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Low Noise Current Amplifier based on Mesoscopic Josephson

Junction
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M. Paalanen1, H. Seppä2, and P. Hakonen1†
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Abstract

We utilize the band structure of a mesoscopic Josephson junction to construct low noise ampli-

fiers. By taking advantage of the quantum dynamics of a Josephson junction, i.e. the interplay of

interlevel transitions and the Coulomb blockade of Cooper pairs, we create transistor-like devices,

Bloch oscillating transistors, with considerable current gain and high input impedance. In these

transistors, correlated supercurrent of Cooper pairs is controlled by a small base current made of

single electrons. Our devices reach current and power gains on the order of 30 and 5, respectively.

The noise temperature is estimated to be around 1 Kelvin, but it is realistic to achieve TN < 0.1

Kelvin. These devices provide quantum-electronic building blocks that will be useful in low-noise,

intermediate-impedance-level circuit applications at low temperatures.
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Charge quantization in nanoelectronic devices is expected to lead to a variety of novel

components. The most important invention so far is the single electron transistor (SET) (1,2)

which presents an unsurpassed charge sensitivity both in the normal and superconducting

states (3). Fast SETs are good candidates for read-out devices in solid state quantum

computers (4). Owing to its small input capacitance, a SET works extremely well with

large source impedances, and various applications of SETs have been proposed accordingly

(5).

Superconducting quantum interference devices (SQUID) reach extremely good sensitivity

with small impedance sources (6). They are the common choice for measurements trying to

approach the standard quantum limit or even attempting to go beyond it. At intermediate

impedance values (∼ 1 MΩ) both SETs and SQUIDs run into problems due to impedance

mismatch that degrades their performance seriously in this regime.

We present an experimental demonstration of a Bloch oscillating transistor (BOT) that

is a good device candidate for intermediate impedance levels. The principle of the device

(7) takes advantage of the interlevel transition probabilities and relaxation phenomena in a

quantum Josephson junction (JJ), whereby it is possible to construct a device in which a

small current of single electrons is employed to generate a substantially bigger (super)current

of Cooper pairs. In our experiments, a ratio well above 30 has been reached between these

two currents.

The quantum behavior of a superconducting junction is described by the Schrödinger

equation (8)
d2ψ

d(ϕ/2)2
+

(
E

EC

+
EJ

EC

cos ϕ
)

ψ = 0, (1)

where ϕ is the phase difference of the order parameter across the junction, EC = e2

2C
denotes

the Coulomb energy set by the junction capacitance C, and the Josephson coupling energy

EJ = h̄
2e

IC is given by the critical current IC of the junction. From this Mathieu equation,

energy bands (see Fig. 1) should be formed in a similar fashion as for electrons in a periodic

potential (9). In the limit of small Josephson coupling, EJ/EC << 1, the width of the lowest

band is nearly equal to EC , while the gap between the first and second band is given by EJ . In

the strongly superconducting case, EJ/EC À 1, the band width becomes exponentially small

with exp(−
√

8EJ/EC) and the gap grows as
√

8EJEC . The above picture is valid only if the

quantum fluctuations of charge are suppressed by a resistance RC > RQ = h/(2e)2 ∼ 6.5
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kΩ in the immediate vicinity of the junction, i.e. the lead capacitance is blocked off from

the junction.

The basic quantum dynamics of a Josephson junction involves Bloch oscillations and

Zener tunneling (illustrated in Fig. 1). Bloch oscillations take place when the state of the

junction follows adiabatically its ground state. Under the influence of a weak current bias,

charge Q of the Josephson junction runs along the band, which leads to Bloch reflection at

the Brillouin zone boundary (indicated by the horizontal line in Fig. 1). This time-correlated

tunneling of Cooper-pairs, is characterized by a frequency fB = I/2e in a current biased JJ.

Zener tunneling occurs when the junction leaves its ground state at the Brillouin zone

boundary by tunneling through the forbidden energy gap without a change of charge. As

the bias current increases, the probability to cross the band gap by Zener tunneling grows

according to the formula (EJ << EC)

Γ↑ = exp{−IZ/I} (2)

where IZ =
πeE2

J

8h̄EC
(10). Thus, at bias currents I ∼ πEJ

16EC
IC , the probability of Zener tunneling

becomes substantial.

Relaxation downwards from higher bands can be induced either by intrinsic mechanism

at rate Γ↓ or by external quasiparticle injection Γext. If Γ↓ << Γext, then external, active

control of the junction dynamics can be achieved. Γ↓ is a strong function of the environmental

impedance RC , and it can be made small when RC À RQ and when T is small (11).

