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Charging and heating effects in a system of coupled single-electron tunneling devices
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The effects of interaction in systems of capacitively coupled Al single-electron transistors were studied.
Employing one device carrying a small current as an electrometer we observed the suppression of its modu-
lation characteristic by applying a substantially greater current to the neighboring transistor. This is explained
by the combined action of charge oscillations and dissipated power in the transistor(stdihccaused by
intensive single-electron tunnelingn the electrometer island. We demonstrate that by changing the param-
eters and mutual location of the interacting transistors on ap SiBstrate, the contribution of each effect can
become dominan{.S0163-18209)07915-]

INTRODUCTION tible to interaction. The modification of its I-V characteristics
in the case of current variation in the coupled transistor is
The single electron tunnelingSET) electrometer, i.e., a studied in this paper. Despite the fact that the effect of the
system of two series-connected junctions and a small islan8ET oscillations and enhanced temperature on the electrom-
in between, supplied with a gate electrddis, a sensitive €terl-V curve are almost similagboth “round” the Cou-
device that allows charges to be measured in delicate expefPmb blockade region we managed to distinguish them.
ments with single electronsee, for example, Refs. 2 ani 3 Owing to deliberately different sizes of the junctions in pairs
Since the coupling between the electrometer island and a@f interacting deviceqresulting in a different relationship
island of an(SET) device under test is normally of the ca- between SET effect strength and power dissipataswell
pacitive type, their close arrangement is common practice fods a different distance between the islands, the data obtained
accomplishing better coupling. In such a pair of coupled deprovide a means for evaluating each effect separately.
vices, the effects of their mutual interaction can, however,
manifest themselves. For instance, the back influence of an
electrometer was mentioned in the electron box experiment
by Lafargeet al? According to their evaluation, the intrinsic We have fabricated and measured two types of coupled
noise of an electrometer resulted in a noticeable increase itnansistors. Firstly, to ensure that the transistor pairs are well
an effective temperature of the measured electron box. In eoupled and to exploit the same electrometer in combination
recent experiment with a multijunction SET traphe back  with devices having different parameters, we have chosen a
action of an electrometer was even more prominent. Namelytriple-transistor system with parallel arrangement of the is-
the variation of the current supplied through the SET eleciands positioned close together. Secondly, in order to mini-
trometer has influenced the storage performance of the SEfize the heating effect, we positioned the islands of two
trap in the sense that the dwelling times of the electronsransistors some distance apart and supplied them with an
stored in the memory island of the trap drastically decreaseti-shaped metallic coupler in between, which enhanced their
when the electrometer current was increased. cross capacitance.
There are two main mechanisms of interaction in the sys- Our triple-transistofsample ) consists of three standard-
tem of coupled SET devices. Firstly, the heating of an islandype SET transistors with Al/AIQY Al junctions prepared by
of a neighboring device via the substrate. Since a powethe conventional shadow evaporation technique on a ther-
dissipated inside a small island can be relatively ldigeto  mally oxidized (800 nm deep Si substrate. The three-layer
50% of the total power dissipated in a circliand since the mask was made of polymethylmethacryla@MMA)/Ge/
low-thermal conductivity of dielectric substrates hinders ancopolymer. After patterning the PMMA layer usiregbeam
efficient drain of heat from the island to the outside, thisexposure and a developing process, the pattern was trans-
effect can be considerable. Secondly, the capacitive couplinfgrred to the Ge layer by an etching process in g fl&sma,
can make the tunneling of single electrons in both devices$ollowed by oxygen plasma etching of the copolymer layer.
interdependent so that, as result, tHelv curves are modi- Due to the specific shape of the maskmilar to that used
fied [see, for example, the experiment with coupled one-earlier for fabricating the twin-transistor syst8mand the
dimensional (1D) arrays by Delsing, Haviland, and two-step evaporation of Al at appropriate angles, all three
Davidsof]. in-line shaped transistors were made without stray shadows
In this paper, we focus on the effect of the interactionof their islands[see micrograph in Fig.(&)]. The double
between pairs of SET transistors. In contrast to Ref. 6, weransistor (sample 2 was made in a similar way by the
investigate the regime when the bias currents are stronglgiouble-angle evaporation technique. As a result of such
unequal. Because of the low dissipation and the low freevaporation, thed-shaped coupler also consisted of two Al
guency of SET events, the device biased by a lower currertyers[see Fig. 23)].
and functioning as a sens¢electrometeris more suscep- All transistors were galvanically isolated from one an-

