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Abstract

The sublimation-recondensation growth of titaniurtricre crystals with N/Ti ratio of
0.99 on tungsten substrates is reported. The graatehdependence on temperature and pressure
was determined, and the calculated activation gnergs 775.8+29.8kJ/mol. The lateral and
vertical growth rates changed with the time of gitoand the fraction of the tungsten substrate
surface covered. The orientation relationship idf [001) || W (001) with TiN [100] || W [110],
a 45 angle between TiN [100] and W [100], occurs ndidar TiN crystals deposited on (001)
textured tungsten but also for TiN crystals demakdn randomly orientated tungsten. This study
demonstrates that this preferred orientational tij¥lahip minimizes the lattice mismatch

between the TiN and tungsten.

Keywords: TiN, sublimation growth, tungsten substrate,\atton energy, orientation



Journal of Materials Science: Materials in Elecitenvolume 21, number 1, January 2010,
pp 78-87.

Introduction

Refractory transition metal nitrides such as ScM &N, are attractive candidates for
combining as layered structures or alloys with igail nitride and related group Il nitride
semiconductors, because they can have similacdattbnstants, share a common element and
exhibit dual properties characteristics of bothatext compounds and metals [1]. Usual [2]
studied the role of a TiN layer in GaN epitaxiabgth and crystal quality in a void-assisted
separation method. The small GaN islands that fdrorethe TiN nano-net in the beginning of
epitaxy have crystal facets that introduce disiocatbending and reduce the threading
dislocation density in the GaN layer. Thus, the Tayer separates the GaN layer from the
substrate and improves the crystal quality. Cheal [3] employed TiN as a reflective layer
between the GaN device layer and its silicon sabstr This improved the efficiency of GaN
light emitting diodes compared to those grown diyean silicon. More recently, Olivest al [4]
used a composite ZrN/AIN layer on silicon for sianipurposes. The ZrN reduced the light lost
by reflecting it away from the substrate and fémiéd electrical contact formation. Moratral
[5] investigated nitride layers of zirconium, hafm, niobium, chromium, and scandium on
silicon to block the threading of dislocations e tepitaxial gallium nitride. Scandium nitride
layers were the most effective at reducing the @elcation density to a minimum value of 3 x
107 cm-2. Bulk ScN crystals have also been prapasea substrate for gallium nitride, due to
its small lattice constant mismatch, -0.1% [6]. thRarmore, epitaxial growth of TiN was
investigated on Si and GaAs substrate [7]. Botkerdation relationships of TiN [001] || GaAs

[110] and TiN [110] || GaAs [L 10] have been found for TiN growth on GaAs (001).

In addition, titanium nitride is a major industriahaterial because of its excellent
properties, including abrasive wear resistance,dgdabricating characteristics and low
diffusivity. This latter characteristic makes igaod diffusion barrier between Si and Al, Si and
Ag, and Ti and Pt [8]. Titanium nitride belongsttee Fm3m space group and has a rock salt
structure (lattice constant 4.240 A), which is a@CFcrystal structure with all octahedral
interstitial positions occupied. TiNs stable in the composition range of §iNo TiN i, with
nitrogen atom vacancy concentrations up to 50 atémj8] The high melting point (2930°C) [9],
extreme hardness (2000kg/MrfiL0], good resistance to wear and corrosion, el as the high
phase stability (thermodynamic, metallurgical aihemical), of TiN results from the covalent
nature of the Ti-N bonds, and its rock salt crystalicture [11], while its relatively low thermal
conductivity (19.2 W/m-°C) [8], compared to Cu (A¥Im-°C) [12], AIN (285 W/m-°C) or GaN
(130 W/m-°C) [13], and low electrical resistivitp0+10 nQ-cm) [8] are from its metallic
characteristics.

Although physical vapor deposition methods aredsity employed to prepare TiN thin
films to ensure a low thermal budget [14], manyeotmethods have also been used including
chemical vapor deposition with TiChlnd NH [15] or TiCl-N2-H, mixtures [16], reactive
sputtering Ti metal in an Ar/Ngas mixture [17], evaporation and laser physieplor deposition.
To produce bulk crystals, sublimation growth, orfetlee physical vapor transport growth
methods, is an attractive approach, as it has higtosvth rates, morphological stability and is an
easily implemented process, and produces crystdls lawer defect density compared with
CVD growth. Sublimation growth has been most susfcdly employed to grow SiC [18] and
AIN [19] bulk single crystals.

