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The International System of Units (SI) is planned to be changed so that it would be defined by
fixing the values of certain invariants of nature. This would, however, need a new realization of
kilogram and also consistency check between quantum standards of the volt, the ohm and the
ampere. The latter is usually referred as the quantum metrological triangle experiment. The
quantum standards of the volt and the ohm have existed already for a few decades, but the
standard for the ampere is yet to be realized with high enough accuracy and current. There are
many candidates for the current standard, from which we focus on the SINIS turnstile. While
we are still working to complete the quantum metrological triangle, a traceable measurement
can reveal problems in the operation of the turnstile that have been neglected in previous
considerations.
In this thesis, we did the traceable measurement as a current balance experiment, where
the current of the SINIS turnstile is compared to that generated by calibrated equipment. We
calculated the error budget for the measurement setup. In addition, we investigated the noise in
the measurement, and optimized the length of a measurement cycle. In conclusion, ultimately,
the uncertainty of the measurement is limited by that of the reference current (22–32 ppm
depending on the current itself). This uncertainty can be reached in realistic averaging times
for realistic currents (e.g. around or above 10 pA and a week). A dc SET electrometer can
characterize the error rates of the SINIS turnstile up to an upper limit. If the uncertainty of
the traceable measurement would be below this limit, these two measurement could together
characterize the whole range of error rates of the turnstile. We compared the theoretical upper
limit of the dc SET electrometer to the total uncertainty of the traceable measurement and
concluded that there is no gap between the feasibility ranges of the two methods as long as
the current of the turnstile is below 100 pA.
Minimizing the known error sources of the SINIS turnstile requires high resolution electron
beam lithography and impurity free metalization. Unfortunately, we had technical problems
with both of these during this thesis. Therefore we could only test the traceable measurement
with currents below 1 pA, which resulted in high uncertainty (around 500...1000 ppm). How-
ever, at said uncertainty the current of the SINIS turnstile did not show deviation from the
expected.

Keywords: quantum current source, traceable measurement, SINIS turnstile
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Kansainvälinen yksikköjärjestelmä (SI) on tarkoitus määritellä tulevaisuudessa kiin-
nittämällä seitsemän luonnonvakion arvo. Ennen SI-yksikköjärjestelmän uudistamista on
kuitenkin löydettävä luotettava tapa realisoida kilogramma luonnonvakioihin perustuen. SI-
yksikköjärjestelmän uskottavuuden kannalta olisi myös tärkeää, jos voltin, ohmin ja am-
peerin kvanttimittanormaaleja pystyttäisiin vertaamaan toisiinsa tarkasti niin sanotun kvant-
timetrologiakolmiokokeen avulla. Voltin ja ohmin kvanttimittanormaalit on tunnettu jo muu-
taman vuosikymmenen ajan, mutta samanlaista mittanormaalia ei toistaiseksi ole pystytty to-
teuttamaan ampeerille siten, että se olisi samaan aikaan tarpeeksi tarkka ja tuottaisi riittävän
suuren virran. Kvanttivirtalähdettä on yritetty toteuttaa monin eri tavoin. Tämä työ käsit-
telee yhtä lupaavaa lähestymistapaa: SINIS-porttia. Sillä aikaa kun kvanttimetrolo-
giakolmiokoetta rakennetaan, SINIS-portin toimintaan liittyviä mahdollsia virheitä pystytään
tutkimaan jäljitettävän mittauksen avulla.
Tässä työssä jäljitettävä mittaus toteutettiin vertaamalla SINIS-portin virtaa MIKESin pien-
ten virtojen kansalliseen mittanormaaliin käyttämällä pienikohinaista virtavahvistinta nollail-
maisimena. Mittauksen kokonaisepävarmuus riippui virrasta ja keskiarvoistusajasta, mutta
läheni realistisilla arvoilla (esim. yli 10 pA virta ja viikon keskiarvoistusaika) referenssivir-
ran epävarmuutta (22–32 miljoonasosaa). Epävarmuuden laskemisen lisäksi työssä määritet-
tiin mittauskierroksen optimaalinen pituus. Lisäksi havaittiin, että 100 pA pienemmillä vir-
roilla jäljitettävän mittauksen epävarmuuden ja virheiden laskuun käytettävän tasajännit-
teellä toimivan yhden elektronin transistori (SET) elektrometrin toiminnan ylärajan väliin ei
jäänyt aukkoa. Tämä tarkoittaa sitä, että periaatteessa kaikki virheet on mahdollista havaita
tällä alueella.
SINIS-portin jo tunnettujen virheiden minimointi vaatii elektronisuihkulitografiakirjoitinta
(EBL-kirjoitin), jonka resoluutio on korkea, ja lisäksi metallisointia, joka on vapaa
epäpuhtauksista. Valitettavasti tämän työn aikana molemmissa oli teknisiä ongelmia.
Tästä syystä jäljitettävää mittausta pystyttiin testaamaan ainoastaan hyvin pienillä, alle 1
pA, virroilla, minkä takia kokonaisepävarmuus jäi suureksi (500... 1000 miljoonasosaa (ppm)).
Tällä tasolla mittaustulokset eivät kuitenkaan poikenneet odotetusta.

Avainsanat: kvanttivirtalähde, jäljitettävä mittaus, SINIS SET
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Chapter 1

Introduction

When measuring a value of a quantity, say length, one always operates in a certain
unit system. The unit of length can be, for example, meter or foot. Obtaining
consistent results in different measurements requires common definitions of the units
and practical and stable realizations of them. Nowadays, the most common unit
system is the International System of Units (SI). The SI was founded in 1960 and
has seven base units: meter, kilogram, second, mole, candela, kelvin, and ampere [1].
However, the idea of a world-wide unit system dates back to as early as to the
revolutionary year of France in 18th century [2].

The earliest definitions of the proposed metric units were based on properties
of the Earth and water, and in practice they were defined through artefacts [2].
However, it was pointed out as early as in 1870 that the units should be tied to
atomic scale phenomena, which are constant through time and space in contrary
to artefacts and macroscopic phenomena, which may vary (see [3] and references
therein). This has also become a long term goal of the SI. In fact, there has been
debate to change the SI so that, in the future, the whole unit system would be
defined by fixing the values of certain invariants of nature [4, 5].

The redefinition of the SI looks now more plausible than ever, but still some
obstacles have to be crossed. This is because the SI is, in the end, a system of
practice and it cannot be changed with light reasons. The units should only be
changed when the benefits of the change outnumber the drawbacks. And even then,
the values of the units should not change. In addition, the realization of the new
definition should be as reproducible and even more accurate than the old one.

There is already a draft for the new SI [4]. The definitions of the second and
the meter will stay the same, as they have already been defined by invariants of
nature. Also, the definition of the candela is not planned to be changed in the
next SI revision. However, the rest four are about to change. At the moment, the
definitions of mole and ampere (and candela) are tied to that of the kilogram, which
in turn is defined by an artefact. This situation is problematic since the prototype
of the kilogram has been shown to drift in time [6].

Even if the base units of the SI were redefined, the tie between mole, kilogram and
ampere would not be sewered: In the future, the kilogram will be realized either
by so called Avogadro or watt balance experiments. The former determines the
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Avogadro constant in the present SI by growing a close-to-ideal single-crystal silicon
sphere whose atoms can be counted by measuring its dimensions and comparing
its mass to the prototype of the kilogram. If the Avogadro constant is fixed, as is
proposed in the new SI, the silicon sphere can be used as a standard of mass. Such
an experiment ties the definitions of the kilogram and the mole together. On the
other hand, in the watt balance experiment, the kilogram is compared to electric
quantities, which relates the kilogram to the ampere, the meter and the second.

The present SI definition of the ampere is problematic, not only because it is
related to the prototype of kilogram, but also because it is hard to realize. The
ampere is defined as the current which generates 2 × 10−7 N/m force between two
infinitely long parallel wires in vacuum. The difficulties in establishing the geometry
have limited the accuracy to a few parts in 10−7.

In practice the ampere is represented through the standards of volt and ohm,
which are based on quantum physics. In addition to the fact that these quantum
standards are many orders of magnitude more reproducible than their SI counter-
parts, they are also only dependent on the invariants of nature: The volt depends
on frequency and the Josephson constant, KJ ' h/2e, where h is the Planck con-
stant and e is the elementary charge, and the ohm on the von Klitzing constant,
RK ' h/e2.

The quantum standards of the volt and the ohm have only a semiofficial role
in SI at present. Their main problem is that the comparison between them and
the realizations of the present SI units is hard. There is also no proof, at relative
uncertainty levels of 3 × 10−7 and 2 × 10−8 or below that the relations for the
Josephson and von Klitzing constants, respectively, would be exact.

In the draft proposal of the new SI, the ampere is defined in the terms of the
elementary charge [4]. The direct realization of this would be a quantum standard,
which would relate the current I, elementary charge e, and frequency f , as I = nef ,
where n is an integer. If such a quantum current standard could be realized with
high enough accuracy, it could be compared to those of volt and ohm, and the
exactness of Josephson and von Klitzing constant relations could be tested. This in
turn would increase the credibility of the quantum Hall and Josephson standards.
This kind of experiment is called the quantum metrological triangle and is one of
the great challenges of modern metrology.

