Chapter 2

Next Generation 3-D Spin Transfer
Torque Magneto-resistive Random Access
Memories

Spin transfer torque magneto-resistive random access memories (STT MRAMs) are
non-volatile memories that potentially demonstrate high speed and integration
density. These exclusive features of STT MRAMs are rapidly gaining attention of
memory designers. They are strong contenders for futuristic embedded memory
applications. However, further reduction in write power dissipation and cell size is
essential to employ STT MRAMs for embedded applications. In most memory
technologies, the select device has been the bottleneck towards increasing the array
density [1]. Keeping this in mind, several novel architectures for select devices have
been proposed by researchers working in the area [2-4]. They have been primarily
focusing on vertical select devices to reduce the cell area. Kawahara et al. [5]
suggested the possibility of a reduction in the cell area of spin transfer torque STT
MRAMs down to 4F? (F is the feature size) with a vertical select device. However,
till date, the vertical select device could not be used in STT MRAM cells due to the
requirement of high threshold switching current in the in-plane magnetic tunnel
junction (MTJ) technology. The typical range of threshold switching current for
conventional in-plane MTJs is 200-1200 pA [6, 7]. Such high current drive could
not be achieved with minimum sized transistors, and hence, scaling towards 4F?
array density per cell was not feasible for STT MRAMs with in-plane MTIJs.
However, with the evolution of perpendicular magnetic anisotropy (PMA) MTJs
which exhibit switching threshold of less than 100 pA [6], one can see decent
prospects for higher array density in STT MRAMs.

In this chapter, the novel design of STT MRAMs on vertical silicon nano-wire
(NW) platform is investigated. The chapter also discusses the architecture, operation
and performance parameters of conventional STT MRAMs. Further, using extensive
technology computer aided design (TCAD) and Hewlett simulation program with
integrated circuit emphasis (HSPICE) simulations, the performance of STT MRAM
with vertical gate-all-around (GAA) device is analyzed using a case study.
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The chapter comprises of six sections including the current introductory section.
The architecture and functionality of the conventional STT MRAM cell are pre-
sented in Sect. 2.1. Further, Sect. 2.2 compares the cell size in different volatile and
non-volatile memory technologies. The Sect. 2.3 outlines the next generation 4F>
STT MRAM and the simulation framework used for analyzing STT MRAM cells.
Section 2.4 presents a case study on the design of the next generation STT MRAM
cell with vertical GAA select device. The case study includes a comprehensive
TCAD analysis of the proposed buried source GAA device followed by analysis
and comparison of the bit cell simulation results on HSPICE using calibrated
Verilog-A models. A fabrication methodology of proposed STT MRAM cell on
vertical silicon nano-wire (NW) platform is presented in Sect. 2.5. Finally,
Sect. 2.6, concludes the chapter.

2.1 Overview of Conventional STT MRAM: Architecture
and Operation

STT MRAMs have 3D integration of MTJs with conventional CMOS technology.
The memory cell of STT MRAMs has one MTJ and one NMOS select device,
abbreviated as a 1T-1MTJ cell. The structure and properties of a typical 1T-1MT]J
STT MRAM cell can be understood through Fig. 2.1. The bottom layer (pinned or
fixed layer) of an MTJ has fixed magnetization due to its comparatively high
magnetic coercivity. The top layer of the MTJ is known as free/recording layer
whose magnetization can be switched by the spin torque acting on it. This spin
torque is generated by the electric current, which is spin polarized by the pinned
bottom layer. The directions of current for writing 1 and O are shown in the Fig. 2.1.
A current from bit line (BL) to source line (SL) would make the magnetization
orientation as P (to write a 0). Conversely, a current from SL to BL would make the
magnetization states of two layers as AP (to write a 1). Besides this, for both the
directions, the write currents need to be above a minimum threshold value for

(a) (b)
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Word line (WL)

Source line (SL)

CMOS Transistor

Fig. 2.1 a Typical integration of MTJ with CMOS technology in STT MRAM. b Write operation
in STT MRAMs
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proper switching of the MTJ. The minimum threshold value of current required for
P(AP) to AP(P) switching is represented as I; go(Ixr0)-

The data stored in MTJ is read by comparing current through MTJ with a
reference resistance as shown in Fig. 2.1a. An optimum read voltage at BL is found
by simultaneous consideration of TMR degradation effect with MTJ bias voltage
and read current difference between P and AP states of MTJ [8]. Since, this read
current has to be compared with a reference current to read the data, the difference
in cell current between 0 and 1 stored cells should be high enough to be discernible.

