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II. CO:\"TENTS OF REPORT 

1. ABSTRACT/SUMJ\1ARY OF REPORT 

In this project, lanthanum cerium oxide (LaxCe1.x07) was studied for two properties, 

which serve as a metal reactive oxide with catalytic behaviour for metal-oxide-semiconductor 

(MOS) based field effect gas sensor and a passivation layer possessing insulating behaviour 

in ).lOS 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 ( 400-1 000°C), post-deposition annealing time ( 15-120 min), post-deposition 

annealing ambient (Ar, 02, N2, 95~'<;:N'2wH2), spin-coating rate (3000, 4000, 5000 rpm), and 

molar ratio ofLa:Ce (1 :1, 1:0.75, 1:0.50, 1:0.25, 1 :0) in LaxCel-xOz. Catalytic behaviour was 

successfully revealed through the addressing of carbon removal from the LaxCel-xOz/4H-SiC 

interface, uncontrolled grm;v'th of SiOx interfacial layer thickness at LaxCel-xO)Si interface, 

and catalytic oxidati011 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 preseilCe of catalytic behaviour in La:..Cel-xOz 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 LaxCe1.x02 eventually fom1ed oxygen vacancies as active sites 

for detection of gas molecules from the ambient. Sensing perfom1ance of Al/LaxCe1.xO/Si 

and Al/La,Ce 1.,02 '4H-SiC was studied and demonstrated. Higher the presence of oxygen 

vacancies in the structure, greater sensitivity was gained. In addition, to address LaxCeJ-x02 as 

a passivation layer in MOS based devices, electrical studies in tem1s of leakage current 

density~gate voltage and capacitance~gate voltage characteristics was carried out. LaxCel-xOz 

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



constant as \VeL JS low leakage cun ~nt density a:nd hig.h h·eakdol,', r: voltage comrarable with 

other reported high k oxides depositeJ on either Si or -+H-SiC substrates. 

2. Introduction 

Recent development in gas sensors has gradually eliminated the tedious conventional 

analytical instruments, which include mass spec!rometer, '\.i~fR and chromatography for the 

sake of the complexity, cost, and size. Sensing technology has then s\vitched to using the 

solid-state field effect metal-oxide-semiconductor (:\'IOS) gas sensors. Among the advantage~ 

include smaller size, high sensitivity, and low cost. 'i\umerous researches have shown that a 

characteristic of solid-state tield 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. 111is has been demonstmted 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 Si02 as the gate oxjJe. 

Nonetheless. the lacking of catalytic behaviour in Si02 may hamper the gas sensing 

capability of the MOS gas sensors. :-Jewer development has substituted Si02 with high k gate 

oxides, such as ZnO and Sn02, which are adsorptive and COtlld demonstrate better catalytic 

behaviour. The analyte gas molecules are first dissocic:t.ed on the gate electrode surface into 

atomic gas. Subsequently, the ::ttomic gas ditiuses lhrmtg11 the electrode and adsorbed at the 

gJte oxide surfuce. Catalytic behaviour of high k gate oxides m::'ty fmiher dissociu<e the 

atomic gas. The atoms polarize and gi \'e rise to a dipole layer, which in turn v ill change the 

work function of the uate elcctwde. 
"' 



The selection of a suitable high k gate oxide has never 1Jeen an easy job because it 

needs to fulfill many requirements, vvhich are comprised of sensitivity, selectivity) and 

stability in order to achieve long tenn perfonnance. ~'fore fundamental studies are required in 

order to understand the natme of the gas sensing effect of the high k gate oxide. Nevertheless, 

present paper is not intended to include exhaustive review of high k gate oxides that have 

been used as gas sensing material in t1eld-effect MOS gas sensors. 

