
WO 2012/036734 PCT/US2011/001585 

SPIN TORQUE TRANSFER MEMORY CELL STRUCTURES AND 

METHODS 

Technical Field 

[0001] The present disclosure relates generally to semiconductor memory 

devices, methods, and systems, and more particularly, to spin torque transfer (STT) 

memory cell structures and methods. 

Background 

[0002] Memory devices are typically provided as internal, semiconductor, 

integrated circuits in computers or other electronic devices. There are many different 

types of memory, including random-access memory (RAM), read only memory 

(ROM), dynamic random access memory (DRAM), synchronous dynamic random 

access memory (SDRAM), flash memory, resistance variable memory, such as phase 

change random access memory (PCRAM) and resistive random access memory 

(RRAM), and magnetic random access memory (MRAM), such as spin torque 

transfer random access memory (STT RAM), among others. 

[0003] MRAM devices can employ a magnetic tunneling junction (MTJ) that 

can be viewed as a multi-state resistor due to different relative orientations (e.g., 

parallel and antiparallel) of the magnetic moments, which can change the magnitude 

of a current passing through the device. In a write process, magnetic fields caused by 

currents passing through conductive lines (e.g., word and bit lines) can be used to 

switch a magnetic moment direction of a "free" material of the MTJ, which can place 

the device in a high or low resistance state. A read process can then be used to 

determine the state of cell. 

[0004] As the size of MRAM cells decreases, the distance between adjacent 

cells also decreases, which can result in increased cell disturb caused by the current 

carrying lines used to switch the magnetic moment directions. As an example, the 

write current associated with a MRAM device can be about 10 mA. can be difficult as 

the size of the MRAM cells and current carrying lines decreases. For instance, the 

smaller width lines can require greater currents to produce the necessary switching 

fields, which increases power consumption. 
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[0005] STT devices share some of the operational features of previous MTJ 

cells; however, switching of the free material magnetic moment (e.g., the write 

process) can be produced by passage of the spin polarized current itself. For instance, 

unpolarized conduction electrons passing through a first magnetic material having its 

magnetic moment oriented in a given direction (e.g. a "pinned" material) are 

preferentially polarized by their passage through that material by a quantum 

mechanical exchange interaction with the polarized bound electrons in the material. 

Such a polarization can occur to conduction electrons that reflect from the surface of 

the magnetized material as well as to those that pass through it. The efficiency of 

such a polarization process can depend upon the crystalline structure of the material. 

When such a stream of polarized conduction electrons subsequently pass through a 

second magnetic material (e.g., the "free" material) whose polarization direction is not 

fixed in space, the polarized conduction electrons exert a torque on the bound 

electrons in the magnetic materials which, if sufficient, can reverse the polarization of 

the bound electrons and, thereby, reverse the magnetic moment of the magnetic 

material. 

[0006] The use of a current internal to the cell to cause the magnetic moment 

reversal provides for smaller currents (e.g., about 200 microamps) than those required 

to produce an external magnetic field (e.g., from adjacent current carrying lines) to 

produce the moment switching. However, further reduction in the current used to 

produce magnetic moment switching in STT RAM cells can provide benefits such as 

further reducing the energy consumption and thermal profile in the materials 

associated with such cells, which can improve cell integrity and reliability, among 

other benefits. 

Brief Description of the Drawings 

[0007] Figure 1A illustrates an STT memory cell structure in accordance with 

one or more embodiments of the present disclosure. 

[0008] Figure IB illustrates an STT memory cell structure in accordance with 

one or more embodiments of the present disclosure. 

[0009] Figures 1C-1E illustrate an STT memory cell structure in accordance 

with one or more embodiments of the present disclosure. 
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[0010] Figure 2A illustrates an STT memory cell structure in accordance with 

one or more embodiments of the present disclosure. 

[0011] Figure 2B illustrates an STT memory cell structure in accordance with 

one or more embodiments of the present disclosure. 

[0012] Figure 3 illustrates a portion of a memory array having one or more 

STT memory cell structures in accordance with embodiments of the present 

disclosure. 

Detailed Description 

[0013] Spin Torque Transfer (STT) memory cell structures and methods are 

described herein. One or more STT memory cell structures include a tunneling barrier 

material positioned between a ferromagnetic storage material and a pinned 

ferromagnetic material in contact with an antiferromagnetic material. The tunneling 

barrier material is a multiferroic material and the antiferromagnetic material, the 

ferromagnetic storage material, and the pinned ferromagnetic material are positioned 

between a first electrode and a second electrode. 

[0014] Embodiments of the present disclosure provide various benefits such 

as providing magnetic switching within STT memory cells via an applied electric 

field (e.g., due to exchange coupling between a multiferroic tunneling barrier material 

in contact with a ferromagnetic storage material associated with the cell). 

