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Gain dependence of the noise in the single electron transistor
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An extensive investigation of low frequency noise in single electron transistors as a function of gain
is presented. Comparing the output noise with gain for a large number of bias points, it is found that
the noise is dominated by external charge noise. For low gains we find an additional noise
contribution which is compared to a model including resistance fluctuations. We conclude that this
excess noise is not primarily due to resistance fluctuations. For one sample, we find a low minimum
charge noise ofj,~2x10 ° e/\Hz at a frequency of 4.4 kHz. @999 American Institute of
Physics[S0021-8979)05815-4

I. INTRODUCTION Several groups have found that the noise at the output of
the SET varies with the gain of the SET and that the maxi-
With the introduction of the single electron transistor mum noise is found at the bias point with maximum
(SET) one decade ago, it became possible to directly meagain1®-121°This indicates that the noise source acts at the
sure changes in charge below that of an electfoBased on  input of the device, i.e., as an external fluctuating charge.
the Coulomb blockade, the device is the most sensitive elec- In this article, we report the low frequency current noise
trometer existing today. The sensitivity of the SET is pre-of one AI/AIO,/Al/AIO,/Al SET and one Nb/AIQYAI/

dicted to be limited by the shot nofsgenerated when elec- AlO,/Nb SET and make a detailed comparison with the gain.
trons tunnel across the tunnel barriér§hot noise was Hereafter, we will refer to the two SETs as the Al SET and

observed in a two junction Structu(without gate_s In most the Nb SET. For the Al SET, we find that the noise follows

experiments involving SETSs, the noise at low frequencies i$he gain in such a manner that the noise of the SET is domi-

dominated by the device itself, whereas external sources sB@ted by input noise for almost all values of bias and gate

the noise limit for frequencies above the kHz regime. voltage. For the Nb SET however, we find a contribution
Several experimental studies of low frequency noise offOM Other sources when the gain is low.

various SET configurations have been perforfidd Below

1 kHz, 1F noise is observed in all SETs regardless of modq; gxpeRIMENTAL TECHNIQUES

of operation’ ' The input equivalent charge noise at 10 Hz

in all these experiments is of the order of £0to 10°° The samples were fabricated on oxidized Si substrates

e/\JHz, with 2.5< 105 e/ \/Hz recently reported as the low- USing electron beam Iithogrgghy and the standard double-

est figuret” Deviations from a 1/ spectrum are often ob- 2angle evaporation techniqéé? ' o

served, usually in combination with telegraph noiSerhe The resistance of the Al SET directly after fabrication

source of the latter is believed to be random excitations of /85 Rr=R;+R;~3.5 K1, which after a storage for six

single charge trap. Theoretically, the random trapping pro_mo_nths, had increased ®r~45 k). The Nb SET had a
fesistance oR~170 K.

cess of a single trap shows a Debye-Lorentzian powe : . . .

spectrur®® which is also observed experimentalft314 We u;ed a symmetric, current ;ensmve gmpl_lfler which

However, an ensemble of traps can producefandise spec- volt_age biased the S.E}F'Th? Setup is shown in F'g'. L. To

trum, see, e.g., Ref. 24 optimize the preamplifier noise performance, operational am-
’ e . g!ifiers with low 1f noise were usedAD743, Analog De-

There are at least three possible locations of these trap : .
the tunnel junction dielectric, the substrate on which the deylces). Furthermore, the biaffeedback resistors were cho-

S . . . . n toR=10 MQ to lower the amplifier noise floor at low
vice is fabricated, and the oxide layer covering the |slandSe toR¢ =10 to lower the amplifier noise floor at o

. . frequencies.
The role of the substrate has been examined in at least two The SETs were attached to the mixing chamber of a

sets of experiments. Thosg experiments did not ShO_W 2 dilution refrigerator which was cooled to a temperature be-
strong dependence of the noise on the substrate material. TQRN 30 mK. All measurement leads were filtered with 0.5 m

traps’~** The role of the surface oxide of the island hasaasured total line capacitance v@s=1 nF.

not yet been investigated. Evaluating the performance of the measurement system,
we found a signal bandwidtfi.e., the frequency where the
dElectronic mail: starmark@fy.chalmers.se output signal decreased byyR) of the setup consisting of
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FIG. 1. A simplified scheme of the SET and the current amplifiggsis an
external bias voltage. In the experiment, we used a symmetric version of the
amplifier. 1 B 3 4 5

the SET, preamplifier and line capacitance, of 7.5 kHz. The
noise bandwidth, here defined as the frequency where tHdG. 3. Noise spectra for the Al SET @t=30 mK for the normalN) and

. . . superconductingS) state and with no SET connecté®). The noise is input
low and high frequency noise asymptotes intergsee curve referred to the input charge. The spectrum has almost the same shape for the

Rin Fig. 3, was about 300 Hawithout any SET connect¢d N and S states, and declines a&'#/ The dashed line indicatesflbehav-
Both these figures were set by the line capacitance and ther.

preamplifier*?

