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Nucleation kinetics during homoepitaxial growth of TiN(001) by reactive magnetron sputtering
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We use scanning tunneling microscopy to study the nucleation of homoepitaxial TiN layers grown on
TiN(001) by ultrahigh vacuum reactive magnetron sputtering in puge Mucleation lengths are measured
usingin situ scanning tunneling microscopy as a function of temperature on two-dimensional islands as well as
on large open terraces. At low growth temperatures,=5U0< 865 ° C, nucleation is diffusion limited and we
extract a surface diffusion energy of 1.4+£0.1 eV. At higher temperaturess 865 1010 °C, nucleation is
limited by the formation rate of stable clusters for which we obtain an activation energy of 2.6+04&beV.
initio calculations combined with our experimental results suggest that the primary diffusing adspecies are
TiN, molecules withx=2 and/or 3.
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[. INTRODUCTION versus descending steps is often termed the Ehrlich bafrier.
We grow epitaxial TiN layers on Tit001) via reactive

Understanding nucleation and early stage growth is cenmagnetron sputtering in a multichamber ultra-high vacuum
tral to relating film deposition parameters to the texture anqUHV) system and usén situ scanning tunneling micros-
surface morphology of as-deposited polycrystalline layerscopy (STM) to investigate nucleation kinetics over a wide
Progress in experiment and theory have led to improved untemperature range on large atomically flat terraces as well as
derstanding of the kinetics which govern these procels$es. on growing islands. The use of both approaches extends the
However, the majority of the studies have been carried outemperature range over which nucleation can be studied on
for elemental metals and semiconductors. We use scanningN(001). Nucleation lengths are measured on large terraces
tunneling microscopySTM) to investigate nucleation kinet- at 500<T,<800 °C and on growing islands at 6507,
ics of TiN, a two-component refractory ceramic, on <1010 °C. By combining experiment and theory, we extract
TiN(00D). a diffusion activation energy of 1.4+0.1 eV for diffusion

TiN, typically deposited by reactive magnetron sputtering limited nucleation and an activation energy of 2.6+0.2 eV
is widely used in a variety of applications including hard when nucleation is limited by the formation of stable clus-
wear-resistant coatings on cutting todlsprrosion-resistant ters.
coatingst® scratch resistant and antireflective layers on opti- In order to interpret the experimental results, we carry out
cal components! and diffusion barriers in micro- ab initio density functional theoryDFT) calculations of the
electronics? In all cases, coating performance is strongly adsorption, binding, and diffusion activation energies for
affected by surface roughness and film text#r¥ both of  adatoms and small TiN admolecules on TOR1). The cal-
which are largely determined by surface diffusion and nucleculations provide insight into the rate-limiting atomistic pro-
ation kinetics during the early stages of film growth!®  cesses occurring on the surface during TiN film growth.
Thus, an understanding of these processes is important for
controlling the growth and properties of polycrystalline TiN Il. EXPERIMENTAL PROCEDURE
layers.

Waltor? developed a thermodynamic model to predict the  TiN(001) layers are grown in a load-locked multichamber
density of unstable clusters during film growth as a functionUHV magnetron sputter deposition system which has a base
of temperature and the adatom concentration on a terraqeessure of 10° Torr.!81° A high purity (99.999% 7.5-
whose widthd is large compared to the nucleation length ~ cm-diameter Ti disc is sputtered in an atmosphere of purified
i.e., the characteristic separation between stable islandsl, at a pressure of 3 mTorr with a target-to-substrate dis-
Venableé incorporated Walton’s model into a rate equationtance of 20 cm. We use a constant power of 375 W, resulting
formalism that predicts the nucleation length as a function ofn a Ti atom deposition rate of 1.6 atoms/fAmas deter-
the adatom diffusivity and the binding energy of unstablemined, and periodically confirmed, by Rutherford back-
clusters. scattering spectrometry and x-ray reflectivity measurements.