In our previous study [20], we investigated the pihmiogy and crystallographic
orientation of TiN crystals grown by sublimation t@mperatures of 1820°C ~ 1920°C, and
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pressures of 0.2 atm ~ 1.2 atm. The TiN crystalsosiggd on W (001) exhibited a preferred
orientation of TiN (001) || W (001) and TiN [10Q]W [110], which resulted in a 45° angle
between TIN [100] and W [100]. Therefore, the otaion of TiN crystal growth is easily
controlled since W [100] is a common orientation rofled tungsten sheet, providing an
additional advantage for TiN crystal growth comp@arether materials grown by sublimation.

In this study, the sublimation growth of titaniuntrigle crystals on tungsten substrates is
reported in more detail. The TiN crystals oriertatis further studied not only on (001) textured
tungsten substrates, but also on non-(001) orethtgtandom) tungsten substrates. The
dependence of the growth rate on temperature asbyre was established and compared with
AIN sublimation growth under similar conditions. &factivation energy was also calculated
based on the change in the TiN growth rate withpenature. The elemental composition and the
N/Ti ratio before and after crystal growth of theusce materials were measured to see if there
were any significant variations in the TiN compmsitwith growth conditions. The morphology
of the TIiN crystals during different stages of gtbwwas studied to determine how their
characteristics changed with time. The overall dlowate was divided into two parts, the
vertical rate (perpendicular to the surface) andréd rate (parallel to the surface), and their
relationship with the overall growth rate, deperaenn the length of growth, and function on
crystal morphology were investigated and discussed.

Experimental

The TiN crystals were grown in a resistively-heatedgsten furnace using a tungsten
crucible within a tungsten retort to contain thtartium vapor. TiN crystals were deposited on a
tungsten foil (25 mm diameter) placed on the tophef crucible. The source, TiN powder with
oxygen as the main impurity, was sintered beforgstaf growth, to reduce the oxygen
concentration. The TiN powder source was sinterefirbt baking in a 5% hydrogen and 95%
argon gas mixture at 1000°C for about 2 hours, tieating in ultra pure nitrogen gas to 1900°C
for another 4 hours. Chemical analysis was perfdrofesome of the nonmetallic elements (C,N,
and O) in the TiN source to determine how theircemtrations were changed by sintering. The
elements’ concentrations in the TiN source beforé after this process were measured by the
gas fusion method. Before each growth, the sowa® again baked in 5% hydrogen and 95%
argon gas mixture at 1000 °C for about 1 hour tduce the surface oxide. The growth
temperature was measured by an optical pyrometrséa on the top of the retort, and a
temperature difference of approximately 50°C wastamed between the source zone and the
crystal growth zone. All the experiments were penfed in pure nitrogen, and the growth time
was varied from 30 minutes to 15 hours. The gromatie was investigated as a function of a
number of temperature (1980 - 2110 °C) and pregSudé - 1.25 atm) combinations

The overall growth rate, defined as mass changeupédrtime, was determined by
dividing the TiN crystal weight increase by the ¢imt the growth conditions. The film thickness
of each sample was estimatedhbym/(So), knowing the total weight increase- densityp,

and the are& of the deposited material. The grain sizes (thgepted area of individual
crystals) and the grain heights were measured wsiagning electron microscopy (SEM — FEI
Philips XL-30, Eindhoven, The Netherlands) and aged from a number of condensed TiN
crystals at each growth condition. The averagetargsmensions were determined by measuring
twenty four crystals selected at random from déferregions of each sample, then eliminating
the two largest and smallest crystals from theutatmon, and averaging the remaining twenty.
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The orientation of the TiN crystals and the undadytungsten substrate were determined
independently by both X-ray diffraction (XRD) anl@&ron backscatter diffraction (EBSD) in a
SEM. Pole figures from individual TiN crystals atiteir underlying tungsten substrate grains
were collected by EBSD to determine their relatveentation relationships. Families of (001)
planes were used to reveal the orientation relahignbetween the TiN and W lattices. The
elemental composition for TiN powders and crystalsre measured by Auger electron
spectroscopy. Auger analysis was done using &8hiscanning Auger nanoprobe (Physical
Electronics, Inc. Chanhassen, MN) with a field esiwis electron gun, cylindrical mirror electron
energy analyzer, and Ar-ion sputter gun. The gnargl current of the probe electron beam was
20 kV and 10 nA, respectively and give a spot smethe probe beam of ~15 nm. The beam
was held at fixed points to yield spectral inforioat(i.e. surface composition) for that feature or
was rastered over a given area to give either skrgnelectron images or Auger elemental
maps. Depth profiling was performed in selectedaarby monitoring the Auger signal of
selected elements while alternately sputteringafgiven amount of time. The sputter rate that
was used (calibrated for a standard i) was 150nm/min. The base pressure of théyarsa
chamber was ~5x18 torr and was maintained by introducing samplesubh a turbo-pumped
load-lock. Data was acquired and analyzed usingFPhAccess and Phi Matlab software,
respectively.

