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Abstract: By advanced analytical transmission electron microscope, an unexpected interdiffusion between magnetron sputtered Fe-

Co thin film and Al,O; substrate was detected and systematically investigated in this study. Results show that a new phase of spinel

FeAl,O, forms, leading to the formation of interfacial layer. Detailed microstructure characterization reveals the interdiffusion associ-

ated with incommensurate structure formation near the interface in the Fe-Co thin film. The interdiffusion and accompanied new

phase formation between the Fe-Co thin film and sapphire substrate are detected, and the associated microstructure evolution at the in-

terfacial region is discussed, which may considerably influence the thin film magnetic properties.
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The ferromagnetic Fe Co,, alloy has attracted many inter-
ests in the field of fundamental science and technologic appli-
cations, i.e., data storage and high-performance transformers,
due to its high saturation magnetization, low coercivity, high
Curie temperature (>820 °C), and large variations in magnetic
properties with different composition'"*. Particularly, the Fe -
0,, alloy with high Curie temperature attracts attention for
high temperature applications, such as aircraft electrical gener-
ators. Various high temperature applications require that Fe -
0,, alloy is able to sustain high induction and has good ther-
mal stability under stringent operation conditions. The prereq-
uisite for obtaining alloys with such high performance is that
the alloy should have ideal microstructure and stability of con-
stituent phases.

Nevertheless, it is difficult to well control the structure of
Fe-Co alloy during preparation and operation processes. A
large amount of studies investigated possible phase transfor-
mation in Fe-Co system at different temperatures. It is report-
ed that the face center cubic (fcc) based Fe-Co alloys (austen-
ite) transforms into body center cubic (bcc) based Fe-Co al-
loys (ferrite) when the temperature decreases. At low tempera-
ture, the Fe-Co system suffers an order-disorder transforma-
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tion between B2 ordered and bce disordered phases™. The
composition change and related microstructure evolution ob-
served in Fe Co,, grains considerably influence the structural
stability and magnetic properties””®. For example, the sign of
the first crystal anisotropy constant changes as the Co content
increases in the bulk Fe Co, , alloy™. Besides, the composition
or structural change in Fe Co,  alloy films also alters the mag-
netic properties, as reported in the results of Fe Co, /ZnSe and
Fe 0, /MgO materials systems!*!"],

In addition, the interdiffusion or interaction between ferro-
magnetic alloys and substrates/composites was also reported.
For instance, some investigations of the annealed or high-tem-
perature-deposited thin film Sm-Co/Fe samples demonstrate
the interfacial mixing of Co with Fe!">"*, However, the possi-
ble interfacial mixing or reacting between Fe-Co thin film and
sapphire substrate is barely comprehensively studied so far.
This is mainly attributed to the strong thermal and chemical
stability of Al,O;, which is a widely used insulator material for
oxide ceramics and electronics industry!. It is hence believed
that the reactions between Fe-Co films and insulator sub-
strates, i.e., sapphire, are few or negligible. Nevertheless, the
study of the interface between Fe-Co thin film and insulator
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SiO, substrate demonstrates that an unexpected interfacial re-
actions occurs in the metal-insulator system'™. Moreover, the
interdiffusion between sapphire substrate and other films, such
as n-GaN, was reported"®.,

To address this issue, the possible interfacial reaction be-
tween Fe-Co thin film and sapphire insulator substrate was in-
vestigated in this study by analytical transmission electron mi-
croscopy (TEM). The interdiffusion was quantitatively charac-
terized, and a new phase arising from the interaction between
Fe-Co thin film and Al,O, substrate was detected. The accom-
panied microstructure evolution at the interface was elucidat-
ed accordingly.

1 Experiment

Thin film Fe Co,  binary samples (thickness ~200 nm) were
deposited on sapphire substrate with (0001) orientation at
room temperature with the ultra-high vacuum (UHV) magne-
tron sputtering system under a base pressure of 107 Pa'”l. The
target was Fe-Co alloy with 60wt% Fe and 40wt% Co. The depo-
sition rate was about 5 nm/min. The as-deposited samples were
then annealed at 800 °C for 3 hunder the UHV condition.