Ce02 has attracted considerable attention due to its reversible transfommtion of Ce4
+ 

to Ce3 
... states (redox cycle) that invohes oxygen exchange between gas phase 0 2 and lattice 

oxygen. The onset temperature for oxygen exchange ln Ce02 was reported to happen at 

600°C, meaning that redox cycle initiates at 600°C. In Ce02, the highly mobile oxygen 

anions in octahedral sites of Ce02 lattice would release from the lattice and fon11 gas phase 

0 2, !eJxing oxygen vacancies in tl1e lattice. Formation of these oxygen vacancies is 

accompanied by transformation of Ce4
·
7 to Ce3+. Re-oxidation of Ce3

+ to Ce4
+ may happen, 

favourably in the spacious octahedral sites, wherein the 02 that has been released would fill 

the oxygen vacancies, leading to reversed transformation of Ce3+ to Ce4+. Apart of these, 

Ce02 has been widely investigated as a high k gate oxide on Sij GaN, and 4H-SiC substrates. 

This is attributed to the high k value lk= 26) and large band gap of Ce02 (6 eV). 

Introduction of ::m Jliovalent cation into Ce02 lattice may improve the redox property 

of Ce02• The trivalent ion, lanthanum (La3+) has been recently introduced into Ce02 lattice to 

form Jamhamm1 cerium oxide (La:-:Cet.x0z). Addition of La3
+ alters the Ce02 structure by 

introducing more oxygen vacancies in Ce02 lattice, which increases oxygen exchange and 

thus fayors 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 La3
+ 

into Ce02. In addition, amount of Ce4
+ that can be reduced is enhanced in La3+-doped Ce02. 

lt has been reported that reduction profile of Ce02 demonstrated two reduction peaks, which 



corresponds to surface and bulk reduction, ll~ippenlng re~:,ectively ot 429°C and 787°C. 

Addition of La·H into Ce02 enhances reducibility of Ce4
+ to Ce3

+ by decreasing the onset 

temperature of bulk reduction tv a temperature closer to tkt of surface reduction. Therefor;;, 

;;1dclition of La3
+ into Ce02 increases amount of oxygen e~-~change :mel amount of Ce : .. that can 

be reduced via the introclu.::tion of more oxygen vacancies in the 1Jttice. 

Furthermore, addition of La203 into Ce02 was anticipated to improve the !, of the 

oxide because of the high dielectric polarizability of La3+ in La20 3. It \Yas repmied tbat they 

are having a k value of 22-27 for LaAl03 when compared with Ah03 (k= 8-1 0) and an 

increment of k value for Hf02 and Zr02 (k= 20--25) to 38-39 for La::I-If207 and La2Zr20 7. 

Enhancement of k is also obtained for Lu::03 from 16 to 32 for LaLu03. 

Up-to date, LaxCe 1-xOz has been knov;n for its functions as a them1al 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 J\~-W conductor. 

Nevertheless, the application of LaxCel·xOz as a metal reactiYe oxide material and/or high k 

OXide in' \lfQS based devices has yet to be explored. 111erefore. tl1is project :Jims to 

investigate LaxCeJ.xOz in tenns of its catalytic and insulating properties. 

3. Methodology 

The lanthanum cerium oxide precursor was prepared as follows. Lanthanum nitrate 

(Aldrich) and cerium (III) acetylacetonate hyJrme (Aldrich) were used as the st2 . .rting 

materials. Initially, small amount of cerium Jcetylacetonate hydr~:te powder was dissolved in 

3 ml of methanol (J. T. Baker, Anal;, tical grade), followed by an addition of a few drops of 

acetic acid (J. T. Baker, CMOS grade) to obtain ~ 0.:5 \ti cerim1h.:ontaining precursor 

solution. Tlle mixture was the:1 stined continuo:J.sly tor 15 111in. The ]anthanum nitrate 

powder WJ.S conve1iecl to lanthanum ace!ylacetonate by dissolving an appropriate amount of 



me powaer m acetylacetone to malce up lantl1anum-containing precursor solution. Similarly, 

thi.s solution w:.1.s 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-cm2 cleaned n-type Si (1 00) and 4H-SiC 

(0001) substrates. Then, the samples were insetted into a horizontal tube ftm1ace 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 

evaporated on the La-..;Cel-\0, using them1al evaporator (AUTO 306). Then, an array of AI 

gate electrodes (area= 0.0025 cm2
) was defined using photolithography process. 

