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ABSTRACT

We have investigated the phase composition of HfNx as a function of x and the effects of low-energy ion irradiation on the microstructure
and physical properties of polycrystalline layers grown on SiO2 at 350 °C by ultrahigh vacuum reactive dc magnetron sputtering of Hf in
mixed N2/Ar discharges. X-ray diffraction and Rutherford backscattering spectrometry results show that the phases obtained in polycrystal-
line HfNx layers with increasing x are hcp-structure α-Hf:N (x ≲ 0.6); multiphase mixtures consisting of α-Hf, NaCl-structure δ-HfN, rhom-
bohedral ε-Hf3N2, and/or ζ-Hf4N3 (0.6≲ x≲ 0.9); δ-HfN single phase (0.9≲ x≲ 1.3); and mixtures of δ-HfN and higher nitrides (x≳ 1.3).
HfNx layers with 0.9≲ x≲ 1.2 grown under mild ion irradiation (incident ion energy Ei≃ 7 eV and ion-to-Hf flux ratios Ji/JHf = 1−3) are
underdense with mixed orientation, low in-plane stress, and rough surface morphology due to limited adatom mobilities resulting in kinetic
roughening and atomic shadowing during film growth. However, the use of intense ion irradiation (Ei = 25 eV and Ji/JHf = 4−20) results in
HfNx layers, which are fully dense with strongly 111-oriented texture, compressive in-plane stress, and smooth surfaces due to ion irradia-
tion enhanced adatom surface mobilities. In addition, the latter films have lower resistivity and higher hardness. For stoichiometric δ-HfN
layers, ρ decreases from 69.7 to 35.2 μΩ cm and H increases from 22.1 to 27.4 GPa, with increasing ion-irradiation intensity. However, for
HfNx layers with 1.2≲ x≲ 1.6, the correspondingly higher steady state atomic N surface coverages during deposition alter growth kinetics in
favor of 001 texture with a fully dense structure and compressive in-plane stress.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003072

I. INTRODUCTION

Polycrystalline transition-metal (TM) nitride thin films, typi-
cally grown by reactive sputter deposition, have been used in a
variety of applications, including hard wear-resistant coatings on
tools, diffusion barriers and electrodes for gate and capacitor struc-
tures in integrated circuits and resistors, mask layers for x-ray
lithography, and decorative coatings. Among the large family of
TM-nitrides, the group-IVB members TiN and ZrN have elicited

particular interest because of their low electrical resistivity
(ρ < 20 μΩ cm), due to partially filled TM d-orbitals,1 and their dis-
tinctive gold color, as a result of interband transitions combined
with a high reflectance in the red and infrared.2,3 However, less is
known about the properties of a related group-IVB nitride, HfN.

The physical properties of HfNx and its suitability for a given
application are strongly affected by microstructural attributes, such
as grain size and shape (equiaxed versus columnar), porosity,
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defect density, and texture. Thus, we anticipate that understanding
and controlling microstructural evolution during the deposition of
polycrystalline HfNx will be crucial to the development of this
material for future applications.

The majority of TM nitride applications require low film
growth temperatures, Ts≤ 450 °C [i.e., Ts/Tm≤ 0.2 for HfN, where
Tm is the melting point, 3660 K (Ref. 4)], in order to, for example,
avoid overtempering steel cutting-tool substrates or exceeding the
tight thermal budgets associated with Si-based device fabrication.
Consequently, ion-assisted film growth, in which ion energy Ei and
incident ion-to-metal atom flux ratio Ji/JMe are fundamental
parameters, is often employed to control TM nitride film micro-
structure. Momentum transfer to the lattice during deposition can
have a large, and often dominant, influence on adatom mobilities,
film nucleation rates, coalescence, column growth, solute solubili-
ties, and residual stresses.5,6

While Ei is easily controlled during conventional dc magne-
tron sputtering (DCMS) through the use of substrate bias, Ji/JMe

cannot be varied independently. Thus, most studies on the effects
of ion irradiation during film growth have concentrated exclusively
on the role of Ei, with Ji/JMe either constant or uncontrolled, and
typically of the order of 0.5−1. The use of Ei values significantly
above bulk lattice displacement thresholds, 20−40 eV depending on
the materials system (i.e., ion mass and layer composition), leads to
film densification and a less pronounced columnar microstructure,
compared to films grown with lower ion energies. However, these
advantages extract a steep price. In the case of TiN and Ti1−xAlxN
growth, for example, the use of incident N2

+ energies Ei > 25 eV
results in the trapping of accelerated ions, residual lattice defects,
and the development of very high compressive stresses.7–9

Recently, high power impulse magnetron sputtering (HiPIMS)
has been used extensively to deposit dense films at low tempera-
tures as it generates a high degree ionization of the sputtered
species flux with energy distribution of both target and gas ion,
extending well above 50 eV.10–12

Thorsteinsson and Gudmundsson13 systematically studied
reactive HiPIMS and DCMS deposition of HfN films in Ar/N2 dis-
charges as a function of nitrogen fraction in the gas, growth tem-
perature, and duty cycle. They found that DCMS films are
generally underdense with tensile stresses, while HiPMS films had
high compressive stresses ranging from 3 to 6 GPa due to the
increased ion energy which causes atomic peening in the film.

In DCMS, independent control of Ei and Ji/JMe can be
achieved using tunable magnetically unbalanced magnetrons.14

Varying Ji/JMe, while maintaining Ei constant at ≃20–25 eV, during
magnetron sputter deposition has been shown to be an effective
method for controlling crystal quality and the microstructural evo-
lution of epitaxial and polycrystalline TiN,15,16 Ti0.5Al0.5N,

9

TaN,17,18 and ScN19 layers while introducing negligible concentra-
tions of residual ion-induced defects and residual stress.

In this article, we summarize the results of an investigation of
low-energy ion-irradiation effects on the microstructure and physi-
cal properties of HfNx layers (0.45≤ x≤ 1.60) grown on amorphous
SiO2 at Ts = 350 °C in mixed N2/Ar discharges at a total pressure of
20mTorr by UHV magnetically unbalanced reactive magnetron
sputter deposition. The films, ≃500 nm thick, were grown under
two sets of ion-irradiation conditions: (1) mild irradiation with

incident ion energy Ei≃ 7 eV and ion-to-Hf flux ratios Ji/JHf = 1−3
and (2) intense irradiation with Ei = 25 eV and Ji/JHf = 4−20. The
HfNx phases obtained with increasing x are hcp-structure α-Hf
(x≲ 0.6), multiphase mixtures consisting of α-Hf, δ-HfN, ε-Hf3N2,
and/or ζ-Hf4N3 (0.6≲ x≲ 0.9), single phase δ-HfN (0.9≲ x≲ 1.3),
and mixtures of δ-HfN and higher nitrides (x≳ 1.3).

