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Effects of high-flux low-energy ion bombardment on the low-temperature growth morphology
of TiN (001) epitaxial layers
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Ultrahigh vacuum scanning tunneling microscq®f M) is used to characterize the surface morphology of
TiN(00)) epitaxial layers grown by dc reactive magnetron sputtering at growth temperatufgs 660 and
T,=750°C. An auxiliary anode is used to bias the plasma and produce a large flux of low-energy ns
that bombard the film surface during growth: the ratio of trg flix to the Ti growth flux is~25. At ion
energiesE; near the threshold for the production of bulk defedfs=43 eV andT,=650 °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-
ationR. is approximately 12 and 17 nm at growth temperatures of 650 and 750 °C respectively; at 680 °C,
is reduced to~10 nm by ion bombardment.

[. INTRODUCTION metals, semiconductors, and ceramics. The data in Fig. 1 do
not illustrate howd and the surface widtW/ evolve with film
In many cases of technological importance, crystallinethickness but many systems show a power law coarsening
thin films are deposited at relatively low temperatures: undefl=h* regimes of more rapid and weaker coarsenirig,"’
these conditions the vapor pressure of the solid film is comhowever, have also been observed.
pletely negligible in comparison to the growth flux, and the ~Methods for ion-assisted film deposition—e.g., magnetron
equilibrium areal density of adatoms and other surface poingPuttering, plasma-assisted chemical vapor deposition, and
defects is also small compared to the adatom density creatd@n-béam deposition—involve high fluxes of low-energy

by the growth flux. Experiments, theory, and computationaf©®nS bombarding the growth surfatéResearch directed at

modeling have shown that the morphology of crystal Sur_establishing a more fundamental understanding of this class

faces grown in this low temperature regime is often intrinsi—Of energetic processes” at surfaces is a particularly active

cally unstablé. Asymmetries in the kinetics of adatom at- area of research on crystal grow?h .physics. lon bombardme;nt
tachment at 'steps drive a pattern formation for growthhas been shown to have dramatic influence on the nucleation

P : 24 i
mounds2® The asymmetry can arise from a repulsive barrierOf thin films on foreign substrat&s2*and the suppression of

for an adatom crossing a descending step, the Ehrlich- 10

Schwoebel barriet,from an attractive interaction at an as- — I I

cending step;’ or from barriers for the diffusion of adatoms £ | . 1

along step-edges when crossing corner $ites. ~ | i Pt(111) |
For weak asymmetries in the interaction of adatoms with = o ¢ .

steps, many aspects of this pattern formation, e.g., the film < 1r Ag(111) ¢ - Rh(111)7]

thicknessh and in-plane length scatéat the onset of rough- g L 0 jf_' x . 4

ening, can be understood based on a- ()-dimensional ® ¢ j/'/\ AAAAA

model of step motion®!! This model has only one param- S Fe(001) o s & ?iN(om)‘

eter: the ratio of the Ehrlich-Schwoebel lendth, a mea- 50161 & AR N

sure of the strength of the asymmetry, to the critical size of a v = Cut  Ge

terrace needed for the nucleation of a new layer of the crystal '  — e

l.. In the limit of a weak barriet./Igs>1 and no thermal 1 10 100

smoothing, mounds first appear at a film thicknesshbdf In—plane length scale, d (nm)

~(l./lg9? monolayers, and the distance between growth
mounds ah=h* is d=~I.(I./1g9*2 As we discuss below,
the large size of growth mounds on TiDO1) is caused by

the relatively large value df; for this surface. ) (450 °C Ref. 14, G&001) (155°C, Ref. 11 and TiIN0O1) (open

Figure 1 summarizes some recent experimiéntéon the triangles, growth temperature 750 °C, Ref. 16; and filled triangles,
low-temperature growth morphology of crystals where bothgsg o, this work. The surface widthVis the rms roughness of the
the height and the average separation between growtrface, and the in-plane length scalés approximately equal to
mounds has been measured either by diffraction or microshe average distance between growth mounds. In all cases, different
copy. The phenomenon is clearly general: growth moundiata points correspond to different film thicknesses; in general, both
morphologies have been observed during crystal growth ofv andd increase with increasing film thickness.