Since 1985, metrologists have tried to develop a quantum standard for current [7,
8]. In 1996, relative uncertainty of 10−8 was reached with 7-junction normal metal
electron pump by which electrons can be transported one by one [9]. However, this
pump could only reach current levels of about 1 pA, which were too small for the
direct closure of the quantum metrological triangle. Some of the problems of this
7-junction pump can be avoided by using a superconductor – normal metal hybrid
single-electron transistor (SET) as was proposed in Ref. [10]. Such a device is much
simpler than the normal metal electron pump, which makes the parallelization of
the devices possible. In Ref. [11], a current of about 100 pA was reached with 10
parallel turnstiles. The pumping accuracy was, however, not good enough to close
the quantum metrological triangle.

The accuracy of the hybrid SET has gradually improved as the error mecha-
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nisms have become understood (see e.g. [8, 12, 13]). Whether or not some errors
still prevail can be tested for example with a traceable measurement or with a dc
SET electrometer. In the former the current produced by a SINIS SET is compared
to that produced by equipment traceable to the realization of the present SI. This
kind of measurument can reveal errors down to a lower limit given by the measure-
ment uncertainty. The latter could be used to count error events of the electron
transport [14]. Although error counting would ultimately be the test method to
characterize the SINIS turnstile, it is very difficult to realize in practice and has not
yet been done. The bandwidth of the dc SET electrometer is limited to about 1... 10
kHz and can thus detect errors only up to an upper limit of 0.16...1.6 fA. Therefore
the traceable current measurement is an important complementary approach.

In this thesis we focused on the traceable measurement. The theory behind SINIS
SET is introduces in Chapter 2, while the most notable error sources related to the
SET and ways to minimize them are discussed in Chapter 3. These are utilized
in chapter 4, which describes the sample fabrication and cryogenic methods. The
traceable measurement is discussed in chapters 5 and 6. The uncertainties related to
the measurement are analyzed in chapter 5 and experimental results are presented
in Chapter 6. Finally summary is given in Chapter 7.



Chapter 2

Theory of SINIS type SET

In this thesis, we focus on the hybrid SINIS SET which can be used as an electron
turnstile. The SINIS SET consists of two NIS (normal metal – insulator – super-
conductor) tunnel junctions connected in series with a small normal metal island in
between. In addition to the tunnel junctions, a gate electrode is capacitively coupled
to the normal metal island of the structure.

First, this chapter discusses the tunneling phenomena in a single NIS junction.
After that it extends the picture to cover SINIS SETs, and the effect of the charging
energy. Then it goes through the theory of a master equation, and discusses the
heat transfer in the junction. Finally, it summarises the theory and gives a picture
how a SINIS turnstile behaves as a quantum standard for current.

2.1 Tunneling in NIS-junction

The single electron tunneling rates through a NIS junction can be calculated using
first order perturbation theory and Fermi’s golden rule. A thorough derivation is
presented, for example, in Ref [15]. Below we present a brief overview.

The Hamiltonian of a NIS junction can be written as

ĤNIS = ĤN + ĤS + ĤT + Ĥenv, (2.1)

where ĤN , , ĤS, ĤT and Ĥenv are the Hamiltonians of the normal metal, super-
conductor, tunneling and electronic environment, respectively. At this point, for
simplicity, let us assume Ĥenv is zero. In reality, the environment can affect the
tunneling rates strongly, and its behavior is discussed for example in Ref. [15].

The Hamiltonians ĤN and ĤS form the basis which is perturbed by tunneling
Hamiltonian ĤT . In a NIS junction, HT is usually weak, which means that the
system can be treated with first order perturbation theory.

Fermi’s golden rule is a simplification of the first order perturbation theory, and
it can be applied when the perturbation couples one state to continuum of others.
This is the case in a NIS junction: The leads of the NIS junction are metals, which
means that the number of free charge carriers is large. Therefore, when an electron
tunnels from one electrode to another one the tunneling couples its initial state into
continuum of other electron states.

4
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Before using Fermi’s golden rule, some simplifications can be made. The tunnel-
ing Hamiltonian ĤT is of the form

ĤT =
∑
kqσ

tkqc
†
qσakσ + h.c., (2.2)

where operator akσ destroys an electron with momentum k and spin σ from normal
metal and operator c†qσ creates and electron with spin σ to superconductor to mo-
mentum state q. Term tkq is a tunneling coupling constant which tells how likely
is the tunneling from momentum state k to momentum state q. Abreviation h.c.
refers to hermitean conjugate. In a NIS junction, the coupling constant tkq can be
approximated to be momentum independent. In general, the tunneling of the elec-
trons may change the energy or the charge state of the system. However, let us first
neglect those single charge effects.

The current through a NIS junction can be expressed with tunneling rates,
I = e(ΓNS − ΓSN). Tunneling rate ΓNS is the rate from the normal metal to the
superconductor and ΓSN is the rate from the superconductor to the normal metal.
If we consider a constant bias voltage V across the tunnel junction, the Fermi’s
golden rule approximation gives, in the continuum limit and with the above stated
assumptions, the tunneling rates

ΓSN(eV ) =
1

e2RT

∫ ∞
−∞

dEnS(E)fS(E)[1− fN(E + eV )] (2.3)

ΓNS(eV ) =
1

e2RT

∫ ∞
−∞

dEnS(E)[1− fS(E)]fN(E − eV ). (2.4)

Here nS(E) is the density of states of superconductor, and fi(E) = 1/(1 + e−E/kBTi)
is the Fermi function of electrode i at temperature Ti, where subscript i is either
S (superconductor) or N (normal metal). The tunneling resistance, RT , can be
obtained easily from experiments. According to the BCS theory, the density of
states in a superconductor can be expressed as nS,BCS(E) = Re |E|√

E2−∆2 , where E is
the energy of the electron relative to the chemical potential and ∆ is the energy gap
of the superconductor.

Equation (2.3) can be understood as follows: The product nS(E)fS(E) describes
the number of occupied states in the superconductor at the energy E from which the
electrons can tunnel. The term 1− fN(E+ eV ) describes the number of unoccupied
states in the normal metal at energy E + eV which the electron can tunnel to. By
integrating over energy, we end up with equation (2.3). Similar logic applies also to
equation (2.4) except that now the tunneling direction is reversed.

Similarly as for tunneling rates (2.3) and (2.4), we can also derive equations for
heat fluxes in respect to the normal metal or the superconductor. For normal metal,
the heat fluxes are for tunneling from superconductor to normal metal Q̇N,SN or vise
versa Q̇N,NS:

Q̇N,SN(eV ) =
1

e2RT

∫ ∞
−∞

dE(E + eV )nS(E)fS(E)[1− fN(E + eV )] (2.5)

Q̇N,NS(eV ) =
1

e2RT

∫ ∞
−∞

dE(E − eV )nS(E)[1− fS(E)]fN(E − eV ) (2.6)
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These heat fluxes are essential for this work and their effect will be discussed in
Section 2.4. Similar kind of equations could be derived also in respect to the su-
perconductor. However, the heat transport in superconductor is usually handled
differently (see Section 3.4).

2.2 The effect of charging energy

In the previous section, the electric charge on metals and related energy was assumed
to be constant. This is a valid assumption in a macroscopic system where single-
electron effects are not important. However, in low temperatures and with small
structures, the changes in the charge state when electrons tunnel through junctions
must be taken into account.

A tunnel junction can be thought to be a capacitor. When an electron tunnels
through it, the tunneling changes the charge state of the two leads. This, in turn,
changes the total charge of the junction. In an ideally voltage biased junction, this
charge unequilibrium equalizes fast as the extra electron is transported through the
cirquit back to its original side. However, in other biasing schemes, or with very
small structures, this relaxation happens slowly or not at all.

The energy needed to charge a capacitor with a single electron is Ec = e2/2C,
where e is the elementary charge and C is the capacitance. This energy is called
charging energy. Let us now consider a SET consisting of two electrodes and one
island between them separated by tunnel junctions. When an electron tunnels to
an island, the charge of that island changes by e and the energy of the island by
an amount relative to Ec. As the island is isolated by tunnel junctions, no charge
relaxation can happen. After the tunneling, the energy of the island may have
shifted so that further tunneling events are energetically unfavorable. This effect is
called Coulomb blockade.

The Coulomb blockade can be observed when Ec is much higher than the charac-
teristic energy of thermal fluctuations, kBT , where kB is the Boltzmann coefficient
and T is temperature. A schematic picture of a SINIS SET is presented in Fig. 2.1.
The charging energy of a SET, Ec = e2/2CΣ, depends on the total capacitance of
the island CΣ = C0 + CR + CL + CG. Here C0 is the self capacitance of the island,
CG is the capacitance of the gate, and CL and CR are the capacitances of left and
right tunnel junctions. Single electron transistors are usually designed to have small
CΣ and high Ec. Typical values for a SET are Ec/kB ≈ 1...5 K. This means that
dilution refrigerators that can achieve temperatures below 100 mK are needed in
the experiments.

