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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
x 10" % e/\/Hz, which corresponds to the uncoupled energy sensitivity of4@ur measurements
indicate that with further improvements, the radio-frequency single-electron transistor could reach
the shot-noise limit estimated to be about.l © 2001 American Institute of Physics.
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The single-electron transist@8ET) is known as a highly shows improved charge sensitivity. Both normal and super-
sensitive electrometef based on the Coulomb blockadé.  conducting states of the SET have been measured.
Electrons tunnel one by one through two small-capacitance The measured SET transistor was fabricated by electron
tunnel junctions, with capacitance&s; and C,; the gate, beam lithography and standard two-angle evaporation of alu-
with capacitanceC,, is used to modulate the generated cur-minum, with oxidation between the first and second layers to
rent. The charging enerdfe.=e%/2(C,+C,+ Cg)] associ-  create tunnel junctions. The sum capacitance @igs=267
ated with a single electron prevents sequential tunnelingF, corresponding t&-=3.5 K, and the total resistance of
through the island at voltages below a threshd|d which ~ the SET was 43 . The current—voltagel V) character-
can be controlled by applying a voltayg to the gate. This istics of the SET could be modulated with a gate voltage as
Coulomb blockade is effective at temperatuies Ec/kg ~ shown in Fig. 1a). The gate voltage period wasv,=9 mV,
and for junction resistances larger than the resistance quagerresponding to a gate capacitar€g=18 aF. The sample
tum Rp=6.45 k.34 was mounted at the mixing chamber of a dilution refrigera-

The conventional SET, based on measuring either théor, which had a base temperature of about 20 mK.
current or voltage across the transistor, has suffered from the In the rf-SET, the readout is done by monitoring either
relatively large output resistand® of the transistor. For the the reflected® or the transmitted signdfsat the resonant
typical resistance values of 10@kand cable capacitance of frequency of a tank circuit composed of an inductdy) (
C~1 nF, the corresponding C time limits the bandwidth to  connected to the SET and the parasitic capacitatgg 6f
a few kHz. With the invention of the radio-frequency SET the connection pad.

(rf-SET),® the SET was made fast and very sensitive. Charge  In our measurement setigee Fig. 1b)], the drain of the
sensitivities of 1.X107° and 6.3<10°° e/ /Hz have been SET was connected to a chip inductor while the source was
reached for signal frequencies of 100 and 2 MHz,grounded. The value of the induct@20 nH was chosen so
respectively® The rf-SET can be used as a readout device irfhat it formed a resonant circuit with the capacita@gof
applications from very sensitive charge meters and currerthe substrate pad at a frequeniy/~332 MHz. The carrier
standard$, in which electrons are counted one by one, tosignal was supplied by a rf-signal generator and launched to
read-out of quantum bis:® the tank circuit via a directional coupler and a number of

The energy sensitivity should be limited by shot noise,atténuators.
and it has been estimated for a dc operated SET in the nor- A cold amplifier with a 24 dB gain was situated in the
mal state to be 0.%.2° For the rf-SET in normal state, the helium bath. Two more amplifiers with a total gain of 68 dB
sensitivity is expected to be a factor 1.4 wots@he rf-SET ~ Wwere placed at room temperature. The reflected and ampli-
can be operated in two different modes in which the SET idied signals were measured with a spectrum analyzer.
submitted to eithefi) a large rf-amplitude and zero source- The tank circuit is characterized mainly by its resonance
drain voltage V4o, > referred to here as the pure rf mode, or frequency and the loaded quality factd@=(Z c/Ry
(i) a small rf-amplitude and fixe&/y., referred to as the +Zo/Zic) ", where Z,=50 Q is the cable impedance,
rf+dc mode[see Fig. 1a)]. In this letter, we present mea- Z.c=vL/Cp, andRy is the dynamic resistance of the SET.
surements on an rf-SET operated in the dt mode which ~ To evaluate the loade@ value, we applied a large dc current

through the SET and measured the resulting shot noise with
dpresent address: Service de Physique de I'Etat Cond@a-Saclay, the spectrum analyzer. The inset of FIqa)lShOWS good .
91191 Gif-sur-Yvette, France: electronic mail: agreement between the calculated and measured noise
aassime@drecam.saclay.cea.fr power. We estimate the quality factor of the tank circuit at
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Carrier FIG. 2. The noise power of the system as a function of current through the
@ SET in the normalcrosg and superconductin@ashed ling states. In the
normal state, the crossing point of the calculated nBisécontinuous ling
] corresponds to a noise temperature~6 K. The inset shows the output
Output signal noise powercontinuous lingand the conductandeashed lingof the SET
Coupler Cold amplifier vs the gate charge. The data were taken simultaneously in the normal state.
a2k Warm amplifier  temperature is about 0.3 K, and the loss in the connecting
’ line between the sample and the cold amplifier, estimated to
- about 1.3 dB, contributes by 1.5 K.
e Figure 3 shows the two side bands of the amplitude
RF-SET (@ c modulation of the carrier for a gate signal with amplitude of
. > | l"ad 0.05 e, (electrons root mean squay@nd a frequency of 2
Cser | MHz. Since the phase noise of the carrier generator is low,
=4 Gy about —130 dBc at 10 kHz, the noise floor near the main
—] peak is low compared to our previous resflts.
@ The charge sensitivity is evaluated for a measured
signal-to-noise ratidSNR) of the side bands and for the
(b) 20 mK input signal, with amplitude\q in e,s, as
FIG. 1. () 1=V characteristics of the SET in the superconducting state for Aq
different gate voltages. The two operating modes of the rf-SET are shown.  §q= 7NR/20( e/\Hz), (2)
The inset shows measured and calculated shot noise from the SET. The \/E 10°

