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Metal nitrides exhibit a number of important properties, such
as superconductivity, catalytic activity, unusual magnetic
properties, and high hardness and mechanical strength.['”!
Great efforts have been made in exploring new ternary and
higher-order metal nitrides since the 1990s. However, the
intrinsic physical properties of many ternary metal nitrides
have not been well-studied because of the synthetic chal-
lenges in preparing single-phase ternary metal nitrides. For
example, BaZrN, (BZN), BaHfN, (BHN), and their solid
solution Ba(Hf,_,Zr,)N, have only been prepared by a solid-
state reaction approach.’'”! These ternary metal nitride
powders are known to contain impurities such as the binary
nitrides ZrN and HfN.®% The presence of impurities makes
it very difficult to study the intrinsic properties of the ternary
nitrides. Herein, we report the preparation of epitaxial thin
films of the ternary metal nitrides BZN and BHN on (001)
SrTiO; (STO) substrates by a chemical-solution approach to
polymer-assisted deposition (PAD).!"31 The successful
growth of single-phase ternary metal nitrides by a control-
lable and reproducible synthesis route makes it possible to
study the fundamental physical properties of these materials.
This achievement is also a tremendous leap forward toward
the utilization of these materials for technological applica-
tions.

It is known that both BZN and BHN crystallize in the
layered KCoO, structure type in space group P4/nmm (agzx =
0.416297, cpzn=0.840318 nm for BZN; agyy=0.41279,
cpun = 0.83816 nm for BHN). In BZN and BHN, the Ba?"
cations sit between layers of edge-sharing square-pyramidal
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[Z1N,]*~ or [HfN,]*~ anions.*'" The relatively small in-plane
lattice mismatch between these metal nitrides and STO
(asto =0.3901 nm) makes it possible to epitaxially grow these
materials as films. Figure 1 shows X-ray diffraction (XRD)
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Figure 1. XRD patterns obtained from a) a 6-26 scan of a BZN film on
STO, b) ¢ scans of the (102) diffraction peak of BZN and the (101)
diffraction peak of STO, c) a 6-26 scan of a BHN film on STO, and

d) ¢ scans of the (102) diffraction peak of BHN and the (101)
diffraction peak of STO.

patterns obtained from 6-20 and ¢ scans of BZN and BHN
films on STO substrates, after the films were annealed at
1000°C for 1 h. The appearance of (002) and (004) diffraction
peaks from the tetragonal BZN or BHN film together with
(001) and (002) diffraction peaks from the STO substrate
indicates that the films are preferentially oriented with the
¢ axis perpendicular to the substrate surface. Note that no
other phases are detected. In contrast, ternary metal nitrides
formed by a ceramic process often contain binary nitrides.®"!

We measured carbon and oxygen contamination in the
films with resonant Rutherford backscattering spectrometry
(RBS). The films do contain some carbon and oxygen, but
probably less than 10 % . Note that the analysis of carbon and
oxygen on the basis of RBS is quite difficult without reliable
standards.

The in-plane relative orientation of each film and the
substrate was determined from XRD patterns obtained from
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¢ scans of the (102) diffraction peak of BZN or BHN and the
(101) diffraction peak of STO, respectively. The epitaxial
relationships between the films and the substrate can be
generally described as (001)gy, || (001)sro and [102]gm ||
[101]gro. Average full-width-at-half-maximum (FWHM)
values of 2.0° for the BZN film and of 1.5° for the BHN
film, as compared to 0.7° for the STO substrate, indicate that
the films are of good epitaxial quality. Note that this is the first
report of the growth of single-phase epitaxial BZN and BHN
films. The lattice parameters of these epitaxial films, calcu-
lated from the (004) and (102) diffraction peaks, are ag,n =
0.407 and cgzy = 0.852 nm for the BZN film, and agyy=0.411
and cppy = 0.839 nm for the BHN film. Compared with those
of the bulk materials, the in-plane lattice parameters of the
films are each slightly smaller, while the out-of-plane lattice
parameters are each slightly larger. This finding is under-
standable, considering that such epitaxial films are under
compressive strain.

The surface morphology and surface roughness of the
films were investigated by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The films are
dense and smooth, without any detectable microcracks. AFM
images of BZN and BHN films grown on STO substrates are
shown in Figure 2. The root-mean-square (rms) surface
roughness, measured from a 1 um x 1 um area of the AFM
image, was 2 nm for the BZN film and 2.14 nm for the BHN
film.