Results and Discussion

Though several solid and vapor phase species tlat form in the Ti-N system
according to the available thermal data in JANAB&ED], the most probable gas phase products
of TIN decomposition are those species with theelwGibbs free energy of formation: Ti(g)
and Nx(g). Thus the crystal growth process begins witlra® decomposition and the reaction:

ZTIN(s) « 2Ti(g) + N,(9) (1)
which has a Gibbs free energy of 273.96 kJ/moBa0X (2027 °C) and 251.96 kJ/mol at 2400
K (2127 °C) [9]) . Because the reverse reactionahi@sge negative Gibbs free energy change,
the crystals readily condense in the cooler regiaihe furnace.

It is useful to compare the sublimation of TiN toother material, aluminum nitride,
since sublimation growth has been successfully eyal to produce AIN with decomposition
and the reaction:

2AIN(S) ~ 2AI(g) + N,(9) (2)
Titanium nitride has a higher melting point (293p{@C9] than aluminum nitride (m.p. = 2200°C
and b.p. = 2517°C [21]). Although the standard fation enthalpy of titanium nitride and
aluminum nitride are similar (TiN, -337.649 kJ/m@&\|N, -317.98 kJ/mol at 298.15°C), the
standard formation enthalpy of titanium gas is ad@® kJ/mol larger than that of aluminum gas
at the temperature below their boiling point. Henti@nium’s vapor pressure over TiN (for
stoichiometric decomposition) is significantly lowgan aluminum’s vapor pressure over AIN
under the same conditions. For pure material swtion under the ideal case of equations (1)
and (2), assuming a constant inert gas pressueldlPa, the calculated Ti vapor pressure over
TiN ranges from 2.6 Pa at 1927 °C to 78.8 Pa a7 222 [9], while the calculated Al vapor
pressure over AIN ranges from 980 Pa to 15,00@Pat[the same conditions. With nitrogen as
the ambient gas, which is typical in sublimatiorowth of metal nitrides, both the Ti vapor
pressure over TiN and Al vapor pressure over Aldllawer than the calculated values, since the
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extra nitrogen will drive reactions (1) and (2)tte left side. In short, because of the much
lower vapor pressure of Ti, its growth rate will meich lower than that of AIN for the same
conditions, which was also confirmed by the expentrresults.

Composition and morphology

The measured weight percents of nitrogen, oxygeu, @arbon in the original TiN
powder were 22.0%, 0.51%, and 0.049%, respectivefter using the same TiN source for
several crystal growth experiments, the concewnimadf these elements were 22.0%, 0.32%, and
0.26%, respectively. Thus, the oxygen concentratias reduced while the carbon concentration
was increased. Assuming the impurities formed campge with stoichiometries of TiC and
TiO,, then the N/Ti ratio in the original powder is slanito that found in the remaining source,
TiNpgssand TiNy.ogg respectively. For the crystals, Auger analysiswatd that the N/Ti ratio
was the same regardless of the temperature andupeesnder which they were grown. Auger
analysis also confirmed that the oxygen concewinain the crystals was lower than in the
original powder and the N/Ti atomic ratio in thgstal was similar to the powder.

