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I-V measurements: sensitivity

Current levels are generally in the sub Pico 
Ampere to sub Femto Ampere range

Nanoscale: Quantum dots, Nano 
wires,  Long organic conducting 
chains (DNA)  
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I-V measurements: bandwidth 
limitations

Bandwidth X Gain = Constant
For nA/V Gain ~1kHz,  3 ms events
Lower frequencies, 1/f contribution is significant



“The ampere is that constant current 
which, if maintained in two straight 

parallel conductors of infinite length, 
of negligible circular cross-section, 

and placed 1 metre apart in vacuum, 
would produce between these 

conductors a force equal to  
2 x 10–7 newton per metre of length”

Bureau International des Poids et Mesures, 
The international system of units (SI), 8th 
Edition, 2006

Ampere from Kilogram Watt balance

Ampere from 
electron counting 

6.24 X 109 GHz

Kilogram in terms 
of fundamental 

constants



Cryogenic field-effect transistor with single electronic charge sensitivity 
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We have fabricated matched pairs of cryogenic field-effect transistors with input charge sensitivity 
q,l=O.O1 e/,/Hz at T=1.3 K, low input capacitance 0.4 pF, and extremely high input resistance in 
excess of 1O1’ fi. Low leakage permits dc charge-coupled operation for times up to -i03 s. The 
channel noise is characterized by a flat spectrum at high frequencies, and l/f noise below a corner 
frequency f,<l kHz. These devices can resolve charge differences as small as qn\lf‘== 0.4e. 

The study of electrons in mesoscopic semiconductor 
structures has proven to be very interesting, both for physics 
and for possible device applications. Sensitive capacitive 
measurements of nanostrutitures, recently demonstrated by 
the detection of single electrons in single quantum states’ 
and quantum dots53 can be useful tools to study the nature of 
electron states and transport.4T5 The Coulomb blockade6 has 
been exploited in devices and circuits controlled by single- 
electronic charges;7-9 it also provides the basis of operation 
of single-electron transistors (SET’S) with charge sensitivity 
much less than e. For possible applications of single eleo 
tronics, it is necessary to have impedance converting devices 
capable of sensing transitions of a single-electronic charge 
while providing fan out and driving lower impedance lines. 

In this letter we describe cryogenic field-effect transis- 
tors (FET’s) with low charge~noise 0.01 e/JHz, very low l/f 
noise, and charge resolution 0.4e, less than a single elec- 
tronic charge. In contrast to SETS based on the Coulomb 
blockade,7’10-‘2 our devices are simply small conventional 
FE’B. Cryogenic FETs have significant advantages over 
SETs: simple fabrication, robustness, large dynamic rang& 
and a well-established principle of operation. They single- 
electron charge transitions while driving low impedance 
loads. To reduce input capacitance and permit sensitive 
charge-coupled measurements, cryogenic FETs can be fabri- 
cated on the same chip as the nanostructure under study. This 
is a first step toward nanostructure integrated circuits. While 
the charge’ sensitivity of our FETs is not as great as that 
attainable with the best SETs,13-15 it greatly exceeds that of 
conventional electrometers and permits a wide range of 
novel experiments. The power dissipation is less than 1 ,uW, 
making them suitable for use in dilution refrigerators, al- 
though temperatures below 1 K are not required. 

Our devices are fabricated from a GaAs/Al,,3Gao,7As 
heterostructure with a near-surface (d=520 pi ) two- 
dimensional electron gas (2DEG) with sheet density 
n =2 6X1011 cmm2 s * and mobility p=2.0X105 cm2/V s. Fig- 
ure 1 is a top view of a matched pair of devices. The source- 
drain channels are vertical in the photograph and are delintid 
using electron beam lithography and a mesa etch. Each chan- 
nel is 60 ,um long and 3 ,um wide. The length is chosen to be 
much longer than the mean-free path &2 ,um so that trans- 
port along the channel is diffusive, and the aspect ratio of the 

channel is chosen to give a relatively large resistance R,,-2 
kfi. Metal gates are deposited by thermal evaporation of 200 
rf Cr and 2000 A Au. Ohmic contacts to the 2DEG are 
achieved by thermal diffusion of In pressed onto the chip 
surface. 

