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Post-Deposition Annealing Effects on Ferromagnetic
CoFeB Thin Films

Ryan A. O’Dell” -2, Adam B. Phillips”3, Daniel G. Georgiev!, John G. Jones?,
Gail J. Brownz, and Michael J. Heben®?

'Department of Electrical Engineering and Computer Science, The University of Toledo, Toledo, OH 43606 USA
2Materials and Manufacturing Directorate, Air Force Research Laboratory, Dayton, OH 45433 USA
3Department of Physics and Astronomy, The University of Toledo, Toledo, OH 43606 USA

We investigate the role of annealing CoggFe49By( at different temperatures and how it affects the crystallinity and the ferromagnetic
resonance (FMR) behavior. The onset of crystallization was shown to occur after annealing in nitrogen at 370 °C for 1 h. The
crystallization peak of the post-annealed Co4¢Feq9B2) was matched to the analysis of (110) Co7Fe3, due to secondary phase
segregation. Magnetic force microscopy images show a pattern of magnetization ripples in the magnetic phase images for samples
upto 250 °C. The grain size of the Co7Fe3 (110) was shown to increase from 20 to 56 nm when annealed above 370 °C to 600 °C.
The segregated CoyFe3 causes scattering of the FMR linewidth, which shifts the resonance peak location, broadens peak-to-peak
linewidth, and causes an additional resonance peak to appear close to the uniform resonance of the amorphous phase. Annealing
above 500 °C leads to a complete phase change to Co7Fe3, which changes the FMR spectra back to a single resonance peak, shifted
to lower fields with broader peak-to-peak linewidth of ~71.2 (kA/m).

Index Terms— Annealing, atomic force microscopy, ferromagnetic resonance (FMR), X-ray diffraction (XRD).

I. INTRODUCTION

OMBINING boron with Coj_,Fe, binary alloys leads

to the formation of amorphous or nanocrystalline fer-
romagnetic alloys [1], [2]. As boron is added to the binary
alloy, the resistivity increases and the saturation magnetization
decreases [3]. The grain size reduces with the increase of
boron concentration, showing grain sizes of 20 nm at (2 at
% B) and reducing to ~10 nm at (17 at % B) based on ana-
lyzing the X-ray diffraction (XRD) peaks using the Scherrer
formula [4]. The amorphous alloy of CosgFes0B2o has soft
ferromagnetic properties where thin films with thickness of
about 2 nm are used in high-frequency spintronic applications
as a free layer in magnetic tunnel junctions (MTIJs) [5], [6].
These materials are often annealed to improve the (100) body
center cubic (BCC) crystalline structure [7]-[9].

For a high-frequency operation, magnetic parameters such
as Gilbert damping (a), effective magnetization (Mefr), and
spectroscopic splitting g-factor are important. At a thickness
of 10 nm, as-deposited (ASD) CoaoFesoB2o has been reported
to have a damping value of o = 0.004 [10]. At a thickness
of ~100 nm, damping values for ASD CoysgFe40B2o varied
from 0.05-0.013 by varying sputtering pressure from 0.1 to
0.4 Pa [11]. The effective magnetization for CosoFe49B2o thin
films with thicknesses of 10, 78, and 100 nm were 1436, 1280,
and 1396 (kA/m), respectively [10], [12].

As CogoFeq0B2o is annealed above 300 °C, partial crys-
tallization occurs and the magnetization properties begin
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to change. In some publications, the crystallization of
CoygoFeqoBoo leads to the loss of low-frequency (6 GHz)
ferromagnetic resonances (FMRs) and increased FMR
linewidth [13]. The use of differential scanning calorimetry
showed the crystallization transition temperature to be 373 °C
for CogoFes0B2o samples on glass substrates [14]. According
to phase diagrams, CosoFes9B2o has a solid solution for a
BCC structure at 900 °C and face centered cubic (FCC) at
1000 °C [15]. In some cases, CosgFes9Boo crystalizes into a
BCC CoFe phase in both MTJ and single-layer structures as
a result of boron migration [12].

