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Abstract—We propose, demonstrate, and assess a non-
tunneling based NMOS voltage-controlled negative differential
resistance (V-NDR) concept for overcoming the intrinsic effi-
ciency and reliability shortcomings of magnetic random access
memory memories (MRAM). Using NMOS V-NDR circuits in
series with MRAM tunnel junctions, we experimentally observe
40X reduction in current during switching, enabling write termi-
nation and read margin amplification. Large scale Monte Carlo
simulations also show 5X improvement in write energy savings
and demonstrate the robustness of the scheme against device
variability.

Index Terms—MRAM, negative differential resistance, readout
circuits, resistive memory, write termination, read margin, read
disturbance, reliability.

I. INTRODUCTION

Magnetic random-access memories (MRAM) [1] using
magnetic tunnel junctions (MTJ) are promising because of
their non-volatility, speed, and high density, but have been
hindered in practical usage by power consumption and relia-
bility concerns. These issues are due to 1) the current-driven
switching mechanism [2, 3] which requires long write times to
minimize programming errors [4] and 2) practical constraints
on the tunnel magnetoresistance ratio TMR = (RH−RL)/RL

(where RH and RL are the high and low resistances) which
limit the read voltage margin [5, 6]. To overcome these
problems, we previously proposed [7, 8] incorporating voltage-
controlled negative differential resistance devices (V-NDR)
such as tunnel diodes (TDs) or tunnel FETs (TFETs) in
MRAM read and write circuitry. Simulations showed that
the peak and valley regions of the V-NDR device can be
used to “amplify” the current difference between the MTJ
states, allowing an unified low-overhead approach to reduce
dissipation and improve reliability. However, because most V-
NDR semiconductor devices like TDs or TFETs are either
CMOS-incompatible or not yet technologically mature, their
use in commercial memory applications may be problematic.

As the first technologically practical solution, therefore, in
this paper, we propose and experimentally demonstrate a non-
tunneling based V-NDR implemented using three-transistor
(3T) NMOS circuits for MRAM read and write functions. This
new approach has the following significant advantages: 1) it
uses only conventional silicon MOSFETs, reducing cost while
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Fig. 1. (a) Load line for V-NDR-MTJ series circuit (illustrated in inset). Blue
line corresponds to the MTJ HRS and red line to the MTJ LRS. The stable
operating points when the MTJ is in HRS and LRS are indicated by 1© and
2©, respectively. (b) Diagram of proposed 3T NMOS circuit for generating

V-NDR between IN and OUT terminals.

eliminating the compatibility issues associated with devices
like TDs or TFETs, 2) it provides tunable V-NDR character-
istics which can be matched to MRAM design specifications,
and 3) it allows process variations to be reduced using mature
CMOS processes and variation reduction techniques. In Sec-
tion II we discuss the uses of V-NDR in MRAM, introduce
our 3T NMOS design, and validate a simple NMOS V-NDR
analytical model to ease design of circuit characteristics. In
Section III we present experimental results which show how
using NMOS V-NDR with 50nm voltage-controlled MTJs
(VC-MTJ) [9] can improve read and write outputs and perform
large scale simulations of the variability resilience of our
design. We conclude in Section IV.

II. V-NDR USAGE AND IMPLEMENTATION

A. V-NDR Applications in MRAM

We first briefly review the key benefits of V-NDR usage in
MRAM. The identifying features of V-NDR are the existence
of a large peak current (Ipeak) at low voltage and a small valley
current (Ivalley) at higher voltage, as illustrated in the generic
I-V curve (black line) of Fig. 1 (a). We analyze the behavior
of a series-connected V-NDR element and MTJ (shown in
the inset of Fig. 1 (a)) by analyzing the load line of their
respective I-V curves. When the externally applied voltage
across the circuit increases from 0 to Vdd, if the MTJ is in
its anti-parallel (AP) high resistance state (HRS), the current
and voltage drop across the V-NDR stays in the peak region
at point 1 in Fig. 1 (a). Likewise, if the MTJ is in the parallel
(P) low resistance state (LRS), the circuit will stabilize at 2
in the V-NDR valley region. This indicates that current flows
freely when the MTJ is in the AP state but is blocked when



2

the MTJ is in the P state. If the MTJ switches from AP to
P, the current through the circuit drops from 1 to 2 . This
operating scheme differs from that in previous proposals for
V-NDR in memory [10–12] and offers significant advantages.

