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Radio-frequency single-electron transistor: Toward the shot-noise limit
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We have fabricated an aluminum single-electron transistor and characterized it at frequencies up to
10 MHz by measuring the reflected signal from a resonant tank in which the transistor is embedded.
We measured the charge sensitivity of this radio-frequency single-electron transistor to be 3.2
31026 e/AHz, which corresponds to the uncoupled energy sensitivity of 4.8\. Our measurements
indicate that with further improvements, the radio-frequency single-electron transistor could reach
the shot-noise limit estimated to be about 1\. © 2001 American Institute of Physics.
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The single-electron transistor~SET! is known as a highly
sensitive electrometer1,2 based on the Coulomb blockade.3,4

Electrons tunnel one by one through two small-capacita
tunnel junctions, with capacitancesC1 and C2 ; the gate,
with capacitanceCg , is used to modulate the generated c
rent. The charging energy@EC5e2/2(C11C21Cg)# associ-
ated with a single electron prevents sequential tunne
through the island at voltages below a thresholdVt , which
can be controlled by applying a voltageVg to the gate. This
Coulomb blockade is effective at temperaturesT,EC /kB

and for junction resistances larger than the resistance q
tum RQ56.45 kV.3,4

The conventional SET, based on measuring either
current or voltage across the transistor, has suffered from
relatively large output resistanceR of the transistor. For the
typical resistance values of 100 kV and cable capacitance o
C;1 nF, the correspondingRC time limits the bandwidth to
a few kHz. With the invention of the radio-frequency SE
~rf-SET!,5 the SET was made fast and very sensitive. Cha
sensitivities of 1.231025 and 6.331026 e/AHz have been
reached for signal frequencies of 100 and 2 MH
respectively.5,6 The rf-SET can be used as a readout device
applications from very sensitive charge meters and cur
standards,4 in which electrons are counted one by one,
read-out of quantum bits.6–9

The energy sensitivity should be limited by shot nois
and it has been estimated for a dc operated SET in the
mal state to be 0.7\.10 For the rf-SET in normal state, th
sensitivity is expected to be a factor 1.4 worse.11 The rf-SET
can be operated in two different modes in which the SET
submitted to either~i! a large rf-amplitude and zero sourc
drain voltage (Vdc),

5,6 referred to here as the pure rf mode,
~ii ! a small rf-amplitude and fixedVdc, referred to as the
rf1dc mode@see Fig. 1~a!#. In this letter, we present mea
surements on an rf-SET operated in the rf1dc mode which

a!Present address: Service de Physique de l’Etat Condense´, CEA-Saclay,
91191 Gif-sur-Yvette, France; electronic mail:
aassime@drecam.saclay.cea.fr
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shows improved charge sensitivity. Both normal and sup
conducting states of the SET have been measured.

The measured SET transistor was fabricated by elec
beam lithography and standard two-angle evaporation of
minum, with oxidation between the first and second layers
create tunnel junctions. The sum capacitance wasCSET5267
aF, corresponding toEC53.5 K, and the total resistance o
the SET was 43 kV. The current–voltage (I –V) character-
istics of the SET could be modulated with a gate voltage
shown in Fig. 1~a!. The gate voltage period wasDVg59 mV,
corresponding to a gate capacitanceCg518 aF. The sample
was mounted at the mixing chamber of a dilution refrige
tor, which had a base temperature of about 20 mK.

In the rf-SET, the readout is done by monitoring eith
the reflected5,6 or the transmitted signals12 at the resonant
frequency of a tank circuit composed of an inductor (L)
connected to the SET and the parasitic capacitance (Cp) of
the connection pad.

In our measurement setup@see Fig. 1~b!#, the drain of the
SET was connected to a chip inductor while the source w
grounded. The value of the inductor~620 nH! was chosen so
that it formed a resonant circuit with the capacitanceCp of
the substrate pad at a frequencyf 0'332 MHz. The carrier
signal was supplied by a rf-signal generator and launche
the tank circuit via a directional coupler and a number
attenuators.

A cold amplifier with a 24 dB gain was situated in th
helium bath. Two more amplifiers with a total gain of 68 d
were placed at room temperature. The reflected and am
fied signals were measured with a spectrum analyzer.

The tank circuit is characterized mainly by its resonan
frequency and the loaded quality factorQ5(ZLC /Rd

1Z0 /ZLC)21, where Z0550 V is the cable impedance
ZLC5AL/Cp, andRd is the dynamic resistance of the SE
To evaluate the loadedQ value, we applied a large dc curren
through the SET and measured the resulting shot noise
the spectrum analyzer. The inset of Fig. 1~a! shows good
agreement between the calculated and measured n
power. We estimate the quality factor of the tank circuit
1 © 2001 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Q'24 for Rd5RSET543 kV, and the bandwidth of the sys
tem to be about 7 MHz.

The noise contribution from the cold amplifier depen
on the dynamic resistance of the SET because the amp
sees different source impedance. The amplifier noise is h
for maximum conductance, as seen in the inset of Fig. 2,
the normal state and the superconducting state of the SET
evaluate the noise temperatureTn of the system, i.e., tank
circuit plus amplifiers, we measured the noise power a
function of the dc current through the SET~see Fig. 2! and
compared it with the simulated noise powerPc given by

Pc5GB~kBTn12ehI !, ~1!

whereB51 MHz is the measurement bandwidth,h50.5 for
dc bias higher than the threshold voltageVt ~Refs. 13 and 14!
and I is the dc current through the SET.