Series-1 δ-HfNx layers with 0.90≲ x≲ 1.20 exhibit an under-
dense structure with inter- and intracolumnar voids, mixed orienta-
tion, low in-plane stress ranging from +0.22 (tensile) to −0.44 GPa
(compressive), and rough surface morphologies. However, Series-2
HfNx layers in the same composition range have a dense micro-
structure with a strong 111-texture, compressive in-plane stress
between −1.42 and −1.77 GPa, and smooth surfaces. In this com-
position range, the electrical resistivity ρ is lower and the hardness
H is higher for Series-2 layers than for Series-1 due to the micro-
structure and texture evolution resulting from ion irradiation
enhanced adatom surface mobilities.

For HfNx layers with 1.20≲ x≲ 1.60, however, both Series-1
and -2 samples exhibit fully dense structures with complete 001
preferred orientation and compressive in-plane residual stress. For
these 001-texture samples, changing the intensity of ion irradiation
has little effect on microstructure, surface morphology, and physi-
cal properties.

II. EXPERIMENT

Polycrystalline HfNx layers are grown in a load-locked multi-
chamber UHV stainless-steel magnetically unbalanced magnetron
sputter deposition system, described in detail in Ref. 13. The pres-
sure in the sample introduction chamber is reduced to less than
5 × 10−8 Torr (7 × 10−6 Pa), using a 50 l s−1 turbomolecular pump
(TMP), prior to initiating substrate exchange into the deposition
chamber, which has a base pressure of 5 × 10−10 Torr (7 × 10−8 Pa),
achieved using a 500 l s−1 TMP. The target is a 7.6-cm-diameter
water-cooled Hf disk, 99.9% pure (the only detectable contaminant
is Zr, the usual metallurgical impurity in Hf). Sputter deposition is
carried out at a constant power of 150W in mixed atmospheres
consisting of Ar (99.9999% pure) and N2 (99.999%) with a
target-to-substrate separation of 6.5 cm. The gases are introduced
through high precision solenoid valves, while the pressure is mea-
sured by a capacitance manometer and maintained constant with
an automatic mass-flow controller.

The substrates are 500-nm-thick amorphous SiO2 layers pro-
duced by thermally oxidizing 12 × 10 × 0.5 mm3 Si(001) wafers.
They are cleaned with successive rinses in ultrasonic baths of tri-
chloroethane, acetone, ethanol, and de-ionized water and blown
dry with dry N2. The substrates are then mounted on resistively
heated Ta platens using Mo clips and inserted into the sample
introduction chamber for transport to the growth chamber where
they are thermally degassed at 500 °C for 1 h. Immediately prior to
initiating deposition, the target is sputter-etched for 5 min with a
shutter shielding the substrate. The HfNx layers are grown at
Ts = 350 °C, including the contribution due to plasma heating. Ts is
measured with a pyrometer calibrated by a thermocouple bonded
to an HfN-coated SiO2 substrate. Following deposition, the samples
are allowed to cool below 100 °C before transferring them to the
load-lock chamber, which is then backfilled with dry N2.
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A pair of external Helmholtz coils with Fe pole pieces is uti-
lized to controllably unbalance the magnetic circuit in the magne-
tron sputtering system through the addition of a uniform axial
magnetic field Bext in the region between the target and the sub-
strate. This allows independent control of the energy and flux of
ions incident at the growing film.14

Electrostatic probes are used to measure plasma characteristics
in the vicinity of the substrate during film growth, following the
procedure described in Refs. 14 and 20. The ion flux Ji, plasma
potential Vp, and floating potential Vf are obtained from the
current-voltage characteristics of a 6-mm-diameter stainless-steel
disc probe mounted in a through-hole drilled in the center of a
special substrate platen. The surface of the probe is co-incident
with the substrate surface and is electrically isolated from the
platen by a 0.25-mm vacuum gap. In this geometry, the actual
current densities at the substrates are measured irrespective of the
value of Bext. To minimize edge effects, the probe and substrate
platen are maintained at the same potential with respect to the
grounded chamber.

The HfNx layers, ≃500 nm thick, are deposited with N2 frac-
tions fN2 ranging from 0.025 to 0.3 at the relatively high sputtering
pressure of 20mTorr (2.67 Pa), chosen to suppress kinetic energy
transfer to the growing film by ions neutralized and backscattered
from the target. Series-1 samples are deposited on electrically floating
SiO2 substrates with Bext = 0, resulting in Ei = e(|Vf–Vp|)≃ 7 eV and
Ji/JHf = 1−3, depending upon fN2, while Series-2 films are grown in a
magnetically unbalanced mode with Bext = 180G and an applied bias
Vs used to maintain the ion energy, Ei = e(|Vs−Vp|), constant at
25 eV. These conditions result in Ji/JHf = 4−20 with increasing fN2.

Film compositions are determined by Rutherford backscattering
spectrometry (RBS). The probe beam consists of 2MeV He+ ions
incident at 22.5° relative to the sample surface normal with the detec-
tor set at a 150° scattering angle. The total accumulated ion dose is
100 μC. Backscattered spectra are analyzed using the RUMP simulation
program,21 and the uncertainty in reported N/Hf ratios is less than
±0.03. Combining the results of the ion probe measurements with
RBS data for the total number of deposited Hf atoms yields values
for the ion-to-Hf flux ratios Ji/JHf incident at the substrate.

The phase, microstructure, residual stress, and surface mor-
phology of as-deposited HfNx films are determined using a combi-
nation of x-ray diffraction (XRD), atomic force microscopy (AFM),
and plan-view TEM. θ–2θ and glancing angle (GA) XRD scans are
obtained in the powder diffraction mode with a resolution of 0.01°
2θ using a Rigaku D-Max diffractometer, while in-plane stresses
and relaxed lattice parameters are determined by the sin2ψ tech-
nique22 using a four-circle Philips X-Pert diffractometer. Surface
morphologies and roughnesses are quantified by AFM with a
Digital Instruments Nanoscope II instrument operated in the
tapping mode. Several 1 × 1 μm2 scans are obtained for each sample
using (001) n-type Si tips with radii of 10 nm. Plan-view TEM
analyses are performed in a Philips CM12 microscope operated at
120 kV. TEM specimens are thinned by mechanical grinding from
the backside to a thickness of ≃25 μm. Final thinning to electron
transparency is accompanied by ion milling using a 5 keV Ar+ ion
beam incident at 12°.