Low-temperature electrical measurements are made by 
immersing the FET samples in pumped liquid He. Data are 
taken using a four-probe arrangement, with shielded twisted 
pairs used throughout. The channel is current biased using a 
low-noise voltage source in series with a large resistance, 
typically 1 Ma, and the drain-to-source voltage, TrDs is am- 
plified using either a PAR 117 or a PAR 118 low-noise dif- 
ferential preamplifier. The measured input noise e, and i, 
above 100 Hz is less than 4.7 nVl&Iz and 850 fA/JHz for the 
117 and 1.2 nV/JHz and 1200 fA/,iHz for the 118. To isolate 
the FET from radio frequency radiation, all data are taken 
inside a shielded room and cooled metal film resistors with 
Ri=909 fl are inserted in each lead. 

The measured dc performance of a single FET at T=4.2 
K is shown in Fig. 2. As shown in Fig. 2(a), the shape of the 
measured source-drain characteristics resembles those for 
room-temperature FETs, but the range of drain-to-source 
voltage VDs is much smaller. As V,, is increased, we ob- 
serve breakdown due to carrier heating at V,-,,-70 to 100 
mV, which limits the useful bias current. Figure 2(b) is a plot 
of the channel conductance G versus gate voltage V, using 
small drain currents for which VDs<VG. As shown, the 
channel pinches off smoothly; the measured threshold 

‘loop’ 

FIG. 1. Top view of two transistors. The source-drain channels are vertical 
and -centered in the photograph. The light areas are gates. The scale is 
indicated by the bar at the right. 
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Field effect transistors
Vg =δq ⁄Cg

δq =0.01 e /Hz1/2

Best sensitivity of one electron in a band width of 
100 Hz

Mesoscopic cousin of FET is SET 
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Double quantum dot-SSET system
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• Single-electron detection in Solid states devices. 
• Ease of fabrication and operation 
• Qubit readout
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Quantum Point Contact 
charge amplifiers

through the QPC !IQPC", respectively. Throughout this paper,
the voltage on gate G !VG" is used to control the number of
electrons in the dot, and for the data presented here, the
measured electron temperature during the experiment was
300±20 mK.

Figure 1!b" shows a Coulomb diamond plot of the
source-drain current as a function of VG and the source-drain
bias !VSD". Based on the electron counting discussed below,
we estimate that the electron number in the regime of
Fig. 1!b" is approximately 30. As VG is made more negative,
electrons are pushed off the dot one by one. However, more
negative VG also increases the potential barriers between the
dot and the source and drain reservoirs, reducing the tunnel
coupling between the leads and the dot. This reduced tunnel
coupling is visible in Fig. 2!bottom", where the Coulomb
peaks decrease in height as VG is made more negative, until
they are below the noise floor of the current measurement,
which was 70 fA for the data presented here. At this point,
no further transitions in electron number can be monitored
using direct current through the dot, and the introduction of a
charge-sensing technique using the coupled QPC is essential.
It is interesting to note that the larger effective mass in Si
!0.19me" compared with GaAs !0.067me" decreases the
transparency of the tunnel barriers in Si as opposed to GaAs
for the same electrostatic barrier shape and height. This may
be one of the reasons that past measurements of Coulomb
blockade in Si /SiGe have shown a relatively small number

of Coulomb peaks.15 For this reason, we focus in this paper
on charge sensing to confirm single-electron occupation.

Applying a negative voltage to gate CS, in combination
with the effect of gate R, forms a QPC in close proximity to
the quantum dot. By precisely tuning the gate voltage VCS,
the conductance of the QPC can be fixed on a steep transition
in the pinch-off curve. In this configuration, the QPC func-
tions as a sensitive electrometer for the neighboring quantum
dot, because changes in the electron occupation of the dot
result in measurable shifts in the QPC pinch-off curve. Nu-
merically differentiating IQPC with respect to VG turns these
discrete shifts into peaks, and such a differentiated curve is
plotted in Fig. 2!top". The horizontal axes for the two plots
are identical, and the data for each plot were acquired se-
quentially. There is a clear correspondence between the
peaks in the two curves, demonstrating that the QPC func-
tions as a reliable detector of charge transitions in the quan-
tum dot. Importantly, this sensitivity is preserved even when
transport through the dot is not measurable, as shown in
Fig. 2.

