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Chemical vapour deposition processes (CVD) can produce metastable fine-grained materials
as well as epitaxial coatings and can have a very large throwing power depending on the
process parameters. Therefore, CVD is an prospective method to deposit high-temperature
superconducting materials with 7, > 10 K. One of the first superconductors which were
produced was Nb;Sn on tapes and single wires. This superconducting material is, however,
today produced by metallurgical methods. Since the detection of Nb,Ge, CVD has become
for these coatings the main method of production for the following reasons: high deposition
rates, possibility to dope the material by addition of further doping gases to the CVD-process,
continuous process. These coatings were deposited on tapes. For the first time the large
throwing power of the CVD process was utilized for the deposition of B1-NbC, N, on carbon
fibre bundles. This opens the possibility to produce multifilamentary structures used for mag-
netic applications. The structure of the coating can be varied by changing the gas properties,

by addition of further gases, by an ultrasonic field, by ignition of a gas discharge and by
multi-layering. CVD could also be a prospective method for producing the new class of super-

conductors with 7, > 30K.

1. Introduction

Superconductive materials have many possible appli-
cations [1], which can be divided into two different
fields.

1. Large-scale applications, mainly high-current
applications, e.g. for magnets and for power trans-
mission. Magnets are used as a research tool (e.g.
storage rings), for magnetic separation, levitation,
nuclear magnetic resonance and for future energy
technology such as fusion reactors.

2. The second class of applications are “small scale
superconductors” used for microdevices in measure-
ment technology, high-speed computer devices and
high-frequency devices.

For all applications, high transition temperatures
are desired in order to use small and economic cooling
systems. Fig. 1 [2] shows that only a very few super-
conductors have transition temperatures 7, > 10K.
The material with the highest superconductivity was
for a long time Nb,Ge with 7T, ~ 23 K. Nowadays,
new ceramic superconductors of the type Ba-La-Cu-O
with a transition temperature 7, > 30K and super-
conductors of the type RE-Ba—Cu-O (RE = rare
earth metals) with 7, > 90K being detected.* Only
a very few crystal structures with 7, = 10K exist:
A1S5 compounds, Bl-structures, C15 (Laves) phases,
Chevrel-phases, K,NiF,-type material and perov-
skites (Table I). A general property of these high-
temperature superconductors is their brittleness and,

for the A15 and Bl compounds, their low thermo-
dynamic stability.

In addition to the requirement of a high T, there is
a demand of further optimal properties for special
applications: for magnets high current densities at
the magnetic field of utilization are necessary. Typi-
cal current densities for magnets are in the range of
j. = 10° Acm™? (Table I). In order to reach these
values, a high critical magnetic field, B,,, and a high
critical current density, j,, are necessary. The B, is
mainly determined by the composition of the super-
conductor. The critical current density, j., is deter-
mined by the microstructure, e.g. grain boundaries,
precipitates of other materials and crystal faults. Fig. 2
shows the dependence of the critical current density,
Je> at 13T on the grain size for cubic NbC, N, and A15
alloys. In order to reach current densities of
10° A cm ™ for cubic NbC,N,, a grain size of 20 nm is
necessary; for A15 compounds, however, a grain size
of only 0.5 um is necessary. For magnets the cable
must have a multifilament structure in order to obtain
electrical and thermal stability [14]. These filaments
(diameter ~ 10-100 um) must be surrounded by
an electrically conducting material like copper (or
aluminium) which promotes stability against point
disturbances and provides protection against burn-
out at quench. For the minimization of a.c. losses
the filament diameter should be in the range of
micrometres.

*An overwhelming number of publications about these superconductors has appeared over recent months; therefore only the primary
citations are given here [3, 4]. The newest results are to be found in [5] and the magnetic properties are taken from Okuda ef al. [6].
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Figure 1 Number of superconducting materials as a function of their transition temperature, 7; [2]. The new ceramic superconductors [3-6]

are not included.

For electrical devices which are based on Josephson
tunnel junctions, the following properties are demanded
[15].

1. Large energy gap A. For weak coupling super-
conductors, A varies with the transition temperature,
T., according to the equation [16] 2A = 3.5kT,,
where £ = Boltzmann constant.

2. A homogeneous material (if possible epitaxial) is
required for an abrupt onset of the quasi particle
current.

3. Mechanical stability of the layer to thermal
cycling.

4. Easy production of a homogeneous insulator
layer, if possible by direct oxidation of the supercon-
ducting layer.

5. The ratio of junction resistance, R;, for voltages
U < A, + A, to the resistance Ry for U 2 A} + A,
should be high. A,, A, are the energy gaps of the
superconducting electrodes.

6. Production of thin layers in the thickness range
of micrometres.

TABLE I Superconductive materials

2. CVD processes, general remarks
The method of CVD [17-20] belongs to the class of
vapour-phase processes where the components which
form the coating are transported through the gas
phase on to the surface. In contrast to physical vapour
deposition (PVD) processes [17], CVD processes always
include chemical reactions in the gas phase or on
the surface of the substrate, in order to produce the
coating

A+B->C+D (D)
where C might be deposited and A, B and D are
gaseous components. One necessary condition for
CVD is, therefore, that gaseous compounds of the
materials to be deposited do exist. There are different
possible compounds.

1. Hydrides: e.g. SiH, —» Si + 2H,. This is the
basic process for the polysilicon deposition for semi-
conductor applications.