In an MTJ, an interaction of spin polarized electrons with the local magnetic
moment of FM layer takes place during which exchange of the spin angular
momentum prompts to magnetization switching. For anti-parallel (AP or R4p) to
parallel (P or Rp) switching, the NMOS facilitates a current flow from the BL to SL
as shown in Fig. 2.2a. Here, R p and Rp represent the parallel and anti-parallel
resistance of an MTJ, respectively. The pinned FM layer acts as a spin filter, thus,
producing a higher density of majority spin-polarized electrons. The spin-polarized
electrons will sustain their spin polarization while crossing the tunnel barrier to
finally exert STT on the free layer and decide its final state.

For P to AP switching, current flows from SL to BL (see Fig. 2.2a) during which
electrons flowing through the tunnel barrier are polarized in the direction of free
layer. On reaching the pinned layer, the electrons with spins in the direction of
pinned layer pass through, while others are reflected back to the free layer. These
reflected electrons exert STT on the free layer to decide its eventual magnetization
state. Since these reflected electrons are fewer in number, MTJ shows an asym-
metric behavior such that the threshold switching current density for P to AP
switching is larger than AP to P change. Moreover, during P to AP switching, the
NMOS operates in source follower mode such that the gate to source voltage (Vss)
is less than the supply voltage (Vpp). Low Vg reduces the drive current which is
also known as source degeneration [9].
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Fig. 2.2 a MT]J switching in STT MRAMs. b Layout of STT MRAM cell



16 2 Next Generation 3-D Spin Transfer Torque Magneto-resistive ...

Further, the Fig. 2.2b shows the layout of a typical 1T-IMTJ STT MRAM cell
with a cell size of 6F>. The size of the cell depends on the minimum switching
threshold current and current drivability of NMOS transistor. The major challenges
associated with STT-MRAMs are: first, switching current reduction is crucial for
achieving both high memory density and reducing the overall power consumption,
second, sustaining high thermal stability for long period data retention [5].

2.2 Cell Size in Memories

The area required to store a single bit is known as cell size in memories.
A comparison between different memory technologies is presented in Table 2.1 in
terms of cell size [10]. The hard disk drives (HDDs) have the minimum cell size or
highest integration density. Conventionally, the select device dominates the overall
area occupied by a cell in most memory technologies [1]. International technology
roadmap for semiconductors (ITRS) 2011 guidelines on memory design suggest a
two terminal or vertical switch is the solution to growing needs of on-chip cache
memory [1]. Researchers have proposed 6F cell with planar select devices and 4F>
cell with vertical select devices for various volatile and non-volatile memory
technologies [2—4]. 4F? cell on vertical silicon nano-wire (NW) platform has been
demonstrated in various memory technologies. The 4F> 1T-IR RRAM cell has
been fabricated on vertical silicon NW platform by [4, 11-13]; wherein, the
resistive random access memory (RRAM) stack is patterned to the same feature size
above vertical GAA NW select device. 3D NAND flash memory of cell size 4F°
and beyond has been demonstrated by Kwong et al. [14]. Kawahara et al. [5]
analyzed memory cell scalability for STT MRAMs for various transistor gate
widths and informed the possibility of cell area reduction down to 4F> with a
vertical select device. However, no thorough analysis has been presented for ver-
tical select device driving STT MRAM cells. Hence, experiments need to be ini-
tiated for realizing 4F” architecture in the field of STT MRAMs too.

2.3 Next Generation 4F> STT MRAM

The proposal for STT MRAM on a vertical silicon NW platform leads to the smallest
cell area of 4F% In logic applications with GAA devices, the source and gate
contacts need to be created for each device. However, in the case of memory

Table 2.1 Comparison of cell size in different memory technologies

Technology DRAM |SRAM |NAND Hard disk drives | RRAM | STT
flash MRAM

Cell size in (F?) |6-12 140 14 2/3 4 20-60
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applications, the source and gate terminals can be interconnected underneath. Here,
the contacts need to be created after each data word. Thus, the proposed STT MRAM
architecture with buried source line and word line saved significant area. Being
circular in shape, the PMA MTJs can be stacked above the select device to save area.
The planar MOSFETs have a saturation drive current per unit width of 900 pA/pm
for high performance logic [15]. On the other hand, GAA MOSFETs have been
reported to have a much higher saturation drive current of 2.6-2.9 mA/um per unit
diameter [16]. Hence, GAA transistor with the same diameter should provide a larger
drive current. A vertical GAA transistor can act as an ideal select device that can
provide sufficient drive current for efficient switching of an MTJ.

