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Abstract

This is a study of low frequency noise of the Single Electron Transistor (SET).
SETs are the most sensitive electrometers existing today, and have sub-electron
sensitivity (2 � 10�5 e=

p
Hz). They are predicted to have quantum limited sen-

sitivity, i.e. the sensitivity is determined by Heisenbergs uncertainty relation.
However, a problem with SETs is the low signal bandwidth which lowers the
sensitivity at frequencies above 1-5 kHz. Also, at these low frequencies another
noise process, so called 1=f noise, masks the potential sensitivity. As a conse-
quence, no one has so far proved the quantum limit hypothesis.

In order to gain knowledge of the origin of the 1=f noise, a study of low
frequency noise of the SET was performed. and Al -based Nb/Al -based SET
transistors were fabricated in the Swedish Nanometer Laboratory using nano-
lithographic techniques. To improve noise readout, a low noise, current sensitive
preampli�er was designed and built, which was then used in the experiments.
It has a major advantage over the commonly used voltage sensitive preampli-
�er in that the bandwidth is increased. An understanding of the preampli�er
characteristics was necessary for noise data interpretation. Relevant preampli�er
characteristics are discussed.

Noise was then measured in the frequency band 1 Hz -5 kHz. In this range
the transistors showed a 1=f1:6 dependent spectrum, which is in accordance with
other investigations. By investigating many bias points (> 100), it was found
that the output noise clearly followed the small-signal gain of the transistor. This
implies that the major noise contribution comes from noise sources acting at the
input of the transistor. For high bias voltages, a small noise contribution was
found that could not be explained as being caused by input acting noise sources.
A simple phenomenological noise model explained the extra noise contribution
as resistance �uctuations of the transistor tunnel junctions. These �uctuations
were estimated for both transistors.
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Chapter 1

Introduction

1.1 The Coulomb Blockade

The discreteness of electric charge [1,2], has consequences which are not obvious
at �rst sight. Imagine a capacitor being charged by a single electron. An energy
has to be overcome to allow this process. The energy is simply the charging
energy of the capacitor, given by E = e2

2C , where e is the charge of the elec-
tron and C is the capacitance of the capacitor. For ordinary capacitors used in
electronics, C is usually somewhere between 1 pF and 1 F, which corresponds
to energies of 90 � 10�9 eV or less. These energies are so small that the thermal
�uctuations of electrons in equilibrium at room temperature is much greater,
kBT = 26 meV. However, if the capacitor and the temperature of the electrons
can be made small enough, the electrons are repelled from the capacitor. This
charging e�ect is a purely classic concept based on Maxwell's equations.

If the dielectric material between the plates of the capacitor is made very
thin (� 10 Å), another phenomenon sets in; tunneling. The electrons can jump
through the � 10 Å isolating dielectric and end up on the opposite electrode.
From an electronics point of view, this is a non-ideal capacitor, since the charge
stored on it can leak away. This type of capacitor is usually called a tunnel
junction. The imperfect isolator has a tunnel resistance that limits the current
through the junction. Now by connecting two such tunnel junction in series,
the two interconnected middle electrodes forms an isolated island, as shown in
Fig.(1.1). If a small bias voltage is applied to the electrodes, the current through
the structure will be blocked by the energy barrier due to the charging energy of
the island. This is called the Coulomb Blockade of single electron tunneling. For
larger bias voltages, the barrier is overcome, tunneling is allowed and a current
will �ow.

If an external electric �eld is applied on the island, it becomes polarized, i.e.,
charge is induced. As a consequence, the Coulomb Blockade can be detuned and
the potential barrier is removed, allowing free transport across the junctions.
This tuning property forms the basis of the Single Electron Transistor (SET) [3].
The external �eld is usually applied by a gate near the island. It is galvanically
(but not electrostatically) isolated from the island, giving the device a very high
input impedance. SETs have been fabricated since 1987 [4], and show many
interesting properties.
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Figure 1.1: Two tunnel junctions in series creates an isolated island. External
�elds landing there induce charge. The �eld can detune the Coulomb Blockade,
allowing free tunneling across the two capacitors.

By connecting tunnel junctions in di�erent ways, other circuit types are
formed. Among these are the Single Electron Turnstile [5], the 1D Array [6] and
the Single Electron Pump [7,8]. Common to all these circuits is that they allow
control of the electric current on the single electron level. This �eld of physics
is commonly called Single Electronics [9].

1.2 The Single Electron Transistor and its Char-

acteristics

A transistor based on the Coulomb Blockade was �rst proposed by Likharev [3].
The theory originally developed goes under the name 'the Orthodox theory' of
single electron tunneling [10]. It predicted that the SET should have an extreme
sensitivity to external electric �elds. Used as a charge sensor, sub-electron sen-
sitivity was predicted. In 1987, Fulton and Dolan successfully demonstrated the
�rst (lithograpically de�ned) working SET [4].This started a great activity in the
�eld of single electronics. Soon other groups mastered the technology and many
new circuits have since then been studied. The basic SET properties are by now
well known. The DC properties are reviewed below, while noise characteristics
will be discussed in Chapter 2. It is assumed that the reader understands the
basic principles on which the SET relies on. Readers without prior knowledge
are referred to Ref. [10].

1.2.1 Island Charging Energy

The energy scale of the system is set by the charging energy of the metallic
island. The island capacitance is usually written C� and is the sum the junction
capacitances, C1; C2, the gate capacitance, Cg , and the island self capacitance,
C0, i.e.

C� = C1 + C2 + Cg + C0 (1.1)
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Typical values for aluminum SETs are C1; C2 � 0:1� 10 fF, Cg � 1� 1000 aF
and C0 � 3� 30 aF. The charging energy, EC is given by

EC =
e2

2C�
(1.2)

With today's lithographic techniques, energies on the order of � 1 K are easily
achievable. The temperature must then be below 100 mK for proper operation.
Dilution refrigerators (cryostats) are required to reach these temperatures. The
low operating temperature is the most important drawback of the metallic SET.
At NEC, optimized lithography techniques have pushed this limit to above 77 K
[11]. However, the reproducibility is then lower.

1.2.2 Tunnel Resistance Dependence

For bias voltages well above the o�set voltage, the current through the SET is
limited by the combined resistance of the two tunnel junctions. The resistance
is sometimes called the asymptotic resistance,

RN = R1 +R2 (1.3)

where Ri is the tunneling resistance of junction 1 or 2. In order to operate
properly, the island must be isolated from the electromagnetic environment to
prevent charge from leaking out. To get a pronounced blockade, RN must be
greater than the resistance quantum, RQ [10], de�ned as

RQ =
h

4e2
� 6:45k
 (1.4)

If the resistance is lower than this, the charge on the island is not well de�ned
and the sensitivity to external �elds disappears. This is due to cotunneling [12],
which will smear the blockade for low enough RN . An example of this is shown
in Fig.(1.2). The SET with higher RN , RN = 415 k
, has a more well de�ned
blockade than the low ohmic SET (RN = 45 k
). Making RN higher than
500 k
 doesn't change the blockade much. To achieve large voltage modulation,
�V , a high resistance is needed. On the other hand, it has been shown that
the blockade can survive for a resistance below RQ [13, 14] and the SET can
still be modulated. Since RN is low, the current modulation, �I , is actually
higher for moderately values of RN than for high values. This is because the
tunneling rate is set by 1

RNC�
for high RN . For constant C�, there should be

an optimum current modulation for some �nite RN above RQ. It is possible
to estimate this optimum transistor resistance RN;opt. In low ohmic systems,
the current modulation is, according to D. Golubev, [15], reduced by a factor
e�2�t , where �t � 4RQ

RN
. This is due to the smeared blockade. The total current

modulation then becomes

�I =
e

RNC�
e�2�t (1.5)

The maximum for �I is then found for

RN;opt =
p
24RQ � 37k
 (1.6)
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Figure 1.2: Normalized current-voltage (IV ) characteristics for two SETs with
di�erent asymptotic resistance. The low ohmic SET shows considerable smear
viz. the high ohmic SET.

and the corresponding current modulation is

�I =
e

4
p
2RQC�

e�1=
p
2 � 3 � 10�6 e

C�
(1.7)

One has to remember that this is an approximation and the real value is probably
dependent on other parameters, such as the technology used.

1.2.3 Frequency Performance

The high resistance leads to a bandwidth problem. Since operation is limited to
within a cryostat, long measurement leads from the SET to the room temper-
ature electronics are needed. These leads have parasitic capacitances which to-
gether with the SET resistance form a low pass �lter. Typical cuto� frequencies
are on the order of 300 Hz. Recently, the bandwidth of the SET was dramati-
cally increased to over 100 MHz [16]. This was accomplished by using a radio
frequency read-out method. A SET operating in this mode is referred to as the
RF SET. The method provided large bandwidth and low noise. However, the
ultimate noise performance level (see below) was not reached. The drawbacks
of this method is that it requires expensive high frequency equipment and that
black-body radiation �ltering (see Sec(1.4) below) becomes di�cult.

1.2.4 The Superconducting SET

Aluminum SETs operated below T = 1:2� 1:5 K become superconducting. The
superconductivity introduces an energy gap, �, around the Fermi energy where
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no electronic states are available. If the Josephson Energy EJ = �
2

RQ
RN

is small,
an extra energy on top of the Coulomb Gap is needed to pass a current through
the device. The superconductivity has at least two positive e�ects [17�19].

1. The operating temperature is increased:

kBTop < 2�+EC (1.8)

2. �I is increased. Naively, one would get

�I � 2�+EC

RN
(1.9)

This is not a very exact estimate however, and the real increase may depend on
details in the density of states of the electron states [19]. Furthermore, e�ects
of the output impedance (see Sec.(1.2.5)) may also limit the increase.

One possible consequence is that EC does not need to be very large to see
appreciable modulation, as long as the gap is large. The modulation dependence
on low charging energy and low asymptotic resistance has not yet been examined
in the superconducting state. From a device point of view, this is an interesting
region due to the potential for higher current modulation. SETs based on ma-
terials with large superconducting gaps, such as niobium, may also pro�t from
this.

1.2.5 Small Signal Characteristics

From a device point of view, the two most important small signal parameters
are the gain and the output impedance, also known as the dynamic resistance.
The values of these parameters are needed to predict the performance of a SET
connected to a preampli�er. When used as a voltage biased electrometer, the
charge gain is written as � and is de�ned from the modulation characteristics
as

� �
�

@I

@Qg

�
V

(1.10)

If the SET is operated as a voltage sensor, the gain is the transconductance,
gm, which is de�ned in the usual way as

gm �
�
@I

@Vg

�
V

(1.11)

The charge gain and the transconductance are related by the gate capacitance
Cg :

gm = Cg� (1.12)

The output impedance is written ro and is de�ned from the IV characteristics
as

ro �
�
@I

@V

�
Qg

(1.13)

For the noise analysis, the junction current dependence on resistance is de�ned
by

�i �
�
@I

@Ri

�
Qg

(1.14)

where i denotes junction number.
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1.3 SET Noise

The SET is predicted to have an extremely high charge sensitivity [20]. The
sensitivity is limited by the shot noise of the bias current. For very low temper-
atures and small bias voltages, the quantum �uctuations of the charge should
set the ultimate limit. The SET is in other words a quantum limited charge
sensor. This limit has not been reached in any SET experiments so far,. Either
the bandwidth is too low, or the preampli�er adds to much noise (as in the RF
SET).

At low frequencies,the SET shows a noise contribution that increases as the
frequency decreases. This is called 1=f noise due to its frequency scaling. Due
to the small bandwidth and this extra noise contribution, the predicted charge
sensitivity has not yet been achieved. Therefore, much attention is now given to
these problems. Low frequency noise is studied by many groups [17, 18, 21�26].
The noise is believed to be caused by a small two level system, either in close
vicinity to the island, or inside a barrier. Each such atomic (or molecular) system
randomly jumps between two charge states. Due to its high sensitivity, the SET
picks up the noise caused by the switching. The location of these �uctuators is
still an open question.

1.4 Filtering

When the SET was operated in a cryostat, it was found that black body ra-
diation from 'warm' parts (� 1:2 K) could trigger parasitic tunneling events
by photon assisted tunneling. To overcome this problem, �lters that absorb
this radiation have been designed. Several types of �lters have been investi-
gated [27, 28]. Among these is the so called Thermocoax �lter, [27], which is
a coaxial cable with a special dielectric that has a very high absorption of
microwaves (Normally, Thermocoax is used as a heating wire in vacuum en-
vironments). All these �lters have a drawback in that they add to the lead
capacitance, further lowering the bandwidth.

1.5 Summary

The conclusions from the section above are: one, the SET has a potential as a
quantum limited charge sensor. Two, due to limitations in lithography, metallic
SETs are limited to low temperature operation. Often, the SET has then to
be cooled in a cryostat, which limits the bandwidth due to long measurement
leads. Three, at low frequency, the noise is dominated by a 1=f noise contribution
which masks the potential sensitivity.

1.6 Author Contribution

The work presented in this thesis attacks two problems. The �rst part, presented
in appended paper 1, aimed to increase the bandwidth by using a current sen-
sitive preampli�er (hereafter referred to as the preamp). The preamp was de-
signed, partly built and tested by the author. Its characteristics are discussed
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in detail in Sec.(3.5), and can be skipped by the casual reader. The conclu-
sions from this discussion are found in Eqs.(3.10) and (3.12). These equations
describes the transfer function and the added noise of the preamp, which are
needed in discussing the results.

The goal of the second part, presented in appended papers 2 and 3, was to
investigate the low frequency noise of the SET. To this end, software drivers for
the noise measurement equipment used was developed by the author. Further-
more, an experimental methodology was formed during the �rst experiments.
This included guidelines for choosing the bias points, gain estimation and band-
width correction methods. This work was done by the author.

Using a phenomenological model derived by A.N. Korotkov [29], a separa-
tion into charge and resistance noise was possible. Both Al based and Nb based
devices were investigated. The aluminum SETs were fabricated and noise char-
acterized by the author. T. Henning fabricated and characterized the niobium
transistors using the preamp, software and some of the methods developed by
the author. Mainly the results of the Al SETs are discussed in this thesis. The
model is discussed in Sec.(2.3.2) and the results are presented in Sec.(4.2).
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Chapter 2

SET Noise Properties

2.1 High Frequency Noise

The high frequency noise properties of the SET have been calculated by Ko-
rotkov et al. [20]. For frequencies well below the inverse mean tunneling time
(t = R�C�) the output current noise spectrum, SI(!), shows shot noise [30].
This is caused by electrons tunneling across the junctions. For bias voltages
below the threshold i.e. V < VT � e2

2C�
half shot noise is obtained, SI(!) = eI .

This is due to correlated tunneling. For V > VT ,the tunneling events are the un-
correlated and the SET should show full shot noise, SI(!) = 2eI . These results
have been experimentally con�rmed for a double-junction structure (i.e a SET
without gate) using an STM tip as one of the junctions [31]. The shot noise of
a SET and the corresponding charge sensitivity is yet to be observed. The cur-
rent levels in metal-insulator-metal SETs are in the 1 pA - 10 nA range, which
gives shot noise levels of 0.6 - 60 fA/

p
Hz. The corresponding charge sensitivity

should be in the range 2-10� 10�6e=pHz .