An expression describing the characteristic island size The substrates are polished X20% 0.5 mn? NaCl-
necessary to nucleate a new layer on a growing twostructure Mg@001) wafers. MgO is isostructural with TiN
dimensional(2D) island as a function of adatom diffusivity and has a lattice parameter mismatch of only 0.006 at room
was developed by Stoyanov and Markdsased upon rate temperature and=0.001 at the deposition temperatures,
equation theory. Tersofit al? extended the model to include 500<T,<1010 °C, used in these experiments. The
asymmetry in the adatom attachment rates at the edge of tigO(001) substrates are first annealed in air at 1400 °C for
growing island. Adatom attachment asymmetry at ascending h in order to provide atomically flat terraces which are
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=1 um wide as determined by atomic force microscopyparallel-beam x-ray optics, ax11 mn¥ point-focus Cu x-ray
(AFM). The AFM measurements are carried out in air withsource with a Ni filter, and a X 1 mn? collimator slit at a
oxide-sharpened §\, tips. The images are linearly pla- distance of 160 mm from the source. This configuration re-
narized to remove sample tilting effects which occurred dursults in a 0.35° divergence of the incident beam. The second-
ing the measurements. ary optics in the¢-scan configuration consist of a 0.27°

Following annealing, a 300-nm-thick Mo layer is sputter parallel-plate collimator, a flat graphite secondary monochro-
deposited on the back of each substrate to enable temperatuigytor, and a proportional detector.

measurement using an infrar_ed pyrometer operated at wave- The purity, stoichiometry, and crystalline quality of as-
lengthsA=1-1.5um, for which MgO is transparent. The deposited TiNOO1) layers are confirmed by temperature-
emissivity e of TIN was determined using ellipsometry at gependant resistivity measurements. An in-line four-point
temperatures between 23 and 400 °C yield#g[0.0758  prope is used to determine the room-temperature resistivity
+1.09X 10°*T¢] (with T expressed in °Cfor Ax=1.3umand " “\vhile temperature-dependant measurements are car-

£=[0.224+1.8810*T¢] at A=0.650um. The emissivity ried out between 20 and 300 K in a temperature-controlled
results are linearly extrapolated to the film growth temperayacuum cryostat.

tures and reduced by 10% to account for reflections from the
glass viewport. Infrared pyrometéx=1.3 um) temperature
measurements agree, to within an uncertainty of less than 1. COMPUTATIONAL METHODS

2%, with Ts values obtained using a disappearing filament We use density functional theory to calculate the binding

pyrometer(A=0.650um). enerai . . AP S
) gies,, adsorption energids,4 and diffusion activation
The substrate and sample block are. _degassed in tI”l?arriersEs for N,, N, and TiN, (xiO,1,2,3,4 adspecies on
growth chamber for 1 h at 1050 °C. An initial 20-nm-thick TiN(001).2* The calculations are carried out using the Vienna

epitaxial TIN(OOD) buffer Ia_yer IS Fhen grown at 650 °C in ab initio simulation packag@ which employs pseudopoten-
order to bury any residual impurities at the substrate surfac%rals, a plane-wave basis set, and periodic boundary condi-

This is foI_Iowed b_y the ongth of a second TODY) layer, iong 1o determine the Kohn-Sham ground state. The ex-
40-nm-thick, affs=750 °C. The latter temperature was Cho- change  correlation functional is obtained using the

sen sjnce it was previously shown, using thg same deposmo@eneralized gradient approximation of Perdew and WAng.
conditions and growth chamt_)er, to result in the Iowe;;t "®We employ ultrasoft Vanderbilt-type pseudopotenttaigith
ported room temperature resistivipgoo=13 uf) cm for ei- 5 cqre radii of 2.70 and 1.65 a.u. for Ti and N, respectively,

ther bulk or thin film TiN#-20The buffer layers provide a .4 an energy cutoff d,,=262 eV for the plane-wave ba-
consistent source of black-body radiation for measuiigg sis set expansion. out

and serve as the homoepitaxial substrate for our nucleation Typical calculation supercells contain 108 atoms in three

