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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

Single-electron charging effects are among the most
ebrated phenomena of mesoscopic physics. A very ser
problem of mesoscopic electronic devices~and an extension
of their high sensitivity! is fluctuating background charge. I
spite of increased efforts in fabrication technology to p
duce high purity components, imperfections in solid st
devices leading to interface or bulk trap states are resp
sible for background charge fluctuations. The significance
this problem is well known e.g., by the metal oxide semico
ductor field effect transistor community,1 but it is at least as
crucial for potentially useful nanodevice applications.

The metallic single–electron transistor~SET! ~Refs. 2 and
3! is one of the simplest and most extensively studied ar
tectures manifesting Coulomb blockade. Due to its extre
charge sensitivity and the ability to transfer individual ele
trons, SETs have been proposed for a variety of applicat
or as building blocks of future electronics. It is known, ho
ever, that device sensitivity at dc operation is limited by lo
frequency input noise due to dynamic charge fluctuation
the vicinity of the SET, in metallic4,5 as well as in
semiconductor6,7 devices. A possible solution to this proble
is provided, e.g., by the radio frequency SET8 operating well
above the 1/f noise spectrum, or by appropriate device fa
rication aiming for optimal shielding of the SET islan
against external charge perturbations.9

At least as serious as the dynamic noise is the static o
charge problem, which sets the device in an initial rand
state due to the random configuration of the quasist
charge background. Fluctuators with large time constants
strong electrostatic influence on the device characteris
may shift the operation point such that repeated tuning of
biasing condition is required. This disadvantageous tho
not unusual scenario severely reduces the reliability of S
for broader applications. Furthermore, it has also been s
gested that photon assisted tunneling~PAT! due to back-
ground charge fluctuations as extrapolated from 1/f noise
spectra may be the accuracy limiting process in high pr
sion experiments.10
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l-
us

-
e
n-
f

-

i-
e
-
ns

in

-

et

ic
ut
cs
e
h
s
g-

i-

From a different perspective, charging effects in ultr
small electronic devices may serve as the base mechanis
memory devices.11 Due to technological limitations, opera
tion of lithographically prepared single–electron devices
restricted to very low temperatures. However, the small s
of charge traps~on the order of 1 nm! due to intrinsic impu-
rities potentially allows manipulation of single charges
room temperature. If the random nature of impurities can
controlled or at least their behavior selectively discriminat
the discrete charging of traps can provide the essential
cess in high-density nonvolatile memory devices.

Therefore, due to the crucial role of background cha
fluctuations for mesoscopic devices~as well as for micro-
electronics in general!, a profound understanding of charg
trapping processes is most desirable. We have performed
tensive experimental studies on charge fluctuations in
vicinity of a multiple gate SET~see Fig. 1!. We are able to
identify the location and electronic configuration of ind
vidual metastable trap states. Our method provides a too
characterizing the charge background and for optimizing
operation point with a working device with respect to noi
performance, i.e., the mesoscopic sample under investiga
and the detector for charge fluctuations are the same.

II. EXPERIMENT

Experimental sensing of environmental charges is
main focus of this paper. Because the results certainly
pend on the device topology and the substrate and lit
graphic quality, a detailed knowledge of the device fabric
tion is essential and its description is given in the followi
part. The experimental setup and the measurement pr
dure, which allow a virtually continuous resolution of char
fluctuations as a function of gate potentials, follow in t
second part of this section. The third part presents the res

