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Effects of high-flux low-energy ion bombardment on the low-temperature growth morphology
of TiN „001… epitaxial layers

Brian W. Karr,* David G. Cahill, I. Petrov, and J. E. Greene
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Urbana, Illinois 61801
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Ultrahigh vacuum scanning tunneling microscopy~STM! is used to characterize the surface morphology of
TiN~001! epitaxial layers grown by dc reactive magnetron sputtering at growth temperatures ofTs5650 and
Ts5750 °C. An auxiliary anode is used to bias the N2 plasma and produce a large flux of low-energy N2

1 ions
that bombard the film surface during growth: the ratio of the N2

1 flux to the Ti growth flux is'25. At ion
energiesEi near the threshold for the production of bulk defects (Ei543 eV andTs5650 °C), ion bombard-
ment decreases the amplitude of the roughness, decreases the average distance between growth mounds, and
reduces the sharpness of grooves between growth mounds. The critical island radius for second layer nucle-
ationRc is approximately 12 and 17 nm at growth temperatures of 650 and 750 °C respectively; at 650 °C,Rc

is reduced to'10 nm by ion bombardment.
in
de
m

he
oi
at
na
ur
si
t-
t

ie
ic
s-
s

it
fil
-

-

f
st

t
,

ot
w

ro
n

do

ning

ron
and
y

t
lass
ive
ent
tion
f

les,
e

rent
oth
I. INTRODUCTION

In many cases of technological importance, crystall
thin films are deposited at relatively low temperatures: un
these conditions the vapor pressure of the solid film is co
pletely negligible in comparison to the growth flux, and t
equilibrium areal density of adatoms and other surface p
defects is also small compared to the adatom density cre
by the growth flux. Experiments, theory, and computatio
modeling have shown that the morphology of crystal s
faces grown in this low temperature regime is often intrin
cally unstable.1 Asymmetries in the kinetics of adatom a
tachment at steps drive a pattern formation for grow
mounds.2,3 The asymmetry can arise from a repulsive barr
for an adatom crossing a descending step, the Ehrl
Schwoebel barrier,4 from an attractive interaction at an a
cending step,5–7 or from barriers for the diffusion of adatom
along step-edges when crossing corner sites.8,9

For weak asymmetries in the interaction of adatoms w
steps, many aspects of this pattern formation, e.g., the
thicknessh and in-plane length scaled at the onset of rough
ening, can be understood based on a (111)-dimensional
model of step motion.10,11 This model has only one param
eter: the ratio of the Ehrlich-Schwoebel lengthl ES, a mea-
sure of the strength of the asymmetry, to the critical size o
terrace needed for the nucleation of a new layer of the cry
l c . In the limit of a weak barrierl c / l ES@1 and no thermal
smoothing, mounds first appear at a film thickness ofh*
'( l c / l ES)

2 monolayers, and the distance between grow
mounds ath5h* is d' l c( l c / l ES)

1/2. As we discuss below
the large size of growth mounds on TiN~001! is caused by
the relatively large value ofl c for this surface.

Figure 1 summarizes some recent experiments11–17on the
low-temperature growth morphology of crystals where b
the height and the average separation between gro
mounds has been measured either by diffraction or mic
copy. The phenomenon is clearly general: growth mou
morphologies have been observed during crystal growth
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metals, semiconductors, and ceramics. The data in Fig. 1
not illustrate howd and the surface widthW evolve with film
thickness but many systems show a power law coarse
d}h1/4; regimes of more rapid11 and weaker coarsening,12,17

however, have also been observed.
Methods for ion-assisted film deposition—e.g., magnet

sputtering, plasma-assisted chemical vapor deposition,
ion-beam deposition—involve high fluxes of low-energ
ions bombarding the growth surface.18 Research directed a
establishing a more fundamental understanding of this c
of ‘‘energetic processes’’ at surfaces is a particularly act
area of research on crystal growth physics. Ion bombardm
has been shown to have dramatic influence on the nuclea
of thin films on foreign substrates19–24and the suppression o

