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Tunneling spectroscopy of quantum dots using submicrometer-diameter
Al xGa12xAs-GaAs triple-barrier diodes

K. Nomoto, T. Suzuki, K. Taira, and I. Hase
Sony Corporation Research Center, 174 Fujitsuka-cho, Hodogaya-ku, Yokohama 240, Japan

~Received 18 June 1996; revised manuscript received 3 September 1996!

We have studied resonant tunneling~RT! through AlxGa12xAs-GaAs triple-barrier diodes with diameters
between 0.2 and 10mm. We have observed fine structures just above and below the RT threshold voltageVth

in the current-voltage curve of a submicrometer diode atT54 K. With a diameter of 0.4–0.8mm, the
magnetic-field dependence and the sample dependence of the structure unambiguously show that~1! fine
structures aboveVth are caused by resonant tunneling~RT! through zero-dimensional~0D! states and
coupled-0D states confined by the diode side-wall depletion region with a parabolic potential, and~2! fine
structures belowVth are caused by RT through shallow-donor-bound states. Energy spacings of side-wall
confined states and shallow-donor-bound energy are estimated to be 6.5 and 15–20 meV, respectively, which
are consistent with a simple model. The tunneling current through the side-wall confined state is found to be
proportional to the degeneracy of the 0D level confined by the parabolic potential. With a diameter of 0.2–0.3
mm, fine structures superimposed on the steplike structure were observed. We consider that those interplay
between the 0D tunneling and a Coulomb blockade. The radius of a quantum dot estimated from a Coulomb
staircase of 14 nm is in reasonable agreement with the extent of electron wavefunction in a quantum dot of 12
nm. @S0163-1829~97!09404-6#
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I. INTRODUCTION

Significant properties of three-dimensionally confin
systems, so-called quantum dots~QD!, in semiconductor
nanostructures are the quantization of the one-body en
and the large charging energy. To investigate such prope
of a QD, tunneling spectroscopy has been used extensiv
The structures used for spectroscopy are mainly later
gated two-dimensional electron gas~2DEG!/depletion layer/
2DEG~QD!/depletion layer/2DEG structure in a
Al xGa12xAs/GaAs heterointerface1 or small-area vertica
Al xGa12xAs-GaAs double-~or triple-! barrier resonant tun
neling diode~RTD! structures.2–10 Especially in the latter
structures, the difference between the Fermi level in
emitter and QD levels can be adjusted with a small chang
the barrier height. This makes possible spectroscopy o
wide range of QD levels. Furthermore, the number of el
trons in a QD of the latter structures can be changed star
from zero. This enables us to study the electronic proper
of interacting few-electron systems.

Fine structures superimposed on main peaks have b
observed in current-voltage (I -V) curves of submicromete
diameter RTD’s. The main peaks are also observed inI -V
curves of RTD’s with diameters of more than severalmm.
These peaks are attributed to resonant tunneling thro
quasi-2D states confined vertically by a hetero barrier form
by crystal growth. The origins of the fine structures are u
derstood to be a Coulomb staircase5,6 and/or resonant tunnel
ing through some sort of laterally confined state. There
lively debate, however, about the origin of the laterally co
fining potential—surface depletion from the diode si
wall,2,3,5–7,9,10 impurity states,8 and random potentia
fluctuations10 are topics of discussion.

