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Abstract

Simulation method for a pure radio~frequéncy (rf) mode of reflection-type and a pure rf mode of transmission-type

radio-frequency single-electron transistor (RF-SET) operation is introduced.

In this method, the solutions of differential

equations based on Kirchhoff's law are obtained self-consistently at frequency—domain. Also, the steady-sate
single-electron transistor (SET) current model and the time-dependent SET current model are used in this method. The
reflected wave of a typical reflection-type RF-SET and the transmitted wave of a typical transmission-type RF-SET are
calculated, and the accuracy of our developed method including the steady-state SET current model is verified with the

method introduced by reference 2.

At high frequency over GHz, results of our developed method including the
time-dependent SET current model are considerably different from that including the steady-state SET current model.

At

high frequency over GHz, an exact time-dependent SET current model is needed to analyze RF-SET operation.

Keywords : RF-SET, Equivalent circuit, Time-dependent SET model, Reflection-type, Transmis'sion—type

I.M B

9ddA  EWA2F(single-electron  transistor:

T HAYY, dAdE R FRA T
(Department of Information & Control Engineering,
Hankyong National University)
T A3, A dAFsty
(Department of Electronics Engineering,
Hankyong National University)
¥ B =52 AT rxgstd A E
R05-2003-000-11791-02 %8 A 4@y,
Hedak 20053297, A S5 Y 2005:d94€13Y

(30D

=]

SET)E AAFE ¢tol A8t w4 AsE
917] W2 ARIAEE GRS ZAF = 1
A94A (electrometer) F1. Z 9] s}b}o]q AU o
Aol BAdAA} ENAHE AL AHAA A
HE ddAz ERARX2HY A5E sl 71]0
Wiy 2 AAeF (d¥Hez 1 oF AE) &

A} ERAAEH AL w$ 2 2¥AY (AYA
100 kK AE)oz AdHoz He YidE (Y
KHz) & 7HRe EA44-0] guk duux AL 3k
AHE-AHAE B2 (LC tank) 2 BYAR

o
e oy e
A

orje e
r}o

[0 m_, ihiA
m r°l' O o o oex rfn

—_



10

WA 2EHZ FAY 3Fy ddAx EWRAH
(radio-frequency SET: RF-SET)7} €©la3|z2=28E

HIALE] 31 E3bE wlo]la 23 (microwave)dl] 7)Z3)A
HAZS FNHES ALHogt" ) Bagze v

olzzw AolE UMY x Ry (W¥HoZ 50 Q9 ©
dHz EARA2EHY FE WE A
differential resistance) Alo]9] %t (match)<
Agshe Yod2 W3] (impedance transformer)2
A &gl RF-SETO 3¢ ®#3as2g MAsa
RF-SETY ZXE (sensitivity)9} $% (response)S ¥
A7) 93 RF-SET &3H& 93 AlEd oA Wy
of gsolgt?. of Agd WHe AFEFZE WA
(Kirchhoff's law)ell 7|¥tst w] & W29l g AW
39 (time-domain)*] A self -consistent WP o 2 F
nz g 32 EHdA = A HE T &
gou B A2o|AE H8 Falt Baa
B4 49 (frequency-domain)ol A self-consistent
Hoz njE WA & Fetd AHFdY e +
st RAun Bg@ slzdA tuad® w3, dda
A EAX 2 AF 22 FAAH (steady-state)
o Zlgkstng AFu EAdME Bl FFsht i
Fopo A B JBe LAV EAT AoZ 4
Zgogy

(effective

-y

2 =8 RF—SETS’J ANzg AEYlA 7He &
gt o] 71¥& RF-SET 32& Fa4 dFedX

self-consistent o2 71232 =Z HH o 7]4kgl 1]
g Aol g it} E3 o] V|ES Al g
A EYA2H AF ZdS A= E GHz oY
Faolq RF-SET ¢ 2& A3 &4 71538

=)
o

A
pNA
al

0.8 &

1. BHAFE (reflection—type) RF—SET

[2" 112 &8 of E=9 A (reflection-
type) RF-SET EAxg yehart? LA
RF-SETt =#¢ HEFH =AY AN G =
g2 H9Ad R, 22 HERME=EA AHAEH G
& =99 HEAE Ry, 9] AolE AFHAE GE
749 9938 ERA2H S IYE Ly, AAAE Cr
2 749 LC #3 329 Ro = 50 @ ¥9d2Ql of
AolEZ FAHY Utk

9dHz ERAAHY AF-AY Ao vAFA
o]7] o] BAAR EAXAE ] AW =AU AF

o]

LFO HANMA EMXAH (RF-SET) S22 ASHoiM Wy

(302)

Ho0
o
I
o

R

LT
Vy(® V. o
SET B0 p—
. Cg c, £ R, V,cos(ax)

S8 f 259 HIAE RF-SET 24T
Schematic diagram of a pure f mode of
reflection-type RF-SET.