CHARACTERISTICS OF THE SAMPLES
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FIG. 1. (@) Scanning electron microscogsEM) photo of the
triple-transistor devicésample 1. The structure was fabricated by
the two-angle evaporation technique through a suspended mask, so F1G- 2. (@ SEM photo of theH sample(sample 2. (b) The
that the island of transistdr consists of two layergb) The simpli-  SimPlified equivalent electric circuit of this sample.
fied equivalent electric circuit of this sample.

in a standard wayfor details, see, e.g., Ref).8The coupling

other so that independent biasing was possisée equiva- (Cros$ capacitance®” and C*° were derived from mea-
lent circuit diagrams in Figs.(b) and 2b)]. Two gate elec- Surements in a similar way as in the electron-box
trodes next to the two sides of the transistor structures weréxperiment. The results are given in Tables | and II.
used to vary the offset charges on the transistor islands with
a possibility of compensating the polarization on one of these EXPERIMENT
islands by applying appropriate voltages to both gates. i i i i

In sample 1, the transistor parameters were intentionally 1he measurements were carried out in a top-loading dilu-
varied within the array. Namely, the dimensions of the islandion refrigerator within the temperature range from 25 to 75
of the smallest transistax (topmost in Fig. 1 were about ) ) )
75x 900 nm, and the junction areas were aboux50 nm, TABLE I. Th_e electric parameters of the triple-transistor sample
while the corresponding sizes of the largest transisteow- ~ (S2mPle 1 obtained from measurements.
ermost in Fig. 1 were about 7%1900nm and 60

Triple-transistor Transistora Transistorb  Transistorc

X400 nm, respectively. The approximate distance betwee

the centers ofpeach t\);vo neigrf)lforing transistors was abmﬁarameters (smal) (electrometer _ (large

150 nm, so that the gaps separating the islands were about €5 (aP 320 620 2300

nm only, which resulted in significant cross capacitancesc,/C, 0.9 0.9 0.7

The dimensions of the islands of sample 2 were about 10&, +R, (MQ) 2.0 1.16 0.275

X 1900 nm and their distance was about 1700 nm. R, /R, 1.2 15 1.6
The electric parameters of each transistor were detefgab gngcbe (ap 32 50

mined from the set of-V, V-U

and| -Ug characteristics

g H
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TABLE II. The electric parameters of the sample(sample 2 MODELING

obtained from measurements. .
In the framework of the orthodox theoty the dynamics

Double-transistor Transistora Transistorb of the multijunction SET system is generally described by
parameters (electrometer the master equation for the total probability density,,
which in the case of two interacting transist¢say,a andb)
Cs (aP 240 230 depends on two variables? andn®, the populations of their
C,/Cy 0.95 0.9 islands. Our case is characterized by a small coupling coef-
Ri+R; (MQ) 5.8 5.3 ficient \, determined as the dimensionless chaty®,/e
Ri/R; ~1 ~1 induced on the electrometer island due to charging of the
C2" (aP 16 transistor island by a charge In terms of the equivalent

circuits[Figs. 1b) and 2Zb)].

mK. The aluminum transistors were driven to the normal A=AQ,/e~CC{P<1. (1
state by application of a magnetic inductafef 1 T. Com-

mercial Thermocodk cables aboul m inlength, serving as In addition, we consider strongly dissimilar regimes,
efficient microwave frequency filtePsyere installed in the (@1 (D)

cold part of all electrical lines. The transistors were biased P>1 @

symmetrical with respect to ground using a voltage sourcehe assumptions Eqél) and(2) make it possible to drasti-
and load resistors (2100 MQ2), that actually fixed the av- cally simplify the modelling of the coupled transistors by
erage current value and in fact met the conditions for e|eCnegIecting the back influence of the electromdienn the
tron tunneling which corresponds to the voltage bias casgctive transiston. Owing to the low current®, the rate of

and low-environmental impedandsee, e.g., Ref. .0We  gET events in the electrometer21 /e, is rather small and
used this constant-current method to take advantage of thg. jumps of its island’s potential are modera’fee/C(Eb)

large voltage signal due to the large differential resistance; o “the electrometer is almost switching between the states
Ry=dV/dI at the low level of the electrometer current. The n®=0 andn®®=1). Therefore the neighboring device, op-

