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Growth, surface morphology, and electrical resistivity of fully strained
substoichiometric epitaxial TiN x „0.67ÏxË1.0… layers on MgO „001…
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We have grown single-crystal NaCl-structured-TiNx layers withx ranging from 0.67 to 1.00 on
MgO~001! at 700 °C by ultra-high-vacuum reactive magnetron sputtering of Ti in mixed Ar/N2

discharges in order to investigate microstructural evolution and the physical properties of TiNx as a
function of the N vacancy concentration. High-resolution x-ray diffraction and transmission electron
microscopy results show that all layers grow with a cube-on-cube epitaxial relationship to the
substrate, (001)TiNi(001)MgO and @100#TiNi@100#MgO. The relaxed lattice parameterao(x)
decreases linearly from 4.240 Å withx51.00 to 4.226 Å withx50.67. Stoichiometric TiN~001!
layers are fully relaxed at the growth temperature while layers with 0.67<x<0.92 are fully coherent
with their substrates. Surface morphologies vary dramatically withx. TiNx(001) layers withx
50.67– 0.82 have very flat surfaces arising from large cation surface diffusion lengths approaching
values corresponding to step flow. However, the surfaces of the TiN0.92(001) and TiN1.00(001)
layers, which were grown at higher N2 partial pressures, consist of a periodic two-domain ripple
structure along thê110& directions due to kinetic roughening associated with lower cation surface
mobilities resulting from higher steady state N coverages. TiN1.0(001) layers grown in pure N2
exhibit growth mounds that are predominantly square with edges aligned along the^110& directions.
The room-temperature resistivity, 13mV cm with x51.00, increases from 52mV cm for TiNx(001)
layers withx50.92 to 192mV cm with x50.67, due primarily to increased carrier scattering from
N vacancies. ©2004 American Institute of Physics.@DOI: 10.1063/1.1629155#
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I. INTRODUCTION

Transition-metal~TM! nitrides are well known for their
remarkable physical properties including high hardness
mechanical strength, chemical inertness, high tempera
stability, and low resistivity. As a result, they have becom
technologically important for applications such as hard we
resistant coatings, diffusion barriers, and optical coatin
NaCl-structured-TiN has received by far the most attentio
and is now used commercially in all of the above applic
tions. The layers are typically deposited by reactive mag
tron sputtering and are generally understoichiometric as
N2 partial pressure during reactive film growth is minimiz
in order to achieve deposition rates close to those of p
metal films.

NaCl-structured-TiNx has a wide single-phase field e
tending fromx.0.6 to 1.2.1 Deviation from stoichiometry
has been attributed to anion vacancies forx,1 and intersti-
tial N atoms forx.1.2 Stoichiometric single-crystal TiN lay
ers with all three low-index orientations have been grow3

and their physical properties measured.3–5 Single-crystal
TiN~001!, for example, is metallic with a room-temperatu
resistivity r513mV cm,4,5 a hardnessH of .21 GPa,3 and

a!Electronic mail: petrov@uiuc.edu
3560021-8979/2004/95(1)/356/7/$22.00
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a distinctive gold color due to intraband transitions givi
rise to a high reflectance in the red and infrared.6 Activation
energies for adatom transport on atomically flat TiN~001!
and TiN~111! surfaces have been determined from analy
of two-dimensional island coarsening measurements usinin
situ scanning tunneling microscopy.7,8

In contrast, little is known about the fundamental pro
erties of substoichiometric TiNx layers in spite of their com-
mercial importance. Reported values for TiNx properties can
vary over orders of magnitude due primarily to large diffe
ences in stoichiometry, microstructure, and purity with,
most cases, the films being poorly characterized. For
ample, published resistivities range from 25 to 45
mV cm.9–11 For the few cases in which film stoichiometr
was measured,r values were found to increase with decrea
ing x from 25–60mV cm with x51 to 80–100mV cm with
x.0.7.10,11

In order to provide a basis for comparing and interpr
ing measured properties of polycrystalline TiNx , we report
on the growth, surface morphology, and physical proper
of well-characterized single-crystal substoichiometricx
50.67– 0.92) and stoichiometric TiNx(001) layers. The
films were grown on MgO~001! at 700 °C by ultra-high-
vacuum ~UHV! reactive magnetron sputter deposition
mixed Ar/N2 atmospheres as a function of the N2 fraction
© 2004 American Institute of Physics
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f N2
at a constant total pressure of 20 mTorr.x ranged from

