PHYSICAL REVIEW B

VOLUME 49, NUMBER 23

RAPID COMMUNICATIONS

15 JUNE 1994-1

Tunneling and nonresonant negative differential resistance
in narrow-well interband-tunneling devices

Y. Naveh and B. Laikhtman
Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 9190/, Israel
(Received 22 February 1994)

We predict the observation of negative differential resistance (NDR) in interband tunneling
devices (ITD’s) of well width smaller then 100 A. This strong NDR results from the nature of
tunneling in ITD’s, and is not related to resonant tunneling. It is inherent to the ITD structure,
and should be experimentally observed in any symmetric ITD (including polytype structures). The
mechanism is given in terms of simple physical arguments. Rigorous calculations of the current-
voltage characteristics of narrow-well ITD’s are then made in the framework of the effective-mass

approximation.

Vertical transport through multiple type-II semicon-
ductor heterojunctions has been extensively studied in
recent years.! !! Those structures, now known as inter-
band tunneling devices (ITD’s), feature a strong nonlin-
ear behavior of their current-voltage characteristics. At a
particular voltage a sharp drop in the current is observed,
and the peak-to-valley ratio of this negative differential
resistance (NDR), together with the large peak current
density, has been suggestive of future device applications
of the structures.

When the well-acting material of the ITD is wide
enough, the first quantum level in the well is aligned with
an allowed energy band in the outer electrodes. In the
canonical structure GaSb-InAs-GaSb, this means that
the first InAs conduction level E; is lower in energy than
the GaSb valence-band edge, which is taken as the zero of
energy [Fig. 1(a)]. This happens for InAs layer width L
larger then about 100 A. In this case, resonant tunneling
through E; takes place. It is now established® that the
mechanism for NDR in wide wells is the voltage-induced
raise of the F; level above the valence-band edge at the
emitter.

Transport through ITD’s is generally viewed as a tun-
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FIG. 1. Tunneling in ITD. (a) L > 100 A: resonant tunnel-
ing. (b) L < 100 A: direct interband tunneling. v, c denote
valence- and conduction-band edges.
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neling phenomena. However, contrary to conventional
tunneling, carrier energies in the tunneling region are
positive with respect to the local potential. In this paper
we justify the view of tunneling in ITD’s. We then show
that at intermediate and high voltages (V > 0.1 V) an
ITD behaves totally different from a conventional tun-
neling device. In particular we show that strong NDR,
which is not related to resonant tunneling, is expected in
narrow-well devices. The mechanism for this NDR has
been suggested by Taira et al.,> but was discarded on
experimental grounds.® However, the experiments were
done with low doping levels in the electrodes. We rigor-
ously show here that in the case of heavily doped elec-
trodes, this mechanism for NDR leads to peak currents
comparable to those of resonant-tunneling devices. It
is the only way to achieve NDR in narrow-well devices,
and thus to utilize their advantages, such as small lattice-
mismatch effects, and short tunneling time. A nonreso-
nant process should also be faster than a resonant one.
We expect this NDR phenomenon to be observed exper-
imentally, and possibly to have an impact on future ap-
plications of ITD’s.

We use a realistic, three-dimensional, effective-mass
approximation to calculate the current through the
voltage-biased structure. The energy profile of the stud-
ied structure, under applied voltage, is shown in Fig.
1(b). From the energy profile alone, one would expect
valence states from the outer GaSb electrodes to pene-
trate the heterojunctions into the InAs conduction band.
Indeed, if conventional boundary conditions are used
(i.e., the continuity of ¥, m~14’, m being the spatial-
dependent effective mass), the calculations show that the
amplitude of the penetrated envelope functions inside the
well are of the order of magnitude of the amplitude of the
original valence-band envelope functions. This implies
charge transfer towards the well (even for E; > eV),
and results in significant band bending. However, Ando
and Mori,!? and recently Harrison and Kozlov,'3 started
from a tight binding model to determine the appropriate
boundary conditions that should be used in the effective-
mass approximation. The conditions,'® when applied to
extreme type-II heterojunctions, read
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Here v, Y. are the valence-band and conduction-band -E
envelope functions, evaluated at the boundary. a is the
lattice constant, and a is the effective mass ratio, @
= ——mc v V
e —
m, being the mass of the heavy holes, which are domi- 0 v | .
nant due to their large density of states. In the specific —
structure a = 1/15. « is an unknown physical parameter &
which describes the penetrability of the interface.'3 It is ©)

generally assumed that v = 1. In that case, the condi-
tions of Ando and Mori'? are recovered, and v on one
side is matched to %’ on the other side.

