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In situ high-temperature (T, = 1050-1250 K) scanning tunneling microscopy was used to determine
the coarsening and decay kinetics of two-dimensional TiN adatom and vacancy islands on atomically
smooth TiN(111) terraces. We report the first observation of an abrupt decrease in decay rates,
irrespective of T,, of adatom islands with areas less than a critical value of 1600 A?. However, no
decay rate transition was observed for vacancy islands. We attribute the size-dependent island decay
behavior, which is consistent with detachment-limited kinetics, to anisotropic attachment and detach-

ment barriers.
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B1-NaCl structure TiN is widely used as a hard wear-
resistant coating on cutting tools, a diffusion-barrier in
microelectronic devices, a corrosion-resistant coating on
mechanical components, and an abrasion-resistant layer
on optical components. Even though the elastic and
diffusion-barrier properties of TiN are known to be
highly anisotropic, and hence depend strongly upon film
texture, little is known regarding the mechanisms and
reaction paths leading to the development of preferred
orientation in polycrystalline TiN layers. Efforts to model
these processes [1] require, as input, adatom transport
parameters (adatom surface diffusion and island edge
attachment and detachment energies), the step-edge
Ehrlich barrier, the adatom formation energy and the
step formation energy, all as a function of orientation.
Unfortunately, relatively little data, either experimental
or theoretical, are available concerning these parameters
[2,3]. Here, we focus on adatom transport on TiN(111)
surfaces.

Modeling of experimentally determined two-
dimensional island coarsening and decay (Ostwald ripen-
ing) rates on well-defined atomically flat surfaces as a
function of annealing time 7, and temperature T, pro-
vides a means to probe early-stage film growth mecha-
nisms and to determine adatom surface transport
parameters [4]. Ostwald ripening [5] is a phenomenon
in which larger islands on a surface grow at the expense
of smaller neighboring islands. The process is described
by the Gibbs-Thomson equation [5] in which the equili-
brium free adatom concentration p® associated with an
island is related to the equilibrium island curvature «
through the expression

BkQ
kTa >’
where pqd is the equilibrium free adatom concentration
associated with a straight step, B is the step stiffness, and
) is the unit molecular area. Smaller islands have higher

P = pa eXp< (1)
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PACS numbers: 68.35.Md, 68.35.Fx, 68.37.Ef, 82.45.Mp

curvatures, and hence higher adatom concentrations than
larger islands resulting in mass transfer from smaller to
larger islands.

Experimental coarsening studies have mostly been
carried out on isotropic, or near-isotropic, surfaces such
as Ag(111) [6], Cu(111) [7], Cu(001) [8], and TiN(001) [2]
and modeled based upon isotropic adatom transport.
Si(001), although anisotropic in nature, exhibits isotropic
coarsening/decay kinetics [9]. Deviation from isotropic
coarsening/decay kinetics has, so far, been observed only
on Ag(110) [10] and Au(110) [11]. On isotropic metal
surfaces, novel adatom transport phenomena have been
observed and reasonably well understood [12]. However,
adatom transport phenomena on anisotropic surfaces are
still not well investigated.

In this Letter, we present results from an in situ high-
temperature (7, = 1050-1250 K) scanning tunneling
microscopy (STM) study of the coarsening kinetics of
two-dimensional (2D) TiN adatom islands on highly
anisotropic TiN(111) surfaces. We observe a novel behav-
ior: an abrupt decrease in island decay rates, irrespective
of T,, for islands with areas A less than a critical value
A, = 1600 A%. In contrast, the decay of 2D TiN(111)
vacancy islands does not exhibit this transition. The
coarsening/decay kinetics of both adatom and vacancy
islands are consistent with a detachment-limited mecha-
nism. From temperature-dependent decay rates, we ob-
tain activation energies E, for TiN(111) adatom island
decay of 3.3 =0.4eV (A<A,) and 23 £0.6eV (A >
A,). We suggest that the transition in adatom island
decay kinetics is due to anisotropic attachment/detach-
ment barriers.