0.67 with f N2
50.028 to 0.92 with f N2

50.035. Stoichio-
metric TiN~001! layers were obtained withf N2

spanning the
entire range from 0.040 to 1.000. Relaxed lattice parame
ao , determined from high-resolution~HR! reciprocal lattice
maps~RLMs!, increase linearly with increasingx from 4.226
Å with x50.67 to 4.240 Å withx51. All substoichiometric
TiNx(001) layers are fully strained and commensurate w
their substrates while stoichiometric TiN~001! layers are
fully relaxed at the growth temperature. TiNx(001) surface
morphologies evolve from predominantly flat to surfac
with ripple structures elongated along^110& directions to
square growth mounds with edges aligned along^110& direc-
tions with increasingx. r increases from 52mV cm with x
50.92 to 192mV cm with x50.67 due to increased carrie
scattering by anion vacancies.

II. EXPERIMENTAL PROCEDURE

All TiN x(001) layers were grown to a thickness of 0.
mm in a load-locked UHV magnetically unbalance
stainless-steel dc magnetron sputter deposition system
scribed in detail in Refs. 12 and 13. The pressure in
sample introduction chamber was reduced to less t
531028 Torr (731026 Pa), using a 50 l s21 turbomolecular
pump ~TMP!, prior to initiating substrate exchange into th
deposition chamber, which has a base pressure
5310210 Torr (731028 Pa), achieved using a 500 l s21

TMP. A water-cooled 7.6-cm-diam Ti target with a purity
99.997% was mounted 6 cm from the substrate holder. S
ter deposition was carried out at a constant current of 0.5
and a total pressure of 20 mTorr~2.67 Pa! in mixed Ar
~99.999% pure! and N2 ~99.999%! atmospheres for which
the N2 fraction f N2

was varied, in separate experiments, fro
0 to 1. During deposition, the pressure was monitored b
capacitance manometer and maintained constant with a
matic mass-flow controllers.

A pair of external Helmholtz coils with Fe pole piece
were utilized to create a uniform axial magnetic fieldBext

560 G in the region between the target and the substr
Bext has a strong influence on the ion flux incident at t
substrate, with only a minor effect on the target atom fl
and provides, as determined by electrostatic pro
measurements,12 an independently adjustable ion-to-me
flux ratio Ji /JTi . In the present film growth experiments, th
incident ion energyEi remained constant at 2062 eV over
the full f N2

range whileJi /JTi increased continuously from
0.8 with f N2

50.025 to 4.0 withf N2
51 due primarily to a

decreasing film growth rateR( f N2
).

The substrates were polished 1031030.5 mm3

MgO~001! wafers, cleaned with successive rinses in ult
sonic baths of trichloroethane, acetone, methanol, and de
ized water and blown dry with dry N2 . The wafers were then
mounted on resistively heated Ta platens using Mo clips
inserted into the sample introduction chamber for transp
to the growth chamber where they were thermally degas
at 800 °C for 1 h, a procedure shown to result in sh
MgO(001)131 reflection high-energy electron diffractio
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patterns.14 Immediately prior to initiating deposition, the ta
get was sputter etched for 5 min with a shutter shielding
substrate. All TiN layers were grown atTs5700 °C, includ-
ing the contribution due to plasma heating.Ts was measured
with a pyrometer calibrated by a thermocouple bonded t
dummy TiN-coated MgO substrate. Following depositio
the samples were allowed to cool below 100 °C before tra
ferring them to the load-lock chamber, which was th
vented with dry N2 .

The compositions and microstructures of as-depos
samples were determined using a combination of Ruther
backscattering spectrometry~RBS!, x-ray diffraction~XRD!,
and atomic force microscopy~AFM! analyses. The RBS
probe beam consisted of 2 MeV He1 ions incident at an
angle of 22.5° relative to the sample surface normal with
detector set at a 150° scattering angle. The total accumul
ion dose was 100mC. Backscattered spectra were analyz
using the RUMP simulation program,15 and the uncertainty
in reported N/Ti ratios is less than60.03.

