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Tunneling spectroscopy of quantum dots using submicrometer-diameter
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We have studied resonant tunneli(®gT) through AlLGa, _,As-GaAs triple-barrier diodes with diameters
between 0.2 and 12m. We have observed fine structures just above and below the RT threshold Wjtage
in the current-voltage curve of a submicrometer diodeTat4 K. With a diameter of 0.4—-0.&m, the
magnetic-field dependence and the sample dependence of the structure unambiguously skibwfitteat
structures above/y, are caused by resonant tunnelifBT) through zero-dimensionalOD) states and
coupled-0D states confined by the diode side-wall depletion region with a parabolic potentié®) dimd
structures below/y, 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
pm, 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. [S0163-182607)09404-4

I. INTRODUCTION QD’s using vertical A|Ga _,As-GaAs triple-barrier RTD’s
(coupled QD diodeswith a diameter from 10 to 0.2m. We

Significant properties of three-dimensionally confinedobserved fine structures around the onset of 2D-2D resonant
systems, so-called quantum doi®D), in semiconductor tunneling peaks in thé-V curves of diodes with a diameter
nanostructures are the quantization of the one-body enerdjetween 0.8 and 0.2zm. Previously, we reported an early
and the |arge Charging energy_ To investigate SUCh propertiégsult Only about the fine structures in a pOSitiVe bias with a
of a QD, tunneling spectroscopy has been used extensivel§:4m-diameter diodeé: The result suggested that the fine
The structures used for spectroscopy are mainly laterallptructures were caused by OD states in a QD and impurities.
gated two-dimensional electron ge2DEG)/depletion layer/ | NiS Paper is devoted to providing a more careful analysis of
2DEG(QD)/depletion  layer/2DEG ~ structure in  an the origin of the fine _structure in both a positive and a nega-
Al Ga, ,As/GaAs heterointerfateor small-area vertical tive bias. The analysis takes not only the voltages of the fine
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neling diode(RTD) structure$™1° Especially in the latter ' 9 y

. . - above and below the onset are respectively attributed to the
structures, the difference between the Fermi level in th P Y

. . . ﬁunneling through the zero-dimensionallPD) quantized
emitter and QD levels can be adjusted with a small change i4eq laterally confined by the diode side-wall depletion

th.e barrier height. This makes possible spectroscopy of fayer and through shallow-donor bound states in the GaAs
wide range of QD levels. Furthermore, the number of elecp | 4 positive bias, the fine structures are caused by tun-
trons in a QD of the latter structures can be changed startinge”ng through OD levels in “a single QD.” On the other
from zero. This enables us to study the electronic propertiefand, in a negative bias, the fine structure is dominated by
of interacting few-electron systems. tunneling through OD levels in “a single QD and coupled
Fine structures superimposed on main peaks have beeDDs.” We can determine that the side-wall confinement po-
observed in current-voltagd -(V) curves of submicrometer tential is a cylindrical parabolic potential in which the spac-
diameter RTD’s. The main peaks are also observett¥h  ing of the quantized energy of an electron is 6.5 meV. The
curves of RTD’s with diameters of more than sevesah.  peak current of the fine structures is interestingly propor-
These peaks are attributed to resonant tunneling througtional to the degeneracy of the 0D level in the parabolic
quasi-2D states confined vertically by a hetero barrier formedateral potential. Although such peak-current quantization
by crystal growth. The origins of the fine structures are unwas reported by Taruchat al. using AlLGa, _,As-GaAs
derstood to be a Coulomb stairca8and/or resonant tunnel- double-barrier diodes that are laterally confined by a Ga
ing through some sort of laterally confined state. There is docused-ion-beam implantatidnye do not know of any re-
lively debate, however, about the origin of the laterally con-ports, except for this, about the observation of the peak-
fining potential—surface depletion from the diode sidecurrent quantization using a pillar of a RTD fabricated by an
wall,>*>=791% impurity state¥ and random potential etching process. We can also estimate the bound energy of
fluctuations® are topics of discussion. shallow-donor states to be 15-20 meV in the GaAs QD.
We have studied the tunneling spectroscopy of GaAs In |-V curves of smaller diodes with a diameter between
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0.2 and 0.3um, we observed fine peak structures superim-