Embodiments can provide for a reduced programming current as compared to 

previous STT memory cells. Embodiments can also provide benefits such as added 

data reliability and/or stability upon switching (e.g., by preventing thermally induced 

magnetic switching), multi-bit STT memory cell capability, and a reduced physical 

footprint as compared to previous STT memory cells, among other benefits. 

[0015] The figures herein follow a numbering convention in which the first 

digit or digits correspond to the drawing figure number and the remaining digits 

identify an element or component in the drawing. Similar elements or components 

between different figures may be identified by the use of similar digits. For example, 

104 may reference element "04" in Figure 1, and a similar element may be referenced 

as 204 in Figure 2. As will be appreciated, elements shown in the various 

embodiments herein can be added, exchanged, and/or eliminated so as to provide a 

number of additional embodiments of the present disclosure. In addition, as will be 

appreciated, the proportion and the relative scale of the elements provided in the 
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figures are intended to illustrate the embodiments of the present invention, and should 

not be taken in a limiting sense. 

[0016] Figure 1A illustrates an STT memory cell structure 100-1 in 

accordance with one or more embodiments of the present disclosure. The memory cell 

structure 100-1 comprises a stack structure that includes a tunneling barrier material 

108 positioned between a ferromagnetic storage material 106 and a pinned 

ferromagnetic material 110 in contact with an antiferromagnetic material 112. The 

materials 106, 108, 110, and 112 form an magnetic tunneling junction (MTJ) element 

and are positioned between a first electrode 104 (e.g., a top electrode) and a second 

electrode 114 (e.g., a bottom electrode). In various embodiments of the present 

disclosure, the tunneling barrier material 108 of the MTJ element is a multiferroic 

material 108. The multiferroic material 108 can exhibit coupled ferroelectricity and 

ferromagnetism and/or antiferromagnetism. As examples, the multiferroic material 

108 can be BiFe03 (BF0),TbMn205, TbMn03, Bi4Fe2TiOi2, or NiBi2C>4, among 

other multiferroic materials. 

[0017] The arrow illustrated in the pinned ferromagnetic material 110 

indicates the direction of magnetization within the material 110. The arrow 105 

indicates alternative directions of the magnetization within the ferromagnetic storage 

material 106 of structure 100-1 (e.g., the magnetization direction 105 is switchable 

between a parallel or antiparallel orientation as compared to the magnetization 

direction of material 110). As one of ordinary skill in the art will appreciate, a spin 

polarized current can be applied to the memory structure 100-1 (e.g., in a current 

perpendicular to plane configuration between the electrodes 104 and 114), which can 

switch the magnetization direction of the ferromagnetic storage material 106 when the 

critical switching current density (Jc) is exceeded. The different directions of 

magnetization 105 can correspond to particular data states of an STT RAM cell. 

[0018] In one or more embodiments of the present disclosure, the magnetic 

polarization of a "free" magnetic material (e.g., magnetization direction 105 of 

ferromagnetic storage material 106) in an STT memory cell can be altered and/or 

controlled via application of electric fields, which can provide benefits such as 

reducing the programming current used to achieve magnetic polarization switching 

within the cell, among other benefits. One or more embodiments include a 

multiferroic material (e.g., a ferroelectric antiferromagnetic multiferroic material 
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and/or a ferroelectric ferromagnetic multiferroic material) functioning as the tunneling 

junction material of an MTJ element associated with the STT memory cell. 

[0019] Application of an electric field to the multiferroic tunneling barrier 

material (e.g., 108) can be used to manipulate (e.g., rotate) the antiferromagnetic 

ordering and/or ferromagnetic ordering within the multiferroic (e.g., by changing the 

ferroelectric ordering coupled to the ferromagnetic and/or antiferromagnetic ordering 

within the multiferroic material). As an example, a current 116 (e.g., a programming 

current) flowing through the structure 100-1 can produce an electric field 115 through 

the stack structure (e.g., an electric field produced between the top electrode 104 and 

the bottom electrode 114). The electric field 115 rotates the ferroelectric polarization 

within the multiferroic tunneling barrier material 108, which can reduce the current 

required to induce switching of the magnetization 105 (e.g., with respect to the 

magnetization direction of the pinned ferromagnetic material 110) from parallel to 

antiparallel, or vice versa, during a programming operation. The multiferroic 

tunneling material 108 can have a thickness of about 1 nanometer (nm) or less, in 

various embodiments. However, the thickness of material 108 is not so limited. For 

instance, the thickness of material 108 can be various thicknesses suitable for 

performing as a spin polarizing tunnel material. 

[0020] As described further below, in various embodiments, a ferroelectric 

polarization change within the multiferroic tunneling barrier material 108 (e.g., as a 

result of an applied electric field), can change the antiferromagnetic and/or 

ferromagnetic ordering of the multiferroic material 108. As a result of exchange 

coupling between the multiferroic material 108 and the ferromagnetic storage material 

106, the antiferromagnetic and/or ferromagnetic ordering of the multiferroic material 

influences the magnetic polarization 105 of the ferromagnetic storage material 106. 

