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Fig. 1 Single-electron PC circuits
(a) PC logic gate
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Fig. 1 Two-dimensional array of single-electron

oscillators using multiple tunneling junctions.

(+/- indicates polarity of V4.)
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Improvements of Brownian motion circuit

for Diffusion Limited Aggregation model based on single-electron circuits
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Fig.1 Improved Brownian motion circuit by single-
electron oscillators. Configuration of oscillator is described
in balloon. “+” and ‘- in circle indicates polarity of bias

voltage for oscillators.
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Fig. 1 Design of comb-shaped circuit. It consists of two-

dimensional array of single-electron oscillators.
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Design of thermal-noise-harnessing triple single-electron box circuit
and its application to signal amplification circuit
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Fig. 1 Triple single-electron box circuit.

O[K] 20[K]

30

@
&

HETEE (2024 RBAVEIEFN2EIBEIVSIY)

N
S

3

Plain,y

il Iy

) o mN |

%
S

]

Input/Output Voltage V;,, Vo [mV]
3 o 3
Input/Output Voltage V;,, Vo [mV]

3

8

]
5
3

INHEH

20 40 60 80 1
Time t[ns]

8

20 40 60
Time t[ns]

Fig. 2 Simulation result.
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() BT A A%TF ) A— VA — L TERET 5 LT3, APOELER LT A A
M OFEMEE OFEZZ T CTHBEZRS, AW TIX 20 nm OfffxE CEXMICHEZR S i o
DOvVart/ Ky MHENZNICET 2 HEETOBGES 280 L, = OREMBEBEE 5T/
Ry MEICE < FERM A ORI 2RO,

[EBRFE] AFEERCTHU -3 F1Z Silicon on insulator F5iR FIC/ERLE N -ERS LT 2D
/ Kv MDotl & Dot2), =dur-#H#s(Detector), 7 — hEEMi(Gate), # 7HER)D HAERL S5
(Fig. 1), ZNZFh Mg T(DI1, D2, & D3)E —>DF / Ky hOBOBHERKAEDOBENEN
ENHRI2 D70, I/ By MNETEW & N)DZARIZ L 5 EREACS (N S F72 5,
ZIZT,oa=123 1 3RHEEETFORSE, p=1,213F/ Ky hOFSEET, 2oL Lo
e CRHI SN D EIUp, ;2 & I;m)ZHAEDEDL LT M E MEE=FTHIENTE
%o ATOFEBRITRIEBK)TITo 7=,

[FER-BEIRHRERITT / KNy NNOBEE TEGESN 12 K LT v & Az 3 (Fig.
2), MRHZREIRHRDTZ Ny & Ny DRIFFFERSARIL, N & Ny DA RIRFIZHET 5 mTREME D A L
7o NN T-FEMTEA LTV 5 (Fig. 3), ZAUE, 7 —ar FIZE > T N & N BS¥fAE T
B LTWDZEEEWRT D (N & BN CHAEEIZIE N & Ny DWINZIZE T 5720,
FEMNEIAEA B HITHD R Nt & N, DJREITZENENOESEE EFK LTI, M & N, D%
BT — 5 6 R ZFABRIEC 5 (1) = (N ()N, (t — 1)) ZERD D &7 —8a U FINT LD WAFH O H
EEAEZ KM L Tt=0s TRADEZ R LT, Eem DHET V=T A= L LIy Ial—
Ta b, Co(0)DADHEORE IR —1 VRIJOBE Ecn XML TWNWDH Z RS, E
BRAE R & DN ST 7 Ry D Ecn DRE SRR 2meV TH D Z &N nhotz,
ARFZETIX, RZEMBREIC L > T, ERlbENTT /) T340 AMOEER/A SRR 5 HE
FEHGEF O 2B L7, R LESNTT ) TS AR OEEFESH 2T 2 212k,
I & BRI SN OFIRIZE D, T T3 ATRA OBRREFIH L7273 ARERE
DOIFFLFIE L HIE 21T H Z e N TE D LR SN D,

[BEE] ABFEIC OV CikamTE & £ L 72 bR FEak 80 & B RAS A REsL 0% . NTT BEIR I
RN L ET

[2%&3CHR] [1] K. Nishiguchi et al., Nanotechnol. 25, 275201 (2014). [2] R. Sanchez, and M. Buttiker,
EPL 100, 47008 (2012).
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Fig. 1 Scanning electron Fig. 2 Detector current through Fig. 3 Joint probability

microscope image of our device. terminal D1 and D3 as a function of  distribution of single-electron
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AC signal sensing 6 Orders of Magnitude above Cutoff Frequency in non-equilibrium
DRAM
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The development of information technology
requires advanced communication and data
processing technologies. In both domains, the use of
high-frequency signals is one of the important
factors that enable handling vast amounts of data.
Devices operating in the frequency domain
generally operate within specific frequency ranges,
making the cutoff frequency an essential parameter
to consider in the process of designing circuits. On
the other hand, from the perspective of
thermodynamics, non-equilibrium in an energy
scale generates energy flow as like thermal gradient
generates energy. This energy flow is independent
of factors of time such as flow rates and time
constant. As such, operating devices in the non-
equilibrium domain may provide an avenue to push
device performances beyond the limitations of the
cutoff frequency.