The annealed samples were then prepared for the cross-sec-
tional TEM observations by sticking two identical annealed
Fe Co,, samples face-to-face, followed by traditional TEM
sample preparation procedure, i.e., mechanical thinning, grind-
ing, dimpling and final ion-milling in a precision ion polishing
system to obtain the electron-transparent thin area.

The TEM observations were performed on JEOL JEM 3010
and FEI Titan 80-300 analytical instruments at 300 kV. The
FEI Titan TEM is also equipped with a high-angle annular
dark-field (HAADF) detector and an energy-dispersive X-ray
spectrometer (EDS) which can work under both TEM and
scanning transmission electron microscopy (STEM) modes.
The STEM-EDX spectra were acquired with sample stage tilt-
ed of 15° toward the X-ray detector to ensure the optimal
counting rates, and the EDS results were used to analyze the
quantitative composition across the film-substrate interface.

2 Results and Discussion

Fig.1 shows the STEM bright filed (BF) and dark field (DF)
images of the cross-sectional polycrystalline Fe-Co thin film
on the sapphire substrate. Besides the Fe-Co film and the
Al O, substrate, a complete interfacial layer is observed espe-
cially from the STEM-DF image. Since Fig. 1b is obtained
through the high angle scattering electrons, the local composi-
tion variation is observed clearly. However, it cannot be deter-
mined that such an interfacial layer is a Fe-Co layer forming
at the beginning of deposition, or a new phase arising from the
possible interaction between the thin film and substrate. In or-
der to confirm the features of interfacial layer, detailed micro-
structure characterization and elemental spatial distributions at
the interfacial region were then analyzed.

Fig.2a is the TEM-BF image of Fe-Co grain observed along
[001] zone axis (ZA) with darker contrast compared to nearby
off-zone axis grains. The corresponding selected area electron
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Fig.1 STEM bright field (a) and dark field (b) images of cross-sec-

tional Fe-Co thin film on Al,O, substrate

diffraction (SAED) pattern is shown in Fig.2b, indicating the
crystalline phase of the grain. By indexing the diffraction pat-
tern, the grain phase can be determined as Fe-Co with B2
structure, which is an ordered bce structure and generally re-
garded as the simple cubic lattices interwoven with each oth-
et Interestingly, in the SAED pattern taken from both the
Fe-Co grain and the interfacial layer (Fig.2c), extra diffraction
spots can be seen accordingly, besides the sharp diffraction
spots of Fe-Co grain with B2 structure. The corresponding DF
image of the extra diffraction spot marked by a circle in Fig.2¢c
is shown in Fig.2d, which clearly confirms the existence of an
interfacial layer with different phases from the Fe-Co thin film
and Al,O, substrate.

The interfacial layer consists of small randomly oriented
grains. Fig.3a is a TEM-BF image of Fe-Co grain along ZA
[123]. Several SAED patterns acquired along the interfacial
layer are shown in the insets of Fig.3b~3d, and different extra
spots can be seen in these patterns. The small grains can be
seen in the DF images by observing the extra spots in the in-
sets.

For further understanding of element spatial distribution at
the interfacial region, EDS analyses by STEM mode were con-
ducted thereafter. Fig.4a is a STEM-BF image of Fe-Co grain
and its underlying substrate. A series of STEM-EDS point
scans were conducted accordingly as shown in Fig.4a, and the
corresponding EDS spectra are presented in Fig. 4b. In the
bulk Fe-Co grain far away from interface (point 1 and 2 in
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Fig.2 TEM-BF image (a) and corresponding SAED pattern along ZA [001] (b) of Fe-Co grain grown on Al,O, substrate; SAED pattern of Fe-Co

grain and interfacial layer (c); TEM-DF image of the spot marked in Fig.2¢ (d)
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Fig.3 TEM-BF image of Fe-Co grain and interfacial layer (a); DF
images of extra spots marked in the insets of corresponding
SAED patterns along ZA [123] (b~d)