2.3.1 Proposed Architecture

The proposed architecture consists of a PMA MTJ stacked above the vertical
GAA NMOS transistor is shown in Fig. 2.3. The diameter of the MTJ stack and
silicon NW is F. The overall area of each cell is 4F> as shown in Fig. 2.3. It has a
buried n or n+ layer above the oxide (SiO,) or p-Si substrate, which can be formed
after the formation of p-type NW. This forms the buried source line (SL). The SL and
word line (WL) contacts are brought out through vias. The structure of the vertical
GAA NMOS is shown in Fig. 2.3b. For SL = Vpp and bit line (BL) = 0 condition,
the vertical GAA transistor will be operating with the bottom-as-drain and
top-as-source. Conversely, for BL = V), and SL = 0, the GAA transistor operates
with top-as-drain and bottom-as-source (see Fig. 2.3a).

(a) (b)

PhA MTI
Stack

WL SL

Lch=2F

SOURCE
EXTENSION

pt+or BOX

Fig. 2.3 a The architecture of vertical silicon NW 3D STT MRAMs. b The structure of vertical
GAA NMOS select device
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2.3.2 Performance Parameters and Windows

The performance parameters of STT MRAM can be well understood from Fig. 2.4
that demonstrates hysteretic behavior, cell current, and read/write windows.
STT MARM write (read) operation is characterized by a write (read) margin and
write (read) error rate. The write margins are defined as the difference between the
write current and the switching threshold current [17]. Write error rate (WER) is the
probability of failure during a particular write operation.

Read disturb rate (RDR) is the probability of accidental write during a read
operation. Both, WER and RDR are quantified using the ubiquitous formalism of
stochastic STT switching of a nano-magnetic layer at a finite temperature [18]. The
probability of switching at a particular current (I ie/read), Whether read or write, is
expressed as,

Z E Iwrie rea
PSW—l—exp{—:—zvexp[—]q?—TQ—ﬁ)}} (2.1)

where, tpyw is the pulse width of read/write current, 1 is the inverse of the attempt
frequency, I is the switching threshold current (either I, g or Iy;0), E/kgT is the
thermal stability factor for an MTJ. Using this expression, the WER and RDR are
expressed as

WER = 1 — Pgy,RDR = Psy (2.2)

WER decreases with an increase in write current above the threshold current. For
reliable write (read) operation in STT MRAM, WER (RDR) should be less than

Write Margin (Alyap , Alyp)
Read Margin (Al ,p , Alp)
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WER < 107
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Fig. 2.4 Demonstrating resistance current hysteresis loop with read and write window
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10~ and thus sets the minimum (maximum) allowed value of write (read) current.
The upper limit on write current is set by thin dielectric layer’s breakdown voltage.

In conventional STT MRAM cells, the supply voltage (Vpp) is constant at a
particular technology node. The minimum cell size in STT MRAM is determined
by the smaller of the two write margins WMp and WM 4p. The width of the access
device is increased to achieve an appropriate value of overall WM. However, in
order to maintain the overall area of GAA based STT MRAM cell to 4F2, the
diameter of nano-wire has been kept constant. In addition, the vertical nano-wire
technology does not allow the same flexibility of changing the dimensions as the
conventional CMOS technology. Therefore, it is more suitable that the supply
voltage Vpp is varied to achieve the optimum write current in vertical NW based
STT MRAM.