2. Halogenides: e.g. TiCl, + CH, — TiC + 4HCL
This process is used for the production of hard
coatings.

Material Structure T, B,(0K) B.(10° Acm™2, 4,2K)

X) (M M
NbTi Bl 917 15 [9] 8 9]
Nb;Sn Al5 19 [7] 24-26 [9] 15[11]
Nb; Al Al5S 19 (7] 33[9] 15 [11]
Nb,Ge Al5 23 [} 34-39 [9] 22 11}
V,Ga Als 15[7] 24 19] 17 [11]
NbC,N, Bl 18 [8] > 22 [10] 15 [10] (CVD)

20 [11] (sputtered)

PbMo, S, Chevrel 14 [8] 60 [9] 2 [11]
V,(Hf Zr) Laves 10 [8] 25-28 [9] 5([11]
La,_.Sr,CuO, K,NiF, 30 [3-6] ~ 40 [3-6]

> 30 (anisotropic)
Y,Ba,Cu,0, perovskite 90 [3-6] ~ 150 [3-6] -

(anisotropic)
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Figure 2 Critical current density at B =

13T plotted against grain size for Bl-
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3. Organometallic compounds: CVD with organo-
metallic compounds is used for the production of group
II-VI, or group III-V compounds for semiconductor
applications, e.g. semiconductor lasers and other opto-
electronic applications [21, 22].

In order to produce compounds like oxides, carbides
or nitrides, the nonmetallic components are often trans-
ported as separate molecules. O, CO, or H,O can be
used for the formation of oxides, C-H compounds for
carbides, NH, for nitrides and H,S for sulphides.

Fig. 3 shows a deposition geometry which is typical
for CVD research but nowadays is also important
for production facilities. The structure, composition,
deposition rate and deposition profile are determined
by convection, diffusion, homogeneous and hetero-
geneous reactions as shown in Fig. 3. Some of the
parameters which determine these processes can be
reduced to dimensionless groups. The most important
group is the Knudsen number Kn = 1/L where Lisa
typical length (e.g. the internal diameter) of the reac-
tor and 4 is the mean free path of the gas molecules,
which can be estimated by gas kinetical calculations or
is tabulated [23]. The value of Kn determines if gas
collisions and therefore chemical reactions in the gas
phase can be important (Kn < 1) or not (Kn' = 1).

s - N
/ l/ \\ \‘
I t 7 N
i Jsubstrate ]

1 Depbsition temp, T, H
Wzt

heterogeneous reactions

Figure 3 Processes involved in CVD.

The Knudsen number determines, in addition, which
kind of theoretical model (continuum theories with or
without slip condition, kinetic models) can be used to
simulate the deposition process (Fig. 4). For the high-
pressure range (Kn < 1) the following dimensionless
groups describe the deposition and the gas flow in the
reactor [24]:

Reynolds number Re = g,v,L/n,
Prandtl number Pr = 15,Gp, /k,
Schmidt number Sc = #,/0,D,
Froude number Fr = vj/gL

where 7, is the viscosity, &, the heat conductivity, C,
the heat capacity at constant pressure, D, a diffu-
sion constant of component i, g gravity, g, the mass
density, v, typical gas velocity in the reactor. The
gas flow in a stagnation flow reactor is shown in
Figs 5, 6 where the influence of gravity on the gas
flow is demonstrated. Many simulation calculations
of the gas flow have been carried out in recent years
{24-28]. Typical deposition temperatures for CVD
processes are given in Fig. 7. As shown, CVD deposi-
tions take place over a large range of temperatures
from 400 K (deposition of oxides from alkoholates) to
1800 K (deposition of ceramics from chlorides). In
this figure, particular emphasis has been put on
CVD processes for superconductors. Details of these
processes will be described in the following sections.

The mass deposition rate, 71, is described by the
Sherwood number

Sh = mL/DY,0,

which depends on the parameters mentioned
Sh = f(r* Re, Sc, Pr, Fr, . . ) 2)

where r* is the dimensionless coordinate on the
substrate and Y; a typical mass fraction in the reactor.

In addition to the numbers given in parentheses, the
deposition also depends on chemical reaction con-
stants, and on numbers which describe the temperature
and concentration dependence of the gas properties.
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Continuum_theory or not ?

Characteristic number:
Knudsen number Kn= A/L
A mean free path
L characteristic length

Figure 4 Classification of gas-
phase processes according to the
Knudsen number, Kn ACVD =
chemical vapour deposition at
atmospheric pressure, LPCVD =
low-pressure  CVD, PVD =
physical vapour deposition.
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Re, Sc, Pr, Fr are mostly calculated by the inlet
properties of the gas. The maximum achievable deposi-
tion rate produced by CVD depends on the mass
transport in the gas phase and can reach values of
~ 100 um min~' as was obtained, e.g. at the tungsten
deposition from WF, and H, [30]. A characteristic
quantity determining the structure and phase of the
deposited material is the free enthalpy difference,
AG,, between the gas phase and the condensed phase.
AG, can be estimated in the following way.

From the measured molar deposition rate, j;, an
effective concentration, n., above the coating can be
estimated from [31]

Jo = ngvl4 (3)

where v is the mean thermal velocity of the molecules
in the gas phase. The free enthalpy difference, AG, is
given by

AGgs = Rlen (neq/neﬁ“) (4)

where n,, is the equilibrium concentration of the
deposited material at the substrate temperature, 77,.
Table IT shows for nickel and niobium at typical molar
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deposition rates j,, the free enthalpy changes at dif-
ferent deposition temperatures. The concentrations
n.y and n, and the partical pressures p,, and p,; given
in Table II are correlated by the relations n.. = p../
kT4, (where k is the Boltzmann constant.) This table
shows that the free enthalpy difference, AG,, is
so large that metastable phases, amorphous or fine-
grained structures can be formed, because typical free-
enthalpy changes from one condensed phase to another
are in the range of kJmol™': in order to give an
impression of these values, the free-enthalpy differ-
ence, AG, between the solid phase and the liquid phase
are given in Table II. As can be seen, the absolute
values, AG,, are much smaller than AG,,. Therefore,
the CVD process is a candidate for the formation of
metastable phases, amorphous or fine-grained struc-
tures and is in competition with other methods like
physical vapour deposition, liquid quenching and
laser treatment. The phases really formed by CVD
processes depend additionally on the growth kinetics,
which are determined by the deposition parameters.

