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Electrometry on charge traps with a single-electron transistor
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Background charge fluctuators are studied individually by means of a single-electron transistor with multiple
independent gates. Operation of the device in a feedback mode allows electrometric sensing of the charged
background and its behavior upon electric potential variations due to geometrically different gates. Pulse height
spectra and the hysteresis of charge trapping transitions are discussed as specific signatures of distinct fluc-
tuators. The location of individual traps is determined from the experimental data and based on electrostatic

calculations.
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I. INTRODUCTION From a different perspective, charging effects in ultra-

small electronic devices may serve as the base mechanism of

Single-electron charging effects are among the most celmemory deviced! Due to technological limitations, opera-
ebrated phenomena of mesoscopic physics. A very seriod®n of lithographically prepared single—electron devices is
problem of mesoscopic electronic devidesd an extension restricted to very low temperatures. However, the small size
of their high sensitivity is fluctuating background charge. In Of charge trapgon the order of 1 nindue to intrinsic impu-
spite of increased efforts in fabrication technology to pro-fities potentially allows manipulation of single charges at
duce h|gh purlty ComponentS, imperfections in So|id Staté'oom temperature. If the I’andom nature Of impurities can be
devices |eading to interface or bulk trap states are resporgontrolled or at least their behavior Selectively discriminated,
sible for background charge fluctuations. The significance ofhe discrete charging of traps can provide the essential pro-
this problem is well known e.g., by the metal oxide semicon-cess in high-density nonvolatile memory devices.
ductor field effect transistor communityput it is at least as Therefore, due to the crucial role of background charge
crucial for potentially useful nanodevice applications. fluctuations for mesoscopic devicéas well as for micro-

The metallic single—electron transist@ET) (Refs. 2 and  €lectronics in genergla profound understanding of charge
3) is one of the simplest and most extensively studied archifrapping processes is most desirable. We have performed ex-
tectures manifesting Coulomb blockade. Due to its extreméensive experimental studies on charge fluctuations in the
charge sensitivity and the ability to transfer individual elec-Vicinity of a multiple gate SETsee Fig. 1 We are able to
trons, SETs have been proposed for a variety of application§lentify the location and electronic configuration of indi-
or as building blocks of future electronics. It is known, how- Vidual metastable trap states. Our method provides a tool for
ever, that device sensitivity at dc operation is limited by lowcharacterizing the charge background and for optimizing the
frequency input noise due to dynamic charge fluctuations ifPPeration point with a working device with respect to noise
the vicinity of the SET, in metallit® as well as in Performance, i.e., the mesoscopic sample under investigation
semiconductd¥’ devices. A possible solution to this problem and the detector for charge fluctuations are the same.
is provided, e.g., by the radio frequency SEperating well
above the 1/ noise spectrum, or by appropriate device fab-
rication aiming for optimal shielding of the SET island
against external charge perturbatidns. Experimental sensing of environmental charges is the

At least as serious as the dynamic noise is the static offsehain focus of this paper. Because the results certainly de-
charge problem, which sets the device in an initial randonpend on the device topology and the substrate and litho-
state due to the random configuration of the quasistatigraphic quality, a detailed knowledge of the device fabrica-
charge background. Fluctuators with large time constants buion is essential and its description is given in the following
strong electrostatic influence on the device characteristicpart. The experimental setup and the measurement proce-
may shift the operation point such that repeated tuning of thelure, which allow a virtually continuous resolution of charge
biasing condition is required. This disadvantageous thougfiuctuations as a function of gate potentials, follow in the
not unusual scenario severely reduces the reliability of SETsecond part of this section. The third part presents the results.
for broader applications. Furthermore, it has also been sug-
gested that photon assisted tunnelifRAT) due to back-
ground charge fluctuations as extrapolated frorh ridise
spectra may be the accuracy limiting process in high preci- The structure of type Al/AIQ/Al was fabricated by the
sion experiments’ two angle evaporation technigifeon a thermally oxidized

