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Iron nitride films were prepared by chemical vapour deposition from the gas mixture of
Fe(CsH;),~NH;-H,—CO,. The effects of deposition parameters on the deposition character-
istics were investigated. Iron nitride films were deposited above 500° C and the films of
v'-Fe,N single phase were deposited above 700° C. At 700° C and under the total gas flow
rate from 1 to 8Imin~', the deposition rate of the film may be controlled by the transport of
Fe(CsHs), molecules to the surface of the deposits. At 700° C and under the total gas

flow rate of 4Imin™"

, the phases and nitrogen contents of the films were determined by

pNH;/pH3?2, the controlling factor of the nitrogen contents of the films. Decreasing of the
total gas flow rate and increasing pCO, increased the nitrogen contents of the films and
phases with higher nitrogen were deposited. On the other hand, increasing pFe(CgHs), and
the absence of pCO, increases the carbon contents of the films, and the phase with a greater
solubility in carbon, i.e. e-Fe,N, was codeposited with y’-Fe,N. The saturation magnetization
of the films deposited at 700° C was in good agreement with that reported for the bulk iron
nitride, which depended not on the deposition conditions but on the nitrogen contents of the

films.

1. Introduction

In the iron-nitrogen system, y’-Fe,N, &-Fe,N and
{-Fe, N are known to be stable, while a”-Feg N exists as
a metastable phase at room temperature [1]. Some of
iron nitrides, e.g. y'-Fe, N and a"-FegN, are promising
magnetic recording media because of their excellent
magnetic and chemical properties. The saturation
magnetization, o,, of y’-Fe,N is 192e.m.u. g~! which
is as high as 85% of that of iron metal 219e.m.u.g™")
at room temperature, and o, of o”-FegN is estimated
to be 298e.m.u.g™', which is larger than that of
iron metal [2]. Moreover, these nitrides are hard and
chemically stable compared with iron metal.

The fine powder preparation of y’-Fe,N has been
extensively investigated for its practical use as a mag-
netic recording medium coated with particles. The
following preparation methods have been reported:
(1) the evaporation of iron metal in nitrogen gas [3, 4];
(2) the gas reaction between FeCl, and NH, [5]; (3) the
nitriding of o-Fe or «-FeOOH in an atmosphere of
NH, or a gas mixture of NH, and H, [5-8]. However,
o, of these powders was much lower than the reported
value for the bulk y’-Fe,N because of the surface
oxidation of the powders.

In order to improve this reduction in ¢,, the prep-
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aration of iron nitride films has been widely inves-
tigated. Various vapour deposition techniques, such
as evaporation [2, 9], sputtering [10-14], ion plating
[15, 16], ion-beam deposition [17-19] and ion implan-
tation [20-22] have been attempted in order to synthe-
size the iron nitride films with high o,. Some of these
techniques were successful in obtaining the films with
a higher o, than that of a-Fe [2, 10, 17, 18, 21]. This
extremely high value was considered to be due to the
formation of the «”-Fe,N. However, the films with
high o, did not always consist of «”-FegN and the
relationship between this high o, and the existence of
o”-Feg N was not revealed. Moreover, the effects of the
deposition parameters on the characteristics of the
deposits, e.g. the composition of the films, are very
complicated in these techniques, and have not been
elucidated. This is mainly due to the fact that depo-
sition occurs under conditions which are far from the
equilibrium.

Chemical vapour deposition (CVD) is a method for
forming films through chemical reactions among gas
species under near-equilibrium conditions. Therefore,
it is expected that the films are deposited reproducibly
and controllably compared with the techniques
described above. Saito er al. [23] prepared hexagonal
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¢-Fe, N films by plasma-assisted CVD using a gaseous
mixture of Fe(CO),—~NH,-H, for application as a per-
pendicular magnetic recording medium. They reported
that the films deposited at 200° C were oriented to the
c-axis and the coercive force parallel to the plane of
the films was 2.1 times larger than that of the trans-
verse one. However, only one paper has reported the
preparation of the iron nitride films by CVD.

We have already reported the synthesis of iron
nitride films by CVD using Fe(C;H;),, NH;, H, and
CO, as source materials under atmospheric pressure
and showed that the composition of the deposits could
be controlled by the partial pressure of NH; and H, at
the deposition temperature of 700°C [24]. Here we
describe further details of the preparation of iron
nitride films. Moreover, the effects of the deposition
parameters, such as deposition temperature, total gas
flow rate, and the partial pressure of each composition
gas on the deposition rate, the phases, microstruc-
tures, nitrogen and carbon contents, and magnetic
properties of the deposits, were examined.