A. Device fabrication

The structure of type Al/AlOx /Al was fabricated by the
two angle evaporation technique12 on a thermally oxidized
©2003 The American Physical Society13-1
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~300 nm deep! wafer of monocrystal Si. The trilayer mas
PMMA/Ge/PMMA-MAA ~Copolymer!, 100, 30, and 300
nm thick, respectively~top to bottom!, was exposed in the
e-beam pattern generator Philips EBPG 4, both in the pa
the fine structure and in the part of the contact leads
pads. After development of the PMMA in the mixture
MIBK/IPA, 1:2, for 1 min, the pattern was transferred to th
layer of Ge by means of reactive-sputter etching (CF4, 1 Pa,
rf-power density 0.2 W/cm2, 75 s!, and then through the
layer of the Copolymer (O2, 0.8 Pa, 0.1 W/cm2, 3 min!
down to the substrate oxide with sufficient overetch tim
which was necessary to compensate for the process
uniformities. The undercut space necessary for oblique de
sition was formed by isotropic etching of Copolymer at hi
oxygen pressure~30 Pa, 0.1 W/cm2, 20 min!. At this stage
the surface oxide of the substrate was exposed to the ox
plasma, which we believe might have helped in restoring
oxide quality after the previous sputter-etch step. The m
structure was deposited by thee-beam evaporator in on
vacuum run and was formed by two conform layers of Al~25
and 35 nm thick! evaporated at 0.3 nm/s at the angles
114° and 214°, respectively. The base pressure in
evaporation chamber was below 1025 Pa. The junctions
(80380 nm2 in size! were formed as the overlapped tips
the Al microstrips belonging to different layers. The diele
tric barrier was formed by room temperature oxidation of
first Al layer ~10 min at pure oxygen of 1 mbar! before the
deposition of the second layer. After evaporation the sam
was immersed in acetone for mask liftoff.

FIG. 1. Layout of the multigate SET~on the left! showing the
actual metal depositions from the two angle evaporation~note the
different hatching!. The island closer to the source~S! couples to
the electrodes via small high resistance tunnel junctions, whe
the other ‘‘island’’ of the original electron pump design has a lith
graphically defined short to drain~D!. The AFM picture~inset top
right! shows the overlap regions~brighter is higher! of the same
device ~type A!. The alternative device~type B! differs only by
more distant gates G2 and G4~inset bottom right!. The narrow strip
lines have a width of 80 nm.
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The only unknown or uncontrollable process influenci
the physical properties of the samples is the long-term o
dation when stocking them. In spite of the high-quality fa
rication and proven long-term stability of the devices, ve
slow oxide formation at the interfaces inevitably continue
which may, eventually together with ion diffusion, subs
quently introduce shallow defects.

B. Experimental setup and measurement procedure

Measurements were performed in a dilution cryostat w
a base temperature of 5 mK, whereas the effective elec
temperature of our system was found13 to be 45 mK. The
lines running from the room temperature electronics to
cold SET devices were filtered against microwave propa
tion with 2 m Thermocoax cables14 each, and the sampl
holder was thoroughly enclosed to be electromagnetic
tight. A magnetic field of typically 1 T was applied to sup
press superconductivity of the aluminum devices.

The bias and readout electronics is schematically draw
Fig. 2. It consists of a symmetrically voltage driven SE
where the currentI SET through the transistor is sensed by t
transimpedance amplifier IC1~with feedback resistorR1
@RSET, where RSET is the asymptotic SET device serie
resistance!. The input impedance of IC1 is required to b
very high, then the current through the SET is given by

I SET52
2Uout1USD

2R1
, ~1!

whereUSD is the source-drain voltage.
The measurements discussed here were performed w

feedback circuitry holding the SET island at constant pot
tial ~or charge! irrespective of external potential variation
This was achieved by biasing the device at a Coulomb blo

as

FIG. 2. Schematic readout circuit with voltage biased S
~dashed rectangle at low temperature!, transimpedance amplifie
~IC1! and feedback circuitry~IC2!. The signal attenuators and filter
used are omitted here for clarity. A measured Coulomb block
peak ~nonzero conductance around (n11/2)e island charge! is
shown in the lower part, illustrating the effect of a potential var
tion DUG .
3-2
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ade peak at high gainh5dUout/dUG ~see the lower part o
Fig. 2!, integratingUout ~right hand part of circuit with IC2
in Fig. 2! and feeding the signal back to Gfdbk , the feedback
gate. WhenUout changes byDUout for whatever reason, the
feedback circuit reacts with a voltageDU fdbk52DUout/h in
order to adjustUout to U ref ~the minus sign stems from th
inverting integrator circuit!. In general, the requirement fo
the island to stay on constant potential is