The possibility to deposit these different phases
or structures by CVD, makes this process interesting

(b) 10mm

Figure 5 (a) Calculated and measured (TiO,-fume) stream lines in a stagnation flow reactor [24]. (b) Deposition surface above the gas inlet

showing the flow pattern: Re = 50, Fr = 0.09, AT = 600°C, N,.
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Figure 6 (a) Calculated measured (TiO,-fume) stream lines in a stagnation flow reactor [24]. (b) Deposition surface below the gas inlet,
showing the flow pattern: Re = 50, Fr = 0.09, AT = 600°C, N, [24].

for deposition of superconducting materials. Another
reason is the large throwing power of CVD, in com-
parison to PVD processes. It is therefore possible to
deposit multifilament structures as shown in Section
3.2

For almost all CVD experiments of superconductors
the chloride process (chloride + H, — alloy + HCI)
is used as indicated in Fig. 7. Only very recently have
there been considerations to apply CVD with metal-
organic compounds (NbN [34], A15 [35] YBa,Cu,0,
[36]). These processes work at lower temperatures and
the gas phase is more unstable; therefore, the prepara-
tion of more thermodynamically unstable structures
should be possible.

3. CVD of superconductors

3.1. CVD of A15 superconductors on tapes
and single wires

3.1.1. CVD of Nb;Ge

The first known CVD process for the production of

superconductors was the deposition of Nb;Sn accord-

ing to the reaction

H, + Nb chloride + Sn chloride — Nb;Sn + . ..
(5)

With this process it was possible to coat tapes ([37, 38,
39, 40]). Today, however, the main stream of the

development of Nb;Sn is concerned with solid state
diffusion processes (a metallurgical technique).

CVD processes for superconducting Nb,Ge became
very attractive because different groups [41-43]
produced Nb;Ge with the transition temperatures of
T. > 20K which compared very well with value of
T. = 22.3K, found with sputtered layers [44]. The
following CVD process was used

6NbCl; + 2GeCl, + 19H, - 2Nb,Ge + 38HCI (6)

This CYD process was used to deposit discontinuously
on samples and continuously on ribbons or single
wires (Figs 8a, b). Table III shows the deposition
rates on ribbons with the chloride process and the
properties of the layers.

The reaction gas can be produced either by direct
chlorination of niobium and germanium in a Cl, or
HCl gas flow (as in Fig. 8a) or by direct evaporation
of NbCl; and GeCl,. The direct chlorination has in
comparison to the evaporation technique, the follow-
ing advantages.

1. The impurity content of the chlorides produced
by direct chlorination can be lower than with evapora-
ted chlorides [53].

2. By changing the chlorination conditions, differ-
ent chlorides NbCl, and GeCl, can be produced:

TABLE II Free transition enthalpy differences, AG,,, between vapour and coating in comparison to free transition enthalpies, AG,,

in the condensed phase (liquid-solid)

Metal M T, (K) P, (Pa) [32] P Py (Pa) AG, AG,
(gmol~") (molem 2 sec™!) (kJmol~1) (kJmol~!)

Ni 57 1000 1.24 x 107> 104 1.74 —99.1 + 6%

10-° 0.174 - 79.830

1p-¢ 0.0194 —60.56
Nb 92.9 1300 3.99 x 10-%* 10-* 2.52 —495.5 + 5%

10-3 0.252 —470.5

10°° 0.0252 — 4454

*Linearly extrapolated values {33].

M, molar mass; Ty, deposition temperature; F,,, equilibrium partial pressure of the metal atoms at deposition temperature 7y; jy, molar

deposition ratie; Py, effective partial pressure.
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Figure 7 Deposition temperatures for CVD processes. The gas mix-
ture is given before the solidus and the deposition product after it.

5001

x =4atT = 1200°C,x = 4to5at T = 600K [54],
y=4, T<T0K, y =2, T = 700K [54]. Similar
effects of changing the stoichiometry of NbCl, with
chlorination conditions was also found at the Nb,Ga
deposition [55].

The CVD process and the dependence of the layer
structure on the deposition parameters has been
thoroughly investigated by Weiss er al. [45]. The
deposition geometry used for these experiments is
shown in Fig. 8a. The following parameters determine
the deposition process: deposition temperature 7,
the chlorination temperature Ty, and T, of niobium
and germanium, the total pressure p, the chloride ratio

icy,(Nb)

N ic,,(ND) + ig, (Ge) @

the dilution parameters
d = iAr/iCIZ(Nb)J d, = iAr/iClz(Ge)v dy = iAr/iH2

8

and the reduction parameter @®
ro=iy,/lic,(Nb) + ic,(Ge)] 9

ic,(Nb) and i, (Ge) being the gas flow through

nobium and germanium, i,, and 7, the total gas flow
of argon and hydrogen.

Fig. 9 shows the measured phases and Fig. 10 the
calculated boundaries of the different phase areas in
dependence on 7, and g. Both figures show a good
agreement of measurement and calculation. The ther-
modynamic calculations are based on a minimization
of the Gibbs free energy including the condensed
material [45]). Fig. 11 shows the T, value plotted
against g. The comparison of Figs 9, 10 and 11 shows
that the maximum 7, values are reached in the two-
phase range [45].

In addition to optimizing T,, optimal values of j;
and B, must be reached. In the following paragraphs
some important influencing parameters are discussed.