FIG. 1. Comparison of growth mound morphologies fo(des)
(growth temperature 20°C, Ref. 12Ag(111) (200 K, Ref. 13,
Cu(001) (30°C, Ref. 15, Pf(111) (170°C, Ref. 17, Rh11])
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surface segregation in the growth of alloy filfsBut well-
controlled experiments on homoepitaxial crystal growth ac-
companied by low-energy ion bombardment have not been
widely reported. Michely and co-workers studied nucleation
rates and morphologies of (RiL1) grown by ion bean{400

and 4000 eV Ar) assisted evaporatiéhand ion beam sput-

ter depositiorf’ The increased nucleation rates could be at-
tributed to adatom clusters created by the relatively high ion
energies used in Ref. 26, or by the backscattered noble gas
atoms and the high-energy tail of sputtered Pt atéms.

In this publication, we extend our previous work on
TiN(002) growth morpholog¥? to include the effects of
high-flux low-energy ion bombardment at temperatures and
ion energies near the threshold for the creation of bulk de-
fects. We use scanning tunneling microscéyM) to mea-
sure the effects of ion bombardment on the evolution of the
growth mound morphology and to determine the nucleation
rate of islands on the relatively large terraces at the tops of
growth mounds.

Il. EXPERIMENTAL DETAILS
A. Substrate and buffer layer preparation

MgO(001) single crystals provide a nearly ideal substrate
for the heteroepitaxial growth of Tif@01) (Ref. 29 because
MgO and TiN have the same crystal structufBd-NaCl
and nearly identical lattice constants at typical growth tem-
peratures. The lattice mismatch 40.2% at 750°C and
~0.6% at room temperatufé The increase in compressive
stress after cooling from the growth temperature drives the
extension of misfit dislocations and the appearance of slip
stepé6 in some of the STM images shown below. —

Polished MgQ@001) substrates 1810x 0.5 mn? are first —~ 1He) ! ' ...-l —
preparecex situby annealing in air at 950 °C for 12 h; dur- £ - .o° possttme |
ing annealing, the substrates are enclosed in a small, covered &£ ._.-"'
crucible of high-purity alumina. Atomic force microscopy, 2 - 5 .
see Fig. Pa), shovys that surfgces of annealed MO 01 @00 e MgO substrate |
crystals are atomically flat with large terraces200nm s ° O TiN buffer layer |
wide, separated by single and multiple atomic-height steps.

In agreement with previous worR,annealing at higher tem- -—
peratures produces rougher surfaces, presumably due to the 1 10 100 1000
thermal activation of bulk diffusion and surface segregation e (nm)

of impurities. Next, a 300 nm thick film of Mo is sputter
deposited onto the back of the substrate to facilitate In- FIG. 2. (a) AFM image of the MgQ001) substrate surface after
bonding of the substrate to a Mo sample block; the sampl@nnealing in air at 950 °C for 12 h. The average height of the steps
block and substrate are then degassed in the ultrahigiﬁ this image is~1 nm; i.e., most of the steps visjble ip this image
vacuum deposition chamber at 750 °C for 1 h. With the sub&'e created by step-bunching of several atomic height stéps.
strate at the growth temperature and before starting the NSTM image of a~10nm thick TiN001) buffer layer grown on
gas flow, the chamber pressure<i@x 10~ mbar. Substrate 2"ealed Mg@0D. The steps are one monolayer high, 0.21 nm.
temperatures are measured by a type-K thermocouple erﬁ\f—\}osguur?;ierszthgwgeitg)e'fnh; ((;';f erence correlation function for the
cased in a 0.8 mm diameter tube inserted @mtl mmdiam- '
eter X 1.6 mm deep hole in the sample block. mary goal of our research is to quantify the effects of ion
The 99.999% pure 5 cm diam Ti target is sputtered in arbombardment on homoepitaxial crystal growth, and the
atmosphere of purified Nat a pressure of 3:210 *mbar.  buffer layer enables us to remove from our experiments the
The target-to-sample distance 4620 cm. After deposition influence of ion bombardment on heteroepitaxial nucleation.
and cooling to room temperature, samples are transferred ¥e grow the buffer layer in two stages: a 10 nm layer of TiN
the UHV STM analysis chamber without air expostfte. atT,=650°C and a growth rate ef 1.6 nm min %, followed
Previously;®”® TiN epitaxial layers were deposited di- by 20 min deposition at 750 °C with the target power re-
rectly on MgO substrates at a growth temperature of 750 °Cduced by a factor of 10; this procedure is intended to create
Here, we first deposit a TiN buffer layer to provide a con-a high nucleation density of TiN on the MgO substrate fol-
stant starting surface for subsequent TiN film growth: a pri-owed by smoothing of the morphology using a reduced
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FIG. 3. C_:urrent density measured by a_gmall diameter cylindri- - “ 2 A 228 28 43 1
cal Langmuir probe near the substrate position plotted as a function 2 e 750 | 37 | 48
of the probe voltag®/ and the anode potenti&l, . 2 O 750 | 50 | 63
growth rate at elevated temperature. The target current and L !: g . . .
voltage for deposition at 1.6 nm mih are 0.75 A, and 550 1 200
V, respectively. After the buffer layer is completed, a wire 100

