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Theoretical analysis of the resistively coupled single-electron transistor
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The operation of the resistively coupled single-electron trans(ReBET) is studied quantitatively.

Due to the Nyquist noise of the coupling resistance, degradation of the R-SET performance is
considerable at temperatur€sas small as 10°e?/C (whereC is the junction capacitangevhile

the voltage gain becomes impossibleTat 10 2e?/C. © 1998 American Institute of Physics.
[S0003-695(198)03024-1

Single-electron tunneliftgattracts considerable theoreti- article we consider the 1-V curve and the dependence on the
cal and experimental attention and can be potentially used igate potential. We also discuss the smearing of the Coulomb
important  applications including ultradense digital blockade and the reduction of the voltage gain at finite tem-
electronics. The simplest and most thoroughly studied peratures.
single-electron device is the single-electron transi<iBET) Assuming sufficiently large gate resistarjésy. (1)] and
which consists of two tunnel junctions in series. The currentunnel resistancesR; >Ry, and using the “orthodox”
through this double-junction system depends on the backheory of single-electron tunnelifiy? we describe the inter-
ground charg&), of the central electrod€‘island” ) which  nal dynamics of the R-SET by the following master equa-
can be controlled with an additional external electrode thugion:
providing the transistor effect. In the usual capacitivelys(Q)=T"(Q+e)c(Q+e)+T* ' (Q—e)o(Q—e)
coupled SET(C-SET) the chargeQ, is controlled via the

gate capacitance while the other possibility is to use the cou- —[I(Q+T(Q)]o(Q)
pling resistanc&r, (R-SET); see Fig. 1a). 2
. ) : . . J - T, 90(Q)
Since the C-SET can be relatively easy realized experi + —[(Q-0)a(Q)]+ )
mentally, this has also motivated numerous theoretical stud- R,Cs dQ R,Cs 9Q?

ies of different problems related to the C—SET._ In contras.t,l_k_:.re o(Q) is the density of the probability to find the total
the R-SET has almost not been studied theoretically after itghargeQ on the islandCs =C,+C, is the total island ca-

initial proposal® even in the simplest approximatiaiiRC-
_?ET with cornt:;}neg.fcf:pugﬁllngfhas bgen ctor|1$|del'redt.|n R)efft.h4 between the gate potenti&) and the island potentiat
€ reason Is the ditticufty of expenimentai realization o e=Q/CE+VC2/CE. The last term in Eq(2) describes the

R-SET. In order not to smear the dlscretengss of the |slanRI quist noise of the gate resistance being at temperature
charge by quantum fluctuations, the gate resistance should Q%ich can in principle differ from the temperatufeof the

. . ’3
sufficiently large, electron gas in tunnel junctiongwe assumeT,=T).
Ry>Rq= mh/2e*=6.5K, (1)  TH(Q)=T;(Q)+I';(Q) wherel';" are the rates of tunnel-

and simultaneously the geometrical size of the resistog_g) ;E;O?S?Qn;hiﬁgréi@on increasing ) or decreasing

should be relatively small so that its stray capacitance doe
not significantly increase the total capacitance of the island. r W
The progress in fabrication of such resistors has been i = - ;
achieved only recently;*° (One-dimensional array of junc- e’R[1—exp(— W' /T)]
tions instead of a resistor has been studied in Rej. 15. e
The R-SET could be a very useful element for integrated W, =—
single-electron digital devices. At present the majority of the Cs
proposals for single-electron logisee Ref. 2are based on In this letter we analyze only dc characteristics of the R-SET,
the capacitively coupled devices which suffer from the prin-so ¢(Q)=0 is assumed in Eq2).
cipal problem of fluctuating background chargéise solu- At T=0 the Coulomb blockade state is realized when

tion is known so far only for memory devicés The use of  4=U and the voltages across both tunnel junctions are less
a R-SET which is not influenced by background chargeshan the tunneling threshold,

would allow one to avoid this problem. Another anticipated

advantage of the R-SET is the possibility of much larger |Ul<e/2Cs ,|V-U|<e/2Cs. )
voltage gain than for the C-SET. The potential importanceOutside the blockade range the average currents through
for integrated devices and the possibility of an experimentajunctions,

demonstration of the R-SET in the near future makes urgent RN J’ Ay T

the basic theoretical analysis of R-SET operation. In this li=(=1)""e | [T7(Q)-Ti(Q)]o(Q)dQ, )

can be different because of finite gate currégptl,—14,
3Electronic mail: akor@rsfq.npi.msu.su lg=[U—J&(Q)o(Q)dQ]/Ry.

