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Background charge noise in metallic single-electron tunneling devices
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With the help of two single-electron tunneling transistors whose islands were positioned about 100 nm apart,
a low-frequency charge noise generated in theQ¥l substrate has been measured. The signals detected by
these electrometers have shown a 10—20 % correlation in power in the 1-10-Hz range. Using a simple model
we show that the charge noise sour¢figctuating traps can be distributed either in thin dielectric layers
(including the barriefsadjacent to the islands or, alternatively but more likely, in a volume of the substrate.
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[. INTRODUCTION been noticed that smaller islands normally produce less
el
noise!

In the last decade, the technology of fabrication of the_ Relying on these experimental fact_s th.ere is the belief t.h_at
metallic single-electron tunnelingSET) circuits has made in general the background charge noise is due to the activity
great progressDue to a reduction of the geometrical sizes Of random traps for single electrons in dielectric materials
of the structures designed, the capacitances of tunnel jungurrounding an island. These traps have different switching
tions and metallic islands can be reliably realized on théiMes and trapping energies and hence they can generate
subfemtofarad level. This ensures that the characteristic Col@W-frequency noise’ Specifically, in the case of noninter-
lomb energyE. by far exceeds the energy of thermal fluc- acting traps with a uniform distribution of trapping energies,

: c - - : the spectrum becomesfilike.? Thus, a 1f spectrum or a
tuationskgT for a typical dilution refrigerator temperature. P A ' ' P SR
However, numerous experiments have shown that the perfo pectrum cI(_)se toit p.omts to numerous traps part|C|pat_|ng In
mance o,f SET devices strongly suffers from backgroun he generation of noise. As regards a probable location of

. ini divided. For example, Seng!® suggest
charge fluctuationgsee, for example, Chaps. 3, 7, and 9 of raps, opinions are pie, a 99

Ref. 1 and ref theraidt low f os. th b that noise originated from junction barriers dominates in the
€l. 1 and references er_ﬁal \tlowlrequencies, ey Sub- 4 charge noise. Their argumentation is based on the fact
stantially dominate over intrinsic fluctuations in devices

X ) X >that an electric field produced by the charged island is
which are mainly due to shot noise. The deep understanding,,in|y concentrated inside the oxide layer of the tunnel junc-

of the nature of background charge noise and the search fggn and for that reason the motion of a charge in that region
ways to reduce it are, therefore, very important for practicapyroduces a larger polarization of the island in accordance
SET devices. with Green'’s reciprocity theorem. On the other hand, Zim-
Present-day knowledge of the background charges, whicherli et al* consider that fluctuating traps located in a di-
was accumulated essentially in experiments with SET tranelectric substrate might contribute essentially to total noise.
sistors (electrometers is limited by the following facts. In the following, we present the results of experiments that
First, the charge fluctuations are significant at low frequenshow that noise coming from the substrate is comparable
cies and they usually have aflspectrum with a roll-off with or probably larger than that from the barriers, at least
frequency of 100—-1000 Hz. With some exceptions, the infor the sample under consideration.
tensity is in the range of 1G—-10 “e/\Hz at f=10 Hz
(Refs. 2—8 and nearly temperature independentTat 300
mK.2 Second, some samples clearly produce a telegraph
noise with random switching between 2, 3, or more states The basic idea of our experiment stems from the fact that
with a magnitude of up to 0e13>7 Third, for some sub- two individually biased SET electrometers, whose islands
strate materialge.g., SiQ, and Al,O3), the nonzero back- are placed on the same substrate close to each other, can
ground charge and, to some extent, its fluctuations can decaletect similar noise signals coming from the traps located in
with a long time constaAf (hours and even daysf a  that substrate. As opposed to this, the noise signals that are
sample remains at low temperature and a fixed small biaslue to switching of the traps inside tunnel barriers are obvi-
Thermal cycling or application of large drain and/or gateously noncorrelated because a charge in the barrier is
voltages immediately activates the noise again. Mechanicalcreened by the junction electrodes. The origin of the noise
stress or a weak surface electroacoustic wave in the piezocan, therefore, be determined using dual channel spectrum
electric substrafd (GaAs acts in the same direction. Fourth, analysis. Such analysis could be perfect if the space diagrams
the intensity of detected noise seems to be correlated witfor the sensitivity of two electrometers were similar and ca-
the design of the island and the gate electrodleand it has  pacitive coupling between the islands leading to cross-talk