experiment.s. _ . , layers with a 0.85-nm-thick vacuum layer. Equilibrium con-
To obtain large,=60-nm-wide, TINOOD terraces for (i rations are obtained by relaxing the ionic positions of

nucleation studies, we deposit an addltlonal'8—nm-th|ck_IayegldatOmS and atoms in the surface layer using a conjugate-

at T;=1050 °C. The sample temperature is then adjusted agient algorithm. Subsurface atoms are fixed at their bulk

over a period of<2 min to the valuel;=500-800 °C cho- qsitions. Calculations with larger supercells show that the
sen for the terrace nucleation experiment and 0.5 ML of TiNpaximum uncertainty in reported binding energies is

is deposited. The sample is allowed to cool to room tempera=q g gy Binding and adsorption energies are defined with

ture and transferre'nh si_tl_J to the STM chamber for imagir_1g. respect to free adspecies on the TN surface and free
Typical tunneling conditions are a current of 0.25 nA with @ 4;0ms or molecules in vacuum respectively.

bias of +1 V. _ o _ A variant of the nudged elastic band method is used to
We also study nucleation on growing islands in order 0yetermine adatom surface diffusion path&or this purpose,

confirm the validity of applying %xisting nuc(:jleation theories o jatoms are moved stepwise from an initial equilibrium po-
toa tw?c-component system an ht_o exten ht e temperatuigion, to a neighboring site with the same symmetry. At each
range of our measurements. In this case, the deposition S€ge, the adatom and the first layer atoms are relaxed. Ada-

quence is initiated with the two-step buffer layer describeq,y, rejaxation is limited to a plane perpendicular to the path
above.Ts is then adjusted to the temperature chosen for th¢eyeen initial and final positions while surface atom relax-
experiment and an 8-nm-thick T{B01) layer is grown. The afion is unconstrained.

sample is cooled to room-temperature and transferred to the The adsorption energi,; and cluster binding energg

STM chamber for imaging. are defined as
The epitaxial nature of the Tif@01) layers is confirmed
using w-26 and ¢-scan x-ray diffractionXRD). The »-26 Ead= %nNEN2 + 77iE7i + Es — Econfig (1)

measurements are carried out in a high-resolution diffracto-
meter with G€220) four-crystal and two-crystal monochro- and
mators in the primary and secondary x-ray axes, respectively. - _ _ _
With Cu K, radiation (A=0.15 405 nn, this arrangement Be = MEaant 7miEasmi™ Ead.conti @
provides an angular beam divergence=et2 arc s with a  En, andEy; in Eq. (1) are the calculated total energies of an
wavelength spread af\/\=7X10"°. The ¢-scans are ob- N, molecule and a Ti atom in vacuum, whilg; and y are
tained using a four-circle Phillips MRD diffractometer with the number of Ti and N adatoms considered in a given clus-
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1 um
FIG. 1. An AFM image of a typical Mg@01) substrate surface

following annealing at 1400 °C for 4 h in air. The image is 7
X 7um?,

ter. Es andE,niig are the energies of the relaxed surface and

the atomic configuration under investigatioB,q N, Eaq Ti
andE,q coniigin EQ. (2) are adsorption energies for single Ti
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FIG. 2. XRD (a) (002w-26 and (b) (113)¢ scans of a

and N atoms and for the cluster configuration. Binding ener430-nm-thick TiN layer grown on Mg®01) at 1050 °C.

gies defined by Eq2) are referenced to single adatoms and
thus provide a measure of adatom-adatom bond strengths.

IV. RESULTS

An AFM image of a typical Mg@001) substrate follow-
ing a 4 h anneal at 1400 °C in air is shown in Fig. 1. The

substrate surface consists of large atomically flat terrace$

with widths of =1 um, separated by-3-nm-high steps cor-

responding to approximately 15 atomic layers. The large ter:

races ensure that subsequent STM images of 00l epi-

taxial overlayers are unaffected by substrate miscut OF

surface steps.

