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Abstract

This thesis is concerned with the experimental study of two kinds of het-
erostructure devices. The resonant tunneling transistor (RTT) is the subject of
the first part of the thesis. The RTT is a new class of electronic device that
has a controllable negative differential resistance (NDR) as its distinguishing char-
acteristic. Since the first realization of a device of this type, in 1985, about 6
types of transistor structures have been reported that exhibit controllable NDR.
We report the development of two types of RTTs, which are series integrations
of GaAs/Al.Ga;_,As double-barrier heterostructures with field-effect transistors.
Samples were produced by metalorganic chemical vapor deposition (MOCVD). |
Several fundamental applications of these devices are also presented.

The first device is an integration of a resonant tunneling double-barrier het-
erostructure with a vertical field-effect transistor. The composite device is referred
to as a DB/VFET. The device exhibits NDR in its source-drain I-Vcurve at 77 K,
which is controllable with gate bias. Novel device features include the observation
of NDR at large voltages (greater than 10 V) in one bias direction. One device
exhibits NDR at room temperature. Typical 77 K peak-to-valley current ratios
were about 5. Frequency‘multiplication and microwave oscillations at 0.8 and 3.3
GHz have been observed in this device. This device is discussed in Chapter 3 and
Chapter 5.

The second device is an integration of & double-barrier heterostructure with a
planar field-effect transistor, in this case a metal-semiconductor field-effect tran-
sistor (MESFET). The composite device is referred to as a DB/MESFET. It also
exhibits NDR in its source-drain I~V curve, but is qualitatively different from the
DB/VFET in its behavior. A variety of output characteristics may be obtained
by varying the double-barrier and MESFET parameters. Logic operations are

of interest for this device, and a flip-flop circuit is demonstrated with a single



DB/MESFET. This device is described in Chapters 4 and 5.

In Part II of the thesis, studies of a different heterostructure are reported.
GaAs/AlAs/GaAs single-barrier capacitor structures, characterized by relatively
thick AlAs barriers (1000 — 4000 A) are the subject of this part of the thesis. Sam-
ples were grown by MOCVD. A variety of electrical and optical measurements
were performed on these structures. These included capacitance-voltage (C-V),
current-voltage (I-V'), deep-level transient spectroscopy (DLTS), and photore-
sponse measurements. This structure, a fundamental part of many heterostructure
devices, exhibits novel C-V and I-V behavior that can be attributed to signifi-
cant densities of electron trap states near one of the GaAs/AlAs interfaces, or in
the AlAs. Estimates of the deep-level concentration can be made from both C-V
and I-V measurements, which have been confirmed with DLTS measurements.
-DLTS confirmed that the trap levels are localized. These studies are described in
Chapter 6. Photoresponse measurements of the structures are interesting, and are
described in Chapter 7. These studies explain the observation of zero-bias pho-

tocurrent consistent with electron transport from the back of the sample to the

front.
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Chapter 1

Introduction and Overview

This thesis is concerned with the experimental study of two types of semicon-
ductor devices. One project is concerned with the realization of three-terminal
devices utilizing the novel properties of the double-barrier tunnel structure. The
second project is an investigation into the basic properties of thick single-barrier
GaAs/AlAs/GaAs capacitors. Both the double barrier and the capacitor can be
classified as heterostructures, or composite devices consisting of more than one
semiconductor material. These materials are usually arranged atop one another
in layers that have a definite crystalline registration to one another.®* The experi-
mental results reported here are confined to GaAs/Al.Ga;_.As heterostructures.

This chapter serves as an overview and summary of the document. It explains
some of the reasons for doing the work and describes the major results. In Sec-
tion 1.1 the major results are briefly summarized. Following this is Section 1.2, a
brief explanation of the importance of heterostructure devices to modern microelec-
tronics. Three-terminal device research is covered in Section 1.3, and single-barrier

research in Section 1.4.

°Referred to as epitazial layers.



1.1 Results Summary

Two types of new transistor structures have been successfully demonstrated.
Both are integrations of double-barrier tunnel structures with field-effect transis-
tors. One combines a double barrier with a vertical field-effect transistor struc-
ture (DB/VFET). The other combines a double barrier with a planar metal-
semiconductor field-effect transistor (DB/MESFET). These devices exhibit gate-
controlled negative differential resistance (NDR) in their source-drain characteris-
tics. Results of DC characterization of the devices are described and interpreted
in terms of sample geometry in Chapters 3 and 4. In particular, a wide range
of characteristics can be obtained, depending upon the relationship between the
double barrier and the field-effect parts of the device. Applications of these devices
to logic, signal processing, and oscillators are described. Samples were produced
by Ir.leta.lorga,njc chemical vapor deposition (MOCVD). MOCVD growth is rare for
resonant tunneling structures, the vast majority of which are produced by molecﬁ-
lar beam epitaxy (MBE). We have recently begun efforts to produce double-barrier
tunnel structures by MBE. Some success has been achieved, which will be discussed
in Chapter 2.

Single-barrier GaAs—-AlAs—GaAs structures were also studied. Devices con-
sisted of a 1000-4000 A barrier of AlAs lying between a degenerately doped GaAs
top layer and a nondegenerately doped GaAs backside layer. Capacitance-voltage
(C-V) curves showed hysteresis and photosensitive behavior attributed to deep
levels. Deep-level transient spectroscopy (DLTS) confirmed the presence of these
levels and indicated that they are localized in the AlAs or near the interface be-
tween the AlAs and the GaAs. Current-voltage (I-V) measurements gave addi-
tional evidence for the deep levels in the form of hysteresis at low current levels.
Estimates of deep level concentration obtained from all three techniques are in

reasonable agreement with one another. These results are described in Chapter 6.



Finally, measurements of the photovoltage induced in the device under front side
illumination were made, at a variety of external applied biases. The photovoltage
measured with zero applied bias was consistent with electron transport from the
back of the device to the front. Further measurements were used to explain this
observation as being due to built-in voltages in the device. These experiments are

explained in Chapter 7.

1.2 Why Heterostructures?

The electrical behavior of semiconductors can be controlled to an exquisite
degree. This is why semiconductors form the basis of a technology. Greater control
of the behavior of a potential electrical device can be achieved with the use of more
than one semiconductor in the same device. Many of these ideas rely on the concept
of band offsets. This fundamental issue is a subject of current investigation and
so is somewhat controversial. It deals with the question of what happens to the
potential experienced by an electron at the interface between two materials. It
is commonly assumed that the change in potential occurs abruptly, resulting in
potential steps (band offsets) in the valence and conduction bands that add up to
the band-gap difference.

The value of heterostructures can be illustrated by considering the bipolar
transistor. In an n-p-n tra.hsistor, the injection of electrons from the emitter into
the base is desirable. The injection of holes from the base into the emitter is
undesirable, representing base-emitter leakage current. The ratio of the desired
‘injection to the undesired injection is an important quantity, defined here as T'.
In a conventional homojunction transistor under low injection conditions, ignoring
diffusion constants and length factors, it is related to the doping concentration

on either side of the junction, and the difference in potential energy across the



junction:
I\ np n"eq(V_Vb,:)/kT
~ o ppedV-VR)FT

where n, is the electron concentration in the n type emitter, n, is the electron
concentratioq in the p type base, V;? is the barrier height for electrons between
emitter and base, and V is the amount of forward-bias voltage, with similar defi-
nitions for holes. In an ordinary bipolar transistor the exponential factors are the
same and we are left with I' = n,/p, = n,/p,. Large values of I' therefore impose
a number of design constraints on the transistor, particularly on base doping level.

