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Abstract

The combination of W and SiC hamsany applicationssuch asa hot cell of a
thermionic=energy convertanuclear material antdigh temperature microelectrorscin
this study,a2um thick TiN film is introdued as aiffusion barrier between SiC and W
to avoid the intediffusion reactionat high temperatureThe effect of annealing
temperaturaen the surface morphology anahicrostructure of the TiN films studiedto
explore itshigh temperature ability. Then 500nm W films sputtered othe TiN film to
characterize the intafiffusion and stability of the W/TIN/SIC multilayer at 1T@by
XRD, Ramanspectroscopy and crosssectionalEDS mapping technique3he results
indicate that the W/TIN/SIC multilayes very stable even when heated at 1100°C for 25
hours.
Keywords:-TiN film; diffusion barrier layer; W film; SiC; interface stability
1. Intreduction

Silicon carbide §iC) is a refractory compound setonductor material that has
many unique and desirable electrical, mechanical, and chemical properties inbigting
melting=point, low density, good mechanical behavior, resistance to oxidation at high
temperatreand chemical inertness to corrosive media. In addition to its application in
highfpower electronic devicestivthe ability to operate at temperatures as high ag3600°
[1-3], SiC has several other high temperature applicatiocisading nuclear materig

[4-6], reinforced compositgF], andthe hot cellof thermionic energy converters [8-9].
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Tungsten (W) is one of the preferred ohmic contact meta&C for semiconductor
device applicationslue to its high melting poin{3400°C) high temperaturestability,
inherent=heat resistance, high thermal conductiagywell asexcellent corrosion and
abrasion_resistancgl0-11]. In the thermionic energy converter (TEC)Y is a good
candidatefor anemitter materialwith SiC asa passivationayer againstthe combustion
environment[8-9]. In high temperature gas cooled reactokTGRY, W has been
considered to play a protective role for SiC, which coulddetasanouter layeron the
tristructuratisotropic (TRISO) particles [12-13. Coating SiC withthe W outer layercan
improve the shielding effect, which allasvfor high burn up and enrichment without
degrading the TRISO partidg14]. Although the combination of W/SIC has many
applications; the inter-diffusion in SiC/W layers has been reported at elevated
temperature$10,17. A variety of brittle tungsten silicides and carbidesuch asw-,C,
WSi,, WsSi3 canform, leading to cracks and delamination upon thermal cycling.

TiN with alow electrical resistivity (several 10uQ.cm), good hardness and chemical
stability as well asa high melting point(>3000°C),is used successfullgs asuperhard
coating=for=drilling or cutting toolsdiffusion barrierand an adhesiompromoting layer
between Si@ dielectric and Cumetallizationlayers inthe micro-electronic industry15].

In this_study, TiN has beantrodued as an effective diffusion barrier between SiC and
W to avoid the intediffusion reaction under high temperatuiiéhe effect of annealing

on themicrostructure of TiN film and stability of the stacked structurd W/SiC was
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investigatedby scanning electron microscop$KEM), Ramanspectroscopy and Xay
diffraction (XRD) methods.
2. Experimental procedure

A 4H-SIC(0001)wafer (SiCrystal AG)with a thickness of 3530n wasused as the
substrate. Before usethe substrate wascleaned with acetone, isopropanol
UV/ozonecleaner HF solution and deionized wate¢équentially. Both the TiN and W
films were deposited usinga loadlocked 5kHz pulseddC sputter system witha
sputteretch capability (MRC 944 )Prior to depositiona presputter process was carried
out for 2 mintes tocleanthe contaminated surfacé the target. The power for the
pre-sputter process wask®/ andthe Ar pressure was 8mTorr. A sputichprocess was
performedwith a200W power and an Ar pressure of d&orr for 2 minutes to clean the
substrate.and enhance the adhesion between the film and the substrate. For the film
deposition, lhe basepressure was about 5%ifTorr and the working pressure wa8
mTorr.(Forthe TiN film deposition,a power of XW was appliedo the Ti targetand the
reactive sputtering was carried onta mixture gas of 25%M75%Ar. The substratevas
moved back and forth with a scan speed of 50cm/min to enhtngceniformity of the
film. The thickness of the TiN film was about 2 um. The TiN films were then placed in a
hot-wall tube furnace (Thermo Scientific Lindberg Blue M) that was evacuated tea bas
pressure of 30 mTorr. Annealing was domeder a constant flow of Ar at 500, 800 and

1100°C for 2 hoursThe W film was sputtered on the TiN film on 4C substrateA
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power of 1kW was appliedo the W target.The thickness of the W film was about 500
nm.

