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Iron oxides such as hematite (R-Fe2O3), maghemite (γ-
Fe2O3), and magnetite (Fe3O4) are attractive materials due
to their high catalytic activity in reducing hydrocarbons and
magnetic and magneto-optical properties.1-2 Currently, at-
tention is focused on thin films and nanoparticles of the
spinel-type iron oxides (i.e.,γ-Fe2O3 and Fe3O4), because
they exhibit higher coercivity and signal-to-noise ratio than
their bulk phases.3 Because the properties of iron oxide films
are dependent on their chemical composition and morphol-
ogy, it is important to produce these films with high phase
purity and good surface morphology.4-5 Various methods
have been employed to grow iron oxide thin films.6-11

Chemical vapor deposition (CVD) offers a convenient and
inexpensive method for depositing high-quality metal oxide
thin films. The CVD of iron oxide thin films has been
reported using precursors such as [Fe(OtBu)3]2, Fe(CO)5, and
Fe(C5H7O2)3.3,11-17 However, because of the metastability
of the spinel-type iron oxides, the Fe2O3 films tend to be
formed rather than the Fe3O4, unless the processing condi-
tions were tightly controlled. Even then, the Fe3O4 films were
obtained often as mixed phase.16 In addition, the effect of
the processing conditions, such as the O2 feed and the
substrate temperature, on the formation of the Fe3O4 phase

was reported to vary with precursor. For instance, the
Fe(CO)5 precursor producedR-Fe2O3 in the presence of O2
and Fe-Fe3O4 composite in the presence of CO2, where
[Fe(OtBu)3]2 producedR-Fe2O3 and Fe3O4 at 400 and 450
°C, respectively, in the absence of O2.3,15

Herein, we report the CVD of iron and iron oxide films
using H2Fe[P(OCH3)3]4 and H2Fe[P(CH3)3]4 as precursors.
H2Fe[P(OCH3)3]4 and H2Fe[P(CH3)3]4 were prepared accord-
ing to the literature method by the reaction of FeCl2 with
NaBH4 and the corresponding trimethylphosphite or tri-
methylphosphine.18 CVD experiments were carried out in a
cold-wall glass reactor with a bubbler-type precursor vessel
maintained at 70-100 °C during the deposition process.19

The precursor was injected into the reactor with argon as a
carrier gas with flow rate of 200-300 sccm. A liquid
nitrogen trap was connected to the reactor to collect any
reaction byproducts. Oxygen gas was leaked into the reactor
separately when needed. Film depositions were conducted
on Si (111) substrates at 230 and 280°C. The CVD chamber
was evacuated to a background pressure of 1× 10-6 Torr
and maintained at 0.01-5 Torr during the deposition
processes. The deposited films were analyzed by X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD)
method with Cu KR radiation, and scanning electron micros-
copy (SEM). For the XPS analysis, the films were etched
with argon ion for 5 min with a sputtering rate of 30 Å/min.
The Scotch tape test indicated that the adhesion of the
deposited films to the substrate was good.

No peaks were observed by XRD for the films deposited
from H2Fe[P(OCH3)3]4 in the absence of any reactive gas
such as H2 or O2 during the deposition process, indicating
that the films were amorphous. The XPS spectra were
obtained to analyze the composition of the deposited films.
Figure 1 shows the Fe 2p2/3 core level XPS spectrum of the
film grown from H2Fe[P(OCH3)3]4 at 280°C. The peaks at
707.1 and 709.8 eV were consistent with the Fe 2p3/2 binding
energies for Fe and Fe3O4, respectively, which suggested that
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Figure 1. Fe 2p2/3 XPS spectrum of the Fe-Fe3O4 thin film deposited
from H2Fe[P(OCH3)3]4.
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the film was an Fe-Fe3O4 composite with a ratio of 3:4.20

Because no external oxygen source was provided, the oxygen
in the film must have originated from the precursor molecule
via the decomposition of the phosphite ligand, leading to
the contamination of the deposited film. The incorporation
of carbon was not detected by XPS; however, the incorpora-
tion of phosphorus in the film was∼2 at %. The decomposi-
tion of the phosphite to produce Fe3O4 from H2Fe[P(OCH3)3]4

was rather intriguing considering the low substrate temper-
atures used in this study. In fact, although the M-O bond
strength of cobalt or nickel is comparable to that of iron,
both HCo[P(OR)3]4 and Ni[P(OR)3]4, where R ) alkyl,
produced highly pure cobalt and nickel film, respectively,
liberating the phosphites intact under the same processing
conditions.21-23 If the decomposition of the phosphite
involved dealkylation processes to afford a PdO bond, the
low P content in the film was rather surprising. More detailed
analysis of the deposited films is required to understand better
the decomposition of the phosphite. The Fe-Fe3O4 com-
posite was converted toR-Fe2O3 after annealing at 600°C
under air. In the presence of O2, H2Fe[P(OCH3)3]4 produced
amorphous Fe2O3 with a P contamination of∼2 at %
measured by XPS, indicating that the participation of the
phosphite still took place. It is beyond the scope of the
present work to discuss the detailed mechanism of the
deposition process. However, the higher oxidation state of
the iron than that of the cobalt or nickel in each precursor
might have contributed to the iron oxide formation from
H2Fe[P(OCH3)3]4 rather than iron metal in the absence of
O2 during the deposition process.

