Charge sensitivity of superconducting single-electron transistor
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It is shown that the noise-limited charge sensitivity of a single-electron transistor using
superconductorgof either SISIS- or NISIN-type operating near the threshold of quasiparticle
tunneling, can be considerably higher than that of a similar transistor made of normal metals or
semiconductors. The reason is that the superconducting energy gap, in contrast to the Coulomb
blockade, is not smeared by the finite temperature. We also discuss the increase of the maximum
operation temperature due to superconductivity and the peaklike featureslerMinarve of SISIS
structures. ©1996 American Institute of Physids§0003-695(96)05143-]

Electron transport in the systems of small-capacitancaot differ much for reasonably low temperatures when both
tunnel junctions shows a variety of single-electron effécts. SETs show sufficient modulation amplitude.
The simplest and most thoroughly studied circuit revealing ~ With the reduction of the noise due to impurities or at
these effects is the single electron transfS{@ET) which  higher frequencies, the charge sensitivity of the SET
consists of two tunnel junctions in series. At low tempera-achieves the limit determined by the intrinsic ndidef the
tures (T<e?Cy,Cy=C,;+C, where C; and C, are the device caused by the randomness of tunneling evéhis
junction capacitancesthe currentl through this structure ~White” noise has been recently measured in the
depends on the background chag of the central elec- exper_im(_arﬁ)_. Though the theory of the “classical” thermal/
trode (the dependence ie periodica) which can be con- shot intrinsic noise of the SET is applicable to the general

trolled by a capacitive gate. The possibility to use the SET a§ase of one-particle tunnelingormal metals, semiconduc-

a highly sensitive electrometer has been confirmed in numellprst qua5|part|c_le current in superconductors_,), SISt Nu-
. merical results in Refs. 7 and 8 as well as in a number of
ous experiments.

The most developed technology of the SET fabricationSUbsequer.'t papers on this subjéate, e.g., Refs. lOI—)lS
uses the narrow aluminum films with a typical junction ca were obtained only for SETs made of normal metée-

. “cently some generalization was déhe include the possi-
pacitance about 10® F (see, e.g., Refs. 3}5Consequently, y s 9 zation was ne Poss|

. ) i bility of two-particle tunneling which can be important in the
the operation temperature is typically less than 1 K, and th%uperconducting case. Let us also mention Refs. 6 and 15 in

e_Iectrodes are in the superconducting_ sta_te unless it is inteRzhich the noise in NISIN SET was considered.

tionally 456uppressed by the magnetic field. It has been |, this |etter we apply the theory of Refs. 7 and 8 to the
noticed*® that the superconductivity of electrodes improvescases of capacitively coupled superconducting SISIS and NI-
the performance of the SET electrometer operating near thg|N SETs(the analysis of a resistively coupled SET can be
threshold of quasiparticle tunneling. However, we are nojone in a similar way; see Ref).AWWe show that the noise-
aware of quantitative theoretical analysis of this issue, whichimited sensitivity of a SET electrometer can be considerably
will be the subject of this letter. improved by the use of superconducting electrodes.

There are two major characteristics of the SET operation  For simplicity we consider only the single-quasiparticle
as an electrometer. The first one is the amplitude of the outunneling. Cotunnelinf and Andreev reflectiod (in NISIN
put signal modulation fof), variations larger thae. It was  case can be neglected if the normal state resistafiteand
found experimentalfY that superconductivity increases the R, of tunnel junctions are well above the resistance quantum
modulation amplitude of currentt (for fixed bias voltage Ro= 7i/2e?, because of scaling aRg/R)? in contrast to
V), especially afl comparable t@%/Cs , thus increasing the Rq/R for single-particle tunneling. Josephson curtead
maximum temperature. The results of this letter confirm thatesonant tunneling of Cooper pdits® (both in the SISIS
for both NISIN and SISIS structures. cas@ can be neglected for small Josephson coupiipgno-

The other, even more important characteristic of the SETiCe that magnetic field can suppreSg before suppressing
operation is the noise-limited sensitivigability to detect ~SuPerconductivity even if this is not the case, these effects
variations ofQ, much smaller thare). The best achieved &'© not. |mportant near the threshold Qf qua5|'part|cle tunnel-
sensitivity so far (by the normal state SET is 7 ing which is the voltage range most interesting for us. We

