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Single-electron tunneling in nanometer-scale double-barrier heterostructure devices
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We report a systematic experimental study of charge transport in nanometer-scale double-barrier
resonant-tunneling devices. Asymmetric heterostructure material was used so that one barrier is sub-

stantially less transparent than the other. Resonant tunneling through size-quantized well states and
single-electron charging of the well are thus largely separated in the two bias polarities. When the emi-

tter barrier is more transparent than the collector barrier, electrons accumulate in the well; incremental
electron occupation of the well, starting from zero, is accompanied by Coulomb blockade, which leads to
sharp steps of the tunneling current. The voltage extent of the steps is affected by the intrawell electron-
electron interaction. When the emitter barrier is less transparent, the current refiects resonant tunneling

of just one electron at a time through size-quantized well states; the current peaks and/or steps (depend-

ing on experimental parameters) appear in current-voltage characteristics. Experimental results on mag-

netic field and temperature dependence of the current-voltage curves are also reported. Good agreement
is achieved in comparison of many features of the experimental data with simple theoretical models.

I. INTRODUCTION

Charge transport by tunneling in semiconductor mi-

crostructures has attracted considerable attention, both
experimental' " and theoretical, ' in recent years.
Three-dimensional (3D) confinement is achieved either by
vertical etching (quantum dots) of double-barrier
resonant-tunneling structures (DBRTS),' or by lateral

gating of 2D electron layer in heterojunctions (Coulomb
islands). " Although, in principle, both quantum dots
and Coulomb islands are 3D-confined volumes connected
to two Fermi reservoirs in the electrodes through two pe-
netrable barriers, there are several differences in experi-
mentally realizable devices. While single-electron charg-
ing is dominant in Coulomb islands (the charging energy

Uc »5E, separation of the single-particle energy levels

in the confining potential), " size quantization and
single-electron charging can be of the same order in

quantum dots. ' The transmission coefficient of a gate-

induced barrier is adjustable, but not known; in

DBRTS's, the tunneling barriers are well characterized
and can be made in an extremely wide range of parame-
ters. In DBRTS nanometer-scale devices, both energy
and the in-plane angular momentum are conserved in

tunneling; in the lateral tunneling in Coulomb islands,

only energy is conserved.
A Coulomb island usually contains a relatively large

number (70 to 1000) of electrons, " depending on its

size, and, consequently, the charging energy Uc for add-

ing one extra electron is nearly independent of the total
number of electrons in the island. Because gate-induced
barriers are low and wide, charging of a Coulomb island

is usually achieved by a gate and the number of electrons
in the island deviates from the equilibrium value at most

by one. In the DBRTS quantum dots, at zero bias there

are no electrons in the well. DBRTS's are difficult (but
possible4} to gate and the well is populated by applying a
large bias across the barriers. Thus the total number of
electrons in the dot increases with bias in increments of
one starting from zero, and all electrons are "extra"; the
charging energy for adding the first electron (Ui, } is

much different from that needed to add the second elec-
tron (U2, } and the energy for the second electron is

different from that for the third. ' This is, in part, be-

cause the intrawell electron-electron interaction energy

per electron depends on the total number of electrons in

the dot and, in part, because of the different spatial extent
of electronic charge distribution for different size-

quantized states in the well.
We have previously reported the observation of single-

electron charging in nanometer-scale DBRTS devices. '

We studied asymmetric DBRTS nanometer-scale devices

and thus we were able to separate most of the single-

electron charging effects from those due to size quantiza-

tion. In this paper, we present a systematic experimental

study of the tunneling charge transport in these devices.

In Sec. II we describe fabrication and measurement de-

tails. In Sec. III we briefly review transport and charging
of the well in large-area devices. In Sec. IV we present

our results on transport in nanometer devices at zero

magnetic field and low temperature. Magnetotunneling

study is given in Sec. V. Temperature dependence of the

current-voltage curves is the subject of Sec. VI ~

II. SAMPLES AND EXPERIMENT

Our DBRTS material was grown by molecular-beam

epitaxy. The active layer consists of a 9-nm GaAs well

sandwiched between a 10-nm A1Q 34Gao 66As barrier and

an 11.5-nm Alo 36Gao «As barrier (substrate side). The
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GaAs emitter and collector electrodes are Si doped to
2 X 10' cm; nominally undoped spacers of 10 and 8 nm
are inserted before and after, respectively, the double-
barrier region in order to limit Si concentration in the
well. The wafer has a 100-nm-thick nonalloyed Al Ohm-
ic contact grown in situ so that no heat treatment of the
devices was needed. The double-barrier region is -300
nm below the surface of the wafer.

Devices of nominal diameter D=0.5 to 3 pm were
defined by electron-beam lithography and wet chemical
etching as described below. As discussed elsewhere, the
electrical size of devices a is smaller than D by -350 nm
because of etching undercut and surface depletion. After
polymethylmethacrylate (PMMA} coating of -200 nm,
wafers were baked at 125 C for 90 min. The next step is
the electron-beam writing of the area to be etched away;
unexposed areas define devices so that possible electron-
bombardment damage of the GaAs material is mini-
mized. After developing, the exposed Al layer is re-
moved by etching in diluted HC1 and thus exposed het-
erostructure material is processed with a GaAs etchant of
about 10 nm/s etching rate. The total mesa height is typ-
ically 350 nm; the top Al Ohmic contacts of the devices
are contacted by In bonding pads vacuum evaporated at
45' (pads are 100X300 pm, defined by a lift-off lithogra-
phy).