The TiN crystals were a bright golden color and naighe large single grains have an
orthorhombic shape, as shown in Figure 1. Figush@vs SEM images (parallel to the growth
direction) for TiN crystals grown for 30 mins at@@1°C, 1.25 atm (a), 2000 °C, 0.8 atm (b), and
15 hours at 2000 °C, 0.2 atm (c, d). The crystadét formed within 30 minutes were square,
rectangular, or triangular in morphology/shape. Thestals tended to nucleate along the grain
boundaries of the tungsten substrate (Fig. 2a)hiwithe same tungsten grain, many of the
individual TiN crystals had similar shapes and werented in the same direction (Fig. 2b).
These TIN crystals continued to grow with the sarentation as it nucleated. After several
hours of growth, some single grains still maintdisguare or rectangular surfaces (Fig. 2c), but
the majority of grains merged together to displagsl regular shapes (Fig. 2d). The side view
(perpendicular to the growth direction) SEM imagédiN crystals provide more details about
their morphology, as shown in Figure 3 and Figur@fe lateral dimensions of the crystals are
generally larger than their vertical dimension $amples grown for short times, less than 30
minutes. The TiN crystal grains are thin, flat &ldhaped. Those crystals with square or
rectangular top areas exhibited different shap#dsrethin orthorhombic (Fig. 3a) or wedge (Fig.
3b), while those with triangular surfaces exhibigddpes of either truncated cubes (Fig. 3c) or
titled wedges (Fig. 3d). For growth times of 12 foand longer, though most crystals retain an
orthorhombic shape (Fig. 4a), the majority of thi Trystals form a continuous film (Fig. 4b)
that were separated from the tungsten substratente regions. This separation initiates at voids
formed between merged TiN grains and expands byhiérenal expansion coefficient mismatch
between TiN and tungsten during cooling from thewgh temperature. Furthermore, for
samples grown for 30 mins, the majority of the talgshad similar size and shape within the
same sample, which suggested that most crystaleatad at roughly same time. For samples
grown more than 12 hours, the majority of crysthlt merged together had a smaller size than
individual crystals, which suggests that lateradvgth was limited by proximity to neighboring
crystals.

Orientation

EBSD analysis on the tungsten substrate and coademfN crystals revealed the
orientational relationship TiN (001) || W (001) vitormal direction TiN [100] || W [110], a 45
rotation between the TiN and W lattices, as defingdheir primary unit cell directions [100]. If
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the tungsten substrate (001) plane was parallbletgrowth surface, the TiN crystal (001) planes
were also parallel to the surface, producing amoshombic crystal shape. If the tungsten
substrate (001) plane was slightly offset (tiltéd)m the surface, the TiN crystal (001) planes
were also slightly offset from the surface, butevstill parallel with the underling W (001) plane
with normal direction TiN [100] || W [110], produng either a truncated cube or tilted wedge
crystal shape. Figure 5a and 5b are the EBSD seBulta group of TiN crystals grown on the
tungsten substrate that were aligned in two lireeaays near the grain boundaries. The 12
randomly selected TiN grains were all oriented vétiiN [001] plane normal at the center of
the pole figure (perpendicular to the substrate) dreir other [010] and [100] plane normals
lying in the plane of the substrate (Fig. 5a). Fdifferent points (1, 5, 6, 7 and 8) for the
underling tungsten grain and 3 different points 8,and 4) for nearby tungsten grains
(corresponding to the solid and hollow symbolspeesively) were selected for EBSD analysis
(Fig. 5b). The tungsten grain underlying the gel@cTiN crystals clearly is oriented with W
[001] perpendicular to the substrate and that tieeee4 angle between TiN [100] and W [100]
(see respective pole figures in Fig. 5a, b). Thedladjacent tungsten grains exhibit significantly
different orientations from the center grain. FBg.and 5d are the EBSD results for TiN crystals
grown on three adjacent tungsten grains havingemfft orientations, i.e., both the W (001)
plane for these three different tungsten grainsthadliN (001) plane for the TiN crystals grown
on these grains are tilted with respect to theasarihormal. Nevertheless, their (001) planes are
parallel, with a 4% angle between the perpendicular TiN [100] and WO]ldirections. For
example, the TiN crystals labeled 3 and 4 in Figag grown on the tungsten grain at point 3 in
Fig. 5d, and the normal TiN [001] lies at the sgmsition with normal W [001]; though there is
180° angle between two crystals’ TiN [010] normals, \trstill have same orientation as the
<100> of rock salt crystal structure is g iGtation axis; obviously there is a®4&ngle between
TiN [100] and W [100]. Similar orientations are sdgetween the TiN crystals at points 1 and 2
in Fig. 5¢ and tungsten grain at point 1 in Fig, Between TiN crystals at points 5 and 6 in Fig.
5c and tungsten grain at point 2 in Fig. 5d. Thisrdation relationship was confirmed by XRD
for samples grown for more than 12 hours. The XRlysis of the original polycrystalline
tungsten foil substrate along the growth directtbgplayed a highly oriented (200) texture.
Small (111), (220), and (311) diffraction peaks @valso observed, but had negligible intensity
relative to the (200) diffraction peak. The XRD teat from a 6 mm TiN crystal sample grown
on the highly-oriented W (200) foil also displayidhly oriented (200) texture (Fig. 6).