The current ratio between the AP and P states in conven-
tional MRAM is limited by the TMR of the MTJ in each cell,
which is typically of order 1-4X. Using V-NDR, the current
ratio can be boosted up to the V-NDR peak-to-valley ratio
PV R = Ipeak/Ivalley , which can be made very large (from
10-1,000X). MRAM switching is stochastic, and write pulse
is over 3X average switching time to minimize possible write
errors. The high PVR enables early write termination, reducing
energy dissipation when writing from AP to P since the write
current turns off automatically once switching occurs. (Though
V-NDR does not offer any advantage when writing from P to
AP, that switching direction does not waste as much power as
AP to P, since in switching of P to AP, the post-switching state
dissipates less power owing to the higher AP resistance.) The
much larger current ratio using V-NDR also amplifies the read
voltage margin, improving reliability. Finally, the small LRS
current minimizes accidental switching of the memory state
during read operations, i.e., read disturbance. These features
are more thoroughly discussed in [7].

It is important to note that these advantages accrue without
a significant change in area overhead because the V-NDR
element can be implemented at the bit-line level rather than
the 1T1M cell level, akin to sense amplifiers in conventional
memories. All the cells in each bit-line (e.g., 1024 in a typical
MRAM array) can share a single read or write V-NDR, as
illustrated in Fig. 2 (a). Furthermore, conventional MRAM
requires cascaded sense amplifiers to distinguish the small
MTJ resistance ratio. Placing V-NDR in the read circuitry
amplifies the resistance ratio, allowing a single-level sense
amplifier to be used as shown in Fig. 2 (b); this saves two
transistors from the read circuitry per bit-line, further lowering
the area cost as well as associated leakage currents for the
sense amplifier. In addition, the PVR does not need to be very
high for substantial benefits to be realized. We find that a PVR
of around 10 suffices for most applications.

B. 3T NMOS Circuit for V-NDR Generation

For integration into commercial memory technology, sil-
icon MOSFETs are preferable to III-V tunnel devices [7].
We therefore propose generating V-NDR using three NMOS
transistors in the circuit depicted in Fig. 1 (b). This circuit has
three terminals (IN, OUT, and BIAS); T1 and T2 are used to
control the gate bias of T3, and the V-NDR current is mainly
driven by T3. The gate of T1 is connected to its drain to
maintain low leakage, enabling low valley currents and hence
write termination for MRAM. For small Vin applied between
IN and OUT, the current increases due to the increased voltage
drop across T3. However, Vint decreases with higher Vin, such
that when Vin reaches a certain value Vpeak (the peak voltage),
the output current attains Ipeak and the T2 transistor turns
on and shuts off T3, leading to reduced output current with
further increase in Vin (the “valley region”). The peak current
and PVR can be selected by tuning the Vbias applied to T1

(a)

(b)

Fig. 2. (a) Schematic array level integration of write V-NDR and read V-
NDR elements; note each element can be shared by an entire bit-line, leading
to near-zero area overhead for large arrays. (b) Comparison of conventional
MRAM cascaded sense amp design versus the more compact single-level
design using V-NDR to improve read margin.

to change the T3 operation region. This circuit is therefore
capable of low Vpeak and highly tunable Ipeak and PVR.