Measurements were done in a top-loading dilution re-
frigerator with both sample and thermometer immersed
in the mixture. Temperature was measured by a calibrat-
ed Ruz03 chip resistor mounted close to the sample. The
current-voltage (I-V) curves of the devices were mea-
sured using a very-low-noise voltage-source biasing cir-
cuit. Derivatives were obtained by numerical
differentiation.

III. LARGE-AREA DEVICES

In large-area DBRTS devices with barriers thicker
than -2 nm, resonant tunneling is incoherent; electrons
first tunnel from the emitter electrode into 2D resonant
states in the well; subsequently, electrons leave the well
by tunneling through the collector barrier. The tunnel-
ing electrons are dynamically stored in the well, creating
a space-charge layer which can strongly affect relative en-

ergy alignment of the well with respect to the emitter.
The number of electrons in the well X~ is proportional
to the tunneling current I, Na, =Ivn /e, where rs. is the
electron lifetime in the well (both I and Ns, are propor-
tional to the area of the device). Since I is, in turn, deter-
mined by the relative energy alignment of the well and
emitter, this feedback mechanism can lead to intrinsic bi-
stability of a device instead of negative differential con-
ductance.

As has been shown in Ref. 23, large-area DBRTS de-
vices contain n~-10' cm electrons in the well near
current threshold; therefore it was expected that a submi-
crometer DBRTS device with "electrical diameter" of
—10 cm mould have just one electron in the well. In
such devices, it was expected, tunneling of a single elec-
tron can result in appreciable charging of the well so that
the probability of tunneling of the next electron is drasti-
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FIG. 1. Schematic energy diagrams of a large asymmetric
DBRTS device under (a) positive and (b) negative bias. Hatch-
ing represents electron population of the emitter (left) and the
collector (right) electrodes; dots represent the electron popula-
tion in the well. Eo is measured from the bottom of the well to
the bottom of the subband of the 2D resonant states.

cally affected and tunneling of individual electrons would
be correlated in a manner similar to that in metal double
junctions.

The band diagrams of a large-area device under posi-
tive and negative bias are shown in Fig. 1. The Fermi en-

ergy EF in the electrodes is about 20 meV; the energy of
the bottom of the resonant 2D subband in the well
ED=40 meV. The energy separation between pE in the
emitter and Eo is denoted as hE. hE is negative at zero
bias; as bias is increased, no resonant tunneling is possible
until hE =0 at threshold voltage V,h. As bias is increased
further, tunneling current increases until hE=EF, after
that energy- and transverse-momentum-conserving reso-
nant tunneling is no longer possible and current drops.
Under positive bias, the emitter barrier is less transparent
than the collector barrier, TE &&Tz, where TE and Tc
are transmission coefficients (generally, bias dependent}.
Therefore areal electron density in the well n~ is relative-

ly sma11 and the resulting space-charge layer affects 4E
little. Under negative bias, TE » Tz and n ~ is quite con-
siderable (typically, 1 —5 X 10" cm near peak current);
the resulting negative feedback reduces hE for a given
bias, thus shifting the peak of the tunneling current to
higher (in magnitude) bias and causing bistability of I V-
characteristic. We determine the voltage dependences

na ( V), Tz( V), Tc( V), and others for both bias polarities

by fitting experimental data of a large-area device with a
generalization of the self-consistent DBRTS model de-
scribed in Ref. 23.

Figure 2 shows the I-V curve of a large-area device
(D =2.5 pm} made in the same processing run as some
nm devices. The asymmetry of the two barriers is
reflected in the asymmetry of the I-V curve with respect
to the bias polarity. The ratio of the peak current in
positive and negative biases is 1:3.2. The current-
threshold voltage in the negative bias V,'h '=1.3V,'h+' be-

cause of the different barrier thicknesses. The current-
peak voltage in the negative bias V,'h ' =2.8V,'h+' mostly
because of the space charge of electrons accumulating in
the well. This device exhibits peak-to-valley current ra-
tio of 54:1 in the positive and intrinsic bistability in the
negative bias, indicating that our fabrication process does
not lead to device quality degradation.
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FIG. 2. I-V curve of a large-area device. The asymmetry of
the I-V curve for positive/negative bias is due to the asymmetry
of the barriers. Positive PTV ratio is 54.

IV. NANOMETER-SCALE DEVICES

A. Energetics

When the lateral size of a device is small, the energy
spectrum of the states in the well is discrete because of
the three-dimensional confining potential produced la-
terally by electrostatic depletion of the etched GaAs
mesa walls and vertically by the two barriers. With ap-
plication of bias, resonant tunneling is possible whenever
the occupied states in the emitter are aligned with the
well states as long as the charging effects are negligible.
The density of states in the emitter electrode has been
treated both as 3D (Refs. 5, 6, and 12) and as 1D.'

The states in the emitter should be considered 1D or 3D
depending on the relative magnitude of the size quantiza-
tion in the emitter and the doping-induced broadening of
these ideally 1D states (at low T). Thus the emitter is be-
lieved to be 3D-like in relatively large devices (D-500
nm) and nearly 1D-like in smaller, pinched-off devices
(D —150 nm).

The lateral confining potential in the well of a DBRTS
device has been usually modeled as a 2D parabolic well,
but also ' as a 2D cylindrical square well. The parabolic
potential is a realistic mean-field description of the de-
pletion potential for pinched-off or nearly pinched-off
doped cylindrica1 electrodes; the square-well potential
should model well relatively large devices, when there is a
sizable undepleted core in the e1ectrodes, where potential
is Hat. While more sophisticated models can be used in
numerical simulations, ' usually there is no qualitative
difference in the results between them and the two simple
models.

