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ASSISTED SPIN TORQUE SWITCHING SPIN TRANSFER TORQUE MEMORY

BACKGROUND

On chip embedded memory with non-volatility can enable energy and computational

efficiency. However, leading embedded memory options such as Spin-Transfer Torque

Magnetic Random Access Memory (STT-MRAM) suffer from high voltage and high current-

density problems during the programming (i.e., writing) of a bit-cell.

For example, large write current (e.g., greater than ΙΟΟµΑ) and voltage (e.g., greater than

0.7V) may be required for tunnel junction based Magnetic Tunnel Junction (MTJ) to perform a

write operation in a MTJ based STT-MRAM bit-cell because write operation may require

writing through tunnel oxides. Another problem with STT based bit-cells is that they suffer from

reliability issues due to high tunneling current in MTJs. Also, the energy barrier (i.e., kT, where

'k' is the Boltzmami's constant, and 'T' is temperature) to overcome during switching is a fixed

quantity leading to several unfavorable design tradeoffs.

For example, for fast STT based bit-cells, lower kT is desired. However, lowing kT may

require more refresh operations on the STT bit-cells. Likewise, a higher kT improves magnet

memory retention in STT bit-cell. However, higher kT slows the operations of STT based bit-

cells.

BRIEF DESCRIPTION O F THE DRAWINGS

The embodiments of the disclosure will be understood more fully from the detailed

description given below and from the accompanying drawings of various embodiments of the

disclosure, which, however, should not be taken to limit the disclosure to the specific

embodiments, but are for explanation and understanding only.

Fig. 1 illustrates a traditional one-transistor (IT) bit-cell for Spin Transfer Torque Magnetic

Random Access Memory (STT-MRAM).

Fig. 2A illustrates a three terminal strain assisted STT device, according to some

embodiments of the disclosure.

Figs. 2B-C illustrate 3D (three dimensional) plots showing generation of stress in the free

magnetic layer of the STT device in Fig. 2A, via piezoelectric (PZE) excitation and strain

transfer via magnetization switching with strain assisted STT effect, according to some

embodiments of the disclosure.

Figs. 2D-E illustrate plots showing magnetization switching with strain assisted STT effect

using uniform bi-axial excitation and non-uniform bi-axial excitation, according to some

embodiments of the disclosure.



Figs. 2F-I illustrate plots showing effects of uniform bi-axial stress, according to some

embodiments of the disclosure.

Figs. -M illustrate plots showing effects of non-uniform bi-axial stress, according to

some embodiments of the disclosure.

Fig. 3 illustrates a three terminal 2T-PZ-MTJ bit-cell according to some embodiments of

the disclosure.

Fig. 4 illustrates a three terminal IT-PZ-MTJ bit-cell, according to some embodiments of

the disclosure.

Fig. 5A illustrates a schematic of a three terminal IT-PZ-MTJ bit-cell, according to some

embodiments of the disclosure.

Fig. 5B illustrates a layout of the three terminal IT-PZ-MTJ bit-cell of Fig. 5A, according

to some embodiments of the disclosure.

Figs. 5C-D illustrate cross-sections of the layout of device of Fig. 5B, according to some

embodiments of the disclosure.

Fig. 6A illustrates a schematic of a three terminal IT-PZ-MTJ bit-cell, according to some

embodiments of the disclosure.

Fig. 6B illustrates a layout of the three terminal IT-PZ-MTJ bit-cell of Fig. 6A, according

to some embodiments of the disclosure.

Figs. 6C-D illustrate cross-sections of the layout of device of Fig. 6B, according to some

embodiments of the disclosure.

Fig. 7A illusirates a row or column of an MRAM with three terminal IT-PZ-MTJ bit-cells,

according to some embodiments of the disclosure.

Fig. 7B illustrates a row or column of an MRAM with three terminal 2T-PZ-MTJ bit-cells,

according to some embodiments of the disclosure.

Fig. 8 illustrates a flowchart of a method of operating the three terminal T or 2T-PZ-MTJ

bit-cell, according to some embodiments of the disclosure.

Fig. 9 illustrates a flowchart of a method of forming the three terminal T or 2T-PZ-MTJ

bit-cell, according to some embodiments of the disclosure.

Fig. 10 illusirates a smart device or a computer system or a SoC (System-on-Chip) with the

three terminal IT or 2T-PZ-MTJ bit-cell, according to some embodiments.

DETAILED DESCRIPTION

Several mechanisms for coupling between the electric field and the magnetic order in

multiferroic magnetic-ferro/piezoelectric hetero-structures can be used. For example, charge



modulation (such as, in Fe-BaTiOj), exchange interactions (such as, in CoFeB-BiFeG-3) and

magneto-striction (such as, in Lao Sro MnO /PMN-PT, CoFe-BaTi0 3, or FeRh-BaTi0 ) . Logic

and memory applications require a 80° reversal of the magnetization for operation. For the

readout of the magnetic state, a MTJ is formed on top of the nanomagnets of the multiferroic

hetero-structure. From a fabrication point of view, it is desirable to achieve the 180° switching

by applying an out-plane electric field on the ferro/piezo-electric layer

For magnetization reversal, the dynamics of magnetization rotation, which is governed by

the non-linear Landau-Lifshitz-Gilbert (LLG) equation, requires a minimum current of certain

spin polarization to flow through the nanomagnets. This minimum current dislodges the

magnetization from its initial easy axis direction and rolls it over the energy barrier (i.e., kT)

along the hard axis overcoming the Gilbert damping effect, thus switching the direction of

magnetization by 180° with respect to its initial direction.

The value of the critical current (that causes switching in the direction of magnetization)

depends on the initial angle of the magnetization with respect to the easy axis θ , which typically

depends on the thermal fluctuations f θ0 (<90°) is large, the critical current for magnetization

reversal could be small Hence, if the magnetization of the free magnetic layer in an STT-RAM

is already rotated by an angle close to 90° by an external mechanism, then a spin polarized

current significantly smaller than the critical current can switch the magnetization by another 90°

leading to a complete magnetization reversal, thus, reducing the energy dissipation, according to

some embodiments. Based on this, some embodiments describe a spintronic device combining

magneto-strictive and STT based switching, where each of the two mechanisms provides a 90°

switching of the magnetization leading to a complete 1 0 switching.

Some embodiments describe a spintronic device that reduces the switching drive current by

lowering the effective switching barrier (i.e., kT) using a strain assisted mechanism. Some

embodiments operate with strain assisted switching. In some embodiments, a voltage driven

capacitive stimulus is applied to excite a piezoelectric layer (PZE) producing strain in the

magnetic recording layer (i.e., the free magnetic layer of the MTJ). n some embodiments, strain

coupled to the magnet produces a magneto-strictive switching of the magnet aligning the magnet

to approx. 90° degrees from its steady state position. In some embodiments, a spin torque

current with the appropriate polarity switches the device to 0° or 80° degrees based on the

programming voltages. The spintronic device is also referred here as the strain assisted STT

RAM.

In some embodiments, magneto-striction effect and the STT effect are combined to

improve energy dissipation relative to a conventional STT-RAM. In some embodiments,



magnetization switching in the spintronic device is caused by a piezoelectric-ferromagnetic

hetero-stracture via the combined magneto-striction. The SI T effect can be simulated by

solving the LLG equation incorporating the influence of thermal noise. The simulations show

that, in various embodiments of the spintronic device, each of these two mechanisms (i.e.,

magneto-striction and STT) provides a 90° rotation of the magnetization leading a deterministic

80° switching with a critical current significantly smaller than that required for spi torque

alone.

There are many technical effects of the embodiments. Some non-limiting technical effects

are that a significantly smaller write current (e.g., less than 20µΑ compared to ΙΟΟµΑ for

nominal write operaiion) is used through the MTJ to write to the MTJ based bit-ceil. The device

of some embodiments improves reliability of the tunneling oxide in MTJ. The device of some

embodiments improves switching energy since the transduction is capacitive with a current

assist. Other technical effects will be evident from various embodiments described here.

In the following description, numerous details are discussed to provide a more thorough

explanation of embodiments of the present disclosure t will be apparent, however, to one

skilled in the art, that embodiments of the present disclosure may be practiced without these

specific details in other instances, well-known structures and devices are shown in block

diagram form, rather than in detail, in order to avoid obscuring embodiments of the present

disclosure.