2.3.3 Simulation Framework

Till date, STT MRAMs have been realized using planar CMOS technology only.
The minimum attainable single cell size with a planar n-channel metal oxide
semiconductor (NMOS) as access/select device is 6-8F 2, Using vertical NMOS as a
select device, the cell area can be reduced to 4F? [1, 5]. Since, calibrated SPICE
models are not available for such novel structured devices; therefore, their impact
on MRAMs cannot be analyzed on SPICE. It is advisable to use mixed mode
device-circuit simulation framework shown in Fig. 2.5 to understand the effect of
device design on MRAMSs and non-volatile hybrid MTJ based logic circuits. TCAD
device simulator is used to obtain the performance of an arbitrary select device such

1
I Select device material Industry Transistor \
| and geometry parameters standard > compact model »For CMOS
1 PDK ! technology
e TTTT oo L
|ImTTTTEmmEEEEEEEEEE e m e E i .
1 — For arbitrary
| Select device material TCAD device p|  Compact ! access
! and geometry parameters simulator Verilog-A model V! device
S L
SPICE [ Output
MT]J material lv{;::;?:f:z:}c response
: —> ’ > ilog-
and geometry experimental results MTJ Verilog-A
parameters model

A

Tunnel resistance
model or
experimental
results

Fig. 2.5 SPICE based mixed mode simulation framework with Verilog-A MTJ model
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as a vertical GAA transistor. Here, a micromagnetic simulator can also be used for
calculating threshold switching current for an MTJ [19]. The simulation platform
used is decided by a tradeoff between computation time and accuracy.

2.4 Case Study

In this section, using a case study the performance of STT MRAM with vertical
select devices is analyzed. A comparison with conventional planar STT MRAM cell
is also presented. The proposed STT MRAM cell is analyzed using calibrated
Verilog-A models for PMA MTJ and vertical GAA NMOS transistor (BSIM CG) by
HSPICE simulations. Write/dynamic power dissipation will be same for both ver-
tical GAA and planar STT MRAM cells while using SiO, gate dielectric (GD) based
select device. Hence, in the second part of the case study a superior 3-dimensional
(3D) vertical silicon nano-wire (NW)/GAA with high-k (HfO,) gate dielectric device
based STT MRAM is presented. A significant improvement in write power can be
achieved using high-k gate GAA device, as it provides higher drive current capa-
bility at lower supply voltage (Vpp). In addition, the implementation of high-k gate
dielectric does not have any explicit impact on the MTJ switching time; and hence,
does not affect the delay performance in STT MRAMSs and MTJ based hybrid
spintronic-CMOS circuits. In contrast to this, the conventional CMOS circuits fol-
low the standard inverse relationship between delay and drive current, wherein, the
propagation delay decreases continuously with an increase in drive current [20].
Using high-k GDs in CMOS circuits, the increased gate capacitive delay annuls the
effect of increase in the drive current. In STT MRAMs, an inherent MTJ magneti-
zation switching delay of 0.1-1 ns is inevitably present for all practical write current
densities [21]. Hence, the high-k devices can be used to improve power savings as
long as the increase in delay is small compared to MTJ switching delay. The pro-
posed STT MRAM cell with high-k select device can achieve an appreciably larger
tradeoff window between power dissipation and write margin (WM) while retaining
appreciably good delay performance.

2.4.1 TCAD Analysis

In this section, the proposed select device structure is analyzed using TCAD device
simulator. The analysis has been carried out for F = 40 nm, which is same as the
diameter of the MTJ to keep the overall cell area 4F°. The proposed structure with a
buried source of diameter 2F is shown in Fig. 2.6. The source is extended upwards
to a height of F' = 40 nm so that the gate and source are not shorted together. The
diameter of the extension region is also F (40 nm). The drain is at the top having a
diameter and length of F (40 nm). Device simulations are carried out for the
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Fig. 2.6 a Top view b front view of the vertical GAA NMOS device

proposed GAA structure on TCAD [22] for gate/channel lengths (L.;,) of 40 (F), 80
(2F), and 120 nm (3F). The buried substrate layer is not shown for simplicity.
Source, drain, and source extension regions are heavily doped with a uniform n-type
doping concentrationof 1 x 10%° cm™. The channel is uniformly doped with a p-type
doping concentration of 1 x 10'® cm™. The work function and gate oxide thickness
of the cylindrical gate are 4.61 eV and 2 nm, respectively. The heavily doped
extension region ensures a high current drive. The gate dielectric and feature size used
during simulations are mentioned, specifically, when changed for the select devices.