Epitaxial TiN(111) layers, 2000 A thick, were grown on
Al,04(1120) by ultrahigh vacuum (UHV) magnetically
unbalanced magnetron sputter deposition [13] using the
procedure described in Ref. [14]. The samples were trans-
ferred to a UHV multichamber system, with a base pres-
sure of 2 X 107!° Torr, containing a variable-temperature
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Omicron scanning tunneling microscope. The system is
equipped with facilities for electron-beam evaporation,
ion etching, Auger electron spectroscopy (AES), and low
energy electron diffraction (LEED). Sample temperatures
were measured by optical pyrometry and calibrated using
temperature-dependent TiN emissivity data obtained by
spectroscopic ellipsometry. The TiN(111) layers were de-
gassed in UHV at 1073 K, where the N, vapor pressure
over TiN is less than 107'° Torr [3], for approximately
1200 s. Epitaxial TiN(111) 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% purity) at 1 X 1077 Torr. The buffer layers were
annealed in N, for 4 h at a temperature 7, = 1100 K. This
procedure results in sharp 1 X 1 LEED patterns corre-
sponding to an in-plane atomic spacing of 2.99 A and an
STM-measured step height of 2.4 A, both equal to ex-
pected values for bulk TiN [3]. AES analyses show that
the samples contain =~ 2 mole % oxygen, probably in the
form of TiO which is isostructural [3] and mutually
soluble with TiN.

Partial TiN(111) bilayers (BL) [15] with coverages of
0.1-0.8 BL were deposited on TiN(111)/Al,05(1120)
substrates by reactive evaporation at room temperature.
The samples were then annealed in sitru at T, =
1050-1250 K in 1 X 1077 Torr N, for times t, = 1-2 h.
This results in surfaces with = 500-A-wide atomically
smooth terraces (separated by bilayer-height steps) with
truncated hexagonal-shaped 2D TiN(111) adatom islands
for coverages <0.4 BL and vacancy islands at higher
coverages. Both adatom and vacancy islands have average
areas ranging from 9 X 10° to 2 X 10° A% At each T,
STM images (typically 300 per sequence) were acquired
as a function of r, at a constant rate (18 to 44 s/frame).
Typical tunneling conditions were 0.4-0.6 nA at —3.5 V.
The sample and tip were allowed to thermally stabilize at
T, for 2 to 3 h prior to obtaining the STM images. Pixel
resolution in the images varied from 2 X 2 to 5 X 5 A2,
For each of the measurement sequences, island bounda-
ries were identified and island areas determined from the
STM images using Image SXM [16], an image processing
software. Scan sizes, scan rates, and tunneling parame-
ters were varied to check for tip induced effects. No such
effects were observed in the results presented here.

Figures 1(a) and 1(b) show representative STM images
(1660 X 1660 A%) of 2D TiN(111) adatom and vacancy
islands acquired at 34 s/frame during annealing at T, =
1211 K for times ¢, = 0 and 82 min, respectively. The
truncated hexagonal shapes of the TiN(111) islands indi-
cate that they are highly anisotropic. Most of the islands
observed at 7, = 0 (e.g., adatom islands 1-6 and vacancy
island 8) have disappeared by ¢, = 82 min, leaving only
the largest island, labeled 7. Typical results showing the
areas A of adatom islands 1, 4, and 6 vs ¢, are plotted in
Fig. 2(a). The areas of all adatom islands were found to
decrease linearly with ¢, at a constant decay rate dA/dt,,
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FIG. 1. Representative STM images (1660 X 1660 A%) of 2D
TiN adatom (1)—(7) and vacancy (8) islands on an atomically
smooth TiN(111) terrace. The images were acquired at
34 s/frame at times ¢, = (a) 0 and (b) 82 min during annealing
at 7, = 1211 K.

independent of local environment, with an abrupt de-
crease in slope at A = A,. This is illustrated more clearly
for island 6 in the inset of Fig. 2(a). dA/dt, values for all
adatom islands with A > A, were found to be a factor of
3 to 20, depending monotonically on T,, higher than the
same islands with A <A,.

Figure 2(b) is a plot of A vs t, for vacancy island 8 in
Fig. 1(a). dA/dt, remains constant, with no slope tran-
sition, over the entire decay process. A vs f, data in
Figs. 2(a) and 2(b) are typical of STM results obtained
from over 80 large (A > A,) and 40 small (A < A,) ada-
tom islands and 5 vacancy islands observed at tempera-
tures in the range 10501250 K.

