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This letter presents magnetic tunnel junction based spintronic devices
completely implemented in a hybrid semiconductor process that com-
prises a complementary metal oxide semiconductor and a magnetic
tunnel junction technology. To demonstrate the coexistence of both
complementary metal oxide semiconductor circuits and magnetic tun-
nel junction based spintronic devices, a proof-of-concept circuit pro-
totype comprising 40 spintronic devices and a digital complementary
metal oxide semiconductor serial peripheral interface is fabricated. Ac-
cording to measurement results, a selected spintronic device from the
magnetic tunnel junction array, when surrounded by an external out-of-
plane magnetic �eld of 1 kOe, emitted microwave signals from 2.235 to
2.464 GHz with an output power from 0.88 to 0.72 nW, when the DC
current was increased from 0.6 to 1.0 mA. To the authors’ best knowl-
edge, this is the �rst work demonstrating the functionality of spintronic
oscillators fully integrated in complementary metal oxide semiconduc-
tor circuit implemented in a hybrid complementary metal oxide semi-
conductor and magnetic tunnel junction process.

Introduction: Since a decade, there has been a rising interest in
the development of magnetic tunnel junction (MTJ) devices due to
their low-power consumption, compactness, complementary metal ox-
ide semiconductor (CMOS) compatibility and multi-functionalities for
both memory- and microwave-related applications. Spin-transfer torque
(STT) based memory, for instance, is a promising candidate for uni-
versal memory technology where the MTJ’s STT and tunnel magneto-
resistance (TMR) effects are exploited [1]. Moreover, based on the STT
effect, via injection of a DC current into an MTJ, such devices can also
emit microwave signals [2]. The MTJ device of this type is known as
spintronic oscillator (STO), a natural current-controlled microwave os-
cillator and particularly attractive for microwave engineering due to its
advantages compared to conventional semiconductor oscillators. For in-
stance, STOs usually occupy an area of< 0.1µm2, which are much more
compact than their semiconductor counterparts such as LC voltage con-
trolled oscillators (0.1Š1 mm2) and ring oscillators (0.01Š0.1 mm2). In
addition, they also offer bene�ts such as design and control simplicity,
broad frequency range (1Š20 GHz) as well as CMOS compatibility [3].

State of the art:Despite the intensive developments so far, all these
unique properties of MTJs have been realised separately, using dedi-
catedly optimised MTJ stacks. Especially for the microwave function-
alities, although MTJ-based STOs are claimed to be compatible with
CMOS technologies [3], their functionality that has been demonstrated
comes only from STOs fabricated in standalone MTJ processes. For in-
stance, the spintronic devices used for GHz-signal generation in [3, 4],
signal modulation in [5–7], wireless communication in [8, 9], as well
as ultra-fast spectrum analysis in [10], are all standalone MTJ devices
fabricated on a single MTJ stack without any other active semiconduc-
tor devices. Therefore, to bring spintronic devices into radio frequency
(RF)-related markets, it is hence a milestone step to merge the
microwave-oriented MTJs with conventional CMOS technologies and
to verify the feasibility.

Fig 1 SimpliÞed schematic of the proposed 40 MTJ-based STO array

In fact, one of our recent works in [11] has demonstrated the sen-
sor and RF functionalities of the MTJ-based spintronic devices in a hy-
brid CMOS–MTJ process. However, the MTJs from [11] were still MTJ
individuals neither employed in nor combined with any other CMOS
circuits. As a follow-up step, this work is aimed to demonstrate the mi-
crowave functionality of spintronic devices utilised in CMOS circuits
fully implemented in an optimised CMOS–MTJ process that is based on
the technology developed in [11]. To the best knowledge of the authors,
this is the �rst work demonstrating the RF functionalities of the spin-
tronic devices with CMOS circuits in a single semiconductor process.

Circuit design and implementation:To demonstrate the compatibility
of MTJ-based STO devices with CMOS technology, a minimal struc-
tural unit is implemented, where an STO individual is connected in se-
ries with a CMOS switch. This switch is implemented using a trans-
mission gate (TG) to provide a bi-directional current �ow through the
STO. The on–off state of the STO device can be de�ned via the TG,
which is controlled through an on-chip SPI. Moreover, theW/ L ratio
of the nMOS and pMOS transistors comprising the TG are 20/0.18 and
30/0.18, respectively, which is a design compromise between DC resis-
tance and parasitic capacitance of the TG. The simulated TG’s DC series
resistance and parasitic capacitance are 30� and 20 fF, respectively.
The diameter of a single STO is set to be 100 nm, which is, according
to simulation results based on our Verilog-A model proposed in [12],
an optimised result to provide the STO with the optimal overall perfor-
mance. Furthermore, to ef�ciently characterise a certain number of STO
devices and to save silicon area required by the pads for wire-bonding
purposes, an STO device array is designed, where forty 1 STOŠ1 TG
units are connected with each other in parallel. The numberforty is cho-
sen as a result of design compromise between the STO device number
and parasitic capacitance and inductance introduced by the connections
and wiring among the 1 STOŠ1 TG units. Simulation results show that
the connections, wiring with the input source line (SL) or output bit line
(BL) pad of the array have a total parasitic capacitance of 1.2 pF.

Figure 1 shows the simpli�ed schematic of the 40 STO arrays. A
circuit prototype was fabricated in a hybrid CMOS–MTJ technology
that consists of a front-end-of-line implemented in a TowerJazz 180 nm
CMOS, an MTJ stack optimised, deposited and tempered in Singulus as
well as a back-end-of-line (BEOL) implemented in a TowerJazz 130 nm
CMOS. The two different CMOS �ows were combined together due to
design trade-offs between device performances and fabrication costs.
Figure 2(a) depicts the layer composition of the MTJ stack dedicated to
provide MTJ-based STO devices with the microwave generation func-
tionality. Figure 2(b) details the layer composition of the entire hybrid
CMOS–MTJ process. The CMOS active layer, the �rst and second metal
layers M1 and M2 were fabricated in a TowerJazz 180 nm CMOS tech-
nology. The MTJ stack with its top and bottom electrodes MM1 and
MM2 was located between the third and the fourth metal layers M3
and M4. The BEOL comprising the metal layer M4 and the other layers
above it was implemented in a TowerJazz 130 nm CMOS technology.
Figure 2(c) shows the layout view and chip photograph of the fabricated
MTJ array. The MTJ array that contains 40 1 STO–1 TG units occupies
only a silicon area of 80µm × 90 µm.

Experimental results:The circuit prototype was wire-bonded and mea-
sured on a test PCB, where its supply voltageVDD was set to 1.8 V. An
external 0.5 MHzŠ26.5 GHz bias tee (Marki BTN1-0026) was used to
extract the generated signalVMTJ from the MTJ array output SL.VMTJ
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