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Microstructural evolution and Poisson ratio of epitaxial SCN grown
on TiN (001)/MgO(001) by ultrahigh vacuum reactive magnetron sputter
deposition
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ScN layers, 60—80 nm thick, were grown at 800 °C on 220-nm-thick epitaxia{ODM buffer

layers on Mg@001) by ultrahigh vacuum reactive magnetron sputter deposition in pyre N
discharges. The films are stoichiometric with N/Sc ratios, determined by Rutherford backscattering
spectroscopy and x-ray photoelectron spectroscopy, of+10002. Plan-view and cross-sectional
transmission electron microscopy analyses showed that the films are single crystals which appear
defect free up to a critical thickness ©f15 nm, above which an array of nanopipes form with their
tubular axis along the film growth direction and extending to the free surface. The nanopipes are
rectangular in cross section with areas sfl.5x5nn? and are self-organized along.00),
directions with an average separation=e0 nm. Their formation is the result of periodic kinetic
surface roughening which leads to atomic self-shadowing and, under limited adatom mobility
conditions, to deep cusps which are the origin of the nanopipes. The ScN layers are nearly relaxed,
as determined from x-ray diffractiof-26 scans in both reflection and transmission, with only a
small residual compressive strain due to differential thermal contraction. The Poisson ratio of ScN
was found to be 0.260.04, in good agreement witab initio calculations. ©1999 American
Institute of Physicg.S0021-89789)09722-4

I. INTRODUCTION ScN layers on Mg@01).2 Films deposited with Bl energies
Transition-metalTM) nitrides are well known for their EN2+>20 eV exhibited a cube-on-cube epitaxial relationship
remarkable physical properties including high hardness anwith the substrate. The hardngdsand elastic modulug of
mechanical strength, chemical inertness, and electrical resigpitaxial SCNO0O1) layers grown WitrEN2+=20 eV were 21.1
tivities that vary from metallic to semiconducting. As a re- and 356 GPa, respectively.
sult, they are widely studied and have become technologi- |n this article, we report results on the growth by reac-
cally important for applications such as hard wear-resistanfive magnetron sputter deposition of ScN single crystals on
coatings, diffusion barriers, and optical coatings. While TiNepitaxial TiINO01) buffer layers on Mg@01). The buffer
has received by far the most attention and is presently usegyers slightly reduce the lattice mismatch from 6.1% to
commercially in all of the above mentioned applications, thes 796 and, more importantly, prevent Sc from reacting with
neighboring nitride on the periodic table, ScN, remains alvigO during the early stages of growth at the deposition
most totally unexplored. temperature,T;=800°C, used in these experiments. The
We have recently reported the growth of stoichiometricscN layers grow relatively defect free up to a thickness of 15
polycrystalline ScN layers on Mg001) by ultrahigh nm. At higher thicknesses, nanopipes are formed along the
vacuum reactive magnetron sputter deposition at 750 °Cjim growth direction. The rectangular nanopipes, with cross-
The films were strongly textured, both in-plane and along thesectional areas of1.5x 5 nn?, are self-organized along or-
growth direction, with a columnar microstructure. During thogonal(100) directions. Their formation is the result of
nucleation and the early stages of film growth, the layerkinetic surface roughening giving rise to atomic self-
consisted of approximately equal volume fractions of 002shadowing due to limited adatom mobilities. This, in turn,
and 111 oriented grains. However, preferred orientationeads to deep cusps which are the origin of the nanopipes.
evolved toward a purely 111 texture within40 nm as the The Poisson ratio of ScN, 0.200.04, was determined from
002 grains grow out of existence in a kinetically limited reflection and transmission x-ray diffraction measurements.
competitive growth mode. The temperature dependence @talculated values, based on density functional theory and the

the electrical resistivity indicated semiconducting behaviorgeneralized gradient approximation, are in good agreement.
and optical absorption measurements showed a well defined

edge corresponding to a direct transition at 28705 eV.
Low-energy N irradiation during film growth, with an inci-

dent N; to Sc ratio of 14, was used to obtain single crystal”' EXPERIMENTAL PROCEDURE