2. Experimental procedure

The iron nitride films were prepared from a gaseous
mixture of Fe(C;H;),~-NH;-H,-CO,. Ferrocene,
Fe(C,H,),, is a suitable source material for CVD
because of its high vapour pressure at relatively low
temperature [25, 26]. In addition, the bonds between
iron and cyclopentadiene (Fe-Cp) are much weaker
than the bonds within the Cp rings, so that Fe-Cp
bonds should be primarily broken when the ferrocene
vapour was decomposed to deposit films [27].
Therefore, it is expected that the carbon content of the
deposits can be reduced. CO, was also introduced into
the system with the intention of reducing the carbon
contents of the deposits according to the equation

CO, + C - 2CO (1)

A schematic diagram of the CVD apparatus used in
the present study is shown in Fig. 1. The ferrocene
vapour was generated by heating the ferrocene
powder (Tokyo Kasei Co., Ltd) and carried to the
substrate by nitrogen gas. The evaporation rate of
ferrocene was controlled by the heating temperature
ranging from 180 to 250° C and determined from the
weight loss of ferrocene powder during each
experimental run. The ferrocene vapour was mixed
with NH;, H,, CO, and N, by a static mixer. Nitrogen
was used as the balancing gas to keep the total gas
flow rate constant for the variation of the gas com-
position. It has been confirmed previously by sub-
stituting nitrogen for argon that the partial pressure of

TABLE I Experimental conditions

450-750°C
[-81min~

Deposition temperature
Total gas flow rate
Gas composition:

pFe(C;H;), 0-12 x 10~*atm

pNH, 0-0.9atm

pH, 0-0.8 atm

pCO, 0-0.3atm
Reaction time 120 min
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Figure I Schematic diagram of the apparatus.

nitrogen ( pN,) has no effect on the characteristics of
the deposits and the deposition rate. The flow rates of
each composition gas were regulated by precise needle
valves and measured by a flow meter.

The mixture of ferrocene vapour and other gases
was faced through a nozzle (internal diameter 22 mm)
to a fused silica substrate (10mm x 10mm x 0.5mm)
in the reactor. The distance between the top of the
nozzle and the substrate was 30 mm. The diameter of
the nozzle and the distance between the nozzle and
the substance did not affect the uniformity and/or
the deposition rate of the deposits within the range
from 10 to 30 mm and 10 to 40 mm, respectively. The
substrate was fixed to a stainless steel block and
heated by a halogen lamp through a fused silica
window at the top of the reactor. The gas line of
Fe(CsH;), from the vapour generator to the reactor
was heated to prevent the condensation of the
ferrocene vapour. The deposition conditions are
summarized in Table I.

The deposition rate was determined as the weight
gain of the substrate per unit area and time. The
phases of the deposits and their lattice parameters
were determined by X-ray diffractometry. The
nitrogen and carbon contents of the deposits were
determined by quantitative elemental analysis (Yanagi
moto Co. Ltd, MT-2). Magnetic properties were
measured using a vibrating-sample magnetometer
(VSM) (Riken Densi Co. Ltd, BHV-3). ¢, was cal-
culated per unit weight which was determined from
the weight loss of the sample when the deposit was
washed off the substrate using hydrochloric acid.

3. Results and discussion

3.1. Effect of deposition temperature

3.1.1. Deposition behaviour and the

deposition rate

Fig. 2 shows the dependence of the deposition rate on
the deposition temperature at some total gas flow
rates under the fixed partial pressures of Fe(CsHs),
(pFe(CsHy),) and CO, (pCO,) which were
3.0 x 107* and 0.025atm, respectively. Two con-
ditions were selected for the partial pressures of NH;
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Figure 2 Dependence of the deposition rate on the deposition
temperature for various total gas flow rates. pFe(C;H;), =
3.0 x 107*atm, pCO, = 0.025atm. (a, a) pNH, = 0.05atm,
pH, = 0.3atm; (O, W) pNH; = 0.1atm, pH, = 0.6atm.

(pNH;) and H, (pH,) because of the limitation of the
apparatus. Regardless of the total gas flow rate, there
were very few deposits below 450°C. Deposition,
however, occurred above 500°C and the deposition
rate increased with increasing deposition temperature
at any total gas flow rate, pNH, and pH,.

When the deposition temperature was below
550° C, the colour of the deposits was somewhat dark-
grey. Moreover, after washing off deposits with a
hydrochloric acid, a black residue was observed on
the substrate which showed the existence of free
carbon in the deposit. On the other hand, the colour
of the deposits which were obtained above 600° C was
metallic grey. Thus the contents of free carbon in the
deposits is lower above 600° C than below 550°C. As
a result, free carbon tends to be deposited at a lower
deposition temperature.