2.2 Quantum and Thermal Noise

According to Korotkov et al. [20], the minimum charge noise achievable is

qn;min = 5:4
p
kBTRminCmin � 2:7

p
kBTRminC� (2.1)

where the last equality assumes a symmetric transistor. As temperature de-
creases, the charge noise decreases. For some low temperature, the thermal �uc-
tuations becomes lower than the quantum �uctuations. Quantum �uctuations
in the charging energy of the SET should set the ultimate low noise limit of
the SET [23]. The quantum energy �uctuations are given by Heisenberg's un-
certainty relation, �E�t � �h. �t is the life time of the charge of the island and
is on the order of �t � RminC�. This gives

�E � �h

RminC�
(2.2)

By substituting kBT with eq.(2.2), the quantum limited charge noise is obtained:

qn;min = 2:7
p
�hC� (2.3)
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If an energy sensitivity, EN , is de�ned as EN = qn
2

2C�
[20], the minimum energy

sensitivity becomes EN = 3:6�h. Thus, the SET is potentially a quantum limited
charge sensor since its minimum energy sensitivity is of order �h. In Ref. [23],
the SET was predicted to have EN = 1:5�h, which corresponded to qn;min �
2:2 � 10�6 e=pHz.

One DC e�ect of the quantum noise is found in Fig.(1.2). The low ohmic SET
shows a considerable smear around the blockade. This smear could be caused
by thermal �uctuations of the charge state. However, both SETs were measured
at temperatures well below the charging energy. From Sec.(1.2.2), the smear is
caused by cotunneling, which gives an uncertainty in the charge state. This is
then interpreted as quantum �uctuations of this state.

2.3 Low Frequency Noise

For low frequencies (LF), the shot and/or quantum �uctuations are masked by
other noise mechanisms. The current noise spectrum shows a 1=f� dependence
with 1 � � � 2. This is called 1=f noise and is a general phenomenon present
in all types of electronic components (passive and active) (see e.g. [32, p. 432]).
The presence of the 1=f noise severely limits the LF sensitivity of the SET.
Many studies on metal-insulator-metal SETs have been performed in order to
determine the origin of the LF noise [17, 18, 21�26, 33�38]. Important results
from these studies are reviewed below.

2.3.1 LF Noise Observations

Generally, low frequency noise data is collected within the frequency band
10�3 Hz� f � 103 Hz. The lower limit is set by the measurement time. A
frequency of 10�3 Hz corresponds to approx. 17 minutes per spectrum. Usually,
100 spectra are required to get good statistics (10 % error), corresponding to
28 hours measurement per bias point. For many SETs, it is impossible to keep
the gate bias stable for such a long period of time. Sudden charge jumps o�set
the gate charge anywhere within a fraction of an electron. The upper frequency
limit is set by the combination of the SET dynamic output resistance and the
capacitive load of the measurement leads (see Sec.(3.2)).

Di�erent types of spectra are shown in Fig.(2.1). The measured spectra have
a region where the noise shows a 1=f� dependence, with 1 � � � 2. In some
experiments, the spectra show pure 1=f behavior for the lowest frequencies.
In other experiments, a Debye-Lorentzian spectrum is observed. The spectrum
saturates at a constant value for the lowest frequencies, and rolls of as 1=f2

for higher frequencies. A characteristic switching between two (or more) levels
is usually observed in connection with the Debye-Lorenztian spectrum. This is
also called telegraph noise, popcorn noise or burst noise and is also observed in
semiconductor devices (see e.g. [39, p. 142]). Theoretically, the spectrum and
the switching can be explained as caused by a system which randomly jumps
between two discrete states [40]. Such a system is usually called a two level
�uctuator (TLF). In the SET, it is believed that the TLFs consist of charge
traps, where an electron randomly switches between two states [18, 23, 24]. If
two or more TLFs are active, the switching occurs between many discrete states.
Also, the spectrum is then a superposition of many Debye-Lorentzian spectra.
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In the limit of an in�nite number of TLFs, it has been shown that the spectrum
will become a 1=f spectrum (see [39, Chapter 8]).
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Figure 2.1: Example of di�erent types of low frequency noise spectra observed
in SETs. Curve (a) has a 1=f dependence, while curve (b) is a superposition of
a Debye-Lorentzian spectrum and a 1=f background. Data taken from Ref. [23]
(a) and Ref. [34] (b).

In order to lower the LF noise, the location of the traps has to be found.
There are three main candidates for the location [24]:

1.) the tunnel junction dielectric
2.) the substrate
3.) the metal oxide covering the island
The �rst candidate is discussed in Ref. [41]. There, large area Josephson

junctions were studied, and the TLFs were found to be located in the tunnel
junction dielectric. The junctions were low-ohmic, had large area and based on
a Nb=Pb alloy, commonly used in SQUIDs. In Ref. [18], Song et al. proposed
that the situation is the same for SETs. They based their proposal on the fact
that the TLF must be located very close to the island in order to modulate
the SET with a charge corresponding to one electron. However, Zorin et al. [24]
pointed out that the electric �eld in a SET junction oscillates with a period
set by the mean tunneling time which is less than 1 ns. This is in contrast to
large area junctions where the �eld is constant. It is di�cult to imagine a TLF
producing a Debye-Lorentzian spectrum while being shaken by a GHz electric
�eld. Furthermore, they [24] carried out a correlation experiment involving two
closely situated SETs to see if the noise source was common to both SETs. It
was found that a considerable part of the noise was indeed common. Also, they
calculated that TLFs close to the island can modulate the SET considerably,
even though they aren't located in the junction dielectric. Thus, the substrate
and the metal oxide cover are possible locations for the TLFs. Further evidence
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for this was provided by Zimmerman et al. [42]. They were able to show that
the TLFs in their SET where not located inside the barrier. However, it must
be noted that in their sample, the charge noise was unusually high with a total
charge switching on the order of an electron. Such a high level of noise could
possibly mask other noise sources including junction dielectric TLFs.

A recent experiment hints that the TLFs are located in the substrate/island
interface [37]. By placing the island partly on top of the bottom electrode,
the contact area of the island to the substrate was minimized. The LF noise
was dramatically reduced, and one of the samples set a new sensitivity record of
qn � 2:5�10�5e=

p
Hz at 10 Hz. Another sample showed anomalous behavior. The

output current noise spectrum SI(!) was independent on gain but dependent
on bias current. Furthermore, SI(!) was constant in the 0.1-100 Hz range, i.e.
white noise. The noise level was too high to be shot noise. The authors concluded
that conductance �uctuations were the sources of the noise.

Two conclusions can be drawn from these experiments:
1.) the two �rst experiments showed that the TLFs are probably not in the

junction dielectric. This leaves the substrate and the metal oxide as possible
locations.

2.) the third experiment showed that the LF noise can be substantially re-
duced by minimizing the substrate/island contact area. This is a very important
result which may lead to further noise reduction. Furthermore, conductance �uc-
tuations can occur in this new layout.

It should be mentioned that di�erent substrate materials does not seem to
lower the noise more than a factor 2 [25]. The most widely used substrate is
Si or Si with a thick SiO2 layer. It is well known that the Si=SiO2 interface
can contain large amounts of defects [43]. These defects acts as TLFs. In the
semiconductor industry, passivation of the Si surface with hydro�uoric acid
e�ectively reduces the trap density. To investigate the strength of these traps,
experiments at Chalmers are under way where SETs are fabricated on passivated
Si substrates.

2.3.2 Input and Output Noise Sources Contributions

In the section above, it was concluded that the LF noise contains one large charge
noise contribution and possibly, a smaller conductance noise contribution. The
problem is how to experimentally measure and separate these contributions. One
possible approach is outlined in appended paper 2, and is based on input and
output noise sources. The separation into input and output noise sources has a
strong physical motivation. At low frequencies, TLFs in the substrate would only
induce charge or input noise Sin(f). On the other hand, TLFs in the junction
dielectric would induce charge noise as well as conductance noise at the output
of the device, Sout(f). At high frequencies, the shot noise is clearly generated
at the output of the device; then Sout(f) = aeI (and if Sin(f) = SQg (f), Sin(f)
should decreases as 1=f�, which is true for all experiments conducted so far).

The separation is very simple. Assume a voltage biased SET and that the
output current spectrum SI(f) is measured. Noise sources acting at the gate of
the SET with spectrum Sin(f) will be ampli�ed by the gain �. Noise sources
acting at output of the SET with spectrum Sout(f) will be independent on
gain. Instead, they will probably depend on the bias point. Assuming no other
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contributions, the total output current spectrum will be

SI(f) = �2Sin(f) + Sout(f) (2.4)

Now, by measuring SI(f) for maximum gain (� = �max) and minimum gain
(� = �min) one can deduce Sin(f) and Sout(f). (It can be di�cult to �nd the
bias point with � = 0). Note that it is assumed that the sources are independent
on bias point, a strong assumption. Solving for the unknown contributions we
get

Sin(f) =
SI;max(f)� SI;min(f)

�max
2 � �min

2
(2.5)

Sout(f) =
SI;min(f)� �min

2

�max
2SI;max(f)

1� �min
2

�max
2

(2.6)

Eq. (2.6) appears in appended paper 2 as Eq. (1) in a frequency integrated form.

2.3.3 Phenomenological Low Frequency Noise Model

A simple low frequency noise model for the SET is now described. It does not
describe the actual physical processes generating the noise, but simply assumes
that there is charge and resistance �uctuations (In this sense, it is a phenomeno-
logical model). The current noise spectrum due to these sources is then calcu-
lated. Shot and quantum noise is neglected, since the magnitude of these spectra
are predicted to be one or more orders of magnitude below the measured low
frequency output spectra. The model was derived by A.N. Korotkov [29].

First, however, an important statement must be done: when �min is small
it is possible to get 2nd order, or quadratic ampli�cation from ( @

2I
@Qg

). This will
distort the measured spectrum, so this situation has to be avoided. In appended
paper 2, the parameter �(f) measures the strength of the 2nd order gain. �(f)
is de�ned as the convolution of the spectrum:

�(f) =

R1
�1 SQg (f

0)SQg (f � f 0)df 0

e2SQg (f)
(2.7)

Next, the model is discussed. Under the assumption that the �uctuations are
caused only by charge �uctuations and resistance �uctuations, the total current
noise spectrum becomes

SIQ;R(f) =

�
@I

@Qg

�2
SQg (f) +

�
@I

@R1

�2
SR1

(f) +

�
@I

@R2

�2
SR2

(f) +

+K1

�
@I

@Qg

��
@I

@R1

�q
SQg (f)SR1

(f) +

+K2

�
@I

@Qg

��
@I

@R2

�q
SQg (f)SR2

(f) (2.8)

Here, SIQ;R(f) is the output current spectrum due to charge and resistance
�uctuations. The �rst three terms are due to the charge �uctuations, SQg , and
resistance �uctuations, SRi in barrier 1 and 2. The two last terms models any
correlation between the charge and resistance �uctuations that might exist.
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The strength of the correlation is controlled by the dimensionless correlation
coe�cient Ki; i = 1; 2. Furthermore, @I

@Qg
is the gain of the transistor, and

@I
@Ri

; i = 1; 2, is a measure of the current change due to a change in the resis-
tance of junction i. For bias voltages V well above the blockade, the junction
dynamic resistance is almost equal to Ri and hence, @I

@Ri
� � V

R2

i

. Then, current
�uctuations due to one �uctuating junction resistance becomes proportional to
the square bias voltage V, SIRi =

�
V
R2

i

�2
SRi .

The following part is due to the author. Now, a rough estimate of the total
resistance �uctuations, SR can be found using Eq.(2.8). By measuring noise for
low gains, it may be possible that the terms containing SIRi dominate the noise
contribution. Then, assuming that the two juntions are identical,K1 = K2 = K,
R1 = R2 = R=2, and SR1

= SR2
= SR , Eq.(2.8) simpli�es to

SIQ;R(f) = �2SQg (f) + (�21 + �22)SR(f) +K�(�1 + �2)
q
SQg (f)SR(f) (2.9)

where the notation from Eqs.(1.10) and (1.14) is used. Now, assuming a constant
background charge noise, SQg = const (SQg may vary with bias), the resistance
�uctuations are found to be

SR(f) =

 
��1 + �2
�21 + �22

K

2
�
q
SQg �

s
SIQ;R � �2SQg

�21 + �22
+
�1 + �2
�21 + �22

K2

4
�2SQg

!2

(2.10)
Finally, by assuming that �1 = �2 = �, which is true for voltages much

greater than the blockade, the �uctuations become

SR(f) =

 
�K�

p
SQg

2�
�
r
SIQ;R � �2SQg

2�2
+
K2�2SQg

4�2

!2

(2.11)

The assumptions are strong. Nevertheless, it is at least possible to estimate the
order of magnitude of SR .

Now, a comparison between the input/output separation from the section
above and a simple model is possible. The separation in Eq.(2.4) is the same as
Eq.(2.9) only if there is no correlation, K = 0. Then, assuming that SQg (f) =
Sin(f) one �nds SR(f) = Sout

�2 . If SQg (f) is known, SR(f) is given by Eq.(2.11)
for any correlation. The usual experimental situation is such that SQg (f) dom-
inates and is easily determined. Then SR(f) is easily found.
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Chapter 3

Experimental Techniques

3.1 Sample Fabrication

The aluminum process used by many groups to fabricate SETs is by now well
established. It is based on the standard shadow evaporation technique [44, 45].
A review of the process is given in Ref. [46]. The process uses only a single
e-beam lithographic step. This makes it possible to go from layout to working
sample in one day. However, several weeks can be used to calibrate and �ne tune
the process parameters. Once the parameters are found, it is possible to mass
fabricate Al SETs with a yield between 25� 75% (depending on sample size).

Using the process, almost 50 SETs and single junctions were fabricated over
a three month period. The SETs were fabricated on a Si substrate covered by a
1 �m SiOx layer for insulation. Au contact pads were de�ned using photolithog-
raphy. The e-beam resist consisted of a 300 nm bottom layer of Copolymer and a
60 nm PMMA top layer. After e-beam lithography, the pattern was developed in
an isopropanol:H2O mixture (10:1 by volume). Aluminum was deposited using
thermal evaporation. The junction oxide was formed by letting in O2 into the
evaporation chamber. Finally, lift-o� was done in warm acetone. The resistances
directly after fabrication covered a very wide range, from 500
 to 100M
. The
layouts were almost identical, but the overlap and oxidation doses varied from
sample to sample. To achieve an initially low resistance, the oxidation dose was
very small. The sample was oxidized for 60 seconds using O2 at 2:5 � 10�3 mbar
(The background pressure was 1 �10�3 mbar). Only a few SETs have so far been
measured. The total capacitance, C�, of these ranged between 0:2� 0:5 fF.