All films were grown in a two-chamber turbomolecular-
dElectronic mail: greene@mrixp2.mrl.uiuc.edu pumped ultrahigh vacuurfyHV) deposition system consist-
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ing of a sample introduction chamber which was evacuatetution of 0.01°. ScN films were analyzed in both reflection
to 5x 108 Torr (6.7< 10 © Pa prior to sample transfer and and transmission. In the standard reflection mode, the incom-
a three-target magnetron growth chamber with a base pre#ag beam is diffracted fronf002) planes parallel to the sub-
sure of 1X10™° Torr (1.3 10" 7 Pa. The sputtering targets strate surface whereas in transmission, the sample is rotated
were 5-cm-diameter water-cooled disks. The Ti target has By 90° such that200) planes are sampled and the diffracted
purity of 99.999% while the Sc is 99.9% pure with the only beam passes through the substrate. The combination of these
contaminant detectable by Rutherford backscattering spedwo measurements provides both the perpendicalaand
troscopy(RBS) being 0.1 at. % Ta, the normal impurity in parallela, lattice constants and thus a direct measure of film
Sc. Sputter deposition of both the TiN buffer layers and thestrain.

ScN overlayers were carried out in purg §99.999%, in- Surface roughness was quantitatively determined by
troduced through a high precision solenoid valve, at 5 mTorhigh-resolution x-ray reflectivity. The experiments were per-
(0.7 Pa. The pressure was measured by a capacitanc®rmed in a Philips X-Pert MRD system using a Ky
nanometer and maintained constant with an automatic masgeam ¢=0.154 0597 nm monochromatized by passing it
flow controller. Current-regulated dc power supplies werethrough a G&20 four-crystal monochromator, yielding a
used to provide a discharge current of 0.5 A at 485 V for TiNSPectral width of % 10" °. Reflected intensities were col-
and 1.5 A at 312 V for ScN deposition. The resulting depo-€cted using a parallel-plate graphite monochromator.

sition rates, with a target-to-substrate separation of 15 cm, A Philips CM12 microscope with a Laffilament oper-
were 132 and 186 nnilt, respectively, in the fully target- at€d at 120 kV was used for the TEM and XTEM analyses.
nitrided regime. Each target was sputter etched for 5 minPlan-view specimens were obtained by first mechanically

with shutters shielding the substrate and the other target, infiinding from the back side to a thickness-680 xm. Final
mediately prior to initiating deposition. thinning to electron transparency was accomplished by ion

The substrates were polished X00x0.5 mn? milling using a 5.5 kV AF -ion beam incident initially at

MgO(001) wafers which were cleaned and degreased by suct4’ and then decrea;ed to 12°. Cross.—sectlolnal specimens
cessive rinses in ultrasonic baths of trichloroethane, aceton&'€"® prepqred by 9'“'”9 two samples f|Im-to-f|I.m an_d thgn
methanol, and deionized water and blown dry in dry. N cutting vertlpa! sections which were grpund and ion milled in
They were then mounted on resistively heated Ta platen manner similar to that of the plan-view samples, but from
using a Mo clip and inserted into the sample introduction oth S|des_. . . . .
chamber for transport to the deposition chamber. Final sub- The microchemisiry of as-deposited films was examined

strate cleaning consisted of thermal degassing at 800 °C for 4ysing a combination of RBS and x-ray photoelectron spec-

h, a procedure shown to result in sharp M@AD1X 1 re- troscopy(XPS). The RBS probe beam consisted of 2 MeV

. . . . . He" ions incident at 22.5° relative to the sample surface
flection high energy electron diffraction pattefhgzilm . o .
. . L normal with the detector set at a 150° scattering angle. XPS
growth temperature, including the contribution due to plasma ) . .
. . . measurements were carried out in a Perkin-Elmer PHI 5400
heating, was measured using a pyrometer calibrated by sapectrometer equipped with a Mg, x-ray source and a
thermocouple that was bonded to a dummy MgO wafer. Th

. . emispherical detector. XPS depth profiles were obtained
TiN buffer layer was deposited at 750 °C, the temperaturq .
th N | | hich
raised to 800 °C, and the ScN overlayer was grown withou rom both uncapped ScN layers and samples which were

