VOLUME 75, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JuLy 1995

Single-Electron Charging in Double and Triple Quantum Dots with Tunable Coupling
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We report low-temperature tunneling measurements at zero magnetic field through double and triple
quantum dots with adjustable interdot coupling, fabricated in a GaAs/AlGaAs heterostructure. As the
coupling is increased, Coulomb blockade conductance peaks split into two (double dot) or three (triple
dot) peaks each. The splitting tracks closely the measured tunnel conductance and experimentally
determines the total interaction energy. Coupled double and triple dots with different gate capacitance

show quasiperiodic beating.

PACS numbers: 73.20.Dx, 71.45.—d, 73.40.Gk

Submicron quantum dots have potential as “artificial
atoms” and artificial molecules and for “single electron-
ics” in which individual electrons represent bits of infor-
mation [1-5]. Crucial to both fields is an understanding
of how coupled dots interact. Experiments on the conduc-
tance of “artificial crystals” defined in a two-dimensional
electron gas by two modulated gates show evidence for
energy band formation in strong magnetic fields and sharp
conductance peaks near threshold [6,7]. Many interesting
phenomena have been predicted for coupled quantum dot
arrays in the tunneling regime [4,8~12], including con-
ductance peak splitting, peak suppression, single-electron
solitons, and quasiperiodicity. A single dot interacting
with its leads [13,14] and recently coupled double dots
[15,16] have been studied experimentally.

In this Letter, we report low-temperature tunneling mea-
surements at zero magnetic field through double and triple
quantum dot arrays defined in a two-dimensional electron
gas by tunable gates, which permit separate control of the
tunnel barriers and wall positions to compensate for disor-
der. Figure 1(a) shows a scanning electron beam (SEM)
micrograph of a 14-gate triple-dot device of this type, de-
scribed in detail below. As the quantum point contacts
joining dots are opened, the interdot tunnel conductance
increases in a continuous transition from isolated dots to
one large dot. Isolated dot arrays show strong Coulomb
blockade conductance peaks vs. gate voltage which split
into two (double dot) and three (triple dot) peaks as the
coupling increases. The splitting is proportional to the
measured barrier conductance and experimentally deter-
mines the total interaction energy due to classical interdot
capacitance and quantum tunneling. For dot arrays with
unequal gate capacitance, the conductance peaks exhibit
beating and quasiperiodicity predicted by theory [8].

To understand these experiments, consider two or three
identical dots weakly coupled to external leads, so that
the total number of electrons Ny = 2N; is a good
quantum number. If the interdot tunneling rate is also
weak, then the N; for each dot are also good quantum
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numbers and the “orthodox” theory of single electron
charging [3,4] applies: The energy of a single dot
is the charging energy U = (Ne — C,V,)?/2Cs plus
the sum over single-particle states E,, where C, and V,
are the gate capacitance and voltage, and Cy is the
total capacitance. We first consider the case where the
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FIG. 1. (a) SEM micrograph at 16000X magnification of
three coupled quantum dots with tunable tunneling barriers in
GaAs/AlGaAs heterostructure. Scale bar is 1 um; dots are
0.5 X 0.8 um?. (b) Dot and gate labeling. (c) Double-dot
and (d) triple-dot charging energy vs gate voltage for indi-
cated numbers (N{N,...) of electrons on each dot for iden-
tical dots. Without interdot coupling, parabolas with unequal
N; are degenerate (solid curves). Coupling removes degen-
eracy, shifting lowest parabola down by A (dotted curves).
(e) Double-dot and (f) triple-dot conductance vs gate volt-
age without coupling (schematic). Conductance peaks occur at
filled markers in (c) and (d). (g) Double-dot and (h) triple-dot
conductance vs gate voltage with coupling (schematic). Con-
ductance peaks occur at open markers in (c) and (d). Coupling
splits peaks, with split peak separation AV, = A for small A.
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interdot tunneling rate and the interdot capacitances C;
are negligible. Corresponding to the experiment below,
we take Er > U > AE > kgT, with Er being the Fermi
energy and AE being the average level spacing. At
these low temperatures, the ground state for each dot
charge configuration (N{N,...), shown as the solid curves
in Figs. 1(c) and 1(d), dominates equilibrium transport.
When Ny is not an integer multiple of the number
of dots, the dot system is internally polarized, and the
corresponding set of degenerate parabolas have higher
energy as indicated in Figs. 1(c) and 1(d). A single
conductance peak occurs where the parabolas for different
Nio: intersect, corresponding to sequential tunneling from
dot to dot.

