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While a wide variety of materials have been grown
as thin films by pulsed laser deposition (PLD),2 the
technique is most often used to deposit multicomponent
oxide films,? including complex electronic ceramics such
as ferrites,? ferroelectrics,’ and the well-known high-
temperature superconductors.f Recently, PLD also has
been used to deposit metal nitrides. Films of AIN7 and
SiN,® have been deposited in vacuum by ablating
pressed-powder targets of the desired ceramic. Reactive
PLD has been used to grow TiN from a Ti metal target
in a nitrogen atmosphere.? Reports on the pulsed laser
deposition growth of films of metastable 3-C3N41%1! and
¢-BN!2 also have appeared. However, due to their
extreme metastability, the growth of uniform, oriented
crystalline films of these two technologically important
nitrides remains elusive.

A long-term goal of ours is to develop PLD as a
synthesis technique capable of growing films of new and
metastable compounds so that the intrinsic properties
of these materials can be accurately evaluated and used
for the development of new technologies. To better
understand the growth of nitride films by reactive PLD,
we initiated investigations into the deposition of nio-
bium nitride. The early transition metals usually can
form several different, and sometimes metastable,
nitride phases as the nitrogen to metal ratios are
changed.l? Phase assignment of NbN, materials is
complicated by the nonstoichiometric nature of the
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transition metal nitrides. The nonstoichiometries can
be present as defects or vacancies on either the metal
or nonmetal sublattices, or both, within a given phase.1?
NbN films have been deposited by chemical vapor
deposition,* electrochemical synthesis,!5 and sputtering
techniques.1® In this communication, we describe how
the PLD growth of several crystalline NbN, (0 < x <
1.3) phases can be achieved simply by varying one
growth parameter, the pressure of the reactive gas.

The NbN films were grown in a high vacuum chamber
described in detail elsewhere.l” The chamber was
equipped with a cryopump and a turbomolecular pump
operated at a base pressure of 5 x 1078 Torr. A pulsed
(10 Hz) KrF excimer laser beam (248 nm, 30 ns fwhm)
was focused with a 50 cm focal length lens at 45° onto
a rotating (30 rpm) and dithering Nb foil target at a
laser fluence of ~6 J/cm2 The input pressure of the
ambient gas (N3 with 10% H; added to reduce oxide
formation) was maintained in a dynamic equilibrium
(~10 sccm) by a solenoid-activated leak valve controlled
by a capacitance manometer with the chamber under
gated or throttled pumping. After washing with etha-
nol, the substrates were attached to the substrate heater
with silver paste and held ~6 cm from the target. The
substrate temperature (Ts;,) was held at 600 °C and
measured with a K-type thermocouple mounted in the
substrate holder. The films (typically ~1200 A thick)
were characterized by Rutherford backscattering spec-
troscopy (RBS), X-ray diffraction (XRD),!® and tempera-
ture-dependent resistivity (R(T)) measurements.l® RBS
was used to determine the deposited film compositions
{x in NbN,) and thicknesses with 6.2 meV He?*. The
error in nitrogen composition is ~x + 0.1. While no
oxygen was detected in the fits of the RBS spectra, the
sensitivity of RBS to C, N, O atoms is low relative to
Nb. Oxygen levels up to ~5% are undetectable by our
current measurements, but at larger amounts, oxygen
would be apparent in the RBS spectra. The NbN, films
also were examined by elastic recoil detection (ERD)
with 2.0 MeV He?* to determine the amount of hydrogen
incorporation. The nitride films were found to contain
3—8% hydrogen irrespective of gas pressures.

