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Abstract

In situ high-temperature (1030-1223 K) scanning tunneling microscopy was used to determine the equilibrium
shapes of two-dimensional TiN vacancy islands on atomically smooth terraces of epitaxial TiN(00 1) layers. Inverse
Legendre transformations of the equilibrium island shapes yield relative step energies as a function of step orientation
within an orientation-independent scale factor /, the equilibrium chemical potential of the island per unit TiN mo-
lecular area. We then use quantitative TIN(00 1) adatom island coarsening measurements to determine 4 and, hence,
absolute orientation-dependent step energies f§ and step stiffnesses B. For (110) and (100) steps on TiN(001), we
obtain: ff;;, = 0.21 £0.05 eVI/A, Proo =0.25+0.05 eVI/A, 5110 =0.9+0.2¢V/A, and Bioo =0.07£0.02 eV/A. From
the [3 values, we calculate kink formation energies &, = 0.40 0.2 eV and €99 = 0.11 0.1 ¢V based on the unre-
stricted terrace-step-kink model.
© 2002 Elsevier Science B.V. All rights reserved.
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B1 NaCl-structure TiN is widely used for de-
positing hard wear-resistant coatings on cutting
tools, diffusion-barrier layers in microelectronic
devices, corrosion-resistant coatings on mechani-
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cal devices, and abrasion-resistant layers on opti-
cal components. Even though the elastic and
diffusion-barrier properties of TiN are highly an-
isotropic, and hence depend strongly upon film
texture, the mechanisms and reaction paths lead-
ing to the development of preferred orientation in
polycrystalline TiN layers are not understood.
Efforts to model these processes [1] require, as in-
put, detailed knowledge of adatom transport and
surface site energies. Relatively little information is
available concerning these parameters. Some pro-
gress has been made recently toward obtaining
adatom transport parameters on TiN(001) and
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(111) surfaces [2-4]. Here, we focus on the de-
termination of absolute step formation energies on
TiN(0O1).

The step formation energy f as a function of
step orientation ¢ is a fundamental parameter
used to describe crystal surfaces. () is the two-
dimensional (2D) analog of the surface free energy
7(®). Just as y(¢) determines the equilibrium shape
of bulk crystals, the variation of § with ¢ deter-
mines the equilibrium shape of 2D islands on a
terrace. A related property, the step-edge stiffness,
B(@) = B(¢) + d*B(p)/de?, is proportional to the
island chemical potential [5] and hence controls
island coarsening and decay kinetics.

Experimental determination of orientation-
dependent step energies is difficult. Methods in-
volving a combination of 2D island equilibrium
shape and step fluctuation measurements [6], 3D
equilibrium crystal shape and surface energy [7],
temperature-dependence of 2D island equilibrium
shapes [8,9], and anisotropic island shape fluctua-
tions [10] have been used to determine absolute step
energies. Orientation-averaged step energies have
been determined from near-isotropic island shape
fluctuations [11] and 2D island coarsening mea-
surements [12,13]. However, methods described in
Refs. [12] and [13] alone are not applicable to de-
termine absolute orientation-dependent step ener-
gies for anisotropic island shapes.

In this letter, we present an approach, based
upon measurements of the equilibrium island
shape combined with island coarsening analyses,
for the determination of absolute f(¢) values on
atomically smooth TiN(0 0 1) terraces using in situ
high-temperature scanning tunneling microscopy
(STM). We use an analytical expression for the
orientation dependence of S(¢) from the equi-
librium shape using the inverse Legendre trans-
formation procedure described in Ref. [10]. This
provides relative f(¢) values within an orienta-
tion-independent scale factor A, the equilibrium
island chemical potential per unit TiN molecular
area, while eliminating the conventional inverse
Waulff-construction which involves the tedious
procedure of tangent constructions. Next, we use
in situ high-temperature STM measurements of
TiN(001) adatom island coarsening (Ostwald
ripening) on atomically smooth TiN(00 1) terraces

to determine A and, hence, absolute values for
B(®). )

Epitaxial TiN(00 1) layers, 3000 A thick, were
grown on MgO(001) by ultra-high vacuum
(UHV) magnetically unbalanced magnetron sput-
ter deposition [14] using the procedure described
in Ref. [15]. The samples were transferred to a
UHV multichamber system, with a base pressure
of 2 x 107!° Torr, containing a variable-tempera-
ture Omicron STM. The system is equipped with
facilities for electron-beam evaporation, ion etch-
ing, Auger electron spectroscopy (AES), and low
energy electron diffraction (LEED). Sample tem-
peratures were measured by optical pyrometry
and calibrated using temperature-dependent TiN
emissivity data obtained by spectroscopic ellip-
sometry.