Amorphous ferromagnetic alloys that use boron or other
metalloid elements have been shown to segregate into multiple
phases when heated to critical temperatures close to the
crystallization point [16], [17]. This results in an
inhomogeneous-mixed-phased ferromagnetic layer composed
of a nanocrystalline phase and an amorphous phase. The
magnetization changes, as a function of annealing temperature,
are lacking for independent thin films of CosoFes0B29. FMR
is a non-invasive way to study magnetization changes, in
particular, those of Gilbert damping and linewidth relaxation.
It is a form of microwave spectroscopy where a ferromagnetic
sample absorbs electromagnetic radiation with wavelengths
typically between 1 mm and 10 cm.

FMR probes the uniform mode or spin wave with wave
vector k 0. Spin waves have properties similar to
those of photons and phonons and are often referred to as
magnons [18], [19]. The microwave absorption of the ferro-
magnetic alloy at different frequencies can be fit to equations
to determine the damping, magnetization, and other material
parameters. Collisions between particles of different kinds
such as phonons, conduction electrons, and magnons play a
crucial role in the relaxation processes [20]-[22]. Shifts in
the resonance position and broadening can occur through the

0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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two-magnon scattering [23]. It has been shown that when two
distinct magnetic phases are present, multiple resonances can
occur related to the individual magnetic phases, which have
different g-factors and magnetization values [24].
Magnetization properties such as those related to
CogoFes0Boo changes from an amorphous phase to a
crystalline phase are still not well understood. The material
properties that contribute to an increased damping and
loss of low-frequency resonance are not well documented.
Thermal annealing of the CosoFesoB2p may result in partial
crystallization when it is close to known crystallization
temperatures. This can result in a mixture of multiple phases,
which would lead to additional scattering events, which in turn
would increase damping values. In this work, we investigate
the structural properties such as crystallinity, grain size,
and surface roughness of the ferromagnetic CosoFes9B2o
alloy deposited on a Si wafer as a function of the annealing
temperature. In addition, we investigate the first-derivative
peak-to-peak FMR linewidth, Gilbert damping, and effective
magnetization as a function of the annealing temperature.
We show how thermal annealing leads to secondary phase
segregation and multiple FMRs in a single-layer thin film.

II. MATERIALS AND METHODS

A thin film was sputtered from a 2” CogoFeq0Boo target
supplied by ACI ALLOYS, onto a 2 in, and p-type Si (100)
wafer at 20 °C an Ar pressure of 0.67 Pa using a system
with a base pressure <1.33 x 10~* Pa. X-ray reflectivity and
ellipsometry were used on the ASD sample after growth to
determine that the thickness was 78.2 nm. After deposition,
samples were diced from the 2” wafer and annealed from
100 °C to 600 °C for 60 min in a tube furnace with slowly
flowing N».

The samples were characterized by XRD using a Bruker
D2 Phaser with a 1-D Lynxeye detector; by vibrating-sample
magnetometry (VSM) using Quantum Designs VersaLab; and
by FMR using a 5403 GMW electromagnet with a strip
transmission line waveguide while applying a microwave-
frequency signal from an HP 5200b sweep oscillator. XRD
peak and phase analysis were done using a Bruker software
DIFFRAC.EVA.

