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Abstract—Among all the emerging memories, Spin-Transfer
Torque Random Access Memory (STT-RAM) has demonstrated
many promising features such as fast access speed, nonvolatility,
excellent scalability, and compatibility to CMOS process. However,
the large process variations of both magnetic tunneling junction
(MTJ) and MOS transistors in the scaled technologies severely
limit the yield of STT-RAM chips. In this work, we proposed
a new sensing scheme, named as nondestructive self-reference
sensing, or NSRS, for STT-RAM. By leveraging the different
dependencies of the high and low resistance states of MTJs on the
cell current amplitude, the proposed NSRS technique can work
well at the scenario when bit-to-bit variation of MTJ resistances is
large. Furthermore, we proposed three combined magnetic- and
circuit-level techniques, including R-I curve skewing, yield-driven
cell current selection, and ratio matching, to further improve
the sense margin and robustness of NSRS sensing scheme. The
measurement results of a 16 Kb STT-RAM test chip show that
our proposed nondestructive self-reference sensing technique
can reliably readout all the measured memory bits, of which
10% read failure rate was observed by using the conventional
sensing technique. The three enhancement technologies ensure a
20 mV minimum sense margin and the whole sensing process can
complete within 15 ns.

Index Terms—Spin-torque, STT-RAM, MRAM, self-reference
sensing scheme.

I. INTRODUCTION

HE migration trend of microprocessors to multi-core
architecture generates the explosive demands of on-chip
embedded memory [1]. However, the conventional memory
technologies, e.g., SRAM, DRAM, Flash memory etc., face
significant challenges as technology node keeps scaling down
[22], [23], [27]. In the recent several years, Spin-Transfer
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Torque Random Access Memory (STT-RAM), which is the
improved descendant of magnetic random access memory
(MRAM), attracted the increased attentions for its unique
characteristics such as non-volatility, simple cell structure, fast
read/write speed (<10 ns), high endurance, high array density,
and excellent CMOS-compatibility and scalability [6], [7],
[24], [25].

In an MRAM bit, the data is stored as the two or more dif-
ferent resistance states of a magnetic tunneling junction (MTJ)
device. The conventional MRAM technology uses a current-in-
duced magnetic field to flip the magnetization of an MTJ and
therefore change its resistance state [3], [4]. Although some
commercial products based on the conventional MRAM tech-
nology have become available [5], the amplitude of the required
switching magnetic field increases rapidly as MTJ size shrinks.
Consequently, the scalability of the conventional MRAM tech-
nology is severely limited by the high switching current of the
MRAM bits and the incurred disturbance to the adjacent bits.

The invention of STT-RAM makes it possible for MRAM
technology to continue scaling down. Different from the con-
ventional MRAM technology, the magnetization of the MTJ in
an STT-RAM bit is flipped by a spin-polarized current, which
means that its switching mechanism is constrained locally.
Moreover, the scalability of STT-RAM technology is guar-
anteed by the fact that the magnitude of switching current is
proportional to the MTJ cell area: when the MTJ size decreases,
the required switching current reduces accordingly [6], [7].
In the past several years, many STT-RAM designs have been
demonstrated [6], [7], [24], [25].

Although the physical mechanism, the manufacturing and the
integration technologies of STT-RAM have been extensively
investigated, the process variation control remains as a major
gating factor preventing STT-RAM technology from the mass
production. Due to the quantum mechanical tunneling, the resis-
tance of an MTJ has an exponential relation to the thickness of
oxide barrier between the two magnetic layers (more details on
MT]J structure will be given in Section II-A) [9], [10]. Tehrani
et al. [9] reported that MT]J resistance increases by 8% when the
thickness of oxide barrier changes by ~1% at oxide thickness of
around 0.1 nm. Moreover, the variation of MTJ resistance will
be aggravated by the further reduction of oxide barrier thickness
and the large MTJ geometry variation in the scaled technologies.

In the conventional read scheme, the data of an STT-RAM
bit is read out by comparing the MTJ resistance to a reference
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Fig. 1. MTJ structure. (a) Anti-parallel (high resistance state). (b) Parallel (low resistance state). (¢) 1T1J STT-RAM cell structure. (d) 1T2J STT-RAM cell

structure.

value. When MT]J resistance variation is large, the two resis-
tance states of some MTJs may be all higher or lower than the
reference value. As a result, these memory bits are constantly
detected as 1’s or 0’s. Based on the fact that the high-resistance
state of an MTJ is always higher than its own low-resistance
state under any conditions, some self-reference read schemes
were proposed by comparing the original value in an MTJ to a
reference value written into the same MTJ [8], [11]. Besides the
high power consumption and the long access latency incurred
by two write steps (overwriting the original value with a refer-
ence value and writing the readout value back to the MTJ), such
a destructive scheme also raises chip reliability concerns from
the viewpoints of non-volatility and endurance cycles.