3.1.2. Composition and phases of the
deposits

The dependence of nitrogen and carbon contents of

the deposits on the deposition temperature is shown

in Fig. 3 under the following fixed conditions:

pFe(CsH;), = 3.0 x 107*atm, pNH, = 0.05atm,
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Figure 3 Dependence of nitrogen and carbon contents, and the
phases of the deposits, on the deposition temperature. pFe(CsH;), =

30 x 107*atm, pNH, = 0.05atm, pH, = 0.3atm, pCO, =
0.025 atm, total gas flow rate = 4Imin~'. (y') y"-Fe, N, (g) e-Fe,N.
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Figure 4 Dependence of the phases of the films on pNH, and pH,
at 600°C. pFe(CsHs), = 3.0 x 107%atm, pCO, = 0.025atm,
total gas flow rate = 41min~". (W) «-Fe + C, (a) o-Fe + Fe,C,
(®) 7-Fe,N + Fe;C, (V) &Fe,N + v-Fe,N, (v) y-Fe,N +
&Fe;,N + Fe,C, (0) e-Fe)N, (@) e-Fe,N + Fe,C.

pH, = 0.3atm, pCO, = 0.025atm, total gas flow
rate = 4lmin~'. The phases of the deposits are also
represented in Fig. 3. At 550°C the nitrogen content
was small but the carbon content was large,
~7.2wt%, which caused the major phase of the
deposit to be Fe;C. As the deposition temperature
increased, the nitrogen contents increased abruptly
and reached an almost constant value of about
6.0 wt % above 650° C. On the other hand, the carbon
contents decreased with increasing deposition
temperature and reached about 0.3 wt % at 750°C.

Thermodynamically, the phases of the deposits
depended on temperature and composition. Because
the films deposited in the present study consisted of
iron, nitrogen and carbon, some of iron nitrides, iron
carbides, iron carbonitrides or free carbon are con-
sidered to be deposited. If carbon exists only as free
carbon, the atomic ratio of nitrogen to iron deter-
mines the iron nitride phase, while if the carbon atoms
are dissolved in iron nitrides, the amount of iron,
carbon and nitrogen atoms will decide the iron carbo-
nitride phases. The film consisting of y’-Fe,N single
phase involved about 0.5 to 1.0 wt % carbon atoms at
700° C as shown in Fig. 3. From the phase diagram of
the Fe-N-C system [28], the solubility of carbon in
7-Fe,N is about 0.2 wt % at 700°C, so that the car-
bon in the deposits is thought to exist mainly as free
carbon. However, although the nitrogen content of
the film at 650°C was almost unchanged compared
with that at 700°C, which was within the homo-
geneous range of y’-Fe,N, &-Fe,N was codeposited
with y’-Fe,N. This showed that some carbon atoms
dissolved in iron nitride phase at 650° C. On the basis
of this result, the whole carbon content of the deposits
could be an important factor for dissolving the carbon
atoms in the iron nitride phase.

Fig. 4 shows the dependence of the phases of the
deposits on pNH; and pH, at 600° C under the con-
ditions of pFe(CsH;), = 3.0 x 10™*atm, pCO, =
0.025 atm, total gas flow rate = 4lmin~'. As shown
in Fig. 4 the single phase of e-Fe, N was deposited but
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the single phases of y-Fe,N and «-Fe were not
obtained, which was different from the results at
700° C (for details see Section 3.2.3). Instead of these,
the carbide phase, Fe;C, was codeposited with a-Fe,
y’-Fe,N or ¢-Fe, N under a large excess pH, compared
to pNH,;, and the carbon phase was codeposited with
a-Fe in the absence of NH;. This suggests that the
carbon contents of the deposits were higher at 650°C
than at 700° C, which was predicted by the results in
Fig. 3. At 700° C the maximum solubilities of carbon
in a-Fe, y’-Fe,N and ¢-Fe,N are 0.1, 0.2 .and 3.0 wt %,
respectively [28]. It is probably caused by the dif-
ference in the maximum solubilities of these phases
that &Fe,N could be deposited as single phase,
while a-Fe and y’-Fe,N could not exist as single phase
at 600° C as shown in Fig. 4. From these results, the
phases deposited at 600°C may be thought to be
affected by not only the nitrogen atom but also the
carbon atoms in the deposits, so that these must be
considered to be the phases in the Fe-C-N system.
This result was in good agreement with the assump-
tion in Fig. 3. Therefore the phases were not deter-
mined only by pNH,/pH;?, which assigned the
nitrogen content in the deposits at 700° C. As a result,
the phase boundary line between different phases in
Fig. 4 was unclear compared with that at 700°C, as
shown in Fig. 8 (for details see Section 3.2.3).