The nitrogen content in the NbN, films was found to
increase with gas pressure (Table 1). Representative
XRD patterns of the four crystalline phases are pre-
sented in Figure 1. The XRD pattern of the film
deposited at a pressure of 1077 Torr, labeled as Nb in
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Table 1. Pressure Dependence of NbN, Properties for Films Grown on MgO (100) and at 600 °C

gas pressure thin-film lattice bulk lattice value of material
(mTorr) T{R=0) (K) parameter(s) (A) parameter(s) () x in NbN; deposited
2 x 1074 9.15 a = 3.335(1)% a = 3.30660(11)%° 0.0(1) Nb
1 <4.2b a=3.12(1)% = 3.0563(2)22 0.3(1) NboN
¢ =4.82(1) ¢ =4.9549(4)
10 <4,20 a = 3.16(1)% a = 3.0563(2)%2 0.5(1) NbeN
c = 4.90(1) ¢ = 4.9549(4)
20 <4.2b a = 3.10(1)2! a = 3.0563(2)%2 0.6(1) NbeN
¢ =5.01(1) ¢ = 4.9549(4)
60 16.4 a = 4.442(1) a = 4.3927% 1.0(1) NbN
100 8.7 a =4.351(1) structure not verified!s 1.3(1) NbN + NbsNy4
200 <42 a = 4.343(1) structure not verified!? 1.3(1) Nb3Ny

a Literature values for bulk materials. ¢ Resistance does not go to zero above 4.2 K.
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Figure 1. XRD patterns of Nb, NboN, NbN, and NbsNy grown
at the indicated background pressures.

Figure 1, is consistent with textured niobium?° and was
indexed with a cubic lattice parameter of ¢ = 3.335(1)
A2l Preferred orientation is evident in the 26 scan, as
the ratio of (220)/(200) peak intensities is larger than
reported for powder samples, and the (211) reflection,
expected for powders, is absent in these films. Further
evidence for strong texturing can be seen by a 6 scan,
where I'(200) = 1.7° 6.

At gas pressures between 1 and 20 mTorr, the
deposited films yielded XRD patterns which could be
indexed as hexagonal NboN with lattice constants
consistent with reported values,?? as summarized in
Table 1. The film labeled NboN in Figure 1, displayed
strong (100) texturing and its lattice constants were
calculated to be @ = 3.12(1) A and ¢ = 4.83(1) A2l In
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the films grown at these pressures, the (100) and (200)
peaks are the first and second most intense reflections,
respectively. In reference powder patterns, the (101)
reflection is the 100% line, and the intensities of the
(100) and (200) peaks are listed as <1%.22 A peak in
the 8 scan of the film shown in Figure 1 revealed some
preferred orientation, but less texture than observed for
Nb film, with T(100) > 3.7° 6. Simulations of RBS
spectra revealed that the amount of nitrogen incorpo-
rated into the NbyN structure increased with reactive
gas pressure from x = 0.3(1) at a deposition pressure of
1 mTorr tox = 0.6 at a deposition pressure of 20 mTorr.
Observation of NbgN phases with a range of composi-
tions is consistent with phase diagrams of the Nb—N
system where the hexagonal NboN structure has been
shown to be stable with 0.35 < x = 0.59.18

At 60 mTorr, the XRD patterns of the deposited films
readily could be identified as cubic with lattice constants
a > 44 A. The film labeled NbN in Figure 1, indexed
with a = 4.442(1) A, is highly textured in (100) orienta-
tion with the substrate.?® One measure of preferred
orientation is the ratio (R) of the intensities of the (200
(111) peaks. For the deposited NbN films, strong
texturing is indicated by R > 1000, when compared with
a randomly oriented polycrystalline NbN powder where
R =0.86.22 A 0 scan of the film shown in Figure 1 also
indicated strong texturing with I'(200) = 1.2° 6. The
appearance of a (300) reflection indicates that a primi-
tive cubic distortion from the well-known rock salt NbN
unit cell has occurred, leading to a new structure for
NbN (described in detail elsewhere).2* RBS spectra of
films grown at 60 mTorr consistently showed composi-
tions of NbNy o) and ERD spectra indicated the pres-
ence of 2% hydrogen. This small amount of H does not
account for the new structure of NbN observed, since,
when the substrate temperature (at 60 mTorr No/Hy)
is varied it is possible to grow NbN in the oriented rock-
salt phase.?*25 Optimization of NbN films for super-
conducting applications is described elsewhere.25

