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1, ABSTRACT/SUMMARY OF REPORT

In this project, lanthanum cerium oxide (LayCe;<O;) was studied for two properties,
which serve as a metal reactive éxide with catalytic behaviour for metal-oxide-semiconductor
(MOS) based field effect gas sensor and a passivation layer possessing insulating behaviour
in MOS based devices. To address these two properties, investigation was carried out by
depositing the oxide on Si and 4H-SiC substrates and varying the post-deposition annealing
temperature (400-1000°C), post-deposition annealing time (15-120 min), post-deposition
annealing ambient (Ar, Oz, N;, 95%N,y-H,), spin-coating rate (3000, 4000, 5000 rpm), and
mo}ér ratio of La:Ce (1:1, 1:0.75, 1:0.50, 1:0.25, 1:0) in LayCe;,O,. Catalytic behaviour was
successfully revealed through the addressing of carbon removal from the La,Ce;.xO,/4H-SiC
interface, uncontrolled growth of SiOy interfacial layer thickness at LayCe;Q,/Si interface,
and catalytic oxidation of the 4H-SiC substrate surface starting from temperature as low as
400°C. Related mechanism has been proposed, demonstrated, and discussed in this project.
The presence of catalytic behaviour in La,Ce; O, was due to the redox characteristics of
cerium cation in the oxide, which involves frequent exchange between the lattice oxygen and
gas phase oxygen. Redox in LaCe;.4O, eventually formed oxygen vacancies as active sites
for detection of gas molecules from the ambient, Sensing performance of Al/La,CerO,/Si
and Al/La,Ce,..0,4H-SiC was studied and demonstrated. Higher the presence of oxygen
vacancies in the structure, greater sensitivity was gained. In addition, to address LayCe O, as
a passivation layer in MOS based devices, electrical studies in terms of leakage current
density-gate voltage and capacitance-gate voltage characteristics was carried out. La,Ce; <O,

was a potential high dielectric constant (k) oxide due to the yield of high value of dielectric



constant as weli as low leakage current density and high treakdov o voltage comparable with

other reported high & oxides deposited on either 81 or 4H-S8iC substrates,

2, Introduction

Recent development in gas sensors has gradually eliminated the tedious conventional
analytical instruments, which include mass spectrometer, NMR and chromatography for the
sake of the complexity, cost, and size. Sensing technelogy has then switched to using the
solid-state field effect metal-oxide-semiconductor (MOS) gas sensors. Among the advantages
include smaller size, high sensitivity, and low cost. Numerous researches have shown that a
characteristic of solid-state field effect MOS gas sensors depend on the gate electrode and
gate oxide. To-date, palladium, platinum, and nickel have been widely used as the gate
electrode in field-effect MOS gas sensors due to the ability of these electrodes to absorb and
dissolve the analyte gas. Silver gate has been also utilized as the potential gas electrode due
to the high affinity to oxygen. Similarly to silver, aluminium may perform well as a gate
electrode. This has been demonstrated in recent work by M. T. Soo et. al.

Various materials deposited in the form of thick or thin films, are used as the gate
oxide in MOS gas sensors, Preliminary studies have been using Si0, as the gate oxide.
Nonetheless, the lacking of catalytic behaviour in SiO; may hamper the gas sensing
capability of the MOS gas sensors. Newer development has substituted Si0O; with high & gate
oxides, such as ZnO and SnO,, which are adsorptive and could demonstrate better catalytic
behaviour. The analyte gas molecules are first dissociated on the gate electrode surface into
atomic gas. Subsequently, the atomic gas diffuses through the electrode and adsorbed at the
gate oxide surface. Catalytic behaviour of high & gate oxides may further dissociaie the
atomic gas. The atoms polarize and give rise to a dipole layer, which in turn will change the

work function of the gate electiode.



The selection of a suitable high & gate oxide has never been an easy job because it
needs to fulfill many requirements, which are comprised of sensitivity, selectivity, and
stability in order to achieve long term performance. More fundamental studies are required in
order to understand the nature of the gas sensing effect of the high % gate oxide. Nevertheless,
present paper is not intended to include exhaustive review of high & gate oxides that have
been used as gas sensing material in field-effect MOS gas sensors.

