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Magnetotunneling in a double-barrier diode with a restricted lateral dimension was studied.
The zero-field tunneling current shows fine structures supposed to be due to mixing of two-
dimensional emitter subbands with one-dimensional subbands in the double-barrier region. Appli-
cation of a magnetic field causes a depopulation of the current structure. This arises from cou-
plings of electromagnetic subbands with and without conservation of the quantum numbers.

Resonant tunneling through zero- and one-dimensional
(OD and 1D) systems was recently observed using dou-
ble-barrier (DB) diodes with two dimensionally and one
dimensionally restricted lateral dimensions, which we call
0D and 1D resonant-tunneling diodes (RTDs). Reed
etal. ! used reactive-ion-beam etching to fabricate a 0D
RTD with an Aleal_xAs/InyGal_yAs DB structure,
and more recently we used focused Ga ion-beam (Ga-
FIB) implantation to fabricate 1D and OD RTDs with an
Al,Ga, -, As/GaAs DB structure.? The current-versus-
voltage (I-V) characteristics of these RTDs exhibited a
series of peaks due to resonant tunneling associated with
the laterally confined 0D and 1D subbands. However, the
assignment is not explicitly given when we consider the
effect of lateral confinement in the emitter because this
effect makes resonant tunneling feasible from 1D to OD
systems in a OD RTD and from 2D to 1D systems in a 1D
RTD as theoretically predicted in the first case by
Bryant.> When the lateral confinement is different be-
tween the emitter and DB-well regions, subband mixing
causes an electron to tunnel from a laterally confined
emitter subband below the Fermi level to a number of la-
terally confined DB-well subbands. This process gen-
erates well-defined current peaks corresponding to the la-
terally confined subband structure in the DB well when
the lateral confinement is much weaker in the emitter
than in the DB well.!"> However, no evident observation
to define the subband mixing effect has so far been report-
ed.

This Rapid Communication presents a magnetic-field
study on the subband mixing effect observed in a 1D
RTD. A magnetic field has been used as a powerful tool
to investigate tunneling characteristics of conventional DB
diodes.*> The magnetic quantization theory predicts a
transition from laterally confined electric subbands to
electromagnetic subbands in the 1D RTD when a magnet-
ic field is applied parallel to the tunneling direction. The
hybrid subbands in the emitter shift to high energies with
magnetic field more largely than those in the DB well be-
cause of the weaker electrostatic confinement. This dif-
ference allows spectroscopic investigation of the subband
mixing effects.

Our sample had a DB structure of a 6-nm-GaAs well
and two 7-nm-Alg sGag sAs barriers, sandwiched between
two 4-nm-undoped GaAs spacers. The GaAs contact re-
gions (emitter and collector) were doped with Si to
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1x10'8 cm 73, The heterojunctions confined the electron
system in the z direction. Lateral confinement in the x
direction was imposed by Ga-FIB implantation in the ep-
itaxial surface, leaving a single rectangular space of
(LyxLy) (Ly =155 nm and L, =400 nm). The confining
potential was formed by the implantation-induced de-
pletion and approximated by a parabolic profile with a flat
region in the center. The depletion depth of 705 nm
was evaluated in the DB well from measurements of reso-
nant current peaks,2 while that of 30 =5 nm in the con-
tact was evaluated from the doping level.® The L, value
was large enough to assume the free-electron motion in
the y direction at the measurement temperature of 1.5 K.
The details of the sample fabrication were described previ-
ously.? Large area diodes with diameter = 2 um exhibit-
ed a tunneling current peak at 0.3 +0.05 V with 12+2
A/cm? The peak voltage is larger than the value (2g/e)
given by the calculated ground-state subband energy & of
71 meV. This is mostly due to the band bending as dis-
cussed in several previous papers.>’ The observed peak
voltage shifted higher in voltage up to 0.5+ 0.05 V with
decreasing L,. This voltage shift is probably due to the up
shift of the conduction band in the DB region relative to
that in the contact that results from the DB region being
laterally restricted by the implantation.? The same effect
was previously demonstrated for a 0D RTD using a
thre%-dimensional self-consistent band diagram calcula-
tion.

