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Absolute orientation-dependent anisotropic TiN111) island step energies and stiffnesses
from shape fluctuation analyses
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In situ high-temperaturg1165—-1248 K scanning-tunneling microscopy was used to measure temporal
fluctuations about the anisotropic equilibrium shape of two-dimensionglL Tl adatom and vacancy islands
on atomically smooth TiKL11) terraces. The equilibrium island shape was found to be a truncated hexagon
bounded by alternatingl10) steps, which forn{100] and[110] nanofacets with the terrace. Relative step
energiesB as a function of step orientatiop were obtained from the inverse Legendre transformation of the
equilibrium island shape to within an orientation-independent scale factbe equilibrium chemical potential
of the island per unit TiN area. We find that for alternati@gand S, (110 steps, the ratig3;/B,=0.72
+0.02. The parametex and, hence, absolute orientation-dependent valuggw@fand step stiffnesses(¢)
were extracted from quantitative shape fluctuation data using an exact theoretical approach valid for aniso-
tropic islands. For the twgll0) steps, we obtaim3;=0.23+0.05 andB;=1.9+1.1 eV/A with 8,=0.33
+0.07 and~ﬁ2=0.08t 0.02 eV/A over the observed temperature range. Due to the correspondingly high kink
energies, TiN111) step energies exhibit only a very weak temperature dependence he@wkeand the
maximum measurement temperature 1248 K.
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. INTRODUCTION able concerning3(¢) and B(¢), even for elemental metal
surface$.

NaCl-structure TiN is widely used as a hard wear-resistant Eyperimental determination of absolute orientation-
coating on cutting tools, as a diffusion-barrier layer in micro'dependent step energies is difficult. An “inverse” Wulff
electronic devices, as a corrosion-resistant coating on Mesj66 constructed from direct measurements of the equilib-
chanical components, and as an abrasion-resistant layer 9f shape of 2D islands yields only tielative orientation
optics and architectural glass. Even though the elastic angy,ongence of step energies. Additional experiments are nec-

diffusion-barrier properties of TiN are highly anisotropic, :
and hence depend strongly upon film texture, the mecha(gssary to determinabsolutevalues of3(¢). Bartelt, Tromp,

) ; . and Williams used step fluctuation measurements for
nisms and reaction paths leading to the development of preéi(001) while Bonzel andp co-workeeemployed 3D equi-

ferred orientation in polycrystalline TiN layers are not under- " :
stood. Efforts to model these processes require, as inp brium crystgl shape measurements and surface energies for
detailed knowledge of adatom transport and surface sit b(lhllt)j.flclgng-Kongrt, (;e|slen, alnd I]lcaa%mlﬁscrlbed a
energies. Relatively little information is available concern- method for determining absolufevalues from the tempera-
e dependence of CLOO equilibrium island shapes. This

ing these parameters although, recently, some progress
been made toward obtaining adatom transport activation er@pproach was also used to obtiialong the two(110 steps

ergies on TiNOO1) and (111) surfaces Here, we focus on on P111).%° Orien'tation—average_d;tep energies ?ﬁve been
the determination of absolute orientation-dependent step foﬁxtracted from 2D island coarsening measuremeHts’Re-
mation energies and stiffnesses on iMl). cently, a method to determine absol&p) values from a
The step formation energg as a function of step orien- combination of 2D island coarsening and equilibrium island
tation ¢ is a fundamental parameter used to describe cryst hape measurements was derived and applied tQUI)

. 14 : . .
surfaces.B(¢) is the two-dimensional2D) analog of the chlitier et al. have. shown, in an extens[on of existing
surface free energy(R), wheref is a unit vector normal 1S/2nd shape fluctuation thealythat fluctuation measure-

representing a facet orientation. Just)d#) determines the {nents ofbnearlydliot(;oinc |s_Iandbshz;[;tes at atsmgle tempera-
equilibrium shape of bulk crystals, the variation ®fwvith ¢ uré can be used 1o determine absonieragestep energles.