2.4.2 TCAD Simulation Setup

TCAD device simulator self-consistently solves the Poisson and carrier continuity
equations. Fermi-Dirac and band-gap narrowing based carrier statistics model are
activated to account for carrier transport with heavily doped source/drain regions.
Besides this, the Lombardi CVT (concentration, voltage, temperature) mobility
model is used to accounts for all common effects related to carrier mobility in
non-planar devices. The dependence of carrier mobility on impurity concentration,
transverse electric field, longitudinal electric field, velocity saturation, and temper-
ature are captured using the Lombardi’s model. Furthermore, concentration-
dependent Shockley-Read-Hall (SRH) recombination/generation model is also
included in the TCAD simulation setup.
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2.4.3 Mixed-Mode Simulation Results

The Ip-Vps and Ip-Vgs characteristics obtained from TCAD device simulation are
used to calculate threshold voltage, drain induced barrier lowering (DIBL), sub-
threshold slope (SS), and Ipp/IoFF for L., of 40, 80, and 120 nm (F = 40 nm for
Si0, gate dielectric devices). The method used for threshold voltage extraction is
“the linear extrapolation method in the linear region” which is commonly known as
“maximum transconductance method” [23, 24]. The magnitude of ON current (/py)
and OFF current (Ippp) are calculated at Vgg=Vpg=1.6 V and Vgg=0,
Vps = 1.6 V, respectively. DIBL is defined as the normalized difference in
threshold voltages when Vg is changed from Vg i, to Vg sar

DIBL = (V;_jin — Vi_sat)/ (VDs_sat — Vbs_iin) (2.3)

where, V; ;,, and V, ,, are the threshold voltage in the linear (very low Vpg) and
saturation region, respectively. The values of Vpg 4, and Vpg 4, are 1.6 V and
0.05 V, respectively. V, ., is the value of Vg on Ip-Vgg curve for Vpg = Vpg gur
required to get the same value of current, which is obtained when Vg = V,_;;, and
Vps = Vps - The subthreshold slope (SS) is the change in Vg required for
altering the subthreshold drain current by one decade (10 times). The corresponding
results are shown in Table 2.2. Although, the device with 40 nm gate length has the
largest current drive, but it severely suffers from short channel effects. The DIBL,
OFF current, and subthreshold slope parameters are comparatively large for the
device with 40 nm gate length. It is because of lower electrostatic gate control at
smaller gate length. Evidently, the device with 120 nm gate length demonstrates the
best performance. The smaller gate length would also mean higher Joule heating in
a smaller volume. Hence, larger gate length should be preferred for the vertical
GAA architecture in STT MRAM.

In order to compare the performance of GAA based cell with the conventional
STT MRAM cell, TCAD simulations are carried out for planar NMOS transistor
also. The gate work function and oxide thickness of the planar NMOS are 4.61 eV
and 1.5 nm, respectively. However, the source, drain, and channel doping are same
as that for GAA NMOS. The performance parameters calculated for a planar
NMOS with different device dimensions are placed in Table 2.3. The performance
of the planar NMOS is poor, especially for small gate-length, due to large short
channel effects that are measured at a high Vpp of 1.6 V. Although, the short
channel effects of the planar NMOS can be reduced by decreasing the source and

Table 2.2 TCAD results of SiO, GD GAA device for different gate lengths

Lo V., i DIBL Ion Iow/lorr SS (mV/decade)
(nm) V) (mV/V) (nA)

40 0.279 115.0 214.6 3.8 x 10° 103.0

80 0.300 22.1 194.0 33 x 10° 63.4

120 0.307 13.6 175.5 1.5 x 107 60.3
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Table 2.3 TCAD results of planar NMOS device with SiO, GD

Wamos Ly Viiin DIBL Ioy ToMlorr SS

(nm) (nm) V) (mV/V) (LA) (mV/decade)

40 80 0.250 354.0 85.8 18.3 768.3

40 120 0.275 280.0 72.8 142.8 294.2

80 120 0.275 310.0 145.6 142.7 294.2
Fig. 2.7 Comparison of the 2001 —g— GAA—O— 4
Ip-Vis characteristics of GAA o~ PLANAR F 10

(40 nm nano-wire diameter

and L., = 120 nm) and planar

(WNMOS = 80 nm and
L, = 120 nm) NMOS with <
Si0, GD 2

drain doping concentration, but that will reduce Iy also. A comparison of Ip-Vsg
characteristic in Fig. 2.7 confirms that GAA NMOS has much lower OFF current
than the planar NMOS devices.