XRD w-26 scans from TiN/Mg@001) samples exhibit
only one set of TiN peaks over th&2ange between 20° and
80°. A typical scan is shown in Fig(®. The peak, centered
at 42.68° in excellent agreement with previous results for
epitaxial TiN layers grown on Mg@®01),%6 is indexed as the
002 Bragg reflection of B1-NaCl structure TiN while the
43.04° peak is due to 002 Mg®.XRD scans about the
azimuthal anglep, obtained in the parallel-beam mode with
w and 29 angles optimized for the 113 peaks of MgO, con-
tain four 90°-rotated 113 peaks at the sagmangles for both
MgO and TiN[Fig. 2b)]. The combination of these results
demonstrate that TiN layers grow epitaxially on M@01)
with a cube-on-cube relationshig001) /(00D 40 and
[100]in [[[200]vgo-

Figure 3 shows the results of temperature-dependant re-
sistivity measurements for TilQ01) layers grown at 650,
850, and 950 °C. At low temperatur€6< 40 K), the resis-
tivity p(T) is constant and controlled by defect and impurity
scattering. p increases approximately linearly with at

paoo k Of layers grown affg>650 °C is 13u() cm and the
30 K value p3g g is 0.45 and 0.73£ cm for T,;=950 and
850 °C layers, respectively. Bojhy, « and the residual re-
sistivity ratio, RRR=300 k/p30k (RRR=29 with Tg
=950 °C and 18 withT;=850 °O, are equal to or better
than the best values reported for TiNhus confirming the
rystalline quality and purity of our samples. The room tem-
perature resistivity of TiD0O1) layers grown aff;=650 °C
is slightly higherpzgg k=17.3 ©) cm with RRR=4.4 indica-
tive of a somewhat higher defect density at lower growth
emperatures.

Atypical STM image from an 8-nm-thick Ti{001) layer,
grown on a TiN002) buffer layer at 1050 °C and used to

50 T
TiIN/MgO(001)
T(C) .
* 650 R
10 * 850 R
. = 050 W
£ o’ o
<gi cese e -
=4 -
1F TEXE * .' )
2 100 500
T(K)

FIG. 3. The temperature-dependant resistivity of 130-nm-thick

higher temperatures where the resistivity is primarily limitedepitaxial TiN layers grown on Mg@®01) with Ts=650 (square}
by phonon scattering. The room temperature resistivityg50 (circles, and 950 °C(triangles.
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FIG. 4. An STM image of a TiKD01) surface used for investi-
gating nucleation on a large terrace. The scan size is 340
% 340 nnt.

determine nucleation lengths, on large terraces, is shown
in Fig. 4. The TiN0O1) surface consists of large atomically
flat terraces,=60 nm wide, separated by 0.21-nm-high
single-atom-height steps. While island edges are dendritic
due to the relatively low growth temperatéféthe melting
temperatureT,, for TiN is 2949 °C(Ref. 28], they still ex-
hibit the four-fold symmetry expected for T{801).2°

STM images of samples for which 0.50+£0.60 ML of TiN
was deposited on Tif001) at (a) 510, (b) 600, and(c)

800 °C are shown in Figs.(&8-5(c). The partial monolayer
deposition results in dendritic 2D islands with fractal-like
step-edges, similar to those shown in Fig. 4. We measure the
number density of islands in step-free regions as a function
of Ts. The nucleation length,, is then determined from the
reIationshianzllx/ﬁ. Using Fig. %b) as an example, there
are 34 islands within a terrace area of 2600?nrasulting in

a nucleation length of 8.7 nm at 600 °C. Several images are
analyzed for eachig value such that the total area over which
we determind._, includes>150 islands. Fig. 6 shows thi}
decreases exponentially with T ranging from 17 nm at
T,=800 °C to 6 nm at 510 °C. In these experiments, we
limit our measurements td;<800 °C in order to avoid.,
approaching the average terrace wid#60 nm.