1. Influence of Nb;Ge,. Different research groups
[48, 56-58] have observed that a fluxoid pinning in
Nb,;Ge occurs by dispersed nonsuperconducting parti-
cles like tetragonal NbyGe;. The plot of the critical
current j, at 13.8 7 against the weight content of
Nb,Ge, deposited at 875°C on tape material [48]
shows a maximum j, at 3wt % Nb;Ge, and at high
content a decrease of j,. The position of the peak
depends on the deposition temperature (Fig. 12) [48].

2. Influence of doping material. In an early study of
Nb,Sn prepared by CVD, Enstrom and co-workers
[59, 60] observed an enhancement of j. by addition of
impurities which form a second phase. They attributed
this enhancement to pinning on grain and subgrain
boundaries. In contrast, Ziegler et al. [61] and Uzel
and Diepers [62] suggested that pinning occurs on a
network of intragranular defects associated with the
precipitated carbon or carbide particles. Braginski
et al. [63] investigated the influence of N,, C,H or
CO, on the superconducting properties of Nb,Ge.
Fig. 13 shows the critical temperature plotted against
the impurity content in the layer where the N, is
bound in the form of fine dispersed particles (30 nm)
of NbN and C in the form of NbC. Doping with CO,
produces a remarkable lowering of T, (Fig. 13) which
is correlated with the incorporation of oxygen rather
than carbon [63]. With carbides and nitrides an
increase of the critical current density to a maximum
value and then a decrease (Fig. 14) was found. The
comparison of j; values with the microstructure inves-
tigated by TEM, has shown that predominant flux
pinning occurs on carbides and nitrides incorporated
in Nb-Ge layers [63].

TABLE III CVD Nb,Ge coatings on tapes or single filament, deposition parameters and layer properties

Material Substrate Velocity of the Thickness of T. (K) Critical current
ribbon (mh™") the layer (um) density (Acm™?)

Nb;Ge Nb-filaments coated 4 7-14 18 47
with W-1% ThO,

Nb, Ge stainless steel 3-4 <20 10* [46]
4mm X 12um 20T, 42K

Nb,Ge Ni, Cu stainless steel 2-4 3-6 17-19 1-2.5 (48]
coated with Cu 13.8K

Nb;Ge stainless steel 20 a few ym >20 7.7 x 10* [49, 50]
3mm x 0.05mm I5T, 42K

Nb,Ge Hastelloy 18 a few um 17-19 1.5-6 x 10° [51, 52]
2mm x 50 um ST, 42K

Deposition of Nb;Ge on ribbons and single filaments.
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Figure 8 (a) Schematic view of a CVD reactor with direct chlorination {45]. (b) CVD apparatus for the coating of superconducting tapes

[46] with direct chlorination of niobium.

3. Studies by Braginski ez al. [64] and by Kampwirth
[65] have shown a strong decrease of j, with increasing
film thickness, caused by larger grains in the thicker
films. The same phenomenon was observed by Maley
et al. [48]. Braginski has avoided this grain growth in
thicker films by a multilayer structure of Nb,Ge layers
(~ 1.5 um thick), with ~ 100 nm thick diffusion layers
of iron or iron oxide [64]. The formation of interlayers,
especially metallic interlayers, can have basically two
effects: (1) providing a finer grain structure and (2)
the normal metal itself can provide pinning sites.
Maley et al. [66] obtained multilayering by varying the
process parameters. Every 2 min at 30 sec intervals the
rate of germanium delivery was reduced to create
germanium-deficient regions between layers of high
T.-Nb,Ge. Thus superconducting layers with a thick-
ness of ~950nm separated by germanium-deficient
layers (300 nm) were produced. The measurement of j,
did not, however, in this case show an enhancement of
the critical current. An explanation of this phenom-
enon cannot be given [66].

4. Modification of the substrate. As was shown by
Ekin [67] A15 compounds are stress sensitive. In CVD
processes stresses are induced by the different thermal
expansion coefficients between substrate and super-
conductor. The resulting stress values are calculated
for different substrate materials (Table 1V) whereby
for Nb;Ge a thermal expansion coefficient of 6.98 x
10~% K~! was assumed [48]. According to Maley et al.
[48] the temperature dependence of j . can be described
(Fig. 15) by

jc = jco[l - (T/T::*)z] (10)

where T* is a material-dependent parameter generally

TABLE 1V Compression and TF at Nb;Ge coatings [48]

Substrate Compression (%) T* (K)
Nickel 0.95 12-13
Stainless steel 0.53 12.5

(400 series)

Steel (1015) 0.52 12.5
Niobium 0.11 17.5-18.0
Niobium-1% Zr 0.08 18.0
Tantalum 0.02 18-19

a few degrees below the inductively measured 7. The
stress decreases 7.* as is shown in Fig. 16, where
the values resulting from coatings on different sub-
strate materials (Table IV) are plotted against the
compressive stress.

5. Modification of Nb;Ge. In order to increase the
stability, i.e. to increase T, ternary alloys of the
system Nb-Ge-Ga were deposited, where GaCl; was
produced by direct chlorination of gallium metal
housed in a quartz-lined nickel chamber maintained
at 500° C. Fig. 17 shows the dependence of the lattice
spacing and the critical temperature on the ratio
Ga/(Ga + Ge) [48]. Ternary superconductors based
on Nb-Ge-Sn [68] were prepared by direct chlorina-
tion of Nb-Ge-Sn-Alloys at 700° C. The superconduc-
tors were deposited on Al,O;, niobium, molybdenum,
copper, Be,0; and LiNbO,. With a constant nio-
bium content in the layer, the dependence of T, on
Sn/(Ge + Sn) shows a minimum value of T,. At
Ge/Sn = 1, a critical temperature of 7, = 14K was
found.