H 16
determines the equilibrium shape of 2D islands on a '[errace‘Ste'meret al- found that the average C100) and AJ100

e~ i Step energies determined using this procedure were in good
A related property, the step-edge stiffng&(sp), defined as  5greement with the results obtained from the method de-

scribed in Ref. 9. This technique, however, is not suitable for
~ 2 2 obtaining B(¢) for anisotropic island shapes.
Ble)=ple)+d°B(e)de", @ We have recently developed an approach, applicable to
both isotropic and highly anisotropic islands, for the deter-
is proportional to the island chemical potenfladnd hence mination of orientation-dependent step energies from shape
controls island coarsening and decay kinetics. Unfortunatelyfluctuation measurement$8 In this paper, we presernt
very little data, either experimental or theoretical, is avail-situ high-temperature(1165-1248 K scanning-tunneling
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microscopy (STM) measurements of temporal fluctuations
about the anisotropic Ti{l11) equilibrium shape of two-
dimensional adatom and vacancy islands on atomically
smooth TiN111) terraces. The root mean square of these
fluctuation amplitudes is anisotropic with a threefold symme-
try coinciding with that of the equilibrium shape. We analyze
the data using the shape fluctuation theory for anisotropic
islands described in Refs. 17 and 18 and hence determine

absolute values oB(¢) and B(¢). For the two(110) steps,
S, andS,, we also obtain kink energies, ande,.

Il. EXPERIMENTAL PROCEDURE

Epitaxial TiN(111) layers, 2000-A thick, were grown on

polished 9x2x0.5-mn? Al,04(1120) substrates afT
=1050 K in a load-locked multichamber ultrahigh vacuum
(UHV) system by magnetically unbalanced dc magnetron
sputter depositiolf using the procedure described in Ref. 20.  FIG. 1. Typical LEED pattern, obtained at 200 V, from a
The pressure in the sample introduction chamber was reliN(11D buffer layer grown affs=1100 K.

duced to 5<10" 8 Torr using a 50-I/s turbomolecular pump

(TMP) before initiating substrate exchange with the mainpatterns corresponding to an in-plane atomic spacing of 2.99
chamber, which had a base pressure of‘f0orr, achieved & and an STM-measured step height of 2.4 A, both equal to
using a 500-I/s TMP. The 7.62-cm-diameter water-cooled Tgypected values for bulk-terminated TIND).2 A typical
target(99.999% purity was sputtered at a constant power of| EED pattern is shown in Fig. 1. AES analyses indicated
90 W in pure N (99.999% discharges at a total pressure of that the samples containee2-mole % oxygen, probably in
5x 10 ° Torr, the form of TiO, which is isostructural and mutually
Substrate cleaning consisted of successive rinses in ultrag|yple with TiN. STM images reveak500-A-wide atomi-
sonic baths of trichloroethane, acetone, methanol, and deiogy)ly smooth terraces separated by bilayer-heigh2.4-A)
ized water. The wafers were then blown dry with dry,N  gtepg?*
mounted on resistively heated Ta platens using Mo clips, and TiN(111) partial bilayers(BL) with coverages of 0.1-0.8
inserted into the sample introduction chamber for transporg| were deposited on TiN11) buffer layers by reactive
to the growth chamber. The /D3 substrates were thermally eyaporation at room temperature. The samples were then an-
degassed for 12 h at 1200 K with the growth chamber at 35@e3]edin situ at T,=1165-1248 K in X 10 ’-Torr N, for
K. Prior to initiating deposition, the chamber was watertazl_z h. This procedure resulted in 2D TiN.1) adatom
cooled to room temperature, the substrate temperature "?Vi’slands for coverages0.4 BL and vacancy islands at higher
ered to 1050 K, and the target sputter etched for 5 min withyoyerages. Both the terraces and the islands were expected to
a shutter shielding the substrate. Sample temperatures wegg N terminated, the lowest-energy TIN.) surface?® The
measured by optical pyrometry and calibrated usingesylts presented here correspond to STM measurements of
temperature-dependent TiN emissivity data obtained bydatom and vacancy islands with average radii ranging from
spectroscopic ellipsometry. Postdeposition Rutherford backsg tg 260 A.
scattering spectroscopy measurements, analyzed using the ot each sample annealing temperatiie, STM images
RUMP computer-simulation prograﬁ’!,showed that the layers (typically 50 per sequengavere acquired as a function of
were stoichiometric with a N/Ti ratio of 1.620.02. annealing time, at a constant ratél8—44 s/framg Typical
The TiN(111)/Ab0O3(1120) samples were transferred to tunneling conditions were 0.4—0.6 nA-aB8.5 V. The sample
a UHV multichamber system, with a base pressure of Zand tip were allowed to stabilize thermally Bf for 2—-3 h
x 10 1 Torr, containing a variable-temperature Omicron prior to obtaining the STM images. Thermal drift in the
scanning-tunneling microscope. The system was alsgcans, typically 1 A/s, was periodically corrected in order to
equipped with facilities for residual gas analysis, electronsequentially acquire STM images of the same area. Pixel
beam evaporation, ion etching, Auger electron spectroscopyesolution in the images varied from 1:28.25 to 2.5
and low-energy electron diffractio.EED). The TiN layers  x2.5 A%, Scan sizes, scan rates, and tunneling parameters
were degassed in the STM sample preparation chamber afere varied to check for tip-induced effects. No such effects
1073 K, where the vapor pressure of Nver TiN was less were observed in the results presented here.
than 10 % Torr,?? for approximately 20 min. Epitaxial STM images were analyzed usingaGE sxM,%® an image
TiN(111) buffer layers, 50—100-A thick, were deposited at processing software package, to detect island boundaries, de-
1023 K by reactive evaporation from Ti rod89.999% pu- termine island centers of mass, and measure island areas.
rity) at a deposition rate 0£0.025 ML/s in 1Xx10 ’-Torr ~ Ostwald ripening, leading to island coarsening and décay,
N, (99.999% and annealed in Nfor 4 h attemperatures was observed during the annealing experiments. Since analy-
T,=1100 K. This procedure resulted in sharx1 LEED sis of island shape fluctuations requires islands of nearly con-
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FIG. 2. Typical STM images of Til11) samples during an-
nealing at temperatureg,= (a) 1118 andb) 1178 K. Adatom is-
lands are light gray while vacancy islands are darker gray.