Four-point probe measurements are utilized to determine the
room-temperature resistivities ρ of as-deposited HfNx layers.

Hardnesses H and elastic moduli E are obtained from nanoindenta-
tion responses measured with a Hysitron TriboScope instrument
attached to an AFM. The area function of the triangular Berkovich
diamond tip is calibrated following the procedure described in Ref. 23
and the calibration is checked using epitaxial TiN/MgO(001) layers of
known hardness24 and the same thickness as the HfNx samples. The
maximum load is varied from 0.05 to 9mN with a minimum of 10
indent sequences for each load.

III. RESULTS AND DISCUSSION

A. Plasma probe measurements

Varying Bext during the reactive magnetron sputter deposition
of HfNx dramatically alters the ion flux Ji incident at the growing
film. In the case of layers deposited with fN2 = 0.05, for example,
probe measurements show that Ji increases from 9.1 × 1014 to
3.7 × 1016 cm−2 s−1 (0.15 to 5.89 mA cm−2) as Bext is increased from
−60 to +180 G. The positive direction of Bext is defined as assisting
the outer pole of the magnetron. Changes in Bext over this range,
however, have very little effect on the overall impedance of the
magnetron discharge. At a constant target power of 150W, the dis-
charge voltage only increases from 302 V at Bext =−60 G to 312 V
at 180 G with no measurable change in the target sputtering rate.
As a result, Ji/JHf can be varied from 0.13 with Bext =−60 G to 5.29
with Bext = 180 G for layers deposited with fN2 = 0.05. The corre-
sponding changes in the plasma potential Vp and floating potential
Vf range from Vp =−13.4 to −20.4 V and Vf =−19.4 to −26.6 V.

Figure 1 summarizes the variation in Ji/JHf as a function of
Bext during magnetically unbalanced reactive magnetron sputter
deposition of HfNx layers grown with fN2 = 0, 0.05, 0.07, 0.10, and
0.20. Ji/JHf increases with increasing fN2 at all Bext values. With
Bext = 180 G and no applied substrate bias, for example, Ji/JHf varies
from 2.5 with fN2 = 0 to 16.4 with fN2 = 0.20, while the incident ion
energy, Ei = e(|Vf−Vp|), remains essentially constant at ≃7 eV.

FIG. 1. Ion-to-Hf flux ratios Ji/JHf incident at the substrate as a function of the
external magnetic field Bext during magnetically unbalanced reactive magnetron
sputter deposition of HfNx in mixed N2/Ar discharges at a total pressure of
20 mTorr.
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From previous double-modulated glow discharge mass spec-
trometry measurements during the magnetron sputtering of Ti in
Ar/N2 mixtures,25 the primary ions incident at the substrate over
the fN2 range from 0.100 to 0.275 are Ar+ (92–94%), Ar2+ (3–4%),
and N2

+ (2–5%). For all gas mixtures, sputtered species represent
less than 1% of the total ion population. The vast majority of the
ions incident at the substrate and growing film during deposition
experience the full substrate sheath potential Ei, since the mean free
paths for Ar+ and N2

+ charge exchange collisions,26 ≃6 and ≃8 mm,
respectively, are much larger than the sheath width, estimated from
the Child–Langmuir equation,27 to be 0.3–0.5 mm.

B. HfNx phase composition

HfNx RBS results summarized in Fig. 2 show that the N/Hf
ratio x continuously increases from 0.45 to 1.60 as fN2 is increased
from 0.025 to 0.30. Rapid changes in x with fN2≤ 0.1 correspond to
increasing nitride coverage on the Hf target giving rise to a lower
metal sputtering rate. In this fN2 range, Fig. 2 shows that films grown
with intense ion irradiation (Series-2 samples with Ei = 25 eV,
Ji/JHf = 4−20, and Bext = 180 G) have slightly lower N concentration
than those with mild ion irradiation (Series-1, Ei≃ 7 eV, Ji/JHf = 1−3,
and Bext = 0). In contrast to the growth of TiNx for which films
remain essentially stoichiometric for fN2 values between 0.04 and 1,25

the HfNx film composition x continues to increase smoothly from
x = 1 at fN2≃ 0.05 to x = 1.6 at fN2 = 0.3. We attribute this to the exis-
tence of N-rich phases28 in the Hf–N system, while TiN is the termi-
nal phase in the Ti–N system.

Figure 3 is a representative series of GA-XRD 2θ scans, which
are sensitive to the presence of small volume fractions of randomly
oriented grains, from Series-1 HfNx layers grown as a function of
fN2 under mild ion-irradiation conditions (Ei≃ 7 eV with Ji/JHf = 1
−3). The combination of RBS and XRD results shows that, for the
growth conditions used in these experiments, the HfNx phase
obtained does not depend on the ion-irradiation intensity. Thus,
we present diffraction data, for phase identification, from Series-1
layers only. Layers with N/Hf ratio x≤ 0.60 (fN2≤ 0.03) are single

phase with an α-Hf structure. Figure 3 is a typical XRD scan, in
this case for a sample with x = 0.60, with peaks indexed as (100),
(001), (101), (102), (110), (103), and (112). No compound HfNx

peaks are observed indicating that up to ≃37.5 at. % N can be dis-
solved in α-Hf under these growth conditions. This is well above
the equilibrium solid solubility of 29 at. %.4 The XRD results show
that with increasing x, α-Hf peak positions continuously shift to
lower 2θ values corresponding to higher N concentrations.