A high-resolution Philips X-pert MRD diffractomete
with a CuKa1 source (l51.540 597 Å) and a four-crysta
Ge~220! monochromator was used for the XRD measu
ments. A two-crystal Ge~220! analyzer was placed in front o
the detector to provide an angular divergence of,12 arc s
with a wavelength spreadDl/l.731025. Lattice param-
etersa' along the growth direction, in-plane lattice param
eterai , and residual strains« were obtained from HR RLMs
around asymmetric 113 reflections. The maps were obta
from a series ofv–2u scans at differentv offsets.

Surface morphologies and roughnesses were quant
by AFM using a Digital Instruments Nanoscope II instr
ment operated in the contact mode. Several 333 mm2 areas
were scanned on each sample using oxide-sharpened S3N4

tips with radii of 5–40 nm. Four-point-probe measureme
were used to determine room-temperature resistivitiesr.

III. RESULTS AND DISCUSSION

A. Reactive sputter deposition

Initial experiments were carried out to characterize
kinetics of TiNx reactive sputter deposition as a function
the N2 fraction f N2

. Figure 1 shows the effects off N2
on the

target voltageVT , film growth rateR, and resulting layer
compositionx5N/Ti. Both VT andx initially increase very
rapidly, while R decreases, with increasingf N2

. Further
changes, withf N2

*0.04, are less dramatic. The combine
results in Fig. 1 can be understood based upon previous m
els for reactive sputtering.16,17

At low f N2
values, all N2 added to the discharge is con

sumed by Ti atoms being deposited at the substrate, as
as throughout the deposition chamber, in a heterogene
surface-catalyzed reaction to form TiNx . The film composi-
tion x varies approximately linearly fromx50.53 with f N2

50.025 tox51.00 with f N2
.0.04, thereafter remaining con

stant atx51 as f N2
is increased further to 1.0. Raisingf N2

also results in the Ti target surface becoming increasin
nitrided. Since the secondary electron yield of TiN is le
than that of Ti,16 VT floats up from 260 V with f N2
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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50 to 302 V with f N2
50.035 in order to maintain the dis

charge current constant. Even with the increase in target v
age, the TiNx deposition rateR exhibits a precipitous drop
from 467 Å min21 with f N2

50.025 to 224 Å min21 with
f N2

50.043 as the target surface becomes fully nitrided. T
is primarily due to the lower sputtering yield of TiN com
pared to Ti.13

The relatively slow increase inVT with f N2
*0.04 @Fig.

1~a!# is due primarily to plasma volume ionization process
gradually shifting from being Ar dominated to N2 dominated.
The ionization efficiency decreases as a result of the incr
ing thermalization of discharge electrons arising from
large cross section for inelastic collisions which excite vib
tional modes in N2 molecules.18 R continues to decrease, bu
much more slowly, asf N2

→1 due to the lower sputtering
yield of N2

1 ions resulting from the poorer mass match b
tween N2 and Ti, compared to Ar and Ti, together with th
lower secondary-electron yield and plasma volume ioni
tion efficiency as discussed above.

B. Microstructure, surface morphology, and physical
properties of TiN x„001… layers

Single-crystal B1 NaCl-structured-TiNx(001) layers
with x50.67– 1.00 were grown on MgO~001! at 700 °C us-
ing f N2

values between 0.028 and 1.0. Decreasingf N2
even

slightly to 0.025 results in films that are two-phase and po
crystalline consisting of tetragonal«-Ti2N andd-TiN grains
with an overall film composition of TiN0.53.