posed on steplike structures. We consider that these struc- FIG. 2. Overalll-V characteristics measuret 4K of a diode

tures are related to the interplay between one-body energyith a diameter of 0.4«m. Quasi-2D tunneling is indicated by the

guantization and the charging effects. The extent of an eledand diagram in Fig. 1.

tron wave function in the GaAs QD estimated from the re-

sults of OD quantized level spectroscopy is in reasonable Here we discuss the coarse structure oflthé character-

agreement with the radius of conducting-channel area in thistics. The main peaks, except that -aR95 mV, are the

GaAs, estimated from the voltage width of the current plaresonant tunnelingRT) current peaks, which flow when the

teau of the Coulomb staircase. subband’ in the top well and the subbargdin the bottom
well are equal in energy. The spacings of voltage positions of
the main peaks are identified as shown in Fig. 2 with the

Il. SAMPLE DESCRIPTION calculated subband spacing, using a voltage-energy conver-

The AL Ga _,As-GaAs triple-barrier layer structure was sion factory=eAV/AE of 2'2_3'1.' The value o !s com-
grown by metalorganic chemical vapor deposition parable to thfa value of 2.9 obtained by assuming a linear
(MOCVD) on a (00)-oriented, &x10' cm 3 Si-doped voltage drop in the undoped layers.

GaAs substrate. The layer sequence was as follgiys: ~USINg this value ofs, we know that, at the voltage of
200-nmn* GaAs bottom contact layen=23x 10* cm™9) —295 mV, the subband’2s larger than the subband 2 by
i) 50-nm n* GaAs layer(n=1x10® cm™3), (iii) 5-nm abc_)ut 36 meV, which is similar to the energy of longitudinal-
(i ver( ), (i) optical (LO) phonons in GaAs. From these results, we un-
derstand that the peak at295 mV is due to the GaAs-like
LO-phonon-emission-assisted-2 tunneling.

GaAs spacer layefiv) 5-nm Al, ;G&, ;As bottom barrier(v)
7-nm GaAs bottom well(vi) 7-nm Aly ;Ga, ;As middle bar-
rier, (vii) 10-nm GaAs top well(viii) 5-nm Aly :G&, ;As top
barrier, (ix) 5-nm GaAs spacer layetx) 50-nmn* GaAs
layer(n=1x10'® cm3), and(xi) 100-nmn* GaAs top con- B. Tunneling current through 0D side-wall

tact layer(n=5x10' cm™3). Silicon was used as the dop- confined states and shallow donor states around 50 mV

ant. Layerdiii )—(ix) are all undoped. Diode pillars were de- Figure 3 shows thé-V characteristicstad K of the three

fm_ed using el_ectr(_)n—beam_or photoll_thography and i different diodes with the same diameter of Quh. We ob-
mixture reactive ion etching. Ohmic contacts were made

. . . served fine structures above and below the RT threshold
e A ol 1 e Lo of I plars 21 yplage of sbout S0 mv. A shown n Fig. 3, somer
: P P ' rves have fine structures only above the RT threshold volt-

to fabrlcate diodes with diameters of 1Q_Q‘m' !—Iowe\{er, age and others have them both above and below the RT
Ohmic contacts could not be made to diodes with a dlametetrhresholol voltage

of 0.1 um, possibly because the surface depletion layer at the
diode side wall depleted the top GaAs contact channels.

