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An introduction to the operation of quantum-dot cellular autoni@@A) is presented, along with

recent experimental results. QCA is a transistorless computation paradigm that addresses the issues
of device density and interconnection. The basic building blocks of the QCA architecture, such as
AND, OR, and NOT are presented. The experimental device is a four-dot QCA cell with two
electrometers. The dots are metal islands, which are coupled by capacitors and tunnel junctions. An
improved design of the cell is presented in which all four dots of the cell are coupled by tunnel
junctions. A noninvasive electrometer is presented which improves the sensitivity and linearity of
dot potential measurements. The operation of this basic cell is confirmed by an externally controlled
polarization change of the cell. @999 American Vacuum Socief$s0734-210099)07104-3

[. INTRODUCTION If two cells are brought close together, Coulombic interac-
tions between the electrons cause the cells to take on the
For more than 30 years, the microelectronics industry hagame polarization. If the polarization of one of the cells is
enjoyed dramatic improvements in the speed and size Qfradually changed from one state to the other, the second cell
electronic devices. This trend has long obeyed Moore’s lawgxhibits a highly bistable switching of its polarization, shown
which predicts that the number of devices integrated on &, Fig. 2. The simplest QCA array is a line of cells, shown in
chip will double every 18 months. Adherence to this expo-rig. 3a). Since the cells are capacitively coupled to their
nential growth curve has been a monumental task requiringeighhors, the ground state of the line is for all cells to have
rapid improvements in all aspects of integrated circuit fabrithe same polarization. In this state, the electrons are as
cation to permit manufa_cturers '[o.both _Sh”_mf the size Ofwide|y separated as possible, giving the lowest possible en-
devices, and increase chip size, while maintaining acceptab@rgy. To use the line, an input is applied at the left end of the

yields. Since the early 1970s, the device of choice for highine  hreaking the degeneracy of the ground state of the first
levels  of !ntegrauon has been the f'el,d effect ransistol.q| 4ng forcing it to one polarization. Since the first and
I(E EtT)f \{\g%e _tth_e FtﬁlT of (tjoday IS a vatst lnlp;]ovemre]r:_tkovtﬁr second cell are now of opposite polarization, with two elec-

a rc]) cal ! II IS st uj’i ?(S a Clérrzen S'Wlt(ri T;:;O I:t ettrons close together, the line is in a higher energy state and
mechanical relays used by ronrad £use in the s. At gatg, subsequent cells in the line must flip their polarization to
lengths below 0.Jum FETs will begin to encounter funda- reach the new ground state. No metastable stere only
mental effects that make further scaling difficult. A possible :

way for the microelectronics industry to maintain growth in a few cells flip is possible in a line of cells A tremendous

device density is to change from the FET-based paradigm tgdvantage_of QCA_dewce; IS th_e simplified mterconr?ect
one based on nanostructures. Here, instead of fighting th'é1ade possible by this paradigm. Since the cells communicate

effects that come with feature size reduction, these effectgnly with their nearest neighbors, there is no need for long

are used to advantage. One nanostructure paradigm, prlp_terconnect lines. The inputs are applied to the cells at the

posed by Lentet al,? is quantum-dot cellular automata edge of the system and the computation proceeds until the

(QCA), which employs arrays of coupled quantum dots to@UtPut @ppears at cells at the edge of the QCA array.
implement Boolean logic functio¢ The advantage of ~ Computing in the QCA paradigm can be viewed as com-

