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Ultrasmall double-barrier semiconductor structures are investigated in terms of the semiclassi-
cal sequential theory of resonant tunneling. The quantization of the charge buildup in the quan-
tum well is taken into account. A peaked /-V characteristic is obtained, with each peak corre-
sponding to an integer number of electrons in the well. A new explanation of the experiment of
Reed ez al. [Phys. Rev. Lett. 60, 535 (1988)] is proposed. The large value of the charging energy
in their experiment E.=e?/2C =43 meV makes semiconductor tunneling structures more con-
venient for observation of charging effects than the usual ones.

As a result of recent advances in lithography and
crystal-growth technology, the possibility for an experi-
mental investigation of two new phenomena appear. The
first phenomenon is Coloumb blockade of single-charge-
carrier tunneling in ultrasmall normal or superconducting
junctions.! Modern nanolithography forms the back-
ground for experimental investigations of this effect.? The
second phenomenon is resonant tunneling in double-
barrier semiconductor structures.’> These structures are
made with the high technology of molecular-beam epi-
taxy. Combining these two techniques one can make a
new device—ultrasmall resonance tunneling structure*
(see Fig. 1). In such structures the effects of charge
quantization become noticeable.>

Recently Reed et al.* investigated electronic transport
through a three-dimensionally confined quantum well (see
Fig. 1). Their structure consisted of a 500-nm n *-type
GaAs layer (Si doped at 2x10'® cm ™3, graded to approx-
imately 10'® cm 3 over 20 nm, followed by a 10-nm un-
doped GaAs spacer layer), a 4-nm Alg,sGag 75As tunnel
barrier, and a 5-nm undoped In,Ga; -, As quantum well.
Symmetrically about the central plane of the well corre-
sponding layers were grown. Electron-beam lithography
and reactive ion etching were used to define isolated
columns. Reed er al. measured the current-voltage
characteristics of large-area mesas (with lateral dimen-
sions = 2000 nm) and detected two resonance peaks: a
ground state at 50 meV and an excited state at 700 meV.

CONDUCTION CORE

| nt
BARRIERS e -
\“—’_’/
R | WELL
\__'_____’_/‘
. ot

FIG. 1. Ultrasmall double-barrier structure. The conduction
core is about five times smaller than the physical dimensions of
the structure.
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They also measured small-area mesas (quantum-box
resonance-tunneling structure) with 100 nm diameter. At
low temperature (<10 K) they observed additional fine
structure emerging superimposed on the excited-state res-
onance peak (see the inset of Fig. 2).

There are two theories attempting to explain the posi-
tion of the fine-structure peaks. Reed et al. made esti-
mates for the lateral confinement due to the sidewall de-
pletion, supposing harmonic-oscillator radial potential.
They obtained the equidistant harmonic-oscillator split-
ting of 25 meV which they considered to be consistent
with the splitting of the upper four peaks. They could not
explain the position of the lowest peak, however. To ac-
count for this fact, Luban et al.® proposed a one-
parameter family of anharmonic oscillator potentials
which differs from the harmonic one only in a zone of ra-
dius < 15 nm around the axis of the device.

Bryant’ proposed another explanation, accounting for
variable lateral confinement in the emitter (collector) and
the well. Starting from the harmonic-oscillator splitting
of AEpx=25 meV in the quantum box and of
AE contace —~1 meV in the contacts, he concluded that the
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FIG. 2. Current-voltage characteristics of the device obtained
with E. =43 meV, AEpox™=25 meV, c=5 meV, a=0.007, and
t./te=10. In the inset schematic low-temperature current-
voltage characteristics are shown, obtained by Read et al. (Ref.
4). The peaks are grouped in two sets 4, and B,, n =0,1,2. The
number 7 of the peak denotes the number of the electrons in the
well.
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lowest peak is one from the oscillator set and there is a
missing peak in the middle between the first and second
peak. He explained its absence with a large subband cou-
pling at the contact barrier interfaces leading to a mul-
tichannel tunneling. Trying to describe the positions of
the peaks of the experiment of Reed ef al. using Bryant’s
theory, one is forced to use a special form for the lateral
potential again— a harmonic oscillator.

But there are some important facts that raise questions
about the applicability of the above-mentioned theories.

(i) The first fact is that the lateral splitting of the ex-
cited resonance state can produce only one or two reso-
nance levels. We take the effective masses of the struc-
ture” MGaas =0.067m,, Mal.Ga-as =0.087m,, Min-Ga-As
=0.063m,, the conduction-band offsets above the Fermi
level of n*-type doped GaAs Vai.Ga-as=VGaas+203
meV, Vin.Ga-as=VGaas— 72 meV (Vgaas is the offset of
the conduction band of the pure GaAs). If we take the 5-
nm In-Ga-As well we find that the excited resonance state
has energy Vgaas+200 meV, i.e., at the very top of the
well. Taking into account that the lateral splitting is
about®’ AEp=25 meV and the fact that lateral
confinement can only raise the levels we see that in the
well we have only one resonance state. If we take a 6-nm
well like Briant,” we find for the resonance state
VGaast 173 meV, so there are two states. We shall con-
sider below only the latter case and at the end of the work
we will briefly discuss the other possibility. We will
denote the lower level with the letter 4 and the upper one
with the letter B.