Fig.4a), and only Fe and Co peaks can be detected (Fig.4b).
Whereas near the interface (point 3 in Fig. 4a), detectable Al
and O peaks appear in the Fe-Co spectrum. At the substrate re-
gion far away from interface (point 6 in Fig.4a), only Al and
O can be detected. While at the substrate side near the inter-
face, Fe/Co peaks begin to appear in Al,O, spectra (points 4
and 5 in Fig.4a). The atomic ratio between Fe and Al is about
1:2 which is determined at the center position of the interfa-
cial layer (point 4 in Fig.4a). The qualitative intensity evolu-
tion of different element peaks in EDS spectra across the inter-
face indicates the status of intermixing element mass of Fe-Co
grain with Al,O, substrate. The intensity of Co peaks decreas-
es more significantly than that of Fe at point 3 and 4. At point
5, there is still a weak Fe peak while Co peak cannot be detect-
ed anymore.

The element spatial distribution at the interface was also
confirmed by STEM-EDS line scan across the interface.
Fig.4c is the STEM-DF image of Fe-Co grain on the sapphire
substrate, and the STEM-EDS line scan was acquired across
the interface. The corresponding concentrations are shown in
Fig.4d. The concentration of Fe and Co decreases gradually
from Fe-Co side to sapphire substrate. For the counterpart, the
Al and O elements in substrate also diffuse into Fe-Co grain.
This subsequently results in the formation of intermixed layer
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Fig.4 STEM-BF image of Fe-Co thin film on Al O, substrate (a); STEM-EDS spectra of different points in Fig.4a (b); STEM-DF image of Fe-
Co thin film on AL O, substrate (c); STEM-EDS line scanning along marked line in Fig.4c across the interface (the dashed lines indicate

the region which deviates from the initial homogenous composition) (d)

between thin film and substrate. The concentration of Co de-
creases faster than that of Fe at the interfacial region, which is
similar to the STEM-EDS point scan results shown in Fig.4.

Since the interdiffusion results in the formation of interfa-
cial layer, it is desirable to determine the newly appeared
phase at the interface. Owing to the high activities of Fe and
Al, various compounds form in the Fe-Al-O system. Several
spinel-structured compounds, such as 4,_B O, (x=0~2), form
when the temperature is below 2000 °CP*?. According to the
atomic ratio between Fe and Al in the interfacial layer, the in-
terfacial phase is probably FeAl,O, with spinel structure,
which exists when the temperature is below 1780 °C. Then,
the formation of FeAl,O, is further confirmed by SAED.
Fig. 5a is the TEM-BF image of typical Fe-Co grain with a
clear underneath interfacial layer. The SAED pattern of the ar-
ea marked in Fig. 5a is shown in Fig. 5b. The SAED pattern
can be indexed in terms of the FeAl,O, compound. It suggests
that the interfacial layer formation is mainly attributed to the
interdiffusion/interaction between Fe and ALO,. Besides, it im-
plies that Fe diffuses relatively faster than Co, or it is easier
for Fe to intermix with AL,O, so the new FeAl,O, phase forms
at the interface.

According to the detected interdiffusion accompanied with
the formation of spinel FeAl,O,, Fe is enriched at the interfa-
cial layer. Accordingly, it is believed that more Co remains in

the Fe-Co thin film and Co is enriched in the initial homoge-
neous Fe-Co thin film near the interface, leading to the unbal-
anced Fe and Co concentration ratio, non-stoichiometry near
the interface, and possible microstructure change. This is also
supported by the fact that the width of region which deviates
from the initial homogenous composition is larger than that of
the interfacial layer. It is well known that the bcc-structured
Fe is usually more stable than bec-structured Co under ordi-
nary condition. Consequently, the concentration of constitu-
ents shows considerable influence on the stability of bee-struc-
tured Fe-Co materials™*".