Ferromagnetic thin films were placed onto a strip transmis-
sion waveguide where a fixed microwave frequency f (GHz)
was applied. An in-plane external magnetic field Hgc is
incremented from O to 2650 Oe while the fixed frequency
is applied. The first derivative FMR absorption signal (dP/dH)
is recorded and a derivative Lorentzian function is used to
determine the resonance position and peak-to-peak linewidth.
At each microwave frequency, the derivative absorption signal
measured at an external field Hy. is fit to

v ((ATH)z_(HdC—H,)z) sin g — QA H (Hge— H,)) cos ¢

a- [(2) - (Hae—112]

1)

where AH is the full width at half max (FWHM) of the
Lorentzian absorption, H, is the FMR center, and ¢ relates

2
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Fig. 1. Crystallographic and surface analysis of annealed CosgFe40Bog thin
films on Si (100). (a) XRD from ASD-600 °C. (b) Grain size of XRD and
AFM data. (c)—(f) AFM topography images of 20 °C, 350 °C, 380 °C, and
500 °C films.

the absorptive and dispersive components of the equation.
The FWHM is related to the peak-to-peak linewidth by
AH,, = AHI/3.

After each fixed frequency f (GHz) measurement, the fit
values of H, are used to determine the g-factor and effec-
tive magnetization Mg by fitting to the in-plane Kittel
equation [25]

SH

Z” B /(Hges)(Hres + Merr) 2)

where g is the spectroscopic splitting factor [26], up is the
Bohr magneton, uo is the permeability of free space, h is
Planck’s constant, and Hres = H, is the FMR resonance center
field position. The Gilbert damping parameter, «, defined
in the Landau-Lifshitz—Gilbert equation [27], and inhomo-
geneous linewidth broadening AHp, o were determined by
fitting the FMR peak-to-peak linewidth to [28]

20h

Vgg#Bﬂof

Scanning probe microscopy images were done using an
Asylum Cypher S Atomic Force Microscope (AFM). Magnetic
force microscopy (MFM) images were taken with a cobalt-
coated magnetic tip that is lifted up to 100 nm in the
noncontact mode to collect MFM image.

AH,, = AHpp o+ 3)

ITI. RESULTS
A. Effects of Annealing on Film Crystallinity

In Fig. 1, we show the XRD pattern of the post-annealed
CoyoFeqpBoo thin films along with the corresponding grain
size analysis.

As the XRD data shows Fig. 1(a), CospoFesoB>o thin films
were amorphous in room temperature until the annealing
temperature reached 370 °C. After annealing to 370 °C,
a broad diffraction peak can be observed around 45°, which
indicates that a small amount of crystallization is taking place.
Phase analysis of the post-annealed 370 °C XRD peak at
45.1120° was matched to the primary (110) peak of the Co;Fes
alloy [29]. This is a cubic crystal structure with a space group
of Pm-3m (221).

DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited.
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Fig. 2.
topography and MFM phase. (c) and (d) 250 °C topography and MFM phase.

MFM surface and magnetic domain images. (a) and (b) ASD

As the annealing temperature is increased to 600 °C, this
peak becomes more defined and its FWHM is reduced. The
intensity of the diffraction peak increases showing that the
crystallization of this particular orientation is increasing in
volume. A singular XRD peak at 45.1120° appeared
throughout all crystalized samples where the Scherrer equa-
tion [30], [31] was used to determine grain size of the (110)
Co7Fe3 peak. Phase diagrams for ternary alloy of iron, cobalt,
and boron show a solid solution for a BCC (CoFe),B alloy
at 900 °C. However, the post-annealed CogoFeq0B2o alloy
crystallized into a completely different material with an FCC
structure. The boron may be similar to an impurity, which
diffuses from the alloy upon annealing.

In Fig. 1(b), the grain size analysis from XRD and
AFM measurements shows that the grain size increases with
annealing temperature. The ASD sample exhibited a grain
size of 9 nm determined from AFM measurements shown
in Fig. 1(c). The grain size gradually grows to 11.5 nm after
annealing to 350 °C, and slightly after crystallization, the grain
size increases to 26 nm at 380 °C as shown in Fig. 1(d) and (e).
At 500 °C, the grain size has increased to 51.4 nm determined
from the XRD analysis, which is in close agreement to the
AFM measurement of 52.9 nm shown in Fig. 1(f).

