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Abstract — Spin Transfer Torque Magnetoresistive RAM
(STT MRAM) has uniquely attractive write performance
and endurance characteristics.  Nonetheless, little STT
MRAM circuit hardware data has been published [1-4]. This
paper describes a fully-functional 90nm 8Mb STT MRAM,
identifies and describes solutions to the primary circuit
challenges, and includes considerable circuit hardware data.

Index Terms — STT, MRAM, sense, write, ECC.

1. INTRODUCTION

Due to the truly electronic nature of its write
mechanism, Spin Transfer Torque Magnetoresistive RAM
(STT MRAM) is the only emerging memory technology
with the potential write performance and write endurance
required of cache and main memory applications. SRAM
and DRAM face the same fundamental problem, which is
that FET device off current scales in the wrong direction,
resulting in ever higher standby current and refresh
requirements. STT MRAM has the potential of zero array
standby current, the density of a single FET cell, and
operates at low voltage.

The fundamental device of MRAM is the Magnetic
Tunnel Junction (MTJ), including a fixed or reference
ferromagnetic layer, tunnel barrier and free ferromagnetic
layer. The free magnetic moment is engineered to have
two stable states, parallel (0) and anti-parallel (1) to the
reference moment. The change in tunneling resistance
between states is characterized by the parameter
MagnetoResistance (MR), defined by RI1=R0*(1+MR)
and about 120% for this project, corresponding to a 2.2x
resistance ratio between states.

Unlike earlier field-written MRAMSs, the STT MRAM
MT]J is written by applying a tunnel bias much larger than
that during read [5]. Sufficient electrons tunneling from
the reference to free layer write the parallel or O state. The
opposite polarity writes the 1 state. Thermal energy
perturbs the free moment, crucially initiating the
precessional write process but causing disturbs during
storage and read [6]. An STT MRAM design must
therefore accommodate a certain level of soft errors,
occurring during write, storage and read.

The primary circuit challenge of STT MRAM is
sensing, done at low voltage to minimize read disturbs and
accurate to about 1% to maximize read margin and yield.

Secondly, writing requires a higher, but well-controlled
MT]J bias. Thirdly, the design must correct soft errors and
prevent them from accumulating. This paper presents
solutions to these issues, and hardware data to
demonstrate their effectiveness.

II. SENSING

The Sense Amplifier (SA) is illustrated in Fig. 1 and is
an update of the conventional field MRAM SA [7-8]. The
NFET source follower devices (NO-N2) force the data and
two reference Bit Lines (BLs) to the target read voltage
(Vbleg+Vread) while the Source Lines (SLs) are held at
the BL standby level (Vbleq, 500mV). Hence, Vread
(135mV) is applied from BL to SL but less than 100mV
appears on the MTJ due to series losses. The PFET current
mirror load (PO-P2) generates a voltage corresponding to
the data cell current minus the average of the two
reference cell currents (one of either state), which is
sensed by the comparator.

The most significant change to the earlier field MRAM
SA is the addition of the local feedback amplifier
controlling the gate node of the NFET source followers. In
field MRAM, this node is typically a global DC reference,
and the forced BL voltage is thus dependent on the long-
range variation of NO-N2. STT MRAM requires a much
lower read voltage to minimize read disturbs, making this
variation unacceptable. By introducing the local feedback
amplifier, the forced BL voltage and the current
comparison are dependent upon local matching only. Also
for disturb reasons, transient overshoot of the loop must be
minimized.

Despite the use of large, carefully-matched FETs and a
2.5V SA supply, 4 bit trimming of each SA is required to
limit SA to SA offset to roughly 1% of the reference
current. In decreasing order, this offset arises from FET
mismatch in PO-P2, NO-N2 and the comparator. Trimming
is achieved by enabling small PFETS in parallel with PO-
P2.

III. WRITING AND ARRAY-LEVEL ARCHITECTURE

The target MTJ write voltage is approximately +/-
600mV and must be tightly controlled to avoid underwrite



(insufficient to write cell) and overwrite (contributing to
tunnel barrier breakdown). Write is most easily
understood as a voltage divider between the MTJ
resistance and the various series resistances, dominated by
the array FET and the BL and SL wiring. The following
techniques are used to minimize and control these series
resistances.

The BL and SL are driven from opposite ends of the
array, so that the sum of their resistances to the cell is
relatively insensitive to Word Line (WL) address. Just
above the MTJ on M4, the BL and its adjacent space
occupy the full cell width. Below the MTJ, the SL must
share the cell width with the metal Landing Pad (LP)
connecting the MTJ down to the FET, and its resistance is
thus much higher. Hence, the SL is wired on both M1 and
M2 while M3 straps the WL. The design employs robust
Column Decoders (CDs), Write Drivers (WDs), and write
voltage (Vwr(O, Vwrl) regulators and wiring to minimize
loss and pattern dependence. A block diagram of one
128Kb segment or SA domain and an array cross-section
are shown in Figs. 2 and 3.

A double gate finger, 1.2V NFET is used to minimize
the array FET resistance in a 50F cell (F=90nm). As
illustrated in Fig. 4, holding the BLs at Vbleq in standby
allows a higher value of WL voltage (Vpp) than if the BLs
were grounded in standby. Only the selected array FET is
exposed to the full Vpp and only during the Write O pulse,
a 1000x lower duty.

IV. ERROR CORRECTION AND CHIP-LEVEL OPERATION

The interface is like a 3.3V x16 asynchronous SRAM.
All cycles, Write or Read, include the following internal
steps:

1.) Sense 80b, 1 per 128Kb segment or SA domain.

2.) Data redundancy reduces the 80b to 78b.

3.) ECC decoder corrects up to 2 errors in the 78b ECC
word (BCH DEC code, 64 data + 14 check bits)

4.) For a Read cycle, multiplex out 16b of the corrected
64b to the DQ. Page mode Read of the corrected 64b is
supported.

5.) For a Write cycle, multiplex in 16b from the DQ.

6.) Generate 14 new ECC check bits.

7.) Data redundancy expands the new 78b to the 80
segments of the chip.

8.) For each of the 78 active segments, write the
selected cell if the bit has changed OR if the old bit was in
error. If the old bit was in error, also concurrently refresh
the selected reference cells of that segment.

This method prevents read disturbs, including reference
cell disturbs, from accumulating in a 78 bit ECC word
over more than one cycle. Write endurance and power are

optimized by writing only when necessary. Somewhat like
DRAM, a large page is sensed (allowing efficient on-chip
ECC), followed by page mode IO and a delay after last
write (allowing check bit generation and write).

The chip includes digitally-trimmed on-chip timing and
voltage generation, and conventional row and data
redundancy for hard fails, the ECC being intended for soft
errors only. The redundancy and trimming “fuse” data is
stored in an ECC-protected, twin cell extension of the
non-volatile STT MRAM array. A chip micrograph is
shown in Fig. 5, and Table I lists the chip features.

V. HARDWARE RESULTS

For demonstration, the following data was collected
with ECC disabled, though the ECC engine performs as
expected. SA to SA offset is represented by the spread in
the individual curves in the “Pre-Trim” plot of Fig. 6. The
improvement of read margin due to SA trimming is
illustrated in the “Post-Trim” plot of Fig. 6. Sensing and
write performance and are demonstrated in Figs. 7 and 8.
Additional technology-related data from this design,
including thermal stability, temperature dependence of
write, data retention and Bit Error Rate (BER), are
available in [9-10].

VI. CONCLUSION

While much progress remains to be made in STT
MRAM technology and circuits, this chip successfully
demonstrated several design techniques for mitigating the
challenges inherent to this exciting technology.
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