pacitance, an@zUCz—VCZ corresponds to the equality

()

_ i C]_Cz e
+(Q+(—1)V = )—5.
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FIG. 2. The I-V curves of the R-SET for different temperatures.

(actually, the currents do not depend on the r&idC, if

Cs is kept constant Notice the strong asymmetry of the |-V
%\ ] - e A curve shape near two thresholds of the Coulomb blockade
2 25 for U#0. The slope of the step-like feature grows with the

LI S I S s

-] R=10R C=~ [ increase oRy/R (the perfect step is realized fét,/R=c°
] T=0 R=R,=R [ as follows from the analysis abovdn the large-bias limit
'°<J_10' S P S UL A (V=elCs, V—U>e/Cy) the currents can be found analyti-
' ' V/(e/C) ' ‘ cally using simple Kirchhoff analysis and taking into account

the effective voltage shife/2Cs (opposite to the current di-
(dashed npas functions of the bias votagé at T~ The gate voliages 'SCtiOn in each tunnel junctioniy =[V(R,+ Ry) ~UR,
(from top to bottonx U/(e/C) = —1/2, —3/8, —1/4, —1/8, 0, 1/8, 1/4, 358, (&/2Cs)(2Rg+ RZ)/]/A o and B lg=[U(Ri+R;)-VR,
1/2. The curves are shifted verticallgy Al =0.4U/R) for clarity. +(e/2Cy)(R;—Ry) /A where A= (R_1R2+ RiRg+ R_zRg)-

The voltage offset between the positive and negative asymp-

) ] S L totes ofl,(V) is equal to €/Cs)(2Ry+ Ry)/(Ry+Ry).
The analysis can be considerably simplified in the liRit Figure 2 illustrates the effect of the temperature on the
>Ry,. Then it is useful to separate the total chaiQe |.v curve of the R-SET. One can see that in contrast to the
=Qo+ne into part Qo supplied viaRy and the integer C.SET, even a small temperature significantly smears the
chargene due to tunnelinginitial background charge is in-  coylomb blockade threshold. The finite temperature changes
cluded inQ). Because oRg>R;,, the change oRQq is  the tunneling rate$Eq. (3)] and also causes the Nyquist
slow and the first averaging can be done over the fast tumpijse of the gate resistance. The effect of the tunneling rates
neling events exactly like for the C-SET that giveperiodic  change is similar to that in the C-SET and leads to the smear-
dependencieg(Q,) and1(Qg) (the currents through junc- ing of sharp features within a voltage range on the order of
tions are equal in this approximatipon T/e; hence, it is quite small af<0.01e%/Cy . The effect of

If the Nyquist term in Eqg.(2) can be neglectedT the Nyquist noise is much more important at relatively low

=0), thenQoz(U _Z)/Rg- In the case when m@gE(QO) tgm;ljeragutr)?s.klndthe abse}nce ct))f_tthe tlunneli[r:ﬁ; ct:urrgnt in the

— . S . oulomb blockade, even for arbitrary lar at reduces
<U=mavg,4(Qo), the.statlorTe?ry _state _W!thg_o will be the noise, see Eq2)] the fluctuations oQ?ashouId satisfy
eventually reached?l’h|_s condition is satisfied by twolvalues the thermal distribution leading to root mean squéres)
of_Qo per period with the stable state determined byvalues of

dpl3Qy>0.) It is interesting that in this case the |-V curve
8Qo=(TCy)"2,

of the R-SET can have negative differential colductance (6)
(see also Ref. ¥ which is realized when {l/0V) S¢p=(TICy)*2
<(9119Q0)(0¢1 V) (9¢/3Qo) . _ __ The scaling a§"? makes the effect significant even for