For SL = Vpp and BL = 0, the vertical GAA transistor would be operating with
the bottom-as-drain and top-as-source. Therefore, the I-Vpg characteristics of the
proposed structure should also be analyzed with the bottom-as-drain (buried source
in Fig. 2.6). However, Fig. 2.8 clearly shows a minute difference between |Ip|-|Vpg|

Fig. 2.8 Comparison of |Ip|-|
Vps| characteristics with
top-as-drain and
bottom-as-drain operation for
the GAA NMOS of 40 nm
diameter (SiO, GD) with

L., = 120 nm

200
180
160
140
120
100
80
60
40
20
0

[Iol(WA)

—a— Bottom as Drain
----a---- Top as Drain

1.2
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Table 2.4 Comparison between proposed cell and 10F> cell with planar NMOS (at Vj,p, = 1.6 V,
F =40 nm and SiO, GD)

Select device WMp (LA) WMup (LA) t tap Power Power
(ns) (ns) W) (W)
WL=0V WL=16V
GAA 23.3 34.0 0.43 0.25 16.2 112.4
Planar 17.6 29.0 0.52 0.32 1140.0 107.0

characteristics under the two modes of operation. This difference can be safely
neglected in the subsequent analysis and the device can be considered to be having
symmetric /-V characteristics.

The proposed STT MRAM cell and conventional cell with planar NMOS are
analyzed using transient simulations on HSPICE using calibrated Verilog-A
models. The results are placed in Table 2.4. Undoubtedly, the proposed cell
demonstrates a better performance in terms of power dissipation and WMs. The
leakage power dissipation for the proposed cell is 3 orders of magnitude lower than
the conventional cell (when the cell is not selected for writing). The dynamic power
dissipation at WL = 1.6 V (Vpp) is higher, although, here, the point of consider-
ation is that the dynamic power always has a tradeoff with the P and AP WMs
(write currents). There is a larger tradeoff window between the WM and dynamic
power dissipation in the case of proposed cell with GAA device. The operation of
proposed GAA based cell is also shown in Fig. 2.9 using a timing diagram.

2.4.4 Impact of High-k GAA Devices

Till now, the STT MRAM cells with vertical GAA device use SiO, GD. However,
to fully explore the impact of all around gate control of vertical GAA devices on
STT MRAM cells, HfO, based devices with high dielectric constant of 22 need to
be used. In this section, the impact of high-k (HfO,) GAA select device on the
performance of an STT MRAM cell is analyzed. In addition, its performance is
compared to STT MRAM cell using GAA devices with the conventional SiO, gate
dielectric. Initially, TCAD simulations are carried out from feature size of 40—
70 nm, while taking into account the mobility degradation effect in high-k (HfO,)
GD devices [25]. The mobility degradation is benchmarked using data obtained
from Chau et al. [26] for metal gate devices. The work function and gate dielectric
thickness are considered as 4.61 eV and 2 nm, respectively. Compact Verilog-A
models are developed and calibrated individually for the HfO, GD based vertical
GAA transistor and PMA MT]J.

Berkeley short-channel IGFET (Insulated gate field effect transistor) model of
combined multi-gate (BSIM CMG) [27] is calibrated based on the results acquired
from TCAD device simulations. Moreover, experimental results [28, 29] for
high-performance PMA MTJs from Table 2.5 are used to calibrate compact
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Fig. 2.9 A timing diagram showing the successful operation of the proposed 4F> STT MRAM
cell at Vpp=1.6 V

Table 2.5 Experimental results for PMA MTJs

MTJ stack Diameter TMR RA STT efficiency
(F in nm) (%) (Q—pmz) (kgT/nA)

stack-1 [28] 40-70 102 6.6 1.3-3.0

stack-2 [29] 30-70 150 12 2.2-3.8

*STT efficiency is the ratio of A= E/kgT in units of kgT and Iy, where I is the average of (I;z9
and /) and A is the Boltzmann’s stability factor. RA and TMR are the resistance area product and
tunnel magneto-resistance of an MTJ, respectively.

