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Power gain in a quantum-dot cellular automata latch
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We present an experimental demonstration of power gain in quantum-dot cellular au(Q@#ta
devices. Power gain is necessary in all practical electronic circuits where power dissipation leads to
decay of logic levels. In QCA devices, charge configurations in quantum dots are used to encode and
process binary information. The energy required to restore logic levels in QCA devices is drawn
from the clock signal. We measure the energy flow through a clocked QCA latch and show that
power gain is achieved. @002 American Institute of Physic§DOI: 10.1063/1.14995111

In all practical electronic circuits, dissipation of signal demonstrated in Ref. 7. In the QCA latch, a bit is encoded by
power occurs through irreversible loss processes. For athe presence of an electron in the top or bottom dot and is
electronic architecture to be viable, it must have a mechadetected by measuring potentials on these dots. An electron
nism for restoring signal power. In conventional electronicoccupying the top dot would induce a negative potential on
devices, power lines and transistors are used to achiewde dot and is considered a polarization of 1" and a bit
power gain and logic level restoration. While there are convalue of “0” and vice versa.
ventional logic schemes, such as those based on pass transis- It is helpful to have a nomenclature that classifies the
tors, that do not provide power gain, signal degradation ocbehavior of the latch according to the clock voltage. Switch-
curs along the circuit path and gain stages are required t®d is accomplished by moving an electron between the top
ensure signal integrity. In the area of molecular electronicsand bottom dots, by adjusting the effective barrier between
power gain is particularly important since most proposeothem- In metal-based QCA devices, this adjustable barrier is
molecular devices lack power gaiand will require the in-  formed by the middle dot, whose potential is controlled by
troduction of gain stages. an applied clock signal. When the effective switching barrier

Quantum-dot cellular automat®CA)>? is a device ar- is low (clock voltageV.=0), the latch is in the “null” state

chitecture that uses changes in quantum dot arrays and c&hd holds no information. As the barrier height is increased,
provide power gain and miniaturize digital logic circuits to (V. becomes negatiyehe latch becomes “active” and the

the molecular level, well beyond what can be achieved usin olarizatiqn takes on a definite value determined by the i.n—
field effect transistors. In recent years, several QCA device uts applied to the top and bottom dots. When the barrier

such as a QCA cefl,majority gate® leadless ceff, and a eight is large enough to suppress switching over the rel-

latch,” have been fabricated and tested. In this letter, we dis?vant time scale, we say the Iat(?h 'S 1N Fhe. locked” state. In
o . . . . the locked state, the latch polarization is independent of the
cuss how power gain is achieved in QCA devices, using the

, . . neighboring latches and it becomes a single-bit memory el-
cell's clock to restore lost signal pow&and experimentally . . .
. ; ement. Three junctions are used between each pair of dots
demonstrate power gain using a QCA latch.

Figure 1a) shows the scanning electron micrograph of a[Flg. 1(b)] in order to reduce cotunneling, and enhance re-

: . . . ; tention time of the latcH.

QCA Iatgh fabricated using aluminum/aluminum oxple tun- A shift registei‘o’ll consists of a line of latches where
pel junction technologyD;, D, andDy are the aluminum each latch, in its locked state, acts as an input to the next.
islands(also called dotsthat form the latch an&,, E,, and
E; are the electrometers used to measure the potentials on @ ®)
the dots. Figure (b) shows a schematic diagram of the de- ‘
vice. The size of our tunnel junctions limits the temperature ” ITELEED
of operation of the device to below 200 mK. The experiment e T
. . . . . D
is performed in a dilution refrigerator at a base temperature E 1
of 15 mK, in an ambient magnetic field of 1 T to suppress the -
superconductivity of aluminum.

