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N3 irradiation in determining texture, microstructure evolution,
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ScN layers, 345 nm thick, were grown on M@D1) substrates at 750 °C by ultrahigh-vacuum
reactive magnetron sputter deposition in pugediécharges at 5 mTorr. The;No Sc ratio incident
at the substrate and growing film was maintained constant at 14, while the ion df}@;gyas

varied from 13 to 50 eV. All films were stoichiometric with N/Sc ratios of T@02. However,
microstructural and surface morphological evolution were found to depend strom‘j[y,zﬂnThe

nucleation and initial growth stages of ScN films deposited \E'ﬂ;g\= 13 eV are dominated by the

formation of 111- and 002-oriented islands, but preferred orientation rapidly evolves toward a
purely 111 texture by a film thickness @50 nm as 002 grains grow out of existence in a
kinetically limited competitive growth mode. In distinct contrast, films deposited \Eﬂ;r

=20 eV grow in a cube-on-cube epitaxial relationship with the substrate and exhibit no indication
of 111-oriented grains, even in the earliest stages. Incre&iggo 50 eV still results in epitaxial

layers, but with high in-plane compressive stress and the presencegafshbubbles. All epitaxial
layers contain rectangular nanopipesl nm wide and aligned along the growth direction. The
nanopipes result from atomic shadowing near the bottom of a periodic array of surface cusps which
form along orthogona{100 directions due to kinetic roughening during growth. The hardhé&ss

and elastic modulug of the epitaxial SciD01) layer grown withEN;=20 eV are 21.+1.1 and

35618 GPa, respectivelyH and E increase(decreask with increasing (decreasing EN2+.
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I. INTRODUCTION duction bands, leading to metallic conductivity. However,
. L . the uncertainty in the relative energy positions of the bands
Transition-metal nitrides are well known for their re-

markable phvsical properties including hiah hardness ang] these calculations is 1 eV and the results are therefore not
pny Prop 9 hig .Sufficiently accurate to conclude whether or not there is band

mechanical strength, chemical inertness, and electrical resiS rlap in the ScN density of stagohanssoet al® com-
tivities that vary from metallic to semiconducting. As a re- P Y '

sult, they are widely studied and have become technologipared electronic structure calculations for TiN with an.gle.—_
cally important for applications such as hard wear-resistanieSelved photoelectron spectroscopy data and found signifi-
coatings, diffusion barriers, and optical coatings. While TinCant differences at high symmetry points in the Brillouin
has received by far the most attention and is presently usegP€: The energy of thas valence band at the point was
commercially in all of the above mentioned applications, thePredicted 1 eV too high and thk,, conduction band at the
neighboring nitride on the periodic table, ScN, is almost to-X Point was 1 eV too low. In the bandstructure calculations
tally unexplored for ScN, these two points define the overlap of valence and
Published theoretical data on the electronic structure ogonduction band which means that, assuming a similar error
ScN are contradictory. Self-consistent augmented plangn the ScN calculations, ScN could have a band gap of
wave band structure calculations by Neckekl? predicta =2 eV.
very small, 0.01 eV, overlap of N2valence and ScdBcon- We have recently shown, based upon temperature-
dependent resistivity, optical absorption and reflectivity, and
dAlso at Department of Physics, Thin Films Division, Liiging University, spectroscopic ellipsometry measurements carried out on
S-581 83 Linkping, Sweden; electronic mail: jegreene@uiuc.edu polycrystalline ScN films deposited on Mg@®1)! and epi-
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taxial ScN layers grown on TiN/Mg®01)° by ultrahigh  cessive rinses in ultrasonic baths of trichloroethane, acetone,
vacuum(UHV) reactive magnetron sputter deposition, thatmethanol, and deionized water and then blown dry in dry
ScN is a semiconductor. The direct optical band gap wa#l,. They were mounted on resistively-heated Ta platens us-
determined to be 2.37 and 2.32 eV for polycrystalline andng Mo clips and inserted into the sample introduction cham-
single-crystal ScN, respectively. ber for transport into the deposition chamber. Final substrate

