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A detailed study of the magnetic characterizations of the top structure MgO/CoFeB/Mo is presented. The samples
show strong perpendicular magnetic anisotropy (PMA) when the thickness of CoFeB is 0.9 nm and 1.1 nm. The saturation
magnetic moment and interface anisotropy constant are 1566 emu/cm? and 3.75 erg/cm?, respectively. The magnetic dead
layer (MDL) is about 0.23 nm in this system. Furthermore, strong capping layer thickness dependence is also observed.
The strong PMA of 1.1 nm CoFeB only exists in a Mo cap layer thickness window of 1.2-2 nm. To maintain PMA, the
metal layer could not be too thin or thick in these multilayers. The oxidation and diffusion of the metal capping layer should
be respectively responsibility for the degradation of PMA in these thin or thick metal capping layer samples.
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1. Introduction

Spin-transfer-torque magnetic random access memories
(STT-MRAMs)!!! with perpendicular magnetic anisotropy
(PMA) are promising for next generation memory devices!>3!
due to their advantages of low power consumption, large stor-
age capacity, and non-volatility compared with the traditional
storage.[*3 It is shown that the PMA materials are critical
to the STT-MRAM:Es.
have been discovered, such as rare-earth/transition metal fer-
romagnetic alloys,!%”! L1¢(Fe,Co)Pt alloys,!® [Fe;_,Co,/Pt]
multilayers,”) and CoFeB/MgO stacks.!'%13]1 However, due
to low spin polarization, large damping and low tunneling

So far, a number of PMA materials

magneto-resistance (TMR) ratio are two issues that need to
be solved urgently. Since PMA is built at CoFeB/MgO in-
terfaces, the thickness of CoFeB is limited to a narrow range
for PMA.I'4l The PMA in the CoFeB/MgO interface could
be attributed to the hybridization between 3d orbital of tran-
sition mental and O-2p.['>] Moreover, capping layer mate-
rials play an important role in the formation of PMA in
this MgO/CoFeB/capping layer multilayer system, and Ta is
the most common electrode material to obtain PMA in this
system.!:?] Tt is found that the stack of CoFeB/MgO with
Ru capping layer or buffer layer does not show PMA.!!
In addition, the electrode material may affect the thermal
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stability, annealing temperature, and magneto-resistance of
this CoFeB/MgO system MTJs. For example, the PMA in
Ta/CoFeB/MgO stack degrades seriously at the annealing tem-
perature above 300 °C.[17-18]

Recently, Mo has been considered a promising ele-
ment to replace Ta due to its high annealing stability, and
the CoFeB/MgO magnetic tunnel junctions (MTJs) with Mo
buffer layer show great PMA at the annealing temperature
of about 400 °C.!"%) Furthermore, the interfacial PMA is ob-
served to increase with annealing over the studied temperature
range in Mo/CoFeB/MgO MTJs. The post-annealed stability
of MTJs could be enhanced by using Mo element. The high
post-annealed stability of Mo/CoFeB/MgO stacks makes them
compatible with advanced CMOS back-end processes.?!
Very recently, large TMR of 120%?!! and 162%?*! were ob-
tained in the MTJ of Mo electrodes. However, the effects of
Mo capping layer thickness on the PMA in Mo/CoFeB/MgO
stacks have not been systematically investigated.?3>4]

In the study reported here, first, we fabricated
MgO(2)/CoFeB,/Mo(1.4) (unit in nm) multilayers by varying
CoFeB thickness from 0.9 nm to 2.1 nm, strong PMA are
shown when the thickness of CoFeB is 0.9 or 1.1 nm. Then
we prepared MgO(2)/CoFeB(1.1)/Mo; (unit in nm) by vary-
ing Mo thickness from 1 to 5 nm, showing that the Mo cap-
ping layer could not be too thin or too thick to maintain strong
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PMA.