Il. EXPERIMENT

A. Device fabrication
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FIG. 2. Schematic readout circuit with voltage biased SET
(dashed rectangle at low temperajurgansimpedance amplifier
- v (IC1) and feedback circuitrflC2). The signal attenuators and filters
actual metal depositions from the two angle evaporatiwte the  seq are omitted here for clarity. A measured Coulomb blockade
different hatching The island closer to the sour¢&) couples to peak (nonzero conductance aroundi{1/2)e island chargg is

the electrodes via small high resistance tunnel junctions, whereag, o in the lower part, illustrating the effect of a potential varia-
the other “island” of the original electron pump design has a litho- 45, AUg.

graphically defined short to draif). The AFM picture(inset top
right) shows the overlap regiongrighter is higher of the same
device (type A). The alternative devicétype B) differs only by
more distant gates G2 and G#aset bottom right The narrow strip
lines have a width of 80 nm.

FIG. 1. Layout of the multigate SETon the lef} showing the

The only unknown or uncontrollable process influencing
the physical properties of the samples is the long-term oxi-
dation when stocking them. In spite of the high-quality fab-
rication and proven long-term stability of the devices, very
slow oxide formation at the interfaces inevitably continues,
(300 nm deepwafer of monocrystal Si. The trilayer mask which may, eventually together with ion diffusion, subse-
PMMA/Ge/PMMA-MAA (Copolymel, 100, 30, and 300 quently introduce shallow defects.
nm thick, respectively(top to bottom, was exposed in the
e-beam pattern generator Philips EBPG 4, both in the part of g Experimental setup and measurement procedure
the fine structure and in the part of the contact leads and
pads. After development of the PMMA in the mixture of
MIBKI/IPA, 1:2, for 1 min, the pattern was transferred to the
layer of Ge by means of reactive-sputter etching {CFPa,
rf-power density 0.2 W/ch) 75 9, and then through the

Measurements were performed in a dilution cryostat with
a base temperature of 5 mK, whereas the effective electron
temperature of our system was fodhdo be 45 mK. The
lines running from the room temperature electronics to the
. cold SET devices were filtered against microwave propaga-
layer of the Copolymer (8 0.8 Pa, 0.1 Wicrh 3 MiN  tion with 2 m Thermocoax cabl&seach, and the sample
doyvn to the substrate oxide with sufficient overetch time,,qqer was thoroughly enclosed to be electromagnetically
which was necessary to compensate for the process nojght, A magnetic field of typically 1 T was applied to sup-
uniformities. The undercut space necessary for oblique dep(bress superconductivity of the aluminum devices.
sition was formed by isotropic etching of Copolymer at high'  The bias and readout electronics is schematically drawn in
oxygen pressuré30 Pa, 0.1 W/cfy 20 min. At this stage  Fig. 2. It consists of a symmetrically voltage driven SET,
the surface oxide of the substrate was exposed to the oxygethere the currenitser through the transistor is sensed by the
plasma, which we believe might have helped in restoring theransimpedance amplifier ICiwith feedback resistoR;
oxide quality after the previous sputter-etch step. The metabRger, where Rger is the asymptotic SET device series
structure was deposited by tleebeam evaporator in one resistancg The input impedance of IC1 is required to be
vacuum run and was formed by two conform layers of28  very high, then the current through the SET is given by
and 35 nm thick evaporated at 0.3 nm/s at the angles of
+14° and —14°, respectively. The base pressure in the 2U, i+ Usgp
evaporation chamber was below FOPa. The junctions |5ET:_2—R1’ @)
(80x 80 nnt in size) were formed as the overlapped tips of
the Al microstrips belonging to different layers. The dielec-whereUgp is the source-drain voltage.
tric barrier was formed by room temperature oxidation of the The measurements discussed here were performed with a
first Al layer (10 min at pure oxygen of 1 mbabefore the feedback circuitry holding the SET island at constant poten-
deposition of the second layer. After evaporation the sampléal (or charge irrespective of external potential variations.
was immersed in acetone for mask liftoff. This was achieved by biasing the device at a Coulomb block-
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ade peak at high gaip=dU,,/dUg (see the lower part of
Fig. 2, integratingU ,,; (right hand part of circuit with IC2
in Fig. 2) and feeding the signal back to, the feedback
gate. WherlJ,; changes byAU , for whatever reason, the
feedback circuit reacts with a voltageJ iyp,= — AU,/ 7 In
order to adjusU,,; to U, (the minus sign stems from the
inverting integrator circujt In general, the requirement for
the island to stay on constant potential is