In order to go beyond the regime of Coulomb blockade of Cooper pairs (12) and to have

a supercurrent I flowing in the JJ, the biasing voltage has to satisfy Vbias > dE(0)

dQ
|max,

the maximum slope of the lowest band (see point A in Fig. 1). Then the junction will

propagate along the lowest level and perform Bloch oscillations in a periodic fashion at fB.

When the current increases, the probability to cross the band gap by Zener tunneling grows.

By selecting the ratio of EJ/EC and the current I properly, one can tune the probability

ratio PZener/PBloch so that the state of the junction will tunnel into the second band after a

few Bloch oscillations, N on average.

Now, if Vbias < dE(1)

dQ
|max, the maximum slope of the second band, then the state of

the Josephson junction will become stationary on the higher band after Zener tunneling.

If there is no intrinsic relaxation (Γ↓ → 0), the junction will not relax and it will remain

stationary, i.e., Coulomb blockaded on the higher band (sitting, e.g., at point B in Fig. 1).
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Consequently, there will be no supercurrent in the JJ before relaxation takes place due to

externally-induced quasiparticle tunneling which is indicated by the slanted arrow in Fig. 1.

After relaxation the junction will resume again the sequence of Bloch oscillations. In this

way, a small current of injected quasiparticles results into a 2N -amplified current of Cooper

pairs. The voltage VJJ(t) over the Josephson junction during the principal cycle of the BOT

is illustrated on the right hand side of Fig. 1: VJJ(t) varies either sinusoidally at frequency

fB or it is fixed by Vbias. The transition from the former to the latter takes place over a

time scale set by the RCC time constant while the opposite happens within the electron

tunneling time. The simplest realization of the BOT consists of a Josephson junction (JJ),

a normal metal tunnel junction (NIN), and a compact large resistance RC (Fig. 2).

To estimate the current gain β of the BOT, the relaxation rate due to the base current

IB, Γext = ΓB = IB/e, can be incorporated into the total downward transition rate (which

becomes Γ↓+ ΓB, see Fig. 1). Assuming that τ = RCC can be neglected and that IB flows

only when the JJ is Coulomb blockaded, one may write for the BOT gain (VC > e/C)

β =
dIC

dIB

=
VC

eRC

1

Γ↑ + Γ↓
. (3)

Here IC denotes the collector current and VC is the total transport voltage. This equation

predicts current gains on the order of 10 at EJ/EC = 0.7 and T = 0.1 K. Further details

can be found in Ref. (13).

We have also performed more elaborate analysis of the BOT operation based on the ap-

plication of P (E)-theory to the tunneling rates (14). The P (E)-theory takes into account

probabilities of inelastic tunneling processes in a resistive environment where phase fluctua-

tions are governed by RC , and thereby it allows us to simulate the operation of the BOT in

a more reliable fashion than was possible in the first simulations (7) based on the orthodox

theory. By taking into account both the inelastic Cooper pair and quasiparticle tunneling,

IV-curves similar to the measured ones have been obtained. Contrary to Eq. 3, these sim-

ulations show that a small (on the order of 1 nA, strongly dependent on VC) base current

is needed in order to reach β ∼ 10. According to our simulations, the maximum current

gain takes place around EJ/EC ∼ 1, i.e. in a region where the employed approximations

(EJ ¿ EC) start to break down. Hence, all the reported simulation results in this paper

should be considered only as indicative.

Due to technological issues, our practical realization of the BOT is slightly different from
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the scheme of Fig. 2. Instead of the NIN junction for injecting quasiparticles we are using a

superconductor-normal metal tunnel junction (SIN). This is a somewhat worse choice, but

the manufacturing of even such a device is complicated, as it requires a rather elaborate four

angle evaporation process (15). The sample structure consists of three elements: an Al-AlOx-

Al Josephson junction (SQUID-like geometry for tunability (15)) with tunneling resistance

RJJ
T
∼= 5 kΩ, a superconducting-normal Al-AlOx-Cu tunnel junction with RSIN

T
∼= 10 kΩ,

and a thin film Cr resistor of RC
∼= 50 kΩ (20 µm long), located within a few µm from the

two junctions. A scanning electron micrograph of a manufactured BOT device is displayed

in the lower part of Fig. 2.

The measured IV-characteristics of a BOT, called H (hysteretic), are illustrated (Fig.

3) at a few values of base current IB. The voltage VC denotes the full voltage across the

Cr-resistor and the JJ. The base current to the SIN junction is injected via a 100 MΩ bias

resistor at room temperature, but this biasing becomes effectively a voltage bias owing to

the line capacitance of the coaxial line inside the cryostat. The active region, where IB has

a large influence, is seen to be small, and this region is found to move with increasing IB.

