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We construct the Hall-bar device with the size of several hundred nanometers based on the HZO/Co multiferroic
heterojunction. A remarkable voltage-controlled magnetism is observed in the device that possesses both ferroelectric
property and perpendicular magnetic anisotropy (PMA). The nucleation field and coercivity can be modulated by voltage
pulse while saturation field keeps stable. The non-volatile and reversible voltage-controlled magnetism is ascribable to
interfacial charges caused by ferroelectric polarization. Meanwhile, the effective anisotropy energy density (Ky) can also
be controlled by voltage pulse, a decrease of 83% and increase of 28% in K, are realized under —3-V and 3-V pulses,
respectively. Because the energy barrier is directly proportional to K, under a given volume, a decreased or enhanced
energy barrier can be controlled by voltage pulse. Thus, it is an effective method to realize low-power and high-stability

magneto-resistive random-access memory (MRAM).
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1. Introduction

Nowadays, 22-nm/28-nm embedded magneto-resistive
random-access memory (eMRAM) is already used in indus-
trial production. For the continuous scaling down, the better
performance such as low power consumption and high thermal
stability are desired. The energy barrier which separates two
stable magnetizations is a crucial factor that decides the power
consumption of data writing and thermal stability for MRAM.
During the data writing, a lower energy barrier favors lower
power consumption. On the other hand, a higher energy bar-
rier means better stability against thermal disturbance, which
is beneficial to data retention.

Voltage-controlled magnetism is an effective method that
can modulate magnetic behaviors such as coercivity, magneti-
zation, magnetization switching, etc.!'*! And it is also a use-
ful way to control the energy barrier of magnetic material. The
common forms of the voltage-controlled magnetism include
voltage-controlled magnetic anisotropy (VCMA), magneto-
ionic effect, and multiferroic structure, etc. VCMA is com-
monly adopted in ferromagnetic/dielectric material system,
the accumulation or dissipation of electrons at the interface
under different voltages can control magnetic anisotropy and
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change energy barrier.’~71 While VCMA effect is volatile, it
is hard to modulate thermal stability for a long time. Magneto-
ionic effect is a method based on ion migration driven by elec-
tric field. Though magneto-ionic effect can impact magnetic
property remarkably, it often needs long time, higher voltage
or thermal assistance, which is not suitable for MRAM. [8-11]
Ferroelectric/ferromagnetic composition is one of most stud-
ied multiferroic structures. Similarly, accumulation or dissipa-
tion of electrons at the interface can be realized due to ferro-
electric polarization under different voltages. Unlike VCMA,
the state of interfacial electrons can keep stable after the dis-
appearance of voltage, which can achieve the target of lower
energy barrier in data writing and higher energy barrier in data
retention simultaneously.[!>13!

In this work, a multiferroic heterojunction comprised of
HfO;-based ferroelectric and Co ferromagnetic film is formed.
Because of the reasonable design of film stacks and process,
the heterojunction possesses both ferroelectricity and perpen-
dicular magnetic anisotropy (PMA). The controllable mag-
netic behaviors including nucleation field, coercivity by dif-
ferent voltage pulses are found in Hall-bar device with the
size of several hundred nanometers. Besides, through the cal-
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culation of effective anisotropy energy density under different
voltage pulses, an efficient modulation on energy barrier is ob-
served. What is more, all the above voltage-controlled proper-
ties are reversible and non-volatile. Considering the ferroelec-
tricity, we attribute the voltage-controlled magnetism of the
heterojunction to charge-dependent mechanism at the inter-
face between ferroelectric and ferromagnetic layer. The study
of voltage-controlled magnetic behaviors reveals the promis-
ing potential application of ferroelectric/ferromagnetic hetero-
junction in low-power and high-stability MRAM.

2. Experiment details

As shown in Fig. 1, the film stacks in this work are
Si/TiN(10 nm)/Hfy 5Zrp502(10 nm)/Pt(0.5 nm)/Co(1 nm)/
Ru(4 nm). The bottom electrode TiN is grown on 8-
inch (1 inch=2.54 cm) Si substrate by magnetron sput-
tering, then the HfysZrysO, (HZO) layer is deposited
through atomic layer deposition (ALD) using deionized water,
Hf(NCH;3C,Hs )4 and Zr(NCH3CHs )4 as precursor, and the Pt,
Co, Ru are grown by magnetron sputtering in sequence. After
the film deposition, a 30-s annealing of temperature 400 °C
under N is performed by rapid thermal annealing (RTA) sys-
tem. Then, a 50-nm Si3Ny4 is covered on the films as hard
mask through plasma enhanced chemical vapor deposition
(PECVD). Finally, the film stacks are processed by deep ultra-
violet lithography (DUYV), inductively coupled plasma (ICP)
etching, passivation, interconnection and fabricated into Hall-
bar device with the size of several hundred nanometers cov-
ered by passivation layer of SizNy.