Il. THE EXPERIMENT
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FIG. 1. (a) A schematic drawing of the resulting Al layers after two evaporations through the suspendedbnaskEM picture of the
structure, andc) the circuit diagram.

between two transistors was small. Although these two reexposure- The UV light exposure procedure was applied to
quirements are in conflict with each other, they can be apfabricate the “coarse” patterfwith sizes larger than 10

proximately fulfilled in practice. um). Two evaporations of Al and an oxidation in between
were maden situ. Tilting of the substrate between two depo-
A. Technique sitions was made in the plane perpendicular to the axes of the

The sample was fabricated on a Si chip coated by a SIOu{[1-Iine structures of each transistor. As a result of the first

tered ALO; layer 200 nm thick. The Al-AIQ-Al tunnel evaporatior(25 nm thick, the outer leads of tran.sistor 1 and
junctions were made using standard two-angle shadowl island of transistor 2 were produced, while in the second
evaporation through a suspended mask. We used electr&yaporation35 nm thick the island of transistor 1 and the
beam lithography for patterning fine lines in a three-layerouter leads of transistor 2 completed the whole deysee
polymethylmethacrylate (PMMA)Ge/copolymer mask, Fig. 1(@]. Each island has its “own” gate electrode repre-
which was then developed in 10% solution of isopropanolsented by a straight stri@vaporated twicesituated perpen-
The Ge layer was etched in gplasma and then the pattern dicular to the transistor axis. The resulting twin-transistor
was transferred to the copolymer by oxygen plasma. To restructure has a minimum number of stray shadow ljses
duce the mechanical stress in the three layer system, a newve SEM picture in Fig. b)]. The islands have lateral di-
vacuum low-temperatur@ 00 °Q soft baking technique was mensions of approximately 660100 nn? and are 100 nm
applied fore-beam-sensitive PMMA heat treatment before apart.
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The measurements were made in a dilution refrigerator at
a temperature of 30 mK. The normal state of Al was main- ( )
tained by applying a magnetic field of 1 T. The transistors, as

is shown in the electric circuit diagram of Fig(cl, were

biased by dc currents? from individual sources and the

300

200",

1,2 ; ; ; [ AN &
voltagesV/( _) were picked up in the bandw_ldth from O to 100 580 pv/e= \" /560 pVre
300 Hz. Besides the low-pass filters each biasing and signal ?J_ i . -
line was supplied by a 1-m-long section of Thermocdax = olv -0 transistor 2
cable, which was at the temperature of the mixing chamber :_c\T gatet . ‘
throughout most of its Iengﬂ‘f‘.The room-temperature elec- =< .100} A transistor 1.~
tronics was placed inside an rf shielded cabin. The equiva- L B
lent voltage noise of the setup referred to an amplifier input -200 |7 510 Ve
was determined for a cold load resistor and amounted to i
<30 nV/JHz at 10 Hz. An HP 89410A dual channel spec- B
. -40 -30 -20 -10 0 10 20 30 40
trum analyzer was used for the noise measurements.
B. Results Vgate2 (mV)

From the measuredl-V characteristics we deduced the
asymptotic normal-state resistances of each electrometer(b)

which turned out to beR{V=R{M+R{P~141 K2 and 00b
RP=R@P+RP~126 k). From the offset voltages 200l
vii?=e/C{(+? (see, e.g., Chap. 2 in Ref),we found the
island capacitance8{"'~C{?)~0.49 fF, where 100 transistor 2 .
> L
ci?~c{*?+Ci?+Ci3+Cyy, (1) = 0F V=0 _
a - transistor 1
and the corresponding Coulomb energit-?=e?/2C{"? T 100 7™
~160 ueV~kgx1.85 K. TheV versusV 4, characteristics I
shown in Fig. 2 indicated good symmetry of the junction 200
capacitance€{!?~ C{+?~0.24 fF and relative smallness of / .
the gate capacitance{;'~5.3 aF andC{?~5.6 aF, which 00 b

were derived from modulation period€yAV = AQq
=e, whereQy is the polarization charge of an island. The

curves obtained by sweeping the voltage applied to the Vgam (mV)
counter gates showed clearly smaller values of the corre-
sponding capacitancnglz)%&O aF andCEfwa.S aF. The FIG. 2. TheV vs Vg, modulation curves fofa) the second and

maximum values of the voltage-to-charge transfer coeffi{p) first gate sweeps recorded at bias currefts=1=0.2 nA.
cients defined by the maximum slopes of the modulationThe maximum values of response functiafié? [Eq. (2)] are pre-

characteristics, sented for both slopes in characteristics of each transistga)in
1o Every pair of solid(dotted curves was recorded one just after the
712=|dvt2/dQi?| other. The dotted series of curves were measured after a lapse of

a) 0.5 h and(b) 1 h.