signal was amplified using a custom-made am.pl|f|er at roon%rating at much higher current, experiences these rare and,
temperature and then read oyt by a commgrmal voltmeter. due to Eq.(1), small variations of its offset charge. These
As long as the most considerable variations of the eIeCi/ariations do not considerably change its operation regime

trometer|-V pharactensﬂc were expected in the Coulomb, e stationary distribution function of the charge states of
blockade region, we measured teU curves of the elec- its island, o(®(n)

trometers(denoted a$ in both circuitg at low-bias current On the contrary, the variations of the offset cha@gon

t(l pA'; In :ﬁettrlr)llettran§|$,ttor and ‘El’ pé_m the ddouble ;c]ranss—the electrometer’s island due to intensive SET in the coupled
or). For the triple-transistor sample, FiggaBand 4a) show device are substantial,

the effect of transport currents in transistarandc on elec-

trometerb, which implies that its gate modulation is gradu- Qo(t) = Qo+ An@(t)e, 3

ally depressed. Two sets of curreht®d and!(©) were chosen

in such a way that they corresponded to the Joule losse¥hereQq is the offset charge of a decoupled electrometer

which are roughly equal in each device. One can see that &dn® the instant number of excess electrons on the tran-
equal powers, the currehf?) causes a markedly larger de- Sistor island. As long as the energy corresponding to the rate
pression of the modulation thadf® does. of current[~(27rh)l(a)/es5 peV] is considerably smaller

In so far as the characteristic charging energied2C) than characteristic charging energies, the variatiofiyt)
of transistorsa and ¢ in sample 1 were intentionally made can be considered slow. Then the electrometer dynamics can
unequal,E&/kg~2.9K and ES/kg~0.4K, we can expect be found from solving a master equation fof® (n) with
that the difference in the sets of curves presented in Figdime-dependent parameters, namely the r&tgfQo(t)] of
3(a) and 4a) is due to the very different effect of single- SET in each junctiorj=1,2 and in both directions. Solv-
electron tunneling in each transistor. However, since this difing that equation is drastically simplified within the limit of
ference was not very large, we arrived at the conclusion thatqg. (2) allowing to replacd‘f by their average values,
the heating effect in the system was substantial. This is why
we have carried out simulations of the coupled transistors TE_ -1 r* t)]dt’
taking into account the enhanced temperatures of their is- =T overr | [Qo(t")]
lands.

The charging energies of both transistors of sample 2
were rather high~4 K) and this led, in particular, to the
electrometer characteristic becoming less sensitive to a finite
increase in the temperature of its island. Moreover, the dewhereris the time interval which much exceeeld ®. Note
sign of this sample with the larger distance between the trarthat this procedure does not modify the original rdtescept
sistors substantially impeded the heating of the electrometek shift in argumenQ,) if they behave linearly witlQ,. This
island. Figure &) demonstrates the influence of the trans-corresponds to the case when the electrometer is biased well
port current in transistom on electrometeb. As we will  above the blockade voltage so that the variation®gffall
show below, this effect is attributed to mostly SET oscilla- within the linear rise of";" . However, when the electrom-
tions in the coupled transistor. eter is biased by very low current, it operates in the regime of

=2 () IFIQo(n™)], )
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FIG. 3. (a) Experimental modulation curves of electrometen sample 1 measured at several current valudtange transistorc. The
effect of SET oscillations was found to be small in this cabg.The theoretical curves were plotted with the electron temperature of the
electrometer island as a fitting parameter.

nonlinear dependendéf(Qo) and, therefore, the averaging where T, is assumed to be higher than twice that of the
Eq. (4) leads to nonvanishing corrections to the rates: thecounter electrodesThat is why the latter drops out of ex-
broader the distribution®(n®), the larger these correc- pression Eq. (5). Finally, the cotunneling current
tions. This is the principle of our rectification of SET oscil- componenif was also taken into account.

lations.