: . L Eappedn situ with a 20-nm-thick epitaxialVV layer grown at
breaking vacuum. Following deposition, the samples Wer&nnoc TheW caps, which prevented air exposure during
allowed to 090| t0<100°C before transfer to the load lock transfer between the deposition and analysis chambers, were
chamber which was th_en_ vented with dry N _ _ removed by 3 keV Af sputter etching using beam rastering
Plasma characteristics at the substrate during filny,o. 2 3¢3 mn? area. Etching was continued undf was
growth were determined from probe measurements follows, |onger detected. ScN ion etching rates were obtained from

ing procedures described elsewhérEhe floating potential samples of known initial thickness determined from XTEM
Vs and the plasma potentiad, were determined to be-4 54 x-ray reflectivity measurements.

and 0 V, respectively, resulting in an incidenf Non energy
during film growth ofEN2+=4eV. The incident § to Sc
ratio was found to bdy+/Jg=1.7. BothEy+ andJy+/Jg.
2 2 2 . Ill. RESULTS AND DISCUSSION

are much less than the values, 20 eV and 14, used in our
previous experiments employing magnetically unbalanced The composition of the ScN layers was measured by
magnetron sputter depositioand we expect § irradiation  RBS and the spectra analyzed using thevp simulation
in the present case to have relatively little effect on adatonprogram® The results show that the films are stoichiometric
mobilities and surface roughening kinetics. with a N/Sc ratio of 1.080.02. An additional measure of

Film microstructure and texture were investigated usingthe film composition was provided by XPS. In this case, the
a combination of x-ray diffractioiXRD), plan-view trans- N/Sc ratio was determined by fitting the Nhand Sc®
mission electron microscopyTEM), and cross-sectional peaks with asymmetric Gaussian—Lorentzian curves and us-
TEM (XTEM). The XRD measurements were carried out ining sensitivity factors from Ref. 6. The results, N£&t.00
a Rigaku 200 instrument with a M¢,; (A=0.070930 njh  *=0.05, are in agreement with the RBS data. No impurities,
rotating anode source operated at 45 kV and 100 mA. Usingther than the 0.1 at. % Ta from the Sc target were detected
a monochromatized beam, the apparatus providedr@sb- by either RBS or XPS.
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SeN/TIN/MgO(001) MgO substrate, while the higher background intensity stems

., =62 nm MgO 002 from additional diffuse scattering.
107 t,, =220 nm The above results show that the in-plane ScN and TiN
lattice constants are smaller than, with the perpendicular val-
SeN 200 ues being larger than, the corresponding relaxed lattice con-

stants. Thus, both the buffer layer and the overlayer are in
compression. Based upon ScN and TiN elastic constants of
356 GPA and 445 GP4 the stressrs.y in the ScN layer is

3.6 GPa whiles; is estimated as=1.8 GPa. The compres-

@ sive stress in TiN is completely due, and that of ScN is

g so b, 1 primarily due, to differential thermal contraction during

3 M e cooling from the film growth temperature, 800°C, to room

= temperature. The thermal expansion coefficients for ScN,
SeN 002 TiN, and MgO are 410 °® K™ ! (Ref. 9, 9x10 ¢ K !

(Ref. 10, and 1. 10 ° K~ ! (Ref. 11, respectively. As-
suming fully relaxed layers during growth, no relaxation dur-
ing the cooling process, and using a TiN Poisson ratio of
vrin=0.221?yields an expected TiN@002 peak position of
19.22°, in good agreement with the observedpdsition at

Reflection x10

19.23°,
10 . : : The measured in-plane ScN lattice constant is 0.8%
17.5 18.0 18.5 19.0 19.5 +0.1% smaller than the relaxed value. This is a slightly
26 (deg) larger compressive strain than can be accounted for by dif-

_ o _ ~ ferential thermal contraction, 0.70%40.07%. The ScN layer
oS s o o O T o B threfore not completely relaxed at the growih temperature
ian fit of the SCN(200) peak. where it retains a residual compressive strain=c9.1%.

This, however, is quite small compared to the lattice constant
misfit, 6.1%, at 800 °C.