For any value of , Eqgs. (1) imply that the amplitude
of the envelope function in the InAs well is smaller by
a factor of ka/2 as compared to the amplitude of the
valence-band functions. Only at energies very close to
one of the confinement energies E,, is the amplitude in
the well larger then the one outside. Within the frame-
work of the effective-mass approximation, ka <« 1. The
net result of the interband boundary conditions [Egs. (1)]
is therefore to keep carrier states confined to their origi-
nal material, with only small (of order ka/2) penetration
through interfaces. We emphasize that this is true even
for v = 1, which usually implies complete penetrability
of the interface.

These arguments are the reason why one can treat the
current through the structure as a tunneling current, and
in the case of a wide well, as resonant tunneling through
a truly confined level. For a narrow well, the smallness
of the relative amplitude inside the well allows us to use
flat-band conditions at zero bias.

There is, however, one very important difference be-
tween the presently studied structure, and conventional
tunneling through a barrier. In the case of a true bar-
rier [Fig. 2(a)], the wave functions in the barrier region
are of evanescent type, and tend to increase in magni-
tude when the effective width and height of the barrier
are shrunk by the applied voltage. This behavior renders
the transmission coefficient through the barrier to be a
monotonous increasing function of the voltage. In our
case of ITD [Fig. 2(b)], the states in the well are extend-
edlike at V' = 0. For large applied voltage, i.e., eV larger
then the band offset A, the well becomes a true barrier
for the conduction-band states, and those states become
evanescent. Raising the voltage now raises the effective
height and width of the barrier, so that the transmission
coefficient 7" decreases with increasing voltage. For small
voltages (eV < Ep,A), T(V) is a weak function of V.
In this case the current should rise linearly with volt-
age, as in normal tunneling, due to the opening of the
allowed-tunneling window E% — EF (see Fig. 3). Er, ER
are the quasi-Fermi-levels in the emitter and collector,
respectively.

To calculate the current density J through the struc-
ture, we used the well-known expression'*
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FIG. 2. Tunneling of holes in double heterojunction de-
vices. (a) True tunneling (as in the GaAs-GaAlAs-GaAs sys-
tem). (b) Interband tunneling. Shaded regions represent the
true barriers, under which the quantum states are evanescent.
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where k4, k, are the vertical and in-plane wave numbers,
respectively, f(FE) is the hole Fermi function, and
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FIG. 3. The evolution of the energy profile of ITD with in-
creasing voltage. Each snapshot represents a different regime
in the J-V characteristics, as described in the text.
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_ R*K% R%K2 Here kF is the Fermi wave number and ©(z) is 1 forz > 0
- _2|mv| - 2|m,|’ and 0 otherwise.
, The behavior of the J-V characteristics can now be
E =FE ¢V, analyzed in different voltage regimes. First, for eV < A,

are the initial and final hole energies, each with respect
to the local valence-band edge. Because of the reasons
mentioned above, band bending and charge redistribu-
tion are neglected. Thus, the potential inside the well is
assumed to be linear.

The difference in effective masses between the outer
electrodes and the well implies a strong interaction be-
tween k4 and k) for a given energy state in the well.
Therefore, T(E,E') = T(ka,k1,V) is strongly nonsepa-
rable in k4, k.