Verilog-A models corresponding to low RA stack-1 and high RA stack-2. Here,
STT efficiency is the ratio of A (= E/kgT in units of kgT) and Iy, where, Iy is the
average of (I;yp and I;), and A is the Boltzmann’s/thermal stability factor.

Bit cell level HSPICE simulations are carried out using calibrated compact
models at different values of Vpp and F. The pulse width of write current lies
between 2 and 50 ns so as to provide sufficient time for switching at given F. The
write currents and threshold switching currents (I; o and Iy ) for different feature
sizes ranging from 40 to 70 nm are shown in Fig. 2.10a, b when SYM HfO, and
SiO, based GAA devices are used in STT MRAM cells. It is clearly observed that
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Fig. 2.10 Comparison (a)
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for all F between 40 and 70 nm, the high-k devices can be employed to achieve
high WMs at lower Vpp (by 0.4 V). Although the write current for P to AP
switching are overlapping for SiO, and high-k cells, but the analysis of SiO, cells
was carried out at a higher Vpp, of 1.4 V. Hence, high-k devices can reduce power
dissipation in STT MRAMs by Vpp, reduction.

2.4.5 Impact of High-k GD on Delay

The additional delay introduced due to the use of select devices with high-k gate
dielectric is compared with the switching time of MTJ. The introduction of the
high-k dielectric increases the WL capacitance. Elmore delay model [20] is used to
determine the delay from the write line driver node to the gate electrode of a
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Fig. 2.11 Equivalent RC model for the 3D NW STT MRAM architecture

particular select device. If Cga7s/N is the gate capacitance and R;,/N is the inter-
connect resistance between cells (see Fig. 2.11), the propagation delay (tp) at WL
after N cells is expressed as,

N+1
p = RintCGATE< N > (2.4)

The propagation delay of N (N = 100 and 200) cells for different gate dielectrics
is compared with the typical switching time of PMA MT]J at current of 100 pA. The
percentage WL delay normalized by the MTJ switching time is plotted in Fig. 2.12.
For N =100 cells the delay of HfO,, SiO, and SizN, is less than 10% of the
switching time required by a PMA MTJ. Hence, high-k gate dielectric select
devices need to be analyzed thoroughly, because they could lead to Vpp reduction
at the cost of increase in WL capacitance. As, this delay due to the increase in WL
capacitance can be considered nominal with respect to MTJ switching time.

Fig. 2.12 Percentage

switching delay of WL after 40
N cells for various dielectrics
with respect to MTJ switching
delay .30
&
>
o
8] 20
10
O_L:.

Sio, Si,N, HIO,
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2.5 Proposed Fabrication Methodology

Several research groups have successfully fabricated 4F° cell with vertical select
devices for various memory technologies [11, 12, 14] on vertical silicon nano-wire
platform. The 1T-1-resistor resistive random access memory (RRAM) cell has been
fabricated on vertical silicon nano-wire (NW) platform by [4, 11-13] wherein the
RRAM stack is patterned to the same feature size above vertical GAA NW select
device. 4F* 3D NAND flash and junction-less silicon-oxide-nitride-oxide-silicon
(JL-SONOS) memory have been demonstrated in Kwong et al. [14]. Based on the
methodology given in the aforementioned references, processing steps for fabri-
cating 4F> STT MRAM cell on vertical silicon NW platform are presented in
Figs. 2.13 and 2.14.

The fabrication of MTJs should follow the same back-end-of-line (BEOL)
semiconductor processing (see Fig. 2.13); wherein, the MTJ stack is deposited
between successive metal interconnect layers after the front-end-of-line (FEOL)
processing of the vertical GAA select device.

(a) (b) As Implant ()
l l l l Gate stack deposition

Photo re5|st

above

nitride mask

nor n+
7
HDP oxide

(d) (e) () ILD 1 Metal 1

As Drain Implant

A // / :nltrldemask I I l

Via

Fig. 2.13 FEOL Processing [13, 30, 31] a vertical pillar etch. b As implantation to form the
source and source extension regions, high density plasma oxide deposition ¢ gate stack deposition
d top amorphous Si etched to expose drain and As drain implantation e nitride mask formation to
prevent nano-pillar tip f high density plasma oxide deposition, chemical mechanical planarization
for exposing and removing nitride mask, pre-metal dielectric oxide deposition, metallization with
Al pads
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(a) (b)