Subsequently, the back of the substrates was coated with a layer of AL Thereafter, 

capacitance-voltage (C-f) ~md cunent-voltage (J-f) 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. 



4. Results 

(I) Deposition of LaxCe1.xO:t on Si substrate 

(a) Effects o.fpost-deposition annealing temperature (400-100{)°C) 
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:Fig. 1 Typical high frequency capacitance-Yoltdge (C-J) curves of snmples annealed at 

different annealing temperatures ( 400-1000 C) for a 15 minutes dv.:dl time. An ideal C- V 

curve is indicated by a d;.lshed-line and a vertical solid line indicates the J r3 . Inset shows the 

relationship betv. cen effective oxide charges and annealing temperature. The enor bars 

indicate the ma.'S:imum, average, and minimum values of the investigated parameters. 

1e·9 
I 

te-10 '----..L....-----'------------1 
0 'lO iS 20 

Gate Voltage, V g (V) 



Fig. 2 Leakage current density~gate voltage characteristics of Al/L::t:.:Ce 1.:-;07/Si MOS 

eapacitor at different annealing tempentures (400-1 000°C) for 15 minutes. 

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

annealed at 1 OOO"C for 15 minutes. 



(b) 1:.-J.fects ofpost~depusition annealing time (15, 30! 60, 120 min) 
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Fig. 4 Typical high frequency capacitance-voltage (C-f) cmTes of samples annealed at 

l000°C for different annealing time (15~ 120 minutes). Inset s1;oYvs the relationship between 

effective oxide charges in enor bars with ::mnealing time. 
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F'ig. 5 Leakage current density-gate voltage characteristics of Al/La.-;Ce 1.x0z/Sl MOS 

capacitor at different annealing time (15-120 minutc;s) for the 1000°C-unnealed sample. 

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

annealed at 1 ooooc for 120 minutes. 



(c) Effects of spin coating rm'es' (3000, 4000, 5000 rpm} 
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Fig. 7 High f1·equency capacitance-voltage (C-V) curves and effective oxide charges (inset) of 

interface trap density (inset) of samples spin-coated at different spin coating rates (3000-5000 

rpm). 
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Fig. 8 Leakage current density-gate voltage (J- Ji~) char~:..:teristics of samples spin-coated at 

different spin coating rates. 



(d) B.Yfects of molar ratios ofLa:Ce (1:1, 1:0.75, 1:0.50, 1:0.25) 
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F'ig. 9 Capacitance~gate voltage characteristics of Al/LaxCel·xOz/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·T) behaviors of A1/LaxCe1.xOz/Si structure ·with 

different molar ratios ofLa:Ce 
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Fig. 12 Atomic force microscopy surface topograph) of Li.xCe1.xOz film in (a) 0.25:1. (b) 

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



(e) Sensing peifonmmce ojA!/LaxCe1.xO.::'Si structure 
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0.50:1, (c) 0.75:1, and (d) 1:1 molar ratios. 



(H) Deposition of LaxCe1.,:0z on 4H-SiC substrate 

(a) Effects ofpost-deposition annealing ternperature (400~1000°C) 

Fig. 1 Cross sectional high resolution transmission electron microscopy (HRTEM) bright 

field [(aHd)] and high-annular angle dark .field (HAADF) [(e)-(h)] image« of samples 

annealed :~t 400°C [(a) and (e)], 600°C [(b) and (f)], 800°C [(c) and (g)]. cu:J. lOuooc [(d) and 

(h)]. 



Sputtering Time {s) Sputtering Time {s) 

Fig. 2 XPS depth profiles of samples am1ealed at (a) 400°C, (b) 600°C, (c) 800"C, and (d) 

1000 ·c. 
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to 1000°C. 