Fitting the experimental data of Fig. 2 with Eq.~1!, we
found the gainG of about 92 and the noise temperatureTn ,
extracted from the crossing point of the linear asymptotes
about 6.3 K. The warm amplifier’s contribution to the noi

FIG. 1. ~a! I –V characteristics of the SET in the superconducting state
different gate voltages. The two operating modes of the rf-SET are sho
The inset shows measured and calculated shot noise from the SET
curve was obtained by subtracting the noise for a current of 50 nA from
noise of 60 nA.~b! The measurement scheme of the radio-frequency sin
electron transistor.
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temperature is about 0.3 K, and the loss in the connec
line between the sample and the cold amplifier, estimate
about 1.3 dB, contributes by;1.5 K.

Figure 3 shows the two side bands of the amplitu
modulation of the carrier for a gate signal with amplitude
0.05erms ~electrons root mean square!, and a frequency of 2
MHz. Since the phase noise of the carrier generator is l
about 2130 dBc at 10 kHz, the noise floor near the ma
peak is low compared to our previous results.8

The charge sensitivity is evaluated for a measu
signal-to-noise ratio~SNR! of the side bands and for th
input signal, with amplitudeDq in erms, as

dq5
Dq

AB•10SNR/20
~e/AHz!, ~2!

where B is the resolution bandwidth of the spectrum an
lyzer.

In the superconducting state, the maximum SNR for
rf-SET should occur at a power where the sum of the

r
n.
he
e
-

FIG. 2. The noise power of the system as a function of current through
SET in the normal~cross! and superconducting~dashed line! states. In the
normal state, the crossing point of the calculated noisePc ~continuous line!
corresponds to a noise temperature of;6 K. The inset shows the outpu
noise power~continuous line! and the conductance~dashed line! of the SET
vs the gate charge. The data were taken simultaneously in the normal

FIG. 3. The reflected power vs the carrier frequency. The carrier is am
tude modulated by the SET, generating two side bands, for a signal at ga
0.038erms and 2 MHz. The left inset shows the signal to noise as a funct
of the carrier amplitude with a gate signal corresponding to 0.0095erms.
The SET was in superconducting state and the drain-source bias was
mV. The right inset shows the charge sensitivity vs the gate frequency
signal of 0.02erms, when the SET was in the normal state.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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voltage, i.e. amplitude of the rf signal, and the dc volta
across the SET roughly corresponds to the gap voltage in
I –V curve. The optimum power is given by

Popt'
1

~Z0Q2!
~4D/e1Vt/22Vdc!

2, ~3!

whereD/e;0.2 mV is the superconducting gap of Al. Th
optimum power occurs at295 dBm for a quality factor of 24
and Vt50.3 mV. This value is in fair agreement with th
experimental value of297.4 dBm.

The best SNR of 29.6 dB with a resolution bandwidth
10 kHz was obtained in the superconducting state. The
inset of Fig. 3 shows the response to a 9.531023 erms gate
signal at 2 MHz as a function of rf amplitude and for a fix
Vdc50.85 mV. This gives a charge sensitivitydq53.2
31026 e/AHz, which corresponds to an uncoupled ene
sensitivityde5(dq)2/(2CSET)54.8\. In normal state, how-
ever, the best SNR was 27.5 dB for a 1022 erms gate signal
at 2 MHz which corresponds to a charge sensitivity of ab
931026 e/AHz. The right inset of Fig. 3 illustrates th
bandwidth of the rf-SET. At;8 MHz, the electrometer
in the normal state is still very sensitive withdq52
31025 e/AHz.

From the noise measurements in the superconduc
state~see Fig. 2! we can estimate the shot noise and the c
amplifier noise contributions. At the rms current of 10 n
~including the dc current! and dc bias of 0.85 mV, which
corresponds to the optimum sensitivity, we find a total no
of approximately 200 nW, referred to the output of the s
tem and for a resolution bandwidth of 1 MHz. This should
compared to the noise from the amplifier, which is about
nW depending on the dynamic resistance of the SET. S
marizing, we find that 60% of the noise comes from the s
noise and that the rest comes from the amplifier. This in
cates that the shot noise contributes;3 \, and that the am-
plifier contributes;2 \ to the uncoupled energy sensitivity

Comparing the charge sensitivity in this paper with o
previous results,6 we have managed to decrease the ampli
noise substantially, mainly by decreasing the attenuation
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tween the sample holder and the cold amplifier through
use of niobium coax. To further decrease the amplifier no
contribution, we can either improve the amplifier system
increase the signal. The latter can be done by increasing
the charging energy and the superconducting gapD of the
SET. On the other hand, the shot noise contribution
roughly the same as in Ref. 6. This contribution should
minimized as a function of the SET parametersR, EC andD.

In conclusion, we have shown that the rf-SET c
achieve a charge sensitivity ofdq53.231026 e/AHz. The
best sensitivity was obtained when the SET was submitte
a small rf amplitude and fixed source-drain voltage. W
found that the cold amplifier limits the sensitivity, and th
the rf-SET can approach the quantum limit set by the s
noise of the single-electron transistor.

The samples were made in the Swedish Nanom
Laboratory. The authors were supported by Swedish N
TFR, SSF, and the Wallenberg Foundation as well as
European Union under the IST and TMR programs.
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