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Pulsed laser deposition (PLD) has been used to grow a series of
NbBN, {0 = x = 1.2) thin-film materials, including a new supercon-
ducting phase. The structural and electrical properties of the NbN,
films were characterized. Structural analysis of the new NbN phase
indicates that it is stabiliced by heteroepitaxial growth on (100)
Mg0O and is shown to be a primitive cubic distortion from the
typical B, or rock-salt structure. In addition, the NbN phase has
a higher superconducting critical temperature and a larger lattice
parameter when compared with films of B1-NbN. Growth of this
new phase demonstrates that the nonequilibrivin synthesis proper-
tiesof PLID can be used to deposit new, metastable matertals. o 199
Academic Press, Ing.

INTRODUCTION

Traditional synthetic approaches to solid-state chemis-
try utilize high temperatures for long durations to over-
come ditfusion limitations. These high-temperature meth-
ods usually result in thermodynamically stable phases. A
considerable amount of effort has been applied to develop
synthetic methods which allow for greater control over
product phase (including metastable structures) (1), Pre-
cipitation and tow-temperature thermolysis of single-
source precursors {2), the sol-gel process (3), and solid-
state metathesis (SSM) reactions (4) all have been devel-
oped to address the limitations of traditional solid-state
chemistry techniques.

An alternative approach to bulk syathesis is to deposit
new materials in thin-film form. While many thin-film de-
position techniques are limited in their control over the
product phase, we are developing pulsed laser deposition
(PLD) as a new synthetic technique to enable the prepara-
tion of metastable materials. In PLD, short (3t} nsec),
high-energy laser pulses are focused onto a solid target
material. Rapid heating, vaporization, and tonization of
the material results in a dense plasma above the target.
The vapor is collected on a nearby substrate. While PLD
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has been used to grow a variety of compounds, it has
been used most extensively for the deposition of complex
oxides, such as high-temperature superconductors and
ferroclectric compounds (5). Among the advaatages of
PL.D as a synthetic technigue for the formation of metasta-
ble compounds are the ability 1o operale in large back-
ground pressures (= 1 Torr) of reactive gases, the high
energies of ablated species (< 100 eV), and the very high
instantaneous growth rates (=10° A/sec) (6). PLD has
been used to deposit films of metastable compounds, such
as the infinite layer oxides Ca, 81, CuQ; (7), cubic boron
nitride (8), and carbon nitride (CN_) (9, 10).

This paper will describe how our group has applied
P1.D o the synthesis of nitride materials. We have investi-
gated the growth of the nitrides of niobium (NbN,) by
PLD (11-14). The carly transition metals usually can form
several different, and sometimes metastable, nitride
phases as the nitrogen to metal ratios are changed (15).
The nonstoichiometric nature of the transition metal ni-
trides complicates the phase assignment of NbN, materi-
als. The nonstoichiometries can be present as vacancies
or defects on either the nonmetal or metal sublattices, or
both, within a given phase (15). The rock-salt (B1) phase
of niobium nitride is a refractory material with a bulk
superconducting transition temperature (T} of ~16 K
(15). Thin films of NbN also are being studied for applica-
tions in electronics. The low chemical reactivity, mechan-
tcal durability, high 7, (7, » 4.2 K), and ease with which
Josephson junctions can be reproducibly manufactured
make NbN a good candidate for use in low-temperature
digital electronics {(16).

EXPERIMENTAL

The nitride films were grown in a high-vacuum chamber
equipped with a cryopump and a turbomolecular pump,
as shown in Fig. 1. A pulsed KrF excimer laser beam
{248 nm, 30 nsec FWHM) operating at 10 Hz was focused
with a 50-cm focat length lens at 45° onto a dithering and
rotating (30 rpm) Nb target. The ambient gas (N with 10%
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FIG. 1. Pulsed laser deposition system.

H,) input pressure was regulated to a dynamic equilibrivm
(~ 10 sccm) by a solenoid-activated leak valve controlled
by a capacitance manometer with the chamber under
gated or throttled pumping. The substrates were washed
with ethanol, attached to the substrate heater with silver
paste, and maintained ~6 c¢m from the target. The laser
fluence was 6 J/em®. The film compositions and thick-
nesses were determined by Rutherford backscattering
spectroscopy (RBS) with 6 MeV He?*. X-Ray diffraction
patterns were collected using a rotating anode source and
a conventional £-28 geometry and indexed using a least-
squares fit of the data. ' (FWHM) for a particular reflec-
tion was measured by fixing 26 at the peak maximum and
scanning through 6. Oscillation photographs also were
recorded of several films to confirm the assigned struc-
ture. Temperature-dependent resistance (R (7)) measure-
ments were performed by a standard ac four-point probe
measurement. J. (4.2 K) was measured inductively as
previously described (17).

