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An Interband Tunnel Oscillator: Intrinsic Bistability
and Hysteresis of Trapped Hole Charge
in a Double-Barrier Structure
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We introduced a novel high-frequency source based on interband tunneling. A
polarization-induced oscillation of trapped-hole-charge occurs in an AlGaSb/InAs/
AlGaSb resonant tunneling device. Rate equations for Zener tunneling, polarization,
and electron-hole recombination is used to analyze the nonlinear dynamics of this device
structure. The nonoscillatory state is unstable against the limit-cycle operation. The
amplitude of trapped hole oscillation increases with bias, but the time-averaged values
can be approximated by a step function. These lead to the hysteresis of the averaged
trapped hole charge in AlGaSb barrier, and to the experimental intrinsic bistability in
AlGaSb/InAs/AlGaSb resonant tunneling device. Large-scale time-dependent simula-
tion of quantum transport with interband-tunneling dynamics is needed for the design
optimization of this novel class of oscillator useful for high-bandwidth applications.
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1. INTRODUCTION

The ‘hetero’ junction has become the basic
building block of most of the advanced high-speed
devices for electronic, microwave, and optoelec-
tronic applications [1,2]. Moreover, tunneling
devices exhibit autonomous oscillation, similar to
Gunn effect devices but at much higher frequencies
in nanometric sizes. For conventional resonant
tunneling devices (RTD) [3-6], this occurs when
the device is operating in the negative-differential-
resistance (NDR) region, just after the resonant
current peak. The oscillation addressed in this

237

paper occurs before the resonant current peak,
based on interband tunneling in RTD with
staggered band-gap alignment.

A staggered band-edge alignment can be rea-
lized by using InA/AlISb hetero junctions,
Figure la. In a simple implementation of a novel
interband tunnel high-frequency source, a deeper
quantum-well-for-holes is desirable which can
support a localized hole state; this is obtained by
using In As/AlGaSb heterojunctions, Figure 1b.
Unless otherwise specified, quantum well refers to
the conduction band edge and conduction-band
electrons.
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FIGURE 1 (a)Energy band edge (EBE) alignment of RTD
using InAs/AlSb heterojunction. (b) Energy band edge align-
ment of RTD using InAs/AlGaSb heterojunction. Approxi-
mated band-edge offsets are indicated in electron volts.

The new mechanism of modulating the resonant
energy level in the quantum well with respect to
the energy distribution of the electrons from the
emitter can simply be described through the
oscillatory build-up and decay of the polarization
pairing between electrons in the quantum well and
trapped holes in the barrier. This modulation is
controlled by trapped holes (similar to base
charges of a bipolar transistor). Thus, for the first
time we realize an autonomous control of a
significant current by an interband process.

We refer to the polarization pair as a duon, since
this Coulomb-correlated e—h pair only moves in

the transverse direction, in contrast to exciton.
This is in analogy to the use of trion in referring to
a correlated exciton and electron in adjacent
quantum-well heterostructure [11]. In Sec. 3, we
introduce the physics of the duon dynamics. The
limit cycle solution leads to an oscillatory voltage
drop between the quantum well and the barrier.
Since common experimental techniques are incap-
able of investigating these oscillations [3, 4, 8], the
current-voltage (I— V') characteristic is also calcu-
lated in Sec. 4. The results agree with the
experiment. In Sec. 5, we draw some conclusions,
as well as give a summary of this paper.

2. HIGH-FREQUENCY OPERATION

Under bias, when the localized electrons in the
AlGaSb barrier of Figure 1b see the available
states these electrons tunnel to the drain by Zener
transition, leaving behind holes in a discrete
‘longitudinal’ energy level, e,. This is initiated
when a matching of ¢, with available conduction-
band states in the drain first occurs, at k2° ~ k?z
in Figure 2. Figure 2 serves to define several
quantities used in the calculations of Sec. 4. The
drain acts as a sink due to unoccupied states above
k2 that could satisfy the conservation of transverse
crystal momentum associated with ¢,,.