After fabrication and room temperature characterization, the samples were
stored in a vacuum container. However, the pressure inside the container is rel-
atively high, typically on the order of the oxidation pressure. As a consequence,
the resistance of the SETs usually increases with time. For instance, the low
ohmic sample reported in appended paper 2, had 3:5 k
 directly after fabrica-
tion (see oxidation above), but had increased to 45 k
 six months later. This
behavior o�ers a post trim method to increase the sample resistance after the
processing.
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3.2 Cryogenics

All measurements were done in an Oxford TLE200 dilution refrigerator. The
base temperature is about 15 mK. The sample, mounted at the mixing cham-
ber, is connected by 13 DC leads to the room temperature electronics. The leads
are �ltered with 0.5 m of Thermocoax to reduce the black body microwave ra-
diation from parts at room temperature [27]. Furthermore, 100 pF capacitors
are parallel coupled to ground to further reduce high frequency noise. The DC
leads have low thermal conductance to lower the heat load on the mixing cham-
ber. Unfortunately, this also results in low electric conductance. The total series
resistance is on the order of 40
. Furthermore, the total line capacitance is on
the order of 1 nF. This high value of capacitance together with the high value
of the SET impedance, makes up a low pass �lter with a cut-o� frequency of
order 300 Hz, using a voltage measurement setup. This explains the lack of high
frequency noise experiments.

3.3 Measurement Setup

The Measurement setup used is depicted in Fig.(3.1). The main parts are the
current preampli�er, the real time FFT spectrum analyzer and the measure-
ment computer. Bias voltage was applied by a Yokogawa 7651 and then made
symmetric around ground by a symmetrizer. Gate voltage and lock-in signal
was applied by a Stanford DS345 synthesized function generator. To separate
the analog ground from digital (GPIB) ground, isolation transformers, an op-
toisolator and a di�erential ampli�er were used. Without these, line frequency
harmonics from ground loops dominated the noise spectrum. The signal from
the sample was ampli�ed by the current preampli�er and then sent to the FFT
analyzer. The FFT algorithm demands equally spaced frequency points. This
con�icts with the tradition to present spectra with logarithmic axes. To increase
the resolution, the total frequency spectrum was divided into four subspectra of
800 points each, with ranges 0-100 Hz, 0-1 kHz, 0-10 kHz and 0-100 kHz. The
subspectra were afterwards merged into the total spectrum in the post analysis.
The spectra were collected via GPIB by a Macintosh computer running Lab-
View 3.1 software. Analysis and post processing was performed using Igor 3.1
software (which also produced most of the graphs in this thesis).

3.4 Crosstalk

Another problem with the DC leads is crosstalk. When measuring transistor
noise it is necessary to measure gain in order to refer the noise to the input.
Usually, this is done with a lock-in ampli�er operating at a convenient frequency,
say 100 Hz. Unfortunately, the crosstalk from the gate DC lead to the output
DC lead is so large at this frequency that it makes it impossible to separate the
gain contribution from the crosstalk. The crosstalk is mainly capacitive, and
thus increases with frequency. Lowering the frequency may lower the crosstalk,
but then the lock-in carrier ends up right in the frequency band of interest,
blurring the noise there.

One method to determine the gain is to use the current-gate voltage (IVg)
modulation as an input signal [47]. By ramping the gate voltage, the (IVg)
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Figure 3.1: Measurement Setup. A = Di�erential Current Preampli�er, B =
Di�erential Voltage Ampli�er (SRS560), Gate Bias = DS345, Drain Bias =
Yokogawa 7651, Symm = Symmetrizer.

modulation is used as the signal. Increasing the ramp rate then increases the
frequency, and the bandwidth is found as the frequency where the modulation
curve drop 3 dB in amplitude. The crosstalk from the ramp will only be an
extra DC term, since the coupling is capacitive. One problem arises when the
ramp switches from its maximum to minimum value. The capacitive coupling
converts this into a large spike, which can saturate the ampli�er. By gating the
signal before the ampli�er this problem can be overcome. Unfortunately, this
method was too complex to be used during the noise measurements. The lock-in
method was tried at 1 kHz. However, the crosstalk was too large to separate the
gain. Instead, gain was determined from the modulation curves.

3.5 Current Preampli�er Review

All results presented in this thesis were obtained from measurements done with
a current preampli�er. The preamp was designed, partly built and tested by the
author. The primary results were presented at ISEC'97 (see appended paper 1).
Below, some clari�cations and extensions to this paper are given. It is worth
noting that the PTB and Moscow State groups have also started using current
preampli�ers [37].

3.5.1 Introduction

The current preampli�er in its most simple con�guration is an Ampere meter.
As such, it should accept current through its input terminals without producing
a voltage drop across them, i.e. it must have a low series impedance. Input
impedance is a �gure of merit for a current preampli�er. For analog signal
processing purposes, it is desirable that the preamp converts the input current
to a voltage (since almost all analog signal processors are based on voltage
controlled op-amps, see e.g. [48,49]). The transfer function, or gain should be as
large as possible. The gain, de�ned as output voltage over input current, has the
unit of impedance (
). Hence, such preamps are often called transimpedance
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ampli�ers. Finally, the output impedance of the preamp should be low, since it
has a voltage output.

Current preampli�ers are used for read-out of accelerometers [50] and photo-
diodes [51]. An in-depth analysis of the current preampli�er is given in Ref. [51].
Although it treats photodiodes, the analysis can be applied to SETs. The results
are quite technical, but are needed to explain the high frequency performance.
They are reviewed below.

3.5.2 DC properties

The simplest form of a current preampli�er is shown in Fig.(3.2). It consists of an
op-amp ,A1 ,and resistance,Rf . The source driving the ampli�er is modeled by
a current source is in parallel with a resistance ro (Norton equivalent model). A
voltage source, Vb, is used to bias the source. The function of the circuit is simple.
A1 has negative feedback from output to input by Rf . The feedback forces the
potential at the inverting input (V�) of A1 to equal that of the noninverting
input (V+), in this case Vb. Whatever current that is passed through Rf , the
op amp will adjust its output voltage, Vout so that V� equals Vb. The output
voltage will then be the sum of Vb and the voltage drop across Rf , which is
proportional to the input current.

dc_sexamp.bp

R
f

Vb

A1r
o

is

Source

Figure 3.2: Basic current preampli�er. The ampli�er consists of an op amp, A1,
and a feedback resistor Rf . The source shown, is connected to the inverting
input of A1 and is modeled with its Norton equivalent circuit. The feedback
loop will voltage bias the source so that V� = V+ = Vb.

A more realistic DC model for the op amp is shown in Fig.(3.3). O�set
voltage and bias current errors of the op amp are now included. The input
impedance of the op amp is neglected, since it is relevant only when it is less than
Rf . In a good design this is never the case. Furthermore, the output impedance
can be made unimportant by connecting a voltage follower after the preamp.
The DC properties of interest are: gain, input impedance, bias accuracy and
total output voltage. Below, several approximations are made in the equations.
These are validated by using experimental numbers for several parameters. In
the experiments, the op amp AD743JN from Analog Devices, Inc. was used [50].
Vital data for the op amp are given in Table (3.1). The feedback resistance was
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O�set Voltage Vos 0.25 mV
Bias Current Ib 190 pA
DC Open Loop Gain AO 4 � 106
Di�erential Input Resistance Rdm 1010

Total Input Capacitance Cin 38 pF
Unity Gain Frequency UGF 4.5 MHz
Gain Bandwidth Product GBW 4.5 MHz
Input Equivalent Voltage Noise en 3.2 nV/

p
Hz @ 1 kHz

Input Equivalent Current Noise in 6.9 fA/
p
Hz @ 1 kHz

Table 3.1: AD743JN typical data used in the text. Supply voltage = �15 V, T
= +25�C.

Rf = 10 M
 while the SET output impedance was ro � 20 k
.
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Figure 3.3: Current preamp with DC error sources of the op amp included. Vos
is the input o�set voltage. Ib

�

is the input bias current of the inverting input.

The DC gain is the ratio of the output voltage to the input current, with an
ideal current source connected (i.e. ro =1). The gain is

G � Vout
If

= Rf
AO

1 +AO
� Rf = 10M
 (3.1)

where AO is the open loop DC gain of the op amp. A high gain means choosing
a high Rf and AO . Any real source will have a �nite output resistance, which
will shunt the preamp. Hence, the preamp should have as low input impedance
as possible. This is given by

Rin � V�
If

=
Rf

1 +AO
� Rf

AO
= 10
 (3.2)

Finally, the bias voltage accuracy is how good V� follows V+ ( = Vb). Calcula-
tions yield

V� = Vb + Vos +
IfRf

AO
� Vb + Vos (3.3)

20



For high accuracy, Vos should be minimized and AO should again be maximized.
By combining the e�ects of source and input impedance, bias current and gain
above, the total output voltage (Vout) becomes

Vout = Vb + Vos + (is + Ib�)(
1 +AO

1 +AO +
Rf
ro

)Rf � Vb + Vos + (is + Ib�)Rf (3.4)

From Eqs.(3.4) and (3.3), one �nds that the bias point is translated from the
desired point by the op amp error sources. Note that the bias voltage Vb has to
be subtracted to get the current reading.

3.5.3 AC properties

For �nite frequencies, reactive components must be included. This is shown
in Fig.(3.4). Here, Ctot is the total capacitance at the negative node, and is
Ctot = Cl + Cop, where Cop is the op amp capacitance. In the experiments,
Cl � 1 nF, whereas for the AD743, Cop � 40 pF. Thus, Ctot � Cl � 1 nF .
Parallel with Rf is a capacitor Cf . Since very high resistances are used for Rf

(� 1 M
), very small values of Cf will a�ect circuit performance. It is therefore
necessary to include parasitic capacitances into Cf . (For instance, a resistor has
a parallel capacitance on order 0.5 pF). At frequencies above a few Hz, the gain
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Figure 3.4: The current preampli�er with reactive components Ctot and Cf
included. The gain of the op amp is frequency dependent which also has to be
included into the calculations.

of the op amp starts to roll o� at -20 dB/decade. This has to be included into
the calculations. To a �rst approximation, the open-loop gain of the op amp is

AOL(!) =
AO

1 + j!=!0
(3.5)

where, !0 � 2�GBW
AO

and GBW is the gain bandwidth product of the op amp.
As a consequence, AO has to be replaced by AOL(!) in all the equations above.

The AC gain is set by the feedback impedance Zf = Rf k Cf . Using Eq.
(3.1) yields

G(!) =
Rf

1 + j!RfCf
(3.6)
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which is the DC gain multiplied by a low pass transfer function with cut-o�
frequency !f = 1=RfCf . Typical values are Cf � 2 � 20 pF, which yields
frequencies of ff � !f

2� � 0:8 � 8 kHz. This is the bandwidth obtainable with
a perfect current source. This is not the case in the experiments. The source is
shunted by the parallel combination of Cl and ro. As the frequency increases, so
does the shunting by Cl. To calculate the bandwidth, the AC input impedance
of the preamp must be known. Calculations yield

Zin =
Rf k Cf
AOL(!)

=
Rf

AO

1 + j!=!0
1 + j!=!f

(3.7)

For most cases, !0 � !f . The resulting input impedance is sketched in Fig.(3.5).
The impedance has two break frequencies, !0 and !f . For ! � !0, Zin = Rin =
Rf
AO

and is resistive and equal to the DC input impedance. For !0 � ! � !f ,

Zin = j!(
Rf

AO!0
) � j!Leq and is inductive. The equivalent inductance in the

experiments becomes Leq = 0:36 H, a very large value. When ! � !f , Zin =
1=(AO!0Cf ), which is resistive. Also, the gain starts to drop in this frequency
region.
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Figure 3.5: SPICE [52] simulation of the circuit in Fig.(3.4) shows the input
impedance of the ampli�er, jZinj, and the source impedance jZlj. Experimental
values used are found in the text. Note the bulges in jZinj at f = 1 MHz. The
cause of these are a second pole in the op amp gain, not included in Eq.(3.5).

The bandwidth of the total system, !s, can now be estimated. At high
frequencies, the source current divides between the line capacitance Cl and the
preamp input impedance, Zin. At some frequency, !g, exactly half the current
is passed through Cl and Zin each. If this happens in the inductive region of
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Zin, then the frequency is found by equating j XCl j to j Zin j:

1

!gCl
= !g(

Rf

AOL!0
)) !g =

s
AOL!0
RfCl

) fg =

s
GBW

2�RfCl
(3.8)

The �nal form in Eq.(3.8) is Eq.(1) in appended paper 1. This is then the
system bandwidth !s. This situation corresponds to the Cf = 0:1 pF curve
in Fig.(3.4). However, if the source impedance is low enough that the crossing
frequency occurs in the high frequency region of Zin, the bandwidth is simply
set by the transimpedance network, from Eq.(3.6) above

fg =
1

2�RfCf
(3.9)

This corresponds to the Cf = 10 pF curve in Fig.(3.4).
By combining the current division and the gain, the total AC transfer func-

tion can be calculated:

ZT (!) =
Rf

1� !2ClLeq + j!(1=!f +RinCl + Leq=ro + 1=(2�GBW ))
(3.10)

This equation is valid for all frequencies of interest. It breaks down somewhere
close to f = GBW � 4:5 MHz, due to high frequency poles neglected in the
op amp open loop gain, Eq.(3.5). Note the resonance formed by the inductance
Leq and Cl. It is this resonance that causes ringing and sometimes oscillations,
(see also Sec.(3.5.5)). An example of Eq.(3.4) is shown in Fig.(3.6). Note also
that Eq.(3.4) has the same form as a second order low pass �lter with DC gain
Rf (see Ref. [53]).
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Figure 3.6: SPICE simulation of the transfer function, jZT j for di�erent feedback
capacitances Cf . For low values of Cf , the transfer function has a resonance,
which origins from the interaction of the source capacitance Cl and the input
inductance Leq of the preamp.

It is interesting to note that the bandwidth is quite insensitive to the source
impedance, ro. This is due to Cl which shunts ro at high frequencies. In a voltage
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ampli�er, the total bandwidth is set by fg = 1=2�Rf k Cl and varies between
fg;min = 1=2�RfCl and fg;max = 1=2�ro;minCl . The voltage preampli�er band-
width is inversely proportional to ro whereas the current preampli�er is almost
independent of ro. This is a clear advantage of the current preampli�er.

3.5.4 Noise Properties

The noise performance of the current preampli�er is analyzed with the help of
Fig.(3.7). Here, noise sources for the op amp and the feedback resistor have
been included. The goal is now to calculate the input referred noise current for
the system. This is done in two steps. First, the contribution of all sources are
calculated at the output of the preamp. Then, this total output noise is input
referred by dividing it with the transfer function from Eq.(3.10). The output
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Figure 3.7: The current preampli�er with noise sources included. in;op and en;op
are the current and voltage noise sources of the op amp, respectively. in;Rf is
the thermal noise of the feedback resistor Rf .

contributions of the current noise sources in;op and in;Rf are easily calculated.
By inspection, in;op is parallel to the SET source in;SET . Furthermore, in;Rf is
also in parallel with in;SET , since its right leg is grounded by the op amp output.
Hence, the sources in;SET , in;op and in;Rf all have the same transfer function,
given by Eq.(3.10). Next, the contribution of the op amp noise voltage, en;op is
calculated and yields

eout =

�
1

Rf
+

1

ro
+ j!(Cl + Cf )

�
ZT (!)en;op (3.11)

Note the so called noise-rise term, j!(Cl + Cf )en;op. This seriously limits the
high frequency noise performance of the preamp.

