PHYSICAL REVIEW B

VOLUME 51, NUMBER 19

15 MAY 1995-1

Influence of electrode Fermi energy on interband tunneling
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The choice of the Fermi energy in the electrodes of a GaSb/AlSb/InAs/AlSb/GaSb type-II hetero-
structure has deep consequences on the physics of interband tunneling. We show that tunneling between
electron and hole bands will result in three different current-voltage characteristics depending on the
Fermi energy in the electrodes of the device. When electrode doping is high, the device characteristics
exhibit a current shoulder at low bias followed by a current peak. Magnetotunneling experiments reveal
additional current satellites: one emerging from the shoulder and another one emerging from the peak.
The shift in the voltage position of these two features and that of the peak current is opposite when the
magnetic field increases. This splitting is evidence of a hybridization gap due to k-p coupling between
the electron band in InAs and the hole bands in GaSb.

INTRODUCTION

In type-I resonant tunneling structures, the composi-
tion and size parameters of the double barrier and quan-
tum well that form the active region determine most
features of technological interest, such as the peak to val-
ley current ratio, the dwell time, and the peak current. 12
The doping level in the electrodes has a comparatively
minor influence on the current-voltage characteristics of
such systems: increasingly large electrode Fermi energies
widen the peaks of resonance.® The doping level in the
vicinity of the emitter barrier also controls the dimen-
sionality of the injected carriers and the scattering poten-
tial they experience, due to screened impurities.* Type-II
heterostructures stimulated an interest in tunneling as it
was realized that negative differential resistances could
also arise from the peculiar band alignment of the
GaSb/AlISb/InAs material system. The valence band in
GaSb lies 150 meV (Ref. 5) higher than the conduction
band in InAs. Negative differential resistance originates
from the closure of this energy window when an external
bias makes the InAs and GaSb band gaps overlap.
Several devices based on this principle have been imple-
mented often with greatly improved performances over
type-I double-barrier structures.®”® Mendez et al. were
the first, to our knowledge, to relate magnetotunnel phe-
nomena to interband tunneling!® and to describe the
consequences of in-plane momentum conservation in
type-II heterostructures. !

In the first part of this paper, we show that depending
on the value of the electrode Fermi energy, a type-II tun-
neling structure can exhibit three different types of I-V
characteristics (whereas only one is expected in conven-
tional double-barrier structures). A simple free particle
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model is implemented which provides an accurate
description of our experiment. In the second part of this
paper, a magnetic field applied perpendicular to the lay-
ers reveals satellite features in the I-V’s, which move to
higher bias voltage with increasing magnetic field. This
observation can be explained by an improved model in
which electrons and holes are not free particles, but in-
stead are coupled via the k-p interaction.

TUNNELING BETWEEN PARABOLIC BANDS

A conceptually simple picture of tunneling is to consid-
er electrons and holes as free particles (with parabolic
dispersion curves) that tunnel in the absence of scattering
with the conservation of both energy and in-plane
momentum.'? Hence, the resonant current density (/)
is simply proportional to the number of tunneling chan-
nels [N,p(V,)] resulting from the overlapping between
the resonant subband and the electron/hole distributions
in the electrodes:?

r

JmS:eNZD( Vb )?Tres N (1)
where T is the transmission probability at resonance,
V, is the bias voltage, I" is the resonance energy width, e
and # are fundamental constants. Our purpose, in this
section, is to discuss the modifications that a gradual in-
crease in the electrode Fermi energy would induce in the
I-V characteristic of a GaSb/AlISb/InAs/AlSb/GaSb
tunneling structure [Fig. 1(a)]. The three-dimensional
(3D) hole distribution in the collector acts as an energy
and momentum spectrometer with both energy (the hole
Fermi energy) and in-plane momentum (the hole Fermi
momentum) linewidths. Doping the electrodes can tune
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FIG. 1. (a) Schematic flat band profile of the active region of
our sample with (full lines) and without (dashed lines) an ap-
plied bias V,. The parameters p and €g. used to fit the voltage
position of the experimental features are also shown. eg, is the
hole Fermi energy set by the electrode doping level and E, la-
bels the resonant state. (b), (c), (d) show the different stages of
the electron (well) and hole (collector) distribution overlap that
produce the turning points at V,=V,;, V, and V; in the
N,p(V,) traces. (b), (c), (d), respectively, refer to the low-,
intermediate-, and high-doping levels as discussed in the text.
For each case, the arrows in the N, (V) traces indicate the ex-
pected shift of the features when the hole Fermi energy in-
creases.

both parameters with respect to the maximum energy
and in-plane momentum of the electrons traversing the
structure at resonance. Hence, geometrical construction
for different overlaps of the 2D electron distribution in
the well (i.e., the 2D subband in the well populated up to
the emitter Fermi level) with the 3D hole distribution in
the collector [Fig. 1(a)] leads to N,5(V},). Henceforth,
these two distributions will be referred to as the electron
and hole distribution, respectively. Starting from intrin-
sic electrodes and increasing their doping level, three
different types of I-V characteristics are successively ex-
pected [Figs. 1(b), 1(c), 1(d)].