FIG. 1. Comparison of growth mound morphologies for Fe~001!
~growth temperature 20 °C, Ref. 12!, Ag~111! ~200 K, Ref. 13!,
Cu~001! (30 °C, Ref. 15!, Pt~111! (170 °C, Ref. 17!, Rh~111!
(450 °C Ref. 14!, Ge~001! (155 °C, Ref. 11!, and TiN~001! ~open
triangles, growth temperature 750 °C, Ref. 16; and filled triang
650 °C, this work!. The surface widthW is the rms roughness of th
surface, and the in-plane length scaled is approximately equal to
the average distance between growth mounds. In all cases, diffe
data points correspond to different film thicknesses; in general, b
W andd increase with increasing film thickness.
16 137 ©2000 The American Physical Society
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surface segregation in the growth of alloy films.25 But well-
controlled experiments on homoepitaxial crystal growth
companied by low-energy ion bombardment have not b
widely reported. Michely and co-workers studied nucleat
rates and morphologies of Pt~111! grown by ion beam~400
and 4000 eV Ar1) assisted evaporation26 and ion beam sput
ter deposition.27 The increased nucleation rates could be
tributed to adatom clusters created by the relatively high
energies used in Ref. 26, or by the backscattered noble
atoms and the high-energy tail of sputtered Pt atoms.27

In this publication, we extend our previous work o
TiN~001! growth morphology16,28 to include the effects of
high-flux low-energy ion bombardment at temperatures
ion energies near the threshold for the creation of bulk
fects. We use scanning tunneling microscopy~STM! to mea-
sure the effects of ion bombardment on the evolution of
growth mound morphology and to determine the nucleat
rate of islands on the relatively large terraces at the top
growth mounds.

II. EXPERIMENTAL DETAILS

A. Substrate and buffer layer preparation

MgO~001! single crystals provide a nearly ideal substra
for the heteroepitaxial growth of TiN~001! ~Ref. 29! because
MgO and TiN have the same crystal structures~B1-NaCl!
and nearly identical lattice constants at typical growth te
peratures. The lattice mismatch is'0.2% at 750 °C and
'0.6% at room temperature.16 The increase in compressiv
stress after cooling from the growth temperature drives
extension of misfit dislocations and the appearance of
steps16 in some of the STM images shown below.

Polished MgO~001! substrates 1031030.5 mm3 are first
preparedex situby annealing in air at 950 °C for 12 h; du
ing annealing, the substrates are enclosed in a small, cov
crucible of high-purity alumina. Atomic force microscop
see Fig. 2~a!, shows that surfaces of annealed MgO~001!
crystals are atomically flat with large terraces,;200 nm
wide, separated by single and multiple atomic-height ste
In agreement with previous work,30 annealing at higher tem
peratures produces rougher surfaces, presumably due t
thermal activation of bulk diffusion and surface segregat
of impurities. Next, a 300 nm thick film of Mo is sputte
deposited onto the back of the substrate to facilitate
bonding of the substrate to a Mo sample block; the sam
block and substrate are then degassed in the ultra
vacuum deposition chamber at 750 °C for 1 h. With the s
strate at the growth temperature and before starting the2
gas flow, the chamber pressure is.231028 mbar. Substrate
temperatures are measured by a type-K thermocouple
cased in a 0.8 mm diameter tube inserted into a 1 mmdiam-
eter31.6 mm deep hole in the sample block.

The 99.999% pure 5 cm diam Ti target is sputtered in
atmosphere of purified N2 at a pressure of 3.231023 mbar.
The target-to-sample distance is'20 cm. After deposition
and cooling to room temperature, samples are transferre
the UHV STM analysis chamber without air exposure.16

Previously,16,28 TiN epitaxial layers were deposited d
rectly on MgO substrates at a growth temperature of 750
Here, we first deposit a TiN buffer layer to provide a co
stant starting surface for subsequent TiN film growth: a p
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mary goal of our research is to quantify the effects of i
bombardment on homoepitaxial crystal growth, and
buffer layer enables us to remove from our experiments
influence of ion bombardment on heteroepitaxial nucleati
We grow the buffer layer in two stages: a 10 nm layer of T
at Ts5650 °C and a growth rate of'1.6 nm min21, followed
by 20 min deposition at 750 °C with the target power r
duced by a factor of 10; this procedure is intended to cre
a high nucleation density of TiN on the MgO substrate f
lowed by smoothing of the morphology using a reduc

FIG. 2. ~a! AFM image of the MgO~001! substrate surface afte
annealing in air at 950 °C for 12 h. The average height of the st
in this image is;1 nm; i.e., most of the steps visible in this imag
are created by step-bunching of several atomic height steps~b!
STM image of a;10 nm thick TiN~001! buffer layer grown on
annealed MgO~001!. The steps are one monolayer high, 0.21 n
~c! Square root of the height difference correlation function for t
two surfaces shown in~a! and ~b!.
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PRB 61 16 139EFFECTS OF HIGH-FLUX LOW-ENERGY ION . . .
growth rate at elevated temperature. The target current
voltage for deposition at 1.6 nm min21 are 0.75 A, and 550
V, respectively. After the buffer layer is completed, a wi
clip is adjusted by a sample manipulator to ensure that
buffer layer is electrically grounded for subsequent growt