3.2. Effect of gas composition and total gas
flow rate at 700° C
3.2.1. Deposition behaviour
The effect of pNH; and pH, on the deposition behav-
iour was studied at 700°C. The experimental con-
ditions were pFe(CsHs), = 3.0 x 107%atm, pCO, =
0.025 atm, total gas flow rate = 41min~". The effects
of pNH; and pH, were roughly divided into three
regions from the difference in the deposition behav-
iour. In the absence both of NH; and H,, there was
little deposit on the substrate. On the other hand, in
the absence of NH; or large excess of H, compared
with NHj;, a deposit was obtained but it consisted of
fine particles. However, in the third case, a dense film
was obtained. In brief, hydrogen is essential for the
preparation of the deposits and a certain pNH; is
needed for the preparation of the films. Because the
deposits are formed through the decomposition of
Fe(C,Hs), (for details see Section 3.2.2), NH; must
accelerate the decomposition of Fe(C;H;),. In subse-
quent sections we are mainly concerned with the
region where the dense film is obtained.

3.2.2. Deposition rate

Fig. 5 represents the relationship between the reaction
time and the deposition weight per unit area for
various pNH;, pH, and pFe(C,Hs), under a fixed
total gas flow rate of 41min ' and pCO, of 0.025 atm.
The deposition weight increased linearly with increas-
ing reaction time irrespective of the gas composition
up to 120 min. Moreover, it was also ascertained that
the phases and the microstructures of the films did not
change remarkably depending on the reaction time.
Therefore, the deposition mechanism which is esti-
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Figure 5 Weight of deposit plotted against reaction time at 700°C
for various pFe(C,Hy),, pNH,, pH,. pCO, = 0.025atm, total
gas flow rate = 41min~!. (O) pFe(C;Hy), = 3.0 x 10~ *atm,
pNH, = 0.05atm, pH, = 0.3atm; (O) pFe(C;H;), = 1.8 x
10-*atm, pNH, = 0.05atm, pH, = 0.3atm; (a) pFe(C,H,), =
3.0 x 10~*atm, pNH, = 0.2atm, pH, = 0.75atm.

mated from the deposition rate, may be unaffected by
the reaction time.

Fig. 6 shows the dependence of the deposition rate
on pFe(C;Hs), at some total gas flow rate under a
fixed pCO, 0f 0.025 atm. Two conditions were selected
for pNH, and pH, because of the limitations of the
apparatus. However, it has been already confirmed
that deposition rate was independent of pINH, and
pH, under a total gas flow rate from 1 to 81min~',
which was shown, for example, in Figs 2 and 5 under
41min~'. As shown in Fig. 6, the deposition rate
increased linearly with pFe(C,Hs), irrespective of the
total gas flow rate. Moreover, the deposition rate
increased with increasing total gas flow rate under
fixed pFe(C;Hy),.

Fig. 7 shows the data in Fig. 6 plotted as log depo-
sition rate against log total gas flow rate under a fixed
pFe(CsH;), of 4.0 x 10~*atm. The linear relation-
ship in Fig. 7 suggests that the deposition rate is
controlled by the mass transport in the gas phase
under a total gas flow rate from 1 to 81min~'. The
slope of the line in Fig. 7 is about 0.48 which is almost
equivalent to the theoretical one, 0.5 [29]. On the other
hand, as shown in Fig. 7, the deposition rate of each
film depends not on pNH,, pH, and pCO, but only
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Figure 6 Deposition rate plotted against pFe(C;H;), for various
total gas flow rates at 700°C and under pCO, of 0.025atm.
(a) 81min~", (®, ©) 41min~", (@) 2Imin~", (¥v) IImin~'. (a, ®)
pNH; = 0.latm, pH, = 0.6atm; (O, O, v) pNH; = 0.05atm,
pH, = 0.3atm.
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linearly on pFe(C;Hs),. Therefore, the transport of
Fe(C.H,), molecules to the surface of the deposits
may be the rate-determining step at 700° C and under
the total gas flow rate from 1 to 8 Imin~'. Hence under
these conditions, the Fe(C;H,), molecule arrives
at the surface of the substrate and decomposes
immediately to produce deposits.