Figure 2 shows typical HR XRDv–2u scans from
TiNx(001) layers withx50.67, 0.82, 0.92, and 1.00 grow
with f N2

50.028, 0.030, 0.032, and 1.000, respectively. 0
TiN and MgO peaks are the only observable features o

FIG. 1. ~a! Target voltageVT during reactive magnetron sputter depositi
of epitaxial TiNx layers grown on MgO~001! at Ts5700 °C in mixed N2 /Ar
atmospheres as a function of the N2 fraction f N2

. ~b! Film growth rateR and
N/Ti ratio x vs f N2

.
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the 2u range 20°–80°. The peak centered at 42.916° (aMgO

54.2112 Å) is the MgO 002. The TiNx 002 peak position
ranges from 42.654° withx50.67 (f N2

50.028) to 42.560°
with x50.92 (f N2

50.032) due to changes in film compos
tion and residual strain. For layers withx51 (0.043< f N2

<1.000), the TiN 002 peak occurs at 2u542.552°, yielding
an out-of-plane lattice parametera' along the film growth
direction of 4.2457 Å. For all single-phase TiNx(001) layers,
XRD scans obtained in the parallel-beam mode about
azimuthal anglef with v and 2u angles optimized for the
220 peaks of MgO and TiN at a tilt angle of 45° with respe
to the surface normal, exhibit four 90°-rotated 220 peaks
the samef angles for both MgO and TiN~see, for example,
Fig. 3!. The combined results show that the layers are sin
crystal with a cube-on-cube epitaxial relationship to the s
strate, (001)TiNi(001)MgO and @100#TiNi@100#MgO.

Finite-thickness interference fringes, clearly visible
HR XRD scans from all substoichiometric TiNx(001) layers,

FIG. 2. HR-XRD v–2u scans from epitaxiald-TiNx layers grown on
MgO~001! by ultra-high-vacuum reactive magnetron sputter deposition
Ts5700 °C in mixed N2 /Ar atmospheres with N2 fractions f N2

. ~a! x
50.67 (f N2

50.028), ~b! x50.82 (f N2
50.030), ~c! x50.92 (f N2

50.032),
and ~d! x51.00 (f N2

51.000).

FIG. 3. XRD 220 f scans from an epitaxiald-TiN0.67 layer grown on
MgO~001! at Ts5700 °C with f N2

50.028.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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indicate that the films are of high structural quality with
laterally uniform substrate/film interface. We attribute t
higher crystalline quality of the substoichiometric laye
compared to the stoichiometric TiN~001! layers for which no
interference fringes are obtained, to increased cation sur
mobilities during growth under N deficient conditions corr
sponding to lower N steady-state coverages. From the fri
spacings, we obtain layer thicknesses of 2630 Å for thx
50.67 layer@Fig. 2~a!# and 2590 Å for thex50.82 layer
@Fig. 2~b!#, in good agreement with values from the depo
tion rate calibrations.

In-plane and orthogonal x-ray coherence lengthsj i and
j' were determined from the widths of the 002 diffract
intensity distributions perpendicularDg' and parallelDgi ,
respectively, to the diffraction vectorḡ using the
relationships19

j i52p/uDg'u5l/@2Gv sinu#, ~1!

and

j'52p/uDgiu5l/@G2u cosu#. ~2!

Gv andG2u are the full width at half maximum intensities o
the 002 Bragg peak in thev and 2u directions. Figure 4
shows thatj i , a measure of the lateral~in-plane! film crys-
talline quality, decreases from 2.2mm for layers with x
50.67 to 0.54mm with x50.82 to 0.09mm with x50.92.
j i(x) then remains approximately constant with further
creases inx to 1.00. (j i is also constant as a function off N2

for all x51 layers!. In contrast,j' values, determined by
finite thickness effects as well as vertical~out-of-plane! crys-
talline quality, do not change appreciably as a function ox
with values ranging from 0.13 to 0.19mm, which is a sig-
nificant fraction of the thickness of these layers,.0.26mm.
Thus, TiN0.67(001) films exhibit the lowest mosaicity an
highest crystalline quality. Comparingj i values to reported
results for other epitaxial transition-metal nitrides@150 Å for
ScN~001!,20 210 Å for d-TaN~001!,21 and 800 Å for
CrN~001!22, the x-ray coherence lengths for substoichiom
ric TiN0.67(001) layers are approximately 30–1503 larger.
We ascribe this, as discussed below, to both a lower fi
substrate lattice mismatch and higher cation surface mo

FIG. 4. In-planej i and perpendicularj' x-ray coherence lengths in epitax
ial TiNx layers grown on MgO~001! at Ts5700 °C as a function ofx.
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ties resulting from lower steady-state N coverages dur
growth of substoichiometric TiNx(001) layers.