Consider a case in which the n-type emitter is made from a wider band-gap
material than the base. Assuming that the smaller energy gap lies within the larger
(a typel heterojﬁnction), the potential steps in the conduction and valence bands
combine to yield an increased barrier for hole injection. Now the ratio of injected
electrons to injected holes is roughly:

Frnle_0n (eq AE,/kr),
Pn  DPp
where AE, is the difference in band-gap between the two materials. For semi-
conductors with large band offsets the improvement in I' can be quite significant.
Such a device is called a Heterojunction! Bipolar Transistor (HBT).[1]

This example illustrates what can happen when an additional degree of free-
dom is introduced; in this case the adjustability of hole and electron barrier heights
across a p-n junction. In addition to improving the performance of conventional
devices, altogether new devices can be constructed with the new freedoms pro-
vided by heterostructures. The geometry of interest here is the resonant tunneling

double-barrier structure.

t A heterojunction is a single interface between two semiconductors. A heterostructure contains

an arbitrary number of heterojunctions.
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1.3 Resonant Tunneling Transistors

1.3.1 Double Barriers

A double-barrier heterostructure consists of a thin (about 50 A) layer of narrow
band-gap material separated from electrodes by two equally thin layers of wider
band-gap material. GaAs and Al,Ga,_,As are the two materials commonly used
for the narrow and wide band-gap materials, respectively. The thin GaAs region
forms a quantum well, the thin nature of which gives rise to quasi-bound states.
Because the barrier regions are also thin, there is a significant probability that
carriers will tunnel out of the well region. Therefore the states in the well cannot
be considered true bound states, but should be viewed as resonant energies for
transmission from one electrode region to the other. Transport through the struc-
ture in this ideal case is via quantum-mechanical tunneling. The most interesting
feature of the device is the existence of a negative differential resistance (NDR) in
its I-V characteristic.

A simple model of the device illustrates the origin of the NDR. For simplic-
ity, consider the problem one-dimensionally, and assume that energy is conserved
during carrier transport. For electrons in the left electrode to tunnel through the
resonance level into the right electrode (referred to as resonant tunneling), two
conditions must be satisfied. First, there must be an occupied electronic state in
the left electrode with the same energy as the resonance level (in which there must
be an empty state). There must also be an empty state in the right electrode at
the same energy as the resonance level. For small amounts of applied bias, both
conditions can be satisfied, and resonant tunneling is allowed. At a critical bias
the first condition will no longer be satisfied, due to band bending of the resonance
level below the conduction band of the left electrode region. The result is an abrupt

decrease in the current. This process is schematically illustrated in Fig. 1.1.



> L ]

EONNNNNNWNNN ] MNNNNNNNN

i [ :

r -

l.LA 1 B -1
L

O / N . L s 1
0 0.1 0.2

Voltage (V)

NANNNNNNNNS

V
A ... pA 1 F
ol . -
0 0.1 0.2

Figure 1.1: .I-V curves and conduction-band diagrams for for the double barrier.
The top pair of diagrams illustrates the zero-bias band diagram and I-V curve for
low bias levels. For low biases, electrons may tunnel through the resonance level.
The bottom band diagram and I-V curve illustrate the resonance-voltage band
diagram and the entire -V curve. When the resonance level is brought to the
same energy as the conduction-band edge of the left electrode, resonant tunneling

is quenched, and negative differential resistance is observed.



In the world of microelectronics, ‘small’ often translates into ‘fast,” and fast is
good. By this analysis the double barrier, with critical dimensions of about 100 A,
should be the ver.y good indeed. In fact, the potential for high-speed devices is the
driving force behind most of the double-barrier research done today. In practice,
things are not so simple. Practical constraints such as capacitive charging effects
and unknowns such as tunneling transit times cloud the issue of the ultimate speed
of the double barrier. Theoreticians have taken many approaches to the double
barrier. A partial review of the theoretical literature on the double barrier is
contained in Chapter 2.

Experimental results have demonstrated that carrier transport through the
double barrier can be very fast. Oscillator structures operating at millimeter wave
frequencies (56 GHz, 102 GHz, and 200 GHz) have been demonstrated, with pre-
dictions of 600 GHz devices.[2,3] Terahertz (1 THz = 1 x 10' Hz) response of -
the double barrier has been measured.[4] At this point it seems clear that the
double barrier is a high-speed device. Exactly how fast is unclear. Oscillators and
amplifiers are therefore a clear area of interest for the double barrier. Another

potential area of application is in logic and digital systems.

1.3.2 State of the Art

Resonant tunneling was first experimentally observed in the derivative of an
I-V curve of a double-barrier heterostructure in 1974.[5] Since then, great strides
have been made. In 1983 the first observation of room temperature NDR was
made.[6] These results were obtained with heterostructures grown by MBE. In
1984 NDR was reported in a structure grown by metalorganic chemical vapor
deposition (MOCVD).[7,8,9] The results described in this thesis were obtained
with samples grown by MOCVD.

A figure of merit for the double barrier is the peak-to-valley (P/V) current



ratio of the NDR, obtained by dividing the current at the peak of the NDR by
the minimum current at voltages greater than the peak voltage. This ratio qual-
itatively measures the sharpness of the resonance and the amount of current due
to mechanisms besides resonant tunneling. A peak-to-valley current ratio of 21.7
has been reported for an MBE grown (Ga,Al)As double barrier at 77 K. This ratio
fell to 3.9 at 300 K.[10] For comparison, tunnel diodes—an older kind of NDR
device formed from p*nt diodes—had maximum oscillation frequencies of about
100 GHz, in devices with P/V current ratios of about 7.[11] P/V current ratios
exceeding 20 have been reported for GaAs tunnel diodes.[12]

Uniform and abrupt interfaces are critical to the successful growth of a double-
barrier structure.[13] Equally important for good operation of the device is
the cladding-layer geometry on either side of the barrier. The most success-
ful room-temperature device operation has been achieved with the placement -
of undoped or lightly-doped spacer layers on either side of the double-barrier
heterostructure.[10,14,15] These spacer layers apparently reduce impurity and
thermally assisted tunneling, which tend to reduce the NDR P/V current ratio,
particularly at room temperature. Spacer layers are discussed further in Chapter 2.

A highly desirable feature in a system for double-barrier growth is a large
conduction-band offset. Thus, the GaAs/AlAs materials system may not be the
ideal system for double-barrier growth. It has been used extensively because it is
technically well understood compared to many other systems. A number of other
systems have produced working double barriers. These include HgTe/CdTe[16]
and its alloys, InP/GaAs and alloys[17], and In.Ga;_.As/In.Al;_.As systems.[14]
Of these, the (In,Ga,Al)As system appears very promising. The largest P/V cur-
rent ratios yet reported have been achieved in an AlAs/In,Ga;_.As/AlAs double

barrier.[18] This ratio was an impressive 14 at 300 K, and increased to 35 at 77

K.



For high-speed applications a very important value is the current density pass-
ing through the structure. The current density is usually reported at the peak
of the NDR and represents the ability of the device to modulate charge rapidly.
Values in the 10*A/cm? range have been reported.[2,14] This value is adjustable
by varying barrier thickness as well as by modifying the thickness and doping of

cladding layers surrounding the double-barrier structure.

1.3.3 Introduction to Three-Terminal Devices

The ability to isolate input from output, the added flexibility of a third con-
trolling electrode, and the possibility of amplification are all reasons for preferring
three-terminal devices to two-terminal ones. It can be argued that the double-
barrier structure would benefit from the addition of a third electrode, especially
for logic and signal-processing applications. Oscillators might also benefit from
the additional electrode. Additionally, virtually all NDR devices are two-terminal
in nature; a three-terminal device exhibiting NDR would be unique. These issues
notwithstanding, the structures would likely be interesting of themselves.