Note that in the corresponding drawings of the embodiments, signals are represented with

lines. Some lines may be thicker, to indicate more constituent signal paths, and/or have arrows

at one or more ends, to indicate primary information flow direction. Such indications are not

intended to be limiting. Rather, the lines are used in connection with one or more exemplary

embodiments to facilitate easier understanding of a circuit or a logical unit. Any represented

signal, as dictated by design needs or preferences, may actually comprise one or more signals

that may travel in either direction and may be implemented with any suitable type of signal

scheme.

Throughout the specification, and in the claims, the term "connected" means a direct

electrical connection between the things that are connected without any intermediary devices.

The term "coupled" means either a direct electrical connection between the things tha are

connected or an indirect connection through one or more passive or active intermediary devices.

The term "circuit" means one or more passive and/or active components that are arranged to

cooperate with one another to provide a desired function. The term "signal" means at least one

current signal, voltage signal or data/clock signal. The meaning of "a," "an," and "the" include



plural references. The meaning of "in" includes "in" and "o ."

The term "scaling" generally refers to converting a design (schematic and layout) from one

process technology to another process technology and subsequently being reduced in layout area.

The term "scaling" generally also refers to downsizing layout and devices within the same

technology node. The term "scaling" may also refer to adjusting (e.g., slowing down or speeding

up - i.e. sealing down, or scaling up respectively) of a signal frequency relative to another

parameter, for example, power supply level. The terms "substantially," "close,"

"approximately," "near," and "about," generally refer to being within +/- 20% of a target value.

Unless otherwise specified the use of the ordinal adjectives "first," "second," and "third,"

etc., to describe a common object, merely indicate that different instances of like objects are

being referred to, and are not intended to imply that the objects so described must be in a given

sequence, either temporally, spatially, in ranking or in any other manner.

For purposes of the embodiments, the transistors in various circuits and logic blocks are

metal oxide semiconductor (MOS) transistors, which include drain source, gate, and bulk

terminals. The transistors also include Tri-Gate and FinFET transistors, Gate All Around

Cylindrical Transistors, Tunneling FET (TFET), Square Wire, or Rectangular Ribbon Transistors

or other devices implementing transistor functionality like carbon nano tubes or spintronic

devices. MOSFET symmetrical source and drain terminals i.e., are identical terminals and are

interchangeably used here. A TFET device, on the other hand, has asymmetric Source and Drain

terminals. Those skilled in the art will appreciate that other transistors, for example, Bi-polar

junction transistors —BJT PNP/NPN, BiCMOS, CMOS, eFET, etc., ma be used without

departing from the scope of the disclosure. The term "MN" indicates an n-type transistor (e.g.,

NMOS, NPN BJT, etc.) and the term "MP" indicates a p-type transistor (e.g., PMOS, PNP BJT,

etc.).

Fig. 1 illustrates a traditional IT bit-cell for STT-MRAM. Here, the MTJ device is coupled

in series to an n-type select transistor MN. The gate terminal of the n-type select transistor MN

is coupled to word-line (WL). The source/drain terminal of the n-type transistor MN is coupled

to source line (SL) and the drain/source terminal of the n-type transistor MN is coupled to one

end of the MTJ. Another end of the MTJ is coupled to bit-line (BL).

The read and write current paths for bit-cell 100 are identical, resulting in many design

trade-offs. For example, during read operation, higher resistance of MTJ device is desired than

during write operation. However, the same current paths for passing read and write currents

discourages from having different resistances for read and write operations. To write a logical

high to bit-cell 100, BL is raised relative to SL, and to write a logical low to bit-cell 100, BL is



lowered relative to the SL. To read from bit-cell 00 SL is set to logic low and MTJ resistance

is sensed using weak current (e.g., l/8 h of the write current).

The 1T-1MTJ bit-cell 100 may have large write current (e.g., greater than ΙΟΟµΑ) and

large voltage (e.g., greater than 0.7V) requirements of runnel junction. The T- MTJ bit-cell

00 may have high write error rates or low speed switching (e.g., exceeding 20ns) in MTJ based

MRAM. The IT- MTJ bit-cell 100 may also have reliability issues due to tunneling current in

magnetic tunnel junctions. For example, insulator layer in the MTJ device is a barrier (e.g., ΚΩ

to 10ΚΩ ) which resists flow of large current, and lower current fl o causes higher write errors.

The programming current for 1T-1MTJ bit-cell 100 is set by a fixed thermal stability barrier (i.e.,

kT) of the magnet (e.g., 40kT-60kT). High programming current (e.g., greater than ΙΟΟµΑ)

combined with drive current limitations constrain the design of traditional 1T-1MTJ bit-cell 100.

Fig. 2A illustrates a three terminal (3T) strain assisted STT device 200, according to some

embodiments of the disclosure. t is pointed out that those elements of Fig. 2A having the same

reference numbers (or names) as the elements of any other figure can operate or function in any

manner similar to that described, but are not limited to such.

In some embodiments, device 200 comprises First electrode 20 1 (also referred here as the

Top electrode), MTJ (having layers 202 to 207). a conducting strain transfer layer 208, a

piezoelectric layer (PZE) 209, Second electrode 0 (also referred here as re Bottom electrode);

and a Third electrode. In some embodiments, MTJ comprises layers including: anti-

ferromagnetic layer 202; fixed magnetic layer 203; exchange coupling layer 204; fixed magnetic

layer 205; tunnel oxide 206: and free magnetic layer 207 with magneto-striction. In some

embodiments. First electrode 201 is coupled to the First terminal. Bottom electrode 0 is

coupled to the Second terminal, and strain transfer layer 208 is coupled to the Third terminal.

In some embodiments, a voltage drive capacitive stimulus 212 (i.e., V ) applied to

excite PZE layer 209 producing strain in free magnetic layer 207 (also referred here as the

magnetic recording layer) of the MTJ. In some embodiments, strain transfer layer 208, which is

coupled to free magnetic layer 207, produces a magneto-strictive switching of free magnetic

layer 207 to align it to approx. 90° from its steady state magnetic direction n some

embodiments, a spin torque current ( ST) with appropriate polarity from source 2 is provided to

switch the magnetic direction of free magnetic layer 207 to 0 or 3S0° based on the programming

voltages.

In some embodiments, anti-ferromagnetic layer 202 is formed of IrMn and has a thickness

in the range of 2mn to 20nm. In some embodiments, fixed magnetic layer 203 is formed of

CoFe and has a thickness in the range of nm to 20nm. In some embodiments, exchange



coupling layer 204 is formed of Ru and has a thickness in the range of 0.5nm to 2nra. n some

embodiments, fixed magnetic layer 205 is formed of CoFeB and has thickness in the range of

rn to 20nm. n some embodiments, tunnel oxide 206 is formed of MgO and has a thickness in

the range of m to 3 m In some embodiments, free magnetic layer 207 with magneto-striction

is formed of CoFeB, FeGa, nGa, or Terfenol and has a thickness in the range of 2nm to 5nm.

In other embodiments, other materials for the same groups or combinations of the groups in the

periodic table may be used to form the layers of MTJ. In some embodiments, conducting strain

transfer layer 208 is formed from one of W, Ta, Cu, Nb, or STO and has a thickness in the range

of 3nm to 60nm. In some embodiments, strain transfer layer 209 is configured to allow strain

transfer but be conductive less than 100 µθ χ η . In some embodiments, the PZE layer 210

has a thickness in the range of 4nm to 50nm.

As mentioned here, magnetization reversal due to spin torque is governed by LLG

equation. STT switching requires a critical spin torque current for switching, which processes

the magnetization from its initial easy axis direction and rolls it over the energy barrier along the

hard axis overcoming the Gilbert damping effect, thus, switching the direction of magnetization

by 0° with respect to its initial direction. The value of the critical current depends on the

effective magnetic barrier to be overcome by spin torque.

The STT structure described in the various embodiments of this disclosure lowers the

effective magnetic bamer for spin torque switching by magneto-strictive pre-switching which

switches the magnet at a much lower barrier for magnetic switching (i.e., it changes the hard axis

into an easy axis, and the easy axis in to a hard one). In some embodiments, the strain assisted

STT 200 lowers the switching current for spin torque switching using a voltage mediated

magneto-strictive effect. By reducing the switching current through the MTJ, the energy per

switching is reduced. The reduced switching current improves the reliability of the tunnel

junction device.

