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[57] ABSTRACT 

A magnetite film is produced by depositing a thin ?lm 
of pure iron on a substrate, oxidizing the ?lm, deposit 
ing a second ?lm of iron on the iron oxide ?lm, and 
annealing the composite film at a temperature below 
about 560°C and preferably from 350°C to 400°C and 
then stripping excess iron from the film. 

10 Claims, 5 Drawing Figures 
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METHOD OF FORMING MAGNETITE THIN 
FILM 

ORIGIN OF THE INVENTION 

The invention described herein was made with partial 
support of the National Science Foundation, an agency 
of the United States Government. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to production of ferrite 

magnetic films and, more particularly, to the equilib 
rium induced formation of thin ?lms of magnetite at 
low temperature. 

2. Description of the Prior Art 
The current interest in ferrite thin ?lms arises from 

its applications to computer memories, microwave in 
tegrated circuits, and magneto-accoustical devices. 
Over the past 14 years, several methods for producing 
ferrite thin films have been devised, meeting with vary 
ing degrees of success and varying qualities of films. 
They include pyrolytic spraying of metal-organic com 
pounds, oxidizing metal films in appropriate atmo 
spheres and at appropriate temperatures, depositing an 
appropriate metal hydroxide or halide and reacting the 
deposited ?lm with other chemicals on a hot substrate, 
sputtering, spraying, grinding, or sintering ferrites onto 
substrates, or reducing hematite in a water hydrogen 
atmosphere. 
Many of these processes involve high temperature 

and require special substrates. Several of these pro 
cesses involve the use of dangerous chemicals and hy 
drogen as the annealing gas atmosphere which requires 
special handling and equipment to avoid injury to per 
sonnel. Furthermore, the processes include extraneous 
atomic species not necessary in the ?nal product. 

OBJECTS AND SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide a process for producing thin ?lms of magnetite 
at low temperature. , 

A further object of the invention is the provision of 
a process for producing magnetite thin ?lms which in 
volves only those elements desired in the ?nal product, 
that is, iron and oxygen. 
Yet another object of the invention is the provision 

of a process of producing thin ?lms of magnetite that 
is compatible with current thin ?lm technology as well 
as monolithic integrated circuit technology. 
These and other objects and many attendant advan 

tages of the invention will become apparent as the de 
scription proceeds. 

In accordance with the invention, a low temperature 
process for producing magnetite thin ?lms comprises 
the steps of depositing a thin ?lm of iron on a substrate, 
oxidizing the ?lm into hematite (a-Fe2O3) at a temper 
ature below about 560°C, depositing another ?lm of 
pure iron on the oxidized film and annealing the ?lm at 
a temperature in the range of 350°C to 400°C and then 
removing excess pure iron from the surface of the mag 
netite ?lm without signi?cantly affecting the magnetite 
?lm. The phase transition from hematite to magnetite 
is demonstrated by change in color of the oxide from 
bright, red-orange to a dark color apparently black 
with overtones of green and brown. The ?lms are un 
ambiguously de?ned as magnetite by a’backscattering 
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2 
spectrography, X-ray powder diffractometry and ob 
servations of electrical, magnetic and optical proper 
ties. 
The invention will now become better understood by 

reference to the following detailed description when 
considered in conjunction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view of a substrate with an iron 
film; ' 

FIG. 2 is a schematic view illustrating convertion of 
the iron ?lm to hematite; 
FIG. 3 illustrates the hematite ?lm overcoated with 

an iron ?lm; 
FIG. 4 illustrates the conversion of the hematite-iron 

film to magnetite; and 
FIG. 5 illustrates the ?nal magnetite product. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to FIG. 1, in the ?rst step of the pro 
cess, a thin ?lm 10 of pure iron is deposited onto a sub 
strate 12. The ?lm 10 may be deposited by various 
means such as by vacuum deposition, decomposition of 
an iron carbonyl or suitably by RF sputtering onto the 
substrate from a source 14 of high purity iron. The de 
position is suitably conducted in a vacuum chamber 16 
at a pressure typically about 10‘6 Torr. 
The thickness of the ?lm may be varied over wide 