The QPC is most sensitive to charge transitions in the
quantum dot when its conductance varies rapidly as a func-
tion of gate voltage, and hence also as a function of the
charge on the dot. However, changing VG to remove elec-
trons from the dot also changes the potential of the coupled
QPC. The result is that, for a particular value of VCS, there is
a finite range over which VG can vary for which the QPC is
sensitive to charge transitions on the dot. Outside this range,
the slope of the QPC conductance, which determines the
sensitivity to charge transitions in the quantum dot, is too
small to allow charge sensing of single electrons. In our sys-
tem, transitions cannot be detected when dIQPC /dVG is below
1 T!−1. This provides an effective operational range of ap-
proximately 300 mV in VG. When the dot contains of the
order of 30 electrons, this range is large enough to observe
many charge transitions in the dot, because the spacing be-
tween the transitions is relatively small !#22 mV". In the
few electron regime, however, the spacing between transi-
tions is larger and this range is not sufficient to observe more
than three transitions with confidence. Nonetheless, a large
dynamic range can still be obtained by compensating the
effect of VG on the QPC by changing VCS in the opposite
sense, keeping the QPC in the most sensitive operating point.

An example of this type of compensation is shown in
Fig. 3!a". The voltage on gate G is swept through a range
much larger than that corresponding to the sensitive region
of the QPC. By changing VCS, high sensitivity is maintained
across the entire range of VG, so that many charge transitions
can be monitored on a single image plot. These charge tran-
sitions appear as the dark vertical lines in Fig. 3!a". The
spacing in gate voltage between the peaks is not uniform, as
is expected for a dot with very few electrons. The dot is
empty of electrons for the most negative values of VG, as
indicated by the absence of dark lines on the left half of the
figure. A rigid shift was applied to each horizontal line scan
in Fig. 3!a" to remove two effects. First, before the shift is
applied, the cross capacitance between gate CS and the quan-
tum dot causes the vertical lines in Fig. 3!a" to slope to more
negative VG for less negative VCS with a lever arm of 26%. In
addition, random charge fluctuations cause shifts from line
scan to line scan with a rms magnitude of 3.9 mV, which can
be compared to the average spacing of 62.1 mV between the
peaks.

FIG. 2. !Color online" !top" The derivative of the quantum point contact
current with respect to the gate voltage dIQPC /dVG as a function of the gate
voltage VG. The peaks correspond to changes in the number of electrons in
the dot. !bottom" The current through the quantum dot as a function of the
gate voltage VG. The peaks in the two curves are well aligned, indicating
that the charge-sensing quantum point contact and the Coulomb blockade
peaks in transport through the dot correspond to the same quantum dot
charging phenomena.

213103-2 Simmons et al. Appl. Phys. Lett. 91, 213103 !2007"

Downloaded 03 Jun 2008 to 128.104.162.37. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Observing electrons  
in real-time

•1 ms time resolution 
•SNR ≈ 31
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Energy dependent tunneling

An important aspect for energy selective 
loading, readout schemes
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• Intrinsic band width is in 10s of GHz 	

• Impedance mismatch	
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G1!0 with experimental values (Fig. 3b), we again see excellent
agreement. No additional fitting parameters are required, as the
value of G used (,2.32 £ 105 s21) is determined experimentally.
Electron counting has allowed us to measure directly the occu-
pational probabilities of the QD charge state as a function of QQD,
as well as its tunnelling rate G to the 2DEG.

If the tunnelling is a poissonian process, for which consecutive
events are uncorrelated, we expect the power spectral density SV(f)
at the RF-SET output voltage to have a lorentzian form SV ðf Þ/
1=½G2 þ ð2pf Þ2%; (ref. 14), in excellent agreement with measured
spectra (Fig. 3c). Values of G from a fit to this form agreed exactly
with results of time-domain analysis. Finally, we find that the time
the QD spends in either j0l or j1l is exponentially distributed (inset,
Fig. 3c), another indication of a poissonian process. The equili-
brium charge fluctuations on the QD are thus well described by
tunnelling to and from a single quantum level, governed by the
single timescale 1/G.