In this article, we present the results of an investigationcleaning consisted of thermal degassing at 800 °C for 1 h, a
of the effects of low-energy N ion irradiation on micro-  procedure shown to result in sharp M@D1)1x 1 reflection
structural and texture evolution, as well as the mechanicahigh energy electron diffraction patteri&ilm growth tem-
properties, of polycrystalline and epitaxial ScN layers grownperature, 750 °C including the contribution due to plasma
on MgQ(001) by UHV reactive magnetron sputtering in pure heating, was measured using a pyrometer calibrated by a
N, discharges. The films, 345 nm thick, were deposited witithermocouple bonded to a dummy MgO wafer. Following
a very high incident ion §l to Sc ratio,JN2+ /Jsc=14, shown deposition, the samples were allowed to cool<td00 °C
previously to have a major effect on the texture of polycrys-before transferring them to the load-lock chamber which was
talline TiN (Ref. 6 and Ti_,Al,N (Ref. 7 films, while the  then vented with dry M.
ion energyEy; was varied from 13 to 50 eV. All films were A.25-cm-d(§am coil was used to magnetically unbalance
stoichiometric with N/Sc ratios of 1.800.02. Nucleation the discharge” The coil, maintained at floating potential
and initial growth of ScN films deposited wity: =13 eV with a constant current of 3 A, provided a maximum flglq

. . 2 . etween the target and substrate of 80 G which was additive

%rlzn(zjc;m:fl]g\t/\?gv:ry ;Tgfé?rrgjagﬁgn(t);t;ﬁl}a%?glyogi;?\;fsmgfo that of the permanent magnets behind the target. This has
ward a purely 111 texture within a thickness 850 nm as the effect of focusing the discharge to greatly increase the

. . . . ... plasma density near the substrate while having only a minor
the 002 grains grow ou t of emstencg. Films deposited W'ﬂgffect on the target sputtering rafeThe applied substrate
EN2+=20 eV are epitaxial and grow with a cube-on-cube re-

bias V¢ during film growth was varied between 0 and
lationship with the substrate while SEM01) layers grown _ggy/.
with Enr=50 eV, although still epitaxial, exhibit high in- Plasma characteristics in the vicinity of the substrate
plane compressive stress with elongated gas bubbles contaiduaring film growth were determined from probe measure-
ing excess nitrogen. All epitaxial layers contain nanopipesments following the procedures described in Ref. 10. The
with rectangular cross sectiorrs1 nm wide and aligned current-measuring probe was a 6-mm-diam ScN-coated
along the growth direction, associated with surface cuspstainless-steel disk mounted in a through-hole drilled in the
which form due to kinetic roughening during film growth. center of a special substrate platten. The probe was situated
Epitaxial ScNOOJ) layers grown WitrEN2+=20 eV have such that its surface was in the plane of the substrate and it
hardness and elastic modulus values of 21 and 356 GPa comwas electrically isolated from the platten by a 0.25 mm
pared with 20 and 445 GPa for T{B01) reference samples. vacuum gap. To minimize edge effects, the probe and sub-
Measured film hardness and elastic moduli increase with instrate holder were maintained at the same potential with re-
creasingEN; due to ion-irradiation-induced in-plane com- spect to the aner.- _ o
pressive strain. The v(_';\st rr_1ajor|ty _of the ions incident gt the substrate
and growing film during deposition experienced the full
sheath potential since the mean-free path for charge-
exchange collisions=8 mm! was more than an order of
All films were grown in a two-chamber turbomolecular- magnitude larger than the sheath width, estimated from the
pumped UHV deposition system. The apparatus consists of @hild—Langmuir equatiolf and the measured current den-
sample introduction chamber, evacuated ts 1 8 Torr  sity, j;=0.48 mA cm?, to range from 0.3 mm &/ ,=13V
(6.7x 10 © Pa) prior to sample transfer, and a three-targeto 0.8 mm atV,=50V. N, ions accelerated to energies
magnetron growth chamber with a base pressure of ZYreater than their molecular binding energy of 9.7 @eéf.
%10 ° Torr (1.3x10 7 Pa). The target was a 5-cm-diam 13) dissociate upon collision with the film surface.
water-cooled Sc disk, 99.9% pure with the only detectable Film microstructure and texture were investigated using
contaminant being 0.1 at% Ta, the usual impurity in Sc.a combination of x-ray diffractiofXRD), plan-view trans-
Sputtering was carried out in pure, 89.999%, introduced  mission electron microscopyTEM), and cross-sectional
through a high precision solenoid valve, at 5 mT@J7 Pa. = TEM (XTEM). The XRD measurements were carried out in
The pressure was measured by a capacitance manometer anghowder diffractometer system with a ®w source and
maintained constant with an automatic mass-flow controllerslit divergences of 1° and 0.1° f@26 scans and-rocking
A power-regulated dc supply was used to provide a discurves, respectively. The resulting resolution was 0.04° 2
charge current of 1.7 A and a target voltage of 300 V which,and 0.1°w. TEM and XTEM analyses were performed in a
with a target-to-substrate separation of 15 cm, resulted in Rhillips CM12 microscope with a LaBfilament at 120 kV.
film deposition rate of 173 nmH in the fully target-nitrided  Plan-view specimens were prepared by mechanically thin-
regime. The target was sputter etched for 5 min, with a shutring from the backside with SiC to a specimen thickness of
ter shielding the substrate, prior to initiating deposition. =30um. Final thinning to electron transparency was ac-
The substrates were polished X00x0.5mn?  complished by ion milling using a 5.5 kV Arion beam
MgO(001) wafers which were cleaned and degreased by sudncident initially at 14° and then decreased to 12°. Cross-