We have studied the tunneling spectroscopy of Ga
550163-1829/97/55~4!/2523~7!/$10.00
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QD’s using vertical AlxGa12xAs-GaAs triple-barrier RTD’s
~coupled QD diodes! with a diameter from 10 to 0.2mm. We
observed fine structures around the onset of 2D-2D reso
tunneling peaks in theI -V curves of diodes with a diamete
between 0.8 and 0.2mm. Previously, we reported an ear
result only about the fine structures in a positive bias wit
0.4-mm-diameter diode.11 The result suggested that the fin
structures were caused by 0D states in a QD and impuri
This paper is devoted to providing a more careful analysis
the origin of the fine structure in both a positive and a ne
tive bias. The analysis takes not only the voltages of the
structures but also the amplitude of their current into
count. It is unambiguously found that the fine structur
above and below the onset are respectively attributed to
tunneling through the zero-dimensionally~0D! quantized
states laterally confined by the diode side-wall deplet
layer and through shallow-donor bound states in the Ga
QD. In a positive bias, the fine structures are caused by
neling through 0D levels in ‘‘a single QD.’’ On the othe
hand, in a negative bias, the fine structure is dominated
tunneling through 0D levels in ‘‘a single QD and couple
QDs.’’ We can determine that the side-wall confinement p
tential is a cylindrical parabolic potential in which the spa
ing of the quantized energy of an electron is 6.5 meV. T
peak current of the fine structures is interestingly prop
tional to the degeneracy of the 0D level in the parabo
lateral potential. Although such peak-current quantizat
was reported by Taruchaet al. using AlxGa12xAs-GaAs
double-barrier diodes that are laterally confined by a
focused-ion-beam implantation,4 we do not know of any re-
ports, except for this, about the observation of the pe
current quantization using a pillar of a RTD fabricated by
etching process. We can also estimate the bound energ
shallow-donor states to be 15–20 meV in the GaAs QD.

In I -V curves of smaller diodes with a diameter betwe
2523 © 1997 The American Physical Society
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0.2 and 0.3mm, we observed fine peak structures super
posed on steplike structures. We consider that these s
tures are related to the interplay between one-body en
quantization and the charging effects. The extent of an e
tron wave function in the GaAs QD estimated from the
sults of 0D quantized level spectroscopy is in reasona
agreement with the radius of conducting-channel area in
GaAs, estimated from the voltage width of the current p
teau of the Coulomb staircase.

II. SAMPLE DESCRIPTION

The AlxGa12xAs-GaAs triple-barrier layer structure wa
grown by metalorganic chemical vapor depositi
~MOCVD! on a ~001!-oriented, 131018 cm23 Si-doped
GaAs substrate. The layer sequence was as follows~i!
200-nmn1 GaAs bottom contact layer~n5331018 cm23!,
~ii ! 50-nm n1 GaAs layer~n5131018 cm23!, ~iii ! 5-nm
GaAs spacer layer,~iv! 5-nm Al0.3Ga0.7As bottom barrier,~v!
7-nm GaAs bottom well,~vi! 7-nm Al0.3Ga0.7As middle bar-
rier, ~vii ! 10-nm GaAs top well,~viii ! 5-nm Al0.3Ga0.7As top
barrier, ~ix! 5-nm GaAs spacer layer,~x! 50-nm n1 GaAs
layer~n5131018 cm23!, and~xi! 100-nmn1 GaAs top con-
tact layer~n5531018 cm23!. Silicon was used as the dop
ant. Layers~iii !–~ix! are all undoped. Diode pillars were de
fined using electron-beam or photolithography and SiCl4/He
mixture reactive ion etching. Ohmic contacts were ma
with alloyed AuGe/Ni/Au both at the top of the pillars an
the back of the substrate. In the present experiment, we
to fabricate diodes with diameters of 10–0.1mm. However,
Ohmic contacts could not be made to diodes with a diam
of 0.1mm, possibly because the surface depletion layer at
diode side wall depleted the top GaAs contact chann
Therefore the depletion-layer width is estimated to be;0.05
mm. As a result, the minimum diameter of a diode succe
fully fabricated was 0.2mm.

Figure 1 shows a schematic band diagram. The bot
energies in the 2D subband are obtained by calculating tr
mission probability at zero bias. The differences of the el
tron effective mass in the GaAs and AlxGa12xAs layers and
the nonparabolicity of electron energy dispersion in Ga
layers are taken into account.

III. RESULTS AND DISCUSSION

A. Coarse structure of the I -V characteristics

Figure 2 shows the overallI -V characteristics of the 0.4
mm-diameter diode. The voltage is applied with respect
the grounded substrate.

