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Abstract

®

CrossMark

We investigate the impact of Ru, Mo and W as an insertion layer between the second MgO and
the top electrode in dual-MgO pMT] stacks on the free layer magnetic properties from 25 °C to
260 °C. The insertion of Ru helps to improve the room temperature thermal stability by 97% in
comparison to the control sample as its closely packed structure and large grain size suppresses
interlayer diffusion. The effective anisotropy field (Hcg) of these samples were found to decay
linearly at an increased rate as compared to the areal moment (Mjf) for the range of temperature
measured through high temperature ferromagnetic resonance spectrometer and vibrating sample
magnetometer. Furthermore, the extrapolated He¢ values across all samples having the same
free layer composition converge towards zero at T = 325 °C, independent of the initial Heg
values measured at room temperature. Our measurement reveals that the free layer saturation
magnetization plays a more significant role than Heg in achieving higher thermal stability at

typical MRAM operating temperatures.

Keywords: pMT]J, thermal stability, ferromagnetic resonance, magnetic anisotropy, diffusion

barrier

(Some figures may appear in colour only in the online journal)

Introduction

Magnetoresistive random access memory (MRAM) has been
the focus in both academia and industry as the emerging tech-
nology for embedded memory applications due to its speed,
endurance, non-volatility, scalability and ease of integration
with CMOS technology [1-4]. At the core of the MRAM lies
the array of magnetic tunnel junctions with perpendicular
magnetic anisotropy (pMTJ), which requires stringent deposi-
tion conditions and intricate stack design. In a pMT]J utilizing
CoFeB as the free layer, the film interfaces and crystallinity
are key factors in promoting high perpendicular magnetic
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anisotropy (PMA) and high tunnel magnetoresistance (TMR)
ratio [3—12]. In addition, the pMTJ stack should have the
thermal robustness to withstand the 400 °C annealing temper-
ature in order to be compatible with CMOS-BEOL processes
[13-16].

Various stack designs have since been reported to improve
on different aspects of device functionality, such as dual-MgO
pMT]J stack with an insertion layer between two CoFeB layers
to maximise the TMR and thermal stability [9, 15-19]. Ta
has been a conventional choice for such insertion layers and
electrode contacts due to its low resistivity, amorphous nature
and boride scavenging properties, allowing it to break crys-
talline texture for subsequent over layers. However, Ta has
been reported to be highly diffusive after 400 °C annealing

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Stack layout and (b) schematic of the test fixture in exploded view. There is no spacer layer present for the case of the control

wafer, i.e. the second MgO is capped directly with the Ta top electrode.

treatment, which can result in interlayer mixing or the forma-
tion of the magnetically dead layer leading to a reduction in
the thermal stability factor [5, 20]. In order to resolve this chal-
lenge, Mo and W have been reported to provide higher perfor-
mance when deployed as buffer or capping layers to single
MgO-based pMT]J stack structure [3, 5, 8, 21]. However, little
attention is given to the interface between the second MgO
and Ta-based top electrode in a dual-MgO pMT]J stack design
[7,15,22].

Since MRAM applications often operate above ambient
temperature, the temperature dependence of the free layer
magnetic properties should also be evaluated as it will affect
the thermal stability of the pMTJ stack [23-26]. The thermal
stability is defined as the ability to retain storage information
for a given period (typically 10 years) under a given operating
environment. The thermal stability can be expressed as:

KotV . HoiMtA
kT~ 2kgT

where kg is the Boltzmann constant, 7 is temperature, V is the
magnetic volume expressed as product of area A and thickness
t, Kot = HeeM/2 is the effective anisotropy energy and Mj is
the saturation magnetization. Hg is the effective anisotropy
field defined as:

A=

ey

2K,

Her = N M + Vs’

where the first term corresponds to the demagnetization
contribution of an infinitely extended thin film and the
second term corresponds to the contribution from perpend-
icular anisotropy K,. Even though the linear trend of Heg as

@)

a function of temperature has been reported for CoFeB thin
films at ultra-low temperatures [27], the temperature depend-
ence of H. of CoFeB-based free layer at elevated temper-
atures has yet to be reported.

Here, we present a study on the impact of Ru, Mo and
W inserted between the top electrode and the second MgO
tunnel barrier on the electrical and magnetic performance of
the pMT]J thin film stacks. By keeping the same free layer
composition and deposited thickness across the samples in our
study, we are able to determine how H.g evolves at elevated
temperatures due to the presence of the insertion layers.