SEM=image wereacquired by a fieleemission SEMKEI Quanta 3D FEY which
combined_a fieleemission SEM column, a GEIB column (liquidmetal ion source),
and an. X-ray energydispersive spectrometry (EDS) column in one .todie cross
section otthe W/TiN/SIC multilayer was exposed &afF1B milling. Then the SEM image
and EDS mapping werebtainedin the same toolThe crystal structure of the film was
identified using an advanced-rdy diffractometer Bruker AXS D8 Discover GADD}J
which was operatedt 35kV/40mA with a Cold wavelength of 1.79ARaman spectra of
the samples were acquiredginga JYHoriba LabRAM spectrometer in backsedhg
configuration (excitation line: 632.817 nm, laser power at the sagpiaW, beam spot:
~1 pum).

3. Results and Discussion

The effecs of deposition process parameterand post annealing on the
microstructures and properties of TiN films deposited on Si ok SiDstrate with a
thickmessinshanometer scalbave beerextensively investigatefll5-17]. However, the
highestworking temperature for the multilayer W/TiN/SIC in this studgh®ve 100€C,
which_is much higher than thatised in traditional applications of TiN filmsin
microelectronicgnormally below 700°C). Thus, awide range of annealing temperature

(500-1100°C) was used for TiN films deposited on SiC substrate in this study. The effect
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of annealing temperature on the qmaitionandmicrostructureof TiN film onthe SiC
substratewas studiedfirstly, which is partcularly importantfor the high temperature
stability-ofsthe TiN diffusion barrier layer. Therthe W film was sputtered ahe TiN/SiC
bilayer to _explorehe microstructure, diffusion and stabiliof the multilayerW/TiN/SiC
annealed at100°C.

Far astandard powder TiN sample, there are four peaks dihe {11), (200), (220)
and (311) planes, respectively. Among them, the (200) plane has the highestyintensit
The (220) intensity is 45% of the (111) intensity in a powder diffractogram. Fig.wissho
the XRD patterns ofhe 2um thick TiN films as deposited and anneal@dhe peak at
20= 42.5°and 73.2°are attributed to(111) and (220) plarseof facecentered cubigfcc)
TiN ‘respectivelyThe data showhat there existstrong (111) preferredrystallographic
orientation;,whichwas commonly found fophysicatvapor depositediN thin films [18].
The preferred orientation of TiN films is determined by the competition between the
surface energwyndthe strain energyl9]. Different from monoatomicfcc crystals the
(111) plane in TiNcrystal with NaCitype fcc structurehas thelowest strain energy,
whereassthe (200) plane has the lowest surface enEngysurface energstays nearly
constant while the strain energy warwith the sputtering process parameters dihd
thickness [20]The increasing rate of the strain energy, whgkependent on the plane
(hkl), is larger on the (200) plane than on the (111) plane. In this study, the strain energy

bea@me dominant due to tHargefilm thicknessand high bombardmengnergy(2 kW)
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of the deposited particleandthe (111) preferred orientatiowas observedccording to
the energy minimization ruleFor the annealed TiN filnthe (111) diffraction peaksare
shifted from*26=42.5° to 42.95 which hasthe same variation trend as that reported by
other 21] This implies that the post annealingeduceshe lattce parameteof the TiN
film, which is probably attributed to owdiffusion of the implanted sputter gases and the
decrease afesidual strain and other defects. When tireealing temperaturis increased
from 500 to' 1100°C, the preferred orientatiodoesnot changebut the intensity of the
peakand the grain size increasd3oth he grain sizendlattice strain areestimaed using
WilliamsonHall method For the asleposited and annealed TiN films at 500, 800 and
1100°C, the grain sizeis about 17 27, 30 and 53nmwhile the strain was 0.397%,
0.228%, 0,148% and 0.096%&spectively.