limits. The ?lm thickness is at least suf?cient to form 
the desired magnetite film. The thickness may exceed 
the ?nal magnetite thickness and a layer of uncon 
verted iron will remain between the substrate and the 
hematite film. The ?lm thickness is suitably below 100 
microns and ?lms less than 1 micron such as below 
5,000 A in thickness demonstrate satisfactory physical, 
optical, electrical and magnetic properties. The sub 
strate 12, is preferably an insulator capable of with 
standing the temperatures and chemicals utilized in the 
processing and has a coef?cient of expansion compati 
ble with the deposited ?lms. The substrate is suitably an 
inorganic material, such as refractory metal oxides, alu 
mina or sapphire, or a silicon oxide, such as quartz or 
thermally oxidized Si, or any of several glasses. 

Optionally, the substrate may be outgassed prior to 
deposition by heating the substrate in a vacuum better 
than 10‘6 Torr to a temperature of about lOO°-400°C. 
Deposition of the pure iron ?lm may be done at ele 
vated substrate temperatures in the same general tem 
perature range. A magnetic ?eld may be applied paral 
lel to the ?lm during deposition to establish preferred 
orientation or anisotropy in the magnetization of the 
pure iron ?lm. 
The pure iron ?lm is then oxidized by placing the iron 

?lm coated substrate in an oven 18, as shown in FIG. 
2, introducing an oxygen containing heating gas such as 
air or oxygen into the oven and heating the ?lm to a 
temperature below about 560°C. The binary phase dia 
gram of the oxygen iron system has only two com 
pounds below 560°C. In the presence of excess oxygen, 
hematite is the only stable compound. 
A hematite ?lm 20 or layer in the submicron range 

is formed in accordance with the invention by anneal 
ing the pure iron ?lm 10 in the presence of excess oxy 
gen at a temperature of from 450° to 550°C. The an 
nealing reaction is suitably conducted at atmospheric 
pressure. This forms a clear red oxide ?lm since 
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anti-ferromagnetic a-FezOa is the only stable iron oxide 
in an oxygen rich atmosphere at these temperatures. 
The temperature affects only the oxidation rate and 
not, the compound formed. The oxidation may proceed 
completely through the iron ?lm to the substrate 12 or 
a layer of pure iron may remain under the hematite 
film. 
The hematite coated substrate is then returned to the 

vacuum coating chamber 16 for deposition of a further 
layer 22 of pure iron onto the hematite layer as shown 
in FIG. 3. The amount of iron required for complete 
conversion to magnetite is only about 12 percent of the 
hematite layer on the basis or iron content. However, 
the thickness of this film is usually controlled to be over 
50 percent of the thickness of the original ?lm to pro 
vide excess iron that will protect the oxide ?lm against 
possible undesired reactions with the ambient anneal 
ing atmosphere. Thin evaporated ?lms have high inter 
nal stress and large effective surface area. They are, 
therefore, more reaction than bulk forms of the same 
materials and phase transitions can occur rapidly even 
at relatively low temperature. 
The coated substrate is then returned to the anneal 

ing furnace l8 and annealed in an inert environment, 
typically under vacuum, preferably no less than 10*7 
Torr and at a temperature below about 560°C. at 350°C 
to 400°C. The red hematite ?lm 20 is completely con 
verted to a dark brown to green magnetite ?lm 24 in a 
period of about less than 8 hours as shown in FIG. 4. 
The binary-phase equilibrium diagram establishes that 
the only stable iron oxide compound at these tempera 
tures and conditions is magnetite. 
Excess iron 26 is then removed from the surface of 

the magnetite ?lm 24 by menas of an iron solvent that 
does not substantially affect the magnetite ?lm. Suit 
ably, the coated substrate is dipped into a bath of sol 
vent, rinsed and then dried. The solvent is an aqueous 
solution of HNO3 having a normality below about 3 or 
a solution of one part bromine in ?ve parts of methyl 
acetate by volume. The final product as shown in FIG. 
5 is the substrate 12 coated with a thin ?lm 24 of mag 
netite. 
A speci?c example of practice follows: 