MTJ stack deposition

Passivation layer

ILD2
Metal 2

Fig. 2.14 BEOL Processing [32] a formation of MTJ stack over planarized surface. The stack
includes first electrode (generally Ta), a fixed layer, tunnel barrier, free layer and second electrode.
The fixed and free layers are generally composed of 2-3 layers. b A single mask etching process
and deposition of dielectric passivation layer for protection. ¢ ILD-1 deposition that encapsulates
MT]J stack followed by removal using planarization, and via formation. d Another dielectric
passivation, ILD2 deposition, planarization to expose, and metallization to form metal-2
interconnect

The fabrication of MRAMs involves multiple steps of deposition and etching
during the fabrication of MTJ stack. Especially during the etching of primary layers
(ferromagnetic layers and tunnel barrier) constituting an MTJ, the sidewall rede-
position of unwanted material on MTJs could cause failure of the device [33, 34]
The etching process should be highly selective which is difficult to achieve at low
dimensions and further difficulties arise because of the vertical GAA NW transistor.
The two major challenges during fabrication of STT MRAM cell are:

e The etching process that goes from the top electrode to bottom electrode should
have a high selectivity so that the MTJ cell is protected from any erosion during
etching. Retaining the parameters like TMR and stability factor is of paramount
importance during etching and pattering of MTJ stack.
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e The redeposition material should be completely removed by the end of etching
cycle as it can cause shorts across the tunnel barrier of MTJ.

2.6 Conclusion

This chapter presented and analyzed the next generation 3D vertical silicon NW
based STT MRAMs with vertical GAA select device. The design tradeoffs and
constraints are analyzed taking into account the recently available PMA MTlIs.
Using a case study the performance of STT MRAM cell using vertical GAA select
device is analyzed and compared with conventional STT MRAM with planar select
device. The high driving capability provided a clear advantage over conventional
planar access device which was reflected in simulation results presented in this
chapter. TCAD simulations proved that the GAA device provided a drive current of
2.8 mA/pm as opposed to 1.16 mA/um by planar access device at Vpp = 1.2 V
(S8iO, GD). Thus the proposed vertical silicon NW STT MRAMSs offer excellent
performance in terms of write margins, power dissipation while achieving maxi-
mum 2D array density of 4F°. Moreover, the analysis for feature size 70 nm
demonstrates that the use of high-k device can reduce Vpp by 0.4 V, thereby,
reducing write power up to 25%.

Problems

Multiple Choice
1. The main bottleneck for the scalability of STT-MRAM array is

Pinned layer
Free layer
Tunnel barrier
Select device

o op

2. One of the ferromagnetic layers of the MTJ is pinned using the material
with

Low coercivity
High coercivity
Low retaintivity
High retaintivity

o o

3. The write margin (WM) increases with the

Increase in switching threshold
Decrease in operating current
Increase in operating current
None of these

o o



2.6

10.

Conclusion

The read disturb rate (RDR) decreases with

Decrease in switching threshold
Increase in read current

Increase in thermal stability factor
All of these

The overall delay of high-k GD based GAA device

o o

Remains constant
Decreases
Increases

None of these

o o

The purpose of source extension region is

To keep separate gate and buried source
To make shorted gate and buried source
To increase the source length
To enhance the performance

The overall delay of STT-MRAM using high-k GD based GAA device

o o

Increases
Remains constant
Decreases

None of these

For an MTJ, Read disturb rate (RDR) is

o o

The probability of false read operation during a write operation
The probability of no write during read operation

The probability of accidental write during a read operation
None of the above

o op

. For an MTJ, the width of the access device is increased to

Achieve an appropriate value of overall write margin
To reduce the overall write margin

To reduce the write error rate

To reduce the heating effect

o op

The high-k gate GAA improves the write power due to

Low drive current at high voltage

High drive current capability at low voltage
High drive current at high voltage

None of the above

&0 op

31
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Answer Keys: 1-d, 2-b, 3-c, 4-d, 5-c, 6-a, 7-b, 8-c, 9-a, 10-b

Short Answers

1.

Nk

Explain the advantages of STT-MRAM for making it strong contender for
futuristic embedded memory technology.

Describe the tunnel barrier reliability issues.

Enlist the advantages of high-k devices.

Analyze the experimental results for PMA MTJs.

Enlist the steps for FEOL processing.
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