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The elastic constantsc11 andc44 of single-crystal NaCl-structured-TiNxs001d layers, withx ranging from
0.67 to 1.0, were determined using sound velocity measurements. Picosecond ultrasonic optical pump/probe
techniques were employed to generate and detect longitudinal sound waves and surface acoustic wavessSAWd
in order to obtainc11sxd andc44sxd, respectively. SAW generation was achieved by depositing a periodic series
of Al bars on the TiNxs001d layers to spatially modulate the surface reflectivity.c11 and c44 were found to
decrease continuously from 626 and 156 GPa withx=1 to 439 and 92 GPa withx=0.67. The Voit–Reuss–Hill
average aggregate elastic moduliEVRHsxd obtained from our measuredc11sxd and c44sxd values are in good
agreement with previous TiNxs001d nanoindentation results.
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I. INTRODUCTION

NaCl-structured-TiNx thin films are widely used as hard
wear-resistant coatings on cutting tools, as diffusion barriers
in microelectronic devices, and as corrosion and abrasion
resistant layers on optical components. In most of these ap-
plications, thed-TiNx coatings are deposited by reactive
magnetron sputtering as substoichiometric layers in order to
maximize the film growth rate by decreasing the N2 fraction
in mixed Ar/N2 discharges.1–3 Experimental investigations
of polycrystalline d-TiNx, which has a wide single-phase
field extending fromx.0.6 to .1.2,1 show that optical,
electronic, and mechanical properties are a strong function of
x due to changes in bonding, charge carrier density, and
microstructure.4

The effect ofN vacancies on the mechanical properties of
substoichiometric TiNx has been controversial. The hardness
of polycrystalline TiNx layers grown by reactive magnetron
sputtering was reported to increase with decreasingx.5 How-
ever, the opposite behavior has also been observed for both
bulk6 and sputter-deposited TiNx.

1,7 The differences arise pri-
marily from large variations in layer microstructures, which
depend on growth and processing parameters, including av-
erage grain size, grain size distribution, texture, density, and
strain state.

The hardness of a material depends on kinetic factors
such as the nucleation rate and mobility of dislocations but
for many transition metal nitrides and carbides, the experi-
mentally observed hardness approaches the theoretical limit
of G/2p, whereG is the shear modulus. Therefore, an un-
derstanding of the dependence of the elastic constants on
point defect concentration8–10 or composition11–13 is needed
to fully understand the changes in hardness that accompany
changes in vacancy concentrations or alloy composition.
Elastic constants of disordered transition metal nitrides and
carbides can be calculated from first principles;8–12 to the
best of our knowledge, however, these calculations have not
been thoroughly validated by precise measurements of the
elastic constants of well-characterized materials. In our pre-

vious work sShin et al.14d, we showed that the nanoindenta-
tion hardnessH of well-characterized TiNx single crystal lay-
ers grown on MgOs001d increases with increasing
N-vacancy concentrations“vacancy hardening”d with H
ranging from 20±2 GPa forx=1.0 to 30±2 GPa forx
=0.67. The elastic modulusE obtained from the nano-
indentation measurements decreased from 430±30
to 330±20 GPa over the same range inx. However, since
nanoindentation measurements are a complex average over
crystal orientation, the fundamental elastic constants of
TiNxs001d are still unknown.

To better understand the effects of N vacancies on the
elastic properties of TiNxs001d, we have determined the elas-
tic constantsc11 and c44 as a function ofx from measure-
ments of sound velocities using picosecond ultrasonic tech-
niques. The approach, discussed by Taucet al.,15 has been
widely used to generate and detect longitudinal sound waves
in thin films and other nanostructures.16,17 A subpicosecond
pump light pulse focused onto a spot of diameter.20 mm
on the surface of the sample, raises the local temperature a
few degrees. This sets up a thermal stress which relaxes
through the launching of an acoustic strain pulse that reflects
from buried interfaces back to the surface where it alters the
optical constants slightly and changes the optical reflectivity
R by an amountDR. New reflectivities are measured by
means of time-delayed probe light pulses applied at timesti
after the pump pulse. From these results, the longitudinal
sound velocity of TiNxs001d, which is directly related to the
elastic constantc11sxd, is determined.