~0.5-0.6 mVe at11?2~0.2 nA, 2) ( (

were almost identical for both devices. Apart from the nicely uniform parameters, the sample was
In order to evaluate the cross-talk due to capacitive coun©t free from “imperfections,” and this is clearly seen in

. 2(b). The sweeping of voltage applied to gate 1 almost

pling of the islands, we measured the capacitancé'd

* ~13.2 aF between island 2 and the whole body of tran_always led to incremental jumps of a polarization charge

_ 1) - :

sistor 1, where both outer electrodes and gate were connect@p - Among these jumps, those of approximatelyed(ee

and used as a new “gate.” AG* <C(21,2) we obtained the the lower curveps dominated. In that case, electrometer 2
. 12 ’

upper estimate for the interisland mutual capacitdstewn us(lzj)ally detected gpproxmately 415 tlme§ smaller jumps of
in Fig. 1(c) by dashed linesC,,<C7, and, therefore, for the _QO - Such be_hawo_r_may be e>_<pla|ned by mcrement:’:}I charg-
strength of the cross-talk mg_of a few |mpur|_t|es(trap9 in the subs_trate, the most
active” of these being located closer to island 1 and/or its
K:Clzlc(zl,z)SCng,z>~0_03_ 3) g_ate(l) than to isiland 2. We have recorded over 50 double
signal traces at different rates of the gate voltage sweep, and
This figure shows which part of the charge on one island ighe most typical curves are presented in Fig. 3. In order to
induced on the neighboring island. The possible electromagncrease the dynamic range in these measurements, the dc
netic coupling and hence the cross-talk between the signalomponents were subtracted from the sigittide input filter
wires inside the cryostat were negligibly small for all the time constantr=0.1 9. As can be seen from the long-time
frequencies of interest. scale recordsa) and(c) in Fig. 3, the widths of noise traces
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ing rms voltage at 10 Hz was abovit;~ 300 nV//Hz which,

FIG. 3. Time traces of ac voltages on two transistors recordedn charge units, corresponds to the rather typical value of
whenV gy ;was swept. The curves are offset, so that the uppermosQy = Vy /(7™M 7(?) Y2~ 5 5x 10~ *e/ JHz.
traces in all panels belong to transistor 1. The peaks are results of |n order to find correlation of two signals in the frequency
jumps of background charges and their signs together with the signgomain, we measured the cross-spectrum power dessity
of dV(+2/d Vg, ; determine the sign of the change of a charge.  for example, Ref. 15

are modulated, and this is in accordance with the dependence S 0)=(VIV2*y, (5
of the response coefficientg'>? on Q{?(t). A clear cor-

relation of the charge jump pulses in pan@sand (b) can . .
be seen. In particular, the fine time scale curvegjnshow ra‘heT n_0|sy(_the_ number of averagings p_erformeNi,= 100, .
the repeated incremental charging of the islands of both trany &> limited in time, to about 30 min, Wh”e the charge d”ft.
sistors when they reacted to obviously the same events th&{>> small and tfgiezglxe_d gate voltages stil provided the maxi-
occurred one after another with a 0.78-s delay. On the oth um vglues ofp=7), it ShOV.VS noticeable correlation of the .
hand, very seldom the voltage spikes in the second chann pctugtlon SOurces. Accordmg 'to our measurements, the di-
were not noticeablgsee the event that occurredtat13.3 s mensionless correlation factor is
in (c)], pointing to a very weak correlation in these rare — 12— ,
cases. if any. y=[S14/($,S,) 0.15+0.05 (6)

The recorded traces characterize the noise in the case the frequency range from 1 to 10 Hz.
where a gate voltage is swept at a relatively high rate. Al- Taking into account that the space diagrams of sensitivity
though this method clearly demonstrates the correlation, thef two electrometers are obviously different, the result Eq.
sweeping electric field of the gate possibly enhances thé6) definitely points to the fact that pafif not all) of the
natural charge noise in the substrate. Therefore, in order toharge noise sources are located in the substrate. Note that
characterize two noise signals and the correlation quantitsghe obtained value oy is much higher than that one could
tively, we adjusted and fixed the gate voltages in a way thaexpect in the case of the noise sources located only inside the
provides a maximum for the two response coefficientsdunnel junction barriers. Since the charges located in a thin
7M~510 uV/e and »?~580 uV/e. This maximum was barrier layer practically cause polarization of the neighboring
attained atVgye =0 and Vgye 7~20 mV [see Fig. 2a)].  island, the nonvanishing value 9fcan be due only to elec-
Then the power spectrum of signals in each channel wasostatic interaction of the islands, i.e., abatft=10"2 [the
measured. Within the 10% margins, the measured noisgquared ratio of polarization charges of two islands, see Eq.