clip is adjusted by a sample manipulator to ensure that the Temperature, T (K)

b“ﬁ?r layer is electrically grouno_led for subsequ_ent growths. FIG. 4. Temperature dependence of the electrical resistivity of
Figure 2b) shows an STM image of a typical buffer i\ o) epitaxial films. Each data symbol is labeled by the growth

layer; the array of atomic-height steps reflgcts the miscut Ofemperature in °C, film thicknedsin nm, and ion energg, in eV.

the underlying MgO crystak-0.3°. Height-difference corre- g =43eV is near the threshold for bulk defect formation at a

lation functions* G(p) =((h;—h;)?) for the annealed MgO  growth temperature of 650 °C; and the threshold is between 48 and

substrate and the Til€01) buffer layer are shown in Fig. 63 eV at a growth temperature of 750 °C. The lowest resistivity

2(c); h; is the height of surface at poimt p is the distance films havep=12.4.0 cm at room temperature, 298 K.

between points andj, and the brackets signify an average

substraté® indicating that growth of the buffer layer does not
significantly disrupt the morphology of the MgO substrate.
Buffer layer growth reduces the roughness of the startingi..~ ; _ 0 08 A cn2 andV—V.=3=+ 1 volts gives an es-
surface by a factor of~3 and also reduces the in-plane timat’ec of' V., and F;:% Vsa=Va_+3 volyts, and F,

length-scale of the roughness by a factor of nearly 10, from_ - 50 5 4
~1000 to~ 100 nm. =1.50./9) Vme/m;=3.3x 10"°cm ?sec 1. The measured

deposition rate is 1.6 nm min; therefore, the Ti growth flux
is 1.4x10"cm ?sec ! and the ion fluxF; is a factor of
~25 larger than the Ti growth flux.

these conditions, current collected by the Langmuir probe is
dominated by electrons. The position of the knee in these

B. Plasma biasing and characterization

We control the kinetic energy of ion bombardment by
applying a positive bias voltag¥, to a 15 cm diameter ) )
ring-shaped anode placed between the target and substrate; C. Electrical properties
the inside diameter of the ring is 8 cm. The composition of We use electrical resistivity to characterize the crystal
the ion flux during TiN sputtering was previously measuredquality of TiN, see Fig. 4. The room temperature resistivity
using double-modulation mass spectrométryln a 4 s determined using a commercial four-point in-line probe
X 10~ *mbarN, plasmaNj; is the dominant species and the combined with film thickness measurements by Rutherford
ratios ofN, : N*, N, :Ti*, and N, : TiN* are 28, 500, and backscattering spectroscopy and x-ray reflectivity. The high-
2x 104 respectively. Most of the ions bombarding the sur-est quality films have a resistivity of 12:4) cm at room
face are accelerated by the full sheath potentiak=V, temperature. We measure the relative changes in the film
+V,, whereV, is the plasma potential, because the meanv+esistivity as a function of temperature Z7<400K using
free-path for charge-exchange collisich?2 cm (Ref. 32 is  four-lead resistance measurements of an unpatterned film.
larger than the sheath width: w~1 mm forV,=80V and For E;=3eV (V,=0), and a growth temperature Gfg
w~0.1mm for V,=20V wusing the Child-Langmuir =650°C, the resistivity is controlled by the intrinsic
equatior electron-phonon scattering far>77 K. Lower temperature
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FIG. 5. STM images of TiKD0OD films grown at 650 °C with

V,=0, ie, Ej=3eV; (a film thickness h=16nm; (b) h FIG. 6. STM images of TiKD0O1) films grown at 650 °C with

=140 nm. V,=40 volts, i.e.,E;~43eV; (a) film thicknessh=16 nm; (b) h
=145nm.

deposition Ts=550°C) produces a large temperature- [ll. RESULTS AND DISCUSSION

independent contribution to the resistivity p§~7 x cm.

