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This paper presents an analysis of the results obtained in the computer-aided design of nanodevices based
on quantum-dot cellular automata using modern single-electronics CAD tools such as QCADesigner,
QCADesigner-E, and QCADesigner-FS. Using a nanomultiplexer circuit as a case study, functional, tempera-
ture-dependent, thermo-energy, and probabilistic defect-oriented simulations were performed. It is shown
that modern CAD suites make it possible not only to synthesize the topology of a nanocircuit, but also to com-
prehensively evaluate its operability, energy efficiency, and resistance to structural defects. It was ultimately
iestablished that the investigated nanomultiplexer correctly implements the signal-selection function; howev-
er, it remains operable only within a limited cryogenic temperature range. The energy analysis revealed a pe-
riodic behavior of the dissipation components associated with the clocking phases, whereas QCADesigner-FS
simulation confirmed a significant dependence of the error probability on four types of process-induced de-
fects, the fault level, and the topological placement of cells. The most vulnerable elements were found to be
the functionally critical nodes associated with signal injection, control, and output formation.

Keywords: Single-electron nanoelectronics, Computer-aided design, Cryogenic temperature, Energy dissipation,

Defect tolerance of nanocircuits.
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1. INTRODUCTION

Modern micro- and nanoelectronics have entered a
domain in which geometric scaling no longer guarantees
either an increase in performance or a reduction in pow-
er consumption; instead, the roles of quantum effects,
thermal fluctuations, process-parameter deviations, and
defects increase sharply. Under such conditions, non-
automated design of nanoelectronic devices becomes
practically unsuitable, because the number of interde-
pendent parameters — such as geometric dimensions,
energy barriers, control modes, temperature, and noise —
that must be coordinated in order to achieve functional
correctness, operability, and an acceptable level of ener-
gy consumption is constantly growing.

For single-electron devices, the key point is that logic
states and switching are determined by the energy of
charge quantization and Coulomb interaction. For example,
a single-electron transistor (SET) operates in Coulomb-
blockade and tunneling regimes, which in turn require the
thermal energy to be much smaller than the charging ener-
gy, kBT << E¢, and the tunnel resistances to be sufficiently
high with respect to the quantum resistance,
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fluctuations and quantum processes destroy the single-
electron effect and destabilize logical operation [1-3].

At the same time, in computational structures based
on quantum-dot cellular automata (QCA), information
is encoded not by voltage and current levels, but by the
polarization of interacting cells. The operation of
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nanocircuits is determined by four-phase clocking used
to control tunneling barriers, as well as by the level of
intercell interaction [4-6]. Therefore, computer-aided
design of single-electron nanodevices requires control
over the circuit topology, geometry, and clock synchro-
nization of operation, as well as over their electrophysi-
cal and energy parameters [7].

Thus, the modern challenges of automated
nanodevice design consist in the need to develop a CAD
ecosystem that formalizes the description of logical op-
eration, automatically synthesizes the nanostructure
and constructs its physical model, performs hierarchical
verification of the design, and provides the designer
with optimization criteria.

2. ANALYSIS OF PUBLICATIONS AND PREVI-
OUS RESEARCH

The first fundamental works on single-electron pro-
cesses established the physics of Coulomb blockade,
tunneling, and electric-charge quantization [1-3]. With-
in the computational model of quantum-dot cellular
automata, the possibility of implementing logic ele-
ments through Coulomb interaction was demonstrated
in [5, 6]. An important step in the transition from theo-
ry to engineering design was the emergence of rapid
synthesis and simulation tools, among which
QCADesigner became the principal CAD environment
[8]. For the development of CAD tools for single-
electron nanocircuits, a number of approaches to syn-
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thesis, simulation, and analysis have been proposed
and improved, including the energy-modeling and en-
ergy-estimation approach [7, 9]; nanocircuit design and
optimization approaches [10]; methods for reliability
analysis and defect sensitivity [11]; algorithms for cell
placement and ordering that take standard clocking
zones into account [12]; new clocking-zone architec-
tures (universal, efficient, and two-dimensional) [13-
15]; tools for alternative logical approaches, in particu-
lar those based on ternary cellular automata such as
TQCAsim [16]; as well as generalizing monographs and
survey papers [4, 17].

