RESONANT TUNNELING DIODES

Recent progress in epitaxial growth technology has made
it possible to fabricate thin structures where quantum ef-
fects emerge. In these thin structures, the wave-like nature
of electrons dominates the current-voltage characteristics.
Electrons can penetrate barriers (tunneling), interfere, and
make standing waves. A resonant tunneling diode (RTD)
exploits such effects. RTDs are characterized by unique
current-voltage characteristics showing negative differen-
tial resistance (NDR). They consist of extremely thin semi-
conductor heterolayers with thicknesses of 1 to 10 nm.

Figure 1 shows an example of the RTD structure along
with the conduction band diagram. The structure consists
of wide bandgap and narrow bandgap semiconductors. Typ-
ically, it is made of GaAs/Al,Ga;_yAs system on GaAs sub-
strate or Ings3Gag47As/Ing52Alp 48As system on InP sub-
strate; the GaAs and Ing53Gag47As are narrow bandgap
semiconductors, and the Al,Ga;_yAs and Ings2Alg 43As are
wide bandgap ones. This structure is grown by molecular
beam epitaxy (MBE) or metal-organic chemical vapor de-
position (MOCVD), which can grow epitaxial layer with
one-monolayer precision.

This structure contains a quantum well, which is formed
when a narrow bandgap layer (well) is sandwiched by two
wide bandgap layers (barriers). In the well, the energy of
electrons is quantized due to the wave-like nature of elec-
trons. (The wavelength must be such that half the wave-
length (or an integer multiple) matches the thickness of the
quantum well, because the electron wave is fixed at the
barriers.) Electrons having an energy equal to the quan-
tized energy levels can pass through the barriers, while
those that don’t have an extremely small chance of passing
through. Consequently, unique current-voltage character-
istics having NDR are obtained with this structure. An ex-
ample of such characteristics is shown in Fig. 2. (In this fig-
ure, the anomalous step-like structures shown in the neg-
ative differential resistance region are due to the spurious
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Figure 1. An example of the RTD structure with its conduction
band diagram. This structure contains a quantum well, which is
formed when a narrow bandgap layer is sandwiched by two wide
bandgap layers.

Figure 2. Current—voltage curve of the RTD. This curve is char-
acterized by the NDR.

effect arising from oscillation with measuring system.)

RTDs are attracting much attention because of their
potential for high-speed operation as well as for high func-
tionality due to the NDR. RTDs with 712 GHz oscillation
(1) and 1.5 ps switching (2) have already been reported,
and several functional RTD-based circuits (3), which in-
clude multiple-valued logic, a non-linear logic gate, and
a neuron-like weighted-sum function (4), have also been
reported. These functions reduce the number of devices
used, leading to lower power dissipation. Another advan-
tage, one of the most important ones, is that RTDs can op-
erate at room temperature. This differentiates RTDs from
most other quantum effect devices, which can operate at
only cryogenic temperatures. Thus RTDs are regarded as
most practical quantum effect devices for ultra high-speed
analog and digital applications in the near future.

OPERATING MECHANISM

The operating mechanism of RTDs is explained here for a
simple double-barrier RTD, though there are many varia-
tions of the structure. Figure 3 shows a conduction band
diagram of the RTD for various applied voltages along
with current-voltage characteristics. For simplicity, it is as-
sumed that the quantum well has only one subband, which
has a minimum energy of Ey. The current-voltage charac-
teristics can be explained by the energy and momentum
conservation through tunneling, as follows.

The z-direction is set perpendicular to the wafer surface.
This ensures the translational symmetry in xy-plane holds
during tunneling. Hence, the x and y components of the
momentum, k£, and ky, must be conserved at the tunneling,
assuming where is no scattering. This indicates that the
kinetic energy for z-directional motion and for motion per-
pendicular to the z-direction must be conserved indepen-
dently. Thus the electrons in the emitter can go through the
barrier into the well if the z component of the momentum
k, has a special value expressed as

Ve2m*(Ey — E
kyo = % 1
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Figure 3. Conduction band diagram of the RTD for various ap-
plied voltages with current—voltage characteristics.
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Figure 4. Fermi sphere for the degenerately doped emitter. The
number of tunneling electrons is proportional to the area of the
shaded disk.

