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Impedance analysis of a radio-frequency single-electron transistor
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We investigate rf transport through an AlGaAs/GaAs single-electron transgfd). The presented
rf—SET scheme provides a transmission coefficient proportional to the admittance of the device,
which is desirable for impedance analysis as well as for high-sensitivity charge detection. The
impedance of a SET, including the small tunneling capacitance, is successfully analyzed at the high
frequency of 643 MHz, and is compared with a simple model. The ability to measure the impedance
of a SET would expand the measurable regime of single-electron tunneling behavR0
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We discuss the radio-frequency single-electron transistor We use a rf—SET circuit design to analyze the imped-
(rf=SET), which is a high-sensitivity and fast-response elec-ance[see Fig. 1a)]. An input signal,v;e'®!, passes through
trometer. The rf—SET is attractive for the detection of aa device and a resonatoi {=100 nH, Cy,~0.6 pF, the
single electrort;? spin? photon-absorptiofi etc. Another in-  resonant frequency of =643 MHz, and the quality factor
teresting feature we focus on is the rf transport characterisQ~8), and the transmitted signake'®!, is investigated.
tics at a high frequency, of the ~gigahertz domain. The Compared with reflection measurement, originally demon-
rf—SET measurement provides information about the impedstrated by Schoelkopf,and the transmission measurement
ance of the device. A SET can be described by using twavith two inductors reported by Usthe present rfi—-SET cir-
tunnel junctions characterized by tunneling resistafe,  cuit is the simplest. Moreover, the transmission coefficient,
and capacitanceg, .° Usually, C, is so small that it cannot T, can be simplified as
be measured directly by a dc or low-frequency measurement. )

However, the impedance of the tunneling capacitance can be T=wi/vi==]QZoYx @)

comparable to the tunneling resistance at a high frequencyj d . . 2
. : . t t >1 and Q°ZyYx<1).
Therefore, the impedance can be directly measured with aﬁr;r:rzagpgggl?;haesis;;)n e%;)nn?ez(; th : r;f "?] eso T)F\u'lé i)s
&0 . [}

rf—SET. This letter presents the results of an impedancg- : : . :
. . . imply proportional to the admittance of the investigated de-
analysis of a SET and describes the interplay between the Pl prop g

resistive and capacitive components of SET impedance.
We use a SET fabricated in an AlGaAs/GaAs two- (213“‘“‘6,
dimensional electron systefsee Fig. 1a)].° The gate volt- tdi Voot
ages,V, andVg, control the two tunneling barriers, aivt
is used to change the potential of the dot. We approximate Jres= ‘
this SET by using a simple circuit that consists of two tun- saxMEE; " Vp=-504mV +V,+ Vs
neling junctiongcharacterized bR;;, Ci1, Ri2, Ci2), other e
capacitances to grouritbtally C4, including all gate capaci- L= AmVee-Ts
tance$, and a stray capacitance between the two le&d$, 0]
as shown in Fig. @). The stray capacitance is considered to
account for our observatiorisee later. The charging energy

Co

H
i g =
! i
> Mgo
3
Vicg (mV) 6V gpr (mV)

of the dot is defined byE,=e%* Cs, whereCs=C;+Cy, % Y o3

+Cgq. The conventional dc measurements, performed simul- =2 SN

taneously with extra circuit§not shown in Fig. 12 show Vie

clear Coulomb blockade(CB) oscillations with E; )|

=1-2meV (corresponding toCy=0.08-0.16 fF), and -3!9(9(mV)-400 ode,:ﬁimg’tdzr"i)
single-particle excitation spectra with the level spacing of