Fig.2.(a) shows Raman spectra of theuéh TiN films annealed at different
temperaturs. The scatteringeaksn the acoustic range (~15800 cnt, TA and LA)and
the opfi@l range (400650 cn', TO and LO mainly resulted from Ti ion vibrations and
N ion #/ibrations, respectively2p-23]. The scattering at around 410 Enbetween the
acoustiesand optical modes is in a frequency range corresponding to 2TA ibdeX)5
cm™®) relatedto the stoichiometric defectsTo further analyze the Raman spectra of
TiN/SIC films, they were fitted at about 20810, 410, 550 and 670 ¢mwhich are
assigned to thdA mode LA mode, 2TA mode, TO mode and LO mode of TiN,

respectively 22, 24. Fig. 2 (b) shove the deconvolution results of the TiN/Sidm
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annealed a1100 ‘C. The Raman peak at k30 ' is assignedo the & mode of TiQ,
which meas that even in dry Ar environment the oxidation of TiN films could occur at
1100="C=in=our vacuum systemrlhe peak area ratmof LO and 2TA to LA at different
annealing temperatwsenere further estimate@ds shown in Fig (c). Asthe annealing
temperature increaddrom 800 to 1100C, the peak area ratio of LO to LA decredise
rapidly,.indicating replacement of nitrogen atomghe TiN matrix by oxygen atom<p).
The peak area ratio 2TIRA of the TiN/SiC film annealed &@100C was muchgreater
thanthat ofthe other samplesindicating that stoichiometric defects increhaéter high
temperature annealing4].

Fig. 3 shovs the surfacemicrographsof the TiN films deposited orthe 4H-SiC
substrateafter anmalng at tempertures between 508nd 1100 °Gor 1 h.It was found
thatgboth.the adeposited TiN film and thdilm annealed at 500C display a
homogenous craekee surface consisting @& large numbeof microparticlesHowever,
micro-cracks appear orthe TiN films annealed a800 and 1100C, which result fronthe
thermal mismatchthe sputtering residual stressesd shrinkage produced during
sintering=When the annealing temperature increased from 800 to 1100°C, the width of
some cracks increase@nd the microparticles agglomeratexhd were sintered into
smooth kocks. The EDS analysisvas carried out to determitiee elementatomposition
of the TiN films.The molar ratio of Ti/N from EDS resalfor the asleposited TiN film

and the ones annealed at 500, 800 and 1100°C was 1, 1.02, 1.05 anespéZtively.
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In order to explore the stability of W/TiN/SiC multilayarsder high temperatura
500nm thick Wfilm was sputtered on the-deposited or annealed TiN fisnThenall
the samplse-were annealed at 11@for 1hin a flow of Ar gas.The SEM images ahe
500nm Wsamples arshownin Fig.4 There areno cracks on the surfaxef W films
whether or not the TIN film was annealed at 500@enthe TiN filmswere
annealed at 800 and 1100°%@e cracks on the surface die W film aremuch smaller
than tlosein the TiN film. This is probably attributed to the W layer devefaphigh
compressive stresses on cooling from the deposition temperature teenadbermal
expansiorcoefficient ofW (4-6 ppm °C) is smaller tharthat of TiN (9.4 ppm°C™).

Fig.5 shovg XRD patterns of 500nm thick W filexdeposited on TiN/SiGnnealed
at 1100C for differenthours.The peak at @=47.1° b attributed tahe (110) plane of
o—W crystalrepresennhg athermodynamically stable phase wiibc configuration. The
W films have a strong (110) preferred orientation, whishin agreement with the results
of W film deposited on (100) and (111) Si subssd&6]. It was reported thahe (110)
planes hadthe smallest surface energlgan other grain plas for monoatomic bcc
crystals{27]. Theefore grainswill preferentiallygrow up in the <110> directiorNo
other peaksredetected evewhenthe W/TIN/SIC multilayelis annealed &100C for
25 heurs, which indicathat the multilayer shosihigh stabilityeven at 1100°C.