Figure 1 shows the I-V characteristic in the absence of
a magnetic field. The I-V curve exhibits a series of major
current peaks, which are numbered as n=0,1, ... begin-
ning from the lowest in voltage. These kinds of current
peaks were previously observed in a similar diode struc-
ture, and assigned, according to the calculation of reso-
nance positions, to resonant tunneling associated with
respective 1D subbands in the DB well.2 With the same
calculation, the major current peaks can be assigned to
resonant tunneling associated with the 1D subbands in the
DB well. For this assignment we have calculated a one-
dimensional self-consistent band diagram to correct the
band bending in the z direction,® and assumed that an
electron is injected into the DB well without relaxing in
the accumulation layer adjacent to the barrier because of
the small accumulation layer width of approximately 4
nm calculated for our diode. We have also assumed that
the band bending caused by the lateral restriction simply
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FIG. 1. I-V characteristics of a 1D RTD. The arrow defined 1.5
by M-N indicates the calculated peak associated with the Mth L
emitter subband and the Nth DB-well subband. The whole set 1.5
of arrows are shifted by about 0.25 V. |
1.5 ' L

gives a voltage offset to the observed peak position.? The
importance of the present result is the observation of fine
structures around the n =4 and 5 peaks. These structures
were not resolved in our previous work probably due to the
higher measurement temperature of 4 K. They suggest
coupling of various 2D subbands in the emitter to the
respective 1D subbands in the DB well. These fine struc-
tures are rather faint probably due to the impurity scat-
tering effect in the contact.

To investigate the subband mixing effect we have calcu-
lated a sequential tunneling current from the 2D subbands
in the emitter to the 1D subbands in the DB well. Here,
electrons tunnel elastically into the DB well, conserving
parity in the x direction, momentum in the y direction,
and total energy. Tunneling current Jj,_n from the Mth
(M =0,1,2,...) emitter subband with energy Fjs to the
Nth (N=0,1,2,...) DB-well subband with energy Ey
starts to flow when Ey =¢r, Fermi energy, and it is max-
imum when Ey =F),. This model leads to a current peak
voltage so as to compensate for the energy difference of
En and Fy. The calculated peak positions are shown by
the arrows with M -N in Fig. 1. The relative positions are
compared with the measured current peaks by shifting the
whole set of the calculated peak positions by about 0.25 V.
The reason for this peak shift was described before. The
peak spacings are corrected using a self-consistent band
diagram calculation.® Here, we consider Jy.y with N
= M because the subband coupling intensity becomes
significantly small when N < M. The calculated peak po-
sitions seem to explain the measured current spectrum
reasonably well, although the n=1 and 2 peaks are not
well resolved. The depletion depths of 30 and 67 nm are
assumed for the emitter and DB well, respectively, to
reproduce the observed current structure.'® These values
agree well with the previous estimates.

Figure 2 shows the I-V characteristic in the presence of
a parallel magnetic field B. The structures indicated by
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FIG. 2. I-V characteristics under a parallel magnetic field.
The arrows indicate the observed current peaks and shoulders.

the arrows are more clearly identified when we take the
derivatives (dI/dB). Several changes in the I-V curves
are apparent for B> 2 T: a weak shoulder appears in the
low voltage of the n =2 peak and shifts to low voltage as
shown by the dashed arrows. A similar low voltage shift is
observed for the weak structures in the low voltages of the
n=3 and 4 peaks as also shown by the dashed arrows. In
addition, several new, weak peaks and shoulders appear
for B= 3 T, but their magnetic field dependences are not
uniform. In contrast the main peaks of n =0 and 2 shift
only slightly with increasing field. The whole current
spectrum becomes ambiguous with B due to these nonuni-
form shifts of peaks and shoulders as well as to the
broadening of peaks and shoulders. The spectral broaden-
ing suggests that the subband mixing is disturbed by the
formation of hybrid electromagnetic subbands. The volt-
ages of peaks and shoulders in the -V curves are plotted
versus B in Fig. 3. The filled, half-filled, and open circles
represent the large, medium, and small features, respec-
tively. The crosses represent the same plots for a large
area (>2x2 um?) sample. The solid lines connect the
changes of the related peaks and shoulders. Figure 3
clearly shows the low-voltage shifts of the lower branches
originating from the n =2, 3, and 4 peaks. In contrast,
the shift to high voltage of the upper branch originating
from the n=6 peak seems to be closely related to the
magnetic field. The other peaks and shoulders exhibit
more gradual magnetic field dependences. On the other
hand, the large area sample exhibits a single, large current
peak whose position is almost unchanged with B.
Application of parallel magnetic field to a large area
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FIG. 3. Voltage positions of current peaks and shoulders as a
function of magnetic field. The lines connect the changes of the
related peaks and shoulders.

