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Abstract

The quantum-dot cellular automata (QCA) computational paradigm provides a means to achieve ultimately low
limits of power dissipation by replacing binary coding in currents and voltages with single-electron switching within
arrays of quantum dots (“cells”). Clocked control over the cells allows the realization of power gain, memory and
pipelining in QCA circuits. We present an experimental demonstration of a clocked QCA two-stage shift register (SR)
and use it to mimic the operation of a multi-stage SR. Error-bit rates for binary switching operations in a metal tunnel
junction device are experimentally investigated, and discussed for future molecular QCAs.
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The exponential growth in functional com-
plexity of digital integrated circuits (ICs) in the last
three decades is based on successful downscaling
of the “work-horse” of modern electronics, the
field-effect transistor (FET). As FETs become
smaller, however, effects such as sub-threshold and
gate leakage (to name two) and increasing device
density eventually will lead to intolerable levels of
power dissipation. For instance, the power dissi-
pation per area of a Pentium®-4 chip is compara-
ble to that of a home electric range-top unit, and
the situation is getting worse as FETs continue to
shrink. The main reason for this is that despite vast
improvements in IC fabrication technology, the
role played by FETs is still to essentially mimic
current switches much like the electro-mechanical
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relays used since the 1930s. Therefore, in order to
achieve minimal power dissipation, it becomes
necessary to search for ways to encode and process
binary information that are not based on current
switch-like paradigms.

The search to find ways to perform binary op-
erations with minimal power dissipation has a long
history. Keyes and Landauer [1] suggested using a
physical system which could be taken continuously
from a monostable into a bistable state and back
to monostability (MBM) in a cyclic fashion (Fig.
1). Here, a particle in a time-varying potential well
encodes binary “0”’ and binary “1” as the position
of the particle in one of the wells. At the initial
phase (Restore), the system is in the monostable
state where it is not affected by inputs. During the
Switch phase the system is transformed from the
monostable to a bistable state where the particular
binary state is chosen by the external input, so that
the binary information becomes stored in the sys-
tem. During the Hold stage the information is
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Fig. 1. Three states of the system [1]: (1) Switch, (2) Hold, and
(3) Restore.

preserved and the particle in the well acts as an
input for the subsequent stage (e.g., by means of
Coulomb interaction). Finally, the system returns
to its initial Restore state.

By changing the barrier slowly compared to the
characteristic settling time of the system (quasi-
adiabatically), the energy dissipated in the process
can be minimized below the Boltzmann limit
kTIn2. (For comparison, the power dissipation in
contemporary FET-based logic is about 10% x kT
per bit operation [2]). Application of these ideas to
the case of single-electronics leads to the invention
of binary logic devices where information is en-
coded in the positions of single-electrons within
coupled “cells” [3,4]. Lent et al. [3] developed a
complete set of binary transformations to imple-
ment basic logic functions using geometrically ar-
ranged cells composed of four quantum dots
arranged in the corners of a square and charged
with two extra electrons. This paradigm is known
as quantum-dot cellular automata (QCA). Cyclical
control over the barriers (clocking) in QCA [5]
offers a way to realize the scheme [1] in various
physical systems exhibiting Coulomb blockade. It
also provides the means for information storage
(Hold) so that a cell remains polarized even in the
absence of the input signal. This makes pipelining
possible, so that a large QCA array could be split
into smaller sub-arrays, powered by separate clock
lines and working on different parts of computa-
tional problem.

Theoretical calculations [6] and experiments [7]
recently demonstrated power gain in clocked QCA
needed for the logic level restoration. To achieve
the lowest levels of power dissipation, QCA arrays
could be switched quasi-adiabatically (using clock
signals ~10 times slower than the tunneling time

[5]). For future molecular implementations of
QCAs, theoretical calculations [5] show picosec-
ond switching times for quasi-adiabatic schemes
operating at room temperature. While the goal
of making minimal size QCA arrays could be
achieved using molecules, molecular QCA tech-
nology is not yet available. However, it is possible
to build a working prototype using any system
exhibiting Coulomb blockade in electron transport
between dots forming the cells. The implementa-
tion of the MBM scheme for the classical metal
system with tunnel junction (TJ) barriers was
suggested in [5] and later refined in [8]. Toth and
Lent applied the clocking scheme to a metal QCA
system in [9], and a basic unit—a QCA latch—was
experimentally demonstrated in [10]. Here we
present the results of experimental studies of a
two-stage QCA shift register (SR) and discuss its
inherent error statistics.