2. Experimental procedure

Three series of multilayered stacks of Mo(5)/MgO(2)/Co-
FeB(0.9< 11 <2.1)/Mo(1.4), Mo(5)/MgO(2)/CoFeB(1.1)/Mo-
(1< 1, <5), and Mo(5)/MgO(2)/CoFeB(1.1)/Mo(1)/MoO,-
(0.5)/Mo(0.5) (unit in nm) were fabricated at room tempera-
ture by DC/RF magnetron sputtering on the thermal oxidized
Si substrates at an Ar working pressure of 2 x 10~3 Torr with
a base pressure less than 5 x 1077 Torr. To investigate the an-
nealing effects, some samples were post annealed at tempera-
tures (7,) of 300 °C for 1 hours at a pressure of 5 x 10~° Torr.
The magnetic properties were systematically analyzed by uti-
lizing alternating gradient magnetometer (AGM). The value of
the effective magnetic anisotropy energy was calculated by the
ordinary Suck—Smith—-Thompson method, and the presence of
magnetic dead layer (MDL) was taken into account for the
precise thickness of the ferromagnetic layer.

3. Results and discussion

The perpendicular (red line, 1) and
(blue line, |) M-H curves of the as-deposited
Mo(5)/MgO(2)/CoFeB(1.1)/Mo(2) (unit in nm) and the same
sample with post-annealing at 300 °C are shown in Fig. 1.

in-plane

The as-deposited sample shows strong in-plane magnetic
anisotropy. However, after the annealing process, the mag-
netic easy axis changes from in-plane to perpendicular di-
rection, which means that the post-annealing process plays a
very important role in realizing the PMA of the sample. The
post-annealing multilayer film has the large saturation mag-
netic compared to the as-deposited sample. The change of the
magnetic easy axis of the sample could be due to the crystal-
lization of CoFeB layers which was induced by the adjacent
MgO layer and triggered by a decrease of boron concentration
during the post annealing.!*!

Figure 2 shows the perpendicular and in-plane M-H
curves of the annealing Mo(5)/MgO(2)/CoFeB;/Mo(1.4) (unit
in nm) stacks with different CoFeB ferromagnetic layer thick-
nesses ranging from 0.9 nm to 1.5 nm. It can be seen that the
PMA property was shown when the thicknesses of CoFeB is
0.9 nm or 1.1 nm. This means that the thickness of CoFeB
layer is crucial for the existence of the PMA. The magnetic
easy axis turns into in-plane when the thickness of CoFeB fer-
romagnetic layer increases to a certain value. The saturation
magnetic fields in the in-plane direction are about 5 kOe and
7 kOe for the samples with CoFeB thicknesses of 0.9 nm and
1.1 nm, respectively, which indicates that the PMA are strong
in these two thin CoFeB samples. The results are in agree-
ment with the Mo buffer layer stacks,!'”! and the PMA is only
observed in the thin CoFeB samples.
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Fig. 1. (color online) Perpendicular (red line) and in-plane (blue line)
M-H loops of Si/SiO,/Mo(5)/MgO(2)/CoFeB(1.1)/Mo(2) (in nm) at (a)
as-deposited and (b) post-annealed at 300 °C, respectively.
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The m/A (area magnetization) and K¢ can be described
by Egs. (1) and (2),[?") where m/A, tcope, ta> Ketr, Ms, and
Hy represent the magnetic moment per unit area, nominal
CoFeB thickness, the thickness of MDL, the effective mag-
netic anisotropy energy, the saturation magnetization, and sat-
uration field, respectively. The positive (negative) value of Hy
indicates that the magnetic easy axis of the sample is PMA
(in-plane).

m/A = M(tcoreB —t4), M
Kett = MHy /2. )

The m/A of the samples is based on a function of thick-
ness of CoFeB layer. M; is obtained from the slope and 74
is the intercept of the straight line at the axis of the CoFeB
layer thickness. When the value of m/A decrease to zero,
the axis of CoFeB has a positive intersection point, indicat-
ing that MDL was formed at the interface.?’) The magnetic
moment per unit area versus nominal thickness of CoFeB
in Mo(5)/MgO(2)/CoFeB,/Mo(1.4) multilayer is shown in
Fig. 3(a). The MDL thickness is 0.23 nm from the fitting line.
The MDL of the top structure forms easier than that of the bot-