Although the resulting curvésee Fig. 4 turned out to be

power densities (3)]. Hence we conclude that the role of the substrate sources
is substantial, and in order to quantify it, we propose the
Sp A w)=(VAV A%y (4  following simple model.
were equal in the range from 1 to 10 Hz, meaning that the IIl. THE MODEL

input noise signals were also nearly equal because of almost
similar parameterg®~ 7?. Therefore, instead of showing  Let us consider a system of two similar grounded con-
both quantitiesS, andS,, we present in Fig. 4 their average ducting spheres of radiua [see Fig. a)]. The spheres
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(@) the distance between the initial chargand the center of the
sphere. For the case of two spheres, in accordance with the

superposition principle, the polarization can be calculated by
(infinite) summing up all image charges in each body appear-
ing in the system of two “spherical mirrors.” In practice,
such a summing procedure rapidly converges, and this makes
it convenient for a numerical calculation of the functions

i(,};z)(r) describing polarization of each sphere by a single
unit charge.

In order to model a fluctuating trap positioned in an arbi-
trary point of the outer spaag let us assume that its switch-
ing is associated with a small displacemeint (ér<a) of
the elementary charge. This is equivalent to the creation
(annihilation of a dipole with the electric momemt=edr
(= —edr), shown in Fig. %a), which induces on the spheres
the polarization charges that are the functions of its position
and orientation in space,

®) 1,

The corresponding contributions to the noise powéss ,

and 8S,, are proportional to the quantitidss5Q™*2)(r,6)]?

and [ 5QM(r, ) 5Q3)(r, )], respectively. Thus, for ran-
domly orientated dipoles the total noise powers are ex-
pressed via thesS;, and 6S;, averaged over the angle
0= A=<, this averaging is performed explicitly. A uniform
distribution of noninteracting fluctuators in the certain space
region 7" leads to spatial integration. Finally, for the corre-
lation factor we have the ratio of the space-averaged quanti-

ties,
/[ f dr[V OIfnlf(f)]z
7

1/2
X f /.dr[quri)(r)]Z] : ©
7

Ymodel

ymodee‘ | ar vaho-vagio

0.0 1 L 1 ]

FIG. 5. () The model geometry an¢b) the dependence of
Ymodel ON the distance between two spherical islands calculated for We calculated numericallymqqe@s a function of the dis-
different distribution of fluctuating sources in space. The insettance Z between the sphere centers for different shapes of
shows these axially symmetric regions as shadowed areas; th€gion 7. These different cases and the results of calcula-
thickness of the layers ifiii) and(iv) is equal to 0.4. tions are presented in Fig(l9, and we attempt to compare
the result with the experimental data. It is seen that the dis-
themselves model the bodies of islands, and grounding playsibution of fluctuators in thin {-0.1a) layers that surround
the role of tunnel junctions whose capacitances dominate ithe spheres either completelgotted curve or only around
the total capacitances of the islandsg. (1)]. Since the di- equators(dashed-dotted curyeesults in a rather large cor-
electric permeabilitye drops off in the final result, we con- relation 0.35< yy,04<0.75 for the appropriate values of the
sider it equal to unity assuming the vacuum medium. Thelistance-to-radius ratio, 1.25%/a<2.5. Such a strong cor-
two spheres’ geometry makes possible an easy computatigglation results from the fact that, due to the rapier (%)
of the polarization of the islands caused by an arbitrarilydecay of polarization with distance, the product of charges
positioned charge, without Poisson’s equation having to bénduced in each sphere is maximum when a dipole is close to
solved. It is based on the formui@ee, for example, the one of the bodies. In contrast to this, the distribution of fluc-
textbook by Jacksdf) giving the polarization of a single tuators in the whole spadsolid curve or outside the cylin-

grounded sphere, der p=(r?—2z?)2=a (that is closer to the mutual arrange-
ment of the islands and the substrate in the real sample,
aQm=—(alr)e, ry=(alr)r, (7) dashed curve furnishes smaller values of