In some embodiments, hybrid piezoelectric-ferromagnetic hetero-structure 200 is described

in which a tetragonal mono-domain ferroelectric, Pb(Zro.2T-o. )0 3 (PZT) film is grown on a

conducting Bottom electrode 2 0 coupled to PZE layer 209 on top of which nanomagnets (i.e.,

free magnetic layer 207) is lithographically patterned. The material parameters and the thickness

of PZE layer 210 are listed in Table 1, according to some embodiments.



layer 209

In some embodiments, the application of voltage V . source 2 2 between the

nanoniagneis via strain transfer layer 208 and Bottom electrode 2 0 generates an in-plane b i

axial strain in PZE layer 209, which is transferred to free magnetic layer 207 via strain transfer

layer 208. For PZT layer 209 with (xyz=001) surface orientation (i.e., ferroelectric polarization

along the ±z-axis), the bi-axiai strain is equal in magnitude and sign along the in-plane

crystallographic directions, (xyz~010) and (xyz=100). n some embodiments, the strain

components along the (xyz=010) and (xyz=100) directions are given by ε ν - d /E , rf being

the piezoelectric coefficient of PZE layer 209.

In some embodiments, for PZE layer 209 with (xyz l 10) surface orientation, the

application of an out-of-plane electric field creates two different strains along the two in-plane

crystallographic directions, (xyz=G and (xyz^lOl). In such embodiments, the strain

components alo g the (xyz-001) and (xyz-lOl ) directions are given by ¾ / + z /2 2

and
y

d E - , respectively.

In some embodiments, in the presence of a bi-axial stress, the magnetic anisotropy of the

nanoniagneis changes due to the inverse magneto-siriction effect. The energy contribution due

to the stresses, { t }, (i ≡ <x,yy) making angles, {« , } with the unit vector along the direction of

the magnetization m is given by:

icos i (1)

where, λ is the magneto-strictive coefficient of the magnetic material.

In some embodiments, Coo.&Fe .4 is used as the material for nanoraagnets (e.g., for free

magnetic layer 207), C oo&F e exhibits a large magneto-strictive coefficient. Since λ is positive

for Coo. Feo.4, a tensile strain favors the alignment of the magnetization along the hard axis.

Assuming the complete transfer of strain from PZE layer 209 to the nanoraagnets of free

magnetic layer 207, the stress and the strain in the nanomagneta of free magnetic layer 207 are

related by σ,· = ¾ ( ί ≡ xx,yy), ¥ being the Young's modulus of the magnetic material. The total



energy of magnet with a perpendicular magnetic anisotropy, ¾ upon the application of a biaxial

stress is given by

where, Ms, / . , and Θare the saturation magnetization of free magnetic layer 207, the

vacuum permeability, and the angle of the magnetization with respect to the - z axis,

respectively.

In some embodiments, the anisotropy field due to the stress is calculated using the

following relation:

The dynamics of the nanomagnets of free magnetic layer 207 is described by the modified

LLG equation which is as follows:

where, v is the electron gyro-magnetic ratio, is the Gilbert damping coefficient, is the

component of the vector spin current perpendicular to the magnetization, entering the

nanomagnets and Ns is the total number of Bohr magnetons per magnet.

- + ¾ ff cti e magnetic field and M and HN are the fields due to

perpendicular magnetic anisotropy and stochastic noise respectively. The noise field,

—Hx + ;y + Hk acts isotropically on the magnet and hence can be described as:

. ) = u (5)

( t Hk (t>)) - (t ~ t ') k (6)

where, ks is the Boltzmann constant, T is the temperature and V is the volume of the

nanomagnets.

Figs. 2B-C illustrate 3D plots 220 and 230 showing generation of stress in Free magnetic

layer 207 of STT device 200 in Fig. 2A, via PZ excitation and strain transfer via magnetization

switching with strain assisted STT effect, according to some embodiments of the disclosure t is

pointed out that those elements of Figs. 2B-C having the same reference numbers (or names) as

the elements of any other figure can operate or function in any manner similar to that described,

but are not limited to such.

Plot 220 shows strain in the xx direction in the middle of free magnetic layer 207. Plot 230

shows strain in the yy direction in the middle of free magnetic layer 207 (i.e., the stress is across

the center of the magnet layer about m away from the W interface in tins example). Here,

strain pattern of lOOMPa (Mega Pascal) of stress is formed in free magnetic layer 207 when 1.2V



is applied by source 2.

Figs. 2D-E illustrate plots 240 and 250 showing magnetization switching with strain

assisted STT effect using uniform bi-axial excitation and non-uniform bi-axial excitation,

respectively, according to some embodiments of the disclosure t is pointed out that those

elements of Figs. 2D-E having the same reference numbers (or names) as the elements of any

other figure can operate or function in any manner similar to that descri bed but are not limited to

such. Here, x-axis s time in ns and y-axis (from the top) shows applied voltage in mV,

corresponding current in µΑ , and spin projections in x, y, and z directions (i.e., mx, m , and m ) .

Plot 240 illustrates the case of uniform bi-axial strain. Plot 240 shows three sub-plots. The

plot on the top is a voltage pulse 241. The p ot in the middle is a current pulse 242, and the plot

at the bottom having multiple waveforms (243, 244, and 245) illustrates spin projections. Here,

projections of magnetization in the bottom plot shows the application of unifomi bi-axial stress

MPa) upon application of a 15 Α current pulse for s.

n order to simulate combined strain-STT scheme for magnetization reversal, in some

embodiments, a voltage (e.g., 2 mV as shown by waveform 241) is applied across the PZE

layer 209 for a short duration (e.g., 10ns), which creates a bi-axial strain of

MPa. Afterwards, in some embodiments, a short current pulse is applied (e.g., s current pulse

of 5µΑ as shown by waveform 242). Waveform 24 shows the piezoelectric voltage,

waveform 242 shows the current pulse sequence, and waveforms below it show the

corresponding spin dynamics in x (i.e., m waveform 243), y (i.e., m 244), and z (i.e., m

waveform 245) directions n this example, the magnetization of free magnetic layer 207

switches by 90° in approx. 5ns upon the application of the strain pulse as shown by waveform

245. Upon the application of the current pulse 242, it takes another approx. 6ns to completely

switch magnetization in free magnetic layer 207 by 80° with respect to the initial direction.

Plot 250 shows a non-uniform bi-axial strain. The plot on the top is a voltage pulse 25 .

The plot in the middle is a current pulse 252, and the plot at the bottom having multiple

waveforms (243, 254, and 255) illustrates spin projections. Here, projections of magnetization in

the bottom plot shows the application of a non-uniform bi-axial stress (σ =-350 MPa and y=-

6 MPa) followed by the application of a 15uA current pulse for s. In both cases of plots

240 and 250, deterministic switching by 90° due to the strain followed by ÷/-90° due to the

application of the +/- current in free magnetic layer 207 is shown.

In order to simulate combined strain-STT scheme for magnetization reversal, in some

embodiments a voltage (e.g., 291mV as shown by waveform 25 ) is applied across PZE layer

209 for a short duration (e.g., 10ns), which creates a non-uniform bi-axial strain = yy=a=-350



MPa. Afterwards, in some embodiments, a short current pulse 252 is applied (e.g., ins current

pulse of 5µΑ as shown by waveform 252). Waveform 251 shows the piezoelectric voltage,

waveform 252 shows the current pulse sequence, and waveforms below it show the

corresponding spin dynamics in x (i.e., m waveform 253), y (i.e., m 254), and z (i.e., m

waveform 255) directions n this example, the magnetization in free magnetic layer 207

switches by 90° in approx. 3r s upon the application of the strain pulse as shown by waveform

255. Upon the application of the current pulse 252, it takes another approx. 4ns to completely

switch magnetization in free magnetic layer 207 by 80° with respect to the initial direction.

Figs. 2F-I illustrate plots 260, 265, 270, and 275 showing effects of uniform bi-axial stress,

according to some embodiments of the disclosure t is pointed out that those elements of Figs.

2F-1 having the same reference numbers (or names) as the elements of any other figure can

operate or function in any manner similar to that described, but are not limited to such.

For plot 260, x-axis is time in ns and y-axis is spin projections in x, y, and z directions (i.e.,

m , m , and m ). For plot 265, x, y, and z axes are spin projections. For plot 270, x-axis is

uniform bi-axial stress in MPa and y-axis is time in ns to achieve 90° rotation. For plot 275, x-

axis is voltage across PZE layer 209 and y-axis is time in ns to achieve 90° rotation.

In order for the initial conditions of the magnets to be randomized, the initial angle of the

magnets follows the relationship:

< > -

Here, the magnetization dynamics of the nanomagnets in the presence of a uniform bi-axial

tensile stress ( σχχ = σ is simulated. In order to understand the steady state condition of

the magnet under the effect of the uniform bi-axial stress, Eq. 2 shows that without an applied

stress (i.e., = 0). the total energy is the minimum along ±z-axis (#=0° and 180°). For a

uniform bi-axial stress, σ , the stress energy can be written as E a n — ~λσ cos 2 . Hence, with

the increase of the bi-axial tensile stress, the anisotropy energy along the ±z-axis increases and

above a critical stress, r — -^- --¾--¾ -, #=90° ( xy-plane) becomes the minimum energy plane.

