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Time-resolved detection of individual electrons in a quantum dot
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We present measurements on a quantum dot and a nearby, capacitively coupled, quantum point
contact used as a charge detector. With the dot being weakly coupled to only a single reservoir, the
transfer of individual electrons onto and off the dot can be observed in real time in the current signal
from the quantum point contact. From these time-dependent traces, the quantum mechanical
coupling between dot and reservoir can be extracted quantitatively. A similar analysis allows the
determination of the occupation probability of the dot state2084 American Institute of Physics
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The electronic occupation in semiconductor quantumcurve of the QPQFig. 1(c)]. For later measurements, a com-
dots can be read out using a quantum point cord@&0.>  pensation voltag¥p=aVg,+bVg, was applied to the gate P,
Quantum dots are proposed as scalable spin qubits in a futurgth constantsa and b chosen such as to keep the charge
quantum information processoand the read-out could be detection circuit in a regime of almost constant sensitivity.
implemented by a QPC detector. Experiments using a radioFhe sensitivity of our atomic force microcopyAFM)-
frequency single-electron transistor resulted in a high banddefined circuit is comparable to similar setups realized by
width real-time read-out of a quantum dot’s charge state.electron-beam lithography defined split-gate devfts.
Theoretical considerations on dephadifgave given evi- The following measurements were performed with one
dence that a higher quantum measurement efficiency can lbennel barrier(the one near the drain contacompletely
obtained using a detector without any internal degrees oflosed and the other one tuned to a very low electron transi-
freedom, such as, e.g., a QPC containing a single modédion rate, of the order of only a few electrons per second.
Recent investigations using QPCs as charge detectors were Figure Za) shows a section of a measurement of the
performed on doubfe’ and singl&® quantum dots, all using QPC detector’s conductance versus two different gate volt-
dc or lock-in techniques that average over many electrongges, where each vertical or horizontal trace can be thought
passing through the dot. Very recently, real-time charge readdf as being similar to Fig. (t). Each step corresponds to an
out measurements on a split-gate defined structure wemlectron being transferred onto the dot. Towards lower values
reportedl_o of Vg, (see marked regignthe smooth behavior of the step

In this letter, we present measurements detecting singléansforms to a discrete appearance where only two possible
electrons in real time using a QPC charge detector, in a civalues for the QPC conductance are observed.
cuit created entirely by surface probe lithography? The In the following, we present time-dependent traces of the
structure consists of a quantum dot and a nearby, electrostafPC’s conductance. All traces were recorded using an oscil-
cally coupled QPC[see Fig. 1a)]. It is written on a loscope ata sampling frequency of 250 Hz. Each trace had a
GaAs/Al, Ga -As heterostructure, containing a two- length of 9 s. For a time-dependent measurement near a step
dimensional electron ga@DEG) 34 nm below the surface in the QPC’s conductance, one observes that the system
as well as a backgate 1400 nm below the 2DEG, isolategWitches randomly between the two stafegy. Ab)]. The
from it by a layer of low-temperature-grow(LT)-GaAs.
Negative voltages were applied to the surrounding g&ds

G2, Sype Dope the latter two also containing the charge .(?)V -3 8 (b)
detection circuit, and to the back gate, to reduce the charge . o) e 4
on the dot and close its tunnel barriers. A voltage applied to QPC Darc 2 \
gate P was used to tune the detector QPC to a regime where _ o=
it is sensitive to the charge on the dot. 5 ()
All measurements were performed in a dilution refrig- G2 G1 & 06
erator with a base temperature of 80 mK. A small bias volt- s 1D )
age Vpias do= 10 uV was symmetrically applied across the L (_.? a5
dot between sourcéSyp) and drain(Dgp). In a regime P 2ym —— -0.1 V.O.O?V) -0.06
G2

where both barriers are open and a transport current through

the dot is measurable, the _example traces -|n Figs). dnd FIG. 1. (a) AFM micrograph of the structure with designations of gates:
1(c) were measqred, showmg the corr_elatlon between th%ource(s) and drain(D) of the quantum dot and the QPC used as a charge
Coulomb peaks in the transport currdfig. 1(b)] and the  detector; lateral gates G1 and G2 to control the coupling of the dots to the

corresponding kinks in the conductance vs gate voltageeservoirs; Plunger gat®) to tune the QPC detectdb) Example measure-
ment of the current through the dgt) Simultaneous measurement of the
conductance through the QPC, where each step corresponds to a change of

¥Electronic mail: schleser@phys.ethz.ch the dot's charge by one electron.
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q M FIG. 3. (a) Model for the transfer of individual electrons between a single
q N revervoir and a quantum dot. The tunnel coupling is assumed to depend on
the single-level statdl and can be tuned via the voltaye.,. (b) Grey scale
0 2 4 6 plot of the relative occupancy,, of the dot. Each point is calculated from
(e) t(s) 20 oscilloscope traces, each 9 s long. The section corresponds roughly to the

marked range of Fig.(@). Due to a minor charge rearrangement, however,

FIG. 2. (8) Measurement of the QPC’s conductance vergys and Ve,. the voltage ranges are not'exactly the_same. The ellipse mz_arks th_e point
Toward lower values 0¥, (see, e.g., inside the black ellipséhe smooth, ~ Where the statistical analysis of dwell timgig. 2d)] was applied. This

washed out appearance of the step in conductance is replaced by a discr8igasurement was performed with the QPC containing more than one mode.
switching behavior with only two possible states. The time between indi-(C) Temperature extracted from the data(@ using a fit of the Fermi
vidual measured points was about 2 s, the integration time ofdtiemea- ~ function[see Fig. 2)] for every value of the gate voltagks,. (d) Coupling
surement 0.2 s(b) Single oscilloscope trace of the QPC’s conductance vsStrengthl” to the leads extracted from the same set of dat@jeand (b). As

time. The dot was tuned to a point near a step in the QPC’s conductance. €XPectedl’ increases with/c,.