FIG. 1. Schematic band diagram of the AlxGa12xAs-GaAs
triple-barrier structure investigated.
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Here we discuss the coarse structure of theI -V character-
istics. The main peaks, except that at2295 mV, are the
resonant tunneling~RT! current peaks, which flow when th
subbandt8 in the top well and the subbands in the bottom
well are equal in energy. The spacings of voltage position
the main peaks are identified as shown in Fig. 2 with
calculated subband spacing, using a voltage-energy con
sion factorh5eDV/DE of 2.2–3.1. The value ofh is com-
parable to the value of 2.9 obtained by assuming a lin
voltage drop in the undoped layers.

Using this value ofh, we know that, at the voltage o
2295 mV, the subband 28 is larger than the subband 2 b
about 36 meV, which is similar to the energy of longitudina
optical ~LO! phonons in GaAs. From these results, we u
derstand that the peak at2295 mV is due to the GaAs-like
LO-phonon-emission-assisted 28-2 tunneling.

B. Tunneling current through 0D side-wall
confined states and shallow donor states around 50 mV

Figure 3 shows theI -V characteristics at 4 K of the three
different diodes with the same diameter of 0.4mm. We ob-
served fine structures above and below the RT thresh
voltage of about 50 mV. As shown in Fig. 3, someI -V
curves have fine structures only above the RT threshold v
age and others have them both above and below the
threshold voltage.

FIG. 2. OverallI -V characteristics measured at 4 K of a diode
with a diameter of 0.4mm. Quasi-2D tunneling is indicated by th
band diagram in Fig. 1.

FIG. 3. I -V characteristics measured at 4 K of three triple-
barrier diodes with the same diameter of 0.4mm.
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55 2525TUNNELING SPECTROSCOPY OF QUANTUM DOTS . . .
First we will discuss the fine structures observed o
above the RT threshold voltage. The qualitative structure
not depend on the sample. The fine structure was not cle
observed in diodes with a diameter of more than 1mm. We
measured theI -V characteristics under magnetic fieldB ap-
plied parallel to the current flow. As shown in Fig. 4, th
results show a complicated shift of fine structures.

If the spacing of 0D quantized levels formed in a Ga
well is much larger than both the thermal energykBT and the
spacing of energy levels in the emitter, fine structures can
observed inI -V characteristics when the Fermi level cross
the 0D quantized levels in the well.12,13When the well region
is nearly pinched off, we assume that electrons are confi
in the radial direction by side-wall depletion potentia
V(r')5m*v 0

2r'
2 /2. If the magnetic field is applied paralle

to the current flow, the eigenenergy in the radial direct
becomes

En,l5~2n1u l u11!\~v0
21vc

2/4!1/21 l ~\vc/2!. ~1!

Quantum numbersn and l are given byn50,1,2,... and
l50,61,62,..., respectively.\v0 is the energy spacing fo
B50, vc is the cyclotron frequency of the electron,eB/m* ,
wherem* is the effective mass of an electron in a dot.

When the magnetic field is absent~i.e., B50!, Eq. ~1!
reduces toEn,l5(M11)\v0 , whereM52n1u l u and each
energy has (M11)-fold degeneracy for each spin. From Fi
4, we find that forB50, the amplitude of theNth (N
51,2,...) peak/shoulder from the lowest is approximated
NI0 , where I 050.5 nA is the lowest peak current. So w
consider that the origin of such peak-current quantizatio
the degeneracy of QD levels. The small fine feature betw
the current peaks/shoulders specified byNI0 is probably due
to the overlap of the neighboring peaks. Such peak-cur
quantization was observed by Taruchaet al. using
Al xGa12xAs-GaAs double-barrier diodes in which the late
confining was imposed by Ga focused-ion-bea
implantation.4 To our knowledge, however, there is no o

FIG. 4. The evolution ofI -V characteristics at 4 K of a diode
with a diameter of 0.4mm, as the magnetic field applied parallel
the current flow is increased in steps of 0.5 T. Successive tr
have been displaced upwards by 0.2 nA.
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servation of peak-current quantization using a RT-diode
lar laterally defined by the etching process.