stant ared>!"'8only data from consecutive scans with a
maximum total change in area sf10% (within the limits of
image spatial resolutiorwere used and the boundary coor- PO
dinatesr (6,t,) of measured islands, withand 6 represent- 000000 .+
ing the radial and angular components, were normalized to
the smallest island area in the measurement sequence. Thus,
we use the island coarsening/decay phenomenon to our ad-
vantage by dividing the long-time image series into subsets,
with maximum total island area changesl0%. With this
procedure, the maximum uncertainties in step energies were
estimated to be=13%.

IIl. TIN (111) EQUILIBRIUM ISLAND SHAPE ANALYSES

Figures 2a) and 2b) show representative STM images of
TiN(111) 2D adatom(light gray) and vacancydark gray
islands on atomically smooth T{11) terraces. The images _ _

tions of 2D adatom and vacancy islands on a N-terminated two-

were acquired during annealing @=1118 and 1178 K, R )
respectively. Note that all adatom islands point in one direcp'layer_th'Ck TIN(111) surface andb) the local atomic structure of

. - - A . . . “alternating step edges parallel to the close-packé@) directions.
tion while all vacancy islands point in the opposite direction. . S )

In both the island ¢ ted h ith alt The black triangle and rectangle {b) highlight portions of{100
n both cases, the islands are truncated hexagons with a ezghd {110 nanofacets formed by alternatiq10 step edges with

nating long and short steps, indicative of highly anIsotropiCy,e terrace. N and Ti atoms are represented as light and dark gray

step energies. . . . spheres, respectively.
The NaCl-structure TiN consists of a face-centered-cubic

(fce) lattice with a two-atom, Ti and N, basis set. Figuke)3 The average island shape, defined R(®)=(r(6,t,)),

is a schematic illustration of a 2-BL-thick N-terminated was determined from 15 to 41 consecutive images for each
TiN(11D terrace with both adatom and vacancy islandsof 12 adatom and 14 vacancy islands of average radii 50—
bounded by alternating short and lofl0 steps. The step 260 A. Measurements were carried out at five different tem-
lengths are unequal due to a significant difference in steperatures over the range =1165—-1248 K. The fluctuation
energies resulting from differences in local atomic arrangekinetics were found to be identical for all adatom and va-

ments. This can be seen more clearly in Figo)3which  cancy islands. The results presented below are typical of all
shows that thg110 steps form{100 and{110 nanofacets experimental data.

with respect to the terracd.The alternating(110 steps
bounding a simple fdd11) surface form{111} and {100

nanofacets, respectivel{} Due to the fcc stacking symme- = . .
try, the opposing step edges bounding both(TiN) adatom 4(b). R(6) was found to be distorted, with asymmet¢id 0

and vacancy islands constitute of a pair of short and |on§tep-edge lengths, ‘?‘“e to hysteresis in the STM piezoelectric