The transmission coefficient through the structure was
calculated with the help of the boundary conditions [Eq.
(1)], and for a narrow well (L < 100 A) it is expressed in
terms of Airy functions Ai, Bi as

~ K2kLat(1 — §2)2
~ 4n?[Ai(n™)Bi(n*) — Ai(n*)Bi(n~)]2’
)

T(kAy kL? V)

where the following definitions are used
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in which z; is the classical turning point,
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Equation (3) assumes nonresonance conditions. When
resonance occurs (in wide wells), the denominator in Eq.
(3) vanishes, and terms of higher order in k4a and kga,

which are neglected here, limit the transmission.
In the case of small carrier density, i.e.,

[0
— A 5
EF<<a+1 (5)

the arguments of the Airy functions are approximated by

A .- A
n "’—kBLﬁa n "'kBL(l_e—‘/")v

and an analytical result for the current density in zero
temperature is obtained,
eha*(1 — 62)%kS, k%

19274m,,  [Ai(n~)Bi(n*) — Ai(n*)Bi(n))?

x [1 - (1 - ;—V~)3®(EF - eV)] : (6)

J =

F

the turning point is far from the well, z, > L. The
asymptotic behavior of the Airy functions now gives

k% kg
[Ai(n~)Bi(n*) - Ai(n")Bi(n )] sin(kpL)’
where kp is defined by
R’k% B2k eV
= — - A+ —.
E 2m, 2m, + 2

Substituting this in Eq. (6) reproduces the result ob-
tained for a flat potential raise of eV/2 throughout the
well. The results at all regimes are thus summarized:

(I) eV <« Ep,
(I) eV 2 Ep,

JxV;

J A—-eV/2 |

/_V7
sinzA—eI%ﬁ

J x Vs ;
[Ai(n7)Bi(n") — Ai(n™)Bi(n")]*’

(1) eV > Ep,

(IV) eV > eVy, J x Véexp [—% (%) 2] .

(7)

For eV > Ep the current is a monotonously decreasing
function of the voltage.

If the carrier density is not small, Eq. (5) does not hold,
and Egs. (2)-(4) must be solved numerically. The resul-
tant characteristic J(V) is shown in Fig. 4 for different

L=403 — Ep =008 e\" ——
5000 L=503 - 4 - Ep =006 ¢V —-nme o
L=0603 Er =0.04cV
4000 Ep=0.08c¢\ 4

(a)

3000

CURRENT (A/cm?)

2000 H!

1000 R

0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 0.8
VOLTAGE (V) VOLTAGE (V)

FIG. 4. The calculated zero-temperature current through
an ITD as function of the bias voltage for different well widths
L (a) and Fermi levels Er (b). vy = 1. Er = 0.08¢V corre-
sponds to the highest carrier density reported to date (Ref.
5).
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values of L and Ep, zero temperature, and fully pene-
tratable interfaces (7 = 1). EF as high as 0.08 eV, which
correspond to hole densities of 2x101° cm ™3, have already
been achieved® by doping of Ge in the GaSb electrodes.

The results exhibit all the physical considerations dis-
cussed above. The four regimes depicted in Egs. (7) are
apparent also for high carrier densities. The peak current
is of the order of 5x 103 A cm™2, which is of practical
value. It is not far from the peak current observed in
resonant ITD’s.? The reason for this is the relative nar-
rowness of the well. The zero current observed in the only
experiment reported for narrow-well structures® can be
understood from Fig. 4(b), as the carrier density in the
experiment was two orders of magnitude smaller than in
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the present calculation.

In summary, we investigated the tunneling process
in interband tunneling devices, in view of the pecu-
liar boundary conditions of extreme type-II heterojunc-
tions. We used a realistic effective-mass-approximation
approach. The current through a narrow structure is
found to behave nonlinearly with the voltage, exhibiting
Ohm’s-law behavior at small voltage and large negative
differential resistance at higher voltages. This nonres-
onant NDR is basic to the structure, and is robust to
changes such as imperfections and finite temperatures.
It should be experimentally observed in all symmetric
ITD’s, including polytype structures with AlSb barriers
separating the active materials.
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FIG. 2. Tunneling of holes in double heterojunction de-
vices. (a) True tunneling (as in the GaAs-GaAlAs-GaAs sys-
tem). (b) Interband tunneling. Shaded regions represent the
true barriers, under which the quantum states are evanescent.
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FIG. 3. The evolution of the energy profile of ITD with in-
creasing voltage. Each snapshot represents a different regime
in the J-V characteristics, as described in the text.



