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Direct production of ultrafine amorphous Fe-P alloy
particles by the plasma method
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Chemistry Department of Nanjing University, Nanjing 210008, People’s Republic of China

Ultrafine amorphous Fe-P alloy particles were directly synthesized by the plasma using
cyclopentenyl iron and phosphorous trichloride as starting materials. The plasma gas
greatly influenced the morphology, dispersion and composition.The particles were roughly
spherical with a diameter of 40-200 nm and had the composition of FeiesPse. Elemental
chlorine was found in the surface of the particle especially prepared under argon plasma
conditions. It was bonded with phosphorus and carbon in Fe-P particles prepared in argon
plasma and mainly with carbon in Fe-P particles deposited under a hydrogen plasma.
Formation of Fe-P improves the stability of phosphorus in air. Phosphorus enrichment in the
surface of Fe-P particles was also found. The particles were characterized by TEM, SEM,
infrared-spectroscopy, X-ray photoelectron spectroscopy quantitative analysis, differential
scanning colorimetry, inductively coupled plasma, X-ray diffraction and X-ray microprobe

analysis. The formation mechanism of Fe-P amorphous particles was also discussed.

1. Introduction

In recent years, amorphous alloy has received con-
siderable attention owing to its expected applications
in magnetic recording, ferroiluids, catalysis and
radar-absorption materials (RAM) [1-4]. A number
of techniques such as rapid solidification, electroless
deposition, electrodeposition, sputter deposition, ion

implantation, laser glazing, chemical vapour depos--

ition, solid-state reaction and chemical reduction have
been developed for the preparation of this kind of
material [5-15]. In chemical vapour deposition
(CVD), the plasma technique is a powerful tool to
produce ultrafine powders of ceramics and refractory
metals. Many plasma chemical vapour deposition
processes have been studied to synthesize ultrafine
ceramics powders such as SiC, SiN, SiB, WC, TiC,
SisN4, AIN and metals such as titanium, molyb-
denum, tungsten, etc. and also metal particles disper-
sed in polymer using r.f plasma [16-18] and d.c.
plasma [19-217. However, little work has focused on
the synthesis of Fe~P ultrafine amorphous alloy pow-
der by the plasma technique. In this paper, the direct
production of ultrafine amorphous Fe-P alloy pow-
der by plasma method is reported. The synthesis pro-
cess and the properties of the ultrafine amorphous
powders were studied.

2. Experimental procedure

2.1. Materials

Fe(CP), was obtained from Shanghai Chem. Agent
Co. and purified by sublimation before use. PCl; was
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C.P. grade. Argon and hydrogen gas were used as
plasma gas without further purification before use.

2.2. Plasma apparatus and experimental
process

The plasma apparatus was equipped with a radio
frequency (r.f, 13.56 MHz) power generator, which
can create an inductively coupled electrodeless glow
discharge. A glass tubular reactor, 8§ cm diameter and
30 cm long, was evacuated from the right side using
a cold trap and a rotary vacuum pump. The pressure
in the system was monitored by a vacuum gauge. Solid
Fe(CP),was heated by a water bath. Two glass plates
(length 15 cm) within the reactor were overlaid with
a number of copper grids coated with carbon film and
a number of glass grids at positions A and B as shown
in Fig. 1. The copper grids were used for direct TEM
and SEM observation and the glass grids were used
for X-ray photoelectron spectroscopy (XPS) measure-
ment. The system was first evacuated by the rotary
vacuum pump until a pressure of 1073 torr was
achieved. Argon gas containing PCl; was then intro-
duced into the reactor to displace the residual gases.
Evacuation and argon introduction were repeated
several times. The system was then again evacuated to
1073 torr (1 torr = 133.322 Pa). Then the Fe(Cp), was
heated and the argon gas containing PCl; was also
bled into the reactor. Finally, the pressure was con-
trolled at 0.3-0.5 torr by appropriate opening of the
argon or hydrogen gas inlet value. Imposition of 35 W
r.f. power, 150 mA, created the conditions, under
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Figure 1 The experimental apparatus.

TABLE I The experimental conditions used

Sample  Original Plasma Deposition Total
material gas time (min)  pressure (torr)

PL1 Fe(CP), Ar 20 0.3

PL2a PCl, Ar 20 03

PL2b PCl, H, 20 0.3

PL3 Fe(CP), + PCl; Ar 40 0.5

PL4 Fe(CP), + PCl; H, 40 0.5

which the synthesis of iron, phosphorus and Fe-P
alloy particles was carried out. The process lasted for
20-40 min. Then the reactor was kept under vacuum
until the XPS measurement was performed. The ap-
paratus is shown in Fig. 1. The experimental condi-
tions are listed in Table L.

