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SUBMILLIMETER-WAVE RESONANT-TUNNELING OSCILLATORS

E.R. Brown
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173, USA

ABSTRACT

Recent advances in high-frequency resonant-tunneling diode (RTD) oscillators are
described. Oscillations up to a frequency of 420 GHz have been achieved in the GaAs/AlAs
system. These results are consistent with a lumped-element equivalent circuit model of the
RTD. The model shows that the maximum oscillation frequency of the GaAs/AlAs RTDs is
limited primarily by high series resistance, and that the power density is limited by low peak-
to-valley current ratio. Recent oscillator results obtained with InGaAs/AlAs and InAs/AlSb
RTDs show a greatly increased power density and indicate the potential for fundamental oscil-

lations up to about 1 THz.

I. INTRODUCTION

Resonant tunneling in a double-barrier structure can be understood by the diagrams in
Fig. 1, which pertain to a quantum well containing only one quasibound-state energy level E;.
If the total energy and momentum of the electrons in the plane of the heterojunctions are con-
served during the process, then only those electrons having a longitudinal energy E; on the
cathode side approximately equal to E; can traverse the structure with any significant proba-
bility. As the bias voltage is increased from zero, the quasibound level drops relative to the
electron energy on the cathode side and the current increases. This current increase can be
explained in terms of an increase in the number of electrons in the cathode Fermi sphere that
have E; = E;. The current eventually approaches a peak at a voltage close to that which
aligns the quasibound level with the conduction band edge in the neutral region on the
cathode side. At higher voltages there are no electrons with E; = E;, so that the current
decreases precipitously and a negative differential conductance (NDC) region occurs. This
NDC region is the basis for all of the high-speed oscillations observed to date in resonant-

tunneling diodes.
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Fig. 1 (a) Band diagram of a generic double-barrier structure with quasibound-state energy
E,. (b) and (c) Schematic diagram of resonant-tunneling transport process. (d) Typi-
cal current-voltage curve for a double-barrier diode.

The fundamental requirement for resonant tunneling in a double-barrier structure is spa-
tial quantization, which occurs when E; > I/, where 1, is the inelastic scattering time. This
requirement imposes limits on the size of the structure. For example, the thicknesses of the
quantum well and barriers of a GaAs/AlAs structure must be less than roughly 10 and 3 nm,
respectively, in order to observe resonant tunneling at room temperature. Fortunately such
thin layers can be obtained by modern crystal growth techniques, such as molecular beam epi-
taxy. In fact these techniques can produce much thinner epilayers, as exemplified by the
recent demonstration of double-barrier structures containing 0.8-nm-thick AlAs barriers (i.e., 3
monolayers of the AlAs zincblende lattice) [1]. Such control over layer thickness is a large

part of the success of resonant-tunneling devices.
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II. MATERIAL CHARACTERISTICS

The quality of a resonant-tunneling diode (RTD) is usually characterized by the peak-to-
valley current ratio (PVCR) and the peak current density Jp. Fig. 2 shows the room-
temperature current-density vs voltage (J-V) curves obtained for the fastest resonant-tunneling

structures in three different material systems.
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Fig. 2 Current density vs voltage for double-barrier diodes made from three different materi-
al systems. The dashed regions of the curves are the result of interpolation through
the NDC region, which was highly distorted in the experiments by the occurrence of
oscillations.

Each of these structures has a composition and doping profile similar to that shown in Fig. 3.
The J-V curve for the GaAs/AlAs structure shows a PVCR = 1.5, which is a typical result in
this material system for Jp greater than approximately 1x10° A cm™2. In contrast, the
Ing s3Gag 47As/AlAs material system shows a PVCR = 12 at a Jp near 2x10° A cm™. These

results display a useful empirical rule that has been observed over a large range of peak

current densities. That is, Ings3Gag47As/AlAs and GaAs/AlAs RTDs having the same Jp
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differ in PVCR by about a factor of eight.
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Fig. 3 Composition and doping profile for the fastest double-barrier diodes produced to date.