Steps and are opposite|y directed, as shown in F{@ 8on- aCtuatoqu.'lo'lsThe distorted ShapE( 0) was transformed to

sequently, vacancy islands are rotated by 180 ° with respedhe symmetric equilibrium island shaf¥6) using the three-

to the adatom islands. fold symmetry of the TiN111) lattice and imposing the con-
Figure 4 consists of two sets of three consecutive STMlition R(6;+m/3)=(1/3)2 -0, R(6;+n=/3) for m=0,

images each for 2D TiNL11) adatom{ Fig. 4@)] and vacancy 2, and 4 andy; values in the range 0-23. This procedure

islands[Fig. 4(b)] during annealing at 1200 K. The observed was employed only to the average island shape and not to the

fluctuations in island shape$éd,t,), as shown by the island temporal island shapes.

outlines in the fourth panel of each image set, are due to The equilibrium island shap®(6) is plotted as a function

thermally induced random motion of the diffusing species. of 6in Fig. 5b). MeasuredR( ) data(open circleswere fit

FIG. 3. Schematic illustrations showirig) the relative orienta-

Figure 5a) is a plot of R(6) vs 6, obtained by averaging
r(e,t,) data from 41 images, for the vacancy island in Fig.
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FIG. 4. Consecutive STM images of 2D TiN.)) (a) adatom andb) vacancy islands acquired at 35 and 32 s/frame, respectively, during
annealing aff,= 1200 K. The fourth panels ife) and(b) are the island boundarie$6,t,) from each image.

at 6 values from 0 to 2/3 with two Lorentzian functions of R(6)
general form, ()= 0—arcta RO)|" (3b)
a
R(0)=Ro+ [1+Db(6— 6.2 2 The proportionality constarX in Eq. (3a) is the equilibrium

chemical potential of the island per unit area. Equati@as
whereR,, a, b, and ¢, are fitting parameters. By symmetry, and(3b) offer an analytical approach for computing relative
the same functions, witl, shifted by 27/3 and 47/3, were  B(¢) values. This method eliminates the conventional geo-
used to fit the data at highévalues[Note that although the metric construction of the inverse Wulff plot, which involves
form of Eq. (2) provides an analytical means to calculatethe tedious procedure of drawing normal vectors from the
R( 6) andR(6), the first and the second spatial derivatives ofcenter of mass of the island to the tangent lines at every point

Rwith respect tof, it has no physical significandélhe solid ~ @l0NgR(6), the envelope of which yieldg(¢). _
line in Fig. 5b) is the analytical fit obtained using E(p). Fits to the equilibrium shap&(6) using Eq.(2) yield
The inverse Legendre transform B{#) vields relative ~ #(0) and relativeB(¢) values directly from Eqs(3a) and

values of(¢) through the relationshif® (3b). Polar plots of3(¢) (dotted ling, with A=1, andR(#)
(solid line) for the vacancy island in Fig.(8) are shown in

[R(6)]2 Fig. 6. The two alternatingl10) steps are labeled & and
)=\ (38 S, and the corresponding radial distances from the center of
{IR( 0)12+[R( 6)1%}4/2 the island areR; andR,, respectively. The3,/8, step en-
ergy ratio(i.e., the maximum variation g8 with ¢) is 0.72.
where ¢ is the local normal to the equilibrium shapeat &  3,/8, values determined from the measured equilibrium

and is defined a3 shapesR(6) using Eq.(3a) are plotted for all adatom and
180-(3) ' i [‘ ] 180'(]))'
4} N ..'. ,33::"1‘

165} [ JA‘ § ] ‘ FIG. 5. Plots of(a) average is-
Q H .", f | , land shapeR and (b) equilibrium
=150} ! i \ ; l shapeR vs 6 for the vacancy is-
[24 / H land shown in Fig. ). The open

135¢ \/ 1 circles are the measured data

/ while the solid line in(b) is fit
120 : : : 120 : . . with Eq. (2).
2n/3 0 27/3 2n/3 0 2n/3
0 (radians) 0 (radians)
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0.054
., 0.045
%0 0.036

0.027

-2n/3 0 2n/3
0 (radians)

FIG. 8. g;ms (Open circles andR (solid line) plotted vsé for a
vacancy island atf ,=1165 K.