This orientation preference between TiN crystald amgsten substrates minimizes the
lattice constant mismatch. Since the lattice caristd TiN (4.240 A) is much larger than
tungsten (3.165A), their cube-on-cube lattice mimmais quite large, 33.96% (based on
tungsten). However, rotating the unit cell by 46d considering the square that is formed by the
nearest 4 titanium atoms or nitrogen atoms as &(Eigure 7), the nearest atom distance in this
new square is 2.998 A which give a cube-on-cubmatistance mismatch of 5.28% (based on
tungsten). Thus, the TiN crystals orient on tunggteminimize the lattice mismatch. Therefore
a 45 angle exist between the tungsten unit cell and Tt cell, and result in orientational
relationship TiN (001) || W (001) with normal diten TiN [100] || W [110]. Even if the surface
W {001} planes are slightly tilted off-axis, the @ke orientational relationship is still followed
as it offers the minimum lattice mismatch, with TtN1) parallel to W(001), slightly offset from
the growth surface.
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Overall growth rate

The sublimation growth rate for TiN crystals on $much lower than that for AIN under
similar growth conditions. For instance, the AIN bBomation growth rate is 1950
mg/hr(unpublished work by Li Du and J.H.Edgar) whihe TiN crystal growth rate is only 6
mg/hr at 2100 °C, 0.8 atm (measured in this stulthgyeasing the temperature or decreasing the
pressure enhances the TiN growth rate; the higjrestth rate in this study was 98.89 mg/hr at
2100 °C and 0.06 atm. Figures 8 and 9 show thertigmee of the growth rate on temperature
and pressure: the logarithmic growth rate is fosder dependent on reciprocal temperature,
while growth rate itself varies with reciprocal psere to the 1.5 power.

By combining the Arrhenius equation with sublimatieecondensation kinetics, a general
expression can be obtained to determine the aiivahergy of TiN sublimation growth:

da

r =da/dt =kf (a) Ea
_, Ea =In—=(-—)+InA+In f[a] 3)

Inr —(—ﬁ)+lnA dt RT
whereEa is the activation energW is the pre-exponential factor or frequency fackigs the
ideal gas constant; is the growth ratega is the degree of conversion, anda is)a
mathematical function whose form depends on theticeadype. For the Ti+N system, the
relationship between the rate constaand the growth rate above— (da / dt) = kf (@) ——has
not yet been determined. However, as the transpogtafth species from source to growing
surface is often the rate limiting step in vapaorstal growth [22], equilibrium can be assumed at
the surfaces of the source and seed. So for oea():

112 f €qy 2 .I: eq
Ko =[T|]'[N22] _ () 2 ) 4
[TiN] (CH
Since the growth pressures used in this study wetrdigh (<1.25 atm), solid species activity is
close to unity and gas fugacity can be represemgasyspecies partial pressure, that is:
K =(P*)*(R,™) ®)
For a fixed growth temperature and pressure, thallgas phase species concentration at the
growth surface remains the same afda is) approximately constant. Therefore, the
sublimation growth rate is proportional to the rabastant and yields a first order dependence of
logarithmic growth rate on reciprocal temperatursaame pressure (confirmed in Fig. 8):
dinr _ Ea (r_d_a) ©6)
dT  RT? dt
The calculated activation energy is 775.8+29.8kJ/(from Fig. 8), which is very close to

enthalpy of TiN sublimation from available thermodynic data [9] with 781.6 kJ/mol at 2300K
(2027°C) and 779.7 kd/mol at 2400K (2127°C) indhawth temperature range.

Lateral and vertical growth rates

The average size and height of the condensed Tistals changed with growth
temperature, pressure and time. Generally, ataheedemperature and pressure, longer growth
time resulted in larger crystals, and after the sgmowth time, crystals were larger at a higher
temperature or a lower pressure because of a higjloevth rate. For example, after 30 mins
growth at 1.25 atm, when the temperature was isest&rom 2000 °C to 2100 °C, the average
size of the crystals increased from about b to 594um? (a factor of 5.4), while after 30
mins growth at 0.8 atm, when the temperature waseased from 2000 °C to 2100 °C, the
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average size of the crystal increased from abo6t;24° to 1150um? (a factor of 5.4). For
crystals grown over several hours, with varied terafure and pressure, the average size change
was not as clear as the size changes observed3éfterins growth, since most TiN crystals
merged together after longer times. Two examplestwao sets of experiments for size change
after 15 hours growth at 0.2 atm and 12 hour groatt.06 atm (see Fig. 2 and Fig. 4). When
the temperature was increased from 2000 °C to 2@)Ghe average size of the TiN crystals
grown at 0.2 atm increased from about 1.75xi@” to 5.83x10 um? (a factor of 3.3), while the
average size of the crystals grown at 0.06 atmeaszd from about 5.06 X1Qm? to 1.37
x10°um? (a factor of 2.7); these two factors are smalientthe size change factors for samples
grown in 30 mins. However, the average TiN crystaights changed with the growth
temperature; when the temperature was increased 200 °C to 2100 °C, the average height
increased from about @ih to 392um (a factor of 5.1) for crystals grown at 0.2 aseq Fig. 4)
and from about 169n to 954um (a factor of 5.7) for crystals grown 0.06 atm.