13 ” 2
X 10~ %e/\JHz at 10 HZ? In the current technology this figure use th(? orthodox th_eorir of the SI.ET and the BCS
C ) S ; theory’® for the calculation of the tunneling rates.
is limited by 1f noise which is most likely caused by ran- " _
. . . " . Figure 1 shows thd -V curves forQy,=0, e/4, and
dom trapping-escape processes in nearby impurities. It is ungo

. o - at different temperatures féa) the normal metal NININ
likely that superconductivity of electrodes can S|gn|f|cantlycase,(b) NISIN case(which is equivalent to the SINIS case

affect these processes. Hence, present sensitivities of SUPgY (©)—(d) SISIS case. SETs witit;=C, and R,=R
conducting and normal SETs with similar parameters should_ Rs/2 are chosen, and we neglect ti]e g;te capalcité)§ce
because it can always be formally distributed betw€gn
dElectronic mail: akorotkov@ccmail.sunysb.edu andC, (see, e.g., Ref. 21The superconducting energy gap
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FIG. 1. 1=V curves for(a) NININ, (b) NISIN (or SINIS), and(c)—(d) SISIS
SETs for three values o, (0, e/4, ande/2) and several temperatures
T. The curves for different are offset vertically for clarity. The modulation
by Qg survives up to higheT in the superconducting SETs.

A(T) depends o shifting the position of the steps in Figs.

lomb blockade, the superconducting energy gap is not
smeared by the finite temperature. In the normal metal case
thel -V curve has a cusp at the Coulomb blockade threshold
Vy=min; ,(V; | Vi n>0), where

n=(e/C))[1/2+(—1)'(n+Qo/e)], @

and this cusp is rounded within the voltage interval propor-
tional to the temperature. In the SISIS case Ith&/ curve
step atV,; which is shifted due to the energy gap,
=min; [V, ,+2A(T)Cy /eC|V,>4A(T)], remains sharp
even atT~A(T), and the subthreshold current is only pro-
portional to exp[ —T/A(T)]. This explains why the SISIS
transistor shows considerable dependenc@®gfor the tem-
peratures almost up @, even if T=e?/Cs . In the NISIN
case thel-V curve in the vicinity of Vi=min; [V,
+A(T)Cy/eCG|V>2A(T)] is rounded by the finite tem-
perature, that makes the NISIN SET worse than the SISIS
SET (but still better than the NININ SET

Let us briefly discuss the origin of small peaks of the
current at moderate temperatures visible in Figs)-11(d)
(SISIS casgat voltages close to the middle of the subthresh-
old region(see also Fig. 2 in Ref. 22The position of a peak
satisfies Eq.(1) and corresponds to zero energy gain,
W=0, for a particular tunneling proce#lsence, it coincides
with the position of one of thé—V cusps in the correspond-
ing NININ SET). In this case the singularities in the density
of states of two electrodes match, leading to an increase of
tunneling of thermally excited quasiparticles. Hence, the ori-
gin of peaks is similar to that of well-known pedkst V
=[A4(T)—A,(T)]/e in the single junction made of super-
conductors with different gaps,(T) andA,(T). In our case
energy gaps are the same but the Coulomb blockade provides
the relative shift of the singularities in the density of states.
The analysis of the master equafiSnshows that the
singularity-matching peaks are more significant within the
voltage range &(T)<V<2A(T)+elCs.

The steplike features of thie-V curve also exist aV
<V, at finite temperaturegthey are not well-noticeable in

1(c)—(d). The pure BCS theory would lead to the abruptFigs. Xc)-1(d)]. The positions of the steps satisfy equation
current steps in the SISIS case. To describe the smoothing &=2A(T)Cx/eCG+V; , (similar to V) and correspond to
the steps, we assume the inhomogeneous Gaussian broad#ie energy gailV=2A(T) for a particular tunneling pro-

ing of A(0). The dispersionmvy,=0.05A(0) is chosen in Figs.
1(c)-1(d); for finite temperaturesw(T)=wy{A(T)/A(0)
—[T/A(0)][dA(T)/dT]} is used.