In this paper, we propose a nondestructive self-reference
sensing scheme (NSRS) to overcome the bit-to-bit variations
in STT-RAM design. Although NSRS still includes two sense
steps as the conventional self-reference sensing scheme (CSRS)
does, two costly write steps are eliminated. NSRS significantly
improves the memory reliability, reduces the read latency
and the power consumption. In addition, we propose three
combined magnetic- and circuit-level techniques to enhance
the sense margin and device variation tolerance of NSRS,
including (1) R-I curve skewing technique to safely increase
the cell current amplitude without degrading the reliability of
STT-RAM bits; (2) yield-driven cell current selection flow to
further increase the cell current amplitude by scarifying the
disturbance probability of STT-RAM bits in a quantitative
way; and (3) ratio matching technique to adjust the cell current
ratio in post-manufacture stage and overcome the process
variation in voltage divider. A 16 Kb STT-RAM test chip with
STT-RAM cell size of 4.57 um? was fabricated in 130 nm
front-end-of-line technology [18] and 65 nm MTJ process. The
measurement results show that NSRS can reliably read out all
the measured memory bits, of which a 10% read failure rate
was observed by using the conventional sensing technique.
A 20 mV minimum sense margin of NSRS is achieved after
applying the three enhancement technologies.

The rest of this paper is organized as follows: Section II gives
the basics of STT-RAM and summarizes its sensing schemes;
Section III describes the design concept of the proposed non-
destructive self-reference scheme; Section IV illustrates how
the three proposed techniques improve the robustness of NSRS;
Section V presents the circuit design details of our 16 Kb test
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Fig. 2. The measured R-I sweep curve of an MgO-based MTJ.

chip and the measurement results; finally, Section VI concludes
our work.

II. PRELIMINARY

A. Basics of MTJ and STT-RAM Cell

A magnetic tunneling junction (MTJ) includes two ferromag-
netic layers and one oxide barrier layer, e.g., MgO. As shown in
Fig. 1(a) and (b), when the magnetization directions of the two
ferromagnetic layers are anti-parallel or parallel, MTJ is in high
or low resistance state, respectively. In STT-RAM designs, the
magnetization direction of one ferromagnetic layer (reference
layer) is fixed while the magnetization direction of the other
ferromagnetic layer (free layer) can be changed by passing a
switching current polarized by the magnetization of reference
layer [6].

Fig. 2 illustrates the measured R-I sweep curve of an MgO-
based MTJ with a 90 nm x 180 nm ellipse shape. The applied
voltage pulse width is 40 ns. The missing points from the 40
ns pulse measurement are extrapolated from the DC (static)
measurement. When applying a positive voltage on point B in
Fig. 1(a), MT]J enters the positive voltage region in Fig. 2 and
switches from high resistance state to low resistance state. On
the contrary, when applying a positive voltage on point A, MTJ
enters the negative voltage region and switches in the opposite
way.
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Fig. 3. Conventional sensing scheme.

Let Ry, and Ry denote the low and the high MTJ resistances,
respectively. We define the tunneling magneto resistance ratio
as TMR = (Ry — Ry)/RL. As shown in Fig. 2, Ry, Ry, and
TMR depend on the cell current. In general, a larger TMR makes
it easier to distinguish the two resistance states of an MTJ. MgO-
based MTJs are widely used in present-day STT-RAM design
because of its relatively higher TMR (>100%) than other ma-
terials, e.g., AlO (<30%).

One-transistor-one-MTJ (or 1T1J) in Fig. 1(c) [6], [7] and
two-transistor-one-MTJ (2T1J) in Fig. 1(d) [25], [28], [29]
are two popular STT-RAM cell designs. In this work, we
use 1T1J structure to demonstrate the effectiveness of the
proposed NSRS. The same design concept can be used to 2T1J
STT-RAM design too.

As shown in Fig. 1(c), in a 1T1J STT-RAM cell, one MTJ
is connected to one NMOS transistor in series. The intercon-
nects connected to MTJ, to the source/drain and the gate of the
NMOS transistor are called as bit-line (BL), source-line (SL)
and word-line (WL), respectively. The MTJ is usually modeled
as a variable resistor in the circuit schematic [12].

B. Conventional Voltage Sensing Scheme (CVSS)

Fig. 3 illustrates a conventional voltage sensing scheme used
in STT-RAM design, where a read current Iy is applied to gen-
erate the BL voltage [13]:

VL = Ir - (Ri, + Rrr)

when MTJ is at low resistance state, or
VerLu = Ir - (Ru + Rtr)

when MTJ is at high resistance state, (1)

here Vg1, 1, and Vpy, 1 are the BL voltages when the MTJ is at
low and high resistance states, respectively. Rrg represents the
resistance of NMOS transistor. By comparing the BL voltage to
a reference voltage Vrrr between Vpy, 1, and Ve, g, the MTJ
resistance state can be readout. When a Vg gr is shared by mul-
tiple STT-RAM cells, it needs to satisfy:

NI&X(VBL,L) < VREF < Min(VBL,H). (2)

Here Max(VpL 1) and Min(VpL 1) denote the maximal Vpr, 1.
and the minimal Vpr, i generated by all the involved STT-RAM
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Fig. 4. Conventional self-reference sensing scheme.

cells, respectively. Unfortunately, Max(Vzr 1) < Min(VpL u)
may not remain true when the bit-to-bit variation of MTJ resis-
tance is large.