Narrow regions of typical XRD reflection and transmis- The relaxc_ed lattice const_ant for Sc_N was measured using
sion 6-26 scans are shown in Fig. 1 for a bilayer ScN/TiN/ @ Polycrystalline 180-nm-thick ScN film grown under the
MgO(001) sample in which the layer thicknesses wefg, same _condmons as the single crystal_ Iaye_rs but with a
=220 nm and= 62 nm. The scans, offset by one decadeS'OZ_/S' substrate in Wh|ph the 0.6-nm-thick Sitayer was
to avoid overlap, contain only00) peaks in reflection and ©Ptained by thermal oxidation. XRid>—26 measurements
(h0O) peaks in transmission, indicating that both the NaCl-USing asymmetric reflections showed the layer to be essen-
structure ScN overlayer and the TiN buffer layer grow with atlally stress free. Lattice parg_meter val_ues determined from
cube-on-cube orientational relationship to the substratelll, 002, and 402 peak positions obtained frér2¢ XRD
(001)scNl (002 )rin[[(001)ygo  @nd  [100]sen|[ 100 il scans were in excellent agreement y_ueldu_ng_ a relaxed lattice
[100]yg0- The MgO, TiN, and ScN 002 reflection peaks at 2 para_meter of 0.450110.0002 nm. This is within the range of
0:19_390,-19_230, and 1_8.06_° correspond to lattice constan@regf%ﬁ!%y published ScN lattice constants, 0.4500—0.4505
along the film growth directiora, of 0.4213, 0.4247, and "M-"" , _
0.4519+0.0005 nm, respectively. The perpendicular MgO. Using the relaxed ScN I_att.|ce constant given above, the
lattice constant is in perfect agreement with reference datal"Plane and orthogonal strairsin the epitaxial layer are;
However, botha, 1y anda, sy are larger than previously =0.80% ande, = —0.40%,respectlvgly. The 'P0|ss'on ratio
published relaxed valuesa;=0.4242 nm(Ref. 7 and  Was then calculated from the following relationship:
asen=0.4501 nm(see belowy, indicating that the layers are
in a state of mild in-plane compressive stress. b € /e (1)

The position of the MgO 200 peak, obtained in transmis- (e le)—2°
sion (lower scan in Fig. 1 corresponding to diffraction from
lattice planes parallel to the growth directjors identical to  We obtain vg\=0.20£0.04. This is comparable with
that of the MgO 002 peak as expected. However, the TiNknown Poisson ratios for other transition-metal nitrides
200 peak is shifted to higher angl@swer in-plane lattice which range fromvz,=0.19 (Ref. 16 t0 v1in= VNbN
constank due to the in-plane compressive strain and cannot0.22 (Refs. 12 and 17
be resolved from the intense MgO substrate peak. The ScN As an additional check of our experimentally measured
200 peak position is at@=18.28° yielding an in-plane lat- value for the Poisson ratio, we have employaid initio
tice constant a; sc\=0.4465-0.0005 nm compared to methods, following the procedure in Ref. 18, using the gen-
a; sen=0.4519nm. The Gaussian fit used to determine theralized gradient approximation, a plane-wave basis set, and
200 peak position is shown in the inset in Fig. 1. The inten-ultrasoft pseudopotentials to calculate the bulk modwus
sities of the transmission peaks are weaker than those in thend vgoy. We obtainK=187 GPa which agrees well with
reflection scan due to x-ray absorption by the 0.5-mm-thiclour previously measured value of 182 GP@alculation of
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FIG. 3. XPS profiles from a 70-nm-thick epitaxial ScN layer grown on
TiN/MgO(001) showing the Scp, O 1s, N 1s, and Ti 2 intensities as a
function of sample depth.

2(c). All ScN layers appear defect-fréether than the pres-
ence of dislocationsup to a thickness, of =15 nm. Above

the defect-free region, nanopipes with a width=e1.5 nm
extend along the growth direction and continue to the free
surface where they terminate at cusps. The nanopipes appear
as bright squares and rectangles in the plan-view inhBige
2(a)]. The apparent termination of some nanopipes below the
surface in Fig. &) is due to a gradient in the thickness of the
XTEM specimen which is thinnest at the TiN buffer layer
and thickest at the ScN free surface. The nanopipes exhibit
contrast reversal in under- and overfocus imaging.