Although the overall growth rate depends on tentpegaand pressure in general, the
lateral and vertical growth rates also changed witle. The lateral growth rate is much higher
initially (30 mins for example) for individual crias and decreases after many of the grains
have merged together. The vertical growth rateovadl an opposite trend. To investigate the
lateral and vertical growth rates of the TiN crystave define the lateral rate as the projected
area (or size) change of the crystal per time withs of um?hr, and vertical rate as thickness
(or height) change of the crystal per time with th@t of um/hr. Since the lateral rate has
different units (urfrh) than the vertical ratepi/hr), a basic arithmetic comparison may not be
effective, hence we will compare each with the alleggrowth rate at different growth stages. As
the crystal structure of TiN is rock salt, if wenstder the volume of each grain to be equal
(prism) or proportional (pyramid) to the producttbé grain size (s) and grain height (h), and the
majority of the crystals nucleated at same timeuiges in crystal quantity can be neglected), the
growth rater yields:

r= an— = an(sE + h—) (7

whereC is a constang is densitynii |s the crystal quantlty and V is average voluma ofystal.

At the initial growth stage, the majority of TiNystals form as individual crystals,
therefore competitive growth between neighboringstas can be neglected. Thus, the
logarithmic value for one of the two variables @ right side of equation (73,andh, shows
first-order dependence on reciprocal temperatuhg ibthe other is constant or nearly constant.
This leads to the foIIowing deduction:

dinr =dlIn(s +h)/ 5 dlnv= Ea2 ; sisconstant
dT RT dT RT (8)
dinl _ Ea .

lateralratel = E, verticalratev = E hisconstant

dT  RT?’

Two sets of experiments were conducted, for 30gninvth times to guarantee that a majority of
crystals are present as individual crystals, tegtgate the lateral and vertical growth rates at
the initial growth stage; (1) 0.8 atm with temparatrange from 2000 °C to 2100 °C and (2)
1.25 atm with temperature range from 2000 °C to02XD. The logarithmic lateral growth rates

versus reciprocal temperature for each are ploitedrigure 10. Each shows a first order

dependence on the reciprocal temperature. The prodd the two slopes and the general gas
constant give activation energies of about 752.0 @h7.3, which are in the range of the
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calculated activation energy 775.8+29.8kJ/mol. Timplies that the lateral growth rate for each
experiment is proportional to the overall growtterand their vertical rates can be neglected.

After the TiN crystals merge together, the TiN ¢ays grew vertically as the height
increased and laterally by competitive growth wisighboring crystals. Fast-growing crystals
will increase in lateral size as slow-growing geamwill be blocked and eventually disappear
from top view. Two sets of experiments with growithe longer than 12 hours were conducted
to compare lateral and vertical growth rates aftany TiN crystals had merged together; (1) 12
hours growth at 0.06 atm with temperature rangenf900 °C to 2100 °C and (2) 15 hours
growth at 0.2 atm with temperature range from 1980to 2110 °C. The logarithmic vertical
growth rates show a first order dependence ondbipnocal temperature and are also plotted in
Figure 10. The products of the four slopes andgéd® constant give values that are all in the
range of the calculated activation energy 775.889mol (777.5 and 746.9, respectively),
indicating the vertical growth rates for these ts&is of experiments are proportional to their
overall growth rates and are significantly highwart those observed at the initial stage of growth.
Regarding the lateral growth rates for these twaeexnents, both the crystal morphology (SEM
images) and size statistics described previousbwsl that they are limited by interaction
between the neighboring crystals and lower thahetnitial stage.