Several surface acoustic wavesSAWd methods for deter-
mining the elastic constantc44 have been proposed recently.
These techniques use a laser-generated SAW, the wavelength
of which is determined by the interference of two beams
intersecting the sample at different angles18,19 and obtained
by passing the incident beam through a diffraction mask20 or
an absorption grating etched into,21 or deposited22 onto, the
sample. Time-delayed laser probe pulses are then used to
obtain the SAW velocity. In the present experiments, we de-
posited separate sets of 45°-rotated patterned Al gratings on
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TiNxs001d samples in order to measure the sound velocity
along both thek100l and k110l directions, from which we
obtain the elastic constantc44sxd.

II. EXPERIMENTAL PROCEDURE

All TiN xs001d layers were epitaxially grown at 830 °C to
a thickness of 260–340 nm on MgOs001d substrates in an
ultrahigh vacuum dc magnetron sputter deposition system
using the procedure described in Ref. 23. The target was a
7.6-cm-diameter 99.997% pure Ti disc and sputtering was
carried out at a total pressure of 20 mTorrs2.67 Pad in mixed
discharges consisting of Arspurity=99.9999%d and
N2s99.999%d with N2 fractions fN2

between 0.027 and 1.0.
The film compositionx varies nearly linearly from N/Ti
=0.67 with fN2

=0.027 to N/Ti=1.0 with fN2
=0.040,

thereafter remaining constant atx=1 as fN2
is increased fur-

ther to 1.0. The target current was 0.55 A, resulting in film
growth rates ranging from 380 Å min−1 with fN2
=0.027 to 86 Å min−1 with fN2

=1.0.
TiNxs001d layer compositionsx are determined by Ruth-

erford backscattering spectrometrysRBSd and the spectra
analyzed using the RUMP simulation program.24 The uncer-
tainty in reported N/Ti ratios is ±0.03. A combination of
high-resolution x-ray diffraction sHR-XRDd, plan-view
transmission electron microscopysTEMd, and cross-
sectional TEMsXTEMd were used to characterize film mi-
crostructure following the procedures described in Ref. 23.
All TiN xs001d layers are NaCl structure with a cube-on-cube
epitaxial relationship to the substrate,s001dTiN i s001dMgO and
f100gTiN i f100gMgO. Lattice parametersa' along the growth
direction, in-plane lattice parametersai, and residual strains
« were obtained from high-resolution reciprocal lattice maps
sHR-RLMsd around asymmetric 113 reflections. The relaxed
lattice constantsa0sxd of TiNx were found to decrease
approximately linearly from 4.2397 Å with x
=1.00 to 4.2333 Å withx=0.92 to 4.2305 Å withx=0.82,
reaching 4.2256 Å atx=0.67, while the corresponding in-
plane strain values in the films were −0.25%, −0.57%,
−0.42%, and −0.37%, respectively.23 While compressive
strains generally increase the elastic constants of an epitaxial
layer, the small strains in these films are not expected to alter
them by more than a few percent.25

An Hitachi S4700 scanning electron microscopesSEMd
with a field-emission source was used to measure the thick-
nessesh of cleaved cross-sectional TiNxs001d samples.
Amorphous SiO2 layers on Sis001d, with thicknesses of 0.1
and 1mm as verified by ellipsometry, served as calibration
standards. Finite-thickness interference fringes, clearly vis-
ible in HR-XRD scans from all substoichiometric TiNxs001d
layers, indicate that the films are of high structural quality
with laterally uniform film/substrate interfaces. From the
fringe spacing, we obtain layer thicknesses in good agree-
ment with cross-sectional SEM results.

Mass densitiesr are obtained from a combination of RBS
compositional measurements, atomic weights, and relaxed
lattice constantsa0sxd determined from HR-XRD scans by
assuming that the deviation from stoichiometry is entirely

due to N vacancies. The latter assumption is supported byab
initio density functional calculations.14 Figure 1 is a plot of
TiNxs001d mass density as a function ofx. The mass density
increases continuously fromr=5.078 g/cm3 with x
=0.67 tor=5.324 g/cm3 with x=0.92 to 5.399 g/cm3 with
x=1.0.

We used a mode-locked Ti:sapphire laser operating at a
wavelength l=770 nm to generate the pump and probe
pulses. For every compositionx, we analyzed two different
sets of TiNxs001d samples, one for determining longitudinal
sound velocities and the other for SAW velocities. On the
first set, used to measure sound velocities, 450-nm-thick Al
blanket layers were deposited on TiNxs001d films to serve as
transducers.