C. Conventional Self-Reference Scheme (CSRS)

To overcome the bit-to-bit variation of MTJ resistances, a
so called “self-reference” sensing scheme shown in Fig. 4 was
proposed [11]. The operation of the conventional self-reference
scheme (CSRS) can be summarized as:

First read: A read current Iy; is applied to generate BL
voltage Vpr1, which is stored in a capacitor C1. Vgr,1 can be
either Vg1, 1.1 or Ver m1, which are the BL voltages when the
MT]I is at the low resistance state or the high resistance state,
respectively;

Erase: Data “0” is written into the same STT-RAM memory
cell;

Second read: Another read current Ig>(>1g1) is applied to
generate BL voltage Vg2, which is stored in capacitor C2. Here
Irs is carefully chosen to make sure:

VeL,11 < VeL2 < VBL 1. 3

The original value of STT-RAM bit can be readout by com-
paring Vpr,1 and Vprs.

Write back: Write the readout data in the previous step back
to the STT-RAM bit.

CSRS requires two write operations. When power supply
fluctuations occur during the sensing process, the stored data
in the STT-RAM bit may be lost. Moreover, the introduction
of the write operations significantly degrades the endurance
lifetime of the STT-RAM cells.

III. NONDESTRUCTIVE SELF-REFERENCE SCHEME (NSRS)

A. Design Concept

We noticed that the dependencies of the high and the low
resistance states of an MTJ on the cell current are quite dif-
ferent: the current roll-off slope of the high resistance state is
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Fig. 6. Design of nondestructive self-reference scheme. (a) Design concept. (b) Real design.

much steeper than that of the low resistance state, as shown
in Fig. 2. This special characteristic of MgO-based MTJ’s is
the motivation of the proposed nondestructive self-reference
scheme (NSRS).

Fig. 5 illustrates the conceptual schematic of NSRS. A
switch transistor (Mgy) is connected to BL as well as the
corresponding voltage storage element C1. The other switch
transistor (Mgz) is connected to a voltage divider. Control
signal SLT1 and SLT2 are used to turn on and turn off the two
switch transistors. Two inputs of a voltage sense amplifier are
connected to the top connect point of C1 and the output of the
voltage divider (VpLa0 ), respectively. The voltage ratio of the
voltage divider &« = Vgr20/VbLa2.

Fig. 6(a) illustrates the NDSR operation:

First read: A read current Ig; is applied to generate BL
voltage Vpr1, which is stored in C1. Vg1 can be either Vpr, 1,1
or Vp1, H1, which are the BL voltages when the MTJ is at the
low resistance state or the high resistance state, respectively;

Second read: Another read current Irs, which is larger than
IRr1, is applied and generates BL voltage Ve12. We define the
read current ratio 3 = Ira/IR1.

Sensing: Vpr1 and Vprao are compared by the voltage
sense amplifier. If Vpr,; is significantly larger than Vpr.20), the
original value of STT-RAM bit is “1” (high resistance state).
Otherwise, the original value of STT-RAM bit is “0” (low
resistance state).
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The explanation is as follows. If the original value of
STT-RAM bit is “1”, we have:

Ver1 = Verui = Ir1 - (Ru1 + Rrri1)

Vore = Verme = In2 - (Ru2 + Rrr2). 4)
If we set « = 1//3, then
VBL20 = VBL,H20 = ¢ - VBL2
I
= % - Ira - (Ru2 + Rrr2)
R2
= Ir1 - (Rm2 + Brr2). (%)

Here Ry and Ry are the resistances of MTJ at high resis-
tance state, under cell current /gy and /g», respectively; and
VBi,m1 and Ve, m2 are the corresponding BL voltages, respec-
tively. VBr, m20 is the output of voltage divider when MTJ is
at high resistance state, under Igo. Rrr1 and Rrge are the re-
sistances of the NMOS transistor, under cell current Ig; and
IR, respectively. Assuming Rrr; = Rtr2 = Rrr, the sense
margin for “1” is

AVeru = Ver,H1 — Ver.a20 = Ir1 - (Ru1 — Ru2) > 0
(6)

because Ry is significantly larger than Ryys.
Similarly, if the original value of STT-RAM bit is “0”, we
have the sense margin for “0”

AVerLy = VerL,L1 — VBL,L20 = Ir1 - (Ru1 — Ri2) = 0.
(7

Here Ry,1 and Ry are the resistances of MTJ at low resistance
state, under cell current Iy and I, respectively. Ry, is close
to o (see Fig. 2). Here Vg, 1,1 and Vpr1 1.2 are the BL volt-
ages when the MT]J resistance equals Ry,; or Ry, respectively.
VB1.1.20 18 the output of voltage divider when MTJ is at low re-
sistance state, under Iro.