As such, the inherent coupling of the ferroic order parameters (e.g., the ferroelectric 

order parameter coupling with either or both of the ferromagnetic and 

antiferromagnetic order parameter) within a multiferroic material (e.g., 108) can be 

used to manipulate (e.g., switch) the magnetic polarization (e.g., 105) of a 

ferromagnetic material (e.g., 106) coupled thereto. 

[0021] In various embodiments, one or more electrodes in addition to the top 

electrode 104 and the bottom electrode 114 can be used to provide an electric field to 

the multiferroic material 108 in order to alter the magnetization direction 105 of 

ferromagnetic storage material 106. As described below, the additional electrodes can 
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be external to the STT stack structure 100-1. In one or more embodiments, the 

additional electrodes can be gate electrodes of an access device (e.g., a vertical access 

device) coupled to the STT stack 100-1. 

[0022] In some instances, the exchange coupling between the multiferroic 

tunneling barrier 108 and the ferromagnetic storage material 106 may be sufficient to 

switch the magnetization direction 105 of the storage material 106 (e.g., from parallel 

or antiparallel to the magnetization direction of the pinned material 110 to antiparallel 

or parallel). In instances in which the exchange coupling between the multiferroic 

material 108 and storage material 106 is insufficient to induce a full switching of the 

magnetization direction 105 of the storage material 106, a "magnetic torque" can be 

induced that can reduce the current required to induce full switching in the STT 

memory cell. Moreover, the induced magnetic torque can provide added data 

reliability and/or stability upon switching (e.g., by preventing thermally induced 

magnetic switching). 

[0023] As an example, the STT memory cell structure 100-2 illustrated in 

Figure IB includes electrodes 119-1 and 119-2, which are in addition to the top 

electrode 104 and the bottom electrode 114. The electrodes 119-1 and 119-2 are 

external to the STT stack structure 100-1 shown in Figure 1 A. In this example, the 

electrodes 119-1 and 119-2 are configured to provide an electric field 120 to the 

multiferroic tunneling barrier material 108 (e.g., due to an applied voltage difference 

between the electrodes 119-1 and 119-2). The electric field 120 affects the 

antiferromagnetic ordering of the multiferroic material 108, which can alter the 

switchable magnetization direction 105 of the ferromagnetic storage material 106, as 

described above. The arrow 117 represents the switchable ferroelectric polarization 

direction of the multiferroic tunneling barrier material 108. 

[0024] The STT structure 100-2 includes a dielectric material 123-1 

positioned between the electrode 119-1 and an outer edge portion of the multiferroic 

material 108 and a dielectric material 123-2 positioned between the electrode 119-2 

and an opposing outer edge portion of the multiferroic material 108. The dielectric 

materials 123-1 and 123-2 can be an oxide material or other dielectric material and 

can prevent damage to the multiferroic tunneling barrier material 108. 

[0025] In some embodiments, an electric field can be applied to the 

multiferroic material 108 responsive to an applied voltage between one of the 

electrodes 119-1/119-2 and one of the electrodes 104/114. In various embodiments, 
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such an electric field can be sufficient to alter the magnetization direction 105 of the 

material 106 (e.g., due to exchange coupling between the multiferroic and the material 

106 resulting from induced polarization changes in multiferroic 108). 

[0026] Figures 1C-1E illustrate an STT memory cell structure 100-3 in 

accordance with one or more embodiments of the present disclosure. The memory 

structure 100-3 includes the STT stack structure 100-1 shown in Figure 1A coupled to 

an access device 125. In this example, the access device is a vertical field effect 

transistor (VFET) 125 formed from or on a substrate 101. The substrate can be a 

silicon substrate, silicon on insulator (SOI) substrate, or silicon on sapphire (SOS) 

substrate, among others. 

[0027] As described in connection with Figures 1A and IB, the STT structure 

100-3 includes a MTJ element positioned between a top electrode 104 and a bottom 

electrode 114. The tunneling barrier material 108 of the MTJ is a multiferroic 

material. In this example, the multiferroic tunneling barrier material 108 is located 

between a first gate electrode 118-1 and a second gate electrode 118-2 of the vertical 

access device 125. The multiferroic tunneling barrier material 108 is in contact with 

the ferromagnetic storage material 106 and the pinned ferromagnetic material 110. A 

first edge portion of the multiferroic material 108 is aligned with a first edge portion 

of the ferromagnetic storage material 106 and a second edge portion of the 

multiferroic material 108 is aligned with a second edge portion of the ferromagnetic 

storage material 106. 