In the text above we have discussed charging effects in general level. To actually
model the charging effects in a SET, we need to know how much the tunneling
process actually changes the energy of the system. The base energy of the island at
zero bias is the electrostatic energy. With n extra electron on the island, this energy
is

Ech = Ec(n− ng)2, (2.7)

where ng is called the gate charge. Gate charge describes the part of the total charge
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Figure 2.1: Schematics of a SINIS SET. The capacitances C0,CL, CR and CG are the self
capacitance of the island and the capacitances of the left and the right tunnel junctions
and the gate, respectively. The ac voltage VG is used to drive the gate. The SINIS SET
is biased with voltage Vb = VL − VR, where VL and VR are the voltages for individual
junctions. In the measurements of this thesis, Vb = VL and VR = 0. However, the
simulations were done with symmetric bias VR = −VL so that Vb = 2VL = −2VR. The
nonsymmetry was taken into account in the measurements by measuring the gate open
state in respect to the bias voltage and adjusting the gate voltage respectively for each
bias voltage.

state of the island, which can be manipulated with gate voltage as ng = VGCG/e
(see Fig. 2.1).

From equation (2.7) we can distinguish two extreme cases. When ng is a half
integer, two charge states are degenerate, i.e., they share the same minimum energy,
and charge transportation between these states can be done without extra penalty.
This state is called gate open. When ng is an integer, only one charge state is
at minimum energy, and moving away from this state requires at least the energy
Ec. This state is called gate closed. With other values of ng the energy needed for
electron transport is somewhere between these states.

Now, if an electron is transported from one lead to the island (+) or vice versa
(−), the electrostatic energy changes by

δE± = ±2Ec(n− ng ± 1/2). (2.8)

If a constant potential eVi is applied at the electrode i (either left (L) or rigth (R))
the electrostatic energy over junction i becomes

δE±i = ±2Ec(n− ng ± 1/2)± e(Vi − ν), (2.9)

where ν = (CLVL +CRVR)/CΣ is the offset of the island potential. Usually, the bias
voltages and the capacitances of junctions are assumed to be symmetric, CL = CR
and VL = −VR. In this case the offset ν vanishes. This assumption was also used in
the simulations of this thesis. However, the samples were biased nonsymmetrically
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as Vb = VL and VR = 0. This nonsymmetry can be, however, relaxed by measuring
the gate relative to the bias voltage, ñg(Vb), and substituting ng by it in equation
(2.9). Then, when measuring, the gate ñg(Vb) has to be adjusted separately for each
Vb.

Tunneling rates for junction i with electrostatic energy (2.9) can be obtained by
substituting the value δE±i in the place of eV into the equations (2.3) and (2.4).

2.3 Master equation

The energy difference δE±i depends on the charge state of the island. At finite tem-
peratures, the charge state can be described with probability distribution P (n, t).
This probability distribution can be obtained from a master equation as was orig-
inally done in so-called orthodox theory [7, 16]. Introducing the master equation
causes the system to lose coherence. This could be problematic since the coherence
is a typical phenomenon in quantum mechanical systems. In metals, however, co-
herence plays a significant role only in structures that are much smaller than those
studied in this thesis. Hence it is justifiable to use the master equation [8, 15].

In the orthodox theory, electrons are assumed to tunnel one by one. Then the
master equation becomes

dP (n, t)

dt
= Γn,nP (n, t) + Γn+1,nP (n+ 1, t) + Γn−1,nP (n− 1, t). (2.10)

The elements Γn,m depict transition rate from state n to state m when n 6= m or
the transition rate out from state n when n = m. These rates can be written with
the transition rates obtained for NIS-junction in equations (2.3) and (2.4):

Γn,n = −(Γn,n−1 + Γn,n+1) (2.11)

Γn,n+1 = ΓSN(δE+
L (n)) + ΓSN(δE+

R (n)) (2.12)

Γn,n−1 = ΓNS(δE−L (n)) + ΓNS(δE−R (n)). (2.13)

The current from the lead i (either left (L) or right (R)) into the island is thus

Ii = e
∑
n

(ΓiI(n)− ΓIi(n))P (n, t), (2.14)

where (ΓiI(n) is the tunneling rate from the lead i into the island and (ΓIi(n) from
island into the lead i. In the steady state (dP (n, t)/dt = 0) IL = IR.

In the scope of the orthodox theory the tunneling rates ΓiI(n) and ΓIi(n) can be
expressed with tunneling rates from equations (2.3) and (2.4) as long as charging
energies are taken into account. Then the tunneling rates are ΓiI(n) = ΓiN(δE+

i (n))
and ΓIi(n) = ΓNi(δE

−
i (n)).

2.4 Temperature of the normal metal island

The tunneling rates (2.3) and (2.4) are very sensitive to the temperature of the island
and – because of the energy gap of the superconductor – only weakly dependent
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on the temperature of the superconducting leads. In this section we describe the
first effect. The latter is, perhaps surprisingly, one of the biggest obstacles for the
uncertainty of the turnstile and is discussed in Sec 3.4.

The normal metal island is isolated from the leads with a tunnel barrier. There-
fore, at low temperatures, the dominating mechanisms that transport heat into or
out from the electron system of the island are electron-phonon coupling, Q̇ph, and
the heat transport via electron tunneling, Q̇tunneling [17]. In equilibrium, Q̇ph +
Q̇tunneling = 0.

The heat flux transported by electron phonon coupling Q̇ph is of the form

Q̇ph = ΣΩ(T 5
ph − T 5

e ), (2.15)

where Te is the electron temperature of the island, Tph is the phonon temperature of
the island (assumed to be equal to the substrate temperature), Σ is a material de-
pendent electron-phonon coupling constant (e.g. 2.0×109 Wm−3K−5 for copper [17])
and Ω is the volume of the island [18]. Equation (2.15) depends on the fifth power
of temperature, which leads to good relaxation at high temperatures. However,
electron-phonon coupling gets very weak at low temperatures. In the systems stud-
ied in this thesis, both the volume and the temperature are small. Therefore, Te can
vary significantly from Tph.

The heat flux to the island can be obtained in similar fashion as the electronic
current in equation (2.14)

Q̇tunneling =
∑
i=L,R

∑
n

(Q̇iI(n)− Q̇Ii(n))P (n, t), (2.16)

Here P (n, t) is obtained from the master equation (2.10) and Q̇iI and Q̇Ii from
equations (2.5) and (2.6). When current is driven through the island, the heat flux
(2.16) changes the temperature of the island. Instead the heating the island this can
also result in cooling. The SINIS stuctures have, actually, been used as electronic
coolers [17].

2.5 Operation

From equations (2.9), (2.3) and (2.4) we obtain the thresholds for tunneling into
(+) and out from (−) the island through junction i

∓δE±i (n) = ∓2Ec(n− ng ± 1/2)∓ eVi ≥ ∆ (2.17)

These thresholds are presented in Fig. 2.2 as red and black lines. The solid red and
black lines are the thresholds for wanted forward tunneling and the dashed lines
are the threshold for unwanted backward tunneling. The black (red) lines outline a
region where charge state n=0 (n=1) stays constant.

Transporting one electron in a cycle is possible by changing ng back and forth
along the solid blue line presented in Fig. 2.2. At first, when ng changes along the
line from left to right, the charge state of the island is stable (n=0). When the value



10

Figure 2.2: A stability diagram of the SINIS SET. The solid red and black lines represent
tunneling thresholds for wanted forward tunneling and the dashed lines for unwanted
backward tunneling. Pumping an electron can be done by changing ng along the solid
blue line.

of ng crosses the border of the black box, one electron tunnels from the left electrode
to the island and the charge state of the island changes from n = 0 to n = 1. Now,
if the direction of the change of the ng is reversed, first the electron stays at the
charge state n = 1. When the value of ng crosses the border of the red box, one
electron tunnels from the island to the right electrode and the charge state of the
island returns to n = 0. As a net effect, one electron has been transported from the
left electrode to the right electrode.

If the amplitude of the pumping signal (the length of the blue line) is increased,
it will at some point cross the dashed red and black lines (unwanted tunneling).
Let us now consider the pumping as it was done before. First ng is increased from
left to right. In the beginning the charge state is again constant n = 0. When ng
crosses the solid black line, tunneling from the left electrode to the island becomes
possible. But when the ng is increased further until the dashed black line is crossed,
also the unwanted backward tunneling through the right junction becomes possible.
The backward and forward tunnelings are competing processes. If ng reaches the
dashed black line before an electron has tunneled through the left junction into
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the island, another electron might instead tunnel into the island from the wrong
direction through the right junction. The same phenomenon happens when the blue
line is followed from right to left. Since the tunneling is a statistical process, some
electrons will always tunnel to the wrong direction, when the pumping amplitude is
large enough to cross the threshold for backward tunneling.

Gate change is driven with an oscillating gate voltage. Often a sine wave is used
as the form of this oscillation, since it is easiest to implement. The sine wave is,
however, not the optimal choise. The time spend in the middle of the pumping
cycle is useless and even harmful if there is leakage current at the gate open state
ng = 1/2. On the other hand, it is important that the system stays long enough
in the region where tunneling can occur so that the probability of missed events is
low. However, the tunneling barrier should not be crossed too fast, since the island
is heated if tunneling always occurs above the zero temperature threshold. Proper
optimization of the waveform is yet to be done.

Figure 2.3 presents a simulation of the current from rf driven SINIS SET. In
the simulation the normalized gate charge was modulated by sine wave ng = ng,0 +
Ag sin(2πft), where ng,0 is a constant and f is the driving frequency. In the figures
ng,0 was 1/2 representing case gate open.