In NININ case the currenk can be considerably modu-
lated (I max/Imin=2) by Qp (V is fixed only at T
=<0.1%?/Cy, while at T=0.32?/Cy the modulation is al-
ready negligible, Knax— ! mind/l mac=5%. (The maximum
relative modulation is achieved at smg&lland does not de-
pend on ratiosC,/C, and R;/R,). The NISIN transistor

cess. The step height decreases with the decrease of voltage
and becomes negligible <2A(T)/e.

Now let us consider the noise-limited sensitivity of the
SET. The minimum detectable charge for the given band-
width Af is 6Qy=(SAf)Y%(d1/9Q,) where the spectral
density S, of the current noise is taken in the low fre-
quency limit. The ultimate sensitivity af<e?/Cy in the
NININ case is (see Refs. 7 and )8min §Qy=2.7Cs
(RminTAT)Y2 Rpin=min(Ry,R,). This result can be some-

with A(0)=0.%?%Cs shows considerable modulation What improved in the NISIN SET(with the same

crudely up toT~0.26%/Cy, while SISIS transistors with
A(0)=0.%%/Cy and A(0)=2.0e?/Cy operate well almost
up to the critical temperaturd [T./(e?/Cs)=0.28 and
1.14, respectively Using Fig. 1d) one can predict the op-
eration of the niobium-based SET wi@ ~ 0.2 fF (current
state-of-the-art for aluminum junctionat temperatures up to
7 K.

Superconductivity improves the SET performance at

resistances operating nearV,. At T<min[e?/Cs,A(T)]
and for V close to nondegenerat®/,, we can use
approximations  §=2el, I=Iy[(V-V)C,C,/CCs],
where 1y;(v)=(1eR)[TA(T)/2]Y2[5dy/\y/{1+exdy+
(A—ev)/T]} 1 is the “seed” |-V curve ofith junction.
Then

min 6Qy=Cs(2eA )22 min[\lo(v)/(dlg/dv)],  (2)

relatively high temperatures because, in contrast to the Cowand finally we get the result
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(The numerical factor depends on the particular model de-
scribing the step shapeComparing Eq.(4) with the result
for the NININ SET, we see that the temperatureis re-
placed byw?,/A(T). Hence, the ultimate sensitivity is better
in the SISIS SETresistances are the sanwath sufficiently
narrow width of the current stepyo<<[TA(T)]*2
In the case of very sharp “seedT-V curve, wg
=A(T)Rq/R;, the slope of the step of the SEFV curve is
determined by cotunneliffand it cannot be sharper than
roughly Rg%.* Then mindQ, is on the order of
L 1mo1e?/c [ Cs[AfA(T)RE/R]¥? [we assume A(T)=e?/Cs, Ry
1 wo=0.05A(0) 5Qp (SISIS) r =R,], and the ultimate sensitivity is better than for the NI-
0.0 ‘Frree e AR ARAS A ARmamna . NIN SET if T=A(T)(Rg/R)% The sensitivity of such an
' ideal SISIS SET is even better than the “quantumT (
=0) sensitivity of a symmetric;=R,) NININ SET oper-
N ~ ating atV,~e/Cy [in that casé min 6Q~ (ACsAf)¥?, if
FIG. 2. The minimum detectable charg®,, the currentl, and the ratio

2 .

= -
S//2el as functions of the bias voltagéfor SISIS SET. Dashed lines show R/RQ“’,A,(T) CE ,/e . However, notice that the quamum
5Q, for NININ and NISIN SETs. The best sensitivity is achieved in SISIS noise-limited minéQ, of a NININ SET can be made arbi-

case. trarily small using either smaV, (and large resistancgsor
large ratioR, /R,:® hence, in this sense the superconductivity
; - _ & 1/4 cannot further improve the ultimate sensitivity.
min 5Qo=2.6Cx (RynT AF) L T/A(T) I & The author thanks D. V. Averin and K. K. Likharev for
valuable discussions. This work was supported in part by
ONR Grant No. N00014-93-1-0880, AFOSR Grant No. 91-
0445, and Russian RFBR grant.
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which is better than the NININ sensitivity wheR<<A(T).
The main reason for the improvement is the incré4Sef
the transfer coefficientl/9Qy=(1/C;)(dl/dV), because the
differential resistanc&®, of the “seed” | -V curve near the
onset of quasiparticle tunneling is less tHan Notice that
the “orthodox” theory used here is valid only Ry=Rq
because the cotunneling proces88simpose the lower
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