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ScN layers, 180 nm thick, were grown on MgO~001! substrates at 750 °C by ultra-high-vacuum
reactive magnetron sputter deposition in pure N2 discharges. N/Sc ratios, determined by Rutherford
backscattering spectroscopy, were 0.9860.02. X-ray diffraction u–2u scans and pole figures
combined with plan-view and cross-sectional transmission electron microscopy showed that the
films are strongly textured, both in plane and along the growth direction, and have a columnar
microstructure with an average column width near the film surface of 3065 nm. During nucleation
and the early stages of film growth, the layers consist of approximately equal volume fractions of
002- and 111-oriented grains. However, preferred orientation evolves toward a purely 111 texture
within .40 nm as the 002 grains grow out of existence in a kinetically limited competitive growth
mode. 002 grains exhibit local cube-on-cube epitaxy with an orientation relationship
(001)ScNi(001)MgO and @010#ScNi@010#MgO while 111 grains have a complex fourfold 90°-rotated
in-plane preferred orientation in which strained ScN triangular$111% surface unit cells exhibit local
epitaxy with square MgO unit cells yielding the orientation relationship (111)ScNi(001)MgO,
@11̄0#ScNi@11̄0#MgO, and @112̄#ScNi@110#MgO. Room-temperature electrical resistivityr is 1.2
3104 mV cm while dr/dT was found to be negative, indicating semiconducting behavior, withr
varying from 1.63104mV cm at 80 K to 1.13104 mV cm at 400 K. Optical absorption coefficients
ranged from 13104 cm21 at 1.5 eV to 2.63105 cm21 at 3.5 eV with a well-defined edge
corresponding to a direct transition at 2.3760.05 eV. © 1998 American Vacuum Society.
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I. INTRODUCTION

Transition-metal nitrides are well known for their remar
able physical properties including high hardness and
chanical strength, chemical inertness, and electrical resi
ities that vary from metallic to semiconducting. As a resu
they are widely studied and have become technologic
important for applications such as hard wear-resistant c
ings, diffusion barriers, and optical coatings. While TiN h
received by far the most attention and is presently used c
mercially in all of the above-mentioned applications, t
neighboring nitride on the periodic table, ScN, is almost
tally unexplored. Like TiN, which is stable over a compo
tion range N/Ti50.6–1,1 we expect that NaCl-structure Sc
will have a large single-phase field.

a!Electronic mail: petrov@uiuc.edu
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TiN is a B-1 NaCl structure IVB–V compound with a
electronic structure characterized by partially overlapping
2p and Ti 3d bands.1 Stoichiometric TiN exhibits a pro-
nounced density-of-states~DOS! minimum at an energy jus
less than the Fermi-levelEf . Since each TiN formula unit
has nine valence electrons, one electron occupies an
bonding state above the DOS minimum. Thus, TiN is me
lic with a room-temperature resistivity of.15 mV cm.1,2 Sc
is a group IIIB metal with one less 3d electron than Ti, and
therefore, provides ScN with eight valence electrons in
primitive unit cell.Ef for ScN is, therefore, exactly betwee
the N 2p and Sc 3d bands. Available band-structure calc
lations are not sufficiently accurate to conclude whether
not there is band overlap in the ScN DOS.3

The few published data on electronic properties of S
are contradictory. Self-consistent augmented-plane-w
band-structure calculations by Neckelet al.4 predict a tiny,
241116 „4…/2411/7/$15.00 ©1998 American Vacuum Society
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0.01 eV, overlap of valence bands at theG point with con-
duction bands at theX point, leading to metallic conductiv
ity. However, the uncertainty in the relative energy positio
of the bands in these calculations is 1 eV. Johanssonet al.5

compared similar band-structure calculations for TiN w
angle-resolved photoelectron spectroscopy data and fo
significant differences at high symmetry points in the Br
louin zone. The energy of theD5 valence band at theG point
was predicted 1 eV too high and theD28 conduction band a
the X point was 1 eV too low. In the band-structure calcu
tions for ScN, these two points define the overlap of vale
and conduction bands which means that, assuming a sim
error in the ScN calculations, ScN could have a band ga
i2 eV.