In this study, we focus on the high-frequency, non-
equilibrium performance of a nanoscale dynamic
random-access memory (DRAM) device, in which
the DRAM reads out an AC signal over six orders of
magnitude above its cutoff frequency [. Fig. 1(a)
shows the device, composed of a DRAM and field-
effect transistor (FET) labelled the sense-FET. In the
DRAM, single electrons shuttle between a nanometer-
scale dot (the node) and an electron reservoir (ER).
The sense-FET is capacitively coupled to the node and
detects its charge. Electrons shuttling between the
node and the ER induce a step-like change in the
sense-FET current, as shown in Fig. 1(b). In this
manner, the evolution of the number of electrons N in
the node can be monitored with single-electron
resolution at room temperature [1]. The addition of an
AC signal on the ER changes the probability
distribution of », seen on Fig.1(c). The features of this
distribution depend on the frequency f,. of the AC
signal as shown in Fig. 1(d): at low frequency, the
average value of N, N, , remains zero, although the

observed variance of N, N, is large. The electrons

(c

Probability
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Time (s)
d
) g 0 12
041 w/o AC signal
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7 o} LIPS
0.24:‘ = . 6>
0.1" 0 .- L) 3
————— Sectoesmenmtes
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Fig.1. (a) False color scanning electron microscopy
image of the device. (b) Sense-FET's current over
time. Discrete jumps are visible that correspond to the
number N —(N) of electrons in the node. (c) The
change in the probability distribution of N with the
addition of the AC signal on the reservoir when
fac > I. Average Ny, and variance N,g- of N —
(N), as a function of fsc/Iy, frequency of the AC
signal normalized by the DRAM s cutoff frequency.

shuttling in and out of the node follow the AC signal,
the node and the BL remain in equilibrium. As f,
increases beyond [, the electron shuttling no longer
follows the AC signal. As a result, N, saturates
around lef;ﬂ), the value of N, without AC signal,
while N, increases significantly compared to
NP [2]. This increase of N, corresponds to an
increase of the charge stored in the node, and as such
the node and the BL are no longer in equilibrium. In
this manner, the operation of the DRAM in the non-
equilibrium regime allows the device to behave as an
AC signal sensor, detecting AC signals up to six orders
of magnitude beyond its internal cutoff frequency.

REFERENCES:
[1] K. Nishiguchi, et al, Jpn. J. Appl. Phys. 47, 8305 (2008).

[2] K. Nishiguchi, et al, Nanotechnology 25, 275201 (2014).
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DRAM D =R /LF—hZ Iz T 7= FBED—> & LT, DRAM BV D B RN 2 4 KR
HZENFTOHND[], ZHIZEY A R L —UF v SV X (SO)DFEILEILE H = RV F —Hbk,
TROLENZMEITE D, L, BEdMELEORTICLYHAEZIZBN T T —D3RAE
AIREMEDS B E Do MEE IR M ) 7o g s e — 5 CL AofSAYIZ DRAM BV EIE AT RE/R =
FILF—NROBFITARIZIHA STV, DRAM L2 L7 RC [BIE A AWT, Btk
2 FEENDWNTE Z A T BNTHRE STV D A2], FEE /NI L TR Y . /o= T — 3R
Th o,

Fox ik, BEFIHEATEEZR > U = DRAM # % HW T3] FEE L = T — D S R LI E %7l 7
Too ALY YU a3 FF1E, SC. By MRBL), U — FH(WL)H) 5725 DRAM & /LA & | B
LI —0ERI) 5 SC DEfIq = ne (e: electron charge)Z & H7 % & D THh H[Fig. 1 (a,
b)), HEXZIR(T = 300Ky TIT1o7, F72D5ENL SC OEM Z MET HERIZHEAT 5, Fig. 1(d)
2, FREHF D SC Ikt LT Fig. 1(c)D & 5 124k 12 WL BEREZ T THE S B 72BE DI DR 7=
D— R, IpBEERANICZEL TRY ., ;75>En = q/e DY A BT —HO 5 fiFRE TRIE T
& Do nOHEEUIAE S B DAY AQIZ. RIFE D T /L ¥ —BVAE & = L ¥ —{R1FHIAQ = —AEH
SHEE TE . SC DALFERT v ¥ N, = 2E.(n—1/2) + aViy, & BL EEV, & VT AQyon+1 =
eVeL — Un+1, AQnon—1 = Uy — eV CH X HILDH[4], T 2T, EJE SC DFFET= R /LF —, alX WL

(BJE: V) & SCOFEMEE TIRELMBEETHY ., TOMUEFETH D, Fig. 1(e)lZ. Fig. 1(d)
R T 2 3ENQ = 25AQ % 7”7, kgT (kg: Boltzmann constant) X ¥ /NS WEAD A Y %l E T
TWDHHENRTHN%, DRAM B/ TRIE L R 5 AEN R =T — 3BT EROFEZ AL T T —T,
WAE 0" & <1 D ik BB AATE AL (M L 7on DM 3Aip, (t = 0)DER D 6T X 5 [Fig. 1(H].
AHETIE, NS OMERBRICESE | DRAM B O R X =R RFUZ OV T T 5.

[1] T. Vogelsang, Proc. 43rd Annual IEEE/ACM International Symposium on Microarchitecture 363-374
(2010). [2] Alexei O. Orlov et al., Jpn. J. Appl. Phys. 51 06FE10 (2012). [3] K. Nishiguchi et al., Nanotechnol.
25,275201 (2014). [4] D. V. Averin and J. P. Pekola, EPL, 96 67004 (2011).
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Fig. 1: (a) Schematic of the device and (b) its equivalent circuit. (¢) Time evolution of the WL voltage Vi,
(d) the detector current I and n = q/e, and (e) the heat dissipation @ during the discharge operation.
(e) Initial probability distribution p, (t = 0) for the states “0” and “1”.
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