The noise spectra were recorded using an HP 35665A Noi for th | and ducti
Dynamic Signal Analyzer, which performs real-time FFT oise spectra for t € hormal and supercon uc;tmg states
analysis of the input signal. The frequency range from 1 toOf the AI SET are shown in F|g3 Each spectrum is referred
10° Hz was divided into four subranges to increase the resot-0 the mput of the SET by dividing by_ the_ frequency depen-
dent gain. The spectra labelédand S in Fig. 3 were mea-

lution. The time to acquire all noise data for one bias point . . i . _
was 5 min. sured at the bias points which gave maximum gain. For r_ef-
erence, a spectruiR, measured with no SET connected is
also shown and is divided by the same gain as in the normal
state to obtain the input referred noise floor set by the am-
The current—voltage |V) characteristics for the Al plifier. Minimum charge noises af,~2x10"° e/\Hz at a
SET are shown in Fig. 2, both for the normal and the superfrequency of 4.4 kHz were found both in the superconduct-
conducting state. A total island capacitanceCaf=0.19 fF  ing and normal states. This limit is set by the preamplifier
was deduced from thé-V-curves. The Nb SET ha€y  and mechanical resonances within the cryostat. The noise at
=0.48 fF. The output impedance,= (dV/dl), was calcu- 10 Hz was 9< 10~ * e/ \JHz for both the superconducting and
lated from thel -V curves. In the superconducting state normal states. A crossover from input dominated to output
was always above 20(k and in the normal state, was on  dominated noise can be seen as the frequency increases. Be-
the order of, or abov&; for both SETs. The gate coupling low 1 kHz, the input referred noise is almost the same in
capacitances wel€,~4.8 aF andC;~0.3 aF for the Aland both normal and superconducting states, indicating that the
the Nb SETS, respectively. noise source acts as an apparent charge noise, and thus is
Due to its low resistance, the Al SET had high maximumindependent of gain. Above 5 kHz the noise is dominated by
gains ofdl/9Q4=12 and 34 nA/e in the normal and super- sources acting at the output of the SET, mostly preamplifier
conducting states, respectively. The Nb SET had maximumoise. When referred to the input, this noise appears as a
gains ofdl/9Q4=1.8 and 3.8 nAle in the normal and super- lower equivalent charge noise in the superconducting state as
conducting states. The higher gain of the superconductingompared to the normal state, due to the higher gain in the
state is in accord with earlier observatidis. superconducting state. The spectra are very similar in the
two different states, and approach a constant at low frequen-
cies. Above 10 Hz, the power spectfiy, , decline as 1A,

Ill. RESULTS AND DISCUSSION

00 Y They show neither Lorentzian nor puref ldehavior. The
reason for this is unknown.

10 A We now turn our attention to the noise below 1 kHz. To
< 0 Ry determine the origin of the noise, we measured noise for 130
> 2 bias and gate voltages and compared it with the measured

-10 A gain of the SET. All points were taken in the normal state at

N a temperature of ~30 mK. The output current noise and the
200/ gain versus gate bias for the Al SET are shown in Fig) 4

for three bias voltages. To improve accuracy, the noise was
integrated in the band 51-99 Hz. By using the gate charge

vV/mV offset as the only fitting parameter, we were able to get an
FIG. 2. Current—voltage characteristics for the Al SET in the normal a\ndexce”eﬂt fit of the noise to the gain. This result clearly shows

superconducting state for several different gate charges. The curves wefBat the noise source acts at the input of the SET. Itis prOt_)'
measured af =30 mK andB=0.5T. ably due to the motion of background charges somewhere in
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FIG. 4. (a) Integrated output noisésymbolsg, I,, and gain(curves, whereS, min, Gmin, aNAS| maxs Gmax are the measured cur-

