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Abstract and Introduction:
Modern day electronics, which are based on complementary 
metal-oxide semiconductor (CMOS) technologies, are 
reaching limitations. As CMOS technologies are scaled, 
power dissipation increases beyond reasonable levels for 
applications. This is causing an increase in the demand for 
alternative or hybrid technologies. One promising approach 
is magnetic quantum-dot cellular automata (MQCA), which 
is nonvolatile and lower power. MQCA have the capability 
to perform all primitive Boolean functions including 
majority gate which is a universal logic that is inefficiently 
realized in CMOS technologies. Limited experimental 
demonstrations with single magnetic layers showed these 
basic logic functions; however, they could only be read with 
magnetic force microscopes and are not in a usable form for 
integration with technology [1,2].

Our goal was to fabricate MQCA devices with magnetic 
tunnel junctions (MTJs) [3] which will allow us to utilize 
magneto resistance to electrically read, measure real 
time operation, speed, and reliability for the first time. 
MTJs consist of two ferromagnetic layers separated by a 
nonmagnetic spacer layer. Electrons can tunnel through 
the barrier when a current is applied across the top and 
bottom electrodes. The magnetic direction of the bottom 
ferromagnetic layer only lies in one direction and is 
called the fixed layer. The magnetic direction of the top 
ferromagnetic layer can be switched between parallel and 
antiparallel to the fixed layer and is called the free layer. 
When the free layer is parallel to the fixed layer, electrons 
can pass freely through the barrier, and the resistance is low. 
However, when the free layer magnetization is antiparallel 
to the fixed layer, electrons cannot pass easily through the 
barrier, and the resistance is high.

MQCA are nanomagnets that become magnetically 
coupled due to dipole-dipole interactions when in close 
proximity (~ 30 nm). The magnetic moment of each ellip-
tical nanomagnet has two stable ground states. If the 
nanomagnets are aligned with their long edges together, 
they will couple antiferromagnetically; if the nanomagnets 
are aligned with their short edges together, they will couple 
ferromagnetically [2]. Logic can be performed by applying 
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a magnetic field to input magnets to switch their state. This 
causes a chain reaction in which the states of the remaining 
magnets switch in a domino-like fashion dependant on the 
state of the adjacent magnets.

There are several key challenges to fabricate MTJ-based 
MQCA. First, 100 nm × 200 nm features need to be resolved 
with 30 nm of spacing or less. Second, ion milling needs to 
transfer the patterned features to the MTJ while maintain the 
pattern’s integrity. Finally, top electrodes near the elements 
must be 80 nm wide and spaced next to each other within 80 
nm so that adjacent elements can be contacted.

Furthermore, the top electrodes need to be aligned within 
50 nm so that only one MTJ element is contacted by each 
electrode.

Experimental Procedure:
We began the fabrication process with a silicon wafer. 
A magnetic tunnel junction stack and capping layer was 
deposited on the wafer. Photolithography techniques were 
used to pattern the bottom electrodes, and ion milling to etch 
and expose the bottom electrodes. Electron beam (e-beam) 
lithography was used, with positive resist, to pattern the 
MQCA elliptical features. Titanium was deposited using 
e-beam evaporation followed by liftoff. Ion milling was 
used to define the MQCA pillars in the MTJ film. Figure 1 
a) and b) show an optimized majority gate before and after 

Figure 1: a) Majority gate before milling,
b) Majority gate after milling.
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ion milling, respectively. The dose for e-beam lithography 
was finely tuned to account for the proximity effect and non-
ideal pattern transfer from the ion milling.

Silicon dioxide was deposited over the wafer to isolate the 
bottom and top electrodes. Photoresist and reactive ion 
etching were used to planarize and expose the top of the 
MTJ pillars. Photolithography and reactive ion etching were 
used to form contact vias to the bottom electrodes. Finally, 
e-beam lithography and photolithography were used to 
form the top contacts. E-beam lithography was used near 
the MTJ elements where the 80 nm wide electrodes with 
80 nm spacing and 50 nm alignment was required. E-beam 
evaporation was used to deposit the top contact followed 
by liftoff. Then photolithography, e-beam evaporation, and 
liftoff was used to pattern the large contact pads.

Results and Conclusions:
We fabricated MQCA devices using magnetic tunnel 
junctions to allow direct reading of individual elements. 
After several trial patternings, we achieved 100 nm × 200 nm 
MQCA elements with 30 nm or less spacing and 80 nm wide 
contact electrodes with 80 nm spacing as shown in Figure 
2. The contact electrodes were repeatedly aligned within 
50 nm using a manual alignment procedure we developed. 
The electrical measurement shown in Figure 3 indicates 
contact was achieved from the bottom and top contacts. 
Figure 4 shows that a magnetic signal was successfully 
measured signifying that the contact is indeed through the 
MTJ element. Future work will include improving magneto 
resistance measurements, which will allow us to measure 
real time operation, speed, and reliability of the devices.
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Figure 4: Magnetic signal for MQCA device.

Figure 2: Alignment between MQCA
features and contact electrodes.

Figure 3: Resistance for MQCA device.