Figure 2.3: a) Temperature and normalized pumped current for a few different values of
Vb b) Close-up of the current in a).

In the simulation the amplitude of the sine, Ag, was varied. Current I was
calculated for each separate Ag as a time average over a period of 1/f . The behaviour
in figure 2.3 represents that described earlier: If Ag is smaller than the distance
between point ng,0 and the tunneling threshold, no tunneling will occur and no
current will flow. If Ag is large enough and the forward tunneling threshold is
crossed, tunneling happens and current flows. Then the current stays constant
up to the point where backward tunneling becomes possible. After this point the
current starts decreasing as the possibility of backward tunneling increases. The
current drops until the second set of forward tunneling thresholds is crossed. After
this, three electrons tunnel through the junction per cycle and the current increases
to about 3ef . However, now the backward tunneling cannot be avoided. Depending
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on the pumping speed, this will decrease the current level up to which the plateau
rises.

As noted in section 2.4, transferring electrons through a junction transports heat.
In rf driven SINIS SETs this heat transport results in heating of the superconducting
leads and either heating or cooling of the normal metal island. The heating of
superconducting leads is discussed in Section 3.4. The effect of the heat transport
on the normal metal island is studied in Ref. [19] and it can be modelled with theory
of section 2.4. In conclusion, the heat transport results in cooling of the island in
the first plateau, and that does not have an effect to the accuracy of the SINIS SET.
However, at higher plateaus,the heating increases the error rates.

As described above, pumping of electrons creates plateaus on current vs. pump-
ing amplitude at I = nef . Because of the backward tunneling and the heat trans-
port, however, only the beginning of the first plateau can be accurate. The effect of
the backward tunneling can be decreased by making the junctions more transparent
or by pumping with smaller frequency. However, as the amplitude of the current
is directly proportional to the frequency, decreasing the pumping frequency is not
a good option. Also, the junctions have to be quite opaque to supress higher-order
tunneling processes as will be described in section 3.2. In any case, the best accuracy
can be reached at the beginning of the first plateau, where the backward tunneling
is not present.



Chapter 3

Error mechanisms

3.1 Thermal errors

The SINIS SET is never at zero temperature and thus some thermally activated
tunneling processes always prevail. They include tunneling in the wrong direction
or missed tunnelings. In addition, high temperature can cause breaking of Cooper
pairs.

At zero bias voltage, tunneling to both directions is as likely. The probability for
tunneling in wrong direction has an exponential dependence on the energy diffence
between the operating bias point eV and the zero bias, exp(−eV/kBT ). On the other
hand, the probability for tunneling of an extra electron is depends exponentially on
the energy difference of the operation point and energy 2∆, namely exp(−(2∆ −
eV )/kBT ). Considering these two, the optimal operation point would be eVb = ∆.
At this point the error is lower than 10−8 at least for temperatures of 100 mK and
below [10].

3.2 Higher-order processes

In addition to single-electron tunneling, also some higher-order processes are possible
in the SINIS SET. They limit the accuracy of the turnstile. From the most simple
higher-order processes elastic ones are negligible in the SINIS SET. In addition, the
simplest inelastic higher-order process, cotunneling, is energetically forbidden in the
BCS gap, the region we are interested in [12].

The only relevant higher-order processes are therefore Andreev reflection and
Cooper pair/electron cotunneling (CPE). They have been studied thoroughly in
Ref. [12]. Andreev reflection is a process where two electrons tunnel as a Cooper
pair through one of the junctions. Notable for it is that it is supressed when the
gate amplitude Ag is smaller than Ag,Ar = 1

2
− ∆

2Ec

(
1− eVb

2∆

)
[12]. Since the error

rates due to Andreev reflection are quite high, Ag,Ar sets an upper limit for the gate
amplitudes where accurate measurements can be performed. Another upper limit
can be obtained from backward tunneling threshold Ag,bt = ∆

2Ec

(
1 + eVb

2∆

)
[20]. As

the tunneling threshold is Ag,ft = ∆
2Ec

(
1− eVb

2∆

)
[20], accurate measurements can be
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made when Ag,ft < Ag < min(Ag,Ar, Ag,bt). At the optimal operating point, eVb = ∆,
the previous inequality holds true only when Ec > ∆, and the widest range of Ag
where measurement is accurate is achieved when Ec = 2∆. Then Ag,Ar=Ag,bt.

At amplitudes where Andreev reflection is supressed, the dominant error mech-
anism is the CPE. In that process, a Cooper pair tunnels through one junction and
an electron through the other. The relative error created by the CPE is the weaker
the higher the pumping frequency, f . On the other hand, increasing the frequency
increases the probability of missed tunnelings (Pmiss ≈ exp(-Γi±/2f), where Γi± is
the tunneling rate). There are also other parameters that affect these probabilities,
e. g., the tunneling resistance. Ref. [12] studied the tradeoff between CPE and
missed tunnelings and determined the maximum currents for given accuracies. In
conclusion, with sample whose Ec is 2∆, the maximum current is about 10 pA (f ≈
60 MHz) at relative error rate of 10−8, and about 100 pA (f ≈ 600 MHz) when the
requirement for the maximum relative error rate is 10−6. Ref. [12] studied also cases
where Ec/∆ is 4 and 10 and got higher currents for the same error rates. However,
in Ref. [12] bacward tunneling was not taken into account. In reality, the backward
tunneling limits the maximum current at higher Ec to about the same levels as in
the case where Ec = 2∆ [20].

3.3 Photon assisted tunneling

In a badly shielded or badly filtered system, high frequency photons, rising from
the high temperature parts of the measurement setup, can penetrate down to the
sample. These photons interact with the electrons giving them extra energy. If
the energy of the photons is of the order of or greater than the energy gap of the
superconductor, this extra energy can cause unwanted tunneling. Specifically, in
aluminium, the problematic photons originate from temperatures above ∆/kB ≈
2.5 K and have frequencies f ≥ ∆/h ≈ 50 GHz.

The leakage caused by photons can be modelled with effective density of states
neff(E) in the superconductor. In the limit where the original temperature of the
photons is T & ∆/kB, neff(E) is

neff(E) =

∣∣∣∣∣Re

(
E/∆ + iγ√

(E/∆ + iγ)2 − 1

)∣∣∣∣∣ , (3.1)

where γ is a leakage parameter [13]. The leakage IV curve is linear in the subgap
regime and can thus be described with an effective resistance Rγ. In a NIS junction,
the parameter γ can be obtained from the measurements as the ratio of the tunneling
resistanceRT and the low-bias resistanceRγ as γNIS = RT/Rγ. With SINIS structure
this has to be multiplied by two to obtain leakage γSINIS = 2RT/Rγ.

The form of equation (3.1) is the same as that of the Dynes density of states,
which depicts breaking of Cooper pairs [21, 22]. Therefore, by inspecting solely the
IV curves, one cannot distinguish Dynes and effective density of states from one
another. However, measurements with aluminium leads have shown that, with good
filtering and shielding, the leakage parameter γ can be reduced down to the level
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of 10−7 [23]. This means that in aluminium there is no evidence of Dynes type of
leakages with γ higher than this.

High energy photons can be eliminated by filtering and shielding of the sample
stage, which is discussed in section 4.2, and by on-chip filtering. There are two
ways to do the latter. One is to add resistors near the SINIS turnstile as was done
in Ref. [24]. This method, however, has a drawback: it decreases also the wanted
tunneling processes. Ref. [13] introduces a different way for on-chip filtering: adding
a ground plane (capacitor) across leads of the device. Ref. [13] demonstrated that
this method is as good rf filter as the resistors. In addition, adding the ground plane
does not affect the pumping properties of the sample.

3.4 Quasiparticles

Figure 3.1: A SINIS turnstile. To reduce the quasiparticle density, the superconducting
leads are made to widen fast and the quasiparticle trap is brought relatively near the
turnstile.

At low temperatures T � ∆/kB the BCS theory predicts that essentially all
quasiparticles form Cooper pairs. However, this is not usually the case. The so-called
nonequilibrium quasiparticles, whose origin is not yet well undestood, are an active
research topic since they are harmful for superconducting electronics [17, 25, 26].

The nonequilibrium quasiparticles can be described by an elevated temperature
of the superconductor as

nqp(TS) = 2D(EF )

∫ ∞
0

nS(E)fS(E)dE ≈
√

2πD(EF )∆
√
kBTS/∆e

−∆/kBTS , (3.2)
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where nqp(TS) is the quasiparticle density at temperature TS, and D(EF ) ≈ 1.45×
1047m−3J−1 [27] is the normal state density of states at Fermi energy EF . The latter
part of the equation is valid when kBT � ∆. If one knows the temperature of the
leads, one can interpret the quasiparticle density or vice versa.

Succesful methods to reduce the quasiparticle background in aluminium to ac-
ceptable level have been demostrated [8, 23]. However, in the SINIS turnstile the
pumping itself creates quasiparticles: When an electron tunnels through the SINIS
turnstile, a quasiparticle with energy ∆ is formed to each of the superconducting
leads. The extra energy enables these particles to tunnel in the wrong direction,
which creates pumping errors. The density nqp is directly proportional to the driv-
ing frequency f , and therefore the quasiparticles are always present in the pumping
experiments.

