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Analysis of the radio-frequency single-electron transistor with large
guality factor
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We have analyzed the response and noise-limited sensitivity of the radio-frequency single-electron
transistor(rf-SET), extending the previously developed theory to the case of arbitrary large quality
factorQ of the rf-SET tank circuit. It is shown that while the rf-SET response reaches the maximum
at Q roughly corresponding to the impedance matching condition, the rf-SET sensitivity worsens
monotonically with the increase @. In addition, we propose an operation mode in which an
overtone of the incident rf wave is in resonance with the tank circuit.2@3 American Institute

of Physics. [DOI: 10.1063/1.1614840

The problem of relatively small bandwidth of the con- In this letter, we extend the theory of Ref. 13 to the case
ventional single-electron transistof,(SET) due to its large  of arbitrary largeQ-factor of the tank circuit, removing the
output resistance, has been solved for many applications gssumption(violated in the present-day experiments Q
the inventior of the radio-frequency SE®-SET), whichin ~ being much smaller than the impedance-matching value. We
many instances has already replaced the traditional SETalculate the response and sensitivity of the normal-metal
setup. The principle of the rf-SET operation is somewhat-SET and find the optimal values numerically. Besides the
similar to the operation of the rf superconducting quantumisual case of the carrier wave in resonance with the tank
interference devide and is based on the microwave Circuit, we also consider the regime of a resonant overtone
reflectior”®>~8from a tank circuit containing the SEFig. 1), ~ and find a comparable rf-SET performance in this case.
which affects the quality factor@-facton of the tank; an- We consider a SETFig. 1) consisting of two tunnel
other possibility is to use the transmitted wa@The wide ~ junctions with capacitanceS;; and C,; and resistanceR,
bandwidth of the rf-SET is due to the signal propagation by2"dRz. The measured charge sougghas the capacitance
the microwave instead of charging the output wire, while theCs=Cs1+Csz and is coupled to the SET via capacitance

tank circuit provides a better match between the cable wav&g- ASSUMIng constargs (neglecting back-actionthe SET
impedance R,=50 Q and much larger SET resistance can be reduced to the effective double-junction SET with

(~10° Q). capacitances C;=Cy;+CyCq;/(Cq+Cs),  Co=Cy
The rf-SET bandwidth over 100 MHz has been T CeCs2/(Cg+Cs) and background —chargeqo=Gdoo

demonstratetiusing the microwave carrier frequenay2m +.qSC9/(C9+C5)’ wheredgo is the initial conf[r'ib'utic.m. we
—1.7 GHz and relatively lowQ-factor Q=6. However, in will calculate the rf-SET response and sensitivity in respect

the present-day experiments, the bandwidth is typicall)}o 0o, While the corresponding quantities in respect to the

. measured charges differ by the factorCy/(Cy+Cy).
abou_t .10 MHZ becausg of lower carrier frequericyreduce The current (t) through the SET affects the quality fac-
amplifier nois¢ and higherQ-factor (as an example, the

) tor of the tank circuit consisting of the capacitarce and
bandwidth of 7 MHz forw/27m=332 MHz andQ>20 has . . o
been reported in Ref.)6Since the SET sensitivity is limited inductancel.7. In the linear approximation, the SET can be

. . . replaced by an effective resistandg®;, and the total

by the 1f n0|§e only at frequ'enC|es below a few kilohertz, (“loaded”) quality factorQ, = (1/Q+ 1/Qsgp) ~* has contri-

the rf-SET typically operates in the frequency range of ShOtbutions from the “unloaded’Q-factor Q= \L77C+/R, and

noise-limited sensitivity of the SE:'? The rf-SET charge damping by the SETO<er= Ry/\[77Cy. For the incoming
g - 76 . - ~ - ~

sensitivity of 3.2¢10 e/ ﬁ (4.8 In energy _un|t$ at _2 voltage waveV,, exp(iwt), the reflected waveV,, exp(iwt)