Figure 2. AFM images (1 pmx 1 um) of a) a BZN film on STO and
b) a BHN film on STO.
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Figure 3 shows a bright-field cross-section transmission
electron microscopy (TEM) image of a BZN film (38 nm
thick) on an STO substrate, as well as high-resolution (HR)
TEM images of BZN and BHN films on STO substrates. For
both the BZN and the BHN films, the interface between the
film and the substrate is flat and clean, without any indication
of intermixing. The corresponding selected-area electron
diffraction (SAED) patterns taken from the interface (Fig-
ure 3 a, inset for BZN; Figure 3¢, inset for BHN) confirm the
epitaxial growth of tetragonal BZN and BHN films on the
STO substrates, as evidenced by the distinct diffraction spots
from each of the films and the substrate. The epitaxial
relationships between each of the films and the substrate
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Figure 3. a) A bright-field cross-section TEM image of a BZN film

(38 nm thick) on STO (inset: the corresponding SAED pattern from
the interface between BZN and STO). HRTEM images of b) the
interface between BZN and STO, and c) the interface between BHN
and STO (inset: the corresponding SAED pattern from the interface
between BHN and STO). The arrows along the interface of BZN and
STO in (a) and (b) indicate a very ordered misfit dislocation. See text
for details.
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determined from the SAED patterns are consistent with those
determined from the XRD patterns. Note that the SAED
patterns of each of the films demonstrate the epitaxial growth
of a single-phase material, as no diffraction spots arising from
other phases are detected.

More interestingly, uniformly distributed misfit disloca-
tions (marked with arrows) are observed along the interface
of the BZN film and the STO substrate. The lattice misfit
between BZN and STO is 4.3%. The corresponding misfit-
dislocation spacing d,, calculated according to d,=
d\d,/(d,—d,), where d,=ag,=0.407nm and d,=ago=
0.3901 nm, is 9.4 nm, which is consistent with the misfit-
dislocation spacing of 9.5 nm measured from Figure 3b. The
domain-matching numbers of planes are d/d; =9.4/0.407 =
23 for the BZN film and d,,/d, =9.4/0.3901 =24 for the STO
substrate. Thus, the domain-matching relationship between
the film and the substrate is 23 agyy to 24 agpo. Similarly, the
BHN film on the STO substrate has a lattice mismatch of
5.3 %, which results in a misfit-dislocation spacing of 7.7 nm
and a domain-matching relationship of 19 agpy to 20 agro.

Superconducting transition temperatures of 9.5 and 8.9 K
have been reported for BZN and BHN powders, respec-
tively.®* % However, ZrN and HfN are also known to be
superconducting, with transition temperatures of 10 and
8.83 K, respectively."*!! Since the powders of the ternary
nitrides contained binary nitride impurities® " it is reason-
able to ask the following question: was the superconductivity
reported for these ternary nitride samples an intrinsic
property of these materials, or did it arise from the binary
nitride impurities ? The growth of single-phase epitaxial films
of BZN and BHN allows us to study the intrinsic properties of
these ternary nitride materials.

Figure 4 shows the temperature dependence of the
resistivity of BZN and BHN films on STO substrates,
measured by the standard four-probe technique. Both films
show metallic-like resistivity—temperature behavior from 5 to
300 K. At 5 K, the resistivity is as low as 0.0026 x 10~ Qcm
for BZN and 0.003x 10* Qcm for BHN. Nevertheless, no
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Figure 4. Temperature dependence of the resistivity p of BZN (red
circles) and BHN (blue circles) on STO with the fits of p(T) =p,+AT"
(solid lines). See text for details.
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superconducting transition is observed down to 5 K for either
the BZN or the BHN film.

This result is further confirmed by the temperature
dependence of the magnetization of BZN and BHN films
on STO substrates, measured on a superconducting quantum
interference device (SQUID) magnetometer. It is possible
that the films have a much-reduced superconducting tran-
sition (below 5 K), owing to the presence of traces of carbon
and oxygen. However, we have recently demonstrated that
thin films of NbN prepared by PAD undergo a superconduct-
ing transition at 12 K, similarly to films prepared by physical
vapor deposition.'?!