Il. EXPERIMENTAL PROCEDURE
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sectional specimens were prepared by gluing two samples T v v v T v L v
film-to-film and then cutting vertical sections which were 'ScN/Mg()(()()l)
ground and milled in a manner similar to that of the plan- 20F o
) . L T. =750 C
view samples, but from both sides. s
The microchemistry of as-deposited films was examined p t=345 nm
by Rutherford backscattering spectrosc¢éRBS). The probe I EN+ =50 EY/\_
beam consisted of 2 MeV Heions incident at an angle of 16 2 l
22.5° relative to the sample surface normal with the detector . P — 6 I (002)
set at a 150° scattering angle. Backscattered spectra were ", F T sls0ey
analyzed to determine N/Sc ratios using the RUMP simula- & 1 7f H
tion program‘* <2 12 <° 4 X10
Nanoindentation responses of as-deposited ScN films S I 8 al
were determined using a Nano Indentor Il instrument. Epi- ; s
taxial TiN layers, also grown on MgO01) and having the ‘5 i a 2t
same thickness as the ScN samples, served as references for 5 Sk g 1 20eY
calibration purpose¥ The measurement procedure was as = P = 13 e <10
follows:*® load to maximum, unload to 10% of maximum - = 15950 5T
load, hold for 50 s, load to maximum, hold for 200 s, and g o (degrees)
completely unload. The maximum load was varied from 0.4 4F
to 40 mN and a minimum of ten indent sequences was used g 20 eV \
for each maximum load. The triangular Berkovich diamond 1
tip was calibrated following the procedure described in : 13eV
Ref. 16 b N A
34 36 38 40
20 (degrees)

IIl. RESULTS AND DISCUSSION ) i
FIG. 1. XRD 6-26 scans from 345-nm-thick ScN films grown at 750 °C on

gO(001) by UHV reactive magnetron sputter deposition with an incident
5 to Sc flux ratio of 14 an(EN2+=l3, 20, and 50 eV. The inset shows

corresponding Scf002 w-rocking curves.

The plasma characterization experiments showed th
the substrate floating potentidl; during deposition was
—13V, while the plasma potentidf, was estimated from
the measured electron temperature, 22062 eV, to be 0

+1V. The plasma ion density near the substrate and they (present in all scansare MgO 002 substrate reflections
saturation ion current density to the substrate were 1-?)riginating from CuKB and WLa, contamination in the
X 10'° cm~3 and 0.48 mA cm?, respectively, corresponding x-ray source.

i 5~m—2 o1 s Vi
to an ion flux of 3x10'° cm 2s™ . This yields, when com- XRD scans from films grown WitrEN2+=20 and 50 eV

bined with the measured film deposition rate, a-td-Sc . . . .

: _ ontain only 002 ScN diffraction peaks. However, while the
ratio Jy; /‘]S"‘f 14. _Ba_sed upon energy- and ma_ss—resolvgééoz peak is relatively intense, with=1.4x 10° cts s %, and
analyses of ions incident at the substrate during reaCt'VEharp(full width at half maximum intensity",,=0.21° 2)
magnetron sputtering of Ti in pure ;Ndischarges the the Ey+ =20 eV scan, th&,: =50 eV 002 peak is weaker
dominant (>96%) ion species is N In this article, we fo- (I :1.1><2104 cts 51 broader2(F29=0.92° %), and shifted

cus on the groyvth of ScN f|Ims deposited with very high by 0.28° to a lower 2 position. These results indicate that,
ion-to-metal ratios, shown previously to have a major effect

on the texture of polycrystalline TiNand Ti,_ ,Al,N’ films, compargd to théy; = 29 ev eplltaX|aI layer, the 50 eV film

and ion energie&,+ =13, 20, and 50 eV. has a high defect density and is expanded along the growth
2 direction. The latter is the signature of significant residual

T S 2 ] in-plane compressive strain.