Modern CAD tools help solve most of the complex
tasks involved in the automated design of single-electron
nanodevices; however, a number of issues remain only
partially resolved. Among them is the gap between ab-
straction levels, because in QCA/SET systems the logical
level is directly determined by such physical parameters
as geometric dimensions, potential barriers, temperature,
and synchronization mechanisms. This requires special
models that link implementation with noise-robust opera-
tion [7, 9-11]. Another challenge is temperature- and
noise-induced degradation, because a specific requirement
for QCA operability is the preservation of polarization
levels and correct adiabatic clock dynamics; therefore,
CAD tools must automatically evaluate the operating
temperature ranges of a given nanocircuit [1-3, 9]. For
single-electron nanodevices, it is also fundamentally im-
portant to evaluate the components of dissipated energy,
the propagation of clock pulses, the transfer and control of
energy balance, and numerical integration error [7, 9]. As
nanocircuit size increases, problems associated with lim-
ited signal fan-out, segment crossings, defects, and pro-
cess variations arise, which requires full-system fault
analysis and failure verification tools, including those
implemented in QCADesigner-FS [11].

3. COMPUTER-AIDED DESIGN OF NANOCIR-
CUITS USING MODERN CAD SUITES

QCADesigner — is a CAD environment that makes
it possible to rapidly build QCA nanocircuits and simu-
late their operation using different models [8]. These
include, first, a fast but simplified model for the analysis
of most circuits (the Bistable Approximation), and sec-
ond, a more sophisticated quantum-mechanical model
(the Coherence Vector Model, CVM), which more accu-
rately reproduces the dynamic interaction between cells.

At the same time, even at the level of an individual
node, the designer must coordinate geometry, clocking
zones, and the simulation model; when moving to larg-
er circuits, there arises a need for automated rules for
forming clocking zones, placing elements, checking the
design, and detecting errors. These tasks constitute one
of the key directions in the development of CAD sys-
tems for nanodevices [8, 10-12].

Fig. 1(a) shows a model of a single-electron QCA
nanomultiplexer (2 — 1). It is based on three majority
elements (MEs) and contains 12 QCA cells of size
(18 x 18) nm?2 with a center-to-center spacing of 20 nm.
The diameter of the quantum islands is 5 nm, and the
overall circuit size is (98 x 98) nm2 = 0.01 pm?2.

The results of the parametric simulation of the out-
put-cell switching waveforms are illustrated in
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Fig. 1(b). The varied parameter is the operating tem-
perature, which did not exceed 25 K, not to mention the
normal temperature of 273 K. With a slight increase in
cryogenic temperature from 0 to 25 K, QCA cells lose
the mechanisms of Coulomb blockade and tunneling
due to the intensified thermal generation of back-
ground electrodes. The amplitudes of pulses numbered
2, 6, 10, and 14 begin to decay especially rapidly. When
the nanocircuit is simulated at 28 K, it loses operability
altogether, as shown in Fig. 1(c).
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Fig. 1 - Simulation of a QCA nanomultiplexer in the
QCADesigner workspace: (a) layout; (b) simulation wave-
forms; (c) degradation (regression) of output characteristics at
T =0-28 K

Table 1 — Truth table nanomultiplexer (2 — 1)

A Xy Xg F
0 0 0 0
0 0 1 0
0 1 0 1
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 0
1 1 1 1
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Fig. 1(d) presents the truth table of the nanomulti-
plexer, which fully agrees with the obtained waveforms
(Fig. 1(b)). From this table, the decimal and canonical
forms of the Boolean function were derived:

F, = X(010,011,101,111) = Ax, %, V Ax, x, V AF, x, V Ax, x,, (3.1)

where A — is the single-address input parameter, while
x1, x0 — are the function arguments applied to the in-
formation inputs.

From Boolean Eq. (1), the majority function of the na-
nomultiplexer comprising three MEs is obtained:

Fy = maj[maj(4, x,,0) vmaj(4,x,,0),1], (3.2

where maj — is the majority-voting operator that selects
the majority value from an odd number of input signals,
in this case 2 out of 3.

It follows from Egs. (3.1) and (3.2) that the multiplexer
connects output F to input x1, when 4 = 0, or to input xo
when A =1, which is consistent with both the waveforms
and the truth table. Thus, adequate simulation results
were obtained for the nanomultiplexer under cryogenic-
temperature conditions.