dl1dQq, vs gate bias for the Al SET dt=30 mK andB=0.5 T. The noise t t d . t mini d .
and gain fits are excellent. Due to a random change in background chargg?n power spectra and gains at minimum and maximum

the two highest gate bias points were shifted in ¥the0.43 mV panel(b) gain, respectively. Note that this quantity is zero when the
Noise and gain for the Nb SET &=30 mK andB=5.0 T. For the lowest  gain dependent noise is the only contribution. By measuring
bias voltage ¥ =0.33 mV panel, the noise and gain follows each other, but geyeral bias points instead, an overdetermined equation sys-

show more spread than the Al SET. This is due to lower current levels an m results which gives information about the accuracy of
a coarser gain determination. For high bias voltages, an excess noise coll 9 y

tribution is clearly visible. Note that the noise and gain scales are magnifie(ﬁqg andS, .. Here, each set of data for constant bias volt-
by a factor ten in the/=1.46 mV panel. age were used to overdetermifig ands, e

The Al SET showed excess noi&ggnificant within our
measurement accuracynly at the highest bias voltage
point, (12 ,,.=2.6+0.97 pA/Hz at V=1.57 m\). For all

n,exc
other voltages the error bars are much larger than the mean

is not caused by charge fluctuations. We call this neise values and include negative power. This is due to the large
cess noiseFrom the discussion above. we know that thecharge fluctuations dominating the noise contribution. On the
charge fluctuations dominate and must be subtracted. F&Iher hand, the Nb SET showed excess noise at several bias

each bias point, we model the SET current noise as voltage points(see Fig. 5 To gain more knowledge about
' the noise contributions we next discuss the different compo-

S= GZSQQ+ St excs (1) nents of the measured noise. The excess-noise current is typi-

. . .. cally one to two orders of magnitude lower than the maxi-
where S, is the SET current noise power spectral densﬂymur)]{l charge—noise current g

(PSD, G:_m/an Is the ga_un,SQg IS thg charge noise PSD_’ In addition to charge noise sources in the vicinity of the
ands, ¢ is the excess noise PSD of interest. To determing ansistor, current noise can also be induced by fluctuations
the Sq, and S, ex:, at least two noise measurements are réy, the tunnel barrier resistance. As we will see, these two
quired. Good choices of bias points are one with maximuntontributions cannot generally be separated experimentally.
gain, G=Gnay WhereSq  dominates, and one bias point There are also contributions from shot noise and amplifier
with low gain,G= G, whereS, .,.may dominate. Ideally, noise. In our case, the amplifier noise is dominated by the
one would like to find the bias point where the gain is zerothermal noise of two feedback resistors and the noise gener-
however, due to the finite number of bias points, the gain isated by the input equivalent voltage noisg, of the ampli-

not completely zeroed. The two measurements give twdier. For low temperatures, the shot noise is given §y

the vicinity of the SET. The Nb SET also showed a gain
dependent output noise, but with more spread in the [da&
Fig. 4(b)]. Presently, we would like to study the noise which
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=ael, where kxa=<2, witha=2 for strongly correlated tun- In general, the noise can also be caused by simultaneous
neling anda=1 for uncorrelated tunnelingThe total mea- fluctuations 0fQq, Ry, andR;. If they are uncorrelated, the
sured current noise in the system can be modeled by corresponding current spectral densities simply add. How-
T ef) ever, fluctuators inside the tunnel barrier, which have been
S (f)=2kg—+ ——+ael+S,_ (), (4 suggested as the source of thef Ihoise by several
m Re  2r2 QR authors’ 117" can be responsible for both resistance and

é:harge fluctuations. These contributions are then correlated

where T is the temperature of the feedback resistors an . : .
émd we arrive at the following expression

S|Q o(f) is the combined spectral density due to charge an
resistance fluctuations. The first two terms represent ampli-

fier noise and are frequency independent in the range of in-

terest(51-99 Hz. The third term is the shot noise of the 2

SET which also is independent of frequency. These terms ar%' Q,R(f) - (ﬁ_Qg> SQg(f) +
of order (30 fA)?/Hz for the worst case with lowest, and

high I. Thus, the sum of these three terms varies only slightly LK i a_'\/w
between(30 fA)?/Hz and(50 fA)?/Hz for all bias points. To 19Qg dRy V% 1
evaluate the last term let us start with a model in which the

al )2
R, Sr,(f)

al 28 .
IR, r,(f)+

: . al al
only fluctuating parameter is the background chapge As- +Ky— — IS (1)Ss () 7
suming small variations we can write ?9Qg IR, 5, Sr(F): @
al 1 4
8= 25-0QgT 5 ——(9Qg)*+ ... (5) _ ' . _ N
Qq dQq where K; is the dimensionless correlation coefficient be-