Assuming the continuity of strain at the interface between the nanomagnets of free

magnetic layer 207 and the underlying PZE layer 209, the voltage required across the PZE layer

209 to generate the stress is given by VP = d S , where d s is the thickness of PZE layer

209. The critical bi-axial stress, c for this system is calculated to be -132MPa which

corresponds to a voltage of 1!OmV across PZE layer 209.

Fig. 2F and Fig. 2G show the dynamics of the magnetization upon the application of a

uniform bi-axial stress, <r=-200MPa which corresponds to a V =\ 61v . The initial direction of



the magnetization is taken along the - z axis. Plot 260 shows that the time required for the 90

rotation of the magnetization i free magnetic layer 207 is approx 10ns and after 10 ns, the

magnetization moves stochastically in the xy-plane. Plots 270 and 275 show the time required

for the 90 rotation of the magnetization in free magnetic layer 207 as functions of σ and V ,

respectively.

Figs. 2J-M illustrate plots 280, 285, 290, and 295 showing effects of non-uniform bi-axial

stress, according to some embodiments of the disclosure. t is pointed out that those elements of

Figs. 2J-M having the same reference numbers (or names) as the elements of any other figure

can operate or function in any manner similar to that described, but are not limited to such.

For plot 280, x-axis is time in ns and y-axis is spin projections in x, y, and z directions (i.e.,

m m , and m ) . For plot 285, x, y, and z axes are spin projections. For plot 290, x-axis is non

uniform bi-axial stress in MPa and y-axis is time in ns to achieve 90° rotation. For plot 295, x-

axis is voltage across PZE layer 209 and y-axis is time in ns to achieve 90° rotation.

In this case of non-uniform bi-axial strain, the magnetization dynamics is simulated with

the stress energy given by Eq. (1) for xx ≠ yy. For a non-uniform bi-axial stress with

[σ ! > |σ ,.!, it can be shown that, for > a. = ±x-axis is the minimum energy

direction along which the magnetization will rest at the steady state.

Plots 280 and 285 show the dynamics of the magnetization upon the application of 167mV

across PZE layer 209, which creates a non-uniform stress of σχχ- -2 MPa and σ ---66 Ϋ'ά.

Plot 285 shows that, at the steady state, the magnetization wiggles along the x-direction. This is

in contrast with the case for uniform biaxial strain (i.e., plot 265 of Fig. 2G) where the steady

state magnetization does not have any preferential direction in the xy-plane.

Plots 290 and 295 show the time required for the 90° rotation of the magnetization in free

magnetic layer 207 as functions of σχχ and 7P , respectively. Plot 296 shows that under non-

uniform bi-axial stress, the time required for 90" rotation is significantly less than that fo

uniform bi-axial stress for a given V .

It is interesting to note that once a hi~axia1 strain (uniform or non-uniform) has rotated the

magnetization of free magnetic layer 207 by 90°, upon the removal of the stress, the

magnetization has equal possibility to revert back to the original state and to switch by 180° with

respect to the original state due to the effect of stoch tic noise. Hence, magneto-striction effects

alone may not deterministically switch the magnetization by 0°. However, in some

embodiments, when a small spin current is injected through the magnet after the magnetization

has rotated by 90°, it can deterministically switch the magnetization of free magnetic layer 207

by 180°.



For the nanomagnets considered in this example (see Table 2), the critical current is

calculated to be 27µΑ , for which the switching time is approx ns.

Tab e 2; Examples of materia! parameters of the a g sets (e.g., free magnetic layer 207)

Value

Magnetization, Ms 8x10 ' A (lTesla/ µ )

Perpendicular anisotropy, H , 8xlO* A m (0.1Tesla/no)

Barrier height, ¾ 40 kBT

iekness, d 1 2 x

Width 5 nn

Gilbert's coefficient. ).02 '

Magnetostriction coefficient, λ \ +2 χ ί Ο 27]

Young's modulus. y

There is a difference in energy dissipated in a conventional STT-RAM and a strain assisted

STT-RAM. For the conventional STT-RAM, the energy dissipated is gi en by E rr~ Rt re t (

- · the magnitude of the charge current, R = the resistant of the tunnel junction and teu!rmt = the

duration of the spin current pulse) which equals 1.6x10' 1¾ Τ for the simulated values 27 µΑ ,

=6 k and t u ent - 5ns. On the other hand, for the strain assisted STT-RAM scheme of some

embodiments the total energy dissipated with strain assisted switching is

Strain-STT ~ i o -BurrierSTT ·

In some embodiments, the strain assisted STT-RAM leads to a shorter required current

pulse t s_R as well as smaller switching current due to an angle deflection obtained by strain.

The energy dissipated for generating the stress is Ep i g ~ V , where C is the capacitance of

the piezoelectric capacitor given by * . For σ =-350 MPa, E i is calculated to be 5.IxlO 3

BT . For strain assisted switching simulation results in = 5 A and t u nt = ns, E s i -

7,==3.3Χ10 /¾ . Here, the energy dissipation in a strain assisted STT-RAM of some

embodiments is approx 50 times smaller than its conventional counterpart.

Fig. 3 illustrates a three terminal 2T-PZ-MTJ bit-cell 300, according to some embodiments

of the disclosure. It is pointed out that those elements of Fig. 3 having the same reference

numbers (or names) as the elements of any other figure can operate or function in any manner

similar to that described, but are not limited to such.

n some embodiments, 2T-PZ-MTJ bit-ceil 300 comprises the stack of layers described



with reference to Fig 2A. and n-type transistors MN (also referred here as the first transistor)

and MN2 (also referred here as the second transistor). In so e embodiments, the First terminal

is coupled to a first write bit-line (Β ¥ ) . n some embodiments, the Third terminal is coupled

to the source/drain terminal of MN1 . M 1 performs the function of 2 11 of Fig. 2A.

Referring back to Fig. 3, in some embodiments, the drain/source terminal of MN1 is

coupled to a write Source line S . In some embodiments, the Second terminal is coupled

to the source/drain terminal of MN2. Referring back to Fig. 3, in some embodiments, the

drain/source terminal of MN2 is coupled to a second n some embodiments, the gate

terminals of M and MN2 are controlled by a Select signal provided on a Select line.

in some embodiments, when Select line is logic high, MNI and MN2 turn on a d apply a

voltage stimulus (from the voltage between BLwrite and SLwrite) to excite PZE 209 which

produces or induces a strain in free magnetic layer 207 via strain transfer layer 208. In some

embodiments, the strain produces a magneto-strictive switching of the magnets irs free magnetic

layer 207 aligning those magnets to approx. 90° from their steady state positions. n some

embodiments, the voltage poten tial between and B is then used to apply a spin torque

current to the MTJ with the appropriate polarity to switch magnetization of magnets in free

magnetic layer 207 to 0° or 180° based on the polarity. A polarity of 0° or 80° of the magnets in

free magnetic layer 207 may change the resistance of the MTJ to be high (AP state) or low (P

state) or vise versa (depending on the magnetization polarity of fixed magnetic layer 205).

While the various embodiments of Fig. 3 are described with reference to n-type transistors,

p-type transistors may also be used and the polarity of signals coupled to those transistors can be

flipped. For example, the signal applied to STT switching MOSFET is reversed in polarity when

n-type transistors are replaced with ρ-type transistors.

Fig. 4 illustrates a three terminal 1T-PZ-MTJ bit-cell 400, according to some embodiments

of the disclosure. It is pointed out that those elements of Fig. 4 having the same reference

numbers (or names) as the elements of any other figure can operate or function in any manner

similar to that described, but are not limited to such. So as not to obscure the embodiments of

Fig. 4, differences between Fig. 4 and Fig. 3 are described.

in some embodiments, MN2 of Fig. 4 is removed and replaced with a wire coupling BL te

(second bit-line) to Bottom electrode 2 0. The operation of 1T-PZ-MTJ bit-cell 400 is similar to

the operation of 2T-PZ-MTJ bit-cell 300. While the various embodiments of Fig. 4 are described

with reference to n-type transistor, p-type transistor may also be used and the polarity of signals

coupled to that transistor can be flipped.