A magnetic field lifts the degeneracy. In a strong ma
netic field limit (vc@v0), the negativel level approaches
thenth Landau level and the positivel level approaches the
(n1 l )th Landau level. As shown in Fig. 5, we obtain th
best fitting between experimental data and calculated spe
using the value of\v056.5 meV. Even whenBÞ0, we ob-
serve the amplitude of resonant tunneling, which is appro
mately proportional to the degeneracy of the 0D sta
though the current is decreased as the magnetic field is
creased.

Because the Fermi level at the GaAs side-wall surfac
pinned at 0.7 eV below the conduction-band edge and
physical radiusR of the diode is 0.2mm, the Fermi level at
the center of the diode pillar can be approximately calcula
asm*v 0

2R2/220.7 eV50.04 eV above the conduction-ban
edge in the GaAs well. If a few percent error of the dio
radius is taken into account, the Fermi level is estimated
be around subband edge 18. This result is consistent with the
fact that 18-1 resonant tunneling has been observed in
experiment. From these results, we confirm that the fi
structures above 50 mV can be attributed to resonant tun
ing through 0D quantized levels confined by the diode si
wall depletion layer. The deviation between the experimen
data and the calculated curves in a high magnetic field
considered to be due to the nonparabolicity of the confi
ment potential and/or the shift of the levels in the botto
contact layer by the magnetic field.

Next we will discuss through what levels an electron tu
nels. Because the fine structures are observed at the ons
the main peak of 1-28 resonant tunneling, the fine structure
seem to be produced by tunneling between 0D states in
band 1 and 0D states in subband 28. We conclude, however
that tunneling occurred between3D states in the emitter and
0D states in subband 18 for the following reasons.

~1! When we observe the tunneling current through
individual dot states, we see that the current begins to fl
when the applied bias brings the emitter Fermi level, wh
should lie below subband 18 at zero bias, into resonance wit
subband 18. Based on this observation, the experimenta
obtained RT thresholds of230 and 50 mV can be repro

es

FIG. 5. Voltages at current peaks and shoulders as a functio
magnetic field. Solid lines give the one-body energies calculated
a parabolic confining potential with Eq.~1! added to a constan
offset using\v056.5 meV and the conversion factor ofh52.2.
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duced by assuming that the Fermi level lies 16 meV be
subband 18. This value of the Fermi level is only 24 meV
smaller than the value obtained by using Fermi-level p
ning. ~The difference can be explained by a 3-nm overe
mation of diode diameter or nonparabolicity of the late
confinement potential.! In this case, the fine structures a
produced by resonant tunneling through 0D states in subb
18. From the band diagram shown in Fig. 1 and using
conversion factorh of 2.9, resonant tunneling between su
band 1 and subband 28 occurs at a voltage of about 180 mV
In our experiment, however, fine structures were obser
from 50 to 120 mV. The fine structures are not due to tu
neling between subband 1 and subband 28.

~2! It has been theoretically shown that tunneling fro
3D emitter states into a 0D state in a QD~3D-0D tunneling!
exhibits a peak when the Fermi level in the emitter and
0D level are equal in energy.14 Therefore fine structure
caused by such tunneling can be mapped to energy leve
an electron in a QD.12,13 However, the fine structure dom
nated by resonant tunneling between 0D states~0D-0D tun-
neling! cannot be so mapped.15 We found that the fine struc
ture can be mapped to the energy levels in a single QD
shown in Fig. 5 and that the peak current is proportiona
the degeneracy of a single QD. Therefore we conclude
we observed tunneling through 0D states in a single Q
From the first reason, the 0D state should be in subband8.

For the emitter state, we consider that it behaves as a
system. The width of the surface depletion region in
emitter is found to be;0.05mm as discussed in Sec. II an
therefore the diameter of the conducting core in the emi
of a 0.4-mm-diameter diode is;0.3mm. In such a case, th
typical energy spacing in the emitter becomes several
meV. The energy spacing is too small to provide we
defined subbands at 4 K.