values corresponding to the maxima and minimaips co-
(dotted ling determined using Eq3a with A — 1 and Eq(3b), The incide, within experimental uncertainties, with those Ruf
o (110 dlose-pasked stepsgbounding e sian argia@md This is consistent with the fact that the islands are highly
S, while the corresponding radial distances from the center of theamsm.mplc' The hearly straigh, steps have low Cu.rvature .
island areR, andR,, respectively. with higher stiffnesses and, hence, smaller fluctuation ampli-

tudes than the curve8, steps.[For isotropic(circular is-

vacancy islands as a function Bf,y, WhereRg,= VA/7 is lands, wheres() = B(¢) =B, is constantgyys is orienta-

the orientation-averaged radius of an island with akeand tion mdependen}.Th(_ese results provide direct evidence of_
temperatureT, in Figs. 7a and Ab), respectively. The re- strong _step-edge anisotropy tha_t casnnot be accounted for in
sults show that size-Rj,,=50—-260 A) and temperature- 'SOOPIC shape fluctuation theorits:

FIG. 6. Polar plots oRR(6) (solid line) and relativeB(¢) values

(T.=1165-1248 K) dependent changesdi/ 8, are <5% The time-dependent total free eneffggt,) of an island is

and do not follow any obvious trend. related to the island shapéé,t,) through the relationship
2w

IV. THERMAL SHAPE FLUCTUATIONS OF ANISOTROPIC F(ta)= fo do(BLe(0,t) N[ (0,t) 17+ [ (6,t2)]%)

TiN(111) ISLANDS (5)

S ! i . , : there r(0,t,) represents the first spatial derivative of

equilibrium TiN(111) island shapes using the anlsotroplcrw,t ) with ?espect tof. The equilibrium shape corresponds

theory of shape fluctuatiohs'® to determine\ and, hence, o thg minimum island free enerdy, . Thus, temporal de-
0- 1

absoluteorientation-dependeng(¢) values. The amplitude viationsg(6,t,) about the equilibrium shape result in an in-

g(6,t,) of the temporal fluctuations in island shape, defined ; — _ -
as in Refs. 14 and 15 to be the normalized deviation of the, ooy the free energyF(ta) =[F (ta) ~Fo]. Expressing

_ — %[qo(ta)] andr(6,ty) in Eq. (5) in terms of\, R(#), and
temporal shape(6,t,) from the time-averaged shap&6),  g(¢,t,), we obtain an expression faxF(t,) which, upon

In this section, we analyze temporal fluctuations abou

is given by the relation simplification!® can be written as
[r(6,t) —R(6)] N (2
9(O,t)=——. (4 AF(t)=— f
R(6) 270
The solid line shown in Fig. 8 is a plot of average island de [R(O)19(6,t.)] 2
shapeR vs @ for a vacancy island af,= 1165 K. The open R(OT12+ 2[R0 TP—TR(OR 12
circles in Fig. 8 are the measured root-mean-square fluctua- {[R(O)] [REOF=IRORO1}
tions gimd ) =([9(0.t) 1>)¥? of the vacancy island as a
function of 6. g,J 6) is clearly orientation dependent. Tide —[R(6)g(6,t)1?|. (6)
o4y 4 Cxe @107 k () g(6,t,) in Eq. (6) represents the first spatial derivative of
S I A P R Y e, 8 g(6,t,) with respect tos.
< 7. v z x a0 We identify the integrand in Eq6) with a fluctuation
< 0.70 v 070t § v )
x function G(4,t,) such that
o6sl”  Ta=1200K o6l ¥ v
50 100 150 200 250 1170 1200 1230 = 2_ 2
Ros(A) &) G(8,ta)=[x(0,ta) 1"~ [p(0,ta)]", Y
with
FIG. 7. The ratigB, /8, of S; to S, step energies is plotted as a

function of (a) average island radiu,, at T,=1200 K and(b) [R(6)1A§(6,t.)]
annealing temperatufk, . The open and solid triangles correspond x(6,t)= - - (8
to adatom and vacancy islands, respectively. {[R(6)1>+2[R(6)1>—[R(O)R(H)]} 2
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4.
< 5l
%
T 7
z 1' A A-
50 100 150 200 250
R, (A)

FIG. 9. Plot of\ vs R,4. The solid triangles representresults
determined using Eq10) while the solid line is fit using a function
of the form\ = B/R,yy With B=0.23+0.01 eV/A.