where, E¢, is the energy of the conduction band edge of the
emitter, m* the electron effective mass, and # Planck’s con-
stant divided by 27. The current is proportional to the num-
ber of electrons having momentum £,y of the above value.
This can be easily understood from Fig. 4, which illustrates
the Fermi sphere for the degenerately doped emitter. Ini-
tially, the number of electrons with momentum k%, is very
small, or 0 at T = 0 K, when Ej is larger than E;. Their
number then increases proportionally to the area of the
shaded disk in Fig. 4 when E.<E,<E;. The electrons in
the disk are in the resonant state. The area of the disk,
k2, is expressed as

Tk = 27m*(Ex hz(EO Ec))' @)

In the simple approximation that ignores the band
bending, E is linearly dependent on the applied voltage.
This means current increases linearly with increasing the
applied voltage. Then, the number of electrons abruptly
decreases when E, drops under E.. Finally, non-resonant
current increases with increasing applied voltage beyond
this point. The result is the current-voltage characteristics
shown in Fig. 3.

EFFECTS OF SCATTERING

Here, let us briefly consider the effects of scattering. Scat-
tering destroys phase coherence and breaks the transi-
tion rule. Possible scattering centers include impurities,
phonons, electrons, and interface roughness. Taking scat-
tering into account in RTD theory is difficult and is still an
evolving problem.

From a qualitative point of view, scattering in the well,
which breaks the phase coherence of electrons, doesn’t
change the operating mechanism discussed above, if the
scattering rate is not large enough to prevent energy-level
formation. This is because the mechanism depends only on
the fact that the electrons tunnel into the 2-dimensional
state in the well. It is called “sequential tunneling” when
the scattering rate is large enough to destroy all coherence
before electrons leave the well (5).

On the other hand, scattering plays an important role
in determining peak and valley currents quantitatively (6).
In particular, it has been reported that scattering due to in-
terface roughness has a significant effect on those currents
(7). The interface roughness breaks the translational sym-
metry in the xy-plane, which results in broader resonance,
and hence a larger valley current.

OPERATION SPEED

One of the most significant advantages of RTDs is their
extremely high operation speed. In discussing the limit of
the operation speed, it is important to differentiate two re-
sponse times: the so-called “tunneling time” and the “RC-
time”. The former is the time it takes electrons to tunnel
through the RTD structure, and is related to quantum me-
chanics. The latter is the time required to charge the ca-
pacitance of the RTD, and is related to circuit theory.

Let us first consider the tunneling time (8). Suppose
that the electric field in the RTD structure changes from
the non-resonant to resonant state at a certain time ¢g.
The amplitude of the wave function in the quantum well
changes to its steady state value in response to this change.
The tunneling time is the time required for this change.
This time is of the order of the resonant-state life time, ¢z,
or the escape time, which is the time it takes an electron
in the quantum well to escape from it. From simple theory,
this time is determined by the energy level width I' as

h
Tife = Il (3)
The energy level width I is determined as the half-width
of the transmission probability function through the res-
onant state. Roughly speaking, I' exponentially decreases
with increasing barrier thickness and height. This means
a shorter tunneling time can be obtained with thinner
and lower barriers, though there is a trade-off against the
peak-to-valley ratio. This time determines the fundamen-
tal speed limit for ideal RTDs, and it can be as short as 0.1
ps.
However, various non-idealities in the real RTDs af-
fect the tunneling time. These non-idealities include bar-
rier asymmetry, interface roughness, and inelastic scatter-
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Figure 5. Equivalent circuit of the RTD. This circuit consists of a voltage—dependent current
source, a voltage—dependent capacitor, and a series resistor.

ings. Several theoretical and experimental studies have
been devoted to clarifying the tunneling time of RTDs.
A time-resolved photoluminescent measurement using
ultra-short pulses (9) has revealed that the escape time
from a 2-dimensional well agrees reasonably well with eq.
(3). On the other hand, the tunneling time was estimated
from the high-frequency characteristics of quantum-well-
base transistors (10). These devices were heterojunction
bipolar transistors with a base layer consisting of a reso-
nant tunneling double barrier structure. The results again
showed that the tunneling time is in reasonable agreement
with eq. (3). The resonant life time described in eq. (3) is
a useful guideline for designing high-speed RTDs, though
further studies to clarify the tunneling time in real sys-
tems are necessary. In addition to the tunneling time, the
transit time across the collector depletion layer affects RTD
response when large spacer layers are used.