RBS analyses to be stoichiometric with N/Sc ratios of 1.00  The 111 and 002 peak positions obtained from the 13 eV

All ScN layers, independent cEN2+, were found from

+0.02. film yield lattice constants in the growth direction of 0.4509
A. Microstructural and surface morphological and 0.4516 nm, respectively, slightly higher than the relaxed
evolution ScN lattice constartiy=0.4501 nm® This corresponds to an

. . in-plane compressive stress of2 GPa(Ref. 19 which can
t'onTgfécaLci(ler?tgagg ch_ansl, Osffcs’:ligofrrg?rﬁnzf prrssima;hbe completely explained by differential thermal contraction
on, P ing. L. ! grown wi during cooling from the deposition temperature, 750 °C. The

EN2+:13 eV show that the layers are polycrystalline and Xihermal expansion coefficients of ScN and MgO are

hibit 111 and 002 ScN diffraction peaks. The ratio of the 1114 1076 (Ref. 20 and 1.3<10 ° K~ ! (Ref. 21, respec-

to 002 integrated peak intensitieg;/1 oo is 1.94 compared tjyely. The measured difference in 111 and 002 lattice con-
with an expected ratio of 0.6(Ref. 18 for randomly ori-  stants is partially due to residual misfit-induced strain in 002
ented ScN powder samples. Thg:=13 eV films thus have  grains, which exhibit local epitaxy, giving rise to a larger
a dominant 111 texture. The small peaks at 38.60 and 41.048cal strain. In addition, we expect that, as is the case for
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other NaCl-structure transition-metal nitrides such as #iN,
the elastic modulus of ScN is directionally anisotropic.
Based upon the measure®-26 peak intensity ratio
I 111/1902 NOrmalized to the randomly oriented value and ac-
counting for the large difference in azimuthal 111 vs 002
grain alignment as determined from tlaerocking curves,
we estimate that the ratio of the 111 to 002 volume fractions
in 13 eV films is 11+ 3.
ScN002) films grown WithEN2+= 20 eV are also slightly

in compression due to film/substrate differential thermal con-
traction and exhibit a measured perpendicular lattice constant
of 0.4512 nm. However, the 50 eV layers have a perpendicu-
lar lattice constant of 0.4542 nm, 0.9% larger than the re-
laxed value and much too large to be completely explained
by differential thermal contraction. The relatively large in-
plane compressive stress,12 GPa, is most likely due to a
combination of residual ion-irradiation-induced defects and
implanted interstitial N. The average kinetic energy per N
atom upon dissociative collision of 50 eV,;Nons at the
growing film surface is above the expected lattice displace- g
ment energy for ScN.

The inset in Fig. 1 shows corresponding 0@2ocking
curves from the same three films used to obtain #he6
scans. The intensities of the 13 and 50 eV rocking curves are
multiplied by a factor 10 and all scans are offset vertically.
The full widths at half maximum intensitids,, of 002 rock-
ing curves from layers grown WitEN2+=13, 20, and 50 eV
are 0.950, 0.870, and 3.12F,, for the 111 ScN peak from
the 13 eV layer(not shown is 2.13°. EIG. 2. (a) Bright-field [100] XTEM micrograph o_f a 345-nm-thick ScN

In-plane and perpendiculéalong the film growth direc- film grown aF 750 °C OII Mg@01) bx UHV reactive magnetrpn sp_utter
. . deposition withdy+/Js=14 andEy+=13eV. The lower left inset is a
tion) X_'ray COherenC_e lengtit _ande_ Can_ be_ Ob'fa'ned from corresponding SAZED pattern and tﬁe right inset is a dark-field micrograph
the widths of the diffracted intensity distributions perpen-obtained using the 020 reflection.
dicularAg, and paralleAg,, respectively, to the diffraction
vectorg using the relationshigs

growth direction. This is in very good agreement with the

27 I ScN XRD results for whichd, ;,,=0.2603 nm.
§= |Ag, | ~ 2l sin 6 (1) The discrete nature of the ScN electron diffraction fea-
tures reflects the strong 111 film texture. Diffraction spots
and from 002-oriented ScN grains cannot be resolved from the

stronger MgO reflections indicating, again in agreement with
_ 27 _ A 2 XRD results, that the film contains only a small volume frac-
|Ag,| TI'z4cos@’ tion of 002 grains. This is confirmed in the dark-field XTEM
micrograph(right inset, Fig. 2, obtained using the diffrac-
Yion spot labeled 020 in the SAED pattdteft inset, Fig. 2,