Int)& = A1)

53} 2]

1 d2
2 dt2

oA ¥ %

Vo(t) +—=—— Vo (1) + V,(t)
(1-1

ROID(t)’

det

2 4y oy

=2Vin(t)+ 2 dt 2

Ly 1
C’TR

9= (1-2)

" TT
A7) Vin(t) = Vincos(w)= rf A0) 2] Beke] YA}
& ¢YAta (incoming wave)o|l 2 Vo) rf AolE
Lo #hAlE = dhAlaM(reflected wave)d ® rf #|o]
B AL Vale) = Vild) + Vould. A (1)9] 0]} 1]

BJ’ AL AWgdoA self-consistent WP o =
QA V) ZFHE BRI Vo) (= Vult) - Vinl®)
T F oy B =RAE VE Fik 49
A T A2e W (1Y 26 Jedn. vy
Az Edx2EHe =H AF O ddAR} =D
A2HY Eed-2x A Va9 #5olt ViOS
Aeo HFe gHo = Y W nRN 2A "o
T8 39 2QVicos@P oz 2R & [(HE 7§
T2 ¥, FPol MEe B4 FIE oA
Ip(w), V,(w)a Vi(w)s 7ot 782 V(w)
£ o Faol WES AN V(OF AR F o
it @A sEstE V,(w)e o Fol ma

28 V)8 Fatn ARE Uk o4 V,(w)=

p=n
=
=]
e
fe2]
1=
=
=

]o

A

R

filo

A (D Fol MasA 4A 72 5 du Vy(w)
£ ohe3 2o
V() =1 +5%2) 7, (w) - 7222 7, (). @)



20054 58 MASE3F

V(@)

Fourier Transform V, (f) >

L

Initialize V() = 20V, sin(w?) [2]

L

Calculate 7,(f)

l

Fourier Transform I,() > IND (w)

l

Calculate IZ (@)

1

Calculate 1717 (w)

L

Inverse Fourier Transform I7b(a)) > new V,(¢)

|new V,(2)-V,(£)| < tolerance value

Inverse Fourier Transform I7a (@) V()

a2 2 &Fsf =9 "iAl" RF-SETS Vaw Aldt
=MT
Fig. 2. Flowchart for calculating Va® of the pure of
mode of reflection-type RF-SET.
R, v e 20) Ly R,

Iy 3
Fig. 3

5t f 2E9| T3ty RF-SET ZAlE
Schematlc diagr.am of a pure ' mode of
transmission—type RF-SET.

SN (transmission—type) RF—SET
[31@ 3¢ &5 f 229 T3 (transmission
~type) RF—SET 2Azg vehag? SR
RF-SET+ 3shite] ©dxal EAX2Ej ¢} T IY
g, 3t AHAEZ FHE LC B3 329 79
f AolZ2 FASHAJYTE 1™ A/HE ALY

o]

=X

A @3k 2ol o A R

(303)

H42@SDH 5= 1

RF-SET9] V,(t) A4t w33 Zo] £33 RF-SETe
E 4 5 Yok 97A Ve FA3 (transmitted
wave)E HESHE of Ao|Ee] gk A¢elnt

%314 RF-SET 3204 783 2 dAfF ¥ &

Agate 4 @3 2ol FAAY oA v WHHo=
SEg
2 d?
24 v, )+——7V )+ Va(t) =
- @ur (3-1)
2V, (t)+ d Vo (t)— Rolp (t) — V. (1),
2‘9 a V(t)+V(t)_
(3-2)
4Q ddt Vat) + ZRLV(8) + Vi().

(ZnEd 2% o] AHGAelH szE s
H2jo] gl A9
Ao s} Fo4 o)A HAEH HlLAH 7}
e AN 5 o5l B =EdAE I3 149
(23 204 2748 334 99 &4 Wi 25y
RF-SETS] Va@)sh Vi(t) Altel] thest o] 243
t}. Vb(t)E 2o AFat gkel 2QVincos(ort) o2 3
= DS FaT 1 %, Felo] WIS FaA
Fa4 Geln Ip(w), Vo(w), Vi(w)st Vi(w)
2 7ag. 787 Vy(w)e o Fao) uae 84
VbOE ALY F, old st viman $ed
V,(w)st Vy(w)g 9 Felo] ¥ae E& Vab)s

VHD)E 72 Fatm ARe 2un 674 Vo (w)e
4 A5 Felol Mg 9y AN 29 44
72 4 n Vy(w)st Vi(w)e oes 2o