Ce0, has attracted considerable attention due to its reversible transformation of Cce*
to Ce’™ states (redox cycle) that involves oxygen exchange between gas phase O, and lattice
oxyzen. The onset temperature for oxygen exchange in CeO, was reported to happen at
600°C, meaning that redox cycle initiates at 600°C. In CeO,, the highly mobile oxygen
anions in octahedral sites of CeO, lattice would release from the lattice and form gas phase
O,. leaving oxygen vacancies in the lattice. Formation of these oxygen vacancies is
accompanied by transformation of Ce*™ to Ce®*. Re-oxidation of Ce®* to Ce** may happen,
favourably in the spacious octahedral sites, wherein the O, that has been released would fill
the oxygen vacancies, leading to reversed transformation of Ce’ to Ce™. Apart of these,
CeO, has been widely investigated as a high & gate oxide on 8i, GaN, and 4H-SiC substrates.
This is attributed to the high £ value (4= 26) and large band gap of CeO; (6 eV).

Introduction of an aliovalent cation into Ce(O, lattice may improve the redox property
of Ce0,. The trivalent jon, lanthanum (La’") has been recently introduced into CeQ; lattice to
form lamhanum cerium oxide (La.Ce.O,). Addition of La’" alters the CeQ, structure by
introducing more oxygen vacancies in Ce(; lattice, which increases oxygen exchange and
thus favors the redox cycle. Previous literatures reported that a decrease in the onset
temperature of oxygen exchange from 600°C to 400°C was reported after the addition of La**
into CeQ,. In addition, amount of Ce* that can be reduced is enhanced in La>*-doped CeOn.

It has been reported that reduction profile of CeO; demonstrated two reduction peaks, which
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corresponds to surface and bulk reduction, happening respectively at 429°C and 787°C.
Addition of La”™* into CeQ, enhances reducibility of Ce'™ to Ce®" by decreasing the onset
temperature of bulk reduction to a temperature closer to that of surface reduction. Therefore,
addition of La** into CeQ; increases amount of oxygen exchange and amount of Ce'* that can
be reduced via the introduction of more oxygen vacancies in the lattice.

Furthermore, addition of La;O3 into CeO; was anticipated to improve the £ of the
oxide because of the high dielectric polarizability of La®" in La,Os. It was reported that they
are having a & value of 22-27 for LaAlO; when compared with AlOs (k= 8-10) and an
increment of & value for HfO,; and ZrO; (k= 20-25) to 38-39 for LaHfO7 and La.Zr,04.
Enhancement of & is also obtained for Lu.O; from 16 to 32 for LaLuOs.

Up-to date, LayCe ., O, has been known for its functions as a thermal barrier coating
material, three-way-automotive catalyst, and surrogate material for uranium oxide. Besides. it
has been also used as a buffer layer in the development of coated Ni-W conductor.
Nevertheless, the application of La,Ce.,O; as a metal reactive oxide material and/or high &
oxide in"MOS based devices has yet to be explored. Therefore, this project aims to

investigate La,Cey.xOzin terms of its catalytic and insulating properties.

3. Methodology
The lanthanum cerium oxide precursor was prepared as follows. Lanthanum nitrate
(Aldrich) and cerium (III) acetylacetonate hydraie (Aldrich) were used as the stariing
materials. Initially, small amount of cerium acetylacetonate hydrate powder was dissolved in
3 ml of methanol (J. T. Baker, Analytical grade), followed by an addition of a few drops of
acetic acid (J. T. Baker, CMOS grade) to obtain & 0.25 M cerfum-containing precursor
solution. The mixture was then stirred continuously for 15 min. The lanthanum nitrate

powder was converted to lanthanum acetylacetonate by dissolving an appropriate amount of



the powder 1 acetyiacetone 10 make up lanthanum-containmg precursor soiution. similarly,
this solution was continuously stirred for 15 min and subsequently added to the cerium
containing precursor solution and stirred for another 15min. After a homogeneous mixture
was produced, it was then refluxed for 2 h. The resulting lanthanum cerium oxide precursor
was allowed to cool prior to spin-coating on a 1-cm? cleaned n-type Si (100) and 4H-SiC
(0001) substrates. Then, the samples were inserted into a horizontal tube furnace for post-
deposition annealing with a heating rate of 5°C/min. The samples were then cooled down
slowly at a rate of 5°C/min. In order to fabricate the MOS structures, aluminum (Al) was
gvaporated on the La.Ce;. O, using thermal evaporator (AUTO 306). Then, an array of Al
gate electrodes (area= 0.0025 cm®) was defined using photolithography process.
Subsequently, the back of the substrates was coated with a layer of Al Thereafter,
capacitance-voltage (C-F) and cwrent-voltage (/) characteristics of the metal-oxide-
semiconductor (MOS) test structure were tested using inductance-capacitance-resistance
(LCR) meter (Agilent 4248A) and semiconductor parameter analyzer (Agilent 4156C),