The topography of the ASD sample measured with an
MFM tip showed small aggregates on the sample surface
as shown in Fig. 2(a). The magnetic domain structure of
the ASD sample showed large wavelike in-plane longitudinal
domain structures in the remnant state (zero field, Hg. = 0)
as shown in Fig. 2(b). This non-uniform wavelike fluctuation
is known as magnetization ripple [32]. This structure was
observed for samples from room temperature up to 250 °C.
This occurs when ferromagnetic materials contain random
local anisotropies from inhomogeneities. The dark spots in

3

Fig. 3. MFM surface and magnetic domain images. (a) and (b) 350 °C
topography and MFM phase. (c) and (d) 400 °C topography and MFM phase.

the MFM phase shown in Fig. 2(b) and (d) are likely small
inhomogeneities such as secondary phase materials or spike
domains. According to Cullity and Graham [33], regions of
differing spontaneous magnetizations are magnetic inclusions,
which act as hindrance to domain-wall motion. The magnetic
inclusions can be voids or second-phased material in metallic
alloys that are either nonmagnetic or magnetic.

The magnetic inclusions appear to be segregated material
based on the topography images shown in Fig. 2(a) and (c).
These inclusions are magnetic; however, according to the
XRD analysis, there is no crystallization at the annealing
temperature of 250 °C.

As the annealing temperature is increased to 350 °C, the
topography began to show large clusters of material forming
on the surface as shown in Fig. 3(a). At 400 °C, these clusters
are more prominent on the surface as shown in Fig. 3(c). The
magnetization ripple is slightly present at 350 °C; however,
the segregated material differs in magnetization leading to
spots in the MFM image as shown in Fig. 3(b). The wavelike
magnetization pattern is lost after annealing to 400 °C and
all that remains are clustered regions of differing magnetiza-
tion. The clusters are believed to be the regions of Co;Fe;3
material, which are segregating from the amorphous material.
It will be shown that changes in the crystallinity and grain
size influence both the VSM and FMR properties of the
sample.

B. Vibrating Sample Magnetometry

In Fig. 4, we use an in-plane magnetizing field to measure
magnetization as a function of the applied field in hysteresis
loops of post-annealed ferromagnetic thin films.

In order to normalize hysteresis loops, each magnetic induc-
tion curve is divided by the saturation magnetization (M/My).

DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited.
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Fig. 4. In-plane VSM data for post-annealed CogoFeq9Boo thin films.

(a) Normalized hysteresis loops 360 °C-600 °C. Inset: 20 °C-350 °C.
(b) SQR (M;-/My) and coercivity H. with annealing temperature.

Amorphous thin films (RT-350 °C) have hysteresis loops
with small areas and reach saturation quickly as shown
in Fig. 4(a) (inset). The amorphous phase exhibits magneti-
cally soft ferromagnetic behavior with low coercivity H. =
589-1000 (A/m) as shown in Fig. 4(a) and (b). After the
application of a saturating magnetic field, samples have a
residual or remanent magnetization M, at zero external field
strength Hye. = 0.

At room temperature, the squareness ratio (SQR) is small
with (M, /M) = 0.124, which increases to 0.31 after anneal-
ing to 350 °C. The sample holds very little magnetization when
the field is reduced to zero, which means the particle size is
small. Upon crystallization at 370 °C, the coercivity increases
to 1687 A/m and the squareness increases to 0.63 where SQR
values over 0.5 can indicate larger grain sizes. At 500 °C,
the coercivity increases to 11.3 (kA/m) with an SQR of 0.9 as
shown in Fig. 4(b). It can be seen that the hysteresis loop area
has greatly increased at 500 °C in comparison with the area
of the ASD sample as shown in Fig. 4(a).