Fig.6a shows the BF image of Fe-Co grain with underneath
interfacial grains. The corresponding SAED patterns of Fe-Co
thin film in the region near the interface are shown in Fig.6b
and 6¢. Fig.6b is the SAED pattern along ZA [001], which re-
flects the typical B2 structure. Interestingly, when the same Fe-
Co grain is tilted to a different ZA [102] (as seen in Fig.6c),
besides the diffraction features of B2 structure, other periodic
diffraction spots appear as well. When this grain is further tilt-
ed to ZA [112] (Fig.6d) and ZA [133] (Fig.6e), extra periodic
diffraction spots can still be observed, implying the formation
of some ordered-structure in Fe-Co thin film. The SAED pat-
tern with extra periodic diffractions, other than the diffraction
of pure B2 structure, is orientation-dependent, which excludes
the possibilities of microstructure changes due to oxidation of
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Fig.5 TEM-BF image of cross-sectional typical Fe-Co grain (a) and
corresponding SAED pattern of the interfacial grain along ZA
[011] (b)

surface or ion milling damage during the sample preparation.
The detailed structural features at atomic scale can be ob-
served by high resolution transmission electron microscope
(HRTEM). 1t is interesting that the typical bce lattice can be
seen in bulk Fe-Co far away from the interface (Fig.7b). The
corresponding SAED pattern obtained along ZA [111] only
shows the diffraction spots from bcc lattice. Nevertheless,
long-range ordered incommensurate structure can be observed
in the film near the interface, as shown in Fig.7c. The envel-
oped area is magnified, as shown in Fig.7d. The inserted fast
Fourier transformation (FFT) diffractogram indicates the for-
mation of incommensurate structure in the bce matrix. Such
incommensurate structure originates from the long-range or-
dered bec lattice. Fig.7¢ is the invert fast Fourier transforma-
tion (IFFT) image of pure bcc lattice at the same region of

-
e [110]

5 1/nm

Fig.7d and the related FFT result is presented in the inset. If
we block all the spots from the bce lattice and only remain ex-
tra diffraction features, as shown in Fig. 7f, the IFFT image
arising from the extra periodic diffraction spots can be ob-
tained, which clearly represents the typical incommensurate
structure. It confirms that due to the interdiffusion/interaction
between Fe-Co and Al,O,, B2-structured Fe-Co evolves into
the incommensurate structure with long-range ordering near
the interface.

The Fe enrichment at the interface layer exists because of
more Fe diffusion and accumulation near the interface, com-
pared to the status of the counterpart Co, which is the predomi-
nant reason for the formation of incommensurate structure in
the Fe-Co grain near the interface. It is manifested that Fe at-
oms can enhance the force constant values in the neighbor
sites and stabilize surroundings in the bece structure™. At the
Fe-deficient Fe-Co region, it is thereby easier for lattice relax-
ation and rearrangement, leading to the incommensurate for-
mation.

In the previous investigations, it is suggested that the mag-
netic properties of Fe Co,, alloy films can be considerably al-
tered by both the composition and structure change!'”'". There-
fore, it is believed that such long-range ordered incommensurate
structure plays a crucial role in determining the unique magnetic
properties of FeCo,, alloys. In addition, the quantitative
STEM-EDS line scan results support the graded composition
and non-stoichiometry around the interface due to the interdif-
fusion, which may also influence the magnetic properties of
the system. But the effect extent of interdiffusion on bcc phase
chemistry in this binary material is still unclear, which rises an
interesting new topic and needs more detailed investigations.

b
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Fig.6 TEM-BF image of Fe-Co grain on Al,O; substrate (a) and SAED patterns of the regions near the interface (b~e)
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Fig.7 TEM-BF image of Fe-Co grain (a); HRTEM image with the corresponding SAED pattern along ZA [111] in inset of Fe-Co grain in the re-

gion about 0.1 pm from the interface (b); HRTEM image of Fe-Co grain in the vicinity of interface (c); magnified HRTEM image with the

corresponding FFT diffractogram in the marked region of Fig.7c (d); IFFT images with the related FFT diffractograms in insets of bcc-

structured Fe-Co (e) and extra diffraction feature (f)

3 Conclusions

1) The interdiffusion between Fe-Co thin film and AlO,
substrate is detectable, leading to the formation of interfacial
layer.

2) Quantitative STEM-EDS data provide clear measure-
ment of elemental spatial distribution at the interface. Due to
the Fe diffusion and accumulation, the new FeAl,O, phase
with spinel structure forms and is randomly oriented at the in-
terface, resulting in the formation of interfacial layer.

3) Such interdiffusion/interaction, accompanied with Fe en-
richment and non-stoichiometry of Fe-Co near the interface,
leads to the microstructure evolution, i.e., the formation of in-
commensurate structure.
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