Histogram of the data in plgb) and 19 similar sweepgd) The upper graph

shows a histogram of the distribution of dwell times of the electron both

inside(0) and outsidéx) the dot. A correction was applied to account for the gram in Fig. 2c)]. It follows that 75,=pon/ (fyand2) and
finite size of the oscilloscope’s measurement intervals. The bin size was. ff:poff/(ftrangz)-

chosen to be 0.1 s, data were taken from 20 sweeps of 9 s each. The lowe? h . h | h | hemical
graph shows the time-integrated, normalized distribution. Dashed and solid By changing the gate voltag€s,, the electrochemica

lines represent exponential fits to the data with the same paramgiers; potential in the dot can be modified. FiguréeRshows a
for both graphs(e) Changing the voltag¥s; (at a constan¥/s,=185 mV)  series of time-dependent traces for differ&fy;. Using the
changes the dot’s electrochemical potential and allows a transition from thfever armag,, the gate voltage can be converted to an energy

N electron state to thil+1 electron state. In the oscilloscope traces, this is _ L _ .
seen as a change in the relative occupancy of the two possible QPC stat&CaleE=—ag1Vgy, SO that a distributiorf(E) = pon(E) is ob-

(f) Distribution f(E) extracted from oscilloscope tracéshere for every  tained[see Fig. #)]. To reduce the statistical error, 20 time
point, 20 traces each of length 9 where taken into acgolihe data points sweeps have been ana|yzed for every data point shown.
marked by I‘arge asterisks correspond d|rectly‘ to the traces _shom.m In a regime where only one tunnel barrier is open, no
These asterisks are labeled by the corresponding gate valtage mV. - . . .
finite bias transport measurements are possible which would
allow the determination of the exact valueaf;. Its value is

difference between the two values corresponds to the obherefore obtained from the peak spacing by assuming a

served step height in Fig(® in the parameter range featur- charging energy of the d&.=2 mV, determined from finite

ing a smooth transition. This allows a discrimination be-bias transport measurements performed in a more open re-

tween charging events on the dot and other possible sourcgéme of the dot. This method yieldsg,~0.075 eV/V, a

of switching events. value that was used in Fig(f2 and 3c). Considering that, at
The upper plot in Fig. @) shows an example for the lower electron numbers, tends to increase due to the re-

distribution of times the systems spend in both states. Thduction in size of the dot, the energy and temperature values

lower plot shows the integrated normalized distribution repto be determined belosee Figs. &) and 3c)] are to be

resenting the probability that after a certain time the systenconsidered an upper bound.

has changed its state at least once. Exponential fits Motivated by the experimental findings and their statis-

exp(—t/ 7) agree well with the data and suggest thay: The tical properties, we interpret our results using the model de-

behavior of the system does not depend on its history2nd picted in Fig. 3a), which shows a single-energy level in a

that a single-energy level in the dot contributes to charginggquantum dot which can be aligned with respect to the Fermi
From the exponential fits, mean timeg, for an electron level of the reservoir, from which it is separated by a tunable

jumping on the dot and for an electron jumping off the tunnel barrier. The lower conductance in the QR€e Fig.

dot can be obtained. The same numbers can be extracted Bgb)] corresponds to the state where an electron is on the dot,

counting the transitions per time intervigl,,sduring a time  due to the capacitive coupling of the dot to the QPC. A

sweep and determining the fractiopg, and py Of the total ~ similar scheme was used in an experiment using a single-

time the sglstem spends in each of the two stdee histo- electron transistor as a detectax.more sophisticated analy-
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sis considering more than one level in the dot can be perf(E) was closest to 1/2. The resulting curve is shown in Fig.

formed using the theory by BeenakRér. 3(d). Over the range presentel, changes by roughly one
Assuming that an electron is on the dot, the mean rate asrder of magnitude. Further reduciy, by only a few ten

which it will leave the dot is mV leads to a further increase of the observed times between
T;flf =T X (1 —f(uy) (1) switching eventgof the order of minutes and moreThis is

in accordance with recent observations of long dwell times
where 7,4 is the average time interval the dot stays in theof electrons on a singt@ or doubl€ dot.
(N+1) electron stateyy is the electrochemical potential for We have reported on the real-time charge read-out of a
the addition of the Nth electroi(E) is the distribution func-  quantum dot using a QPC, both defined by AFM lithography.
tion in the reservoir, andl is the coupling between the level We estimate that amplifier and cabling bandwidth as well as
and the reservoir. Physically, the valueldficcounts for the the sensitivity can be improved to reach read-out frequencies
strength of tunnel barriers, wave function overlap, and then the MHz ranggsee also Ref. 10

lead’s density of state@ssumed to be constant over the rel-  The authors gratefully acknowledge financial support
evant energy interval Correspondingly, the rate for elec- from the Swiss National Science Foundation and the NCCR
trons to tunnel on afinitially empty) dot is “Nanoscale Science.”
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