Therefore the depletion-layer width is estimated to-H&05 y y y 777
um. As a result, the minimum diameter of a diode success- ar
fully fabricated was 0.2um. 12 b
Figure 1 shows a schematic band diagram. The bottom
energies in the 2D subband are obtained by calculating trans- 10 ¢
mission probability at zero bias. The differences of the elec- < gl )
tron effective mass in the GaAs and,B&lg _,As layers and =
the nonparabolicity of electron energy dispersion in GaAs g 6
layers are taken into account. 3 4l
ll. RESULTS AND DISCUSSION . _________t;:::_it:j:.i..j__“;,.
A. Coarse structure of thel -V characteristics 0 20 40 60 80 100

Bias [mV]
Figure 2 shows the overdllV characteristics of the 0.4-
um-diameter diode. The voltage is applied with respect to FIG. 3. |-V characteristics measured 4 K of three triple-
the grounded substrate. barrier diodes with the same diameter of @u.
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FIG. 5. Voltages at current peaks and shoulders as a function of
magnetic field. Solid lines give the one-body energies calculated for

.:IG' .4' The e¥olution OI'\; character|s;_|c;sdta4 Kl_o(fjadlolcilel a parabolic confining potential with E¢l) added to a constant
with a dlameterq 0_‘4Lm‘ ast € magnetic field applie paralle 0 (fset usingfiwg=6.5 meV and the conversion factor g2.2.
the current flow is increased in steps of 0.5 T. Successive traces

have been displaced upwards by 0.2 nA. servation of peak-current quantization using a RT-diode pil-
lar laterally defined by the etching process.
First we will discuss the fine structures observed only A magnetic field lifts the degeneracy. In a strong mag-
above the RT threshold voltage. The qualitative structure didietic field limit (w.>wo), the negativel level approaches
not depend on the sample. The fine structure was not clearé/he nth Landau level and the positivelevel approaches the

observed in diodes with a diameter of more thaprt. We ~ (N+1)th Landau level. As shown in Fig. 5, we obtain the
measured thé-V characteristics under magnetic fiddap- best fitting between experimental data and calculated spectra

plied parallel to the current flow. As shown in Fig. 4, the USing the value ofiw,=6.5 meV. Even whe+0, we ob-
results show a complicated shift of fine structures. serve the amplitude of resonant tunneling, which is approxi-

If the spacing of OD quantized levels formed in a GaAsmate'y proportional to the degeneracy of the 0D state,

well is much larger than both the thermal enekgyl and the 'g;g;ggdthe current is decreased as the magnetic field is in-

spacing of energy levels in the emitter, fine structures can bé Because the Fermi level at the GaAs side-wall surface is

observed if -V characteristics when the Fermi level crosses . .
the OD quantized levels in the wéfl**when the well region pinned at 0.7 eV below the conduction-band edge and the

. v pinched off. we assume that electrons are confine hysical radiuR of the diode is 0.2um, the Fermi level at
IS nearly pinched ofl, w : : . “the center of the diode pillar can be approximately calculated
in the radial direction by side-wall depletion potential:

k2.2 A . asm* w 3R?/2—0.7 eV=0.04 eV above the conduction-band

X)(rtﬁé_cTrrg)notr ﬁ(/) ?N ”tgzeerinzggﬁg f|el_d Itsh appl(lje_dl %gral[{el edge in the GaAs well. If a few percent error of the diode
' 9 gy n the radial direction,, jiys is taken into account, the Fermi level is estimated to

hecomes be around subband edgé This result is consistent with the

fact that 1-1 resonant tunneling has been observed in our
2 2ap experiment. From these results, we confirm that the fine
Eni=@n+[l[+ Dfi(wp+ 0g/4)“+1(hoc/2). (1) structures above 50 mV can be attributed to resonant tunnel-

ing through OD quantized levels confined by the diode side-

Quantum numbers and | are given byn=0,1,2... and wall depletion layer. The deviation between the experimental
[=0,£1,%2,..., respectivelyhwy is the energy spacing for data and the calculated curves in a high magnetic field is
B=0, w, is the cyclotron frequency of the electreB/m*, considered to be due to the nonparabolicity of the confine-