The goal of a three-terminal negative-resistance device is the modulation of the
negative resistance with a third electrode. A variety of ways of doing this have
been proposed.[19,20,21,22] All of the ideas that have resulted in functioning de-
vices have combined the double-barrier structure with a more conventional device.
Double barriers have been combined with bipolar transistors{20,23|, hot-electron
transistors(22], and field-effect transistors[21,24,25] to form a new class of device;
the resonant tunneling transistor (RTT). Trade-offs between the various devices
are discussed in Chapter 2. The two types of devices described below were first
proposed by Bonnefoi et al.[19,26,27]

Changing the resistance of one of the electrode regions of the double barrier will
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alter the applied voltage at which the resonance condition! is satisfied. Varying
amounts of bias will have to be applied to the entire device to satisfy the resonance
condition across the double barrier, due to the changing series resistance. The
electrode resistance can be varied by placing a field-effect transistor in series with
the double barrier. This effect could be achieved with lumped elements and wires.
By integrating the two devices into a single semiconductor device, two advantages
are accrued. First, parasitic effects are reduced. In fact, as will be seen, the double
barrier becomes part of the transistor structure. Second, a more fundamental
interaction between the devices becomes possible. An excellent example of this
kind of interaction, in this case involving two p-n junctions, is provided by the

bipolar transistor.

'1.3.4 DB/VFET Devices

This section presents an overview of the project to integrate a double barrier
with a vertical field-effect transistor. The device is simple in concept. A lightly-
doped electrode region is pinched off by Schottky barriers placed along its vertical
sides in a manner similar to a junction field-effect transistor (JFET).[28]

The ideal DB/VFET device would place electrodes on the sides of a vertical
mesa structure; a formidable fabrication challenge. Devices of this type have been
made. They are quite intricate, and capable of operation at about 70 GHz.[29,30]
In order that our device be fabricated with simple techniques, many design mod-
ifications were made. These are described in detail in Chapter 3. The resultant
structure makes a number of sacrifices in performance, but is relatively easy to
fabricate. Almost any performance improvement will require a more complex fab-

rication procedure.

$The resonance condition is satisfied when the device is biased such that the resonance level

lines up with the conduction-band edge of the injecting electrode.
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Figure 1.2: Final design of DB/VFET optimized for ease of fabrication. The

tolerances for horizontal alignment are 1 micron.

The finished device is schematically illustrated in Fig. 1.2. It piaces the gate
electrodes on a horizontal rather than vertical surface and relies on horizontal
spreading of the primarily vertical depletion region under the gate to vary the re-
sistance of the channel region. This design imposes stringent requirements on mesa
width, gate spacing, and channel doping. One would like to have a thick, lightly-
doped channel, a very narrow offset between the gate and the mesa containing the
double barrier, and a very narrow mesa. More details are given in Chapter 3.

Results for a representative device are presented in Fig. 1.3. An interesting
effect of the design is the high voltage at which NDR is observed. This is due to
the presence of a large, lightly-doped region on one side of the double barrier. In
one bias direction this region is depleted and provides a large region over which

to drop bias. To satisfy the resonance condition across the double barrier, a much
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larger bias must be applied across the entire device. It should be emphasized that
this lightly-doped region does not represent a large series resistance, but rather
forms a drift reéion, whose resistance can be modulated. Results for samples
with different cha.nhel-doping levels show a consistent trend toward higher NDR
voltage with decreasing channel doping, provided that the lightly-doped region is
sufficiently thick. Modulation of the position of the NDR is achieved by the lateral
extension of the gate field, and its interaction with the channel through which
source-drain current flows.

Also of interest is the operation of the device in forward bias. Qualitative dif-
ferences between forward- and reverse-bias operation were observed and attributed
to the differences between the two bias configurations, specifically with respect to
the role played by the lightly-doped channel region. These results are discussed in
Chapter 3.

Some final comments about the DB/VFET are in order. Quite interesting
I-V curves can be obtained. The double barrier and the FET segments of the
device interact with one another to yield I-V curves that are not what would be
achieved from wiring together lumped elements, as evidenced by the production
of NDR at a high voltage. Several working DB/VFETSs were eventually produced.
While the device is not optimized for high-speed applications, sophisticated pro-
cessing could be applied to greatly improve performance, as in advanced VFET
structures.[29,30]

Some interesting applications of this device have been demonstrated. One is
a frequency doubler, which uses the fact that an operating point may be moved
completely through the NDR region by application of gate bias. Another appli-
cation is to oscillator structures; microwave oscillators have been demonstrated at
0.8 and 3.3 GHz, with an output power of about 700uW at 3.3 GHz. An inter-

esting potential use of the DB/VFET geometry as a transit-time device has been
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Figure 1.4: DB/MESFET cross-sectional diagram, showing recessed-gate design.

proposed, by Kesan et al., which would be interesting to explore.[31] It should be
possible to fabricate interesting logic elements with these structures as well. These

topics are discussed in Chapter 5.

1.3.5 DB/MESFET Devices

“This section deals with efforts to combine resonant tunneling diodes with pla-
nar field-effect devices, in particular a metal-semiconductor field-effect transistor
(MESFET). The composite device is referred to as a DB/MESFET. This device
is a logical companion to the DB/VFET.

The DB/MESFET avoids the conceptual problems associated with the DB/VFET
by using a planar layout. The final device is a series combination of a double barrier
and a MESFET. A finished device is schematically illustrated in Fig. 1.4. Fabrica-
tion procedures for the DB/MESFET were more complex than for the DB/VFET,
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réquiring 3 masks, 2 alignments, 2 etches, and 3 evaporations. The recessed-gate
design was used to allow a wider latitude for channel dopings, and to ensure good
ohmic contacts. Devices with channel dopings from 1 x 10®cm~2 to 3 x 107 cm™3
were made.

Results for a particularly instructive device are presented in Fig. 1.5. The
NDR characteristic of a resonant tunneling structure is evident near zero bias, and
the saturation characteristics of a MESFET are apparent at larger voltages. For
zero gate bias (V}), the resistance of the double barrier is dominant at low drain
biases(V;). As V, is made more negative, the resistance of the FET portion of the
device becomes comparable to the double barrier. The increased channel resistance
results in a shift of the NDR to larger biases, followed by its eventual elimination,
when the FET portion of the device becomes the dominant resistance. Note that
shifts in the NDR begin to become significant at V, = —0.5 V; NDR is eliminated
by the time V, = —0.7 V, illustrating the relative efficiency of the gate voltage in
this device, as compared to the DB/VFET. The small amount of bias required to
turn off the NDR may be relevant for switching applications.

This device presents a case in which the NDR lies near zero bias, in the linear
region of the MESFET. It is possible to obtain a variety of other types of I-V
curves. By decreasing the well width in the double barrier, the NDR shifts to
larger biases. The addition of a relatively resistive channel will shift the NDR out
of the linear region of the FET, resulting in bistable hysteresis regions in the I-V
characteristic. By increasing the thickness of layer ‘c’ in Fig. 1.4, one can obtain
characteristics similar to DB/VFETs. These results are discussed in more detail
in Chapter 4.

Provided that successful growth of the double barrier can be obtained, the
DB/MESFET is readily amenable to existing integrated-circuit fabrication tech-

niques, because the fabrication procedures for this device can be made virtually
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the peak of the NDR shifts to higher biases, and is eventually eliminated, at
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also Chapter 5.
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identical to MESFET fabrication techniques.

Applications for the DB/MESFET lie primarily in logic and signal processing.
The same featur;:s that allow frequency multiplication in the DB/VFET should
work with the DB/MESFET, too. To explore one area of interest, flip-flop cir-
cuits were demonstrated using single DB/MESFET devices. The two stable states
of the flip-flop are obtained from the bistable intersection of a load-line with the
negative resistance characteristic. The states are controlled with gate bias. Two
DB/MESFET samples have demonstrated this operation. Additionally, many in-
tereéting applications were developed for tunnel diodes, but fell from favor due the
difficulty of integrating these devices with others.[32] Some of these applications
may prove feasible with DB/MESFET devices. These topics are the subject of
Chapter 5.