We have not observed 0D-0D tunneling under a posit
bias. We consider the reason to be as follows. Under a p
tive bias, when the bias voltage~about 120 mV! brings the
Fermi level in the emitter into resonance with subband 1,
lateral parabolic potential in the bottom GaAs well
screened and therefore flattened by accumulating electro
the neighboring bottom spacer and the bottom GaAs w
becomes a 2D system. Then the top GaAs well also beco
a 2D system due to screening by the accumulating elect
in the bottom GaAs well. As a result, above about 120 m
the current flows by 2D-2D tunneling.

Next we will discuss fine structures at and below 50 m
As shown in Fig. 3, they are observed for some samples,
not for other samples. The fine structures tended to disap
as the diameter of the diode gets smaller, as shown in Fig
The fine structures are observed even for diodes with di
eter of 10mm and have strong sample dependence.

Based on the above, we consider that the fine struct
arise from tunneling throughshallow-donor-bound states lo
cated in the GaAs top well. If the width of the GaAs well is
5–10 nm, the ground-state energy of a shallow donor
20–15 meV below the bottom of the free 2D subband16

Using a conversion factorh of 2 to 3, the voltage at which
tunneling through the shallow-donor states occurs should
30–60 mV below the resonant threshold voltageVth . This is
consistent with our experiment. The absence of the
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structures inI -V curves corresponds to the absence of~ion-
ized! impurities in GaAs wells. The difference in the patte
of the fine structures would result from the difference of t
distribution of impurities in GaAs wells.

Figure 7 shows the magnetic field dependence ofI -V
curves of a diode with a diameter of 6mm. The quite com-
plicated shift of the fine structures cannot be well fitted us
Eq. ~1!. This is because the potential of an ionized impur
is closer to 1/r rather than tor 2. In our experiment, the Boh
radius of an electron~about 10 nm! is comparable with the
cyclotron radius~about 26 nm atB51 T!. In such a case, it
is impossible to derive the reasonably approximated anal
expression of the eigenenergy of an electron. Therefore,
have not obtained a good fit between the experimental d
and the calculated impurity levels. In a system that cor
sponds to a hydrogen atom under a magnetic field, the c
sical motion of an electron shows chaotic behavior. The
fore, its quantum-mechanical nature attracts much atten
in the context of quantum chaos.17 Tunneling spectroscopy
as in our experiments is expected to shed more light on
field.

FIG. 6. Fine structures inI -V characteristics at 4 K of diodes
with different diameters of 1.5mm, 1.0mm, and 0.4mm.

FIG. 7. The evolution ofI -V characteristics at 4 K of a diode
with a diameter of 6mm, as the magnetic field applied to the curre
flow is increased in steps of 0.5 T. Successive traces have
displaced upwards by 10 nA.
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C. 0D„-0D… tunneling around 230 mV

We observed two shoulder structures at234 and243
mV in the I -V curves for negative bias without a magne
field, as shown in Fig. 8. Since this sample had no fine str
tures below the threshold voltage and all such samples
hibited the same pattern of fine structures, these fine st
tures were caused by the diode side-wall confinement but
by impurities. From energy-voltage conversion using the f
tor h52.2 defined in Sec. III A, we can determine that t
Fermi level in the emitter and the lowest level in the subba
18 are in alignment at234 mV. At234 mV, the lowest level
in subband 1 is above and is not in resonance with the Fe
level in the emitter. Therefore the fine structure at234 mV
can be attributed to the tunneling between 3D states in
emitter and the 0D ground state in subband 18. Since we
know that the spacing between 0D states in subband 18 is 6.5
meV, one may expect to observe tunneling through the
excited state in subband 18 at 248 mV ~5234 mV 26.5
meV3h/e!. However, at243 mV, the bias brings the Ferm
level in the emitter into resonance with the lowest level
subband 1. Therefore we observed a fine structure at243
mV, which is not due to 0D tunneling only through subba
18, but to 0D-0D tunneling between an excited state in s
band 18 and the ground state in subband 1. A perturbation
the translational invariance of the lateral confinement pot
tial makes mode-mixing transitions possible. The fact t
the fine structure cannot be mapped to 0D energy levels
supports 0D-0D tunneling mechanism. Tewordet al. re-
ported the observation of 0D-0D tunneling peaks on
overall 18-1 tunneling peak using submicromet
Al xGa12xAs-GaAs triple-barrier diodes.