As illustrated in Fig. 1, conductance peaks split if inter-
dot tunneling or interdot capacitance is no longer negligi-
ble. Interdot tunneling mixes single dot quantum states,
producing new states of the entire coupled dot array. Be-
cause of internal polarization, the total Coulomb energy
can no longer be represented by a simple capacitive term
as in the orthodox theory. For a simple two-site model,
one array state moves down in energy with tunneling rate
and one moves up. The actual situation is more complex,
because tunneling can occur between a range of single-
particle states on each dot, so that the previously degen-
erate dot states are expected to open into a manifold of
array states, covering a range of energies determined by
the tunneling rate. The array ground state for a given
Niot, which dominates transport at low temperatures, nor-
mally moves downward as tunneling destroys the inter-
nal polarization, as indicated schematically by the dashed
curves in Figs. 1(c) and 1(d), producing conductance peak
splitting AV, = (2Cs/Cge)A indicated in Figs. 1(g) and
I(h). The peak splitting must physically saturate when
the dots merge into one for strong tunneling. The interac-
tion energy A has been found for Hubbard model calcu-
lations [11,12] for small numbers of single-particle levels
and weak tunneling. ] ) -

Classical interdot capacitance also reduces the energy
of polarized charge configurations [8] of identical dots and
produces peak splitting. A purely capacitive description
of dot interactions, however, requires that the classical in-
terdot capacitance increase strongly with coupling while
the interdot tunneling remains negligible; we argue below
that this is not the case for our experiments. For mis-
matched dots, single electron charging theory [8] predicts
peak suppression due to the “stochastic” Coulomb block-
ade. We observe this phenomenon for mismatched dots,
as shown below, and find that the suppression is lifted by
strong interdot tunneling.

We studied two devices: a triple dot (device A) shown
in Fig. 1(a), used also for double-dot experiments by
not energizing all gates, and a similar double dot (de-
vice B). All results below are for device A unless oth-
erwise noted. Both devices were fabricated using the
same GaAs/AlGaAs heterostructure, which contains a
two-dimensional electron gas located 470 A beneath the
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surface with sheet density 3.7 X 10'! em™2 and mo-

‘bility 5 X 10° cm?/Vs at 10 K, and phase coherence

length >20 pum for T < 1 K [17]. Device A consists of
14 Schottky gates fabricated with electron-beam lithog-
raphy and chrome/gold evaporation on the heterostruc-
ture surface. As shown in Figs. 1(a) and 1(b), eight gates
form the four quantum point contacts used as tunnel bar-
riers and six gates form the dot confining walls when
sufficient negative voltage is applied to deplete the elec-
tron gas underneath. The lithographic size of each dot is
0.5 X 0.8 um?. As depicted in Fig. 1(b), the device is
wired with six independently tunable gate voltages: one
for each tunnel barrier (V) through V,) and one each for
each set of confining walls at the top (Vs) and bottom
(Ve) of the array; note that the confining wall on dot 2
and gate 6 is intentionally made smaller than the others.
Double-dot experiments were conducted using device A
by not energizing V. The samples were cooled in a He
dilution refrigerator at the base temperature 7 = 14 mK;
care was faken to shield the samples from external elec-
tromagnetic radiation. The tunneling conductance of dot
arrays was measured by applying a small (typically 5 to
10 V) ac voltage and recording the current with a cur-
rent preamplifier and lock-in amplifier.