On the second TiNxs001d sample set, used to measure
SAW velocities, we deposited 15 nm-thick Al layers, which
were patterned by focused ion beamsFIBd etching to pro-
duce two absorption gratings, one with Al bars alongk100l
directions and the other with the bars alongk110l. The grat-
ings consist of 150 parallel Al bars which are 220 nm wide
and separated by 180 nmsi.e., the wavelengthL is 400 nmd.
The absorbed pump-pulse energy launches an acoustic wave
with the same spatial period as the grating in a direction
orthogonal to the grating axis. This allows us to measure
SAW velocities vSAW

100 and vSAW
110 along both major high-

symmetry directions. Figure 2 shows a tapping-mode atomic
force microscopy image of a small region ofk100l-oriented
Al grating.

III. RESULTS AND DISCUSSION

Figure 3sad is a typical plot ofDR as a function of the
time delayt between pump and probe pulses for a blanket
Al-coated TiNxs001d sample, in this case withx=1.0. DR
exhibits an initial rapid increase, due to local heating by the
0.3 ps pump laser pulse, followed by a slow decay. Superim-
posed on the intensity decay are small positive and negative
peaks at times corresponding to acoustic pulses being re-
flected back to the surface from the buried Al/TiNx ssolid
triangles and second open triangled and TiNx/MgO sfirst
open triangled interfaces. The positivesnegatived change in
DR results from a pulse which undergoes a phase shift byp
szerod due to reflection from an interface with a region of
lower shigherd acoustic impedanceZ.26 This is illustrated
schematically in Fig. 3sbd. SinceZ increases from air to Al to

FIG. 1. Mass densityr of epitaxial TiNx layers grown on
MgOs001d as a function ofx.

LEE et al. PHYSICAL REVIEW B 71, 144106s2005d

144106-2



MgO to TiNx, pulses reflected from the Al/TiNx,
TiNx/MgO, and air/Al interfaces have phase shifts of zero,
p, and zero, respectively. Hence, the signs of successive
acoustic pulse echoes, corresponding to alternating positive
and negative peaks, are determined by the interfacial bound-
ary conditions.

The time intervalt between any two adjacent peaks rep-
resented by solid and open symbols is constant and corre-
sponds to the timetAl required for the acoustic pulse to
traverse the Al layer. Correspondingly,tTiNx

is the time re-
quired for the pulse to travel through the TiNxs001d layer as
defined in Fig. 3sad. The TiNx longitudinal sound velocityvl
is then just given by 2h/ tTiNx

, whereh is the film thickness
andc11=rvl

2 sRef. 27d in which r is the layer density. Figure
4sad is a plot of measuredvl values as a function ofx. vlsxd
decreases continuously from 10 770 m/ssx=1.0d to
9334 m/ssx=0.67d, resulting in the elastic constantc11sxd
decreasing from 626 GPa withx=1 to 439 GPa withx
=0.67 as shown in Fig. 5sad.

Figure 3scd is a plot ofDR as a function of the time delay
t for a SAW propagating perpendicular to thek100l-oriented
Al grating on a TiNxs001d sample withx=0.67. The ampli-
tudes of SAW signals are quite smallsof the order of 10−5d
compared to the initial increase inDR due to heating by the
pump pulse. Thus, we offset the pump and probe beam po-
sitions by.10 mm perpendicular to the Al bars in order to
isolate the SAW signal from the initial thermal response. The
SAW velocity isvSAW=L /tSAW whereL is the wavelength
of the Al grating andtSAW is the period of surface acoustic
wave. For the results shown in Fig. 3scd, tSAW

100

=93.35±0.84 ps yielding vSAW
100 =4285±38.9 m/s for

TiN0.67s001d.
MeasuredvSAW

100 andvSAW
110 values for TiNxs001d are plot-

ted in Fig. 4sbd as a function ofx. vSAW
100 values are.1%

higher than those ofvSAW
110 at all TiNxs001d compositions. For

stoichiometric TiNs001d, as an example,vSAW
100 =5125 m/s

and vSAW
110 =5085 m/s. Kimet al.28 previously reported val-

ues of vSAW
100 and vSAW

110 , obtained using line-focus acoustic

microscopy, as a function of the effective thickness,h̄
=h/L, of single-crystal stoichiometric TiNs001d layers.

However, the films were rather thin, 0.01, h̄,0.12, and
SAW velocities obtained from such thin layers vary with film

FIG. 2. AFM image of an Al grating formed on TiNxs001d lay-
ers. The grating consists of 150 parallel 15-nm-thick Al bars of
width 220 nm and separated by 180 nmsthe wavelengthL
=400 nmd. The inset is a schematic illustration of the sample
geometry.

