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in a single-electron box

David S. Duncan, Carol Livermore, and Robert M. Westervelt?
Division of Applied Sciences and Department of Physics, Harvard University, Cambridge,
Massachusetts 02138

Kevin D. Maranowski and Arthur C. Gossard
Department of Materials, University of California, Santa Barbara, Santa Barbara, California 93106

(Received 12 October 1998; accepted for publication 20 November) 1998

We report here direct measurements of the destruction of charge quantization in a single-electron
box, the first over the full range of box-to-lead conductance values @ead to the conductance
quantumGg= 2€e?/h, using a sensitive single-electron transi®ET) electrometer. The sensitivity

of the electrometer is measured to Bg=6x10 °e/yHz and its superiority to conductance
measurements of charge fluctuations is clearly demonstrated. As the rate of quantum mechanical
tunneling from the box to its lead is increased, the quantization of charge is destroyed, disappearing
entirely atG=Ggq in agreement with theory. €1999 American Institute of Physics.
[S0003-695(199)04303-X

The quantization of charge plays a fundamental role indefining the contours of the devices in the 2DEG layer. As
the behavior of quantum dots, which are small, isolated meshown in the schematic, seven independently tunable metal
tallic regions connected to a circuit by tunnel junctidn®. gates were used to define the two devices. Narrow constric-
Understanding the conditions necessary for charge quantizéiens defined by the central ga¥g and gate®/q;, Vg2, Ver,
tion in such a system is an important topic in many-bodyand V., form adjustable quantum point contacts that deter-
theory, analogous to the Kondo problem for shiiThe con-  mine the tunnel coupling between the electrometer, the box,
sequences of charge quantization and related mesoscomad the leads. All measurements were done in a He dilution
phenomena are also of increasing concern to the microelecefrigerator cooled to base temperature 25 mK.
tronics industry?. A quantum dot connected to only a single
lead is often referred to as a single-electron b&ar such a
box to contain a quantized number of electrons, the tunnel
conductancés of the box to its surroundings must be much
less than the conductance quantGiy= 2¢e?/h (hereeis the
electron charge and is Planck’s constant Charge quanti-
zation and thermal fluctuations have been studied experimen-
tally and theoretically in three-dimensional single-electron
boxes with fixed tunnel conductance and many weakly trans-
mitting channelé:®>"~ For two-dimensional quantum dots
in semiconductor systems, the loss of charge quantization
due to quantum tunneling has been studied theoretiaff}
and investigated indirectly in transport measurements on
single™® and multiplé®~2° quantum dots. We report here the
direct measurement of the destruction of charge quantization
in a two-dimensional quantum box by tunneling through a
single one-dimensional channel with variable tunnel conduc-
tance.

Figure 1 shows a scanning electron microscope photo-
graph(a) and a schematic diagrath) of the structure, con-
sisting of the electrometer single-electron transi¢&#T) on
the left, capacitively coupled to the single-electron box on
the right. Both devices were defined in a GaAs/AlGaAs het-
erostructure containing a high-mobility $510° cné/V's),
near-surfacé57 nm two-dimensional electron ga@DEG)
with sheet density 3X 1011/CmZ_ Metal gates[the |ight re- F_IG. 1. (&) Scanning eI_ectron microscope photograph of electrometer_and

single-electron box. Bright areas are metal surface gates; dark area is the

gions in Fig. Ia)] were depOSIted on the heterostructure Sur'GaAs heterostructure surface. Rectangular box encloses gates used for this

face using electron beam lithography and Cr—Au metallizaexperiment. Scale bar is Am. (b) Wiring schematic of the device, consist-
tion. When negative voltages are applied to these gate$)g of four quantum point contactslefined by the central gat&, and gates
electrons in the 2DEG layer below are depleted, reversiblyai: Vaz: Ve, andVe,) and two confining side walls which act as capaci-
tively coupled gateglabeledV, and V), also independently controllable.
When these gates are energized, the electrometer and box are formed in the
3E|ectronic mail: westervelt@deas.harvard.edu two-dimensional electron gd@DEG) 57 nm beneath the surface.
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10 FIG. 3. Electrometer conductan@, . VS voltageV, applied to the upper
lead of the box.(a) The single-electron steps are nearly horizontal for a
weakly tunnel-coupled box witls=0.08Gq ; the steps are progressively

5k 1 20 smeared in(b) to (¢) at conductance valueth) G=0.27Gq, (¢) G
=0.45G4, (d) G=0.66Gq, (6) G=0.85Gq, in (f) the steps are entirely
absent at a conductance value®&1.04G, (where Go=2e%h). Insets
are theoretical calculations for single stepsi(ahnfor G=0 and(b) for G

() T TR eyl () =0.25Gq, at T=100 mK (see Ref. § in (e) for G=0.8554 and (f) for

0466 0464  -0.462 G=Ggq at T=0 K" (see Ref. 12
V, (V)