QCADesigner-E — is an extension of QCADesigner
2.0.3 that makes it possible to perform energy evalua-
tion of QCA nanocircuits on the basis of the Coherence
Vector Simulation Engine (CVSE). Simulation in the
QCADesigner-E environment generates an Energy Dis-
sipation Report, which reproduces the total energy
losses. First, losses occur because of interaction with
the surrounding environment [10]:

=Z;'\"Cgﬁsiffn+rﬁ;(
=1 2reg

layF+a? 4
e ST
Vi +&; tanh( pr— )] dt

where Nees — is the number of QCA cells; 7 — is the re-
laxation time; and for the i-th cell: s — is the tunneling
energy, Avi, A.i — are the components of the coherence
vector, @; — is the Coulomb-interaction potential with
neighboring cells, k87T — is the thermodynamic potential.

Second, energy losses occur in the clocking conduc-
tors [7, 10]:

Neetis 1 pto+Tay (dy
Ec!k total = E;‘:l [_E-[t: ¥ (Elx) dt],

where the negative sign of the parameter Eck 1ot indicates
a possible return of part of the energy during the time
interval Ter due to the mutual consistency between the

E yath toral 2¥idy — P —

(3.3)

(3.4)

rate of change of the tunneling barrier % and the coher-

ence vector A.

Finally, the quantity Egmor otal — is the uncertainty of the
energy balance caused by rounding and the finite discreti-
zation step during numerical analysis. In general, the ener-
gy balance should hold over one Tei, and the deviation from
that balance is precisely the uncertainty (error) [7, 10]:

Neeiis 1 1 1
EErrortotaI = Eg:l (E::Ik + E;O - AE!)’ (35)

where E;,, El,, and —AE’ — are the energy losses in the i-
th clock-synchronization interval, during input-output
switching, and the correction for changes in stored energy
when the clock periodicity (to + Ter) has not yet been fully
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established. After the nanocircuit reaches a steady operat-
ing condition, Eq. (5) yields —AE! ~ 0.

In Fig. 2(a), the graph shows that when the 2 — 1
multiplexer is simulated over the temperature range O-
20 K, the energy Ebath total €xhibits a pronounced periodic
character. Its values vary approximately within
(4+9)-10"*eV. As the temperature rises, a tendency
toward increased energy loss and smoother oscillations is
observed, which is associated with stronger thermal fluc-
tuations.

The graph in Fig. 2(b) shows that the clocking energy
in the nanocircuit also has a distinct periodic character
determined by the operation phases of the QCA clocking
mechanism. Its values vary approximately within
(3+ 15)-10"*eV. For all temperatures, the periodicity
has the same shape: minima correspond to the re-
lease/relax phases (partial energy return), whereas max-
ima correspond to the switch/hold phases (active opera-
tion). At the same time, the shape of the dependence re-
mains stable, which confirms correct circuit operation
even under temperature influence.

The graphs in Fig. 2(c) illustrate that within the
temperature range 0-20 K the absolute simulation error
does not exceed 10~*eV and shows no signs of accumula-
tion. This indicates the stability and correctness of the
computational process and provides grounds to consider
the obtained energy dependences reliable. All values are
negative and lie within the narrow range
—(10+5,5)-107°eV. The sign here has no physical
meaning; it merely indicates the direction of the numeri-
cal energy-balance residual. If an even smaller error is
required, it is usually reduced by adjusting the integra-
tion step used in the calculations.

The three graphs in Fig. 2(d) demonstrate periodic

variations of the energies
Epath totar = (5,11 +8,77) - 10~ %eV,
Etictotar = (1,5 3,1) - 107 *eV and

Egrror toral = —(5,3+9,32) - 107*eV for QCA cells, which
are associated with the cyclic nature of the synchroniza-
tion of the multiplexer nanocircuit.

In Fig. 3(a), the Sumg,__ graph shows that the total
energy losses of the nanomultiplexer to the surrounding
environment in the range (0-+ 15)K increase up to
0,011 eV near 15 K. This is explained by thermal ex-
change with the environment. At 20 K, a decrease in
Epasn to 9,9 - 1073V is observed. In general, the results
confirm that increasing temperature mostly leads to a
growth of energy dissipated into the environment; how-
ever, for a correct confirmation of the non-monotonic
behavior at 20 K, it would be desirable to increase the
number of points/runs or refine the dissipation estimate.
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Energy of the multiplexer clock zones
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Fig. 2 — Energy losses of the nanomultiplexer at 7'=0, 1, 5,
10, 15, and 20 K: dissipation due to interaction with the sur-
rounding environment (a), clocking zones (b), and simulation
errors (c); energy distribution across cells at 7= 0 K (d)

The average dissipation energy Epwur changes in a
similar way, as shown in Fig. 3(b), while the nanocircuit
retains stable operation.