EXAMPLE 

A ?lm of pure iron about 1,000A. thick and one cm 
in diameter was deposited onto the ?at surface of a sap 
phire substrate by RF induction heating evaporation at 
a vacuum of better than 10‘6 Torr. The iron ?lm was 
then annealed at 450°C to 550°C in an atmosphere con 
taining excess ogyxen. A second layer of pure iron 
about 1,000A. was deposited onto the hematite fire. 
The iron overcoated hematite ?lm was then annealed 
at 350°C to 400° in an inert ambient, normally a vac 
uum of better than 10-7 Torr for about 8 hours. Excess 
iron was removed in a 1:5 by volume solution of bro 
mine in methyl acete or a 10% by volume solution of 
HNO3. 
Optical microscopy with 300 X magni?cation, 

showed no evidence of pinholes in either the original 
iron or any of the resulting oxide ?lms. The thickness 
of the original iron ?lm determines that of the hematite 
?lm, which in turn controls the thickness of the ?nal 
magnetite ?lm. The thickness of the resulting magne 
tite ?lm was estimated from bulk properties to be a fac 
tor of 2.34 greater than the initial iron ?lm thickness. 
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Several tests indicate that the ?lm formed is in fact 

magnetite. The transition from hematite to magnetite 
was veri?ed by backscattering spectrography with 2.0 
MeV ‘He’rions. The iron signal of a film of hematite 
covered with iron on a sapphire substrate taken before 
anneal was compared with that of another ?lm taken 
after conversion. The data shows that after conversion 
the amount of iron contained in the oxide had in 
creased at the expense of the pure iron film. The 
change in both the thickness and the iron content of the 
oxide is consistent with the transformation to magne 
tite. The average yields gave a backscattering yield of 
0.948:l.00 before and after conversion. Assuming 
Bragg’s rule, the expected Fe2O_~,:Fe3O4 yield ratio is 
0.953: 1 .00. - 

The principal X-ray pattern diffraction lines for sev 
eral iron oxide using Cu-Ka radiation are consistent 
with a polycrystalline cubic structure and a lattice pa 
rameter of 8.39 i 0.003A. The only phase consistent 
with this structure is magnetite. The one-to-one corre 
spondence of the diffraction pattern peaks to Fe3O4 
lines excludes the possibility of signi?cant amounts of 
wustite (FeO) or most phases of Fe2O3. The lattice pa 
rameter of maghemite (y F e203) is very close to that of 
magnetite, but this phase is eliminated by the increased 
iron content evident in the backscattering data. The 
half-width of the (31 1 peak) of less than 0.2° indicates 
that the microcrystals are relatively free of strains and 
defects. 

Electrical properties of the films were measured in 
the four-point probe and van der Pauw con?gurations. 
At room temperature the resistivity is 8.5 X 10‘3 ohm 
cm. This value is reproducible and the conduction is 
not due to any residual iron on the surface. While the 
literature indicates a value of about 7 X 10-3 ohm-cm 
for bulk resistivity, this is believed to be the closest re 
ported value of resistivity in thin ?lms with respect to 
the bulk values. The sign of the Hall voltage generated 
indicates that the carriers are electrons. 
The magnetic properties of some films were mea 