> qi=2 U;C,;=const, (2
where q; is the charge influenced on the island by iltle
gate with capacitanc€; being at the potentidl;. There-
fore, upon a variatiol\U; the influenced charge is modu-
lated (i.e., the gate modulation curve is shifted by
—Aq;/C;) and the feedback circuit response, still without
background charges, is a voltage

Ci
AUggp= —AU; Comn

3

to the feedback gate with capacitarCg,,. If the device is
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TABLE |. Gate capacitances in units ¢iF for two multigate
SETs(see Fig. 1as determined from Coulomb blockade peak spac-
ing measurements.

device type Gl G2 G3 G4
A 25.4 9.89 3.30 9.63
B 28.3 5.40 554 3.76

By means of the feedback circuitry the sigrh,, was
measured as a function of the voltages varied at one or more
gates. We define the “background charge offset signal”

AQqffser= Adebk"'AUi% Crdbk» 5

whereAU, is the step size of the gate swe€p,s will then

be denoting the rms noise on tAe€) .. Signal. The data
acquisition was performed by recording real-time signals at a
10-kHz sampling speed during one second, i@,,s was
measured in the bandwidth.1. 10" Hz which is the rel-
evant frequency range dominated by hbise. The value of

an isolated system where the only non-zero potentials argQoffset is zero when the SET electrometer is linearly modi-

supplied by the gates, the feedback voltage is always lineg{, by the gate potentials only

and shows peaks for discon-

to the gate voltages, see H§), and can be subtracted in the 45 variations of background charges. The response of

data analysis of gate sweep measurements. However, if ext
background charges in the vicinity of the SET are taken intq;

account, they modify the island potential such that

0Qisiand™ — AU aniCrabk (4)

[‘?‘fdbk and A Qfset IS SChematically depicted in the inset of
g. 3. By scanning one single gate up and down, we found
nonzeroAQuiset €VENts which reproducibly appear at the
same gate voltagl; while showing hysteresis of different
magnitude. The observations are consistent with former mea-

is the corresponding charge shift which is compensated fopurements on background charge fluctuatirisowever, in

by Gigpk - _ _ o
The dynamics of our electronics are limited to low fre-

quencies. The main constraint on the response is given by ths 20

RC time of the SET resistanceRger=10 . . . 1FQ) and
the cable capacitance<(500 pB, constituting roughly a 10
kHz low pass. The integration time,C, was typically set

Ref. 15 only a discrete resolution of the gate dependence was

g

S15%°
DO

10 =

much slower, i.e., on the order of 100 ms, to prevent the
system from oscillations. The quasi dc measurements wer:
performed by scanning one or more gates point by point,
recording the signalUsgy, (or U,,) for typically 1 s and
performing statistics and Fourier transform. The gate voltage
step size could be set arbitrarily small, while the resolution
was limited by thermal or vibrational noise of the signal lines
(~10 8 Vrms). The readout electronics for this experiment
was optimized for stability rather than sensitivity or band-
width in order to minimize external disturbances on the SET
and its environment.
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FIG. 3. Example of background charge fluctuation events with
(Qmd ?+ (AQuieed >>(0.03)2, due to variation of gates G2 and

. . G1, as measured with a type A device. The straight lines are nu-
SET devices of types A and Bsee Fig. 1 were system-  erically fitted to the data. Circles and dots are drawn for up and

atically investigated by takingV characteristics and noise gown sweeps of),, respectively. Only every fith measurement
figures as a function of the four gates. The individual gatgoint (small dotg in Ug, is shown for clarity. The inset depicts
capacitances, which are listed in Table I, were consistentlgchematically the response by, and AQ,eer s a function of
determined by measurement of Coulomb blockade pealicreasing gate voltage); with the occurrence of one trap state
spacingsAUg=e/Cg as well as from the feedback method transition: Uy, experiences a step whilQ e Shows a peaked
using Eq.(3). deviation from zerdscales in arbitrary unijs