Fig. 5A illustrates a schematic 500 of a three terminal 1T-PZ-MTJ bit-ceil, according to



some embodiments of the disclosure. It is pointed out that those elements of Fig 5A having the

same reference numbers (or names) as the elements of any other figure can operate or function in

any manner similar to that described, but are not limited to such.

The schematic 500 of 1T-PZ-MTJ bit-cell is similar to the schematic 1T-PZ-MTJ bit-cell

400 except that metal lines and location of the MTJ device relative to those lines are defi ned n

some embodiments, the first bit-line BL is formed on the fourth metal line (M4) layer which

is coupled through via(s) to Top electrode 20 . In some embodiments, the second bit-line BLw .e

is formed on the zero meta line (M0C) layer which is coupled through MOB landing to Bottom

electrode 0. n some embodiments, Source line SL ite i formed on the second metal line

(M2) layer and is coupled to source/drain terminal of M .

Fig. 5B illustrates a layout 520 of three terminal 1T-PZ-MTJ bit-ceil 500 of Fig. 5A,

according to some embodiments of the disclosure. It is pointed out that those elements of Fig.

5 having the same reference numbers (or names) as the elements of any other figure can

operate or function in any manner similar to that described, but are not limited to such.

Layout 520 illustrates a top view of 1T-PZ-MTJ bit-cell 500 and associated metal lines,

contacts, and vias. An even numbered metal line layer extends in directions parallel to other

even numbered metal lines, while an odd numbed metal line layer extends in directions parallel

to other odd numbered metal lines layers. The dotted box shows the boundary of bit-cell 400 or

500. The dashed lines AA and BB are labels for cross-sections that are shown in Fig. 5C and

Fig. 5D, respectively.

Referring back to Fig. 5B, in some embodiments, M2 S is coupled to the source/drain

terminal of MNl, which is next to the Gate of MNl, through via zero (V0), first metal line (MI),

and via VI. Here, via V directly couples to M2 SLw jte . The shaded region shows the MTJ

which is located in the region dedicated for the M2 layer, and vias V2 and VI. In some

embodiments, the first bit-line BL
re

is coupled to the MTJ by via V2 and a section of the third

metal line (M3) layer. In some embodiments, the second bit-line BL te is coupled to the MTJ

via MOB landing (not shown) which is located below the MTJ.

Figs. 5C-D illustrate cross-sections AA 530 and BB 540, respectively, of layout 520 of

schematic 500, according to some embodiments of the disclosure. It is pointed out that those

elements of Figs. 5C-B having the same reference numbers (or names) as the elements of any

other figure can operate or function in any manner similar to that described, but are not limited to

such. Here, TCN forms the contacts for source/drain terminals of M l .

Fig. 6A illustrates a schematic 600 of a three terminal 1T-PZ-MTJ bit-cell, according to

some embodiments of the disclosure. It is pointed out that those elements of Fig. 6A having the



same reference numbers (or names) as e elements of any other figure can operate or function in

any manner similar to that described, but are not limited to such.

The schematic 600 of 1T-PZ-MTJ bit-ceil is similar to the schematic of 1T-PZ-MTJ bit-

ce l 400 except that metal lines and location of the MTJ device relative to those lines are defi ned

n some embodiments, the first bit-line TCad is formed on the M4 layer which is coupled

through via V3 to Top electrode 20 In some embodiments, the second bit-line e is

formed on the M2 layer which is coupled through M2 landing which is the Bottom electrode

2 0 In some embodiments, Source line SLwnte is formed on the M0 layer and is coupled to the

source/drain terminal of MN1

Fig. 6B illustrates a layout 620 of the three terminal 1T-PZ-MTJ bit-cell of Fig. 6A,

according to some embodiments of the disclosure. It is pointed out that those elements of Fig.

6B having the same reference numbers (or names) as the elements of any other figure can

operate or function in any manner similar to that described, but are not limited to such.

Layout 620 illustrates a top view of schematic 600 of 1T-PZ-MTJ bit-cell and associated

metal lines, contacts, and vias. The doited box shows the boundary of bit-cell 400 or schematic

600. The dashed lines AA and BB are labels for cross-sections that are shown in Fig. 6C and

Fig. 6D, respectively. Referring back to Fig. 6B, in some embodiments, SL ; in M0C layer is

coupled to the source/drain terminal of MN1, which is next to the Gate of MN1, though MOB

landing The shaded region shows the MTJ which is located in the region dedicated for via V2,

M3 layer, and via V3 (i.e., V2-M3-V3). In some embodiments, the first bit-line BL f in M4

layer is coupled to the MTJ by v a V3 and a section of the M3 layer. In some embodiments, the

second bit-line ¾ te on M2 layer is directly coupled to the MTJ. n this example, the pitch of

layout 620 is 2M0 x . Poly density.

Figs. 6C-D illustrate cross-sections AA 630 and BB 640, respectively, of layout 620 of

schematic 600, according to some embodiments of the disclosure. It is pointed out that those

elements of Figs. 6C-B having the same reference numbers (or names) as the elements of any

other figure can operate or function in any ma ner similar to that described, but are not limited to

such.

Fig. 7A illustrates a row or column 700 of an MRAM with three terminal 1T-PZ-MTJ bit-

cells, according to some embodiments of the disclosure it is pointed out that those elements of

Fig. 7A having the same reference numbers (or names) as the elements of any other figure can

operate or function in any manner similar to that described, but are not limited to such.

In some embodiments, row or column 700 comprises a plurality of bit-cells 701-1 to 701 -

N, where ' is an integer. In this example, bit-cells are 1T-PZ-MTJ bit-cells (e.g., bit-cell 400



with layouts of one of layout 520 or 620) Each transistor of the hit-cell is controlled by a

corresponding select signal. For example, M l transistor ofbit-cell 70 - is controllable by

Selectl line having Selectl signal, MNl transistor ofbit-cell 701-2 is controllable by Select2 line

having Seiect2 signal, and MNl transistor ofbit-cell 70 -N is controllable by SelectN line

having SelectN signal. In some embodiments, the unselected bit-cells in row or column 700 are

not written since the un-selected transistor maintains an open terminal at the lateral contact and

no switching current can flow through the unselected cells n one example, the write voltage

iv on the order of 30 V to 80mV.

Fig. 7B illustrates a row or column 720 of an MRAM with three terminal 2T-PZ-MTJ bit-

cells, according to some embodiments of the disclosure t is pointed out thai those elements of

Fig. 7B having the same reference numbers (or names) as the elements of any other figure can

operate or function in any manner similar to that described, but are not limited to such.

In some embodiments, row or column 720 comprises a plurality of bit-cells 721-1 to 721 -

N, where 'N* is an integer. In this example, bit-cells are 2T-PZ-MTJ bit-cells (e.g., bit-cell 300).

Each transistor of the bit-cell is controlled by a corresponding select signal. For example, M

and MN2 transistors ofbit-cell 721-1 is controllable by Selectl line having Selectl signal, M

and MN2 transistors ofbit-cell 721-2 is controllable by Select2 line having Seiect2 signal, and

MNl and MN2 transistors ofbit-cell 721-N is controllable by SelectN line having SelectN

signal. In some embodiments, the unselected bit-cells in row or column 720 are not written since

the un-selected transistors maintain a open terminal at the lateral contact and no switching

current can flow through the unselected ceils. In some embodiments, MNl provides a low

voltage high current path while MN2 provides a high voltage low current path.

Fig. 8 illustrates a flowchart 800 of a method of operating the three terminal T or 2T-PZ-

MTJ bit-ceil, according to some embodiments of the disclosure. It is pointed out that those

elements of Fig. 8 having the same reference numbers (or names) as the elements of any other

figure can operate or function in any manner similar to that described, but are not limited to such.

Although the blocks in the flowchart with reference to Fig. 8 are shown in a particular

order, the order of the actions can be modified. Thus, the illustrated embodiments can be

performed in a different order, and some actions/blocks may be performed in parallel. Some of

the blocks and/or operations listed in Fig. 8 are optional in accordance with certain

embodiments. The numbering of the blocks presented is for the sake of clari ty and is not

intended to prescribe an order of operations in which the various blocks must occur.

Additionally, operations from the various flows may be utilized in a variety of combinations.

At block 803, the stored value in the bit-ceil (e.g., 300, 400) is read by turning on the



transistors) MN1 for bit-cell 400 (and MN2 for bit-cell 300). At block 802, PZE layer 209 of

the bit-ceil is exciied by voltage driven capacitive stimulus via transistor MN2 o via the second

bit-line ίί . n some embodiments, the voltage driven piezoelectric capacitive stimulus

produces a strain on free magnetic layer 207 of the MTJ. In some embodiments, the strain

causes magnets in free magnetic layer 207 to produce a magneto-strictive switching of the

magnets to align the magnets in free magnetic layer 207 to approximately 90° from their steady

state positions.