The basic magnetic property of films is performed on vi-
brating sample magnetometer (VSM), and the other measure-
ment including anomalous Hall effect (AHE) test, voltage-

controlled magnetism and ferroelectric property are performed

I 593.3 nm

on the Hall-bar device fabricated by 8-inch process.
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Fig. 1. (a) The film stacks and (b) the main processes of the film depo-
sition.

3. Results and discussion

After the etching of hard mask, the whole morphology
of Hall-bar structure is shown in Fig. 2(a) obtained by scan-
ning electron microscope (SEM). As presented in Fig. 2(b),
the width of channel is about 593 nm, the total area of the
Hall-bar structure is about 100 um?. In order to get more de-
tails and prove the process, transmission electron microscopy
(TEM) and related analysis are performed on the finished Hall-
bar device. Figure 2(c) presents the cross-sectional TEM im-
age of the film stacks, all the layers can be seen clearly and
the HZO layer shows polycrystalline morphology which is
a typical feature of HfO,-based ferroelectric material.!'%15]
Figure 2(d) exhibits the sidewall of Hall-bar structure from
which we determine that the etching endpoint is in the HZO
layer, which meets our expectation. The energy dispersive
x-ray spectroscopy (EDX) is used to analyze distribution of
elements, the slight indentations of Zr and Hf demonstrate
the etching endpoint again. Obvious element diffusion is not
found in the mapping results. Besides, we discover the appear-
ance of some elements such as Hf, Zr, Pt, Ru at the sidewall

which is caused by redeposition during etching.!1¢-1°]

Fig. 2. (a) The top view of Hall-bar device obtained by SEM. (b) The channel SEM image of Hall-bar device. (c) The cross-sectional TEM image of film
stacks. (d) The sidewall TEM image of Hall-bar device. (e) The distribution map of elements around sidewall.
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The magnetic hysteresis loops of film stacks after RTA
implemented by VSM are shown in Fig. 3. The magne-
tization reaches saturation at a smaller magnetic field and
presents nearly 100% remanent magnetization under perpen-
dicular magnetic field, while a larger saturation field and al-
most zero remanent magnetization are exhibited in the M—H
curve measured under parallel magnetic field. The results in-
dicate the film possesses PMA which mainly originates from
the interfacial anisotropy.?°->?l From the measurement, we
can get the saturation magnetization with the amplitude of
650 emu/cm?.
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Fig. 3. The magnetic hysteresis loops of the film under perpen-
dicular magnetic field (a) and parallel magnetic field (b). The unit
10e=79.5775 Am™!.

For the Hall-bar device fabricated by 8-inch process,
AHE test is used to detect the kinetic magnetism. During the
measurement, the Hall resistance along y axis is measured by
Keithley 2450 while a 50-pA current generated by Keithley
2602B is applied on the x axis under perpendicular magnetic
field as shown in Fig. 4(a). The AHE is an electrical transport

measurement method which can be expressed as!>32>!
RoB  4nRM
Ry= =54, (1)

the anomalous Hall resistance Ry is comprised by ordinary
part (RyB/r) and anomalous part (4TR;M /1), in which ¢ is the
thickness of current channel and B is external magnetic field.
Usually, the anomalous Hall coefficient Ry is much larger than
ordinary Hall coefficient Ry, as a result, the Ry is directly
proportional to the perpendicular component of magnetization

(M) which is used to study magnetic property. Like the test
of VSM, the result in Fig. 4(b) also presents rectangular loop
which indicates the PMA keeps stable as the scaling down of
the film stacks, proving the reliability of process.
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Fig. 4. (a) The diagram of AHE test. (b) The R—H curve of Hall-bar device
under perpendicular field.