9,10However, we ob-
served the fine structure only at the onset of 18-1 tunneling.
We consider the reason as follows. Mode-mixing transitio
cause the overlapping of many fine structures with narr
spacing in voltages. Furthermore the spacing of the 0D le
would be narrowed by the screening of the lateral poten
caused by the accumulating electrons in the emitter nex
the top GaAs well. If the voltage spacings are narrower th
1 mV, the overlapping cannot be resolved at 4 K and we
observe 2D-2D tunneling without fine structures. We co

FIG. 8. The evolution ofI -V characteristics at 4 K of a diode
with a diameter of 0.4mm, as the magnetic field applied to th
current flow is increased in steps of 0.25 T. Successive traces
been displaced upwards by 0.4 nA.
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sider these are the reasons we observed only two fine s
tures between 0 to243 mV and no fine structures abov
250 mV. @On the other hand, at positive voltages from 0
120 mV, the Fermi level in the emitter is in resonance on
with the subband 18 in the top GaAs well. Furthermore, sinc
the GaAs top well is separated from the emitter by a th
~17 nm! depleted region, the lateral confining potential
hardly screened by electrons accumulated in the emi
Therefore we can observe multiple fine structures caused
the tunneling through 0D states in subband 18.#

The amplitude of the fine structure at negative bias
modulated by the magnetic field as shown in Fig. 8. Acco
ing to the transfer Hamiltonian formalism, the tunneling cu
rent is given by the product of density of states~DOS! in the
emitter, and DOS in QD~s! and the transfer integral betwee
the states in the emitter and the state in QD~s!. Because
energy levels are discrete in QD~s!, the DOS in QD~s! does
not change continuously and has a discrete value. The or
of the modulation is considered to be a change in DOS at
Fermi energy in the emitter or a change in the transfer in
gral due to some transitions like the spin-singlet–spin-trip
like transition.18

D. Coulomb staircase observed inI -V characteristics
of diodes with a diameter of 0.3–0.2mm

Figure 9 shows the magnetic-field dependence of the
structures inI -V characteristics observed at 4 K of a0.3-mm-
diameter diode. Magnetic fields were applied parallel to
current flow. The steplike structure was not affected by
magnetic fields, but was more clearly observed as
strength of the magnetic fields increased. On the other h
the voltage position of the fine structure superimposed on
steplike structure shifted when the strength of the magn
fields was increased. From these results, we consider tha
steplike structure is a Coulomb staircase caused by char
of a QD and the fine structure was caused by RT through
quantized energy levels in a QD. From the results for a 0
mm-diameter diode, it has been found that the current beg

ve
FIG. 9. The evolution ofI -V characteristics at 4 K of a diode

with a diameter of 0.3mm, as the magnetic field applied to th
current flow is increased in steps of 0.5 T. Successive traces
been displaced upwards by 0.4 nA.
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to flow when the applied bias brings the emitter Fermi lev
which should lie below subband 18 at zero bias, into reso
nance with subband 18. Therefore, the current steps corr
spond to such increments of the number of electrons
0→1→2••• in subband 18. At voltages higher than 100 mV
no steplike structure was observed. At such voltages,
more electrons may be accumulated in subband 18, because
the bottom barrier height was lowered by the bias volta
and transmission probability through the barrier increase

Since there were no electrons in subband 1 in the volt
region where the Coulomb blockade was observed, we
proximate the device structure by a double tunneling ju
tion system, where one junction whose capacitance isC1
consists of an AlxGa12xAs top barrier and the other junctio
whose capacitance isC2 consists of an AlxGa12xAs middle
barrier, a GaAs bottom well and an AlxGa12xAs bottom bar-
rier. We assume that the capacitanceCi is given by
Ci5«pr cond