In classical mean-field theory, the decay rate dA/dt, of
an isotropic (circular) island exhibiting detachment-
limited kinetics is given by dA/dt, = —K;LQ[p® —
pst] [17], where K, is a temperature-dependent adatom
attachment/detachment rate coefficient, L is the island
perimeter, and p;° is the equilibrium free adatom con-
centration on the surface. For an anisotropic island, where
K, may depend on step orientation ¢, dA/dt, is given by

A _ _o jo 7 dor( @K (o)p — pS] ()

t (10°s)

FIG. 2. (a) Island area A vs annealing time ¢, for 2D adatom
islands 1, 4, and 6 at T, = 1211 K in Fig. 1(a). A discontinuous
decrease in decay rates was observed at a critical area A.. Inset:
A vs t, plot for island 6. (b) A vs t, for vacancy island 8 in
Fig. 1(a) . The solid lines in each case are linear least-squares
fits to the data.
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r(¢) in Eq. (2) is the radial distance from the island center
to the edge as a function of azimuthal angle ¢. In the pure
detachment-limited regime, p;' = pes and, assuming
that the exponential term in Eq. (1), exp(BxQ/kT,),
can be expanded to the first two terms [18], we obtain

)

dA

2
YT —Qpif,lf d¢r(¢)Kd(‘P)<
1, 0

3

Since the equilibrium island chemical potential u =
BkQ is independent of step orientation and depends
only on island size, u can be represented in terms of a
size- and orientation-independent parameter B as u =
BQ /1y, [19], where ry, = (A/)'/2 is the orientation-
averaged island radius. B determines the energy scale of
the island equilibrium chemical potential and is a con-
stant for the equilibrium shape. Rewriting Eq. (3) in
terms of B yields

dA BQO?pad\ (27

- ( &) detrekaon @
We note that Eq. (4), which shows that dA/dt, is
independent of island size for a given T, in the
detachment-limited regime, is valid even for anisotropic
equilibrium-shaped islands. In the case of TiN(111), we
find experimentally that while dA/dt, is constant, indi-
cative of detachment-limited kinetics, its value is larger
at A > A, than at A < A, suggesting an abrupt change in
the parameters B or K;(¢) at A..

As an initial step toward understanding these results,
we analyzed island shapes as a function of area A(z,)
during the decay process. The equilibrium shape of all
2D TiN(111) islands (whether composed of adatoms or
vacancies) consists of two alternating (110) step edges
labeled S; and S, as illustrated in Fig. 3(a). R; and R, are
the radial distances to the respective step edges measured
with respect to the center of the equilibrium island shape.

S, () (b)

=
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FIG. 3. (a) Equilibrium shape of a 2D TiN(111) island. The
two (110) steps are labeled as S; and S, and the corresponding
radial distances from the center of the island are R; and R,
respectively. (b) x(t,) = [r1(¢,)/r2(2,)] vs A(z,) plot for islands
during decay at T, = 1178-1248 K, where r,(t,) and r,(z,) are
the time-dependent radial distances from the center of the
island to S; and S, steps, respectively. The solid line is the
least-squares fit to the data.

176102-3

From the STM measurements of island shapes observed
during the decay of each island, the ratios y(z,) =
ri(t,)/r,(t,), where r(z,) and r,(z,) are time-dependent
radial distances measured from the center of the island to
S; and S, steps respectively, were determined.

Figure 3(b) is a plot of y(z,) vs A(z,) for 32 adatom
islands, with A(z, = 0) > 8000 A%, The data were ob-
tained during annealing at 7, = 1178-1248 K. From a
least-squares analysis of the data (solid line in Fig. 3(b)),
we find that y(z,) remains constant at 0.73 = 0.04. This
result is nearly identical to the corresponding ratio of
0.72 £ 0.02 determined for equilibrium-shaped islands
[3] indicating that the islands retain their equilibrium
shape during coarsening/decay. This result, assuming
that islands with A <A, also maintain their equilibrium
shapes, implies that B is constant. Thus, from Eq. (4), the
abrupt change in dA/dt, must be due to an implicit island
size-dependence in K (¢) [20].