respectively.
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{a) Effects of post-deposition annealing temperature (400-1000°C)
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Fig. 1 Typical high frequency capacitance-voltage (C-17) curves of samples annealed at
different annealing temperatures (400-1000°C) for a 15 minutes dwell time. An ideal C-V
curve is indicated by a dashed-line and a vertical solid line indicates the T'ra. Inset shows the
relationship between effective oxide charges and annealing temperature. The error bars

indicate the maximum, average, and minimum values of the investigated parameters.
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Fig. 2 Leakage cwrent density-gate voltage characteristics of Al/LacCe O,/S1 MOS

capacitor at different annealing temperatures (400-1000°C) for 15 minutes,

(&) Protective Carfion

Fig. 3 Cross sectional high resolution transmission electron microscopy images of sample

annealed at 1000°C for 15 minutes.



() Effects of post-deposition annealing time (15, 30, 60, 128 min)
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Fig. 4 Typical high frequency capacitance-voltage (C-1) curves of samples annealed at
1000°C for different annealing time (15-120 minutes). Inset shows the relationship between

effective oxide charges in error bars with annealing time.
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Fig. 5 Leakage current density-gate voltage characteristics of Al/LaCe(0,/Si MOS

capacitor at different annealing time (15-120 minutes) for the 1000°C-annealed sample.

Fig. 6 Cross sectional high resolution transmission electron microscopy images of sample

annealed at 1000°C for 120 minutes,



{c} Effects of spin voating rafes (3000, 4004, 5000 rpm)
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Fig. 7 High frequency capacitance-voltage (C-1’) curves and effective oxide charges (inset) of’
interface trap density (inset) of samples spin-coated at different spin coating rates (3000-5000

rpIm).
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Fig. 8 Leakage current density-gate voltage (J-Vg) characteristics of samples spin-coated at

different spin coating rates.



{(d) Effects of molar ratios of La:Ce (1:1, 1:0.75, 1:0.50, 1:0.25)
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Fig. 9 Capacitance-gate voltage characteristics of Al/La,Ce;0,/Si samples prepared using

0.25:1, 0.50:1, 0.75:1, and 1:1 molar ratios.
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Fig. 10 Current densities-gate voltage (J-1) behaviors of Al/LaCe;0O,/Si structure with

dgifferent molar ratios of La:Ce
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of molar ratio,

Fig. 12 Atomic force microscopy surface topography of LayCe O, film in (a) 0.25:1. (b)

0.50:1, {c) 0.75:1, and (d) 1:1 molar ratios.



fe) Sensing performaence of Al/LaCe . O,/8i struciure
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Fig. 13 Current-time (/-f) characteristics of Al/LayCe;.,0,/Si as a function of (a) 0.25:1, (b)

0.50:1, () 0.75:1, and (d) 1:1 molar ratios.



(I¥)  Deposition of La,Ce. O, on 45-5iC substrate

{(a) Effects of post-deposition annealing temperature (400-1000°C)
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Fig., 1 Cross sectional high resolution transmission electron microscopy (HRTEM) bright
field [(a)-(d)] and high-annular angle dark field (HAADF) [(e)-(h)] images of samples
annealed at 400°C [(a) and (e)], 600°C [(b) and ()], 800°C [(¢) and (). arnd 1000°C [(d) and

].
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Fig. 2 XPS depth profiles of samples annealed at (a) 400°C, (b) 600°C, (¢) 800°C, and (d)

1006°C.
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Fig. 3 High frequency (1 MHz) capacitance-voltage characteristics of samples annealed from

4011 to 1000°C.
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to 1000°C.