&L

where\ is the x-ray wavelength. From the data presented i
Fig. 1, £, and{, are 15 and 57 nm for the ScN film grown from the region outlined in the bright-field image. Under

with ENIZZO eV and 4 and 10 nm for the 50 eV layer. Thus'these imaging conditions, MgO and 002-oriented ScN grains
the mosaic domain size is approximately a factor of Sappear bright, while 111-oriented ScN remains dark. Consis-
smaller, in both directions, in the 50 eV films due to residuakent with the dark-field image in Fig. 2, extensive analyses
ion-irradiation-induced damage. establish that all ScN 002 grains are located at the bottom of
Figure 2 is an XTEM micrograph from a ScN film de- the film and terminate at distances of 5-50 nm from the
posited withEy+=13 eV. The layer has a columnar struc- sypstrate surface as they are overgrown by 111-oriented col-
ture which, based upon lower magnification XTEM micro- umns. These results are similar to those reported earlier for
graphs together with plan-view TEM images, has an averag8cN layers grown without enhanced Nrradiation?
column width of 30 nm. The corresponding selected area Due to the structural and bonding similarities between
electron diffraction(SAED) pattern(left inset in Fig. 3was  ScN and TiN, we assume that, as is the case for ?fithe
obtained using a 0.4sm-diam aperture centered at the ScN/lowest surface energy face of SCN(01). Hence,(00)) is
MgO interface. It is composed of 002 and 111 diffractionexpected to be the preferred orientation under growth condi-
spots corresponding to MgO 002 and ScN 111 interplanations where adatom mobilities are sufficiently high to favor
spacingsd, of 0.21 and 0.26 nm, respectively, along the crystallites bounded by low-energy planes. Strain can also
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provide a driving force for the development of preferred ori-
entation in materials such as transition-mdfM) nitrides . C
which typically have highly anisotropic elastic moduli. How-
ever, we showed earlier that ScN layers deposited with
EN2+=13 eV had no significant strain during growth. Thus,

the eventual dominance of the 111 vs 002 ScN texture that
we observe during competitive columnar growth must be due
to kinetic limitations during film growth rather than thermo-
dynamic driving forces.

Similar results in which the higher-energy surface
emerges as the preferred orientation have been reported fo
TiN,® TigsAlgsN,” and Monte Carlo simulations of fcc film
growth?* In each of these cases, the effect can be explained
as being due to anisotropies in surface diffusivities. That is,
during growth under relatively low adatom mobility condi-
tions, the average adatom residence time is significantly
higher at sites on low diffusivity vs high diffusivity surfaces.
Thus, adatoms which are deposited near grain boundaries
and sample sites on both sides of the boundary have a highe
probability of finally being incorporated into the low-
diffusivity grain. Conversely, adatoms on high diffusivity
planes have larger mean-free paths with correspondingly
higher probabilities to move off the plane and become
trapped on adjacent grains. Thus, at low homologous depo-
sition temperature$,/T,, (T, is the melting point expressed
in K), grains with low surface diffusivities can grow at the
expense of their neighbofs.

For the growth of TM nitrides by reactive sputter depo-
sition, the rate limiting step is cation incorporation since the
nitrogen supply rate is typically orders of magnitude larger
and dissociative chemisorption of,Mit available TM sites
occurs at near kinetic rates. In the particular case of NaCl-
structure TM nitrides such as Sclénd TiN), we expect
cation mobilities to be lower oflL11) surfaces to which they
have three backbonds than (@02 with which they have
one backbond. Therefore, we propose that the above de
scribed mechanism associated with anisotropic cation sur-
face diffusivity controls the development of 111 preferred
orientation in films deposited witEN2+= 13 eV.