Figure 7 consists of STM images from 8-nm-thick
TiN(00J) layers grown ata) 650, (b) 720, andc) 920 °C on
TiN(001) buffer layers. These surfaces are typical of those
from which we extract the characteristic island sienec-
essary to nucleate a new layer as a functiomofThe 2D
islands obtained at the lower temperatures, 650 and 720°
are dendritic, similar to those shown in Fig. 5, indicating that
the activation energy for edge diffusion is sufficiently high to
inhibit step edge relaxation. At the lowest temperattre, and only two to three layers are visible in STM images.
=650°C, the surface morphology is dominated by growthislands deposited at 920 °C, while still dendritic, exhibit
mounds formed due to kinetic roughening. The averagéourfold symmetry.
mound spacing increases, and the height decreases with in- In addition to the growth mounds, surface steps produced
creasingT as evidenced by comparing, for example, Fig.by plastic deformation of the Tif001) layer, i.e., “slip-
7(b), corresponding td =750 °C, to Fig. {a), T;=650 °C.  steps,” are visible in the image from the 720 °C sample in
Karr et al® and Kodambakaet al® have shown that Fig. 7(b). However, the fact that the island morphologies are
TiN(001) has only a weak asymmetry in adatom attachmentontinuous from one side of a slip-step to the other indicates
rates at step edges. F6>865 °C, the TiINOOD homoepi- that dislocation formation occurs while the sample cools fol-
taxial growth process approaches the layer-by-layer regimwing growth!® A slip-step formed during growth would

FIG. 5. STM images of 0.50+£0.06 ML TiN layers deposited at

temperature§s on atomically flat TiINOO1) terraces. Image sizes

énd deposition temperatures a(g) 70X 70 nn?, T;=510 °C, (b)
70x 170 nnt, T,=600 °C, andc) 200X 200 nn¥, T,=800 °C.
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FIG. 6. The solid data point@ashed linescorrespond to the
characteristic TiNOO1) island sizeR; required for nucleation of an
upper layer while the open data poiri®lid line) are the measured
TiN(001) nucleation length&,, on large open terraces as a function
of the deposition temperatuie.

quickly become indistinct due to the repeated nucleation and
growth of new terraces.

The formation of slip-steps following deposition can be
explained by an increase in the compressive film stress dur-
ing cooling: The differential thermal expansion of MgRef.

31) is =0.3% larger than that of TiINRef. 32 between
720 °C and room temperature. The biaxial compressive
strain at 720 °C, as a function of the room temperature lat-
tice constantsgaryy =0.4240 nm an@y,o=0.42112 nm*3is
&=(amy—aygo)/ 8go—0.004=1.8< 1073, The critical thick-
ness for the introduction of misfit dislocations in TiN layers
grown on MgQ001), estimated based upon the model of
Matthews and Blakesle¥, is =60 nm at 720 °C and
=12 nm at room temperature. Since the total film thickness,
including the buffer layers, in these samples is 60 nm, many
STM images exhibit slip-steps due to misfit dislocation
propagation during cooling.

The characteristic island sizZ€. required to nucleate a
layer is primarily dependant on the smallest island dimension
since adatom diffusion is isotropic on a square lattice. Figure
7(c) shows two islands with inscribed ellipses representing
the island sizeR, where we defindR as one-half the minor
axis of the largest ellipse which fits within the rough step
edges of the island. The larger island in Figc)7exhibits
nucleation of a layer, while the smaller island does not.

Based upon the analytical model of Terseffal,? R is
related toR, through the expression FIG. 7. STM images of the surface of 8-nm-thick T0O1)