Alterowitz et al. [69] measured the influence of tin on

1000

950

7, °c)

900

850

080 075
g

Figure 9 Experimental CVD-phase diagram with deposition tem-
perature, T, and chloride ratio, g, as independent variables [45]. T,,
H,, H, are different Nb;Ge, phases discussed in detail in [45].
Tao = Tge = 300°C; ZCl = 40mlmin~'; 4, = 10, d, = 20,
dy = 0,r = 20. (0O) Nb,Ge; (W) T,-, (a) H,-, (0) H,-Nb,-Ge,.
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Figure 10 Computed CVD-phase diagram for the A15 phase with
T, and g as independent variables [45]. 4, = 10, d, = 20, 4, = 0,
r =20, T, = Tg. = 327°C.

the critical field B,,. They found a minimum value of
B, in the compound Nb,Ge,_,Sn, with x = 0.4.

3.1.2. Other A15 superconductors

Table V shows important parameters found with
Nb;Ga, Nb,Si, V,Si and compares the properties
found by CVD deposition to those found with other
methods.

3.1.3. General remarks on the deposition of
A15 compounds

Fig. 18 summarizes typical j.—B curves of different
advanced superconductors, produced by different
methods. Large values of j, for generating fields of
over 20T have already been obtained with Nb,Ge
tapes. The next step in the research of CVD is to
develop filament-structured wires. This was done for
the first time by Braginski es al. [80] who deposited
Nb;Ge by CVD on 200 AL,O, fibres (20 um diameter).
But the main development of the fibre production is in
the field of NbC, N, deposition, described in the next
section.

3.2. CVD of B1-superconductors on fibres
3.2.1. General remarks about
B1-superconductors

The other group of superconductors besides A15 com-
pounds, produced by CVD are carbides and nitrides
which have a Bl structure. For superconducting inves-
tigations HfN, TiN, ZrN [81] and NbN were deposited
by CVD. Fig. 19 shows the transition temperatures
of carbides and nitrides plotted against the valence
electron density which, according to You-xian and
Shou-an [82], should be a characteristic parameter for
the superconductivity of these compounds. The corre-
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Figure |1 Variation of the A15 cubic unit cell parameter and of the
T, -midpoint with the chloride ratio g at T, = 960°C [45].

sponding carbides and nitrides are always connected
for clarification by straight lines.

According to Fig. 19, NbN has the highest measured
T, value in this group, only the suggested value of
MoN may be higher. The 7. range of MoN is extra-
polated with the help of the slopes of the straight lines
between the corresponding carbides and nitrides in
Fig. 19. The high value of T, of MoN, however, has
not been verified experimentally [83]. One reason
could be the high value 4 = 1.58 of the electron-
phonon coupling constant i [84]. Both the high /
and high T suggest [84] that B1-MoN probably lies
beyond the phase boundary of stability for the Bl-
structure compounds, as is the case in the large
A-region of many phases [85, 86].

The most interesting material for applications is
NbN, for the following reasons.

1. Bl-niobium nitride has a high T, (Fig. 19).

2. Bl-niobium nitrides are not sensitive to radiation
[87]. Therefore BI-NbC, N, can be used for fusion
applications.

3. Bl-niobium nitrides, in contrast to other super-
conductors like A15-alloys and NbTi [67, 88], are not
sensitive to strain [89]. In Nb,Sn, a 0.4% intrinsic
strain results in a 60% degradation of the critical
current density, j., at 16 T, whereby the strain effect
increases at higher fields. Niobium nitride shows
no degradation in the measured range of the mag-
netic induction B < 22T and strain ¢ < 0.7%. Bl-
niobium nitrides are therefore suitable for high
magnetic fields.

A strong limitation for the production of NbN
is the stability of the Bl-phase only at tempera-
tures > 1300°C (Fig. 20). However, as is shown in
Fig. 20, the cubic phase can be stabilized at lower

TABLE V AlS-superconductors made by CVD (except Nb,Sn and Nb;Ge)

Superconductor CVD-gas mixture 7, (°0) T, (CVD) Ref. T,, any Ref.
Ky method

Nb, Si NbCls, SiCl,, H, 800-900 43- 8 {70] 18.5-19 {8, 73]

V,Si vcl,, SiCl,, H, 990 14.8-16.7 [711 16.9 [8]

Nb;Ga NbCl, GaCl;, H, 700 203 [41, 72) 20.7 {8]
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temperatures by carbon addition. This carbon addition
has a further advantage: the critical temperature 7
can be increased. Hulm and co-workers [94, 95] and
Williams et al. [96] have found for BI-NbC,;N;, a
maximum 7, = 17.8K (compared to T, = 15K [94]
to 17.3 K [96] for B1-NbN). This maximum is found in
accordance with the Matthias rule [97, 98] at a valence
electron density of 4.7 electrons/atom. The cubic
phase can also be stabilized by low concentrations of
oxygen [99]. )

The deposition of stabilized B1-NbN layers was
carried out by sputtering and by CVD processes.
Reactive sputtering B1-NbN layers on sapphire,
graphite, alumina or Hastelloy produced very high
self-field current densities (>10" Acm™2) and very
high critical magnetic fields B, = 20 to 50T [100].
These propertiecs were measured on very thin layers
(50 nm) having a columnar void-structure (grain size
~10nm). Applications of this coating process for
fibre bundles are discussed by Dietrich ez al. [101].

In the following sections the depositions of carbon-
stabilized B1-NbN by CVD on fibre bundles is
discussed.

07 Impurity (wt%)
L 5

22

zo% Hi; ¢ % % {J

Critical temperature, 7¢ (K}
= S
T T
—
[ —

8 . ; . . ‘ . . .
0 02 04 06 08 10 12 14 16 18
N, or C Impurity {wt %)

Figure 13 Critical temperature (midpoint) plotted against concen-
tration of N,/C in the Nb;Ge layers [63]. The dopant gas is given
at the measuring points: (0) NbN (N,), (@) NbC (C,Hy), (a) O,
(CO,).
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Figure 14 Critical current density plotted against nitrogen concen-
tration in N, -doped samples [63] for two different magnetic fields H,
which are perpendicular to the layer surface.

