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Real-time detection of single-electron tunneling using a quantum point
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We observe individual tunnel events of a single electron between a quantum dot and a reservaoir,
using a nearby quantum point conté@PC as a charge meter. The QPC is capacitively coupled to
the dot, and the QPC conductance changes by about 1% if the number of electrons on the dot
changes by one. The QPC is voltage biased and the current is monitored with a current—voltage
(I-V) convertor at room temperature. We can resolve tunnel events separated byumliir8ited

by noise from thd —V convertor. Shot noise in the QPC sets a 25 ns lower bound on the accessible
timescales. €2004 American Institute of Physidg®Ol: 10.1063/1.1815041

Fast and sensitive detection of charge has greatly pracoom temperature to the mixing chamber. A voltayg, is
pelled the study of single-electron phenomena. The mosipplied to the source via a home-built optocoupled isolation
sensitive electrometer known today is the single-electrorstage. The current through the QPIC,is measured via a
transistor(SE'D,1 incorporated into a radio-frequenayf) current—voltagdl-V) convertor connected to the drain, and
resonant circuif. Such rf-SETs can be used, for instance, toan optocoupled isolation amplifier, both home built as well.
detect charge fluctuations on a quantum dot, capacitivelfrhe |-V convertor is based on a dual low-noise junction
coupled to the SET islantf* Already, real-time electron tun- field effect transistotJFET) (Interfet 3603. Finally, the sig-
neling between a dot and a reservoir has been observed omal is ac coupled to an eighth-order elliptic low-pass filter
subus timescalé. (SRS650, and the current fluctuationdl, are digitized at

A much simpler electrometer is the quantum point con-2.2x 1P 14-bit samples per secoridDwin Gold).
tact(QPQO. The conductanceGg, through the QPC channel The measurement bandwidth is limited by the low-pass
is quantized, and at the transitions between quantized cofilter formed by the capacitance of the line and Cu-powder
ductance plateau$zq is very sensitive to the electrostatic
environment, including the number of electrofs,on a dot
in the vicinity® This property has been exploited to measure
fluctuations inN in real time, on a timescale from seconds
(Ref. 6 down to about 10 mé.

Here, we demonstrate that a QPC can be used to dete(
single-electron charge fluctuations in a quantum dot in lesg
than 10us, and analyze the fundamental and practical limi-
tations on sensitivity and bandwidth.

The quantum dot and QPC are defined in the two-
dimensional electron gas(2DEG) formed at a
GaAs/Al ,Ga, 74As interface 90 nm below the surface, by
applying negative voltages to metal surface g@kég. 1(a)].
The device is attached to the mixing chamber of a dilution
refrigerator with a base temperature of 20 mK, and the elec-
tron temperature is-300 mK in this measurement. The dot
is set near théd=0 to N=1 transition, with the gate voltages
tuned such that the dot is isolated from the QPC drain, anc
has a small tunnel raté;, to the reservoir. Furthermore, the
QPC conductance is set 8,=1/Ry~ (30 k)™, roughly
_ha_‘lfway the tra_n_smon betwee@Q:Zez_/h aanQ:O’ where quantum dot(dotted circlg, and gatesR and Q form the QPC. Gaté is
it is most sensitive to the electrostatic environment. connected to a pulse sourcevia a coaxial cabée Ref. 8 for a more de-

A schematic of the electrical circuit is shown in Fig. tailed description (b) Schematic of the experimental setup, including the
1(b). The QPC source and drain are connected to roommost relevant noise sources. The QPC is rep_resented by a reBistdc)
temperature electronics by signal wires, which run througH\lmse spectra measured when th&/ convertor is connected to t_he sample
Cu-powder filters at the mixina chamber to block high- (tqp solid traca_ and, for reference, to an open-ended 1 m tv_wsteq pair of

p b g. g wires (lower solid trace The latter represents a 300 pF load, if we include
frequency noisg¢>100 MH2) coming from room tempera- the 200 pF measured amplifier input capacitance. The diagram also shows

ture. Each signal wire is twisted with a ground wire from the calculated noise level for the 300 pF reference load, negletting
(dotted—dashed and the shot noise limitdashegl The left and right axes
express the noise in terms of current through the QPC and electron charge