The IV-curves in are slightly hysteretic with respect to the direction of the voltage ramp;

only this sample of our three samples (15) showed hysteresis. The hysteresis is related with

the fact that a variable part of IB causes only intraband transitions, not relaxation from the

upper level (see below).

There is a substantial asymmetry with respect to the polarity of VC in the IV curves of

sample H (see the region where |VC | is slightly below the hysteresis loop in Fig. 3). At IB =

+0.8... + 1.2 nA, the maximum current-induced change is about 10 times larger at VC < 0

than at VC > 0. We consider this asymmetry as a very strong proof that the underlying

principle of the BOT operation is working: relaxation due to quasiparticle tunneling can

take place only under one polarity (16). If the device would work as a parametric amplifier

due to IB-induced changes in the environmental impedance, then the behavior should be

symmetric. The maximum current gain is obtained at IB = 1 nA, which is consistent with

our simulations using P (E)-theory.

In the measured current gain at IB = 1 nA on a non-hysteretic sample (NH) (Fig. 4), the

gain is seen to peak rather strongly with respect to the transport voltage; the peaking of the

current gain becomes more and more prominent with increasing value of β. This peaking

reflects the strong dependence of Zener tunneling on the external current. One should note,
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however, that negative feedback can always be employed to enhance the operating region.

As a function of EJ/EC , we find a maximum, β ∼ 35, at an optimum ratio of EJ/EC =

3.4. Such a large ratio for EJ/EC means that higher bands of the junction are involved in the

process: the lowest bands are too narrow to present a large-enough Coulomb blockade needed

for the BOT operation. This factor has not been taken into account in our simulations yet.

Above the optimum ratio, the gain drops quickly. At present, the rapid decrease of gain at

large values of EJ/EC is not understood, and it may be a weakness of our non-optimized

first devices.

The other main characteristics of a low-noise amplifier are the available power gain η,

the band width BW , the dynamic range A, the optimum input impedance Zopt, and the

noise temperature TN . For the available power gain of sample NH we obtained a value of

η = Zout

Zin
β2 = 5 by measuring β, Zin, and Zout. This small value is due to an impedance

conversion, i.e. due to the fact that the measured input impedance follows Zin
∼= βRC while

at the output we have Zout = −30 kΩ at the optimum operating point. The band width

is expected to be limited well below min{1/RCC, fB/β} ∼ 1 GHz, set either by the RC

time constant or the Bloch oscillation frequency. Note also that the band width restricts

the minimum value of IB since, at least, IB > 2eBW according to the Nyquist sampling

theorem. From the experimental curves in Fig. 4, we obtain for the dynamic range A = 50

pA at the largest current gains. At gains on the order of 10, we find A = 250 pA.

The noise properties of a BOT are rather involved. This is mostly because the input

and output noises are strongly correlated. Consequently, our noise analysis differs slightly

from the standard modeling. A BOT has two principal noise sources: the shot noise due

to IB and the broadening of the Bloch oscillation peak caused by the current fluctuations

in collector resistance RC . Owing to charge relaxation via RC , a BOT is insensitive to 1/f

background charge fluctuations that hamper the operation of SETs severely.

The width of the Bloch oscillation peak is given by the equation (8)

ΓB =
(

π

e

)2

kBT/RC . (4)

This contribution spreads approximately over the frequency span of 2 GHz at T = 100 mK

with RC = 67 kΩ. Thus, even though the total power of the Bloch oscillation peak were as

high as (100 µeV)2, it amounts only to voltage noise of 2 nV/
√

Hz. Further away from fB

its contribution becomes smaller and its share can be neglected below 1 GHz. As a matter
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of fact, the Bloch peak is so weak and broad that it is barely visible in the Fourier power

spectra of our simulated data.

The most detrimental noise contribution is the current fluctuation in due to the shot

noise of IB (17). Since it is inherent to the device due to tunneling of electrons at the base,

this noise component has to be independent of the source impedance. In our noise model,

the source-independence is achieved using a correlated voltage noise generator, en = Zinin,

in the input circuit. Optimization with respect to the noise factor (18) leads to Zopt = Zin

and Tn = Zinin
2/kB = 2eIBZin/kB ∼ eVin/kB. Typical values for our present samples are

Zopt = 300− 400 kΩ and Tn = 1− 4 K calculated for moderate current gains of β = 4− 6 at

IB = 0.2− 0.4 nA (in ∼ 8− 11 fA/
√

Hz) (19). With in = 10 fA/
√

Hz the relative dynamic

range becomes better than 80 dB/
√

Hz.