C. Results
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MY - to the data points, whe®Q, is the full signal height due to
g0 'b“.?BJWWﬂMW CTT T one individual trap transition. This correlation suggests a per-
o 0lE o325 5 75 10 ) : . s
008 b ‘e - » turbation based on two-level fluctuations while its observa-
0.06 | @4(b) i / ‘\; tion is a consequence of the measurement sys@m:,
004 £ : . which is the rms value of the signal taken for 1 s, averages
ooz WESFVRLO e quadratically over possible two-level fluctuations. Assuming
02 015 -01 -0.05 0 0.05 0.1 0.15 02 025

that the signal fluctuates during the measurement between
zero andAQq where it spends the total timds and t,,

FIG. 4. Noise vs signal in units of the elementary chaege respectively, and the transitiops are negligibly fast, the aver-
plotted from data of the same measurement as in Fig. 3. The sem@9€ and the rms values of this signal would be
circles are fitted to the data points as described in the text. The
intrinsic noise withQ2 .+ A QZy.< (0.02%)? is cut off for clarity. A _ 1bAQ
The inset shows &y, signal (in arbitrary unitg as a function of Qoftset= ty+t,
time at a transition point where increased two-level fluctuations
occur.

AQ offset (e)

_ \/tlAQcZ)ﬁset+t2(AQ0_AQoffset)z' (7)

possible via analysis of the Coulomb blockade peak posi- Qms= ty+t,

tions, whereas here we are able to scan an arbitrary and

continuous gate range. It is easily shown that relation&’) correspond to Eq(6).
One interesting piece of information from Fig. 4 is the cor-

respondence between the events falling on a semi-circle and

If two gates are swept simultaneoudlylus a third gate those building a straigh'g line in Fig. 3 Which is represented
always acting as feedbackthe local potential around the by the labels(2)—(d). This allows to identify and correlate
multigate SET is a strong function of the device geometrySWitching events from individual traps by both the gate de-
The second gate shifts the potential threshold of a charge traggndence and the signal height. -
depending on its position. A measurement with two simulta- BY approaching and crossing a two-level state transition
neous gates swept is shown in Fig. 3. The circles and dotRoint the balance between flips and f!ops should, in principle,
correspond to events from up and down sweeps of gate G_grad_ually C_hange. 'I'_hergfore, one might expect that the data
respectively, wheré¢A Quqeef is above the instrumental and N Fig. 4 yield detaned information on capture and escape
background noise. After each,GweepUe; is incremented.  rates of the traps involveée.g., by observing a maximum
The events fall on different straight lines with different fluctuation noiseQs at the transition point with a nonzero
slopes. Depending on the linear combination of the gate volt¥idth as a function of gate voltageHowever, we have
ages involved, patterns different from Fig. 3 were obtainedfound no correlation betwee@ns (or AQqise) and the po-
i.e., including positive slopes, displaying more or less scatteSition relative to the events on the lines in Fig. 3. This is
showing merging event lines or sudden breaks. Measureabparently due to the metastabmty of t_he states_where time
ments with all possible gate permutations on the same devicg®nstants are exponentially large, as discussed in Sec. II.
were performed.

Under constant cryogenic conditions, the experimental re-
sults were highly reproducible, even after weeks. Although The noise figures of SETs are in general determined by
the noise  spectrum level of our devices input charge noise and the level is proportional to the SET
(107*...10 %e/\Hz at 10 H2 is comparable to literature gain® However, in our case where the operation pdire.,
values for standard SETfaye mostly observe a remarkably gain, island chargeis kept constant, eliminating the domi-
high long-term stability of our samples, i.e., no drift and nant noise dependence, we observe the noise level from
hardly any spontaneous jumps I characteristics. We at- background charge fluctuations to clearly depend on the po-
tribute this high stability in first line to the very slow cooling larization of the surrounding by variation of the gate poten-
of the devicegabout one day with very little exchange gas tials, as shown in Fig. 5.
which allows the traps to equilibrate in their lowest states. The large fluctuationgblack dot$ in the upper part of
However, it is empirically established that the characteristics=ig. 5 naturally correspond to the events drawn in the lower
of background fluctuations change drastically upon thermapart wheref A Qxe:dU g1 €Xperiences a step response at the
cycling. transition point and),,s averages over the two level states.
In addition, a significant abrupt change in noise is observed
at Ugz=73mV and in the range—190 mV<Ug;