C. Ferromagnetic Resonance

The uniform mode or spin wave with wave vector k = 0 of
a ferromagnetic thin film is probed using FMR by applying
a microwave frequency perpendicular to a static magnetic
field across the thin-film plane. When the microwave pump
frequency matches the precession of the magnetization in

IEEE TRANSACTIONS ON MAGNETICS, VOL. 54, NO. 10, OCTOBER 2018
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the material, the sample undergoes FMR. In Fig. 5, the first
derivative FMR absorption data (dP/dH) were fit to (1) where
the linewidth shape is considered Lorentzian.

The ASD sample at room temperature and annealed samples
up to 300 °C only exhibit a singular resonance peak S, as
shown in Fig. 5(a) and (b). At 300 °C and 350 °C, the annealed
samples in Fig. 5(b) and (c) show a reduced peak-to-peak
linewidth of ~7.4 and 7.0 (kA/m) as compared to the room
temperature 10.5 (kA/m) at 17 GHz. The resonance location is
slightly shifted to lower magnetic field strengths of 156.5 and
158.5 (kA/m) compared to 161.1 (kA/m) at 17 GHz. At 350 °C
and 360 °C, there exists a secondary resonance peak S, at
lower field strength than the primary uniform resonance.

As the annealing temperature is increased from 370 °C
to 400 °C, there continues to be multiple resonance peaks
present as shown in Fig. 6(a)—(c). The primary resonance peak
Hges at 370 °C is centered at 163.7 (kA/m) with at linewidth
of ~6.0 (kA/m), which is shifted to a higher field with a
lower linewidth than the as-grown RT sample. At 380 °C, in
Fig. 6(b), the resonance position continues to move to higher
fields 180.6 (kA/m) and linewidth increases to 7.4 (kA/m). The
linewidth continues to broaden for annealed samples at 400 °C
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and 500 °C increasing to 30.9 and 71.2 (kA/m), respectively,
as shown in Fig. 6(c) and (d). At 500 °C, the secondary
resonance peak disappears and a single broad resonance peak
shifted down to 89.1 (kA/m) is all that remains.

The secondary resonances observed in this FMR experiment
only occurred for samples annealed above 350 °C, which
is very close to the first observed crystallization peak at
370 °C. If two magnetic phases are present, they can be
coupled together via the exchange interaction. When mag-
netic inhomogeneities are present in the material, the uni-
form procession excited during resonance with wave vector
k = 0 can couple with spin waves having a wave vector
k # 0 [22], [34], [35]. This can result in a singular res-
onance peak, which can cause shifts in the resonance peak
position. The separation into multiple resonances is a result of
crystallite growth of the secondary phase Co7yFes reaching a
grain size significant enough to where it can support its own
resonance [16]. This has occurred around 12 nm as indicated
in the grain size analysis in Fig. 1(b) for the annealed 350 °C
sample. This value is in agreement with the 10-20 nm ranges,
which can support a standing spin-wave mode. Energy from
the uniform mode can be dissipated into non-uniform modes,
which leads to larger linewidth.

The additional resonance peaks were only observed above
8 GHz from post-annealed samples from 350 °C to 400 °C.
The coupling between CosFe; and CosoFesoBop causes
shifts in the resonance position and increases inhomogeneous
linewidth broadening to the peak-to-peak linewidth. The reso-
nance position data was fit to (2) using a spectroscopic splitting
g-factor of 2.16. The g-factor for CoFe alloys varies between
2.09 and 2.15 [36], [37] and CoFeB-based materials varies
between 2 and 2.22 [38]-[41].

In Fig. 7, we show the first derivative FMR positions Hieg
and peak-to-peak linewidth AH,, data fit to (1) for post-
annealed samples from 2 to 18 GHz. The resonance position
increases in field strength as the microwave frequency is
increased following an in-plane Kittel equation, which is fit
by dashed lines as shown in Fig. 7(a). Shifts in the resonance
position to lower field strengths at the same frequency corre-
spond to an increase in effective magnetization.