Dismukes and co-workers6,7 reported the growth of poly-
crystalline ScN ona-Al2O3(11̄02) by chemical vapor depo
sition from NH3 and halides produced by the reaction
HCl, HBr, or HI with Sc. Films, severalmm thick, were
grown at 750–1150 °C with a reported N/Sc ratio of 0.
60.01 as determined by wet chemistry. Hall measureme
showed a donor concentration of 1020– 1021 cm23, which
the authors assumed to stem from incorporated halogen
purities. Nevertheless, optical absorption measurements
ter subtraction of free-carrier effects, yielded an estima
optical band gap of 2.1 eV. The authors were unable to
termine whether the band gap was direct or indirect due
the large exponential tail in the data.

In this article, we present the results of an investigation
the microstructure and electronic properties of polycrys
line ScN films grown by ultra-high-vacuum~UHV! reactive
magnetron sputtering in pure N2 discharges. 180 nm thick
layers were deposited on MgO~001! substrates and found t
grow with a very strong~111! preferred orientation in the
growth direction. They also exhibit a fourfold in-plane pr
ferred orientation in which strained ScN two-dimensional
angular$111% unit cells meshed with square MgO unit cell
The films are nearly stoichiometric with N/Sc50.9860.02.
The microstructure is columnar with an average column s
of 30 nm and a relaxed lattice constant of 0.4499 nm. Roo
temperature resistivity was found to be 1.23104 mV cm and
to increase with decreasing temperature, indicating semic
ducting behavior. Optical transmission and reflection m
surements were used to determine absorption coefficien
a function of photon energy. Analysis of the data shows t
the ScN layers have a direct optical transition at 2.3760.05
eV.

II. EXPERIMENTAL PROCEDURE

All films were grown in a two-chamber turbomolecula
pumped UHV deposition system. The apparatus consists
sample introduction chamber, which was evacuated to
31028 Torr (6.731026 Pa! prior to sample transfer, and
three-target magnetron growth chamber with a base pres
of 131029 Torr (1.331027 Pa!. The target was a 5 cm
diam water-cooled Sc disk, 99.9% pure with the only dete
able contaminant being 0.1 at. % Ta, the usual impurity
Sc. Sputtering was carried out in pure N2 ~99.999%!, intro-
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
s

nd

-
e
lar
of

ts

-
af-
d
e-
to

f
l-

-

e
-

n-
-
as
t

f a
5

re

t-
n

duced through a high-precision solenoid valve, at 5 mT
~0.7 Pa!. The pressure was measured by a capacitance
nometer and maintained constant with an automatic m
flow controller. A current-regulated dc supply was used
provide a discharge current of 0.5 A and a target voltage
313 V which, with the target-to-substrate separation of
cm, resulted in a film deposition rate of 57 nm h21 in the
fully target-poisoned regime. The target was sputter etc
for 5 min, with a shutter shielding the substrate, prior
initiating deposition.

The substrates were polished 1031031 mm3 MgO~001!
wafers, which were cleaned and degreased by succes
rinses in ultrasonic baths of trichloroethane, acetone, me
nol, and deionized water and then blown dry in dry N2. They
were then mounted on resistively heated Ta platens usin
Mo clip and inserted into the sample introduction chamb
for transport into the deposition chamber. Final substr
cleaning consisted of thermal degassing at 800 °C for 1
procedure shown to result in sharp MgO~001!131 reflection
high-energy electron diffraction patterns.8 Film growth tem-
perature, 750 °C including the contribution due to plas
heating, was measured using a pyrometer calibrated b
thermocouple that was bonded to a dummy MgO wafer. F
lowing deposition, the samples were allowed to cool
,100 °C before transferring them to the load-lock chamb
which was then vented with dry N2.