layers grown at temperaturdg on a two-step buffer layer consist-
8 ing of 20 nm TiN001) deposited at 650 °C and 40 nm at 750 °C.
f=1- exr{— (E) } ) ©) Image sizes and deposition temperatures @je110x 110 nnf?,
T=650 °C, (b) 210x210nnf, T¢=720°C, and (c) 340
where f is the fraction of islands of siz& which exhibit X< 340 nnf, T;=920°C.
second-layer nucleation. We measure bBttand f(R) for
>100 islands at each growth temperature and calc&abgy
applying Eq.(3) which was derived for the case correspond-sumption depends updfy. However, since we are only us-
ing to weak adatom attachment asymmetry at ascending veiRrg Eq. (3) to systematically obtaiR;, the assumptions are
sus descending steps, circular islands, and a stable clusteot critical and only lead to a maximum uncertainty, prima-
size of two adatomgi.e., i=1). The second assumption rily due to island shape anisotropy, in determiniRg of
clearly does not apply here and the validity of the third as+10%. Changing the value afincreases the rate of change
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[ - 1 2 -E 1/6
1.0r  TiN(001) L,= :{Eex;< s):| : (5)
08 T.CO) V021 F KT
* 650
708 720 From the temperature-dependantdata shown in Fig. 6, a

= 915 least-squares fit using E@5) results in a surface diffusion

activation energys=1.4+0.1 eV with a frequency prefactor
p=1013*1 g1,
| As a parallel approach to extracting the characteristic
- length scale for homoepitaxial nucleation on TUR1), we
1 10 100 o
R (nm) measure the characteristic island siRgnecessary to nucle-
ate a layer. Figure 6 is a plot &, as a function ofT; the
FIG. 8. The fractiorf of TiN(00J) islands of sizeR on which a  increase in slope ai;>865 °C is due to an increase in the
cluster has nucleated during epitaxial TiN growthTat 650, 720,  size of the smallest stable cluster. Tersaifal> model nucle-
and 915 °C. ation on a growing island to derive an expressionRgas a
function of L, Eg, and the binding energk, of small clus-
in f(R), but has a negligible effect on the value Rf we  ters. Based upon our experimental results in Fig. 6, we set
extract. L,=R.. Since TiN00Y) is known to have only a weak asym-
Figure 8 shows typicaf(R) versusR data sets at 650, Metry in adatom attachment rates at ascending versus de-
720, and 915 °C together with the fits obtained using(Bg. scending steps®the characteristic island size is given?by
ExtractedR; values are plotted for all film growth tempera-

tures T in Fig. 5. Two temperature regimes are clearly ap-, _ (4(i +2)(i + 3)4i>”(2i+4)(v_a2)”<2”4) — (iEg+ Eb))
parent: one ranging from 650 to 865 °C, and the other from T F (2i + 4)kT, /)
910 to 1010 °C. The transition between these regimes is due (6)

to a temperature-dependant change in the size of the smallest
stable cluster as discussed below in Sec. V. The temperatu

range over which we measuf is Ilm!ted to Ts>§50 c approximately to the temperature range over which we mea-
since lower temperature layers are highly defective, as evi-

denced by an increase in the low temperature resisfi¥ity suredL, and for which we previously argued that the nucle-
R, in Fig. 5 increases from 9 nm wit.=650 °C to ation process is diffusion limited =1). In this case, Eq(6)

16 nm at 865 °C. Further increaseslTigresult inR. increas- reduces to
ing at a higher rate, ranging from 21 nm with=910 °C to el 2 16
43 nm atT;=1010 °C. We limit our measurements Bf to R.= <£2> [Eexp<_ Es)] ' 7)
T,=<1010 °C due to the onset of Ca out-diffusion from the T F KT,
MgO substrate as shown by Auger electron spectroscopy.
A least-squares fit of theR.(Ty) data between 650 and
V. DISCUSSION 865 °C in Fig. 6 yieldsEs=1.4+0.1 eV withy=10"*1571

) ) ) for nucleation on growing islands, in agreement with the
The island nucleation length, on large terraces is a func- egyits given above for nucleation on large terraces.

tion of the activation energi, for surface diffusion and the Identifying the primary diffusing species is fundamental
binding energyE, of small unstable clusters on the surface., understanding the atomic processes occurring during
We defineE, as the difference in energy between the bound,cieation. For TiNO0), there are several possible candi-
cluster and the constituent adspecies existing free on the sy 1aq including Ti and N adatoms and Tik1,2,3, ...)

face. From nucleation rate thedry admolecules. To probe the nature of the primary diffusing