In order to investigate the effect on magnetic property
caused by voltage, the AHE measurement with different volt-
age pulses are carried out. As shown in Fig. 5(a), the 9-ms
voltage pulse supplied by Keithley 2602B is applied on the
HZO layer through the top and bottom electrode, after cutting
off the voltage pulse, an AHE measurement is performed. Be-
fore and after the voltage pulse, the resistance of HZO layer
is measured to ensure its intact. The electric field that points
from top to bottom electrode is defined as positive and vice
versa. An obvious deformation of the AHE curve is observed
under different voltage pulses. After a —3-V pulse, the curve
around coercivity becomes more sloping, which has a smaller
nucleation field (H, ~ 15 Oe) and coercivity (H, ~ 160 Oe),
while the saturation field is almost unchanged (Hs ~ 254 Oe).
On the contrary, when a 3-V pulse is applied on the device, the
curve becomes more sharper, which has a larger nucleation
field (H, ~ 172 Oe) and coercivity (H; ~ 225 Qe), the satu-
ration field still keeps stable. Besides, a slight decrease and
increase in saturation Hall resistance under negative and posi-
tive voltage pulse also emerges. Figure 5(c) presents involved
fields under different voltage pulses, the different slopes of
three curves indicate the different responses to voltage pulse-
the sensitive Hy, slightly changed H. and stable H;. The
various discrete extent of the three fields shows the different
switching processes under different voltage pulses.

The energy barrier E}, of magnetic layer can be expressed
as the product of effective anisotropy energy density K, and
volume V.[?6271 We can get K, by the difference in magneti-
zation work between the direction of hard-axis and easy-axis
written as follows (for PMA):[28:29]

M M
Kuzuo(/o Hmde—/O deMz), @

where the g is permeability of vacuum, M is saturation mag-
netization, H;, and H,, are in-plane and perpendicular magnetic
fields, respectively. In this work, we can extract K, from AHE

measurement based on the following relation 30}

M? = M? +M?, 3)
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Ry M.
Rnor=—— = 72, %)
Rupax M.

1 1
Ky = oM, /Hind\/l—Rorz—/HdR ) 5
Ho (0 (RNor) |, HodRN (5)

in which M, and M, are in-plane and perpendicular compo-
nents of magnetization, Rnor is the normalized Hall resis-
tance. Figure 5(d) is the in-plane normalized R—H curves
under different voltage pulses. Through the above method,
the K, under different voltage pulses is obtained and shown
in Fig. 5(e). From the results, the voltage pulse has remark-
able influence on the K,. The K, is about 5.2x10* erg/cm?

(1 erg=10""J) after a —3-V pulse, which is reduced by 83%

compared with initial value (3.2x 103 erg/cm?), and it is en-
hanced to 4.1x10° erg/cm® after a 3-V pulse, which is in-
creased by 28%. The controlled coefficient calculated from
fitting result is about 5.89x 1072 erg/(V-cm?). The voltage-
dependent K, implies bidirectional change in energy barrier
based on the polarity of voltage. As depicted above, there is
no voltage on the HZO layer during AHE test, therefore, the
effect on magnetic property and energy barrier is non-volatile.
In general, a reversible, non-volatile modulation on magnetic
property, and energy barrier by voltage pulse can be realized
in the HZO/Co heterojunction.
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Fig. 5. (a) The test diagram of voltage-controlled magnetism. (b) The R—H curves under perpendicular field with different voltage pulses. (c) The nucleation
field, coercivity and saturation field under different voltage pulses. (d) The R—H curves under in-plane field with different voltage pulses. (e) Voltage-

dependent effective anisotropy energy density.
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Fig. 6. The P-V curve of Hall-bar device with the amplitude of 3 V.

To explore the mechanism of voltage-dependent mag-
netism, the ferroelectric property is measured on Hall-bar de-
vice by ferroelectric tester (TF Analyzer 3000). A 1-kHz tri-
angle wave signal with the amplitude of 3 V is applied on the
device through the top and bottom electrode. The voltage-
dependent polarization is shown in Fig. 6, hysteresis loop of

P-V curve is a characteristic of ferroelectric property, indi-
cating the reasonable design of film stacks and process. The
remanent polarization is about 21 pC/cm? which demonstrates
the Hall-bar device possesses good ferroelectric property.