In order to observe the effect of thiN layeron the diffusion between W and Sa€

high temperaturehe cross sectigof the W/TiN/SIC multilayers annealed at 110C for
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25 hourswere expogd using FIB milling. Fig.6 showsthe crosssectioral imageand
EDS mapping of the WIN/SIC sampleannealed at 110CQ for 25 hoursfor which the
TiN filmeon=SiC substrate was annealed at®Dér 1h in a flow of argon before the W
film was, sputteredThere areno cracls for the W/TIN/SiC multilayer annealed at 13G0
for 25 ‘hours Additionally, thereis no elemerdl inter-diffusion between the interface of
WITIN and/ TiN/SIiC, which verifie that the TiN layer effectely preventedthe
formation ofthesilicidesor carbides

Fig.7 showsthe crosssectional imge and EDS mapping of the W/TBIC sample
annealed at 110Q for 25 hoursfor which the TiN film on SiC substrate was annealed at
1100°C far 1h before the W film was sputterdthe longitudinal cracks occurredn the
cross section o2 pm thick TiN film, whichis in agreement with the result in Fidd).
However;neither the W diffusion into the TiN cracks rtbe interdiffusion between the
WI/TiNwand TiN/SiC occurred for the W/TiIN /SIiC multilayannealed at100°Cfor 25
hours./This also confirnthe barrier effect of th&N layer on theinter-diffusion between
W and'SiC.
4. Conclusion

In_this sstudy,a 2 pm thick TiN film is introduced as the diffusion barrier layer
between SiC and W under high temperaurghe surface morphology and crystal
structure of the TiN filmannealed at different temperatsirmm a flow of Ar was

characterized by XRD, Ramaspectroscopyand SEM methods to explore its high
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temperature stabilityThe results indicate that the TiN film shewlll) preferred
orientation, whichbemmes stron@r with increasing the annealing temperatufée
cracks appeareoh thesurfaceof the TN film due to thermal mismatch between the TiN
film and SiC substrate when the annealing temperature was above 800°C. However, the
cracks occurrean the surface of theN/TiN/SIC multilayer only when the annealing
temperature was 1100°CThe stability of the W/TIN/SIiC multilayer at 1100°®@as
investigated by XRD, Ramaspectroscopynd crosssectional EDS mapping techniques.
The results /indicated that the introduction of TiN film between W ande8#&ctively
prevens the interdiffusion and improve the hgh temperature stabilitgf the W/SIC,
providing m@e opportunities forts use in high temperature applications.
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Figure and/or Table Caption List

Fig.1 XRD patterns of the 2um TiN films annealed at different temperature.

Fig.2 (@) Raman spectra of tlReim TiN films annealed at different temperature; (b)
Typical deconvolution spectrum of the TiN film annealed at 1100°C; (c)
Temperaturalependent peak area ratio of TiN/SIC Raman vibration mode (LO to LA and
2TAOLA).

Fig.3 SEM images of 2um TiN films aealed at different temperature. (a) As deposited;

(b) 500°C; (c)800°C (d)1100°C.
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Fig.4 SEM images of 500nm W films sputtered on the different TiN film whenaéethe
at 1100°C for 1hin a flow of Ar(a) As-deposited TiN film; (b) TiN film annealed at
500°C;(e)-TiN film annealed at 80C; (d) TiN film annealed at 1100°C

Fig. 5 XRDpatterns of 500nm thick W film deposited on TiN/SiC. (a) As deposited;
(b)Annealed at 1100°C for 1h; (c) Annealed at 1100°C for 25h.

Fig.6 Crosssectional SEM image and EDS mapping of the sample (W/ annealed TiN
film at'500°C/SiC) after annealed at 11@for 25h

Fig.7 Crosssectional SEM image and EDS mapping of the sample (W/ annealed TiN

film at’1100C/SiC) after annealed at 11@for 25h
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