An important advantage of quantum dots shown in
Fig. 1(a) is that each element of the device is controlled
by separate gates and can be individually tested and ad-
justed. This tunability permits compensation for disor-
der, particularly important for the tunnel barriers, and
distinguishes our devices from previously studied semicon-
ductor dot arrays [6,7] and coupled metal islands [18,19].
For device A, each of the four nominally identical point
contacts, separately measured, show high quality charac-
teristics with up to 10 quantized conductance plateaus.
However, their pinchoff voltages range from —0.92 to
—1.02 V, demonstrating the need for independent tunabil-
ity. When separately energized, each dot shows regularly
spaced conductance peaks corresponding to adding a sin-
gle electron as gate voltages 5 and 6 are swept [1,2]. The
peak spacings AV;, for dot i when gate a is swept deter-
mine the gate capacitances C;, = ¢/AV;, of C;5 = 38 aF,
Cys = 43 aF, C3s = 41 aF, C)g = 41 aF, Cy = 32 aF,
and C3¢ = 39 aF. Analysis of current-voltage characteris-
tics and of conductance peak linewidths at temperatures be-
tween base and 400 mK for a single dot of the array yields
Cs = 04 {F, ¢%/2Cs = 200 peV, AE ~ 30 ueV, and
kpT, = 5 to 10 ueV, where T, is the electron tempera-
ture. The conductance peak height increases at lower tem-
perature to T < 50 mK. These observations indicate that
the dots are in the fully quantum regime with Er > U >
AE > kpT {1,2].

Figures 2(a)-2(d) show changes in the conductance
Ggq of a double dot vs gate voltage Vs with increasing
interdot coupling controlled by Vj3; the double dot is
formed by grounding gate 1 and energizing all other gates.
In Fig. 2(a), the interdot coupling is weak, and the double-
dot conductance consists of weakly split peaks with the
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FIG. 2. Double-dot conductance G4z vs gate voltage Vs
for increasing interdot coupling. Coupling splits conductance
peaks, with split peak separation AV propomonal to interaction
energy A. Interdot barrier conductance in units e2/h is
(a) 0.03, (b) 0.88, (c) 1.37, and (d) 1.94, estimated by shifting
measured point contact conductance by 72 mV to account for
influence of nearby gates.

same separation AV, measured individually for single
dots 2 and 3. In Figs. 2(b) and 2(c), each peak clearly
splits into two peaks, whose separation increases with
interdot coupling. Finally, in Fig. 2(d), the conductance
is that of a single large dot with peak separation about
half that in Fig. 2(a), when the tunnel barrier between
dots 2 and 3 is removed. Similar behavior is observed
in device B. While uncontrolled peak splitting attributed
to disorder has been observed [20-22], regular peak
splitting controlled via tunable gates has not previously
been reported [15,16].

Figures 3(a) and 3(b) demonstrate the strong correla-
tion between peak splitting and interdot tunnel conduc-
tance. Figure 3(a) plots the fractional peak splitting F =
2AVs/AV, [see Fig. 2(b)] averaged over 16 sweeps of
gate voltage Vs vs gate voltage V3. The tunnel barrier
conductance Gj, separately measured, is also plotted in
Fig. 3(a), offset by 72 mV to account for the influence
of other gates. As shown, the fractional peak splitting
and tunnel conductance track each other closely. Coherent
coupling of electron states on separate dots can occur, be-
cause kgT < AE, and the phase coherence length is much
larger than the dot size [17]. This correlation is shown in
another way in Fig. 3(b), which plots the double-dot con-
ductance Gy, vs barrier voltage V3 for fixed gate voltages
Vs and Vg, together with measured tunnel conductance Gy;
the fractional peak splittings are shown as triangles. As
shown in Fig. 3(a), the peak splitting saturates when the

gate voltage V;,

FIG. 3.. Double-dot fractional splitting F = 2AV,/AV, (ui-
angles), averaged over 16 sweeps of Vs, and measured in-
terdot barrier conductance G, (curve) vs gate voltage Vi.
AV and AV, are defined in Fig. 2(b). (b) Double-dot con-
ductance Gy, (solid curve, left scale), F' (triangles, right scale),
and G, (dotted curve, right scale) vs gate voltage V.