In-planeai , out-of-planea' , and relaxedao lattice pa-
rameters of epitaxial TiNx(001) layers were determined as
function of x from HR-RLM results. Typical HR RLMs
about the asymmetric 113 reflection are shown in Fig. 5
layers withx50.67 and 1.00. Diffracted intensity distribu
tions are plotted as isointensity contours as a function of
reciprocal lattice vectorski parallel andk' perpendicular to
the surface.23 For the 113 reflection from a 001-oriente
NaCl-structure sample, the in-plane and out-of-plane lat
parameters are given byai5&/ki and a'53/k' . Lattice
parameter values obtained from the HR RLMs in Fig. 5 a
ai54.2099 Å anda'54.2345 Å for thex50.67 layer with
ai54.2289 Å anda'54.2458 Å for thex51.00 layer.

The fact that the substrate and layer peaks for thex
50.67 sample@Fig. 5~a!# are aligned alongki to within the
instrument detection limit,.231025, indicates that the film
is fully strained. Corresponding measurements for the ot
samples show that all substoichiometric (x<0.92)
TiNx(001) layers are also fully coherent with the
MgO~001! substrates. In contrast, substrate and layer pe
in thex51.00 HR RLM@Fig. 5~b!# are misaligned alongki ,
revealing the presence of in-plane-strain relaxation due
misfit dislocations. The residual strain,« i520.26%, of sto-
ichiometric layers can be fully accounted for by different
thermal contraction during sample cooling following depo
tion at 700 °C. The thermal expansion coefficients of T
and MgO are 9.3531026 K21 ~Ref. 24! and
1.331025 K21,25 resulting in a thermal strain of20.27%,
which is identical, within experimental uncertainty, to th
measured strain. Therefore, stoichiometric layers are f
relaxed at the growth temperature.

There is a dramatic difference between substoichiom
ric layers that are fully strained with no detectable mis
dislocations and stoichiometric layers that are fully relax

FIG. 5. HR RLMs around the 113 reflection of epitaxial TiNx layers grown
on MgO~001! at Ts5700 °C. ~a! x50.67 and~b! x51.00.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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at the growth temperature. This can be, at least, parti
ascribed to the compositional dependence of the fi
substrate lattice mismatchm(x)5@ao(x)2aMgO#/aMgO at
Ts5700 °C. m is 0.43% atx51.00, but decreases with in
creasing N vacancy concentration to 0.10% atx50.67, thus
reducing the driving force for the nucleation of misfit disl
cations.

Relaxed bulk TiNx(001) lattice parametersao were de-
termined fromai anda' values through the relationship

ao5a'S 12
2n~a'2ai!

a'~11n! D , ~3!

wheren50.22 is the TiN Poisson ratio.26 As shown in Fig. 6,
ao(x) decreases approximately linearly from 4.2397 Å w
x51.00 to 4.2333 Å withx50.92, reaching 4.2256 Å atx
50.67. Ourao(x) results for understoichiometric TiNx(001)
layers are in good agreement with published values for b
polycrystalline TiNx samples,2 as well as reported result
from N-implanted epitaxial Ti layers.27

We attribute the observed decrease inao at lower
TiNx(001) x values to a corresponding increase in the
vacancy concentration. From the results in Fig. 6, the rat
change in the normalized TiNx(001) lattice constant as
function of x, z5d@ao(x)/ao,TiN#/dx, whereao,TiN is the re-
laxed lattice constant of stoichiometric TiN, is small.z5
10.040, in agreement with values obtained from measu
ments of the density of bulk TiNx samples with x
50.5– 1.0.2

AFM investigations reveal striking changes
TiNx(001) surface morphologies as a function ofx. Figure 7
shows typical 333 mm2 AFM images from TiNx(001) lay-
ers grown atTs5700 °C with x50.82 (f N2

50.030), 0.92
( f N2

50.032), 1.0 (f N2
50.043), and 1.0 (f N2

51.000). The
surface morphologies of the TiN0.67 and TiN0.82(001) @Fig.
7~a!# layers are essentially identical. Both are atomica
smooth with surface widthsw, equivalent to the root-mean
square ~rms! roughness, of 1.5 Å. This is less than th
TiN~001! monoatomic step height, 2.12 Å, and very close
the roughness of the MgO~001! substrate,w51.3 Å, for
which an atomic-height step is 2.11 Å.w increases rapidly
for layers grown withf N2