Our proposed self-reference scheme is nondestructive be-
cause it does not include any write operations. Therefore, the
total read latency and power consumption are dramatically re-
duced compared to CSRS.

In practice, designing a circuit to detect if two values, e.g.,
Vi1,11 and Vi, 120, being “equal” is very difficult. Instead, we
carefully chose Iz; to ensure Vi, i1 > Var,meo > VeL 120 >
VBL,LI' STT-RAM bit is “1” when V31,1 > Viioeo, otherwise
it is “0”, as shown in Fig. 6(b). We define the largest allowable
read current that does not disturb the MT]J state is ITrmax. TO
maximize the sense margin, we usually choose Iz = Ijmax.

The optimal 3 that ensures the equal sense margins when the
MTJ is at both high- and low-resistance states (or |Vir, u1 —
Vir.m20| = |Var, 120 — Var,11]) can be calculated by solving:

1 pu—
a-f
Rps + Rz + 2RtRr2
RHQ + RL2 + (ARHIHH.X + AFiLmaX) . (1 - %) + 2RTR1

®)
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Here ARgmax (or ARpmax) denotes the resistance differ-
ence when an MTJ at the high (or low) resistance state is read at
a close-to-zero read current and /g ., as shown in Fig. 6. Our
later analysis in Section IV-C shall show that « - 3 varies in the
range from 1 to 1.3 based on the MTJ devices shown in Fig. 2.
The exact value is determined by many design factors, such as
the transistor sizing, the selection of the two read currents, etc.

B. Robustness Analysis of NSRS

Three main factors can significantly affect the effectiveness
of NSRS: the variation of read current ratio /3, the shift of the
NMOS transistor resistance [2tr under /gy and Ir2, and the
variation of voltage ratio «. The robustness of NSRS can be
measured by the allowed variation range of the above three fac-
tors for a nonzero sense margin of a STT-RAM bit.

1) Robustness Analysis of Read Current Ratio 3: The selec-
tion of read currents in NSRS needs to ensure:

adry - (Ru2 + Rrr2) < Ir1 - (Ru1 + Rrr1),  (9a)
Ira - (Rr2 + Rrr2) < Ir2 - (Ru2 + RTRr2). (%9b)
Iri - (Rr1 + Rrr1) < adra - (Bp2 + Rrrz). (9¢)

Equation (9b) always keeps true. Since the NMOS transistor
works at linear region, approximately Rrr1 = Rrre = Frr.
Then a solution of 3 can be found as long as:
n ARL A-RH
By + Brr Ry + Rrr’
Here ARL = RLl_RLZ = ARLmax'(l — (1/[3)) and ARH =
Rp1 — Rps = ARpgmax - (1 — (1/73)). A valid selection of 3
exists only if:

1 <a-f<l+ (10)

AR«Lmax
Ri> + Rrr

ARHmaX
Rus + Rrr

(11)

Equation (11) is always true for a normal MgO-based MT]J. For
multiple STT-RAM bits, a valid § exists only if:

AfZLmax . A-RHmax
Max (RL2 + RTR) < Min (RH2 + RTR) .
Normally the left side of (12) is close to zero since
ARpmax &~ 0. Increasing the maximum read current Ips
can effectively increase the right side of (12) by reducing
Rpo and increasing ARy, simultaneously. In our design,
(ARmmax )/ (a2 + Rrr) is within the range from 0.1 to 0.25.
2) Robustness Analysis of NMOS Transistor Resistance
ARtgr: Although the NMOS transistor in a 1T1J STT-RAM
cell works at the linear region, its equivalent resistance
shifts under the different read currents. In other words,
ARtr = Rtr1 — Rtr> > 0. Based on (93)—(90), ARTR in
NSRS need satisfy:

(12)

(a8 —1) - (Ru2 + Rrr2) — ARu

< ARtr <(aff—1)  (RL2 + Rrr2) — ARL. (13)

3) Robustness Analysis of Voltage Ratio ¢:: Process variation
also results in the deviation of the voltage ratio @ of voltage
divider away from the designed value in NSRS. We assume A
is the deviation of voltage ratio from the designed value and
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Rrr1 = Rrr2 = Rrg. Replacing « in (92)—(9¢) by a(1 + A),
we have the range of A for the correct read operation as:

1 (RL1+RTR,) 1 _<RH1+RTR> 1
af Ry + RTr
(14)

IV. ENHANCEMENT TECHNOLOGIES FOR NONDESTRUCTIVE
SELF-REFERENCE SCHEME

To further enhance the robustness of NSRS, we propose three
new magnetic- and circuit-level techniques by improving the
sense margin and device variation tolerance. The design details
of these techniques are explained in this section.