wherem* is the effective mass of an electron in a dot. ment potential and/or the shift of the levels in the bottom
When the magnetic field is abse(ite., B=0), Eqg. (1) contact layer by the magnetic field.
reduces tcE, | =(M+1)fwy, whereM=2n+|l| and each Next we will discuss through what levels an electron tun-

energy hasi + 1)-fold degeneracy for each spin. From Fig. nels. Because the fine structures are observed at the onset of
4, we find that forB=0, the amplitude of theNth (N  the main peak of 1-2resonant tunneling, the fine structures
=1,2,...)peak/shoulder from the lowest is approximated byseem to be produced by tunneling between 0D states in sub-
Nlg, wherely=0.5 nA is the lowest peak current. So we band 1 and OD states in subbard We conclude, however,
consider that the origin of such peak-current quantization ishat tunneling occurred betwe@D states in the emitter and
the degeneracy of QD levels. The small fine feature betwee@D states in subband’ for the following reasons.

the current peaks/shoulders specified\dy; is probably due (1) When we observe the tunneling current through the
to the overlap of the neighboring peaks. Such peak-currerihdividual dot states, we see that the current begins to flow
guantization was observed by Taruchatal. using when the applied bias brings the emitter Fermi level, which
Al,Ga, _,As-GaAs double-barrier diodes in which the lateral should lie below subband At zero bias, into resonance with
confining was imposed by Ga focused-ion-beamsubband 1 Based on this observation, the experimentally
implantation? To our knowledge, however, there is no ob- obtained RT thresholds of30 and 50 mV can be repro-
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duced by assuming that the Fermi level lies 16 meV below
subband 1 This value of the Fermi level is only 24 meV
smaller than the value obtained by using Fermi-level pin-
ning. (The difference can be explained by a 3-nm overesti-
mation of diode diameter or nonparabolicity of the lateral
confinement potentigl.In this case, the fine structures are
produced by resonant tunneling through 0D states in subband
1’. From the band diagram shown in Fig. 1 and using a
conversion factom of 2.9, resonant tunneling between sub-
band 1 and subband Bccurs at a voltage of about 180 mV.
In our experiment, however, fine structures were observed
from 50 to 120 mV. The fine structures are not due to tun-
neling between subband 1 and subbahd 2

(2) It has been theoretically shown that tunneling from Bias [mV]
3D emitter states into a OD state in a @BD-0D tunneling ) ) - ,
exhibits a peak when the Fermi level in the emitter and the FIG. 6. Fine structures -V characteristicsta4 K of diodes
0D level are equal in enerdf. Therefore fine structures ith different diameters of 1.xm, 1.0 um, and 0.4um.
caused by such tunneling can be mapped to energy levels of
an electron in a QD% However, the fine structure domi-
nated by resonant tunneling between 0D stéB&0D tun- ;0 impurities in GaAs wells. The difference in the pattern
neling cannot be so mappedWe found that the fine Struc- ¢ the fine structures would result from the difference of the
ture can be mapped to the energy levels in a single QD &igtibytion of impurities in GaAs wells.
shown in Fig. 5 and th_at the peak current is proportional to Figure 7 shows the magnetic field dependencel -of
the degeneracy of a single QD. Therefore we conclude that,,es of a diode with a diameter of &m. The quite com-