The total output noise voltage is found by summing all contributions, since
all sources are uncorrelated. Furthermore, since all terms in the sum contains the
common factor ZT (!), the input current noise is obtained directly by division
by ZT (!), yielding

i2in = i2n;SET +
4kBT

Rf
+ i2n;op ++

� 1

Rf
+

1

ro
+ j!(Cl + Cf )

�2
e2n;op (3.12)
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where in;Rf = 4kBT
Rf

is the Johnson noise of the feedback resistor. Thus, to

measure SET noise, i2n;SET must be greater than the sum of the other terms in
Eq.(3.12). The low frequency noise �oor is set by Rf , and this was the main
criterion for selecting the feedback resistance.

An important question is if it possible to detect shot noise of the SET. This
is given by in =

p
2eI, where I is the bias current. At high frequencies, the noise

rise term of the current preampli�er dominates, and the input current noise is
given by in = en2�fCl. By equating the noise terms, an upper frequency where
the contributions are equal is found. Solving for the frequency yields

f =

p
2eI

2�enCl
(3.13)

Assuming I = 1 nA and using experimental values gives f = 0:95 kHz. In this
region, all SETs are dominated by 1=f noise, and it is not possible to detect
shot noise. Either a higher current or a lower enCl product is needed.

3.5.5 Stability

Instabilities are very likely to occur in the current preampli�er. These manifest
themselves as excessive ringing or even oscillations of the preamp. The cause of
the oscillations is the feedback. Any feedbacked system is a potential oscillator.
Usually, to get more insight in what's going on, the open loop noise gain is
studied [51]. It is the noise that starts the oscillation. (The closed loop noise
gain is given by Eq.(3.11)). The cause of the instability is the combination
of two poles in the open loop gain. The �rst pole is from the op amp open
loop gain, Eq.(3.5). The second is formed by Rf and Cl. Together, they give
180 degrees phase lag at frequencies where the loop gain is greater than unity,
causing oscillation. The remedy is to connect a feedback capacitor across Rf .
By choosing it appropriately, it will give enough phase lead to make the system
stable. However, this will lower the gain of the preamp, see Eq.(3.6). Thus, there
is a trade-o� between gain and stability. The optimum value of Cf is given by

Cf =
Cc
2
(1 +

r
1 +

4Cl
Cc

) ; Cc =
1

2�RfGBW
(3.14)

This gives a phase margin of 45 degrees, yielding a slightly peaked gain. Note
that Cf is a function of the two poles (via Cc) discussed above. Cf is approx-
imately proportional to the inverse square of Rf and GBW. With the exper-
imental values, this gives Cf � 3:8 pF. This value is so small that parasitic
capacitances from the board layout and feedback resistor will change the e�ec-
tive Cf from the value installed. It is therefore wise to install a tunable capacitor
(2� 20 pF range) instead of a �xed value. This also accommodates lower feed-
back resistors.

Note that the equation above is derived without a source resistance ro. How-
ever, the inclusion of ro will only lower the feedback, making the preamp more
stable (i.e. a shorted input results in no feedback at any frequency, removing
the cause of oscillations).

It is recommended that the op amp used is unity gain stable. Even though
the noise gain increases above unity at high frequencies (where it matters),
the high capacitive load (Cl) makes non-unity gain ampli�ers very di�cult to
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compensate. This is also a consequence of the fact that the impedance at the
input of the preamp is much more complex than the model used here, i.e., Cl.
This complicates the stability prediction. A tunable Cf is highly recommended.
Often, the bandwidth then decreases so much that the initially high bandwidth
is sacri�ced by the compensation. Thus, there is no increase in bandwidth.

3.5.6 Di�erential Current Preampli�er

External sources will induce noise in the preamp. Due to the long measurement
leads from sample to preamp used in cryostats, noise pick-up could spoil the
signal to noise ratio. By using a di�erential preampli�er [51], the external noise
can be minimized. Such an ampli�er is shown in Fig.(3.8). The main function is
that the output voltage is the di�erence of the inverting current and the non-
inverting current. The current source will pull current out of the inverting input
and push the same current into the non-inverting input. The output voltage
will then be 2Rf is. An external signal will induce equal amounts of noise into
the inverting and noninverting inputs. The di�erence will then be zero. It is

Rf

Rf

+V
bias

-V
bias

Cl

Cl

diff_amp.bp

Figure 3.8: Di�erential Current Preampli�er. Rf = feedback resistors, Cl = line
capacitance, �Vbias = bias voltage.

easy to generalize the single-ended current preampli�er result. First, the gain,
Eq.(3.10), will be doubled, since the signal current now passes through two
feedback resistors. Second, the input noise current, Eq.(3.12) will be halved. The
most important characteristics are given below. Note that the output voltage
still includes the bias voltage, Vb, and has to be subtracted to give a true current
reading.

V1� = Vb=2 + Vos;1 (3.15)

V2� = �Vb=2 + Vos;2 (3.16)

Vout = 2ZT is + (V1� � V2�) (3.17)

i2in = i2n;SET +
2kBT

Rf
+
i2n;op
2

+
� 1

Rf
+

1

ro
+ j!(Cl + Cf )

�2 e2n;op
2

(3.18)
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3.5.7 Voltage Bias Precautions

Standard practice when handling samples in the cryostat is to ground all mea-
surement leads when they are not used. This is for protection against elec-
trostatic discharge. This practice is compatible with a passive bias setup, at
Chalmers called "R-bias". What might not be so obvious is that sample ground-
ing is not compatible with a voltage bias ("V-bias") setup. Some users have had
their samples destroyed when opening the ground shorts in V-bias mode. This is
not so strange however: when the sample is shorted, the measurement electron-
ics is trying to voltage bias a short cut. It does this by pushing as much current
as possible through the ground short, hoping to raise the potential. The conse-
quence is that the output of the op amps usually saturates at one of the supply
rails, typically �5V . When the short is removed and the op amps have saturated
at opposite rails, there is temporarily 10 volts across the two feedback resistors
in series with the sample. The op amps quickly settle towards the applied bias
voltage, but it might be too slow. This is of course a very unfavorable condition.
The correct procedure is to �rst disconnect the sample from the preamp, and
then ground the sample.
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Chapter 4

Results

4.1 Preampli�er Performance

The transimpedance ampli�er was characterized using two di�erent op amps.
To get a wide bandwidth, low noise high speed op amps, (OPA655 from Burr-
Brown) were installed. Such an ampli�er has a GBW of 240 MHz and FET in-
puts, making it compatible with high impedance sources i.e. SETs. To optimize
bandwidth further, low feedback resistors (820 k
) were used. Together with
the DC line impedance of Cl � 1 nF, this implies a bandwidth of f � 216 kHz.
However, the preampli�er was not stable and feedback capacitors had to be in-
stalled (See Sec.(3.5.5). After stability tuning, the bandwidth was checked with
a SET connected. To reduce crosstalk, the method described in Sec.(3.4) was
used. The resulting bandwidth was found to be very low, f � 6:2 kHz. How-
ever, it was still much higher than the usual resistive bias/voltage measurement
setup. A bandwidth comparison of the two methods is shown in Fig.(4.1(a)).
These results together with some preliminary noise data on a SET were pre-
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Figure 4.1: (a). Voltage (4) and current (X) preampli�er bandwidth using the
high ohmic SET in the normal state. Data acquired at T = 30 mK and B =
1:0 T. (b). Noise performance for OPA655 (upper curve) and AD743 (lower
curve).The peaks around 1 kHz in the lower curve are due to the lock-in signal
and mechanical resonances within the cryostat.

sented at ISEC'97 and are enclosed as appended paper 1. The reason for the
low bandwidth is that the line capacitance is very high, making it very di�-
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cult to achieve stability at high frequencies. Thus, it is not the GBW of the op
amp that limits the bandwidth. Rather, the large line capacitance and the feed-
back resistance make the ampli�er very unstable, demanding a large stabilizing
feedback capacitance, Cf , and the bandwidth is now set by Eq.(3.9). As a con-
sequence, a moderate speed op amp will give the same bandwidth as high speed
op amps. Using Eq.(3.8), the same bandwidth can be achieved with a 200 kHz
GBW op amp, three orders of magnitude lower than the OPA655! The use of
high speed op amps has other drawbacks. First of all, being devices optimized
for high speed, the DC performance is much worse compared to precision DC
op amps. The o�set voltage has both much higher magnitude and temperature
drift. Furthermore, the OPA655 has a high 1=f noise voltage component, which
can mask the SET noise. Therefore, the high speed op amps were abandoned
and an ultra low noise, precision op amp was used; the AD743. It has a GBW
of 4.5 MHz, much lower 1=f noise, o�set voltage and drift. The bias currents
are comparable. Furthermore, since the GBW of 4.5 MHz � 200 kHz allowed
by Cl, the feedback resistors were increased to 10 M
 to lower noise without
sacri�cing bandwidth. The resulting noise performance is shown in Fig.(4.1(b)).

Comparing the noise performances of the di�erent op amps, it is evident
that the AD743 has a superior noise performance for all frequencies . Another
bene�t is that the power consumption of the AD743 is one third of the OPA655,
an important consideration when using battery supplies. In the �rst appended
paper, it was claimed that the bandwidth could be increased above f � 6:2 kHz.
While this certainly is possible, the noise rise term in Eq.(3.11) will add so much
extra noise, that the total signal-to-ratio becomes very low. The SET noise will
be masked by noise, and thus there is little meaning doing this.

4.2 SET Results

Several SETs have been characterized with the preampli�er. The data presented
in the appended articles is from experiments with three di�erent SETs. The �rst
two were Al=Al2O3=Al devices, fabricated by the author, while the third was an
Al=AlOx=Nb SET fabricated by T. Henning. The results reviewed here are from
the �rst two devices. The data of the third device found in appended papers 2
and 3, will be discussed elsewhere.

4.2.1 High Ohmic SET

The results of the �rst SET were published at ISEC 097 (see appended paper
1). This device was the �rst to be tested with the preampli�er. The current-
voltage (IV) characteristics for several gate biases are found in Fig.(4.2(a)). From
these, an asymptotic resistance of RN � 415 k
 and an island capacitance
of C� � 145 aF were found. To extract the capacitance, the o�set method
described in Ref. [54] was used. The current-gate charge (IQ) characteristics,
are shown for some bias voltages in Fig.(4.2(b)). The periodic behavior of the
current vs. gate charge is clearly seen. The gate charge was induced with a
gate voltage. From the periodicity, the gate capacitance was deduced and was
Cg � 5:3 aF. The maximum gain was �max = 3:2 nA/e at a bias of V = 1:23mV.

While this SET showed a well pronounced blockade, the resistance was quite
high. This resulted in a low current of the device, and hence a low output signal.
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Figure 4.2: (a). IV characteristics for the high ohmic SETin the normal state.
Data acquired at T = 30 mK and B = 1:0 T. (b). Gate response for the SET
in (a).
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Figure 4.3: (a). IV characteristics for the low ohmic SET in the normal state.
Data acquired at T = 30 mK and B = 0:15 T for many gate biases. Points A
to E marks bias voltages where noise was measured.(b). Output conductance
1=ro for the SET in (a). From left to right, Qg = 0; Qg = e=6; Qg = e=3 and
Qg = e=2 .

Also, the OPA655 added much noise, making it di�cult to measure the SET
noise with high accuracy.

4.2.2 Low Ohmic SET - Normal State

The results of the low ohmic SET is to be published in the second appended
paper. The data were acquired using AD743 op amps. The IV characteristics
are shown in Fig.(4.3 (a)). This device had a low asymptotic resistance of RN �
45 k
, while the island capacitance was C� � 190 aF. Due to the low resistance,
the cotunneling is large and the blockade is smeared to a greater extent than
the high ohmic SET. A comparison of the two SETs is shown in Fig.(1.2). The
current scale is much greater for the low ohmic SET, allowing a larger signal
and better accuracy than for the larger resistance one. The output impedance
of the device, ro, is shown in Fig.(4.3 (b)), and was always above 40 k
 This
parameter was needed for the noise analysis, see below. The gate response
is shown in Fig.(4.4 (a)). The maximum modulation was �I � 3:9 nA at a
bias V = 0:53 mV. Thus, this transistor has a much higher current response
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Figure 4.4: (a). Normal conducting gate response for the low ohmic SET for
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0:40 mV, V = 0:66 mV, V = 0:92 mV and V = 1:19 mV. �max is the maximum
gain bias point. (b). Gain, �, vs. gate bias for several bias voltages.

compared to the high ohmic device even though it has a smeared blockade. As
a consequence, the maximum gain, �max � 12 nA=e, found at V = 0:40 mV, is
almost four times higher. The maximum gain bias point is marked in the curves
below. The gain is shown in Fig.(4.4 (b)). This is the expected result from the
discussion in Sec.(1.2.2). Even though the charging energy is 33 % higher in the
high ohmic SET, it's high impedance lowers the current scale.

4.2.3 Low Ohmic SET - Superconducting State

IV characteristics where also recorded in the superconducting state, and are
displayed in Fig.(4.5 (a).). The superconducting gap is clearly visible. Since
no supercurrent was detected, the Josephson Coupling Energy, EJ , was small.
The output impedance, ro, is displayed in Fig.(4.5 (b).). It is very high in the
gap (as expected) and drops dramatically for bias voltages above the gap. Note
that ro < RN . This is due to the singularity in the density of states of the
electron states in a superconductor [55]. This low impedance may limit the
noise performance of the preampli�er, see Eq.(3.12).

On the other hand does this singularity give a very high current modulation,
as found in Fig.(4.6 (a)). The maximum modulation, �Imax � 7:8 nA is found
close to the gap at V = 0:82 mV. It is also visible in the IV curves. The gate
voltage periodicity of the current modulation was the same as in the normal
state, which again tells us that the current mainly consists of single electrons
and not Cooper pairs. The gain is shown in Fig.(4.6 (b)). The maximum gain,
�max = 34 nA=e, was found at V = 0:84 mV. This is almost three times higher
than the maximum normal state gain. This clearly shows the gain advantage of
a supercondcuting SET compared to a normal conducting SET.

4.2.4 Superconducting and Normal SET Noise Spectra

Over 130 noise spectra where recorded for the low ohmic SET in the normal
state, and 25 in the superconducting state. The spectra were gathered for �ve
di�erent bias voltages, and 26 gate biases (in the normal state) or �ve gate biases
(in the superconducting state). In this subsection, the lowest noise performance
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of the di�erent states are reviewed. A detailed investigation of the low frequency
noise was presented in appended paper 2 and is reviewed in the subsection below.

The high frequency charge noise spectra for maximum gain bias are shown
in Fig.(4.7). Both normal and superconducting state operation is included. The
spectra have been input referred by dividing by the frequency dependent transfer
function from Eq.(3.10) and then by the charge gain, �. The frequency dependent
transfer function was not measured during this experiment, since the measure-
ment system became too complex to include all extra equipment. Instead, the
gain was found from SPICE [52] simulations. This resulted in an accuracy prob-
lem for frequencies above 600 Hz. Around the preampli�er resonant frequency,
the gain becomes quite sensitive to the chosen value of Cf , and the accuracy is
low. A 10% gain error bar or less is achieved below f = 600 Hz for Cf � 3 pF
and ro � 20 k
, which are reasonable values. (The bandwidth was probably
larger than this, since the slope of the SET noise output spectra did change
until around f = 4 kHz).