The QCA latch is a short-term memory element capable
of storing a single bit for one clock cycle. Switching in a
QCA latch was discussed in Ref. 3, developed for metal-
based QCA systems in Refs. 10 and 11, and experimentally
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Ypresent Address: Theoretical Physics, Oxford University, 1 Keble RdFIG. 1. (a) Scanning electron microscopy micrograph of the latbhSche-
Oxford OX1 3NP, UK. matic diagram of the QCA latch.
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@l L L Ly L, L L, L, L, Work done on a latch over a given time interval, by a
(o) OhH® [0) particular lead voltage is
(0) O] 10 (0] " dQ.(t)
® (0] ¢ [¢) (o) W= | VdQ=| V(1) ——dt,
. . 3 : 0 dt
(i) t; : Bit (ii) t, : Bit (iii) t3: Ly
written to L written to L, turned off whereV/ (t) is the voltage applied to the lead a@g(t) is
Ly L, L Ly Ly L L L, L charge on the capacitor coupling the dot to the voltage lead.
0] 33 [0) [e) For an inputV,y., applied to the latch through capacitor
ol 10 (o) C. 1 [Fig. 1(b)] this equation becomes
OHH® ©
! d{C4[V t)—Vpa(t
(iv) 13 : Bit W) t5: L, (vi) 15 : Back to Wiy, = Jt Vi (1) {Cuil 'N+é )~ Voul )]}dt,
written to Ly turned off initial state 0 t
(b) ©) Clock applied where Vp4(t) is the potential on doD;. When the lead

off

on PN

Clock,| off \ o AR
Clocks|  of Non /& 7

voltage is plotted in relation to the charge on the capacitor
for a periodic experiment, th®—-V plot has a closed path,
and the area enclosed by the plot gives the work done on the
cell [Fig. 2(0)].

Power gain is the ratio of output to input signal power
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FIG. 2. (a) The sequence of events describing the operation of a QCA shi .
register. For this experiment, latchies andL ; are simulated using voltages ﬁTO calculate this, we measure the work done on the latch by

applied to capacitorgb) Clock sequence applied to the shift register. The its predecessorW;,) and the work done by the latch on its
solid line shows a single bit being transferred frofnto L; while the dotted  successor\W,,), in one clock cycle. For the experiment, the

line shows multiple periods of the clock signalsl Example of 20—V plot - gy stem must be returned to its initial state at the end of the
where,Q¢, is the charge on the capacit®f , andVy is the input voltage

applied to the capacitor. The shaded region gives the work done by the ianﬁIOCk CyCIe_' This requirement eXCl_Udes the QOntr'bUt'on_ Of_
on the latch. A clockwise path indicates positive work done. constant bias voltages to power gain calculations, and elimi-

nates the possibility of a latch achieving gain using energy

. . L . , stored temporarily in it.
Binary information is transferred along the line by applyinga | 5 QCA shift register gain greater than unity occurs

sequence of phase-shifted clock signals to s.uccessive latchg@sen the input signal seen by one of the latches is weak. A
Fig. 2@ and 2b). At time to, all the clock signals are off - gma)l input is sufficient to decide the direction of switching,
and all latches are in the null state. The first celf)(latches  and when a weak input occurs, the clock provides the energy
to its input when its clock signal (clogk is applied att;.  required to switch the latch and restore logic levels. To dem-
While latchL, switches, the downstream latchy) is kept  onstrate power gain we simulate a weak input latch. The
in the null state, so that it does not contribute any “backin-experiment is performed with a single latdh,j by simulat-
fluence.” Then(at t,) the second clock signal (clogkis  ing the presence of a latch on either side oflit; andL5).
applied toL,. This copies the information from the first VoltagesV,;, V| ;, V|3 andV ; (V_; andV, 5 in shor are
latch to the second. Again, the downstream ldtubw L4) is  applied to identical capacitoS, ;, C, 3, Cry, andCgs [Fig.

kept in the null state. Thefat t;) the input latchL, is  1(b)], respectively, to simulate latchés andL;. The ca-
switched off and the information remains storedLin. At  pacitorCc is used as the clock gate whilis; andCgjz along

+, the clock signal (clock is applied to and the informa- With Cc are used to bias the latch.