[0028] The gate electrodes 118-1 and 118-2 are configured to provide an 

electric field 120 to the multiferroic material 108 in association with a programming 

operation performed on the STT memory cell. In this example, a gate oxide 122-

1/122-2 corresponding to the VFET 125 insulates the multiferroic tunneling barrier 

material 108 from the respective gate electrodes 118-1/118-2. As described above, the 

magnetization direction 105 is switchable (e.g., between a parallel and antiparallel 

orientation with respect to the magnetization direction of the pinned material 110). 

The direction of the electric field 120 affects the ferroelectric polarization direction 

117 of the multiferroic material 108, which can induce antiferromagnetic exchange 

coupling between the multiferroic 108 and the ferromagnetic material 106, which can 

thereby alter the magnetization direction 105 of material 106. 

[0029] For instance, the embodiment of Figure ID illustrates an electric field 

120-1 provided to the STT structure 100-3 via an applied voltage difference between 
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the gate electrodes 118-1 and 118-2. The arrow 117-1 indicates the induced 

ferroelectric polarization direction within the multiferroic tunneling barrier material 

108 due to the applied electric field 120-1. Arrow 105-1 indicates the magnetization 

direction corresponding to the ferromagnetic storage material 106 of the MTJ (e.g., 

parallel to the magnetization direction of the pinned ferromagnetic material 110, in 

this example). The induced ferroelectric polarization 117-1 within material 108 

affects the antiferromagnetic ordering of the multiferroic material 108, which in turn 

affects the magnetization direction 105-1 of the ferromagnetic storage material 106. 

The arrows 117-1 and 105-1 are examples and may not represent the actual order 

parameter orientations within the respective materials. 

[0030] The embodiment illustrated in Figure IE illustrates an electric field 

120-2 provided to the STT structure 100-3 via an applied voltage difference between 

the gate electrodes 118-1 and 118-2. The arrow 117-2 indicates the induced 

ferroelectric polarization direction within the multiferroic tunneling barrier material 

108 due to the applied electric field 120-2. Arrow 105-2 indicates the magnetization 

direction corresponding to the ferromagnetic storage material 106 of the MTJ (e.g., 

antiparallel to the magnetization direction of the pinned ferromagnetic material 110). 

In this example, the induced exchange coupling between the multiferroic 108 and the 

storage material 106 due to the electric field 120-2 is sufficient to switch the 

magnetization direction 105 of the storage material 106 (e.g., from the parallel 

orientation 105-1 shown in Figure ID to the antiparallel orientation 105-2 shown in 

Figure IE). The arrows 112-1 and 105-2 are examples and may not represent the 

actual order parameter orientations within the respective materials. 

[0031] As noted above, in one or more embodiments, the electric field (e.g., 

120-2) between the electrodes (e.g., 118-1 and 118-2) may not be sufficient to fully 

switch the magnetization 105 of the ferromagnetic storage material 106. However, in 

such cases, a remnant magnetic torque can be induced within the storage material 106, 

which can reduce the barrier to switching in the STT memory cell. For instance, the 

required programming current density to induce switching of the magnetization (e.g., 

from direction 105-1 to 105-2) is reduced due to the exchange coupling between the 

multiferroic tunneling barrier material 108 and the storage material 106 under the 

applied electric field 120-2. 

[0032] In one or more embodiments, the gate electrodes gate electrodes 118-

1/118-2 can form a "surround gate" structure. For instance, the electrodes 118-1/118-
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2 can wrap around the access device 125. In some such embodiments, the electrodes 

118-1/118-2 can be a single gate electrode that can surround the access device 125 

and/or the multiferroic material (e.g., 108). 

[0033] Figure 2A illustrates an STT memory cell structure 200-1 in 

accordance with one or more embodiments of the present disclosure. The memory cell 

structure 200-1 is a multi-bit structure comprising a stack structure that includes a first 

multiferroic tunneling barrier material 208-1 positioned between a first ferromagnetic 

storage material 206-1 and a first pinned ferromagnetic material 210-1. The structure 

200-1 includes a second multiferroic tunneling barrier material 208-2 positioned 

between a second ferromagnetic storage material 206-2 and a second pinned 

ferromagnetic material 210-2. An antiferromagnetic material 212 is located between 

the pinned ferromagnetic materials 210-1 and 210-2. As such, the materials 206-1, 

208-1, 210-1, and 212 form a first MTJ element positioned between a top electrode 

204 and a bottom electrode 214. Similarly, the materials 206-2, 208-2, 210-2, and 212 

form a second MTJ element positioned between the top electrode 204 and the bottom 

electrode 214. In this example, the first ferromagnetic storage material 506-1 is in 

contact with the top electrode 204 and the second ferromagnetic storage material 506-

2 is in contact with the bottom electrode 214. 