A small additional increase in N2 (0.0325≤ fN2≤ 0.0375)
during the growth of Series-1 samples results in the formation of
multiphase HfNx layers with 0.72≤ x≤ 0.88. An example GA-XRD
scan is given in Fig. 3 for an HfNx layer with x = 0.83. In this com-
position range, the GA-XRD scans consist of broad diffraction fea-
tures composed of overlapping peaks that cannot be deconvoluted.
Thus, we also used selected-area electron diffraction (SAED) for
phase identification. Figures 4(a)–4(d) are typical SAED patterns
obtained from Series-1 HfNx layers with x = 0.83, 1.00, 1.23, and
1.60. In order to compare lattice spacings d for this set of samples,
we used identical camera lengths and aligned the centers of the ring
patterns in Figs. 4(a)–4(d). SAED results for HfN0.83 [Fig. 4(a)]
exhibit broad features that correspond to d values ranging from
0.226 nm [using the (200) δ-HfN diffraction ring] to 0.277 nm
[using the (100) α-Hf ring]. According to the Hf–N phase diagram,4

four different phases—α-Hf, ε-Hf3N2, ζ-Hf4N3, and δ-HfN—can
exist in this composition range. The two intermediate phases,
ε-Hf3N2 and ζ-Hf4N3, are complex rhombohedral stacking variants
consisting of hcp α-Hf and δ-HfN with more than ten diffraction
rings, many overlapping, in this d-spacing range.29,30

The GA-XRD scans obtained from Series-1 layers with
0.94≤ x≤ 1.23 (0.04≤ fN2≤ 0.07) contain (111), (200), (220), (311),
and (222) NaCl-structure HfNx diffraction peaks indicating that,
under these growth conditions, the single-phase field extends from
x≃ 0.94 to 1.23. This is similar to the case for epitaxial HfNx(001)
layers in a previous work31 in which the compound phase field

FIG. 2. N/Hf ratio vs N2 discharge fraction fN2 during the growth of HfNx on
SiO2 at 350 °C.

FIG. 3. GA-XRD 2θ scans obtained from 500-nm-thick HfNx layers grown as a
function of x on SiO2 at 350 °C with Ei≃ 7 eV and Ji/JHf = 1−3.
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ranged from 0.80 to 1.20. The SAED patterns in Figs. 4(b) (x = 1.00)
and 4(c) (x = 1.23) are consistent with the GA-XRD scans, revealing
a single-phase NaCl structure. Note that the (111) and (222) diffrac-
tion rings are missing in Fig. 4(c) since HfN1.23 layers have a fully
developed (001) texture as discussed below.

Series-1 HfNx layers grown with 0.08≤ fN2≤ 0.5 (1.27≤ x≤ 1.60)
exhibit the same δ-HfN GA-XRD peaks together with an additional
broad peak at 2θ≃ 31° [which likely contains a component of the
δ-HfN (111) peak at 2θ = 34.3°] arising from the presence of an
N-rich second phase. Thus, Series-1 HfNx layers with 1.27≤ x≤ 1.60
are two-phase mixtures consisting primarily of δ-HfN together with
N-rich inclusions. The presence of an N-rich second phase at high x
values is also observed in epitaxial HfNx(001) layers.31 The SAED
pattern from HfN1.60 in Fig. 4(d) exhibits a broad diffraction ring at
d≃ 0.28 nm stemming from the N-rich phase.

GA-XRD and SAED results are summarized in Fig. 5 as an
HfNx phase map plotted as a function of the N2 fraction fN2 during
film growth versus layer composition x. There are four regions:
single phase α-Hf (x≲ 0.6); a multiphase field consisting of α-Hf,
δ-HfN, ε-Hf3N2, and/or ζ-Hf4N3 (0.6≲ x≲ 0.9); single phase
δ-HfN (0.9≲ x≲ 1.3); and a two-phase field composed of δ-HfN
and an N-rich phase (x≳ 1.3).

C. HfNx microstructure and texture evolution

In this section, we summarize the results of an investigation of
the effects of ion irradiation on microstructural and texture

evolution in HfNx layers, which are either single-phase NaCl struc-
tures (0.9≲ x≲ 1.3) or have δ-HfN as the primary phase
(1.3≲ x≲ 1.6). Figures 6(a) and 6(b) show typical θ–2θ XRD scans
from HfNx layers grown on SiO2 at 350 °C with mild (Series-1) and
intense (Series-2) ion irradiation, respectively. The intensities of
x = 1.23 and 1.32 Series-1 and x = 1.30 Series-2 layers are reduced
by 0.2× to decrease peak overlap.

For Series-1 layers, XRD θ–2θ scans [Fig. 6(a)] and pole figure
(not shown) results demonstrate that HfNx films with
0.94≤ x≤ 1.18 exhibit mixed orientation with an intense (111)
peak and smaller (002), (022), and (113) peaks, while films with
x≥ 1.23 have a complete 001 texture. In contrast, Series-2 HfNx

films with 0.87≤ x≤ 1.05 grown with intense ion irradiation
[Fig. 6(b)] have a strong 111 texture, while layers with x≥ 1.23
exhibit a complete 001 texture. Figure 7, which shows normalized
plots of (111) and (002) XRD peak intensities [I11l/
(I111 + I002 + I022 + I113) and I002/(I111 + I002 + I022 + I113)] as a func-
tion of x, summarizes the HfNx texture-transition results as a func-
tion of film composition x and ion-irradiation intensity. Both
Series-1 and Series-2 HfNx films can be divided into three composi-
tion regimes: low x (0.9≲ x≲ 1.1), medium x (1.1≲ x≲ 1.2), and
high x (1.2≲ x≲ 1.6). As x increased, the HfNx texture changed
from mixed to 001 for Series-1 layers and from 111 to 001 for
Series-2 films. For medium x values, both Series-1 and Series-2 HfNx

films are in the texture-transition region (see Table I).
HfNx layers with 0.9≲ x≲ 1.6 were analyzed using the XRD

sin2ψ technique22 in order to estimate residual in-plane stresses σ
and to determine relaxed HfNx lattice parameters ao as a function
of x. The lattice parameter aψ, where ψ is the azimuthal angle
between the texture plane and (hkl) planes, was obtained from θ–
2θ XRD scans in several directions. Depending on which was the

FIG. 4. SAED patterns obtained from 500-nm-thick Series-1 HfNx layers grown
on SiO2 at 350 °C: (a) x = 0.83, Ei≃ 7 eV, and Ji/JHf≃ 1, (b) x = 1.0, Ei≃ 7 eV,
and Ji/JHf≃ 1, (c) x = 1.23, Ei≃ 7 eV, and Ji/JHf≃ 2, and (d) x = 1.50, Ei≃ 7 eV,
and Ji/JHf≃ 3.