RESULTS AND DISCUSSION

Gas Pressure and NbN_ Composition

Thin films of NbN_ were prepared by PLD of Nb under
N,/(10 %) H, ambient. In order to determine the effect
of gas pressure on NbN, composition a series of films
was grown on (100) MgO substrates held at a deposition
temperature (T,,,) of 600 °C at a variety of pressures. In
general, the nitrogen content in the NbN, films was found
to increase with gas pressure.

The XRD pattern of the film deposited at a pressure of
10~7 Torr (Fig. 2, bottom) is consistent with textured
niobium (18) and was indexed with a cubic lattice constant
of a = 3.335(1) A. Further evidence for strong texturing
was seen by a @ scan, where I' (200) = 1.7 °0. The fitted
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RBS spectra indicated that no nitrogen was present in the
film, as expected for films deposited under vacuum. The
Nb film displayed metallic behavior as it was cooled to
its superconducting transition at T, (R = ) of 9.2 K. This
value is indicative of a high-quality niobium film (19).

At gas pressures between 1 and 20 mTorr, the deposited
films yielded XRD patterns which could be indexed as
hexagonal Nb,N with lattice constants consistent with
reported values (20). A representative XRD palttern is
shown in Fig. 2 (first pattern up from the bottom). The
films displayed strong (100) texturing. The lattice parame-
ters for the films grown at 1, 10, and 20 maTorr were
calculated to be @ = 3.10(1) A and c= 4.82(1) A, a = 3.16
Aand c = 4.90(1) A, and @ = 3.10(1) A and ¢ = 5.01(1)
A, respectively. Fits of RBS spectra revealed that the
amount of nitrogen incorporated into the Nb,N structure
increased with reactive gas pressure, as shown in Fig. 3.
Figure 3 shows the transition temperature and nitrogen
content plotted as a function of deposition pressure. The
observation of Nb,N phases with a range of compositions
is consistent with phase diagrams of the Nb—-N system
(15). The resistivity slightly decreased with temperature
to an abrupt change below 5 K where there was an onset
to a superconductive transition which did not goto R =0
before 4.2 K. Previous investigations have noted metallic
character and a lack of superconductivity above 4.2 K
for Nb,N (21).

At 60 mTorr, the XRD patterns of the deposited films
(Fig. 2, second pattern up from the bottom) could be
readily identified as cubic with lattice parameters for all
of the films exceeding 4.4 A. The films were highly tex-
tured in (100) orientation with the substrate. The XRD
pattern contained odd (#00) reflections indicative of a
primitive cubic distortion from the well-known rock-salt
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FIG. 2. Representative XRD patterns of NbN, phases grown on
(100) MgO by PLD. Miller indices and structure are indicated.
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FIG. 3. Transition temperature and x value for NbN, plotted as
function of Ny/H, (10%) gas pressure. The NbN, structural phases are
indicated for specific pressure ranges. The *“undetermined phase’” region
of pressures was not investigated.

NbBN unit cell (22). (This new structure is discussed further
in the next section.) A & scan of the film afso indicated
strong texturing with I' (200) = 1.2° 8. Analysis of the RBS
spectra of films grown at 60 mTorr consistently indicated
cormpositions of NbN | . NbN displayed metallic behavior
down toits T, (R = () of 16.4 K. This is among the highest
T.'s reported for a NbN film free of carbon impurities
(known to raise T, in NbN) (21, 23). Optimization of NbN
films for superconducting applications is described else-
where ([2).

All of the films grown at pressures > 60 mTorr displayed
cubic lattice constants = 4.36 A and nitrogen composi-
tions =NbN, ;. The unit cells of the highly textured films
were determined to be cubic, based on the presence of
(200) and (400), as seen in the NbN films . The film grown
at 200 mTorr and had a = 4.343(1) A and ' (FWHM) =
0.8°4, with a composition, given by RBS, of NbN, ,. For
the nitrogen-rich films (x > 1), resistance increased with
decreasing temperature and displayed room-temperature
resistivities several times higher than the other phases.
Higher resistivities are consistent with properties pre-
viously reporied for Nb;N, (24). A decrease in the lattice
constant of NbN, with x > 1 is expected, since, for cubic
materials with x = 1, the a’s have been shown to increase
with nitrogen content to a maximum when x = 1, and
then decrease with increasing nitrogen incorporation.
Bulk cubic NbN, samples can maintain their structure
over a broad range of x values (0.86 = x = [.1) by incorpo-
rating N defects when x < 1 and Nb vacancies when
x > 1(15).