1.3.6 Conclusions

Two types of three-terminal NDR devices have been made. Both combine res-
onant tunneling heterostructures with field-effect devices. The two devices operate
in different ways and exhibit characteristics qualitatively different from each other
and from two-terminal double-barrier diodes. The devices presented here are pio-
neering efforts. Perhaps because of this, neither the double barrier nor the FET
sections of the device is particularly remarkable or state of the art. It is their

combination that is unique.

1.4 AlAs Capacitors

1.4.1 Introduction

This section presents an overview of the topics to be discussed in greater depth

in Part II of this thesis. Here, we are concerned with the study of single-barrier
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heterostructures. The particular geometry studied here consists of a layer of AlAs
several thousand angstroms in thickness, separating two GaAs regions from each
other. One of these GaAs regions is degenerately doped; the other is nondegener-
ately doped. All doping is n type. The AlAs layer is intended to form a barrier
to electron transport. This topic Awa.s studied with samples produced by MOCVD.
The source of the material was Xerox Research Labs in Palo Alto, California.
There are several reasons to be interested in epitaxial barrier materials. The
epitaxial nature of the barrier material allows the subsequent deposition of further
crystalline structures. Crystalline regrowth is much more difficult on top of amor-
phous layers. Resistance to electrical conduction perpendicular to the layer, and
the ability to modulation-dope the barrier create some useful device possibilities.
One of these interesting devices is the GaAs-gate field-effect transistor.[33] It
depends upon the ability to accumulate electrons against an Al,Ga;_.As barrier.
This device has been demonstrated and has the potential to operate at very high
speeds. This device is similar in concept to a silicon MOSFET. If the GaAs-
gate FET could operate in inversion, a low-power consumption, high-speed logic
system could be devised in GaAs, similar to the CMOS system in silicon. The
Al,Ga,_.As (or In,Al;_.As) single barrier is important to several other devices,
most notably the modulation-doped field-effect transistor (MODFET).[34] This

device is currently one of the fastest transistor structures known.

1.4.2 Capacitance Measurements

In concept the nt-GaAs/i-AlAs/n—GaAs heterostructure can be viewed as an
MOS (or MIS) capacitor. The n*-GaAs top layer behaves like a metal; the n-
GaAs backside layer is semiconducting with a moderate to low carrier density.
The AlAs should be a barrier; therefore, it may be either undoped, p-type, or very

lightly n-type. Since this geometry would not be expected to draw a lot of current,
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capacitance measurements might be informative. The theory of the MOS device
is well developed.[35,36] In particular, the capacitance-voltage (C-V') behavior
is well understood. Should the single barriers studied here exhibit similar C-V
behavior, a GaAs-AlAs-GaAs MOSFET-like device might be possible.

All samples exhibited similar C-V behavior. Light sensitive C-V behavior
was seen, with a photosensitive peak in the illuminated data being the dominant
feature. The light sensitivit& of the samples led to extensive nonilluminated char-
acterization of the samples, the results of which will now be summarized.

Fig. 1.6 presents data for sample H399, taken in darkness. Arrows indicate the
direction of bias sweep, and the rate of data acquisition is indicated. A dramatic
drop in the size of the illuminated capacitance peak was observed in nonilluminated
C-V data. A region of relatively constant capacitance is observed in forward bias.
A thickness estimate can be obtained from the equation

€

C = 2 3 (1.1)

where C is the capacitance per unit area, € is the dielectric constant of the material
multiplied by the permittivity of free space, €y, and d is the barrier thickness. The
thickness predicted is 2250 A, in fairly good agreement with scanning electron
microscope (SEM) measurements of 2500 A for the AlAs thickness and suggests
that the region of constant capacitance arises due to carrier accumulation against
the AlAs.

A dominant feature of the dartk C-V data is the observation of hysteresis.
The hysteresis is rate dependent, with slowly scanned C-V data showing very
little hysteresis, and no discernible peaks in the capacitance. To understand the
hysteresis, bias polarities need to be thoroughly understood. Positive voltages in
Fig. 1.6 refer to positive voltage on the top n* layer. Such a configuration is
referred to as forward bias. Conversely, reverse bias occurs when negative voltage

is applied to the top electrode. The nondegenerate n-type layer beneath the double
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barrier is depleted of carriers in reverse bias.

In the dark, for sweep rates like those illustrated in Fig. 1.6, the capacitance
is higher when voltage is swept from reverse to forward bias than when swept the
other way. This nonequilibrium situation is highly suggestive of the presence of a
long-lived state, or deep level.} Since this hysteresis does not persist for the entire
C-Vcurve, it is reasonable to suspect that the deep levels are spatially localized.

The hysteresis can be explained by considering the effect of a large number
of electron traps spatially localized near the GaAs/AlAs interface (between the
lightly-doped GaAs and the AlAs). These levels would be empty in reverse bias,
because there would be no electrons around to populate them. An empty electron
trap carries a positive charge and will drop a certain amount of bias. When most
of the traps are empty, they can make a significant contribution to the charge
in the depletion layer, thus allowing a smaller amount of bulk depletion, and a
higher capacitance than if they were not present. When the bias on the structure
becomes zero or slightly positive, electrons accumulate near the AlAs barrier, filling
the levels. When bias is then swept from forward to reverse biases, the trap levels
begin to empty when the depletion edge sweeps over them, but this emptying
may be a slow thermal process taking many seconds. To drop a given voltage,
additional depletion of the nondegenerate material will be required as compared
to the forward-going sweep. Consequently, the capacitance will be lower than the
forward-going case. Eventually, the trap population reaches equilibrium, and the
two curves coincide with each other.

This hypothesis has been tested with the selective application of light pulses

during the hysteresis. It was possible to cause the capacitance to move from

YA deep level, or trap, can be viewed as a spatially localized energy level lying in the forbidden
gap of the semiconductor, typically far from the band edges. This level may have several charge
states and is characterized by an activation energy and a capture cross section. See Ref. 37 for

more information.
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the branch of the hysteresis associated with filled trap states to that associated
with empty trap states by application of a light pulse. See Chapter 6 for more
information.

A concentration estimate for the deep levels may be made by considering the
area enclosed by the hysteresis. This area can be converted to a charge, and thence
to a concentration, under the assumption that all the levels fill and are emptied
during the hysteresis, and that they are located at the edge of the depletion region.
Values obtained at low temperature (77 K), when the hysteresis is larger, yield
estimates of 1 x 10" cm™3.

No evidence of inversion was observed in our C-V studies. Normally, a high
freqﬁency MOS C-Vcurve exhibits a region of constant capacitance in reverse bias
corresponding to voltages at which large numbers of minority carriers are generated
near the insulator interface. Since inversion is not observed, the operation of
inversion-mode devices would not be possible with these structures. Many other
capacitance studies were performed, including variation of temperature, sweep
rate, and measurement frequency. These measurements were performed on several
samples. Detailed results of these studies are presented in Chapter 6. In summary,
the major results of capacitance studies are the lack of inversion, and evidence for

localized deep levels.

1.4.3 DLTS Measurements

Deep-level transient spectroscopy (DLTS) allows a more detailed examination
of the capacitive transient behavior seen in the previous section. DLTS is done by
suddenly filling or emptying the levels and then measuring the time required for the
level populations to return to equilibrium, by examining the transient capacitance
of the structure. DLTS is best applied to structures whose impedance is mainly

capacitive, i.e., devices that draw little current. An explanation of the DLTS
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techxﬁque may be found elsewhere,[8,37,38,39] and in Chapter 6.

DLTS was applied to several samples, two of which were studied in detail.
Results corroborate and expand the C-V data presented previously. No trap
signatures were observed until the bias on the sample during the pulse neared
zero. This observation showed that the deep levels were localized at or near the
interface between the AlAs and the low doped GaAs, with possible extension into
the AlAs evidenced by increase in trap signature for forward-bias pulses. Some
evidence for an interface character to the levels was seen.