3.2.2. CVD of NbC,N, on carbon fibres

For the deposition of carbon-stabilized niobium
nitride (NbC,N,), carbon fibres were used for the
following reasons.

1. High-temperature resistance of the carbon fibre.

2. High elastic modulus, which protects the brittle
superconducting coating.

3. High tensile strength.

4. Availability in a variety of modifications
(therefore easy modification of the surface properties).
The simplest deposition process of carbon-stabilized
niobium nitride is the chloride process

NbCls + 5/2H, + yNH; + xCH,
- NbC,N, + ... T > 900°C (1D

Unfortunately this one-step process [102] resuits in low
critical magnetic field values of about 12T {103, 104]
and low critical current densities [93]. The main

1500 Y
1000 \.\
.\ eq. 10
500[ 2
@
[ )
[
< 0f ‘r o0
5 600
z \.‘o eq. 10
£ 400 \'\.
\.
\.
200 S 7t
.\ J7
L ]
0 . o

7 % % 18 20 22
Temperature {K)

Figure 15 Plots [48] of critical currents against temperature for two
Nb, Ge samples and the description of j.(7,) by Equation 10.
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disadvantage of the one-step process (Reaction 11) is
that the crystal structure, the composition and the
microstructure cannot be optimized independently;
therefore, a two-step process was proposed [105-107].
In the first step the mainly hexagonal NbN -phase
(¢ < 1) is deposited according to the reaction

NbCls + 5/2H, + 1/2eN, — hex. NbN, + . ..
(12)

In this step the microstructure can be optimized. In a
second step the Bl-phase is generated

NbN + xCH, + (y — ¢) NH,

- BI-NbC,N, + . .. (13)

Two experimental arrangements were constructed to
coat fibres using the two-step process: one for atmos-
pheric pressure {105-108] and a second for both low-
pressure CVD (LPCVD) and atmospheric pressure
CVD [108, 109].

The following considerations concentrate on
LPCVD (1) the throwing power is large in LPCVD
[105]; (2) the dust formation was found to be lower in
LPCVD, therefore the chemical engineering is less
complicated [105].

Fig. 21 shows the apparatus [108, 109] used for
the LPCVD deposition. The gas flow in the different
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Figure 18 j.—~B curves for different kind of specimens. Solid lines
and symbols (a, ®) show j, for overall area, without the copper-
stabilization and dashed lines and symbols (a, O, O) show j, only
for the compound area. PM = powder metallurgical processes;
Lig. Q. liquid quenching; MF = multifilamentary wires, cold
drawn and reacted, HEB = high electron beam irradiation.

reactors I, IT, III and the movement of the fibre bundle
are indicated in Fig. 21. The leakage rate of the whole
apparatus was smaller than 3.10 *1h~' (STP). The gas
flow in all resistance-heated reactors is separated
by baffles between the reactors. The reactors are
constructed from quartz, the tubing in the room-
temperature region and the NbCl; evaporator are
made of stainless steel. Reactor 1 was used to remove
the organic finish from the carbon fibres and to opti-
mize the surface activity by annealing in a controlled
atmosphere (N,). In the second reactor, NbN, was
deposited (Reaction 12) and in the last reactor, the
carbonitriding process (Reaction 13) was carried out

t temperatures > 1050° C in order to obtain the B1-
NbC, N, -phase. The standard deposition conditions
were: reactor I, 7, = 1000°C, iy, = 12 1h~' (STP);
reactor II, T, = 900°C, iy, = iy, = 101h~" (STP);
reactor III, T, = 1100°C, icy, = inw, = 101h7"
(STP), where T, are the temperatures in the quartz
reactors, i = I, I, 111, i.. are the corresponding gas
flows of the components indicated by the subscripts.
Other deposition conditions are: evaporation tem-
perature of NbCls, Ty, = 110°C; total pressure,
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P., = 500Pa; Fibre bundle velocity, v = 6cmmin™';

quartz tube diameter 3cm; length of the reactors
60cm, temperature-constant zone at 960 + 20°C:
! = 18 cm; length of the whole deposition apparatus,
3m; carbon fibre type, PAN-based (7 um, 1000 to
6000 fibres) Toray, type T300. Only parameters which
differ from these values are mentioned below. The
reaction gas could be doped with H,0O and SiCl, [109].
In addition a glow discharge [108] could be ignited.

Fig. 22 shows the deposition rate plotted against the
reciprocal absolute deposition temperature 1/T,. The
deposition rate has the typical dependence that can be
expected from CVD processes: at low temperatures
there exists a strongly temperature-dependent range
in which the deposition is controlled by chemical

heated to w

reactions. At high temperatures the deposition rate
decreases with increasing temperature due to homogen-
eous nucleation in the gas phase. Fig. 22 also shows
the grain size, d,, of the layer, determined from scan-
ning electron micrographs. A grain size of about
100 nm was obtained at a layer thickness of about
0.5 um. The transition temperature, T, of all coatings
was in the range 16 to 17 K. The critical current den-
sities, however, show a very strong dependence on the
layer thickness as shown in Fig. 23. The current den-
sities were measured on short samples (5 cm length).
The reason for the thickness dependence is the coarsen-
ing of the grains with increasing layer thickness as
shown in Fig. 24. This coarsening, and the decrease in
critical current density with increasing layer thickness
is well known from the Nb,Ge deposition [64, 65] and
from the sputtering of Bl-niobium nitride [100]. The
coarsening is caused by the formation of columnar
structures with the axis of the columns perpendicular
to the substrate.