At block 803, the first bit-line BL ad is used to write a logic 0 or logic 1 to the MTJ via the

conductive strain assist layer. In some embodiments, when a voltage is applied to the first bit-

line BLre d it causes a spin torque current with the appropriate plurality to switch the

magnetization of free magnetic layer 207 of the MJT to 0° or 80° based on the applied voltage

(Vdrive).

Fig. 9 illustrates a flowchart 900 of a method of forming the three terminal IT or 2T-PZ-

MTJ bit-cell, according to some embodiments of the disclosure. It is pointed out that those

elements of Fig. 9 having the same reference numbers (or names) as the elements of any other

figure can operate or function in any manner similar to that described, but are not limited to such.

Although the blocks in the flowchart with reference to Fig. 9 are shown in a particular

order, the order of the actions can be modified. Thus, the illustrated embodiments can be

performed in a different order, and some actions/blocks may be performed in parallel Some of

the blocks and/or operations listed in Fig. 9 are optional in accordance with certain

embodiments. The numbering of the blocks presented is for the sake of clarity and is not

intended to prescribe an order of operations in which the various blocks must occur.

Additionally, operations from the various flows may be utilized in a variety of combinations.

At block 901, transistors) MN1 (and MN2 for bit-cell 300) is formed in the active region.

At block 902, gate terminal of transistor MN1 (and transistor MN2) is coupled to the Select line.

At block 903, an MJT device and the other stacks (as shown in Fig. 2A) is formed in the region

of V2-M3-V3 (as shown in Figs. 6C-D), where V 2 is coupled to Second electrode 210 and via

V 3 is coupled to First electrode 201. In some embodiments, an MTJ and the other stacks (as

shown in Fig. 2A) is formed in the region of V1-M2-V2-M3-V3 (as show in Figs. 5C-D),

where V is coupled to Second electrode 2 0 and via V3 is coupled to First electrode 201. At

block 904, conductive strain transfer layer 208 is formed for coupling to transistor M (for bit-

cell 400). At block 905, PZE layer 209 is formed for coupling to conductive strain transfer layer

905.

Fig. 10 illustrates a smart device or a computer system or a SoC (System-on-Chip) with the



three terminal IT or 2T-PZ-MTJ bit-cell (e.g., 300 and 400), according to some embodiments. It

is pointed out that those elements of Fig. having the same reference numbers (or names) as

the elements of any other figure can operate or function in any manner similar to that described,

but are not limited to such.

Fig. 12 illustrates a block diagram of an embodiment of a mobile device in which flat

surface interface connectors could be used n some embodiments, computing device 1600

represents a mobile computing device, such as a computing tablet, a mobile phone or smart-

phone, a wireless-enabled e-reader, or other wireless mobile device t will be understood that

certain components are shown generally, and not all components of such a device are shown in

computing device 1600.

n some embodiments, computing device 1600 includes a first processor 1610 with the

three terminal T or 2T-PZ-MTJ bit-cell (e.g., 300 and 400), according to some embodiments

discussed. Other blocks of the computing device 600 may also include the three terminal T or

2T-PZ-MTJ hit-cell (e.g., 300 and 400) of some embodiments. The various embodiments of the

present disclosure may also comprise a network interface within 1670 such as a wireless

interface so that a system embodiment may be incorporated into a wireless device, for example,

ceil phone or personal digital assistant.

in one embodiment, processor 1610 (and/or processor 690) can include one or more

physical devices such as microprocessors, application processors, microcontrollers,

programmable logic devices, or other processing means. The processing operations performed

by processor 1610 include the execution of an operating platform or operating system on which

applications and or device functions are executed. The processing operations include operations

related to I/O (input/output) with a human user or with other devices, operations related to power

management, and/or operations related to connecting the computing device 600 to another

device. The processing operations may also include operations related to audio I/O and/or

display I/O.

In one embodiment, computing device 600 includes audio subsystem 1620, which

represents hardware (e.g., audio hardware and audio circuits) and software (e.g., drivers, codecs)

components associated with providing audio functions to the compuiing device. Audio functions

can include speaker and or headphone output, as well as microphone input. Devices for such

functions can be integrated into computing device 600, or connected to the computing device

600. In one embodiment, a user interacts with the computing device 600 by providing audio

commands that are received and processed by processor 16 0.

Display subsystem 630 represents hardware (e.g., display devices) and software (e.g.,



drivers) components that provide a visual and/or tactile display for a user to interact with the

computing device 1600. Display subsystem 1630 includes display interface 632, which

includes the particular screen or hardware device used to provide a display to a user. In one

embodiment, display interface 1632 includes logic separate from processor 6 0 to perform at

least some processing related to the display n one embodiment, display subsystem 1630

includes a touch screen (or touch pad) device that provides both output and input to a user.

/O controller 1640 represents hardware devices and software components related to

interaction with a user. I/O controller 640 is operable to manage hardware that is part of audio

subsystem 620 and/or display subsystem 30. Additionally, /O controller 640 illustrates a

connection point for additional devices that connect to computing device 1 00 through which a

user might interact with the system. For example, devices that can be attached to the computing

device 600 might include microphone devices, speaker or stereo systems, video systems or

other display devices, keyboard or keypad devices or other I/ devices for use with specific

applications such as card readers or other devices.

As mentioned above, I/O controller 1640 can interact with audio subsystem 1620 and/or

display subsystem 30. For example, input through a microphone or other audio device can

provide input or commands for one or more applications or functions of the computing device

1600. Additionally, audio output can be provided instead of, or in addition to display output. In

another example, if display subsystem 1630 includes a touch screen, the display device also acts

as an input device, which can be at least partially managed by I/O controller 1640. There can

also be additional buttons or switches on the computing device 00 to provide I/O functions

managed by I/O controller 640.

In one embodiment, I O controller 40 manages devices such as accelerometers, cameras,

light sensors or other environmental sensors or other hardware that can be included in the

computing device 600. The input can be part of direct user interaction, as well as providing

environmental input to the system to influence its operations (such as filtering for noise,

adjusting displays for brightness detection, applying a flash for a camera, or other features).

In one embodiment, computing device 1600 includes power management 1650 that

manages battery power usage charging of the battery, and features related to power saving

operation. Memory subsystem 1660 includes memory devices for storing information in

computing device 600 Memory can include nonvolatile (state does not change if power to the

memory device is interrupted) and/or volatile (state is indeterminate if power to the memory

device is interrupted) memory devices. Memory subsystem 60 can store application data, user

data, music, photos, documents, or other data, as well as system data (whether long-term or



temporary) related to the execution of the applications and functions of the computing device

1600

Elements of embodiments are also provided as a machine-readable medium (e.g., memory

1660) for storing the computer-executable instructions (e.g., instructions to implement any other

processes discussed herein). The machine-readable medium (e.g., memory 1660) may include,

but is not limited to, flash memory, optical disks, CD-ROMs, DVD ROMs, RAMs, E OMs,

EEPROMs, magnetic or optical cards, phase change memory (PCM), or other types of machine-

readable media suitable for storing electronic or computer-executable instructions. For example,

embodiments of the disclosure may be downloaded as a computer program (e.g., BIOS) which

may be transferred from a remote computer (e.g., a server) to a requesting computer (e.g., a

client) by wa of data signals via a communication link (e.g., a modem or network connection).

Connectivity 670 includes hardware devices (e.g., wireless and/or wired connectors and

communication hardware) and software components (e.g., drivers, protocol stacks) to enable the

computing device 1600 to communicate with external devices. The computing device 1600

could be separate devices, such as other computing devices, wireless access points or base

stations, as well as peripherals such as headsets, printers, or other devices.

Connectivity 670 can include multiple differen t types of connectivity. To generalize, the

computing device 600 is illustrated with cellular connectivity 1672 and wireless connectivity

1674 Cellular connectivity 1672 refers generally to cellular network connectivity provided by

wireless carriers, such as provided via GSM (global system for mobile communications) or

variations or derivatives, CDMA (code division multiple access) or variations or derivatives,

TDM (time division multiplexing) or variations or derivatives, or other cellular service

standards. Wireless connectivity (or wireless interface) 1674 refers to wireless connectivity that

is not cellular, and can include personal area networks (such as Bluetooth, Near Field, etc.), local

area networks (such as Wi-Fi), and/or wide area networks (such as WiMax), or other wireless

communication.