¢.[28] The more active diffusion of Mo atom in the

tom structur
top structure boundary may be the main reason for this.[*! We
can also obtain from Fig. 3(a) that M is about 1566 emu/cm?,
and the thickness of CoFeB is thinner than other capping layer
to maintain PMA. The optimal thickness of the CoFeB layer
with PMA could be decided by the temperature treatment and

the stack structure or with varying Mo capping layer thickness.
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Fig. 2. (color online) Perpendicular (red line) and in-plane (blue line) M—H loops of Mo(5)/MgO(2)/CoFeB; (0.9 < r < 1.5)/Mo(1.4) (in nm) multilayer

post-annealed at 300 °C. (a) 1 =0.9,(b)t =1.1,(c)t =1.3,(d)t =1.5.
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Fig. 3. (color online) (a) Magnetic moment per unit area versus
nominal thickness of CoFeB in Mo(5)/MgO(2)/CoFeB,;/Mo(1.4) mul-
tilayer. (b) K X ¢ versus the nominal thickness of the CoFeB in
Mo(5)/MgO(2)/CoFeB,/Mo(1.4) multilayer.

The effective anisotropy constant can be evaluated by
Eq. (1) and also be gained by linear fitting of the following
relation:

Kefi = Kpy — 2tM? + K; /tCoFeB, 3)

where Ky, Kj, and fcopep are the bulk anisotropy constant, in-
terface anisotropy constant, and nominal thickness of CoFeB,
respectively. The Kef X fcorep Versus the nominal thickness
of the CoFeB in Mo(5)/MgO(2)/CoFeB,;/Mo(1.4) multilayer
is shown in Fig. 3(b). The K; is obtained from the intercept of
the vertical axis. The value of K; is about 3.75 erg/cm? for the
stacks of the Mo capping layer. The greater K; value indicates
that the interface diffusion is reduced under the Mo capping
layer. The K X tcore could be applied to lots of linear fit-
ting, which is lower than the fitted value with thinner CoFeB
thickness. This indicates that interface magnetic anisotropy
cannot be regarded as a constant in this work, which plays a
very important role in these samples with PMA, and it also
relies on the thickness of CoFeB layer.[?"]

Figure 4 shows perpendicular and in-plane M—H curves
of annealed Mo(5)/MgO(2)/CoFeB(1.1)/Mo(¢) (in nm) mul-
tilayer with varying capping thickness from 1 to 5 nm. All
samples show PMA except the 1-nm-thick capping layer sam-
ple. The values of M/M; (M, represents remnant magnetic)
increase from about 0.8 to 1 with the increase of Mo capping
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Fig. 4. (color online) Perpendicular (red line) and in-plane (blue line) M—H curves of annealed Mo(5)/MgO(2)/CoFeB(1.1)/Mo(t) (in nm) multilayer with

capping thickness of (a) 1 nm, (b) 1.2 nm, (c) 1.4 nm, (d) 2 nm, (¢) 5 nm.

layer thickness from 1.2 to 2 nm. The large in-plane direction
saturation field indicates strong PMA in these thinner capping
layer samples. Especially, the PMA of the sample with 2 nm
Mo capping layer thickness is the strongest one. However, the
M,/M; value decreases to about 0.8 by further increasing cap-
ping layer thickness to 5 nm, which illustrates the degradation
of PMA.

Figure 5 shows K¢ and Hy versus Mo capping thickness
in Mo(5)/MgO(2)/CoFeB(1.1)/Mo(t) (in nm) sample. K
shows the maximum value of about 5.25 x 10° erg/cm® when
the Mo capping thickness is 1.2 nm. The value of K. de-
creases with the increase of Mo capping thickness, and de-
creases to about 8.60 x 10 erg/cm® or lower than this with
the capping layer thickness above 2 nm. The diffusion of
Mo atom toward to MgO/CoFeB interface and even to CoFeB
layer may be the main reason for the degradation of PMA
in these thicker capping layer samples. However, the thin-
ner 1 nm Mo capping layer shows obvious in-plane magnetic
anisotropy, and the corresponding K¢ value is negative, the
oxidized Mo caplayer may be the main reason for the degra-
dation of PMA in these thinner caplayer samples.>*] We will
discuss this in detail later.