The effective magnetization values in Fig. 7(b) are deter-
mined from the Kittel fits in Fig. 7(a). The effective mag-
netization Mes, at room temperature was fit by (2) and
found to be 1076 (kA/m) and increased, to 1159 (kA/m) at
250 °C as shown in Fig. 7(c). The magnetization decreases
to 1108 (kA/m) at 300 °C and 1061 (kA/m) at 370 °C. The
effective magnetization values found in our experiment are
comparable to the 1280 (kA/m) reported for a 78 nm thick
thin film [12]. The effective magnetization values for annealed
films at 500 °C and 600 °C could not be determined from FMR
due to the limited data points that could be collected to fit (2).

The room temperature data for the first derivative peak-
to-peak ferromagnetic linewidth AH ), increases from 3.7 to
10.4 (kA/m) with an increased microwave pump frequency
shown in Fig. 7(c). The magnetization loses energy to the
thermal bath of the system through scattering from phonons
and impurities, where the Gilbert damping parameter (o)
fit in (3) is a fitting parameter to describe this behavior
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Fig. 7.  Extrapolated FMR data from fits to absorption curves. (a) FMR

position and Kittel fits. (b) Effective magnetization and root mean square
roughness from AFM. (c) Peak-to-peak linewidth where lines are fits to (3).
(d) Gilbert damping and inhomogeneous peak-to-peak broadening.

with frequency. The samples show a reduction in peak-to-
peak linewidth with an increased annealing temperature up
to 350 °C as shown in Fig. 7(c). The ASD Gilbert damping
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parameter is 0.017 and reduces to 0.011 after annealing to
350 °C as shown in Fig. 7(d).

The use of thermal annealing may relive strain in the
film, which may be the cause in the reduction on both
overall linewidth and damping. After annealing to 360 °C,
the linewidth of the lower frequency resonances between
2 and 6 GHz began to increase above the previously annealed
samples, whereas the linewidth of the 8—-18 GHz resonances
are still below those of the as-grown sample as shown in
Fig. 7(c). At the onset of crystallization at 370 °C, the damping
is ~0.003 and increases to 0.04 at 400 °C. The linewidth
is increasing continuously as the material crystalizes into the
hard ferromagnetic CoyFe3 alloy.

The overall peak-to-peak linewidth has contributions that
are both intrinsic and extrinsic. The inhomogeneous linewidth
broadening parameter provides a fit contribution to the amount
of extrinsic linewidth broadening that may be present in the
sample by possible magnetocrystalline and non-uniform strain,
which is fit by (3). The FMR technique is very sensitive
to surface properties because the microwave only penetrates
a limited depth from the surface due to the skin effect.
Phase segregation from thermal annealing increases the surface
roughness from 1.2 nm for the ASD sample to ~6 nm after
annealing to 500 °C as shown in Fig. 7(c).

The inhomogeneous linewidth broadening parameter varies
as the sample is annealed being 1.8 (kA/m) at room tem-
perature, 1.2 (kA/m) at 150 °C, and 1.1 (kA/m) at 250 °C
until 300 °C where it reaches the lowest point at 440 (A/m).
The broadening continuously increases after 300 °C reaching
3.6 (kA/m) at 370 °C. The increase in coercivity and the field
required to saturate the sample leads to broadening of low-
frequency linewidth and inhomogeneous linewidth broadening.

IV. CONCLUSION

We have investigated the effect of thermal annealing
on the damping constant and crystallinity of 78 nm thick
CoyoFeqoBog thin films. The damping value decreases until
the alloy crystalizes at 370 °C into a secondary-phased FFC
(110) Co7Feszmaterial. Broadening of a uniform mode FMR
linewidth occurs due to scattering from secondary-phased fer-
romagnetic material. The inhomogeneous-mixed-phased ferro-
magnetic sample exhibits multiple resonance peaks in the first
derivative FMR spectra when the grain size of the secondary
phase reaches a critical limit.
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