A=0.1-0.3 meV. FIG. 1. (a) Schematic diagram of the measurement setup. The sample

shown in the scanning electron micrograph contains a GaAs quantum dot
(white circle made by dry etchingupper and lower dark regionand five
dAlso at: Pohang University of Science and Technology, Korea; presenSchottky gategvertical bright lines. The measurement was done in a dilu-

address: Keimyung University, Korea. tion refrigerator (-0.1 K). (b) Typical CB oscillations detected by the rf
YAuthor to whom correspondence should be addressed; electronic maitransmission signal af=0.6 ns. We analyze the detection amplitude in the
fujisawa@will.brl.ntt.co.jp CB region,Vy cg, and the peak heigh§V, ser. () Phase analysis of the
9Also at: CREST, 4-1-8 Honmachi, Kawaguchi 331-0012, Japan. transmission signal.
0003-6951/2002/81(17)/3257/3/$19.00 3257 © 2002 American Institute of Physics

Downloaded 23 Oct 2002 to 129.60.37.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



3258 Appl. Phys. Lett., Vol. 81, No. 17, 21 October 2002 Cheong et al.

@)

Vg~0my

O
¢ (rad)
a
N
) ¢ (rad) __
: 2
N

105 \ estimated 105
106 from G 106
10 10+ Ve (M)
2o 20 s
S0 pg=oramy| S10° f\r‘”\ : %
100 sd_ 10 -
302010 0 10 20 0 20 40
Ve (MV) Vs (mV)

FIG. 3. The phase shiftp, (upper panel transmission coefficientsT|,

FIG. 2. (a) A simple model that describes a SET device with two tunneling (Middle pane), and the dc conductanc€., (lower panel. The two gate
barriers and capacitanceb) and(c) The transmission coefficierjisT|, and ~ voltages are swept simultaneousty in the same direction by, and(b)
the phaseg, of the SET peak measured relative to the CB region, using theln the opposite direction by/,. For all data pointsVc~—0.43 V. The
simple model of(a) with Cy;=C;=C,=0.05fF, andC,=0.02 fF. The number of electrons in the dot increases by one with increa¥indy
thick lines, « and B, show typical behaviors, whevi; is swept. ~4 mV, while it is constant for the samé, in (b). The dashed line in the
middle panel of(a) is the transmission coefficient calculated fréy, .