We have demonstrated this structure experimentally by wire
bonding NMOS transistors on a single die. As shown in Fig.
3, the peak current can be tuned from the nA to µA range
by changing bias voltage (Vbias) between 0.8 and 1.3 V while
maintaining a peak voltage of 0.25 V and achieving PVR up
to 1,000 and greater. Note that the sensitivity of peak current
to Vbias is determined by the sizes and threshold voltages of
the constituent transistors. In our experiment, the sensitivity
is relatively high because we used a preexisting die whose
transistor characteristics had not been specifically optimized.
In real implementation, the devices can be designed to limit the
Vbias tunability and hence reduce possible variability effects.
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Fig. 3. Experimental I-V curves for NMOS V-NDR circuit; current is
measured at IN terminal as a function of voltage drop VNDR across the
IN and OUT terminals. Different curves correspond to application of Vbias
between 0.8 and 1.3V. The circuit is constructed using preexisting long
channel NMOS devices with gate lengths of 10 µm, W/L ratios from 4 to
10, and off-currents around 0.1-1 nA and on-currents ranging between 10-100
µA.
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C. Analytical Model of NMOS V-NDR Behavior

The characteristics of MRAM depend on technology and
application, so to ease V-NDR design for any particular
application, we derive a compact model of its current behavior.
The essential design task for MRAM usage is to select the
appropriate peak current and voltage to lie between the MTJ
HRS and LRS load lines as shown in Fig. 1 (a). Typical peak
voltages are around 50 to 200 mV (Vpeak), indicating that
transistors T1 and T2 (see Fig. 1) are in the subthreshold
region. By contrast, T3 operates in the linear region with its
gate bias over 400 mV (Vint in Fig. 1) when V-NDR is in
peak region. The subthreshold current [13] Isub for T1 and
T2 can be modeled using

Isub =
WI0
L

e
VGS−Vth−λVS+ηVDS

nVT

(
1 − e

−VDS
VT

)
(1)

where W and L are the transistor width and length, I0
is a constant parameter, Vth is the threshold voltage, VT is
the thermal voltage, and n, λ, and η are the subthreshold
swing, body effect, and drain-induced barrier lowering (DIBL)
coefficients, respectively [13]. In typical operation, both T1
and T2 are in subthreshold and the same current flows through
both devices, which is given using (1) for the respective biases
and geometries of each device. By equating Isub,T1 = Isub,T2

and solving for the voltage Vint, we find Vint, which is
equivalent to the gate bias of T3, as a function of the T1
and T2 widths W1 and W2 and threshold voltage mismatch
(∆Vth = Vth2 − Vth1):

Vint =

(
ln

(
W1

W2

)
nVT + ∆Vth + ηVbias − Vin

)
/ (λ+ 2η) .

(2)

The current mostly flows through T3, which is in the linear
region [14] around the V-NDR peak. The current of T3 as a
function of Vin is

IT3 (Vin) = µCOX
W3

L3

[
(Vint (Vin) − VT3)Vin − V 2

in

2

]
.

(3)

By maximizing IT3 as a function of Vin, we can obtain the
V-NDR peak voltage and current by:

Vpeak =
ln
(

W1

W2

)
nVT + ∆Vth − (λ+ 2η)Vth3 + ηVbias

2 + λ+ 2η
(4)

Ipeak =
W3

L
µCox

×

(
ln
(

W1

W2

)
nVT + ∆Vth − (λ+ 2η)Vth3 + ηVbias

)2

2 (2 + λ+ 2η) (λ+ 2η)
.

(5)

The V-NDR circuit enters the valley region when Vin pulls
Vint to zero and turns off T3, in which case the current is
limited by the leakage currents of T1 and T3. Equations (2)-(4)
show the V-NDR characteristics can be designed by adjusting
the T1 and T2 size and Vth mismatches as well as the terminal
voltage Vbias.
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Fig. 4. Model and SPICE comparison of 3T V-NDR circuit using 45 nm
commercial CMOS library for (a) I versus Vin and (b) Vint versus Vin.

D. Model validation

This model describes qualitative features of the V-NDR
circuit as the comparison with SPICE simulations shows in
Fig. 4. Good agreement is found for Vint and INDR with
Vin < 0.1 V. The current mismatch for high Vin in Fig. 4
(a) is due to the oversimplified current equation for T3, which
only works in linear region and is targeted to predict peak
current and voltage.