As hole charging occurs, Figure 3 (1), the
polarization Figure 3 (2) creates a high-field
domain, at the expense of the potential drop
between the contact and the barrier. When the
situation shown in Figure 3 (3) is reached, the
onset of other mechanisms for hole discharging
may also occur, namely, thermal activation of the
valence electrons in the continuum to recombine
with localized holes, or loss of any bound hole
states in the barrier. The ‘hole leakage’ will restore
the large voltage drop between the barrier edge
and the right contact. The situation shown in
Figure 3 (1) is revisited, after which the process
repeats. Therefore, oscillations of the hole char-
ging of the AlGaSb barrier can occur at high
frequency by virtue of the nanometric features of
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FIGURE 2 Schematic averaged EBE profile showing the
various quantities used in the calculations of I-V plot.
The shaded regions in the lower right-hand corner indicate
the occupied transverse and longitudinal momentum states in
the drain.

the device. We estimate the charging time, which is
the dominant time scale of the problem, to be
about 200-1000 femtoseconds for a heavy-hole
state in AlGaSb with indirect-gap interband
tunneling through Keldysh effect.

The above dynamical process limits the amount
of hole charge that can be trapped in the barrier as
a function of bias. The interband recombination
process can not compete with the conduction-band
electron tunneling process through the barrier [3].
The criteria for either detailed balance or oscilla-
tory behavior are governed by the two character-
istic times, namely, the polarization-charge build-
up time, 75, and the charge-leakage time, 7,. If
Tp> 7, then the charging process will be lagging
behind the discharging process and oscillations

@ (1)NET PROCESS 1:
ZENER TUNNELING

em\witc‘r

————

(3)NET PROCESS 3:
"2-CHANNEL"
DUON DECAY

FIGURE 3 (1) e—h generation by Zener tunneling. (2) duon
generation is through an autocatalytic process. (3) three
mechanisms for hole discharging are mentioned in the text.

will result. This holds true in conventional RTD
and single-electron devices [10]. It is here estimated
that 73> 7, by virtue of several possible fast hole-
discharge channels mentioned above. The ‘book-
eeping equations’ (‘chemical kinetics’ modeling) of
the device operation follows.

3. POLARIZATION PAIRING DYNAMICS

We derive here the coupled rate equations for the
processes in Figure 3. The duon formation is via
the polarization-induced transport of conduction
electrons from the emitter to the quantum well,
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coupled with a succeeding e—h generation by
Zener tunneling. In process (2), the Zener-tunneled
electron flows to the metallic contact of the drain,
and this is substituted by the tunneled conduction
electron from the emitter to form a duon. We
observe here an ‘autocatalytic’ or positive-feed-
back aspect of the duon formation.

Let G be the maximum rate of e—h generation
by Zener tunneling. Note that G is a direct
measure of the applied bias. The duon generation
rate with ‘three interacting components’ can be
expressed as AN %P, where 4 p is the concentra-
tion of ‘unpaired’ holes which is equal to the
concentration of ‘exiting’ electrons produced by
Zener tunneling, P is the concentration of duons,
and A is a parameter which is expected to acquire,
in appropriate ranges, a nonlinear dependence on
P as discussed below. We can now write the
‘effective’ generation rate of unpaired trapped
holes in the barrier as

%Jﬂ;:G—AM%P. (1)

The total concentration of trapped holes in the
barrier, Qp, at any time is given by Qg = A5+ P.

For large P the transfer of conduction electrons
from the emitter to the quantum well becomes
more efficient since it is approaching the resonance
peak and A increases. For very small P, the
concentration of resident electrons already existing
in the quantum well (refer to Fig. 4) will also
render the polarization pairing to be much more
efficient, and hence a larger A, than for the
intervening ranges between small P and large P.
This acquired nonlinearity of the parameter A s
important in establishing a limit cycle operation of
the device, since it limits the growth of the solution
from the unstable focus. Indeed, we shall see that
the ‘linear’ criterion for unstable stationary
operation is that F(G) >4A where F (G) is a
constant for a fixed bias.

