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Abstract

We employ in situ high-temperature (1030–1250 K) scanning tunneling microscopy to measure adatom island

coarsening/decay kinetics and temporal fluctuations around the equilibrium shapes of two-dimensional TiN vacancy

islands on atomically-smooth (0 0 1) and (1 1 1) TiN terraces. Using inverse Legendre transformations of the equilibrium

island shapes, we obtain relative step energies as a function of step orientation within an orientation-independent scale

factor l; the equilibrium chemical potential of the island per unit TiN molecular area. We then use either quantitative

island coarsening measurements [in the case of TiN(0 0 1)] or an exact approach for the analysis of shape fluctuations,

applicable to highly anisotropic TiN(1 1 1) islands, to determine l and, hence, absolute orientation-dependent step

energies and step stiffnesses.
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1. Introduction

B1–NaCl-structure TiN is widely used as a hard
wear-resistant coating on cutting tools, a diffu-
sion-barrier layer in microelectronic devices, a
corrosion-resistant coating on mechanical compo-
nents, and an abrasion-resistant layer on optics
and architectural glass. Since the elastic and
diffusion-barrier properties of TiN are highly
anisotropic, controlling polycrystalline TiN film
texture is important in all of these applications.
This fact has spurred interest in modeling the
growth of polycrystalline TiN as a function of
g author.
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deposition conditions [1]. Such a model, however,
requires knowledge of surface, step, and nearest-
neighbor interaction energies, all as a function of
orientation. Recently, considerable progress has
been made toward obtaining absolute orientation-
dependent step energies and step stiffnesses [2,3] as
well as the activation barriers for island coarsening
on TiN(0 0 1) and TiN(1 1 1) surfaces [4,5].

The step formation energy b as a function of
step orientation j is a fundamental parameter
used to describe crystal surfaces. bðjÞ is the two-
dimensional (2D) analog of the surface free energy
gðjÞ: Just as gðjÞ determines the equilibrium shape
of bulk crystals, the variation of b with j
determines the equilibrium shape of 2D islands
on a terrace. A related property, the step-edge
ed.
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1The [1 1 1] direction in B1–NaCl structure TiN is polar,

consisting of alternating layers of Ti and N atoms.
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stiffness, *bðjÞ � bðjÞ þ d2bðjÞ=dj2; is pro-
portional to the island chemical potential [6]
and hence controls island coarsening and decay
kinetics.

Experimental determination of orientation-de-
pendent step energies is difficult. Methods invol-
ving a combination of 2D island equilibrium shape
and step fluctuation measurements [7], 3D equili-
brium crystal shape and surface energy [8],
temperature-dependence of 2D island equilibrium
shapes [9,10], and anisotropic island shape fluctua-
tions [3] 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. [12,13] alone are not applicable to determine
absolute orientation-dependent step energies for
anisotropic island shapes.

Here, we present two approaches, both of which
are based upon analyses of the 2D equilibrium
island shape, for the determination of absolute
bðjÞ values on atomically-smooth (0 0 1) and
(1 1 1) TiN terraces using in situ high-temperature
scanning tunneling microscopy (STM). The first
method employs quantitative STM measurements
of island coarsening/decay (Ostwald ripening)
kinetics in combination with a modified expression
for the Gibbs–Thomson relation describing aniso-
tropic islands. The second method relies on an
exact theory for the analysis of shape fluctuations,
applicable to highly anisotropic islands. We derive
an analytical expression for the orientation depen-
dence of bðjÞ from the equilibrium shape using the
inverse Legendre transformation procedure de-
scribed in Ref. [14]. This provides relative bðjÞ
values within an orientation-independent scale
factor l; the equilibrium island chemical potential
per unit TiN molecular area, while eliminating the
conventional inverse Wulff-construction which
involves the tedious procedure of tangent con-
structions. Next, we analyze quantitative measure-
ments of TiN(0 0 1) island coarsening/decay
kinetics and TiN(1 1 1) island shape-fluctuations
and apply the two above-mentioned techniques,
respectively to determine l and, hence, absolute
orientation-dependent step energies and step
stiffnesses.
2. Experimental