XPS depth profile measurements from uncapped samples
also provide evidence for the presence of nanopipes. Figure
3 shows a typical depth profile from a 70-nm-thick ScN layer
on TiN/MgO(001). The relative intensity of the SE2N 1s,

O1s, and Ti2 peaks are plotted versus sample depth. The
near-surface oxygen concentration is high due to sample air
exposure, atomic mixing during ion etching, and surface
roughness. The GCslintensity |55 falls to a steady-state
nonzero value over a distance, 5-10 nm, that is consistent
with the average peak-to-valley surface roughn@ee be-
FIG. 2. (a) Bright-field TEM micrograph with a corresponding SAED pat- [OW). o315 then remains constant for a film thickness
tern from an epitaxial ScN film grown on TiN/Mg002); (b) SAED pattern = 45—50 nm before falling to zero. This region of the sample
from the XTEM micrograph inc) obtained from the same sample. contains the nanopipes whose internal surfaces adsorb oxy-
gen upon air exposure. The remainiisd.5nm of ScN, prior
to the rise of the Ti and the fall of the Sp 2ntensities, is
vgen along the(100) direction yields 0.28:0.01 in agree- fully dense with no nanopipes and thus exhibits no detectable
ment with our present experimental results. oxygen signal. In contrast to these results, XPS depth profiles

Typical plan-view and cross-sectional TEM images withof samples that were cappéd situ with 20-nm-thick W
corresponding selected area electron diffract®®AED) pat-  overlayers prior to air exposure showed that the entire ScN
terns, in this case from an 82-nm-thick ScN film depositedayers were oxygen free. This confirms that the oxygen de-
on a TiN(00)) buffer layer, are shown in Fig. 2. The 001 tected in uncapped films enters the nanopipes from the free
[Fig. 2@] and 100[Fig. 2(b)] zone axis diffraction patterns surface.
both exhibit symmetric reflections characteristic of single  The surfaces of the ScN layers are rough and consist of
crystals. The 100 XTEM diffraction pattern, obtained with amounds with, in the case of the 82-nm-thick ScN layer
0.4-um aperture centered at the ScN/TiN interface, containshown in the XTEM micrograph in Fig.(@), an average
two sets of reflections separated by a distance consistent witieight of =7 nm. Similar mound structures have been ob-
the lattice-constant mismatch between ScN and TiN. XTEMserved previously in semiconductdr,® metal®* and T™M
tilting experiments reveal an abrupt ScN/TiN interface, withnitride®>2® films grown at relatively low homologous tem-
misfit dislocations visible, at the position indicated in Fig. peratures. The primary origin of kinetic roughening is the
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ing a constant electron density. The reflectivity of the top of
each successive lamella is expressed in terms of its value at
the top of the previous layéP. Roughnesses at the top sur-
face and at each interface are modeled as Gaussian distribu-
tions of the interface position and are directly incorporated in
Experimental j[he Fresnel cogfficients. The measured an'd calculated curves
M] in Fig. 4 are in very good agreement with respect to the

10° B 79-nm-ScN/220-nm-TiN/MgO(001)
T,=800°C

Re* (arb. units)

angular position and intensity for all peaks, including the
overall decay due to surface roughness.
{\A(/\\(\/\A Calculated From the results in Fig. 4, we obtain a root-mean-square
10'00 5000 30'00 (rms) surface roughness for the 79-nm-thick ScN film of
2.45+0.10 nm. This corresponds to a peak-to-peak rough-
0-20 (arc-s) ness amplitude of 6.9 nm, in excellent agreement with the
FIG. 4. Measured and simulated x-ray reflectivity scans from a 79-nm-thick/alue of 7 nm determined by XTEVFig. 2c)]. The period
epitaxial ScN layer on TiN/Mg@01). of the oscillation indicates that the average thickness of the
ScN layer is 78.8 0.3 nm, very close to the thickness mea-
sured by XTEM for this layer, 82 nm. The modulation of the

presence of Ehrlich barrié&to the migration of adatoms P€&K intensities in Fig. 4 becomes more apparend as-
over downsteps and/or deep traps at step edges on growifgEaSes due tq a convqlutlon of the ScN Igyer f|n|te-th|_ckn_ess
surfaces. This leads to a divergence in adatom flux andnterference fringes with those of the TiN layer which is
hence, increased nucleation on terraces which in turn givedPOut three times thicker. The rms width of the ScN/TIN
rise to surface roughening and faceting during film growth.inteérface is only 0.50.3 nm, consistent with the abrupt ap-
In the plan-view imagdFig. 2a)], the mounds appear as Pearance in XTEM tilting experiments.