If only the first (linean term is taken into account, then tweenQ,q andR; fluctuations, K| <1,

SIQ(f):(‘?”‘?Qg)zSQg(f) whereSQg and SIQ are the back- The first term in Eq.(7) describes the dominant gain

ground charge spectral density and the charge induced cufependent noise, while the other terms contribute to the ex-

rent spectral density. As seen in Figagwe are close to this eSS Noise. We can now compare the bias dependence of the
situation in the experiment. excess noise measured in the Nb SET to the prediction of Eq.
Close to the operating points for whiet/dQ,=0, the (7). From the integrated noise spectra we calculate the mea-
contribution from the quadratic term in E¢) becomes im- Sured excess current noisge,., according to Eq(3) and
portant. Assuming Gaussian noise we get plot it versusV in Fig. 5.1, ¢ seems to increase with bias
voltage, but there is no quadratic dependence which would

2 ol A\ be expected from Ed7). It thus seems likely that the excess
Si(f)~ (a_Qg) 4 ea_QZ Soq(1), ®  noise isnotdue to resistance fluctuations, but has a different
’ origin. One possible explanation is that the increasing current
where a(f)z[ffing(f’)SQg(f—f’)df’]/eZSQg(f). For  heats the SET and generates more noise. Increasing noise
the SETs, we findy(f)~10"%. This is smaller than the two with increasing temperature has been observed by several
orders of magnitude of dynamic range we have in the noisgroups'®2® Furthermore, at the highest bias point we can set
measurement and we can thus neglect the second term.  an upper limit for the resistance fluctuations in the frequency
Now let us consider a different model in whi€y, does range from 51 to 99 HzdRg; o (Which is a root-mean-

not fluctuate, and the only fluctuating parameter is the t“””"%quare quantity Assuming a symmetric SETR{=R, and
resistanceR; of the first junction.(The fluctuations of the Sk =Sr) We get 6Rs;_¢s<31 Q for the Nb SET and
X -

tunnel junction resistance have been extensively studied |51R} 21,80 for the Al SET. The correlation terms were
51-99 . .

large area junctions, see, e.g., Ref.)28or simplicity we domi incéR h dl han 10% K
limit the discussion to the linear term of the series expansio r,1ot ominant SinC@Rs,_ggChanged less than o Bpwas

so that Sig, (f)=(41/dR;)?Sg (f), where 31/dR, can be Varied between-1and 1.

calculated! Note thatSir_ is asymmetric aroun@y=e/2 as . n conclus!on, we have mea;ured the low frquency
. ! 25 . noise of two single electron transistors. In both transistors,
a function ofQq for V= (e/2Cy),*> while it becomes inde-

pendent 0Q, andincreasesin proportion toV2 for largeV, the noise at the output closely followed the gain. This shows

since the current—voltage characteristics become linear ar;[ atlow frt_aquevr:/cr:]y nczlhse m_the SEIT 'S mamlg due tg external
thus dl/ IR, approaches—V/Ri. Furthermore, the fluctua- charge noise. When the gain was fow, we obServed an excess

tions ofR; can in principle change withl, Q,, andT (how- noise in .the Nb SET for all bias voltaggs and in the Al SET
ever, a strong dependence ¥randQ, is unlikely). for the highest bias voltage. From the bias dependence of the

On the other hand, the current noise duegfluctua- ~ €XCesS noise in the Nb SET we conclude that the main source
tions decreasedor sufficiently largeV because of the de- Of the excess noise is not resistance fluctuations. We also set
crease indl/dQ,| and is symmetric aroun@,=e/2 for a ~ an upper limit for the resistance fluctuations. The Al SET
symmetric SET transistor. Therefore, the bias dependend&ad a very high gain and showed a minimum charge noise
and this asymmetry could be used to distinguish charge flugg,~2x 10> e/ \JHz in both the superconducting and normal
tuations from resistance fluctuations. state.
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