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Preparation and superconductivity of NbN
powder by a vapour phase reaction

T. WATARI, Y. TAKAKURA, M. MURAKAMI, A. KATO
Department of Applied Chemistry, Faculty of Engineering, Kyushu University,

Fukuoka 812, Japan

The formation of superconducting NbN powders by the vapour phase reaction of the
NbCl,—~NH;—H, system has been investigated. The properties of NbN powders changed
with the reaction temperature, mixing temperature of NbCl, and NH3, and gas
composition ratio ([NH;]/[NbCl,]). The reaction system gave NbN powders consisting of
particles with sizes less than 50 nm. The process of particle formation is discussed. The
NbN powders produced had vacancies at both the Nb and N sublattices. The vacancies
influenced the superconducting transition temperature (7.) of NbN, the highest 7,

observed being 14.1 K,

1. Introduction

The superconducting compounds with NaCl and
A-15 type structures are superior to Nb—-Ti alloys.
However, their brittleness gives rise to many diffi-
culties in the fabrication of superconducting
materials. If one can produce a compositie super-
conductor in which the powders of the supercon-
ducting compound are dispersed in a metal matrix,
it is expected that such a composite will be fairly
flexible and may solve some difficulties in the
application of NaCl and A-15 type compounds for
superconductors. From this point of view, the
present authors have investigated the preparation
of fine powders of Nb3Sn and NbjGe with A-15
type structure and their superconducting proper-
ties [1-3].

On niobium nitride, which is a typical super-
conducting compound with NaCl structure, the
films were obtained by r.f. reactive sputtering [4]
and vapour phase reaction [5], but the powders
were obtained only by spray drying [6]. This
paper describes the preparation of NbN powders
by the vapour phase reaction of the NbCly—NH;3—
H, system and their superconducting transition
temperatures.

2. Experimental procedure
The reaction was carried out by a flow method
using a horizontal alumina reactor. The reactor
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used is illustrated in Fig. 1. Experimental details
are similar to those described elsewhere [1]. The
NbCl, vapour was prepared by the reaction of
niobium metal and argon-carried chlorine at 900
to 950° C and mixed with an (NH; + H,) stream at
position A in Fig. 1. Because the mixing tempera-
ture (Ty) of the NbCl, vapour and (NH; + Hj)
stream had a strong influence on the properties of
the NbN powder, Ty was varied by shifting
position A. The powders produced were collected
in a flask.

The reaction conditions used were as follows:
reaction temperature (Tg) =800 to 1400°C,
Ty = 650 to 1200° C, total gas flow rate = 500 to
600cm®min~!, NbCl, concentrations = 0.8 to
2.3%, NH; concentration = 1.5 to 16.4%, H, con-
centration = 40 to 65% (balance argon).

The overall reaction is

NbCly(g) + NHs(g) + 1/2 H,(g) = NbN(s)

+ 4HCl(g) (1)

and has equilibrium constants of 1082 (1000°C)
and 10%! (1400° C).

The powder products were identified by X-ray
diffraction (CoKa). The lattice constant of NbN
was calculated from the (111) and (200) diffrac-
tion lines, in which silicon was used as an internal
standard material. The particle shape and size were
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Figure 1 Reaction apparatus. 1,

1
¥

0. 27

3 Kanthal heater (length 230 mm);
ya 4 2, SiC resistance furnace (length
400mm); 3, alumina tube

(internal  diameter 22mm,

length 1000 mm); 4, Pt/Pt—Rh

Ar+C|2———.:—.: Nb {22@:::A
l7/ 7

Hy+NHy ————

(13%) thermocouple; S, collect-
ing flask; 6, chromel—alumel

observed using the transmission electron micro-
scope. The nitrogen content of the NbN powders
was determined by measuring the amount of nitro-
gen evolved when the powders were burned.

The samples for measuring the critical tempera-
ture (7,) were made by mixing NbN and indium
powders in the ratio of 7 to 3 in weight and form-
ing in a compact (diameter 1.5mm, length
15mm). The resistance of the compact was
measured by a four probe method. The sample
temperature was measured with a germanium
resistance thermometer.