The charge-mediated modulation is a common mecha-
nism which often refers to charge, spin and orbital degrees
of freedom at the interface. In ferroelectric/ferromagnetic het-
erojunction, the change in interfacial electron density at fer-
romagnetic layer caused by ferroelectric polarization will in-
duce the shift of Fermi level, leading to the change in the
state distribution of spin electron, thus modulating magnetic
property. 3233 Duan et al. pointed that the atoms displacement
involved in the reversal of ferroelectric polarization changes
the chemical bonding at the interface, which has a significant
effect on magnetism. >3] For some magnetic material sys-
tems, the surface magnetic anisotropy is sensitive to variation
in interfacial electron density because of the spin—orbit cou-

pling caused by interfacial orbital reconstruction. [36-37]
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As depicted in Fig. 7, when a voltage pulse is applied on
the Hall-bar device, the HZO ferroelectric layer is polarized
and some bound charges are formed at the interface. Because
of the Coulomb force, the electrons at metal layer will be at-
tracted or repelled, thus inducing accumulation or dissipation
of electrons at the interface. The variation in electron concen-
tration is restricted to several angstroms due to charge screen-
ing in metal. In film deposition, a 0.5-nm Pt layer is inserted
between HZO and Co layer to construct a Co/Pt interface
which can provide interfacial anisotropy and promote PMA.
The Pt spacer may weaken the effect on Co layer caused by
the change in electron concentration from the view of conven-
tional charge-mediated mechanisms. While Jia ef al. proposed
a novel mechanism of interfacial spiral spin density in ferro-
electric/ferromagnetic heterojunction, which can affect mag-
netism with a thickness about tens of nanometers through spin
diffusion. 8] Subsequently, the mechanism has been demon-

1391 These results provide a new foun-

strated experimentally.
dation for works about charge-mediated mechanism in ferro-
electric/ferromagnetic heterojunction. In this work, we think a
local spiral spin density related to interfacial charges is formed
and a spin rearrangement is induced within a larger length
which reaches the Co layer through spin diffusion. Therefore,
the voltage-controlled magnetism is realized by the change in
interfacial electron density across the Pt spacer.

As shown in Fig. 5(c), the Hy,, H., and H, present different
responds to voltage pulses, which may be related to different
interactions between magnetic domains and ferroelectric do-
mains. During the process of magnetization, some magnetic
domains around the edge switch under larger external mag-
netic field, which decides the value of Hy. And the ferroelec-
tricity degradation may happen in some ferroelectric domains
around the edge of HZO layer caused by etching damage. [°]
Therefore, these magnetic domains around the edge are not af-
fected by ferroelectricity and present stable H;. Another possi-
bility is that the defects at the interface have pinning effect on
adjacent magnetic domains and ferroelectric domains simul-
taneously, these pinned magnetic domains need larger exter-
nal magnetic field (Hs) to switch and the pinned ferroelectric
domains are hard to switch during polarization. Thus, there
are almost no couplings between these magnetic and ferro-
electric domains. The magnetization switching behaviors of
other magnetic domains are controlled by ferroelectricity and
show voltage-dependent H, and H, as a result of statistics.

Because the non-volatile characteristic is one of ferro-
electric properties, a reversible and non-volatile modulation
in magnetic property can be realized in HZO/Co multiferroic
heterojunction. Moreover, the voltage-related K, is proved
above, which means energy barrier is controllable as shown in
Fig. 7. In MRAM, the lower energy barrier is desired during
data writing while a higher energy barrier favors data reten-

tion.

Top electrode

Top electrode
+

o
o

Bottom electrode Bottom electrode

— Higher E}
— Initial Ey,
— Lower Ey,

Fig. 7. The interfacial charges under different voltage pulses and corre-
sponding energy barrier.

4. Conclusion

We investigated the voltage-controlled magnetism in
Hall-bar device with the size of several hundred nanometers
constructed by HZO/Co multiferroic heterojunction systemat-
ically in this work. The nucleation field, coercivity, and satu-
ration field of R—H curve under perpendicular field show dif-
ferent responses to voltage pulse, which is considered to dif-
ferent interactions between magnetic domains and ferroelec-
tric domains. Through ferroelectric test and analysis, we at-
tribute the voltage-dependent magnetism to interfacial charge
caused by ferroelectric polarization. Besides, we calculated
the effective anisotropy energy density under different voltage
pulses. Compared with the initial value, a decrease of 83% un-
der —3 V and increase of 28% under 3 V are observed. All the
above variations are non-volatile because of the non-volatile
characteristic of ferroelectric property. The controllable ef-
fective anisotropy energy density means energy barrier can
be modulated by voltage pulse. For MRAM, a lower energy
barrier denotes lower power consumption during data writing
while a higher energy barrier indicates better stability which is
beneficial to data retention. The research in this work shows
an effective method to control energy barrier, proposing a sce-
nario for low-power and high-stability MRAM.
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