Signal heightA Qeet aNd rms NOIS&,,s from one mea- < —170 mV. Also, gradual variations of the noise level as a
surement are shown in Fig. 4, taking the same data as in Figunction of gate potential are measurable. While the onset of
3. A clear semicircle correlation between noise and signal igigher noise atJg;=73 mV is observed as a unique event
observed. The lines are fits of with increasingUgs, the features arount g;~—180 mV

5 5 show an interesting combination of noise figure and trap
|AQuresl — |AQ0|> N 2:<%) metastability: with increasing) s, the trap alters its charge
offse 2 ms 2 configuration such that the charge noise seen by the SET is

1. Sweeping of two gates

3. Gate polarization and noise

2. Signal height

(6)
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5 25 NG 0.04 the junction. In contrast, the s_urrou.nd.ing is hardly influenced
E 200 I A for comparable voltages ranging within the Coulomb ¢ap
17 008 the order of 1 mV.
12(5) ; 1 ; 0.025 6. Spread of Coulomb blockade peak spacings
100 0.02 Finally, it is worth noticing an interesting experimental
Z; R 0.015 fact we additionally discovered during measurements: when
=2 001 accurately determining the Coulomb blockade peak positions
and calculating the nearest neighbor peak spacihyk;
2skoddr 3ol RS .,é’: " (which are theoretically expected to be exaahCs), we
W0E L3 LEE LoEt oy gt & observed an increased statistical variatiom\af for mea-
L B R O R b surements with gates at larger distance, i.e., lo@gr This
150 ks ‘_.é LT EN § :3_38"3.' St . . . 9 . g ' ’ & .
o S I § j ¥ & is at first sight counter intuitive, because voltage ndike
100 :: . .’} = gatd 5. (from readout electronics or noise on the capkasthe gates
s E s 3 3 .o;:: . :; Wlth lower Cg should have_ much Igss effect on t_he SET
50 ; :' LI i & 53:‘ island than nearby gates, since the image charge influenced
_2'06"_‘117'5' '_'115'0‘ “’*1'251'00 7"5;02*";(*)215 on the island is proportional tt,,Cs. A possible interpre-
Ug, mV) tation of the results is related to the trap density of states

between island and gate. The larger the number of charge
FIG. 5. Top: Gray scale plot of noise lev@|,s of the feedback fluctuators polarizable by the gate variations, the larger the
signal(in units ofe, see scale on the righas a function of the gate statistical fluctuations sensed by the SET island. The mea-
voltagesUg;,Ugz measured on a type B devidexperimentally, surements can be considered as a statistical probe of the
Ugs is incremented after each consecutivg,; scan. The data are  charged environment in contrast to the experiments with dis-
compressed at 1/3 of the full noise spectrum to enhance visibilitycrete charge switching events. And because a larger voltage
Bottom: Background charge switching events ®Qqe>0.22  variation at more distant gates is required to modulate the
(same data as aboveCircles and dots are drawn for up and down SET jsland charge by one electron, more traps in those gate
gate sweeps, respectively. Signals with negative polarity are OmitteF’egions experience a transition, which is reflected by in-
for clarity. creased statisticgdhot amplitude fluctuations.
Although the phenomenon is clearly, consistently and re-
reduced. By reversing the G1 sweep direction, the noise levglroducibly observed, it is unfortunately a very small eff@ct
is again minimal right before the trap switches back, whereafew percent which does not permit a quantitative analysis
the gate voltage threshold of that transition is lower. yet. More experiments with specifically designed structures
The transition atJ gg=73 mV in the upper plot of Fig. 5 May improve resolution and allow, e.g., a determination of a
does not show switching events in the lower plot. This is,trap density of states.
besides an apparent insensitivity of that tragJtg,, an ar-
tifact of the measurement procedutéss is incremented at Ill. DISCUSSION
the end of arJ g, sweep, therefore transitions dominated by
Ugs occur only at the turning points, i.e., thég, extrema,
and are not drawn in the plots.