3.2.3. Phases of the deposit
3.2.3.1. Effect of pNH; and pH, . Fig. 8 shows the effect
of pNH; and pH, on the phases of the films at 700°C
and under a total gas flow rate of 41min~'. Other
experimental conditions were the same as shown in
Fig. 4 at 600°C. As already reported [24], the films
consisting of the single phases of a-Fe, y’-Fe,N and
¢-Fe,N and the mixed phases of o-Fe + y’-Fe,N and
v-Fe,N + &-Fe,N were deposited depending on
pNH, and pH,. Peaks related to (-Fe,N were
observed accompanying &-Fe,N on the X-ray diffrac-
tion (XRD) pattern of the films, which contain excess
nitrogen in &-Fe,N. However, e-Fe,N and (-Fe,N
could not be quantitatively divided using XRD, so
that we describe them together as “e-Fe,N” in this
paper.

In Fig. 8 the boundary lines between different phase
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Figure 8 Effects of pNH, and pH, on the phases of the films at 700° C.
pFe(CsH;), = 3.0 x 107*atm, pCO, = 0.025atm, total gas flow
rate = 4lmin~". (O) «-Fe, (v) a-Fe + y-Fe,N, (&) y-Fe,N, (@)
y-Fe,N + e-Fe,N, (O) &-Fe,N.
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Figure 9 Nitrogen and carbon contents and phases of the films as a
function of pNH,/pH? at 700°C. pFe(C;H;), = 3.0 x 10~*atm,
pCO, = 0.025atm, total gas flow rate = 4lmin~". (2) a-Fe, (')
v-FeyN, (¢) e-Fe,N, (@, a) pH, = 0.3atm, (O, a) pNH, = 0.2atm.

regions are represented by
PNH;/pH}? = K @)

where K is constant. Equation 2 is known as the
nitriding potential of the NH;-H, mixture [30]. As
pNH,/pH3? increased, the phases with higher
nitrogen content tended to be deposited, such as
o-Fe - «-Fe + y-Fe,N — v-Fe,N — y-Fe,N +
e-Fe,N — ¢-Fe,N. The values of pNH,/pH3”? cor-
responding to cach phase region are summarized in
Table II.

Fig. 9 shows the nitrogen and carbon contents and
the phases of the films as a function of pNH, /pH3" for
constant pNH, (0.2 atm) and pH, (0.3 atm) under the
conditions in Fig. 8. Under fixed pNH, and pH,, the
change in pNH, /pH3” corresponds to that of pH, and
pNH;, respectively, which is also represented in Fig. 9.
The nitrogen contents of the deposits increased with
increasing pNH, /pH3?. This increase makes the phase
change from a nitrogen-poor phase to a nitrogen-rich
one in good agreement with the phase diagram of the
Fe-N system [1]. Fig. 9 shows that the nitrogen con-
tents and the phases of the films were regulated by
pNH, /pH3? under any ratio of pNH; and pH, where
pFe(C;H;), and temperature were constant. On the =
other hand, the dependence of the carbon contents on

TABLE II Range of pNH,/pHj” over which the various iron
nitride phases are deposited at 700°C. pFe(CsH;), = 3.0 x
10~*atm, pCO, = 0.025atm, total gas flow rate = 41min~"

Phases

pNH, /pH? (atm 17
3

a-Fe <0.06
o-Fe + y-Fe,N 0.06-0.18
y'-Fe,N 0.18-0.30
y-Fe,N + ¢-Fe,N 0.30-1.2
&-Fe,N =12
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pNH,/pH3? could not be elucidated within the
experimental limits of the present study, as shown in
Fig. 9.

From the present results we can consider the mech-
anism of NH; decomposition under the conditions in
Fig. 8; NH; molecules adsorb and dissociate on the
surface of the substrate as follows

2NH,(ad) - 2N(ad) + 3H, 3)
2N(ad) — N(in Fe-N) (@)

where (ad) and N(in Fe-N) mean chemical species
adsorbed on the surface and nitrogen dissolving in the
iron nitride phase, respectively. Moreover Reaction 4,
dissolving in the iron nitride phase, is the rate-
determining step, and the decomposition rate of NH;,
r, can be represented by

k(pNH3/pH3)'~* )

where o is a semiempirical constant obtained by
assuming the heat of NH; adsorption to be a linear
function of NH, coverage on the surface. Therefore,
pNH,;/pH3"? determines the amount of nitrogen on the
surface, i.e. the determining factor of nitrogen activity.
This mechanism is called the Temkin-Pyzhev mech-
anism [31]. Moreover, as described in Section 3.2.2.,
Fe(C;Hs), molecules arriving at the surface of the
deposits decompose immediately to produce films,
because the rate-determining step of the deposition
may be the transport of Fe(C;Hs), molecules.
Therefore, under constant pFe(CsHs),, pNH, /[pH3?
determines the ratio of iron to nitrogen on the surface,
which also determines the phase of the deposits. As a
result, the boundary lines between different phase
regions, are represented by Equation 2 as shown in
Fig. 8.