sured with a 60hz, lKOe peak ?eld range hysteresis 
loop tracer, a 20 KOe ?eld range force balance magne 
tometer and with a perpendicular ferromagnetic reso 
nance (FMR) spectrometer in the 1 to 8 Ghz frequency 
range. The coercivity and remanance of ?lms on glass 
substrates ranged from 220 to 280 Oe and 50 to 60 per 
cent, respectively. The coercivity and remanance of 
films on silicon and oxidized silicon substrates ranged 
between 300 and 400 Oe and 45 to 55 percent, respec 
tively. 
The observed coercive fields are consistent with pre 

viously reported values. The ?lms show no measurea 
ble planar uniaxial anistropy. The saturation magneti 
zation of the ?lms as determined for six ?lms from 
FMR and force balance magnetometer measurements 
was 471' M = 5.2 i- 03 k6 as compared to 6.0 kG for 
bulk magnetite. The agreement of the FMR and force 
balance magnetometer measurements is consistent 
with absence of any signi?cant perpendicular ani 
sotrpy. The gyromagnetic ratio as determined from 
FMR is 'y/21r = 1.95 i 0.10 mhz/Oe. All FMR line 
widths were less than 100 Oe, much sharper than the 
l,700—1,500 0e values reported for bulk magnetite. 

It is apparent that the present invention provides a 
low temperature process for providing thin ?lms of 
magnetite in the submicron range in a process involving 
low temperatures and utilizing only iron and oxygen as 
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the precursor atomic species. The processes are com 
patible with current thin film technology as well as 
monolithic integrated circuit technology and will find 
many applications. 

It is to be understood that only preferred embodi 
ments of the invention have been described and that 
numerous substitutions, alterations and modi?cations 
are all permissible without departing from the spirit and 
scope of the invention as de?ned in the following 
claims. 
What is claimed is: 
1. A method of forming a magnetite film comprising 

the steps of: 
depositing a thin ?lm of pure iron on a substrate; 
annealing at least the upper portion of the deposited 

iron ?lm to form a hematite film, by exposing the 
deposited iron film to oxygen at a temperature 
below about 560°C; 

depositing a layer of pure iron on the hematite ?lm; 
and 

annealing the composite iron coated hematite ?lm in 
an inert environment at a temperature below about 
560°C at a pressure not less than about 10‘7 Torr, 
thereby converting the composite ?lm to a magne 
tite film. 

2. A method according to claim 1 in which the iron 
content of the iron layer deposited on said hematite 
?lm is greater than 12 percent of the iron content of the 
hematite ?lm, further including the step of removing 
excess iron from the surface of the magnetite film by 
applying an iron solvent to said surface and dissolving 
said excess iron. 

3. A method according to claim 1 in which the con 
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6 
verting step is conducted in the presence of excess oxy 
gen and wherein the step of annealing is conducted in 
an inert environment free of oxygen or hydrogen 
containing gases. 

4. A method according to claim 3 in which the con 
verting step is conducted at a temperature from 400°C 
to 500°C. 

5. A method according to claim 1 in which the thick 
ness of the magnetite ?lm is below 100 microns. 

6. A method according to claim 1 further including 
the step of orienting the iron film by applying a mag 
netic ?eld parallel to the iron film during deposition 
thereof. 

7. A method according to claim 1 in which the sub 
strate is an inorganic, refractory insulator having a co 
ef?cient of expansion compatible with that of said iron, 
hematite and magnetite ?lms. V 

8. A method according to claim 1 in which the iron 
content of the iron layer is at least 12% of the iron con 
tent of the hematite ?lm and said annealing is con 
ducted at a temperature of from 350°C to 400°C. 

9. A method according to'claim l in which the iron 
content of the iron layer is at least 50 percent of the 
iron content of the hematite film and said annealing is 
conducted at a temperature of from 350°C to 400°C, 
further including the step of removing excess iron from 
the surface of the magnetite film by applying an iron 
solvent to said surface and dissolving said excess iron. 

10. The method according to claim 1 in which the 
iron content of the irorr layer is at least 12 percent of 
the iron content of the hematite ?lm. 

>l< * * * * 
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