Figure 3a) is an XTEM image of a ScN layer deposited
with 20 eV N; irradiation. The film is epitaxial with no
indication, either in cross-sectional or plan-view micro-
graphs, of the presence of grain boundaries. The correspond
ing SAED pattern, shown as an inset, consists of overlapping &
symmetric 002 and 022 reflections signifying a cube-on-cube
epitaxial  relationship,  (00Dgyl(00Dygo  With (C)
[100]scMI[100]vgo, between MgO and ScN. In agreement
with the XRD results, the film is nearly fully relaxg@ulk
film/substrate lattice constant mismatcro).

The micrograph in Fig. @ was acquired with the mi-
croscope deliberately underfocused such that underdense re
gions appear brighter. Careful observation reveals the pres-
ence of nanopipes along the fil@01] growth direction. The
majority of the nanopipes start at a film thickndsef ap-

roximatelv 5 nm and extend to the film surface. Fi 3 FIG. 3. (a) Bright-field [100] XTEM and (b) plan-view TEM images of a
P y guits 345-nm-thick ScN film grown at 750 °C on Md@1) by UHV reactive

one of a series of images obtained following step-wise Ior}nagnetron sputter deposition wi.lh; 1Is=14 andEN2+=20 eV. The insets

milling through the film from both sides, is a plan-view mi- i, (5 and (b) are corresponding SAED pattern&) Higher-resolution
crograph from the center of the 345-nm-thiEIﬁz+= 20 eV  XTEM micrograph showing the near-surface region of the same sample.
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FIG. 4. (a) and(b): bright-field[100] XTEM micrographs, obtained at different magnifications, of a 345-nm-thick ScN film grown at 750 °C o090
by UHV reactive magnetron sputter deposition wm} [Js=14 andEN2+= 50 eV. (c) XTEM image showing the near-surface region of the same sarttple.

Plan-view TEM image.

layer corresponding to Fig.(8. The nanopipes are rectan- Combined XTEM and TEM analyses reveal trat,;

gular in cross section with a width 6¢1 nm by 1-15 nm - 50 ey samples also exhibit a periodic surface morphology

along orthogona{100) directions. [see Fig. 4c)], but with both a larger surface width,
The surfaces oEy ;=20 eV samples are roudsee, for  _10nm, and a larger lateral correlation length, 50

example, the XTEM micrograph in Fig(§] and consist of =10 nm, than obtained witEys =20 eV films. The latter is

mound structures characteristic of kinetic roughening as Ob(:onsistent with the smaller nanopipe number density in
served previously in both semiconductdf, *metal®® and £ _ 55y samplegsee Fig. 4d)] as well as the larger
TM nitride®-32 films grown at relatively low homologous 2 '

temperatures. The primary origin of kinetic roughening is thecross-sectional area, 1 nm width by up to 25 nm in the or-
presence of Ehrlich barriefd, and/or deep traps at step thogonal in-plane direction. Figuree} shows a nanopipe,

edges to the migration of adatoms over down-steps onlabeled with an arrow, extending from the bottom of a sur-
growing surfaces. This leads to a divergence in adatom fluf2ce cusp. We ascribe the larger surface roughness observed
and, hence, increased nucleation on terraces which, in turf? 50 eV, compared to 20 eV, films to the higher residual
gives rise to surface roughening and, eventually, facettinépn-irradiation-induced defect density. Similar results were
with increasing film thickness. XTEM images reveal that thefeported for epitaxial TiN layers deposited by reactive mag-
surface morphology is periodic with an average surfacé€tron sputtering and examined ioysitu scanning tunneling
width (root-mean-square mound heigbf =4 nm and a lat- microscopy*’
eral center-to-center mound correlation lengibbtained g Mechanical properties
from plan-view TEM imagesof 305 nm. The mounds ad-
join along (100 directions with the development of deep The hardness and elastic moduli of our ScN layers were
cusps. The deposition rate at the bottom of a cusp is reducetetermined from nanoindentation measurements following
due to atomic shadowing and leads, in combination with lim-the technique developed in Ref. 15 for epitaxial 001, 011,
ited adatom mobility, to the formation of the nanopipes. Theand 111 TiN. In fact, TiNOOY) layers, grown on MgO under
number density of nanopipesz3x10° um2 correlates the same conditions as in Ref. 15, were measured before and
with the average mound spacing. after each ScN film and used for both calibration and refer-
Figures 4a) and 4b) are XTEM micrographs, obtained ence purposes. The nanoindentation measurements were car-
at different magnifications, of a ScN layer deposited withried out using a three-sided pyramidal Berkovich diamond
EN2+=50 eV. This film, like the 20 eV layer, is epitaxial and indentor tip operated at loads ranging from 0.4 to 40 mN.

