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TEC is the SET charging energy EC in Kelvins, t is the
island electron reduced temperature: Te divided by TEC ,
RΣ is the total SET high-bias resistance in Ohms and T0
is the total noise at the amplifier input in Kelvins.

The heating power of the AC bias voltage was calculated in order to estimate the real temperature of the
SET island. The effective temperature was assumed to
be described with the model Teff ∼ (P/(2ΣΩ))1/5 [4],
where Σ is a constant of order ∼ 1 nW/K5 /µm3 and Ω
is the volume of the SET island. It was found that the
effective temperature for a typical metallic SET with an
approximated island volume of 1×0.2×0.05 µm3 could be
reproduced with the equation

where Γ(ω) is the reflection coefficient looking into the
matching network according to Fig. 1b. The definition
for the reflection coefficient Γ is
Z − ZL
.
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Combination of Eqs. (4) and (5) gives estimation for the
charge sensitivity δq at the optimum operation point for
a typical metallic SET

As a simple example closely related to the RF-SET, if
one built a matching network that had Γ(ω) = 0.1 inside
a limited band ∆ω, and Γ(ω) = 1 elsewhere, it would
follow that ∆ω ≤ π/(2.3RC). In other words, inside the
frequency band ∆ω ≤ 1.36/RC power may be exchanged
between the RC circuit and the external impedance.
It is shown in Ref. [3] that root-mean-square (rms)
charge sensitivity is given by
√
2SV
δqrms =
,
(3)
v0 ∂|Γ|/∂q
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δq ≈ 2.48 × 10−6 ZT−0.91 TEC
RΣ T0 .

δq ≈ 1.46 × 10
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ZT−0.91 t0.59 TEC
RΣ T 0 .
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Experimental results found from the literature and the
measured sensitivity of the multiwalled carbon nanotubes
were compared to the estimation Eq. (4), and fair agreement was found.
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where SV is the voltage spectral density of the noise term
n(t). Equation (3) was compared with the measurements
of an aluminum SET in Ref. [3] with good accuracy.
By using Eq. (3) and a set of SET current-voltage
curves with respect to the gate charge calculated with
”orthodox” theory it was found that the charge sensitivity could be expressed with a simple phenomenological
formula
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CCORDING to Eq. (4), a high charging energy
enhances the RF-SET sensitivity. As was demonstrated in Ref. [5], MWNTs can be used to construct
a SET with high charging energy. MWNTs have a volume smaller by a factor ∼100–1000 compared with metallic SET islands and thus their electron temperature increases to a higher value at the same dissipated power
level, assuming the same electron-phonon coupling coefficient. It is, however, easier to fabricate a SET with EC
≥ 10 K by using a MWNT as an island than making
a similar metallic device using standard electron-beam
lithography.
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TABLE I: Properties of the MWNT RF-SET samples I, II.
Estimations for the charge sensitivity δq are calculated using Eq. (4) and scaled with Eq. (5), taking into account the
reduced CNT volume.
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sample
I
II
electrodes
over CNT
under CNT
AFM manipulated
no
yes
diameter
4 nm
12 nm
RΣ
125 kΩ
400 kΩ
TE C
20 K
20 K
T0
5K
10 K
length
1.4 µm
1.1 µm
ZT
812 Ω
637 Ω
√
√
−6
−5
estimated δq
4.7×10 e/ Hz 1.7×10 e/ Hz
√
√
−5
−5
measured δq
1.6×10 e/ Hz 1.9×10 e/ Hz
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E designed a cryogenic pHEMT (pseudomorphic
High Electron Mobility Transistor) based amplifier, e.g., for RF-SET measurement configuration. We
used cryogenic measurement data in conjunction with
the Pospiezalski noise model [7] to build an amplifier
that shows a noise temperature of ∼ 3 K, a value close to
the best values reported [8]. As the active element of our
amplifier we chose Agilent ATF35143, a pseudomorphic
AlGaAs/InGaAs/GaAs pHEMT [9]. The design process
was implemented by using Aplac Software [10]. Fig. 4
illustrates the implementation of the amplifier. The amplifier has a SMA connector for the 50 Ω termination of
the Lange coupler. This termination is made external
to the housing to allow for the option to cool the termination to a lower temperature than the amplifier temperature. Fig. 5 depicts the fitted noise temperatures
including measurement uncertainties as the grey area.
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FIG. 3: Left: Photograph of the parts of the high-frequency
cryostat below 4.2 K. Unlike in most cryostats, there is a large
space for components to be attached to the 10 mK plate. The
cryostat has a ”sliding seal” structure and all the attached
components are located inside the vacuum. There is a limited space for the components that need to be attached to the
4.2 K-plate. In a typical cryostat these components are situated inside the Helium bath. Top-right: sample-holder box
(without cover) used for the RF-SET measurements.
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MWNT RF-SET was demonstrated. The measurement setup has been used succesfully to prove the
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operation of the L-SET [11]. It will be used in the near
future for the noise measurements of MWNTs and for the
tests of novel cyclostationary noise measurement techniques.
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FIG. 2: Reflected wave amplitude on a logarithmic scale,
log(|Γ|), as a function of the gate and bias voltages. The
lighter the color, the lower the reflection coefficient |Γ|. The
MWNT samples were produced with plasma-enhanced CVD.
The sample properties are listed in Table I.
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The illustrated high-frequency setup was employed to
measure two MWNT samples, denoted by I and II, that
showed reasonable Coulomb-charging diamonds. The
sample parameters are listed in Table I. Figure 2 depicts
two graphs illustrating the reflected wave amplitude as a
function of gate and bias voltages. The rhombic patterns
are not as symmetric as in the case of metallic SETs, but
the Coulomb-charging diamonds are obvious.
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HIGH-FREQUENCY MEASUREMENT
SETUP