The infinite parabolic-well model is particularly simple
mathematically, especially in magnetic field (Sec. V), but
leads to accidental degeneracies of the well states which
are often lifted in experimentally studied devices. For the
devices of this paper, we employ the infinite parabolic-
well model: the energies of the single-particle well states

Zpf„& are Ep+E„&, where E„&=(M+1)ficop, with
M=(2n+~1~) and (M+1)-fold degeneracy; n and I
are the quantum numbers, n =0, 1,2, and
1=0,+1,+2, . . . (spin is ignored here). If the Coulomb
interaction of the electrons in the well were turned off,
the tunneling current would exhibit steplike, asymmetric
peaks at biases such that hE=E„& with the step heights
approximately proportional to M + 1. ' '

However, tunneling of an electron into the well also in-
volves a finite charging energy if the lateral size of the de-
vice is small. For cylindrical DBRTS devices, the charg-
ing energy Uc =e /2Ca„where the well effective capaci-
tance can be estimated simply as Cs =eepm a l4d (for
a /d &) 1); it is determined by the device "electrical diam-
eter" a, effective barrier thickness d, and the mat-
erial dielectric constant e. The characteristic energy
separation of the in-plane size quantization
5E =E ~+ ~

E
~

=flcop 8A' lm 'a is determined by a
and by the effective mass in the well m*. The ratio
Uc/5E=de m'/4neepR d=/aa, where az -—10 nm is

the GaAs effective Bohr radius; it is a independent. For
typical d =10 nm, Uc/5E=1. Thus the single-electron
charging should be observable in DBRTS devices when
size quantization is observed and d /aa & 1.

8. Tunneling current

We proceed to consider the tunneling current for a
nanometer-scale DBRTS device near V,h. At zero tem-
perature, resonant-tunneling (RT) current of spin-
polarized electrons tunneling from a 3D emitter through
one state in the well is ' '

I'"=(e/A')[TzE+TcEpl( TREF+ TcEp) j,
which assumes that coherence is lost while in the well
and takes into account the Pauli principle for occupation
of the well states. Equation (1) can be understood as fol-
lows. Electrons near pE in the emitter tunnel into the
well state. The average "attempt frequency" of tunneling
electrons is (rz) '=TEE~/fi. The current carried by
one electron tunneling, on the average, every rz is e/rE.
However, when the well state is already occupied by an
electron, no other electron in the emitter can tunnel into
the same well state because of the Pauli principle. Since
an electron spends in the we11, on the average, time
'Ter 'Ii/TcEp, the average tunneling rate is modified to
(rE+r~) '. Multiplying this by e, we get I"'.

We discuss below dependence of I on AE, expressing
AE in terms of single-particle energies E„& in order to
simplify the discussion. A more correct (but less quanti-
tative) discussion of the energetics is given in Sec. V in

the context of magnetotunneling.
In a strongly asymmetric DBRTS device, for

TE && Tg, I"' is limited by the emitter barrier. At
V,h (I =0 for V( V,h), bE —Ui, =Ep p in a nanometer-
scale device, compared with EE=O for a large-area de-
vice (remember that AE increases when bias is increased).
For Epp &LE U, &Ep

&
current is 2I'" since elec-

trons of either spin can tunne1, and the well is occupied
by one electron at a time and only for a small fraction



46 SINGLE-ELECTRON TUNNELING IN NANOMETER-SCALE. . . 7647

( —TE/Tc) of the time. At b,E U—
&, =Eo &, the current

will triple to =6I"', since now tunneling can proceed
through the well states Eoo, Eo, and Eo &, assuming
that all three states have corresponding occupied states in
the 3D emitter. In this situation (for TF « Tc), as the
bias rises, tunneling current increases rejecting the
greater number of the well states available for RT, such
that E„I & hE —U„, the well being occupied only by one
electron at a time. It is energetically possible to have two
electrons in the well at the same time for
LE & Eo 0+ U&, + U2, . ' However, the probability of the
two-electrons-in-the-well-at-a-time tunneling (per avail-
able well state E„I ) is on the order of Tz/Tc «1, and it
contributes little to the total current as long as
I «e/r~ =eTcEo/fi or, equivalently, the number of the
well states available for tunneling (M + 1)(M +2)« TcEo/TzEF.

The physics is very di8'erent for TE » Tz, when I"' is

limited by the collector barrier. hE —U„=Eo0 at V,h,
similar to the previous case. For Ep p & LE —U„&E. ..
current is I"', however, since the well is occupied by one
electron at a time but it is occupied most of the time.
Electrons of either spin can tunnel but only one electron
can tunnel at any given time. The charging energy to
have the second electron in the well is usually greater
than U&, because it involves electron-electron repulsion
in the well; ' ' we denote the second-electron charging
energy as U2, . ' Thus the bias has to be increased until
hE &Eoo+ U„+U2, in order to have two electrons in
the well at the same time and thus to increase the current
to ™2I'"through the two-electron spin-singlet channel
and until hE & Ep &+ U~ + Ug for the spin-triplet chan-
nel to become available. This topic is discussed further in
Sec. V, in the context of magnetotunneling. In this situa-
tion (TE »Tc), as the bias rises, tunneling current in-

creases in steps, rejecting the increasing number of elec-
trons in the well.