To reduce the nqp, the system should be made such that the quasiparticles can
diffuse fast away from the vicinity on the junctions. This can be done by tunnel
coupling a normal metal trap to the leads and allowing quasiparticles to relax to
the trap. Reference [28] studied the effect of the geometry on the density nqp. In
conclusion, a sample should have leads that widen fast and a trap that is near the
SINIS turnstile. In the measurements, we used samples of geometry shown in Fig.
3.1. The wider the angle, θ the better the quasiparticle relaxation. However, if θ is
too large, the lithography becomes difficult. In our measurements θ was 90◦.



Chapter 4

Experimental methods

4.1 Sample fabrication

The samples used in this thesis, were patterned by electron beam lithography (EBL).
The most common variants of the EBL are the two and the three layer processes.
From these, the first is easier to do, but it has also worse resolution. We made
some test samples with two layer process at Micronova, but the actual pumping
measurements were done with samples made by the three layer process.

Both processes can be divided in two phases: making a mask and deposition
of the final structure. Actually, the first step is to produce a wafer with uniform
resist layers on the surface of a substrate. This is done by the spin-coat technique,
in which diluted resist is poured on top of the substrate, and then the substrate
is spinned to obtain a uniform thin layer. Excess solvent is removed by baking.
In the two layer method, the first layer to be made is copolymer and the second
is polymethylmetacrylate (PMMA). In three layer process, additional germanium
layer is deposited between the copolymer and the PMMA.

After spinning the resist, a pattern is written on the wafer by EBL. When high-
energy electrons hit the PMMA or the copolymer, they break bonds in them. In two
layer wafer, this results in a sharp pattern in PMMA and a wider blurrier pattern
in copolymer. This is due to the fact that the copolymer is far more sensitive to the
electrons. In three layer process, the germanium acts as a stop layer that prevents
the backscattered electrons from reaching the PMMA, which will thus have a better
resolution than in the two layer process. Regardless of the process, the weakened
parts of the resists are removed by developing the sample in a solution of methyl
isobutyl ketone (MIBK) and isopropanol (IPA). After developing, the two layer wafer
has sharp hole patterns in the PMMA and wider cave like holes in the copolymer. In
three layer process the holes are only formed in PMMA. Regardless, with two layer
process, the final structure can now be deposited using the holes in the PMMA and
copolymer layers, and the two layer process has reached a phase where the resist
stack can be called a mask.

In the three layer method, two additional steps are needed. First, the pattern of
the PMMA layer is reproduced in the germanium layer by reactive ion etching with
CF4 gas. After this, an undercut is formed to the copolymer layer by oxygen plasma
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etching in the electron-cyclotron-resonance (ECR) machine. This last phase also
removes the PMMA. Now the three layer process is at the same phase as the two
layer process was after developing and the rest of the sample fabrication proceeds
similarly for both processes.

The final design is done by depositing metals through the mask. The two layer
mask were done by the author of this thesis in Micronova and the three layer masks
were made at NEC in Japan. In both cases the deposition and final lift-off was done
by the author at Micronova.

The deposition of the final pattern was done with electron beam evaporator using
two-angle evaporation technique to generate tunnel junctions. Before actual evap-
oration, the samples were cleaned in argon plasma. Then about 25 nm aluminium
was deposited in an angle varying between 9◦-11◦ depending on the sample. Alu-
minium was used for two reasons, first because it tends to form good oxide when
in contact with oxygen and second it is a superconductor in low temperatures. The
sample was oxidized at 0.5-1 mbar for 2 min. After oxidation about 30 nm of copper
was deposited in an angle opposite to that of aluminium. Contrary to aluminium,
copper does not become superconducting at low temperatures. Finally the mask
was removed by lift-off in acetone.

4.2 Cryogenic methods

The samples were cooled down in a 3He–4He dilution refrigerator, which had a base
temperature of about 20 mK. In order for a dilution refrigerator to work, both 4He
and 3He need to be liquefied. In this work, this was done with the help of a helium
pulsetube. It is a dry cooling method with closed circuit cooling and it can achieve
temperatures of about 3.4 K. This temperature is low enough to liquefy 4He, but not
3He. The 3He can be liquefied by using compressor in addition to the pulse tube.

As noted in section 3.3, proper filtering, thermalization and shielding are crucial
in order to obtain accurate results. In addition to these, special care should also be
taken to ensure that the current noise at the measurement lines is low.

The wirings and shieldings inside the cryostat are presented in Fig. 4.1. The
cryostat consists of five different flanges located at temperatures 20 mK, 800 mK,
3 K, 60 K, and room temperature. In the measurements of this thesis, two rf
tight shields were used. One of them was the sample holder and the other one was
mounted on a separate flange which was thermally connected to the 20 mK flange.

Three different kinds of lines were used. The rf line carried the ac gate voltage
to the sample and N and LN lines (normal and low noise lines) carried the dc bias
and gate voltages. There were altogether 1 rf line, 9 N lines and 2 LN lines at
the cryostat during this work. Because of the differences in the signal type, the
thermalizations and filterings were done differently between the ac and dc lines.

The rf line had two low pass filters (cutoff at about 2 GHz) and they were located
at the 20 mK flange and inside the bigger radiation shield. Attenuators and dc blocks
were mounted on 3 K, 800 mK and 20 mK flanges and an additional dc block at
60 K flange. The attenuators, when used, were located underneath the dc blocks.
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Figure 4.1: Measurement wirings inside the cryostat



20

Dc blocks were used since they block, in addition to dc voltage, also heat flow. As
for the attenuators, they both attenuate the noise (and the signal) and couple the
signal wire to the respective flange. The latter thermalizes the wire. Between room
temperature and 3 K flange, the rf lines were BeCu–BeCu(Ag) coaxial cables and
between 3 K and 20 mK they were superconducting NbTi–NbTi coaxial cable. The
shields of these cables were thermalized at each flange.

The N and LN lines were identical from 20 mK flange to 3 K flange and they both
had thermalizations at 20 mK, 3 K and 60 K flanges. These thermalizations were
done by coiling a wire around a cylinder and thermally connecting the cylinder to
respective flange. The lines were Thermocoax cable between 20 mK to 3 K flanges.
In addition, powder filters were used at the shield flange. Both Thermocoax cable
and powder filters have been observed to effectively filter high frequency noise [29,
30].

There were two main mechanisms that caused current noise in our measurement:
the tribo- and piezoelectric effects and the capacitance of the measurement lines.
Both the N and LN lines were used to measure the output current of SINIS SETs.
From these the N lines were installed first. From 3 K to room temperature N
lines were twisted pairs with CuNi shields. The individual wires were insulated with
polyimide and the shield was insulated from the twisted pair with teflon. In previous
work, the measured signal of N lines was observed to exhibit noise with the same
frequency as pulse tube vibrations. The origin of this noise was concluded to be
that the vibrations caused tribo- and piezoelectric effects in the insulators of the
twisted pair. This noise was a few orders of magnitude higher than that of current
amplifier.

In the design of an amplifier, there is always a trade off between current and
voltage noise. Current amplifiers have been designed for measuring high impedance
sources, i.e., to have low current and high voltage noise. Although the SINIS turn-
stile is a high impedance source, any capacitance in the measurement lines will
convert some of the voltage noise into current noise. Thus the capacitance of the
lines should be as low as possible. In cryogenic measurements, the lines have al-
ways significant length and therefore also capacitance. Hence the total noise of the
amplifier is higher than its specification. However, in the experiment of this the-
sis, the capacitance induced noise was a few orders of magnitude smaller than the
contribution of the pulsetube vibrations.

To get rid of the pulse tube induced noise, LN lines were installed. They had
Thermocoax cable at the region from 3 K to 60 K and low noise coaxial cable
from 60 K to room temperature. These cables were selected since their insulators,
polyethylene for low noise coaxial and MgOX for Thermocoax cable, were not sen-
sitive to tribo and piezo effects. Two different cables were used since the low noise
coaxial cable conducts too much heat and therefore it cannot be used in low tem-
peratures. In fact, the heat conduction limited the total number of LN lines to two,
even though the low noise coaxial cable extended only to 60 K. On the other hand,
the insulator of Thermocoax cable tends to collect moisture from air, and starts to
conduct at high temperatures. Therefore Thermocoax cable cannot be used close
to room temperature. In addition, it has high capacitance per meter value and thus
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the length of that cable should be kept at minimum.



Chapter 5

Traceable measurement

In a traceable measurement, there is an unbroken chain of calibrations, with specified
uncertainty, from the primary SI standard to the measurement. In the case of
current, resistance and voltage, however, the quantum Hall and the Josephson effects
are usually used instead of a primary SI standard. This chapter discusses a traceable
measurement of the current of a SINIS turnstile.

In the measurements below, the current of the turnstile is compared to a current
produced by calibrated equipment. This is done as a null measurement, where
the current of the turnstile, IS, and a reference current of the same magnitude but
opposite polarity, −Iref , are summed together: Iout = IS−Iref . The reference current,
Iref = Vref/Rref , is produced by a calibrated voltage source, Vref , and a calibrated
resistor, Rref .