FIG. 3. sad A typical plot of the change in reflectivityDR as a
function of the time delayt between laser pump and probe pulses
incident on a blanket-Al-coated stoichiometric TiNs001d sample.
The solid triangles indicateDR peaks corresponding to acoustic
pulses reflected from the Al/TiNx interface. The open triangles
mark DR peaks corresponding to additional reflections from
TiNx/MgO s,d and Al/TiNx snd interfaces as shown schemati-
cally in sbd. scd A plot of DR as a function of the time delayt for a
SAW propagating perpendicular to ak100l-oriented Al grating on
TiN0.67s001d.
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thickness since the surface wave penetrates significantly into
the substrate. In the present experiments, we used much
shorter SAW wavelengthsL. Thus, the effective thickness of

our TiNxs001d layers is 0.60, h̄,1.0 for which there is no
significant substrate effectsi.e., vSAW is essentially indepen-

dent of h̄d.
To obtain c44sxd values, we use the matrix approach

sMA d, a numerical method developed by Fahmy and Alder29

for describing layered materials systems. Each layer is char-
acterized by means of a transfer matrix which contains infor-
mation concerning mechanical properties of the layer, in-
cluding material stiffnesses at the boundary planes.30,31 In its
usual form, the MA approach is used to obtain SAW propa-
gation velocities from known elastic constantssc11, c12, and
c44d and the densityr of each layer in the multilayer. In the
present case, we start with our measuredvSAWsxd values and
obtain the elastic constants of TiNxs001d in a two-layer sys-
tem, TiNx/MgOs001d.

The calculated TiNxs001d SAW propagation velocityvcalc,
obtained by the MA method, is a function of eight param-
eters, the densities of TiNxsrTiNx

d and MgO frMgO

=3.598 g/cm3 sRef. 28dg, the three TiNx elastic constants
sc11, c12, and c44d, and the elastic constants of MgOfc11
=299.8 GPa,c12=99.1 GPa, andc44=157.5 GPasRef. 28dg.
SincerTiNx

sxd ssee Fig. 1d and c11sxd fFig. 5sadg are known
for TiNxs001d, there are only two degrees of freedom for
vcalc, the c12 and c44 elastic constants for TiNx. These two
degrees of freedom are linked by the elastic anisotropy factor
h sRef. 32d,

h = 2c44/sc11 − c12d. s1d

The anisotropy factorshsxd for TiNxs001d s0.67øx
,1.0d are unknown. However,vSAW is insensitive
to c12; sc12/vSAWds]vSAW/]c12d.0.025, while sc44/
vSAWds]vSAW/]c44d.0.5. Thus, we assume thath for subs-
toichiometric TiNxs001d is equal to that of stoichiometric
TiNs001d fhTiN =0.71 sRef. 28dg. This reduces the SAW
propagation velocity calculated by the MA method to a func-
tion of a single parameter,vcalcsc44d. For each TiNxs001d
composition, we begin by estimatingc44 and computingvcalc.
Then, we compare thevcalcsxd values to our measured
vSAWsxd values, input new estimates forc44sxd, and continue
this iterative procedure until we obtain the best agreement
between the calculated and measured SAW propagation ve-
locities. Figure 5sbd is a plot of the resultingc44 values as a
function ofx. c44 decreases continuously from 156 GPa with
x=1 to 92 GPa withx=0.67.

In order to compare our measurements of the elastic con-
stantsc11sxd and c44sxd with the elastic modulisYoung’s
modulid En sRef. 14d obtained from previous TiNxs001d
nanoindentation measurements, which are average over
many orientations, we use the Voigt–Reuss–HillsVRHd
method33,34to first calculate isotropic moduliEVRH as a func-
tion of c11sxd and c44sxd. Assuming uniform local strain,
Voigt derived expressions for the isotropic bulk modulusKV
and shear modulusGV of a polycrystalline material based

FIG. 4. sad Measured longitudinal sound velocityv1 and sbd
surface acoustic wavesSAWd velocitiesvSAW

100 andvSAW
110 alongk100l

and k110l directions in epitaxial TiNxs001d as a function ofx.