It should be noted that I'" is not a constant even for a
given device: it depends on V and B, for example,
through TE and Tc. Further, Eq. (1) gives the tunneling
current only through the direct (energy- and lateral-
angular-momentum-conserving) channel. However, in
general, I'" may depend on the dimensionality of the em-
itter states and on coupling of various emitter states with
the well state, which may depend on the presence of ion-
ized impurities, phonon modes, and interface rough-
ness.

C. Experimental data and discussion

Figure 3 shows I-V curves of a nanometer-scale device
fabricated from the same wafer (Sec. II). The I-V charac-
teristic has a peak current II, =40 pA in the positive and
I&=470 pA in the negative bias. The tunneling current
is immeasurably small ( &0. 1 pA) in both polarities as
voltage is increased from zero to V,h. Then current rises
sharply at V,h and stays nearly constant in some bias
range in both bias polarities, thus forming a step. The
short-period ( —1 mV) modulation is quite reproducible
and shifts regularly with magnetic field (Sec. V), its origin
is not fully understood at present. Similar short-period

modulation has been observed in all small devices and is
somewhat more pronounced in the negative than in the
positive bias.

The Coulomb blockade impedes tunneling until the
6rst current step in both bias polarities. In the positive
bias, the emitter barrier is less transparent, every well
state through which tunneling is energetically allowed is
occupied only for a small fraction of time. Thus, after
overcoming the Coulomb blockade, tunneling can
proceed through several well states even when there is at
most only one electron in the well at any given time. As
bias is increased, the current can increase reflecting the
greater number of the well states available for the one-
electron-at-a-time RT until it is energetically possible to
have two electrons in the well at the same time. Even
when it is energetically possible to have two electrons in
the well at the same time, the two-electrons-at-a-time
contribution to the current is small for hE less than E& &
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FIG. 3. I-V curves of a nanometer-scale DBRTS device at 20
mK for positive bias (a), and negative bias, (b) and (c). (c) is an
enlargement of (b) near threshold; the first current step is
magnified in the inset.
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or E& 2. We obtain A'coo=4 meV from the magnetotun-
neling data (Sec. V). Thus we estimate that the I-V curve
of Fig. 3(a) reflects the one-electron-at-a-time tunneling
through an increasing number of size-quantized well
states (degeneracy is largely lifted, as discussed in Sec. V)
at least until V=130 mV.

In the negative bias, the collector barrier is less trans-
parent and, after overcoming the Coulomb blockade, the
lowest well state is occupied most of the time. In con-
trast to the positive bias, even though the only tunneling
electron can tunnel through several of the lowest well
states, after the first current step the current stays nearly
constant until it is energetically possible to have two elec-
trons in the well at the same time, when the second step
occurs. From the voltage extent of the first current step
we estimate U2, =4 meV. Similarly, each subsequent
current step occurs when it is energetically possible to
have one more electron in the well. Thus the I-V curve of
Fig. 3(b) reflects single-electron charging of the well by an
incrementally increasing number of electrons dynamical-
ly stored in the well.

Figure 4 gives the derivatives of the negative-bias I-V
curves for B =0 and 7.5 T. The derivatives dI/dV were
calculated numerically; an enlargement of the B =0
derivative for 260& V~300 mV is shown in the inset.
One can clearly see the differential conductance peaks as-
sociated with the current steps in the I-V curves. In the
B =0 data, 33 peaks can be identified which correspond
to 1 to 33 electrons dynamically stored in the well. The
first three or four peaks are more clear in the B=7.5 T

8 = 75T

data because the short-period modulation is suppressed
by B. The Fourier transform reveals the quasiperiodicity
of the B =0 peaks for 240& V&320 mV, corresponding
to 8~N~ 27, in Fig. 4. The quasiperiod in voltage is
about 4.4 mV for 8~N+, &16, it decreases to 3.6 mV for
17 + N~ ~ 27; these correspond to the energies of 1.2 and
1.0 meV, respectively, using the bias-to-energy conver-
sion coefficient ea' '=0.28 meV/mV (Sec. VI). These
energies are interpreted as close to the values of Uc, the
single-electron charging energy, for the ranges given.
Indeed, the value of U&=2. 5 meV near V,„, estimated
from the device geometry, is expected to decrease as V
rises because an increase in N~ leads to occupation of ex-
cited well states with greater spatial extent of the wave
functions ("electrical size" increases with Ns, ). The
quasiperiodic conductance peaks are observed in the
negative-bias range where there are more than —10 elec-
trons in the well, while for N~&4 there is no quasi-
periodicity whatsoever, as expected.

Figure 5 shows I-V curves in the negative bias of
several devices made from the same heterostructure
wafer. I~ gives a rough measure of the "electrical size"
of a device. Even though the values of I~ are quite
different, the height of the first current step is nearly the
same. Such uniformity of the values of I"' is direct evi-
dence for general validity of Eq. (1) and also for sub-
monolayer control of the barrier layer thickness (=10
nm, averaged laterally over a -100X100 nm ) within
the distance between the devices of 1 mm. Also, the pres-
ence of a single donor in the central region of the well
would considerably a8'ect experimental I-V curves; many
of our devices provide evidence for this, similar to that of
Dellow et al. Absence of such behavior, however, indi-
cates that no donor occurs within a volume of
a w =1X10 ' cm, giving residual donor density in the
well as -5X10' cm

The calculated values of 2I"'+ =8 pA and I"' =11
pA in the positive and negative polarity, respectively.
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FIG. 4. Differential conductance calculated from the I-V
curve shown in Fig. 3(b) (B =0) and at B=7.5 T. The short-
period modulation (Ref. 34) obscures the peaks corresponding
to current steps for V(250 mV in the B =0 data. Up to 33
peaks can be identified corresponding to one-by-one, starting
from zero, addition of up to N~ =33 electrons into the well. In-
set gives an enlargement of the B =0 data for 10~ N~ ~ 20.