TABLE I
NDR AND MRAM PARAMETERS FOR THREE DIFFERENT MRAM READ

OR WRITE DESIGN.

MRAM NDR
MRAM Operation RP TMR Vdd W3 Vbias

STT-MRAM Write 5 kΩ 150% 0.8 V 1200 nm 0.85 V
STT-MRAM Read 5 kΩ 150% 0.4 V 550 nm 0.8 V

MeRAM Write/Read 50 kΩ 150% 1 V 210 nm 0.6 V

To validate the model functionality, we use it to guide
NMOS V-NDR designs for representative MRAM read and
write applications using either spin transfer torque (STT-
MRAM) or magnetoelectric memory (MeRAM) technologies.
The parameters of MRAM and corresponding V-NDR are
specified in Table I. Since data on MTJ resistance of commer-
cial MRAMs is not widely available, we choose illustrative
values of 5 kΩ for STT-MRAM P resistance and 50 kΩ
for MeRAM, which fall within the reported range for these
technologies [9, 15, 16]. Higher TMR gives rise to larger
design margin, so we use 150% as a baseline, noting that
TMR up to 180% has been demonstrated in commercial STT-
MRAM [17]. With these parameters, we design the V-NDR
to allocate its peak current point between the RAP and RP

load lines (see Fig. 1 (a)). We also use HSPICE to simulate
the peak current point and its margin (the current difference
from peak current point to RAP and RP load lines), which are
plotted in Fig. 5. All predicted V-NDR peak current points lie
close to the center of the simulated design margin, supporting
the model.

III. EXPERIMENTAL AND NUMERICAL VALIDATION

In this section, we validate the proposed applications of
NMOS V-NDR in MRAM through experiment and simulation.
In III-A, we measure the response of a V-NDR circuit in series
with a voltage-controlled MTJ (VC-MTJ) as a function of time
and applied magnetic field to illustrate how write termination
and read margin amplification can occur for a single memory
cell. This helps validate the concept and advantages of our
approach at the device level (for reading/writing a single cell).
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design margins.

The switching of VC-MTJ is mostly controlled by voltage
dropped across the device. Hence VC-MTJ usually has a high
resistance to lower switching current and energy. Though VC-
MTJ is used in the experiment, the demonstrated concept can
be extended to other resistive memory devices, like STT-MTJ.
However, device and circuit variability play an important role
in the actual performance of real MRAM arrays. To prove that
the demonstrated cell-level improvements can survive these
effects, in section III-B we use Monte Carlo circuit simulations
to show the robustness of the energy savings and accuracy
improvements accounting for circuit variation.

A. V-NDR MTJ Experiments

As discussed above, we build a NMOS V-NDR circuit by
wiring pre-fabricated MOSFETs on a single die, with the
resulting characteristics shown in Fig. 3. We connect this
circuit in series with a 50 nm diameter voltage-controlled
MTJ [9]. The stack structure of the MTJ consists of bot-
tom electrode/Co20Fe60B20(1.1)/MgO(1.4)/Co20Fe60B20(1.4)/
Ta(0.25)/[Co/Pd]10/top electrode (numbers in parentheses are
thicknesses in nm).

The experimental MTJ can be switched between the AP
and P states by either tuning the applied voltage (of order 0.4-
0.7 V, corresponding to current of 1-2 µA) or an externally
applied out-of-plane magnetic field. A sample MTJ R − H
curve is shown in Fig. 6. The MTJ is bistable for external
fields between -1400 G to -1200 G, where stochastic switching
between the P and AP states occurs due to thermal activation;
outside the bistable range, the MTJ state can be determinis-
tically controlled. The AP- and P-state resistances are around
320 kΩ and 240 kΩ under a voltage bias of 0.1 V.