A cross-over from input to output dominated noise behavior was found in
the frequency range 1 kHz � f � 10 kHz. Below 1 kHz, normal state opera-
tion shows the lowest noise, while above 10 kHz, superconducting operation had
lower noise. This is due to the larger gain in the superconducting state. The noise
�gures were qn � 2 � 10�5 e=

p
Hz at f = 4:5 kHz for both transistors, which

is the lowest achieved together with the RF-SET. From a charge noise point of
view, it (almost) doesn't matter if the SET is normal or superconducting since
the noise is almost the same. From an output noise point of view, however, the
superconducting state is preferable. The output noise is higher for the super-
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conducting SET. Since the preampli�er noise should be compared to the output
noise, this means that the preampli�er can be noisier in the superconducting
state. Note also that the dynamic range (i.e. SET to preampli�er noise ratio) is
more than 100 for low frequencies.

4.2.5 Low Frequency Noise

For frequencies below 100 Hz, the gain was �at and determined only by the feed-
back resistors, ZT = 20 M
. In order to try to separate di�erent contributions
as described in Sec.(2.3.2), noise was measured for over 130 bias points. 26 gate
biases per charge period were measured, with �ve di�erent bias voltages. The
SET was normal conducting, and the temperature was 30 mK. Due to the long
time to record noise spectra for the lowest frequency band, 0 � f � 100 Hz,
only 25 spectra were recorded in this band. This gave an initial accuracy of 20
%. The accuracy was then increased by integrating each current spectrum in the
band 51 � f � 99 Hz. The limits were chosen so as not to coincide with power
line harmonics. Each bias point spectrum was then represented by a single RMS
current, �In. The spectral variables Sin(f); Sout(f); SQg (f)andSR(f) were also
integrated into single numbers which are de�ned below.

�In =

sZ fu

fl

SI(f)df (4.1)

�Qin =

sZ fu

fl

Sin(f)df (4.2)

�Iout =

sZ fu

fl

Sout(f)df (4.3)

�Qq;n =

sZ fu

fl

SQg (f)df (4.4)

�Rn =

sZ fu

fl

SR(f)df (4.5)

(4.6)

where fl = 51 Hz and fu = 99 Hz. (In paper 2, IN;exc was used instead of �Iout.
1/f-noise is sometimes referred to as excess noise, while in paper 2, excess noise
was de�ned as the remaining noise after input noise subtraction. To avoid a
confusion, a change of name was necessary. Also, �R was changed to �Rn)

To see if the SET was charge or resistance noise dominated, �IN was com-
pared to the SET gain �. � was found by di�erentiation of the IQ-curves. The
only �tting parameter was the gate charge. The result is shown in Fig.(4.8). Since
the curves follow each other almost perfectly, it is clear that the noise in the SET
is dominated by a large charge noise with a magnitude of �Qin � 2 � 10�3eRMS

for the (B,C, and D) bias voltages. Only for the lowest and highest bias voltage
does the charge noise change. This is shown in Fig.(4.9). The input referred
charge noise was �Qin � 1 � 10�3eRMS for the lowest bias voltage, then in-
creased to �Qin � 2 � 10�3eRMS , where it stayed approximately constant until
the highest bias point, where �Qin increased. The low and high values of the
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Figure 4.8: Integrated current noise, �IN , and gain, �, vs. gate voltage for several
bias voltages points (B, C, D). The curves have been o�set vertically for clarity.
Note the charge jump in trace C.

charge noise for the lowest and highest bias voltages, respectively, are currently
not understood.

Next, a separation into input and output noise contributions using the simple
model described by Eqs.(2.5) and (2.6) was tried. The resulting �Qin for �max

is shown in Fig.(4.10). Since the input noise contribution �Qin dominated, the
error bars of the remaining noise, �Iout, became very large. The (1�) error bars
of output noise contribution, �Iout, was approximately �ve to ten times larger
than the mean value. Only for two bias points out of the 130, (the highest bias
voltage with lowest gain �), did �Iout have low error bars. �Iout was 1:6�0:3 pA
for both these bias points. An estimate for the resistance �uctuation was then
determined. First however, the second order gain e�ects must be estimated by
calculating �(f) (see Eq.(2.7)). From this calculation, it was found that �(f) �
10�4. The strength of second order noise is approximately � multiplied by the
maximum charge noise. However, the dynamic noise range was about 100. As
a consequence, the second order noise was masked by preampli�er noise. Thus,
second order e�ects were negligible. Finally, by assuming that �Qq;n = �Qin (i.e.
SQg = Sin), the resistance �uctuations were calculated from Eq.(2.11) yielding
a resistance �uctuation �Rn � 1:5 � 0:3
RMS . The correlation term was not
dominant, and �Rn changed about 10% for �1 � K � 1 (included in the �gure
above). Repeating the above analysis for the Nb SET, a resistance �uctuation
of �Rn � 27:5� 3:0
RMS was found. Second order gain e�ects were masked by
preampli�er noise.
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4.3 Niobium SET Noise Characteristics

In appended paper 3, the bias and temperature dependence of the low frequency
noise of a Nb SET was investigated. 210 bias points in the normal state was
noise characterized. The SET had an island capacitance of C� � 0:49 fF and
an asymptotic resistance of RN � 170 k
. The gate capacitance was low, Cg �
0:31 aF, and the maximum gain was � � 1:7 nA/e. The gain was determined
from the IQg characteristics. Due to the sparseness of gate bias points, the gain
error bars became larger than for the Al SET.

Instead of integrating the noise in a band, the noise spectra were �tted to a
1/f function. Then, the 10 Hz output noise (SI;fit(f = 10 Hz)) was compared
to the gain. It was found that the noise followed the gain as in the Al SET (see
Sec.(4.2.5) above). Furthermore, the input noise magnitude increased with the
bias voltage in a more pronounced way than for the Al SET. At high tempera-
tures, this dependence disappeared. The interpretation of these two facts were
that either heating or the bias current activated TLFs either in the vicinity of
the island, or in the junction dielectric.

The noise in appended paper 3 was analyzed in a slightly di�erent manner
than in appended paper 2. Nevertheless, resistance �uctuations were found and
had essentially the same dependence on bias voltage.

4.4 Discussion and Future work

The method of mapping noise and gain provides insight in the origin of the
noise sources. A separation into input and output acting noise sources has phys-
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Figure 4.10: Integrated charge noise for the �ve voltage bias points.

ical meaning. Di�erent noise processes can be separated into input and output
sources. This is very clear from the data of the low ohmic Al SET, where the
dominant noise source is acting as a charge �uctuator, but a very small contri-
bution was found which possibly could be due to resistance �uctuations. In the
Nb SET, the charge noise was dependent on both bias voltage and temperature.
A resistance �uctuation contribution was found and was larger than in the Al
SET.

To be able to separate the sources better, it is very important to measure the
noise in bias points with zero gain. Then, the charge noise sources are completely
shut o� from the measurement. However, if the zero gain point is missed by a
small amount and the SET has large charge noise, second order gain e�ects will
show up and distort the spectrum. This will make the separation very di�cult.
In such cases, the best way to proceed is probably to step the gate bias in very
small amounts around the � = 0 bias point. The spectrum can then be studied
as it is distorted by di�erent amounts and the gain minimum can be found.

The greatest problem, by far, during the measurements was that of not being
able to directly measure the gain. Instead, gain data from the SET and SPICE
simulations were used to predict the gain. This led to inaccuracies and limited
the bandwidth. Considerable e�ort was put into the gain determination, and it
was very time consuming. The consequence of the inaccuracy is simply that the
charge noise is not very well determined for high frequencies. The reason for the
inability to measure gain is crosstalk. If the crosstalk is diminished, the e�ort
in mapping noise and gain will be dramatically reduced.

Currently, a new high frequency cryostat is installed at Chalmers, with
several coaxial cables leading directly to the sample holder. This will reduce
crosstalk by several orders of magnitude, and will enable high accuracy mea-
surements of the gain. The coaxial cable also presents a much lower capacitance
than the cables in the present setup. This will shift the rising noise term up in
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frequency by one order of magnitude and may enable direct observation of the
shot noise. (Using the shot noise detection formula, Eq.(3.13) with I = 1 nA
and preampli�er parameters gives, an upper frequency of f = 9:5 kHz. This may
be possible with SETs with low 1=f noise.) Moreover, a coaxial line will present
a more ideal line capacitance, making the preampli�er easier to compensate.
Thus, it is the author's hope that noise mapping will be a much simpler task
using the new setup in the future.

From a device point of view, the superconducting SET is superior to the
normal SET. If the SET is voltage biased, the gap induces a large gain increase
which ampli�es the signal and noise more, and the output noise is larger. This al-
lows higher input noise of the following preampli�er. Also, a gain increase should
be possible by decreasing the asymptotic resistance of the SET. A gain maxi-
mum would probably be found for lower impedances than in the normal case.
The output impedance, ro, of the SET should be made so low that the voltage
noise of the preampli�er almost dominates the noise spectrum (see Eq.(3.12)).
Low impedance SETs are also needed for RF SETs [16]. Thus, the develop-
ment of superconducting SETs is very important. If niobium devices with high
gap can be fabricated, one can expect a large increase not only in operating
temperature, but also in gain. Activity is under way at Chalmers, PTB and
NEC to produce niobium SETs. To conclude, the future of the SET looks very
good, since increases in both noise performance, bandwidth and temperature of
operation are expected.
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Chapter 5

Conclusions

To conclude, the low frequency noise of two Single Electron Transistors was
studied. Both Al and Nb based transistors were measured. A phenomenological
model for charge and resistance �uctuations was derived, which allows separa-
tion of these contributions. By mapping noise and gain for a large number of
bias points, the model was used to separate resistance and charge �uctuations.
The Al transistor was dominated by a large charge noise source, and resistance
�uctuations were only found at the highest bias point where the gain was low.
In the frequency band 51 - 99 Hz, the resistance �uctuations were estimated to
�Rn � 1:5� 0:3
RMS . The Nb transistor was, for low bias voltages dominated
by a somewhat weaker charge noise source than the Al transistor. At high bias
voltages the charge noise increased much, and is the resistance �uctuations were
�Rn � 27:5� 3:0
RMS . The bias and temperature dependence of the low fre-
quency noise in the Nb transistor may be an e�ect of either heat or bias current
activation of two level �uctuators located in vicinity of the island or in the junc-
tion dielectric. From the spectra, the highest sensitivity (de�ned as the noise
level) were qn � 2 � 10�5 e=pHz at f = 4:5 kHz for both transistors, which is
the lowest achieved together with the RF-SET.

In order to measure noise more accurately, a low noise, current sensitive
preampli�er was built. The preamp has two advantages over the voltage preamp.
First, the bandwidth is larger and second, the bandwidth is insensitive to vari-
ations in the source impedance, ro. This is in contrast to the voltage preampli-
�er, where the bandwidth is inversely proportional to ro. The current preamp
removed the need for bandwidth correction below 600 Hz.
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Symbol meaning
�(f) SET Second Order Gain, see Eq.(2.7)
�t SET Normalized Asymptotic Resistance
�In SET Integrated Current Noise, see Eq.(4.1)
�Iout SET Integrated Output Source Noise, see

Eq.(4.3)
�Qin SET Integrated Input Source Noise, see Eq.(4.2)
�Qq;n SET Integrated Charge Noise, see Eq.(4.4)
�Rn SET Integrated Resistance Noise, see Eq.(4.5)
� Superconducting Gap Energy
�I SET Current Modulation, see Eq.(1.5)
�V SET Voltage Modulation
� SET Charge to Current Gain, see Eq.(1.10)
�i SET Resistance to Current Gain, see Eq.(1.14)
!0 Op Amp -3dB Frequency of Aol(!)
Ao Op Amp DC Open Loop gain
Aol(!) Op Amp AC Open Loop gain, see Eq.(3.5)
B SET External Magnetic Field
C Capacitance
C0 Island Self Capacitance
C� Total SET Capacitance, see Eq.(1.1)
Cf Preampli�er Feedback Capacitance, see

Fig.(3.4)
Ci SET Tunnel Junction Capacitance, i = junction

number
Cg Gate Capacitance
Ctot Preampli�er Total Load Capacitance, see

Fig.(3.4)
EC SET Island Charging Energy, see Eq.(1.2)
EJ Josephson Coupling Energy
en;op Op Amp Input Equivalent Voltage Noise, see

Fig.(3.7)
fg Preampli�er Bandwidth, see Eqs.(3.8) and (3.9)
G Preampli�er DC Gain, see Eq.(3.1)
G(!) Preampli�er AC Gain, see Eq.(3.6)
GBW Op Amp Gain Bandwidth Product
gm SET Transconductance, see Eq.(1.11)
I SET Bias Current
Ib
�

Op Amp Bias Current, Inverting Input, see
Eq.(3.3) and Fig.(3.3)

in;op Op Amp Input Equivalent Current Noise, see
Fig.(3.7)

in;Rf Feedback Resistance Johnson Noise Current, see
Fig.(3.7)

iin Preampli�er Total Input Referred Noise Cur-
rent, see Eq.(3.12)

K SET Total Charge/Resitance Correlation Coef-
�cient

kBT Thermal Energy
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Ki SET Charge/Resitance Correlation Coe�cient,
i = junction number

Leq Preampli�er Input Equivalent Inductance
Qg SET Gate Charge
qn SET Charge Noise Density
Rf Preampli�er Feedback Resistance, see Fig.(3.2)
Ri SET Tunnel Junction Resistance, i = junction

number
Rin Preampli�er Input Resistance, see Eq.(3.2)
RN SET Aymptotic Resistance, see Eq.(1.3)
RN;opt SET Optimum Asymptotic Resistance, see

Eq.(1.6)
ro SET Output or Dynamical Resistance, see

Eq.(1.13)
RQ Quantum of Resistance, see Eq.(1.4)
SI(!) SET Current Noise Spectrum
SIQ;R(!) SET Charge and Resistance Fluctuation Ouput

Spectrum, see Eq.(2.8)
Sin(!) SET Input Noise Source Spectrum, see Eq.(2.5)
Sout(!) SET Output Noise Source Spectrum, see

Eq.(2.6)
SR(!) SET Total Resistane Noise Spectrum, see

Eq.(2.9)
SRi(!) SET Resistance Noise Spectrum, i = junction

number, see Eq.(2.8)
T Temperature
V SET Bias Voltage
Vg SET Gate Voltage
Vos Op Amp O�set Voltage, see Eq.(3.3) and

Fig.(3.3)
VT SET Treshold Voltage
Zin(!) Preampli�er AC Input Impedance, see Eq.(3.7)
ZT (!) Preamplifer Total AC Transfer Function, see

Eq.(3.10)

48



Appendix B

Appended Paper 1

49



50



Noise Measurements of Single Electron Transistors using a Transimpedance Ampli�er

B. Starmark, P. Delsing, D.B. Haviland and T. Claeson
Department of Microelectronics and Nanoscience, Chalmers University of Technology and G�oteborg University

S-412 96 G�oteborg, Sweden

Abstract | We have measured a Single Electron

Transistor (SET) using a transimpedance ampli�er

which increases the bandwidth of the SET by two or-

ders of magnitude compared to the conventional volt-

age sensitive ampli�er. Using this ampli�er to mea-

sure the properties of the SET we �nd a bandwidth

of 6.2 kHz and measure the SET noise density up to

1 kHz. The noise is �Qn � 3:9 � 10�5 e=
p
Hz at 300Hz.