The significance of these results relates to inelastic transitions in
isolated dots, which (when arising from electron–electron inter-
actions) have been predicted to vanish below a temperature T c

parametrically greater20 than D; in our case Tc < 1:9D=kB < 1:3K:
A master equation was later used to address inelastic transitions
arising fromother sources, for example, external radiation19.Within
this framework, a total inelastic scattering rate G in (comparable to
G) would lead to tunnelling between multiple dot levels and the
2DEG. The probabilities P0i and P1i for each dot level i obey detailed
balance (equation (2)). However, the total probabilities

P
iP0i andP

iP1i of the dot containing zero or one extra electron do not obey a
simple relation, unless the tunnelling rates Gi for all levels are
identical. Thus, either G in ,, G, or multi-level tunnelling dynamics
can be described by a single timescale. Although simplicity and

Figure 4 Measurement of non-equilibrium QD charge fluctuations for S2. The total SET

resistance was 58 kQ, its charging energy 237meV and its charge sensitivity

dq < 2.2 £ 1025e Hz21/2. a, Comparison of d.c. current I measured using a current
amplifier with eNc/2Dt. The dot was held at a fixed offset charge QQD and a symmetrically

applied source drain voltage VSD was increased in 200mV steps. For each value of VSD,

40 values of I were measured and averaged, and their absolute value plotted (diamonds).

A time trace was also taken and Nc calculated (circles). The modified sample (inset)

allowed these measurements to be performed as switching could be observed for

significantly smaller voltages on GR1 and GR2. b, Coulomb-blockade oscillations in the QD
differential conductance G d, indicating that the etch does not prevent dot formation. This

measurement was performed with significantly stronger source–drain coupling than used

for the counting measurements. c, Energy level diagram when the source Fermi level is

just below an unoccupied dot level. An electron that enters the dot from the source may

either leave through the drain or return to the source. The relative likelihood of the two

possibilities depends on the values of GS and GD.

Figure 3 Comparison of a simple one-state model with the RTS near a charge degeneracy
point for S1. a, Calculated probability of occupation of j0l and j1l. Once transitions are
located in a time trace, they are used to calculate the average times t0 and t1 spent in j0l
and j1l, respectively. Then P 0 ¼ t0=ðt0 þ t1Þ and P 1 ¼ t1=ðt0 þ t1Þ; allowing a
direct measurement of P0 and P1. We measured a series of 15 time traces for different

QQD; the RF-SET output shifted from being primarily high to primarily low (insets) on

opposite sides of the degeneracy point. For the central seven data points, we could

accurately measure both t0 and t1 and therefore P0 (squares) and P1 (circles). Farther

from degeneracy the lifetime of the energetically unfavourable state becomes too short to

be accurately measured. Treating E1 as the zero of energy, we perform a fit (lines) using

equation (3) to the central seven points from which we extract an effective temperature

Teff based on our estimated E CQD
: b, For a poissonian processG0!1 ¼ t21

0 (squares) and

G1!0 ¼ t21
1 (circles), and we can calculate the total tunnelling rate from G¼

t21
0 þ t21

1 : The average of t21
0 þ t21

1 for the points in a gives a measured value of G
used to calculateG0!1 and G1!0 (lines) as described in the text. Agreement is excellent,

even for points for which only one of t0 and t1 could be measured. c, Power spectra of
the RF-SET output near three different degeneracy points with different tunnelling rates.

Dashed lines are fits to a lorentzian function, from which we extract the tunnelling rates

shown in the figure. We can also fit the distribution of times in either j0l or j1l to an
exponential (solid line), as shown for j0l in the inset for the spectrum with

G ¼ 9.7 £ 104 s21. The time 15.8ms from this fit is in excellent agreement with the

mean t0 ¼ 15.6ms and close to the standard deviation of 14.3 ms, another indication of