The threshold energy for ion-induced defects depends on ) )
the growth temperatureE;=43eV bombardment afl SIM images of the growth morphology of TiN grown at
=650°C produces a small increase in the resistivitygf 650 °C without and with high-flux low-energy ion bombard-

~1 40 cm, and we conclude that this energy is close to thdnent are shown in Figs. 5 and 6, respectively. In all cases,

threshold energy for bulk defect formation at this tempera—the morphology is dominated by growth mounds; in general,

ture. (We do not know the nature or the concentration of thethe height and distance between growth mounds increases

. --and grooves between growth mounds become increasingly
defects that are responsible for the excess electron scatte”%ell-defined with increasing film thickness. lon bombard-
but we note that radiation damage experiments using highy ent creates subtle but measurable changes in the growth
energy electron irradiation of Cu show thea 1 at. % con-

. . morphology.
centration of Frenkel defects in Cu produces, We characterize these morphologies by two fundamental

=2.8uQ cm*®) High-flux low-energy ion bombardment |ength scales: the in-plane length scdland the amplitude
with E;=48eV atT;=750°C, however, does not create a of the surface roughness=GY4(d/2); G(p) for the four
measurable increase in the resistivity of TiN at 77 K, pre-syrfaces shown in Figs. 5 and 6 are plotted as Fig. 7. We use
sumably because the healing of bulk-defects and transport ¢fe term “roughness amplitude” because- y2W where W

N interstitials is more rapid at this elevated temperature. Thes the rms roughness measured on a length scale comparable
rapid healing of defects is not maintained y=63eV at  to d. Because of the relatively small surface roughness of
Ts=750°C; in this case, the residual resistivity is again relathese films A<0.7 nm, and because of residual long length-
tively large, po~6 w2 cm. scale inhomogeneities in the morphology of the buffer layer,

A. Growth mound morphology
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FIG. 7. Square root of the height difference correlation function 'o‘l‘ 4:
for the four TIN(OOD) films shown in Figs. 5 and 6. Each data B 0w 4 & T
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we cannot routinely determine the in-plane length scale di- 6 (degrees)

rectly from statistical measurements of the surface rough-
ness, e.g., a peak in the height-height correlation funttion
H(p)=(hih;). Instead, we simply count the areal density of
moundsn and setd=n%2 for this purpose, we define a
growth mound as a local maximum of the surface height thag
is separated from neighboring mounds by a valley that is at
least two monolayers deép.in cases where a comparison grown at 650 °C with comparison to our previous work on
can be made, we find that this measuredas nearly iden-  TiN(001) grown at 750 °C wittE; = 3 eV 1® These data show
tical to the position of the first peak i (p). that the effects of ion bombardment and growth temperature
Figure 8 summarizes our results for the in-plane lengthyre different: with no anode bias, i.&,=3 eV, an increase
scaled and roughness amplitude=G*4(d/2) for six films  in growth temperature from 650 to 750°C increasks
slightly and decrease% more significantly. This dependence

FIG. 9. Histogram of the the local surface slopgsor the
TiN(002) surfaces shown in Figs. 5 and 6. Data symbols are la-
belled by the film thicknesh in nm and ion energ¥; in eV. The
eak value of the probability distributidh( 8) has been set equal to
nity in each case.

300 —— . of d andA on growth temperature has also been observed in
(o) the low-temperature growth of @01).1* An increase irE;
i o ] from 3 to 43 eV at 650 °C, on the other hand, caudds
s o ¢ o _~- decrease slightly whilé also decreases.
S0k o 4 o_—~—7* ] ~ These data fod and A show that ion bombardment has
- C T e o 3ev 3 little effect on the average aspect ratio of the surface, i.e.,
r—- e o 43 oV A/d is essentially independent of ion energy. The distri-
50k ¢ 750°C | bution of surface slopes, however, does dependEpnat
R R ! least for thicker layers. This point is illustrated in Fig. 9
10 100 300 where we plot the probability distribution of surface orienta-
tions. Using an area of 44 nn? surrounding each image
— Tr U B ] pixel, we calculate the local surface slopeand create a
g r (b) ] histogramP( ); the average orientation of the surface over a
~ L _ S ’o . 400x 400 nnt has been set to zero. Foe= 140 nm, ion bom-
N 0.5 | a_—" o 4 . bardment suppresses the formation of large surface slopes:
3 —_— ////‘o i without ion bombardment, surface orientations associated
T ~aT 0 A 3 eV with grooves between growth mounds extend to almost 10°;
F<|_|'> i <‘> ;fgofg 1 with E;=43eV, these angles are limited 106°.
< The data shown in Figs. 8 and 9 suggest that low-energy
0.2 R ' ion bombardment reduces the effective strength of the
10 ) . 100 300 growth instability that drives the formation of growth
film thickness, h (nm) mounds; i.e., the ratiol {/Io) is increased by ion bombard-