The TiN(00 1) layers were degassed in UHV at
1073 K, where the N, vapor pressure over TiN is
less than 107! Torr [16], for approximately 20
min. Epitaxial TIN(00 1) buffer layers, 50-100 A
thick, were then deposited at 1023 K in the STM
chamber by reactive evaporation from Ti rods
(99.999% purity) in N; (99.999%) at 1 x 10~7 Torr.
The buffer layers were annealed in N, for 4 h at
temperatures 7, ~ 1100 K. This procedure results
in sharp 1 x 1 LEED patterns corresponding to an
in-plane atomic spacing of 4.24 A and an STM-
measured step height of 2.12 A, both equal to
expected values for bulk TiN [17]. AES analyses
show that the samples contain ~2 mol% oxygen,
probably in the form of TiO which is isostructural
[17] and mutually soluble with TiN. STM images
reveal that the layer surfaces consist of terraces
400-800 A wide, depending upon 7,, separated by
single-atom-high steps.

Partial TiN monolayers (ML) with coverages
0.1-0.8 ML were deposited on the TIN/MgO(00 1)
substrates by reactive evaporation at room tem-
perature. The partial monolayer samples were
annealed in N, at 7, = 1023-1223 K while scan-
ning the surface in the STM. This resulted in a
distribution of square-shaped TiN(001) 2D ad-
atom islands of average radii 15-40 A at coverages
<0.4 ML and vacancy islands of average radii 60—
160 A at higher coverages. Using a combination of
LEED and STM measurements, we find that the
islands are bounded by (110) steps.
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Fig. 1. (a,b) Consecutive STM images (338 x 338 Az) of a 2D TiN(00 1) vacancy island on an atomically smooth TiN(00 1) surface.
The images were acquired at 15 s/frame during annealing at 7, = 1140 K. (¢) Corresponding outlines »(0,,) of the island shapes.

Prior to obtaining the in situ temperature-
dependent STM data reported below, the sample
and tip were allowed to stabilize thermally at 7, for
2-3 h. At each T,, STM images of individual va-
cancy islands were continuously acquired at a rate
of 12-44 s/frame for annealing times ¢, up to 60
min. Pixel resolution varied from 0.75 x 0.75 to
2.5 x 2.5 A2. Typical tunneling conditions were 0.6
nA at 0.8-2.0 V. Scan sizes, scan rates, and tun-
neling parameters were varied to check for tip in-
duced effects. No such effects were observed in
results presented here.

For each of the measurement sequences, island
boundaries and areas 4 were determined from the
STM images using Image SXM, an image pro-
cessing software [18]. To determine the equilib-
rium island shape, we require islands of constant
area. Thus, the boundary coordinates r(0,t,) of
measured islands, of average radii >100 A, were
normalized to the smallest island area in the mea-
surement sequence following the procedure used in
Ref. [10]. The equilibrium island shape R(0) was
then obtained by averaging »(0,¢,) at all ¢, values
within the measurement sequence.

Figs. la and 1b are typical results showing
consecutive STM images of a TiN(001) 2D

2 The average island shape R(0) = (r(0,,)) was found to be
distorted, with assymmetric (110) step-edge lengths, due to
hysteresis [8] in the STM piezo-electric actuators. The distorted
shape R(0) was transformed to the symmetric equilibrium
island shape R(#) using the fourfold symmetry of the TiN(00 1)
lattice and imposing the condition R(0; +nn/2) = (1/4) x
> u—0,123 R(0; + nm/2) for 0; values between 0 and /2.

140 (@,

0 2 n 3w2 2n
0 (radians)

Fig. 2. (a) Plot of R vs. 0 for the TiN(00 1) island shown in Fig.
1. Open circles represent experimental data and the solid line is
the analytical fit obtained using Eq. (1). (b) Polar plots of R vs.
0 and f vs. ¢ determined using Egs. (2a) and (2b) with A = 1.

vacancy island acquired at 1140 K while scanning
at 15 s/frame. The corresponding island outlines,
r(0,t,), are presented in Fig. 1c. Equilibrium island
shapes R(0), determined from 62 images using the
procedure described above, were fit with Lorentz-
ian functions * of general form,

a

[14b0-0)7

where R,, a, b, and 0, are fitting parameters. R vs.
0 for the island corresponding to Fig. 1 is plotted
in Fig. 2a. The open circles represent the measured
data while the solid line is the analytical fit ob-
tained using Eq. (1). All experimental data were
equally well fit.