A. R-I Curve Skewing

In NSRS, a large Igs, i.e., the maximum allowable cell cur-
rent, is desired. NSRS is based on the difference between the
resistance changes of an MTJ at high and low resistance states,
when the cell current varies from Ig; to Igo. The larger Igs is,
the larger such a resistance difference is. Moreover, a large Iro
(as well as Ir1) can generate a high bit-line voltage. However, a
large Ig> may disturb the state of MTJ by stochastically flipping
the magnetization direction of free layer. In theory, the distur-
bance probability (Pr, ) of an MTJ at a cell current of /g can
be expressed as [14]:

Prow =1-— exp{éexp [A (1 — %)] } .

Here, ¢ is the cell current pulse width. A is the magnetic
memorizing energy without applying any current or magnetic
field. 7 is the inverse of the attempt frequency; I is the critical
switching current, which is the minimum current amplitude to
switch MT]J resistance with a write pulse width of 7. Usually
Pr,,, is a fixed parameter in memory design specification.

Based on (15), when Pry,, is fixed, a larger I implies a
larger maximum allowable cell current Izo. When the write
pulse width is longer than 10 ns, the relationship between I
and the write pulse width ¢ can be expressed by a theoretical
equation as [6]

emre - ()0(2)]

Here Iy is the critical switching current at 0 K; 7y is the inverse
of the attempt frequency, or the write pulse width at 0 K; & is
the Boltzmann constant; and 7' is the operating temperature.
FE is the magnetization stability energy barrier height. When F
increases, MTJ becomes more stable, and hence a higher /¢ is
required to flip the magnetization of MT]J.

When an external magnetic field exists, magnetization sta-
bility energy barrier height I can be calculated as [15]

(15)

(16)

-1 + 4 \?]
H k

when the longitudinal component of the magnetic field is the

same as the magnetization direction of the free layer, or

()

E=K.,V (172)

E=K,V (17b)

when the longitudinal component of the magnetic field is op-
posite to the magnetization direction of the free layer. Here K,
is the uniaxial anisotropy energy; V' is the volume of the free
layer; H 1is the longitudinal component of the external field; Hy
is the anisotropy field.

Based on the above analysis, we proposed R-I curve skewing
technique to improve Igo without affecting the write perfor-
mance and the reliability of STT-RAM: in read operations, we
apply a proper external magnetic field to raise the magnetiza-
tion stability energy barrier height of MTJs. Therefore, the crit-
ical switching current and the maximum allowable cell current
are temporarily increased.

Fig. 7 depicts the concept of R-I curve skewing. We assume
the cell current always passes through the MTJ from the free
layer to the reference layer. The magnetic direction of the ex-
ternal field is opposite to that of the reference layer. When the
original data is “1”, the magnetization stability energy barrier
height £ is increased as (17a). The maximum allowable cell
current increases accordingly. When the original data stored in
the MTJ is “0”, the magnetization stability energy barrier height
F is reduced as (17b). However, the cell current in read oper-
ations will not change the magnetization direction of the free
layer at such a direction.

The measured R-1 sweep curves of the same MTJ under the
external magnetic fields with a longitudinal component of 47 oe
and 68 oe are shown in Fig. 2. Here the magnetic direction of
the external field is opposite to that of the reference layer. As ex-
pected, the critical switching current /¢ increases as the magni-
tude of applied magnetic field increases. When an external field
of 68 oe is applied, I increases up to ~750 uA.

Fig. 8 shows one possible STT-RAM cell design with R-I
curve skewing technique. A metal wire is put on the top of the
memory cell. During a read operation, a current is injected into
the metal wire and generates the required magnetic field. As-
sume the distance between the MTJ device and the metal wire
is 0.25 pm, which is the typical distance between Metal 3 and
Metal 4 layers in 130 nm CMOS technology [18], the amplitude
of current to generate a magnetic field of 68 oe is less than 8 mA
with magnetic cladding [16]. This generated magnetic field can
be shared by multiple memory bits in one read operation. Note
that the required magnitude of the longitudinal magnetic field
to flip the magnetization direction of free layer is above 300
oe [17], which is much higher than that of the applied magnetic
field in our R-I curve skewing technique. Hence, the probability
of the external magnetic field to disturb other STT-RAM bits is
negligible.

B. Yield-Driven Cell Current Selection

Equation (15) shows that Pry, and /g /I have an exponen-
tial relationship. When cell current is small, i.e., Tg1 (~0.5-Tg2),
the incurred disturbance of MTJs can be ignore. In NSRS, Irs
dominates the MTJ disturbance probability. Fig. 9 shows the
simulated Prg, of the same MTJ in Fig. 2 as the cell current Ir»
varies. The cell current pulse width is set to 7 ns. The magnetic
parameters of a typical MTJ used in our simulation are shown
in Table 1.
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TABLE I
MAGNETIC PARAMETERS OF A TYPICAL MTJ
t A T Ic Ic (680¢)
7n 407 40 500pA 750pA

* represents a 4-year data-retention time.
*#* represents a switching current density of 3.9x10°A/cm?.