cross-sectional SAED patterfisot shown are similar to the Figure 5 shows a typical load-displacement curve, with a
one in Fig. 3. Underfocused micrographs reveal that the 5¢ MN maximum load, obtained from a S@01) layer grown

eV layer also contains vertical nanopipes, but with a lowerat 750 °C with Ex+=20eV andJy:/Jsc=14. A double
number density £3x10° um~?). However, Fig. 4b) loading cycle with a 50 s hold period after the first unloading
shows that the film has a high density:2x10° um™3) of  sequence and a second hold segment of 200 s at maximum
elongated horizontal defectsot present in the 20 eV layers |oad was used in order to minimize the effects of time-
with average size X 1.5 nm. These defects are formed dur- dependent plasticity on the measured hardness. The initial
ing film growth by the agglomeration of trapped excess ni-joading segment contains an elastic-plastic displacement.
trogen similar to what has been observed in epitaxial TiNThe first unloading curve and the second loading curve differ
layers grown at 550 °C with highfy, 400 eV, but witha  substantially and form a hysteresis loop with a larger dis-
much lower ion to metal ratio, 1.3.We estimate the amount placement during unloading than loading. The data from the
of excess nitrogen in the observed defects toshkat %, first hold segmen{50 5 were used to automatically correct
too small to be detected by RBS. the load-displacement data for thermal drift through the in-
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v v v N T T relatively high ion-irradiation-induced defect concentration
4] ScN(001)/MgO(001)  hold (200s which inhibits plastic flow.
» B load-unload cycle . Similarly, the elastic moduli of the ScN layers were de-
—_ o 2% Jgad-unload cycle A o termined using the measured Poisson ratig,=0.15? to
% 3P+ hold -';f = be 302+ 15, 356+ 18, and 388 20 GPa for 13, 20, and 50
= ‘_,-' §ogo°8 g eV films, respectively. Thus, the modulus of the highest
"c'g 7L o ;;3 § quality ScN Iayer,EN2+=20 eV, is 20% lower than that of
A ‘.-"' oooo"‘:ﬁ" El TiN, 445 GPa® This is reasonable based upon the 6.1%
-~ Pl "5 ' lattice constant difference between ScN and Tidkey
1r / . °:°°°°° et : =0.4501 nm andap=0.4242 nm and the similarities in
. hol d (505)“-"220 & the bond structure. A more fundamental materials parameter
olbrts N X L N 2 ; than the elastic modulug is the bulk moduluK=E/3(1
0 10 20 30 40 50 60 70 —2v), which from our data is 18240 GPa for ScN and,

from data in Ref. 15, is 26523 GPa for TiN. These values
are consistent with theoretical predictions, 146 and 257 GPa
FIG. 5. Typical load-displacement curvémaximum loag-4 mN) obtained ~ for ScN and TiN, respectively. Based upon elementary
during nanoindentation measurements of a @) film grown with force law consideration is expected to vary as®, where
In; /Jsc=14 andBy; =20 eV. Hold segments are labeled and the arrows . ;¢ he interatomic spacing. Comparing TiN with our 20 eV
indicate the load/unload directions. . . . .

epitaxial ScN layers, we obtain=—6.4. This is between
the value predicted for purely ionic solids= — 4,3 and that

. i reported for dominantly covalent bonded TM carbides;
strument software while the second hold was used to iNves- g 539 v results therefore indicate that the bonding in

tigate creeplike plastic behavior. Approximately 2 nm of ScN and TiN consists of a mixture of ionic and covalent

creep (dislocation nucleation, glide, and thermal dritic- .o nonents, in good agreement with predictions from band

curred at the maximum-load hold segment in Fig. 5. Thegy cqyre calculations showing that bond ionicity increases
percentage of elastic recovery wa$0%. A larger amount going from TM carbides to TM nitride® TiN also has an
of thermal drift was observed at the longer second hold dueddditional component of metallic bonding.