a poissonian process.
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Nanostructures in which strong (Coulomb) interactions exist
between electrons are predicted to exhibit temporal electronic
correlations1. Although there is ample experimental evidence
that such correlations exist2, electron dynamics in engineered
nanostructures have been observed directly only on long time-
scales3. The faster dynamics associated with electrical currents or
charge fluctuations4 are usually inferred from direct (or quasi-
direct) current measurements. Recently, interest in electron
dynamics has risen, in part owing to the realization that
additional information about electronic interactions can be
found in the shot noise5 or higher statistical moments6,7 of a
direct current. Furthermore, interest in quantum computation
has stimulated investigation of quantum bit (qubit) readout
techniques8,9, which for many condensed-matter systems ulti-
mately reduce to single-shot measurements of individual elec-
tronic charges. Here we report real-time observation of
individual electron tunnelling events in a quantum dot using
an integrated radio-frequency single-electron transistor10,11. We
use electron counting to measure directly the quantum dot’s
tunnelling rate and the occupational probabilities of its charge
state. Our results provide evidence in favour of long (10 ms or
more) inelastic scattering times in nearly isolated dots.
Real-time detection of individual electrons is a formidable task:

the electronic charge is small, and typical timescales for electronic
dynamics are short, ranging from picoseconds to microseconds. We
therefore require a detector with both a low charge noise of dq<
1£ 1025eHz21=2 and a fast response time of roughly a microsecond
or less. The recently developed radio-frequency single-electron
transistor (RF-SET)10,11 satisfies both requirements, and we use
such a device as the basis of our detection scheme. Our system of
choice for investigation of charge dynamics is a quantum dot (QD),
a small conducting region in a semiconductor that contains a few to
a few thousand electrons. Sufficiently small QDs contain well-
defined energy levels, and are often referred to as artificial atoms.
AQD is typically connected tomacroscopic leads by tunnel barriers,
allowing access to its internal state. Importantly, these tunnel
barriers and other dot properties can be adjusted to allow studies
of electron dynamics.
We have performed measurements on three different samples,

each consisting of aQD and an integrated RF-SET detector. All three

showed similar behaviour, and here we present results from two of
them (S1 and S2). When the QD is formed by application of gate
voltages (Fig. 1a), it contains a well-defined number of electrons N;
at low temperatures and bias voltagesN can change only by^1. The
capacitative SET–QD coupling ensures that such a change shifts the
polarization charge QSET of the SET island by some fraction of an
electronic charge e; typically DQSET < ð0:1–0:2Þe for our samples.
The shift DQSET changes the differential resistance Rd of the SET,
which in turn allows SET-based electrometry12,13. In radio-fre-
quency (r.f.) operation, changes in Rd modulate the amplitude of
a carrier wave reflected from a resonant circuit containing the SET
(Fig. 1b). Demodulating the carrier wave recovers the modulating
signal (Fig. 1c), forming the basis for real-time measurements of the
QD charge QQD.

When the dot is sufficiently isolated from the surrounding two-
dimensional electron gas (2DEG), we observe switching behaviour
in the RF-SET output (Fig. 1d) reminiscent of random telegraph
signals (RTSs) associated with engineered3 or naturally occur-
ring14,15 charge traps. We have taken pains to ensure that the RTS
we observe is due to individual electron tunnelling events on the
QD. The size of the RTS for S1 as determined by comparison to a
0.05e r.m.s. sine wave (Fig. 1c and d) corresponds to DQSET < 0.1e,

Figure 1 Characterization of RF-SET response. a, Electron micrograph of the sample
design for S1. We begin with a GaAs/AlGaAs heterostructure containing a 2DEG located

190 nm below the sample surface. At 4 K, the 2DEG sheet density is 1.3 £ 1011 cm22

and its mobility is 4.1 £ 106 cm2 V21 s21. The SET consists of a small Al island

connected to a source and drain through small tunnel barriers (total resistance 15 kQ)

formed by a thin AlOx layer and has a charging energy EC SET
¼ e 2/2C SET < 162meV

where C SET is the total SET capacitance. The SET is superconducting for all

measurements, which were made in a dilution refrigerator at its base temperature of

15mK. The dot is formed by applying a negative voltage to the Au gates GL1, GL2, GR1, GR2
and GQD, leaving a small pool of electrons at their centre. The SET island extends between

GL1 and GL2 to lie above the QD and maximize sensitivity to its charge. Gate GSET is used to

adjust the SET offset charge QSET. The QD can be coupled by tunnel barriers to its own

source and drain, or isolated completely from them. The dot has an estimated area

A < 200 nm £ 300 nm and contains roughly 80 electrons with an average level spacing

D < 1/Ag2D < 60 meV; here g2D ¼ m*/ph- 2 is the two-dimensional density of states,

and m* is the effective mass of GaAs. b, Power spectral density Pr of a reflected carrier
wave at 1.091 GHz for which QSET is modulated by a 100-kHz, 0.05e r.m.s. sine wave.

