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Charge sensitivity of radio frequency single-electron transistor
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A theoretical analysis of the charge sensitivity of the radio frequency single-electron transistor
(rf-SET) is presented. We use the “orthodox” approach and consider the case when the carrier
frequency is much less thdre wherel is the typical current through rf-SET. The optimized
noise-limited sensitivity is determined by the temperaflyrand at lowT it is only 1.4 times worse

than the sensitivity of conventional single-electron transistor. 1999 American Institute of
Physics[S0003-695199)03026-0

Single-electron devicésare gradually becoming useful by illuminating the SET with microwaves and measuring the
in real applicationg.Despite the wide variety of studied cir- wave reflection. The gate voltage would change the SET
cuits, the single-electron transist¢BET)** remains the differential resistanc®y and thus affect the reflection coef-
most important device in applied single electronfosthis  ficient a=(Z—Ry)/(Z+Ry), whereZ '=iwCs+ Ry, Ry

letter we will discuss the new versioof the SET setup At =501 is the cable wave resistance, a@d is the stray ca-
present the best reported charge sensitivity of the SET at 10acitance. However, because of the large rafg/R,
Hz is® 2.5x 105 e/ \Hz (the previous record figure wag  ~ 10°, the signal would be extremely small. To estimate the

x 10~5 e/ JHz). The low-frequency sensitivity of the SET is Signal powerP=A?Ry/2Ri[1+(wCsR;)], let us useRy
limited by 1/f noise, so it improves as the frequency in-=10°Q and the amplitude of the SET bias voltage oscilla-
creases. The best achieved figure sé tifr ~10 %/ JHz ~ tion A=1 mV (A is limited by the Coulomb blockade
was measured at 4.4 kHz. This is still an order of magnituddhreshold; thenP~10"° W. This figure corresponds to the

worse than the limit determined by the thermal/shot noise of'©iS€ power of the amplifier with noise temperature of 10 K
the SET?-14 within 10" Hz bandwidth and clearly makes such an experi-

ment quite difficult.
To increase the signal, the authors of Ref. 5 inserted the
SET into the tank circuifsee Fig. 1 Then at resonant fre-

The difficulty of further frequency increase is due to the
relatively large output resistané¥, of the SET. For the typi-

cal figureRy~10° Q and wiring capacitanc€, ~ 10 ° F the T A .
: : I . quency w=(LCy) the circuit impedance is smallZ
correspondin@®C, time limits the bandwidth by a few kHz 7 L/C.Ry<R, (We assumse>Q>1 whereQger—Ry/

(the use of filters can make it even loweFhe importance of ) -
potential high-frequency applications makes urgent a signifi-v.l‘/CS and Q= L/Cy/Ry), S0 a=—1+2L/CRq4Ry. The

= . 2 . i i
cant increase of the bandwidth. This can be done in Sever%’i?aniilcg(r)n\?/rigpwa[v\)/al?:gcryfb%a)galsfeos(s\ga Ivsiathtﬁeaggll:[ ubcii:so;m-
The output resistance can be reduced in superconductirﬁ;{I?grisarisz(?nvxi;stie r%nﬁesggii‘?[’cgg;catmg(g gain
(Bloch) SET. bas'ed on supgrcurrent modulatiGh™®(the use The linear analysis above can be uséd only as an esti-
of the quasiparticle wnneling threshold does not help muc'?nate because of the considerable nonlinearity of the SET
becauser, is limited by the quantum resistance even at theC

hreshold®! he | . urrent—voltage I(—V) curve. For a more exact analysis let
threshold™*). The load capacitance, can be decreased g yite the differential equatiofsee Fig. 1 for the voltage
placing the next amplifier close to the SE®® However,