>0.032 ranging from 4.43 Å for
TiN0.92(001) to 7.01 Å for TiN~001! ( f N2

50.043).
Figure 7 also shows that, in addition tow, the surface

FIG. 6. Relaxed lattice parametersao of epitaxial TiNx layers grown on
MgO~001! at Ts5700 °C as a function ofx.
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morphology changes withx. TiN0.92(001) and TiN~001! sur-
faces consist of ripple structures along the^110& directions
with average periodicities of 0.17 and 0.22mm, respectively,
and an increasing tendency, at largerx values, for secondary
dendritic structures to form along orthogonal^110& direc-
tions. Further increases inf N2

, while they have no measur
able effect on film stoichiometry, which remains constant
x51, continue to strongly affect the surface morphology.w
decreases to 4.03 Å for TiN~001! layers grown in pure N2
@Fig. 7~d!# and the surface exhibits growth mounds, whi
are predominantly square with edges aligned along the^110&
directions. In addition to the growth mounds, surface s
steps produced by glide of misfit dislocations become app
ent in TiNx(001) layers withx51, as shown in Figs. 7~c!
and 7~d!. This is fully consistent with our HR-RLM results
presented above showing that layers withx51 are relaxed,
i.e., contain misfit dislocations, while TiNx(001) films with
x50.67– 0.92 are completely coherent with their substra
due to a smaller lattice constant mismatch.

Ripple structures and growth mounds form due to kine
surface roughening during deposition under conditions
low adatom mobility in the presence of Ehrlich barriers
adatom migration over descending step edges.28 Their forma-
tion is exacerbated during sputter deposition due to the la
component of non-normal deposition flux,29 which results in
atomic shadowing and, hence, a reduction in the fraction
flux reaching the valleys between mounds.

The very flat surfaces we obtain with TiN0.67(001) and
TiN0.82(001) layers indicate that they grow under conditio
approaching step flow with large cation surface diffusi
lengths consistent with their large in-plane x-ray cohere
length. Ti diffusion on TiNx(001) surfaces with low steady

FIG. 7. Atomic force microscopy images (333 mm2) from epitaxial TiNx

layers grown on MgO~001! at Ts5700 °C with ~a! x50.82 (f N2
50.030),

~b! x50.92 (f N2
50.032), ~c! x51.00 (f N2

50.043), and~d! x51.00 (f N2

51.000).
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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state N coverages, which is the case for growth un
N-deficient conditions, has a relatively low activation ener
calculated byab initio density functional methods to be 0.3
eV.30 Increasingf N2

during deposition radically reduces th
cation surface diffusion length due to the enhanced proba
ity for encountering free N atoms and forming admolecu
with much higher diffusion activation energies,30 resulting in
the surface kinetic roughening we observe for layers witx
>0.92.

The secondary dendritic structures which form along
thogonal^110& directions inx>0.82 layers grown with in-
creasingf N2

are the result of a Bales–Zangwill instability.31

That is, growth of the substoichiometric TiNx(001) layers
proceeds under relatively high adatom mobility conditio
as noted earlier, in which adatom incorporation occurs
marily at step edges~rather then via island nucleation!. This,
in turn, results in denuded zones near ascending step e
with corresponding adatom concentration gradients exte
ing out into the adjacent terraces. The surface steps th
selves, which are rough on large length scales, are comp
locally of low-energy 100 and 010 facets giving rise to alt
nating outward-facing convex corners and inward conc
corners. The convex regions, due to the adatom conce
tion gradient, grow faster than the concave regions giv
rise to the formation of dendritic or finger-like structur
along perpendicular 110 directions.