( qi5( UiCi5const, ~2!

where qi is the charge influenced on the island by thei th
gate with capacitanceCi being at the potentialUi . There-
fore, upon a variationDUi the influenced charge is modu
lated ~i.e., the gate modulation curve is shifted by
2Dqi /Ci) and the feedback circuit response, still witho
background charges, is a voltage

DU fdbk52DUi

Ci

Cfdbk
~3!

to the feedback gate with capacitanceCfdbk . If the device is
an isolated system where the only non-zero potentials
supplied by the gates, the feedback voltage is always lin
to the gate voltages, see Eq.~3!, and can be subtracted in th
data analysis of gate sweep measurements. However, if e
background charges in the vicinity of the SET are taken i
account, they modify the island potential such that

dQisland52DU fdbkCfdbk ~4!

is the corresponding charge shift which is compensated
by Gfdbk .

The dynamics of our electronics are limited to low fr
quencies. The main constraint on the response is given by
RC time of the SET resistance (RSET5105 . . . 106V) and
the cable capacitance ('500 pF!, constituting roughly a 10
kHz low pass. The integration timeR2C2 was typically set
much slower, i.e., on the order of 100 ms, to prevent
system from oscillations. The quasi dc measurements w
performed by scanning one or more gates point by po
recording the signalU fdbk ~or Uout) for typically 1 s and
performing statistics and Fourier transform. The gate volt
step size could be set arbitrarily small, while the resolut
was limited by thermal or vibrational noise of the signal lin
(;1028 V rms). The readout electronics for this experime
was optimized for stability rather than sensitivity or ban
width in order to minimize external disturbances on the S
and its environment.

C. Results

SET devices of types A and B~see Fig. 1! were system-
atically investigated by takingIV characteristics and nois
figures as a function of the four gates. The individual g
capacitances, which are listed in Table I, were consiste
determined by measurement of Coulomb blockade p
spacingsDUG5e/CG as well as from the feedback metho
using Eq.~3!.
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By means of the feedback circuitry the signalU fdbk was
measured as a function of the voltages varied at one or m
gates. We define the ‘‘background charge offset signal’’

DQoffset5S DU fdbk1DUi

Ci

Cfdbk
DCfdbk , ~5!

whereDUi is the step size of the gate sweep.Qrms will then
be denoting the rms noise on theDQoffset signal. The data
acquisition was performed by recording real-time signals a
10-kHz sampling speed during one second, i.e.,Qrms was
measured in the bandwidth 1. . . 104 Hz which is the rel-
evant frequency range dominated by 1/f noise. The value of
DQoffset is zero when the SET electrometer is linearly mo
fied by the gate potentials only, and shows peaks for disc
tinuous variations of background charges. The respons
U fdbk and DQoffset is schematically depicted in the inset o
Fig. 3. By scanning one single gate up and down, we fou
nonzeroDQoffset events which reproducibly appear at th
same gate voltageUi while showing hysteresis of differen
magnitude. The observations are consistent with former m
surements on background charge fluctuations.15 However, in
Ref. 15 only a discrete resolution of the gate dependence

TABLE I. Gate capacitances in units of~aF! for two multigate
SETs~see Fig. 1! as determined from Coulomb blockade peak sp
ing measurements.

device type G1 G2 G3 G4
A 25.4 9.89 3.30 9.63
B 28.3 5.40 5.54 3.76

FIG. 3. Example of background charge fluctuation events w
(Qrms)

21(DQoffset)
2.(0.03e)2, due to variation of gates G2 an

G1, as measured with a type A device. The straight lines are
merically fitted to the data. Circles and dots are drawn for up a
down sweeps ofUG2, respectively. Only every fifth measureme
point ~small dots! in UG2 is shown for clarity. The inset depict
schematically the response ofU fdbk and DQoffset as a function of
increasing gate voltageUi with the occurrence of one trap sta
transition:U fdbk experiences a step whileDQoffset shows a peaked
deviation from zero~scales in arbitrary units!.
3-3
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MIHA FURLAN AND SERGEY V. LOTKHOV PHYSICAL REVIEW B 67, 205313 ~2003!
possible via analysis of the Coulomb blockade peak p
tions, whereas here we are able to scan an arbitrary
continuous gate range.

