

3.1 Ellipsometer

Thickness and refractive index of the cerium dioxide thin
film are measured with ellipsometer (Philips SD1000) at
the visible wavelength of 632-8 nm using single point mea-
surement technique. The measured average value of physi-
cal thickness is 5-56nm and refractive index is 2-18. The
EOT determined for deposited film is 1-14 nm. The measured
value of refractive index is comparable to the (2-13-2-33)
reported by Quah er al (2010) for CeO, deposited by the
metal—organic decomposition method (MOD).

3.2 Fourier transform infrared spectroscopy (FTIR)

Figure 3 shows FTIR spectra of the deposited cerium oxide
thin film. The FTIR analysis was carried out to obtain infor-
mation about chemical bonding characteristics. The spec-
trum is shown in the range of 400-1200 cm™!. The spectrum
shows the existence of both Ce- and Si-oxide phases. The
peaks from 500-800cm™! are due to the presence of Ce—O
bond (Wang et al 2001). In the present spectra of the film,
peak at 647-43 cm~! is corresponding to Ce—O bond, the Si—
O bond appears at 1062-30cm™' and the broad O-H bond
has been detected at 3381 cm™! (not shown) which may be
due to the presence of moisture, however, it can be reduced
by annealing the deposited CeO; films at higher annealing
temperatures. The presence of Si—O bond shows existence of
interfacial SiO, between Si substrate and CeO,.

3.3 XRD

The crystal structure of the film is verified with X-ray diffrac-
tion (XRD). Figure 4 shows XRD spectra of CeO, film
annealed at 400 °C. Mixed phase of CeO, peaks with JCPDS
card no. 034-0394 and 44-1001 were detected. Three diffrac-
tion peaks, which were ascribed to cubic phases of CeO,,
were detected at (2 0 0), (2 2 0) and (3 1 1) and one



262

(112)

(200)

Intensity (a.u.)

(220) (311)

20 30 40 50
20 (degree)

Figure 4. XRD spectra of CeO; film annealed at 400 °C.
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Figure 5. C-V characteristics of Al/CeO,/Si MOS capacitor.

diffraction peak which was ascribed to hexagonal phase of
CeO, was detected at (1 1 2). These peaks are in well agree-
ment with the CeO, films deposited by MOD (Quah et al
2010). Diffraction plane of (1 1 2) reveals the maximum peak
intensity as compared to other peaks. Hence it is considered
that a preferred oriented (1 1 2) plane is produced.

3.4 C-Vand G-V characteristics

Al/CeO,/p-Si MOS capacitor was characterized by the
Agilent 4284A LCR meter for the measurements of elec-
trical properties of the fabricated MOS structure at dif-
ferent frequencies. A typical C-V characteristics curve
of MOS structure is shown in figure 5. The dispersion
observed in the accumulation region is due to the sub-
strate series resistance, Ry, which mainly affects the high-
frequency C—V curve. The C-V curves are corrected for the
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Figure 6. G-V characteristics of Al/CeO;/Si MOS capacitor.

determination of the dielectric constant (Wu et al 2006). The
dielectric constant determined from accumulation capaci-
tance of C—V curve obtained at measurement frequency of
1 MHz is 18-92. The determined k value appears to be lower
than the expected may be due to the growth of undesired
SiO, interface layer at the CeO,/p-Si interface upon high
temperature treatment in an open air as observed in the FTIR
spectra. The value of equivalent oxide thickness using dielec-
tric constant of 18-92 and electrode area of 3-14 x 10~*cm?
is calculated as 1-14nm. There is a slightly negative shift
(0-3-0-5 V) in the flat-band voltage (Vgg) observed from fig-
ure 5 due to the presence of positive effective oxide charges
(Qefr) located in CeO; thin film. The Q. is found by using
(3) and thus calculated as 7-69 x 10'>cm~2 (Cheong et
al 2008). The conductance—voltage (G—V) measurement as
shown in figure 6, was employed to investigate the density
of trapped charges at the CeO,/Si interface. The density
of trapped charges (Dj;) calculated from the Hill-Coleman
method (Oulachgar et al 2007) using (4). The obtained values
of Dy at 1 MHz, 500 and 10 kHz are 1-40 x 103 eV~ cm~2,
2:00 x 10 eV-cm 2 and 7-37 x 102eV-!ecm—2, respec-
tively which can be further minimized by annealing the films
in different ambient at higher temperatures. The obtained Dj
value appears to be higher as compared with others (Quah
et al 2010, ~ 2.5 x 102 eV~ cm™2) which may be due to
the trapping of charges in SiO, interfacial layer observed in
the FTIR spectra.

A VFB Cox
= — % 3
Qeﬁ qA ( )
where C,x is the oxide capacitance, g the electronic charge,
A the electrode area and A Vg the flat band voltage shift.
_ 2a)C§XGmlX
gA{G2yy + 0 [Cox — Cin(Gma) P}

“

D;

where Cy, is the maximum capacitance, G,x the maximum
conductance and w the frequency.
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4. Conclusions

In this work, CeO, thin film having a thickness of 5-56 nm
was successfully deposited by the sol-gel technique on
p-Si substrate. The dielectric constant value of the deposited
CeO; film is 18-92 and an equivalent oxide thickness is
1-14nm. The dielectric constant is observed to be lower
than its ideal (~26) value due to the growth of low-k inter-
facial layer of SiO, as seen in FTIR spectra. The FTIR spec-
tra confirms the deposition of CeO, film. CV measurement
showed negative shift in flat-band voltage and positive effec-
tive oxide charges. The value of Q. determined to be 7-69 x
10'2 cm—2. From the aforementioned observations, deposited
CeO; thin films on p-Si can be promising alternative gate
dielectric candidate for application in CMOS technology due
to its higher dielectric constant and lower EOT.
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