we observed tunneling through 0D states in a single QDpjicated shift of the fine structures cannot be well fitted using
From the f|rst_reason, the 0D state ShOUId_ be in subband lEq. (1). This is because the potential of an ionized impurity
For the emitter state, we consider that it behaves as a 3R |oser to 11 rather than ta 2. In our experiment, the Bohr
sys.tem.. The width of the surface _depletlon. region in theradius of an electroiabout 10 nmis comparable with the
emitter is founq to be-0.05um as dlsc_ussed |n_Sec. 1l ar}d cyclotron radiugabout 26 nm aB=1 T). In such a case, it
therefore the_dlameter_of the conducting core in the emitte[g impossible to derive the reasonably approximated analytic
of a 0.41Lm-d|amete_r dlo_de is-0.3 pm. In such a case, the expression of the eigenenergy of an electron. Therefore, we
typical energy spacing in the emitter becomes several 0.{5e not obtained a good fit between the experimental data
meV. The energy spacing is too small to provide well-gng the calculated impurity levels. In a system that corre-
defined subbands at 4 K. , . sponds to a hydrogen atom under a magnetic field, the clas-
_ We have not observed 0D-0D tunneling under a positivesjca| motion of an electron shows chaotic behavior. There-
bias. We consider the reason to be as follows. Under a posfre jts quantum-mechanical nature attracts much attention
tive bias, when the bias voltagabout 120 mY brings the jy the context of quantum chadsTunneling spectroscopy

Fermi level in the emitter into resonance with subband 1, the,q in our experiments is expected to shed more light on this
lateral parabolic potential in the bottom GaAs well is qq.

screened and therefore flattened by accumulating electrons in
the neighboring bottom spacer and the bottom GaAs well

structures in -V curves corresponds to the absencédiof-

becomes a 2D system. Then the top GaAs well also becomes Teax S /
a 2D system due to screening by the accumulating electrons 250 1 72
in the bottom GaAs well. As a result, above about 120 mV, 200

the current flows by 2D-2D tunneling.

Next we will discuss fine structures at and below 50 mV.
As shown in Fig. 3, they are observed for some samples, but
not for other samples. The fine structures tended to disappear
as the diameter of the diode gets smaller, as shown in Fig. 6.

L

The fine structures are observed even for diodes with diam- ==

eter of 10um and have strong sample dependence. i
Based on the above, we consider that the fine structures

arise from tunneling througshallow-donor-bound states lo-

cated in the GaAs top wellf the width of the GaAs well is -150 : i

5-10 nm, the ground-state energy of a shallow donor lies 20 -0 0 18(?33 [Zr?]v] 30 40 50 60

20-15 meV below the bottom of the free 2D subb&hd.

Using a conversion facton of 2 to 3, the voltage at which FIG. 7. The evolution of -V characteristicsta4 K of a diode
tunneling through the shallow-donor states occurs should b@ith a diameter of um, as the magnetic field applied to the current
30-60 mV below the resonant threshold voltagg. Thisis  flow is increased in steps of 0.5 T. Successive traces have been
consistent with our experiment. The absence of the finelisplaced upwards by 10 nA.
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FIG. 8. The evolution of-V characteristicste4 K of a diode

with a diameter of 0.4um, as the magnetic field applied to the g1 g The evolution of -V characteristics ta4 K of a diode
current flow is increased in steps of 0.25 T. Successive traces haygin 4 diameter of 0.3um, as the magnetic field applied to the
been displaced upwards by 0.4 nA. current flow is increased in steps of 0.5 T. Successive traces have