3. Results and discussion

There are five nitride phases in the Nb—N system:
B-Nb,N, v-Nb,N;, §'-NbN, §-NbN and e-NbN [7].
8-phase (NaCl structure) has the highest T, among
these phases. The lattice constant and T, of the
&-phase varies with the N/Nb ratio [8, 9]. §-NbN
has the maximum lattice constant of 0.4392 nm at
the N/Nb ratio of 0.99 [8] and the maximum 7,
of 16.3K at the atomic ratio of 0.95 [9].

3.1. Lattice constant of §-NbN phase

The phases of niobium nitride powders produced
in this system changed with the reaction tempera-
ture (Tgr), mixing temperature (Ty), and gas com-
position ratio [NH;]/[NbCly] (X). Pure 8-phase
was produced at Ty =800 to 1200°C, Ty =
800°C and X = 1 to 12. At high reaction tempera-
tures, Tg = 1400°C and Ty = 800°C, however,
the other nitride phases were produced: f-phases
(X = 1), y-phase (X = 2) and §-phase (X = 2.5 to
11). Fig. 2 shows the variation of the phases in
powder products and the lattice constant (o) of
the 8-phase with the mixing temperature. The
nitride phase of the powder was pure §-phase at
Ty $900°C, but 6 and B-phases appeared at
Ty 2 1000°C and it became B-phase alone at
Ty = 1200° C. The value of a, of the §-phase was
constant at Ty < 800°C and decreased with the
increase of Ty above 900° C.
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thermocouple; 7, quartz tube
5 (internal diameter 16 mm).

Fig. 3 shows the dependences of the lattice
constant and the N/Nb ratio of the §-phase on the
reaction temperature. Fig. 4 shows the dependence
of the lattice constant of 6-NbN on the ratio
[NH;}/[NbCl,]. As seen in Fig. 4, the ratio N/Nb
increased with the increase of X at every reaction
temperature, but the dependence of 4o on X varied
with reaction temperature, indicating that the
defect structure of the &-phase changed in a
complicated manner with the reaction tempera-
ture.

The relation between the lattice constant and
the N/Nb ratio of the §-phase is summarized in
Fig. 5. The &-phase had the maximum lattice
constant at the ratio N/Nb of 0.9. The present
result differs from that of G. Brauer et al. (dashed
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Figure 2 Variation of phase composition in powder
products and lattice constant of §-NbN phase with mixing
temperature. I: 6-NbN, I(,,,); 8-NbN, I(y4,); B-Nb,N,
L1 61y Ie = Is.NpN + I5"NpN + Ig-Np ,N- [NH,;] = 5.5%,
[NbCl1,] = 1.5 to 1.6%, [H,] = 48% (balance Ar).



0.440
. o
| 7m:800°C o™
- : .\
£ e
=
= I *
o L
¢ /
0435F \ ®
5 \\./
i o}
/ \o
1.0 /// \
3 - C ®
E o9} ©
o) L
<
Z 0.8
L o)
0.7 1 1 ] i 1 L 1
800 1000 1200 1400
Tr (°C)

Figure 3 Dependences of lattice constant and atomic ratio
N/Nb of 6-NbN phase on reaction temperature. [NH,] =
5.5%, [NbCl,] = 1.4 to 1.5%, [H,] = 47% (balance Ar).