QCA lies in the extremely high packing densities possiblePuting W|_th the ground state of the system. A computational
due to the small size of the dots, the simplified interconnecProblem is mapped onto an array of cells by the layout of the
tion, and the extremely low power-delay product. Usingcells, where the goal is to make the ground state configura-
QCA cells with dots of 20 nm diameter, an entire full addertion of electrons represent the solution to the posed problem.
can be placed within L.m?. Then computation becomes a task of applying a set of inputs
A basic QCA cell consists of four quantum dots in athat put the system into an excited state, and then letting it
square array coupled by tunnel barriers. Electrons are able f&lax into a new ground state. For each set of inputs a unique
tunnel between the dots, but cannot leave the cell. If twesystem ground state exists that represents the solution for
excess electrons are placed in the cell, Coulomb repulsiothose inputs. The mapping of a combinational logic problem
will force the electrons to dots on opposite corners. There arento a QCA system can be accomplished by finding arrange-
thus two energetically equivalent ground state polarizationsnents of QCA cells that implement the basic logic functions
as shown in Fig. 1, which can be labeled logic “0” and “1.” AND, OR, and NOT. An inverter, or NOT, is shown in Fig.
3(b). In this inverter, the input is first split into two lines of
3Electronic mail: snider.7@nd.edu cells then brought back together at a cell that is displaced by
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Fic. 1. Basic four-dot QCA cell showing the two possible ground-state Bl
olarizations.
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45° from the two lines, as shown. The 45° placement of the "P“ A Dl
cell produces a polarization that is opposite to that in the twc ~ ®) \ @ ]

lines, as required in an inverter. AND and OR gates are

implemented using the topology shown in Figci3called a  Fis. 3. (a) Line of QCA cells.(b) QCA inverter.(c) QCA majority gate(d)

majority gate. In this gate, the three inputs “vote” on the Fanout.

polarization of the central cell, and the majority wins. The

polarization of the central cell is then propagated as the out- =~ | i ,

put. One of the inputs can be used as a programming input o Simulation of such an adder has been performefify-

select the AND or OR function. If the programming input is ing that it yields the correct ground state output for all eight

a logic 1 then the gate is an OR, bfii0 then the gate is an possible combinations of the three inputs. As mentioned ear-

AND. Thus, with majority gates and inverters it is possiblel'er, this adder, implemented using dots on 20 nm centers,

to implement all combinational logic functions. Memory can Would occupy an area of Lm", approximately the same

also be implemented using QCA cellsaaking general pur- area to be occupied by a single 0.2 gate-length transis-

pose computing possible. tor in 2010. A QCA array like the adder works because the
Some additional explanation is necessary for the fan-ougyout of the q‘%a”t“m'd"t cells_ ha_s provided a mapping be-

structure shown in Fig.(®), which was also employed in the tween the physical proplem of finding the ground state of the

inverter. When the input of one of these structures is flipped€!lS and the computational problem.

the new ground state of the system is achieved when all of

the cells in both branches flip. The problem is that the energyl. EXPERIMENT

put into the system by flipping the input cell is not sufficient  The experimental work presented is based on a QCA cell
to flip cells in both branches, leading to a metastable stat@sing aluminum islands and aluminum-oxide tunnel junc-
where not all of the cells have flipped. This is not the groundijons, fabricated on an oxidized silicon wafer. The fabrica-
state of the system, but can be a very long-lived state, leadion uses standard electron beam lithography and dual

ing to erroneous solutions in a calculation. Avoiding theseshadow evaporations to form the islands and tunnel
metastable states is simply a matter of switching the Ce”ﬁmctions? A completed device is shown in the scanning

using a quasiadiabatic approach, which keeps the system Klectron micrograpliSEM) of Fig. 5. The area of the tunnel

its instantaneous ground state during switching, thus avoidynctions is an important quantity since this dominates island
ing any metastable states. Details of quasi-adiabatic switch-

ing have been published previoudl§. Quasi-adiabatic

switching can be implemented in both semiconductor and Cia
metallic QCA systems. ' ) o
As an example of more complex QCA arrays, consider A
the implementation of a single-bit full adder shown in Fig. 4, N N o
using majority gates and inverters. A full quantum mechani- TR IE I i &
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Fic. 2. Bistable cell polarization. As the polarization of cell 1 is changed
linearly from O to 1, the polarization of cell 2 changes abruptly. Fic. 4. QCA full adder.
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Fic. 5. SEM of QCA cell and electrometers. Fic. 7. Contour plot of the conductance through the output half-cell D3—D4.
The arrow marked E denotes the transition where an electron moves from
one dot to the other within the half-cell.
capacitance, determining the charging energy of the island,

and hence the operating temperature of the device. For our o
devices, the area is approximately>660 nm, giving a junc- The two individual dots E1 and E2 are used as electrometers.