The decay rate for P is expected to saturate for
very large P. In all foreseeable cases, we may
express the decay rate of the duon concentration as

RESIDENT ELECTRON FOR A GIVEN BIAS

INITIAL DUON FORMATION

Q

&ionmrr
(2-1) NET PROCESS 2-1:

THE INITIATION OF POLARIZATION PAIRING

FIGURE 4 More efficient generation of initial polarization
pairs or duons is due to the initial resident excess electron in the
quantum well for a given applied bias.

= aP/(1+ (BP), where 1/3 represents the sum of
available states in the valence band of the quantum
well region and the states participating in thermal
recombination; otherwise it represents the actual
concentration of hole states in the barrier in the
case of the loss of bound hole state. This is similar
to the decay law ubiquitous in chemical kinetics
[12]. The parameter « is the decay rate constant
and /0 is the value of the saturated decay rate of
duons. Therefore, we can now write the duon
generation rate as

8 _ X 2 aP
5P = ANEP -5 )

As seen in Eq. (4) below, the physical situation
corresponds to «/8 > G. Indeed, we can estimate
that 1/73 % G = G and 1/7; = «/B. Therefore
a/B > G implies that 75 > 7.

3.1. Stability Analysis

The stationary solution for a fixed bias (implying a
fixed G) to Egs. (1) and (2) is given by

G=ANiP= . (3)
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The total stationary trapped hole concentration,
O3, is thus given by

6.0 G a—BG\ 2

which is a sum of an increasing and a decreasing
function of bias. The more accurate average value
under a limit cycle oscillation is shown in Sec. 3.2
to be approximately independent of bias. Since Qp
and P° are constants, the duon production rate is
via the transfer of conduction electrons from the
emitter to the quantum well and the duon decay
rate is via transfer of conduction electrons from
the quantum well to the drain. Thus, the d.c.
operation no longer involves interband processes,
as schematically shown in Figure 5.

Complete analysis of the stability of the
stationary solution as well as the full derivation
of the limit cycle solution will be given elsewhere.
By transforming to dimensionless variables: I1=
BP, 2=PBNp A=A(1/B)}/a, % =G/(a/B)
< 1.0, the criterion for unstable stationary solu-
tion is that (1 — %)® > 4A. Following a perturba-
tion technique using multiple time scales [13, 14],
we have obtained to second order in the smallness
parameter, €= ({A — A}/Ay)"?, where A, =
(1 —%)*/4) and A, comes from the expansion
of A near A, in powers of ¢, the limit cycle
solution. This is given as

£}

FIGURE 5 At steady state the two conduction-electron-
mediated duon decay and generation processes are balanced
resulting in steady-state current across the double barrier
structure.

(5)- () &) (3) o
()

The two column vectors (f;g) and (;‘) contain the
oscillating factors associated with first and second
orders, respectively. We note that (;‘) and higher-
order terms also contain higher-order time-inde-
pendent terms which increases with bias. There-
fore, the average value of (7) is given by

™ T 0 . .
(9) = ( 0 ) + higher-order corrections,
average 2

(6)

where the leading higher-order corrections comes
from these time-independent terms.

3.2. Dependence with Bias

Based on a finite limit of the amplitude (which
only depends on the slow time scale), the limit
cycle solution is found to occur within the range of
values of the parameter A where the ‘linear’
criterion for unstable focus (1 —%)* > 4A still
holds. This is analogous to the numerically
simulated limit cycle of AlGaAs/GaAs/AlGaAs
double-barrier heterostructure operating in the
NDR region [7]. For values of A near the critical
point, the rate of change with respect to ¥ is
approximately zero. Indeed, we have from Eq. (4),

dpos(¥) _ 1 L\
dg ”(1—@)2_(4/3(1—@)) =0

(7)

where the equality is obtained at A=A,=
(1 —%)?/4. Since & is our measure of the applied
voltage applied, we conclude from Eq. (7) and by
taking into account the higher-order correction
terms which increases with ¢ that the average total
hole charge trapped in the barrier is approximately
independent of bias.
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Denoting the leading time-dependent part of
Q5 (?) as 6Qg(?), the total trapped hole charge in
the barrier oscillates with amplitude that increases
with bias and is given by

40 A—-A )
505(t) = ( 1)

B

@ 1/2
(1-9)*{ -8-179+36%% - 114°}|

[cosQt — sin (02t + P)]

(®)

where the frequency ) consists of a function of ¥
plus higher-order terms, and ® = {%/ (1 — @)}1/ 2
> 0. The oscillation amplitude grows in response
to the increasing maximum electric field in the
depletion region with the applied bias, since the
maximum e—h generation rate, ¥, by Zener
tunneling [15] increases with bias.