1. Sweeping of two gates

If two gates are swept simultaneously~plus a third gate
always acting as feedback!, the local potential around th
multigate SET is a strong function of the device geome
The second gate shifts the potential threshold of a charge
depending on its position. A measurement with two simu
neous gates swept is shown in Fig. 3. The circles and
correspond to events from up and down sweeps of gate2,
respectively, whereuDQoffsetu is above the instrumental an
background noise. After each G2 sweep,UG1 is incremented.
The events fall on different straight lines with differe
slopes. Depending on the linear combination of the gate v
ages involved, patterns different from Fig. 3 were obtain
i.e., including positive slopes, displaying more or less sca
showing merging event lines or sudden breaks. Meas
ments with all possible gate permutations on the same de
were performed.

Under constant cryogenic conditions, the experimental
sults were highly reproducible, even after weeks. Althou
the noise spectrum level of our device
(1024 . . . 1023e/AHz at 10 Hz! is comparable to literature
values for standard SETs,4 we mostly observe a remarkab
high long-term stability of our samples, i.e., no drift an
hardly any spontaneous jumps inIV characteristics. We at
tribute this high stability in first line to the very slow coolin
of the devices~about one day with very little exchange gas!,
which allows the traps to equilibrate in their lowest stat
However, it is empirically established that the characteris
of background fluctuations change drastically upon ther
cycling.

2. Signal height

Signal heightDQoffset and rms noiseQrms from one mea-
surement are shown in Fig. 4, taking the same data as in
3. A clear semicircle correlation between noise and signa
observed. The lines are fits of

S uDQoffsetu2
uDQ0u

2 D 2

1Qrms
25S DQ0

2 D 2

~6!

FIG. 4. Noise vs signal in units of the elementary chargee
plotted from data of the same measurement as in Fig. 3. The s
circles are fitted to the data points as described in the text.
intrinsic noise withQrms

2 1DQoffset
2 ,(0.025e)2 is cut off for clarity.

The inset shows aU fdbk signal ~in arbitrary units! as a function of
time at a transition point where increased two-level fluctuatio
occur.
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to the data points, whereDQ0 is the full signal height due to
one individual trap transition. This correlation suggests a p
turbation based on two-level fluctuations while its obser
tion is a consequence of the measurement system:Qrms,
which is the rms value of the signal taken for 1 s, avera
quadratically over possible two-level fluctuations. Assumi
that the signal fluctuates during the measurement betw
zero andDQ0 where it spends the total timest1 and t2,
respectively, and the transitions are negligibly fast, the av
age and the rms values of this signal would be

DQoffset5
t2DQ0

t11t2
,

Qrms5At1DQoffset
2 1t2~DQ02DQoffset!

2

t11t2
. ~7!

It is easily shown that relations~7! correspond to Eq.~6!.
One interesting piece of information from Fig. 4 is the co
respondence between the events falling on a semi-circle
those building a straight line in Fig. 3, which is represen
by the labels~a!–~d!. This allows to identify and correlate
switching events from individual traps by both the gate d
pendence and the signal height.

By approaching and crossing a two-level state transit
point the balance between flips and flops should, in princip
gradually change. Therefore, one might expect that the d
in Fig. 4 yield detailed information on capture and esca
rates of the traps involved~e.g., by observing a maximum
fluctuation noiseQrms at the transition point with a nonzer
width as a function of gate voltage!. However, we have
found no correlation betweenQrms ~or DQoffset) and the po-
sition relative to the events on the lines in Fig. 3. This
apparently due to the metastability of the states where t
constants are exponentially large, as discussed in Sec. I

3. Gate polarization and noise

The noise figures of SETs are in general determined
input charge noise and the level is proportional to the S
gain.16 However, in our case where the operation point~i.e.,
gain, island charge! is kept constant, eliminating the dom
nant noise dependence, we observe the noise level f
background charge fluctuations to clearly depend on the
larization of the surrounding by variation of the gate pote
tials, as shown in Fig. 5.