ryr =

3.2.3.2. Effect of pFe(Cs H;),. Fig. 10 shows the effects
of pFe(C;H;), and total gas flow rate on the phases of
the films under pCO, of 0.025atm at 700°C. The
ratios of pNH; and pH,, i.e. pNH;/pH3?, were selected
in the region where the single phase of y'-Fe,N was
deposited when pFe(CsHs), was 3.0 x 107*atm as
shown in Fig. 8. As pFe(C;Hj), increased, the kind of
the phases in the films changed from single-phase of
y’-Fe,N to mixed phase y’-Fe,N and ¢-Fe,N above
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Figure 10 Effects of pFe(C;Hy), and total gas flow rate on the phases
of the films deposited at 700°C for various pNH,;, pH,. pFe-
(C:H,), = 3.0 x 10~%atm, pCO, = 0.025atm, (O) y-Fe,N, (a)
y-Fe,N + ¢-Fe,N, (O) y-Fe,N + &-Fe,N + Fe,C.
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21min~". This phase change cannot be explained only
by the effect of the nitrogen contents of the films.
Under constant pNH, and pH,, the increase in
pFe(CsHs), causes an increase in the atomic ratio of
iron to nitrogen on the surface of the substrate, so that
the phase with lower nitrogen, perhaps a-Fe, should
be codeposited with y’-Fe,N. This phase change can
be explained by the effect of the carbon contents of the
films on the phases as follows: as pFe(CsHjs),
increases, the carbon contents of the films will increase
accompanied by increasing iron contents. Therefore
the solubility of carbon atoms in the nitride phase
becomes large, and ¢-Fe, N is thought to be codeposited
with y’-Fe,N. On the other hand, Fe,C instead of
&-Fe, N was codeposited with increasing pFe(C;Hj;),
under a total gas flow rate of 11min~'. This phase
change could not be explained solely by increasing
carbon content at the surface of the deposits, so that
the desorption of carbon atom from the surface of the
deposits must also be considered.

3.2.3.3. Effect of pCO,. The nitrogen and carbon con-
tents of the films as a function of pCO, at 700° C are
shown in Fig. 11. The experimental conditions are
pNH; = 0.0125atm, pH, = 0.3 atm, pFe(C;H;), =
3.0 x 10"*atm, total gas flow rate = 41min~'. As
shown in Fig. 8, this condition corresponds to the
region where y’-Fe,N is codeposited with a-Fe under
pCO, of 0.025 atm. The phases of the deposits are also
represented in Fig. 11.

When CQO, is not introduced into the reactor, the
nitrogen content is small but the carbon content is
large, ~4.5wt% so that Fe,C is codeposited with
a-Fe and y-Fe,N as shown in Fig. 11. As pCQO,
increased, the nitrogen contents of the deposits
increased gradually but the carbon contents decreased
abruptly and reached a constant at about 1.6 wt %
above 0.025atm pCQ,. In addition, the fraction of
y’-Fe, N was increased compared with that of a-Fe. It
is possible to give an explanation for this phenomenon
as follows: if excess CO, is introduced into the sys-
tem, the following reaction will occur together with
Reaction 1

8 T ; T T T
. a>y
a2 u;yq::sc r>a J
ENi
E 4l N ]
IS
S}
o
o 2r C g
z

or

g OI.I 0.I2 0.[3
p CO; (atm)

Figure 11 Nitrogen and carbon contents and the phases of the films
as a function of pCO,. Deposition temperature = 700°C. pFe-
(CsH;), = 3.0 x 107*atm, pNH; = 0.0125atm, pH, = 0.3atm,
total gas flow rate = 41min~'. (&) a-Fe, () y-Fe,N.
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Figure 12 Effects of pNH, [pH3? and total gas flow rate on the phases
of the films deposited at 700°C. pFe(C;H;), = 3.0 x 10~ atm,
pCO, = 0.025atm. (O) y-Fe,N + &Fe,N, (0) y-Fe,N, (a) a-
Fe + y-Fe,N.

Reaction 6 reduces pH,, so that pNH,/pH3?, i.e. the
nitrogen content of the deposits, increases as shown in
Fig. 11. On the basis of the results shown in Fig. 11,
it can be considered that the reduction in carbon
contents of the films by introducing CO, into the reac-
tor has been successfully achieved. In general, removal
of carbon’ from the films by CO, seems to be more
effective when the value of pNH, /pH3? is small.