To fabricate a metal-dot QCA SR we use alu-
minum TJ technology which combines electron
beam lithography (EBL) with a suspended mask
technique and in situ oxidation [11]. Using this
method, thin-film aluminum dots separated by TJs
are produced. The advantages of this technology
are its simplicity (only three processing steps: di-
rect EBL writing, development, and metal depo-
sition with oxidation); good uniformity (TJ
resistance in one run typically varies by only 20—
30%); and a high yield (>90%) for a large number
of junctions (>50) produced simultaneously. A
charging energy of Ec ~ 1 meV of the aluminum
“dots” limits the operating temperature to about 1
K. To satisfy the condition Ec > kT the experi-
ments are performed in a dilution refrigerator at
the temperatures 50-200 mK. Standard lock-in
techniques are used to measure conductance of
single-electron transistors (SET) acting as elec-
trometers. To suppress the superconductivity of
aluminum, experiments are performed in a mag-
netic field of 1 T.

An SEM micrograph of the SR is shown in Fig.
2. The device consists of two QCA latches [10] L1
(made of dots D1-D3), L2 (dots D4-D6), and two
readout electrometers E1 and E2. The two latches
are coupled to each other by means of lateral ca-
pacitors, Cc. Each latch consists of three micron-
size Al “dots” separated by multiple TJ (MTJ); the
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Fig. 2. SEM micrograph of the QCA SR.

area of each junction is about 50 x 50 nm. The
MT]J design is used to suppress second-order tun-
neling processes [12] which can result in the loss of
information during the hold time. SET electro-
meters E1 and E2 are used to measure the states of
L1 and L2 respectively.

The operation of the QCA SR of Fig. 2 is
presented in Fig. 3. At the starting point, ¢y, both
L1 and L2 are set to the monostable, or “null”
state. First, latch L1 is activated, i.e. switched from
the null to a bistable state, while L2 is kept in the
null state. To activate L1, first a small differential
signal VN corresponding to logical “0” (logical
“17) is applied to the inputs at ¢ (¢;) (Fig. 3). L1
remains in the null state until CLK1 is set HIGH
at 1, (t3) (note that clock HIGH is actually negative
voltage). When CLKI1 is set high, L1 becomes
active, and an electron is transferred to D3 (D1).
The Coulomb barrier separating the end dots is
now high, so the electron is now locked in D3
(D1). Once L1 is locked, the signal input is re-
moved at #; (t) and the state of L1 no longer de-
pends on the input signal for as long as CLK1
remains HIGH. The dipole electric moment cre-
ated by locking an electron in D3 acts as the input
signal for L2 in that D6 is biased negatively rela-
tive to D4. Next, L2 is activated (CLK2 is set
HIGH) at #; (#0). As a result, an electron in L2
switches from D5 to D4. L2 holds the bit after
CLKI1 is removed at #5 (¢1,) for as long as CLK?2 is
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Fig. 3. Operation of the two-stage SR. Phase-shifted clock
signals are applied to two capacitively-coupled latches to
propagate binary information from one latch to the next in a
sequential manner controlled by the clock. Five successive
traces are overlaid to demonstrate the level of repeatability.

high (until # (#2)). At this point in time the SR
returns to its initial null state and is ready to re-
ceive new binary input.

To summarize, the cycle describing the opera-
tion of a QCA SR is as follows: both L1 and L2
are in null state — input applied to L1 — CLK1 is
applied and L1 is active —input removed, L1
stores the bit— CLK2 is applied and L2 is ac-
tive — CLK1 is removed, L2 stores the bit—
CLK2 is removed, both L1 and L2 are back to null
state. We can see that the QCA SR operates ex-
actly as predicted in [8,9]. An interesting feature of
this design is that either latch can be used as an
input to the other, providing means for bidirec-
tional computation.

One of the crucial parameters for every logic
device is the speed of switching for binary opera-
tions. The operational speed of the QCA latch is
determined primarily by the tunneling time of the
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electron (1 ~ R;C; ~ 10719 s, where Ry ~ 3 x 10° Q,
and C;~3x 107! F are the resistance and the
capacitance of the junction, respectively). For
quasiadiabatic operation this gives the switching
“speed limit” of the order of 1 ns for this AI/AIO,
prototype. Due to much lower total capacitance
(C~ 107" F), the expected switching speed is of
the order of picoseconds for future molecular
QCAs. Note that the clock speed in our current
experiment is limited not by the switching speed in
the latch, but by parasitic RCs in the electrometer
circuits. Since the temporal resolution of the SET
readout is about 0.2 ms, any events occurring at a
higher rate simply cannot be resolved by the de-
tector. To solve this problem, a radio frequency
SET electrometer [13] will be used in future ex-
periments.