For S1, a d.c. SET bias of 500mV and r.f. amplitude of 87 mV r.m.s. gave a charge

sensitivity of dq < 2.4 £ 1025e Hz21/2 that was relatively insensitive to QSET.

c, Demodulated signal for the reflected wave in b, passed through a low-pass filter (12 dB
per octave, 1MHz corner frequency) and sampled by a digital oscilloscope. d, RTS
observed when the dot gates are sufficiently energized that the QD tunnelling rate G lies

within our 1-MHz bandwidth.
† Present address: Department of Chemistry and Chemical Biology, Harvard University, Cambridge,

Massachusetts 02138, USA.
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of the coaxial cable connected to the tank circuit and the
resistance of the SET, respectively. In our setup, the QSET
value was approximately 22. It is defined as QSET
=RSET/!L /C,12 where L, C, and RSET are the inductance "
#520 nH$, the pad capacitance "#400 fF$, and SET resis-
tance. The “unloaded” Q value, calculated as
Q0=!L /C /Z0,12 was slightly larger: 22.6. Finally, the mea-
sured loaded Q value %QL= "1/Q0+1/QSET$−1& was approxi-
mately 11 and the characteristic impedance was 50 !. To
measure the charge sensitivity of the SET, we proceeded as
in Ref. 13. The SET was excited with a 1.5 MHz gate volt-
age which amplitude modulates the carrier frequency
"345 MHz$ and produced sidebands in the frequency spec-
trum of the reflected rf signal. The sidebands and main fre-
quency can be seen in the upper inset in Fig. 2. The sensi-
tivity of the SET is then calculated by comparing the height
of the sideband peak with the noise floor, i.e., the signal to
noise ratio. The sensitivity "q is

"q =
#qrms

"!2B ! 10SNR/20$
. "1$

Here, #qrms is the applied root mean square gate charge, B is
the resolution bandwidth, and SNR is the signal to noise ratio

in decibels. The additional factor !2 in the denominator as
compared to Ref. 13, includes the contributions from both
sidebands since information can be extracted by homodyne
mixing from both sidebands.

III. RESULTS AND DISCUSSION

We measured the sensitivity for different rf amplitudes,
and for each rf amplitude we varied VSD and Vg to find the
optimum bias point. This procedure was repeated at the tem-
peratures 4.2, 1.8 K, and 40 mK. At 4.2 K, the best SNR was
22.9 dB, #qrms=0.0044erms, and B was 15 kHz, which results
in a sensitivity of 1.9±0.1 $e /!Hz. The current voltage
characteristics shown in Fig. 2 display a large modulation of
approximately 20 nA of the source drain current "ISD$ with
respect to the gate voltage "Vg$, despite the relatively high
temperature. In the lower inset of Fig. 2, the SNR is plotted
as a function of Vg and VSD, where the highest signal to noise
ratio is achieved close to zero bias. A closer inspection shows
that this maximum was achieved with VSD=−0.05 mV, i.e.,
near a pure rf mode13 measurement. The optimum sensitivity
in the pure rf mode has been calculated by Korotkov and
Paalanen2

"q = 2.65 e"R%C%$1/2"kBTC%/e2$1/2, "2$

where kB and T stand for the Boltzmann constant and abso-
lute temperature. If the total capacitance and resistance of the
measured SET is used, this formula results in a maximum
theoretical sensitivity of 1.2 $e /!Hz at 4.2 K. The charge
sensitivity is therefore approximately 1.6 times worse than
the theoretical limit.