3.2.3.4. Effect of total gas flow rate. Fig. 12 shows the
effects of pNH;/pH3”? and total gas flow rate on the
phases of the deposits at 700°C and under fixed
pFe(CsHs), of 3.0 x 107*atm and pCO, of
0.025atm. As shown in Fig. 12, under the fixed pNH,/
pH3?, the phase with lower nitrogen content was
deposited with increasing total gas flow rate. This
means that under the fixed pNH;/pH3?, the nitrogen
content of the films, which is decided by pNH, /pH3?,
decreases with increasing total gas flow rate.

On the other hand, with increasing total gas flow
rate the deposition rate, which was determined by the
deposition weight per unit time and area, increased
under the fixed pFe(C;Hs), as shown in Fig. 6.
Because most of the weight deposited depended on the
weight of iron atoms, the deposition of iron also
increased. The phases of the films were determined by
the ratio of iron to nitrogen on the surface, so that the
nitrogen on the surface must be decreased with
increasing total gas flow rate. This result was in good
agreement with the results of Fig. 12.

3.3. Characteristics of the deposits
3.3.1. Lattice parameters of ¢-Fe,N deposited
at 700° C

As mentioned in Section 3.1.2, films obtained in the
present study consisted of iron, nitrogen and carbon.
When carbon atoms are dissolved in &-Fe, N, the lat-
tice parameters of ¢-Fe,N are known to change
according to total number of interstitial atoms
(N + C) and their ratio (N/C) [32, 33]. In the present
study, the effect of (N/C) seems to be negligible com-
pared with that of (N + C), because the effect
of (N + C) on the lattice parameters of &-Fe,N is
generally larger than that of (N/C) [32, 33] and the
maximum value of (N/C) is less than 25% as shown in
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Figure 13 Dependence of lattice parameters of &-Fe,N and the phases
of the films on the nitrogen content of the films deposited at 700° C.
pFe(CsH), = 3.0 x 107*atm, pCO, = 0.025atm, total gas flow
rate = 41min~', (O, A) &-Fe,N, (®, a) &-Fe,N + 7-Fe,N.

Fig. 8 even if no free-carbon is present in the films.
Therefore, it can be considered that the lattice param-
eters of ¢-Fe, N are mainly affected by (N + C).
The dependence of lattice parameters of &-Fe,N
deposited at 700°C on the nitrogen contents of the
films is shown in Fig. 13, together with the phases of
the films deposited. Other deposition conditions were
pFe(CsHs), = 3.0 x 107*atm, pCO, = 0.025atm,
total gas flow rate = 41min~'. Although the films
were deposited under different conditions of pNH,
and pH,, the lattice parameters of &-Fe,N depended
not on the deposition conditions but on the nitrogen
content of the films. As shown in Fig. 13, the lattice
parameter change could be divided into two regions
by the kind of deposit in the phase: the region of
e-Fe;N single phase and the mixed phases of

.&-Fe;N + 9-Fe,N. In the former region, the lattice

parameters increased with increasing nitrogen content
of the films. This result agrees well with previous data
given by Jack [34] in the Fe-N system shown by the
solid lines in Fig. 13. Jack obtained this result for a-Fe
powder nitrided in a gaseous mixture of NH, and H,.
This suggests that the lattice parameter change of
&-Fe, N can be explained only by the nitrogen content
of the deposits, which is related to the nitrogen atom
in the &-Fe, N structure.

On the other hand, the lattice parameters of ¢-Fe, N
were almost constant where y-Fe, N coexisted with
¢&-Fe,N. The nitrogen content of ¢-Fe,N can be esti-
mated from this constant lattice parameter using
Jack’s data to be about 7.8 wt %, which agrees with
the nitrogen deficient limit of e-Fe, N shown in Fig. 13.
Considering that the homogeneous range of y’-Fe,N
is limited, the change in the nitrogen content of the
films in this region mainly corresponds to the fraction
change of &-Fe,N to y-Fe,N, where the nitrogen
contents are 7.8 and 5.7 to 6.1 wt %, respectively.

In brief, this means that at 700°C the effect of
carbon atoms on the lattice parameters of ¢-Fe, N is
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negligible, and confirms that carbon atoms in the film
seem to exist mainly as free carbon, as described in
Section 3.1.2.