1 [ va?\i@+9 - (iEs+Ey) species, we usab initi.o den;ity _functional f[he_orYDF'D to

= Tz( ) m) (4)  calculate the adsorption, diffusion, and binding energies of

V. s adatoms and small clusters on T001). A comparison of

wherev is a pre-exponential frequency facta? is the size  our experimentally determined diffusion energy with the

of a surface unit cellF is the deposition flux, andis defined DFT results allows us to isolate potential rate-controlling

as the size of the largest unstable cluster, often called theurface species.

critical cluster. The lowest-energy migration path for an itinerant Ti ada-
Island nucleation occurs whéi+ 1) mobile adspecies en- tom on TiN(00Y) is illustrated in Fig. a).!> The adatom,

counter each other and form a stable cluster. Since the tenstarting from its stable fourfold-hollow sitgabeled A with

peratures, 510 to 800 °C, over which we have measlfed an adsorption energl,q of 3.30 eV, moves along the 10

on TiN(00)) are low with respect to the TiN melting point directions through a metastable site B, wherg=3.01 eV,

T (TJ/T,=0.24 to 0.332" we expect that the smallest abowe a N atom to the next stable site C. The two potential-

stable cluster is two adspecigse., i=1) and, hence, the energy saddle points are approximately equidistant between

nucleation process is diffusion limited. In this case, B). sites A/B and B/C.E, is 2.95 eV at the saddle points,

becomes resulting in an activation enerdy; of 0.35 eV for Ti surface

fhe low temperature regime, 650 to 865 °C, corresponds

Ly

F
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FIG. 10. Binding energiek,, obtained from density functional
theory calculations, of TiNadmolecules on Tik001).

Based upon the above results, we propose tha, aiN
molecules are the primary diffusing species during reactive
magnetron sputtering in pure ,N Calculated admolecule
R A binding energie&;, for TiN, (x=1,2,3, and #referenced to
[001] “ 0 05 10 15 20 25 the constituents existing free on Ti0D1) are plotted in Fig.

Path (A) 10. E,, increases from 2.7 eV witk=1 to 6.8 eV withx=3,
then decreases to 5.9 eV for TjNI'he stability of individual
TiN,(x=2) admolecules to Bdetachment on Tik001) was
also investigated using DFT calculations. We find that ,TiN
dissociation to TiN and N, adspecies decreases the system
energy by 0.91 eV while N dissociation from TiN and
diffusion on TiN(0O1). This is a factor of four smaller than TiN, increases the total energy by 2.29 and 3.33 eV, respec-
that measured by experiment. Thus, we conclude that Ti isively. Consequently, for film growth under high-N-supply-
not the primary diffusing species. rate conditions, as in the present experiments,,TaNd/or

Petrovet al3 have shown there is a significant flux of TiN; are expected to constitute the majority of free JiN
atomic N(including N; ions which dissociate upon colliding admolecules and are therefore, the primary diffusing species.
with the surfacgincident at the growing film surface during Reducing the atomic N supply rate will increase the cover-
reactive magnetron sputter deposition of TiN in pure e ages of Ti and TiN adspecies, while decreasing ,TiN
calculated lowest-energy migration path of a N adatom omnd TiN, coverages, leading to a change in the nucleation
TiN(00Y) is shown in Fig. #b).2! Like Ti, the initial N mo-  kinetics.
tion is in the(110 direction, starting from a stable position At T.>865 °C, Fig. 6 shows a dramatic increase in the
A(Eqg=4.1 €V) where it is bondedat a N atom beneath it. rate of change oR, with T. There are two possible expla-
The N adatom moves through position B, a metastable fourations for this behavior, either a change in the nature of the
fold hollow site (E;4=3.5 eV), to a stable site C. The sharp primary diffusing species or an increase in the critical cluster
peaks in the plot oF,q versus distance along the pathway sjze. If we assume that the critical cluster size remains con-
from A to B and B to C correspond to energy barriers Ofgtant, the diffusion activation energy we extract is 8.4 eV.
0.95 eV for breaking and forming bonds with underlying N yyo\ever, this is larger than all TiNadmolecule adsorption
atoms at a lateral distance of 0.48 A from the stable sites Aénergies on TiKDOY), and thus not physically reasonable.