(b) Effects ofpost-deposition annealing time (15, 30, 60, 120 min) 
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(c) Effects of molar ratios of La:Ce (1:1, 1:0.75, 1:0.50, 1:0.25) On ;;ow;; 

(rl) Effects of post-deposition annealing ambient (Ar, 02, N21 95~~NrH2) un 

(e) Sensing performance of Al/LaxCei-x0/4H-SiC structure :..·· 



5. DISCUSSIO~ 

Both the catalytic and insulating rropertics of L~l Cer~xOL JS n1etal r~~:ctive oxide anJ 

high dielectric constant oxide have been successfuliy addressed. respecti'l dy in this project I1 

was deduced that amount of oxygen vacancies present b La,Cet~.,Ot: was enh::mced 

significantly as a result of substitution pf Ce4
+ cation in Ce02 lattice by LaJ+ cation. Apart 

from the intrinsic oxygen vacancies in C-c02, two additional oxygen vacancies will be fonned 

upon substitution of ce·1+ in Ce02 by La3
+. Subs1itntion of one Ce4 

... cation by one La3 ~· cation 

gives rise to one oxygen vacancy and the adjacent Ce4
"" cation is rcdu~ed to Ce3

+. Ch:::rgc 

balance is accomplished by creating one oxygen vacancy when two adjacent Ce4
+ cations .:tre 

reduced to Ce3
+. The formation of oxygen vacancies is due to the removal of the oxygen 

anion (02
") from its position in the Ce02 lattice when La3

+ takes the place of Ce4
+. The 

displaced Ce4
+ 'YVill reside at the interstitial site, forming Ce4

' interstJti.llS. The floating 0 2
" 

anions, which cany two electrons, tend to donate tl1e tvvo electrons and :torm oxygen gas (0: ). 

The two electrons will be consumed by neighbouring Ce4
+ to reduce to Ce3

+. The resulting 0 2 

\Vill either diffuse outward to the film suri'<lce or inward to the oxide-4H-SiC interface. 0 2 

that is diffusing outward will be re-captured by LaxCc 1 .. 0L because La.,Ce 1.x0z itself can act 

as a catalyst. Similarly when LaxCet-xOz is utilized in ::V10S gas sensors and exposed to 0: as 

the sensing gas, the 0::. gas molecules will be captured by LaxCe 1 ~\0z. This is bec:xuse the 

presence of oxygen vacancies in La" Ce1.x0z nuy act as the active sites for the absorption of 

02. Chemj::,orption happens when the 0 2 are absorbed to atomic oxygen species. In addition, 

the presence of oxygen vacancies in the lattice favours migration of neighbouring 0 2
•• This 

has enhanceJ the oxygen mobility i:1 the oxide. Metmwble, fill1ng of oxygen vacancies c::.n 

also happen, in which some of the atomic oxy:;en species will combine ·with the oxy;en 

vacancies. This fiiling process will caase the ~jjacent Ce3
+ to rc-oxidize b:1ck to Ce4+. Re~ 
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nm) than Ce3
+ (0.11 ,) :r:11), aDd thus decrease the crystallite size of La,Cet.:,Oz in this work. 

Electrical performance of La,:Ce;.x07 as the high dielectric constant gate oxide and 

sensing behaviours of LaxCe 1.xOz 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 

necessary and much time is required to calculate for different parameters that can be 

extracted from the different types of conduction mechanisms as well as to correlate the 

respective mechanism \Vith the electrical and sensing behaviours of the samples. In order to 

perfom1 this, we need to use computer software that can help us to fit the leakage current~gate 

Yoltage cmves vvith 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, altemative route is to be 

looked for. 
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7. Executive Summary 

Objectives, vvhich 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 

(c) To study effects of varying molar ratios 

onto LaxCe 1.x07. have been successfully investigated in this project. 

As a conclusion, results obtained fl-om this project have justified the potential of utilizing 

LaxCe1.x07 as a metal reactive oxide in ~fOS based gas sensor and also as a high dielectric 

constant gate oxide material in ?vi OS based devices. 
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