The invariability of our results upon different biasing con-
ditions (source-drain voltage, superconducting deyvicen-
tioned right above strongly suggests that the switching pro-
cesses observed can not reside within the tunnel junctions
4. Superconductivity and magnetic field themselves. Apart from a few exceptions in literatusdere

While most of the measurements have been performethe results were interpreted in terms of trap fluctuations
with the SET in the normal state, we have also carried outithin the tunnel junction, it is generally believed that the
test experiments in the superconducting state to investiga@ominant low frequency noise source is due to fluctuators
reproducibility. In none of the cases have we found any diflocated within the substrate or the oxide surrounding the SET
ference in feedback response between normal and supercdi’fﬁVice‘-1
ducting devices. Nor did we find any indication of magnetic ~ Taking this into account, the simplest model to describe

field dependencéor normal state SET witiB>0.5 T). the process responsible for the observed charge switching
events is a bistable trdp,located somewhere close to the

SET island, where a charge can h@p rather tunnel be-
tween two adjacent sites back and fof#hThis picture is

A further important observation is the independence of theequivalent to a reversible dipole. Phenomenologically the
experimental results from the biasing conditions, i.e., thepolarity of the charge is of no importance in our case and is
source-drain voltage, neither on magnitude nor on polaritynot distinguishable either. Therefore the charge carrier in-
This has been reported already in Ref. 15. The electric fieldolved is always taken to be an electron for simplicity. The
within a thin tunnel junction changes drastically upon smalltrap configuration can change by variation of potentiaés,
variation of the source-drain voltage, which should yield agate voltages by thermal activation or due to PAT. The re-
clearly observable effect in case of trap polarization insidesults from our experiments are clearly dominated by the po-

5. No bias voltage dependence
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tential landscape intentionally modified by the four gates, »* ¢
although other effects may play a role at much smaller en-
ergy scales.

For illustration imagine an electron trapped in a local im-
purity state. An electric field, which is in our case determined
by linear superposition of the potentials of the four gates and
the source-island-drain structure, can force that electron to
switch to a nearby metastable trap site. If the electron, e.g., 3 ;
shifts closer to the SET island, the latter experiences a charge 20 f
reduction, which is compensated for by a signal from the 10 © G
feedback circuit according to Ed5). This explains geo- PR RIS P IR WIS IPT . ;
metrically the signal height and polarity of individual fluc- 200 150 100 0 0 %0
tuators as presented in Sec. Il C 2.

