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The conductance of laterally confined double-barrier quantum-well resonant-tunneling heterostruc-
tures is investigated. The confinement is provided by a Schottky gate and can be varied in a continuous
way, giving direct proof of the quantum size effect. Data for dots with nominal diameters in the submi-
cron range are reported. Possible evidence for a modulation of the Coulomb blockade by quantum

confinement is presented.

PACS numbers: 73.40.Gk, 72.20.—i

The subject of vertical transport through confined het-
erostructures is of great interest in view of the continuous
trend towards miniaturized devices. It is also an impor-
tant area of research into quantization effects, electron-
electron interactions, single-electron tunneling, and the
interplay between them. To our knowledge, Reed and
co-workers [1] were the first to study resonant tunneling
through quantum pillars fabricated by etching, and to
present evidence for mode confinement. It has been ar-
gued elsewhere, however, that Reed’s data can be better
described when Coulomb charging effects are also taken
into account [2]. Recently, Goldman, Su, and Cunning-
ham reported the observation of single-electron tunneling
and Coulomb interactions in similar, but asymmetric
quantum pillars [3]. In order to gain further understand-
ing of transport phenomena in vertical structures, we
have adopted a somewhat more elaborate approach that
allows variable control of the lateral confinement. The
structure we use, shown in Fig. 1, has cylindrical symme-
try. The lateral confinement is provided in part by etch-
ing a submicron dot in the semiconductor, and then add-
ing a separately biased Schottky gate which surrounds
the dot completely. The heterostructure under study is
located in the bulk of the semiconductor but is fairly close
(=100 nm) to the surface such that it can easily be de-
pleted by the Schottky gate as indicated by the dashed
lines. The depletion thus leaves a cylindrical channel
whose boundaries are fairly smooth. This type of struc-
ture can be regarded as the vertical analog of the planar
quantum point contact on a two-dimensional electron gas
[4], and allows the study of confined vertical transport
through various heterostructures in a controllable way.
As a three-terminal, transistorlike device, the structure is
also potentially of interest for logic applications.

The heterostructure that is the subject of this paper is a
double-barrier quantum-well (DBQW) resonant-tunnel-
ing structure, which provides a quantum dot of squeez-
able diameter with the applied gate voltage. The devices
have been designed to operate in a regime where the ener-
gy level spacing and the charging energy in the dot are
comparable. They are thus expected to exhibit the inter-
play between quantum confinement and Coulomb in-
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teractions, with a fairly rich and hybrid conductance
spectrum [2,3,5,6].

The DBQW heterostructure is described in Fig. 1 with
the help of the inset. It consists of two Alg3Gagg7As
barriers separated by a GaAs quantum well [7], and is
sandwiched between two n-doped GaAs electrodes
(n=10"7 cm ~3). Undoped spacers 1 nm thick (not
shown) are placed symmetrically between barriers and
electrodes. The fabrication steps are fairly standard and
have been described elsewhere [8]. With the n doping
shown, the Fermi level in the GaAs electrodes is about 12
meV above the conduction band edge. Without lateral
confinement, the resonant energy in the well is about 42
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FIG. 1. Vertical transport through heterostructure (HS) lat-
erally confined by voltage ¥V, on Schottky gate. Structure has
cylindrical symmetry around axis 44". Inset: Successive layers
in molecular-beam-epitaxy—grown structure. From [8].
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meV [7]. Owing to the unavoidable asymmetries result-
ing from the fabrication process (epitaxial growth, dop-
ing, etc.), the transport characteristics of our devices ex-
hibit the usual asymmetries also observed in large-area
devices. The differences observed for opposite voltage po-
larities are, however, not overly significant and indicate
the same overall device behavior with reasonably sym-
metric and qualitatively similar conductance peaks. With
the exception of Fig. 2, the I(V) and G(V) =dI/dV data
reported in this paper refer to positive sample voltages,
which means that electrons are injected from the sub-
strate into the dot.

Figure 2 shows the experimental (V) characteristics
of a sample with nominal dot diameter d =0.5 um, with
the gate voltage V, as a parameter. The observed
characteristics are as expected. The gradual decrease of
the current level with increasing gate voltage proves that
lateral confinement by the gate does indeed occur [8].
These data are qualitatively similar to those reported by
another group [9]. Quantitatively, however, the small dot
diameters we use (submicron versus 1 um in [9]) yield
larger current reduction factors at smaller gate voltages
and with negligible gate currents (the peak current of the
0.4-um dot studied below is reduced by a factor of 10 at
Ve=—2.5 V). Note that, owing to the insensitivity of
the dc measurement technique used, Fig. 2 hardly exhib-
its the fine structure present in the conductance. Figures
3-5 instead are data obtained with a sensitive, low-noise
ac technique.