FIG. 2. Differential conductanc&. (solid curve$ of electrometer and the Coulomb blockade of charge transport throth the dot.
Gy (dashed curvesof the dot measured simultaneously vs gate voltage HOwever, at periodic values &f; the electrostatic energy of
Vg . The electrometer is biased on the side of a Coulomb blockade conduthe dot ground state is the same fdror N+ 1 electrons,
tance peak ar_1q a cancgllation signal is added@n order to compensate permitting N to Change and current to f|OW? as is evident
for the capacitive coupling betw_een theﬂelectrometer and ggteso that in the dashed curves for dot conductar&gm in Figs. 2a)
the electrometer conductan@g.is sensitive only to the charge on the dot.
The cancellation is adjusted to give horizontal plateau centeBs=ed. The and Zb) At each peak, the average charge on the dot
number of electrons on the dot changes by one at each p&jcausing  changes by one electron; between peaks, the number of elec-
GelecttO rise in steps. Plateaus @y between peaks indicate the dot charge trons on the dot remains constant.
is constant in these regions. (@) the conductanc& of quantum point ; ; ; ;
contactV,— Vg, is most ogpenGL()).lésQ, WhereGQ=2e2/qh) resultir?g in The S.O“d traces in Figs.(9-2(c) show clear, stepvylse
relatively high conductance peaks for the dot.(l the point contact is changes in the electrometer conductaﬁggctcorrespondlng
slightly more pinched off G=0.04G,), and in(c) the point contact is 10 single-electron changes in the charge on the dot. The ver-
perceptie. n all tree cases the electrometer sgnal s equally srong nche o e o g brocioely WD [i6Ga conduc
2atingpthat the electrometer is a more sensitive prgobe of tr?e do): chargge th;{g :v(;? szﬁjkess E:‘gtjfzgqigi(uc(): tgggéest?ﬁggg:]o tﬂ[:géﬁzﬁlt\(ﬂ]y
transport measurements.
point contactV.—V,,. As G is decreased the electrometer
signal Ggeet Femains unchanged, while the transport signal
Figures 2a)—2(c) demonstrate the operation of the elec- G, decreases to values below the amplifier noise limit.
trometer as a direct probe of the charge in the single-Thus changes in dot charge in Fig(cR which would be
electron box and confirm the advantage of this method ovetnindetectable in conductance measurements on the dot are
transport measurements. To test the electrometer and det@jearly evident in the signal from the separate electrometer.
mine its charge sensitivity, both quantum point contacts tdrhe sensitivity of the SET referred to the single-electron box
the box were set in the weak tunneling regime, forming acan be found for our device by comparing the nois&in.
quantum dot and gate voltagé, on the dot was varied. with the size of single-electron steps, givingg=4
Varying V4 would induce a continuously increasing charge x 10 %e/ /Hz. SET sensitivities are usually referenced to the
on the quantum dot if no tunnel barriers existed, but for wealcharge on the SET gate; for our device, this sensitivity is
tunneling, the total number of electrons on the dot must beSq=6x 10 °e//Hz, which compares well with previous
an integerN. This tension between the induced and actualSET devices.

dot charge produces excess electrostatic energy, resulting in Figure 3 shows the direct measurement of the destruc-
Downloaded 26 Mar 2001 to 140.247.57.93. Redistribution subject to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 74, No. 7, 15 February 1999 Duncan et al. 1047

induced byV . For perfect charge quantizati® 0; when
Lo quantization is completely destroyes=1 as for a classical
capacitor.

Figure 4 utilizes this quantit$ to compare the destruc-
tion of charge quantization by quantum mechanical tunneling
for a large data set similar to Figs(a3—3(f) with theory. In
the weak tunneling limiG<Gq, theory predicts that charge
] il is precisely quantized; the charge steps are horizontal and the
It slope S=0. This is evident in the data in Fig. 4: the slope
starts atS=0 and rises continuously wits as the charge
steps begin to smooth out. In the weak tunneling limit, the
I 1 data rise somewhat more rapidly than perturbation theory

0.0 05 10 calculations'®**In the strong tunneling limitGo—G<Gq
G (2¢'/h) charge fluctuation theot¥ predicts that charge quantization
FIG. 4. Average slop&=dQye./dQing (Qpox and Q;q are the actual and in a single-electron box connected to a reservoir by a one-
induced box charge, respectivelf single-electron steps at the midpoint of qimensional channel is completely destroyed at preci€ely

the plateaus vs tunnel-conductar@@ef the box to the lead. Each data point —Gw. The theoretical slop& vs G in the strong tunnelin
is derived from the average of many sweep<qf,. vs lead voltagev, . —oQr p g g

The slopeSwas found using the vertical spacing of single-electron steps toliMit is shown by the solid curve in Fig. 4 which rises
calibrate changes iQpo from Geer and the horizontal step spacing to  sharply withG then saturates & =G . This predicted be-
calibrate changes iQj,q from V, . The conductancé& of the upper box  havior is confirmed by our charge measurements: the most
point contact was calibrated vs gate voltagg by measurings vs V; with dramatic feature of the data in Fig. 4 is a sharp increase of

the lower point contact open for several values\Qg, followed by an . . _
extrapolation to the case where the lower point contact is completel}he SIOpeS with tunnel conductance Just belo@= G‘Q fol-

pinched off. The error bars are estimates of the total statistical and systenlowed by an abrupt saturation 81 for G>G. Single-
atic error. Solid curves are the theoretical predictions in the weak tunneling|ectron steps are completely absent in the data al@®ve
limit (see Ref. #(three-dimensional theory is applicable in this lipand in _ ;

( M YIS app e =Gy, as for Fig. ).

the strong tunneling limitsee Ref. 12for values ofG nearG . The slope .

S=0 for%<GQ an% rises sharply just belo®=Gg, satur%ting aS:g The ?‘Uthor_s thank K A. Matveev and B. I. Halpe”n for
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