Different scattering mechanisms can contribute to the
resistivity of a conductor. The total resistivity po(T) of the
conductor may be expressed by Equation (1), where p, is the
residual resistivity, T is the temperature, p,,(7) is the
electron—phonon scattering, p..(7) is the electron—electron
scattering, and p,,(7) is the scattering due to disordered
localized magnetic moments.!'>17)

Generally, electron—phonon scattering is prominent in the
high-temperature region and follows a 7° law according to
Wilson’s model for transition metals.'"¥ Electron—electron
scattering is prominent in the low-temperature region, and
scattering due to disordered localized magnetic moments is
important at all temperatures; both follow a 7% law.'>!! Since
all types of scattering follow power laws, Equation (2), where
A and m are power-law parameters, is used to replace
Equation (1).

p(T)=po+AT" 2

The values of m obtained by fitting Equation (2) to the
data of Figure4 can help us to understand the actual
scattering mechanism that contributes to the resistivity of
these ternary nitride samples. We found that the experimental
resistivity data follow a 7 variation in the low-temperature
region from 5 to 80 K (m =2.02 for BZN; m =2.03 for BHN).
However, the experimental resistivity data follow a 7
variation in the intermediate-temperature region from 85 to
155K (m=3.02 for BZN; m=2.99 for BHN). In the high-
temperature region from 160 to 300 K, the value of m is 1.73
for BZN and 2.22 for BHN. It is reasonable to consider that
electron—electron scattering is the main contribution to the
resistivity at low temperatures and that electron—phonon
scattering is the main contribution at intermediate temper-
atures. In the high-temperature region, the resistivity data for
the ternary metal nitrides does not simply follow a 7% or a T*
variation, owing to competing contributions from electron—
phonon scattering, scattering due to magnetic moments, and
possibly other effects, such as scattering from the surfaces of
the films.

It is well-known that the residual resistivity ratio (RRR =
Ps0k/Psk) 1 a direct measure of film perfection. Values of
RRR as large as 396 for BZN films and 203 for BHN films are
obtained (with resistivities of 1.03 x 10~ and 0.61 x 10~* Qcm
at 300K, respectively). Such large RRR values further
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indicate that the epitaxial films grown by PAD are of nearly
single-crystal quality, as the contributions from intragrain and
intergrain scattering, as well as from scattering due to carbon
and oxygen impurities, are very small.

In conclusion, the PAD approach allows the preparation
of thin films of ternary nitrides. The epitaxial growth of phase-
pure films of ternary nitrides makes it possible to study their
intrinsic physical properties. BZN and BHN show metallic-
like resistivity—temperature behavior from 5 to 300 K, with
RRRs as large as 396 and 203, respectively.

Experimental Section

Sample preparation: To form epitaxial films of the ternary metal
nitrides BaZrN, and BaHfN,, solutions of the different metals (Ba,
Zr, and Hf) and polymers were first prepared. Specifically, ethyl-
enediaminetetraacetic acid (EDTA; 1g) and polyethyleneimine
(PEI; 1 g) were dissolved in water (25 mL). Barium nitrate (0.9 g)
was then added to the solution. Using a similar process, metal—
polymer solutions containing Zr and Hf were also prepared. Both PEI
and EDTA were purchased from BASF (Clifton, NJ) and were used
without further purification.

Ultrafiltration and concentration were carried out under 60 psi N,
using Amicon stirred cells having a cut-off molecular weight of 3000.
Metal analysis was conducted using a Varian Liberty 220 inductively
coupled plasma atomic emission spectrometer (ICP-AES), following
the standard SW846 Environmental Protection Agency (EPA)
method 6010 procedure. After Amicon filtration, the final Ba, Zr,
and Hf concentrations were 216, 101, and 94 mwm, respectively.

Note that EDTA, in the PAD process, binds to metal ions through
four carboxylate and two amine groups to form stable EDTA-metal
complexes. The complexes further bind to PEI through a combination
of hydrogen bonding and electrostatic attraction. In other words, the
water-soluble polymer not only controls the viscosity of the process,
but also binds the metal ions to prevent premature precipitation,
resulting in a homogeneous distribution of the metal ions in the
solution.

These metal-polymer solutions were then mixed to yield the
desired stoichiometry (Ba/Zr=1 for BZN; Ba/Hf =1 for BHN). The
homogeneous metal-polymer precursors were spin-coated onto
single-crystal STO substrates. Finally, the precursor films were
thermally treated under flowing ammonia gas at 1000°C for 1 h to
yield ternary metal nitride films.

Sample characterization: XRD was used to characterize the
crystallographic orientation of the films. The microstructure of the
films was analyzed by TEM. The surface morphology and surface
roughness of the films were analyzed by SEM and AFM. RBS nuclear
resonances at “‘He* beam energies of 3.045 and 4.28 MeV were used
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to measure the oxygen and carbon contamination of the films,
respectively. The transport properties of the films were evaluated
using a physical property measurement system (PPMS).
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