X—] 6}

o)

Q

7, (w (1+J2“’Q )V (w) - 2297, (w), (4-1)

dwQ/w,

17t(u)) = IN/m, (w) ]1+]2'UJQ/

Vin (w) (4_2)

3. SET M & Y
RF-SETE 133 A
AR ERA2E 9 =g
go] gesith B =1
A vhAE YA A (steady-state master equation)



12 IFo HUNR E
©  Monte-Carlo calculation 030
50 T——Oursleady -state SET model o 03
Our time-dependent SET model E a0
. 40- e
< 0. 02 D;A[nmlllb s 1
& 30+
2 20/
101
0 L T T T
0.0 0.2 0.4 0.6 0.8 1.0
t [nsec]
a8 4. SETS AlHd Eajol MF pi) (Relaef=: Afzt
of wh2 Qlz HolE Mgl Vi)
Fig. 4. Time-dependent drain current ID{t) of the SET
(Inset: gate voltage VAt as a function of time).
I A wlzE BHAH2A (time-dependent master
equation)}& &3] Adste AF e Apgar®d

(28 4] 99 AA EWAREHAA Aole AY V,
7b Azbel whEbA A g Eel] Jeld AMH A
AZF £ = 05 nsec2 2 094 032 mV7A] Addo=
Z7HIt7) 8427 & = 05 nsec©Z 032 mVellA
OV7Ax] dgdez 248 o =8 AF e Y
ehdith o471 Gy = G = 100 aF, G, = 250 aF, Ry =
Rs = 200 k, T = 0.1 KWe]c}. HAabe) wp2g] 944
HZEE AME =8 A7 (AA)e 2HZE(Monte
~Carlo) AP0z Axg =l AF (I 45)3 A
o] dRIsty A wbxE A2 Sl2RE AdE =
gl AR (A)e BHPE A AT 43S Ao
7b Bl & lc—‘?—oﬂ*i A}ﬁob R E*?J_W}

F-‘EJ_B] Afe
EdiA|< L] At} AFa

o & _T/_—ru}onlﬂ A Gz Ed
A AH AEEdo] AbgEojof aHe o zrsd

. Algalold 23t

[29 5] &538 f 229 ¥ald RF-SETY tof
Aole Eete] A Vat)? WAL Vou()E thebdict.
A7 V, = 032 mV, Vin = 3515 WV, Lr = 27 nH,
Cr = 033 pF, Ro = 50 9. 9934 EAX2H zig}
PHEL [29 404 AHE 29 2ok B =79 A

XA (RF-SET)

(304)

S59 AZgojd Yy FEd 9

O steady-state reference model
our steady-state model

--=- our time~dependent model

T T T T

08 12 16
t[T)

2.0

J O steady-state reference model
our steady-state model
g our time-dependent model

Vo V)
b o

3401 £

146 148 150 152 1.54
¢[T]
a8 5 &tk 2E2| vALE RF-SET (a) Vi) and
(b) Voult) (T=21/a)
Fig. 5. (a) Vi) and (b) Vedt) of the pure rf mode of
reflection-type RF-SET (T=2w/w).
A ddAHx EY l g 2dg ¥3stn Fu
g9 A4 wyleg A Az (Ad)E [FuEd 2]

o o] AW a4 o
£)% A9 gAsht

oz Adg A7 (W UR
gGdAx EAA

2 ree AW
=6 SYE TG TS 3 oY PHow AL
& 2% (A% 493 Aot dge BT (19

=

5(b)]E WAL Voault) 9
A7} 2 E (inset) F
Ve T

[1¥ 612 &3 f =29 533 RF-SETY ¥4}
3 Vol t)® T34 V)E debdth o714 A"
JEEL [2¥ 5]9 2ok £ =89 Z3dH &
YA ERAR2E BAS ¥ FaF 49 4
Wi o g Ae A% (AM)e [(FaEd 2] 2ol A
HEY A JHez A A3 (A 45)FI A
P E =8 A gdda) ERXAH Bl

F04 99 A4 oz A 2% (3

FYE FdisiA Rolxu
71 W&

X
=7
=

A9 V()&



20054 58 MAZHE

| bt

O our steady-state model 03
0 2
=

our time-dependent model

063 070 077 084
¢[T]
36 -
(b) o mdemtyamenode 3 7\
— 3.5- ;
>
=
=
3.4
042 0.44 046 0.48 0.50 0.52 0.54
¢[T]
a3 6, =43t f BE9 @ RF-SET (a) Vol and

() Vi (T=2vw)
Fig. 6. (@ Vad) and (b) Vi of the pure rf mode of
transmission-type RF-SET (T=2w/a).