The large fluctuations~black dots! in the upper part of
Fig. 5 naturally correspond to the events drawn in the low
part where*DQoffsetdUG1 experiences a step response at
transition point andQrms averages over the two level state
In addition, a significant abrupt change in noise is obser
at UG3573 mV and in the range 2190 mV,UG1
,2170 mV. Also, gradual variations of the noise level as
function of gate potential are measurable. While the onse
higher noise atUG3573 mV is observed as a unique eve
with increasingUG3, the features aroundUG1'2180 mV
show an interesting combination of noise figure and t
metastability: with increasingUG1 the trap alters its charge
configuration such that the charge noise seen by the SE
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ELECTROMETRY ON CHARGE TRAPS WITH A SINGLE- . . . PHYSICAL REVIEW B 67, 205313 ~2003!
reduced. By reversing the G1 sweep direction, the noise l
is again minimal right before the trap switches back, wher
the gate voltage threshold of that transition is lower.

The transition atUG3573 mV in the upper plot of Fig. 5
does not show switching events in the lower plot. This
besides an apparent insensitivity of that trap toUG1, an ar-
tifact of the measurement procedure:UG3 is incremented at
the end of anUG1 sweep, therefore transitions dominated
UG3 occur only at the turning points, i.e., theUG1 extrema,
and are not drawn in the plots.

4. Superconductivity and magnetic field

While most of the measurements have been perform
with the SET in the normal state, we have also carried
test experiments in the superconducting state to investi
reproducibility. In none of the cases have we found any d
ference in feedback response between normal and supe
ducting devices. Nor did we find any indication of magne
field dependence~for normal state SET withB.0.5 T!.

5. No bias voltage dependence

A further important observation is the independence of
experimental results from the biasing conditions, i.e.,
source-drain voltage, neither on magnitude nor on pola
This has been reported already in Ref. 15. The electric fi
within a thin tunnel junction changes drastically upon sm
variation of the source-drain voltage, which should yield
clearly observable effect in case of trap polarization ins

FIG. 5. Top: Gray scale plot of noise levelQrms of the feedback
signal~in units ofe, see scale on the right! as a function of the gate
voltagesUG1,UG3 measured on a type B device~experimentally,
UG3 is incremented after each consecutiveUG1 scan!. The data are
compressed at 1/3 of the full noise spectrum to enhance visib
Bottom: Background charge switching events forDQoffset.0.2e
~same data as above!. Circles and dots are drawn for up and dow
gate sweeps, respectively. Signals with negative polarity are om
for clarity.
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the junction. In contrast, the surrounding is hardly influenc
for comparable voltages ranging within the Coulomb gap~on
the order of 1 mV!.

6. Spread of Coulomb blockade peak spacings

Finally, it is worth noticing an interesting experiment
fact we additionally discovered during measurements: w
accurately determining the Coulomb blockade peak positi
and calculating the nearest neighbor peak spacingsDUG
~which are theoretically expected to be exactlye/CG), we
observed an increased statistical variation ofDUG for mea-
surements with gates at larger distance, i.e., lowerCG . This
is at first sight counter intuitive, because voltage noiseUn
~from readout electronics or noise on the cables! at the gates
with lower CG should have much less effect on the SE
island than nearby gates, since the image charge influen
on the island is proportional toUnCG . A possible interpre-
tation of the results is related to the trap density of sta
between island and gate. The larger the number of cha
fluctuators polarizable by the gate variations, the larger
statistical fluctuations sensed by the SET island. The m
surements can be considered as a statistical probe of
charged environment in contrast to the experiments with
crete charge switching events. And because a larger vol
variation at more distant gates is required to modulate
SET island charge by one electron, more traps in those
regions experience a transition, which is reflected by
creased statistical~not amplitude! fluctuations.

