Tunneling spectroscopic study of finite superiattices
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We present a tunneling density of states study of the transition from a superlattice miniband
to a sequential coupled well structure. We have observed by tunneling spectroscopy the
eigenstates of a finite superlattice system far below the Stark localization threshold. The
transition from an indistinguishable miniband to a coupled well structure is experimentally
found to be 2.5 meV < W{miniband width)/n(# periods) <10.5 meV.

Semiconductor superlattices have received renewed in-
terest for the design and fabrication of novel electronic
structures utilizing perpendicular transport. A central is-
sue for the design, utilization, and analysis of superlattice
structures is the nature of the electronic states. In weakly
coupled superlattices it has been shown' that the perpen-
dicular transport proceeds via sequential tunneling,
whereas under the proper conditions a miniband forms.>™*
We present here a tunneling density of states study of the
transition of a finite superlattice from a superlattice mini-
band to a coupled well structure.

A generic superlattice tunnel diode structure’ was uti-
lized to study the density of states in a series of superlat-
tices. Figure 1 shows a seif-consistent band diagram at
resonant bias {(a), along with the experimental current (/)
[and conductance (GJ] versus voltage (V) characteristics
{b). of the type of structures investigated in this study.
This specific example is a structure identical to the initial
work of Davies et al’ The band diagram is determined
from a seif-consistant finite temperature Thomas—Fermi
zerc-current calculation,® with the superlattice structure
determined from an envelope function calculation super-
imposed. When the top of the first collector miniband
crosses the bottom of the available emitter electron supply,
a decrease in current occurs due to the requirement to
conserve both energy and momentum. This is defined as
the resonant {peak) voltage. It should be emphasized that
realistic band diagrams are necessary for an accurate un-
derstanding of resonant effect.

Table I illustrates the series of superlattice structures
investigated. Structure S1 was identical to that of Davies et
al.® The remaining samples consisted of a Cr-doped semi-
insulating GaAs substrate, a 0.5 um undoped GaAs buffer,
allumlx 10 em~ ? n ¥ -GaAs bottom contact, a 420 A
1%x10"7 em 3 (last 20 A undoped} GaAs contact 1o su-
perlattice transition region, a superlattice/tunnel barrier/
superlattice region symmetric about the tunnel barrier, a
400 A 2x 10" cm ™ * GaAs top contact, and an InGaAs
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top nonalloyed ohmic contact. To study the effects of con-
tact doping, $3 had symmetric 400 A 110" cm ™ 3 con-
tact regions adjacent to the superlattices. S5 was identical
to 84, except that the bottom superlattice was replaced
with bulk GaAs (though the doping modulation was iden-
tical). Structural parameters were verified by cross-section
transmission electron microscopy, and photoluminescence
of nominally identical superlattices (grown without doping
and contact structures) was used to verify superiattice
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FIG. 1. (2} Self-consistent I-point energy band vs epitaxial dimension of
sample S at resonant bias. The hatched regions dencte the 25-meV-wide
lowest superlattice minibands and the dotted lines the Fermi level. The
structure is identical to that reported by Diavies et @l (Ref. 15} 7= 4.2
K. (b) Experimental current {solid) and conductance (dashed) vs volt-
age characteristics of S1. 7'= 4.2 K.
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TABLE 1. Summary of the superlattice tunneling structures investigated.
By min — E. denotes the energy of the bottom of the first miniband (in
meV), referenced to GaAs. W denotes the width {in meV) of the first
miniband. The superlattice minibands were calculated using an infinite
envelope function approximation. Epg; — £, denotes the Fermi energy of
the superlattice {in meV), referenced to GaAs.
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doand/Bricans  Fspmin — E. W EpsL— E,
Sample (A) (meV) (meV) (MeV)
S 60/30 53 30 62
S2 40/50 90 25 96
83 49/14 45 105 87
$4 40/10 43 190 55
S5 40/10 43 190 55
{asymmetric)

band gap and aluminum content. Mesas as small as
4{um)* were fabricated using standard contact lithogra-
phy processing.

The superlattice structure 81 is presented to compare
to previous work.® Structures S2—4 are alsc ten period su-
perlattices, designed such that the superlattice miniband
widths span the available range in the conduction band.
The GaAs wells of these superlattices were doped at
110" cm 73, the Aly,,Gag 7As barriers were nominally
undoped, and the tunneling barrier was kept fixed at 100 A
of Aly1,Ga o 57As. 82 has the same approximate miniband
width as S1, with the second miniband “virtual” only. §3 is
designed to have the same approximate superlattice energy
centroid as S2, with a factor of 4 larger miniband width. 83
and S4 have the same miniband minimum, with $4 having
almost a factor of 2 larger miniband width than 83. In
addition, the top of S4’s first miniband is “virtual.” S5’s
superlattice is identical tc S4, except the asymmetry allows
one to investigate injection into a superlattice from a 3D
system, and vice versa.

The superiattice Fermi levels were calculated by as-
suming free electrons in the transverse directions and
Bloch states for the vertical direction. The Fermi level was
then inferred as the chemical potential which leads to a
miniband-occupied carrier density corresponding to the av-
erage carrier concentration of the sample.” It should be
noted that determination of the superiattice Fermi level in
general produces a higher Fermd level than that for a bulk
system of the same density.