ANz A3 zol7t S-S woit} [28 6l A} g}
Va9 T3 V()] & 49E Fdishy Hoji
A7 ag= We 999 Vo) V()&
2223014

(2% 519 [27 6lA AHeE oY FasE o/2n
~168 GHZo|B2 19 304 AN Zp4o} 1%
o wnA nFgolct [ 59 [T 6lo2RE 1
Fopo) A AAdE ddAA ERA2E RdRT Al
G9 AR EdR A 2do] AueS HUTh

= TT7]\_

V.28 £

E =58& £53% ff B35 YA £33 RF-SET
49 Q2L AEHA 7IHE A7 o] 1S
RF-SET 322 F34 99olA self-consistent
o2 7128 EZ Yo 7ud v g4 HE T
g}t =3, o] e AN ddHz EAA2H

2

=&KX

(305)

H42HSDHSEZ 13

mds AW Gddz ERA2E Y AF RDE
et} o] ZjHoE [FuEd 1] _/1:7}]*?_] 9
EJA2E ] dHelv|gET 332 FArHE
AHEEA &8 f = ¥l RF-SETS ®HAbst
%% f 2= £33 RF-SETY F33& AL
3’3’8”3“ gddA EdALE AF 2dS BT
Aol AL [Fuid 2144 &€
] N od o] 4] self-consistent WHOE W& WA
)ﬂ«] #H5 Fate) oz Ak GHz o2 1
zuo A AW Gddx EAXNLE AF BEdE IF
8 RF-SET A 23 A4dd dddx EdAA
B A% 24¢ TE3A RF-SETE AME 233
A Zpojrt S-S FARTE GHz ol AF ol A
RF-SET 57 2412 A& AW dddz ERA X
Blo] AF Edo] a7HT

15
¥
s

2 a2

:

@%_\lﬁmlo

gazd

[1] R.]J., Schoelkopf, P. Wahlgren, A. A. Kozhevnikov,
P. Delsing, and D. E. Prober, "The radio-frequency

single electron transistor (RF-SET):afast and

ultrasensitive electrometer,” Science, Vol. 280,
pp. 1238-1242, 1998.
[20 V. O. Turin and A. N. Korotkov, "Numerical

analysis of radio-frequency single-electron
transistor operation”, Phys. Rev. B, Vol. 69, pp.
195310-195322, 2004.

T. Fujisawa, Y. Hirayama, "Transmission Type
RF Single Electron Transistor Operation of a
Semiconductor Quantum Dot”, Jon J Appl
Phys., Vol. 39, No. 4B, pp.2338~2340, 2000.

T. R. Stevenson, F. A. Pellerano, C. M. Stahle,
K Aidala, R. J. Schoelkopf, "Multiplexing of
radio-frequency single-electron transistors”, Appl.
Phys. Lett., Vol. 80, pp. 3012-3014, 2002.

W.H. Hayt, Jr and J. E. Kemmerly, Engineering

(3]

[4]

[5]

Circuit  Analysis, Singapore:  McGraw-Hill
International Editions, 1986.
6] &84, ZAE, g2 AEdHIRS 98 9dd

A EAX2E Y FEAF 29y, AT
8)=52) A4078 SDH, A4E, 191-202, 2003+344.
Y. S. Yy, J. H Oh, S. W. Hwang, and D. Ahn,
“An equivalent circuit approach for the single
electron transistor model for efficient circuit
simulation by SPICE”, Electronics Letters, Vol.
38, pp.8o0-852, 2002.

Y. S. Yu, S. W. Hwang, and D. Ahn, "Transient
Modeling of Single-Electron Transistors for

(7]

(8l



14

Efficient Circuit Simulation by SPICE”, published
to IEE Proceedings Circuits, Devices & Systems,
2005.

C. Wasshuber, H. Kosina, and S. Selberherr,
"SIMON-A Simulator for Singl-Electron Tunnel
Devices and Circuits”, IEEE Tran. Computer-
AidedDesign, Vol. 16, No. 9, pp. 937-944, 1997.

9l

A &
% 2 4
1995\ Ieivhstm A2 e
At 24,
19979 melchetn AAF
H4b 29,
20019 Teithsta AxHE et
U £,
a4 BANERL AuA T 2w
<FARer: WEA 27 2 2 HA>

I5n SR EAXAE (RF-SET) SEY Alg30|M WY

2 7

(306)

10
rfo
x

(43 9)
Qe AS TR
FopaL 29,
Hestm As gy
oA 2.
Aedstm AR Ty
Fotub} 24,

ad BRdstE A4EES Fus
<FBARSE: MEALA D AN >