(c)

room «—— cold —: —. |V-convertor- —
temp.: ol

ISO-amp :

FIG. 1. (a) Scanning electron micrograph of a device as used in the experi-
ment(gates which are grounded are hidgeBatesT, M, andR define the
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on the dot respectively.
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TABLE I. Contributions to the noise current at theV convertor input. By

- . . ; 2
dividing the noise current by 300 p@he signal corresponding to one elec-
tron charge leaving the dptwe obtain the rms charge noise on the dot.
rms noise current rms charge noise 1
Noise . -
source Expression AfHz e/\Hz 0
lsn JT@-T)2el 49X 10715 1.6x 10 o 1 _2 3 4 o 1t _2 3 4
va VaksT/Reg 41x 10715 1.4 10° (@) Time (ms) (b) Time (ms)
Va Val+j2mfRoCi/Ro 5 . FIG. 2. (Color online Measured changes in the QPC curreXit, with the
Va, low Val/Reg 32X10° 1L1X10 electrochemical potential in the dot and in the reservoir nearly eduas
Va, high f Va2mfC, 7.5X 10718 2.5x 1075 “high” and “low” for 0 and 1 electrons on the dot respectivély=1 mV;
Ia Ia the steps inAl are =0.3 nA). Traces are offset for claritya) The dot

potential is lowered from top to bottonib) The tunnel barrier is lowered
from top to bottom.

filters, C_ =~ 1.5 nF, and the input impe_dance_z ofthé\/c_on- =1.5nF andR=1 kQ (for the reference loadC, is only
vertor,Ri=Rgg/A. Thermal noise conS|d.e.rat|o(i§eIovv) im- 300 pF so the filter cutoff is at 500 khiz
PoseRez=10 M(). We choose the amplifier gaik=10 000, From the data, we find that the measured charge noise
such that 1(27R,C,)~ 100 kHz.™ However, we shall see jnegrated from dc is about three times smaller tieaat
that the true limitation to measuring speed is not the bandag kHz. We set the cutoff frequency of the external low-pass
width but the signal-to-noise ratio as a function of frequencysilter at 40 kHz, so we should see clear steps in time traces of
The measured signal corresponding to a single-electrofhe QPC current, corresponding to single electrons tunneling
charge leaving the dot amountsAd= 0.3 nA with the QPC  gn or off the dot.
biased atv;=1 mV, a 1% change in the overall currengl We test this experimentally, in the regime where the
~30 nA, consistent with the series resistance R, R electrochemical potential in the dot is nearly lined up with
=1k and the resistance of the Ohmic contacts of abouthe electrochemical potential in the reservoir. The electron
2 kQ). Naturally, the signal strength is proportionaMg but  can thenspontaneouslyunnel back and forth between the
we found that forV;=1 mV, the dot occupation was af- dot and the reservoir, and the QPC current should exhibit a
fected, possibly due to heating. We therefore proceed withandom telegraph sign@RTS). This is indeed what we ob-
the analysis using=30 nA andAl=0.3 nA. serve experimentallyFig. 2). In order to ascertain that the
The most relevant noise sourtksre indicated in the RTS really originates from electron tunnel events between
schematic of Fig. (). In Table I, we give an expression and the dot and the reservoir, we verify thét) The dot potential
value for each noise contribution in terms of root-mean-relative to the Fermi level determines the fraction of the time
square(rms) current at thd —V convertor input, so it can be an electron resides in the dffig. 2a@)] and (2) the dot—
compared directly to the signahl. We also give the corre- reservoir tunnel barrier sets the RTS frequefigig. 2(b)].
sponding value for the rms charge noise on the quantum doT.he rms baseline noise is0.05 nA and the shortest steps
Shot noise,lgy, is intrinsic to the QPC and therefore un- that clearly reach above the noise level are abous8ong.
avoidable. Both gy and Al are zero at QPC transmissidn  This is consistent with the 40 kHz filter frequency, which
=0 or T=1, and maximal af=1/2; here, we usad <1/2. permits a rise time of &s.
The effect of thermal nois&/t, can be kept small compared Next, weinducetunnel events by pulsing the dot poten-
to other noise sources by choosiRgg sufficiently large; tial, soN predictably changes from 0 to 1 and back to 0. The
hereR==10 MQ. The JFET input voltage noise is measuredresponse of the QPC current to such a pulse contains two
to be V,=0.8 nV/VHz. As a result ofV,, a noise current contributions[Fig. 3@)]. First, the shape of the pulse is re-
flows from thel—V convertor input leg to ground, through flected inAl, as the pulse gate couples capacitively to the
the QPC in parallel with the line capacitance. Due to theQPC. Second, some time after the pulse is started, an elec-
Capacitancecb the rms noise current resumng from in- tr(-)n.tunr\EIS into the dot andll goes down by about 0.3 nA.
creases with frequency; it equal$ at 120 kHz. There is no  Similarly, Al goes up by 0.3 nA when an electron leaves the
specification available for the JFET inpug:urrent noise, dot, some time after the pulse ends. We observe that the time
but for comparable JFETS$, is a few fA/VHz at 1 kHz.
We summarize the expected noise spectrum in Kig), 1 12 230 ps
and compare this with the measured noise spectrum in the o038}
same figure. For a capacitive reference IGad300 pF, the <
noise level measured below a few kHz is 52 fAdz, close ‘;' > ! 1= 60 s
to the noise current due ¥, as expected. At high frequen- 0.0 v 05f
cies, the measured noise level is significantly higher than g4} o.om
would be caused by, in combination with the 300 pF load, 0 05 10 75 0 05 10 15
So it appears thalt, rapidly increases with frequency. With (a) Time (ms) (b) Time (ms)
the sample connected, we observe substantiifl ddise(1/f
in the noise amplitude presumably from spurious charge FIG.‘ 3. (8 Measured changes in the QI?C curreht, when a pulse is
fluctuations near the QPC, as well as interference at Variofnp“ed to gateP, near the degeneracy point between 0 and 1 electrons on