tion capacitance of 400 aF. These metal islands stretch thEN€ device is mounted on the cold finger of a dilution refrig-
definition of a quantum dot, but we will refer to them as such€rator that has a base temperature of 10 mK, and character-
because the electron population of the island is quantized arlged Py measuring the conductance through various branches

can be changed only by quantum mechanical tunneling Oqaf the circuit using standard alternating current lock-in tech-
electrons. niques. A magnetic fieldfal T was applied to suppress the

We recently demonstrated the first step in the deve|op_superconductivity of the aluminum metal. Full details of the

ment of QCA systems, a functional QCA cell where we can€XPerimental measurements are described elseinEre.
switch the polarization of a cell. This confirms the basic.  1N€ operation of a QCA cell is best understood by exam-

premise of the QCA paradigm: that the switching of a single'”ing the conductance through each double-dot half-cell,

electron between coupled quantum dots can control the pd21—P2 and D3-D4. Consider first the conductance through
sition of a single electron in another set of ddfsA simpli- (e output half-cell as a function of the two gate voltaygs

fied schematic diagram of our latest QCA system is shown iftdVa, as shown in the contour plot of Fig. 7. A peak in the
Fig. 6. The four-dot QCA cell is formed by dots D1-D4, conductance is observed each time that the Coulomb block-

which are coupled in a ring by tunnel junctions. A tunnel ade i; lifted for the double-dot system. Due .to the capacitive
junction source or drain is connected to each dot in the cell€OUPIing between the dots, each peak splits into a double
This implementation is an improvement over earlier design@€ak- These peaks form the vertices of a hexagonal structure
in that the tunnel junctions coupling D1-D3 and D2—D4 that we refer to as the “honeycomb,” delineated by the dot-

. . . 2 . .
provide a capacitance more than twice as large as the lithd€d lines in Fig. 7 The electron population of the dots is
graphically defined capacitance used previodsh.larger stable within each hexagon of the honeycomb and changes

capacitance is expected to improve the bistability of the cell'VNen & border between cells is crossed. The excess electron
population within each hexagon can thus be labeled, with the
(0,0 hexagon centered &;=V,=0V. A point in the hon-
eycomb defined by a single setting\df andV, is called the
working point, which defines a particular configuration of
electrons. IfV3 is swept in the positive direction with,
fixed, electrons are added one by one to the top dot as the
working point moves horizontally through the hexagons
(1,0 then(2,0) and so on. IfV, is swept positive, electrons
are added to the bottom dot as the working point moves
vertically through the hexagon§,1) and(0,2). Most impor-

tant for QCA operation is motion of the working point in the
direction shown by arrow E in Fig. 7. This movement be-
tween thg0,1) and(1,0) hexagon represents the switching of
an electron between the bottom dot and top dot. The goal of
our experiment is to demonstrate QCA operation by using
Fic. 6. Simplified schematic of the four-dot QCA cell with electrometers. electrodes to force this transition in the input half-cell, D1-
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Fic. 8. Electrometer operation. Small potential variations coupled to the
electrometer can cause large changes in the conductance.