At 40 mK "see Fig. 3$, the sensitivity improved approxi-
mately by factor of 2. In the superconducting case, the sen-
sitivity was 0.9±0.1 $e /!Hz. Several factors contribute to
the uncertainty of the charge sensitivity. The spectrum ana-
lyzer has an accuracy better than 0.01 dB, and calibrating the
voltage necessary to induce 1 erms on the gate has an uncer-
tainty of #4%. In addition to these systematic errors, the
gate bias points can vary due to fluctuating charges in the
vicinity of the SET island. Two consecutive measurements
separated by 24 h resulted in two nearly equal best sensitivi-
ties "0.85 and 0.88 $e /!Hz in the superconducting state$.
The combined uncertainty is #7%. The sensitivity in the
normal state was 1.0±0.1 $e /!Hz, and in both the supercon-
ducting and the normal state the VSD was small at the opti-
mum bias point, 0.1 mV. At this temperature, however, the

FIG. 1. The schematics of the rf mea-
surement. Filters are not shown. The
inset in the top right corner shows a
scanning electron microscope image
of the SET, with the exception of the
gate electrode. I, S, and D stand for
island, source, and drain, respectively.
The scale bar is 100 nm. The dashed
rectangle enclose the SET and the tank
circuit, where the L denotes the induc-
tance and C denotes the pad
capacitance.

FIG. 2. "Color online$ Measurements at 4.2 K. The current-voltage charac-
teristics, ISD as a function of VSD for various Vg voltages. In the upper left
inset, the reflected power as a function of frequency is shown. The two
sidebands are situated 1.5 MHz to the left and right of the main frequency.
The lower right inset is a color plot of the signal to noise ratio of the
sidebands as a function of VSD and Vg.

114321-2 Brenning et al. J. Appl. Phys. 100, 114321 !2006"
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Figure 2 | Subgap transport in the S-SET. a, Gd for the S-SET versus Vsd and ng. NDC is visible for Vsd and ng in the vicinity of the supercurrent and the
DJQP cycle. Cooper-pair resonances 0, 2 and 1, �1 are shown as the dashed lines; the DJQP cycle occurs at their intersection. b, I–V characteristics of
the S-SET for ng ⇡0.5, emphasizing the presence of NDC (arrow) on the high-bias side of the DJQP resonance where current decreases with increasing
bias. c, Amplitude-modulated reflected power for a charge modulation of 0.01e at 100 kHz. The lower curve is the noise floor of the amplifier chain for
I=0. d, DJQP cycle. When the S-SET is biased in ng and Vsd so that Cooper pairs do not have enough energy to tunnel on or off the island (that is, the
S-SET is biased to the left of both Cooper-pair resonance lines in a), a photon must be absorbed from the resonator for tunnelling to occur. Similarly, when
the S-SET is biased so that Cooper pairs have excess energy (to the right of both resonances in a), a photon must be emitted during tunnelling.

conductance Gd and available noise power kBTSET. It can be shown
that PSET =4(!0/�T)2Z0GdkBTSET1f (where �T is the total damping
rate of the resonator—see the Methods section), so that TSET can be
found frommeasurements of PSET, whereas �SET can be determined
directly from Gd through the relation �SET =Gd/Cp. The resulting
values of �SET and TSET at !0 versus Vsd and ng near the DJQP for
300mK are shown in Fig. 4a,b. The tendency of the S-SET to either
emit or absorb (as measured by �SET) and its degree of asymmetry
(as measured by TSET / (S

I

(!0)+S

I

(�!0))/(SI (!0)�S

I

(�!0)))
vary strongly with Vsd and ng. For blue detuning where Cooper
pairs must give off energy, we observe both negative damping and
a negative effective temperature. Although TSET is large in some
areas, for most bias points TSET . 1K, making it smaller than
eVsd/kB but still large enough that our assumption kBTSET � ¯h!0
in equations (2) and (3) is still valid. For red detuning, where the
S-SET is strongly absorbing, TSET can be as low as 100±40mK,
less than the ambient temperature and indicating that the S-SET is
capable of refrigeration. Although theoretical expressions for �SET
andTSET near theDJQP exist14,15, they assume capacitive coupling of
the S-SET to a resonator rather than our direct electrical connection,
and also ignore higher-order tunnelling processes known9,20 to be

important for our relatively low-resistance S-SETs. Nonetheless,
theory predicts a minimum TSET ⇡ 250mK for an S-SET with our
parameters, in reasonable agreement with our results. Finally, we
prefer TSET and �SET as a description of the S-SET quantum noise
over the Fano factor because the latter is due only to fluctuations of
the number of tunnelling electrons23. In our experiment, variations
in PSET arising from electron number fluctuations are indistinguish-
able from those due to emission/absorption of photons.