Epitaxial TiN(0 0 1) and TiN(1 1 1) layers, 2000–
3000 (A thick, were grown on MgO(0 0 1) and
Al2O3ð1 1 %2 0Þ; respectively, by ultra-high vacuum
(UHV) magnetically-unbalanced DC magnetron
sputter deposition [15] using the procedure de-
scribed in Refs. [3,4]. The samples were then
transferred to a UHV multi-chamber variable-
temperature Omicron STM with a base pressure of
2� 10�10 Torr: The system is equipped with
facilities for electron-beam evaporation, ion etch-
ing, Auger electron spectroscopy, and low-energy
electron diffraction (LEED). Sample temperatures
were measured by optical pyrometry and cali-
brated using temperature-dependent TiN emissiv-
ity data obtained by spectroscopic ellipsometry.
The TiN layers were degassed in UHV at 1073 K;
where the vapor pressure of N2 over TiN is less
than 10�10 Torr [16], for approximately 1200 s:
Epitaxial TiN(0 0 1) or TiN(1 1 1) buffer layers,
50–100 (A thick, were deposited at 1023 K by
reactive evaporation from Ti rods in 1�
10�7 Torr N2 and annealed in N2 for 4 h at
TaC1100 K: This process yields sharp 1� 1
LEED patterns corresponding to bulk-terminated
surfaces with interplanar spacings of 2:1 (A for
TiN(0 0 1) and 2:4 (A for TiN(1 1 1).

TiN partial monolayers with coverages of up to
0:8 ML were deposited on the TiN buffer layers by
reactive-evaporation at room temperature. The
partial monolayer samples were annealed in N2 at
Ta ¼ 1023–1223 K while scanning the surface in
the STM. This procedure results in the formation
of equilibrium-shaped 2D square TiN islands on
(0 0 1) terraces and truncated-hexagon islands
bounded by /1 1 0S steps on /1 1 1S terraces
[3]. We obtain 2D adatom islands at coverages
o0:4 ML and vacancy islands at higher coverages.
The TiN(0 0 1) islands are single-atom-height while
the TiN(1 1 1) islands are bilayer-height.1

For each of the measurement sequences, island
boundaries and areas A were determined from the
STM images using Image SXM, an image proces-
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Fig. 1. (a) and (b): Consecutive STM images of 2D TiN

vacancy islands on atomically-smooth (0 0 1) and (1 1 1) TiN

terraces, respectively. Image size, scan rate, and annealing

temperature Ta: (a) 338� 338 (A2; 15 s=frame; and 1140 K; (b)
430� 430 (A2; 32 s=frame; and 1200 K:

Fig. 2. Upper panel: (a) Plot of R vs. y for the TiN(0 0 1) island

shown in Fig. 1a. (b) Polar plot of R vs. y and b vs. j
determined using Eq. (2) with l ¼ 1: Lower panel: The

corresponding plots for the TiN(1 1 1) island in Fig. 1b. Open

circles represent experimental data and the solid lines are the

analytical fits obtained using Eq. (1).
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sing software.2 To determine the equilibrium
island shape, we require islands of constant area.
Thus, the boundary coordinates rðy; taÞ of mea-
sured islands, of average radii > 100 (A; were
normalized to the smallest island area in the
measurement sequence following the procedure
used in Refs. [2,3]. The equilibrium island shape
RðyÞ was then obtained by averaging rðy; taÞ at all
ta values within the measurement sequence [2].
3Measured RðyÞ data at y values over the range 0–ysym [with

ysym ¼ p=2 and 2p=3 for TiN(0 0 1) and TiN(1 1 1), respectively]

were fit with two Lorentzian functions. The same set of

functions, with yc shifted by nysym; n ¼ 1; 2; and 3 for TiN(0 0 1)
3. Results and discussion

3.1. Equilibrium island shape analyses

Fig. 1 consists of two sets of consecutive STM
images of 2D TiN vacancy islands on atomically-
smooth (0 0 1) (Fig. 1a) and (1 1 1) (Fig. 1b) TiN
terraces acquired at 1140 and 1200 K; respectively.
The observed fluctuations in island shapes rðy; taÞ
2 Image SXM, developed by Prof. Steve Barrett, Liverpool,

UK; http://reg.ssci.liv.ac.uk.
are due to thermally induced random motion of
the diffusing species.