MHz has been reported in Ref. (his value still contains depends on the reflection coefficient= (Z— Ry)/(Z+Ro),

comparable contributions from the SET shot noise and amz hare 7 =il +(iwCy+1/Ry)~*: close to the resonance
plifier noise. Such sensitivity and bandwidth are almostwwwO:(LTCTT)—l/z Tit Car(: be approximated  asZ '

enough for a single-shot readout of a Cooper-pair-box qubit._ L /CrRy+ 2i(L1/Cp) YA wlwy, Aw=w—wy. Since an
In spite of significant experimental rf-SET activity, We jncrement of the measured charge leads to an increment

are aware of only few theoretical papers on the rf-SETs. The

basic theory of the shot-noise-limited sensitivity of the rf-

. - R L

SET has been developed in Ref. 13. A similar theory has 0 v T V()
been applied to the analysis of the sensitivity of the rf-SET- C__ G—ooo CijR 1

) ) . E— J Cs
based micromechanical displacement deteétbtSome the- Vincos(an) Cr l | I '
oretlcql analysis of the transmission-type rf-SET can be_VTOS(W)WICOS(W)WISin((m) I t)%czj chgTCsz 4] g5
found in Ref. 10. +Xzcos(20M+Yasined+. .. ==

tank circuit  SET charge source

3E|ectronic mail: korotkov@ee.ucr.edu FIG. 1. Schematic of the rf-SET.
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of Ry, the rf-SET response is proportionalde/dRy . How-
ever, the amplitudd/,=V,,(Z+ Rp) (iwC++ 1/Ry)/2 of the
SET bias voltage oscillations should be determined by the

Coulomb blockade threshold; so a more representative qanq

tity is
da Vin _iRO Q 1 (1)
dRyV, R? 1+Q?R,/Ry 1+2iQLAw/wg’

This equation shows that the rf-SET response reaches tt
maximum atQ=(Ry/Ry)Y?, which is the case of matched
impedances at resonancé=~R,, and corresponds to the
conditionQ=Qge1=2Q, .

The linear analysis can only be used as an estimate b
cause of the significant nonlinearity of the SE¥V depen-
dence. For the full analysis, we use the differential equition
vlw3+0 1 Qo+ v=2(1— 0?/ ®5)V;, coswt —RyI(t)—(I)],
whereuv (t) =V;, coswt+V,,(t) is the voltage at the end of
the cable with subtracted dc compon&fy (see Fig. 1; do
not use complex representation any mofkhe SET current
[(t) and its dc valu€l) are found self-consistently from the
SET bias voltage Vp(t)=Vyt+u(t)+[2V,wsinwt
+0(t)]Q/wy using the “orthodox” mode! and assuming con-
tinuous SET current¢<<l/e).

In the steady state, the reflected wave can be represent
as Vou(t) = — Vi, coswt+=,_[X,cosnwt+Y,sinnwt] with
the following coefficientsX,, andY,,:

Xp={RoQ[n@a,— Q(1—n*®?)b,]+2Q*(1-»?)?

X VindinH/[n?®?+ Q%(1—n*®?)?], 2

Yn={—RoQ[n®b,+Q(1-n?®?)a,]+2Qu(1-?)

XVingln}/[nza‘)z"'Qz(l_nzaz)z]r (3)

a,=2(l(t)sinnwt), b,=2(I(t)cosnwt), (4)

wherew=w/wg, 81, is the Kronecker symbol, and averag-
ing is over the oscillation period, whil€t) is determined by
the SET voltage Vy(t)=Vo+2QaV;,sinwt+=,_,[(X,
+QnwY,)cosnwt+(Y,—QnwX,)sinnwt]. Notice that the lin-
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1G. 2. () Rf-SET response an) sensitivity as functions of th@-factor
n the maximum responséMR) and optimal sensitivity(OS) modes.T
=0.01e%/Cy, Ry /Ry=2000, w= wy.