We determined dA/dr,, using least-squares analysis,
from the measured data for all adatom islands, at both
A> A, and A < A.. The point of intersection in the
linear fits was found to be A, = 1600 + 470 A% corre-
sponding to 220 = 65 TiN molecules () = 7.2 A?), in-
dependent of T, and the initial area of islands with
A > A,. Figure 4 is a plot of dA/dt, for large (A > A.)
and small (A < A_,) adatom islands as a function of T,.
dA/dt,, given by Eq. (4), is a function of the product of
the thermally activated parameters pss and K,. Thus,
dA/dt, can be expressed in the form dA/dt, ~
exp(E,/kT,) with an activation barrier E,. From the
data, we obtain an activation energy Euqgna =
3.3 = 0.4 eV with a prefactor v = 10'33*16 5! for decay
of small adatom islands and Eq jyree = 2.3 * 0.6 €V with
v = 10%6+23 571 for large adatom islands. dA/dt, for five
vacancy islands, also shown in Fig. 4 as open triangles,
are comparable to, if not higher than, that of adatom

T3 (K)
1200 1140

1260

1080

2| v Ad. island, small
B Ad. island, large
A Vag. island

92 96

100 104 108
1/KT,

FIG. 4. Island decay rates dA/dt, vs annealing temperature
T, for small (A <A., ¥) and large (A > A., B) 2D TiN(111)
adatom and vacancy ( A) islands.
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islands with A > A, indicating that the activation energy
E,, for decay of vacancy islands is = E,q jsrge-

In the detachment-limited regime, E, = E; + E; +
E;, where E;, E,, and E, are the adatom formation
energy, surface diffusion barrier, and attachment/
detachment barrier, respectively. Since E; and E; are
independent of island size, (Eyqsman = Eadjarge) COTTE-
sponds to a difference in E; values for small and large
adatom islands.

It is reasonable to assume, based upon direct observa-
tions [21], that at relatively low temperatures, which is the
case here where T, varies from 0.33 to 0.39 of the TiN
melting point in K [22], attachment/detachment occurs
only at kink sites. Thus K;, and hence E,;, depend on the
kink density (number of kinks per unit step length),
which in turn depends on the kink formation energy e.
For TiN(111), &; =0.43 eV and &, = 0.13 eV, where ¢,
and &, correspond to kink formation energies along S;
and S, steps, respectively [3]. Thus, for large islands,
attachment/detachment of diffusing species occurs pref-
erentially along S, steps. By mapping the measured equi-
librium shape of an island with A = A, onto the TiN(111)
2D surface mesh, we find that islands with A = A,
(= 1600 A%) are bounded by S, steps of length =4
atoms and S; steps of length = 12 atoms. Kink formation
along 4-atom-long S, steps involves removal of an atom
to produce a double kink, which is energetically unfav-
orable. Thus, for islands with A = A, attachment/detach-
ment of diffusing species occurs predominately along S;
steps which have higher kink formation energies and,
hence, higher E,q values and lower decay rates as we
observe. Despite the anisotropy in detachment barriers,
the equilibrium shape is maintained during island decay
by fast edge diffusion. In the case of vacancy islands, E,,
and, hence, E,; are independent of island size suggesting
different pathways for attachment/detachment of adatom
and vacancy islands.

In conclusion, we have measured the decay kinetics of
2D TiN adatom and vacancy islands on highly anisotropic
TiN(111) surfaces using in situ high-temperature STM.
We find an abrupt decrease in decay rates for adatom
islands with areas A less than a critical value A, =~
1600 A2, irrespective of T,,. However, no decay rate tran-
sition was observed for vacancy islands. The coarsening/
decay kinetics of both adatom and vacancy islands
on TiN(111) are consistent with a detachment-limited
mechanism. From time- and temperature-dependent is-
land area measurements, we obtain activation energies for
TiN(111) adatom island decay of 3.3 £0.4eV (A <A,)
and 2.3 = 0.6 eV (A > A,). These results provide the first
evidence of a strong island size-dependence, and there-
fore a large anisotropy in attachment/detachment activa-
tion barriers. We expect this to be a general phenomenon
applicable to 2D adatom island coarsening on all aniso-
tropic surfaces.
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