As described in chapter 3, there are many transport error mechanisms which
result in an average number of transported electrons 〈n〉 being only approximately
equal to one instead of the exact value 〈n〉 = 1. The pumping frequency can
be phase locked to a reference signal coming from an atomic clock. Therefore the
uncertainty of the frequency is extremely low. Thus performing the above mentioned
current balance measurement can be considered as a test for 〈n〉. On the other had,
this quantity could also be tested by calculating the error events with a dc SET
electrometer. By combining the results of the two methods one could possible cover
all the possible error rates.

5.1 Uncertainty

The measurement uncertainty depends on noise and the uncertainty of the measure-
ment devices. The setup for the current balance measurement is presented in Fig.
5.1. The devices in the input side of the SINIS turnstile might cause error in 〈n〉 but
they do not affect the measurement uncertainty. However, the rest of the devices in
Fig. 5.1 do.

When these devices are taken into account, the current of the turnstile can be
obtained from

IS =
Vref

Rref,0 +Rref,T +Rref,drift

+
Vout,meas

GmeterGamp

= Iref + Iout, (5.1)
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Figure 5.1: Setup for the traceable current measurement. To reduce the effect of ground
currents, an additional guard was placed around the cables located in the output side of
the SINIS SET. The cryostat frame was used as the grounding point. All the devices in
the output side of the SINIS SET had been calibrated.

where Gmeter and Gamp are the gains of the multimeter and current amplifier respec-
tively. The current amplifier transform the output current into voltage, which the
multimeter then measures. This voltage is written as Vout,meas. In equation (5.1)
the term Rref,0 is the value of the calibrated resistance at the time and tempera-
ture where the calibration was made, Rref,drift is the drift of the resistance since its
last calibration, and Rref,T depicts temperature related resistance variations. Such
correction terms are not necessary for the other devices.

The devices in equation (5.1) can be assumed uncorrelated and therefore the
total relative uncertainty of the system is

δIS =

√
δI2

ref

I2
ref

(Iref + Iout)2
+ δG2

I2
out

(Iref + Iout)2
+

∆I2
out

(Iref + Iout)2

≈
√
δI2

ref + r2δG2 + δI2
out, (5.2)
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where

δIref =
√
δV 2

ref + δR2
ref,0 + δR2

ref,T + δR2
ref,drift (5.3)

is the relative uncertainty related to reference current,

rδG = r
√(

δG2
multi + δG2

amp

)
(5.4)

is the relative uncertainty related to the amplifier and multimeter gains, r = Iout/Iref ,
and δIout is the relative uncertainty related to measurement noise. The latter part of
the equation (5.2) comes from approximation (Iref + Iout) ≈ Iref , which is reasonable
since Iout is small.

We used a calibrated 1 TΩ resistance during this thesis. The drift of the re-
sistance was (33 ± 0.9) ppm/a and the temperature dependence dR/dT = (56 ±
20) ppm/◦C. The latter caused two error terms δRref,T,1 = Tdiff∆dR

dT
and δRref,T,2 =

dR
dT

∆T , where Tdiff is the temperature difference between the temperature, where the
calibration was done and the temperature of the measurement. The uncertainty of
the temperature measurement was ∆T = 0.2 ◦C (k=1). The uncertainty budget for
the reference current can be found in table 5.1.

Table 5.1: Uncertainties of the reference current. In this thesis, we used a calibrated
resistance of 1 TΩ. The calibration for the resistance was done in voltage range 5 V –
1000 V (5 pA – 1000 pA). The uncertainty of the resistance depends on the input voltage
below 100 V (100 pA) and therefore the uncertainties are calculated for a number of
different currents. The uncertainties for voltages below 5 V are extrapolations.

f
MHz

IS
pA

T
◦C

Uncertainty components, ppm, k=1
δIref ,
ppm,
k=1

δIref ,
ppm,
k=2

δVref δRref,0 δRref,T,1 δRref,T,2 δRref,drift

4 0.6 22.5 1 30 4 11 0.1 32 65
20 3.2 22.5 1 30 4 11 0.1 32 65
50 8.0 22.5 1 21 4 11 0.1 24 48
80 12.8 22.5 1 19 4 11 0.1 22 44
200 32.0 22.5 1 19 4 11 0.1 22 44
500 80.1 22.5 1 19 4 11 0.1 22 44

Table 5.2: Uncertainties related to the measurement and amplification.

r,
ppm

Uncert. components, ppm, k=1
δG,
k=1

δGr,
ppm,
k=1

δGr,
ppm,
k=2

δGamp δGmeter

10 32 1 32 3.2×10−4 6.4×10−4

100 32 1 32 3.2×10−3 6.4×10−3

1000 32 1 32 3.2×10−2 6.4×10−2

10 000 32 1 32 0.32 0.64
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The uncertainty of the gains depends on the coefficient r, which depends on the
imbalance current Iout. Therefore we calculated this uncertainty with a few different
values of r. The uncertainties are presented in table 5.2. As can be seen from the
tables 5.1 and 5.2 even with imbalance of 1 % , the amplification and measurement
errors are insignificant. This is typical for a null measurement, and the main reason
why they are performed. The uncertainty related to noise is discussed in section 5.3.

5.2 Automated measurement procedure

One of the main problems of SETs is caused by so called background charge fluctua-
tions. Electrons in the insulating parts of the structure (insulators of the junctions,
oxide layers on top of the electrodes, substrate etc.) can have metastable states.
When they jump between these, it causes 1/f noise and discrete steps in the back-
gound charge. This in turn affects the charge state of the island and therefore also
the offset, noff , in ng = VgCg/e + noff . When ng moves away from gate open (or
closed) state, the pumped current will become indefinite. If a background charge
jump happens during a pumping experiment, all the data from that measurement
has to be discarded. Therefore it is important to check noff often enough.

In this thesis, the current balance measurement was done as follows. First we
adjusted the reference current to zero. After that we determined the relation between
gate open voltage and bias voltage as shown in Fig. 5.2 a). This was done because,
as explained in section 2.2, using gate voltage Vg = Vg(Vb) will allow us to use
nonsymmetric biasing but have results as if our bias voltage had been symmetric.
In addition, the measurement determines relationship between gate open state and
the gate voltage, and therefore also the noff . Next we determined the offset of the
bias voltage. This was done by sweeping bias voltage and measuring current first at
gate open state and then with rf driven gate voltage, and finally finding the intersect
of the two curves. An example can be found in Fig. 5.2 b). Then we measured the
current offset as an average over 250 s of data at gate closed state and with zero
bias and zero rf gate voltage. After these the reference current was adjusted to a
proper value. A settling time of about 10 min was required for it to stabilize to the
final value.

The actual pumping measurement was done in three parts and was repeated
for both positive and negative polarities. During these the bias voltage was kept
constant. First a fast measurement was performed to determine the beginnings of
the first and third plateau. This data was later used in simulations to adjust the
relationship between the normalized gate amplitude Ag and the applied rf voltage.
Then a more precise measurement was performed at the beginning of the first plateau
and near it. This was done in randomized order of Ag to reduce the effect of offset
drifts. For each Ag the current was measured as a 40 s trace over 400 points. After
this a fast measurement was performed to check that the beginning of the first
plateau had not shifted. This data was later used to determine whether or not a
background charge jump had happened. Then these three steps were repeated for
the negative polarity. After the pumping measurement, the cycle was started from
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Figure 5.2: a) Measurement to find the relation between gate open voltage and bias
voltage. After the measurement a linear fit was made to the Vb–Vg data of the black
circles. b) Measurement to determine the bias voltage offset. The offset can be found in
the intersect of the two curves.

the beginning.
The analysis of the precise pumping measurement was done as follows. First the

data of each separate Ag was analyzed. Each time the rf generator changed state,
its output went to zero in between and so did the current of the SINIS turnstile.
Our current amplifier needed around 10 s (gains 1011 and 1012) of time to settle
after this. Therefore these first seconds were discarded and only after that the rest
of the data was averaged. After this the current offsets were substracted from the
avaraged data. For the positive polarity more weight was given to the zero that was
measured before the actual measurement points and for negative polarity for the zero
measured after. Then the data from those rounds, which had background charge
jumps, were discarded. After that, the data from different rounds was combined.
The uncertainty was calculated as a square sum of the uncertainties in the table 5.1
and that of the current amplifier offset.

5.3 Current amplifier noise spectrum

The gain of the current amplifier is often noisy but stable. In contrary, the offset
has a tendency to drift. Therefore the amplifier noise spectrum does not depend
on the magnitude of the input current. To determine the nature of the noise of our
Femto DDPCA-300 current amplifier, we made a zero measurement with gains 1011

and 1012. The measurement was done so that the bias and rf voltages of a SINIS
turnstile were set to zero and the output current of the turnstile was measured with
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the current amplifier. Data of the measurements are presented in figure 5.3 a).