In order to increase the critical current density, the
deposition conditions must be changed by further
measures which improve the pinning behaviour of the
coating, e.g. by inclusion of pores, grain boundaries
and precipitates. The development proceeded in the
two steps: (1) development of superconducting thin
layers (d, < 100nm), and (2) increase of the layer
thickness to d, ~ | um. This thickness is necessary in
order to obtain sufficient overall current densities on
a 7pm diameter fibre. In the following sections the
different methods of increasing the critical current
densities are discussed and compared.

3.2.3. Optimization of the microstructure of
thin films (d, < 7100nm)

3.2.3.1. Refining the microstructure by plasma-enhan-
ced CVD. Plasma-assisted CVD processes are mainly
used for deposition at lower temperatures and/or to
deposit thermodynamically unstable materials [17].
The plasma-assisted CVD processes can produce
amorphous layers as, for example, amorphous silicon
for solar cells. Therefore, it was suggested that a gas
discharge may change the structure of the BI-NbC, N,
coating. The inductively or capacitively (Fig. 21)
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[
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. { Nb-_ electrodes
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/
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reacfor IIT | Figure 21 CVD apparatus for Bl-
F— -~ — b NbC,N, deposition [108, 109].
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T bobbin working pressure in the CVD
chamber  apparatus at the valves indicated
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Figure 22 Deposition rate on the bundle (3000 fibres) and grain
size d, plotted against the reciprocal deposition temperature
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coupled glow discharge (13.56 MHz, 100 W) was igni-
ted in a hot-wall reactor [10, 108].

As shown in Fig. 25, the deposition at lower tem-
peratures (7, < 900K) is possible in the case of a
glow discharge. At higher temperatures (7, > 1000K)
the deposition is only slightly increased by the glow
discharge. The grain size could be reduced in any case
(Fig. 26) [108].

3.2.3.2. Refining the microstructure by an ultrasonic
field. Ultrasonic fields were used to refine the grain
structure of TiB, as was demonstrated by Takahashi
and Ttoh [110]. The influence of an ultrasonic field on
the deposition of B1-NbC,N, was investigated in a
hot-wall tube reactor. The ultrasonic field was excited
by a piezo-crystal (20kHz) at one end of the quartz
tube (length 50cm). The sound pressure level was
measured at the other end. The fibre was not moved
during the deposition. A grain refinement of a factor
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Figure 23 Thickness dependence of the critical current density at
T =42Kand B = 7T [10].
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Figure 24 Dependence of mean grain size d, on the layer thick-
ness 4.

of approximately 5 [108, 111] was found between a
sound pressure level of 1 and 20dB [108, 111].

3.2.3.3. Optimization of the microstructure by doping
of the reaction gas. Doping can have two effects.

1. By changing the surface or the grain-boundary
diffusion different nucleation conditions can be
achieved.

2. Formation of additional phases and/or changing
the composition of the grains.

The influence of H,O, SiCl, on the B1-NbC, N, depo-
sition has been investigated [109]. H,O was evaporated
in the temperature range — 30°C < T(H,0) < 40°C,
causing the mole fraction of H,O in the reactor
(P, = 500Pa) to vary between 0.05% and 10%.
Fig. 27 shows that H,O does not influence the depo-
sition rate, whereas the critical current density at 13T
increases with increasing H,O content to a maximum
value of j, ~ 8 x 10° Acm™? (Fig. 28). At a higher
H,0 content (Figs 28, 29) the B1-NbC, N, coating was
strongly disturbed, probably caused by internal stresses
in the coatings, producing microcracks.

m (mg em™ h™Y

0.1
7, ) .
1100 1000 900
0.9 10 11
1000K/ 7,

Figure 25 Deposition rate plotted against the temperature (a)
with and (b) without glow discharge [10, 108]. P, = 0.8 mbar,
V = 6cmmin~', v = 13.56 MHz.
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Figure 26 Grain structure (a) with and (b) without gas discharge (TEM pictures) [10]; deposition conditions as mentioned in Section 3.2.2.

The NbC, N, coatings produced in the presence of
water vapour were investigated by ESCA and X-ray
analysis. The ESCA investigations showed no increased
oxygen content in the layers deposited from H,O-
containing reaction gases. The X-ray analysis showed,
however, a finer grain structure in the presence of
water vapour. Therefore, the main reason for the
increasing current density seems to be the increasing
number of grain boundaries which are effective as
pinning centres.

A further increase of j. can be achieved by SiCl,
additions. Fig. 30 shows the current density at 13 T for
different SiCl, contents in the gas phase.

With increasing SiCl, content, the current density
rises, reaching a2 maximum at ~3 x 10* Acm™2. At
higher SiCl, contents, the current density decreases
again, probably due to the formation of too much
Nb,Si, which reduces the superconducting cross-
section. The current density calculated with the total
layer thickness therefore decreases. The cross-section
effect can be eliminated by plotting the ratio j, (13 T)/j.
(3T) against the SiCl, content (Fig. 31). This ratio
increases without reaching a maximum.
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Figure 27 BI-NbC, N, deposition rate plotted against H,O evap-
oration temperature and the H, O mole fraction in the reaction gas
[10, 109]. P, = 500Pa.

3.2.34. Precipitation of other Nb~C-N phases. The
precipitation of additional phases of the same multi-
component system is another way to increase the criti-
cal current. By precipitation of NB;Ge;, in the Nb,Ge
matrix the critical current could be increased as men-
tioned. Hex-NbC, N, precipitations were achieved by
decreasing the carbonitriding temperature, 73. But no
increasing current density was measured. The increased
pinning behaviour is possibly completely compensated
by the reduction in cross-section of the superconducting
material.