NEGATIVE 8 IAS

FIG. 5. I-V curves of several devices made from the same
DBRTS wafer. I~ gives the peak current; it is a measure of the
"electrical size" of a device at Vp (Ref. 30). The first current
step height I"' is independent of Ip.
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The experimental values, obtained from the first current
steps of several devices (Figs. 3 and 5, Ref. 6 and other
nanodevices), are 2I"'+ =9%2 pA and I"' =9.5+ 1 pA;
the factor of 2 in the positive bias accounts for the spin
degeneracy of the Eo0 state. The agreement between the
experimental and calculated values is very good because
the transmission coemcients and other DBRTS parame-
ters were obtained by fitting the data of a large-area de-
vice. Moreover, in the negative bias TE»TC and we
can estimate I'" as simply the current due to one elec-
tron tunneling every v~. I"' =14 pA, which is also in
good agreement with experiment.

Several other observations are in order concerning the
I-V curves of nanometer devices as compared to large-
area devices: (i) V,„ is pushed up to a higher (in magni-
tude) voltage; (ii) the peak-to-valley current ratio in the
positive bias (-7) is considerably smaller than that of
large-area devices ( )50:1); (iii) the intrinsic bistability in
the negative bias disappears as D is reduced below —1

pm; (iv) the ratio of the peak currents in the positive and
negative polarities is a factor of 3 greater in nm devices.

The shift of V,„to higher (in magnitude) voltage can be
accounted for, in part, by the Coulomb blockade and by
the Ep p upward shift of the lowest well state, relative to
Eo, and, in part, in nearly pinched-off devices, by the
greater penetration of the depletion field into the well"
since the double-barrier region is doped weaker than the
electrodes. The decrease of the peak-to-valley ratio in the
positive bias in small-area devices is likely to originate in
the Heisenberg uncertainty principle. ' The uncertainty
in the in-plane momentum of a tunneling electron is
-IIi/a, where a is the "electrical diameter" of the device.
Thus conservation of the in-plane component of the
momentum, violation of which by scattering gives rise to
the valley current in large devices, is replaced with the

conservation of the in-plane angular momentum in nm
devices. However, there are well states with small angu-
lar momentum, like E„o or E„+„at high energies

E„&&EF,' RT through such states is therefore allowed
even for V & V~, in the valley region. Additional valley
current also leads to a less steep fall of the I vs hE depen-
dence in the NDR region, thus removing the bistability
in the I-V curve. The change in the ratio of the peak
currents (iv) is not fully understood at present.

V. MAGNETOTUNNELING

Magnetic field has been used extensively as a powerful
tool in experimental studies of quantum dots. ' " In
this section, we report a magnetotunneling study of the
same nanometer-scale DBRTS device. The asymmetry of
the barriers enables us to largely separate the size-
quantization and the single-electron charging effects in
magnetic field also. The magnetic-field dependencies of
the single-particle energies and the few-electron Coulomb
interaction thus can be studied experimentally.

Figure 6 shows representative I-V curves with magnet-
ic field B applied parallel to the tunneling direction
(BIII ). We observe very different response to B of the I-V
curves in the two bias polarities. As discussed in the
preceding section, at zero field the first current step in
both bias polarities occurs when the Coulomb blockade
(U„) and the barrier for RT (Ep+Epp) are overcome.
The current peaks in the positive polarity correspond to
additional well states becoming available for RT, as bias
is increased, such that E„&(hE( V)—U„, the well being
occupied only by at most one electron at a time. An I-V
curve in this polarity thus reveals the size quantization of
the well states. The steplike increase of current (Coulomb
staircase) in the negative bias corresponds to the increase
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FIG. 6. Representative magnetotunneling data at 20 mK (8 perpendicular to the barriers). Note the striking difference in the
character of the data (peaks vs steps) in the two bias polarities.
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FIG. 7. Evolution of the short-period modulation at low

magnetic fields. The curves are offset vertically by 12 pA.

of the number of electrons dynamically stored in the well.
An I-V curve in this polarity thus reveals the incremental
single-electron charging of the well. Figure 7 gives the
I-V curves for several low B, focusing on the short-period
( —1 mV) modulation, which shifts regularly with 8.

Figure 8 gives the I-V curves versus B data with B in-
cremented by 0.3 T. Two different B dependences of the
I-V curves in the two bias polarities refiect the different 8
dependences of the single-particle kinetic energies of the
well states and the single-electron charging energies. In
the positive bias, the first current step develops into a
current peak at higher B. In this polarity, at higher bias,
positions of the peaks ( Vp ) shift and cross systematically
with rising B. Because of the Landau quantization in the
emitter, EF in the emitter oscillates with B. In order to
avoid the complication from the B dependence of EF in
the emitter, we subtract V,h from Vp at each B. Figure 9
shows Vp Vth as a function of B. Since pE is aligned
with the lowest well state at V,h, the Vp —V,h vs B plot
traces the B dependence of the well state energies with
respect to the lowest one. It should be noted that this

a
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FIG. 8. Magnetotunneling data at 20 mK; curves shown were taken every 0.3 T and are offset vertically by 15 pA. There is at
most one electron tunneling at a time in the positive bias; current peaks when a single-particle state in the well resonates with p~ in

the emitter. In the negative bias, each current step corresponds to increase by one in the number of electrons in the well (N~=0 at
low bias). The shift of the first current step to higher bias is due, in part, to the 1/2%co, diamagnetic shift of the lowest well state, and,

in part, to an in-plane component of slightly misaligned B.
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FIG. 9. Positions of experimental current peaks (relative to
V,h) vs B in the positive bias (dots). Solid lines give the single-
particle energies E„~(B)—Eoo(B), calculated for a parabolic
confining potential with Eq. (2) using %coo=4.0 meV. Acro is the
only fitting parameter. Bias-to-energy conversion ea'+'=0. 46
me V/mV.

procedure removes (at every B) UI, of the lowest well
state from the energies of the excited well states; howev-

er, the first-electron charging energy U„should be some-
what smaller for the excited states because of the greater
lateral extent of the electronic wave function in higher
states. The data of Fig. 9 are qualitatively similar to the
normal Zeeman splitting of electronic states in atoms.