and

p(0,t)=9(6,t)R(6). (8b)

Note that we have useB(6) in Eq. (8b) since the experi-

mentalg(6,t,) data are measured with respectRorather
thanR. Equation(6) can be rewritten in terms d(6,t,) as

AF(ta)=%f02ﬂdBG(0,ta). ©)

Expressing the functions given in Eq&a and (8b) as
Fourier series x(6,t)==,xn(t)e™? and p(6,t,)
=3 pn(ta) e’ allows Eq.(9) to be written in terms of the
Fourier components y,(ty) and p,(ty) as AF(t,)
=mAZ,Gp(ty), in which Gn(ta)E|Xn(ta)|2_|pn(ta)|2-
From the generalized equipartition theor&mthe time-
averaged free energyAF(t,)) is equal t0 NpnakeT4/2),

where N, corresponds to the maximum number of allow-
able fluctuation modes. Thus, we obtain

NmakaTa

N 2ms (Gilta) 1o

The equilibrium chemical potential per unit area can,
therefore, be obtained froM 5 and (G (t,)). Npyax is de-

PHYSICAL REVIEW B 67, 035409 (2003

028f. S Sz St S S _1'5
%‘ 0.261
3 0.24
o, 022
020 0'0
-21/3 0 2n/3
¢ (radians)

FIG. 10. Absolute values of vs ¢ (dashed linpand B vs ¢
(solid line) for a TiN(111) vacancy island af,=1248 K.

B, which is independent of step orientation and island size,
as\=B/R,,4. B determines the energy scale of the surface
equilibrium chemical potential. The solid line in Fig. 9, a
least-squares fit to tha vs R,,4 values, yieldsB=0.23
+0.01 eV/A.

V. TiN (111 2D ISLAND STEP ENERGIES AND STEP
STIFFNESSES

Here, we substitute the results obtained in the previous
section, together witlR(#) and R(6), into Egs.(3a and
(3b) to determine absolute orientation-dependgtp) val-
ues. The dashed line in Fig. 10 is a typical plot®¥s ¢, in
this case for a vacancy islandBi{= 1248 K. Averaging over
all TiIN(11) vacancy islands at all annealing temperatures
(1165-1248 K, we obtain step energigd, and 3, for the
two (110 steps of 0.24 0.05 and 0.340.08 eV/A, respec-
tively. Essentially identical values3;=0.23+0.04 andg,
=0.31+0.06 eV/A, are obtained for Tifl11) adatom is-
lands.

Step-edge stiffnesg(¢), defined in Eq(1), can be ex-
tracted directly fromB(¢). However, this requires numerical
computation ofd?B(¢)/de? from discreteB(¢) data. Alter-

natively, B(¢) can be obtained from and the equilibrium
island curvature functior(6) through the expressioh

k(6)’ (113

Ble)=

termined from the island size and corresponds to one half of
the total number of atoms along the island periphery of avhere«(6) is given by

single atomic layef? (G,(t,)) values were determined from
the STM measurements gf 6,t,) as described below.

First, R(#) andR(6) were derived analytically from fits
to R(#) using Eq.(2) andg(6,t,) data determined using Eq.
(4). The Fourier modeg,(t,) were then extracted from
g(6,ty) andg(0,t,) values obtained frong,(t,) using the
relation g(6,t,)=i=,n g,(t,)e"?. Finally, x(6,t,) and
p(0,t,) results, computed according to Ed8a) and (8b),
were used to calculate the Fourier terfip,(t,)|?) and
{Ixn(tl)]?), and hence(Gy(t,)). Substituting Ny, and
(Gp(ta)) values into Eq(10), we obtained size-dependent
results for all islands.

Figure 9 is a plot of\ values(solid triangle$ vs average

[R(9)1?+2[R(0)12~[R(OR(6)]

Kk(6)= _
{[R(O)1>+[R(6)]1%}%?

