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Absolute TiN(111) Step Energies from Analysis of Anisotropic Island Shape Fluctuations
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In situ high-temperature (1165–1248 K) scanning tunneling microscopy was used to measure fluctua-
tions around the equilibrium shape of two-dimensional vacancy islands on TiN(111) terraces. From the
equilibrium shape, the ratio of the two �110� step energies was found to be 0.72 6 0.02. Combining this
with the results of an exact approach for analysis of shape fluctuations, applicable to highly anisotropic
islands, we obtain absolute values for step energies and step stiffnesses as a function of orientation.
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NaCl-structure titanium nitride (TiN) is widely used as
a hard, wear-resistant coating on cutting tools, as a dif-
fusion barrier in microelectronic devices, and as a corro-
sion and abrasion resistant layer on optical components.
Even though its elastic and diffusion-barrier properties
are highly anisotropic, and hence depend strongly upon
film texture, the mechanisms and reaction paths leading to
the development of preferred orientation in polycrystalline
TiN layers are not understood. Efforts to model these pro-
cesses [1] require, as input, detailed knowledge of adatom
transport parameters and surface site energies. Here, we
focus on the step formation energy.

The step formation energy b as a function of step ori-
entation w is a fundamental parameter used to describe
crystal surfaces. b�w� is the two-dimensional (2D) analog
of the surface free energy g�w�. Just as g�w� determines
the equilibrium shape of bulk crystals, the variation of b

with w determines the equilibrium shape of 2D islands
on a terrace. A related property, the step-edge stiffness,
b̃�w� � b�w� 1 d2b�w��dw2, is proportional to the is-
land chemical potential [2] and hence controls island coars-
ening and decay kinetics. Unfortunately, very little data,
either experimental or theoretical, are available concerning
b�w�, even for elemental metal surfaces. For more com-
plex materials such as transition-metal nitrides, there are
no published data.

Experimental determination of orientation-dependent
step energies is difficult. An “inverse” Wulff plot [2,3]
constructed from direct measurements of the equilibrium
shape of 2D islands yields only the relative orientation
dependence of step energies. Additional experiments are
necessary to determine absolute values of b�w�. Bartelt
et al. [4] used step fluctuation measurements for Si(001),
while Bonzel and co-workers [5] employed 3D equilib-
rium crystal shape measurements and surface energies for
Pb(111). Icking-Konert et al. [6] described a method to
determine absolute b�w� values from the temperature de-
pendence of equilibrium island shapes. Recently, Schlößer
et al. [7] have shown that shape fluctuation measurements
of isotropic (circular), or near-isotropic, islands at a fixed
temperature can be used to determine absolute average
step energies, thus eliminating the need for additional
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experiments. This technique, however, is not applicable
to obtain b�w� for anisotropic island shapes.

In this Letter, we present a new approach for the anal-
ysis of shape fluctuations, applicable to both isotropic and
highly anisotropic islands, and apply it to the determination
of absolute b�w� values from high-temperature scanning
tunneling microscopy (STM) measurements of the equilib-
rium 2D vacancy island shape, and temporal fluctuations
about that shape, on atomically smooth TiN(111) terraces.
We derive an analytical expression for the orientation de-
pendence of b�w� from the equilibrium shape using the in-
verse Legendre transformation [2,3]. This provides relative
b�w� 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 constructions. Next, we derive an exact expression
relating the temporal change in island free energy, a func-
tion of l, to thermal fluctuations around the equilibrium
shape. From the STM shape fluctuation measurements we
determine, using our analytical formulation, l and hence
absolute values for b�w�. Our approach makes no assump-
tions, as required in earlier analysis [8], regarding island
isotropy.

Epitaxial TiN(111) layers, 2000 Å thick, were grown on
Al2O3�1120� by ultrahigh vacuum (UHV) magnetically
unbalanced magnetron sputter deposition [9] using the
procedure described in Ref. [10]. The samples were trans-
ferred to a UHV multichamber variable-temperature Omi-
cron STM with a base pressure of 2 3 10210 Torr. The
system is equipped with facilities for electron-beam evapo-
ration, ion etching, Auger electron spectroscopy (AES),
and low energy electron diffraction (LEED). The lay-
ers were degassed in UHV at 1073 K, where the N2 va-
por pressure over TiN is less than 10210 Torr [11], for
approximately 1200 s. Epitaxial TiN(111) buffer layers,
50–100 Å thick, were deposited at 1023 K in the STM
chamber by reactive evaporation from Ti rods in 1 3

1027 Torr N2 and annealed in N2 for 4 h at Ta � 1100 K.
This procedure resulted in sharp 1 3 1 LEED patterns
corresponding to an in-plane atomic spacing of 2.99 Å
and an STM-measured step height of 2.4 Å, both equal to
© 2002 The American Physical Society 146101-1
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expected values for bulk TiN [12]. AES analyses show
that the samples contain � 2 mole % oxygen, probably in
the form of TiO which is isostructural [12] and mutually
soluble with TiN.