in addition to larger sensitivity to temperature fluctuations, to
heating of the indenter by the loading coil. Indentation ex-
periments in a fused-silica reference sample were used f
determine the upper limit on thermal drift to be 5 nm at 4 ScN layers, 345 nm thick, were grown on M(iD1)
mN maximum load for 200 s. substrates at 750 °C by ultrahigh vacuum magnetically un-
Measured hardness$ values for all films, TiN reference balanced reactive magnetron sputter deposition in 5 mTorr
samples and ScN, were found to exhibit a continuous depure N, discharges. The Nto Sc ratio incident at the sub-
crease with increasing maximum displacemepj, due to  strate and growing film was maintained constant at 14, while
two competing effect®> At very low displacements, the the ion energyEy; was varied from 13 to 50 eV. XRD,

measured hardness is higher than bulk values due to a rg¢g) and XTEM analyses showed that film microstructure

sidual gradient in the near-surface defect concentration,q texture were both very strongly dependenEgn . Dur-
. : . . R
which, for TiN, can be removed by rapid thermal anneallnging the early stages of growth, ScN films deposited with

o 5 . .
for 30 s at .1000 d In contrast, at high loads, the plastic En+=13 eV exhibited mixed 111 and 002 orientation. How-
zone associated with the indentation measurement penetrates2 . _ _
through a significant fraction of the film thickness. This re-€Ver, preferred orientation evolves rapidly toward a purely

sults in an apparent decreaseHnfor hard films on softer 111 texture within=50 nm as 002 grains grow out of exis-
substrates Corresponding to the case here, wikeréor tence. ThIS OoCcurs due to klnel‘IC, rather than thermodynam|c,

MgO(001) is 9+ 0.3 GPa. effects and is associated with the longer residence time of Sc
The measured hardness values for our ScN films wer@datoms on low diffussivity 111 versus the higher diffusivity
found to be similar to those of TiN. Based on an intrinsic 002 planes. Increasingy; to 20 eV provides a sufficient
hardness for epitaxial Tif001) of 20+ 0.8 GPal® we obtain  increase in average adatom mobilities to overcome surface
H=13.6-0.7, 21.1+ 1.1, and 24.4 1.3 GPa for the 13, 20, kinetic barriers and allows formation of purely 002-oriented
and 50 eV ScN films, respectively. Thus, the highest-qualityfilms from the earliest stages. Thﬁ\,;:ZO eV films thus
epitaxial ScNOO2) layers grown in this study, deposited at grow  epitaxially on MgO with the relationship
750 °C with En;=20eV andJN2+ /Jsc= 14, have hardnesses (00D)s\I(00D)yg0 and [100]se\[100lyg0- Further increas-
approximately 5% higher than T{R01). The 111 textured ing EN2+ to 50 eV, however, results in films, which while still

polycrystalline layers grown witky =13 eV exhibit lower  epitaxial, contain residual ion-irradiation-induced damage
hardnesses due to their underdense columnar structure, eading to large in-plane compressive strain anefiled gas
shown in Fig. 2. The porosity allows increased intra- andbubbles.

intercolumnar deformation under load. Similar tendencies  The relatively low growth temperatures, 750 °C, used in
have been reported for underdense TiN fifthsn contrast, these experiments results in kinetic surface roughening dur-
the 50 eV ScN films exhibit higher hardnesses due to theimg deposition. The surfaces are periodic with average sur-

Displacement (nm)
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layers, respectively. Nanopipes, which are first observed at2~ L{“g?]“agg'ﬁhg-zg(dl"gfg'-é Hultman, J. E. Greene, and J.-E. Sundgren, J.

. . . . S.o0, .

film thicknesses of=5 nm and extend to the final surface, 1GV\I/Dpc oﬁ/ver and G. M. Pharr, J. Mater. R&. 1564 (1992

form due to atomic shadowmg at cusps between adjoining’| petroy, A. Myers, J. E. Greene, and J. R. Abelson, J. Vac. Sci. Technol.
growth mounds. Thus, the pipes have rectangular cross-a 12, 2846(1994.

sections along orthogondlL00) directions with widths of *°W. Lengauer, Solid State Cher6, 412(1988.

~1nm and Iengths of up to 15 and 25 nm for 20 and 50 eV“’The in-plane compressive strain was calculated using a weighted average
films respectively The Iarger in-plane Iength scale for sur- of the measured 111 and 002 lattice constants along the film growth di-

. . . rection, the ScN Poisson ratio given in Ref. 5, and the elastic modulus of
face roughness CEN;_SO eV films results in a lower cusp EN2+=13 eV films determined from nanoindendation measurements dis-

density and therefore fewer nanopipes. cussed later in this article.

The hardnes$d and elastic modulug& of the 20 eV 2°B. Hajek, V. Brozek, and H. Duvigneaud, J. Less-Common 38t.385
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the arguments fail as film growth occurs in a “hit and stick” ballistic
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