) ) ' v(t) at the end of the cabléhe static componenY, is
while bandwidth up to 700 kHz was demonstradfedsing subtractejt

this idea, the charge sensitivity was relatively poor because )
of extra heating and extra noise produced by the preamp- vLCs+vRoCs+v=2(1— w?LCy)V;, coswt— Ryl (t),
lifier. Finally, a bandwidth over 100 MHz has recently beenwherevm cosat is the incoming wave at the end of cable

demonstrate%lin the so-called radio frequendyf) SET in 54| (t) is the current through the SET while the SET bias
which the SET controlled the dissipation of the tank circuit

which in turn affected the reflection of the carrier wave with
frequency w/2wm=1.7 GHz. A sensitivity of 1.2 Ry vV, L
% 10 ®e/\/Hz has been achieveat 1.1 MHz. The theoret-
ical analysis of the ultimate sensitivity of the rf-SET is the
subject of the present letter.

——>
Vi cos(wt) Cs —

In principle a wide bandwidth could be achieved simply “Vin cos(wt) +X  cos(wt) + ¥y sin(wl) — ~CaRy
+X,c082wt) + Yy sin2wt) +... = SET
¥Electronic mail: korotkov@rsfql.physics.sunysb.edu FIG. 1. The schematic of the rf-SET.
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FIG. 2. The reflected wave amplitud@ [in units 2(L/CyY%/RsCs], its S 061 T=0'0162/C2 R,=R, ®lA
noiseSy; (in units 4./C4e?/RsCs), and minimal detectable charg® [in 2] _ _ . i
. 1 S Al C =G, R;=10R, (thick dashed)
units e(RyCyAf)Y] as functions of the background char@® for the &} g +
symmetric SET afT=0.01e?/Cy for zero dc bias voltag&/, and its rf < 04 ] ~~«J~~.,\Q0/e B
amplitudeA=0.7e/Cy . < i 3Q
a’ -/
_ _ . g 0297/~ — — _ 3Q AT +
voltage is V(t)=Vo+v +(2Vi,0 sinwt+v)L/Ry. The re- S S P
flected wave can be writtefat the end of cab)eas v (t) A Al(e/Cy) T T i
— . = —\/ 1 \0-.)/ 0.0 T Tt T T T T f | T T T ] T T T [ 7
Vi, Coswt =—V;, coswt +X; coswt +Y; Sinwt + X, COS 2vt S oo 02 04 06 08 o
2=}

+Y,sin 2wt+..., where the coefficient&, andY, should be
calculated self-consistenthan obvious way is the iterative
updating of Vy,(t) and X,,Y,]. While the analysis of the FriG. 3. (a) The sensitivitysQ optimized overQ, and correspondin@, as
higher harmonics is important for the possible versions ofunctions of rf amplitudeA for the symmetric SET. Dashed line shows the
rf-SET in which the signal is measured at the doufde  analytical resultsee the text (b) Dependence ofQ minimized overA and

: S Tieni Qo and of the optimal operation poinA(Q,) on the dc bias voltag¥,,.
triple) frequency, we will '|Imlt oursel\{es by the reflected Dashed line is for the asymmetric SER{/R, = 10).
wave at the basic harmonic. For simplicity we assume exact

resonancep=(LCy) Y2 then

Vy/(e/Cy)

at any moment during the period of oscillations. In this case
X;=2\LICs(I(t)sinwt), the spectral density does not depend fgniwhich is even
(1) lower thanw) and

Y,=2L/C(l(t)cosmt),

where( ) denotes averaging over time. In the first approxi-
mation (if Qge>Q>1) the SET bias voltage ¥,(t) =V,

Sx=4(LICy) (S(t) sir? wt), 3

where S,(t) is the low frequency spectral density of the
+Asinot whereA=2QV,,. thermal/shot noise of the current through the SET, which has