In an intrinsic and ideally symmetric structure at equi-
librium, case I, holes equally distribute among each elec-
trode with a density half that of the electrons in the well.
The condition of momentum conservation precludes all
electrons with an in-plane momentum larger than the
hole Fermi momentum from tunneling into the collector
[Fig. 1(b)], therefore the I-V curve shows a current onset
at V,=V,.!"! The peak current at ¥, =V, occurs when
the collector Fermi level aligns with the bottom of the
resonant subband [Fig. 1(b)]. For this low-doping re-
gime,

* _ *
_ M Epe T My Epy

€Fe Epn T Epe
eV,= =1

, eVv,= 1~—p’ eV, 1—p

>

(2)
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my* and m/} are the density-of-states effective masses of
the hole and electron distributions, and peV, (0<p <1) is
the potential-energy drop from the emitter electrode to
the well [Fig. 1(a)]. €g. is the Fermi energy of the elec-
trons at zero bias and €p, is the Fermi energy of the
holes.

When the hole Fermi wave vector becomes larger than
the electron Fermi wave vector, case II, the condition of
in-plane momentum conservation no longer inhibits elec-
trons with the highest energy from tunneling into the col-
lector and the onset voltage disappears. Instead, a
current shoulder!* emerges at ¥, =V, when the overlap
of the hole distribution by the electron distribution is
completed [Fig. 1(c)]. At higher bias voltages, V;, >V,
the current increases more slowly as fewer tunneling
channels can be added through the hole distribution. For
this intermediate electrode doping regime, we obtain

* *
My Egn— M, EF EFe
eV =, eV = . €)
my +pme

The third type of I-V curve, case III, is achieved when
the hole Fermi energy exceeds the electron Fermi energy
at the peak current. ¥, and V, now define the boun-
daries of a bias voltage range in which the electron distri-
bution remains completely overlapped by the hole distri-
bution [Fig. 1(d)]. For this heavy doping regime,
€Fe _ m;EFh_me*aFe

eV, =————. 4)
2 my +pm}

eV, 1—p
Reference 11 has particularly demonstrated the
relevance of this simple description by investigating the
low-doping regime. In this paper, we will report on re-
sults for a similar structure with a higher-doping level in
the contacts, in order to illustrate one of the two other
cases. Our structures were grown by molecular-beam ep-
itaxy on a p 7 GaAs substrate, according to the following
sequence: (i) 1.5 um p T =2X 10'® cm ™3 GaSb buffer; (i)
5-nm-undoped GaSb spacer; (iii) 4-nm-undoped AISb bar-
rier; (iv) 16-nm-undoped InAs well; (v) 4-nm-undoped
AlSb barrier; (vi) 5-nm-undoped GaSb spacer; (vii) 1.5-
um pt=2X10"® cm™3 GaSb cap layer. The devices
presented in this study have a 15X 15 um? mesa area.

The I-V curves measured at 4.2 K (Fig. 2) effectively
show a shoulder at ¥V;=54 mV and a peak current at
V,=145 mV. For bias voltages below 60 mV, periodic
magneto-oscillations in the current are observed and ana-
lyzed using a second derivative filter (inset Fig. 2). We
ascribe the origin of these oscillations to Landau levels
formed in the electrodes since a frequency related to Lan-
dau levels in the well would depend on bias voltage. Such
dependence is not observed in the 10—-60-mV bias range.
Using the light-hole effective mass mf =0.05m,,'* we
can estimate €, =57x11 meV, which is in agreement
within a factor 2 with the nominal dopant density in the
electrodes.

By substituting the experimental values (V,V,) to
(V,,V,) in Egs. (3) and (4), one can solve a set of two
equations in which there are two unknowns p and eg.
Using standard material parameters!> and the experimen-
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FIG. 2. Experimental current-voltage characteristics at mag-
netic fields from 1 to 15 T in 2 T steps. The presence of a
current shoulder, ¥;=54 mV, and a peak current, ¥,=145 mV,
at vanishing magnetic fields is the signature of device with an
intermediate-doping level (see text). Inset exhibits a current-
magnetic-field curve at ¥, =50 mV. Its second derivative shows
oscillations periodic in 1/B ascribed to Landau levels formed in
the electrodes.

tal value for ep,, the solutions assuming case II are
p=0.64 meV and eg, =52 meV, whereas those assuming
case III are physically meaningless. In order to check the
accuracy of this method, we reobtain €g, from numerical
calculations. The structure band profile [Fig. 3(b)] is cal-
culated with a Poisson solver!® in which ep, and the ac-
cepted band offsets for this material system!’ are included
as parameters. The quantum-mechanical transmission
spectrum is then computed [Fig. 3(a)] within a two-band
formalism.'® Figure 3(a) shows two transmission peaks
related to the ground (E,) and first excited state (E,) in
the InAs well. Drawing E, and E, on the band profile
[Fig. 3(b)] gives the theoretical energy spacings in the ac-
tive region and in particular ez, =58 meV.