FIG. 5. TiNxs001d elastic constantssad c11 andsbd c44 plotted as
a function ofx. scd The Voigt–Reuss–Hill elastic moduliEVRH, cal-
culated from ourc11sxd andc44sxd results, and nanoindentationsEnd
elastic modulisRef. 20d vs x. The dashed lines in all three panels
were calculated using Bruggeman effective medium theorysEMTd.
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upon the three principal elastic constants of a cubic single
crystal,35

KV = sc11 + 2c12d/3, s2ad

GV = sc11 − c12 + 3c44d/5. s2bd

Reuss developed corresponding expressions forKR and GR
assuming uniform local stress instead of uniform strain,35

1/KR = 3s11 + 6s12, s3ad

15/GR = 12s11 − 12s12 + 9s44, s3bd

where sij are elastic compliances. Subsequently, Hill33,34

proved that the actual moduli are bounded by the expressions
due to Voigt and Reuss, i.e.,KV, GV.K, G.KR, GR. The
average of these limiting values provides practical estimates
for the moduli of isotropic materials,

KH = 1/2sKR + KVd, s4ad

GH = 1/2sGR + GVd. s4bd

The elastic modulusEVRH, given by what is now termed the
Voigt–Reuss–Hill method,33, is

EVRH =
9KHGH

3KH + GH
. s5d

For elastic constants comparable to TiN, the elastic modu-
lus EVRH is only weakly dependent onc12; for example, an
error of 20% in our estimate ofc12 will propagate into only a
1.4% error inEVRH. Figure 5scd is a plot of bothEVRH ssolid
symbolsd andEn sRef. 14d sopen symbolsd as a function ofx.
EVRH values decrease continuously withx from EVRH
.455 GPa for stoichiometric TiNs001d sx=1.0d to EVRH

.280 GPa forx=0.67 and the results in Fig. 5scd show that
EVRHsxd andEnsxd values are in remarkably good agreement.
We attribute the small discrepancys&10%d to complex non-
homogeneous stress fields produced by the indentor tip
which do not averageE equally over all directions in the
sample, but gives more weight to the loading directions001d
which corresponds to the lowestE of the low-index
orientations.36

To gain further insight into the effects of the N-vacancy
concentration on the elastic properties of TiNxs001d, we em-
ploy Bruggeman9s effective medium theorysEMTd37 which
provides estimates of the effective elasticity of composite
materials. Here, we treat substoichiometric TiNxs001d as an
isotropic mixtures ofsTiNdx and Ti1−x. In the coherent po-
tential approximationsCPAd37 for a two-component material,

an effective elastic propertyK* swhereK representsc11, c44,
or Ed is expressed as a function of the corresponding values
Ks1d andKs2d of the component materials,

K*sxd = usxd + fu2sxd + Ks1dKs2dg1/2, s6ad

where

usxd = 1
2sKs1d − Ks2dds1 − 2xd. s6bd

Using previously reported values of the elastic constants and
modulus of stoichiometric TiN sc11=625 GPa, c44
=163 GPa, andEVRH=465 GPa,28 which are in good agree-
ment with the present resultsd and fcc Ti fc11=136 GPa,
c12=92 GPa, andc44=61 GPa, andEVRH=113.9 GPasRef.
38dg, we calculate effectivec11

*sxd, c44
*sxd, and EVRH

*sxd
values and plot them as dashed lines in Figs. 5sad–5scd. The
agreement betweenc11

*sxd, c44
*sxd, and EVRH

*sxd and our
measured valuesc11sxd, c44sxd, and EVRHsxd is quite good
given the fact that EMT assumes elastic isotropy while
TiNxs001d is anisotropic.

IV. CONCLUSIONS

The longitudinal sound velocityvl, the surface acoustic
wave velocitiesvSAW

100 andvSAW
110 , and the elastic constantsc11

and c44 of single crystal TiNxs001d s0.67øxø1.0d layers
have been determined as a function of the N/Ti ratiox using
picosecond ultrasonic pump/probe measurements.vl, vSAW

100 ,
and vSAW

110 all decrease continuously with increasing N va-
cancy concentration, ranging from 10771, 5125, and
5085 m/s for stoichiometric TiNs001d to 9334, 4285, and
4293 m/s for substoichiometricx=0.67 layers. Correspond-
ing values for c11sxd and c44sxd decrease from 626 and
156 GPa with x=1 to 439 and 92 GPa withx=0.67.
Orientation-averaged elastic moduliEVRHsxd, obtained using
our measuredc11sxd and c44sxd results in conjunction with
the Voigt–Reuss–Hill model, exhibit good agreement with
previously published TiNxs001d nanoindentation results14

carried out as a function ofx.
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