The coefficientsX, andY; (we omit index 1 belowcan the time dependence because of oscillating bias vokgge

be measured separately using homodyne detection and bolff€"® iS N0 need to consid¥f output in this case because
can carry information about the low frequency signal applied” =0 (S0 8Qy=<=) and the noise correlation is absek,
to the SET gatéas usual® we will describe it in terms of the = O (nonzeroY andK would appear at highes due to delay
background charg®, induced into the SET islandif the  Of tunneling events

amplifier noise and other fluctuations are negligible, then the W€ use the “orthodox” theor_’yS for a normal SET con-
sensitivity of the rf-SET is determined by the intrinsic noise SiSting of two tunnel junctions with capacitandés andC,

of the SET. The minimal detectable charg® can be ex- and resistance®; and R, (see Fig. 1 assumingR;>Rq
=7hl2e? (as usual, the gate capacitance is distributed be-

pressed as 3 e
tween C,; and C, in a proper way. The effects of finite
5Qx=\/m/(dX/on), photon energyiw are neglected. We also neglect the pos-
2) sible rf modulation of the SET gate voltage. The low fre-
8Qy=Sy(fO)AT/(dYIdQy), guency thermal/shot noise of the SET current is calculated in
the standard way°
while the simultaneous measurement)ofand Y can give Figure 2 shows the dependence XfSy, and 6Q

8Q=[(1-K?)/(8Qx %+ 6Qy2—2K/5Qx5Qy) 1% where =&Qy on the background charg®, for a symmetric SET
K:(ReSXyl\/SXSY) S|gr[(dX/dQ0)(dY/dQ0)] is the cor- (C1:C2, R1:R2) at T:OOJ.QZ/CE (CE:C1+C2),VO
relation between two noises. He8g(f) is the spectral den- =0, andA=0.7e/Cy . One can see that the minimum &
sity of X(t) fluctuations at signal frequendy (which should is achieved near the edge @Qf, range corresponding to non-
be within the tank circuit bandwidth, 2f < w/Q), Sxy is  zeroX, so that the amplituda is only a little larger than the
the mutual spectral density, antif is the measurement Coulomb blockade threshol, . ForV, close toV, the noise
bandwidth(inverse “accumulation” timg of the current through the SET obeys Schottky form&a,
In this letter we consider only the case of sufficiently =2el, with a good accuracy at low temperaturé8 while
low carrier frequencyw<I/e (wherel is the typical current the current | can be approximated ad=W/eR[1
through the SEJ, so that the quasistationary state is reached-exp(-WI/T)]  where  W=¢(V,—V,)(C,C,/C;Cs)=
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(—l)je(Qo—Qoyt)/CE (jth junction determines the threshpld
and |d1/dQo|=(dI/dV,)C;/C,C,. (As a consequence of
the Schottky formula, the dashed curve in Fig. 2 is approxi-
mately twice as high as thé-curve at smallx.)

Using these equations and optimiziQg, one can find
the minimum  6Q=1.2e (RyCsAf)Y(TCy /€%
X (e NT)V4 for the symmetric SET alT<eA<e?/Cy (Ry
=R;+Ry). This dependence as a function of rf amplitule
is shown in Fig. 8a) by the dashed line while the numerical
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result is shown by the solid line. The sensitivity gets worse 09 Tyeicy) 1
(8Q increasesat A>e/Cs because o and Sy increase. 0'00.00' T s odo | Toxs o020
The sensitivity also worsens rapidly whéris too small and T/(eZ/CZ)

becomes comparable td/e, because of the contribution
from the Nyquist noise of the SET &, close to zero. Be- FIG. 4. The optimized’Q (squaregiand corresponding andQ as func-
fore optimizing the amplitudd, let us notice that the results tions of the temperatur@ for the symmetric SET a¥/,=0. Dashed line
shown in Fig 3a) correspond,to relatively smaX that can represents Eq4). Inset shows5Q on the larger scale. For comparison, the
: result for conventional SET is shown by the dotted line.

be difficult to measure experimentallin the approximation
aboveX=2 (L/C4)¥?x 15 (T/eRs)(T/eA)Y?. However, as _ , ,
seen from Fig. 2X can be significantly increased for the In conclusion, we have shown that the price for the wide
price of a few ten per cent increase &0. bandwidth of the rf-SET is only a little decrease of the noise-

Figure 3b) shows3Q minimized over bothA and Q, limited sensitivity in comparison with conventional SET.
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