line) {8]. This may be due to the difference of the
preparation methods. In [7], §-NbN was prepared
by nitridation of niobium metal at 1200 to
1500°C and 160atm. Otherwise, it is presumed
that NbN powders produced by the present
method, owing to the rapid formation and the
short heating time of NbN particles, may include
more vacancies than those produced under an
equilibrium state. J. Hojo er al. [10] reported that
the vanadium and titanium nitride powders pro-
duced by a vapour phase reaction had considerable
vacancies in both metal and nitrogen sublattices.
The result shown in Fig. 5 may be interpreted as
follows: the increase of @¢ by increase of the N/Nb
ratio in the range of N/Nb < 0.9 may be due to
the decrease of the vacancy at the nitrogen
sublattice. The decrease of ¢ above N/Nb = 0.9
may be due to the increase of the vacancy at the
niobium sublattice in addition to the vacancy at
the nitrogen sublattice. The small g, in comparison
with that of [7] near stoichiometric composition
suggests strongly the presence of a large number of
vacancies in both niobium and nitrogen sub-
lattices. In order to examine the existence and
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Figure 4 Dependence of lattice constant of §-NbN phase
on the ratio [NH,]/[NbCl,] in the reacting mixture.
Numerals indicate N/Nb ratio. [NH,] =19 to 16.4%,
[NbCl,} = 0.8 to 2.3%, [H,] =42 to 65% (balance Ar).
Tr: =, 1100°C; e, 1200°C; 0, 1400° C.

thermal stability of vacancies, the powders A in
Fig. 5 were heated in hydrogen atmosphere at
850° C for 30 min.* Using this heat treatment, the
lattice constant and N/Nb ratioc of the &-NbN
powders changed from A to B in Fig. 5. The
increase of lattice constant indicates the existence
of lattice vacancies in the as-produced powder A
and their decreases by the annealing. The fact that
point B is located between Curves ! and 2
indicates that the NbN powders produced by a
chemical vapour reaction have more vacancies than
those produced by the nitridation of niobium
metal.l As will be seen later, the superconducting
transition temperature was raised by the annealing.

From the results mentioned above, the follow-
ing reaction conditions give §-NbN powders having
the least vacancies in the present work: Ty =
650 to 800°C, Ty = 1200 to 1300°C and [NH;]/
[INbClL] = 1.5 to 4.

3.2. Electron microscopic observation

Fig. 6 shows the electron micrographs of §-NbN
powders. The particles are spherical and smaller
than 50 nm. The particles produced at 1100°C are
hollow. The particle size did not vary with NbCl,
concentration (0.8 to 2.3%).

*It was recognized that the decomposition of NbN powder in hydrogen atmosphere began at 600°C and occurred

vigorously at 1000°C.

"The concentration of vacancies in the NbN structure can be calculated from the density of NbN powder, the ratio
N/Nb and the lattice constant. But it was difficult to measure the true density of the NbN powder produced in this

system due to the presence of hollow particles.
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3.3 The particle formation process

The formation process of the nitride particles by
vapour phase reaction of the MCl,—NH;—H, sys-
tem (M: metal) can be classified into the following
three types [11, 12]:

(i) Formation of adduct particles of reactants
and their thermal decomposition into nitride.

(ii) Formation of nuclei of nitride and their
growth into particles.

(iii) Formation of metal particles and their
nitridation.

The particle formation process changes with the
reaction conditions even in the same system and
influences the properties of the resulting powders.
Which formation process occurs is determined by
the thermal stability of adduct particles of
reactants and the ease of reducing metal chlorides.

The formation process of TiN powders by the
vapour phase reaction of the TiCl;—NH3;—N,—H,
system, which is very similar to the reaction
system in the present study, changed with the mix-
ing temperature (Ty) of TiCly and NH;. The form-
ation of TiN powder takes place by Process (i) at
Ty < 250°C and by Process (ii) at Ty > 600°C
[11-13]. Fowles er al. [14] reported that the
adduct between NbCls; and NH; decomposed to
niobium nitride at 800°C. The present authors
examined again the thermal decomposition of the
adduct between NbCl; and NHj in Ar(47%)-
H,(47%)-NH;3(6%) atmosphere and found that
the adduct (white) began to decompose at 300°C
and changed colour as follows:
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orange (450° C) - greenish black (600° C) >
- black (800°C).

The decomposition product was §-NbN at 800° C.
Otherwise, the dependences of the phase produced .
and the lattice constant of §-NbN on the mixing
temperature (Ty) were different between below
and above 800°C (Fig. 2). This indicates the
change of the formation process of NbN particle
with the mixing temperature.