We now show that the two-stage SR can be
used to replicate the propagation of a single bit
through a multi-stage SR. In a multi-stage SR, a
bit is first written into the circuit by the input and
then propagated using each latch as an input to the
next stage. The same situation can be simulated
using the two-stage SR by moving the bit back and
forth from one latch to the other. Initially, a bit is
written into the first latch by the input. Using L1
as input, the bit is moved into L2 after which L1 is
turned off. Then using L2 as input, it is copied
back into LI, and L2 is turned off. This process
can be repeated a number of times to achieve the
same effect as transferring a bit through a long line
of latches.

Fig. 4 shows the timing diagram of the experi-
ment. The following describes the switching se-
quence. (a) All the signals are zero and the two
latches are in the null state. (b) The input (binary
“0”) is applied and (¢) CLKI is set HIGH, L1
switches, storing the bit in L1. (d) The input is
removed, so subsequent behavior of the system is
no longer influenced by external inputs. (¢) CLK2
is set HIGH, and L2 switches using L1 as its input.
The bit is now stored in L2. (f) L1 is set to null
(CLK1 set LOW). (g) Instead of applying the
CLK1 to a third latch in the line, it is applied to L1
which sees L2 as an input and switches accord-
ingly. The bit is stored once again in L1. (h) CLK2
is set LOW and L2 switches to null. To simulate a
line of 11 latches, 11 clock pulses (6 CLK1, and 5
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Fig. 4. Experiment simulating a multiple-stage SR. An input is
applied only at the beginning to write a bit. Then, the bit is
transferred from one latch to the other. In the second half of the
experiment, the sequence of events is repeated with an input of
the reverse polarity.

CLK2) are used. This sequence is then repeated
with an input of the opposite polarity (binary “1°°)
to verify that bit inversion at the input leads to the
bit inversion at the output.

No degradation in the voltage levels is observed
as the bit is moved back and forth between the
latches due to the ability of QCA to exhibit power
gain [6,7]. The energy needed for power restora-
tion is provided by the clock signals just as by
conventional power supplies for FET logic. How-
ever, it is not the case that no errors in bit prop-
agation are observed. Fig. 4 is an example of a
sequence that presented zero errors, but this is not
always the case. Therefore, it is critical to examine
the source of errors in QCA SR operation and
their relative probabilities of occurrence.

There exist several potential physical mecha-
nisms causing errors in operation of a single-
electron latch [8]: (a) static errors, corresponding
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to the loss of information during the retention
time; (b) “switching errors” caused by the proba-
bility for a system to switch to the energetically
unfavorable state due to thermal fluctuations and
coupling to external noise sources; (c) dynamic
errors, which occur when the switching speed is
too high compared to the tunneling rate, so that
the relaxation to the final state cannot be accom-
plished. The analysis of the experimental data
shows that the performance of our SR device is
limited by the switching error:

Dsw :056Xp(—A/kT)7 (1)

where 4 ~ 0.2 Ec is the energy difference between
the electron states in the end dots caused by the
input voltage [8]. Experimental data in Fig. 5
(triangles) show that switching errors in the input
latch decrease exponentially with increasing ex-
ternal input signal, Vn. However, the signal pro-
duced by a QCA latch that acts as an input for a
subsequent latch in a line of latches is fixed due to
the discreteness of the electron switching mecha-
nism. The interaction between the two latches is
set by the latch-to-latch coupling. Therefore, the
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Fig. 5. Experimental switching error in QCA latch and SR as a
function of external input signal at 7 = 70 mK. Triangles show
switching error of the input latch to which external signal is
applied; solid dots show switching error measured in the output
latch driven by the input latch. Solid line show calculations (Eq.
(1)) for T = 100 mK. Error bars correspond to (Py,)">.

latch-to-latch switching error remains constant
independent of the input.

If the probability of error-free operation for a
latch is gg = 1 — psw, then the switching error for
a line of n identical latches is:
1= g4 2)

For the device studied here, the pg, ~ 0.04 in
latch—latch switching operation, so that for a line
of 11 latches, pgyiine = 0.36. This number is rather
high compared to error rates achievable in other
low-switching energy digital circuits, such as
single-flux quantrons, with p < 1072 [14]. But as
QCA elements shrink (and corresponding charging
energy grows) the probability of switching error is
reduced dramatically. For example, in a molecular
QCA system operating at 77 K, with Ec =~ 1 eV,
the switching error rate in a QCA latch is reduced
to the level of py, ~ 4 x 107!4, thus ensuring reli-
able operation of multistage SRs.

To conclude, we experimentally demonstrate
the operation of a QCA two-stage SR operating at
T ~ 100 mK. Though the current prototype op-
erates only at low temperatures, future generations
of the QCAs are expected to work at higher tem-
peratures with much better performance in speed
and reliability than existing metal TJ prototypes.

Psw.line =
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