We, thus, conclude that our devices verify the inter-
mediate doping regime. The parabolic band model can
explain all of the observed features in the current-voltage
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FIG. 3. The transmission spectrum (a) of the calculated po-
tential profile (b) shows two bound levels E, and E, in the inter-
band tunneling energy width. Only the ground state E| is reso-
nant. Energy separations of interest are shown in the active re-
gion (b), the energy reference is taken at the valence-band edge
in the flat potential region of the GaSb electrodes.
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characteristics. Moreover, we have devised a simple and
accurate method to obtain fundamental structural pa-
rameters from the voltage position of these features.

MAGNETIC-FIELD STUDY

The application of a magnetic field (B) perpendicular
to the layers strongly affects the I-V curves in the region
of the resonance (Fig. 2). To follow this evolution, we
plot the bias position of the features as a function of the
magnetic field (Fig. 4). The shoulder and peak current
can be traced up to magnetic fields of 16 T. The voltage
position of the peak slightly increases until 5 T, then de-
creases almost linearly up to 16 T. The shoulder has a
complicated behavior in the range of intermediate mag-
netic fields, but it is still observed above 13 T at about the
same position as at zero-magnetic field. Emerging from
both the shoulder and peak are two marked satellites that
continuously move towards higher biases with increasing
magnetic field. !’

High magnetic fields quantize the in-plane motion of
electrons and holes into Landau levels. Their energy
dependence as a function of B determines the evolution of
the I-V curves. Multiband calculations performed for
InAs/GaSb superlattices?® show strongly nonlinear elec-
tron and hole Landau levels that anticross, because con-
duction and valence bands couple through k-p interac-
tion terms.2! For the sake of simplicity and without the
loss of any essential physics, we model the band structure
of the well-collector heterojunction as one hole band in
GaSb and one-electron band in InAs both parabolic and
coupled through a k-p term proportional to the Kane
matrix element P. Following,20 the effective Hamiltonian
is written:
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H(k )= . 2 (5)
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FIG. 4. Bias voltage position of the current features as a
function of magnetic field. Note the shift of the peak (open tri-
angles) to lower biases, the invariance of the shoulder (open
squares), the shift of the peak (filled triangles), and shoulder
(filled squares) satellites to higher biases with increasing mag-
netic fields. The filled circles and filled diamonds indicate weak-
er current features, whose physical origin is not clearly
identified.
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where k|| =(kx,ky) is the in-plane wave vector. The ei-
genvalues of the Hamiltonian [Eq. (5)] form the energy
spectrum plotted as a function of the magnetic field in
Fig. 5(a). Neglecting the off-diagonal terms in Eq. (5)
(P =0), the magnetic confinement linearly shifts InAs
electron and GaSb hole Landau levels in opposite direc-
tions along the energy axis [dashed lines, Fig. 5(a)]. Their
crossing simply results from the effective-mass sign rever-
sal from conduction to valence band. When off-diagonal
terms are considered in Eq. (5), Landau levels show a
mixed electron-hole character [full lines, Fig. 5(a)]. The
nth hole Landau levels anticross with the (n —1)th elec-
tron Landau levels giving rise to an hybridization gap
and only the n =0 level conserves a pure hole character.
The parabolic band approximation (P =0) introduced
in the first section still provides a good understanding of
the behavior of the peak and shoulder in the presence of a
magnetic field. The voltage position of the peak linearly

Energy
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Magnetic field (T)

Energy
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0 5 10 15
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FIG. 5. (a) Calculated energy spectrum of the well-collector
heterojunction as a function of magnetic field and at V,=0.
Without k-p interaction terms electron and hole Landau levels
gain in opposite directions and cross (dashed lines). In presence
of k-p coupling, Landau levels anticross, except for the n =0
branch, which keeps a pure hole character and does not contrib-
ute to tunneling (full lines and indexation). (b) Same energy
spectrum calculated for V, <V, <V;: the hole distribution
(delimited by the horizontal lines at 0 and Er) now completely
overlaps the hybridization gap. All hybrid states (full lines) par-