Film microstructure and texture were investigated us
u–2u x-ray diffraction ~XRD! and XRD pole figures. The
former measurements were carried out using CuKa radia-
tion with a Ni filter to remove CuKb reflections, a powder
diffractometer scanned over the range 30–130° 2u at steps of
0.01°, a 0.5° divergence slit, and a 0.2° receiving slit. P
figures were obtained using a four-circle Phillips MRD d
fractometer. The system was operated at 30 kV and 30
with parallel beam x-ray optics, a 131 mm2 point-focus Cu
x-ray source with a Ni filter, and a 131 mm2 collimator slit
at a distance of 160 mm from the source. This configurat
resulted in 0.35° collimation of the incident beam. The s
ondary optics consisted of a 0.27° parallel-plate collima
followed by a flat graphite secondary monochromator an
proportional detector. The sample was mounted on an E
rian cradle with 360° of freedom in the azimuthal anglef
and 100°, measured from the normal to the sample diffr
tion plane, in the tilt anglec. Pole figure data were acquire
with 2° steps inc andf.

Plan-view and cross-sectional transmission electron
croscopy~TEM and XTEM! analyses were carried out in
Phillips CM12 microscope with a LaB6 filament operated a
120 kV. Plan-view specimens were prepared by mecha
cally thinning from the back side with SiC to a thickness
.30 mm. Final thinning to electron transparency was acco
plished by ion milling using a 5.5 kV Ar1-ion beam incident
initially at 14° and then decreased to 12°. Cross-sectio
specimens were prepared by gluing two samples film to fi
and then cutting vertical sections, which were ground a
milled similar to the plan-view samples, but from both side

The microchemistry of as-deposited films was examin
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using a combination of Rutherford backscattering spect
copy ~RBS! and x-ray photoelectron spectroscopy~XPS!.
The RBS probe beam consisted of 2 MeV He1 ions incident
at an angle of 22.5° relative to the sample surface nor
with the detector set at a 150° scattering angle. Backscatt
spectra were analyzed to determine N/Sc ratios using
RUMP simulation program.9 XPS measurements were carrie
out in a Perkin–Elmer PHI 5400 spectrometer equipped w
a Mg Ka x-ray source and a hemispherical detector. T
ScN samples were cappedin situ with a 20 nm thick TiN
layer, grown atTs5500 °C, to prevent air exposure durin
transfer between the deposition and analysis chambers.
TiN cap layer was removed by Ar1 sputter etching using
beam rastering over a 333 mm2 area. Etching was continue
until no Ti was detected in the 1 mm2 analysis area.

Transmission and reflection spectra were obtained o
the range between 300 and 2000 nm using a Perkin–E
Lambda 9 spectrophotometer with an integrating sphere
light collection. Spectral intensity distributions were ca
brated using reflection spectra from an undoped sin
crystal Si~001! wafer. ScN conductivity was measured as
function of temperature between 80 and 400 K using a fo
point probe. For this purpose, four Ti/TiN bilayer contac
were sputter deposited in the van der Pauw geomet10

through a mask.

III. EXPERIMENTAL RESULTS AND DISCUSSION

ScN films as well as ScN layers capped with 20 nm th
TiN overlayers were analyzed by RBS and found to
nearly stoichiometric with N/Sc ratios 0.9860.02. No impu-
rities, other than the 0.1 at. % Ta in the Sc target, were
tected by either RBS or XPS.

Figure 1 is a portion of a typical XRDu–2u scan, ob-
tained over the 2u range from 30° to 130°, showing a stron
~111! ScN peak at 34.415° and a much weaker~002! peak at
39.79°. From Ref. 11, the ratio of the 111 to 002 peak int
sities for randomly oriented ScN is 0.66 while we obtain
ratio of 19 indicating that the layers have a very strong 1
preferred orientation. The full width at half maximum
~FWHM! intensity of the 111 peak is 0.2° while that of th
002 peak is 0.5° corresponding to XRD coherence length
41 and 17 nm, respectively, along the film growth directio