Equilibrium island shapes RðyÞ; determined,
using the procedure described above, from the
average of all images (typically 15–60) in a given
measurement sequence were fit with Lorentzian
functions3 of general form,

R ¼ Ro þ
a

½1þ bðy� ycÞ
2	
; ð1Þ

where Ro; a; b; and yc are fitting parameters. R vs.
y for the TiN(0 0 1) and TiN(1 1 1) islands corre-
sponding to Figs. 1a and b are plotted in the upper
and lower panels of Fig. 2a.

The open circles represent the measured data
while the solid lines are the analytical fits obtained
using Eq. (1). All experimental data were equally
well fit. The inverse Legendre transform of RðyÞ
yields relative values of bðjÞ through the analytical
and 1 and 2 for TiN(1 1 1), were used to fit the data at higher y
values. The form of Eq. (1), which provides an analytical means

to calculate ’R and .R; has no physical significance.

http://reg.ssci.liv.ac.uk
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expression [14]

bðjÞ ¼ l
½RðyÞ	2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½RðyÞ	2 þ ½ ’RðyÞ	2
p ð2Þ

with j ¼ y� arctanð ’R=RÞ : ’R in Eq. (2) is the first
spatial derivative of R with respect to y: Polar
plots of bðjÞ (dotted line) calculated with l ¼ 1 for
TiN(0 0 1) and TiN(1 1 1) islands in Figs. 1a and b
are shown in the upper and lower panels,
respectively of Fig. 2b. The straight and corner
steps are /1 1 0S and /1 0 0S; respectively for
TiN(0 0 1), and are /1 1 0S steps, labeled S1 and
S2; for TiN(1 1 1).

In order to obtain absolute bðjÞ values, l in
Eq. (2) has to be determined independently. We do
this using island coarsening/decay (Ostwald ripen-
ing) experiments for TiN(0 0 1) and shape-fluctua-
tion measurements for TiN(1 1 1) as described
below.

3.2. TiNð0 0 1Þ island decay analyses

Ostwald ripening is a phenomenon in which
larger islands grow at the expense of smaller ones
and is described by the Gibbs–Thomson equation
[6,17]

req ¼ req
N

exp
bO
*rkTa

� �
; ð3Þ

where req is the equilibrium free adatom concen-
tration associated with an island of radius *r; req

N
is

the equilibrium free adatom concentration asso-
ciated with a straight step, and O 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
isotropic (circular) islands. The general equation
for anisotropic (non-circular) equilibrium island
shapes is

req ¼ req
N

exp
*bðjÞkðyÞO

kTa

 !
: ð4Þ

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

kðyÞ ¼
SðyÞ
Ravg

; ð5aÞ
where

SðyÞ ¼
f½R=Ravg	2 þ 2½ ’R=Ravg	2 � ½R .R=R2

avg	g

f½R=Ravg	2 þ ½ ’R=Ravg	2g
3=2

ð5bÞ

is a dimensionless orientation-dependent cur-
vature function describing the equilibrium
shape and Ravg ¼

ffiffiffiffiffiffiffiffiffi
A=p

p
is the average island

radius. .R in Eq. (5b) denotes the second spatial
derivative of R with respect to y: The step-edge
stiffness *bðjÞ is related to kðyÞ through the
expression [6,18]

*bðjÞ ¼
l

kðyÞ
: ð6Þ

l; the equilibrium chemical potential of the island
per unit TiN molecular area, in Eq. (6), is
independent of step orientation and depends only
on island size. Thus, by combining Eqs. (5) and
(6), we obtain an exact expression for l in terms of
the orientation-independent parameters Ravg and B:

l ¼
B

Ravg
; ð7aÞ

with

B � *bðjÞSðyÞ: ð7bÞ

B; defined in Eq. (7b), determines the energy scale
of the surface equilibrium chemical potential. For
the case of circular islands, B ¼ b and Ravg ¼ *r;
and we recover Eq. (3). For the case of anisotropic
equilibrium island shapes, Eq. (4) can be written in
terms of B and Ravg; as

req ¼ req
N

exp
BO

RavgkTa

� �
: ð8Þ

We have used in situ high-temperature STM to
follow 2D adatom island coarsening kinetics on
TiN(0 0 1) surfaces, where the rate-limiting me-
chanism is surface diffusion [4], and Eq. (8) to
model the results in order to obtain B and, hence,
l: To extract B from time- and temperature-
dependent STM measurements, we have chosen a
simple experimental geometry, an adatom island in
a vacancy pit, where the equilibrium free adatom
concentrations around the island are well defined.
The decay rate dA=dta of an island in this
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Fig. 3. Measured (open squares) island areas A vs. annealing