Syn=d3(S(1)sir? nwt)+ c3(S,(t)cog nwt)

+c,dn(Si(t)sin 2nwt), (6)
where  ¢,=(2R,Qn®)/[n®®2+Q?*(1-n?®?)?],  d,
=¢,Q(1-n?®?)/nd, S(t) is the low-frequency spectral
density of the SET shot noi¥ewith the time dependence

gHe to oscillating bias voltage, and the averaging is over the

period 27/ w.

Figure 2 shows the numerically calculated rf-SET re-
sponse and sensitivity as functions of the “unloaded”
Q-factor for a symmetric SE¥ C,=C,=Cs/2, R;=R,
=Ry/2, with Ry =100 K at temperaturd =0.01e?/Cy for
the case of resonant carrier frequeney wg. Both the re-
sponse and sensitivity are shown with respect to the quadra-
ture X; since all other components are small. The rf-SET
performance is optimized over the wave amplitidg and
the chargeq, to provide either maximum respong®R
mode; solid linesor optimized sensitivitfyOS mode; dashed
lines).}” We show the results for two values of the dc bias
voltageV,. The case/y,=0 provides the best MR response
and the best OS sensitivity, and corresponds to the symmetric

ear approximation corresponds to neglecting the contributio®ET operation with respect to positive and negative bias

of  overtones (=2); then  Ry=7A/[[371(V,
+Asinx)sinx dx], whereA is the amplitude o/, oscilla-
tions, Vp(t) =V, +Asin(wt+¢), while there is no effective

voltages. The other value showvy=0.5¢/Cs , represents a
typical case when only one branch of the SEAV curve is
used, and corresponds to the plateau-like reljiofithe re-

reactance contribution. We used the self-consistent linear ajgponse and sensitivity dependencesvgn

proximation as a starting point for the iterative solution of
Eqgs.(2)—(4).

The rf-SET response in respect to monitoring the
guadrature componernX,, can be defined as a derivative
dX,/dqq (similarly, dY,/dq, for Y,, monitoring. Other ex-
perimentally relevant definitions are for monitoring the opti-
mized phase-shifted combinatioX, cose+Y, sing and/or

As seen from Fig. @), the maximum rf-SET response is
achieved atQ-factors (somewhat different in different re-
gimes comparable to the rough estimafy(/Ry) /2=45 (al-
though this maximum does not actually correspond to the
minimum of reflectiof. In contrast to the response behavior,
the rf-SET sensitivity Fig. 2(b)] worsens monotonically with
Q. Qualitatively, this happens because the n@gein Eq.

the reflected wave amplitude; however, in the cases consid5) is proportional toQ?, while the response does not grow
ered subsequently there is only one leading quadrature, st fast a®. Atlow Q, the OS sensitivity is fitted well by the

that different definitions practically coincide.

The corresponding noise-limited sensitivityinimal de-
tectable charge for the measurement bandwitifh is de-
fined as  8qo/AT= Sy /|dX,/dqp| (similarly,
JSv/|dY,/dqel), where the low-frequency spectral densi-
ties Sy,, and Sy, of quadrature fluctuations are

Syn=C(S (1)sir? nwt)+d3(S (t)cos nwt)

—Cndy (S (t)sin 2nwt), (5)

analytical resulf 6qy=2.6%(RsCsAf)YATCy /e?)Y2 for
V=0, andéqy=3.34Cy (Rs TA )2 for the asymmetric op-
eration (shown by dotted lines However, at realistic
Q-factors,dqq is significantly largefby about 50% a@Q =50

for data in Fig. 2. Another interesting observation from Fig.
2 is that the response in the MR mode is only moderately
(~30%) better than in the OS mode. These findings show
that in order to improve experimental rf-SET sensitivity, it is
preferable to use small€)-factor (at least not exceeding the
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rf-SET regime, which may lead to heating problems. Never-
theless, we hope that the proposed mode of the resonant
overtone will be practically useful.
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FIG. 3. Dependence df) and (b) rf-SET response an¢t) and (d) sensi-
tivity on temperatureT in the MR and OS modes for sever@Hfactors.
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