These results suggest that the formation of NbN
particle takes place by Process (i) when the mixing
temperature of NbCl, and NH; is below 800°C.
That is, the process consists of the initial forma-
tion of NbCl4~NHj; adduct particles in the low
temperature zone of reactor and their subsequent
thermal decomposition into NbN particles in the
high temperature zone as follows:

NbCl, + NHy =2 (NbCly+nNH) particle
. @
=z~ 800
(NbClynNH;) particle NbN particle
3

The evolution of the decomposition gas in Step
(3) might be responsible for the formation of the
hollow particles as seen in the powder products at
1100° C (Fig. 6).

The ratio N/Nb of the powder produced by
Process (i) may be determined by the ratio N/Nb
of the adduct and the degree of its thermal
decomposition. The increase of the ratio [NH;)/
[NbCl,] may increase the ratio N/Nb of the adduct



Figure 6 Electron micrographs of 6-NbN powders (marker = 0.1 um). Ty = 800°C; T (2) 800°C; (b) 1100°C; (c)

1200° C; (d) 1400° C. For other conditions, see Fig. 3.

and thus the ratio N/Nb of the powder products as
seen in Fig. 4. The increase of the reaction tem-
perature may increase the degree of thermal
decomposition of the NbN powder and result in
the decrease of the ratio N/Nb. This was observed
at Tg > 1000°C (Fig. 3). The reason why the
ratio N/Nb was low at Tx = 800 and 900°C is
under investigation.

On the other hand, when the mixing tempera-
ture is above 800° C, either Process (ii) or (iii) may
become dominant for the particle formation. Of
the two processes, Process (ii) is considered to be
predominant at Ty > 900°C, because the degree
of reduction of NbCls by hydrogen was only 50%

even at 1400°C [1] and metallic niobium was not
produced even at [NH;]/[NbCl;]= 1.2 in the
present work. The formation of the nitrogen-poor
B-Nb,N phase at high Ty as shown in Fig. 2 indi-
cates the increased deposition rate of niobium in
comparison with that of nitrogen. This may be
due to the increased reactivity of NbCl, and the
partial decomposition of NH; before mixing.

3.4. Superconducting transition
temperature

Fig. 7 shows the variation of the resistance of NbN

powder compacts with temperature. The resistance

is expressed by normalized values for its normal
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Figure 7 Variation of resistance of NbN powder compacts
with temperature. 1, N/Nb=0.78, a,= 0.4375n0m; 2,
N/Nb=0.87, @,=0.4385nm; 3, N/Nb=0.90, ¢,=
0.4390 nm.

state (T = 16K). The temperature at R/R;s= 0.5
was taken as T, and the temperature range
between R/R;4=0.75 and R/R;s=0.25 was
taken as the transition width, AT,.

Figure 8 shows the relation between T, and the
ratio N/Nb of §-NbN. The vertical lines in the
figure represent AT,. The powder had the maxi-
mum T, of 14.1K at the N/Nb ratio = 0.9. NbN
produced in the present work had a lower T, than
that reported by G. Horn et al. (dashed line). The
difference in T, between the two measurements
increased with increase of the ratio N/Nb. This
may be due to the high concentration of lattice
vacancies at both niobium and nitrogen sublattices
at N/Nb>0.92 in the powder produced in this
work. The release of vacancies by the annealing
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Figure 8 T, against N/Nb ratio. Keys are the same as in
Fig. 5. 1 this work; 2 «----- [9}; B m annealed
sample:
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process increased T, of the powder from 6K (A in
Fig. 8) to 13K (B).

NbN film prepared by r.f. sputtering had T, of
17.3K [4], and T, of vacancy-free stoichiometric
5-NbN is expexted to be 18K [15]. As mentioned
above, in order to prepare §-NbN powder with
high T, it is important to decrease the lattice
vacancy and to control the ratio N/Nb in the range
0.9 to 1.0. Such niobium nitride may be obtained
by annealing the powder produced by the vapour
phase reaction or by adding a third element, such
as carbon, to the reaction system.
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