2.3. Fourier transform-infrared (FT-IR)
spectroscopy

Samples for IR spectroscopy were scraped from slides

using a knife, and were incorporated into KBr disks.

The IR spectra were obtained on a Nicolet 170 SX

FT-IR spectrometer.

2.4. XPS measurement

The sample was exposed to air for less than 5 min
while transferring it from the reactor into the XPS
spectrometer. The XPS spectra were obtained using
a M8200 XPS ‘spectrometer with an MgK X-ray
source at 10kV and 400 W at 10~8 torr. All peaks
were referenced to'the €, peak at 284.60 eV. Spectra
were reproducible to +-0.1eV. Satellite lines were
eliminated by use of a multiple technique using an
analytical computer system. Peak areas were cal-
culated through a normalization procedure which ac-
counted for the acquisition time and a data point step
of 0.05 eV. Depth analysis was performed by etching
the surface with a current density of 10 pAcm ™% and
a 5keV Ar* ion beam. The sputtering rate was esti-

mated to be.about 0.1 nm pA " P min~ ! cm?.

2.5. TEM and SEM observation

TEM observation was performed in a JEM-100 CX
Electron Microscope. After TEM observation the
same grid or glass grids were coated with a thin layer
of gold then mounted in an SEM (Hitachi X-650).
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2.6. X-ray microprobe analysis

The selected area of the sample was analysed with an
EDAX 9100 energy-dispersion type X-ray analyser
attached to a TEM. Elemental iron, phosphorus and
chlorine were determined from the X-ray intensity of
FeK,, PK, and CIK, line emission. Quantitive calcu-
lation was made.

2.7. Differential scanning calorimetry (DSC)
DSC measurement was performed in pure argon gas

with a heating rate of 20 K min~1.

2.8. Inductively coupled plasma (ICP)
analysis

The content of iron and phosphorus was analysed by

an inductively coupled plasma method (ICP) with an

Atomscan 200 ICP-AES instrument.

2.9. X-ray diffraction (XRD)

XRD measurement was performed using CukK, X-ray
radiation with a monochromator mounted on the
diffracted beam.

3. Results and discussion
3.1. The formation and morphology of
iron and phosphorus particles

Fig. 2 shows the iron particle (sample PL1) which is
basically spherical with a diameter of 10-100 nm. The
particle size is a little different at different positions.
Selected-area electron diffraction shows that the par-
ticle is microcrystalline. When PCl; was treated with
argon plasma, ultrafine amorphous phosphorus par-
ticles were formed. Fig. 3a and b show transmission
electron micrographs of the phosphorus particles in
positions A and B respectively. Most of the particles
are irregular in shape with a size of 2-40 nm and very
well dispersed. Fig. 3¢ shows a scanning electron
micrograph of PL2a. Sample PL2b is similar to PL2a

Figure 2 Transmission electron micrograph selected-area electron
diffraction image of sample PL1.



Figure 3 Transmission electron micrographs at (a) position A, (b) position B, (c) scanning electron micrograph, and (d) selected-area electron

diffraction image of sample PL2a.

The particle is in an amorphous state, as indicated
by the selected-area electron diffraction image
(Fig. 3d). X-ray surface microprobe analysis indicates
that there elemental chlorine exists in the ultrafine
phosphorus (Fig. 4a), but virtually no chlorine was
found in samples PL2b produced under hydrogen
plasma (Fig. 4b). This is because chlorine can react
with hydrogen to form HCI which can be evacuated
by pumping.

3.2, The formation and composition of
Fe-P alloy particles

It is very interesting to find that neither phosphorus

nor microcrystalline iron particles, but amorphous

Fe-P alloy was formed when PCl; and Fe(CP), were

mixed under plasma conditions. Transmission elec-

tron micrographs show that the particles are roughly
spherical and have a diameter of about 40-200 nm
(Fig. 5). Fig. 5¢ shows a scanning electron micrograph
of the sample. Fig. 5d is the selected-area electron
diffraction pattern, indicating the amorphous status of
the particles; this was also confirmed by the X-ray
diffraction profile in which only a very broad peak in
the vicinity of about 45 was determined. X-ray micro-
probe analysis gave not only the FeK, and PK, lines
emission but also the CIK, line emission. The com-
position of the Fe-P particles in different positions
was not entirely the same. The analytical results of
different regions in different positions (A and B) are
listed in Table II. Typical surface analysis is shown in
Fig. 6. From Table II, the mole ratio of Fe/P in
different positions (A and B) is almost the same (2.02
for position A and 1.96 for position B) although the
content of iron and phosphorus in position A is a little
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higher than that in position B. However the chlorine
content is lower than the latter, indicating that the
amorphous Fe-P alloy is in the composition of Fe,P.
This basically agrees with ICP result (Fe: 54.6 and P:
13.8 at wt %, mole ratio of Fe/P = 2.12). As shown in
Fig. 4a, chlorine also exists in amorphous phosphorus
(PL2). So, the two different states of chlorine may be
phosphorus-bounded and carbon-bounded chlorine
in sample PL3. This is also proved by the infrared
spectra and XPS spectra.