Partial TiN(111) bilayers (BL) [13] with coverages of
0.5 to 0.8 BL were deposited on TiN(111)�Al2O3�1120�
substrates by reactive evaporation at room temperature.
The samples were then annealed in situ at Ta �
1150 1250 K in 1 3 1027 Torr N2 for times ta � 1 2 h.
This results in � 500-Å-wide atomically smooth terraces
(separated by bilayer-height steps) with truncated-
triangular-shaped 2D TiN(111) vacancy islands whose
average radii range from 50 to 260 Å. At each Ta,
several series of STM images of individual vacancy
islands were acquired as a function of ta at a constant
rate (18 to 44 s per frame). The sample and tip were
allowed to stabilize thermally at Ta for 2 to 3 h prior
to obtaining the STM images (pixel resolution varied
from 1.25 3 1.25 to 2.5 3 2.5 Å2). Typical tunneling
conditions were 0.4 –0.6 nA at 23.5 V. Scan sizes, scan
rates, and tunneling parameters were varied to check for
tip induced effects. No such effects were observed in
results presented here.

For each of the measurement sequences, island bound-
aries and areas were determined from the STM images
using Image SXM, an image processing software [14].
Ostwald ripening leading to island coarsening and de-
cay [15] was observed during the annealing experiments.
Since analysis of island shape fluctuations requires islands
of nearly constant area [7,8], only data from consecutive
scans with a maximum total change in area of #10% were
used and the boundary coordinates r�u, ta � of measured
islands were normalized to the smallest island area in the
measurement sequence [16]. The equilibrium island shape
R�u� is obtained by averaging r�u, ta� at all ta values; i.e.,
R�u� � �r�u, ta ��. For convenience, the symbols R and
r in the following discussion refer to R�u� and r�u, ta�,
respectively.

Figures 1a and 1b are consecutive STM images of a
TiN(111) 2D vacancy island acquired at 1200 K while
scanning at 32 s per frame. The observed changes in island
shape are due to thermal fluctuations. The equilibrium

FIG. 1. (a) and (b): Consecutive STM images (430 3 430 Å2)
of a 2D vacancy island on an atomically smooth TiN(111) ter-
race. The images were acquired during annealing at Ta �
1200 K.
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island shape R, obtained from the average of all images
(typically 15–40) in a given measurement sequence, was
fit with Lorentzian functions [17] of the general form,

R � R0 1 a��1 1 b�u 2 uc�2	 , (1)

where R0, a, b, and uc are fitting parameters. Figure 2a
shows a plot of R vs u obtained at 1200 K (open circles)
and the analytical fit obtained using Eq. (1) (solid line).
Analytical fits to all experimental data provide equally
good agreement.

The inverse Legendre transform of R yields relative val-
ues of b�w� through the relation b�w� � lR cos�w 2 u�
[3]. Note that w is the local normal to the equilibrium
shape at R and is given by w � u 2 arctan� �R�R� [3,8,18],
where �R denotes the first spatial derivative of R with re-
spect to u. Substituting for w, we obtain an analytical
expression for b�w� in terms of R as

b�w� � l
R2p

R2 1 �R2
. (2)

Fits to the equilibrium shape R in Eq. (1) yield b�w�
directly from Eq. (2). A polar plot of b�w� (dotted line)
calculated with l � 1 is shown in Fig. 2b. The two �110�
steps are labeled as S1 and S2. The ratio of step energies,
b1�b2 (i.e., the maximum variation of b with w) obtained
using Eq. (2) is 0.72. From measurements of a total of
17 vacancy islands, the temperature- and size-dependent
changes in this ratio over the range Ta � 1165 1248 K
were found to be ,5%. In the following discussion we
present results obtained only at Ta � 1200 K.

In order to determine l and, hence, absolute b�w� val-
ues, we first generalize the isotropic theory of shape fluc-
tuations proposed in Ref. [8] to treat anisotropic island
shapes. Then, we apply the new theory to analyze the STM
fluctuation measurements and obtain l for TiN(111).

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

F �
Z 2p

0

b�w�u, ta�	 �r2 1 �r2�1�2� du . (3)

FIG. 2. (a) R vs u plot of the measured equilibrium island
shape (open circles) fit with Eq. (1) (solid line). (b) Polar plot of
R�u� (solid line) and b�w� (dotted line) derived from R�u� using
Eq. (2) with l � 1. S1 and S2 are the two �110� close-packed
steps bounding the island.
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Note that the angle w�u, ta� in Eq. (3) is the local normal
to the fluctuating shape at r�u, ta � in contrast to Eq. (2),
where w corresponds to the local normal to the equilibrium
shape at R�u�. Thus, b�w� in Eq. (3) is also a function of
r and hence ta. Since the equilibrium shape corresponds to
the minimum free energy F0, temporal deviations g�u, ta�
from the equilibrium shape result in a change in free energy
DF � F 2 F0, where we have defined g � g�u, ta� (as
in Refs. [7,8]) to be the normalized deviation of the tem-
poral shape r from the equilibrium shape R. Thus, g �
�r 2 R	�R.