and C. The peaks ifEy along the path A-C in Fig. @) V\{ﬁ therefore conclude that there is an increase in the largest
appear steep since the abscissa of the plot represents the Pl -ble cluster sizé.e.,i>1) at T.>865 °C. The data in
of the adatom and rearrangements of atoms below the ada- e s :

tom result in large changes in the binding energy with cor- '9- 6 indicates that initially increases over thd, range
respondingly sm%ll adatogm movements. F%r exa%yple, the uﬁ)_e.tween 865 and 945 °C. Fog=945 °C, where we.obtam
derlying N which is initially bonded to the diffusing N @ linear relationship between(R,) and 17T, the data is well
adatom, is displaced by up to 0.34 A, then relaxes followingfit for all i>1, for whichR is given by
bond breaking to approximately its original position.

As N adatoms diffuse and encounter each other on a2y —(E+Ep\ |¥2
TiN(0021), N, forms with a binding energy of 2.1 eV and an R.= 2[—exp (s—>] , (8)
adsorption energy of only 0.2 eV with respect to frege N F KTs
Therefore, N desorbs at near kinetic rates from T001) at
the growth temperatureSs used for our experiments where we have defined the formation enefyas Ep/i. A
(>500 ° Q. We conclude that N is not the primary diffusing least-squares fit of Eq6) to the data in Fig. 6 for 948 T,
species since the calculated diffusion energy 0.95 eV is sig=1010 °C results in (Es+Ef)=2.6+0.2eV with v
nificantly smaller than the diffusion activation energy 1.4 eV=10"!s"1, Assuming that the nature of the primary diffus-
we obtain experimentally. ing species is independent ©f over the temperature range

FIG. 9. Low energy diffusion paths and corresponding plots of
the adsorption energl,q versus position along the migration path
of (a) Ti and (b) N adatoms on TiKDO1) as obtained from density
functional theory calculations.
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of these experiments;s remains constant at 1.4+0.1 eV deposition of TiN on TiNOOD in the presence of a large
with E;=1.2+0.2 eV. atomic N flux incident at the growing film, as is the case for
the present experiments utilizing reactive magnetron sputter
deposition in pure M we find that the primary diffusing
VI. CONCLUSIONS species are TiNand/or TiN; admolecules. We expect that a
In situ UHV-STM experimentsab initio calculations, and significant decrease in the atomic N flux achieved through,
analytical theory have provided atomic-scale insights into thd®" €x@mple, deposition in mixed Ar/Ndischarges, will lead
kinetics which govern nucleation of TiN on T{801) during to an increase in the stead_y-stgte Ti and TiN coverages with
reactive magnetron sputter deposition in pure Excellent @ corresponding decrease in itind TiN; admolecule cov-

agreement is obtained between nucleation measurements §[9€S and, hence, result in a change in nucleation kinetics.

both large terraces and growing islands. Over the growth
temperature range 560T;<865°C, we find that nucleation

is diffusion limited withi=1 and obtain a diffusion activa- The authors gratefully acknowledge the financial support
tion energy of 1.4+0.1 eV with a prefactor of 6 s™1. At of the U.S. Department of Energy, Division of Materials Sci-
higher growth temperatures, nucleation becomes limited bgnce, under Grant No. DEFG02-91ER45439 through the
the formation rate of stable clusters and we obtain a value dfiniversity of lllinois Frederick Seitz Materials Research
2.6+0.2 eV for the sum of the surface diffusion and admol-Laboratory(MRL) and the Division of Materials Research,
ecule formationE; energies wherde;=1.2+0.2 eV. Com- National Science Foundation. We also appreciate the use of
parison ofab initio calculations with experimental results the facilities in the Center for Microanalysis of Materials,
show that TiN is the primary diffusing species. During partially supported by DOE, and the FS-MRL.
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