Figure 2~b! shows an STM image of a typical buffe
layer; the array of atomic-height steps reflects the miscu
the underlying MgO crystal,'0.3°. Height-difference corre
lation functions31 G(r)5^(hi2hj )

2& for the annealed MgO
substrate and the TiN~001! buffer layer are shown in Fig
2~c!; hi is the height of surface at pointi, r is the distance
between pointsi and j, and the brackets signify an averag
over many pairs of pointsi , j . At large r, G1/2(r) for the
MgO substrate approaches 1 nm. This roughness is in g
agreement with x-ray reflectivity measurements of the bur
interface between a TiN buffer layer and the Mg
substrate28 indicating that growth of the buffer layer does n
significantly disrupt the morphology of the MgO substra
Buffer layer growth reduces the roughness of the star
surface by a factor of;3 and also reduces the in-plan
length-scale of the roughness by a factor of nearly 10, fr
'1000 to'100 nm.

B. Plasma biasing and characterization

We control the kinetic energy of ion bombardment
applying a positive bias voltageVa to a 15 cm diameter
ring-shaped anode placed between the target and subs
the inside diameter of the ring is 8 cm. The composition
the ion flux during TiN sputtering was previously measur
using double-modulation mass spectrometry.33 In a 4
31023 mbarN2 plasma,N2

1 is the dominant species and th
ratios ofN2

1 : N1, N2
1 :Ti1, and N2

1 :TiN1 are 28, 500, and
23104, respectively. Most of the ions bombarding the s
face are accelerated by the full sheath potential,Vs5Va
1Vp , whereVp is the plasma potential, because the me
free-path for charge-exchange collision,'2 cm ~Ref. 32! is
larger than the sheath widthw: w'1 mm for Vs580 V and
w'0.1 mm for Vs520 V using the Child-Langmuir
equation.34

FIG. 3. Current density measured by a small diameter cylin
cal Langmuir probe near the substrate position plotted as a func
of the probe voltageV and the anode potentialVa .
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We determine the ion fluxFi and sheath potentialVs us-
ing a cylindrical Langmuir probe constructed from a 0.
mm diameter W wire with an exposed length of 5 mm35

Typical current-voltage curves are plotted in Fig. 3. Und
these conditions, current collected by the Langmuir prob
dominated by electrons. The position of the knee in th
data,Jc50.08 A cm22 andV2Va5361 volts, gives an es-
timate of Vs and Fi :35 Vs5Va13 volts, and Fi

51.5(Jc /q)Ame /mi53.331015cm22 sec21. The measured
deposition rate is 1.6 nm min21; therefore, the Ti growth flux
is 1.431014cm22 sec21 and the ion fluxFi is a factor of
'25 larger than the Ti growth flux.

C. Electrical properties

We use electrical resistivity to characterize the crys
quality of TiN, see Fig. 4. The room temperature resistiv
is determined using a commercial four-point in-line pro
combined with film thickness measurements by Rutherf
backscattering spectroscopy and x-ray reflectivity. The hi
est quality films have a resistivity of 12.4mV cm at room
temperature. We measure the relative changes in the
resistivity as a function of temperature 77,T,400 K using
four-lead resistance measurements of an unpatterned
For Ei53 eV (Va50), and a growth temperature ofTs
5650 °C, the resistivity is controlled by the intrinsi
electron-phonon scattering forT.77 K. Lower temperature

i-
on

FIG. 4. Temperature dependence of the electrical resistivity
TiN~001! epitaxial films. Each data symbol is labeled by the grow
temperature in °C, film thicknessh in nm, and ion energyEi in eV.
Ei543 eV is near the threshold for bulk defect formation at
growth temperature of 650 °C; and the threshold is between 48
63 eV at a growth temperature of 750 °C. The lowest resistiv
films haver512.4mV cm at room temperature, 298 K.
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16 140 PRB 61KARR, CAHILL, PETROV, AND GREENE
deposition (Ts5550 °C) produces a large temperatur
independent contribution to the resistivity ofr0'7 mV cm.