The striking reproducibility of switching events as a func-  FIG. 6. Charge fluctuations with Q .= 0.02 measured with
tion of the gate voltages allows detailed analysis of the trapa type B device by increasing the gate scan range with increasing
involved. The data shown in Figs. 3 and 4 illustrate the dissscan numbeN, (only a selected part of the entire measurement is
tinct nature of individual traps. From the lines fitted to the shown. Events with negative\ Q e, polarity show similar corre-
data in Fig. 3 it was derived that the events(af and (b) lations, but they are omitted for clarity. The flip and flop thresholds
have exactly the same slopet) g /dUg,, and they also according to transitions of one individual trap can be related by
show the same signal height spectrum in Fig. 4. They aréheir onset and are denoted by arrows. The small @ipt) repre-
only distinguished by their transition voltage threshold,sent every fifth measurement pointlhs .
which depends on gate sweep direction with a specific hys-
teresis ofAUg,=93.2 mV in this case. According to the (f) in Fig. 6, which show slight shifts at the onsets of traps
trapping process$charging—dischargingwe like to refer to (&) and(e), i.e., for N;=60 and 26, respectively. This sug-
the events represented by circles and dots as flips and flopgests a rather small distance of these particular traps among
respectively. In contrast to events) and (b), the transition each other allowing electrostatic interaction. In general, how-
thresholds of flips and flops on lirfe) are indistinguishable, ever, according to simple electrostatics, char@edraps in
i.e., displaying a vanishing hysteresis. Yet another behaviovery close vicinity to metallic electrodes are strongly
is observed for the events @d) which scatter very strongly. screened? The suppressed interaction leads to the observa-
They also show both signal polariti¢but of same magni- tion of individual unperturbed charge trapping events.
tude), irrespective of gate sweep directisee Fig. 4. This From the characteristics of individual traps, i.e., their tran-
specific trap is unstable within an unusually broad gate voltsition thresholds as a function of polarization of their envi-
age window. This is probably caused by interactions withronment, we cannot only distinguish but also localize the
other traps in close vicinity, rather than by pure thermal acfluctuators. Variation of two gates electrostatically deter-
tivation or PAT which we can exclude due to the large exci-mines the equipotential line where the trap switching occurs.
tation energies required. In addition to the feasibility of as-The relation of the gate potentials is extracted from the slope
signing the experimental data as shown in Figs. 3 and 4 tdUg; /dUg; of an individual trap as taken e.g., from Fig. 3.
individual traps, we can also make an identification by relat-Addition of more gates simply modifies the linear combina-
ing the flip and flop thresholds of the same trap from antion of electric potentials involved, allowing to verify the
experiment as presented in Fig. 6. results from experiment and calculations. The exact position

The measurement in Fig. 6, where the gate voltage rang@nd siz¢ of the trap relative to the SET island is then de-
is increased with each consecutive sweep, clearly shows th&grmined by the signal height and polarity. An estimate for
a trap can only switch oftflop) if it has also been switched charge variations on the island on the order ofeOshows
on (flip) before, or vice versa. This is consistent with andthat the observable trajpaith a typical extension o2 nm)
suggestive of the single charging nature of the traps observedust reside in the very close vicinity of the islaitd.
here. We have performed numerical electrostatics calculation

Although some events in Fig. 6 are detected at the sam@quipotential lines on the device, based on a quasi-
threshold, i.e., the flops db) and(c) or the(a) flips and the threedimensional finite element methodreal two-

(d) flops, we can again easily identify them due to cleardimensional finite element calculations in the substrate plane
distinction in the noise vs signal height diagrdlike in Fig.  with iterative corrections in the third dimensjomAn ex-
4, but not shown in this cage ample of a potential calculation for the trap evef@sand(b)

The behavior of the traps in general seems to be only vergf Fig. 3 is shown in Fig. 7. Gates G3, G4, and the source-
weakly influenced by other fluctuators. This is concludedisland-drain line are at zero potential while gates G1 and G2
from the straight lines found in measurements like in Figs. 3are at relative potentials defined by the slojugsg/dU g, of
or 6. The transition threshold is usually not altered irrespecfigs. 1a) and 71b). This yields an equipotential line for zero
tive of the polarization strength of the environméhig. 6), variation labeled(@) and (b). The white dot[on the lower
i.e., there is no difference whether a small or a large gateight edge of the island, also labelé and(b)] finally rep-
potential was applied, the trap switching occurs at the sameesents the location of that particular trap. Calculated equi-
gate voltages. A rarely clear exception is seen in the eventsotential lines are also drawn for trap eveli¢s and (d),

®
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entire gate sweep rangeThis prevents us from extracting
quantitative data on the metastability of the traps which ap-
parently have an average energy spread much larger than is
accessibly with our method. This is also related to the fact
that we do not observe periodic multiple charging of the
same trap. Probably the trap size and the equivalent capacity
are so small that the charging energy can be far above 1 eV.
Nevertheless, we can make a very rough estimate of the
Sl A trap density assuming that all the observed fluctuators reside
on the island surfacéi.e., traps in the oxide covering the

slopes[(a) and(b)] from Fig. 3. Calculated equipotential lines for island. The '_Sla_nd surface facing the gdte., perpendicular
zero variation are drawn for all slopes from that experiment. Thel© the electric fielgl has an area of 601000 nnf. We mea-
white dots at the edge of the island mark the positions of the flucSUre an extrapolated average of 20 traps per volt of gate
tuators. Accuracy of the calculated position tangential to the islanyariation. That yields an interfader surfacg trap density of
is numerically estimated to be about 10 nm. The perpendicular poroughly 3x 10'° eV~ cm™2. We believe this is quite a rea-
sition is given by the signal height and limited to a few nanometerssonable number and it is well consistent with literature
valueg (although those are given for silicon, the order of
magnitude should be applicaple
. 23 Y As a final remark, we wish to comment on one possible
(see Fig. 4 . . o
origin of the charge traps responsible for the switching