been displaced upwards by 0.4 nA.
C. 0D(-0D) tunneling around —30 mV

We observed two shoulder structures-a84 and —43  sider these are the reasons we observed only two fine struc-
mV in the |-V curves for negative bias without a magnetic tures between 0 te-43 mV and no fine structures above
field, as shown in Fig. 8. Since this sample had no fine struc—50 mV.[On the other hand, at positive voltages from 0 to
tures below the threshold voltage and all such samples ext20 mV, the Fermi level in the emitter is in resonance only
hibited the same pattern of fine structures, these fine struawith the subband 'lin the top GaAs well. Furthermore, since
tures were caused by the diode side-wall confinement but ndhe GaAs top well is separated from the emitter by a thick
by impurities. From energy-voltage conversion using the fac{17 nm depleted region, the lateral confining potential is
tor »=2.2 defined in Sec. Il A, we can determine that thehardly screened by electrons accumulated in the emitter.
Fermi level in the emitter and the lowest level in the subbandrherefore we can observe multiple fine structures caused by
1’ are in alignment at-34 mV. At —34 mV, the lowest level the tunneling through OD states in subbarid 1
in subband 1 is above and is not in resonance with the Fermi The amplitude of the fine structure at negative bias is
level in the emitter. Therefore the fine structure-884 mV  modulated by the magnetic field as shown in Fig. 8. Accord-
can be attributed to the tunneling between 3D states in thing to the transfer Hamiltonian formalism, the tunneling cur-
emitter and the OD ground state in subbarid Since we rent is given by the product of density of stat€OS) in the
know that the spacing between 0D states in subbansl@.5  emitter, and DOS in Q[3) and the transfer integral between
meV, one may expect to observe tunneling through the firsthe states in the emitter and the state in (§DBecause
excited state in subband ht —48 mV (=—34 mV —6.5  energy levels are discrete in @), the DOS in Q¥s) does
meVX n/e). However, at—43 mV, the bias brings the Fermi not change continuously and has a discrete value. The origin
level in the emitter into resonance with the lowest level inof the modulation is considered to be a change in DOS at the
subband 1. Therefore we observed a fine structure48  Fermi energy in the emitter or a change in the transfer inte-
mV, which is not due to OD tunneling only through subbandgral due to some transitions like the spin-singlet—spin-triplet-
1’, but to 0D-0D tunneling between an excited state in sublike transition®
band 1 and the ground state in subband 1. A perturbation of
the translational invariance of the lateral confinement poten-
tial makes mode-mixing transitions possible. The fact that
the fine structure cannot be mapped to 0D energy levels also
supports 0D-0D tunneling mechanism. Tewoetial. re- Figure 9 shows the magnetic-field dependence of the fine
ported the observation of 0D-OD tunneling peaks on arstructures il -V characteristics observet4K of a0.3-um-
overall 1-1 tunneling peak using submicrometer diameter diode. Magnetic fields were applied parallel to the
Al,Ga,_,As-GaAs triple-barrier diode3'°However, we ob-  current flow. The steplike structure was not affected by the
served the fine structure only at the onset 6fLitunneling. magnetic fields, but was more clearly observed as the
We consider the reason as follows. Mode-mixing transitionsstrength of the magnetic fields increased. On the other hand,
cause the overlapping of many fine structures with narrowthe voltage position of the fine structure superimposed on the
spacing in voltages. Furthermore the spacing of the 0D levelsteplike structure shifted when the strength of the magnetic
would be narrowed by the screening of the lateral potentiafields was increased. From these results, we consider that the
caused by the accumulating electrons in the emitter next teteplike structure is a Coulomb staircase caused by charging
the top GaAs well. If the voltage spacings are narrower thamf a QD and the fine structure was caused by RT through 0D
1 mV, the overlapping cannot be resolved4aK and we quantized energy levels in a QD. From the results for a 0.4-
observe 2D-2D tunneling without fine structures. We con-um-diameter diode, it has been found that the current begins

D. Coulomb staircase observed if -V characteristics
of diodes with a diameter of 0.3-0.2 um
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to flow when the applied bias brings the emitter Fermi level,
which should lie below subband &t zero bias, into reso-
nance with subband’l1Therefore, the current steps corre-
spond to such increments of the number of electrons as
0—1—2--- in subband 1 At voltages higher than 100 mV,
no steplike structure was observed. At such voltages, no
more electrons may be accumulated in subbandécause
the bottom barrier height was lowered by the bias voltage
and transmission probability through the barrier increased.
Since there were no electrons in subband 1 in the voltage
region where the Coulomb blockade was observed, we ap-
proximate the device structure by a double tunneling junc-
tion system, where one junction whose capacitanc€,is
consists of an AlGa, _,As top barrier and the other junction
whose capacitance S, consists of an AlGa, _,As middle 0.80
barrier, a GaAs bottom well and an,Ma, _,As bottom bar- (@ ' Voltage [V]
rier. We assume that the capacitan€ is given by
C,=emr2,,4d;, wheree is the permittivity of AlGa _,As,
I cong IS the radius of conducting area addis the width of
the barrier. Since the barrier width d§=5 nm andd,=17 15

nm, C, is larger thanC,. According to the orthodox theory
of Coulomb blockade, the width of a current step of a Cou- 10 |
lomb staircase is given bs/C, , whereC, is the larger junc-