These results show that lateral growth predominatéglly, while vertical growth
becomes more important after the crystals have edetggether and the surface of the tungsten
becomes covered with TiN. Growth is more likelyb® 2D growth initially. The length of the
initial stage may vary depending on the growth terafure and pressure. In this study, growth
for 30 mins was within the initial growth stage 1a5 atm and 0.8 atm between 2000°C to
2100°C. As a result of the much higher overall gtovate, the initial growth stage at 0.2 atm
and 0.06 atm between 2000 °C to 2100 °C (TiN graiesged together much quicker) are much
less than 30 mins and negligible compare to 12d)@ar that the ‘zero’ vertical rate in this stage
does not affect the overall vertical rate in thiewgition.

Conclusions

The sublimation-recondensation technique is a eialblethod to produce TiN bulk
crystals on tungsten substrates. The stoichionwdthe crystals (N/Ti ratio) is 0.99. Lateral
growth predominates initially and vertical growtbdomes more important after TiN crystals
merge together. The crystal growth rate increasperesntially with temperature, inversely with
the total pressure to the 1.5 power, and the catledlactivation energy is 775.8+29.8kJ/mol. The
XRD and EBSD analysis revealed that the TiN crgstald underlying tungsten substrate grains
have an orientation relationship of TiN (001) ||(®@1) with TiN [100] || W [110], which leads a
45° angle between the TiN and W lattice. For tuaigstubstrate grains with W (001) planes
offset from the surface, the TiN (001) planes ailemarallel to W (001) planes to minimize the
lattice mismatch.

ACKNOWLEDGEMENTS
The support of the NSF through the grants DMR 04@88 greatly appreciated. EBSD
analysis was conducted at the Oak Ridge Nationhbitaiory SHaRE User Facility, which is
sponsored by the Division of Scientific User Faigh, Office of Science, U.S. Department of
Energy. Auger Electron Spectroscopy was sponsokethé Assistant Secretary for Energy
Efficiency and Renewable Energy, Office of Freed@®Cand Vehicle Technologies, as part of



Journal of Materials Science: Materials in Elecitenvolume 21, number 1, January 2010,
pp 78-87.

the Oak Ridge National Laboratory High Temperatitaterials Laboratory User Program,
managed by UT-Battelle, LLC, for the U.S. Departin@hEnergy under contract number DE-
AC05-000R22725.

10



Journal of Materials Science: Materials in Elecitenvolume 21, number 1, January 2010,
pp 78-87.

Reference

=

L.E. Toth, Transition Metal Carbides and Nitridédcademic Press, New York,1971), p.156.

2. A.Usui, T. Ichihashi, K.Kobayashi, H, Sunakawa ,O&hima, T. Eri, and M. Shibata, Phys.
Stat. sol. (a) 194, No.2, (2002) pp. 572-575

3. N.C. Chen, W.C. Lien, C.F. Shih, P.H. Chang, T.Wary, and M.C. Wu, Appl. Phys. Lett.
88191110 (2006)

4. M.H. Oliver, J.L. Schroeder, D.A. Ewoldt, I.H. Wédon, V. Rawat, R. Colby, P.R. Cantwell,
E.A. Stach, and T.D. Sands, Appl. Phys. L@€8023109 (2008).

5. M.A. Moram, M.J. Kappers, Y. Zhang, Z.H. BarberddhJ. Humphreys, Phys. Stat. Sol. A
205(2008), p.1064.

6. Z. Gu, J.H. Edgar, J. Pomeroy, M. Kuball, and DMgffey, J. Mater. Sci.: Mater. Electron.,
15 (2004), p.555.

7. T. Zheleva, K. Jagannadham, and J. Narayan, J. Rbyk.751994), p. 860.

8. Pierson, H.O. Handbook of Refractory Carbides aitdddés, (William Andrew
Publishing/Noyes, 1996), p.193.

9. M.W. Chase, Jr., 4th ed. American Chemical Soaety American Institute of Physics,
Washington D.C., (1998).

10.1lI-seok Kim and Prashant N.Kumta, J. Mater. Ch#&8G2003), pp.2028-2035

11.P. Patsalas and S. Logothetidis, J. Appl. P8§%2001), p.4725.

12. Wikipedia, http://en.wikipedia.org/wiki/Copper

13. James H. Edgar, Properties of Group Il Nitrid@$e Institution of Electrical Enginners,
London UK 1994), p.26-32

14.K. Wasa, S. Hayakawa, Handbook of Sputter Depesifiechnology: Principles,
Technology and applicatipiNoyes Publications, (Park Ridge NJ 1992), p.228.

15.N. Yokoyama, K. Hinode, and Y. Homma, J. Electreuh&oc.,136(1989), p.882.