The change of K. is probably due to the variation of Hy
value with increase of Mo capping layer thickness, since the
thickness of CoFeB is 1.1 nm for all samples, and therefore the
values of M for all samples are fixed. The maximum value of
Hy is about 6700 Oe when the Mo capping thickness is 1.2 nm.
The values of Hy decrease to about 1100 Oe with the increase
Mo capping layer from 1.2 to 5 nm. Moreover, when the cap-
ping thickness is 1 nm, the sample shows clear in-plane mag-
netic anisotropy, and the Hy and K are both negative.
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Fig. 5. (color online) K. and Hy versus Mo capping thickness in

Mo(5)/MgO(2)/CoFeB(1.1)/Mo(z) (in nm) sample.

Actually, the results of Mo capping are similar to Ta
and Nb samples in MgO/CoFeB based magnetic tunnel
junction.!**! The origin of PMA in the CoFeB/MgO inter-
face is related to the hybridization between 3d orbital of
the transition mental and O-2p in MgO.!">! In addition, the
CoFeB/metal interface also plays an important role for inter-
face anisotropy. In the top structure, the PMA is very sensitive

(241 The main reason is plausible

to the thickness of metal layer.
that the cap layer of Mo may be oxidized during the annealing
due to the metal layer of the top structure is directly exposed
to air, the surface of the samples may be oxidized, 33!l es-
pecially for those thin capping layer samples. The oxidized
surface layer may seriously reduce the effective thickness of
metal layer in these thin capping layer samples.>?! As we all
know, Ta has been reported as producing a good getter ef-
fect, and it may effectively absorb boron at a relatively lower

annealing temperature,?*33] and the diffusion of B atom de-
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pends upon the thickness of the adjacent metal layer*¥ in this
case, Mo may replace boron with CoFeB and cause a deteri-
oration of CoFeB at the CoFeB/Mo interface. Therefore, the
deterioration of CoFeB at the CoFeB/Mo interface may be the
main reason for the degradation of PMA in these thicker cap-
ping layer samples.

In order to further analysis the effect of Mo thick-
ness on the PMA in MgO/CoFeB/Mo multilayer, we fabri-
cated Mo(5)/MgO(2)/CoFeB(1.1)/Mo(1)/Mo00,(0.5)/Mo(0.5)
(unit in nm) multilayer, and the total thickness of cap-
ping layer is 2 nm. An ultrathin MoO, was inserted be-
tween two thin Mo layers. On the one hand, it can pro-
tect the thin capping layer not to be oxidized; on the
other hand, it can reduce the effect thickness of Mo. Fig-
ure 6 shows the perpendicular and in-plane M—H curves of
Mo(5)/MgO(2)/CoFeB(1.1)/Mo(1)/Mo00,(0.5)/Mo(0.5) (unit
in nm) multilayer after annealed at 300 °C for 1 hour.
The sample shows strong PMA, and the K. and Hy are
2.81 x 10° erg/cm?® and 3600 Oe, respectively. The mag-
netic anisotropy changes from in-plane anisotropy to PMA
compared with the results of thinner capping sample of
Mo(5)/MgO(2)/CoFeB(1.1)/Mo(1) (in nm). Therefore, the
metal layer could not be too thin or thick in these multilayers to
maintain PMA. The oxidation and diffusion of the metal cap-
ping layer should be respectively responsibility for the degra-
dation of PMA in these thin or thick metal capping layer sam-

ples.

M/ M

—5000 0 5000
H/Oe
Fig. 6. (color online) Perpendicular (red line) and in-plane (blue line)

M-H curves of Mo(5)/MgO(2)/CoFeB(1.1)/Mo(1)/MoO,(0.5)/Mo(0.5)
(in nm) multilayer after annealed at 300 °C for 1 hour.

—10000 10000

4. Conclusions

In summary, the perpendicular magnetic anisotropy of a
series of top MgO/CoFeB/Mo layers is studied. It is revealed
that the PMAs of Mo/MgO/CoFeB/Mo stacks strongly depend
on the thickness of the CoFeB layer. The samples show strong
PMA only when the thickness of CoFeB is less than 1.1 nm.
The dependence of the PMA on capping layer thickness is ob-
served, and the strong PMA of 1.1 nm CoFeB only exists in

a Mo cap layer thickness between 1.2 to 2 nm. This effect of
Mo capping layer might be applied to tune the magnetic char-
acteristics for future application in p-MTJs.
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