vice, Yy (the inverse of the impedancgy), while a small , .
change from total reflection or total transmission has to b&/@lU€: Yxser, when the SET is conductive. For conve-
measured in the previous schem@sThese characteristics Mence, we analyzed the peak height, ser, rather than the
are suitable for the impedance analysis described later g&Psolute value. Sinc¥ is proportional to the admittance,
well as for conventional charge-detection measurements, '€ transmission through the stray capacitance does not con-
should be noted that the frequency has to be fixed at thEibute to the peak heightsVy ser also changes withy,
resonant frequency in the rf=SET scheme. Nevertheless, w&companying with a phase shit, from the Vy g trace
can discuss the interesting interplay between resistance ahge€ Fig. 10)]. In principle, we can determingT=T—Tcg
capacitance components of the SET impedance by changijf'd #Yx,seT= Yx,ser— Yx,cs from this measurement. How-
the tunneling resistance. ever, 6Yy sgris a complicated function of the parameters of
We apply a microwave carrier signal of the amplitudethe simple model shown in Fig(@. This can be written in a
|vi|=0.2—0.7 mV at the resonant frequency. The excitatiorsimple form in some specific cases. If the SET is made with
rf voltage applied across the SET is almost the samieras  tWo identical tunneling junctionsR;; =R, and Cy;=Cy,),
in this scheme, while this is not the case for other schérfes. 8Yx ser~ (Ru+Ri2) ~*. In this case, the admittance is deter-
However, the charge sensitivity and bandwidth of the rf—mined only by the tunneling resistances, and the rf-SET op-
SET should remain the same in principl&he transmission eration can be regarded as the “resistance mode.” In con-
signal is amplified and detected with a mixéromodyne trast, if the two junctions are largely asymmetrioG; R,
detection, which allows phase-sensitive measurement of the<1<wC;Ryz), 6Yx ser~jwCi2(1—Cyy/Cys). The admit-
carrier rf signaf The detected signala dc voltagg V4,  tance is only given by the capacitandesgarded as the “ca-
shows a sinusoidal dependence on the delay ttgeof the  pacitance mode): Their corresponding transmission ampli-
reference signal. We can obtain a complex valud pind  tude,dT, can also be obtained by using Ed). Figures 2b)
thus Yy, from this dependence by using E4). and Zc) show numerical calculations ¢6T| and the argu-
Figure Xb) shows typical CB oscillations. The height ment of T, ¢, respectively, for the simple model with typi-
and width of the peaks increase with|, and are actually cal parameters o€, =C,=0.05 fF andCy=0.02 fF. One
affected by discrete energy states in the dot. However, thean clearly identify the resistance mode, whp#g| is sen-
discrete energy levels are partially smeared out, sindes  Sitive to R;; andRy,, and ¢~ m/2. The capacitance mode
comparable to or larger than the level spacing. In this workappears whergsT| is insensitive toR;; and Ry, and ¢
we restrict ourselves to the classical CB regime to demon=-0. In the following, we demonstrate how well this simple
strate the feasibility of impedance analysis using the rf—-SETodel describes the realistic rff-SET operations.
technique. In our device, we can almost independently control the
We start from an analysis in the CB region. Even in thetunneling resistance®;; andR;,, with V| andVg, respec-
CB region, V4 is a nonzero valueYq cg, Which changes tively, while C;; andC,, are expected to be almost constant.
sinusoidally with the delay timey, as shown in Fig. (). For convenience, we introduce two voltag¥s;andVg, to
We can deduce this transmission coefficigftog|=7 changeR;; and R;, simultaneously in the same direction
% 103 for this case. Since no electron tunneling is expectedV,) or in the opposite direction\;). They are defined by
in the CB region R;;=R,=x), the admittance is approxi- V, =—-494 mV+V,—Vs; and Vg=-504 mV+V, +V;.
mately given byYy cg~jwCs for C>Cy in the simple The offset voltages were chosen so as to be symmetrical at
model. Thus, the phase df; cg can be considered as a ref- V,~V;~0. Figure 3a) shows theV, dependence aV,
erence for the capacitive impedance. We obtai@get 4 fF ~0, where the tunneling resistances are kept almost same
in this device. (Ri1~Ryy). | 6T| changes withV/, in accordance with the dc

In contrast, the admittance of the SET is a complexconductanceG = (R + R;,) ! [see the dashed lines in the
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The dc current] 4., decreases dramatically with increasing

mains almost constant, implying that the junction capaci-
tances do not change so much. We can resolve at least six
additional peaks below/| <—580 mV having similar peak
heights. In principle, only one tunneling barrier is required
for the capacitance mode of a rf—SET. This reminds us of
capacitance spectroscopy, which successfully measures few-
500 540 580 electron energy states in a vertical quantum 8igke zero-
v (mV) electron state has been achieved in such vertical disk-shaped
dots®® or in some well-designed lateral ddfs'! The capaci-
FIG. 4. C_B _oscillations measured by QC cu_rreupper three_ tracesnd by ~ tance mode of the rf—-SET would be a useful tool for inves-
;;:rﬁ]”;?a'\;igﬁ(;?]"g:rnﬁgg t4=0-4ns is adjusted at the highest sensitivity tigating the few-electron limit, since only one tunneling bar-
rier is required.

_ . o In summary, we reported an impedan@edmittance
middle panel of Fig. @)]. The phase shifty, is kept almost  gnalysis of a SET obtained by using rf transport. The trans-
constant~0.6m, which is close tor/2. These behaviors are mjssjon characteristics can be understood on the basis of a
consistent with the resistance mode. The consistency is oljmple resistance and capacitance model. The feasibility of
served in the wide range @b, even if the frequency of jmpedance analysis can be extended to other devices, espe-

electron tunnelingGd vi|/e~10 MHz for G4~10"° S, is cially when high-frequency impedance is esseritfal.
smaller than the carrier frequency. The tunneling barriers can

be approximated well by simple tunneling resistances even at  This work has partially been supported by the Ministry
this frequency. of Education of Korea through its BK21 program.
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