The F-¥ and G-V characteristics of samples 81 and S2
are very similar, exhibiting well-defined negative differen-
tial resistance (NDR) at low temperature [with peak-to-
valley (P/V) current ratios as high as 2:1 for 31, 2.4:1 for
82]. NDR is observable (#/FV 1.3:1) at room temperaiure
in 82, and an inflection is clearly evident at room temper-
ature in S1.° Aside from the major resonance (Fig. 1),
there is no apparent additional structure in the conduc-
tance greater than the I mV (ie., 12 K) experimental
resolution for either 81 or S2, at a sample temperature of
4.2 K (immersed).

We now experimentally increase the superlattice mini-
band from 25 to 105 meV and examine the vertical trans-
port. Figure 2 shows the low-voltage -V and G-F charac-
teristics of 83 at 4.2 K. The + ~120 mV major peak
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FIG. 2. Low-voltage {-¥ (solid) and G-V (dashed) characteristics of
sample 83 {105-meV-wide superlattice miniband) at 4.2 K. The + ~ 120
mV major resonances corresponds to the alignment line-up of the first
mirigap with the emitter.

corresponds to the line-up of the first minigap with the
emitter. A series of peaks on the low bias side of the major
peak is apparent. Note that these biases correspond to elec-
tric fields well below that expected for Stark
localization.” % The condition for Stark localization of a
superlattice is e£d > W, where E is the applied electric
field, 4 is the superlattice period, and W the width of the
miniband under consideration. At the biases considered
here, the Stark splitting is < 10 meV, compared tc a mini-
band width of 105 meV. The “‘subresonant series” starts to
degrade above 20 K, and is unobservable (except for the
highest subresonance peak) above 50 K.

Figure 3 shows the I-¥V and G-V characteristics of a
superlattice miniband experimentally increased to 190
meV {S4), keeping the number of superlattice periods con-
stant. The subresonance series is very pronounced; higher
bias peaks are evident even at room temperature. Assum-
ing that the structure is due to the finite extent of the
superlattice, we calculate the single electron transmission
coefficient of the ten-period superiattice/coupled quantum
well system, and map these ten resonani peaks onto the
self-consistent band structure. Figure 4 shows the caicu-
lated resonant crossings of the collector finite superiattice
transmission peaks with the emitter Fermi level, compared
with the experimental resonant peaks. The calibration of
the top resonance is determined by the number of periods
in the finite superlattice, and the low peak cutoff is deter-
mined from the superlattice Fermi level. The agreement
between calculated and experimental peak position is quali-
itatively (a ¥'/? behavior) and quantitatively good. Like-
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sample 84 (190-meV-wide superlattice miniband) at 10 K.
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FIG. 4. Experimental (sguare) and theoretical {circle) resonant cross-
ings of the collector finite superlattice transmission peaks with the emitter
superlattice Fermi level. The calculated resonant crossings were deter-
mined from mapping the finite superlattice transmission peaks onuto the
self-consistent band structure and determining the bias at which they
cross the emitter Fermi level.

wise, 83 shows similarly good agreement.® High-volitage
deviation may indicate a zero-current model is no longer
valid.

The absence of structure in S! and S2 implies that we
have experimentally observed the transition (in this sys-
tem) from an indistinguishable miniband to a coupled-weil
structure. In energy, this implies the transition occurs be-
tween state splittings of 4 meV (the maximum in S1) and
8 meV (the minimum observable in 83), when k7 <« the
state splitting (i + 1) — E(7). Note that this is a function
of the position of eigenstate / within the miniband. In ra-
tionalized units, this corresponds to 2.5 meV <« W{(mini-
band width}/n (3 periods) < 10.5 meV. The origin of the
eigenstate broadening mechanism (such as epitaxial or al-
loy fluctuations) is not known.

To check that the resonances are indeed arising from
the collector density of states, a sample {85} identical to S4
but with bulk GaAs on one side of the superlattice was
investigated. Figure 5 shows the G-V characteristics of this
structure at 10 K. Positive bias corresponds to electron
injection from the bulk GaAs into the finite superlattice.
Under this condition, the position and number of the sub-
resonance peaks compares well with that of the finite su-
perlattice injector sample. As has been pointed out
e:arlier,” there is no structure in the reverse bias direction
since the collector is bulk. it should be noted that the lower
Fermi level in the bulk GaAs (versus the replaced super-
iattice) accounts for the voltage shift of the subresonant
peaks.

In summary, we have observed by vertical tunneling

709 Appl. Phys. Lett, Vol. 57, No. 7, 13 August 1980

2.0x1072

1.0x1072 - \
]

0.0x10°
~0.80 -0.30 6.00 0.30 0.80

Device Bias (V)

dl/av (s)

FIG. 5. G-¥ characteristics of sample 85 (84 with one superlattice re-
placed with bulk GaAs). T = 10 K. Positive bias corresponds to electron
injection from the bulk GaAs into the finite superlatiice.

transport the eigenstates of a finite superlattice system far
below the Stark localization threshold.
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