HE MWNT RF-SET measurements were measured
using this setup. The cryostat is a commercial dilution refrigerator [6] reaching a base temperature of 10
mK. The photograph in Fig. 3 illustrates the parts of
the cryostat below 4.2 K and the sample holder for the
RF-SET setup.

The major advantages of the RF-SET read-out are
wide bandwidth and high charge sensitivity. The wide
bandwidth means, in practice, that also conductance
measurements may be carried out orders of magnitude
faster compared with the conventional low-frequency
lock-in technique. The measurement is done in a fashion similar to the charge measurement of the RF-SET by
reflecting a wave from the sample, but at a lower excitation level. The reflected wave amplitude is related to the
sample impedance through Eq.(2), where Z is the total
impedance of the SET and LC-circuit combination and
Z0 is the characteristic impedance of the reflected wave.

FIG. 1: a) RF-SET configuration; a high impedance SET is
matched with an LC-resonator to the 50 Ω transmission line.
b) A matched RC circuit for the Bode-Fano criteria of Eq. (1).
If Γ = 1 (Γ = 0), then no (all available) power is exchanged
between the impedances Z and ZL .
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Teff ≈ 2.45 ×
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HE basic principle of the RF-SET [1] is illustrated
in Fig. 1a. A carrier wave is reflected from the
impedance transformer circuit and the SET. The variation of the island charge changes the impedance of the
SET and the reflected wave is amplitude modulated according to these changes. The theoretical maximum
bandwidth may be studied with the help of the BodeFano criterion. It states that a resistor R shunted by a capacitance C may be matched to an arbitrary impedance
by a lossless matching network with the following constraint [2]
Z ∞
1
π
ln
dω ≤
,
(1)
|Γ(ω)|
RC
0
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FIG. 5: Measured noise temperature TN with error estimate
(gray area) and the result from the simulation (solid line).
The dashed lines denote reference noise temperatures of two
amplifiers taken from Ref. [8]. Amplifier gain S21 is denoted
by a dash-dotted line.

FIG. 4: Photograph of the amplifier without cover. The amplifier is housed in a high-quality copper enclosure. The coaxial rf-connections are made with SMA -connectors. The scale
units at the bottom are centimeters.