Reported bulk ScN lattice constantsaScN vary from
0.4500 to 0.4505 nm.11–14 Based upon the 111~Fig. 1! as
well as higher-order 222 and 333 XRD peaks, we obtai
value of 0.4510 nm, which is somewhat larger than pre
ously published values and indicates the presence of in-p
compressive stress. This can be accounted for by differe
thermal contraction during cooling from the deposition te
perature, 750 °C, to room temperature. The thermal exp
sion coefficients of ScN and MgO are 431026 °C21~Ref.
12! and 1.331025 °C21 ~Ref. 15!, respectively. While Pois-
son’s ratio n for ScN is unknown, n for neighboring
transition-metal nitrides vary from 0.19 for ZrN~Ref. 16! to
0.22 for TiN.17 Using nScN50.22–0.19, assuming a biaxia
JVST A - Vacuum, Surfaces, and Films
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strain, and accounting for differential contraction, yields
relaxed ScN lattice constant in the range 0.4497–0.4
60.0005 nm.

Typical bright- and dark-field XTEM micrographs, with
selected-area electron-diffraction~SAED! pattern, from an
as-deposited ScN/MgO~001! sample are presented in Fig.
The ScN film thickness determined from the XTEM micr
graphs is 180 nm in good agreement with the expected v
based upon deposition rate calibrations. From the bright-fi
XTEM image in Fig. 2~a! and plan-view TEM micrographs
~not shown!, the ScN layers have a columnar microstructu
with an average column width near the film surface of 3065
nm. Figure 2~a! was obtained with the electron beam o
ented along the@100# zone axis of the MgO substrate. Th
substrate appears dark under the bright-field imaging co
tions employed due to the large diffracted beam intens
Approximately half of the ScN columns adjacent to the film
substrate interface are also of uniformly dark contrast a
during tilting experiments, retain the same contrast as
substrate. This, together with the XRD and followin
XTEM/SAED results, indicates that these columns gro
with the orientation@001#ScNi@001#MgO. The micrograph
also reveals that the 002 columns, which have broad ba
and peaked tops, are overtaken by columns with, as sh
below, 111 orientation. All 002 columns terminate at d
tances of 5–40 nm from the substrate surface.

A corresponding SAED pattern, obtained using a 0.4mm
diam aperture centered at the ScN/MgO interface, is sho
in Fig. 2~b! and indexed in Fig. 2~c!. It is composed of two
superimposed aligned 100 patterns, due to ScN and M
with 111 ScN arcs along the film growth direction. The d

FIG. 1. XRD u–2u scan from a polycrystalline 180-nm-thick ScN film
grown on MgO~001!.
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crete nature of the ScN diffraction features, as oppose
polycrystalline ring patterns, reflects the strong texture
these films. The positions of the 002 MgO, 002 ScN, and 1
ScN reflections along the film growth direction correspond
interplanar spacingsd of 0.21, 0.225, and 0.26 nm, respe
tively, consistent withu–2u XRD results in Fig. 1. The ScN
in-plane spacingd200 obtained from Fig. 2~b! is 0.22560.002
nm, .d002, indicating that 002 columns are essentially fu
relaxed.

The 111 ScN diffracted intensity in Fig. 2~b! is concen-
trated in an arc centered along the growth direction. T
shows that the 111 columns are highly oriented in the gro
direction. The half-angle subtended by the 111 arcs, wh

FIG. 2. ~a! Bright-field XTEM micrograph,~b! a corresponding SAED pat
tern, ~c! an indexed SAED pattern,~d! a dark-field XTEM obtained using
the 020 ScN and MgO reflections in~b!, and ~e! a dark-field XTEM ob-
tained using the 111 ScN reflection in~b! from a polycrystalline 180 nm
thick ScN film grown on MgO~001!.
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
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corresponds to the degree of intercolumnar misorientatio
the growth direction, is.4°, in good agreement with XRDc
rocking-curve measurements~see below!.