Other moplificat_ions of the simulation scheme concern a FITTING PROCEDURE
careful consideration of the electron temperattigeof the . .
electrometer island and of cotunneling. In a realistic case of 1. Sample 1(triple transistor sample)

very dissimilar electron temperatures of an island and the Ag the electrometer almost operated in the Coulomb
leads, the expression for the tunneling rates takes the formp|gckade regime, in which it was extremely sensitive not

N 26(b) . only to charge but also to temperature, particular emphasis
Iy (n)=kgTe/(e"R™)IN{1+exd Ej (n)/kgTell, (5  has been laid on the determination of all relevant tempera-

(a) (b)

Triple transistor, pair a-b. Experiment.  Triple transistor, pair a-b. Theory.
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FIG. 4. (a) Experimental modulation curves of electrometen sample 1 measured at several current valugsrimal) transistora. The

effect of shot noise was found to be considerable in this ¢as&he theoretical curves were plotted without fitting parameters but using the
plot T? vs the total powerFig. 6).
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FIG. 5. () Experimental modulation curves of electromeben sample 2 measured at several current values in transisdre effect
of heating was found to be negligibly small in this cads. The theoretical curves were plotted usiBgP as a fitting parameter.

tures. First, we assumed that the on-chip leads ensured good Next, we fitted the electron temperature for the electro-
thermal contact between the bath and the outer electrodes ofeter modulation curves taken when transistasperated,

the electrometer junctions. The heat drain was realizede., the device which, as the simulations have shown, pro-
through the double-layer Al films that were duced almost hedsee Fig. 2 As the power dissipated in the
25+35nm=60 nm thick, 20um wide and a few-mm long neighboring transistor increased,, (as well asT,) in-

and connected to much larger contact pads. Evaluating thereased as well. The phonon temperature in the leads re-
thermal conductivity of the normal-state Al at 75 mK using mained equal td 4, because of the largenm scalé length

the Wiedemann-Franz law as,~10 2—10 3W/K/m, we |l e.pn Of the electron-phonon interaction. The dependencies of
estimated the thermal conductance of these films to be abo@, and T, versus the total power dissipated in transistor
10— 10" W/K. For the maximum dissipated power in are shown in Fig. 6.

the electrometer of about 2810 *®W, it resulted in a neg- To account for the heating effect in the case of the tran-
ligibly small increase in temperature<0.02 mK) in the sistor paira-b (Fig. 3), where it occurs together with the
counter electrodes. Thus, we assumed that their phonon and
electron temperatures were maintained equal to the bath tem-

peratureT,;= 75 mK. On the contrary, the electron tem- 7"r/p le tr an\‘S/st'or samp 'Ie

b . . 220 T T T T =T
peratureT, in the electrometer island substantially exceeded d
this temperature because of poor electron-phonon coupling at 200f T  =75mK /El/ ]
low temperaturegsee, for instance, Refs. 5 and)1Such an < bath /
effect can be described by the model by Roukeal* ac- £ 180} / ]
cording to which Te=(Tp,+P/S20Q)Y5, where Ty, is the ~ /
phonon temperature of the islardthe power dissipated in & 160 /A 1
the island of volume Q~7x103um’ and 3, }:-'; oA ]
~0.2-0.6 nW/KR/um?® (Refs. 5 and 1Bthe material con- 5 1404
stant. Since any reasonalgithough smajlvalue of thermal Q. " , ,
conductivity of the SiQ substrate ksjo,~10 4 W/K/m at QE, 120 /E' —A— T, (fit for pair b-c)
T~0.1K (see the data for vitreous silica in Ref.)1%ro- 100 —o— T, (derived) ]
vides a negligibly small increase in temperatuder /
~P/(SY%k5i0,) <107 °K for the contact aresS of about 804 1
10 2m? and powerP~10"**W, we concluded thafl,, i . . . . o
=Tpan When the neighboring transistors were off. The best 800 ™02 04 06 08 10 12

fitting curve corresponds t@.,~134mK in the regions of
tops of the modulation curve measured for 1 pA. This
number allows the value & 5~0.23 nW/K¥/um? to be re-
stored, although the accuracy of such a reconstruction proce- g, 6. Electron temperatufE® of the electrometer island as a
dure is poor, since this value is largely sensitiveTto We  function of the total power dissipated in the neighboring transistor
therefore restrict ourselves to the conclusion that the value qt]pper curve The phonon temperature of the electrometer island is
> a1, Obtained as a by product, is within the range furnishedierived from the model by Roukesetall* with

by literature>*3 S 4 =0.23 nNW/Ke/ um?.