4. INTRINSIC BISTABILITY
IN InAs/Al Ga;_,Sb RTD

The time-averaged hole charge in the barrier is
referred to as Q(AlGaSb) = eQp, where e is the
positive unit charge. This value is approximately
independent of bias in Sec. 3, after an abrupt
increase at kP’ ~ k2’ in Figure 2. The self-
consistency of the potential alone, in Figure 2,
demands that the polarization and hence Q(Al-
GaSb) increases monotonically with bias. We shall
see that the simultaneous solution to these two
requirements, plus the continuity condition, leads
to a ‘parallelepiped’ hysteresis of the trapped hole
charge in the barrier.

We only need three field parameters to include a
concave EBE profile in the barrier region. The
inflection point is assumed to have a measure zero
as far as the integration of the fields to obtain the
total voltage drop across the device is concerned.
For nonzero average value of A g, which is the
concentration of ‘“unpaired” trapped holes, we
also expect a nonzero superposed polarization

between the barrier and spacer layer to be affecting
the potential profile, as indicated by a simple
‘kink’ in the spacer region of Figure 2. We estimate
the fourth field parameter in the second half of the
barrier as proportional to Ex, as the figure
suggests with proportionality factor, x(V) < 1.0,
and still maintain the physical requirement of
concave EBE profile in this region. This accounts
for nonzero average A g.

From Figure 2, the trapped hole charge in the
second barrier is given by the expression: xEg —
Ep = Q(AlGaSb)/e, from the Poisson equation.
We estimate the proportionality factor x is close to
unity and positive. From the requirement of faster
voltage drop in the barrier region in Figure 2, we
must have Ep more negative than xEg, thus we
obtain Q(AlGaSb) > 0 consistent with the trapped
hole charge in the second barrier.

4.1. Hysteresis of Trapped Hole
Charge

The positive applied bias, V, in Figure 2, is given
by the following expression, eV = e|EL|(b + w/2)
+e|Eg|(w/2) + Eg + (W*kD* /2m*) — Ep, where w
and b are the width of the quantum well and
barrier, respectively. We use the Poisson equation
to eliminate |Eg| in terms of |Ey|. Since all fields on
the average have negative sign for positive applied
voltage, we may also write Poisson equation as
|Erl — |E¢| =|Qul/e. |Esl — X |Ex| = Q(AlGa Sb)/e.
Therefore, we obtain the following expression for
the trapped hole charge,

Q(AlGaSb) = Zex [(Eg — Ew,)
ew
- <eV—e|EL|(b+g> —e|EB|%>
kP
2m* }

©)

The trapped hole charge is an increasing
function of k2 in Eq. (9), since the ‘polarization’,
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without the constraint of quantum transport
nonlinear dynamics, should increase monotoni-
cally with bias.

The independence with bias beyond a threshold
value of the trapped holes in Sec. 3 is expressed
here by a step function

Q(AlGaSb) = ,0(k?* —k2").  (10)

The simultaneous solutions of Egs. (9) and (10)
is shown graphically in Figure 6, Eq. (9) for
Q(AlGaSb) vs. k? ’ is approximated by positive
sloping lines. Upon applying the continuity con-
dition, open circles and solid circles are solutions
for the increasing voltage sweep and decreasing
voltage sweep, respectively. A ‘parallelepiped’
hysteresis of trapped hole charge as a function of
bias is clearly indicated.