The InAs/AlISb structure yields the highest Jp of all of our present structures,
Jp = 3.7x10° A—cm™2, and also shows a PVCR = 4, which is satisfactory for many applica-
tions. The very high Jp is due mostly to the Type II-staggered band alignment. This causes
the electrons to tunnel through the AISb barriers near the valence band edge where the tunnel-
ing wavevector is significantly smaller than at mid gap. Further information can be found in

the growing literature on this material system [2].

The layer thicknesses and doping profile of the RTD that has produced the highest oscil-
lation frequency to date is shown in Fig. 3. Very thin (1.1 to 1.7 nm) barriers are used to
reduce the resonant-tunneling time and enhance Jp. The asymmetric doping profile is
designed to provide an approximately 100-nm-wide depletion layer on the anode side of the
double-barrier structure at the bias required for NDC, and also to provide a high bulk electron
density (-~ 1x10'® cm™) on the cathode side. This density, along with the width T'; of the

transmission-probability (T*T) resonance, determines the current density through the structure.
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The depletion layer yields a low specific capacitance compared to most other tunnel devices,
such as p-n tunnel (Esaki) diodes and Josephson junction diodes, while the high carrier con-
centration on the cathode side provides a comparable Jp. The ability to separately control the
capacitance and current density is an advantage that the RTD has over Esaki and Josephson
diodes, which require degenerate carrier concentrations on both sides of the thin tunneling

region.

1. SPEED-LIMITATION MECHANISMS

The best measure of the speed of RTD oscillators is the maximum frequency of oscilla-
tion, fyax, Which is defined as the frequency above which the real part of the terminal
impedance is positive. To determine this frequency accurately, an impedance model of the
RTD is required. At sufficiently low frequencies, the impedance is represented by an
equivalent circuit consisting of a differential conductance G in parallel with a capacitance C,
both in series with a resistance Rg. The capacitance is approximated by C = €A/(d+w), where
A is the active area, € is the permittivity of the double-barrier material, and d and w are the
lengths of the depletion region and double-barrier structure, respectively. The series resistance
arises from various contributions outside the active region of the device, as in a Schottky
diode. When G is negative, this circuit implies that oscillations can occur up to a frequency
of fre = 20O (-G/Rg-GH)Y2 = (2n1gc)™). For a given double-barrier structure, fpc
represents an upper limit on the maximum oscillation frequency fyyax. The additional time-

delay mechanisms described below can only decrease fy s x.

At high frequencies, the quasibound-state lifetime T; and the transit time across the
depletion layer must be considered. A straightforward derivation of the effect of the lifetime
is given in Ref. [3], and the result is the RCL equivalent circuit shown in the inset of Fig. 4.
The new element, the quantum-well inductance, is given by Low = 7,/G, where 1; is the
quasibound-state lifetime. Such an element is expected on physical grounds, since the

resonant-tunneling process represents a delay of conduction current with respect to applied
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Fig. 4 Experimental and theoretical oscillator results for the fastest double-barrier diode in
the GaAs/AlAs material system. The lumped-element equivalent circuit for the diode
is shown in the inset.

voltage, similar to the delay that occurs in an ideal inductor. At a fixed bias point, the RCL
circuit model yields an fyyax given by

172
172
L[, - GRs+1IGRs R
(C2LowG*-1)2

In the limit t; < Tgc, this expression reduces to fge as it should. Note that the imaginary

o= j-—C
R | | LowC | 2Low/G?

part of the impedance of this circuit in the NDC region is always less than zero because Lqy
is negative. This means that the diode cannot self-oscillate, i.e., oscillate on an internal reso-
nance. The validity of the RCL circuit has been confirmed recently using several RTDs at
Lincoln Laboratory, and in separate experiments at Fujitsu Labs in Japan [4] and the Elec-