We define the disturbance clean probability (Pr,,_qis) as the
probability of an STT-RAM array in which no bit is disturbed
by the cell current I-. It can be expressed as:

Prno_dis = (1 - PI’S\V)A/I' (18)

Here M is the total number of memory bits in the array. The
Pryo_qis’s at various cell currents for a 256 Kb STT-RAM array
is also shown in Fig. 9. For example, when cell current is 200
1A, the corresponding Pr,,,_qis is about 99.99%.

Usually Pry,_gis is predetermined based on the desired
memory yield. Therefore, we proposed a yield-driven cell
current selection flow as the follows:

Step 1: Based on the chip yield requirement and memory
size, a Pry,_4is 1s determined, e.g., 99.99% for a 256 Kb
STT-RAM array. The cell current pulse width £ is also de-
cided in this step, e.g., 7 ns, based on the memory architec-
ture and read circuitry design.

Step 2: The maximum allowable Prg,, of STT-RAM bits
for the determined Pr,,_q;s is calculated by (18).
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Step 3: The maximum allowable cell current /go of
STT-RAM bits for the maximum allowable Pr,., is calcu-
lated by (15). Here, some techniques to increase the critical
switching current I, i.e., R-I curve skewing technique,
may be applied simultaneously. To take into account the
bit-to-bit variations of the critical switching current in
STT-RAM, the lower bound of the I distribution of all
STT-RAM bits may be adopted.

By slightly relaxing Pry,_gis, the maximum allowable cell
current Jpo may increases substantially. For example, Fig. 9
shows that without applying R-I curve skewing, Iy» increases
from 200 ptA to 265 A when Pry,,_g;s 0of a 256 Kb STT-RAM
array is relaxed from 99.99% to 99%,. When R-I curve skewing
is applied (68 oe field), the corresponding Ig- can further in-
crease to 300 pA or 400 A when Pry,_qis 18 99% or 99.99%,
respectively. The degradation of chip yield could be fixed by
ECC (error correction code) scheme. Note that 99% and 99.99%
error rates are not the final bit error rate target of STT-RAM chip
design. Here we use them to demonstrate the effectiveness of
R-I curve skewing method that is verified by the measurement
results from 16 Kb testing chip.

C. Ratio Matching

1) Mismatch Between Cell Current Ratio 3 and Voltage Ratio
a. The allowable « and 3 values are constrained by (10). Based
on the measured MTJ R-I data in Fig. 2, we calculated the
selection region of « - 3 under various current ratios . The
result is shown in Fig. 10. Here, LB xxxuA and UB _xxxpA
(xxx = 200,300, and 400) denote the lower-bound and the
upper-bound of the valid « - 3 selection when Iy = xxxpA,
respectively. Due to the fluctuations in MTJ R-I data measure-
ment, several glitches exist on the curves in Fig. 10, The fol-
lowing observations were made from Fig. 10:

1) The lower-bound of e . I} =
(14 (Rp1 — Ru2)/(Rr2 + R1R)) is insensitive
to the variations of J because the changes of the low
resistance of MTJ is very small at different cell currents;

2) When {3 increases, the scale of a - [ selection region
(lower-bound, upper-bound) increases and approaches
a saturated value. It is because the upper—bound =
(14 (Rug1 — Ru2)/(Rp2 + Rrr)) becomes bigger as 3

increases;

567

3) Similar as 2), when /g2 increases, the scale of « - 3 selec-
tion region increases too.

Fig. 10 indicates that a large (3 is desired in NSRS design for
awide «v - J selection region. One way to obtain a large 3 is de-
creasing the read current /r;. To accommodate the reasonable
read speed, we limited the minimal allowable /gy as 20 pA in
the design. Accordingly, only the data satisfying this limitation
are demonstrated.

2) Selection of Voltage Ratio «: As shown in Fig. 7(a),
AVgr, g—the difference between Ve mi and Var m20, is
an important parameter to measure the robustness of NSRS.
AVgr, u can be calculated by:

AVeru = Ver,m1 — VBL,H20
= %IRQ (Bm + Rrr) — alrz - (B2 + Rrr)
= alra - ARHmax(l - 05) (19)
when assuming « - § = 1 in the conceptual design of NSRS.
When o« = 0.5, AV i achieves its maximum value 0.25 -
IRZ . A]?/Hmaux-

Fig. 11 shows the calculated AVpy i1’s under various « and
Ir2 based on the measured MTJ R-I data in Fig. 2. 3 is set as
1/a. Again, the fluctuations in MTJ R-I curve testing lead to
the glitches on the AVpy, i curves. As expected, the maximum
AVgr u’s are always achieved when a = 0.5. In fact, &« =
0.5 (a symmetric structure of voltage divider) is also helpful to
minimize the impact of process variations.

3) Ratio Matching Technique: In NSRS circuitry, the voltage
ratio « of the voltage dividers is usually fixed, i.e., as the resis-
tance ratio of two resistors in series. The deviation of o from the
designed value could easily exceed 5% [18], which affects the
selection region of « - 3 constrained by (10). We proposed ratio
matching technique to tune the value of « - 3 into the allowable
region in the post-manufacture stage.