FIG. 8. Summary ofa) the in-plane length scalé, and (b) the ment. To get an estimate of.(leg), we define the film

roughness amplitud&Y%(d/2) plotted versus film thickne¢s The  thickness for the onset of growth mount$ as the film
growth temperature is 650 °C; data symbols are labeled by the iofickness at which the roughness amplitude is equal to 2
energyE, . Data for growth at 750 °C on MgO01) without the use  monolayers>** A=0.42 nm, and usé*~ (I ./Igg?. Using

of a TiN(001) buffer layer(Ref. 16 are shown as open diamonds. these definitions, we findI{/lgd~12, and ~15 at T,

The dashed line shows a power law dependende®é? for com- =650°C and E;=3 and 43 eV, respectively. Fofg
parison. =750°C andg;=3 eV, (./lgd~18.
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' ' | ation on a highly elliptical terrace would be controlled by the
1.0 |- (a) = length of the minor axis, we denote the minor radius of each
7 top terrace byR. The critical terrace sizk, is then related to
- T,=750°C ] the critical radiusR; by I.,~2R..
| E=3 eV / i The fractionf(R) of terraces of siz& that show second-
layer nucleation is plotted as Fig. 10. To facilitate a quanti-
. tative determination oR;, we use the theoretical nucleation
i y% ] probability derived under the assumptions of circular ter-
A races, weak step barriers, and a smallest stable island of two
0.0 - ——— & — molecules’’ and fit this theory to our data. By following this
, | , | procedure, we do not require that these assumptions and the
0 10 20 theory of Ref. 37 are a precise description of the physics of
R (nm) our growth experiments; the theoreticBIR) simply pro-
vides a systematic method for determiniRg. We find R,
=17nm at 750°C andk;=12nm at 650°C. These rela-

f(R)

! | ! tively large length scales for nucleation are responsible for
1.0 - (b) < %’ 7 the large size of growth mounds on TD01) in comparison
- T —650°C / L/ i to other materials systems, see Fig. 1. lon bombardment cre-
N ates a small shift oR; to lower valuesR.~10 nm, consis-
= - O E=35 eV }/ % ] tent with the reduction in the size of growth mourdislis-
g | E=43 eV $ // i cussed above.
i s/ |
//// IV. CONCLUSIONS
0.0 ® We have measured the effects of low-energy ion bom-
| ' | bardment on the growth morphology of Ti001) using ul-
0 S 10 15 trahigh vacuum STM. A growth temperature of 650°C and
R (nm) ion energy of 43 eV were chosen as the lowest possible

temperature and highest possible ion energy compatible with
the growth of high-quality, low-defect concentration

. . . . . + .
=3 eV (open circley andE;=43 eV (filled circles. Error bars are TINV(V?g]]:)l eplt?fz;ISIayersb. Wléh a(ljratlot df\lzdflux to the 1};
an estimate of the statistical uncertainties in measufifi®r). The growth flux of=25, 10n bombardment produces a small re-
dashed lines are fits to the data usi@) = 1— exg —(RIR)?] to duction in the roughness amplitude and the in-plane length

determine the critical radiuR, for nucleation:(@) R;=17 nm; (b) Scale_Of the growth mQU”d morphology; the redUCt,ion in
R.=12nm atE;=3 eV, andR,=10.5 nm atE; =43 eV. grooving at the boundaries between growth mounds is more

pronounced. These results indicate that low-energy ion bom-
bardment reduces the effective strength of the growth insta-
bility in this system. At a more microscopic level, ion bom-
To gain a more microscopic perspective on the effects obardment produces a small decrease in the critical terrace
ion bombardment on growth morphology, we analyze thesize for nucleation of new layers; i.e., ion bombardment pro-
STM images to extract the critical size of a terrdgethat  duces a small increase in the nucleation rate.
supports the nucleation of a new layer of the crystal. The
growth mound morphology provides a relatively straightfor-
ward geometry for this analysis: nucleation occurs on the
terraces at the tops of the growth mounds, and so we collect This work was supported by the U.S. Department of En-
data on the sizes of these top terraces and statistics on tleegy Grant No. DEFG02-96-ER45439 through the Univer-
presence or absence of small islands that nucleate new lagity of lllinois Frederick Seitz Materials Research Laboratory
ers. The top terraces are roughly elliptical with rough edgesand the NSF/DARPA VIP program; TEM, RBS, and x-ray
we therefore measure the size of the terrace by drawing astudies used the facilities of the Center for Microanalysis of
ellipse within the rough boundary of the terrace. Since nucleMaterials.

FIG. 10. Fractionf(R) of terraces with radiuRR that show
nucleation of a new layer{a) 750°C, E;=3 eV; (b) 650°, E;

B. Nucleation of new layers
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