2 /di , where« is the permittivity of AlxGa12xAs,
r cond is the radius of conducting area anddi is the width of
the barrier. Since the barrier width isd155 nm andd2517
nm,C1 is larger thanC2 . According to the orthodox theory
of Coulomb blockade, the width of a current step of a Co
lomb staircase is given bye/C1 , whereC1 is the larger junc-
tion capacitance.19 The width of the current steps obtaine
from Fig. 9 is about 10 mV. Therefore, capacitanceC1 is
estimated to beC15e/10 mV516 aF. The radiusr condof the
conducting area is estimated to ber cond5AC1d1 /(«p)514
nm. Alternately, the conducting area can be estimated f
the lateral extent of the electron wave function,rwave, which
is determined by the lateral confining potential in a QD.
we discussed in Sec. III B, the lateral confining potential
the QD is well approximated by a cylindrical dot with
parabolic potential: V(r')5mv 0

2r'
2 /2, where v05(1/

R)[(2F)/m* ] 1/2. HereF is the Fermi-level pinning of 0.7
eV at the diode side-wall surface andR is the physical radius
of a diode. Here we define the lateral extent of the wa
function, rwave, of the one-particle ground state a
rwave[[\/(m*v0)]

1/25[\R/(2m*F)1/2] 1/2. For a 0.3-mm-
(52R) diameter diode,rwave is estimated to be;12 nm.
This value of 12 nm is in reasonable agreement with
radius of 14 nm estimated from the Coulomb staircase.

We observed a Coulomb staircase for 0.3-mm-diameter
diodes, but we did not observe it for 0.4-mm-diameter di-
odes. The reason for this is not clearly understood. One
sible explanation is the following. When a QD is near
pinched off, the radii of the electron accumulating areas
QD’s of 0.3-mm- and 0.4-mm-diameter diodes are not muc
different. The conducting area in the contact layer is, ho
ever, strongly influenced by the physical diameter of the
odes, because the width of the surface depletion region in
contact layer is only;50 nm, due to the high dopant con
centration. For a 0.4-mm-diameter diode, the capacitance b
tween the contact layer and the QD is not small enough
cause a Coulomb staircase, due to the large conducting
of the contact layer. In a 0.3-mm-diameter diode, the con
ducting area of the contact layer would be small enough
us to observe a Coulomb blockade at 4 K.

In I -V characteristics of another diode with a diameter
0.2 mm, we observed considerably high resonant thresh
voltages of2940 and 750 mV~see Fig. 10!. A clear steplike
structure was observed above the resonant threshold
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ages. These current steps are considered to be cause
single-electron charging of quite small capacitors made
by AlxGa12xAs layers but by fluctuations of the conductin
path width.

IV. CONCLUSION

We have studied the low temperatureI -V curves of sub-
micrometer AlxGa12xAs-GaAs triple-barrier diodes. In the
I -V curves of diodes with diameters of 0.4mm, we observed
fine structures above and below the resonant threshold v
ageVth . Sample and magnetic field dependence of the v
age positions of the fine structures aboveVth are well ex-
plained by the model in which an electron tunnels throu
0D states in a single QD and coupled QD’s laterally confin
by a cylindrical-parabolic potential with\v056.5 mV. The
amplitude of the fine structure is reasonably proportiona
the degeneracy of 0D levels. These results confirm that
origin of the lateral confining potential is the diode side-w
depletion potential. The origin of the fine structure observ
below the resonant threshold voltage is understood to be

FIG. 10. The evolution ofI -V characteristics at 4 K of a diode
with a diameter of 0.2mm for ~a! positive bias and~b! negative
bias, as the magnetic field applied to the current flow is increase
steps of 0.25 T. Successive traces have been displaced upwar
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neling through the shallow donor states in GaAs wells. T
bound energy is estimated to be 15–20 mV.

For 0.3- to 0.2-mm-diameter diodes, we observed a Co
lomb staircase and tunneling through 0D states. The ra
of the conducting channel area estimated from a Coulo
staircase of 14 nm is in reasonable agreement with the ex
of wave function estimated from the magnetic field dep
dence of 0D levels of 12 nm.
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