Next, we will discuss the operation speed limited by RC-
time. In most applications, the operation speed of RTDs
is limited not by the intrinsic tunneling time but by the
charging time of RTD capacitance. RTDs are well described
by the equivalent circuit in Fig. 5. This circuit consists
of a voltage-dependent current source Irrp(V), a voltage-
dependent capacitor Crrp(V), and a series resistor R;. Here,
the parallel combination of Igrp(V) and Crrp(V) represents
an intrinsic RTD, and the R, is the sum of series resistances
such as the contact resistances. An investigation of the ca-
pacitance Crrp(V) is extremely important in determining
the maximum operation speed of RTD circuit. A schematic
diagram of the capacitance-voltage curve is shown in Fig.
6 with the current-voltage curve as a reference. The ca-
pacitance of the RTD is extracted from the results of mi-
crowave S-parameter measurements (11). In short, there
are two main points. First, the capacitance is roughly equal
to that calculated from the undoped spacer layer and the
depletion layer of the device, except for the voltage near
the peak. Second, there is an anomalous peak structure
in the NDR region, as shown in Fig. 6. This peak is due
to resonant electrons accumulated in the well. This must
be taken into account to discuss operating speed precisely.
Note that Izrp(V) and Crrp(V) do not depend on the fre-
quency when the frequency is sufficiently smaller than the
intrinsic limit determined by the lifetime discussed above.

Here, consider the operation speed limits for two typi-
cal applications. The first is an oscillator (12). The NDR of
RTDs can act as the basis for a very fast and simple os-
cillator. The maximum frequency of the oscillation, f,.y, is

1%

Figure 6. Schematic diagram of the capacitance—voltage curve
with a current—voltage curve as a reference. An anomalous peak
structure is shown in the NDR region.

expressed as

1 — Umax
[CCmax _ G2 que @)

fmax = o0mC R max

where, G« is the maximum negative conductance in the
NDR region and C is the capacitance at the voltage where
Gnax is obtained. This is the frequency above which the
dynamic current through the capacitance masks the NDR.
Consequently, no oscillation occurs above this frequency.
This frequency can be extremely high, for example, 1.24
THz (1).

The second example is the switching time for the
resistance-load RTD circuit (13). Figure 7 shows the load
diagram and the switching mechanism of the circuit. A
small pulse applied to the bias terminal makes the circuit
switch from off to on. This switching time can be calculated
from the equivalent circuit model, and is approximated to
be a few times RC, where C is the average capacitance in
the NDR region and the R is the negative resistance. Ex-
tremely short switching times of 1.7 (14) and 1.5 ps (2) have
been reported for InAs/AlSb and InAs/AlAs RTDs, respec-
tively.

It is worth noting here about the advantages of RTDs
compared to Esaki diodes. The I-V curves of Esaki diodes
show NDR similar to RTDs, and several applications simi-
lar to RTDs have been studied. The one of most important
advantages of the RTD is the ability to obtain a high peak
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Figure 7. Load line diagram of the resistive load RTD switch
circuit. The circuit switches its state in response to a small pulse
(Vpuise) applyed to the bias voltage. A small pulse applied to the
bias terminal makes the circuit switch from off to on.

current density with a relatively low capacitance. (For ex-
ample, an extremely high current density of 6.8 GA/m?
is obtained with a capacitance of about 1.5 mF/m? (2).)
This is possible because the current density of RTDs can
be increased by changing the barrier and the well thick-
nesses, and this can be achieved without decreasing de-
pletion layer thickness. On the other hand, one must in-
crease impurity density to decrease tunnel barrier (=deple-
tion layer) thickness in order to increase current density in
Esaki diodes. Consequently, the maximum operation speed
of RTDs can be much higher than that of Esaki diodes. Fur-
thermore, RTDs can avoid degradation observed in Esaki
diodes due to impurity diffusion at the highly-doped pn-
junction.