time ta for a 2D TiN(0 0 1) 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 ¼
0:23 eV= (A: An STM image ð705� 715 (A2Þ of the island

geometry is given in the inset.
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geometry is given by [4]

dA

dta
¼ � 2pOCreq

N
exp

BO
RavgkTa

� ��

� exp
�BO

RpkTa

� ��
; ð9Þ

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

We model diffusion-limited island decay kinetics
for this configuration using an adaptive iterative
finite-element methods to solve the 2D diffusion
equation @rðx; yÞ=@t ¼ �Cr2rðx; yÞ at steady-
state [4] with Eq. (8) as a boundary condition.
rðx; yÞ is the local adatom concentration and C;
for diffusion-limited kinetics, is the surface diffu-
sivity. In the decay curves, the product Creq

N
ðTaÞ

determines the time over which an island decays
and B defines the shape of the decay curve at small
island sizes [12]. It is important to note that the
only two unknown parameters in the calculation,
B and the product Creq

N
ðTaÞ; can be determined

accurately from island coarsening measurements
only when the argument of the exponential,
expðBO=RavgkTaÞ; in Eq. (9) is such that
ðBO=RavgkTaÞb1: For ðBO=RavgkTaÞ51; the ex-
ponential can be expanded to first order which
yields the mean-field expression where BCreq

N
ðTaÞ

is a single parameter. Experimental data, at seven
different annealing temperatures, Ta ¼ 1023–
1223 K; for islands that satisfy the condition
ðBO=RavgkTaÞb1; were fitted with calculated
results to determine B and Creq

N
ðTaÞ:

Fig. 3 shows a typical plot of measured (open
squares) and calculated (solid line) island area A as
a function of annealing time ta; in this case for a
40 (A adatom island at Ta ¼ 1140 K: Decay curves
for 14 different adatom islands were equally well
fit with B ¼ 0:2370:05 eV= (A: Combining this
result with the measured equilibrium shape in
Fig. 2a, we obtain, using Eq. (7), size-dependent l
values.

3.3. Island shape-fluctuation analyses

An alternate approach to determine l; and
hence bðjÞ; is based upon the recently-developed
theory of anisotropic island shape-fluctuations.
[3,14]. In this section, we apply this method and
analyze STM measurements of temporal fluctua-
tions in TiN(1 1 1) island shapes.

The total free energy F of an island is related to
the island shape r through the relationship

F ¼
Z 2p

0

fb½jðy; taÞ	ðr2 þ ’r2Þ1=2g dy: ð10Þ

The angle jðy; taÞ in Eq. (10) is the local normal to
the fluctuating shape at rðy; taÞ in contrast to
Eq. (2) where j corresponds to the local normal to
the equilibrium shape at RðyÞ: Thus, bðjÞ in
Eq. (10) is also a function of r and hence ta: Since
the equilibrium shape corresponds to the mini-
mum free energy Fo; temporal deviations gðy; taÞ
from the equilibrium shape result in a change in
free energy DF � F � Fo; where we have defined
g � gðy; taÞ to be the normalized deviation of the
temporal shape r from the equilibrium shape R:
Thus, g � ½r � R	=R: In order to derive an expres-
sion for l in terms of the measurable quantity g;
we construct a function f � f ðy; r; ’rÞ defined as

f ðy; r; ’rÞ ¼ b½jðtaÞ	ðr2 þ ’r2Þ1=2 � lðr2=2Þ: ð11Þ

Note that the second term in Eq. (11) accounts
for the constant area constraint with a Lagrange
multiplier l: Expanding f to second order by
Taylor’s theorem for functions of two variables
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Fig. 4. Absolute values of b vs. j (dashed line) and *b vs. j
(solid line) for the (a) TiN(0 0 1) island in Fig. 1a and (b) a

TiN(1 1 1) vacancy island at Ta ¼ 1248 K:
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(r and ’r) and substituting for bðjÞ from Eq. (2), we
derive an expression for DF in terms of l and g;

DF ¼
l
2

Z 2p

0

½wðy; taÞ	2 dy�
Z 2p

0

½rðy; taÞ	2 dy
� �

;