4.2. Hysteresis in the /- V' Characteristics

This is obtained by describing the whole length of
the device by three independent fields, namely, Ej,
E}j and Ej. Note that the field xEr used before is
only valid in the right-half of the barrier region, by
virtue of nonzero average concentration of ‘un-
paired’ trapped holes, ./ 5, as indicated in Figure
2. The field E; is as defined before, whereas Ej
is defined by the relation: Eg(b/2+ w/2) =
Egr(w/2) + Ep(b/2), and Ej is the constant field
approximation for the rest of the device of
dimension [(b/2) + c]. As a consequence, we also
have the following relation: |Eg| — |EL| = o/|Qy]/¢

L

FIGURE 6 Graphical solution of Egs. (9) and (10).

and |Eg| — |Ep| = B'|Q(AlGaSb)/e, where o and
B proportionality constants. Thus we may write
eV=e|EL|(b+w/2)+ e|E|(w+b)/2+e|E}|(b/2+c).
We then expressed |Eg| and |Eg| in terms of |Q,,|,
Q(AlGaSb), and |Eg|. We also use the relation:
elEY = e(V — ¢.)/(2b + w), where ep, = eV—
E,, + 12kS’ /2m* to obtain the result

2
100l = —
a’((b+c)+%)
27,52 /
HSL_EW_FK_{_ﬂQ(AIGaSb) ,
2m* 2¢ 25( € >
b/2+c

(11)

where we have £ = (2b+w+c¢)/(2b+w). The
quantum transport requirement for Q,, was given
by Buot and Rajagopal [9,10] as

em* kS
Wl = ——In{ 1 Ep——=
|Owl 75 n{ +expﬁ( L >} 1)
(%)ew

which is zero for ka <0, /rg=1/7,+1/7., Where
1/7. is the effective rate of decay of Q, into
unoccupied collector states and 1/7, is equal to the
rate of supply of electrons from the emitter to the
quantum well. The simultaneous solution of Egs.
(11) and (12) is also graphically obtained as shown
in Figure 7. In Figure 7a, Eq. (11) is approximated
by parallel sloping lines. The values for Q(Al-
GaSb) are solutions obtained from Figure 6 which
create an offset in the sloping lines of Eq. (11),
leading to higher values of Q,, as indicated by the
dotted arrows. For the increasing voltage sweep,
the solutions for Q,, are given by the intersection
points Sy, Sz, S5, SE, SE, SE(low), Se(high), S7 and
S's. For the reverse voltage sweep, the correspond-
ing solution points are Sg,S7,Ss, SE, SX, SK, SR
[high], S>[low], and back to S;.

The RTD current can be approximated by @,/
7.. The resulting /- V has all the salient features of
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FIGURE 7 (a) Graphical solution of Egs. (11) and (12). (b)
The solution for the /- V characteristic showing ‘parallelepiped’
hysteresis occurring before the RTD current peak, in agreement
with the experiment.

the experimental results [9], shown in Figure 7b
with corresponding solution points indicated. This
result serves as indirect experimental evidence on
the ability of this device to function as a high-
frequency source.

5. CONCLUSIONS

The nonlinear dynamics of coupled systems of
duons and ‘unpaired’ trapped-holes in RTD with
staggered band-gap alignment provides a funda-
mental physical basis of the experimental intrinsic
bistability of AlGaSb/InAs/AlGaSb RTD. Zener
tunneling, stimulated formation of duons, and the

self-oscillation of the trapped hole charge provide
the mechanism behind a new high-frequency
source introduced in this paper. We note that the
RTD current peak occurs when the quantum-well
energy level aligns with the bottom of the
conduction band of the emitter. In some emitter
designs, the Fermi level adjacent to the barrier
increases as this alignment is approached, leading
to a high-transconductance with the high-field
domain acting as a self-gate. Thus, the transcon-
ductance of this ‘self-gated’-transistor oscillator
can be made large, yielding a novel high-frequency
source with a usable power.

The ‘chemical kinetics’ modeling used above to
analyze the device operation adds to the store of
analytical tools for characterizing complex de-
vices. However, large-scale time-dependent simu-
lation is needed for further research and design
optimization. Besides potential applications in
communications, defect engineering would also
make it as a triggering element in semiconductor
lasers.
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