(ii) Another common feature of the above-mentioned
theories is that they did not take into account the electro-
static feedback effects due to the accumulation of the
charge in the well. An estimation of their importance can
be made by modeling the double-barrier structure with
two capacitors C connected in series.® The effects have to
be of the order of the charging energy e?/C =2E. of the
single electron (e is the electron charge). If we take the
value of Reed et al. for the conduction core diameter (13
nm) we can calculate the capacitance of a planar capaci-
tor with dielectric constant ¢e=13.2 and 10+4+2.5 nm
separation between plates. We conclude that the charging
energy is of the order of a tenth of an electron volt, i.e., of
the order of peaks’ separation. This is a clear indication
that we cannot neglect the charging effects in this case.

(iii) The third observation is that both theories predict
equidistant peaks, but if we look closely at the data of
Reed et al. we see that the upper four peaks are not exact -
ly equidistant. We see that there are two sets of equally
|
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spaced peaks at a distances of 87 mV: the set 4, and the
set B,, n=0, 1, 2. The set B, is shifted from A, by a bias
of 50 mV. At the position of peak Bo there is a weak
shoulder on the data of Reed et al.

(iv) The last common feature of the above-mentioned
theories is that they are based on the supposition of some
special kind of lateral potential shapes. It is hard to be-
lieve that their predictions will not be greatly altered by
irregularities of the wall shapes, imperfections, defects,
etc.

Our theory attempts to take these facts into account.

In what follows we will not use a special kind of lateral
potential, but we will take as given fact that, whatever it
is, there is lateral splitting between the state 4 and the
state B of the order of AEu.x=25 meV. Because this
splitting is defined mainly by the geometrical parameters
of the system, this is a more reliable supposition than
guessing the exact potential shape. We will also take into
account the electrostatic feedback modeling the double-
barrier structure with two capacitors connected in series.®
We will suppose that the shape of the potential well is not
altered by the trapped charge, but is only shifted at energy
nE. (see below), where n is the number of trapped elec-
trons in the well. This shift leads to corresponding shifts
of levels A and B providing a natural explanation of the
experiment of Reed et al.

We will consider the tunneling events in the framework
of sequential theory of resonance tunneling.®*'® This can
be done in terms of the semiclassical model of tunneling. '

The semiclassical model assumes that the state of the
system can be completely described by classical variables
N; and N,, the number of the electrons on the lower and
upper resonance state, respectively. Taking into account
the Pauli principle we find that N;,N, =0,1,2. Electros-
tatically, this structure is equivalent to two identical capa-
citors C connected in series, with charge Q =(N,;+ N, )e
on the common plate. The potential drop across the emit-
ter and collector capacitors is

Ve(Ni,N,)=[V—(N;+N,)e/Cl/2,
Ve(Ni,N,)=[V+(N;+N,)e/Cl/2,

where L,(N;,N,) and L;(N;,N,) are the transition rates
through the emitter barrier into the upper and lower state,
respectively, and R, (V;,N,) and R;(N;,N,) are the tran-
sition rates through the collector barrier. If D,(E) is the
energy distribution of the emitter electrons hopping into
the well and D;(E)[D,(E)] is the density of states of the
lower (upper) state in the well, we can write

(1)

LNGND =@ =N [ D,(E~eV)Di(E — eV (Ni+1,N,))dE , @

where 7. is the elastic tunneling time of the electron
through emitter barrier, 2=N, is the number of empty
states in the lower level, and eV, (N, + 1, N,) is the shift of
the position of the resonance levels after the electron has
tunneled. Similar expressions can be written for
Ly,Ri,R,. If EQ is the height of the lower resonance lev-
el according to the Fermi level at zero voltage (including
the shift of conduction band of pure GaAs above the Fer-

Imi level of doped GaAs) we can write
DI(E)=686(E —EY), D,=8(E—E%—AEw,), @)
where & is Dirac’s & function. Using (1)-(3) leads to
Li/(N.,N,)

=Q2-=N)t. 'DE% —elV—e(N,+N,+1)/Cl1/2).
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A similar expression can be derived for L,. Taking into
account that in the collector all states are free, we can
write

R[(N[,N,,) -NI/TL'; Ru(NlaNu) =Nu/fc .
The time evolution of N;,N, can be expressed as a sto-

chastic process; given N;,N, at time ¢, then at time ¢z + A?
]

dp(N,,N,,,t)
dt

RAPID COMMUNICATIONS

5897

N, changes into N;+ 1 with probability L;(N;,N,)At; into
N;—1, with probability R;(V,,N,)At; and stays un-
changed with probability 1 —[R;(V;,N,)+L,(N;,N,)]1At
and an analogous picture for N,. The probability distri-
bution p(N;,N,,t) for having N, charges on the lower lev-
el and N, on the upper level at time ¢ for fixed ¥V can be
determined by solving the master equation, which has the
following form:'"!2