The formation of the Fe-P amorphous particles
was also characterized by infrared spectroscopy. Fig. 7
shows the IR spectra of Fe(Cp), and plasma-treated
deposition products. It is found that the absorption at
475.3 cm™ ! which is the y(M-R) stretching vibration
of the Fe-(cyclopendienyl) group disappeared in
sample PL3, indicating the decomposition of Fe(Cp),

PK,

a

(a) (keV)

Figure 4 X-ray microprobe analysis of samples (a) PL2a and (b) PL2b.

structure. Several new absorptions at 16422,
1611.2cm™! which are y(C=C) absorption and
3104.1, 2953.3 and 2866.4cm™! which are y(C-H)
absorption appeared. This indicates the formation of
a carbon-hydrogen compound containing saturated
alkyl and unsaturated alkenyl chains. This is also
confirmed by the ICP result which gives 56.3% iron
by weight in the product. The absotptions at 493.5
and 852.8cm™! are attributed to P-Cl and C-Cl
stretching vibrations. The existence of chlorine in
sample PL3 is also proved by selected-area X-ray
microprobe analysis (Fig. 6). The absorption at 1701.1
and 34003 cm™! in sample PL3 is due to further
reaction of the trapped radical with oxygen, and the
oxidation of surface iron particles, and also water after
the sample was exposed to air. From Fig. 7, very
strong absorptions at 1002.7 and 1148.8 cm ™!, which

PK.

(keV)

Figure 5 Transmission electron micrographs at (a) position A, and (b) position B, (c) scanning electron micrograph, and (d) selected area

electron diffraction image, of sample PL3.
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Figure 5 (Continued).

TABLEII Composition of Fe-P particles by X-ray microprobe analysis

Position Region Element Fit index (wt %) Mole ratio Average mole ratio
A I P 0.60 134 43.1 Fe: 88.3
Cl 37.7 10.6 P: 438
Fe 489 87.6 ClL: 10.6
11 P 0.64 13.8 44.5 Fe/P =2.02
Cl 374 10.5
Fe 49.8 88.9
B I P 0.68 13.0 41.8 Fe: 79.1
Cl 434 12.2 P:403
Fe 43.6 78.1 Cl: 122
I P 0.65 12.0 38.8 Fe/P =1.96
Cl 43.1 12.1
Fe 44.9 80.1
CIK, Fek, are P-OH and P=O stretching vibrations, can be

determined in sample PL2a, which indicated that the
amorphous phosphorus is easily oxidized. However,
compared with sample PL2a, samples PL3 and P14
do not exhibit these absorptions. This implies that the
stability of phosphorus in air increases when it be-
comes an amorphous alloy with iron.
Based on the experimental results above, the Fe-
(cyclopendienyl) group was decomposed to form ac-
PK, tivated iron atoms and carbon-hydrogen species such
as C, CH,(x = 1,2 or 3) and CH=CH, etc. PCl; was
also decomposed to form atomic phosphorus PCI,-
and Cl-activated species (those active species include
dissociated atoms, ions, radicals, activated atoms or
molecules). Iron and phosphorus atoms reacted in the
gas and aggregated to form ultrafine amorphous

1 2 3 4 5 6 7 Fe-P alloy particles. Carbon-hydrogen species also
{KeV} reacted to form carbon-hydrogen compounds and
Figure 6 Typical X-ray microprobe analysis of sample PL3. were deposited. The mechanism of the formation of

ultrafine Fe—P amorphous particles can be described as
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follows
Fe(CP), — Fe(atom) + 2Cp 1
PCl; - PCl(x=1,2)+ P +nCl (2)

Cp — (C, CH, CH, CH=CH efc )—ymerizion

and deposition

3)

nFe + nP — Fe-P alloy particle 4)
Cl+H - HCI (%)
Cl+C,H, - CI-C.H, (6)

3.3. Influence of plasma condition on

the formation of Fe-P particles
Plasma gas greatly influences not only the morpho-
logy but also the composition of the Fe-P particles.
Compared with sample PL3, the Fe-P particles
(sample PL4) are smaller and more uniform (Fig. 8).