R=R,+ (1)

3 Measured R(6) data at 0 values over the range 0-7/2 were
fit with two Lorentzian functions. The same set of functions,
with 6, shifted by 7/2, =, and 37/2, were used to fit the data at
higher 0 values. The form of Eq. (1), which provides an
analytical means to calculate R and R, has no physical
significance.
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The inverse Legendre transform of R(0) yields
relative values of fi(¢) through the analytical ex-
pression [10]

po) = 1——BOL__ (20)
RO + [R(O)

with

¢ = 0 — arctan(R/R), (2b)

where R is the first spatial derivative of R with
respect to 0. A polar plot of f(¢) (dotted line)
calculated with A = 1 is shown in Fig. 2b in which
the straight and corner steps are (110) and (100),
respectively. The ratio of step energies, f1,0/8100
(i.e., the maximum variation of f with ¢) obtained
using Egs. (2a) and (2b) is 0.84. However, in order
to obtain absolute () values, 4 in Eq. (2a) has to
be determined independently. We do this using the
island coarsening (Ostwald ripening) experiments
described below.

Ostwald ripening is a phenomenon in which
larger islands grow at the expense of smaller ones
and is described by the Gibbs—Thomson equation
[5,19]

eq — Heq ﬁQ
p*t = plexp (ikTa ) (3)
where p® is the equilibrium free adatom concen-
tration associated with an island of radius 7, p% is
the equilibrium free adatom concentration asso-
ciated with a straight step, and € is the unit TiN
molecular area. Note that Eq. (3), while commonly
used in the literature to represent the Gibbs—
Thomson equation, is specific to the case of iso-
tropic (circular) islands. The general equation for
anisotropic  (non-circular) equilibrium island
shapes is

4)

)5 = 8 exp (wam)_

kT,

k(0) in Eq. (4) is the curvature of the equilibrium
island shape given by the relation

0) =% (sa)

S(0)
{IRO) /R + 21R(0) /Russ) —~ [ROR(O) /82, )}

{IRO)/Rue)* + [l’?(t‘))/leavgf}3/2
(5b)

is a dimensionless orientation-dependent curvature
function describing the equilibrium shape and
Raye = \/A/m is the average island radius. *Rin
Eq. (5b) denotes the second spatial derivative of R
with respect to 6. The step-edge stiffness f(¢) is
related to x(0) through the expression [5,10,20]

_ )
Ble) = 0 (6)

4, the equilibrium chemical potential of the island
per unit TiN molecular area, in Eq. (6), is inde-
pendent of step orientation and depends only on
island size. Thus, by combining Egs. (5a), (5b),
and (6), we obtain an exact expression for 1 in
terms of the orientation-independent parameters
R,y and B:

B
A= Roa’ (7a)
with
B = B(9)S(0). (7b)

B, defined in Eq. (7b), determines the energy scale
of the surface equilibrium chemical potential.
(Giesen and co-workers [13,21] derived a similar
expression for / in terms of shape factors which is
exact for anisotropic islands at 0 K. However, the
present expression is valid at any temperature.)
For the case of circular islands, B = ff and Ry, =7,
and we recover Eq. (3). For the case of anisotropic
equilibrium island shapes, Eq. (4) can be written in
terms of B and R,y,, as

BQ
W = p . 8
p Pl exp (Ravnga> (8)

4 Raye can also be defined as R, = 2]_11 02n dOR(0) which
would lead to a slightly different value of B. This however, has
no effect on the value of /, and hence f values, obtained by this
analysis.
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We have used in situ high-temperature STM to
follow 2D adatom island coarsening kinetics on
TiN(00 1) surfaces, where the rate-limiting mech-
anism is surface diffusion [2], and Eq. (8) to model
the results in order to obtain B and, hence, 4. To
extract B from time- and temperature-dependent
STM measurements, we have chosen a simple ex-
perimental geometry, an adatom island placed in
a vacancy pit, where the equilibrium free adatom
concentrations around the island are well defined.
The decay rate d4/dt, of an island in this geometry
is given by [22]

d—A = —21QCp]

de,
oo (B2 (B9
P\ Rk, ) ~ P\ TR )|
9)

where the proportionality constant C is a tem-
perature-dependent rate coefficient and R, is the
average radius of the vacancy pit.