3.3.2. Microstructure and magnetic properties
3.3.2.1. Saturation magnetization. The dependence of
o, on the nitrogen contents of the films is shown in
Fig. 14. The deposition conditions of the film were
deposition temperature = 700°C, pFe(C;Hs), =
3.0 x 107*atm, pCO, = 0.025atm, total gas flow
rate = 41min~'. Although the films were deposited
under different conditions for pNH, and pH,, o, also
depends not on the conditions of pNH; and pH, but
on the nitrogen contents of the films. o, decreased with
increasing nitrogen content, as shown in Fig. 14. In
particular, the linear relationship holds above
5. 7wt % nitrogen content. This tendency is com-
patible with that reported for the bulk iron nitride
materials [35-37]. In addition, o, of the films consist-
ing of y’-Fe, N single phase was 188e.m.u. g~', which
was almost equivalent to the reported value for the
bulk material, 192e.m.u.g~'. This suggests that the
effects of oxidation on introducing CO, into the sys-
tem and/or the carbon contamination in the films are
negligibly small.

3.3.2.2. Coercive force and microstructure as a param-
eter of deposition temperature. The dependence of
coercive force of the deposits, H,, on the deposition
temperature is shown in Fig. 15. Deposition con-
ditions were pFe(CsHs), = 3.0 x 10 *atm, pNH, =
0.05atm, pH, = 0.3atm, pCO, = 0.025atm, total
gas flow rate = 41min~'. Deposition conditions were
the same as those in Fig. 3. Although H, was almost
constant at 30 Oc above 600° C, the films deposited at
550° C had an extremely high H,. This rapid change in
H_ seemed to be caused by the change in microstructure
of the films.

Fig. 16 shows typical microstructures of the surface
and fractured surface of the films deposited at (ab)
550°C, and (c,d) 700°C which corresponds to the
typical microstructure above 600°C. At 700°C the
microstructure of the film was dense, uniform and
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Figure 14 o, plotted against nitrogen content of the films deposited
for various conditions of pNH; and pH,. Deposition temperature =
700°C, pFe(CsHy), = 3.0 x 10~*atm, pCO, = 0.025atm, total
gas flow rate = 4lmin~'. (v) a-Fe + y-Fe,N, (0) y"-Fe,N, (a)
v-Fe,N + ¢-Fe,N, (O) &-Fe,N.
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made up of angular grains with stripes on their sur-
face, as shown in Fig. 16¢c, d. At 550°C, the charac-
teristics of the microstructure were small plate-like
particles and interstices between particles as shown
in Fig. 16a, b. These interstices and the magnetic
anisotropy of each plate-like particle seem to cause the
high H, of the films.

4. Conclusions

Iron nitride films were prepared on fused silica sub-
strates by CVD from the gaseous mixture of
Fe(C,H;),-NH;-H,-CO, under atmospheric pres-
sure. The effects of deposition parameters (i.e. depo-
sition temperature, total gas flow rate and input gas
composition) on the deposition characteristics, such
as the deposition rate, and the phase, the microstruc-
ture, the nitrogen and carbon contents, and the mag-
netic properties of the deposits, were investigated. The
following results were obtained.

1. Iron nitride films were deposited above 500°C
and films of y’-Fe,N single phase were deposited
above 700° C.

2. At 700°C and at a total gas flow rate of 1 to 81
min~', the transport of Fe(C;H;), molecules to the
surface of the deposits may be the rate determining step.

3. At 700° C and at a total gas flow rate of 41min~!,
films consisting of a-Fe, y-Fe,N and ¢-Fe,N were
deposited and these phases were determined by pNH;/
pH3? which was the factor controlling the nitrogen
content of the films.

4. At a deposition temperature of 700°C, the
nitrogen content of the films increased as the total gas
flow rate decreased or pCO, increased, so that the
phase with a higher nitrogen content was codeposited.
The carbon content increased with increasing
pFe(C;Hy), or the absence of CO,, so that the phase
with greater solubility in carbon, i.e. e-Fe,N, was
codeposited with y-Fe, N.

5. The change in &-Fe, N lattice parameters deposited
at 700°C was interpreted in terms of the nitrogen
content of the fiims, and did not depend on the
deposition conditions.

6. The change in saturation magnetization, o,, of
the films deposited at 700° C was in good agreement
with that reported for the bulk iron nitride materials,
which depends not on the deposition conditions but
on the nitrogen content of the films.
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Figure 15 Dependence of coercive force of the deposits on the deposi-
tion temperature. pFe(CsH;), = 3.0 x 107*atm, pNH, =
0.05atm, pH, = 0.3atm, pCO, = 0.025atm, total gas flow

rate = 41lmin~'.



Figure 16 Scanning electron micrographs of surface and fractured surface of iron nitride films deposited at (a, b) 550°C and (c, d) 700°C.
pFe(CHy), = 3.0 x 107*atm, pNH, = 0.05atm, pH, = 0.3atm, pCO, = 0.025atm, total gas flow rate = 4lmin—".

7. The coercive force of the films deposited at
550° C was large compared with that above 550°C,
which was related to the change in microstructure.
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