Data from a set of samples of different nominal dot di-
ameters d yield [8] that the effective dot diameter dy
(Vg =0) is about 150 nm smaller than its nominal value,
consistent with the doping density and a Fermi-level pin-
ning at —0.8 V at the etched surface of the dot. The
dependence of the effective dot diameter d.(V,) on gate
voltage has also been determined [8] and follows approxi-
mately a linear law d,=do(1 —a|V,|) with do=d —150
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FIG. 2. Current-voltage characteristics of structure as in
Fig. 1 for a nominal dot diameter of d =0.5 um, gate voltage
steps of —0.5 V, and T =4.2 K.

nm. The coefficient a is largest for the smaller dots, and
is @=0.26 V ! for dots of nominal diameter d =0.4 um.
A dot of nominal diameter d =0.4 um has thus a con-
ducting channel of about 100 nm diam at a gate voltage
of —2.3 V. For such channel dimensions, the calculated
level spacings in the quantum dot are already fairly large,
of the order of a few millielectronvolts so that mode
confinement should be observable at sufficiently low tem-
perature. We expect, however, that the simple quantum
confinement picture will be modified by both the
Coulomb blockade and electron-electron interactions
within the dot. In particular, quantum-dot level peaks
and peaks due to charging effects are both expected to
coexist, as predicted by various authors [2,5].

Briefly stated, we find that our data, although not free
from the influence of sample nonuniformities, support the
confinement picture quite well: The conductance peaks of
a given sample evolve overall according to a 1/d2 law
with the confinement voltage, and the average peak spac-
ings in samples having different nominal dot diameters
(0.5, 0.4, and 0.3 um) are found to be larger for the
smaller dots.

Figure 3 shows a set of experimental conductance
curves for a sample with a nominal dot diameter of
d=0.4 ym at different gate voltages. The spectrum is
fairly rich, as expected (vertical bars in the figure are to
guide the eye to some of the peaks and kinks at V=0,
—1.9, and —2.1 V). Since the voltage scale in Fig. 3 is,
to a good approximation, twice the voltage between the
emitter electrode and the quantum dot, the spacing be-
tween the first two arrows at V; =0 corresponds to a level
spacing in the dot of about 0.4 meV and is of the expect-
ed magnitude for a dot of this size. Although the temper-
ature here is 7=40 mK, we find that the characteristics
show no significant change up to about 1 K. The conduc-
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FIG. 3. Conductance data G(V) at 40 mK, for increasing
gate voltage (curves translated vertically for clarity, curve
Ve =0 as measured). Structure has nominal dot diameter of 0.4
um. Dots show displacement of first peak position vs
1/(d./100) % (d, in nm, right scale).
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tance peaks are then nearly washed out above 10 K [10].

We also often observe that the variable lateral
confinement provided by the gate does not affect the posi-
tions, spacings, and amplitudes of all the conductance ex-
trema in exactly the same way. It is thus not always pos-
sible to follow a given extremum over the entire range of
Vg. This is possibly due to sample nonuniformities, but
likely also to the complex interplay between quantum
confinement and Coulomb interactions. We find never-
theless that most of the peaks move approximately ac-
cording to a 1/d? law with gate voltage, as one expects
for a confinement effect (preliminary calculations by
Stern, Kumar, and Laux [11] show that the lateral
confining potential in our structure is fairly sharp and
that the potential rise at the center of the dot does not
exceed 2 meV throughout the entire range of gate volt-
ages). The displacement of the first peak versus 1/d? is
shown in Fig. 3 (dashed line) and gives direct evidence
for the quantum size effect. One thus deduces a level
dependence on confinement given by AE =9.5/(d,/100)
meV (d, in nm) over the entire gate voltage range. Since
a satisfactory model taking Coulomb interactions and the
exact potential shape into account is not yet available, an
attempt at unequivocal mode identification would be
somewhat premature at this point. Nevertheless, prelimi-
nary calculations [12] of quantum-dot levels in a circular
dot with two electrons including Coulomb and exchange
interactions yield results which are consistent with the ob-
served peak spacings and overall dependence of the peak
positions on gate voltage (or dot diameter d.).