Substrate Temperature and Growth of the Metastable
NBN Phase

XRD patterns of the films deposited at a pressure of 60
mTorr and substrate temperature of 600°C indicated that
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a new phase of NbN had been synthesized. The presence
of a (300) peak in the XRD pattern suggested that a primi-
tive cubic distortion of the B1 phase had occurred. The
conditions under which the new phase could be deposited
were investigated by varying the deposition temperature
while holding the pressure at 60 mTorr. Based on their
structural characteristics as revealed through the XRD
patterns, the NbN films deposited at 60 mTorr and at a
series of temperatures could be separated into two catego-
ries: those representative of the expected FCC lattice (22)
and those of the primitive cubic (PC) lattice. Due to strong
(200) texturing, only the (200) and (400) reflections were
observed in the FCC NbN films grown at substrate tem-
peratures =150°C. Both groups of films are represented
by the XRD patterns shown in Fig. 4a. All the (£00) peaks
within the range of measurement were seen for both films,
including the (300) line in the PC-NbN film (Fig. 4a, top
pattern) forbidden by the Fm3m symmetry of the B1 struc-
ture (Fig. 4a, bottom pattern).

The observation of the PC lattice was confirmed in
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FIG. 4. XRD patterns of NbN films grown on (a) MzO substrates
at 800°C and 600°C and on (b) amorphous fused silica at 600°C.
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Oscillation photograph of PC-NbN film on (100) MgO substrate. The diffraction planes and selected reflections are indicated. Note

the (300), (411}, and (122) diffraction spots of the NbN fitm characteristic of the primitive cubic phase.

an oscillation photograph. Figure 5 shows an oscillation
photograph taken of a film whose XRD pattern indicated
the new phase. Two sets of diffraction spots are present,
one set from the single crystal MgO substrate and the
other set from the deposited NbN film. The presence of
spots for the NbN, instead of arcs or rings, indicates that
it adopts heteroepitaxial orientation in the ab plane, as
well as in the ¢ direction. Each substrate spot also is
associated with a film diffraction spot. The difference
between the FCC lattice of the substrate and the PC lattice
of the film is evidenced by the additional spots corre-
sponding to the (300) reflection in the zero layer, the (411)
reflection in the first layer, and the (122) reflection in the
second layer, as indicated in the photograph. The (331)
reflections for both the MgO substrate and NbN film also
are indicated for reference. The lattice parameter of the
PC-NbN film was found to be 4.442(2) A from the oscilla-
tion photograph by plotting (k> + &% + "2 versus 1/d
(1-7\). We further confirmed the PC lattice by using the
orientation matrix to locate and measure the (411) reflec-
tion on the diffractometer (14).

The PC-NbN phase only could be stabilized over a
narrow range of substrate deposition temperatures. The
cubic lattice parameters of the deposited films were sensi-

tive to substrate temperature and correlated with the NbN
structural phase, as shown in Fig. 6. The film grown at
room temperature (open triangle) was polycrystalline with
a BI structure and a = 4.378(5) A. The films grown at
150, 700, 800, and 900°C (closed squares) were highly
(h00) oriented in the B1 phase with 4.408 A = a = 4.420
A. When the substrate temperature was between 400 and
630°C (open squares), the deposited films adopted the PC
lattice and displayed 4.438 A = ¢ =< 4.442 A. This is
consistent with what was observed with the oscillation
photograph.

Film composition, as determined by RBS spectra, indi-
cated that the films grown at temperatures of 150°C and
above had the same compositions, within experimental
error, with ratios of nitrogen to niobium of [.0 = N/Nb <
1.1. The film grown at room temperature had considerably
more nitrogen present with N/Nb = 1.4, The deposited
films were found by RBS to be free of oxygen and carbon
contamination (25).