VARIATIONS OF RTDS

Several variations of RTDs have been studied recently.
First, the one variation is an RTD with more than two
barriers. The purpose of using multiple barriers is to ob-
tain multiple peak I-V curve, which can be used for ap-
plication for multiple-valued logic (15). Also, the triple-
barrier structures have been used to make a sharp peak.
This is because the first quantum well plays the role of
a filter (16). Several materials other than GaAs/AlAs or
InGaAs/InAlAs systems have also been studied. Particu-
larly, the AlSb/GaSb/InAs systems is attracting much at-
tention because of its unique band lineups. Two different
structures have been proposed for this material system
(17, 18). One is the AlSb/InAs/AlSb double barrier quan-
tum well structure, which has a band diagram similar
to that of AlAs/GaAs. This heterostructure has a larger
barrier height than AlAs/GaAs, so a larger peak-to-valley
(P/V) current ratio can be obtained. The other is the res-
onant intervalley tunneling diode (RITD), which exploits
the type II band alignment of the An AlSb/GaSb/InAs sys-
tem. (The conduction band minimum of InAs is lower than
the valence band maximum of GaSb). RITDs consist of a
GaSb well sandwiched by AlSb barriers with InAs emit-
ter/collector layers. In the GaSb well, quasi bound states
are formed in the valence band. This allows electrons in the
emitter to tunnel through the valence band state of GaSb to
the collector. In this structure, the bandgap of GaSb blocks

the leakage current at the valley voltage. Consequently,
an extremely high P/V ratio of more than 20 is possible at
room temperature.

The implementation of RTDs with a Si-based material
system have been reported recently. Various structures,
such as Si0y/Si, SiGe/Si, Aly03/Si, and CdF2/CaFy/Si RTDs
were reported for future integration of RTDs on Si sub-
strate (19-21). Until now, only limited performances are
obtained for these systems (low P/V ratio, low peak cur-
rent density). This is due to the higher electron mass in Si
compared to that of the compound semiconductors. Further
effort should be necessary to realize high performance Si-
based RTDs. However, the emergence of high-performance
Si-based RTDs would have an extremely significant im-
pact, because highly functional circuits using them could
be implemented in Si VLSIs.

APPLICATIONS

Several possible RTD applications that exploit the NDR
characteristics are now being developed. Though most of
them are similar to those once proposed for Esaki diodes,
progress in related device technology and the ultra high-
speed potential of RTDs open up new possibilities.

The most attractive applications are  mi-
crowave/millimeter wave analog circuits (12). They
include the oscillator shown in the previous section, a
frequency multiplier, a mixer, and a trigger (22). Recent
interests on THz wave technology revives the attention
to the RTD oscillators. Most recently, an RTD oscillator
integrated with stacked-layer slot antennas have been
proposed, and demonstrated 1 THz signal generation
using harmonic oscillation (23).

The frequency multiplier uses the folded I-V curve due
to the NDR. Because of this I-V curve, the output current
shows two or three peaks for one half of applied voltage
swing. This results in highly efficient frequency multipli-
cation. Several circuits have also been proposed for digital
applications (3). The latching function due to the bistability
of RTD circuits is the basis for most of these applications.
A typical example of such a circuit is a (multiple-valued)
memory, which uses RTDs connected in series or parallel
with appropriate load.

An RTD has only two terminals, which restricts the use
of resonant tunneling phenomena. Adding a control termi-
nal to RTDs extends their usability to a variety of applica-
tions. The most straightforward way to do this is to merge
RTD with conventional transistors to make a composite
device. This approach has been used to build resonant tun-
neling bipolar transistors (RTBTs) (3), resonant tunneling
hot electron transistors (RHET) (24), and gated RTDs. The
RTBTSs have a resonant tunneling structure at the emit-
ter/base junction region or in the base. ARHET is similar to
RTBT and has a resonant tunneling structure at the emit-
ter of the hot electron transistor. Consequently, these de-
vices have negative transconductance in emitter-grounded
transistor characteristics. These non-linear input-output
characteristics can be applied to several circuits, such as
an XOR logic gate with only one transistor. On the other
hand, gated RTDs have Schottky or junction gates around



the emitter to control RTD area, and show an NDR with
controlled peak current. These devices are used for a func-
tional logic gate called a MOBILE (monostable-bistable
transition logic element) (4), and are useful in investigat-
ing the physics of very small tunneling structures (25).

The other and more practical way to add the control ter-
minal is to connect RTDs with ordinary transistors to make
parallel or series circuits. Integration of RTDs with tran-
sistors is necessary in order to do this, but this has a signif-
icant advantage beyond merely adding a control terminal.
One can use both of RTD circuits and ordinary transistor
circuits according to its merits and demerits. Integration
of RTDs with HEMTS or bipolar transistors have been pro-
posed, and several circuits have been also reported using
such devices (26-28). The MOBILE can also be fabricated
with these combinations, and recently various circuits ap-
plications have been reported (29).

In summary, RTDs are excellent candidates the high-
speed and low-power applications of the near future, and
vigorous efforts to build and perfect them shall continue.
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