Peripheral connections 1680 include hardware interfaces and connectors, as well as

software components (e.g., drivers, protocol stacks) to make peripheral connections t will be

understood that the computing device 1600 could both be a peripheral device ("to" 1682) to other

computing devices, as well as have peripheral devices ("from" 1684) connected to it The

computing device 600 commonly has a "docking" connector to connect to other computing

devices for purposes such as managing (e.g., downloading a d or uploading, changing,

synchronizing) content on computing device 1600. Additionally, a docking connector can allow

computing device 00 to connect to certain peripherals that allow the computing device 1600 to



control content output, for example, to audiovisual or other systems

n addition to a proprietary docking connector or other proprietary connection hardware,

the computing device 00 can make peripheral connections 1680 via common or standards-

based connectors. Common types can include a Universal Serial Bus (USB) connector (which

can include any of a number of different hardware interfaces), DisplayPort including

MiniDisplayPort (MDP), High Definition Multimedia Interface (HDMi), Firewire, or other

types.

Reference in the specification to "an embodiment," "one embodiment," "some

embodiments," or "other embodiments" means that a particular feature, structure, or

characteristic described in connection with the embodiments is included in at least some

embodiments, but not necessarily all embodiments. The various appearances of "an

embodiment," "one embodiment," or "some embodiments" are not necessarily a l referring to the

same embodiments. If the specification states a component, feature, structure, or characteristic

"may," "might," or "could" be included, that particular component, feature, structure, or

characteristic is not required to be included f the specification or claim refers to "a" or "a "

element, that does not mean there is only one of the elements. If the specification or claims refer

to "an additional" element, tha does not preclude there being more than one of the additional

element.

Furthermore, the particular features, structures, functions, or characteristics may be

combined in any suitable manner in one or more embodiments. For example, a first embodiment

may be combined with a second embodiment anywhere the particular features, structures,

functions, or characteristics associated with the two embodiments are not mutually exclusive.

While the disclosure has been described in conjunction with specific embodiments thereof,

many alternatives, modifications and variations of such embodiments will be apparent to those of

ordinary skill in the art in light of the foregoing description. For example, other memory

architectures e.g., Dynamic RAM (DRAM) may use the embodiments discussed. The

embodiments of the disclosure are intended to embrace all such alternatives, modifications, and

variations as to fail within the broad scope of the appended claims.

In addition, well known power/ground connections to integrated circuit ( C) chips and

other components may or may not be shown within the presented figures, for simplicity of

illustration and discussion, and so as not to obscure the disclosure. Further, arrangements may

be shown in block diagram form in order to avoid obscuring the disclosure, and also in view of

the fact that specifics with respect to implementation of such block diagram arrangements are

highly dependent upon the platform within which the present disclosure is to be implemented



(i.e., such specifics should be well within purview of one skilled in the art). Where specific

details (e.g., circuits) are set forth in order to describe example embodiments of the disclosure, it

should be apparent to one skilled in the art that the disclosure can be practiced without, or with

variation of these specific details. The description is thus to be regarded as illustrative instead

of limiting.

The following examples pertain to further embodiments. Specifics in the examples may be

used anywhere in one or more embodiments. All optional features of the apparatus described

herein may also be implemented with respect to a method or process.

For example, an apparatus is provided which comprises: a MTJ having a free magnetic

layer; piezoelectric layer; and a conducting strain transfer layer coupled to the free magnetic

layer and the piezoelectric layer n some embodiments, the apparatus comprises: a first

electrode coupled to the MTJ; a second electrode coupled to the conducting strain transfer layer;

and a third electrode coupled to the piezoelectric layer. In some embodiments, the apparatus

comprises: a first bit-line for coupling to the first electrode; a source line for coupling to the

second electrode; and a second bit-line for coupling to the third electrode.

n some embodiments, the first bit-line is disposed on a fourth metal line layer, the second

bi -line is disposed on the second metal line layer, and the source line is disposed on the zero

metal line layer n some embodiments, the MTJ is formed in a region dedicated for the second

metal line layer. In some embodiments, the first bit-line is disposed on a fourth metal line layer,

the second bit-line is disposed on the sixth metal line layer, and the source line is disposed on the

second metal ine layer. n some embodiments, the apparatus comprises: a first transistor

coupled to the source line and the second electrode, the first transistor for coupling the source

line to the second electrode according to a voltage potential of a select line some

embodiments, the apparatus comprises: a second transistor coupled to the third electrode and the

second bit-line the second transistor for coupling the second bit-line to the third electrode

according to a voltage potential of the select line.

In some embodiments, the apparatus comprises layers of: first electrode; anti-

ferromagnetic layer; fixed magnet layer; exchange coupling layer; fixed magnet layer; tunnel

oxide; free magnetic layer with magneto-striction; conducting strain transfer layer; piezoelectric

layer; and second electrode. In some embodiments, the MTJ is formed with layers of: IrMn;

CoFe; Ru; CoFeB; MgO and CoFeB. In some embodiments, the conducting strain transfer layer

is formed with one of: W, Ta, Cu, Nb, or STO, and wherein the free magnetic layer with

magneto-striction is formed from one of: CoFeB, FeGa, MnGa, or Terfenol. In some

embodiments, the piezoelectric layer is a composite layer.



n another example, a system is provided which comprises: a processor; an MRAM

coupled to the processor, the MRAM having a bit-cell according to the apparatus described

above; and a wireless interface for allowing the processor to couple to another device.

In another example, an apparatus is provided which comprises: a transistor; a conductive

strain transfer layer coupled to the transistor; and a MTJ device having a free magnetic layer

coupled to the conductive strain transfer layer n some embodiments, the transistor has a gate

terminal coupled to a select line n so e embodiments, the apparatus comprises a piezoelectric

layer coupled to the conductive strain transfer layer n some embodiments, the apparatus

comprises: a first electrode coupled to the MTJ; a second electrode coupled to the conductive

strain transfer layer; and a third electrode coupled to the piezoelectric layer.

In some embodiments, the transistor is coupled to the second electrode, and wherein the

transistor is operable to electrically coupie the source line to the second electrode according to a

voltage potential of the select line n some embodiments, the apparatus comprises another

transistor coupled to the third electrode and the select line. In some embodiments, the MTJ

comprises layers of: first electrode; anti-ferromagnetic layer; fixed magnet layer; exchange

coupling layer; fixed magnet layer; t nne oxide; free magnetic layer with magneto-striction;

conducting strain transfer layer; piezoelectric layer; and second electrode n some

embodiments, the MTJ is formed with layers of: IrMn; CoFe; Ru; CoFeB; MgO; and CoFeB In

some embodiments, the conductive strain transfer layer is formed with one of: W, Ta, Cu, Nb, or

STO, and wherein the free magnetic layer with magneto-striction is formed from one of: CoFeB,

FeGa, MnGa, or Terfeiiol.

In another example, a system is provided which comprises: a processor; an MRAM

coupled to the processor, the MRAM having a bit-cell according to the apparatus described

above; and a wireless interface for allowing the processor to couple to another device.

In another example, a method is provided which comprises: exciting a piezoelectric layer

with a voltage driven capacitive stimulus; and writing to a magnetic tunneling junction (MTJ)

coupled to the piezoelectric layer via a strain assist layer. n some embodiments, the method

comprises turning on a transistor coupled to the conductive strain transfer layer and a source line

in some embodiments, coupling a first electrode coupled to the MTJ; coupling a second

electrode coupled to the strain assist layer; and coupling a third electrode coupled to the

piezoelectric layer. In some embodiments, the method comprises: coupling a first bit-line to the

first electrode; coupling a source line to the second electrode; and coupling a second bit-line to

the third electrode. In some embodiments, the the MTJ is formed with layers of: IrMn; CoFe;

Ru; CoFeB; MgO; and CoFeB. In some embodiments, the strain assist layer is formed with one



of: W, Ta, Cu, Nb, or STO, and wherein the free magnetic layer with magneto-striction is

formed from one of: CoFeB, FeGa, MnGa, or Terfenol.

n another example, a method is provided which comprises: forming a transistor; forming a

conductive strain transfer layer for coupling to the transistor; an forming a MTJ device having a

free magnetic layer for coupling to the conductive strain transfer layer. In some embodiments,

the method comprises coupling a gate terminal of the transistor to a select line. In some

embodiments, the method comprises forming a piezoelectric layer for coupling to the conductive

strain transfer layer

n some embodiments, the method comprises: forming a first electrode for coupling to the

MTJ; forming a second electrode for coupling to the conductive strain transfer layer: and

forming a third electrode for coupling to the piezoelectric layer. In some embodiments, the

method comprises: coupling the transistor to the second electrode, and wherein the transistor is

operable to electrically couple the source ine to the second electrode according to a voltage

potential of the select line n some embodiments, comprises coupling another transistor to the

third electrode and the select line. In some embodiments, the method comprises: forming a first

bit-line for coupling to the first electrode; forming a source line for coupling to the second

electrode; and forming a second bit-line for coupling to the third electrode.