Temperature degandence of the total energy dissipated by the multiplexer due to interactian with the surounding enviranment
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Temperature dependence of the sverage energy dissipation per clock zone
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Fig. 3 — Temperature dependences of the total Sumg . (a)
and average Euun (b) dissipation energy of the (2 — 1) multi-
plexer nanocircuit

QCADesigner-FS — is a specialized version of the
previously mentioned single-electronics CAD tools sup-
plemented with a fault-simulation block, for example,
for evaluating the influence of dislocations or lattice
vacancies. For this purpose, repeated simulation of the
nanocircuit is performed at a specified probability — for
example, 1, 10, 30, and 50 % — for each of four types of
defects that cause errors in the interaction of conduc-
tion electrons with defects in low-dimensional struc-
tures: vacancy, interstitial, dopant, and dislocation.
Such an approach is necessary because QCA parame-
ters are quite sensitive to these process-induced devia-
tions, which primarily affect the polarization interac-
tion between cells [4, 17]. Defect simulation is carried
out both deterministically and randomly in order to
identify especially critical nanocircuit regions and to
enable their redesign [11]. Process engineers and de-
signers must have experience in optimal cell placement
and, in particular, in tuning the phase alignment of
clocking zones, which suppresses faults and improves
reliability, especially in large QCA nanocircuits [9, 12].

The probability of correct execution of functions (1)
and (2) by the single-electron multiplexer shown in Fig.
1(a) is determined from the simulation results for the
distribution of errors in Fig. 4, caused by the influence
of nanoscale structural defects on electrons. These de-
fects include vacancies, i.e., the complete absence of a
cell (a); interstitial defects, or displacement of a defec-
tive cell by 1-100% (b); dopants, i.e., random removal of
a quantum dot from a cell (c); and dislocations, or cell
rotation by 1 + 3607 (d).

Vacancy, comparisan for 1%, 10%, 30%, and 50%
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Intersaitial: comparisen for 1%, 10%. 0% and SU%

Dapsnt: comgarison for 1%, 10%, 10%, and 50%
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Fig. 4 — Distribution of the number of errors over all cells of
the nanomultiplexer under the action of vacancy (a), intersti-
tial (b), dopant (c), and dislocation (d) mechanisms at fault
probabilities of 1%, 10%, 30%, and 50%, respectively

Mathematical processing of stochastic error information
is implemented using the Monte Carlo procedure. The CAD
system iteratively introduces defects and launches the base
simulation, comparing the obtained parameters of the de-
fective nanocircuit with the reference one.

The graphs in Fig. 4 show that at a defect probabil-
ity of 1%, the errors are isolated in individual cells and
do not lead to failures. At 10 %, a stable pattern of lo-
cally vulnerable cells is already formed: input cell 2,
upper working cell 5, and output cell 7. At a defect level
of 30%, errors spread over the entire nanostructure,
and at 50% the circuit rapidly loses operability.

The most destructive vacancy-induced defects affect
cells 2, 4, 5, and 12. At 50 %, the maximum error value
is reached in cell 11 (60 errors over 100 simulation cy-
cles). For interstitial defects, a more uniform growth of
errors is characteristic and is observed practically over
the entire topology in regions 4-5, 7, 9-10, 11, and 12.
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The graphs for dopants demonstrate an intensive in-
crease in errors in almost all cells and a rapid spread of
instability, which is why these defects are usually con-
sidered the most destructive. The dislocation distribu-
tion indicates that the disturbance of the geometric
positions of cells is most dangerous for the internal
switching paths (cells 2, 5, 6, and 10).

Thus, the most vulnerable cells are those that receive
the address input signal A(cells 1 and cells 2), control the
majority decisions for the information signals x, (cells 11)
and x, (cells 12) and form the output F(cells 7).

At this stage of automated design, the experience of
circuit designers and process engineers makes it possi-
ble to create highly reliable large-scale nanocircuits.

4. PROSPECTS FOR FURTHER RESEARCH

The authors believe that further studies should be
directed toward expanding the range of modern single-
electron nanocircuits based on QCA, in particular to-
ward the analysis of more complex combinational and
sequential nodes, in which the influence of temperature,
energy dissipation, and structural defects may manifest
itself differently than in the (2 — 1) nanomultiplexer.
Another important direction is to refine the operability
limits of such circuits over a wider range of simulation
parameters, including temperature conditions, clocking-
zone configurations, geometric characteristics of cells,
and features of their spatial arrangement. This will
make it possible to evaluate more deeply the relation-
ship between nanocircuit topology, functional stability,
and energy efficiency.