pulse
uoJo9le

04t

. e dot(V;=1 mV). (b) Average of 286 traces as (a). The top and bottom
frequencies. Near 100 kHz, the spectrum starts to roll ofbanel are taken with a different setting of gate The damped oscillation

because of the 100 kHz low-pass filter formed following the pulse edges is due to the eighth-order 40 kHz filter.
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before tunneling takes place is randomly distributed, and obeapacitive coupling of the dot to the QPC channel can easily
tain a histogram of this time simply by averaging over manybe made five times larger than it is now by optimizing the
single-shot tracefFig. 3(b)]. The measured distribution de- gate desigf. KeepingV;=1 mV, the sensitivity would then
cays exponentially with the tunnel time, characteristic of ape 4x 1075¢/Hz.
Poisson process. The average time before tunneling corre- Finally, we point out that, unlike a SET, a QPC can reach
sponds td"*, and can be tuned by adjusting the tunnel barthe quantum limit of detectiol, where the measurement-
rner. induced decoherence takes the minimum value permitted by
Our measurements clearly demonstrate that a QPC cafliantum mechanics. Qualitatively, this is becaugginfor-
serve as a fast and sensitive charge detector. Compared 10 @fation on the charge state of the dot is transferred only to the
SET, a QPC offers several practical advantages. First, a QPGpc cyrrent and not to degrees of freedom which are not
requires fabrication and tuning of just a single additional gatebbserved, an@) an external perturbation in the QPC current

when integrated with a quantum dot defined by metal gategy ag not couple back to the charge state of the dot.
whereas an SET requires two tunnel barriers, and a gate to

set the island potential. Second, QPCs are more robust and The authors thank R. Schoelkopf, K. Schwab, K. Har-
easy to use in the sense that spurious low-frequency fluctuanans, and L. Saminadayar for useful discussions, T.
tions of the electrostatic potential hardly change the QPG-ujisawa, T. Hayashi, T. Saku, and Y. Hirayama for help with
sensitivity to charges on the dgthe transition between device fabrication, and the DARPA-QUIST program, the
quantized conductance plateaus has an almost constant slopfiR, the EU-RTN network on spintronics, and the Dutch
over a wide range of electrostatic potentidlut can easily Qrganization for Fundamental Research on Matf®M)
SpOil the SET SenSi'[iVity. for financial Support_
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