Total power (pW)
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effect of large fluctuations of the polarization charge, wewe did not make the cotunneling corrections, what made the
supposed that the heating was identical to that for pair. fitting procedure more reliable. As can be seen in Fig. 5, the
Although the widths of islands and ¢ as well as the dis- experimental and theoretical curves are in very good agree-
tances from the electrometer island were identical, the islanchent.
of transistora, as seen in Fig. (&), was approximately twice
shorter. On the other hand, as long as the phonon wave-
lengths at low temperatur\ ,,~7% vso nd Kg T~0.3um at

0.1 K) were larger than the thicknesses of Al layers and We have shown that in the system of SET transistors po-
comparable with the in-plane dimensions of the islands, theitioned close to one another, the interaction of the devices
temperature gradients were small on this scale. Hence, wgroceeds through a transfer of heat and gating of a device by
concluded that in both cases the temperaiysewas distrib- ~ fluctuations of the island potentials. These effects can be
uted almost uniformly over the length of the electrometermost clearly seen in modulation curves of the other device
island and it was determined only by the power dissipated inmeasured at low-bias currents corresponding to the Coulomb
a side transistor. blockade nonlinearity in thé-V curve.

On the basis of this assumption, we computed the series The results obtained show that in the case of the standard
of curves for those electron and phonon temperatures thaubstratéseveral hundred nm Si®n the top of the Si plaje
correspond to the same power dissipated in the case of paind low temperaturé<100 mK) a local overheating of the
b-c. As a result, the curves obtained without additional fit-Substrate can be considerable even at moderate power values
ting parameters were found to be in good agreement with thépW). As a result, the island of a transistor positioned nearby

DISCUSSION

experimen{see Fig. 8)]. (~100 nm in the triple-transistor samplis heated and the
increase in its effective electron temperature can be observed
2. Sample 2(H sample in the modulation curves. On the other hand, a pair of more

distant islandg~1.7 um in the H sample is substantiall
First, using the Roukes model we evaluated the electrof,qq subjectetj(to thiéueffect. pio y

temperature of the electrometer island at bias curté&ht Moreover, due to capacitive coupling, the SET oscilla-

=5PpA and zero current in transistoa. We got -Le tions of the island potential in the transistor carrying a finite
~220 MK (> Tyay~25 MK), and by fitting capacitand®®  cyrrent cause fast variations of the polarization charge on the
we arrived at the value of 228 dleompare the pair of the electrometer island. Since the working transistor was effec-
topmost curves in Figs.(8 and 8b)]. Note that this value of tively voltage biased, these SET oscillations were
capacitance is nearly the same as that obtained frori-the  jncoherent® and characterized by am almost flat spectrum
curve measurement§~230 af. Then, the curves corre- with the cutoff frequencyw,~I/e.X” This broadband signal
sponding to the casé®+0 were computed on the assump- was perceived by the electrometer as a background charge
tion of constant temperaturg, =220 mK. They were fitted noise. As long as the power density of this noise within the
with the only paramete€?®, and the best fit curves gave the electrometer's bandwidth was too small for a straightforward
value of 16 aF, that is in fact the value found in the electronmeasurement, we succeeded in detecting the noise by ex-
box measurementsee Table ). ploiting the nonlinear characteristic of the electrometer. In
In order to rule out the heating effect, we roughly the framework of the orthodox theory of SET, we suggested
evaluated® the enhancement T of the temperature of the the simple model for two coupled transistors in the regime of
substrate under the electrometer island that was caused Rgry dissimilar current. The simulations showed that the rec-
power dissipation in transista. Assuming a spherical ge- tification of the SET oscillations can be well described by
ometry and the aforementioned value w5, *°> we found  this model. Thus, we demonstrated the capability of an SET
AT~100mK for the case of maximum dissipatioR  electrometer to develop a noise signal whose bandwidth con-
=20 pW corresponding t6®=2 nA. Such a value oAT;  siderably exceeds the electrometer's output bandwidth.
has practically no effect oifi, and, therefore, on the modu-
lation amplitude. Hence, these measurements unambiguously
demonstrate the effect of rectification the SET oscillations.
Owing to very large resistances of the tunnel junctions, This work was supported by the EMMEL ARI Research
the electrometer behavior was well described by the orthoProject No. 22953 CHARGE the German BMBHGrant
dox model. One can see in Fig(a that the shape of the No. 13N6260, the Russian Fund for Fundamental Research
modulation curve corresponding to zero current in transistofProject No. 95-02-0415DA and the Russian Scientific Pro-
a is very close to a triangular one. In modelling this samplegramm “Physics of Solid-State Nanostructures.”
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