Y modef= 0.13—0.22(in the latter case These values are very
where g;,, and r;,, are the magnitude and position of the close to those that have been measured for the present
image chargéinside a sphejerespectively, and=|r|>ais  sample, Eq(6).
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IV. DISCUSSION tive to a very short displacement of the charge inside the thin

Using the simple model of the two-island system we haVe(d~1—2 nm barrier than to that inside the substrate. More-

. . over, it is a matter of fact that fluctuating traps in a barrier
shown that the observed noise correlatign-0.1-0.3 and, manifest themselves in relatively large single tunnel

functions!! However, there is a radical difference between a
large junction with a large self-capacitance and a small-

the present sample, the 100-nm-wide islands lie on th . . . . .
. . . . apacitance junction of a SET device. When the bias current
Al203 layer, 200 nm thick, covering the Si foundation, | is fixed then, in the former case, the electric fieldnside

gtehnecrehlgn?jurv\f:l?j% ngtasrse?;m?jtg &Zfﬁhglghbg;?f/;yg\}@?rc])fth[%e barrier is maintained constant in time, while, in the latter
’ P case, the field is alternating due to sequential charging and

could be due to the combined action of fluctuators both in th ischarging of the island by single electrons. The character-

tqnnel barriers and the substrate. Since the sources in barr|e|r5§iC rate of field switching is aboute (GH2)~6.25x1 (nA)
give nearly zero correlatioidue to the screening effect

those in substrate should have a correlation exceeding tfﬁend the spanAE|ed (mV) ~0.16(C; (fF). Hence, it is

. ; . ard to imagine a trap under such conditions, which pro-
10-20 % level. According to our calculations, such a situa- . '
. ; S duces a steady telegraph signal of much smaller amplitude
tion may occur ifthe sources are located in thin layers ad-

jacent to the islands including the barriefsypothesis 2 because in every cycle the field shakes up such a trap essen-

Thus the problem of determining the location of the traps istla"y' On the other hand, the smaller ac electric field pen-
1€ p 9 p etrating into the substrate could activate there the frozen
dramatized because these two hypotheses are mutually ex- . .
: o . raps and enhance the total noise. Such an effect could in
clusive. This is, of course, true to the extent to which our_~"". . :
rinciple be observable if the second electrometer was posi-

assumption of the dip_ole charaqter of fluctua_tors is valid an(ii)oned closer to the island and its charge-to-voltage response
the model geometry is well suited to describe the sample,

. function » was large enough.
Since the real geometry has not been computed yet, we re Finally, we conclude that, using the dual spectrum

strict ourselves to the following note. The numerous calcu- ;
lations of the integrals in E49) have shown that all reason- method, we have detected for certain that part of the back-

able modifications of the integration area give nearly theground char_ge noise which comes fr_om the substrate. Rely-
. . . ing on the simple model for the two-island system we con-
same result fory only if this area remains part of either

three-dimensional space or a thin layer surrounding the boog:,u?heeﬂ;itl’);?r;:erg(r)e;enrtosbirgf) Iea;,:}ﬁ;iéngcgﬁlr:gilegf the
ies. We therefore believe that our model is a reasonable ap=. rriers P y
proach. :

In our experiment we were unable to identify the indi-
vidual fluctuation sources because they are numerous and
spatially distributed in an unknown way; a steady telegraph We are pleased to thank D. E. Presnov for assistance with
noise with a well-resolved switching between several statethe sample fabrication, U. Becker for technical support in the
was not observed in the present sample. An exception wasxperiment, and J. Petterson, and M. Rahman for useful
the incremental charging stimulated by the large-scale sweegpmments. The work was supported by the @Edprit Basic
of the gate voltagésee Fig. 3 These jumps of a background Research Project 9005, Single Electronics - SETTR@ie
charge were correlated and this sustains the hypothesis German BMBF(Grant No. 13N626)) the Russian Program
i.e., the noise originates in the substrate. “Physics of Solid State NanostructuregGrant No. 1-033

As to the possible tunnel barrier noise, we agree withand the Russian Fund for Fundamental Rese&Echnt No.
Songet al® in that a SET electrometer is much more sensi-93-02-14136

ment ofnoise sources in the bulk substratg/pothesis L In
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