3.2.3.5. Optimization of the superconducting properties
by changed surface conditions. The surface properties
of carbon fibres depend on the surface treatment and
on the fibre type. High-modulus (HM) fibres have a
more graphitized surface than high-tensile (HT) fibres
which are produced at lower annealing temperatures.
All experiments mentioned up to now were carried out
on HT fibres, annealed in a nitrogen atmosphere in
order to remove the finish (1000° C). With standard
conditions (Section 3.2.2) layers could not be
produced on HM fibres due to the more inert chemical
properties of the surface (Fig. 32).

Figure 28 Critical current density j, at 3 and 13 T plotted against
H, O evaporation. C = Crack formation [10, 109] in the supercon-
ductive'layer. T = 4.2K.
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Figure 29 Scanning electron micrograph surface pictures of NbC, N, coatings deposited with high T, o = 30°C, d. = 113nm [10, 109].

An “ideal” coating without any cracks is shown in Fig. 32a.

Another possible surface modification is the deposi-
tion of an interlayer between the fibre and the super-
conductor, in order to influence the nucleation con-
ditions. In addition such an interlayer can seal the
carbon fibre against the reaction with the carbonitrid-
ing gas (NH;, CH,) [112] which can disturb the
adhesion by hydrocarbon formation. Two types of
coatings were investigated: SiC [112] and tungsten
[113] interlayers deposited according to the reactions

CH,SiCl, + Ar/H, 2% §ic + . ..
WE, + 3 H, 2% w4 .

The deposition apparatus is similar to that shown in
Fig. 21, but only with one furnace. The processes were
carried out at atmospheric pressure. Both SiC and
tungsten interlayers showed the effect of increasing the
current densities [112, 113]. ‘

W interlayers between the carbon fibre and the
BI-NbC, N, coatings, generate the highest current
densities [113] reached by CVD (Fig. 33). The NbC_ N,
was produced by atmospheric pressure CVD by
Brennfleck and co-workers [105 106, 113]. The grain
structure in comparison to other coatings is illustrated
in Fig. 33, showing in addition that the grain structure
of the sputtered coatings of Gavaler et al. [100] were
almost reached. Fig. 33 shows the expected strong
correlation between grain size and critical current.
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Figure 30 Critical current density at 13 T plotted against SiCl, gas

flow, Thyo = 15°C (10, 109]. Other deposition conditions as in
Section 3.2.2.
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3.2.4. Methods of producing thick layers

In order to achieve high overall current densities, a
total thickness of about'1 um on 7 um diameter fibres
is necessary. By using interlayers, further grain growth
can be avoided as was shown in the Case of Nb,Ge
coatings (see section 3). First experiments with tung-
sten interlayers show that the layers interrupt the
grain growth of BI-NbC,N, with the result that the
current increases in proportion to the thickness [112].

3.2.5. Stabilizer material

For electrical and thermal stabilization, a further layer
of material with good electrical and thermal proper-
ties must be present on the superconducting layer
(Section 1). Aluminium is a metal that has suitable
properties and can be deposited [114] from the metal-
lorganic compound triisobutylaluminium [(CHs),
CH-CH,],Al, which decomposes at temperatures of
T =~ 250°C to aluminium (Fig. 34). Another possi-
bility is the deposition of Cu by an electroless depo-
sition process [115].

3.2.6. Discussion and conclusions

Fig. 35 shows the superconducting properties of the
NbC, N, coatings discussed so far. Typical values of
Nb,;Sn and NbTi are included for comparison [114].
The j, values for B = 13T were extrapolated by the
Kramer plot [116]. This figure shows the progress
which has been made with CVD B1-NbC_ N, : (1) inan
increase of the critical magnetic field at 42K to
B, = 20 to 50T (thickness d, < 100nm); (2) in in-
creasing the critical current densities, e.g. at B = 13T
to 2 x 10° Acm™? (thickness d, < 100 nm).
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Figure 31 j, (13T)/j. 3T) plotted against SiCl, gas flow.
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Figure 32 Comparison of a BI-NbC N, layer on (a) HT and (b) HM fibres {10]; deposition conditions as in Section 3.2.2. Ty,o = 15°C,

fscr, = 0.31h7"

The most suitable process for production seems to
be CVD with addition of dopants. The chemical engi-
neering of such a process is simple and the production
costs are expected to be lower than glow discharge
equipment. The maximum length of fibre which
produced until now was 100 m. Coils with 2 m carbon
fibres were produced with a critical current carrying
ability of approximately 100% of the short-sample
values. The thickness of the coating and the handling
of the carbon fibres must, however, be further opti-
mized.

4. Future developments
CVD processes have the advantage of high deposition
rates as was shown in the case of Nb,Ge, but problems

can arise in the production of fine structures because
of the high deposition temperatures. This was the case
in NbC, N, deposition. The advantage is the very high
throwing power of this technique.

A new challenge for CVD is the deposition of the
new high-temperature superconductors, e.g. Y, Ba,-
Cu;0,. CVD would have the advantage to deposit on
fibres, to deposit preferential orientations and CVD is
a process which produces very small radiation damage
of the coatings. Both are important because of the
high anisotropy of the superconducting properties and
the sensitivity of this high-7, superconductor against
radiation. First deposition experiments of supercon-
ducting Y, Ba,Cu, O, were reported recently [117, 118,
119, 120].
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Figure 33 Critical currents plotted against mean grain size d,, B = 13T, T = 42K [10]. (a) Sputtered layer 50 nm, Gavaler et al. [100].
(b) NbCN, with tungsten interlayer, d, ~ S0nm (Section 3.2.2.5). (c) Optimized BI-NbC,N, with iCl, and H,O addition, d, = 100nm
(Section 3.2.2.3). (d) BI-NbC, N, produced by CVD without additions (Section 3.2.1).
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35 Critical current densities j, plotted against magnetic field.
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