Activation energies were measured for both samples. Both samples showed
activation energies of about 500 meV. Capture cross sections consistent with a
very long trap emission time (many seconds) were obtained, in agreement with
C-V data. It is interesting that both samples exhibited nearly identical trap
signature, suggesting that the same trap is seen in alll the samples. The attributes
aof the level indicate that it might be a ‘DX’ cehter.[40]

Concentration estimates can be performed using a standard method.[39,41,40]
This method underestimates the true trap concentration, particularly when the
deep-level concentration approaches that of the shallow level. Thus, the estimate
of 1x10'® cm™3 obtained in this manner is probably too low. A sheet concentration
of 1x10'°cm~? is obtained if these levels are assumed to be distributed over 1000 4,
which is lower than that obtained by C-V estimates.

DLTS studies yield several supporting pieces of information. Deep levels were
identified and localized to an area near the GaAs/AlAs interface. Since evidence of
the traps continued to be seen when the devices were pulsed into forward bias, they
may also be distributed in the AlAs. The extent to which the AlAs was probed is
not known, because the amount of AlAs being scanned by the trap-filling pulses is

uncertain. Very similar results were obtained for two samples, suggesting that the

Y Forward-bias DLTS behavior showed some evidence of conduction.
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same level is present in all samples.

1.4.4 Current—Voltage Measurements

I-V measurements were made on all samples. Measurements were made both
with and without illumination. The samples draw very little current when not il-
luminated. lluminated I-V. curves are the sub ject of the following section. When
examining the I-V curves of nonilluminated samples, hysteresis could be observed.
This hysteresis was investigated as a function of rate, temperature, and illumina-
tion.

In Fig. 1.7, I-V data for a representative sample are presented. No light falls-
on the sample over the voltage range depicted. The direction of bias sweep is
indicated. When bias is swept from negative to positive, a sudden jump in current
is observed, which persists until large-scale conduction is observed at the far right
of the figure. This current step is not seen when bias is swept the other way.

The hysteresis seen in Fig. 1.7 can be explained by the same deep levels evi-
denced in C-V and DLTS measurements. Consider the case in which bias is swept
from reverse to forward values. At large reverse biases, the trap levels should be de-
populated of electrons. The sample can be briefly exposed to light in reverse bias,
to ensure the depopulation of the levels. As voltage becomes positive, electrons
are brought near the trap levels, and they begin to fill. The trap filling represents
a removal of carriers from the circuit. This time rate of change of carriers is the
current enhancement observed.

When bias is swept from forward to reverse values, the trap levels are filled at
the start of the sweep. As the depletion layer envelops the deep levels, they begin
to empty thermally. This process does not suddenly change the number of carriers
in the circuit, so no current jump is seen.

Trap-level concentration estimates may be made by considering the area under
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Figure 1.7: I-V curves for sample H735 at room temperature. Direction of sweep

is indicated by arrows. In the forward-going sweep, trap levels were emptied at

about —5V by brief exposure to light. The hysteresis is due to trap-filling effects.
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the current step. This area may be converted to a charge, and then to a sheet
concentration. One obtains a value of 3 x 10 cm™2, which is in good agreement
with estimates made from C-V data. The current jump was investigated as a
function of temperature and sweep rate. More details of this work are contained

in Chapter 6.

1.4.5 Conclusions

This section has described electrical measurements on AlAs capacitor structures
that were grown by MOCVD. An analogy to MOS or MIS devices was put forward
and seen to be inadequate to explain the C-V behavior of the device. A lack of
inversion was seen under all conditions. Light sensitive C-V and I-V behavior
was observed. Hysteresis in the C-V and I-V data was observed. These effects

~were attributed to deep levels in the sample, which were obs;erved more directly
with DLTS techniques. Trap-level concentration estimates were obtained from all
three techniques and were in rough agreement with one another.

The results of this study have implications for devices. The lack of inversion
observed make the devices unsuitable for use as inversion-mode FETs. GaAs-
gate FETs operating in accumulation mode may be possible, since the devices can
sustain several volts before forward conduction begins. The deep levels evidenced
in C-V, I-V, and DLTS studies would degrade the operation of such a device,
because they would decrease the number of carriers in the accumulation layer.
More work on the production of high-quality MOCVD AlAs films is needed before

these materials will be useful in devices.
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1.5 Photoresponse Measurements

This section reports some new experimental results in the photoresponse be-
havior of single-barrier heterostructures. Photoresponse measurements record the
electrical response of a device as a function of the light energy falling on it and
can provide information about the device. The behavior of our AlAs single-barrier
heterostructures 'djffers from that of symmetric thin-barrier samples, whose pho-
toresponse has been reported by Schlesinger et al.[42,43]

The photocurrent response of several samples was studied. All samples showed
similar behavior. These are the same samples on which the electrical measurements
described in the previous section were performed. Photocurrent measurements are
made while the sample is illuminated. Therefore the deep levels present in the
samples are empty and are not expected to play a dominant role in determining
the photoresponse.

The basic photoresponse phenomena of interest are well illustrated by consider-
ing a DC I-V curve taken under illuminated conditions. Such a curve is presented
in Fig. 1.8. Recall that forward bias refers to positive voltage on the degenerately
doped top layer of GaAs. Positive current enhancement is observed in forward
bias, as compared to the nonilluminated data presented in Fxg 1.7. No hysteresis
was evident for illuminated data. In reverse bias, negative current enhancement is
observed. Data of this sort were taken for several samples, at a variety of temper-
atures ranging from 80 to 320 K.

Positive current is seen when positive charges travel from the front to the
back of the sample, or when electrons travel from the back of the sample to the
front. These data do not delineate between electron and hole current, but since the
samples are entirely n-type it is reasonable to expect that the current enhancement
observed is due to a net electron transport. Energy-resolved photocurrent studies

confirm that the motion of electrons creates the observed current. The data of
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Figure 1.8: I-V data for a representative sample (H399) taken at room temper-
ature under incandescent illumination. Zero-bias photocurrent is consistent with
electron transport from the back of the sample to the front. The inset shows a
schematic band diagram for the structure at zero bias. The schematic is not drawn

to scale and does not include band bending.
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Fig. 1.8 clearly indicate a net transport of electrons from the back of the sample to
the front in forward bias. This transport is not difficult to understand, because the
bias on the sample favors electron transport in this direction. Similarly, negative
current enhancement is observed in reverse bias.

Consider the zero-bias photocurrent. This current is positive, consistent with
net transport of carriers from the back of the AlAs to the front at zero external
bias. This result differs from that obtained with symmetric structures(43], and is
curious, since the doping concentration in the top layer of GaAs is greater than
that on the back side of the barrier. In addition, since the structure is illuminated
from the top side, there are more photons in the top layer than in the back layer.

In the samples studied here the AlAs plays an important role. The AlAs is
thick enough to allow significant energy loss to take place across it. This fact
makes the presence of an electric field in the AlAs important. Depending on the
bias conditions, the conduction-band edge of the AlAs will be at a higher energy
at either interface (a) or interface (b), as labeled in the inset of Fig. 1.8. Suppose
interface (b) is at a higher energy than interface (a). Then backside electrons will
be collected as soon as they cross this interface, whereas photoelectrons generated
in the top layer must cross the entire AlAs barrier before reaching the highest
energy barrier.

There are two interfaces, but only one is important for current collection. It is
the concentration gradient of photoexcited electrons across this “collecting inter-
face” that drives the photocurrent. At zero applied bias, there is a built-in voltage
across the AlAs layer, due to doping asymmetries in the structure. This built-in
voltage places the collecting interface at (b) in Fig. 1.8, and explains why positive
photocurrent might be expected at zero bias. When bias becomes negative, this
interface shifts to position (a) of the figure. Now the collecting interface is near-

est the region of greatest electron and photon population, explaining the greater
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current enhancement observed in reverse bias as compared to forward bias.

More detailed studies of these photocurrent mechanisms were made to test
this explanation of the photoresponse of the structures. These experiments were
performed with optical apparatus that permitted exposure of the sample to well-
defined photon energies. Photocurrent can then be measured as a function of the
incident photon energy. These studies were very interesting and confirmed the

explanations presented here. These data can be found in Chapter 7.