Methodology

Using a magnetron sputtering system with a base pressure
lower than 103 Torr, a series of bottom-pinned dual-MgO
pMT]J similar to [7, 14, 15] were deposited on thermally oxi-
dized Si substrates. The control wafer consists of a Ta bottom
electrode, a 6nm thick seed layer with fcc crystallinity, a
synthetic antiferromagnetic (SAF) structure consisting of Co/
Pt multilayers exchange-coupled via an ultrathin Ru layer,
a CoFeB polarizing layer coupled to the SAF structure via
an ultrathin amorphous transition layer, a CoFeB-based free
layer section sandwiched by two MgO tunnel barriers and a
Ta top electrode as shown in figure 1(a). Additional wafers
were deposited with different spacer layers (Ru, Mo and W) of
nominal thicknesses # = 2nm and 4nm inserted between the
top electrode and the second MgO tunnel barrier. The samples
were then subjected to 400 °C field annealing for an hour under
a 1 Tesla magnetic field before subsequent analysis in current
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Figure 2. (a) Major loop and (b) minor loop VSM measurements. (c) Mt versus Heg of the samples measured at room temperature.

(d) Results of TMR and RA product from CIPT measurements.

in-plane tunnelling (CIPT) system, vibrating sample magne-
tometer (VSM) and vector network analyzer-ferromagnetic
resonance spectrometer (VNA-FMR).

For the high temperature FMR measurement setup, the
signal trace length for the grounded coplanar waveguide
(GCPW) was elongated to minimize heat transfer to the end
launch connectors [28, 29]. A ceramic jig was created to con-
fine the heating to the sample, as well as a sample holder made
of silver to minimize Oersted field arising from the ceramic
heating element. A T-type surface thermocouple was placed
on the back of the GCPW adjacent to the sample for PID
temperature control. To verify that the thermocouple readings
reflect the desired temperature, temperature labels from Testo
were used to confirm that the temperature error was within the
limits of the label itself (1% +1 °C). Due to the limitation
of the heating element and heat dissipation factor, a maximum
of 260 °C was achieved for the HT-FMR setup, with the end
launch connectors having a corresponding temperature of
approximately 85 °C. Figure 1(b) shows the schematic view
of the test fixture, which was then placed within an external
magnetic field Hey applied along the easy axis direction of
the samples in the out-of-plane (OOP) configuration. All

FMR measurements were fitted with the corresponding Kittel
formula f = 5L (Hexe + Hetr) [9, 30, 31].

Results and discussion

Figures 2(a) and (b) shows the major and minor hysteresis
loops respectively for the pMT]J stacks used in this study. The
sharp switching of the free layers at the coercivity field is in
good agreement with the high H.g values obtained. The areal
moment, M, is obtained by dividing the magnetic moment
from the minor hysteresis loops with the diced sample size
having a square area of 16 mm?. Figure 2(c) shows a sum-
mary overview of the magnetic properties of the free layer
measured at room temperature, where the effective aniso-
tropy field H. and the areal moment My were measured
through VNA-FMR and VSM, respectively. All three mat-
erial choices for insertion layers are able to significantly
improve both Myt and H.g. Specifically, the H.g and Mt of
the sample with Ru (# = 4nm) insertion layer are ~159% and
~124%, respectively, as compared to the control wafer (nor-
malized to as H/{; and M/'t). Since the kg7 is the same for the
room temperature results reported in figure 2(c), the insertion
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Figure 3. (a) TOF-SIMS analysis within the region of interest for selected samples. (b) XRD analysis for all samples showing enhanced
peak at 26 = 38° for wafers with Ru insertions, while peaks were observed at 20 = 58° for wafers with W and Mo insertions.

of a 4nm thick Ru spacer layer between the second MgO
and Ta top electrode can increase the thermal stability by

— LS9H ji 1.24M] t—HypxM]'t
Aru—Acomol 3¢ 100% = ( e L 2AM T Hop e My ) x 100% = 97% ,
Control HgxM't

where Agry and Acongor refers to the thermal stability of the
sample with Ru(r = 4nm) insertion layer and control wafer,
respectively. This indicates that the insertion layers play a
non-trivial role in retaining the structural integrity of the
pMTIJ stack at 400 °C. The material choice of the insertion
layer rather than the thickness is the dominant factor, which
could be due to the intrinsic crystalline and material proper-
ties. The variation in the free layer magnetic properties can be
attributed to the extent of Ta diffusion through the different

insertion layers, which would lead to the formation of magn-
etic dead layer effect and also have a detrimental effect on the
crystallinity of the underlayers.

The samples were also tested for their magnetoresistive
properties. Figure 2(d) shows the TMR and resistance-area
product (RA) measured using CIPT. The control sample shows
the desired properties such as largest TMR and the lowest RA.
As a result of the insertion layers influencing the free layer
magnetic properties, minor variations were observed in the
TMR and RA. The variation in the electrical transport proper-
ties can be attributed to quality of the second MgO tunnel bar-
rier affected by the diffusion of Ta top electrode, as well as the
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Figure 4. (a) Mt and H. as a function of temperature for each sample. Solid triangle symbols are H,g obtained from HT-FMR

measurements at elevated temperatures, while hollow square symbols are Mt obtained via HT-VSM. (b) Linear fit of

OHegt

=7+ as a function of

H.i(T = 0K) based on the y-intercept and gradient of the straight line fitting results from (a).

extent of oxidation occurring at the interface between second
MgO and the insertion layer.