Tn may be substantially smaller than the above estimate. According to our simulations,

the base current consists of two parts: IB = IB1 +IB2 where IB1 induces interlevel transitions

(relaxation) while IB2 causes only transitions within one band. The ratio IB1/IB2 depends

on the operating point and, typically, we find IB2 > IB1 in our calculations. Since only

IB1 produces current gain, we expect T calc
n ∼ 2eIB1Zin/kB ¿ Tn. In the hysteretic regime,

which vanishes with growing resistance of the base tunnel junction, the ratio IB1/IB2 has

two stable values. Close to the hysteretic region, the devices have a large gain, because,

in addition to the change of IB, there will be an enhancement in output current due to a

change in IB1/IB2 .

In principle, a BOT can be used as a voltage-triggered, single-shot detector at IB = 0. In

this mode, a pair of oppositely-biased BOTs can be employed as an ”event trigger” detector

for charge qubits (20). Unfortunately, only a very small coupling between the qubit and the

BOT is tolerated if one wants to equal the decoherence times measured recently by Vion et.

al. (21).

The most likely application of the BOT will be a submillimeter-wave detector based on a

single tunnel junction, either SIN (22) or SIS (23). Using a SQUID read-out with a noise of

50 fA/
√

Hz (24), a SIN detector reaches a noise equivalent power of 10−18 W/
√

Hz. Similar

noise characteristics are obtained with SIS detectors, for which SET read-outs have been

demonstrated to yield in = 15 fA/
√

Hz (25). Our noise estimates for BOTs compare well

with these results, even though they are based on first, non-optimal devices. In Ref. 25 it

was suggested that single photon counting could be implemented using a quantum-limited
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SET for read-out. An optimized BOT might reach the same performance, but in this case,

it might be better to use a BOT as a charge multiplier, i.e., in a mode where individual

charge pulses in the output are resolved.

BOTs may also find their way into metrology, where the detection and comparison of

small quantized currents generated by a Single Electron Tunneling Current Pump is an is-

sue. Ultimately, the goal is to close the quantum triangle by combining Josephson voltage,

Quantum Hall resistance and Quantum current standards at the level of relative uncertainty

of 10−8. One approach presently is to use an amplifier based on a Cryogenic Current Com-

parator and a SQUID to multiply the current generated by a SET pump. The equivalent

current noise for such a setup has been demonstrated to be 4 fA/
√

Hz (26). With a BOT

one should reach comparable noise levels, with the further benefit of an on-chip integration

of the readout element.
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FIG. 1: Basic processes of a BOT in the charge space. Bloch oscillation on the lowest energy

band E(0) is denoted by the closed red loop. Occasional Zener tunneling to the second band

E(1) is marked by the orange vertical arrow, and the relaxation induced by external quasiparticle

injection is illustrated by the slanted orange arrow. On the lowest band, the largest possible

voltage across the JJ is at point A, given by V max
JJ = dE(0)

dQ |max; point B denotes the location

where VJJ = Vbias. The right frame displays the voltage of the Josephson junction as a function of

time. The upward and downward tunneling rates, Γ↑ and Γ↓, as well as the quasiparticle tunneling

rate ΓB are discussed in the text. A moving picture of the working cycle of the BOT can be found

in Animation S1.
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FIG. 2: Implementation of a Bloch oscillating transistor. RC denotes the collector resistance;

bias currents and the corresponding voltage sources are also marked. The lower frame displays a

scanning electron micrograph of a manufactured device where the normal metal tunnel junction

has been replaced by a SIN (Al-AlOx-Cu) tunnel junction.
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FIG. 3: Current-voltage characteristics for a hysteretic BOT device (H) at base current IB = 0

(black), 0.4 nA (red), 0.8 nA (green), 1.2 nA (blue), and 2 nA (magenta). The parameters of the

device read: EJ = 78 µeV, EC = 50 µeV, RC = 54 kΩ, RJJ
T = 7.7 kΩ, RSIN

T = 5.8 kΩ where RJJ
T

and RSIN
T refer to the resistances of the Josephson and SIN junctions, respectively. Up and down

voltage sweeps are given by the solid and dotted curves, respectively.
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FIG. 4: Current gain measured for a non-hysteretic BOT (NH) when the ratio EJ/EC is tuned over

1.8− 4.4. The base current was fixed at IB = 1 nA to maximize the current gain. The parameters

of the device: Emax
J = 150 µeV, EC = 35 µeV, RC = 67 kΩ, RJJ

T = 4.3 kΩ, RSIN
T = 10 kΩ. In

this BOT we also had a Cr-resistor of 50 kΩ next to the SIN junction.
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