FIG. 5. Growth phase map plotted as fN2 vs x, showing the phase composition
of HfNx layers grown on SiO2 at 350 °C by reactive magnetron sputter deposi-
tion in mixed N2/Ar discharges.
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strongest XRD peak intensity in a given layer, we chose either 111
or 001 as the surface normal. Thus, ψ is determined from the equa-
tions

cosψ ¼ hþ kþ l

[3(h2 þ k2 þ l2)]1/2
(1)

for 111 textured HfNx layers and

cosψ ¼ l

(h2 þ k2 þ l2)1/2
(2)

for 001 textured HfNx layers. From these relationships, (111),
(1�11), (200), (220), (311), (3�11), and (3�1�1) θ–2θ diffraction peaks
are obtained with ψ = 0°, 70.6°, 54.7°, 35.3°, 29.5°, 58.5°, and 80.0°
for 111 layers, while (111), (002), (022), (113), and (311) peaks are
acquired with ψ = 54.7°, 0°, 45°, 25.2°, and 72.5° for 001 layers. The
in-plane stress σ and ao are related to measured aψ values through
the equation

aψ ¼ ao þ aoσ
Ehkl

[(1þ νhkl)sin
2ψ � 2νhkl] ¼ δ sin2 ψ þ ξ, (3)

where νhkl and Ehkl are the Poisson ratio and elastic modulus of the
film in the [hkl] direction.

We did not evaluate either the Poisson ratio or the orientation
dependence of the elastic modulus of polycrystalline HfNx. Thus,
we have used an elastic modulus E(x) obtained from nanoindenta-
tion measurements, discussed below, and taken ν to be 0.29
(Ref. 32) for all layers, irrespective of orientation. We estimate that
the maximum uncertainties introduced by ν in determining σ and
ao are only ±0.3 GPa and ±0.0005 nm, respectively. σ and ao values
are obtained through the slope (δ) and intercept (ξ) of least-square
fits of aψ versus sin2ψ plots using the relationships

ao ¼ ξþ 2δν
1þ ν

, (4)

and

σ ¼ δE
2δν þ (1þ ν)ξ

: (5)
FIG. 7. Normalized intensities of the (111) and (002) HfNx XRD peaks in Fig. 6
as a function of x.

FIG. 6. XRD θ–2θ scans obtained from 500-nm-thick HfNx layers grown on
SiO2 at 350 °C with (a) Ei≃ 7 eV and Ji/JHf = 1−3 and (b) Ei = 25 eV and
Ji/JHf =4−20.

TABLE I. Summary of texture, microstructure, residual stress, and surface rough-
ness of Series-1 and Series-2 HfNx layers grown as a function of x.

x Series-1 Series-2

Low
(0.9≲ x≲ 1.1)

• Mixed texture
• Underdense structure
• Low tensile stress
• Rough surface

• 111 texture
• Dense structure
• Compressive stress
• Smooth surface

Medium
(1.1≲ x≲ 1.2)

• Mixed texture
• Underdense structure
• Low compressive stress
• Rough surface

• Mixed texture
• Dense structure
• Compressive stress
• Smooth surface

High
(1.2≲ x≲ 1.6)

• 001 texture
• Dense structure
• Compressive stress
• Median roughness

• 001 texture
• Fully dense structure
• High compressive stress
• Median roughness
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σ and ao values calculated from the results, using Eqs. (4) and (5),
are plotted as a function of x in Figs. 8(a) and 8(b). Series-1 HfNx

layers with 0.9≲ x≲ 1.2 grown under mild ion irradiation have low
in-plane residual stresses σ between +0.22 GPa (tensile) and
−0.44 GPa (compressive). However, films of the same composition
grown under intense ion irradiation (Series-2) are under compres-
sive stresses ranging from −1.42 to −1.77 GPa. Based on the θ–2θ
XRD results discussed above, the film texture changes from mixed
orientation to 111 texture with increasing ion-irradiation intensity
in this composition range. For the 001 texture HfNx layers with
1.2≲ x≲ 1.6, both Series-1 and Series-2 films are under compres-
sive stresses, −1.18 to −1.98 GPa for Series-1 and −1.78 to
−2.78 GPa for Series-2 layers.

The film/substrate differential thermal contraction stress due to
cooling from Ts = 350 °C to room temperature is given by σT = [EHfN/
(1− νHfN)](αHfN− αSi)ΔT, where αHfN = 6.9 × 10−6 K−1 (Ref. 33) and
αSi = 2.59 × 10−6 K−1 (Ref. 34) are the thermal expansion coefficients
of HfN and Si (the oxide layer is too thin to have a significant effect),
resulting in σT≃ +0.52 GPa tensile. Therefore, the compressive com-
ponents of the residual stress in HfNx films originate from ion bom-
bardment during the deposition process. Series-2 HfNx layers grown
with intense low-energy ion irradiation have higher compressive
stresses than Series-1 films over the entire composition range.

The relaxed lattice parameters ao(x) of single-phase δ-HfNx

layers are essentially constant at 0.4529 ± 0.0001 nm for Series-1
and 0.4531 ± 0.0001 nm for Series-2 layers over a wide range in

composition, 0.9≲ x≲ 1.2. However, as x exceeds 1.23, in
001-texture HfNx, ao(x) increases continuously to ao = 0.4552 nm
for Series-1 and 0.4554 nm for Series-2 layers with x = 1.60. These
ao(x) results are quite different than those of epitaxial HfNx(001)
described in Ref. 31, for which ao decreases linearly with x. We
attribute the increase in ao(x) for polycrystalline HfNx to N incor-
poration in interstitial sites, whereas in the epitaxial layers, excess
N results in antisite defects. The variation in ao(x) trends arises
from the large difference in deposition temperatures: 350 °C for
polycrystalline layers versus 650 °C for epitaxial layers.31 The prob-
ability of trapping N in interstitial sites is relatively low at a higher
growth temperature.

Figures 9(a) and 9(b) are plots of ao versus x for Series-1 and
Series-2 HfNx layers as-deposited and after annealing at 700 °C for
1 h in vacuum (P≃ 10−8 Torr). The anneals resulted in a decrease
in the N concentration x and the relaxed lattice parameter ao. We
attribute this to a loss of N interstitials, both by filling anion vacan-
cies and by diffusing to the surface where they are lost by recombi-
native desorption. While ao increases with x, due to the presence of
N interstitials, for as-deposited layers, ao for annealed films either
remains essentially constant with x (Series-1) or decreases slightly
with increasing x (Series-2). The ao(x) results for annealed poly-
crystalline HfNx layers are consistent with those of as-deposited
epitaxial HfNx(001), grown at 650 °C.31 That is, in annealed HfNx

layers with x > 1, the primary defects are N antisites and Hf vacan-
cies, both of which decrease ao.