I. Introduction

The Single Electron Transistor (SET) [1], [2] is the most
sensitive electrometer to date. It consists of a small metal-
lic island to which two electrodes are coupled via tunnel
junctions. The island is very sensitive to any external
electric �eld which can modulate the current transport
properties of the system. In order to operate correctly
the tunnel resistance of the junction must be larger than
RQ = h=(4e2) � 6:45k
. Furthermore the capacitive
coupling C� of the island to the ambient must be so small
that the charging energy obeys EC = e2=(2C�)� kbT .
With today's lithographic techniques, metallic SET de-

vices must normally operate at T = 1K or below, which
means that experiments must be carried out in a cryo-
stat. However, recent improvements in the lithographic
techniques have made SET devices operating at 100 K
possible [3]. Usually, SET-based electrometers have been
biased via a resistor and the voltage drop has been mea-
sured. The measurement leads from the cooled SET to the
room temperature electronics form a capacitance Cl which
shunts the voltmeter at high frequencies, limiting system
bandwidth. The bandwidth is given by (2�RoCl)

�1 where
Ro is the total resistance at the output yielding typical
bandwiths on the order of 100 Hz. SET/HEMT hybrids
can reach substantially higher bandwidths [4], [5] but so
far the noise above 100 Hz in these systems has been dom-
inated by the HEMT.
Measurements of the charge noise density as a function

of frequency for normal conducting SETs have been re-
ported by several groups [6], [7], [8] with noise densities
as low as 7 � 10�5 e=

p
Hz at 10 Hz [6]. Also, noise mea-

surements on a Bloch transistor have been reported [9].
Most measurements have been carried out at frequencies
up to 10 Hz and no one has, to our knowledge, measured
the noise spectrum of a SET above 200 Hz due to the low
bandwidth.

The samples were fabricated in the Swedish Nanometer Labora-

tory, G�oteborg. We were sponsored by the Swedish NFR, SSF and

thru the European Union ESPRIT progamme MEL ARI, project

22953 CHARGE.

Vbias

C l

R f

Fig. 1: A simpli�ed scheme of the SET and the tran-

simpedance ampli�er. Rf is the feedback resistor, Cl

the line capacitance and Vbias is the external bias voltage

source. In the experiment we used a symmetric version of

the ampli�er.

Here we show that by measuring the current through
the SET, rather than the voltage across it, the system
bandwidth is greatly increased. In principle, we connect
an Ampere meter across the SET electrodes which shunts
the capacitance. This is in contrast with the conventional
voltage measurement system where the capacitance shunts
the voltmeter. The technique we use is well known in elec-
tronics and is used for measuring high impedance sources
such as photodiodes [10]. In practice, our Ampere meter is
an op amp connected as current/voltage converter, which
we will refer to as a transimpedance ampli�er. We have
designed and implemented such a transimpedance ampli-
�er and here we report on measurements of the frequency
response and the noise density of a SET transistor.

II. Circuit and measurement techniques

A simpli�ed scheme of the SET and the transimpedance
ampli�er is shown in Fig. 1. The inverting input works
as a low impedance current input. The op amp output
is fed back via the resistor Rf . The feedback loop forces
the inverting input of the op amp to the same potential as
the non-inverting input, thereby voltage biasing the SET
to a voltage of Vbias . A current passed into the input is
converted to a voltage by Rf which sets the gain of the
ampli�er. The input impedance Rin of the circuit is given
by Rf=Avol(f) where Avol (f) is the frequency dependent
open loop voltage gain of the op amp. Note that Rin

is a function of frequency. To achieve dc accuracy, the
signal source must have a much higher impedance than
Rin . This is a natural demand for SET devices since the
transistor resistance must obey Rt > RQ for proper SET
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operation and by setting Rin � RQ, good dc accuracy is
automatically achieved.
Since the measured signal from the SET is a current,

one should maximize the �V=Rt ratio of the SET to max-
imize the signal, which is di�ers from the voltage signal
case where �V alone should be maximized. The maxi-
mum modulation can be calculated from a simple model
derived by Golubev [11] which yields an optimal junction
resistance of

p
2RQ � 9:1 k
.

The most important advantage of the transimpedance
ampli�er is the increased bandwidth when using it with
high impedance sources. The low Rin shunts any capaci-
tive load at the input of the ampli�er. A simple model for
the ampli�er system yields a bandwidth of

fc =

s
GBP

2�RfCl

(1)

where GBP is the gain bandwidth product of the op amp.
Thus, the bandwidth is set by components situated at
room temperature, yielding a very 
exible system. Fur-
thermore, the bandwidth scales with the inverse square
root of Cl.
The ampli�er is very sensitive to a capacitive load on the

inverting input, which can lead to instability. By lowering
the GBP one regains stability at the expense of band-
width. This is done by connecting a capacitor in parallel
with Rf . Another drawback of the capacitance Cl is that
it introduces an extra noise term which rises linearly with
frequency and is given by

in = 2�enfCl (2)

where en is the voltage noise of the op amp. This severely
lowers the signal to noise ratio at high frequencies.
The SET was fabricated of aluminum, using e-beam

lithography and the standard angle evaporation technique.
Measurements where made in a dilution refrigerator at

a temperature of 20mK. To quench superconductivity a
magnetic �eld of 2T was applied. The SET transistor was
connected to the room temperature electronics through dc
lines with Cl � 1nF. Due to large crosstalk of the gate
signal to the drain line it was di�cult to separate the
real output from parasitic signal when the input was a
sinusoidal signal. Instead we used the same technique as
in [4] where a ramp was applied to the gate, tracing out
several modulation periods which reduced the crosstalk to
discrete spikes at the ramp high to low switch. The spikes
were removed at the output of the ampli�er by gating the
signal. The modulation was then used as the signal. By
changing the ramp frequency the modulation was made
faster.

III. RESULTS

From the current-voltage characteristics a total transistor
resistance of Rt = 415k
 was deduced. The total capaci-
tance of the SET was C� = 149aF and was found from the
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Fig. 2: Current modulation versus gate voltage for di�er-
ent �xed drain voltages. The dot markers show the �ve
gate voltage points Vg1 to Vg5.

o�set voltage using a technique described by Wahlgren et
al. [12]. The current modulation for three di�erent volt-
age biases is shown in Fig. 2. The maximum modulation
was I = 0:90nA peak to peak for Vd = 1:12mV. The
periodicity of the gate voltage was �Vg = 30mV, which
corresponds to a gate capacitance of Cg = 5:3 aF.
The frequency response was measured at the bias volt-

age with maximum modulation at Vd = 1:12mV using
both the transimpedance ampli�er and for comparison a
conventional resistor bias/voltage measurement ampli�er.
The feedback resistors were 820 k
 in the former case
and the bias resistors were 1 M
 in the latter. The re-
sponses were normalized to their respective dc values, and
are shown in Fig. 3. The superior bandwidth of the tran-
simpedance ampli�er is clearly seen. In this preliminary
version of the ampli�er, the GBP of the op amps had to be
lowered by more than three orders of magnitude to retain
stability. It should be possible to further increase band-
width by a factor of �ve to ten by optimizing the room
tempreature electronics.
In Fig. 4 two spectra, taken at Vg = Vg4 = �24:5mV

and Vd = 1:12mV and Vd = 0:56mV , are shown to-
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gether with the spectrum that was taken with the SET
transistor removed to characterize the ampli�er. There
are two distinct areas seen in each spectrum: for low
frequencies the SET 1=f noise dominates, and for high
frequencies the noise is dominated by the f noise term
due to the capacitive load Cl at the input of the am-
pli�er (see eq. 2). The noise 
oor of the ampli�er was
in � 0:2pA/

p
Hz, which is the Johnson noise of the feed-

back resistors. The noise rises above this value for drain
bias with maximum modulation, which gives the maxi-
mum gain of the SET. The maximum gain for our SET
was found at Vg = �23mV and Vd = 1:12mV, where the
gain was dI=dQg=3.2 nA/e. The noise minimum at this

bias point was �Qn � 3:9 � 10�5 e=
p
Hz at a frequency of

300 Hz.

Noise was measured for 25 bias points in a �ve by �ve
matrix for the gate and drain voltages respectively. The
�ve gate points are marked in Fig. 2. Spot noise at 10Hz
for all 25 bias points is shown in table 1. Comparing table
1 with the data in Fig. 2, a correspondence between large
gain and large noise can be seen.

IV. Conclusions

We have shown that by using a transimpedance ampli-
�er the bandwidth of SET transistors can be increased
more than two orders of magnitudes as compared to
the conventional voltage ampli�er technique. The band-
width is increased from 57Hz to 6.2 kHz in our particular
setup. The new ampli�er made it possible to measure
noise up to 1 kHz. We found a minimum noise density of
�Qn � 3:9 � 10�5 e=

p
Hz at 300 Hz. Optimization of the

Table 1: Current spot noise density in pA/
p
Hz at 10 Hz

for 25 bias points. The noise is referred to the output of
the SET.

Vg1 Vg2 Vg3 Vg4 Vg5
Vg [mV] -33.5 -30.5 -27.5 -24.5 -18.5

Vd [mV]
0.56 0.15 0.15 0.15 0.7 0.6
1.12 1.8 1.2 1.8 1.6 0.3
1.50 0.35 0.28 0.92 1.1 0.21
1.87 0.26 0.31 0.40 0.22 0.19
2.4 0.26 0.31 0.62 0.7 0.33

room temperature electronics should further increase the
bandwidth by a factor of �ve to ten.
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Abstract

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 �nd an additional

noise contribution which is compared to a model including resistance 
uc-

tuations. We conclude that this excess noise is not only due to resistance


uctuations. For one sample, we �nd a low minimum charge noise of

qn � 2 � 10�5 e=
p
Hz at a frequency of 4.4 kHz.

1 Introduction

With the introduction of the Single Electron Transistor (SET) one decade ago,
it became possible to directly measure changes in charge quantities below that
of an electron [1, 2]. Based on the Coulomb blockade, the device has been
shown to be the most sensitive electrometer existing today. The sensitivity of
the SET is predicted to be limited by the shot noise [3] generated when electrons
tunnel across the tunnel barriers [4]. Shot noise was observed in a two junction
structure (without gate) [5]. In most experiments involving SETs, the noise
for low frequencies has been dominated by the device itself, whereas external
sources set the noise limit for frequencies above the kHz regime.

Several experimental studies of low frequency noise of various SET con�gu-
rations have been performed [6]-[18]. Below 1 kHz, 1=f noise is observed in all
SETs regardless of mode of operation [7]-[16]. The input equivalent charge noise
at 10 Hz in all these experiments is of the order of 10�3 to 10�5 e=

p
Hz, with

2:5 � 10�5 e=
p
Hz recently reported as the lowest �gure [17]. Deviations from an
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1=f spectrum are often observed, usually in combination with telegraph noise
[7, 15]. The source of the latter is believed to be random excitations of a single
charge trap. Theoretically, the random trapping process of a single trap shows
a Debye-Lorentzian power spectrum [19] which is also observed experimentally
[8, 12, 13]. It has been shown that an ensemble of traps produces a 1=f noise
spectrum, see e.g. [22].

There are at least three possible locations of these 
uctuators: the tunnel
junction dielectric, the substrate on which the device is fabricated, and the oxide
layer covering the device. The role of the substrate has been examined in at
least two sets of experiments [12, 18]. Those experiments did not show a strong
dependence of the noise on the substrate material. The barrier dielectric has
been proposed as the location of charge traps [8, 9, 15, 17]. The role of the
surface oxide of the island has not yet been investigated.

Several groups have found that the noise at the output of the SET varies
with the gain of the SET and that the maximum noise is found at the bias point
with maximum gain [8]-[11]. This indicates that the noise source acts at the
input of the device, i.e. as an external 
uctuating charge. However, a detailed
comparison of the noise to the gain has not been done.

In this Letter, we report the low frequency current noise of one
Al=Al2O3=Al=Al2O3=Al SET and one Nb=Al2O3=Al=Al2O3=Nb SET and make
a detailed comparison with the gain. (Hereafter, we will refer to the two SETs as
the Al SET and the Nb SET). For the Al SET, we �nd that the noise follows the
gain in such a manner that the SET is dominated by input noise for almost all
values of bias and gate voltage. For the Nb SET however, we �nd a contribution
from other sources when analysing the noise in the points where the gain is low.

2 Experimental Techniques

The samples were fabricated on oxidised Si substrates using electron beam
lithography and the standard double-angle evaporation technique [20].

The resistance of the Al SET directly after fabrication was RT = R1+R2 �

0:8 k
, which after a storage for six months, had increased to RT � 45 k
.
The Nb SET had a resistance of RT � 170 k
.

We used a symmetric, current sensitive ampli�er which voltage biased the
SET [10]. To optimize the preampli�er noise performance low noise operational
ampli�ers with low 1=f noise were used. Furthermore, the bias (feedback)
resistors were chosen to RF = 10M
 to lower the ampli�er noise 
oor at low
frequencies.

The SETs were attached to the mixing chamber of a dilution refrigerator
which was cooled to a temperature below 30mK. All measurement leads were
�ltered with 0.5m Thermocoax [21] followed by capacitors to ground. The total
line capacitance was Cl=1nF.

Evaluating the frequency performance, we found a gain bandwidth of the
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SET setup of 7.5 kHz while the noise bandwidth was about 300 Hz (without
any SET connected). Both these �gures were set by the line capacitance and
the preampli�er [10].

The noise spectra were recorded by a HP 35665A Dynamic Signal Analyzer,
which performs real-time FFT analysis of the input signal. The frequency range
from 1 to 105 Hz was divided into four subranges to increase the resolution. The
time to acquire all noise data for one bias point was 5 min.

3 Results and Discussion

Two samples were tested. The current-voltage IV characteristics for the Al
SET are shown in Fig. 1a, both for the normal and the superconducting state.
A total island capacitance of C� = 0:19 fF was deduced from the IV-curves.
The Nb SET had C� = 0:48 fF. The output impedance, ro = (@I=@V ), was
calculated from the IV curves. In the superconducting state ro was always
above 20 k
 while in the normal state, ro was on the order of, or above RT for
both SETs. The gate coupling capacitances were Cg � 4:8 aF and Cg � 0:3 aF
for the Al and the Nb SETs, respectively.

Due to its low resistance, the AL SET had a very high maximum gain of
@I=@Qg = 12nA/e and @I=@Qg = 34nA/e in the normal and superconducting
states, respectively. The Nb SET had @I=@Qg = 1:8nA/e and @I=@Qg =
3:8nA/e in the normal and superconducting states. The gain increase in the
superconducting state is in accordance with earlier observations [14, 15].