DB structure quantizes the 3D electron system in the
emitter and the 2D electron system in the DB well into
equivalent Landau levels. A tunneling current peak ap-
pears when the Landau level in the DB well reaches the
Landau level of the same quantum number in the emitter,
as the applied voltage is increased. This tunneling process
was previously reported,!! and we assume it is also respon-
sible for the current peak observed in our large area diode.
The Landau quantization in a DB structure with a re-
stricted lateral dimension is not equivalent between the
emitter and DB well because of the difference in electro-
static lateral confinement. When the electrostatic poten-
tial is modeled by a harmonic approximation given by
L m*w2ox? in the DB well and + m™*w2x? in the emit-
ter, the confined eigenenergies are given by

Ev=g+N+3)ho, (N=0,1,2,...) (wel) (1)

and
2

Fu= k4 M+ 3 )ho,

m*
(M=0,1,2,...) (emitter), (2)

where o, =(02o+02)'? and o, =(0+ »?2)2, where
o, is the cyclotron frequency. En (Fa) increases with B,
and the field dependence is larger for the larger N (M),
and also for the weaker electrostatic confinement. When
hw, is smaller than either Aw,o or Aw.o, the tunneling
current is significantly produced by mixing the emitter
subbands with the DB-well subbands with the
requirement of M-N=2/ (I: integer). This current
provides a peak whose voltage position shifts with B
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FIG. 4. Calculated energy difference between the Mth elec-
tromagnetic emitter subband and the Nth electromagnetic DB-
well subband. The broken line represents AEs.s(B) for the
emitter subband above the Fermi level.

by AV(B)=2[Ey.n(B) —E).n(0)]/e, where Ej.n(B)
=FEN(B) —Fy(B).

Figure 4 shows the calculated AEy.n(B)[=E.n(B)
—Ey-n(0)]. Values of 3 meV for Aw,.o and 16 meV for
hw,,o are assumed for reproducing the fine structures ob-
served in the n=4 and 5 peaks at B=0. hw. <12
meV < Aw,o for B=<7 T. Here, we consider tunneling
between the hybrid subbands with N = M as described
before. When we consider the band bending effect, a
magnetic-field induced shift of measured current structure
is expected to be given by 2AE,_n(B)/ef, where f is the
correction factor of about 0.7.° The field dependences of
AE .y become complicated due to the large difference be-
tween w.o and w,o. Particularly, AEy .y with N=M or
conservation of the quantum number decreases as B is in-
creased. This AE .y decrease becomes more obvious for
the larger N(=M). The present calculation neglects
several important effects such as non-parabolicity of elec-
trostatic potential and Landau level broadening. Never-
theless, we find a qualitative agreement of the calculated
AE)s.n(B) with the magnetic-field induced shifts of peaks
and shoulders shown in Fig. 3. The calculated AE;.; and
AE ., are close to each other at B=0 T, and, due to the
pronounced downward shift of AE,.,, gradually separate
with increasing B. The same field dependence is seen for
AE;.; and AE .3, and for AE4.4 and AEy.4 (AE,.4). This
behavior compares well with the observed field depen-
dences of n =2, 3, and 4 peaks. The structures assigned to
AE;.5, AE3 3, and AE 4.4 are fairly weak. The large hybrid
subband level broadening may be the reason. No current
structures corresponding to AEy .y with N=M =15 are
observed probably because the emitter subbands with
M =5 are above ¢r as shown by the broken line in Fig. 4.
The field dependences observed for the other current
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peaks and shoulders are also explained when assigned to
the subband couplings as indicated by M -V in Fig. 3.

In summary, we used magnetic-field effects to study
tunneling characteristics of a 1D RTD. The zero-field
I-V characteristic exhibited fine structures supposed to be
due to mixing of 2D emitter subbands with 1D DB-well
subbands. Application of a magnetic field gave rise to a
pronounced depopulation of the structures on the tunnel-
ing current spectrum. This was explained in terms of tun-

nelings with and without conservation of the quantum
numbers.
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