As mentioned above, the situation described here is
further complicated by the fact that the charging energy
of the dot is not negligible. For the barrier thickness of
13.5 nm shown in Fig. 1, the capacitance of a dot of
effective diameter d. =100 nm (obtained for Vy=—2.3
V) is C=(end?/4)/b=0.6x10 "' F. Assuming that the
lateral distribution of the charge in the dot is uniform,
this yields a charging energy of E.=q/2C=1.35 meV,
which is of the same order as the level spacing in the dot
(the actual charging energy is probably larger since the
radial charge distribution in the dot is not uniform, the
wave function of the ground state being approximately
the Bessel function Jo). As predicted by several groups
[2,5], this leads to transport properties which exhibit both
quantum confinement and charging effect features, pro-
vided the transmission coefficients of the two barriers are
not too different (which is the case in the low-bias region
of the measured characteristics). To see this, we have
thus integrated the conductance curves in Fig. 3 to obtain
the current-voltage characteristics I(V)=[G(V)dV.
The result, shown in Fig. 4 for a set of gate voltages
(curves offset for clarity), exhibits remarkable plateaus.
Similar plateaus have also been reported recently by oth-
er groups [3,13]. Since the plateaus reported in Ref. [13]
occur at device biases which are lower than the theoreti-
cal zero-temperature threshold for resonance, they have
been attributed to tunneling through an isolated impurity
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FIG. 4. Current-voltage characteristics of same device as in
Fig. 3, with gate voltage as a parameter (curve for Vo=—2.5V
as measured, other curves translated horizontally by 5-mV steps
for clarity). Characteristics obtained by numerical integration
of measured conductance data.

in the well, consistent with the observed insensitivity of
the steps to both the temperature and the gate voltage.
Although we have occasionally also observed low-voltage
features with a behavior similar to that described in [13],
the data (and dot sizes) reported here indicate that we
are not dealing with such a case, but rather with a
confinement effect (the 1/d? dependence implies that the
entire active area of the dot is involved). The fact that
the lowest observed feature at V,=0 is slightly (~5
meV) below the theoretical resonance of an ideal quan-
tum well is not unusual nor typical of small-area diodes
[7], and can be traced to the known uncertainties of the
fabrication process (barrier composition [14], layer
widths [14], doping, etc.).

Referring now to Fig. 4 (characteristics offset as ex-
plained in the caption), we observe that the plateaulike
features occur at near multiples of 1 nA (2 nA for

¢e=—05V,3nAfor0.7< —V,<1.5V,and | nA for
1.3< —V,<2.5 V). The 1-nA plateau in particular is
fairly robust, although the conductance in the linearly in-
creasing part of the (V') changes by a factor of about 3.5
in this range. This strongly suggests that resonant tun-
neling in the plateau region is inhibited by Coulomb in-
teractions, a hypothesis which is further supported by the
observed increase of the width of the plateau with the
confinement voltage. For a barrier capacitance C
=0.6x10""" F (at ¥;=—2.3 V) and a conductance
G=0.5x10"% ' (the first peak in Fig. 3 for V,
= —2.3 V), one obtains according to this hypothesis a
current step value [15] of the order of AI=¢q/(2C/G)
=0.7 nA, close to the value observed at the plateau. We
therefore suggest that the 1-nA current step observed at
the larger gate voltages is the signature of the first elec-
tron tunneling through the dot. The slight modulation of
the plateau, accompanied by negative conductance within
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FIG. 5. Dependence of conductance G on gate voltage V,
with bias V as a parameter (same device as in Figs. 3 and 4).

it, suggests a modulation of the Coulomb interaction by
level quantization, as predicted by Averin, Korotkov, and
Likharev [5].

Further evidence for the above picture is provided in
Fig. 5, which shows the oscillations of the conductance
versus gate voltage with the bias voltage V as a parame-
ter. With the 1/d? dependence established in Fig. 3, the
370-mV spacing translates into a level change in the dot
by about 1.3 meV, and is of the right magnitude to be at-
tributed to a superposition of Coulomb blockade and
two-electron repulsion within the dot [3]. The slight
modulation superimposed on the oscillations has a smaller
period and is tentatively attributed to a modulation of the
Coulomb interaction by the quantum size effect [5]. The
overall displacement of the characteristics with the device
bias V is consistent with this description.

In summary, we have provided direct experimental evi-
dence for quantum confinement in a resonant-tunneling
dot of squeezable diameter for which the energies associ-
ated with confinement and Coulomb interactions are of
comparable magnitude. Our observation of slightly
modulated current steps of stable magnitude has suggest-
ed the occurrence of a Coulomb blockade of the resonant
tunneling modified by level quantization. Finally, we be-
lieve to have observed the first electron tunneling through

the dot.

Further measurements as a function of temperature
and magnetic field [10] confirm the confinement picture
described here and will be published elsewhere.
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FIG. 1. Vertical transport through heterostructure (HS) lat-
erally confined by voltage V, on Schottky gate. Structure has
cylindrical symmetry around axis AA'. Inset: Successive layers
in molecular-beam-epitaxy-grown structure. From [8].