The dark-field micrograph in Fig. 2~d! was obtained with
the objective aperture centered on the 020 MgO and S
reflections in Fig. 2~b! and, thus, only the substrate and t
002 set of ScN columns appear bright. The full orientatio
relationship between these columns, which grow in a cu
on-cube manner, and the substrate is (001)ScNi(001)MgO

with @010#ScNi@010#MgO, for which the mismatch is.7%.
The remainder of the ScN layer is illuminated@see Fig. 2~e!#
when imaged in dark field using the 111 ScN reflectio
Thus, during nucleation, 002- and 111-oriented islands
formed and increase in size. Following coalescence, b
sets of grains grow into a columnar structure. However,
growth rate of the 111 columns is higher than that of the 0
columns and the latter set slowly die out and are overgro
by the 111 set in a kinetically limited competitive grow
mode. Analyses of XTEM micrographs from several Sc
layers indicate that while the initial 002 and 111 volum
fractions are approximately equal, all 002 grains grow out
existence by film thicknesstu40 nm.

The above results clearly show that the 002 islands
hibit local epitaxy with the underlying substrate. In order
investigate the in-plane orientation of the 111 grains with
sampling the 002 set, we have thinned a sample from
substrate side and obtained plan-view electron-diffract
patterns orthogonal to the film surface. An example, sho
in Fig. 3~a!, provides evidence of a local epitaxial relatio
ship between the 111 grain and the substrate. The prim
reflections occur on~220!, ~422!, and ~440! ScN diffraction
rings @see Fig. 3~b!# while the weaker reflections are due
double diffraction. All reflections are from the 111 zone ax
indicating that, to within the accuracy of the measurem
and consistent with the above XTEM results, all grains in
upper region of the film are oriented 111. For a sample w
complete 111 texture and grains perfectly aligned azimu
ally, there should be six 220~and 440! reflections separated
by 60° as indicated by the filled circles in Fig. 3~b!. The fact
that we obtain 12-fold symmetric reflection sets indica
that the 111 grains have at least two equivalent azimu
orientations. In fact, as we demonstrate below using X
pole figure analysis, there are four possible in-plane orien
tions.

Figure 4~a! is a ~111! XRD pole figure, obtained with the
detector angle 2u set at 34.415°, from a ScN film while Fig
4~b! is a slice of the pole figure, plotted as intensityI versus
c, along thef50 axis. The central 111 peak is oriente
coincident with the film growth direction and exhibits n
measurable tilt. The angular distribution of the peak alongc,
which corresponds to a rocking curve, is symmetric azimu
ally and has a FWHM ofG111

11153.6°. Moving further out
along the tilt direction, there are four small peaks atc554.7°
and f50°, 90°, 180°, and 270° due to diffraction from th
~111! planes of 002-oriented grains. These peaks corresp
to the four^111& directions around the@001# pole and have
FWHM values ofG002

11154.8° indicating that 002 grains hav



.
ol

k
.
s

t
bi
11
re
n

t
e
d
is
ec
te
gO

set

be-
te.

ys

.

lly

2415 Gall et al. : Microstructure and electronic properties 2415
a slightly larger average misorientation than 111 grains
the 002 grains were randomly aligned azimuthally, the p
figure would contain a ring of intensity continuous inf and
centered atc554.7°. The fact that we observe discrete pea
shows that the films exhibit in-plane preferred orientation

The pole figure in Fig. 4~a! also contains 12 outer peak
located atc570.5° and separated byf530°. These peaks
emanate from the 111-oriented grains which, in addition
their 111 texture along the growth direction, also exhi
strong in-plane preferred orientation. However, if all 1
grains were perfectly aligned azimuthally, the pole figu
would contain a total of four 111 peaks: the central 111 a
three peaks atc570.5° ~1̄11, 11̄1 and 111̄! separated by
f5120°. The presence of twelve 30°-rotated peaks indica
that there are four equivalent epitaxial arrangements betw
the threefold symmetric~111! planes in 111 ScN grains an
the fourfold MgO~001! substrate plane. The reason for this
shown schematically in Fig. 5. There are four possible dir
tions in which two-dimensional 111 triangles can be orien
with respect to the four equivalent directions in square M