Figure 5.3: a) Data from zero measurement for gains 1011 and 1012 (green and orange
lines). The smoothed lines (dark orange and dark green) were calculated as 80 point
moving average. The data on the rigth side of the vertical gray line were used in analysis.
b) Allan deviation (same coloring as before) and linear fits for the white noise parts of
the data (blue and black lines) c) Allan deviation with respect to tmeas and the linear fits
obtained from Fig. 5.3 a). Same coloring as before. d) Total uncertainty calculated as
square sum of table 5.1 and the uncertainty at tmeas= 30 s from Fig. 5.3 c). This was
calculated for the gains 1011 and 1012 in the case of a single measurement round (solid
lines) and 12 rounds (dashed lines). The latter corresponds data that can be obtained
in a week with 2 different frequencies and 6 different bias voltages. The blue line shows
the total uncertainty of table 5.1 and the gray line depicts the upper limit of a dc SET
electrometer. The black line is a reference value of uncertainty of 100 GΩ resistor, which
was not used during this work. The uncertainties of 1 TΩ and 100 GΩ resistors are
extrapolation below 4 pA and 100 pA respectively.

Figure 5.3 a) shows a significant drift at the beginning of the measurement and
extending to 20 h. Both of the measurements were done so that the current amplifier
had been long without power supply. The drift was absent in a different measurement
(not shown here), before which the current amplifier had been operational for a long
time. Therefore, it is possible to get rid of the drift if the amplifier is allowed to
warm up.
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Allan deviation, σAllan, is a way to characterize noise and is

σ2
Allan(τ) =

1

2(N − 1)

N−1∑
k=1

[
Īk+1 − Īk

]2
. (5.5)

where Īk = 1
M−1

∑(k+1)M−1
j=Mk I(j), I is the raw measurement data and M is the

number of points that can be measured in time τ . Allan deviations were calculated
from the parts of the data of Fig. 5.3 a) which was measured between 20 h and
80 h (i.e. the data after the gray line). The results are presented in Fig. 5.3 b).
The white noise spectrum density, Sw, can be obtained from the figure by fitting
0.5×Sw t−1/2 to the beginnings of the curves. The fits are presented in Fig. 5.3. As
long as the Allan deviation follows the fit, white noise dominates the measurement.
Figure 5.3 b) gives Sw=2.7 fA/

√
Hz (gain 1011) and Sw=1.6 fA/

√
Hz (gain 1012),

which are higher than those specified in the data sheet of the amplifier (1.3 fA/
√

Hz
and 0.2 fA/

√
Hz, respectively). This is most likely due to the capacitance in the

measurement lines and the pulse tube vibrations.
As seen in figure 5.3 b) white noise ceases to dominate after 1... 10 min of

averaging at gain 1011 and after 10..60 min at gain 1012. This means that for
the above specified averaging times (250 s for zero and 40 s for the precise pumping
measurements), the gain 1012 is strongly preferred. However, the Allan of Fig. 5.3 b)
does not tell everything about our measurement setup. Even though the individual
measurement points are measured quite fast, the actual measurement cycle with
roughly 160 Ag values lasts about 1–3 h. The zero cannot be measured often since
the reference current requires about 10 min to settle.

Three different timescales characterize our measurement: the averaging time
of zero, t0, the averaging time of each measurement point, tmeas, and the waiting
time between these twait,i. The twait,i depends on the measured point. In a typical
measurement, the number of points was around 80 per polarity. Thus the longest
time between a zero measurement and measuring an individual point is twait ≈
10 min × 80 tmeas, where 10 min comes from the settling time of the reference
current. Thus our measurement can be described with a variance that resembles
Allan variance

σ2
la =

1

2N

N−1∑
k=0

[Īmeas(ktround)− Ī0(ktround)]2, (5.6)

where ttot is the total measurement time, tround = t0 + twait + tmeas is the time for one
round and N = ttot/tround is the number of measurement points. The averages for
zero measurement Ī0(ti) and for the furthest pumping measurement point Īmeas(ti)

are Ī0(ti) = 1
(t0/dt)

∑(t0/dt)
k=1 I(ti + kdt) and Īmeas(ti) = 1

(tmeas/dt)

∑(tmeas/dt)
k=1 I(ti + t0 +

twait + kdt), where I(t) is the measured current at time t.
Figure 5.3 c) shows σla for the two important gains of the current amplifier.

These were calculated so that t0=8 tmeas and twait = 10 min + 80(tmeas+ 10 s).
The above mentioned parameters were chosen as they have been commonly used in
previous measurements. The 10 s comes from the fact that that much data has to
be discarded because of the settling time of the amplifier. In addition, the fit of Fig.
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5.3 b) was also plotted in Fig. 5.3 c). From figure 5.3 c) one can observe that the
maximum averaging time tmeas for gain 1011 should be around 30 s (corresponding
to twait = 63 min 20 s and t0 = 240 s) and for 1012 it can be increased at least up to
100 s (corresponding to twait =143 min 20 s and t0 = 800 s).

Finally, figure 5.3 d) presents the total uncertainty of a pumping measurement.
This uncertainty is calculated as a square sum of the uncertainty from table 5.1 and
the uncertainties obtained from the white noise fit of figures 5.3 b) and c) at time
tmeas = 30 s. This time was chosen since it has been used in the measurements. Two
different curves for both gains are presented: Solid lines shows the total uncertainty
of single measurement round and the dashed lines of 12 rounds. The latter of these
corresponds to the number of rounds that can be obtained in a week with 6 different
bias voltages and 2 different frequencies. The blue line shows the total uncertainty
of table 5.1. The values for the uncertainty below 4 pA are extrapolations, since the
resistance has not been calibrated in this region.

The maximum expected operation frequency of a dc SET electrometer is about
10 kHz. Thus it can observe error currents of 1.6 fA and lower. The maximum
error that can be observed with dc SET electrometer is plotted in the figure 5.3
d). As can be seen from the figure, below 70 pA there is no gap between the
feasibility ranges of the dc SET and traceable measurement. However, to make the
same assumption above 70 pA we would need to lower the total uncertainty of the
traceable measurement.

As can be seen from figure 5.3 d), with realistic currents and averaging times, the
total uncertainty approaches that of the reference current. Its uncertainty is domi-
nated by that of the resistor. To lower the total uncertainty, we would need to lower
the uncertainty of the resistor. The traceability for all resistance calibrations comes
from the quantum Hall standard, which has resistance of 12.8 kΩ. Direct compari-
son to quantum Hall standard can be done by using cryogenic current comparator
(CCC). However, such a comparator is hard and time consuming to fabricate, and
has to be made separately for each winding ratio. Therefore, at MIKES, it is used
only to calibrate 100 Ω resistors. The calibration of higher resistances is made as
a series, where a higher resistance is compared to decade lower one starting from
the calibrated 100 Ω resistor. Therefore the higher the resistance the higher the
uncertainty. Thus reducing the resistance (e.g. to 10– 100 G Ω) would decrease the
uncertainty. However, this would reduce the reference voltage. The uncertainty of
a 100 GΩ resistor is plotted in the figure 5.3 d) for comparison. The signal-to-noise
ratio of current comparators can usually be improved by increasing the calibration
voltage. Hence the standard resistors are usually not calibrated below 5...10 V.
Since the voltage dependency is usually weak at small voltages, some extrapolations
can be done. However, the MIKES 1 TΩ is applicable to around 1 pA and 100
GΩ to around 10 pA. We used a bit higher uncertainties at the currents where the
resistors were not calibrated. One possibility to lower the uncertainty would also be
collaboration with NPL, which can calibrate 1 GΩ resistor at low voltages directly
against QHR by using a CCC with a large winding ratio [31].

From figures 5.3 b), c) and d) one can observe that the gain 1012 has lower noise
and longer averaging time before white noise ceases to dominate. Therefore it would
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Figure 5.4: Mean time trace for recovery from the amplifier overload state for the gain
1012. Before each time trace the current amplifier was driven to overload. For the red
(black) curve the amplifier was kept at the overload state 30 s (10 min) at a time.

be preferable to use this gain. However, the measuring range of the gain is lower
(maximum input current around 10 pA) and the amplifier will go to overrange when
measuring the third plateau if the frequency is larger than 50 MHz. Therefore, the
recovery time from overload was measured for gain 1012. The results are presented
in Fig. 5.4. The maximum time that the amplifier is likely to be at overload is
around 10 min. For this, the recovery time is around 50 minutes, which is too long.
Therefore, with our current measurement setup, the gain 1012 cannot be used with
frequencies above or around 50 MHz. In the future, the measurement setup will be
adjusted so that only the zero and precise pumping plateau are measured with gain
1012 and the rest will be measured with the gain 1011. At the moment, however, the
gain is adjusted manually and therefore this has not yet been done.



Chapter 6

Measurement results

6.1 Fabrication problems and leakages

Fabrication of samples that have good quasiparticle relaxation is not as trivial task
as it might first seem. Especially if such samples should, at the same time, have
high Ec, i.e., small tunnel junctions. To simultaneously pattern a sample with wide
leads and narrow island proved out to be very difficult with the old electron beam
lithography (EBL) writer that was used during this work. The writer had some
problems with focus, which lead to unpredictability in junction sizes and, apart
from few exceptions, to too big junctions. A new EBL device should have arrived
to Micronova at about the same time as this thesis was started, but the arrival was
delayed and therefore the device could only be utilized very late during this work.

However, we got masks from NEC, Japan. As NEC has a good EBL, their masks
had, thoroughoutly, tunnel junctions that were small enough. However, at first, the
samples made out of the masks had weak gate coupling. This lead to heating during
pumping, which destroyed the accuracy. After a few iteration rounds, this problem
was mainly overcome.