16.S. Motojima, K. Baba, K. Kitatani, Y. Takahashida®. Sugiyama, J. Cryst. GrowtB2
(1976), p.141.

17.Naresh C. Saha and Hadand G. Tompkins, J. Appk.FRBY7)(1992), p.3072-3079

18.D. Chaussende, P.J. Wellmann, and M. Pons, J. BHMG8(2007), p.6150.

19.B.M. Epelbaum, M. Bickermann, S. Nagata, P. Heim&rFilip, and A. Winnacker, J.
Cryst. Growth305 (2007), p.317.

20.L. Mercurio, L. Du, J.H. Edgar, and E.A. Kenik, MatRes. Soc. Symp. Proc., Pittsburgh,
PA (2007), 955

21.Material Safety Data Sheet, Electronic Space Ritsdaternational

22.D.W. Greenwell, B.L. Markham, F. Rosenberger, Js@ Growth51 (1981), p.413.

11



Journal of Materials Science: Materials in Elecicsnvolume 21, number 1, January 2010,
pp 78-87.

.

Fig. 2 SEM top view of TiN crystals grown for
30 mins at 2100 °C, 1.25 atm (a), 2000 °C, 0.8 ath), 15 hrs at 2000 °C, 0.2 atm (c, d)
After 30 mins growth, some preferential crystal nuteation takes place along the tungsten
grain boundaries (a), the crystals within the saméungsten grain have similar shapes and
orientions (b). After 15 hours growth, the top surices of single TiN crystals are square or
rectangular (c), grains merged together display maz irregular shapes (d).
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10um

Fig. 3 SEM side-view images of TiN crystals growrof 30 mins at 2000 °C, 1.25 atm (a and
b) and 2100 °C, 1.25 atm (c and d).

Crystals with square or rectangular surfaces were horhombic (a) or wedge (b) shaped,

and crystals with triangular surfaces were titled wedges (c) or truncated cubes (d).

v

Fig. 4 SEM side-view images of TiN crystals growrof 15 hrs at (a) 0.2 atm, 2000 °C, where
most individual crystals maintain an orthorhombic sape, and (b) 2100 °C, where TiN
crystals have merged to form a continuous film, theTiN separates from the tungsten

substrate in places (shown by arrow).
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Titanium Mitride

oo

Fig. 5a SEM image and pole figure of selected TiNystals for crystals shown in sample 1.
All TiN grains were oriented with [001] normal to the substrate (center of the pole figure)
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Fig. 5b SEM images and pole figure of tungsten gras for selected areas in sample 1.
Tungsten grain (points 1, 5, 6, 7, 8) underlying th selected TiN crystals in Fig. 5a were
oriented with (001) surface normal (solid symbolsn the pole figure); Adjacent tungsten
grains (points 2, 3, 4) showed orientations with (IL) offset from the substrate normal
(hollow symbols in the pole figure)
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Titanium Mitride

Fig. 5¢ SEM images and pole figure of TiN crystaldr areas designated in sample 2.

TiN crystals grown on same tungsten grain (1 and B and 4, 5 and 6) were oriented in the
same way (one symbol pattern in the pole figure repsents one orientation, symbols for
different TiN grains with the same orientation ovetap).
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Fig. 5d SEM images and pole figure of the tungstegrains for areas designated in sample 2.
The adjacent tungsten grains underling the TiN crytals (1, 2 and 3) were oriented with

(001) offset from the substrate normal ; all seleed TiN were oriented with (001) parallel to

the underling tungsten (001) with a 4%angle between TiN (100) and W (100).
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Fig. 6 XRD analysis on thick TiN layer (6mm, 2006C, 0.2 atm) with strong (200) texture
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a=0.424 nm 'a’=0.2998 nm a=0.3165 nm

Fig. 7 A schematic representation of TiN (100) cryals grown on (100) tungsten.
Large dark gray spheres are tungsten, small blackgheres and white spheres are Ti and N,
respectively.
Top: top view, bottom: side view, left: TiN [100)/ W [100], right: TiN [100] NW [100]= 45’
The orientation of TiN (001) || W (001) with 48angle of their in-plane [100] can minimize
the lattice constant mismatch.
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Fig. 8 The variation of the logarithmic growth rate on reciprocal growth temperature at
constant growth pressure.
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Fig. 9 The growth rate variation with reciprocal pressure at constant growth temperature.
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Fig. 10 Logarithmic lateral growth rate vs reciproal temperature for two 30 mins growths
and logarithmic vertical rate vs reciprocal tempeature for 12 hrs and 15 hrs growth
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