ticipate to the conduction, whereas electronlike holelike

branches (dotted lines) are nonconducting. In both plots, the
zero energy is at the valence-band edge of the collector elec-
trode.
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shifts to a lower bias voltage (dV,/dB=—1.4 mV/T) to
compensate for the reduction in the electron-hole over-
lap, essentially due to the elevation of the ground Landau
level in the well. The shoulder appears at a bias voltage
V, =V, for which electron and hole Landau levels inter-
sect at the electron Fermi level.?? Because these intersec-
tions all happen at the same energy whatever the Landau
index [Fig. 5(a)], the bias voltage required to align them
with the electron Fermi level should be independent of B.
This is experimentally verified since ¥ is invariant with
B (Fig. 4). However, the parabolic band model cannot
account for the shift to higher bias voltages of the satel-
lites of the peak and of the shoulder when B increases.
This is because the intersection of electron and hole Lan-
dau levels of index n [Fig. 5(a)] define a magnetic field B,
above which tunneling is forbidden by the conservation
of energy. Consequently, the I-B curves would exhibit
magneto-oscillations peaked at B =B,, followed by a
zero conduction regime when B > B,. This zero conduc-
tion regime is not observed even at our maximum
magnetic-field value for V, <V, < V3, when the electron-
hole overlap tends to zero.

The k-p coupling relaxes the selection rules for tunnel-
ing from well to collector.?* The new eigenstates of the
system have strongly delocalized wave functions in the
anticrossing regions, thus the maximum tunneling proba-
bility occurs in conditions similar to those expected if the
levels in InAs and GaSb were crossing. Further away
from each anticrossing, electronlike (hole-like) branches
involve states which still have a probability in the hole
(electron) band [Fig. 5(a)]. Thus, the hybridization of
Landau levels still permits tunneling in a magnetic field
range (B > B,) forbidden in the parabolic band picture.
We, therefore, make the assumption that the hybrid
states give rise to an extra current whenever the selection
rules limit the amount of tunneling channels, that is after
the shoulder and the peak. From Eq. (5), the hybridiza-
tion gap AE,, at the anticrossing of Landau level n can be
expressed as

N 8nPX(1—p)(eV;—eV,)
(V)= 2n(a+pB)+(a—pB) ’

172

n>0. (6)

n

AE, decreases with increasing ¥, and also decreases with
increasing n because in bulk materials, the curvature of
the electron band, B, is always greater than that of any
hole band, a. The satellites behavior (related to either
the peak or the shoulder) in Fig. 4 may derive from the
two following competing mechanisms. An increase in B
increases the proportion of tunneling carriers in low in-
dex Landau levels [Fig. 5(b)], and the hybridization gap
averaged over all carriers (AE, ) thus increases [Eq. (6)].
Consequently, the average transfer rate 1/7= (AE,) /%
between electrons and holes states increases entailing a B
induced increase in the current. However, an increase in
bias voltage V, decreases AE, [Eq. (6)], and thus dimin-
ishes the hybrid character of each branch [Fig. 5(b)]. By
the same argument, the transfer rate between electron
and hole states is reduced entailing a ¥, induced decrease
of the tunnel current. Equation (6) suggests that the sa-
tellites cannot move in the valley region beyond V, =V,



13 202

because electron and hole bands completely decouple
[AE,(V3)=0] as their energy overlap ceases. In sum-
mary, the limitation of the number of tunneling channels
by the selection rules leads to the observation of a shoul-
der and a peak current. We have assumed the existence
of hybrid electron-hole states to explain the satellite
features in the I-¥’s and shown that the intrinsic proper-
ties of the hybridization gap permit us to understand the
observed magnetic-field behavior.

We terminate this section by stressing the necessity for
having large Fermi energy in order to evidence electron-
hole coupling. The hybrid states will carry a current as
long as their occupancy probability remains low in the
collector, i.e., when the hole Fermi energy is large
enough to overlap with the hybridization gap [Fig. 5(b)].
On the contrary, when the hole Fermi energy is small,
case I, the hybridization gap lies below the hole Fermi
level. In that case, tunneling only involves the weakly
mixed electron states [Fig. 5(a)] above the hybridization
gap and, therefore, no satellite should be expected.

CONCLUSION

In this paper, we have shown that a free particle model
applied to interband tunneling predicts three types of
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current-voltage characteristics in samples with different
carrier concentration in the electrodes. Two of them have
been evidenced experimentally.

Investigations under magnetic-field confirm the physi-
cal origin of the peak and the shoulder in the current-
voltage curves, but the data also show striking discrepan-
cies from the picture where tunneling occurs between
parabolic electron and hole bands. The splitting of the
peak and shoulder can be explained simply by consider-
ing the existence of a hybridization gap, due to k-p cou-
pling between electron and hole bands. These deviations
from the parabolic band model should be observed when-
ever the hole collector Fermi energy is wide enough to
overlap with the hybridization gap.
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