1.6 Guide to Remaining Chapters

Chapter 2 begins Part I of the thesis and contains an assortment of topics
not appropriate for other chapters. A detailed review of the current theoretical
. literature on double barriers begins the chapter. The successful MBE produc-
tion of double barriers, recently accomplished in our research group, is described
next. Finally, the MOCVD growth process is summarized, and various three-
terminal device concepts are discussed. Chapter 3 begins begins the discussion
of the major work of the thesis. This chapter is concerned exclusively with the
DB/VFET device. The concept, design, fabrication, testing, and analysis of this
device are described in Chapter 3. Chapter 4 continues in a similar vein, but for
the DB/MESFET device. Chapter 5 switches gears a bit, by describing some basic
applications of the DB/VFET and DB/MESFET devices. These applications were
only briefly touched on in Chapter 1.

Chapters 6 and 7 make up Part II of the thesis. These chapters are concerned
with the investigation of single-barrier AlAs capacitor structures. The electrical
measurement of these devices is the subject of Chapter 6, with some introduc-
tory material at the beginning of the chapter. Chapter 7 describes .some optical

characterization measurements, in the form of photoresponse behavior.
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RESONANT TUNNELING
TRANSISTORS
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Chapter 2

Double Barriers and
Three-Terminal Devices:
Background, Theory, and

Materials

This chapter covers a variety of topics in an introductory manner. The theory
of the double barrier, growth of the structure, and basic three-terminal device
concepts are the topics to be discussed. Except for the results of our work on the
MBE growth of double barriers presented in Section 2.3 and the discussion of the
transistors at the end of the chapter, the material contained in this chapter is in

the nature of a review article.

2.1 Outline and Summary of Results

Even though this is an experimental thesis, an understanding of the basic theory

of the double barrier is important. Therefore, a review of the existing literature
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on the theory of the double barrier Qiﬂ be presented. Following this, a recently
undertaken project to produce double barriers by MBE is described, and our initial
experimental results are presented. Al,Ga;_.As/GaAs/Al.Ga;_.As double barrier
diodes (DBDs) with 300 K NDR have been grown. After this, the MOCVD growth
process is discussed, and important points relating to the growth of double barriers
by MOCVD are mentioned. The chapter concludes with a discussion of three-

terminal device concepts.

2.2 Theory 6f the Double Barrier

This section contains a summary of the current theoretical understanding of
the double-barrier heterostructure, as determined from a literature review. This
thesis is of an experimental nature. Therefore, this review has been conducted
with an eye to experimentally relevant parameters, such as tra.ﬁsit times and P/V
current ratios. The material pre;ented in this section provides background, but is
not essential to the understanding of the experimental data composing the bulk of
the thesis.

The DBD, as the two-terminal resonant tunneling heterostructure is often
called, has been the subject of intense theoretical study, as described in Refer-
ences 1 through 15. The most important single concept obtained from a review
of this literature is that extensive theoretical calculation has been only partially
successful in modeling real DBDs. Therefore, experimental results tend to drive
the field, rather than theoretical prediction. Nevertheless, there are a number of

valuable insights to be gained from a basic theoretical consideration of the device.
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Figure 2.1: Simple band diagram for double barrier. Regions 1 through 5 are

labeled. Approximations to rectangular barriers are indicated by the dashed lines.

2.2.1 Expression for Current

The basic potential diagram for the structure is presented in Fig. 2.1. We wish
to find the current through such a structure. Two basic assumptions are made,

which reduce the three-dimensional problem to a one-dimensional case:

1. Conservation of the component of the electron wavevector parallel to the

interfaces (k).
2. Conservation of total energy during the tunneling process.

An equation for the current from region 1 to region 5 can be derived from con-
siderations of the carrier distribution region 1, the transmission coefficient for the
double-barrier structure, and distribution of empty states in region 5. It can (im-
precisely) be thought of as writing down j = nev for the structure in k-space.

This procedure was outlined in Ref. 1. The result is

0E,
ok, ’

2e 3 3
I =G / &k |T(E)Pf(Er) - £(Es)] (2.1)
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where Ej is the energy of the electron in region 5, and E, is the energy in region 1,
related by Es = E; + eV, where V is the applied voltage. T(E) is the transmission
coefficient, e is the electron charge, and f(E) is the Fermi distribution in each
electrode. The transmission coefficient is taken to be symmetric and a function of

only that part of the energy perpendicular to the barriers, which can be written
E = F, L ki )? + (ky)?
= II+EL=2—m:[( L)+(II)]- (2.2)

In rectangular coordinates k; = \/m , with k, acting as k;. The three-
dimensional integral is reduced to a single integral over the perpendicular compo-
nent of the energy in region 1 by doing the integration over the parallel k vectors.
This integration can be done analytically, yielding a final expression(1]

ekTm* 1+ exp(Ey — EL)/kT)
=——7 /d 2 ;
g 274> ELIT(EL)' In {1 +exp(Egps — E, —eV)/ET (’ (2:3)

where Ejy; is the Fermi energy in region i.

2.2.2 Transmission Resonances

A basic method for calculating the transmission coefficient has been developed.[1,2]
This method utilizes a transfer matrix to connect the wave function from one
side of the structure to the other. Separating variables in the time independent
Schrodinger equation along the same lines described above (k) and k, ) allows the
wave function to be written as a product of plane waves in the parallel direction,
and leaves a one-dimensional problem in the direction perpendicular to the baz-
riers. For the approximation of constant potentials and rectangular barriers, the

solutions are of the form:

\I’(Z)i = a,—e““” + b,'e_'ik"z R (2.4)
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where k; = %\/2m‘(EJ_ — &,) is the wavevector in region i, with ®; being the -
potential there.® These solutions are valid in regions of constant potential, and
must be matched to each other across the various interfaces. The appropriate

boundary conditions at the interface between region i and region i + 1 are[3]

¥ = ¥, (2.5)

1 d¥; 1 d¥%;,
—_— = — 2.6
m! dz my, dz (2.6)

The addition of the effective mass in the derivative boundary condition is required
to conserve current through the structure.
These boundary conditions may be appropriately described as a 2 x 2 matrix

operating on the coefficients of the solutions in each region.[2]

“lom [ 2], (2.7)
b bs
where M) is the transfer matrix between region 1 and region 2.

This technique can be applied to an arbitrary number of barriers by simply
stringing together the transfer matrices. There are four basic forms of M, depend-
ing upon the types of potentials are being connected.[4] Assume that region 5 is
the electrode region, wherein there is no reflected wave (b5 = 0). One then can
obtain an expression for the transmission from region 1 to region 5:(2,4]

2k k
op = loslhs ks 2.8
1= s = oal, (25)

where
My = M;M;...My. (2.9)

The precise expression for |T'|? is complicated[2], but it approaches 1 when the

energy of the incident particle satisfies a particular condition:[4,2]

kads = tan™! ks + tan™! ke +(n— 1), (2.10)
: ks k3

*This expression for k& comes from & one-band model.
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where d3 is the width of region 3. Physically, this condition is satisfied when the
incident energy matches the energy of the quasi-bound state in the quantum well.
Eq. 2.10 defines fhe positions of the resonance levels in the quantum-well region.
In a real structure it is possible to quench this resonance by dropping the quasi-
bound state below the band edge of region 1, thus preventing Eq.2.10 from being
satisfied, and creating a NDR region. The full width at half maximum (FWHM)
of the transmission resonance is usually referred to as the resonance width (T').
The transfer matrix technique was introduced by Kane[2], and applied by Tsu
and Esaki to a finite superlattice and to the double-barrier case.[1] It was extended
to trapezoidal barriers by Vassell et al., and was given a very thorough exposition
by Araki.[5,6] Ricco and Azbel have extended the technique to an arbitrary
poteﬁtia.l and obtained an equation for the resonance condition, similar to Eq. 2.10

above;

[ ka(z)dz = tan™! [%%] +tan~? [::8] t(—-r,  (211)
where the integration runs between the classical turning points in the quantum
well at a and b. Since the potential may vary continuously, k becomes a function
of z, and k;(z) refers to the wavevector at a particular point z in the appropriate
region.