curve was obtained by subtracting the noise for a current of 50 nA from the . . .
noise of 60 nA.(b) The measurement scheme of the radio-frequency singleWhere B is the resolution bandwidth of the spectrum ana-
electron transistor. Iyzer.

In the superconducting state, the maximum SNR for an
Q~24 for Ry=Rsg1=43 kQ, and the bandwidth of the sys- rf-SET should occur at a power where the sum of the ac
tem to be about 7 MHz.

The noise contribution from the cold amplifier depends 10 30,0+
on the dynamic resistance of the SET because the amplifie & ] q"g&cm
sees different source impedance. The amplifier noise is higt 0"329'0 . ¥ )
for maximum conductance, as seen in the inset of Fig. 2, for _ |Z2801" .
the normal state and the superconducting state of the SET. Tg 27.0
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evaluate the noise temperatufe of the system, i.e., tank g-zo— Carrier (dBm) Gate frequency (MHz)
circuit plus amplifiers, we measured the noise power as &g
function of the dc current through the SE3ee Fig. 2 and % 30
compared it with the simulated noise powy given by
-40
P.=GB(kgT,+2e7l), (1) 50—
332 333 334 335

whereB=1 MHz is the measurement bandwidt#=0.5 for : Frequency (MHz)

dc bia§ higher than the threshold VOItage(Refs' 13 and 14 FIG. 3. The reflected power vs the carrier frequency. The carrier is ampli-
and| is the dc current through the SET. tude modulated by the SET, generating two side bands, for a signal at gate of
Fitting the experimental data of Fig. 2 with EQ), we 0.038e;,sand 2 MHz. The left inset shows the signal to noise as a function

; ; of the carrier amplitude with a gate signal corresponding to 0.G35
found the gairG of about 92 and the noise temperatilig he SET was in superconducting state and the drain-source bias was 0.856

extracted from the crossing point of the linear asymptotes, Ofy. The right inset shows the charge sensitivity vs the gate frequency for

about 6.3 K. The warm amplifier’s contribution to the noisesignal of 0.02e,,,s, when the SET was in the normal state.
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voltage, i.e. amplitude of the rf signal, and the dc voltagetween the sample holder and the cold amplifier through the
across the SET roughly corresponds to the gap voltage in thegse of niobium coax. To further decrease the amplifier noise

|-V curve. The optimum power is given by contribution, we can either improve the amplifier system or
1 increase the signal. The latter can be done by increasing both
Popt%—2(4A/e+Vt/2_Vdc)zv (3)  the charging energy and the superconducting dapf the
(ZoQ%) SET. On the other hand, the shot noise contribution is

whereA/e~0.2 mV is the superconducting gap of Al. The roughly the same as in Ref. 6. This contribution should be
optimum power occurs at 95 dBm for a quality factor of 24 minimized as a function of the SET parametBisE¢ andA.

and V;=0.3 mV. This value is in fair agreement with the ~ In conclusion, we have shown that the rf-SET can
experimental value of-97.4 dBm. achieve a charge sensitivity 8tj=3.2x10"® e/\Hz. The

The best SNR of 29.6 dB with a resolution bandwidth of best sensitivity was obtained when the SET was submitted to
10 kHz was obtained in the superconducting state. The lef2 small rf amplitude and fixed source-drain voltage. We
inset of Fig. 3 shows the response to aX91® 3 €ms gate found that the cold amplifier limits the sensitivity, and that
signal at 2 MHz as a function of rf amplitude and for a fixed the rf-SET can approach the quantum limit set by the shot
V4=0.85 mV. This gives a charge sensitivitgg=3.2  noise of the single-electron transistor.
X 1078 e/\Hz, which corresponds to an uncoupled energy

) — 2 — ~
sensitivity 9¢=(60)*/(2Csgr) =4.87. In normal state, how Laboratory. The authors were supported by Swedish NFR,

ever, the best SNR was 27.5 dB for a 0e, gate signal .
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