(11b

x(6) was calculated for all adatom and vacancy islands from
the analytical fits toR(6) using Eq.(2) to obtain absolute

orientation-dependem values. The solid line in Fig. 10 is a

representative plot g8 vs ¢, corresponding to thg() val-
ues plotted in Fig. 10, for a vacancy islandTat= 1248 K *°
Averaging over all TiN111) vacancy islands at all annealing

temperature$1165—1248 K, we obtain step stiffnessed;

island sizeR,, for all adatom and vacancy islands at all @nd B, of 1.6+0.5 and 10.080.01eV/A, respectively.
temperatures, T,=1165-1248 K. We have shown Slightly higher results, 8;=2.2=1.5 with £,=0.09
previously® that\ can be expressed in terms of a parameter+0.02 eV/A, are obtained for the Ti{11) adatom islands.
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TABLE I. Calculated average kink energies and absolute steperature dependence between 0 and 1248(R) values for

energies at 0 K for the tw¢l10) steps on TiN111). the (111) surfaces of fcc P§0.037 and 0.033 eV/A for the
- two (110 steps,’® Cu (0.066 eV/A,* and Ag(0.085 eV/A
Parameter TiRL1D) (Ref. 33 are significantly lower. The higher step energies for

TiN(111) are reasonable given the fact that the melting point

g1 (eV) 0.44+0.05 ) ; g PR
e, (V) 0.14+0.02 T, @ measure of the bonding and cohesive energies in a
P (02) (eVIA) 0'2320'05 solid, is more than a factor of 2 higher for Ti{Ref. 34 than
Bl(O) (eVIA) 0'34+0'07 for Cu, Ag, and Pb due to the mixture of strong covalent and
2 . — .

ionic bonds in the nitride.

Finally, we note that the entropic contribution to
step energies on metallic surfaces is of order
(kgTa/q))In[cothEe/2kgT,)] (Ref. 35 and generally
ignored®!* Using e =0.44 and 0.14 eV witf,=1200K in

The larger uncertainties in determining, arise from the
difficulty in determining the curvature of a nearly straight

step. . . .
. . . L the above expression, we estimate the corresponding en-
The uncertainty introduced in the determination of steptropiC contributions to be~—10x10-3 and ~—1.8

energies due to limited spatial resolution in the fluctuation P . . i
measurements is of order one-half of a pixel witittBased ,;;#Sal 5Xé ér’tarii ?@;Cgﬁygr%h'ghogrz\f/rgaflgeé th:: dtgj sta
upon this, we estimate maximum uncertaintiesgirdue to respectively : ) 1 '

measurement errors p( 6,t,) to be =5%. This is less than
statistical standard deviations in the results.

Step stiffness is a measure of the step diffusivity and VI. CONCLUSIONS
hence controls the meandering of the steps. Assuming single

kink excitation, Emundts, Nowicki, and Bonz&Herived an round the equilibrium shape of 2D TiM1) adatom and
expression, based upon~Akutsu and Akutsu’s hexagon acancy islands at temperatures between 1165 and 1248 K.
lattice-gas modef; relating/ and the kink formation energy TiN(111) islands are highly anisotropic witf$, /8,=0.72
& on a close-packed step as +0.02 at T,=1200K (=0.38T,,1n). Temporal fluctua-
oKk T R PR tions about the equilibrium shapes are also strongly orien-
B="8 ex;{— —4 exp{—) , (12)  tation dependent with the same threefold symmetry as
33 kgT kT that of the island. From the STM data and the theory of

wherea, is the unit lattice spacing parallel to the step edge anisotropic  shape fluctuations, we determined absolute
For TiN(111), a,=2.99 A for bothS, andS, steps. Solving orientation-dependent Til1]) step energies and stiff-
Eq. (12) for &, usingB, and B, values obtained from all 26 "€>5¢*" For the tw(1110>-steps, we obtaing; =0.23+0.05
islands aff ,= 1165— 1248 K, we calculate average kink for- and B1=1.9+1.1 eV/A with §,=0.33+0.07 andj3,=0.08
mation energiesis;=0.44+0.05 ande,=0.14+0.02ev. *0.02eV/A. Corresponding kink energies; =0.44+0.05
Since kink energies are model dependent, these valugdldez=0.14+0.02 eV, were calculated from the step stiff-
should be considered only as estimates with the largedteSs values. Estimated step energy values at 0 K3g(®)

uncertainty of ~25% for the curvedS, step, where =0-23£0.05 andB,(0)=0.34+0.07 eV/A indicating that
ey lkgT=152 TiN(111) step energies exhibit only a very weak temperature

Using the kink and step energy results for the two closedependence betweed K and the maximum measurement
packed steps on Tif411) islands, we calculate average step temperature, 1248 K.
energiesB(0) at T,=0 K from the relation’

In situ STM was used to measure shape fluctuations
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