The PC-NbN films displayed high 7_'s, sharp supercon-
ducting transitions, metallic resistivity dependence above
T, and large critical currents. The PC-NbN films showed
T. (R = 0) = 16.4 K values which exceeded the FCC-
NbN films by greater than .5 K. In addition, the transition
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FIG. 6. Lattice parameters of NbN films are plotted as a function
of substrate deposition temperature. The phase of the NbN and approxi-
mate lattice parameters are indicated in the legend.

widths were sharper for the PC phase (~0.2 K} than for
the FCC material (1-3 K). The PC phase also displayed
a metallic dependence of resistivity above T, while the
FCC phase showed an activated temperature dependence.
The room-temperature resistivity was the same for both
phases (~30 p{l-cm). The critical current {/.) measured
by inductive methods for a PC-NbN film was 7.1 MA/
cm? (12).

Substrate Orientation and Stabilization
of the New NbN Phase

The effect of the substrate on growth of the new phase
was examined. The new phase grows heteroepitaxially in
a (100) orientation on the (100) face of MgO, where the
lattice mismatch between the PC-NbN {a = 4.44 A) and
the MgO substrate (a = 4.21 A) is ~5%. To test whether
the oriented substrate was required to stabilize PC—NbN,
growth of the new phase on an amorphous substrate was
attempted. When NbN films were deposited simultane-
ously on (100) MgO and amorphous SiQ, at 600°C, the
metastable phase only would grow on the MgO substrate.
The film deposited on the fused silica was polycrystalline
BI1-NbN (as shown in Fig. 4b). The XRD pattern of the
polycrystalline film can be compared to the that of a PC-
NbN film grown on an MgO substrate (shown in Fig. 4a).
The T, (11.8 K), room-temperature resistivity (120 (-
cm) and J, (1.8 MA/cm?) of the polycrystallinge FCC-NbN
film were depressed significantly below those of the PC-
NbN material grown simultaneously on (100) MgO (T, =
16.1 K, p = 60 p-cm, and J, = 7.1 MA/em?).

Discussion of the New NbN Phase

This study has revealed trends in several physical char-
acteristics which prove the existence of a new phase of
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NbN. These trends are a result of the rich Nb—N phase
diagram and reflect the ability of PLD to synthesize new
materials. Films deposited between 400 and 650°C and at
60 mTorr are single-phase NbN adopting the new struc-
ture. This new phase is manifested by a change in struc-
ture and transport properties from films deposited at sub-
strate temperatures below 400°C and above 650°C, and
could not be stabilized on an amorphous substrate.

The new NbN phase adopts a primitive cubic lattice
and has a lattice parameter considerably larger than that
of BI-NbN. The B1 phase of NbN has been shown to be
a nonstoichiometric compound with substantial defects
on the sublattices of each atom, up to 25 %. The a of bulk
NbN has been shown to increase with N/Nb in nitro-
gen-deficient material (N/Nb < 1) to a maximum when
N/Nb = 1. When N/Nb exceeds unity, the material be-
comes niobium deficient and the lattice parameter de-
creases as N/Nb increases. “‘Stoichiometric’” NbN (i.¢.,
N/Nb = 1), with a lattice parameter of 4.39 A, is really
Nb, ¢7Nj 47, s determined by density measurements (15).
The change in the unit cell and the increase in a seen in
the new phase, is possibly due to increasing the occupancy
of both N and Nb on their respective lattice sites. How-
ever, since RBS only yields information on the N/Nb
ratio, it alone cannot resolve site occupancy. Modeling
the XRD scans with various possible lattice defects, defi-
ciencies, and interstitials based on modifications of the
rock-salt structure also was inconclusive. Currently, there
1s insufficient data to effectively model the new NbN
phase, but alternative structural analyses are being ex-
plored.

CONCLUSIONS

A new phase of superconducting NbN has been synthe-
sized by the pulsed laser ablation of Nb foil in a reactive
gas atmosphere and deposition on an oriented substrate,
The new phase is stabilized by heteroepitaxiai growth on
{100y MgO substrates in a range of substrate deposition
temperatures from 400 to 650°C. The structure of the new
phase is a primitive cubic (PC) distortion of the well-
known Bl form of NbN. Substrate deposition tempera-
tures above and below that range resulted 1n oriented
NbN in the Bl phase. The PC-NbN displays improved
electronic transport properties and a larger lattice parame-
ter relative to BI-NbN. Growth of the new phase may be
due to unique aspects of PLD, such as the high energies
of the ablated species (=100 eV} and the very large instan-
taneous growth rates (=10° A/sec) associated with this
deposition technique.
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