FIG. 8. (a) In-plane residual stresses σ and (b) relaxed lattice parameters ao
determined from sin2ψ XRD measurements of HfNx layers grown as a function
of x on SiO2 at 350 °C.

FIG. 9. Relaxed lattice parameters ao determined from sin2ψ XRD measure-
ments of HfNx layers grown as a function of x on SiO2 with (a) Ei≃ 7 eV and
Ji/JHf = 1−3 and (b) Ei = 25 eV and Ji/JHf = 4−20 before and after vacuum
annealing at 700 °C for 1 h.
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Figures 10(a)–10(d) are typical plan-view TEM micrographs
illustrating differences in HfNx film microstructure as a function of
composition and ion-irradiation conditions: (a) x = 1.0 (Series-1),
(b) x = 1.0 (Series-2), (c) x = 1.27 (Series-1), and (d) x = 1.24
(Series-2). The absence of Moiré fringes indicates that all films
have a columnar microstructure. Based on the XRD results dis-
cussed above, the layers shown in Fig. 10 have (a) mixed orienta-
tion and low tensile stress, (b) 111 texture and compressive stress,
(c) 001 texture and compressive stress, and (d) 001 texture and
high compressive stress.

The Series-1 HfN layer in Fig. 10(a), deposited with Ei≃ 7 eV
and Ji/JHf≃ 1, exhibits an underdense structure due to competitive
growth between grains with different orientations. The relatively low
growth temperature (Ts = 350 °C corresponds to a homologous tem-
perature Ts/Tm = 0.17, where Tm is the HfN melting point in K4 that
leads to low adatom mobilities, resulting in kinetic roughening35–37

as the tops of protruding grains capture sputtered atoms at higher
rates, while atomic shadowing blocks deposition at the valleys
between grains. This gives rise to an underdense structure with both
inter- and intracolumnar voids and no strong preferred orientation.

In contrast, the Series-2 HfN layer in Fig. 10(b), grown with
Ei = 25 eV and Ji/JHf ≃ 6, has a dense structure with a strong 111
texture and a compressive in-plane stress. The densification is due
to ion irradiation enhanced adatom mobilities resulting in less
kinetic roughening and, hence, decreased atomic shadowing. Under
these intense ion irradiation and low fN2 growth conditions, Hf

adatoms are strongly adsorbed on all high-index surfaces. However,
Hf adatom mobilities are lower on (111) surfaces, where they have
three backbonds, than on (001) surfaces with which they form only
one backbond. Thus, adatom diffusivities and potential energies are
higher on 001-oriented grains than on 111 grains and Hf adatoms
have a higher chance of becoming trapped on 111 grains where
they have a longer residence time. Consequently, 111 grains expand
at the expense of the 001 grains, giving rise to the development of a
111-preferred orientation. Average grain sizes dh i of the under-
dense and dense stoichiometric HfN layers in Figs. 10(a) and 10(b)
are 38 ± 18 and 41 ± 17 nm, respectively.

Figures 10(c) and 10(d) are plan-view TEM images from
HfNx samples having the strongest 001 texture in Series-1
(x = 1.27) and Series-2 (x = 1.24) layers. Both films exhibit a fully
dense structure with a complete 001 texture and compressive
in-plane stress. The only significant difference between the images
in Figs. 10(c) and 10(d) is grain size with dh i = 48 ± 15 nm for the
Series-1 layer and 62 ± 12 nm for the Series-2 layer. The higher
grain size for the Series-2 layer is also due to ion irradiation
enhanced adatom surface mobilities compared to the Series 1
layers. In contrast to HfNx with 0.9≲ x≲ 1.2 for which ion-
irradiation intensity controls texture evolution, the steady state
atomic N coverage θN is of primary importance in this composition
range and ion irradiation plays only a secondary role. For these
high fN2 growth conditions, the correspondingly high incident Nþ

2
ion fluxes during film growth provide a continuous source of
atomic N which can chemisorb on 001 grains ([001] is a nonpolar
direction in the NaCl structure), but not on N-terminated 111
grains.38,39 Thus, θN on 001 grains increases with increasing fN2
and JN2+/JHf, while θN remains at a constant N-terminated value on
111 grains. This has the important consequence of decreasing
cation mean free paths on (001) surfaces due to capture by N
adatoms to form HfNi (i = 1 to 4) admolecules which are more
strongly bonded to the surface than Hf adatoms, and therefore,
have lower surface mobilities. That is, in the presence of a sufficient
atomic N source, the effective 001 adatom potential energy
decreases below that on 111. Consequently, the net flux of cations
from 001 to 111 oriented grains is reversed under high fN2 condi-
tions (fN2 > 0.07), resulting in the development of 001 texture from
the earliest stage of film growth. Under these conditions, due to the
lack of competitive growth, even mild ion irradiation [e.g.,
Ei≃ 7 eV and Ji/JHf ≃ 2 for the HfN1.27 film in Fig. 10(c)] sup-
presses kinetic roughening and related atomic shadowing during
deposition.

AFM results are used to provide a quantitative measure of
HfNx surface morphology as a function of x and ion irradiation.
Figures 11(a)–11(d) are typical 1 × 1 μm2 AFM images of the HfNx

layers corresponding to Figs. 10(a)–10(d). The 500-nm-thick
underdense Series-1 HfN1.0 layer in Fig. 11(a) is extremely rough
with a surface width wh i, equivalent to the root-mean-square (rms)
roughness, of 2.74 nm, while the dense Series-2 111-oriented
HfN1.0 film [Fig. 11(b)] is much flatter with wh i = 0.57 nm. The
001-textured Series-1 HfN1.27 layer in Fig. 11(c) and Series-2
HfN1.24 film in Fig. 11(d) exhibit intermediate surface roughnesses
with wh i = 0.92 and 1.02 nm, respectively.

wh i is plotted as a function of x for both Series-1 and Series-2
samples in Fig. 12. For understoichiometric HfNx layers, wh i values