ð12Þ

where we define wðy; taÞ and rðy; taÞ as

wðy; taÞ � R2 ’g=ðR2 þ 2 ’R2 � R .RÞ1=2

rðy; taÞ � gR: ð13Þ

In Eq. (13), .R denotes the second derivative of R

with respect to y: Rewriting the functions as
Fourier series wðy; taÞ ¼

P
nwnðtaÞe

iny and rðy; taÞ ¼P
nrnðtaÞe

iny allows Eq. (12) to be expressed in
terms of the Fourier components wn and rn as
DF ¼ pl

P
n Gn in which Gn ¼ jwnðtaÞj

2 � jrnðtaÞj
2:

Since temporal changes in the total free energy are
only due to g; DF can be expressed as a
homogeneous second-order function in fgng;
where gn � ð1=2pÞ

R 2p
0 ge�iny dy: Then, by Euler’s

theorem, we obtain
P

n gnð@DF=@gnÞ ¼ 2DF : Com-
paring the above relation to the generalized
equipartition theorem [19], we find that the time-
averaged free energy /DFS is equal to NmaxkBT=2
where Nmax corresponds to the maximum
number of allowable fluctuation modes.4 Thus,
we obtain l as

l ¼
NmaxkBT

2p
P

n/GnS
: ð14Þ

We have measured the temporal fluctuations of
14 vacancy islands of average radii 50–260 (A over
the temperature range Ta ¼ 1165–1248 K: For
each island, the equilibrium shape R and g were
determined from the STM data. wðy; taÞ and rðy; taÞ
values were calculated numerically based upon
Eq. (13) using the analytical fits to RðyÞ of Eq. (1).
The calculated Fourier components Gn were then
used in Eq. (14) in order to obtain l values for all
islands.
4With the smallest mode corresponding to two surface-atom

spacing, Nmax is defined as one half of the total number of

atoms along the island periphery of a single atomic layer.
3.4. Absolute step energies

Substituting the size-dependent l values, deter-
mined using the procedures described in Sections
3.2 and 3.3, into Eq. (2), we then determine
absolute bðjÞ values for TiN(0 0 1) and
TiN(1 1 1). kðyÞ values were calculated for the
islands using the RðyÞ fit obtained from Eq. (1).
This yields, from Eq. (6), absolute values for *bðjÞ:
Both b (dashed line) and *b (solid line) for
TiN(0 0 1) and TiN(1 1 1) are plotted as a function
of j in Figs. 4a and b, respectively.

In case of TiN(0 0 1), for the two high-symmetry
/1 1 0S and /1 0 0S steps we obtain: b1 1 0 ¼
0:2170:05; *b1 1 0 ¼ 0:970:2; b1 0 0 ¼ 0:2570:05;
and *b1 0 0 ¼ 0:0770:02 eV= (A: Averaging over all
TiN(1 1 1) vacancy islands at all annealing tem-
peratures (1165–1248 K), we obtain step energies b1
and b2 for the two /1 1 0S steps of 0:2470:05 and
0:3470:08 eV= (A; respectively with step stiffnesses
*b1 ¼ 1:670:5 eV= (A and *b2 ¼ 0:0870:01 eV= (A:
The larger uncertainties in determining *b1 1 0 and
*b1 values arise from the difficulty in determining the
curvature of nearly straight steps.
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4. Conclusions

In conclusion, we have shown that measure-
ments of 2D island decay kinetics or shape-
fluctuations in combination with analyses of
equilibrium island shapes can be used to determine
absolute orientation-dependent step energies on
anisotropic, as well as, isotropic surfaces. We
employed in situ high-temperature (1030–1250 K)
STM to measure adatom island coarsening/decay
and temporal fluctuations around the equilibrium
shapes of two-dimensional TiN vacancy islands on
atomically smooth (0 0 1) and (1 1 1) TiN terraces.
Inverse Legendre transformations of the equili-
brium island shapes yields relative step energies as
a function of step orientation within an orienta-
tion-independent scale factor l; the equilibrium
chemical potential of the island per unit TiN
molecular area. We then use either quantitative
island coarsening measurements [in the case of
TiN(0 0 1)] or an exact approach for the analysis of
shape fluctuations, applicable to highly anisotropic
TiN(1 1 1) islands, to determine l and, hence,
absolute orientation-dependent step energies and
step stiffnesses.
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