In some embodiments the method comprises: disposing the first bit-line on a fourth metal

line layer, disposing the second bit-line on the second metal line layer and disposing the source

line on the zero metal line layer n some embodiments, the method comprises forming the MTJ

in a region dedicated for the second metal line layer. In some embodiments, the method

comprises: disposing the first bit-line on a fourth metal line layer, disposing the second bit-line

on the sixth metal line layer, and disposing the source line on the second metal line layer.

In another example, an apparatus comprises: means for exciting a piezoelectric layer with a

voltage driven capacitive stimulus; and means for writing to a MTJ coupled to the piezoelectric

layer via a strain assist layer in some embodiments, the apparatus comprises means for turning

on a transistor coupled to the conductive strain transfer layer and a source line. In some

embodiments, the apparatus comprises: means for coupling a first electrode coupled to the MTJ:

means for coupling a second electrode coupled to the strain assist layer; and means for coupling

a third electrode coupled to the piezoelectric layer. In some embodiments, the apparatus

comprises: means for coupling a first bit-line to the first electrode; means for coupling a source

line to the second electrode; and means for coupling a second bit-line to the third electrode. In

some embodiments, the MTJ is formed with layers of: IrMn; CoFe; Ru; CoFeB; MgO; and

CoFeB. n some embodiments, the strain assist layer is formed with one of: W, Ta, Cu, Nb, or



STO, and wherein the free magnetic layer with magneto-striction s formed from one of: CoFeB,

FeGa, MnGa, or Terfenol.

In another example, an apparatus is provided which comprises: eans for forming a

transistor; means for forming a conductive strain transfer layer for coupling to the transistor; and

means for forming a MTJ device having a free magnetic layer for coupling to the conductive

strain transfer layer. In some embodiments, the apparatus comprises means for coupling a gate

terminal of the transistor to a select line. In some embodiments, the apparatus comprises means

for forming a piezoelectric layer for coupling to the conductive strain transfer layer n some

embodiments, the apparatus comprises: means for forming a first electrode for coupling to the

MTJ means for forming a second electrode for coupling to the conductive strain transfer layer;

and means for forming a third electrode for coupling to the piezoelectric layer. In some

embodiments, the apparatus comprises: means for coupling the transistor to the second electrode,

and wherein the transistor is operable to electrically couple the source line to the second

electrode according to a voltage potential of the select line. In some embodiments, the apparatus

comprises means for coupling another transistor to the third electrode and the select line.

In some embodiments, the apparatus comprises: means for forming a first bit-line for

coupling to the first electrode; means for forming a source line for coupling to the second

electrode; and means for forming a second bit-line for coupling to the third electrode. In some

embodiments, the apparatus comprises: means for disposing the first bit-line on a fourth metal

line layer, means for disposing the second bit-line o the second metal line layer, and means for

disposing the source line on the zero metal line layer. In some embodiments, the apparatus

comprises means for forming the MTJ in a region dedicated for the second metal line layer. In

some embodiments, the apparatus comprises: means for disposing the first bit-line on a fourth

metal line layer, means for disposing the second bit-line on the sixth metal line layer, and

disposing the source line on the second metal line layer.

An abstract is provided that will allow the reader to ascertain the nature and gist of the

technical disclosure. The abstract is submitted with the understanding tha it will not be used to

limit th scope or meaning of the claims. The following claims are hereby incorporated into the

detailed description, with each claim standing on its own as a separate embodiment.



CLAIMED:

. An apparatus comprising:

a magnetic tunneling junction (MTJ) having a free magnetic layer;

a piezoelectric layer; and

a conducting strain transfer layer coupled to the free magnetic layer and the piezoelectric

layer.

2. The apparatus of claim 1 comprises:

a first electrode coupled to the MTJ;

a second electrode coupled to the conducting strain transfer layer; and

a third electrode coupled to the piezoelectric layer.

3. The apparatus of claim 2 comprises:

a first bit-line for coupling to the first electrode;

a source line for coupling to the second electrode; and

a second bit-line for coupling to the third electrode.

4. The apparatus of claim 3, wherein:

the first bit-line is disposed on a fourth metal line layer,

the second bit-line is disposed on the second metal line layer, and

the source line is disposed on the zero metal line layer.

5. The apparatus of claim 4, wherein the MTJ is formed in a region dedicated for the second

metal line layer.

6. The apparatus of claim 3, wherein:

the first bit-line is disposed on a fourth metal line layer,

the second bit-line is disposed on the sixth metal line layer, and

the source line is disposed on the second metal line layer.

7. The apparatus of claim 3 comprises:

a first transistor coupled to the source line and the second electrode, the first transistor for

coupling the source line to the second electrode according to a voltage potential of a select line

8. The apparatus of claim 7 comprises:

a second transistor coupled to the third electrode a d the second bit-line, the second

transistor for coupling the second bit-line to the third electrode according to a voltage potential

of the select line.

9. The apparatus of claim 1 comprises layers of:

first electrode; anti-ferromagnetic layer; fixed magnet layer; exchange coupling layer;

fixed magnet layer; tunnel oxide; free magnetic layer with magneto-striction; conducting strain



transfer layer; piezoelectric layer; and second electrode.

10. The apparatus of claim 1, wherein the MTJ is formed with layers of: rMn; CoFe; Ru;

CoFeB; MgO; and CoFeB.

. The apparatus of claim 1, wherein the conducting strain transfer layer is formed with one

of: W, Ta Cu, Nb, or STO, and wherein the free magnetic layer with magneto-striction is fonned

from one of: CoFeB, FeGa, MnGa, or Terfenol.

12. The apparatus of claim 1, wherein the piezoelectric layer is a composite layer.

13. A system comprising:

a processor;

a magnetic random access memory (MRAM) coupled to the processor, the MRAM

having a bit-cell according to any one of apparatus claims 1 to 1 ; and

a wireless interface for allowing the processor to couple to another device.

14. An apparatus comprising:

a transistor;

a conductive strain transfer layer coupled to the transistor; and

a Magnetic Tunnel Junction (MTJ) device having a free magnetic layer coupled to the

conductive strain transfer layer.

15. The apparatus of claim , wherein the transistor has a gate terminal coupled to a select

line

16. The apparatus of claim 14, comprises

a piezoelectric layer coupled to the conductive strain transfer layer

. The apparatus of claim 16 comprises:

a first electrode coupled to the MTJ;

a second electrode coupled to the conductive strain transfer layer; and

a third electrode coupled to the piezoelectric layer.

8. The apparatus of claim 17, wherein the transistor is coupled to the second electrode, and

wherein the transistor is operable to electrically couple the source line to the second electrode

according to a voltage potential of the select line.

. The apparatus of claim 8 comprises another transistor coupled to the third electrode and

the select line.

20. The apparatus of claim 14, wherein the MTJ comprises layers of:

first electrode: anti-ferromagnetic layer; fixed magnet layer; exchange coupling layer;

fixed magnet layer; tunnel oxide; free magnetic layer with magneto-striction; conducting strain

transfer layer; piezoelectric layer; and second electrode.



21. The apparatus of claim 14, wherein the MTJ is fonned with layers of: IrMn; CoFe: Ru;

CoFeB; MgO; and CoFeB.

22. The apparatus of claim 14, wherein the conductive strain transfer layer is fonned with

one of: W, Ta Cu, Nb, or STO, and wherein the free magnetic layer with magneto-striction is

formed from one of: CoFeB, FeGa, MnGa, or TerfenoL

23. A system comprising:

a processor;

a magnetic random access memory (MRAM) coupled to the processor, the MRAM

having a bit-cell according to any one of apparatus claims 14 to 22; and

a wireless interface or allowing the processor to couple to another device.

24. A method comprising:

exciting a piezoelectric layer with a voltage driven capacitive stimulus; and

writing to a magnetic tunneling junction (MTJ) coupled to the piezoelectric layer via a

strain assist layer.

25. The method of claim 24 comprises turning on a transistor coupled to the conductive

strain transfer layer and a source line.
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