Transmittance (%)

T T T
1600 1200 800 400

Wave number {cm™)

Figure 7 FT-IR spectra of {a) Fe(CP),, (b) PL2a, (c) PL3, and (d)
PL4.

TABLE III Infrared frequencies and band assignment

Figure 8 Transmission electron micrographs of sample PL4.
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Figure 9 XPS spectra of Fe2P;,, of sample PL4: (a) exposed to air
for less than 5 min, (b) exposed to air for 24 h.

Frequency assignment Frequency assignment

Frequency assignment

Frequency assignment

(Fe(CP),) (PL2a) (PL3) (PL4)

{em™") {em™) (cm ™) (cm™1)

4753 y(M-R) 1002.7 y(P-OH) 1642.2 y(C=C) 1618.8 y(C=C)
816.1 1148.8 (y(P = O) 1611.2 1673.9

852.5 n(C-H) 496.4 y(P-Cl) 1401.2 5(CH,) 1400.1 3(CH,)
10004 5(C-H) 1400.7 () 493.5 y(P-Cl) 689.7 ()
11042 y(C = C) 1636.6 (7 852.8 y(C-Cl) 851.0 y(C-Cl)

1406.4 &(CH,)
3089.4 y(C-H)

1062.7 1(C-0)
1701.1 y(C=0)
3104.1 v(C-H)
2953.3
2866.4

1065.1 y(C~0)
3200.7 y(C-H)
3124.4
2960.8
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TABLE IV Surface composition (at %) and binding energy data of the particles

Sample Fe P O C Cl Fe2Ps), States Pap States Clyp
eV) and ratio (eV) and ratio eV)
PL2a - 309 19.1 37.2 12.8 - - 130.1 P%(90.2%) 198.9
133.8 p"* (9.8%)
PL2B 39.8 204 38.8 - - 1299 P2(91.7%) -
1332 p"*(8.3%)
PL2b* - 253 38.1 36.6 - - - 130.0 Po(21.5%) -
1334 p**(78.5)
707.3 Fe®(82.2%) 130.3 P°(92.4%)
PL3 3.8 36 9.9 74.2 8.5 710.1 Fe?*(9.2%) 1333 p"t(7.6%) 1987
713.9 Fe?*(8.6%)
707.2 Fe®(81.0%) 130.2 p°(94%)
PL4 6.2 5.8 12.6 69.6 5.8 710.4 Fe?*(12.2%) 133.3 p"t(6%) 198.8
714.0 Fe3*(7.8%)
707.3 Fe®(23.1%) 130.2 p°(36.4%)
PL4® 59 5.6 182 64.7 5.6 7105 Fe?*(55.4%) 1334 p"* (63.6%) 198.8
714.0 Fe3*(21.5%)
* Sample was exposed to air for 24 h at room temperature.
Fe2P;,,
(a)
(b)
P2,
(c)
(d)
(a)
(b) (e)
(c)
(f)
(d)
(e) (g}
(f)
(g) (h)
(h) L
(i)
(i) L
1 I L T I T 1 [ L T
140 135 130 125 725 715 705
{a) Binding energy (eV) (b) Binding energy (eV)

Figure 10 Fe2p and P2p XPS spectra of PL4 as a function of sputter time: surfaces exposed to air for (a) 1 week, (b) 5 min, (c) 10 min, (d)
15 min, (e) 20 min (f) 25 min, (g) 30 min, (h) 35 min, and (i) 40 min.
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X-ray microprobe analysis shows that the chlorine
content in sample PL4 is less than in PL3. This agrees
with the PL2a and PL2b situation (discussed above).
XPS quantitative calculation gives the surface com-
position of the particle surface (Table III). Fig 9a and
b are Fe2P;,, XPS spectra of sample PL4 showing its
original surface and the surface after exposure to air
for 24 h.