Although the phenomenon is clearly, consistently and
producibly observed, it is unfortunately a very small effect~a
few percent! which does not permit a quantitative analys
yet. More experiments with specifically designed structu
may improve resolution and allow, e.g., a determination o
trap density of states.

III. DISCUSSION

The invariability of our results upon different biasing co
ditions ~source-drain voltage, superconducting device! men-
tioned right above strongly suggests that the switching p
cesses observed can not reside within the tunnel junct
themselves. Apart from a few exceptions in literature5 where
the results were interpreted in terms of trap fluctuatio
within the tunnel junction, it is generally believed that th
dominant low frequency noise source is due to fluctuat
located within the substrate or the oxide surrounding the S
device.4

Taking this into account, the simplest model to descr
the process responsible for the observed charge switc
events is a bistable trap,17 located somewhere close to th
SET island, where a charge can hop~or rather tunnel! be-
tween two adjacent sites back and forth.18 This picture is
equivalent to a reversible dipole. Phenomenologically
polarity of the charge is of no importance in our case and
not distinguishable either. Therefore the charge carrier
volved is always taken to be an electron for simplicity. T
trap configuration can change by variation of potentials~i.e.,
gate voltages!, by thermal activation or due to PAT. The re
sults from our experiments are clearly dominated by the

y.

ed
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MIHA FURLAN AND SERGEY V. LOTKHOV PHYSICAL REVIEW B 67, 205313 ~2003!
tential landscape intentionally modified by the four gat
although other effects may play a role at much smaller
ergy scales.

For illustration imagine an electron trapped in a local i
purity state. An electric field, which is in our case determin
by linear superposition of the potentials of the four gates
the source-island-drain structure, can force that electro
switch to a nearby metastable trap site. If the electron, e
shifts closer to the SET island, the latter experiences a ch
reduction, which is compensated for by a signal from
feedback circuit according to Eq.~5!. This explains geo-
metrically the signal height and polarity of individual fluc
tuators as presented in Sec. II C 2.

The striking reproducibility of switching events as a fun
tion of the gate voltages allows detailed analysis of the tr
involved. The data shown in Figs. 3 and 4 illustrate the d
tinct nature of individual traps. From the lines fitted to t
data in Fig. 3 it was derived that the events of~a! and ~b!
have exactly the same slopes dUG1/dUG2, and they also
show the same signal height spectrum in Fig. 4. They
only distinguished by their transition voltage thresho
which depends on gate sweep direction with a specific h
teresis ofDUG2593.2 mV in this case. According to th
trapping process~charging–discharging! we like to refer to
the events represented by circles and dots as flips and fl
respectively. In contrast to events~a! and ~b!, the transition
thresholds of flips and flops on line~c! are indistinguishable
i.e., displaying a vanishing hysteresis. Yet another beha
is observed for the events on~d! which scatter very strongly
They also show both signal polarities~but of same magni-
tude!, irrespective of gate sweep direction~see Fig. 4!. This
specific trap is unstable within an unusually broad gate v
age window. This is probably caused by interactions w
other traps in close vicinity, rather than by pure thermal
tivation or PAT which we can exclude due to the large ex
tation energies required. In addition to the feasibility of a
signing the experimental data as shown in Figs. 3 and
individual traps, we can also make an identification by re
ing the flip and flop thresholds of the same trap from
experiment as presented in Fig. 6.

The measurement in Fig. 6, where the gate voltage ra
is increased with each consecutive sweep, clearly shows
a trap can only switch off~flop! if it has also been switched
on ~flip! before, or vice versa. This is consistent with a
suggestive of the single charging nature of the traps obse
here.

Although some events in Fig. 6 are detected at the sa
threshold, i.e., the flops of~b! and~c! or the~a! flips and the
~d! flops, we can again easily identify them due to cle
distinction in the noise vs signal height diagram~like in Fig.
4, but not shown in this case!.