The above formalism enables one to deal with the case of an arbitrary potential
profile, which is very important for accurately determining the position of the
resonance and the true transmission coefficient. A framework for calculating the
band-bending via numerical solution to Poisson’s equation has been developed
by Bonnefoi.[7,17] Using this accurate representation of the potential profile,
Eq. 2.11 can be used to determine the energies, and thence the voltages, at which

the resonances occur.[7]
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2.2.3 Barrier Heights

The height of the barrier in the double-barrier structure is important in de-
termining the transmission, because it plays a role in determining the resonance
width, and also affects other undesirable current mechanisms, such as thermionic
emission. A serious question has developed in the GaAs/AlAs system as to what
barrier height is seen by the electrons in the GaAs, because AlAs is an indirect
band gap material, whereas GaAs is direct. The conduction band offset between
the direct I' valleys in both materials is large, about 1 eV. Between the I' point
in GaAs and the X point in AlAs is a band offset of about 0.2 eV. The precise
value of the band offset between the two materials continues to be a point of some
debate.[18,19,20] 1

Recently, experimental evidence for at least partial X point transport has been
found by Bonnefoi. This evidence takes the form of resonant tunneling current
peaks, which can be correlated to quantum-well states confined by AlAs X-point
barriers.[7] Others have claimed that the T barrier is the important one.[21] The

exponential

ek = exp H; ame(®; — EL)J (2.12)

measures the decay length for the penetration of a state into the barrier. This
exponential decay has different magnitudes, depending upon whether X point or
I point values are used. This suggests that barrier thickness, as well as scattering,

may be important in determining the degree to which I' or X point transport is

observed.[22]

tThese are only three papers of a large body of literature on this topic.
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2.2.4 Peak-to-Valley Ratio

Having obtained the transmission coefficient via this mechanism, the current
through the structure may be calculated. Results fail to agree with experiment
in a rather spectacular fashion. Wu has calculated the peak-to-valley ratio in
an elastic approximation. Typical values ranged from about 10 to over 108, as
barrier thickness varied from 20 to 40 A. More details may be found in Ref. 8. This
discrepancy is believed to be due to the idealized nature of both the postulated

structure and the method used to calculate the result.

2.2.5 Resonance Width

The width of the transmission resonance (I') is an important parameter. It
plays a role in determining the peak-to-valley ratio, as well as determining the
resonance lifetime (7 = &/T'), which is important in determining the overall speed
of the structure. Values of less than 0.1 to more than 1 meV have been obtained
for the ground state, using the elastic formalism described above, for a typical
AlAs/GaAs/AlAs double barrier (assuming the I'-I' band offset).[6] This half
width corresponds to a resonance time ranging from 7 x 10-1? sec. to 7 x 10~13
sec. Other estimates for the resonance time as long as 10~!! sec. have been made,
using a multiple reflection method of calculation.[9] Inasmuch as scattering times

may be as fast as 1072 sec, inelastic effects may be important.[9]

2.2.6 Inelastic Effects

This section describes what happens when energy conservation assumptions
are relaxed in the calculation of the transmission. The introduction of inelastic
scattering will broaden the resonance and decrease the peak-to-valley current ratio.

These effects are difficult to incorporate into the transfer matrix technique outlined
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above. Wu has incorporated phonon scattering effects into a calculation of the
peak-to-valley current ratio and observed dramatic effects. The peak-to-valley
ratio was decreased by as much as a factor of 1000.[8] Even so, the predicted peak-
to-valley ratio was about 1000. Bonnefoi describes a variety of inelastic tunneling
mechanisms that could be important for the double barrier, including phonon-
plasmon coupling and impurity assisted tunneling.[7]

The structure of the transmission coefficient is of primary interest near its
resonances. An approximate form for the near-resonance transmission coefficient
has been obtained by Stone and Lee, utilizing a Breit-Wigner formalism.[10] The
particularly interesting thing about this formalism is that inelastic effects can be
included in a relatively convenient manner. Expressions for |T'|? appear below, for

purely elastic (T.) and a combination of inelastic and elastic effects (T..;).

7, (3T.) (2.13)
E-E7+ (R
1
|Tesil? Ll (2.14)

(E-Ey+(DF’
where I, is the elastic resonance energy ﬁdth, I' =T, + TI; with &#/T; being the
inelastic scattering time. At the resonance energy (E = E,), the transmission
coefficient is reduced by I'./T. NDR will continue to be observed, but inelastic
effects may cause the P/V current ratio to decrease, although this point is not
universally accepted.[9,12]

Brown et al. have used a generalization of Eq. 2.14 and Eq. 2.3 to obfain an
analytic approximation for the current near resonance.[11] This quasi-empirical
calculation was obtained using MODFET mobilities to obtain the inelastic scat-
tering time (and therefore I';), and by requiring I, to have a value such that the
peak experiﬁenta.l current was obtained. The resonance width (I'.) obtained was
1.65 meV.[11]

For elastic tunneling, the wave-function of the electron is coherent from one
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electrode to the other, and is referred to as coherent tunneling. As we have seen,
inelastic effects can be important. If tunneling were entirely inelastic, it could be
-thought of as sequential in nature. NDR can be seen in both types of transport.
The extent to which each effect is taking place will not be addressed here. The
term “resonant tunneling” will be used without regard to sequential or coherent
implications, as a generic term referring to the current transport through a double-

barrier structure.

2.2.7 Speed Considerations

The speed of the double barrier is in some sense related to the resonance time
(r = k&/T). As mentioned previously, these times vary between 10~!2 and 10-13
sec. There have been a number of theoretical attempts to predict the speed of
the double barrier. Some estimates of the upper bound on the .speed have already
been exceeded by experiment. Several authors have proposed models that predict
intrinsic frequencies in the Terahertz range.[13,14,15] Logic switching times of
1 picosecond or less have also been predicted.[15] Experimentally, an optical
measurement of the resonant lifetime has been made, and is in basic agreement
with the 7 = A/I' theoretical prediction, for relatively long lifetimes of 60 to 200
picoseconds, with I' calculated by the methods outlined in this chapter.[16] Shorter
lifetimes need to be invéstigated.

There are a vaﬁety of other effects that probably have more bearing on the
maximum oscillation frequency in a DBD. These have to do with parasitic effects,
and transit-time delays elsewhere in the structure. Brown et al. have made at-
tempts to model the speed of high-frequency DBD oscillators by calculating the
dynamic negative conductance of the double barrier and the transit time delay,
as well as series resistance effects. These estimates have shown that currently re-

alizable structures could have maximum oscillation frequencies of 600 GHz in an
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AlAs/GaAs/AlAs structure.[11]

2.2.8 Sumfnary

Our review of the state of current theoretical efforts in resonant tunneling is
now concluded. As can be seen, the field is somewhat turbulent. The major.
problems seem to result from the basic assumptions of energy and k| conservation.
The appropriate way to relax these assumptions is at the center of the current
theoretical debate. The usual method by which theory is compared to experiment
is to compute a basic theoretical curve, using the methods of Tsu and Esaki[l],

and to require the peak current to match experiment.

2.3 MBE Growth of Double Barriers

Molecular beam epitaxy (MBE) is an epitaxial layer deposition technique. This
technique has been widely applied to the production of resonant tunneling het-
erostructures. It has achieved widespread popularity in research circles because
of the high degree of control it allows over very thin layers. This section briefly
presents the initial results of .a program of research into the behavior of novel
structures produced by MBE. The first test of this program was the production of
Al.Ga;_.As/GaAs double barriers.