Room-temperature resistivitiesr of TiNx(001) layers are
plotted as a function ofx in Fig. 8. r increases continuousl
from 13 mV cm with x51.00 to 190mV cm with x50.67.
The former value is in agreement with previously repor
results for stoichiometric TiN~001!.4,5 As is the case for bulk
TiCx and TaCx ,10,32 we attribute the overall increase inr
with decreasingx to charge scattering by anion vacancie
r(x) exhibits a steeper slope betweenx50.8 and 1.0 with a
more gradual change forx,0.8. This can be directly assoc
ated with changes in the TiNx band structure, similar to re
ported results for Ti12xScxN(001) alloys.4 The conduction
electrons in stoichiometric TiN occupy three bands of wh
the upper two are degenerate and exhibit a higher curva
corresponding to a lower electron effective massm* ~i.e., a
higher electron mobility!. As the N vacancy concentratio
increases in TiNx , leading to a lowering of the Fermi leve
the lower m* bands are depopulated. This gives rise to

FIG. 8. Room-temperature resistivitiesr of epitaxial TiNx layers grown on
MgO~001! at Ts5700 °C as a function ofx.
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rapid decrease in the average electron mobility resulting
the observed steep slope inr(x) at x.0.8. In contrast, for
x,0.8, the change inr(x) is relatively unaffected by the
Fermi level position, as only a single low-mobility condu
tion band is populated. Consequently,r(x) at 0.67,x,0.8
is primarily determined by electron scattering, which leads
a weakerx dependence inr.

IV. CONCLUSIONS

Microstructure, surface morphology, relaxed lattice co
stants, x-ray coherence lengths, and the resistivity of Na
structure epitaxial understoichiometric TiNx(001) layers
with controlled N concentrations have been determined a
function ofx. The films were grown on MgO~001! at 700 °C
by ultra-high-vacuum reactive sputtering of Ti in mixe
Ar/N2 discharges. Layers with N/Ti ratiosx between 0.67
and 1.00 were obtained by varying the N2 sputtering gas
fraction f N2

between 0.025 and 0.043. Further increases
f N2

had no affect on layer composition, as the films remain
stoichiometric, but strongly influenced film surface mo
phologies. Growth ratesR initially decreased very rapidly
with increasingf N2

due to the corresponding increase in t
steady-state N coverage on the Ti target combined with
lower sputtering yield of TiN than Ti. This was mediate
slightly by the fact that TiN also has a lower secondary el
tron yield than Ti, which results in the target voltage floati
up in order to maintain the discharge current constant. T
target becomes fully poisoned~i.e., nitrided! at f N2

.0.04.
Further increases inf N2

result in R continuing to decrease
but in a much slower manner, due primarily to plasma v
ume effects: the sputtering yield of N2

1 ions is lower than
that of Ar1 and the addition of N2 , with its large cross
section for inelastic collisions through the excitation of v
brational modes, tends to thermalize plasma electrons.

TiNx(001) layers with compositions spanning the ent
equilibrium single-phase compound field were found to e
hibit a cube-on-cube epitaxial relationship with the substra
(001)TiNi(001)MgO and @100#TiNi@100#MgO. Relaxed lattice
parametersao decrease linearly from 4.2397 Å withx
51.00 to 4.2256 Å withx50.67, thus reducing the mis
match with the substrate, due to the increased anion vaca
concentration. This, in turn, results in stoichiometr
TiN~001! layers being fully relaxed at the growth temper
ture while layers with compositions 0.67<x<0.92 are fully
coherent with the substrate. Correspondingly, the roo
temperature resistivityr of TiNx(001) increases approxi
mately linearly from 13mV cm for stoichiometric layers to
192 mV cm for TiN0.67(001), as a result of the increase
carrier scattering associated with the N vacancies.

Surface morphologies of TiNx(001) layers vary dramati-
cally as a function off N2

due to the resulting changes in th
steady state N coverageuN at the surface of the growing
film. Increases inuN decrease the cation surface diffusio
length because of the enhanced probability for encounte
free N atoms and forming admolecules with lower surfa
mobilities. This, gives rise to TiNx(001) surface morpholo-
gies which vary with increasingf N2

from being extremely
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flat ( f N2
<0.030) with w<1.5 Å to surfaces with rippled

structures consisting of growth mounds elongated al
^110&-directions (f N2

50.032– 0.043) to growth mounds th
are predominantly square with edges aligned along^110& di-
rections in pure N2 .
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