The threshold energy for ion-induced defects depends
the growth temperature:Ei543 eV bombardment atTs

5650 °C produces a small increase in the resistivity ofr0

;1 mV cm, and we conclude that this energy is close to
threshold energy for bulk defect formation at this tempe
ture. ~We do not know the nature or the concentration of
defects that are responsible for the excess electron scatte
but we note that radiation damage experiments using h
energy electron irradiation of Cu show that a 1 at. % con-
centration of Frenkel defects in Cu producesr0

52.8mV cm.36! High-flux low-energy ion bombardmen
with Ei548 eV atTs5750 °C, however, does not create
measurable increase in the resistivity of TiN at 77 K, p
sumably because the healing of bulk-defects and transpo
N interstitials is more rapid at this elevated temperature. T
rapid healing of defects is not maintained forEi563 eV at
Ts5750 °C; in this case, the residual resistivity is again re
tively large,r0'6 mV cm.

FIG. 5. STM images of TiN~001! films grown at 650 °C with
Va50, i.e., Ei'3 eV; ~a! film thickness h516 nm; ~b! h
5140 nm.
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III. RESULTS AND DISCUSSION

A. Growth mound morphology

STM images of the growth morphology of TiN grown a
650 °C without and with high-flux low-energy ion bombar
ment are shown in Figs. 5 and 6, respectively. In all cas
the morphology is dominated by growth mounds; in gene
the height and distance between growth mounds incre
and grooves between growth mounds become increasi
well-defined with increasing film thickness. Ion bombar
ment creates subtle but measurable changes in the gr
morphology.

We characterize these morphologies by two fundame
length scales: the in-plane length scaled and the amplitude
of the surface roughnessA5G1/2(d/2); G(r) for the four
surfaces shown in Figs. 5 and 6 are plotted as Fig. 7. We
the term ‘‘roughness amplitude’’ becauseA'A2W where W
is the rms roughness measured on a length scale compa
to d. Because of the relatively small surface roughness
these films,A,0.7 nm, and because of residual long leng
scale inhomogeneities in the morphology of the buffer lay

FIG. 6. STM images of TiN~001! films grown at 650 °C with
Va540 volts, i.e.,Ei'43 eV; ~a! film thicknessh516 nm; ~b! h
5145 nm.
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PRB 61 16 141EFFECTS OF HIGH-FLUX LOW-ENERGY ION . . .
we cannot routinely determine the in-plane length scale
rectly from statistical measurements of the surface rou
ness, e.g., a peak in the height-height correlation functio31

H(r)5^hihj&. Instead, we simply count the areal density
moundsn and setd5n1/2; for this purpose, we define
growth mound as a local maximum of the surface height t
is separated from neighboring mounds by a valley that i
least two monolayers deep.16 In cases where a compariso
can be made, we find that this measure ford is nearly iden-
tical to the position of the first peak inH(r).

Figure 8 summarizes our results for the in-plane len
scaled and roughness amplitudeA5G1/2(d/2) for six films

FIG. 7. Square root of the height difference correlation funct
for the four TiN~001! films shown in Figs. 5 and 6. Each da
symbol is labeled by the film thicknessh in nm and the ion energy
Ei in eV.

FIG. 8. Summary of~a! the in-plane length scale,d and~b! the
roughness amplitude,G1/2(d/2) plotted versus film thicknessh. The
growth temperature is 650 °C; data symbols are labeled by the
energyEi . Data for growth at 750 °C on MgO~001! without the use
of a TiN~001! buffer layer~Ref. 16! are shown as open diamond
The dashed line shows a power law dependence ofh0.25 for com-
parison.
i-
-
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grown at 650 °C with comparison to our previous work
TiN~001! grown at 750 °C withEi53 eV.16 These data show
that the effects of ion bombardment and growth tempera
are different: with no anode bias, i.e.,Ei53 eV, an increase
in growth temperature from 650 to 750 °C increasesd
slightly and decreasesA more significantly. This dependenc
of d andA on growth temperature has also been observe
the low-temperature growth of Ge~001!.11 An increase inEi
from 3 to 43 eV at 650 °C, on the other hand, causesd to
decrease slightly whileA also decreases.

These data ford and A show that ion bombardment ha
little effect on the average aspect ratio of the surface,
A/d is essentially independent of ion energyEi . The distri-
bution of surface slopes, however, does depend onEi , at
least for thicker layers. This point is illustrated in Fig.
where we plot the probability distribution of surface orient
tions. Using an area of 434 nm2 surrounding each image
pixel, we calculate the local surface slopeu and create a
histogramP(u); the average orientation of the surface ove
4003400 nm2 has been set to zero. Forh5140 nm, ion bom-
bardment suppresses the formation of large surface slo
without ion bombardment, surface orientations associa
with grooves between growth mounds extend to almost 1
with Ei543 eV, these angles are limited to'6°.