FIG. 10. Bright-field plan-view TEM images from HfNx layers grown on SiO2 at
350 °C: (a) x = 1.0, Ei≃ 7 eV, and Ji/JHf≃ 1, (b) x = 1.0, Ei = 25 eV, and
Ji/JHf≃ 6, (c) x = 1.27, Ei≃ 7 eV, and Ji/JHf≃ 2, and (d) x = 1.24, Ei = 25 eV, and
Ji/JHf≃ 9.
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continuously decrease from ≃3 nm for metallic hcp α-Hf phase
samples at x≃ 0.45 to 0.7 nm for multiphase films with x≃ 0.9.
However, for single-phase δ-HfNx layers with compositions
0.9≲ x≲ 1.2, wh i values (0.6−0.8 nm) for Series-2 layers, are much
lower than those (2.0−2.7 nm) for Series-1 films. The rough surface
morphology for single-phase Series-1 HfNx layers is due to kinetic

roughening during film growth. Under these mild ion-irradiation
conditions, atomic shadowing caused by low adatom mobilities
leads to rough film surfaces with self-organized growth mounds
separated by deep surface trenches40 leading to a porous columnar
microstructure and mixed orientation. However, over the same
composition range, HfNx layers grown under intense ion irradia-
tion (Series-2) have dramatically lower surface roughness values.
The smooth surface morphology is attributed to less pronounced
kinetic roughening due to ion irradiation enhanced surface mobili-
ties resulting in film densification, and hence, decreased atomic
shadowing.

For 001-oriented overstoichiometric HfNx layers with
1.2≲ x≲ 1.6, both the Hf adatom diffusion length and the effective
nucleation length decrease dramatically with increasing θN (due to
increasing fN2 and, hence, x) on (001) surfaces, and thus, wh i
values increase continuously with x. Over this composition range,
Series-1 wh i values, which range from 0.9 to 1.8 nm, are essentially
equal to those of Series-2 samples since additional ion irradiation
has little effect on the microstructure and texture evolution.

Table I summarizes texture, microstructure, residual stress,
and surface roughness results for Series-1 and Series-2 HfNx layers
as a function of x.

D. Physical properties of HfNx versus x

Figure 13 shows the variation in the room-temperature electri-
cal resistivity ρ of Series-1 and Series-2 HfNx layers as a function of
x. The overall composition dependence of the resistivity of
NaCl-structure single-phase δ-HfNx (0.9≲ x≲ 1.3), with the lowest
value at x = 1 and ρ increasing with both x < 1 and x > 1, is typical
for TM-nitrides, including the other members of the IVB-VA
group, TiNx

3,28 and ZrNx.
28 The resistivity values obtained at stoi-

chiometric composition are 69.7 μΩ cm for Series-1 and
35.2 μΩ cm for Series-2 layers. These ρ values for polycrystalline
HfN layers are higher than that of single-crystal HfN(001),
ρ = 14.2 μΩ cm,41 but much lower than that of the previously

FIG. 12. Surface widths wh i of HfNx layers grown as a function of x on SiO2 at
350 °C.

FIG. 13. Room-temperature resistivities ρ of HfNx layers grown as a function of
x on SiO2 at 350 °C.

FIG. 11. AFM images, 1 × 1 μm2, from HfNx layers grown on SiO2 at 350 °C:
(a) x = 1.0, Ei≃ 7 eV and Ji/JHf≃ 1, (b) x = 1.0, Ei = 25 eV, and Ji/JHf≃ 6,
(c) x = 1.27, Ei≃ 7 eV, and Ji/JHf≃ 2, and (d) x = 1.24, Ei = 25 eV, and Ji/JHf≃ 9.
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reported polycrystalline HfN layers, ρ = 225 μΩ cm,28,42 grown with
no applied ion irradiation, and x2 lower than the value reported for
epitaxial films deposited at temperatures below 150 °C by
HiPIMS.12 The increase in ρ for single-phase δ-HfNx as the com-
position deviates from stoichiometry is primarily due to scattering
from point defects, including N and Hf vacancies, N interstitials,
and antisite defects as described in Ref. 41.

For α-Hf:N samples, ρ increases with x, with little difference
between Series-1 and Series-2 samples, up to the N composition cor-
responding to the solubility limit, x≃ 0.6, where ρ≃ 260 μΩ cm. In
the multiphase (α-Hf:N + δ-HfN + ε-Hf3N2 and/or ζ-Hf4N3) region
with 0.6≲ x≲ 0.9, ρ remains essentially constant at ≃250 μΩ cm
with x < 0.8 and starts to decrease with x > 0.8 as the volume fraction
of δ-HfN increases. For x > 1, ρ increases again to ≃30 000 μΩ cm
with x = 1.6. The presence of a high resistivity N-rich second phase
contributes to the dramatic increase in ρ with x≳ 1.3.

Over the entire composition range for which the NaCl struc-
ture δ-HfN is either the only phase (0.9≲ x≲ 1.3) or the primary
phase (1.3≲ x≲ 1.6), Series-2 layers have ρ values that are 15–50%
lower than Series-1 films. The electron mean free path obtained
from measured room-temperature resistivities ρ, using an estimated
Fermi velocity of 2 × 108 cm/s (Ref. 43), ranges from ≃1 nm with
x = 1.6 to ≃20 nm with x = 1.0. These values are well below the
average grain sizes, 30−70 nm, as shown in Fig. 10. Thus, charge
scattering from grain boundaries and intercolumnar voids does not
significantly affect electron transport. Instead, point defects—
including vacancies, interstitials, and antisite substitutions—control
carrier scattering in these films. The lower ρ values observed in
Series-2 layers are again due to ion irradiation enhanced surface
mobilities resulting in lower defect densities.

The hardnesses H and elastic moduli E of HfNx layers are
determined from nanoindentation measurements, following the
procedure described in Ref. 24. Multiple loading cycles with
maximum peak loads that range from 0.05 to 9 mN are used. H
values are extracted from data corresponding to maximum dis-
placements of less than 100 nm. At larger displacements, substrate
effects influence the results, giving rise to lower H values due to the
relatively low hardness of SiO2.