As shown in figure 3(a), the depth profile from TOF-SIMS
reveals the amount of Ta content within the MgO region. As
the magnetic properties were not influenced by the thick-
ness of the insertion layers, only wafers with 4 nm insertion
layers as well as the control wafer are presented for clarity.
We note that without an insertion layer present in the case of
the control wafer, a significant amount of Ta diffuses into the
MgO tunnel barrier. Qualitatively, increasing Ta content was
observed within the MgO region in the order of Ru, Mo, W
and finally the control wafer. This correlates with the hypoth-
esis that suppression of Ta diffusion can lead to an improve-
ment in the free layer magnetic performance.

The effect of different spacer layer material on the diffusion
resistance can be explained by the grain size of the material
choices [32]. Diffusion occurs through the grain boundaries
and in the case of smaller grains, the ratio of grain boundary
area to the volume is larger. A material with a larger grain size
will have fewer grain boundaries and would show better diffu-
sion resistance. Since the grain size is inversely proportional
to the melting point, materials with a lower melting point
would be more effective as diffusion barrier as these materials
will have larger grains. Therefore, the larger grains formed by
Ru are more likely to limit Ta from diffusing downwards as
compared to materials with higher melting points such as Mo
and W [33]. The results from XRD show that for the samples
with Ru insertion layer, there is an increase in peak intensity at
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260 = 38° which corresponds to hcp-Ru in the 100 plane. This
is in contrast to the broader peaks observed at 20 = 58° for
samples with Ta and W capping layers. Base on the Scherrer
equation [34], the peak widths obtained from the XRD results
reveal that the grain size of Ru is larger than Ta and W and is
more effective in limiting the diffusion of Ta.

The temperature dependence of magnetic properties for
these samples were examined from room temperature up to
260 °C. As shown in figure 4(a), the rate of decay of Mt as
a function of temperature, 85”75’, of all the samples followed a
hyperbolic relation in agreement with the mean field approx-

imation. On the other hand, the rate of decay of effective

anisotropy field as a function of temperature, 65;“, showed a

linear decay in agreement with previous report on CoFeB thin

films at ultralow temperature [27]. Moreover, ag’;“

to be significantly larger than GgITS’ within the measured range,

was found

with H.g retaining a much lower percentage of their initial
values at 260 °C as compared to M. Lastly, the extrapolation
of x-intercepts for all the samples from figure 4(a) leads to a
convergence to a single temperature of Ty, = 325 °C despite
different initial H.¢ measured at room temperature, which can
be attributed to the same free layer composition used in this
study.

To explain the phenomenon behind a larger % seen with

an improvement in Heg, the definition of H.g listed in equa-
tion (2) is extended to consider its temperature dependence:

2K, (1)
WD) ©

Hege (T) = N;M; (T) +

where 7 within the parenthesis refers to temperature.
Therefore, at absolute zero temperature, Hg becomes:

2K, (T = 0K)

Hef‘f(T: OK) :NzMs (T: OK) + m (4)

Using the same approach as [27], the Cullen—Cullen power
law is used to substitute the term K,(7) as a function of M
and K,(T = 0K) and the proportionality constant, I, is set to
be 2 as described in previous works [35, 36]. The first order
derivative of equation (3) with respect to temperature leads to:

OHy oM 1

oM 2K, (T = 0K)
OT ~— T M(T = 0K)

M((T = 0K)

N.M(T = 0K) +

)

The terms within the square parenthesis are exactly similar
to equation (4), which are replaced to obtain the following
expression:

OHei  OM { 1
oT 0T LM,(T =0K)

}Heff(TZOK)a (6)

where ‘?# is the rate of change of M;. Noting that equation (6) is
based on the assumption that %—”Td is constant in order for I" to be
2, we should expect the fit of Bg;ff against H.(T = 0K) to pass
through the origin for samples with the same free layer compo-

sition (and therefore the same M; at T = 0K). Indeed, by using

the gradients and y-intercepts of the He plot from figure 4(a) to

compare % as a function of H.(T = 0K), the experimental

results in figure 4(b) are in excellent agreement with equation (6)
with the case of proportionality constant, I' = 2 for CoFeB.

Conclusion

In conclusion, we have shown that the insertion of Ru spacer
layer between the Ta-based top electrode and the MgO tunnel
barrier can improve the thermal stability of the pMTJ stack
by up to 97% at room temperature. This is due to the intrinsic
material properties limiting Ta from diffusing downwards.
The temperature dependence of H.g of up to 260 °C is found
to be linear and dependent on H (7T = 0K). % also decays
much rapidly in comparison to %—Af, resulting in a larger impact
on the thermal stability of the pMTJ stack at elevated oper-
ating temperatures. Therefore, HT-FMR can be utilized as a
material screening method to optimize free layer at blanket
film level, providing feedback to pMTJ stacks undergoing
260 °C solder reflow temperature without a need for a long
learning cycle arising from device patterning and integration
with CMOS technology.
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