We now estimate the measurement capability of our S-SET
relative to the quantum limit. We imagine coupling the S-SET to
some external device such as a quantum dot. The ratio of the time it
takes the S-SET to measure the dot’s charge state to the time it takes
to dephase it must be greater than one. Quantitatively we express
this condition in terms of the square root � of this ratio given by
� =

p
4(Eint/e)2S

sym
Q

S

sym
I

/( ¯h1I )2 > 1, where equality corresponds to
the quantum limit. Here, Ssym

Q

and S

sym
I

are the symmetrized zero-
frequency spectral densities of charge fluctuations on and current
through the S-SET, Eint describes its interaction with the measured
system and 1I is the change in S-SET current corresponding
to a change in the system charge state3 (see Supplementary
Information). Using the current I through the S-SET to estimate
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Figure 2 | Subgap transport in the S-SET. a, Gd for the S-SET versus Vsd and ng. NDC is visible for Vsd and ng in the vicinity of the supercurrent and the
DJQP cycle. Cooper-pair resonances 0, 2 and 1, �1 are shown as the dashed lines; the DJQP cycle occurs at their intersection. b, I–V characteristics of
the S-SET for ng ⇡0.5, emphasizing the presence of NDC (arrow) on the high-bias side of the DJQP resonance where current decreases with increasing
bias. c, Amplitude-modulated reflected power for a charge modulation of 0.01e at 100 kHz. The lower curve is the noise floor of the amplifier chain for
I=0. d, DJQP cycle. When the S-SET is biased in ng and Vsd so that Cooper pairs do not have enough energy to tunnel on or off the island (that is, the
S-SET is biased to the left of both Cooper-pair resonance lines in a), a photon must be absorbed from the resonator for tunnelling to occur. Similarly, when
the S-SET is biased so that Cooper pairs have excess energy (to the right of both resonances in a), a photon must be emitted during tunnelling.

conductance Gd and available noise power kBTSET. It can be shown
that PSET =4(!0/�T)2Z0GdkBTSET1f (where �T is the total damping
rate of the resonator—see the Methods section), so that TSET can be
found frommeasurements of PSET, whereas �SET can be determined
directly from Gd through the relation �SET =Gd/Cp. The resulting
values of �SET and TSET at !0 versus Vsd and ng near the DJQP for
300mK are shown in Fig. 4a,b. The tendency of the S-SET to either
emit or absorb (as measured by �SET) and its degree of asymmetry
(as measured by TSET / (S
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vary strongly with Vsd and ng. For blue detuning where Cooper
pairs must give off energy, we observe both negative damping and
a negative effective temperature. Although TSET is large in some
areas, for most bias points TSET . 1K, making it smaller than
eVsd/kB but still large enough that our assumption kBTSET � ¯h!0
in equations (2) and (3) is still valid. For red detuning, where the
S-SET is strongly absorbing, TSET can be as low as 100±40mK,
less than the ambient temperature and indicating that the S-SET is
capable of refrigeration. Although theoretical expressions for �SET
andTSET near theDJQP exist14,15, they assume capacitive coupling of
the S-SET to a resonator rather than our direct electrical connection,
and also ignore higher-order tunnelling processes known9,20 to be

important for our relatively low-resistance S-SETs. Nonetheless,
theory predicts a minimum TSET ⇡ 250mK for an S-SET with our
parameters, in reasonable agreement with our results. Finally, we
prefer TSET and �SET as a description of the S-SET quantum noise
over the Fano factor because the latter is due only to fluctuations of
the number of tunnelling electrons23. In our experiment, variations
in PSET arising from electron number fluctuations are indistinguish-
able from those due to emission/absorption of photons.

We now estimate the measurement capability of our S-SET
relative to the quantum limit. We imagine coupling the S-SET to
some external device such as a quantum dot. The ratio of the time it
takes the S-SET to measure the dot’s charge state to the time it takes
to dephase it must be greater than one. Quantitatively we express
this condition in terms of the square root � of this ratio given by
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through the S-SET, Eint describes its interaction with the measured
system and 1I is the change in S-SET current corresponding
to a change in the system charge state3 (see Supplementary
Information). Using the current I through the S-SET to estimate
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