Noise spectra for the normal and superconducting states of the Al SET are
shown in Fig. 1b. Each spectrum has been referred to the input of the SET by
dividing by the frequency dependent gain. The spectra N and S were measured
at the bias points which gave maximum gain. For reference, a spectrum with
no SET connected, R, is also shown and is divided by the same gain as in
the normal state to obtain the input referred noise 
oor set by the ampli�er.
Minimum charge noises of qn � 2 � 10�5 e=

p
Hz at a frequency of 4.4 kHz was

found both in the superconducting and normal states. The limit is set by the
preampli�er and mechanical resonances within the cryostat. These numbers
are, to our knowledge, the lowest values reported for any SET. The noise at
10 Hz was 9 � 10�4 e=

p
Hz for both the superconducting and normal states. A

cross-over from input dominated to output dominated noise can be seen as the
frequency increases. Below 1 kHz, the input referred noise is almost the same
in both normal and superconducting states, indicating that the noise source
acts as an apparent charge noise, and thus is independent of gain. Above 5
kHz the noise is dominated by sources acting at the output of the SET. When
referred to the input, this noise appears as a lower equivalent charge noise in
the superconducting state as compared to the normal state, due to the higher
gain in the superconducting state.

We now turn our attention to the noise below 1 kHz. To determine the origin
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of the noise, we measured noise for 130 bias and gate voltages and compared it
with the measured gain of the SET. All points were taken in the normal state
at a temperature of T � 30 mK. The output current noise and the gain versus
gate bias for the Al SET are shown in �g. 2a for three bias voltages. To reduce

uctuations, the noise was integrated in the band 51 to 99 Hz. By using the gate
charge o�set as the only �tting parameter, we were able to get an excellent �t
of the noise to the gain. This result clearly shows that the noise source acts at
the input of the SET. It is supposedly due to the motion of background charges
somewhere in the vicinity of the SET-transistor. For the points of large gain
we can deduce the spectral density of the charge 
uctuations, SQg(f). The Nb
SET also showed a gain dependent output noise, but with more spread in the
data.

In bias points with low gain (high bias orQg � ne=2) it is possible to examine
other noise contributions. For each V , we de�ne the excess noise current as

I2n;exc (V ) =

 Z 99 Hz

51 Hz

SI;mindf �
G2
min

G2
max

Z 99 Hz

51 Hz

SI;maxdf

!,�
1�

G2
min

G2
max

�
(1)

where SI;min, Gmin and SI;max, Gmax are the measured current power spectra
and gains for each V at minimum and maximum gain respectively. This quantity
is zero when the gain dependent noise is the only contribution.

The Al SET showed excess noise only at the highest bias point, 2:6 �
0:97 pA2=Hz, whereas the Nb SET showed excess noise at several bias points. To
gain more knowledge about the noise contributions we next discuss the di�erent
components of the measured noise.

Except for charge noise sources somewhere in the vicinity of the transistor,
current noise can also be induced by 
uctuations in the tunnel barrier resistance.
As we will see, these two contributions can generally not be separated. There are
also contributions from shot noise and ampli�er noise. In our case, the ampli�er
noise is dominated by the thermal noise of the two feedback resistors and the
noise generated by the input equivalent voltage noise, en, of the ampli�er. For
low temperatures, the shot noise is given by SI = aeI , where 1 � a � 2, with
a = 2 for strongly correlated tunneling and a = 1 for uncorrelated tunneling [4].
The total measured current noise in the system can be modelled by

SIm(f) = 2kB
TF

RF

+
e2n(f)

2r2o
+ aeI + SIQ;R

(f) (2)

where TF is the temperature of the feedback resistors and SIQ;R
(f) is the

combined spectral density due to charge and resistance 
uctuations. The �rst
two terms represent ampli�er noise and are frequency independent in the range
of interest (51-99 Hz). The third term is the shot noise of the SET which also is

independent of frequency. These terms are of order (30 fA)2 =Hz for the worst
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case with lowest ro and high I. Thus, the sum of these three terms varies only
slightly between (30 fA)

2
=Hz and (50 fA)

2
=Hz for all bias points. To evaluate

the last term let us start with a model in which the only 
uctuating parameter
is the background charge Qg. Assuming small variations we can write

�I =
@I

@Qg

�Qg +
1

2

@2I

@Q2
g

(�Qg)
2 + : : : (3)

If only the �rst (linear) term is taken into account, then obviously SIQ(f) =
(@I=@Qg)

2SQg(f) where SQg and SIQ are the background charge spectral den-
sityand the charge induced current spectral density. As seen in �g. 2a we are
close to this situation in the experiment.

Close to the operation points for which @I=@Qg = 0, the contribution from
the quadratic term in eq. (3) becomes important. Assuming Gaussian noise we
get

SIQ(f) �

 �
@I

@Qg

�2
+

�

4

�
e
@2I

@Q2
g

�2!
SQg (f) (4)

where �(f) = [
R +1
�1

SQg(f
0)SQg (f � f 0)df 0]=e2SQg(f). For the SETs, we

�nd �(f) � 10�4. This is smaller than the two orders of magnitude of dynamic
range we have in the noise measurement and we can thus neglect the second
term.

Now let us consider a di�erent model in which Qg does not 
uctuate, and
the only 
uctuating parameter is the tunnel resistance R1 of the �rst junction.
(The 
uctuations of the tunnel junction resistance have been extensively studied
in large area junctions, see e.g., Refs. [22].) For simplicity let us limit ourselves
to the linear term of the series expansion, so that SIR1(f) = (@I=@R1)

2SR1(f),
where @I=@R1 can be calculated [4]. Note that SIR1 is asymmetric around
Qg = e=2 as a function of Qg for V � e

2C�
[23], while it becomes independent

of Qg and proportional to V 2 for large V . Furthermore, the 
uctuations of R1

can in principle change with V , Qg, and T (however, a strong dependence on V
and Qg is unlikely).

On the other hand the current noise which is due to Qg 
uctuations decreases
for su�ciently large V because of the decrease in j@I=@Qgj and is symmetric
around Qg = e=2 for a symmetric SET-transistor. Therefore, the bias depen-
dence and this asymmetry could be used to distinguish the charge 
uctuations
from the resistance 
uctuations.

In general, the noise can also be caused by simultaneous 
uctuations of
Qg, R1, and R2. If they are uncorrelated, the corresponding current spectral
densities should simply add. However, 
uctuators inside the tunnel barrier,
which have been suggested as the source of the 1=f noise by several authors [8,
9, 15, 17], can be responsible for both resistance and charge 
uctuations. Then,
these contributions are correlated and we arrive at the following expression
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SIQ;R
(f) =

�
@I

@Qg

�2
SQg

(f) +

�
@I

@R1

�2
SR1(f) +

�
@I

@R2

�2

SR2(f)

+K1

@I

@Qg

@I

@R1

q
SQg

(f)SR1(f) +K2

@I

@Qg

@I

@R2

q
SQg

(f)SR2(f) (5)

Ki is the dimensionless correlation coe�cient between Qg and Ri 
uctua-
tions, jKij � 1.

The �rst term in eq. (5) describes the dominating gain dependent noise,
while the other terms contribute to the excess noise. We can now compare the
bias dependence of the excess noise measured in the Nb SET to that of eq. (5).
From the integrated noise spectra we calculate the measured excess current noise
In;exc, according to eq. (1) and plot it versus V in �g.2b. In;exc seems to increase
with bias voltage, but there is no quadratic dependence which would be expected
from eq. (5). It thus seems likely that the excess noise is not due to resistance

uctuations, but has a di�erent origin. One possible explanation is that the
increasing current heats the SET and generates more noise. Furthermore, at
the highest bias point we can set an upper level for the resistance 
uctuation
in the frequency range from 51-99 Hz, �R51�99. Assuming a symmetric SET
(R1 = R2 and SR1 = SR2) we get �R51�99 < 31
RMS for the Nb SET and
�R51�99 < 1:8
RMS for the Al SET.

In conclusion we have measured the low frequency noise of two single electron
transistors. In both transistors, the noise at the output closely followed the gain.
This shows that low frequency noise in the SET is mainly due to external charge
noise. When the gain was low, we observed an excess noise in the Nb SET for
all bias voltages and in the Al SET for the highest bias voltage. From the bias
dependence of the excess noise in the Nb SET we conclude that the main source
of the excess noise is not resistance 
uctuations. We also set an upper limit
for the resistance 
uctuations. The Al SET had a very high gain and showed
a minimum charge noise qn � 2 � 10�5 e=

p
Hz in both the superconducting and

normal state, respectively.
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Figure 1: a) Current-voltage characteristics for the Al SET in the normal and
superconducting state for several di�erent gate charges. The curves were mea-
sured at T = 30mK. b) Noise spectra for the system for the normal (N) and
superconducting (S) state and with no SET connected (R). The noise has been
input referred to a charge noise (see text).
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Figure 2: a) Gain (curves) and integrated output noise (symbols) vs gate bias
for the Al SET. The bias voltage is V = 0:25mV (middle curve), V = 0:43mV
(upper curve) and V = 1:04mV (lower curve). The curves have been o�set
vertically for clarity. b) excess noise as a function of bias voltage for the Nb
SET.
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Abstract

A single electron transistor based on Al-AlOx-Nb tunnel junctions was fab-
ricated by shadow evaporation and in situ barrier formation. Its output current
noise was measured, using a transimpedance ampli�er setup, as a function of
bias voltage, gain, and temperature, in the frequency range (1. . . 300)Hz. The
spot noise at 10Hz is dominated by a gain dependent component, indicating
that the main noise contribution comes from 
uctuations at the input of the
transistor. Deviations from ideal input charge noise behaviour are found in the
form of a bias dependence of the di�erential charge equivalent noise, i. e. the
derivative of current noise with respect to gain. The temperature dependence
of this e�ect indicates that heating is activating the noise sources, and that
they are located inside or in the near vicinity of the junctions.

1 Introduction

Single electron transistors with capacitive coupling ([C-]SET) [1, 2] are the most
sensitive solid state electrometers available today [3]. They are limited in their ac-
curacy by their noise, which increases with lower frequencies. The empirical relation
between the spectral density SX (f) of the output quantity X (X being current I
or voltage V depending on mode of operation, or input charge equivalent Qg),

SX (f) = SX (f0) �

�
f

f0

�
��

; � � 1 (1)

has lead to the nickname \1=f noise". However, the deviation of � from unity is
often signi�cant. We will therefore use the more general term \low frequency noise".

The low frequency noise has long since been assumed to be caused by charged
particles oscillating randomly in traps, thus inducing a displacement charge on the
island, and shifting the operating characteristics of the SET by fractions of an
elementary charge. No conclusion has been reached as to the exact location of these
traps, which are generally modelled as two level 
uctuators. While some research
groups expect them in the immediate (a few tenths of a nanometre) vicinity of the
island, others have seen evidence that they might be at some distance [4,5]. In the
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latter case, they would have to be in the substrate, which is usually aluminium
oxide or, as in our case, oxidised silicon on a silicon substrate.

A noise source in form of a charged particle trap inside the barrier between
the island and the source/drain leads, on the other hand, might not only cause

uctuations of the island charge, but also of the barrier's resistance. Resistance

uctuations have been studied in larger junctions for a long time. Such a resistance

uctuation component of the noise in single electron transistors has been claimed
to have been seen recently [6].

Previously, the noise of a system consisting of a SET, its electromagnetic envi-
ronment, and the measurement setup was often described by referring the measured
(output) noise to an input charge equivalent noise, by dividing voltage noise by the
gate capacitance or current noise by the gain. The global minimum of this input
referred noise over all bias and gate charge values at a certain frequency (it is cus-
tomary to compare SET at 10Hz) was then taken as a �gure of merit, with a record

low of 7 � 10�5 eHz�1=2 observed in a multilayer device [7].
In this paper, we present extensive measurements of the low frequency noise of

a SET as a function of gate charge (or gain), bias (transport) voltage, and temper-
ature, in order to investigate to what extent the noise has input noise character.

Niobium is an interesting material for single electronics, in comparison to alu-
minium prevailing to date, not only because of its higher critical temperature and
energy gap, promising increased sensitivity of superconductive devices, but also
because of the better stability against thermal cycling and ageing from which alu-
miniumdevices su�er. Therefore, even the operation of niobiumbased devices driven
into the normal state, on which we will focus in this paper, is of practical interest.

2 Experimental details

2.1 Sample fabrication

Although some progress has been made in the introduction of niobium as a material
for single electronics, some technological issues remain unsolved. So far, none of the
available techniques can simultaneously ful�ll all the three goals of

1. high energy gap �, as close as possible to the bulk value of 1.5meV;

2. as high charging energy as possible; and

3. tunnel junction resistances higher than the quantum resistance 25.4k
, but
not too much higher than this value so as not to loose gain and, subsequently,
output signal-to-noise ratio.

The conventional Niemeyer-Dolan (angular or shadow evaporation) technique
[8, 9] that we used produces small junctions, and the barrier, which is formed in
situ by oxidising the aluminium, can be tuned to reasonable resistance values below
100k
 per junction. The price for these advantages is a rather low value of � [10].
It cannot simply be explained by the low thickness of the electrodes, which are
limited to a few tens of nanometres, since even such thin Nb �lms can have a �
close to the bulk value if deposited under more ideal conditions [11].

The resist mask with its suspended bridges, however, prohibits the use of surface
cleaning techniques like sputtering that have been found essential for the fabrication
of high quality �lms [11]. In addition, outgassing of the organic resist components
due to the intense heat of the niobium evaporation probably leads to inclusion
of contaminants in the Nb �lm, and the critical temperature of niobium is very
sensitive to contamination [12], especially by oxygen. A possible way out might be
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Figure 1: Scanning electron micrograph of a single electron transistor nominally
identical to the sample under consideration, with Nb leads (bright) and an Al island.
The excess island created by the double angle evaporation technique forms part of
a linear array of junctions.

inorganic or more heat resistant organic resists that can be pre-baked at higher
temperatures [13].

Other techniques have di�erent drawbacks. The self-aligned in-line technique
(SAIL) gives a high � and low junction capacitances, but rather high junction
resistances and low gain [14]. A recently published modi�cation [15] of the estab-
lished three layer process using a prefabricated barrier in a sandwich structure gives
a very good �, but it will have to be scaled down by about half an order of mag-
nitude in linear dimensions before the charging energies reach those attainable by
the Niemeyer-Dolan technique at present.

Our sample substrates of size 7 � 7mm2 were made from silicon wafers ther-
mally oxidised to a depth of (900� 100)nm. A gold pattern with contact leads and
alignment �ducials was produced by photolithography. We used a four layer resist
evaporation mask. It consisted of a bottom layer of 50 nm 950k PMMA baked at
170�C (to enable lifto�), a second layer of approximately 250nm of Shipley S1813
photo resist baked at 160�C, providing support for the following layer of 20 nm ger-
manium deposited by evaporation, and a top layer of 50 nm 950k PMMA. Electron
beam lithograph patterning of the top layer was done with a JEOL JBX 5D-II sys-
tem using a 20pA beam at 50kV, the \�fth" lens with a working distance of 14mm,
and the \�rst" aperture with a diameter of 60�m. The thinnest lines that were to
form the SET were designed with a width of 20nm, a centre-to-centre distance of
240nm and an overlap of the parallel lines for leads and island of 100nm. Proxim-
ity correction was done manually, and the thinnest structures, exposed at a dose of
1.7mC/cm2, had a �nal line width after processing of about 100nm (see �g. 1).