In the negative bias, current steps (Coulomb staircase}
become less obscured because the short-period rnodula-
tion is, generally, suppressed by magnetic field. Up to six
or seven steps can be seen in Fig. 8(b}. We define 6 VIv as
the voltage extent of the Nth current step in the negative
bias, corresponding to the number of electrons in the well
equal to N~ most of the time, and fluctuating to N~ —1

for the fraction of time on the order of Tc/T~ «1. Fig-
ure 10 shows 4V& as a function of B for Nz, &5. At
B~0, the first current step width is greater than the oth-
ers, hV, &EV2&EV3 LaLV4 EV5 For B&3 T, hV,
increases somewhat with B, while the N~ ~ 2 step widths
cluster together around EV=7.5+1 mV in the experi-
mental field range.

An analytical calculation of the single-particle energy
spectrum in magnetic field can be done for a parabolic
confining potential with rotational symmetry. Electron
energies (neglecting spin) are described by two quantum
numbers (n, l):

E„I =(n + —,'+ ~l~ /2)A'(co, +4app) ~2+(l/2)fico, , (2)

where co, is the cyclotron frequency and fun& is the energy
spacing of the parabolic potential at co, =0. For B =0,
Eq. (2) reduces to E„ =I( M+1) I)1Iopwith M=2n+~l~
and (M+1)-fold degeneracy for each spin. Magnetic
field lifts this (M+1)-fold degeneracy. For Imp=0 (no
confining potential), Eq. (2) reduces to E„I =(N+ ,' )fico„—
with N =n +l 2/+ ~l~/2, where N is the Landau-level in-
dex and I is the angular-momentum quantum number. In
the high-field limit co, &)coo, the energies of the negative I
states are independent of I if coo=0, but they are not de-
generate and increase with ~1~ in the presence of confining
potential; the negative I states approach nth Landau level

and the positive I states approach (n + l)th Landau level.
For comparison with experiment, we calculated the en-

ergies of the well states E„I(B}using Eq. (2) with
ficop=4. 0 meV. The energies E„I(B) E—

p p(B) for
several lowest well states were converted to voltages with
the bias-to-energy conversion coeScient a =0.46, as
determined from the temperature dependence of the data
(Sec. VI). The result (interpreted as theoretical Vz —V,h )

is given by solid lines in Fig. 9. %coo is used as the only
fitting parameter; the value %coo=4.0 meV gives the most
reasonable fit. Neither variation of U„ in different well
states, nor the likely nonparabolicity of the real confining
potential, are rejected in the calculated solid lines.
Agreement between the simple model calculation and the
experimental data is qualitatively good. Numerical calcu-
lations suggest that the qualitative behavior of the ener-
gies of the well states in magnetic field is insensitive to
the exact shape of the confining potential.

Two interesting features are worth noting in Fig. 9.
First, at high field, the data points follow curved lines
rather nicely, similar to the calculated lines approaching
the first Landau level. However, there are no data points
that follow the calculated lines approaching the second
Landau level, while in the low-field region (B & 2 T) there
are several branches of data points going up with B. This
behavior is likely due to the conservation of the in-plane
angular momentum (equivalently, conservation of
Landau-level index) for tunneling from the emit-
ter into the well. When B is high enough, all electrons in
the emitter are in the lowest Landau level. These elec-
trons can tunnel only into those well states that approach
the first Landau level at high field. Second, the B =0 de-
generacy of calculated we11 states is lifted in real devices
(Fig. 9). The zero-field degeneracies arise from (i) the as-
sumed infinite parabolic lateral confining potential and
(ii) the assumed inversion symmetry of the vertical
confining and crystal potentials. The first kind of degen-
eracies (e.g., E, p =Ep y2 } arc hftcd lf thc lateral
confining potential in the real device is not exactly para-
bolic and also because of the mixing of E„& by the charg-
ing energy. However, the lifting of the I degeneracies
(e.g., Ep +, =Ep, ) requires inversion asymmetry in the
vertical direction. The symmetry under inversion can be
removed via the spin-orbit coupling either by the micro-
scopic crystal potential (GaAs lacks inversion symmetry}
or by an external or built-in electric field. Thus the lack
of inversion symmetry of the vertical confining potential
under applied bias offers us the most likely cause of the
observed lifting of the zero-field I degeneracy.

The measurement of the width of the current steps as a
function of B in the negative bias (Fig. 10) is, to our
knowledge, the first experiment to directly investigate the
electron-electron interaction in a quantum dot for just
two to five electrons. Several theoretical investigations
into this issue have been reported. ' ' ' As discussed
in Sec. IV, each step in the "staircase" corresponds to in-
crease of N~ by one, starting from zero. A step width
hV~ thus corresponds (so long as electrons tunnel from
near IMz in the emitter) to the total energy 5E&+ UI~+ I I,
required for adding one more electron from pz into
the well, changing from N~ to N~+ 1 electrons.
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FIG. 10. The voltage extent of current steps b VN, corre-
sponding to charging of the well from N~ to N~+1 electrons,
as a function of B in the negative bias for the first five steps.
Bias-to-energy conversion ea' '=0.27 meV/mV.