Fig. 12 shows the conceptual schematic of ratio matching
technique. One set of NSRS circuitry is composed of a sense
amplifier, capacitor (Cl1), voltage divider (RU and RD), and
a current mirror current source. Every set of NSRS circuitry
can be shared by multiple STT-RAM columns that is deter-
mined by column decoder signal ColDec. Within a column, the
STT-RAM cell that needs to be read out is selected by row
decoder signal RowDec. Signals SLT1 and SLT2 controls the
timing of two sense steps associated with Ig; and Ira, respec-
tively. Two reference currents of the current mirror are used to
generate Ig; and Igs — Igr1, respectively.

The magnitude of the reference currents of the current mirror
are controlled by two programmable decoders: Decoder 1 and
Decoder 2. When an output bit of a decoder is low, the corre-
sponding reference current component is removed from the total
reference current. By doing so, the cell current ratio /3 can be ad-
justed to compensate the variation of voltage ratio v and make
sure the value of « - 3 be within the allowable region.

The optimal configuration of Decoder 1 and Decoder 2 can
be determined in the chip testing stage and stored in nonvolatile
memory or devices, e.g., fuse array. If the nonvolatile memory
or devices are reprogrammable, e.g., STT-RAM-based latches
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[19], such testing can be executed multiple times to compensate
the shifting of & and «x - 3 selection region due to circuit aging.

V. TEST CHIP DETAILS AND EXPERIMENTAL RESULTS

A. 16 KB Test Chip Design

To demonstrate the effectiveness of NSRS, we fabricated a 16
Kb 1T1J STT-RAM test chip in 130 nm front-end-of-line tech-
nology [18] and 65 nm in-house MTJ process. Fig. 13 shows
the design diagram. A 16 Kb STT-RAM array is constructed
with 128 columns and 128 rows. 8 10 blocks, each of which
includes a conventional sense circuitry and a NSRS sense cir-
cuitry with ratio matching function, are designed to support an
8-bit read/write bandwidth. A central timing control logic block
and an analog control logic block are designed to generate the
timing and reference signals to the corresponding circuit blocks.
An external clock is sent into the global clock generation block
to produce all required on-chip clock signals.

Fig. 14 shows the conceptual write circuitry of one memory
column which was used in the test chip design. The column se-
lection is controlled by ColDec signal. And the polarity of WE1
and WE1B determines the current flow through MTJ device and

hence the data (‘1° or ‘0’) to be written into the cell. For ex-
ample, when writing ‘0’, WE1 = 0 and WE1B = 1, so thata
write current is supplied from BL to SL.

For testing purpose, WL drivers, BL drivers, SL drivers and
the NMOS transistors in STT-RAM cells are implemented with
3.3 V MOS devices in order to provide up to 2 mA write current
to the MTJs. The test chip design also supports direct access
mode, in which both WL and BL voltages can be separately
adjusted via optional PADs. Thus, we are able to supply current
to a single STT-RAM and collect the read out data from the
sensing circuit.

The selection of resistors RU and RD mainly concerns the
leakage current in read operations. And the selection of capaci-
tance is constrained by Vg1, charge time which targeted at 7 ns
in our design. All these circuits have been implemented in the
test chip. The common layout techniques were used to minimize
the impacts of device variations. Since the peripheral circuits are
shared by multiple columns, the area overhead is small.

Other circuitries, i.e., sense circuitry and control logic, are
implemented with 1.2 V MOS devices. An auto-zero sense-am-
plifier with a built-in data latch [26] is adopted in both conven-
tional and NSRS sense circuitries to minimize the influence of
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device mismatch on the read operation. The designed voltage
ratio &« of NSRS sense circuitry is 0.5. The control signals of
the reference current (see Fig. 12) in NSRS sense circuitry can
be programmed by external signals. The magnitude of external
magnetic field generated by a current control magnet is moni-
tored by a gauss meter.

Fig. 15 shows the simulation results of NSRS when Igy =
200 1A, 300 A, and 400 pA, based on the MTJ R-I curve in
Fig. 2. The corresponding Ig1’s are 96.8 nA, 147.6 A, and
191.2 pA, respectively. The leakage current generated by the
other unselected memory cells on the same column was con-
sidered in the simulation. When /5 increases from 200 p<A to
400 A, the minimum sense margin of NSRS (including both
reading “1” and “0”) raises from 12 mV to 49 mV. The whole
sense operation can be completed within 15 ns.

The memory cell size of our 16 Kb 1T1J STT-RAM is
4.57 pum?. The die size including pad ring is 6.22 mm?. The

size of 16 Kb STT-RAM itself is 0.54 mm?. The memory array
size is 0.089 mm?. Fig. 16 shows the die photo of our test chip.