The data shown in Figs. 8 and 9 suggest that low-ene
ion bombardment reduces the effective strength of
growth instability that drives the formation of growt
mounds; i.e., the ratio (l c / l ES) is increased by ion bombard
ment. To get an estimate of (l c / l ES), we define the film
thickness for the onset of growth moundsh* as the film
thickness at which the roughness amplitude is equal t
monolayers,10,11 A50.42 nm, and useh* '( l c / l ES)

2. Using
these definitions, we find (l c / l ES)'12, and '15 at Ts
5650 °C and Ei53 and 43 eV, respectively. ForTs
5750 °C andEi53 eV, (l c / l ES)'18.

n

FIG. 9. Histogram of the the local surface slopesu for the
TiN~001! surfaces shown in Figs. 5 and 6. Data symbols are
belled by the film thicknessh in nm and ion energyEi in eV. The
peak value of the probability distributionP(u) has been set equal t
unity in each case.
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16 142 PRB 61KARR, CAHILL, PETROV, AND GREENE
B. Nucleation of new layers

To gain a more microscopic perspective on the effects
ion bombardment on growth morphology, we analyze
STM images to extract the critical size of a terracel c that
supports the nucleation of a new layer of the crystal. T
growth mound morphology provides a relatively straightfo
ward geometry for this analysis: nucleation occurs on
terraces at the tops of the growth mounds, and so we co
data on the sizes of these top terraces and statistics on
presence or absence of small islands that nucleate new
ers. The top terraces are roughly elliptical with rough edg
we therefore measure the size of the terrace by drawing
ellipse within the rough boundary of the terrace. Since nuc

FIG. 10. Fractionf (R) of terraces with radiusR that show
nucleation of a new layer;~a! 750 °C, Ei53 eV; ~b! 650 °, Ei

53 eV ~open circles!, andEi543 eV ~filled circles!. Error bars are
an estimate of the statistical uncertainties in measuringf (R). The
dashed lines are fits to the data usingf (R)512exp@2(R/Rc)

8# to
determine the critical radiusRc for nucleation:~a! Rc517 nm; ~b!
Rc512 nm atEi53 eV, andRc510.5 nm atEi543 eV.
o

of
e

e
r-
e

ect
the

lay-
s;
an
e-

ation on a highly elliptical terrace would be controlled by t
length of the minor axis, we denote the minor radius of ea
top terrace byR. The critical terrace sizel c is then related to
the critical radiusRc by l c'2Rc .

The fractionf (R) of terraces of sizeR that show second-
layer nucleation is plotted as Fig. 10. To facilitate a quan
tative determination ofRc , we use the theoretical nucleatio
probability derived under the assumptions of circular t
races, weak step barriers, and a smallest stable island of
molecules;37 and fit this theory to our data. By following thi
procedure, we do not require that these assumptions and
theory of Ref. 37 are a precise description of the physics
our growth experiments; the theoreticalf (R) simply pro-
vides a systematic method for determiningRc . We find Rc
517 nm at 750 °C andRc512 nm at 650 °C. These rela
tively large length scales for nucleation are responsible
the large size of growth mounds on TiN~001! in comparison
to other materials systems, see Fig. 1. Ion bombardment
ates a small shift ofRc to lower values,Rc'10 nm, consis-
tent with the reduction in the size of growth moundsd dis-
cussed above.

IV. CONCLUSIONS

We have measured the effects of low-energy ion bo
bardment on the growth morphology of TiN~001! using ul-
trahigh vacuum STM. A growth temperature of 650 °C a
ion energy of 43 eV were chosen as the lowest poss
temperature and highest possible ion energy compatible
the growth of high-quality, low-defect concentratio
TiN~001! epitaxial layers. With a ratio ofN2

1 flux to the Ti
growth flux of '25, ion bombardment produces a small r
duction in the roughness amplitude and the in-plane len
scale of the growth mound morphology; the reduction
grooving at the boundaries between growth mounds is m
pronounced. These results indicate that low-energy ion b
bardment reduces the effective strength of the growth in
bility in this system. At a more microscopic level, ion bom
bardment produces a small decrease in the critical ter
size for nucleation of new layers; i.e., ion bombardment p
duces a small increase in the nucleation rate.
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