When we got working samples, we observed, at gate open state, leakage currents
with linear dependency on the bias voltage, thus resembling Dynes form. See figure
6.2 and table 6.1 for examples. As discussed in section 3.3, linear leakage in the
subgap region is often caused by high energy photons. However, such leakages can
also originate from nonidealities in tunnel junctions. Therefore we suspected that
the leakage originates most likely either from nonideal shielding of the cryostat or
from problems in sample fabrication.

To get some statistics about the leakage, we fabricated samples specifically for
leakage testing (see figure 6.1 a) for reference). With these samples, we observed
that the magnitude of leakage varied between samples even in the same chip and
cooldown (see Fig. 6.2 a) A1 and A2 or A3 and A4). In some samples, the region
of linear dependency of leakage was very narrow, even though their Ec would have
been high enough to suppress Andreev tunneling in the gap (e.g. sample A2). This
indicates that at least some of the samples had problems caused e.g. by impurities,
since the microwave radiation would have caused roughly same leakage in all of the
samples. However, there was no proof that the lowest leakages could not be caused
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Figure 6.1: a) Samples made for the leakage testing. They were fabricated in sets of six
to reduce the number of biasing leads and gate electrodes. This was done in order to fit
more samples in the cryostat at the same time. b) Sample whose mask was fabricated at
NEC, Japan, and is optimized for good quasiparticle relaxation and high Ec.

Figure 6.2: a) Examples of current voltage characteristics in the subcap region in the gate
open state (dashed curves). The curves have been shifter for clarity. The solid lines are
fits of the type RT I = 0.5γVb to the linear parts of the curve and represent the magnitude
of leakage. The leakage rates and sample parameters can be found in table 6.1. b) The
effect of radiation shielding on leakage for samples B1 (green) and B2 (grey). The solid
lines are measured in MIKES without the second radiation shield and the dashdotted lines
with the shield. The dotted lines are measured in Micronova.

Table 6.1: Parameters for samples of Fig. 6.2. The samples were fabricated for leakage
testing at Micronova and had geometry of Fig. 6.1 a). Because of this they were worse
suited for pumping than the samples made by NEC (see Fig. 6.1 b)). The asterisk after
the sample name means that the sample has been fabricated with the new EBL.

sample RT (kΩ) Ec/∆ γ
A1* 1010 1.0 0.3 x 10−5

A2* 1050 1.05 0.6 x 10−5

A3 107 0.4 1.0 x 10−5

A4 155 0.5 3.7 x 10−5

B1 170 0.7 1.0 x 10−5

B2 210 0.7 1.0 x 10−5
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by photon assisted tunneling.
The cryostat in MIKES, which was used during this work, is known to have been

able to filter the high energy photons very effectively (see for example Ref. [32]).
However, it is possible that during time some formerly rf-tight contacts might have
become leaky, for example due to oxidation of surfaces. Therefore, after the first
leaky samples were detected, all the contact surfaces were cleaned and some of them
were coated with thin gold layer. However, this had no effect on the leakages.

To further investigate the leakage, we measured the samples B1 and B2 in three
different ways. As described in section 4.2, the cryostat in MIKES has two nested
radiation shields. The first test was to measure the leakage when the outer shield
was removed. After that, the outer shield was placed back to its original position and
the samples were measured again. Finally, we measured the samples in Micronova in
a cryostat that had indium-sealed shield that had suppressed microwave background
radiation effectively in earlier experiments [23]. The leakage for both of the samples
was around 1×10−5 in all of the cooldowns.

In the light of the previous results, we concluded that it was very unlikely that
the leakages would be due to photon assisted tunneling. Hence the most plausible
explanation is impurities in the tunnel junctions, which are most probably related
to either impurities in evaporation or oxidation. The matter is still under constant
research.

6.2 Pumping measurement

Due to problems mentioned in the previous section, we did not have too many
samples that would have been good enough for a traceable measurement. However,
we present below the results for the sample that was the most promising one.

The dc IV curve and the leakages for the sample can be found in figure 6.3 and
results from a traceable measurement in figure 6.4. From fits to figure 6.3 a) we got
Ec = 2.45∆ and RT = 2.6 MΩ and from figure 6.3 b) γ = 3×10−5. The mask of the
sample was made in Japan and the sample was similar to the one in figure 6.1 b).

For a still unknown reason, the rise to the first plateau was always smeared.
The reason for this cannot simply be elevated temperature, since that would cause
overshoot at the beginning of the first plateau. Together the smearing and back-
tunneling at higher gate amplitudes limited the usable frequencies. In the case of
the measured sample we used 4 MHz as it was the highest frequency where accurate
pumping was possible.

In addition, the sample had also some amount of leakage. Due to the high Ec
of the sample, this was, however, not a critical problem at least at the uncertainty
levels that could be achieved with this low frequency. This was due to the fact that
high charging energy tends to limit the leakage to the values of ng that are near
gate open state. When the region of leakage is narrow, it can be bypassed quite fast
during pumping.

The traceable measurement was done with gain 1011 and was repeated at 4
different bias voltages. The averaged data of a fast measurement is presented in
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Figure 6.3: a) An envelope curve of the sample used in traceable measurement. The green
data was measured by changing the gate voltage between gate open and gate closed states
while simultaneously increasing the bias voltage. The red line corresponds to simulation
at gate open and the blue line at gate closed. b) The red (blue) line is a measurement at
gate open (closed) state. The black line is a linear curve corresponding leakage parameter
γ = 3×10−5.

Figure 6.4: a) A fast measurement at 4 MHz at different bias voltages. The horizontal
axis depicts the amplitude of the rf voltage and the verical axis the measured balance
current, which is scaled by the ideal current at first plateau ef . b) The precise data
for the same sample at 4 MHz. The solid vertical lines correspond the forward and
backward tunneling thresholds and the dashed lines the beginning of Andreev reflection.
The horizontal lines correspond the uncertainty (k=2). The uncertainty was calculated
similarly as in figure 5.3 d), but by taking into account the number of measurement
rounds of each bias voltage. The biases 200 µV and 220 µV had the same number of
measurement rounds and therefore also the same uncertainty. Background charge jumps
limited the number of usable measurement rounds.
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figure 6.4 a), whereas figure 6.4 b) shows the precise data at the beginning of the first
plateau. The solid vertical lines in figure 6.4 b) represent the backwards and forwards
tunneling thresholds, whereas the dashed vertical lines outline the beginning of
Andreev tunneling. The uncertainty of figure 6.4 b) is calculated as the uncertainties
in Fig. 5.3 d). From figure 6.4 b) one can observe that at least with uncertainties
around 500 ... 1000 ppm, there is no error in 〈n〉.



Chapter 7

Summary and conclusions

While we are still working to get the quantum metrological triangle completed,
a traceable measurement can reveal underlying problems in the operation of the
quantum current source. This thesis was devoted to performing such a measurement
for the SINIS turnstile.

The experiment was done as a current balance measurement, where the current
of the turnstile is compared to that of calibrated equipment. We calculated the error
budgets for the measurement setup. The uncertainty related to the reference current
was 22–32 ppm (k=1) depending on the current itself. As expected, the uncertainty
of the gains of the amplifier and multimeter were negligible as is usually in this kind
of setup. However, we noticed that even though the offset of the amplifier is very
stable at its best, it can exhibit large drifts if the device has been long without power
before turning it on.

We studied the noise related to the measurement setup and amplifier. We did
the traceable measurement by repeating cycles that consisted of finding the offsets
and performing the balance measurement. We calculated the region where the white
noise ceased to dominate, and optimized the length of a cycle based on that infor-
mation and some predefined parameters. In addition, we calculated the uncertainty
related to the noise. As the noise was constant regardless of the current, lower
currents resulted in higher uncertainty. The ultimate uncertainty is limited by the
uncertainty of the reference current. This uncertainty can be reached, for example,
with currents higher than 10 pA in realistic measurement time of a week. However,
with the same time and currents of around 1 pA the uncertainty would be 200 ppm
– 400 ppm.

To reduce the uncertainty of a traceable measurement we would ultimately need
to reduce the uncertainty of the reference current. In our case, the reference current
was created by calibrated resistor and calibrated voltage source. From these the
resistance has higher contribution to the total uncertainty. By using smaller resis-
tances we could, in theory, improve the uncertainty, since these can be calibrated
more precise with the methods at hand in MIKES. This would not, however, bring
very great improvements, since we would need to lower the voltage and that would
rise the lower limit of usable currents since the calibrations of the resistors are made
at the level of a few volts. Other option would be to loan a resistor from NPL since
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they can calibrate their resistors up to 1 GΩ directly against quantum Hall standard,
which makes the uncertainty and required voltages lower. Then the uncertainty of
the traceable measurement could be suppressed to about 1 ppm at 100 pA.

In conclusion, this thesis provides guidelines for performing a traceable measure-
ment and describes what uncertainties it can reach. The achieved uncertainties reach
the upper limit for dc SET error counting, which means that, at least in theory, the
whole range of error rates of a quantum current standard can be experimentally de-
termined. The results of this thesis are valuable even if the uncertainty of the SINIS
turnstile becomes smaller than that of the traceable measurement, since then the
turnstile can be used to calibrate the reference current standard and the high-value
resistors.



Bibliography

[1] Bureau international des poids et mesures, “Le systéme international d’unités
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