FIG. 3. Plan-view transmission electron-diffraction pattern from a polycr
talline 180 nm thick ScN film grown on MgO~001!. The sample was thinned
from the substrate side.~b! A simulation consisting of two@111# zone axis
patterns rotated by 30°. The pattern denoted by solid circles is indexed
JVST A - Vacuum, Surfaces, and Films
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surface unit cells. Each of the four orientations leads to a
of three peaks—1̄11, 11̄1, and 111̄—in the 111 pole figure
for a total of 12 atc570.5°.

The above results show that 002 grains grow with a cu
on-cube local epitaxial relationship with the MgO substra

-

FIG. 4. ~a! XRD 111 pole figure, obtained with 2u534.41°, from a poly-
crystalline 180 nm thick ScN film grown on MgO~001!. ~b! A slice of the
pole figure, plotted as intensityI vs c, along thef50 axis.

FIG. 5. ~a! Schematic drawing showing interfacial atom positions for fu
strained ScN~111! on MgO~001!. ~b! Dimensions of relaxed and fully
strained triangular ScN~111! surface unit cells on MgO~001! at the film
growth temperature 750 °C.
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Using the thermal expansion coefficients from Refs. 12 a
15, together with our XRD results, yields lattice constants
the growth temperature ofaScN ~750 °C!50.4513 nm and
aMgO ~750 °C!50.4252 nm. This corresponds to a 6% biax
in-plane compressive strain in ScN~002!, which is relaxed
through the formation of misfit dislocations. In the case
111 grains, Fig. 5~b! shows that the unrelaxed triangul
building blocks of the hexagonal ScN~111! plane must lose
their equilateral symmetry to grow with a local epitaxial r
lationship to the MgO~001! substrate. That is, ScN~111! is
compressed along thê11̄0& direction by 6% and is in 9%
tension in thê 112̄& direction. Following island coalescenc
and early stages of film growth, the 111 ScN grains relax
shown by our XRD and SAED results.

The schematic diagrams in Fig. 5 provide a clue as to w
both 111- and 002-oriented ScN grains are obtained.
assume that as in other NaCl-structure transition-metal
trides, including TiN,18,19 ~002! is the lowest energy, and
hence, the thermodynamically favored, equilibrium grow
surface. However, within the uncertainty in bulk ScN elas
and lattice constants, the net strain energy density for
ScN nucleation and growth on MgO~001!, due to the mixture
of orthogonal in-plane tension and compression, is appr
mately equal to that associated with biaxially strained 0
Thus, both sets of grains are observed initially. Continu
competitive growth of adjacent 002 and 111 grains, howe
favors the latter due to kinetic limitations. That is, for low
temperature deposition (Ts5750 °C is still only a relatively
small fraction of the ScN melting point in K!,20 cation spe-
cies landing near grain boundaries have a chance to sa
relatively few sites on either grain before they find a ‘‘pe
manent’’ site and are overgrown. Under these low mobi
conditions, adatoms have a larger chance of becom
trapped in the higher-energy 111 sites, and 111 grains
slowly and inexorably expand at the expense of the 0
grains as we observe in XTEM micrographs~see Fig. 2!.

The room-temperature resistivity of the ScN layers w
determined to ber51.260.13104 mV cm, a factor of
.102– 23103 larger than the range of known metall

FIG. 6. Resistivityr of polycrystalline ScN as a function of temperature
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
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transition-metal nitrides, which have resistivities from
~ZrN! to 130 ~TaN! mV cm.21 The resistivity of the most
common metallic transition-metal nitride, TiN, is 1
mV cm.1,2 ScN resistivity versus temperature over the ran
from 80 to 400 K is shown in Fig. 6.dr/dT is negative, with
r varying from 1.63104 mV cm at 80 K to 1.13104 mV cm
at 400 K, indicative of semiconducting behavior.