The external wiring and transistor size limitations make the
response time of our V-NDR circuits (∼ 1 ms) much slower
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Fig. 6. Experimental MTJ resistance (RH = 320 kΩ, RL = 240 kΩ) as a
function of external magnetic field.

than the internal switching time of our MTJs (∼ 1 ns), so
that at present we cannot observe the switching on the internal
time scale of the MTJs. Therefore, in these experiments, rather
than relying directly on current-driven switching, we first use
the external magnetic field to control the MTJ and avoid
MTJ thermal activated switching during the V-NDR response
time, as shown in Fig. 7. This is not a fundamental constraint
since on-chip V-NDR circuits using nanoscale transistors can
easily operate at higher speeds (on the order of ps) than MTJ
switching times. By sweeping the external field magnitude,
we could switch the MTJ from its AP to P state and back and
observe the current response of the combined circuit. As seen
in Fig. 7, a steep decline in current occurs when the MTJ
switches from AP to P, pushing the V-NDR from the peak
region 1 (see Fig. 1 (a)) into the valley region 2 ; the low
current is maintained even after the junction switches back to
AP because the valley point 2 is a stable state.

To better demonstrate write termination, we next initialize
the MTJ in the AP state and then situate it in the bistable
region by adjusting the external magnetic field to -1.34 kG.
We then measure the current through the circuit (equivalent to
the write current) as a function of time. In this regime, the MTJ
can switch states due to voltage controlled magnetic anisotropy
(VCMA) or spontaneous thermal activation [18]. The resulting
measurement of current versus time is shown in Fig. 8. We
observe around the 7.5 ms mark that the write current drops
dramatically by a factor of 40 (from 1.2 µA to 25 nA), owing
to the switching of the MTJ from the AP to P state at that
time. Once this switching occurs, the V-NDR reaches its new
stable point in the valley region and the current reaches and
stays at a very low level. This mimics how write termination
can occur in a real MRAM application when writing from AP
to P states. As before, the application of an external magnetic
field in this experiment is simply to bias the MTJ in bistable
regime and thus lengthen the time scale of the switching so
it becomes visible with our instrumentation and circuits. In a
practical MRAM array, no external magnetic field is present
and the time scale of switching will be far faster, as noted, but
the effect of the V-NDR circuit remains the same.

We note that the intrinsic resistance ratio of the MTJ used
in this experiment is only 1.33X as shown from the high and
low resistance in Fig. 6 (=320 kΩ/240 kΩ at 0.1 V). This ratio
should further reduce if a higher bias is applied to the device
[17]. The effective TMR of 33% is smaller than that reported
for other experimental MTJs in the literature, so our device
is not fully optimized; nonetheless, the difference in current

Fig. 7. Current through series-connected V-NDR and MTJ as external field
is cycled to switch the MTJ from AP to P and back.
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Fig. 8. Time-dependent measurement of MTJ-V-NDR current for MTJ
initially in AP state and with external magnetic field of -1.34 kG biasing
the device in the bistable region. VCC = 0.6 V for this measurement. Note
the drastic reduction in current through the circuit around 7.5 ms from 1.2
µA to 25 nA due to switching of the MTJ from the AP to P state.

between the two states once the V-NDR is introduced is far
greater and amplified to in excess of 40X (=1.2 µA/25 nA in
Fig. 8 and likewise in Fig. 7). This shows how read margin
between the AP and P states can be drastically improved by
30X (=40X/1.33X) by using V-NDR during the read process.
The improvement in current ratio may actually even more
greater than 30X because the effective voltage drop across
the MTJ is estimated to be around 0.3-0.4 V in the series
connection, and the device TMR is likely to be lower than
33% (measured at 0.1V voltage bias) at high MTJ bias. As
this demonstration was performed using preexisting MTJs and
NMOS devices whose characteristics were not optimized for
usage in V-NDR applications, we expect that even greater
quantitative improvements will be possible for a pre-designed
and integrated implementation in MRAM.