H values for Series-1 and Series-2 HfNx layers as a function of
x are plotted in Fig. 14. H(x) for both sample sets increases in the
α-Hf:N phase region with increasing N concentration and continues
to increase into the multiphase region to reach a maximum of
31.7 ± 1.2 GPa for Series-1 and 37.5 ± 1.2 GPa for Series-2 layers
with x≃ 0.87. Figure 15 is a plan-view TEM micrograph of this film
with the highest hardness. The film appears fully dense with individ-
ual grains having a very distorted nanostructure due to the effects of
intense ion irradiation. In addition, we observe in many grains alter-
nating stripe contrast, which is similar to the one reported in sub-
stoichiometric TaNx films with hardness above 40 GPa.18,44 Because
x-ray diffraction indicates a mixture of δ-HfN and lower nitrides, we
believe these stripes may indicate a self-organized nanolamellar
structure consisting of coherent δ-HfN, ε-Hf3N2, and/or ζ-Hf4N3

layers similar to the reported results for TaNx.
18,44

Over the composition range 0.8≲ x≲ 1.2, H(x) values for
Series-2 HfNx layers are higher by 10%−25% than those of Series-1
films. For example, the hardness of Series-1 stoichiometric HfN is
21.7 GPa, while H = 27.6 GPa for Series-2 films. The increase in H

with increasing ion-irradiation intensity is due to a corresponding
increase in film density as shown in the TEM results in Figs. 10(a)
and 10(b). The porosity in Series-1 films allows increased inter-
and intracolumnar deformation under nanoindentation load.
Similar results, an increase in H due to film densification by
intense ion irradiation, were reported for TiNx,

45 CrNx,
46 and

TaNx
18 layers grown by reactive magnetron sputtering. An addi-

tional contribution to the increase in hardness is a continuous
change in the residual stress, for example, from ≃+0.2 GPa tensile
for Series-1 HfN to ≃−1.6 GPa compressive for Series-2 films, as
shown in Fig. 8(a). Stress-induced hardening is often observed in

FIG. 15. Bright-field plan-view TEM image from HfN0.87 layer, grown on SiO2 at
350 °C with Ei = 25 eV and Ji/JHf≃ 5, which exhibits the highest hardness of
37.5 ± 1.2 GPa. Alternating stripe contrasts (Moiré fringes) are observed.

FIG. 14. Nanoindentation hardness H of HfNx layers grown as a function of x
on SiO2 at 350 °C.
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polycrystalline films45 and is associated with an increased resistance
to slip deformation at the nanoscale.

For the 001-textured HfNx layers with 1.2≲ x≲ 1.6, H(x)
values of Series-1 and Series-2 HfNx are essentially equivalent and
show very little variation as a function of x since all films have fully
dense structures [see, for example, Figs. 10(c) and 10(d)]. Higher
compressive stress in Series-2 HfNx layers [see Fig. 8(a)] should
result in higher hardness, but this effect is overcome by an overall
increase in the grain size which decreases the hardness. H values
for HfNx with 1.4≲ x≲ 1.6, ≃26 GPa, are slightly lower than those
with 1.2≲ x≲ 1.4, ≃28 GPa, primarily due to the increasing
volume fraction of the N-rich second phase.

IV. CONCLUSIONS

Polycrystalline HfNx layers with x ranging from 0.45 to 1.60
are grown on SiO2 at Ts = 350 °C by UHV magnetically unbalanced
reactive magnetron sputter deposition in mixed N2/Ar discharges.
We determined their phase composition, texture, microstructure,
and physical properties as a function of x under both mild
(Series-1; Ei≃ 7 eV and Ji/JHf = 1−3) and intense (Series-2;
Ei = 25 eV and Ji/JHf = 4−20) ion-irradiation conditions. For the
growth conditions used in these experiments, the HfNx phase com-
position does not depend on the ion-irradiation intensity. The
observed HfNx phase compositions in both Series-1 and Series-2
layers with increasing x are hcp-structure α-Hf (x≲ 0.6); multi-
phase mixtures consisting of α-Hf, δ-HfN, ε-Hf3N2, and/or
ζ-Hf4N3 (0.6≲ x≲ 0.9); single phase δ-HfN (0.9≲ x≲ 1.3); and
mixtures of δ-HfN and higher nitrides (x ≳ 1.3).

Single-phase Series-1 HfNx layers, 0.9≲ x≲ 1.2, grown under
mild ion irradiation have an underdense columnar structure with
inter- and intracolumnar voids, mixed orientation, low in-plane
stress σ ranging from +0.2 GPa tensile to −0.4 GPa compressive,
and a rough surface morphology with wh i > 2 nm. These properties
are due to competitive growth between grains of mixed orienta-
tions. Low adatom mobilities, resulting from the combination of a
low growth temperature and relatively mild ion irradiation, give
rise to the rapid development of kinetic roughening during film
growth. However, Series-2 HfNx layers with the same composition
range exhibit dense structures with strong 111-texture, compressive
in-plane stress of σ≃−1.6 GPa, and smooth surface with
wh i≃ 0.6 nm due to the enhanced surface mobilities resulting in
less kinetic roughening. Under intense low-energy ion-irradiation
conditions, Hf adatom diffusivities and potential energies are lower
on 111-oriented grains than on 001 grains, and, hence, 111 texture
develops. As a result of ion-irradiation-induced microstructural
evolution, lower resistivity and higher hardness are obtained in
Series-2 layers. For stoichiometric HfN, ρ decreases from 69.7 to
35.2 μΩ cm and H increases from 22.1 to 27.4 GPa with increasing
ion-irradiation intensity.

Both Series-1 and Series-2 HfNx films with 1.2≲ x≲ 1.6
exhibit a fully dense structure with complete 001 texture and com-
pressive in-plane residual stress, ≃−2 GPa for Series-1 and ≃−3 GPa
for Series-2 layers. In contrast to HfNx with 0.9≲ x≲ 1.2, for which
ion-irradiation intensity controls microstructural and texture evolu-
tion, microstructure and texture evolution in HfNx layers with
1.2≲ x≲ 1.6 is primarily controlled by the steady state atomic N

coverage θN and ion irradiation is only of secondary importance. θN
on nonpolar 001 grains increases with increasing fN2 and JN2+/JHf,
while θN remains at a constant N-terminated value on polar 111
grains. This reduces the Hf adatom diffusion length on 001 grains,
and, hence, the effective 001 adatom potential energy decreases
below that on 111. Since competitive growth is suppressed, the
degree of kinetic roughening and atomic shadowing is greatly
reduced. Consequently, HfNx with 1.2≲ x≲ 1.6 exhibits 001 texture
and a fully dense structure even under mild ion irradiation, and
changing the ion-irradiation intensity has little effect on the physical
properties, including ρ and H which are in the range up to
≃30 000 μΩ cm and ≃28 GPa, respectively, depending on x.
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