The behavior of the traps in general seems to be only v
weakly influenced by other fluctuators. This is conclud
from the straight lines found in measurements like in Figs
or 6. The transition threshold is usually not altered irresp
tive of the polarization strength of the environment~Fig. 6!,
i.e., there is no difference whether a small or a large g
potential was applied, the trap switching occurs at the sa
gate voltages. A rarely clear exception is seen in the ev
20531
,
-

-
d
d
to
.,
ge
e

s
-

re
,
s-

ps,

or

t-
h
-
-
-
to
t-
n

ge
at

ed

e

r

ry
d
3
-

te
e
ts

~f! in Fig. 6, which show slight shifts at the onsets of tra
~a! and ~e!, i.e., for Ns560 and 26, respectively. This sug
gests a rather small distance of these particular traps am
each other allowing electrostatic interaction. In general, ho
ever, according to simple electrostatics, charges~or traps! in
very close vicinity to metallic electrodes are strong
screened.19 The suppressed interaction leads to the obse
tion of individual unperturbed charge trapping events.

From the characteristics of individual traps, i.e., their tra
sition thresholds as a function of polarization of their en
ronment, we cannot only distinguish but also localize t
fluctuators. Variation of two gates electrostatically det
mines the equipotential line where the trap switching occu
The relation of the gate potentials is extracted from the sl
dUGi /dUGj of an individual trap as taken e.g., from Fig.
Addition of more gates simply modifies the linear combin
tion of electric potentials involved, allowing to verify th
results from experiment and calculations. The exact posi
~and size! of the trap relative to the SET island is then d
termined by the signal height and polarity. An estimate
charge variations on the island on the order of 0.1e shows
that the observable traps~with a typical extension of'2 nm!
must reside in the very close vicinity of the island.15

We have performed numerical electrostatics calculat
~equipotential lines! on the device, based on a quas
threedimensional finite element method~real two-
dimensional finite element calculations in the substrate pl
with iterative corrections in the third dimension!. An ex-
ample of a potential calculation for the trap events~a! and~b!
of Fig. 3 is shown in Fig. 7. Gates G3, G4, and the sour
island-drain line are at zero potential while gates G1 and
are at relative potentials defined by the slope dUG1/dUG2 of
Figs. 7~a! and 7~b!. This yields an equipotential line for zer
variation labeled~a! and ~b!. The white dot@on the lower
right edge of the island, also labeled~a! and~b!# finally rep-
resents the location of that particular trap. Calculated eq
potential lines are also drawn for trap events~c! and ~d!,

FIG. 6. Charge fluctuations withDQoffset>0.02e measured with
a type B device by increasing the gate scan range with increa
scan numberNs ~only a selected part of the entire measuremen
shown!. Events with negativeDQoffset polarity show similar corre-
lations, but they are omitted for clarity. The flip and flop thresho
according to transitions of one individual trap can be related
their onset and are denoted by arrows. The small dots~grid! repre-
sent every fifth measurement point inUG .
3-6
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respectively. The trap location~d! is ambiguous and drawn
on both island sides due to not well defined signal pola
~see Fig. 4!.23

This feature to determine the position of individual tra
while studying their specific behavior opens up a n
method to study the substrate, surface, interface or o
quality which are of increasing importance in nanostruct
devices. Of course, the method is limited by the ability
observe distinct finite slopes in dUGi /dUGj . The majority of
the data in Fig. 5 is therefore not useful for trap positi
determination. The data simply reflects a negligible influen
of gate G3 on the measured traps due to screening by o
gates in our structure not specifically intended for such
periments. The problem can easily be resolved by optimi
and more sophisticated lithographic design~e.g., a starlike
arrangement of gates to minimize electrostatic screening
tween traps and SET island!.