(b) Effects of post-deposition annealing time (15, 30, 60, 120 min)
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Fig. 5 XPS depth profiles of samples annealed at T000°C for (2) 15 min, (b) 30 min, (c) 60

min, and (d) 120 min.
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Fig. 6 Schematic diagram showing (a) intrinsic oxygen vacancies, (b) oxygen vacancies after
addition of L33+, and (¢) corresponding LaCe <O, solid solution. Solid arrows indicate
outward diffusing O, while dashed arrows indicate inward diffusing O, and/or absorbed

oxygen atoms.

{(¢c) Effects of molar ratios of La:Ce (1:1, 1:0.75, 1:0.50, 1:0.25) 21 covuy

£y

(d) Effects of post-deposition annealing ambient (Ar, Oy N3 95%N-H)) <+

(2) Sensing performance of Al/LaCey O/4H-SiC structure <3 ovin;



5. DISCUSSION

Both the catalytic and insulating propertics of La.Ce O, as metal recetive oxide and
high dielectric constant oxide have been successfuliy addressed, respectiveiy in this proiect, It
was deduced that amount of oxygen vacancies present n La.Ce O, was enhanced
significantly as a result of substitution of Ce™ cation in Ce0, lattice by La™" cation. Apart
from the intrinsic oxygen vacancies in C'eO,, two additional oxygen vacancies will be formed
upon substitution of Ce™* in CeO, by La®*. Substitution of one Ce** cation by one La’™ cation
gives rise to one oxygen vacancy and the adjacent Ce*" cation is reduced to Ce®". Charge
balance is accomplished by creating one oxygen vacancy when two adjacent Ce** cations are
reduced to Ce**. The formation of oxygen vacancies is due to the removal of the oxyuen
anion (O%) from its position in the CeQ, lattice when La’™ takes the place of Ce**. The
displaced Ce*” will reside at the interstitial site, forming Ce® interstitials. The floating O
anions, which carry two electrons, tend to donate the two electrons and form oxygen gas (O:).
The two electrons will be consumed by neighbouring Ce*" to reduce to Ce*". The resulting O,
will either diffuse outward to the film surfsce or inward to the oxide-4H-SiC interface. O,
that is diffusing outward will be re-captured by LayCe;..O, because LaCe O, itself can act
as a catalyst. Similarly when LayCe 40, is utilized in MOS gas sensors and exposed to O- as
the sensing gas, the O- gas molecules will be captured by LaCe..O,. This is because the
presence of oxygen vacancies in La,Ce;.zO, may act as the active sites for the absorption of
O,. Chemisorption happens when the O, are absorbed to atomic oxygen species. In addition,
the presence of oxygen vacancies in the lattice favours migration of neighbouring O%. This
has enhanced the oxygen mobility in the oxide. Meanwhile, filling of oxygen vacanlcies can
also happen. in which some of the atomic oxygzen species will combine with the oxyzen

vacancies. This filling process will cause the adjacent Ce® to re-oxidize buck to Ce**. Re-
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nm) than Ce™™ (0.110 nm), and thus decrease the cryswllite size of La,Cey..0, in this work.
Electrical performance of La.Ce,. O, as the high dielectric constant gate oxide and
sensing behaviours of LayCe, O, as the metal reactive oxide in MOS based structures has
been studied in this project. Nevertheless, in current stage, conduction mechanism that may
influence both the electrical and sensing behaviours of the samples have not been extracted at
this moment because detailed study in different types of conduction mechanisms are
pecessary and much time is required to calculate for different parameters that can be
exiracted from the different types of conduction mechanisms as well as to correlate the
respective mechanism with the electrical and sensing behaviours of the samples. In order to
perform this, we need to use computer software that can help us to fit the leakage current-gate
voltage curves with respective conduction mechanisms that were built up with mathematical
equations. This software ought to be purchased or else studies of conduction mechanism
cannot be undergone. However, with the limited budget leftover, alternative route is to be

looked for.
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7. Executive Summary
Objectives, which have been achieved included
(a) To study effects of post-deposition annealing (temperature, time, and ambient),
(b) To study effects of spin coating rate, and
(¢) To study effects of varying molar ratios
onto La,Ce.xO, have been successfully investigated in this project.
As a conclusion, results obtained from this project have justified the potential of utilizing
LayCe 0O, as a metal reactive oxide in MOS based gas sensor and also as a high dielectric

constant gate oxide material in MOS based devices.
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