Here, 5EN gives the required kinetic energy:
5E& =(E++, Eic )/N—s„where EN are the kinetic ener-
gies of the many-body ground states (note that a many-
electron ground state Ez is not an integer multiple of
iIi'coo), and UIA, +, I, is the difference of the corresponding
many-electron Coulomb energies, per electron, both
charging and intrawell. At 8 =0, in a 2D parabolic po-
tential, for large Ns„E&=(Nii, )

~
ficoo and therefore

5E~ typically fiuctuates close to ficoo/(N~)'~i. In the
high B limit, for large but finite N~, 5E&~0. At any B,
for large but finite N~, U~, ~Uc, a nearly (but not ex-
actly ) constant value for a range of 5Na -(N&)' (Sec.
IV C).

The first width, b V&, gives the energy difference be-
tween having just one and having two electrons in the
well. As expected, hV, is greater than other EVE be-
cause the Coulomb repulsion per electron is greatest for
two electrons in the well. However, in experimentally
studied devices, there are two complications usually not
considered theoretically. First, at any 8, Uz, depends on
the lateral extent a of the wave functions of the well-
confined electrons; since a increases with N~, UN, de-
creases as X~ is increased. Also, a high 8 reduces a
somewhat; therefore, as B~~, Uz, is expected to in-

crease (this effect is particularly important for small N~).
Second, screening by the electrodes reduces the intrawell
Coulomb repulsion. For electron density in the elec-
trodes nE =2 X 10' cm, the screening length is

nE =15 nm. This length is in addition to the barrier
thickness of about 10 nm so that screening charges in the
electrodes are A, =25 nm away from the electrons in the
well. The in-plane separation of the electrons in the well
is on the order of a/2=(2film coo)'~, on the average;
for Acoo=4 meV and )V~=2, a/2=24 nrn. Thus the sep-
aration of electrons in the well and the distance to the
screening charges are comparable. An estimate of the ex-
pectation value of the two-electron intrawell repulsion
energy, cut off for electron separations greater than A,,

f~
~

(e /4~&&o lr&21 ) I 4( ri ri ) I dridr2
~rlq) (A,

shows that the screening reduces the bare repulsion by a

factor of 2+0.5 (for Ns, =2) for the parameters of this
device.

There are two possible two-electron states; spin singlet
and spin triplet. At zero 8, the singlet state has lower en-
ergy than the triplet state; at some 8, the Sz = —1 triplet
state crosses the singlet state. Experimentally, we ob-
serve evidence for splitting of the second current step
into two substeps in the I-V curve in the negative bias
[with more or less clarity for different devices, Fig. 8(b)
and Ref. 6]. The crossing of the S,= —1 triplet state and
the singlet state occurs at 8 =3 T; this value of 8 yields
the exchange-enhanced value of g =7. The crossing is
reflected as cusps in 6 V& and 6 V2 at the same 8 =3 T in
Fig. 10: upward cusp in 6V, and downward cusp in 6 V2.
All other step widths (N~) 2) cluster together, particu-
larly for B ) 1 T (Fig. 10). This indicates that
UIA+, I, +5E~, the energy required for adding one more
electron into the well, is only weakly sensitive to the
number of electrons in the well provided there are al-
ready two or three electrons there.

VI. TEMPERATURE DEPENDENCE

In this section, we report on our study of the tempera-
ture dependence of the I-V curves of the nanometer-scale
DBRTS device of Fig. 3. We are able to fit satisfactorily
the first current step in the I-V curves in both bias polari-
ties by the Fermi-Dirac (FD) distribution function. Fig-
ure 11 shows the I-V curves near the threshold V,h at
several temperatures T. The structure in both bias polar-
ities is smoothed as T increases; most of the structure in
the I-V curves washes out by 15 K. Note that the short-
period modulation, superimposed on current steps in
both bias polarities, is quite reproducible and smooths
out at roughly the same T as the steps and the peaks.
This indicates that all structure in I-V curves originates
in the same tunneling process.

When T is raised, the electron distribution at pE in the
emitter smears according to the FD distribution function.
Thermally excited electrons in the emitter can tunnel into
the well when the energy difference between pz and the
well states, including the charging energy, is -kT. The
steps and peaks in the I-V curves are expected to be
smoothed at finite T and eventually to be washed out at T
such that -SkT is equal to the characteristic energies of
the device (5E and U, ). ' ' Values of Uc -25 K and

5E=50 K, obtained from the voltage extent of the
current steps in the negative bias and from the fitting of
current peaks in the positive bias (Sec. V), are consistent
with the observed T dependence of Fig. 11.