slightly darker regions while the valleys between them are

somewhat brighter, due to thickness contrast. The valley8/. CONCLUSIONS

show a strong tendency to align alofi0), directions with Epitaxial stoichiometric Scf001) films were grown on

an average separatiqn 944_10 nm. From TEM observations TiN(00D) buffer layers on Mg@Oo1) by ultrahigh-vacuum
of more than ten regions in each of five samplles,. the nangyctive magnetron sputter deposition in purg & T,
pipes themselves are bounded {100} planes with little o _gng e, The films are in a mild state of in-plane compres-

no faceting. Thus, the nanopipes have rectangular cross segyn que primarily to differential thermal contraction during
tions with a typical size, as determined from plan-view TEM sample cooling fromT, to room temperature. The relaxed

micrographs, of=1.5x5 nn. ScN lattice constanta=0.4501 nm, and the Poisson ratio,
The mounds adjoin along low-enerd$00), step edge ,,_( 20+ 0.04, were determined by x-ray diffractions.y;,

directions(i.e., along Sc—N bonding directioh\fzy_ith the de-  qptained from a combination of XRD reflection and trans-
velopment of deep cusps. The local deposition rate at thg,issjong—24 scans, is in excellent agreement wéth initio
bottom of the cusps is reduced due to atomic shadowingiculations.

which, in combination with limited adatom mobility, gives
rise to nanopipe development as discussed in Ref. 2. T .=800°C, is relatively low with respect to the melting
observation that nanopipes form only above a critical f"mpoint of ScNZ Thus, low adatom mobilities during deposi-
thickness (>t.=15nm) indicates that surface roughening tjon result in kinetic surface roughening leading to the emer-
occurs gradually during growth and a critical mound height,yence of a periodic mound structure. After a critical thick-
which depends on both the angular incident flux distribution, g of=15 nm deep cusps develop between mounds due to

and the adatom mobility, is required to maintain continu-aiomic shadowing which decreases the local deposition rate
ously.open hanopipe structures. . and leads to the formation of 1.5-nm-wide rectangular nan-
High-resolution x-ray reflectivity was used to obtain a gnines extending along the growth direction. The nanopipes
quantitative measure of ScN film roughness over large laterglyang to the free surface and are self-organized along or-
length scales. Figure 4 is a typical low-angle 20 reflec-  145q0na100) directions with an average separation-o#0
tivity scan from a 79-nm-thick ScN layer deposited on anm "y TEM and x-ray reflectivity measurements show that

220-nm-thick TiN buffer Iayez on Mg@O1. The reflectiv- o yms surface roughness of ScN layers with a thickness of
ity values are multiplied by™ to account for the angular 79 ym is 2.45 nm.

dependence of the intensity decrease from a perfectly flat
surface?® Thus, the rate of decrease in measuRed values
with increasingé is directly correlated to the surface rough-
ness. The interference fringes in Fig. 4 arise from the pres- This work was supported by the U.S. Department of En-
ence of planar TiN/MgO and ScN/ TiN interfaces. ergy, Division of Materials Science, Grant No. DEFGO02-
Measured x-ray reflectivity scans were fit to theoretical96ER45439 through the University of lllinois Frederick Seitz
curves calculated from the recursive theory of Parrat baselflaterials Research Laboratory. We also appreciate the use
upon the Fresnel reflectivity formalisfi.In this case, the of the facilities of the MRL Center for Microanalysis of Ma-
sample is considered to consist of multiple layers, each haverials, which is partially supported by DOE, at the Univer-

10

The film growth temperature used in these experiments,
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