[0034] The arrow illustrated in the pinned ferromagnetic materials 210-1 and 

210-2 indicate the direction of magnetization within the respective material 210-1 and 

210-2. The arrows 205-1 and 205-2 indicate alternative directions of the 

magnetization within the respective ferromagnetic storage materials 206-1 and 206-2 

of structure 200-1 (e.g., the magnetization directions 205-1 and 205-2 are switchable 

between a parallel or antiparallel orientation as compared to the magnetization 

direction of respective pinned materials 210-1 and 210-2). 

[0035] The current 216 can represent a spin polarized current applied to the 

memory structure 200-1 (e.g., in a current perpendicular to plane configuration 

between the electrodes 204 and 214). The current 216 produces an electric field 215 

that rotates the ferroelectric polarization of the multiferroic tunneling barrier materials 

208-1 and 208-2, which can reduce the magnitude of the critical current density (Jc) 

required to induce switching of the magnetization directions 205-1 and 205-2 of the 

respective ferromagnetic storage materials 506-1 and 506-2. 

[0036] As described above, exchange coupling between the multiferroic 

materials 208-1/208-2 and the ferromagnetic storage materials 206-1/206-2, 
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responsive to an applied electric field, can influence the magnetic polarization 205-

1//205-2 of the ferromagnetic storage materials 206-1/206-2. As an example, the STT 

structure 200-2 illustrated in Figure 2B includes a stack structure such as structure 

200-1 coupled to a vertical access device 225. The gate electrodes 218-1 and 218-2 of 

the VFET 225 are configured to provide an electric field (e.g., 220) to the multiferroic 

tunneling barrier materials 208-1 and 208-2 in order to alter the magnetization 

direction 205-1 of ferromagnetic storage material 206-1 and/or to alter the 

magnetization direction 205-2 of ferromagnetic storage material 206-2. A gate oxide 

material 222-1/222-3 insulates the first and second MTJ elements from the gate 

electrodes 218-1/218-2. 

[0037] In the example illustrated in Figure 2B, the provided electric field 220 

results in magnetization direction 205-1 and 205-2 having an antiparallel 

configuration with respect to the magnetization of the pinned ferromagnetic materials 

210-1 and 210-2. Arrows 217-1 and 217-2 indicate the induced ferroelectric 

polarization direction of multiferroic materials 208-1 and 208-2, respectively, due to 

the applied electric field 220. As described above, the induced polarization 217-1 and 

217-2 can contribute to (e.g., influence) the magnetization direction 205-1 and 205-2 

due to exchange coupling between the multiferroic tunneling barrier materials 208-

1/208-2 and respective ferromagnetic storage materials 206-2/206-2. The arrows 217-

1, 217-2, 205-1, and 205-2 are examples and may not represent the actual order 

parameter orientations within the respective materials. 

[0038] In various embodiments, the first multiferroic tunneling barrier 

material 208-1 can have a different ferroelectric polarizability than the second 

multiferroic tunneling barrier material 208-2. Differing ferroelectric polarizabilities 

between the multiferroic materials 208-1/208-2 can lead to different voltage 

requirements associated with the particular multiferroic material. As such, the applied 

voltage difference between gate electrodes 218-1 and 218-2 required to produce an 

electric field (e.g., 220) sufficient to rotate the antiferromagnetic and/or ferromagnetic 

order within the multiferroic material (e.g., 208-1 and 208-2) can vary depending on 

the type of multiferroic material. As an example, the first multiferroic tunneling 

barrier material 208-1 may be BiFe03 (BFO) and the second multiferroic tunneling 

barrier material 208-2 may be TbMn205., or another multiferroic material having a 

ferroelectric polarizability different from that of the multiferroic material 208-1. In 

some such embodiments, a particular electric field (e.g., 220) provided to the stack 
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structure 200-2 may be sufficient to switch the magnetization direction of one of the 

first and the second ferromagnetic storage material 206-1/206-2 while being 

insufficient to switch the magnetization direction of the other ferromagnetic storage 

material 5206-1/206-2. As such, the relative orientations of the magnetization 

directions 205-1 and 205-2 can be controlled via an applied electric field (e.g., 220). 

[0039] The different relative orientations of magnetization directions 205-1 

and 205-2 can correspond to different resistance values of the stack structure 200-2, 

which can in turn correspond to multiple different data states. For example, a read 

operation can be performed by providing a read current through the stack 200-2 (e.g., 

via a bit line and source line as described in Figure 3) and determining a resistance 

level associated therewith (e.g., via a sensed voltage difference between the bit line 

and source line). As one example, the resistance level of the structure 200-2 when the 

magnetization 205-1 and 205-2 are both antiparallel to the magnetization of the 

pinned ferromagnetic materials 210-1 and 210-2 (e.g., as shown in Figure 2B) can 

correspond to a first multi-bit data state (e.g., "11"). In this example, the resistance 

level of the structure 200-2 when the magnetization 205-1 is antiparallel to material 

210-1 and the magnetization 205-2 is parallel to material 210-2 can correspond to a 

second multi-bit data state (e.g., "10"), the resistance level of the structure 200-2 

when the magnetization 205-1 is parallel to material 210-1 and the magnetization 205-

2 is antiparallel to material 210-2 can correspond to a third multi-bit data state (e.g., 

"01"), and the resistance level of the structure 200-2 when the magnetizations 205-1 

and 205-2 are both parallel to materials 210-1 and 210-2 can correspond to a fourth 

multi-bit data state (e.g., "00"). 