For the rest of this section we will focus on the first
current steps (FCS) in both bias polarities, which corre-
spond to at most one electron in the well at a time. Fig-
ure 12 gives the expanded FCS in the positive and nega-
tive bias at different temperatures. It is necessary to
distinguish between the bath temperature T and the
effective electron temperature in the emitter T,ff, espe-
cially at low T. T,ff ~ T because of the Joule heating of
the device and/or injection of hot electrons into emitter.
We measure T directly, but T,ff has to be extracted from
the I-V data and, in general, cannot be assumed to equal
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T. We fit the experimental I-V curves for a FCS at vari-
ous Thy the FD function as

I(V)=Iolt 1+exp[ —ae(V —V,h)/(kT, Ir}]], (3)

where Io is the FCS height and is taken to be T indepen-
dent. The bias-to-energy conversion coeIcient is defined
theoretically as ae=d(bE)/d(V), where e is the elec-
tronic charge. a & 1; it gives the fraction of the total bias
corresponding to hE, the energy shift of the lowest well
state relative to the emitter pE. Generally speaking, a is
bias dependent; here, however, we are only interested in a
small bias range around V,h, therefore we take a to be a
constant. a can also be calculated for both polarities
within a generalization of the self-consistent DBRTS
model for large-area devices; for the DBRTS of this pa-

per we obtain a,',+&'=0.45 for the positive and a,',&

'=0.28
for the negative bias.

Equation (3} follows directly from the model where a
DBRTS device is represented by a 3D Fermi sea in the
emitter and one 3D-confined, discrete state in the well.
In general, the tunneling current from the emitter
through the well state is proportional to the convolution
of the electron distribution in the emitter and the density
of unoccupied states in the well, shifted upward in energy
by U&, . The electron distribution in the emitter is the
product of density of states and the FD function. For a
small energy interval near pz, we can approximate the
density of states in the emitter as a constant. This is a
good approximation as long as T is not too high,
kT &&EF. The density of states in the OD well is approx-
imated by a 5 function, since the lifetime broadening of
the well state fi/rs, -0.1 peV «kT. Energy conserva-
tion requires that only those electrons in the emitter can
tunnel whose energy is aligned (at a given V) to the ener-

gy of the well state plus U&, . Thus, in this model, when

voltage is swept near V,h, the tunneling current directly
gives the FD function.

The fitting of the data with Eq. (3) involves only one
fitting parameter since I( V) depends only on the ratio of
T,fr/a. Figure 13 shows examples of the fitting for three
T for each bias. It is apparent that FD function gives a
very good fit to the measured FCS in the I-V curves; the
fits are especially good in the tail (low V) region. From
the fitting parameter obtained at every T, a is determined
as follows. Since Eq. (3}depends only on the ratio T,fr/a,
we plot this ratio versus the measured bath temperature
T (not shown). For T,fr=T, the plot should follow a
straight line and the slope gives the value of a. Indeed,
we see a linear relation in the T,fr/a vs T plot
in certain temperature range. From the slope of this
plot we determined a,„ for each bias polarity:
aI,„+~I=0.46+0.04 and aI,„&~=0.27+0.03. These values
are very close to those obtained from the self-consistent
model calculation. However, at low temperatures
( T & 300 mK) and at high temperatures ( T)4 K), we ob-
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FIG. 12. Expanded plot of the temperature evolution of the
6rst current step. The temperatures are 20 mK (the sharpest),
220 mK, 430 mK, 0.69 K, 0.92 K, and 1.3 K (the smoothest).

FIG. 13. First current steps of the experimental I-V curves
{solid lines) itted by the corresponding Fermi-Dirac distribu-
tion function (dashed lines).
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FIG. 14. Effective temperature T,ff, obtained by fitting I-V
data with Eq. (3), vs the measured bath temperature T. The de-
viation from the expected equality T,ff = T at low T & 300 mK is
explained by electrical pickup rather than by electron heating.
Uncertainties in T,N are typically 10%.

serve deviation from this linear relation. The high-T de-
viation is expected because then thermally excited elec-
trons can tunnel through the excited well states not in-
cluded in the model of the density of well states as a sin-

gle 5 function. Also, the density of states in the emitter
can no longer be approximated as a constant for
-4kT &2 meV.

The deviation from linearity at low T is interpreted as
saturation of the effective temperature T,ff at a finite
value as T~O. We plot T,ff vs T in Fig. 14. T,~ ap-
proaches 340 mK in the positive and 170 mK in the nega-
tive bias as T~O. There are two possible causes for the
saturation of T,ff at low T. First, the electronic tempera-
ture in the emitter differs from the lattice temperature be-
cause of the Joule heating of the electron system by, for
example, the flowing dc current I and/or ac noise
current. The Joule heating by dc and shot-noise currents
are proportional to the tunneling current (or I ), both are
negligible for I( 10 pA (at lowest T, Joule heating is ex-

pected to become nonnegligible for I) 100 pA). The es-
timated heating power due to the Johnson and pickup
noise currents is also many orders of magnitude too small
to cause such deviation at low T. ' Heating cannot ac-
count for the different limiting values of T,& as T—+0 in
the two polarities.

Second, T,ff, determined as described above, has con-
tributions not only from the effective electron tempera-
ture, but also from any ac voltage, which, applied to the
device, averages the "true" dc I-V curves. For example,
electromagnetic pickup by the measuring circuit, super-
imposed on the dc bias, produces averaging ac voltage.
We assume that the electrical pickup has a Gaussian dis-
tribution, namely, that the probability P( V) for the in-
stantaneous biasing voltage to have value Vis

P( V)= [(2m)' V„] 'exp[ —
( V —

Vd, ) l(2V„)],
where Vd, is the applied dc bias and V„ is the variance of
the Gaussian distribution. We fit FCS by this Gaussian-
averaging voltage at the lowest T = 15 mK since at this T
the ac-voltage averaging dominates the temperature
smoothing. Fitting yields V„=100+10pV for both bias
polarities. The different saturation values of T,ff in the
two polarities are thus explained by our translating the
voltage averaging into the energy averaging through
different coefficients a.
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