To rule out the effect of the intramolecular oxygen on the
film formation during the CVD process, we employed
H2Fe[P(CH3)3]4 as a precursor. The XRD pattern in Figure
2a indicates that the film deposited from H2Fe[P(CH3)3]4 at
280 °C was highly orientedR-Fe (110) phase with a cubic
structure. Figure 3a shows an XPS spectrum of the film. The
Fe 2p3/2 binding energy at 707.5 eV agrees well with that of
the iron metal.20 No C and P contaminants were detected in
the film. 1H NMR analysis indicated that the exhaust
collected in the liquid nitrogen trap was the trimethylphos-
phine ligand liberated from the precursor molecule, which
lends support to the high purity of the Fe film. Figure 4
shows the SEM images of the Fe films deposited at substrate
temperatures of 230 and 280°C. The grain sizes were about
120 nm for the film deposited at 230°C and 50 nm at 280
°C. Grain size, in general, is expected to increase with
temperature; however, the film deposited at 280°C exhibited
smaller grains. It seemed that the seed formation from
H2Fe[P(CH3)3]4 was facilitated and prevailed over the grain
growth at 280°C. TheR-Fe films were oxidized toR-Fe2O3

with a predominant rhombohedral structure after annealing
at 600°C under air. An XRD pattern of the film is shown
in Figure 2(b).

In the presence of O2, H2Fe[P(CH3)3]4 produced an iron
oxide film. The XPS spectrum in Figure 3b shows binding
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Figure 2. XRD patterns of the films grown from H2Fe[P(CH3)3]4: (a) as-
deposited at 280°C and (b) after annealing at 600°C under air.

Figure 3. XPS spectra of the films deposited from H2Fe[P(CH3)3]4 at 280
°C: (a) without O2 and (b) with O2.

Figure 4. SEM images ofR-Fe films deposited from H2Fe[P(CH3)3]4 at
(a) 230°C, and (b) 280°C.
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energy for O 1s and Fe 2p3/2 at 530.1 and 710.0 eV,
respectively, indicating the film to be Fe3O4.24-25 No C and
P contaminants were detected in the film. The exhaust from
the deposition reaction was analyzed by1H NMR to be
trimethylphosphine dissociated from the precursor. The XRD
pattern in Figure 5 indicated that the Fe3O4 film was
polycrystalline. It was intriguing to observe that the phos-
phine ligand was dissociated from H2Fe[P(CH3)3]4 intact to
produce pure and crystalline films, whereas the phosphite
in H2Fe[P(OCH3)3]4 decomposed to give amorphous and
contaminated films regardless of O2 presence. Table 1
summarizes the properties of the films deposited from
H2Fe[P(OCH3)3]4 and H2Fe[P(CH3)3]4. Squid measurements
were performed on the Fe3O4 and Fe-Fe3O4 films deposited
from H2Fe[P(CH3)3]4 and H2Fe[P(OCH3)3]4, respectively.
Figure 6 presents the M-H characteristics of these films at
room temperature. The crystalline Fe3O4 film exhibited

higher values of saturation magnetization, remanent mag-
netization, and coercivity. The magnetic properties of the
films deposited from the H2Fe[P(CH3)3]4 and H2Fe[P(OCH3)3]4

precursors regarding the crystallinity, microstructure, and
purity are subjected to further study.

In summary, we have reported the CVD of Fe(II) dihydride
complexes, H2Fe[P(CH3)3]4 and H2Fe[P(OCH3)3]4, to identify
a viable precursor to grow iron and iron oxides. H2Fe-
[P(CH3)3]4 producedR-Fe films at substrate temperatures
below 300 °C without employing H2. With O2 feed, the
precursor deposited Fe3O4 films. Both films were crystalline
and exhibited no detectable contamination by XPS.1H NMR
analysis of the exhausts indicated that the phosphine ligand
was liberated from the precursor molecule intact, supporting
the high purity of theR-Fe and Fe3O4 films. On the other
hand, H2Fe[P(OCH3)3]4 produced amorphous films contain-
ing impurities regardless of the O2 presence, which indicated
the decomposition of the phosphite ligand.
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Figure 5. An XRD pattern of the Fe3O4 film deposited from H2Fe-
[P(CH3)3]4 at 280°C.

Table 1. Properties of the Films Grown from H2Fe[P(OCH3)3]4 and
H2Fe[P(CH3)3]4 at 280 °C.

deposited film

precursor
with

O2 feed
without
O2 feed film propertiesa

H2Fe[P(OCH3)3]4 Fe2O3 Fe-Fe3O4 amorphous; P contamination
H2Fe[P(CH3)3]4 Fe3O4 R-Fe crystalline; no detectable

contamination

a Film properties were measured by XPS and XRD.

Figure 6. M-H characteristics for the Fe3O4 and Fe-Fe3O4 films.
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