Optical transmission and reflection measurements w
carried out on films of different thicknesst over the energy
range from 1.5 to 3.5 eV. From the results, we obtained
absorption coefficienta as a function of wavelengthl
through the relationship

a5
2 ln~F !

t
, ~1!

whereF is the fraction of light transmitted through the film

F~l!5
T~l!

12R~l!
. ~2!

T and R in Eq. ~2! are the measured transmittance and
flectance, respectively. The results are plotted in Fig. 7 aa
versus photon energyhn. Optical absorption is small for
photon energies below 2 eV (a,23104 cm21), has a well-
defined edge near 2.4 eV, and is large above 3 eV~a.2
3105 cm21). The large increase in absorption above t
edge suggests that ScN has a direct optical bandgap. Th
explicitly established by showing that the square of the pr
uct of the absorption coefficient and the photon energy
linearly related to photon energy.22 Plotting (ahn)2 versus
hn is shown in the inset in Fig. 7 to produce a straight li
whose intercept yields the bandgapEg52.3760.05 eV. The
possibility of an additional indirect bandgap at lower en
gies cannot be completely ruled out due to the low abso
tion associated with indirect transitions.

FIG. 7. The absorption coefficienta vs photon energyhn for polycrystalline
ScN. The inset is a plot of (ahn)2 vs hn showing that ScN has a direct ban
gap with a valueEg52.37 eV at room temperature.
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The above analysis neglects internal reflections at
film/substrate and substrate/air interfaces. This was done
to the relatively large uncertainties in ScN refractive indic
and the fact that the inclusion of these terms has no effec
Eg . It does, however, add to the uncertainty in sub-band
absorption coefficients as discussed below. Internal refl
tivities R in weakly absorbing materials can be calculat
using the relationshipR5(n12n2)2/(n11n2)2 where n1

andn2 are the refractive indices of the upper and lower
gions of the bilayer considered.nMgO has been measure
previously to vary from 1.70 at 0.5 eV to 1.78 at 3.1 eV23

while nScN values were determined from positions of inte
ference maxima and minima to be 3.561. The uncertainty in
nScN is due to the broadness of the interference max
which, in turn, results from the film thickness being appro
mately equal to or smaller than the optical wavelengths u
in these experiments. Accounting for the 1165% and 7.4%
reflectivities at the film/substrate and substrate/air interfa
leads to an uncertainty in the absorption coefficienta of
663103 cm21 which, from the results in Fig. 6, is only
significant at energies less than.2 eV.

IV. CONCLUSIONS

Polycrystalline NaCl-structure ScN films, 180 nm thic
were grown on MgO~001! at 750 °C by UHV magnetron
sputter deposition in pure N2. The layers were columnar in
microstructure with an average column size of 3065 nm
near the film surface. TEM, XTEM, and XRD pole figur
analyses show that while the layers initially consisted of
proximately equal volume fractions of 002- and 111-orien
grains, film texture evolved through a kinetically limite
competitive growth mode, as discussed in Sec. III, to a co
plete 111 preferred orientation at thicknessesti40 nm.
Film/substrate orientational relationships for the two sets
grains are: (001)ScNi(001)MgO with @010#ScNi@010#MgO

and (111)ScNi(001)MgO with @11̄0#ScNi@11̄0#MgO and
@112̄#ScNi@110#MgO. Thus, both sets of grains exhibite
strong texture both in plane and in the growth direction.
unique component of this complex texture is that the 1
grains formed with a fourfold in-plane preferred orientati
in which strained ScN two-dimensional triangular$111% unit
cells meshed with square MgO unit cells.

The ScN layers have a room-temperature electrical re
tivity r of 1.23104 mV cm, which increases with decreasin
temperature, indicative of semiconducting behavior.r ranges
from 1.13104 mV cm at 400 K to 1.63104 mV cm at 80 K.
Optical transmission and reflectivity measurements sho
well-defined absorption edge corresponding to a direct ba
to-band transition at 2.3760.05 eV.
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