D2, which in turn forces an opposite transition in the output 1
" Since the ope WW»MMWWWWMMM
Since the operation of a QCA cell depends on the positior 3]
of a single electron, it is necessary to track the position o
electrons within the cell. One way to accomplish this is to
measure the conductance through each half-cell. A peak i
the conductance as the gate voltages are changed indica . '2 ' (') ' i
that the Coulomb blockade has been lifted for both dots si
multaneously, and a change in the dot population has oc Vs (mV)
c_urred. However, as _Seen_ in Fig. 7, nOt_a” eIeCtr(_)n trans'he. 9. (a) Electrometer feedback voltage, proportional to the dot potential.
tions can be detected in this manner. For instancé; dlone  (b) Electrometer current, kept nearly constant by the feedback.
is swept, electrons are added to only the top dot, and no
change in the conductance through the dots is seen. To fully
characterize the QCA cell it is therefore necessary to exterehanging potential of the electrometer. Also, the sensitivity
nally detect the charge state of each dot individually. This isand linearity of this detection method are strong functions of
done using the electrometer dots E1 and'Egapacitively temperature and bias point.
coupled to the output half-cell, as shown in the schematic of To improve the detection scheme we implement a nonin-
Fig. 6. Each electrometer operates by detecting small potervasive detector, using a software-based proportional-integral
tial changes in the dot being measured. The operating prirfeedback loop that keeps a constant current through the elec-
ciple of a single-dot electrometer is illustrated in Fig. 8,trometer, similar to a hardware implementation used by
which shows a single conductance peak of the electrometetafarge® With the feedback loop open the bias on the elec-
In the simplest electrometer measurement, the gate voltage isometer gate is adjusted to bring the electrometer to a point
adjusted so that the working point lies on the side of thisof maximum sensitivity, as before, but when the loop is
conductance peak, then held constant. Current through theosed the electrometer current is kept constant by adjusting
electrometer is measured using a low noise, low offset, curthe electrometer gate bias. The dot potential can be calcu-
rent preamplifier and lock-in amplifier with a sm#&ll0-20 lated from the feedback voltage using the simple expression
V) excitation at a frequency of 10—-200 Hz. Any potential Vo= — Vi,Cye/ Cc, WhereCyg, is the electrometer gate ca-
variations coupled to the electrometer, such as those on acitance, an€ the coupling capacitance between dot and
nearby dot, will act as an additional gate voltage to the elecelectrometer. For a differential QCA measurement, it is vi-
trometer dot that causes a shift of the working point, showrtally important that E1 and E2 be identical electrometérs.
in Fig. 8. Since the conductance peaks are quite sharp, Bhe noninvasive electrometers are ideal for this purpose be-
small change in the gate voltage gives a large change in theause the feedback removes the dependence on the shape of
conductance through the electrometer dot. Knowing the cathe electrometer current peak. Instead, the electrometer char-
pacitance that couples the electrometer to the dot, and thecteristics depend only on lithographically defined capacitors
shape of the electrometer conductance peak, it is possible tohich have a well-controlled and stable value . Because of
calculate the potential on the measured dot. This measuréhe high “open loop gain,” the electrometer is linear, keeps
ment technique, though simple, has several disadvantages. file same sensitivity over the wide range of temperatures, and
order to induce a strong signal in the detector the couplingnost importantly, keeps the electrostatic potential of the
capacitance has to be relatively large. In this case, howeveelectrometer constant, thus preventing it from affecting the
the charge state of the measured cell can be affected by tloell. Time constants of the feedback were optimized to ob-

L. (PA)

(b)
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+ experiment tion. The polarization is less than 100% due to thermal
theory for 70 mK smearing. It is this smearing that limits the operating tem-
perature of the QCA system. The polarization decreases
when the thermal energy, kT, is sufficient to drive the cell
into the wrong polarization some portion of the time. For
QCA cells such as the one presented here, a maximum of
five cells could be connected before an error state becomes
statistically favorable. Larger QCA systems will require a
greater energy separation between the ground state and ex-
cited states. This can be achieved by reducing the capaci-
tances in the system

. SUMMARY

A device paradigm based on QCA cells offers the oppor-
tunity to break away from FET based logic and to exploit the
guantum effects that come with small size. In this new para-

V,=-V, (mV) digm, the basic logic element is no longer a current switch,
_ ' o but a small array of quantum dots, and the logic state is
Fic. 10. (a) Differential potential in the output half-ceNp; Vo, (b) DOt ancoded as the position of electrons within a quantum dot
charge on the input half-cell, D1 and Dg&) Dot charge on the output .
half-cell, D3 and D4. ceII._ We h_ave de_monst_rated the_ operatl_on of a QCA cell
fabricated in aluminum islands with aluminum oxide tunnel

junctions where the polarization of the cell can be switched

tain the best settling time, without overshoot, for a typicalby applied bias voltages. QCA cells are scalable to molecular
scan rate. Figure(8) shows the results of a potential mea- dimensions, and since the performance improves as the size
surement of a dot within the cell, and Fig(b® shows the shrinks, a molecular QCA cell should operate at room tem-
current through the electrometer. The feedback loop keepgerature.
the current constant at the selected value of 3 pA, and the
gate voltage can be used to calculate the dot potential and
detect the motion of an electron within the cell.
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