From Table 111, no distinct Cl,p was determined in
sample PL2 deposited under a hydrogen plasma,
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Figure 11 Changes in elemental abundance in the surface as a func-
tion of sputtering time (sample PL4). () Fe, (x) P, (%) C, (A7) O,
(OyCL
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which agrees with the results of X-ray microprobe
analysis. However, chlorine was still determined in
sample PL4, although it was deposited under a hydro-
gen plasma. However, the chlorine content is less than
that in sample PL3. This is because some chlorine
atoms are bounded with carbon and are deposited. IR
spectra also show the C-Cl stretching vibration ab-
sorption (Table III). It was noted that there was no
absorption at 493 cm ™! which is the P—Cl stretching
vibration, and just a weak absorption at 851 cm ™! can
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Figure 12 Relative quantitivity of different states of iron and phos-
phorus as a function of sputtering time: (a) Fe®/Fey, (b)
Feoxidizea/ Ferota, (€) PO/ Piotat> (3) Poyigizea/Protar-
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Figure 13 Some typical XPS spectra of Fe2P;, of sample PL4 after sputtering times (a) 5 min, (b) 15 min () 25 min, and (d) 35 min.

2918



100 “‘
w 50 —
m
2
100
//‘
Ve
w J
G 50— )/
S
/
/
/
/A\
-7 ~
I/ /
UL = T == T
538 534 530

Binding energy (eV)

Figure 14 O, XPS spectra of sample PL4 after (a) no sputtering,
and (b) sputtering for 25 min.

be seen in sample PL4. This implies that the chlorine
content in sample PL4 is much less than that of PL3
and the chlorine was mainly bounded to carbon.
From Table I'V the relative quantity of oxidized phos-
phorus in the surface of sample PL4* (63.6%) is seen
to be less than that in sample PL2b* (78.5%) when
exposed to air for 24 h, suggesting the formation of
iron and phosphorus alloy improves the stability of
phosphorus in air. Therefore, more uniform Fe-P
alloy particles with less chloride were formed under
a hydrogen plasma condition.

3.4. The surface states and the stability
of the iron particles

XPS spectra have indicated that part of the iron on the
surface of sample PL4 was oxidized, even if the sample
was exposed to air for less than 5 min (Fig. 9a). Oxi-
dized iron, which is a complex of Fe?* and Fe3",
decreased when sample PL4 was exposed to air for
24 h (Fig. 9b), and some of the phosphorus was also
oxidized. All the iron in the particle surface became
oxidized states after exposure to air for 1 week at
room temperature (Fig. 10). The sputtering experi-
ment shows that the zero valence iron increases with
increasing sputtering depth (Fig. 11). According to the
estimation of the etching rate of 0.1nm pA~!
min~ ! cm ™2, the oxidation layer is about 30 nm deep.
A similar situation is found for elemental phosphorus
(Fig. 10). Fig. 12 shows the relative quantity of differ-
ent states of iron and phosphorus as a function of

{a)

(b)

(c)

Exothermic

I I 1
200 300 400 500

Temperature (°C)

Figure 15 Differential scanning calorimetry profile of (a) sample
PL2b, (b) sample PL3 and (c) sample PLA4.

sputtering time. From Fig. 10, the Fe/P atomic ratio is
seen to decrease with sputtering time, implying phos-
phorus enrichment in the particle surface. After 5 min
sputtering, the carbon content remains constant and
the chloride content was almost non-determinable.
Some typical Fe2P,,, XPS pictures are shown in Fig.
13. The differences between the surface and the inside
of the sample can also be seen from O, XPS spectra
(Fig. 14). Fig. 14a shows the original surface (no sput-
tering) where three kinds of oxygen exist. Fig. 14b
shows the internal surface after sputtering for 25 min
where only two kinds of oxygen appear.

The crystallization properties of the Fe-P amorph-
ous alloy particles were studied by differential scann-
ing calorimetry. As shown in Fig. 15, the crystalliza-

- tion temperature of amorphous phosphorus (sample

PL2b)is at 410 °C. Two main peaks at 250 and 382°C
were found in a sample of Fe—P amorphous particles
(PL3) and at 287 and 384°C in sample PL4. No
distinct peak appeared at 410 °C. This indicates phos-
phorus in samples PL3 and PL4 is in the alloying
states.

4. Conclusions

1. Ultrafine amorphous Fe—P alloy particles can be
directly synthesized by the plasma method using
cyclopentenyl iron phosphorus trichloride as starting
materials. The particles are roughly spherical with
a diameter of 40-200 nm and have the composition of
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Fe,P. About 25-35 wt% is carbonhydrogen com-
pounds in the powders.

2. The plasma gas greatly influences the morpho-
logy, dispersion and composition. Elemental chlorine
was found in the surface of the particles, especially
when prepared under argon plasma conditions. It was
bonded to phosphorus and carbon in Fe-P particles
prepared with an argon plasma and bonded mainly to
carbon in Fe—~P particles deposited under a hydrogen
plasma.

3. The formation of Fe-P increases the stability
of phosphorus in air, and phosphorus is relatively
enriched in the surface of Fe-P amorphous par-
ticles.
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