40

Current [nA]

o©

0.85 0.90

tion capacitancé’ The width of the current steps obtained
from Fig. 9 is about 10 mV. Therefore, capacitar@e is
estimated to b€, =e/10 mVV=16 aF. The radius.,,q0f the
conducting area is estimated to bg,~ VC1d,/(e7)=14
nm. Alternately, the conducting area can be estimated from
the lateral extent of the electron wave functiop,,., Which 5
is determined by the lateral confining potential in a QD. As
we discussed in Sec. Il B, the lateral confining potential of 10 .
the QD is well approximated by a cylindrical dot with a -1.2 -1.1
parabolic potential: V(r,)=mwgr2/2, where wy=(1/
R)[(2®)/m*]Y2. Here ® is the Fermi-level pinning of 0.7
eV at the diode side-wall surface aRds the physical radius
of a diode. Here we define the lateral extent of the wav
function, r,.. Of the one-particle ground state as
Fwave=[ 2/ (M* wo)1Y2=[#RI(2m* )Y Y2 For a 0.3um-
(=2R) diameter dioder . is estimated to be-12 nm.
This value of 12 nm is in reasonable agreement with thedges. These current steps are considered to be caused by
radius of 14 nm estimated from the Coulomb staircase.  single-electron charging of quite small capacitors made not
We observed a Coulomb staircase for @ud-diameter by Al,Ga, _,As layers but by fluctuations of the conducting
diodes, but we did not observe it for Oudn-diameter di- path width.
odes. The reason for this is not clearly understood. One pos-
sible explanation is the following. When a QD is nearly
pinched off, the radii of the electron accumulating areas in IV. CONCLUSION
QD’s of 0.3.um- and 0.4um-diameter diodes are not much
different. The conducting area in the contact layer is, how- We have studied the low temperatur&/ curves of sub-
ever, strongly influenced by the physical diameter of the di-micrometer AGa, _,As-GaAs triple-barrier diodes. In the
odes, because the width of the surface depletion region in theV curves of diodes with diameters of Qu4n, we observed
contact layer is only~50 nm, due to the high dopant con- fine structures above and below the resonant threshold volt-
centration. For a 0.44m-diameter diode, the capacitance be-ageV,,. Sample and magnetic field dependence of the volt-
tween the contact layer and the QD is not small enough tage positions of the fine structures abovg are well ex-
cause a Coulomb staircase, due to the large conducting aretained by the model in which an electron tunnels through
of the contact layer. In a 0.@m-diameter diode, the con- 0D states in a single QD and coupled QD'’s laterally confined
ducting area of the contact layer would be small enough foby a cylindrical-parabolic potential withwy,=6.5 mV. The
us to observe a Coulomb blockade at 4 K. amplitude of the fine structure is reasonably proportional to
In |-V characteristics of another diode with a diameter ofthe degeneracy of 0D levels. These results confirm that the
0.2 um, we observed considerably high resonant thresholdrigin of the lateral confining potential is the diode side-wall
voltages of—940 and 750 m\(see Fig. 1D A clear steplike  depletion potential. The origin of the fine structure observed
structure was observed above the resonant threshold volbelow the resonant threshold voltage is understood to be tun-

current [nA]

-1 -0.9 -0.8
voltage [V]

FIG. 10. The evolution of-V characteristicsta4 K of a diode
with a diameter of 0.2um for (a) positive bias andb) negative
eE)ias, as the magnetic field applied to the current flow is increased in
steps of 0.25 T. Successive traces have been displaced upwards.
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