5. CONCLUSIONS

The study confirms that the computer-aided design
of single-electron QCA nanocircuits is an effective ap-
proach for investigating their functional, energy, and
reliability characteristics. The constructed (2 — 1) na-
nomultiplexer correctly implements the specified logical
function; however, its operation depends strongly on
temperature: as temperature increases, the output char-
acteristics degrade, and near 25-28 K the circuit loses
operability. Energy simulation showed an increase in
losses to the environment with increasing temperature
while maintaining a small numerical calculation error.

The defect-tolerance analysis showed that the investi-
gated circuit is nonuniform in its vulnerability to struc-
tural defects. The largest numbers of errors are caused by
defects in the cells responsible for receiving the input sig-
nal, polarization, control, and output formation. It was
established that random quantum-dot removal defects
(Dopant) and cell rotation defects (Dislocation) are the
most destructive for the internal signal-transfer paths;
defective-cell displacement (Interstitial) affects the topolo-
gy more uniformly; and cell absence (Vacancy) most clear-
ly reveals both critical and anomalously stable cells. This
confirms the need for topological optimization specifically
of the functionally important nodes of the circuit.
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Cyuacui incrpymentu CAIIP a/1s oHOEIEKTPOHHNX HAHOIIPUCTPOIB

0O.C. MenbHUK

, 0.0. Haraitueuxko

Hauionanvnuii ynisepcumem «Kuiscorkuli agiauitinuti incmumym», 03058 Kuis, Ykpaina

TIpencraBieno amasmia pe3yJibTaTiB, OTPUMAHUX Y IIPOIECI aBTOMATHU30BAHOIO IIPOEKTYBAHHS HAHOIIPH-
CTPOIB HA OCHOBI KBAHTOBO-TOYKOBUX KJITUHHUX ABTOMATIB 3 BUKOPHCTAHHSM CYYaCHHX OJIHOEJIEKTPOHHUX
CAIIP, rarux sik QCADesigner, QCADesigner-E Ta QCADesigner-FS. Ha npukian cxemu HaHOMYJIBTUILIEK-
copa 0yJi0 mpoBeieHo (YHKITIOHAIBHE, TeMIIEPaTyPHO-3aJIesKHe, TePMOCHepreTHYHe Ta HMOBIpHICHE JederTo-
opienToBane mopesmoBanus. [lokasano, mo cyuacHi makersn CAITP 103B0JIsIIOTE He TITBKM CHHTE3yBATH TOTIO-
JIOTiI0 HAHOCXEMH, aJie ¥ BCeOIYHO OIHUTH Ii Ipalie3aTHICTh, €HeproeeKTUBHICTh Ta CTIMKICTD 10 CTPYKTYP-
HUX JgedeKTiB. 3perrToio 0yJI0 BCTAHOBJIEHO, 110 JIOCTKYBAHIN HAHOMYJIBTUILIIEKCOP KOPEKTHO peasnaye y-
HKITIIO CEJIEKITI] CUTHAJIY; OJTHAK BIH 3aJIUINAETHCS MPAIle3JaTHUM JIUIIe B 00MesKeHOMY KPIOT€HHOMY J1iaraso-
Hl Temepatyp. EHepreTuunmit aHasi3 BUSBUB [IePIOAMYHY IIOBEJIHKY KOMIIOHEHTIB JUCHUIIAIL], ITOB'I3aHUX 3
daszamu TakTyBaHHS, TOOl AK MozemoBaHHA 3a mornoMoron QCADesigner-FS miaTBepausio sHAYHY 3aJI€/KHICTD
MMOBIPHOCTI IIOMHJIKH BiJl YOTHPHOX THUIIB JeeKTiB, BUKJIMKAHUX IIPOIIECOM, PIBHSA HECIIPABHOCTI T4 TOITOJIOTI-
YHOTO PO3MIIIEHHA KOMIpoK. HalblIbIn BpasIuBUMY eJIeMeHTAMY BUABIJIACA (DYHKIIOHAIBHO KPUTHYHI By3-
JIM, TIOB'SI3aH1 3 BBEJIEHHSM CUTHAJLY, KePYBAHHAM Ta (DOPMYBAHHSIM BUXOILY.

Kirouosi ciioBa: OnHoesrleKTpoHHA HAHOEJIEKTPOHIKA, ABTOMATH30BAHE IPOEKTYBaHHs, KpiloreHHa TeMriepary-

pa, Jducumnaris exeprii, JledeKTOCTIMKICTE HAHOCXEM.
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