On the other hand we wish to emphasize the possibility
optimize the operation point of a real device like an elect
pump or a turnstile by noise analysis as shown in Sec. II C
The stable operation of SET devices with respect to ba
ground charge fluctuations is one of the biggest issue
their implementation into useful circuits. With an appropria
device structure and the method described here we can
the working point of optimum signal to noise ratio or max
mize device stability, as required for low noise applicatio

The origin of hysteresis as observed in our experiment
a rather delicate problem and not fully understood. In g
eral, hysteresis or metastability may be due to asymme
tunnel barriers, to polarization of the proximal environme
~including other traps!, or to multiple tunneling processes.20

We are not able to decide on the dominant microscopic
gin of the hysteresis measured in our case. However,
observation of increased fluctuations close to a transi
point indicates that there are different energy scales and m
than one single mechanism involved. The time constant
the generation-recombination processes21 are unfortunately,
due to hysteresis, either astronomically large or at sc
which are not accessible with our experimental setup~read-
out electronics bandwidth,10 kHz). The spectrum of hys
teresis values~energy difference between flip and flop! was
found to be flat up to several 100 mV~i.e., covering the

FIG. 7. The potential landscape~gray scale! is shown for the
slopes@~a! and ~b!# from Fig. 3. Calculated equipotential lines fo
zero variation are drawn for all slopes from that experiment. T
white dots at the edge of the island mark the positions of the fl
tuators. Accuracy of the calculated position tangential to the isl
is numerically estimated to be about 10 nm. The perpendicular
sition is given by the signal height and limited to a few nanomete
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entire gate sweep range!. This prevents us from extractin
quantitative data on the metastability of the traps which
parently have an average energy spread much larger th
accessibly with our method. This is also related to the f
that we do not observe periodic multiple charging of t
same trap. Probably the trap size and the equivalent capa
are so small that the charging energy can be far above 1

Nevertheless, we can make a very rough estimate of
trap density assuming that all the observed fluctuators re
on the island surface~i.e., traps in the oxide covering th
island!. The island surface facing the gate~i.e., perpendicular
to the electric field! has an area of 6031000 nm2. We mea-
sure an extrapolated average of 20 traps per volt of g
variation. That yields an interface~or surface! trap density of
roughly 331010 eV21 cm22. We believe this is quite a rea
sonable number and it is well consistent with literatu
values1 ~although those are given for silicon, the order
magnitude should be applicable!.

As a final remark, we wish to comment on one possi
origin of the charge traps responsible for the switchi
events. Empirically we have observed significantly less fl
tuators in a ‘fresh’ device at the very first cool-down com
pared to measurements after thermal cycling. This may s
gest that the imperfections are~also! a consequence o
mechanical stress. The effect of electrical stress on n
characteristics has been reported in Ref. 22.

IV. CONCLUSION

We have presented an experimental method and meas
ment results on electrometric performance of a modifi
single–electron device. The technique allowed us to st
charge traps individually, exploring the very fluctuato
which are responsible for noise and instabilities, sever
degrading the operation of mesoscopic electronic devices
particular, the charge background was investigated by sc
ning different gates simultaneously and recording abr
changes of the SET island polarization. The experimen
results were highly reproducible and therefore allowed
tensive systematic studies. We were able to distingu
switching processes due to individual charge traps. T
knowledge of trap transition threshold and signal height
lowed to geometrically determine the trap position, whi
was typically not more than a few nanometers away from
island surface. The tangential accuracy of the analysis
estimated to be about 10 nm. This provides an alterna
method to, e.g., scanning imaging experiments7 for local in-
vestigation of trapping processes.

The noise level of the SET device was found to depend
the environment polarization due to gate potential variatio
The reproducible experiments offer a method to determ
the noise characteristics of the SET and to adjust the op
tion point for maximum signal to noise or best device stab
ity. It is particularly advantageous that the testing of t
charge background is performed with the same working
vice, i.e., the optimization detector and subsequent appl
tion device are the same.
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MIHA FURLAN AND SERGEY V. LOTKHOV PHYSICAL REVIEW B 67, 205313 ~2003!
The fluctuators observed in the experiments are ex
sively located in the close vicinity of the SET island, i.e.,
the oxide covering the island or in the substrate. In
former case we have roughly estimated a trap density
331010 eV21 cm22, which compares very well with litera
ture values.

*Present address: Laboratory for Astrophysics, Paul Scherrer I
tute, CH-5232 Villigen PSI, Switzerland.
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