=Li(N = 1,N)p(N;—1,Ny,t )+ L, (N;,N, — 1)p(N;,N, — 1,1) + R (N;+ 1, N, )p(N;+1,N,,t)

+R,(N;,N,+1)p(N;, N, +1,¢) —[L,(N;,N,)+L;(N;,N,)+ R, (N;,N,)+ R (N;,N,)1p(N;,N,,t) .

Solving these equations in the stationary case we can ob-
tain the current using the formula

2 2
1=eN}:0 NZ lp(N/,N,,)[R,(NI,Nu)+Ru (N, NI

1=0N, =
To do this we have to choose the function of the tunneling
electrons’ energy distribution. Though the concrete shape
of the energy distribution is irrelevant,'?® for the position
of the peaks we have used the Gaussian shape with
characteristic width of the dispersion, which have to be
about the Fermi energy corresponding to concentration of
2x10'® cm 73, i.e., about 5 meV. In the above considera-
tion we have accounted for only elastic (i.e., energy-
conserving) tunneling of the closest to the barrier elec-
trons. To account for the scattering events (leading to the
loss of energy of tunneling electrons) and the possibility to
hop from far from the barrier regions (i.e., with larger
Fermi energy) we add a small low energetic “tail” of the
energy distribution so that it becomes

D.(E)=—L—¢~E"9' 4 49(~E) ,
oV2r
where o is the dispersion width, and 8(x) =1 for x >0
and (x) =0 for x <0 is the unit step function and a is a
phenomenological parameter.

In Fig. 2 the current-voltage characteristics are given,
obtained with the following parameters: t./7.=10,
a=0.007, c=5meV, E. =43 meV, and AE yox =25 meV.

This curve has to be compared with those obtained by
Reed et al. (inset of Fig. 2). In fact, we have two sets of
peaks produced by the two laterally split resonance states.
Each set is labeled with the number of electrons that are
trapped in the well before the electron tunnels. The shift
between the sets is 2AE o« and the spacing within a given
set is e/C. The peak By is masked by the adjacent peak
A and there is a shoulder at this position—a fact men-
tioned by Bryant. At last we have to mention that al-
though the position of peaks did not depend upon concrete
distribution of the emitter electrons, and the values of the
parameters a,7./7., the shape of the current-voltage
characteristic is rather sensitive to them. Thus, further
improvements of the theory are needed. '3

In order to verify the explanations of the effect one has
to study the dependence of the distance between the peaks
on the physical radius R of the structure. The explanation
of Reed et al* is based upon the formula AEpox
=Q®dr/m*)'2h/R, where @7 is the height of the lateral

‘;otential determined by the Fermi-level pinning (fixed at

700 meV) and leads to a 1/R dependence. In our case,
however, if we suppose that the depletion depth is the
same, the area of the effective capacitor changes propor-
tionally to R2 so we suggest that the distances between
the peaks within one set (4, or B,) should vary as R ~2.
The shift between two sets, however, will depend upon the
shape of the lateral potential. For example, if we accept
the model of Reed et al., it should vary as R ~' but if we
accept the infinite-square-well model for the lateral poten-
tial we have to expect R ~2 dependence. The other way to
experimentally test our picture is based upon the fact that
the current is carried by single electron-tunneling events
that are correlated in space and time. Thus we expect the
current to be oscillating with fundamental frequency
f=I/e (see the work of Delsing et al.").

At last we will briefly discuss the case in which there is
only one level at the top of the well. In this case the only
possibility is to suppose that the shift of two sets is given
by the optical-phonon emission. This explanation will be
sound only if because of unhomogeneous structure there
exist phonon modes with energy ~25 meV because the
bulk optical phonon of the pure GaAs has 35 meV energy.

In conclusion, we have proposed a new explanation of
the experiment of Reed et al. We believe that they had
observed charging effects in double-barrier structures.
The large value of the charging energy supports the con-
clusion that all charging effects can be more easily investi-
gated on semiconductor structures than on small normal-
metal-insulator-normal-metal (N/I/N) or supercon-
ductor-insulator-superconductor (S/7/S) tunneling junc-
tions, small particles, and scanning-tunnel-microscope
measurements. !

Note added in proof. Very recently'* Reed and colla-
borators have performed R-dependence experiments sug-
gested by us. They have shown that charging effects can-
not be detected in such structures. This fact is due to bias
caused weakness of the collector barrier, i.e., 7. < 1.. The
theory presented above is applicable to structures with
strong enough collector barrier (for example, in field
effect quantum dots).
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