tronic Technology Laboratory in the U.S. [S].
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The second important time-delay mechanism at high frequencies is the transit-time delay
across the depletion layer. For diodes having a material profile similar to that shown in Fig.
3, this delay is probably not very important. For example, fyjax calculated using the parame-
ters of the fastest GaAs/AlAs diode is only 10% less than fpe [6]. This calculation assumes
that the average drift velocity across the depletion layer is 4x107 cv/s. This velocity is quite
plausible in the present GaAs/AlAs double-barrier structure because the kinetic energy of the
electrons injected into the depletion layer is high (= 0.2 eV), and the mean-free path of the
electrons is comparable to the depletion length. For the other two material systems of
interest, Ing 53Gag 47As and InAs, the effect of the transit time should be even less. Both the
electron LO-phonon scattering time and the L-valley separation from the conduction band
edge increase as the In fraction in In,Ga;_,As alloys increases. Consequently, the average
drift velocity across the depletion layer should be even higher and the transit-time effects
should be less. Based on these considerations, it is anticipated that depletion lengths of InAs
RTDs can be significantly longer than those of GaAs RTDs, perhaps by a factor of two or

more.

IV. OSCILLATOR RESULTS

The oscillation power vs frequency for a 4—pm—diameter diode made of the fastest
GaAs/AlAs resonant-tunneling structure is shown in Fig. 4. The results are consistent with
theory in that the maximum observed oscillation frequency 420 GHz is below fgcp, which is
calculated to be 506 GHz. This calculation assumes that G is equal to the maximum negative
value in the NDC region of Fig. 2, and t; = h/I"; = 0.11 ps, where I'; is the full width at half
maximum of T*T. A more detailed analysis shows that an increase in the magnitude of G
would not significantly speed up the device, but that a three-fold reduction in Rg with the
same G would increase fp¢y to approximately 900 GHz [4]. This reduction in Rg combined
with a two-fold increase in the magnitude of G would further increase fg¢p to over 1 THz.

Unfortunately, these improvements have not been made because of practical limitations on the
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ohmic-contact resistance to GaAs and on the PVCR attainable in GaAs/AlAs double-barrier
structures. The other two material systems that have been developed, InGaAs/AlAs and

InAs/AlSb, alleviate these deficiencies.
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Fig. 5 Experimental oscillation results for double-barrier diodes made from three different
material systems.

The oscillation results for the fastest diodes made to date in all three material systems
are compared in Fig 5. The relatively poor PVCR of the GaAs/AlAs diode limits the power
density to a maximum value just over 1x10* W cm™ The superior PVCR of the
In, 53Gag 47As/AlAs diodes provides a low-frequency power density of 1x10* W cm™2, which
is comparable to that generated by IMPATT diodes. Because of the high PVCR at high
current density, the Iny 53Gag 47As/AlAs diode will likely be the RTD of choice for high-speed

logic applications. At present the InAs/AlSb materials system is the most promising one for
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submillimeter-wave oscillator applications. The power density of the InAs/AlISb RTD at 360
GHz is a ten-fold improvement over that of the GaAs/AlAs RTD at the same frequency. We
expect that this InAs/AlSb RTD will be capable of oscillating well over 600 GHz. The pri-
mary reasons for the superior performance are the low series resistance and the high available
current density (Jp —Jy = 2.8x10° A cm~2) in the InAs/AISb diodes. The low resistance
reflects the nearly ideal ohmic contact that can be formed to InAs. In the present diode the
contact resistance is so low that its measurement is difficult, but we estimate from the oscilla-

tor results that its specific resistance is less than 2x10~7 Q cm?.

V. SUMMARY

Resonant-tunneling oscillators in the GaAs/AlAs material system have been demonstrated
up to frequencies of 420 GHz. The oscillation characteristics of the fastest diodes, as well as
diodes designed for operation at much lower frequencies are consistent with an equivalent cir-
cuit model that represents the effect of the time delay in the resonant-tunneling process by a
quantum-well inductance. The maximum frequency of oscillation of GaAs/AlAs diodes could
be increased significantly by reducing the series resistance and increasing the peak-to-valley
current ratio. Alternative material systems such as InGaAs/AlAs and InAs/AlSb should facili-
tate these improvements, and should produce oscillators operating up to about 1 THz in the

near future.
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