interdot conductance reaches 2e2/k; for this value the two
dots merge, and the number of electrons on dot 2 or 3 (sepa-
rately) is no longer well defined. The corresponding range
of energy shifts is A ~ 0 to €?/2Cs = 200 ueV, using
Cs = 0.4 {F (single dot) and assuming that the raised
parabola shifts rigidly downward as in Fig. 1(c).
Numerical simulations [23] of a classical charging
model [8] can also give peak splittings similar to ex-
periment. To fit the data, however, requires interdot ca-
pacitances which increase strongly with coupling, unlike
the classical capacitance for our geometry [24], to values
greater than the foral capacitance Cs, measured for single
dots. Furthermore, the tunneling rate is assumed to be
negligible, while the actual measured tunnel conductance
is ~e%/h. For similar reasons, the reported strong in-
crease in effective dot-to-lead capacitance of single dots,
as the quantum point contacts are opened [13], is most
likely a quantum effect controlled by tunneling [14].
Figure 4 illustrates the changes in the conductance
Gy4 of a double dot using intentionally mismatched gate
capacitances Cpg and C3g, both controlled by V. Fig-
ures 4(a) and 4(b) plot G4y vs gate voltage Vg for two
values of increasing interdot coupling controlled by V.
As before, the conductance peaks show splitting which in-
creases with interdot coupling. Figure 4(a) demonstrates
the stochastic Coulomb blockade [8] in which conduc-
tance peaks through double dots with different gate ca-
pacitance become increasingly sparse at low temperatures.
The stochastic Coulomb blockade is suppressed with in-
creased interdot coupling, as shown in Fig. 4(b); this sup-
pression must occur when strong tunneling joins separate
dots into one. The measured quasiperiodic beat period of
23 mV for Fig. 4(b) equals the period e/(Css — Caz) =
23 mV calculated with the gate capacitances measured for
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FIG. 4. Double-dot conductance G4, vs gate voltage Vg for
interdot barrier conductance in units e?/A of (a) 0.29 and
(b) 1.42. Gate capacitance mismatch causes peak suppression
in (a) and quasiperiodic beating in (b).

the singly energized dots. When the gate capacitances are
more nearly matched, the beat period is longer and these
phenomena become less prominent. For the top gates,
designed with similar capacitances, beating is sometimes
observed with a period 70 mV, in good agreement with
the expected period e/(Cys — C35) = 80 mV. No beat-
ing is observed in device B, for which the measured gate
capacitances are equal to within a few percent.

We have also investigated the triple dot formed by en-
ergizing all gates of device A. The triple-dot conduc-
tance G4 is plotted vs gate voltage in Fig. 5 for the cases
where the gate capacitances are similar [gate voltage Vs
in Fig. 5(a)] and different [gate voltage Vg in Fig. 5(b)],
both with comparable interdot coupling. In Fig. 5(a),
each peak splits into three; the slight mismatch of gate
capacitances Cys, Cos, and Css is observable as an asym-
metry of the split peaks. In Fig. 5(b), quasiperiodic
beating appears due to the intentional mismatch of gate
capacitance Czs. The observed beat periods, 87 mV for
the data of Fig. 5(a) and 26 mV in Fig. 5(b), agree well
with the capacitances measured from single-dot data and
the double-dot beat periods given above.
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FIG. 5. Triple-dot conductance G,; vs gate voltages (a) Vs
and (b) Vs. Coupling splits conductance peaks into three in
(a); gate capacitance mismatch causes quasiperiodic beating
in (b).
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‘Note added.—After submitting this paper, we re-
ceived two preprints [25,26] calculating how fractional
peak splitting depends on barrier conductance for tunnel-
coupled double dots. The calculations agree well with the
data of Fig. 3.
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