B. Chip Testing Results

Our electrical test results show that the process variation of
130 nm CMOS technology [18] is under well control: the mean
(1) and the standard deviation (Std., or o) of the NMOS tran-
sistor resistance in 1T1J STT-RAM cells are 917 Q and 15 Q,
respectively. However, a large variation of MTJ resistances was
observed: when the cell current is set as 20 ;zA, the high resis-
tances of the measured MTJs vary from 2240 €2 to 7680 €2, and
the low resistances of the measured MTJs range from 970 €2
to 3460 2. More statistic parameters of the MTJ resistances at
different cell currents are summarized in Table II. Interestingly,
following the increase in /g2, the distribution of Rys and Ry
become tighter. This fact indeed helps improve the effective-
ness of NSRS. The raw bit error rate of the 16 Kb test chip is
more than 98.3%, which includes all the process defects, such
as stuck-at-1’s and stuck-at-0’s.

Reliable NSRS operations are demonstrated by our 16 Kb
STT-RAM test chip. Fig. 17 shows the measured sense margins
of NSRS with optimized cell current ratio. Without applying
external magnetic field, the maximum allowable cell current
Ir2 1s 200 pA. The minimum sense margin was measured is
about 8 mV among all measured bits. If we apply an external
magnetic field of 68 oe, the minimum sense margin is signifi-
cantly improved to more than 15 mV with Igs = 300 pA, or
even 20 mV with /g = 400 ;s A. Based on the calculation in
Section IV-B, the disturbance clean probability Pr,,_gis of such
a 16 Kb STT-RAM array reduces from ~100% to 99.91% when
Ir2 changes from 200 ;1A to 400 ;1 A. However, we did not ob-
serve any visible changes of bit disturbance statistics due to the
increase of cell current in our testing.
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In conventional sensing scheme, around 20% or 10% of

memory bits failed to be readout at 8 mV or 20 mV sense
margin, respectively. In fact, there are about 10% of memory
bits cannot be sensed no matter how we optimized our testing  of the conventional sensing scheme is set to 50 ptA. Please note
configurations, i.e., the reference voltage. Here the cell current  that increasing the cell current of conventional sensing scheme
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TABLE III
COMPARISON OF ENERGY AND LATENCY FOR DIFFERENT SCHEMES
. Bit ener; er read operation Read
Designs Read ‘gI)’I b R(I:ad ‘0 latency
CVSS 0.907 pJ 0.88 pJ 2.5ns
CSRS 22.1pJ 22 pl 40 ns
NSRS 1.16 pJ 0.92 pJ 15ns

may even hurt the sensing reliability because of the reduced
difference between the R and Ry, of MTJs.

The peak write power of the test chip is 6.2 mW. The peak
read powers of conventional sensing scheme and NSRS are 2.5
mW and 5.9 mW (Igrs = 400 pA), respectively. Here we did
not take into account the power consumed by the magnetic field
generation.

C. Comparison and Discussion

We also compared the different sensing schemes in terms of
performance and energy consumption. The simulation results
are shown in Table III. Though NSRS has a more complex
hardware implementation, the actual silicon overhead on the
overall system is small if considering that each sensing circuitry
is shared by multiple columns.

Due to the small read current and short read period, the read
energy of CVSS is very small. Comparably, the read energy of
CSRS is much higher, which mainly suffers from the two write
steps—erase and write back original value. The read time period
of NSRS is slightly longer than that in CVSS because capacitor
charging requires certain amount of time. As a result, the read
energy of NSRS is higher.

The read latency can significantly impact the system per-
formance. CVSS has the shortest read latency among three
schemes since it requires only one sensing operation. However,
the poor yield constrains its applications. CSRS suffers from
two long write steps, and hence, the read latency is much longer
than the others. Comparably, NSRS can obtain a better trade-off
among performance, energy and yield.

Besides the process variations of CMOS technology, the
process variations of MTJ devices also play an important role
in the effectiveness of all the read methodologies in STT-RAM
designs. For example, the ARp,,,x variation with temperature
fluctuation [20] could significantly affect the self-reference
schemes, including both CVSS and the proposed NSRS
methodology. The readers can refer [21] for more details.

VI. CONCLUSION

In this work, we proposed a novel self-reference read scheme
of STT-RAM called “Nondestructive Self-reference Sensing
Scheme (NSRS)” to overcome the large bit-to-bit variation of
MT] resistances. Our scheme does not require any write opera-
tions, and therefore, maintains the non-volatility of STT-RAM
design and the short read latency. Based on the physics of the
magnetic devices, we also proposed three techniques to further
improve the robustness of NSRS. Theoretical analysis shows
that by applying “yield-driven cell current selection” and “R-I
curve skewing” techniques, the cell current of STT-RAM is
significantly increased with minimized penalty on the memory

reliability. Moreover, the “ratio matching” technique can com-
pensate the process variation in the voltage divider by adjusting
the cell current in post-manufacture stage. The measurements
of our 16 Kb test chip proved the effectiveness of the proposed
techniques.
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