This feature to determine the position of individual traps . .
while studying their specific behavior opens up a neweVvents. Empirically we have observed significantly less fluc-

method to study the substrate, surface, interface or oxid&/ators in a ‘fresh” device at the very first cool-down com-
quality which are of increasing importance in nanostructurd®@réd to measurements after thermal cycling. This may sug-
devices. Of course, the method is limited by the ability to9est that the imperfections ar@lso a consequence of
observe distinct finite slopes irg; /dU ;. The majority of mechanlc.al_stress. The effect of .electncal stress on noise
the data in Fig. 5 is therefore not useful for trap positioncharacteristics has been reported in Ref. 22.

determination. The data simply reflects a negligible influence

of gate G3 on the measured traps due to screening by other

gates in our structure not specifically intended for such ex- IV. CONCLUSION

periments. The problem can easily be resolved by optimized )

and more sophisticated lithographic designg., a starlike We have presented an experimental method and measure-

arrangement of gates to minimize electrostatic screening bdl€nt results on electrometric performance of a modified
tween traps and SET island smgle—electror_l d_ewce. The technique allowed us to study
On the other hand we wish to emphasize the possibility t¢harge traps individually, exploring the very fluctuators
optimize the operation point of a real device like an electronvhich are responsible for noise and instabilities, severely
pump or a turnstile by noise analysis as shown in Sec. Il C 3degrading the operation of mesoscopic electronic devices. In
The stable operation of SET devices with respect to backparticular, the charge background was investigated by scan-
ground charge fluctuations is one of the biggest issues ining different gates simultaneously and recording abrupt
their implementation into useful circuits. With an appropriatechanges of the SET island polarization. The experimental
device structure and the method described here we can fimgsults were highly reproducible and therefore allowed ex-
the working point of optimum signal to noise ratio or maxi- tensive systematic studies. We were able to distinguish
mize device stability, as required for low noise applications.switching processes due to individual charge traps. The
The origin of hysteresis as observed in our experiments iknowledge of trap transition threshold and signal height al-
a rather delicate problem and not fully understood. In genlowed to geometrically determine the trap position, which
eral, hysteresis or metastability may be due to asymmetrievas typically not more than a few nanometers away from the
tunnel barriers, to polarization of the proximal environmentisland surface. The tangential accuracy of the analysis was
(including other traps or to multiple tunneling processés. estimated to be about 10 nm. This provides an alternative
We are not able to decide on the dominant microscopic orimethod to, e.g., scanning imaging experiméfs local in-
gin of the hysteresis measured in our case. However, owestigation of trapping processes.
observation of increased fluctuations close to a transition The noise level of the SET device was found to depend on
point indicates that there are different energy scales and motbe environment polarization due to gate potential variations.
than one single mechanism involved. The time constants ofhe reproducible experiments offer a method to determine
the generation-recombination proceéseme unfortunately, the noise characteristics of the SET and to adjust the opera-
due to hysteresis, either astronomically large or at scaleson point for maximum signal to noise or best device stabil-
which are not accessible with our experimental setead- ity. It is particularly advantageous that the testing of the
out electronics bandwidth:10 kHz). The spectrum of hys- charge background is performed with the same working de-
teresis valuegenergy difference between flip and flopas  vice, i.e., the optimization detector and subsequent applica-
found to be flat up to several 100 m¥.e., covering the tion device are the same.

]

(a),(b)

FIG. 7. The potential landscafdgray scalg is shown for the

respectively. The trap locatiofd) is ambiguous and drawn
on both island sides due to not well defined signal polarit
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