[0040] The electrodes described herein (e.g., 104, 114, 118-1, 118-2, 119-1, 

119-2, 204, 214, 218-1, 218-2) can be made of various conductive materials or 

composite structures including, but not limited to, titanium (Ti), TiN (titanium 

nitride), TaN (tantalum nitride), copper, iridium, platinum, ruthenium, tantalum, 

and/or tungsten, for example. As an example, in one or more embodiments, the 

bottom electrode (e.g., 114, 214) can include a seed material or can include a seed 

material/conductive material/capping material composite configuration. 

[0041] Although embodiments are not limited to particular materials, the 

ferromagnetic storage materials (e.g., 106, 206-1, 206-2) can be CoFeB, NiFe, or 

antiferromagnetically coupled materials such as CoFeB/Ru/CoFeB, for example. The 

tunneling barrier material (e.g., 108, 208-1, 208-2) can be MgO, A1203, or other 
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magnetic insulators, for example. The pinned ferromagnetic material (e.g., 110, 210-

1, 210-2.) can be Fe, FeNi, Co, FeB, CoFeB, or various synthetic antiferromagnetic 

(SAF) structures such as CoFe/Ru/CoFe or CoFe/Ru/CoFeB, for example. The 

antiferromagnetic material (e.g., 112, 212) can be NiO, CoO, FeMn, PtMn, IrMn, or 

NiMn, for example. The multiferroic tunneling barrier materials (e.g., 108, 208-1, 

208-2) can be BiFe03 (BFO), TbMn205, TbMn03, Bi4Fe2TiOi2, or NiBi204, for 

example. 

[0042] Figure 3 illustrates a portion of a memory array 350 having one or 

more STT memory cell structures in accordance with embodiments of the present 

disclosure. An STT RAM cell can include an STT memory cell structure (e.g., such as 

structures 100-1, 100-2, 100-3, 200-1, and 200-2 described above) coupled to an 

access transistor 325. The access transistor 325 can be a vertical FET such as those 

shown in Figures 1A-1C and Figure 2B. 

[0043] In this example, the array 350 includes a bit line 352, a word line 354, 

a source line 356, read/write circuitry 360, a bit line reference 366, and a sense 

amplifier 362. The STT memory structure 300 can include one or more MTJ 

elements. As described above, the MTJ element of the STT memory structure 300 can 

include a tunneling barrier material that is a multiferroic material (e.g., 108, 208-1, 

208-2). 

[0044] In operation, the STT memory cell structure 300 can be selected to be 

programmed. An electric field can be provided via voltage differences applied across 

electrodes corresponding to structure 300 (e.g., electrodes 118-1, 118-2, 119-1, 119-2, 

218-1, 218-2) in order to induce magnetic polarization changes in the multiferroic 

tunneling barrier material of the structure 300, which results in corresponding 

magnetization changes within the ferromagnetic storage material(s) of structure 300. 

In various instances, the applied electric field can be sufficient to switch the 

magnetization direction of the storage material(s) (e.g., without providing additional 

programming current to the cell). 

[0045] In instances in which the applied electric field is not sufficient to 

induce full switching of the magnetization of the ferromagnetic storage material(s), a 

programming current can be applied to the cell, and the current can be spin polarized 

by the pinned ferromagnetic material(s) of the cell structure 300 such that a torque 

(e.g., a torque in addition to the torque provided to the magnetic moments within the 

ferromagnetic storage material(s) due to the exchange coupling between the storage 
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material(s) and one or more multiferroic materials in contact therewith) is exerted on 

the ferromagnetic storage material(s) (e.g., ferromagnetic storage materials 106, 206-

1, 206-2), which can switch the magnetization of the ferromagnetic storage 

material(s) to program (e.g. write to) the cell. In this manner, the application of the 

electric field can be used to reduce the programming current (e.g., the critical 

switching current) required to switch the magnetization directions within the 

ferromagnetic storage material(s) of the STT memory cell. 

[0046] In programming operations in which a programming current is used, 

the read/write circuitry 360 may generate a programming current to the bit line 352 

and the source line 356. Once the ferromagnetic storage material is magnetized 

according to the spin polarity of the programming current, the programmed state is 

written to the STT RAM cell. 