tion is copied into latcH_5. This process is continued and Figure 3 shows the sequence of input and clock voltages

binary information is transferred down the line. Each latch is2PPlied to the latch.; in one clock cycle and the measured
-got potentials oD, andD 5. Measurements oh, show that

an inverter, and so, the bit is inverted at every step as i : -
a normal latch produces a dot potential swing of 100 A

moves along the shift register. ianal of 1000V i d to simulat |t hil
To demonstrate power gain in a QCA device, we focus>9Na O uV is used to simulate a normal latthy while

. ) ... a smaller signal50 uV) is used to simulate a weak latth.
on the energy flow through a single latch in a QCA Shlf’[The timesty—tg correspond to those in the schematic dia-

register. There "’?re four paths for .energy transfer .in a QC rams in Fig. 2a). Initially, the input and clock signals are
latch: the input signal, the output signal, the clock signal, an ff and the latch is in the null state. When the clock is ap-

irreversible power dissipation. The work done on the latch byplied, L, switches, and then stays locked irrespective of the
its neighboring latches or vice versa constitutes energy ﬂo"l‘nputs. When the clock signal is removed, returns to the
output signals are determined by the latches in the shift reg- The work done by each input voltag¥) is calculated
ister, the clock is an external signal that can be used as &gy first calculating the charge®) stored on each of the input
energy source or sink for the latch. To evaluate the change ipapacitors, and then measuring the area enclosed by the
the signal power as it passes through a latch, we measure tigs-V plot. Figure 4 shows th@-V plots for the signal¥/, ;
energy of the input and output signals averaged over onandV, ;. The sequence of events defines the direction of the

clock cycle. Q-V loops. Between, andt,, the input from the left ¥, )
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FIG. 4. Q-V plot of the data shown in Fig. 3. Work done by a given input
V (connected td., by capacitoiC with chargeQ) is the area enclosed by the
path(shown by the arrowsin the Q—V plot. (a) A clockwise path signifies
positive work done ori, and(b) an anticlockwise path signifies negative
work done onlL,, i.e., positive work done by ,. Work done byL, on L,

is approximately twice the work done ly onL,. Py,/P;i,=2.07.

Time (sec)

FIG. 3. Input and clock signals applied to the devitg)( and the measured
potentials on dot®, andD5. V|, andV,; are applied to dob, while V;
(=-V/{)) andV,; (=—V/,) is applied to doD;. (a) Weak input signal
from latch 1.(b) Clock signal applied to the devicd ). (c) Simulated

signal from latchL ; (same magnitude as the dot potential swing ). (d) The voltage transfer function of a QCA cell is nonlinear,
Experimentally measured potential on dbj. (e) Experimentally measured  giving enough gain to restore the system to a saturated logic
potential on doDs. level. Though a weak input results in a large power gain,

from a practical standpoint an infinitesimally small input

is increased from 0 to 5@V, but no switching occurs, and so would not result in an infinite gain, since the input would be
while Q, (charge onC,) changes by only a small amount. |0st in noise, leading to errors. Therefore, error sources im-
Fromt, to t,, the clock is applied andl, switches, saQ,  Pose a onver' limit on the size of the input S|g'nal. Because
and Qg (charge onCg) change whileV,; andV, 5 remain  POWer gain is possible, very small input signalsrge
unchanged. Frort, to t, V, ; is removed, but., retains its ~ €nough to eliminate erro)'arg sufficient to decide the direc-
state. Fronts to't,, V, 5 is applied. Front, to ts, the clock  tion of switching in the device. Therefore, with the help of
is removed and., turns off. Finally, fromts to ts, V, 5 is  the clock, logic Ievelg are autpmatically and weak signals do
removed and the system returns to its initial state. Qaey/ ~ NOt lead to a loss of information.

plot for V| ; [Fig. 4@] shows a clockwise direction indicat-
ing thatL, performs work onL,. However, theQ—V plot
for V| 3 [Fig. 4(b)] shows a counter-clockwise direction in-
dicating thatl, performs work orL;. Hence, work is being
performed in the same direction as the transfer of the bit. Th
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