After exposure and development for 60 s in a 10:1 (by volume) mixture of iso-
propanol and water under ultrasonic excitation, the pattern was transferred to the
germanium layer by reactive ion etching (RIE) with carbon tetra
uoride CF4 as the
process gas at a pressure of 1.3Pa, a 
ow rate of 7.5�mol/s, and an RF power of
14W applied for 120 s (248 cm2 electrode area, 60mm electrode distance). The lay-
ers supporting the Ge mask were then etched by RIE in the same machine with O2

as the process gas at a pressure of 13Pa, a 
ow rate of 15�mol/s, and an RF power
of 20W applied for 15min. These parameters gave an undercut pro�le su�cient for
the subsequent angular evaporation.
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Evaporation of both Al (purity 5N) and Nb (2N8) was carried out in a UHV
system with a base pressure in the 10�7Pa range, equipped with a load lock for
the in situ oxidation of the barrier. First, the 20nm thick Al bottom layer was
deposited, at an angle of �21� to the substrate normal, by thermal evaporation
from an e�usion cell that delivered at a rate of only 3 nm/min. The resulting coarse
grained structure of the Al �lm, with grain sizes of tens of nanometres, would have
made it impossible to cover a Nb layer completely, as would be necessary for a Nb-
AlOx-Nb transistor. Thus, we chose Al as the base electrode material. It was oxidised
in non-dehumidi�ed air at a pressure of 8.8Pa for 20 min, and after pumping down
for 120min, the Nb layer was deposited at an angle of +21� to the substrate normal.
Unfortunately, we did not carry out any pre-evaporation of Nb against the closed
shutter for this sample. Such a procedure might have improved the quality of the
�lm [10]. The �lm was deposited by opening the shutter for 2 s and closing it for
8 s a total of �ve times. This practice was intended to reduce damage of the mask.
Such a damage had been seen earlier, we had attributed it to overheating, but later
found it to be caused by fabricating the resist incorrectly. The interval evaporation
procedure was thus abandoned.

Two chips on a contiguous piece of substrate were processed simultaneously.
One was taken for the measurements, while the second chip was subject to charac-
terisation by scanning electron microscopy (SEM). Figure 1 shows the image of a
transistor on the second chip corresponding to the one on the �rst chip on which
the measurements described in the following were performed.

2.2 DC characterisation

The characterisation at very low temperatures as well as the noise measurements
described in section 3 were carried out with the sample attached to the mixing
chamber of an Oxford TLE 200 dilution refrigerator, reaching a base temperature
of (30 � 5)mK. All measurement leads were �ltered by 500mm of Thermocoax
cabling [16]. The ampli�er electronics were battery powered, and the data were
read out with digital multimeters connected through shielded room feedthrough
�lters.

2.2.1 Normal conducting state

The sample's resistance, i. e. the combined resistance of both junctions RT = R1 +
R2, was measured between room temperature and 4.2K one week after fabrication.
It rose from (125 � 5)k
 at room temperature to (165 � 8)k
 at 4.2K and high
bias. The di�erential resistance around zero bias increased to about 215k
 due to
the Coulomb blockade.

We did not �nd any signi�cant change of RT between this �rst characterisation
and the subsequent characterisation and noise measurements at very low temper-
ature, that were started one and three months after fabrication, respectively (all
data presented here stem from the second set of measurements).

Figure 2 shows the current-voltage characteristics (IVC) of the sample at the
dilution refrigerator's base temperature, when it was driven into the normal state
by an external magnetic �eld of 5T. The absence of a Coulomb staircase in the
blockade indicates that the two junctions were fairly similar. Also, the spread in RT

values was less than 20% among four nominally identical double junctions on the
same chip.

The island capacitance C�, i. e. the sum of the two junction capacitances C1;2
and the capacitance to ground and gate C0 (which is negligible), was determined
by an o�set voltage analysis [17] at base temperature. From an extrapolated zero
bias o�set voltage Vo�;0 = (325� 15)�V, we found C� = (0:49� 0:02) fF.
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Figure 2: I-V characteristics of the single electron transistor at base temperature
in the normal conducting state, with maximumand minimumblockade. The letters
indicate the voltage bias points for the noise measurements.

The gate capacitance Cg was determined from the periodicity of the current-
gate voltage characteristics, taken during the noise measurements, Vp = e=Cg =
(0:512� 0:008)V, giving Cg = (0:313� 0:003) aF.

2.2.2 Superconducting case

We found a separation in voltage between the origin and the conductance peak at
minimum Coulomb blockade in the di�erentiated current-voltage characteristics of
(850� 20)�V. Using �Al = (190� 10)�eV, this means �Nb = (235� 15)�eV, or
a gap in the niobium leads (only) 25% higher than that of the aluminium island,
corresponding to a critical temperature below 2K. We believe that the niobium
gap should be at least twice that of aluminiumwith our technique under optimised
deposition conditions.

2.3 Noise measurement setup

We used a transimpedance ampli�er, described in detail earlier [18], for the measure-
ments of the low frequency noise. It is sketched in �g. 3. The sample was voltage
biased symmetrically with respect to ground via two operational ampli�ers with
feedback resistors RB=2 = 10M
. The current signal was read out by a HP35565
dynamic signal analyser that performed a real time Fast Fourier Transform of the
signal. To increase resolution, the frequency range was divided into subranges; 25
spectra were averaged in a subrange ending at 100Hz, and 100 spectra in the next
subrange evaluated up to 300Hz. Each measurement, for one combination of bias
voltage and gate charge, took approximately �ve minutes.

At each bias point, 21 di�erent gate voltages were applied, covering a range of
about one and a half elementary charges induced on the gate. The bias points are
shown superimposed on the current-voltage characteristics in �g. 2.
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Figure 3: Transimpedance ampli�er setup for current noise spectrum measurements.
The sample is voltage biased symmetrically with respect to ground, and the ampli-
�ed current signal is read out by a spectrum analyser.

3 Results

3.1 Noise spectral density

Over the frequency range between 1Hz and 300Hz, where we made our measure-
ments, the ampli�er noise

in;ampl =

s
2kB

TB
RB

+
e2n(f)

2r20
(2)

(where en is the input equivalent noise of the ampli�er and r0 = dV=dI the output
impedance of the SET) was almost entirely due to the thermal noise of the feedback
resistors RB, situated at room temperature TB, so that we assumed in;ampl = (28�

2) fA=
p
Hz over the whole range.

The transistor's gain dI=dQg was calculated from the gate capacitance Cg =
Qg=Vg and the transconductance dI=dVg, which in turn was calculated by numer-
ically di�erentiating the current and gate voltage data taken simultaneously with
the noise spectra. The sparseness in gate voltage points caused the uncertainty in
our gain determination.

Attempts to measure the gain directly by superimposing a small ac component
on the gate voltage and reading the corresponding ac component of the current
with a lock-in technique were unsuccessful. Harmonics, subharmonics and beat fre-
quencies, induced by crosstalk between input and output leads, blurred the noise
spectrum if the ac amplitude was chosen su�ciently high to deliver a usable output
signal, given our low gate capacitance.

Figure 4 shows the noise spectra in the points with the highest gains for both
the normal and the superconducting states. Both spectra have been referred to the
input by dividing with the respective gains, approximately 1.7nA/e in the normal
and 3.4nA/e in the superconducting case. We see that the frequency dependence
of the noise is the same in both the superconducting and the normal states, with
an exponent of �0:8 in the charge noise (corresponding to � = 1:6 in the power
spectrum, eq. (1)). This behaviour, indicated by the dashed line in �g. 4, has also
been found in all-aluminium SET on thermally oxidised silicon substrates [19].
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Figure 4: Charge equivalent noise spectra, at the bias and gate voltage points giving
maximum gain, for the normal conducting (N, cf. �g. 2, point F) and superconduct-
ing (S) states, respectively. The dashed line indicates the frequency dependence
in / f�0:8.

The input charge equivalent noise in the superconducting state is almost equal
to that in the normal state, which indicates the input character of the noise in this
frequency range [19]. At the upper end of the frequency range, we see the crossover
from input dominated to output dominated noise. Here, the input referred noise in
the superconducting state falls signi�cantly below that in the normal state, since
the same output current noise in both states is divided by the higher gain in the
superconducting state.

In the following, we will concentrate on the spot noise at the frequency 10Hz,
evaluated by a linear �t procedure in the bilogarithmic noise-frequency diagram.We
will consider the net current noise, that is the measured current noise from which
the (
at) ampli�er noise and the shot noise contribution have been subtracted. Since
the shot noise is only signi�cant for the highest bias points well above the blockade
(contributing with 40 fA/

p
Hz at point K), we can neglect the suppression of the

shot noise below and near the blockade and use the Poisson limit in;Poi =
p
2eI [3].

3.2 Gain dependence of the current noise

It is immediately evident from �g. 5, showing net current noise and gain, respec-
tively, plotted against gate charge for three bias points, that the noise follows the
gain, or in other words, that the noise output can in �rst approximation be de-
scribed as charge noise acting at the input of the SET [19]. For a more quantitative
analysis, we plotted net current noise against gain for all bias points. An example
for one bias point is shown in �g. 6.

The relation was always well described by a linear dependence, shown as a
straight line in �g. 6. We will refer to the slope of the �t curve q�tn = hdin=d(dI=dQg)i,
which has the dimension of a charge noise, as di�erential charge equivalent noise.

Any deviation from pure input noise behaviour should manifest itself in a sys-
tematic deviation from the linear relation. As we see from the inset in �g. 6, the
�t residuals are spread fairly randomly, so within our measurement accuracy, we
cannot identify another noise component with gain dependence, like the correlation
between resistance noise and charge noise. For this correlation noise, the square of
the current noise, SI = i2n, should depend linearly on the gain [19].
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normal state.
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Figure 6: Dependence of the net current noise at 10Hz on the gain. The thick line
shows is a linear least squares �t to the data points, whose residuals are shown in
the inset. The error margin on the gain is relatively large due to the small number
of gate voltage points per bias point. Base temperature, normal state, bias point F.

The second order input charge noise contribution can generally be described [19]
by the coe�cient � in the expansion

SIQ (f) �

 �
@I

@Qg

�2
+

�

4

�
e
@2I

@Q2
g

�2!
SQg

(f); (3)

where SIQ (f) is the output noise generated by the input charge noise SQg
(f), and

� can be evaluated as

�(f) =
1

e2SQg
(f)

Z +1

�1

SQg
(f 0)SQg

(f � f 0) df 0: (4)

We found that � � 10�4, practically independent of frequency. Second order con-
tributions from this term can thus be neglected within our measurement accuracy.

3.3 Deviations from ideal charge noise behaviour

We will now inspect closer the gain dependent noise component to see if it behaves
as we would expect for a pure input charge noise.

3.3.1 Bias dependence

In �g. 7, the linear �t of current noise versus gain relation from �g. 6 is shown for the
�ve bias points around the global gain maximum.Comparing with the nomenclature
of �g. 2, it is obvious that the slope of the �t curves, the di�erential charge equivalent
noise, increases with the bias voltage.

In the simple model of low frequency noise in SET [19], we would expect such
a dependence only as a second order e�ect, via a bias dependence of the input
charge noise itself. The observed bias dependence indicates that the noise sources
must be located quite close to the current path, since it seems implausible that
distant defects should be a�ected by the small transport voltages or currents. The
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Figure 7: Gain dependence of the net current noise (ampli�er noise and shot noise
have been subtracted) at 10Hz (base temperature, normal state). With increasing
bias (D. . .H, cf. �g 2), the ratio between noise and gain increases, from 0:36 �
10�3 e=

p
Hz at bias point D to 1:42 � 10�3 e=

p
Hz at point H. These slopes have

been determined by a least square �t to the data as illustrated in �g. 6, error bars
and residuals have been omitted to reduce clutter.

immediate practical implication of the bias dependence of the output noise is that
for low noise operation, a SET should be operated in the low bias region, where of
course a tradeo� against signal amplitude will have to be made.

3.3.2 Temperature dependence

A possible mechanism, via which the bias could in
uence the noise sources, is heat-
ing of the barriers, the island, and the leads and surfaces in their vicinity, by the
dissipation near the junctions. This was suggested as an explanation of the observed
weak current dependence (/ I1=4) of the low frequency noise [20]. Measurements
of the temperature dependent behaviour of a single two level 
uctuator [21] cor-
roborate this explanation, if one agrees with the common assumption that the low
frequency noise is the e�ect of a large number of uncorrelated such two level 
uc-
tuators.

The measurements at base temperature, described above, were repeated at tem-
peratures of 350mK and 670mK to test the heating hypothesis. Figure 8 shows
the di�erential charge equivalent noise, calculated by the procedure demonstrated
in �gs. 6 and 7, plotted against bias voltage for the three temperatures. The error
margin has been estimated from the average amplitude of the �t residual.

For base temperature, we see the clear increase of the di�erential charge equiv-
alent noise with bias voltage that we found earlier. With increasing temperature,
the zero bias value becomes signi�cantly di�erent from zero, and at a temperature
of the order of half a Kelvin, the bias voltage dependence has vanished.

At the highest bias points (J and K), the di�erential charge equivalent noise was
masked completely by zero gain noise and could not be determined.

This temperature dependence partly lifts the above stated possibility of min-
imising the noise by operating the SET at low bias. At higher temperatures, the
input noise becomes independent of the bias, and therefore one can only minimise
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Figure 8: Di�erential charge equivalent noise (proportionality constant relating gain
increase to current noise increase), as a function of bias voltage and at di�erent
temperatures. The values were determined as the slopes of the linear �t curves in
the noise current versus gain diagrams (cf. �g. 6). The error margins were estimated
from the average amplitude of the �t residuals.

the noise in the SET by maximising the gain.

3.3.3 Zero gain noise

Another deviation from the ideal input charge noise behaviour is the gain inde-
pendent component that we call \zero gain noise" or \excess noise" [19]. It can
simply be determined as the o�set along the noise axis in the �t procedure used for
calculating the di�erential charge equivalent noise.

Figure 9 shows the zero gain noise as a function of bias. The dependence is
essentially the same as that of the excess noise calculated earlier as an integral in
the frequency band between 50 and 100Hz [19]. In any case, the zero gain noise
has a peak around the bias point where the current modulation is maximal, and is
practically independent of temperature. At the present time, we have no conclusive
interpretation of the cause of this excess noise.

4 Conclusions

In studying the low frequency noise of a single electron transistor, we found that
the output current noise is dominated by a component proportional to the gain of
the transistor, which can be described as input charge noise. We found that the
noise level of the transistor, expressed as the coe�cient relating output noise to
gain, increases with the bias voltage. At low temperature, low bias conditions are
preferrable for low noise operation of the SET. The bias dependence of the noise
clearly indicates that the current through the SET is activating the background
charges. This can be interpreted as a heating e�ect, corroborating the general belief
that the charge noise sources are situated inside or in the near vicinity of the tunnel
junctions. At higher temperature, the bias dependence of the noise disappears, and
the transistor should be operated at maximum gain for optimal noise properties.
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