[0047] To read the STT RAM cell, the read/write circuitry 360 generates a 

read current to the bit line 352 and the source line 356 through the structure 300 and 

the transistor 325. The programmed state of the STT RAM cell depends on the 

resistance across the structure 300, which may be determined by the voltage 

difference between the bit line 352 and the source line 356. In one or more 

embodiments, the voltage difference may be compared to a reference 366 and 

amplified by a sense amplifier 362. 

[0048] One or more embodiments of the present disclosure can induce 

magnetization switching within an STT RAM cell via applied electric fields, which 

can provide various benefits. For instance, embodiments can reduce the current 

density required to induce magnetization switching in STT RAM cells. Embodiments 

can also assist with preventing thermally induced magnetic switching, which can 

provide added reliability and/or stability associated with STT RAM cells, among 

other benefits. Embodiments can include multi-bit STT memory cell structures having 

reduced current density requirements for programming and can have a reduced 

physical footprint as compared to previous STT memory cells, among other benefits. 

[0049] Spin Torque Transfer (STT) memory cell structures and methods are 

described herein. One or more STT memory cell structures include a tunneling barrier 

material positioned between a ferromagnetic storage material and a pinned 

ferromagnetic material in contact with an antiferromagnetic material. The tunneling 

barrier material is a multiferroic material and the antiferromagnetic material, the 
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ferromagnetic storage material, and the pinned ferromagnetic material are positioned 

between a first electrode and a second electrode. 

[0050] Although specific embodiments have been illustrated and described 

herein, those of ordinary skill in the art will appreciate that an arrangement calculated 

to achieve the same results can be substituted for the specific embodiments shown. 

This disclosure is intended to cover adaptations or variations of various embodiments 

of the present disclosure. It is to be understood that the above description has been 

made in an illustrative fashion, and not a restrictive one. Combination of the above 

embodiments, and other embodiments not specifically described herein will be 

apparent to those of skill in the art upon reviewing the above description. The scope 

of the various embodiments of the present disclosure includes other applications in 

which the above structures and methods are used. Therefore, the scope of various 

embodiments of the. present disclosure should be determined with reference to the 

appended claims, along with the full range of Equivalents to which such claims are 

entitled. 

[0051] In the foregoing Detailed Description, various features are grouped 

together in a single embodiment for the purpose of streamlining the disclosure. This 

method of disclosure is not to be interpreted as reflecting an intention that the 

disclosed embodiments of the present disclosure have to use more features than are 

expressly recited in each claim. Rather, as the following claims reflect, inventive 

subject matter lies in less than all features of a single disclosed embodiment. Thus, the 

following claims are hereby incorporated into the Detailed Description, with each 

claim standing on its own as a separate embodiment. 
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1. A spin torque transfer (STT) memory cell structure, comprising: 

a tunneling barrier material positioned between a ferromagnetic storage 

material and a pinned ferromagnetic material in contact with an antiferromagnetic 

material; 

wherein the tunneling barrier material is a multiferroic material, and wherein 

the antiferromagnetic material, the ferromagnetic storage material, and the pinned 

ferromagnetic material are positioned between a first electrode and a second 

electrode. 

2. The memory cell structure of claim 1, including a third electrode configured 

to provide an electric field to the multiferroic material responsive to an applied 

voltage between the third electrode and at least one of the first electrode and the 

second electrode. 

3. The memory cell structure of claim 2, wherein the electric field provided to 

the multiferroic material is sufficient to: 

induce a change in antiferromagnetic and/or ferromagnetic ordering of the 

multiferroic material; and 

provide antiferromagnetic and/or ferromagnetic exchange coupling between 

the multiferroic material and the ferromagnetic storage material such that a 

magnetization of the ferromagnetic storage material is altered. 

4. The memory cell structure of claim 2, wherein the third electrode is a gate of 

a vertical access device. 

5. The memory cell structure of any one of claims 1 to 4, including a third 

electrode and a 

fourth electrode configured to provide an electric field to the multiferroic material 

responsive to a voltage applied between the third electrode and the fourth electrode. 

6. The memory cell structure of claim 5, wherein at least one of the third 

electrode and the fourth electrode is gate of a vertical access device. 
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7. The memory cell structure of claim 5, wherein a dielectric material is 

positioned between the multiferroic material and the third and the fourth electrode. 

8. The memory cell structure of any one of claims 1 to 4, wherein the 

multiferroic material is in contact with the ferromagnetic storage material and the 

pinned ferromagnetic 

material; 

9. The memory cell structure of claim 1, wherein the multiferroic material is 

bismuth ferrite (BiFe03). 

, 10. The memory cell structure of any one of claims 1 to 4, wherein the 

multiferroic material has a thickness of about 1 nanometer (nm) or less. 