If the gate voltagd is outside the range (mé#max$),  ~1073e?/Cy and thus creates a serious problem for practi-

then the stationary state f@, is impossible and the current c3| yse of the R-SETWe note that Nyquist noise was also
through the R-SET will perform single-electron oscillatidons the main obstacle for widespread use of resistively coupled
with the periodr= [§R,/|U — ¢(Qo)|dQ, while the average superconducting quantum interference devi@UIDs.*%]
gate currentj;=e/7. The average output current does not For theith junction biased below the blockade threshold,
depend orR, and can be easily calculated using the numerithe noise-induced tunneling rate can be estimated'as
cal solution forQy(t). =[5 (x/eR)(Cs/2mT)Y%exd — (x+A))°Cs/2T]dx,  where
When the ratioRy/R; , is finite, the stationary solution A;=e/2Cyx—(V—U) andA,=e/2Csx—U (A;>T/e). How-
of the full Eq.(2) can be found numericallgwe will discuss  ever, the numerical results show that the leakage current is
the numerical methods elsewhgréigure I1b) shows the typically a few times largefand can be much largethan
currentsl, (solid line) andl, (dashed lingfor the symetric  this estimate. The reason is the positive feedback from the
R-SET (C,=C,=C, R;=R,=R) as functions of the bias gate resistance. For example, when the positive charge tun-
voltageV for T=0, Ry/R=10, and different gate voltagés  nels to the island through the first junction, it causes some
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FIG. 3. The control curves of the resistively loaded R-S@vertep at load resistanceR, and (b) gate resistanceg, .

different temperatures. The dashed line shows the result Tor
=0.00%?/Cy neglecting Nyquist noise. The inset shows the same curves oproduces similar effects. Notice that the maximum voltage

a larger scale. gain typically grows with the increase &; andR, .

negative gate current. Hence, after the charge escapes The optimal loading and the voltage symmetry are pro-

through the second junction, the voltage across the first junc\{Idecj by complementary R-SE4n this casdsimilar to the

tion is increased in comparison with the situation before tun_caseRL—wo) the maximum temperaturenay at which Ky

neling. This effect enhances the “clustering” of tunnelin >1 is still achievable is close to 0.04C for Ry/R=10
9. . 9 9 (0.01@?%/C for R,/R=3 and 0.018%C for R,/R=30).
events above the level determined by Nyquist random walk_ . . 9 - 59
. Ly : . his value is less than one half @f,,,=0.026/C for the
and further increases the shot noisghich in this case is . .
. . inverter based on the C-SEf'<moreover, for the C-SET it
considerably higher than the Schottky leveThe leakage . ; . . :
: . : is achieved at a twice larger total island capacitance
current typically grows withR, because at relatively small . .
! . . In conclusion, while the R-SET outperforms the C-SET
Ry the train of tunneling events can be stopped by the single, .~ =~ . C .
) at T=0 (in terms of the voltage gajnits characteristics
charge escape through the gate resistance. .
. .. degrade with temperature much faster than do those of the
The strong smearing of the Coulomb blockade at finite . . ;
S .C-SET due to the Nyquist noise of the gate resistahee
temperatures significantly reduces the R-SET voltage gain;

. \ cause ofTY2 scaling. As a result, atT=10 2e?/Cy the
Figure 3 shows the control curves at different temperaturefz_SET erformance becomes comparable to or even poorer
of the inverter made of a symmetric R-SERy=10R) P b b

loaded with resistancg, = 10R and biased by/s=0.5¢/C. than that of the C-SET. Neverthe!ess, insensitivity to the
= i ) . background charge and the nonoscillatory dependence on the
The voltageV=Vg— 1R, is the output of the inverter while . o
. ; .gate voltage can still be the principle advantages of the R-
U is the input voltage. One can see that the voltage gai

Ky=|dV/dU| becomes less than unity at the negative slope ET for some applications.
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