We model diffusion-limited island decay kinet-
ics for this configuration using an adaptive it-
erative finite-element methods to solve the 2D
diffusion equation 0p(x,y)/d0t = —CV?p(x,y) at
steady-state [2] with Eq. (8) as a boundary condi-
tion. > p(x,y) is the local adatom concentration
and C, for diffusion-limited kinetics, is the surface
diffusivity. Island edges are discretized and repre-
sented by a finite number of points. At each time
step, we solve the steady-state diffusion equation in
the region surrounding each island and calculate
net diffusive fluxes into or out of each island edge.
The corresponding island size is increased or
reduced by moving its boundaries normal to
the direction of the flux. In the decay curves, the
product Cp%d(7,) determines the time over which
an island decays and B defines the shape of the
decay curve at small island sizes [12]. It is impor-
tant to note that the only two unknown para-
meters in the calculation, B and the product
Cp%4(T,), can be determined accurately from island
coarsening measurements on/y when the argument

> In our analysis, we assume that Eq. (8), applicable only for
equilibrium island shapes, is also valid for smaller islands that
decay.

Fig. 3. Measured (open squares) island areas 4 vs. annealing
time ¢, for a 2D TiN(001) adatom island in a vacancy pit
during annealing at 1140 K. The solid line is the calculated
curve obtained using diffusion-limited model with B = 0.23 eV/
A. An STM image (705 x 715 A2) of the island geometry is
given in the inset.

of the exponential, exp(BQ/R.kT,), in Eq. (9) is
such that (BQ/R,ekT,) > 1. For (BQ/Ry.kT,) <
1, the exponential can be expanded to first order
which yields the mean-field expression where
BCp(T,) is a single parameter [22,23]. Experi-
mental data, at seven different annealing temper-
atures, 7, = 1023-1223 K, for islands that satisfy
the condition (BQ/R,..kT,) > 1, were fit with
calculated results to determine B and Cp®d(T,).

Fig. 3 shows a typical plot of measured (open
squares) and calculated (solid line) island area A as
a function of annealing time 7, in this case for a 40
A adatom island at 7, = 1140 K. Decay curves for
14 different adatom islands were equally well fit
with B = 0.23 £ 0.05 eV/A. Combining this result
with the measured equilibrium shape in Fig. 2, we
obtain, using Eq. (7a), size-dependent A values.
Substituting 4 into Eq. (2a), we then determine
absolute values for f(¢). x(0) values were calcu-
lated for the island in Fig. 1 using the R(0) fit
obtained from Eq. (1). This yields, from Eq. (6),
absolute values for f(¢). Both f8 (dashed line) and
B (solid line) for TiN(00 1) are plotted in Fig. 4 as
a function of ¢. For the two high-symmetry (1 10)
and (100) steps we obtain: f3;,, = 0.21 £ 0.05,
Biio=09+£02 eV/IA, B4 =0.25%0.05 eV/A,
and By, = 0.07 £0.02 eV/A. R

In the unrestricted terrace-step-kink model, f is
related to the kink formation energy ¢ on a step
as [24]
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Fig. 4. Absolute values of f vs. ¢ (dashed line) and S vs. ¢
(solid line) for TiN(00 1).

B = (2ajkpT/a>) sinh® (¢/2ksT), (10)

where @) and a, are the unit lattice spacing parallel
and orthogonal to the step edge respectively. With
ay =a, =2.12v2 A for (110) steps and q| = 4.24
A and a; =2.12 A for (100) steps, we obtain
E110 = 0.40 +0.02 eV and E100 = 0.11 0.01 eV.
Since the kink energy results are model-depen-
dent [24,25], however, these values should only
be considered as approximate. We have ignored
entropic step energy contributions, (kg7 /aj) x
In[coth(e/2kpT)] [24], to the step energies, which
we estimate to be ~—8 x 10™* and —0.02 eV/A
corresponding to ¢ values of 0.40 and 0.11 eV,
respectively, at 1140 K. These values are smaller
than the statistical uncertainties in determining f,
0.05 eV/A for both (100) and (110) steps.

In conclusion, we have shown that island decay
measurements in combination with analyses of
2D equilibrium island shapes can be used to de-
termine absolute orientation-dependent step ener-
gies on anisotropic, as well as, isotropic surfaces.
We used in situ high-temperature (1030-1185 K)
STM to determine 2D TiN(00 1) vacancy island
shapes. Relative orientation-dependent step ener-
gies were obtained from inverse Legendre trans-
formation of the equilibrium island shapes. These
results were then used in combination with
diffusion-limited TiN(001) adatom island coars-
ening measurements to obtain absolute orienta-
tion-dependent step energies. TiIN(00 1) islands are
found to be anisotropic with f,,/8100 = 0.84
at 7, = 1140 K (=~0.36 T, [26]). We obtain step
energies f5;,,=0.21+£0.05 eV/A and f,,, =

0.2540.05 eV/A, step stiffnesses Brio=09+02

eV/A and Bioo = 0.07 4 0.02 eV/A, and kink for-
mation energies ¢ 19 = 0.40 eV and ;9o = 0.11 V.
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