11. A spin torque transfer (STT) memory cell, comprising: 

a stack structure including: 

a first magnetic tunneling junction (MTJ) element positioned 

between a top electrode and a bottom electrode, wherein a tunneling barrier material 

of the first MTJ is a first multiferroic material; 

a second MTJ element positioned between the top electrode and the 

bottom electrode, wherein a tunneling barrier material of the second MTJ is a 

second multiferroic material; and 

an access device coupled to the stack structure. 

12. The memory cell of claim 11, wherein the access device is a vertical access 

device and wherein the first and the second multiferroic materials are located 

between a first gate electrode and a second gate electrode of the vertical access 

device. 

13. The memory cell of claim 12, wherein the first gate electrode and the second 

gate electrode are configured to provide an electric field to the tunneling barrier 

material of the first and the second MTJ in association with a programming 

operation performed on the STT memory cell. 
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14. The memory cell of claim 11, wherein: 

the first multiferroic material is positioned between a first ferromagnetic 

storage material and a first pinned ferromagnetic material associated with the first 

MTJ element; and 

the second multiferroic material is positioned between a second 

ferromagnetic storage material and a second pinned ferromagnetic material 

associated with the second MTJ element. 

15. The memory cell of claim 14, wherein the stack structure includes an 

antiferromagnetic material positioned between the first and the second pinned 

ferromagnetic materials. 

16. The memory cell of claim 14, wherein the first ferromagnetic storage 

material is in contact with the top electrode and the second ferromagnetic storage 

material is in contact with the bottom electrode. 

17. The memory cell of any one of claims 11 to 16, wherein the first multiferroic 

material and the second multiferroic material have different ferroelectric 

polarizabilities. 

18. A spin torque transfer (STT) memory cell, comprising: 

a magnetic tunneling junction (MTJ) element positioned between a top 

electrode and a bottom electrode, wherein a tunneling barrier material of the MTJ is 

a multiferroic material; and 

a vertical access device coupled to the MTJ element. 

19. The memory cell of claim 18, wherein the multiferroic material is located 

between a first gate electrode and a second gate electrode of the vertical access 

device. 

20. The memory cell of claim 19, wherein at least one of the first gate electrode 

and the second gate electrode is configured to provide an electric field to the 

multiferroic material in association with a programming operation performed on the 
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STT memory cell. 

21. The memory cell of any one of claims 18 to 20, wherein the multiferroic 

material includes: 

a first edge portion aligned with a first edge portion of a ferromagnetic 

storage material of the MTJ element; and 

a second edge portion aligned with a second edge portion of the 

ferromagnetic storage material of the MTJ element. 

22. A method of operating a spin torque transfer (STT) memory cell, the method 

comprising: 

altering a magnetization direction of a first free ferromagnetic storage 

material of a first magnetic tunneling junction (MTJ) element of the STT memory 

cell by providing an electric field to a first multiferroic tunneling barrier material of 

the first MTJ element. 

23. The method of claim 22, wherein altering the magnetization direction of the 

first free ferromagnetic storage material includes switching the magnetization 

direction from a first configuration to a second configuration. 

24. The method of claim 23, switching the magnetization direction from the first 

to the second configuration includes at least one of: 

switching the magnetization direction from a configuration parallel to a 

magnetization direction of a pinned ferromagnetic material of the MTJ element to a 

magnetization direction antiparallel to the magnetization direction of the pinned 

ferromagnetic material; and 

switching the magnetization direction from a configuration antiparallel to the 

magnetization direction of the pinned ferromagnetic material to a magnetization 

direction parallel to the magnetization direction of the pinned ferromagnetic 

material. 

25. The method of claim 22, including determining a state of the STT memory 

cell induced by the electric field provided to the first multiferroic tunneling barrier 

material. 
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26. The method of claim 22, including subsequently providing a programming 

current through the STT memory cell. 

27. The method of claim 22, wherein providing the electric field to the first 

multiferroic tunneling barrier material includes applying a voltage difference 

between a first gate electrode and a second gate electrode of a vertical access device 

corresponding to the STT memory cell. 

28. The method of any one of claims 22 to 27, including altering a magnetization 

direction of a second free ferromagnetic storage material of a second MTJ element of 

the STT memory cell by providing the electric field to a second multiferroic tunneling 

barrier material of the second MTJ element. 

29. The method of claim 28, wherein the STT memory cell includes a bottom 

electrode, a top electrode, a first additional electrode, and a second additional 

electrode, and wherein providing the electric field to the first multiferroic tunneling 

barrier material and the second multiferroic tunneling barrier material includes 

applying a voltage difference between the first and the second additional electrode. 

30. The method of claim 29, wherein the first and second additional electrodes 

are gate electrodes of a vertical access device associated with the STT memory cell. 

31. The method of any one of claims 22 to 27, including determining a data state 

of the STT memory cell responsive to a read current provided through the STT 

memory cell. 
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