In order to derive an expression for l in terms of
the measurable quantity g, we construct a function
f � f�u, r, �r� defined as

f�u, r, �r � � b�w�ta�	 �r2 1 �r2�1�2 2 l�r2�2� . (4)

The second term in Eq. (4) 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 (r and �r) and substituting for b�w� from Eq. (2),
we derive an expression for DF in terms of l and g,

DF �
l

2

µZ 2p

0
�x�u, ta �	2 du 2

Z 2p

0
�r�u, ta�	2 du

∂
,

(5)

where we define x�u, ta� and r�u, ta� as

x�u, ta � � R2 �g��R2 1 2 �R2 2 RR̈�1�2 and

r�u, ta� � gR . (6)

In Eq. (6), R̈ denotes the second derivative of R with
respect to u. Rewriting the functions as Fourier series
x�u, ta� �

P
n xn�ta�einu and r�u, ta � �

P
n rn�ta�einu

allows Eq. (5) to be expressed in terms of the Fourier
components xn and rn as DF � pl

P
n Gn in which

Gn � jxn�ta�j2 2 jrn�ta�j2. Since temporal changes in
the total free energy are only due to g, DF can be ex-
pressed as a homogeneous second-order function in 
gn�,
where gn � �1�2p�

R2p

0 ge2inu du. Then, by Euler’s
theorem, we obtain

P
n gn�≠DF�≠gn� � 2DF. Compar-

ing the above relation to the generalized equipartition
theorem [19], we find that the time-averaged free energy
�DF� is equal to NmaxkBT�2, where Nmax corresponds
to the maximum number of allowable fluctuation modes
[20]. Thus, we obtain l as

l �
NmaxkBT

2p
P

n �Gn�
. (7)

We have measured the temporal fluctuations of eight va-
cancy islands of average radii ranging from 50 to 260 Å at
1200 K. For each island, the equilibrium shape R and g
were determined from the STM data. x�u, ta � and r�u, ta�
values were calculated numerically based upon Eq. (6)
using the analytical fits to R�u� of Eq. (1). The calcu-
lated Fourier components Gn were then used in Eq. (7)
in order to obtain l values for all islands. Substituting
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the size-dependent values for l into Eq. (2), we deter-
mine absolute values for b�w�: b1 � 0.21 6 0.04 and
b2 � 0.29 6 0.06 eV�Å.

The step-edge stiffness b̃�w� is related to the cur-
vature k�u� of the equilibrium shape through the
expression b̃�w� � l�k�u�, where k�u� � �R2 1 2 �R2 2

RR̈���R2 1 �R2�3�2. k�u� was calculated for all islands
to obtain step-edge stiffnesses of b̃1 � 1.5 6 0.6 and
b̃2 � 0.07 6 0.01 eV�Å.

In the unrestricted terrace-step-kink model, b̃ is related
to the kink formation energy ´ on a close-packed step
as [21]

b̃ � �2akkBT�a2
�� sinh2�´�2kBT� , (8)

where ak � 2.99 Å and a� � �
p

3�2�ak � 2.59 Å are
the unit lattice spacing parallel and orthogonal to the step
edge, respectively. ´ was determined for steps S1 and
S2 on all islands. Average kink formation energies
are ´1 � 0.43 6 0.04 and ´2 � 0.16 6 0.01 eV. Es-
sentially identical results, ´1 � 0.43 6 0.04 and ´2 �
0.13 6 0.01 eV, are obtained using a formulation recently
derived by Emundts et al. [22] based upon Akutsu and
Akutsu’s hexagonal lattice model [23].

Finally, we note that the entropic contribution
to the step energies on metal surfaces is of order
�kBT�ak� ln�coth�´�2kBT�	 [21] and generally ignored
[6,7]. Using ´ � 0.43 eV in the above expression,
we estimate the entropic contribution to be � 21.0 3

1023 eV�Å at 1200 K, which is much smaller than the
statistical uncertainties (0.04 and 0.06 eV�Å for S1 and
S2, respectively). Regarding the effect of pixel resolution
on the determination of step energies, it has been reported
that a systematic experimental uncertainty introduced into
the fluctuation measurements due to the limited spatial
resolution is of order 1

2 of a pixel width [7]. Applying
this result, we estimate a maximum uncertainty in step
energies due to this effect of � 5%. This is less than the
statistical uncertainty noted above.

In conclusion, in situ STM was used to measure
shape fluctuations around the equilibrium shape of 2D
TiN(111) vacancy islands at temperatures between 1165
and 1248 K. TiN(111) islands are highly anisotropic
with b1�b2 � 0.72 6 0.02 at Ta � 1200 K (� 0.38Tm

[24]). We have derived and implemented a new approach
for the analysis of shape fluctuations, applicable to both
isotropic and highly anisotropic islands, to determine
absolute step energies b1 � 0.21 6 0.04 and b2 �
0.29 6 0.06 eV�Å, step stiffnesses b̃1 � 1.5 6 0.6 and
b̃2 � 0.07 6 0.01 eV�Å, and kink formation energies
´1 � 0.43 6 0.04 and ´2 � 0.16 6 0.01 eV.
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