B. Array-level Variability Study

−10 0 10 20 30 40
 0 

20%

40%

60%

80%

 1 

Shift in V
th3

 (mV)

W
ri

te
 E

n
e

rg
y

−10 0 10 20 30 40

10
−9

10
−7

10
−5

10
−3

10
−1

W
ri

te
 e

rr
o

r 
ra

te

Fig. 9. Simulated write energy (normalized to conventional write scheme) and
WER (right axis) vs. threshold voltage shift of T3 for 25 fF bit-line load (256
1T-1M cells per bit-line). The WER is extracted from 10 billion Monte-Carlo
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MTJ device parameters can be found in Table II.
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The write termination and increased read margin charac-
teristics that are experimentally observed can significantly
improve the power consumption and reliability of MRAM [7].
At the array level, process variation and write error rate [19]
are also main concerns due to the low TMR and stochastic
switching behaviour of MTJs. We have proposed that V-
NDR can also improve MRAM performance by reducing read
disturbance. To quantify these improvements and evaluate their
robustness in the presence of device fluctuations, we perform
Monte-Carlo simulations of STT-MRAM read and write op-
erations including NMOS V-NDR circuitry and considering
both transistor and MTJ process variations [18] except for Fig.
10, where 3-σ-corner resistance are used for simulating read
margin. The MTJ parameters used in our simulations can be
found in Table II [18].

The dominant source of variability in the V-NDR circuit
is the threshold voltage Vth3 of the T3 transistor in Fig. 1
(a), which affects Ipeak and PVR. In Fig. 9, we observe how
the write energy improvement and write error rate (WER) for
V-NDR-assisted operation vary with shifts in Vth3. As Vth3
increases, Ipeak reduces according to (4); this causes write
termination to occur earlier during switching and reduces write
energy but increases WER. For typical system requirements
of WER < 10−9 [7, 20], Vth3 can vary over 35 mV while
maintaining write energy savings from 20% to 80%. Please
note that the MTJ variation has been included in the WER
and read disturbance rate (RDR) simulation, which is shown
in details in Table II. Similarly, we examine the impact on
read margin in Fig. 10 and find that large voltage read margins
(source-line voltage difference for reading AP and P) in excess
of 250 mV can be sustained over a 60 mV window in Vth3.
In practice, NMOS V-NDR circuits can be designed with
large diffusion areas to minimize Vth3 shifts to nearly zero,
providing more than sufficient design margin.

We also simulated RDR for bit-line size from 25 fF
to 400 fF. In STT-MRAM’s precharge-and-sense read [21],
the precharging/discharging current flowing through STT-MTJ

TABLE II
VARIATION PARAMETERS FOR STT-MTJS IN THE SIMULATIONS OF

WRITE ERROR RATE AND READ DISTURBANCE RATE.

Parameters Mean Variation
Diameter 50nm σ=1nm

MgO thickness 0.9nm σ=0.003nm
TFL 1.18nm σ=0.003nm

Resistance 2KΩ / 5KΩ Depending on MgO and Diameter



REFERENCES 6

may falsely switch its state. In a V-NDR assisted read, the
circuitry is designed such that the precharging/discharging
current tries to switch MTJ to AP, and V-NDR is designed
to allow peak and valley current for AP and P states respec-
tively. This minimizes the disturbance current (i.e., P-to-AP
switching). In the read, larger bit-line load leads to more
precharging/discharging current and more read disturbance.
The read disturbance rates of design with and without V-NDR
are shown in Fig. 11 as a function of load size. V-NDR shows
109 X read disturbance reduction for bit-line load below 200
fF. With 10−9 error rate as a requirement, V-NDR improves
the maximum bit-line load size from 30 fF in conventional
read to 250 fF.

IV. CONCLUSION

We propose, model, and experimentally demonstrate a
NMOS V-NDR circuit to improve MRAM write efficiency
and read reliability. Experiments with MTJs demonstrate write
termination and read margin improvement and show amplifi-
cation of current ratio to 40X upon switching, even with un-
optimized V-NDR and MTJ devices. Large scale Monte Carlo
simulations similarly demonstrate large power and reliability
improvements in the presence of device variability. Though our
experiments are obtained using VC-MTJs and STT-MTJs, the
same design can be applied to improve read/write circuitry for
a wide array of magnetic and nonmagnetic resistive memories.
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