Films grown at pressures >60 mTorr displayed cubic
lattice constants <4.36 A and nitrogen compositions =
NbN1.3, as summarized in Table 1. The unit cells were
determined to be cubic based on the presence of (200)
and (400), as seen in the NbN films. The XRD pattern
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Figure 2. Normalized resistance versus temperature mea-
surements of Nb, NboN, NbN, and NbsN, deposited by PLD
at the indicated background pressures.

for the highly textured NbN, (x ~ 1.3) film shown in
Figure 1 (labeled NbsN,) is representative of the nitrogen-
rich materials. This film was grown at 200 mTorr and
had ¢ = 4.343(1) A and I (fwhm) = 0.8° 6, with a
composition, given by RBS, of NbNj 3q; and hydrogen
concentration, taken from ERD, of 8%. A decrease in
the lattice parameter 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 samples of cubic NbN, can main-
tain their structure over a broad range of x values (0.86
< x < 1.1) by incorporating N defects when x < 1 and
Nb vacancies when x > 1.13 The highly oriented nature
of these films may act to stabilize greater Nb vacancies
in the rock salt structure (x = 1.3 for the sample grown
at 100 mTorr) than has been observed in bulk samples.

In addition to differences in structure, the electrical
properties of the NbN, films also changed dramatically
with composition. A plot of resistance as a function of
temperature (R(T)) for each of the phases described
above is shown in Figure 2, and the critical tempera-
tures are listed in Table 1. The results have been
normalized to allow comparison of the various measure-
ments on the same plot. The Nb film displayed metallic
behavior as it was cooled to its previously reported
T{R=0)0f 9.2 K26 For NbaN, resistivity decreased with
temperature slightly to an abrupt change below 5 K
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where there was an onset to a superconductive transi-
tion which did not go to R = 0 before 4.2 K. Previous
investigations have noted metallic character and a lack
of superconductivity above 4.2 K for NbyN.1¢2 NbN
displayed metallic behavior down to its T.(R=0) 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).1® For the nitrogen-rich films (x > 1), semi-
conducting, or activated behavior was observed with
resistance increasing with decreasing temperature. The
resistance of the NbsNy film grown at 100 mTorr
increased as temperature was lowered to 10 K. At this
point, the resistance began to decrease with tempera-
ture and dropped to zero at 6.7 K. The NbsN; film
grown at 200 mTorr displayed activated R(T") behavior
down to 4.2 K. Both films displayed room-temperature
resistivities several times higher than the other phases,
consistent with properties previously reported for
NbsN414 The low-temperature transition to super-
conducting behavior of the NbgNy film grown at 100
mTorr indicates that a small amount of superconductor
is codeposited with the semiconducting material.

Assignment of the NbsN4 phase was based on the
results of all three characterization techniques (XRD,
RBS, and R(T)). Compared to the NbN films, the NbgN,
materials displayed smaller lattice constants, higher
resistivities, semiconducting R(T) behavior, and higher
nitrogen concentrations. The totality of these results
were taken as an indication that the nitrogen-rich
compounds are a distinct phase, even though previous
observations of NbsN4 are few and the material only
slightly understood.!4

In conclusion, NbN, (0 < x < 1.3) films were deposited
on (100) MgO held at 600 °C by PLD of Nb foil in
background of Ny (with 10% Hjy). A summary of the film
composition, structure and electrical properties is pre-
sented in Table 1. The phases of the highly oriented
films were assigned based on XRD, RBS, and R(T). The
film compositions of Nb, NboN, NbN, or NbgN4 have
been shown to be selected easily by controlling the
background gas pressure.
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