The MBE process has been extensively studied. The literature on the growth
process, as well as the quality of the films produced, is voluminoﬁs. An excellent
review of the subject is contained in Ref. 23. The MBE process is an ultra-high
vacuum technique in which molecular beams of elemental materials are directed at
a heated substrate. The molecules physically adsorb to the surface, where they are
incorporated into the film by bonding to nearby atoms. The molecular beams are

created by heating a pure sample of the desired material. The heating is usually
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done with a heated effusion cell. These cells may be shuttered to allow controlled
deposition. Ideally, this method allows very abrupt transitions from deposition of
one type of material to another; ideal for the creation of abrupt heterojunctions.
Control of film thickness to single monolayer levels is possible through the use of
reflected high-energy electron diffraction (RHEED) off the growing film.[23)]
These factors make MBE an excellent vehicle for the creation of heterostruc-
tures. The growth of the DBD is a good test of such a growth technique, because
the structure is very sensitive to interface abruptness, uniformity, and impurity
distributions. These effects would all tend to broaden the transmission resonance

and decrease the peak-to-valley current ratio by increasing inelastic effects.

2.3.1 Results

A Phi 430 MBE system was installed in our class 10,000 clean room facility
in August 1987. This system wa.s; ﬁsed for the deposition of GaAs, AlAs, and
alloys, with the facility of n-type doping with Si. We have recently attemf)ted the
fabrication of DBDs utilizing this system. The basic geometry for two samples is
outlined in Table 2.1

The dimensions of the double barrier were chosen primarily from our back-
ground with double barriers and also from a review of the literature. The spacer
layers between the heavily doped contact regions were inserted to diminish thermal
effects and impurity scattering effects.[24,25] The contacts were doped heavily to
reduce contact resistance.

Results for two samples are illustrated below. These represent the first working
double barrier produced in the system, and a refinement of that growth. One ob-
serves considerable improvement from relatively small modifications to the doping
structure, particularly at room temperature.

The major problem with Sample III-33 is believed to be an asymmetry in the
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MBE DBD geometry

Layer No. | Composition = Doping Thickness ( A)
(cm™3) 111-33 I11-47
Substrate
1 GaAs 2 x 108 5000 5000
2 GaAs  ~ 5 x 10 500 500
3 Al;Ga;_ As undoped 55 (z~ 0.32) 60 (z ~ 0.45)
4 GaAs undoped 50 60
5 Al;Ga;_.As undoped 55 (z ~ 0.32) 60 (z ~ 0.45)
6 GaAs ~ 5 x 1018 500 500
7 GaAs 2 x 108 2500 2500
Surface

Table 2.1: Geometry for MBE double-barrier growths. z ~ Y refers to the Al mole

fraction in the barriers.
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Figure 2.2: I-V curves for sample III-33, at 77 K. Asymmetry is attributed to
buffer-layer doping asymmetries. Several samples of similar geometry exhibited

NDR in only one bias direction. This was our first double barrier sample.
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Figure 2.3: I-V curves for sample III-47, at 300 K. Peak-to-valley ratio is about
1.5.
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Figure 2.4: I-V curves for sample III-47, at 77 K. Doping asymmetries were
reduced in this sample. Al percentage was increased as compared to III-33. NDR

is more symmetric than in III-33 and has a maximum P/V current ratio of about

4.5 in reverse bias.
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doping in layers 2 and 6. This came about ‘because the Si oven used to dope the
layers did not reach the proper temperature between layers 1 and 2. Thus layer 2
was probably doped in the 10!7 range. This asymmetry was reflected in the results,
in that superior NDR was exhibited in forward bias, which corresponds to injection
into the lower-doped top layer. The effect was more dramatically exhibited in
several samples, which exhibited NDR in forward bias (samples I11-34, 38, 39, and
42). This effect was also observed in MOCVD-grown samples! and suggests that
it is more important to have low doping on the side of the structure into which
carriers are injected, rather tﬁm on the side from which they are injected.

Two major refinements were introduced in sample I1I-47. The doping asymme-
try between layers 2 and 6 was eliminated by ramping the Si to a lower temperature
prior to growth of layer 2 and then increasing to the temperature required to ob-
tained the desired doping.! Additionally, the Al percentage in the barriers was
increased to about z ~ 0.45. These factors were expected to enhance resonant
tunneling effects, especially at room temperature.

Another sample (I11-46) was grown with the use of 25 A undoped layers outside
the double barriers These spacers were the only major difference between this
sample and sample III-47. This sample exhibited superior low temperature and
room-temperature NDR behavior, with peak-to-valley ratios of about 9.5 at low
temperature, and 2 at room temperature. These 25 A spacer layers were employed
to decrease impurity effects in the tunneling current.[25]

Growth interruptions were employed in some samples. These interruptions have
been claimed to improve interface quality and uniformity.[26] The use of 60 second
interrupts at each heterojunction did not improve our results. In fact, samples in

which growth interruption was utilized showed poor NDR characteristics. We sup-

$See Chapter 3.
§Si was dropped from 1250°C to 1000°Cand then ramped to 1050°C.
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pose that there is a tradeoff between smoothing introduced by growth interruption,
and the arrival of undesirable impurities at the interface. The temperature of the
substrate is undoubtedly an important factor in determining the degree to which
growth interruption is beneficial. The overall cleanliness of the reactor would also
be important.

The optimum substrate temperature for production of DBDs has not been de-
termined. All of our samplés have so far been produced at a substrate temperature
of about 600 °C. So long as good morphology can be maintained, lower temper-
atures are to be preferred because they permit decreased dopant migration and
more abrupt interfaces.[26,27]

This section has presented the initial results from an ongoing project. D. H.
Chow and B. Cole, who share responsibility for this work,¥ are currently pursuing
novel structures and new materials using the MBE growth technique. The results
‘presented here demonstrate the current state of our MBE growth capability, which

is rapidly evolving.

2.4 MOCVD Growth

Metalorganic chemical vapor deposition (MOCVD) is an epitaxial growth tech-
nique that differs considerably from MBE. However, both methods are capable of
producing high-quality heterostructures. MOCVD is a chemical process in which
gaseous carrier molecules are used to transport appropriate elements to a heated
substrate. Most of the fundamental work was done by Manasevit.[28] In a hot
zone near the substrate, the carriers break down, and the desired elements incor-
porate into the growing film. The literature of MOCVD is as voluminous as that

associated with MBE. A good review may be found in Ref. 29.

9 They are not responsible for this description of the work.
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2.4.1 Comparison to MBE

As mentioned, MOCVD is quite different from MBE. The first difference is the
atmosphere surrounding the substrate. In MBE it is an ultra-high vacuum, on the
order of 10~° Torr or less. In MOCVD the preésures are very much highef, typically
about 1 atmosphere. The partial pressures of the growing specie are much greater
than in MBE, and the growth rate is commensurately higher. Typical growth
rates for MBE are about 160 A/minute (1um/hour), whereas they are about
2000 A /minute (12pm/hour) in MOCVD. For the double barrier the deposition
of each component of the structure requires 10-30 seconds. In MOCYD this time
decreases to 1-3 seconds.

In MBE the growth constituents are brought directly to the surface by molec-
ular beam. In MOCVD chemistry must occur to break down the carrier gases.[31]
The MOCVD ambient therefore contains a large number of hydrocarbons as well -
as hydrogen. The fluid mechanics of the gas flow in the reactor can affect the
growth. In MBE it plays no role. The purity of the gas feedstock is a critical issue
and is somewhat more difficult to control than the purity of the source material
in MBE. The ability to produce uniform, abrupt interfaces with this technique
depends to a large degree on a high flow rate through the reactor, which enables
rapid turnover of the gases within it.[32] Further, the MOCVD process is capable
of producing, in the same reactor, all of the III-V materials[29,30]; not currently
possible with MBE.

Since the molecules used in the growth must be easily broken down, they are
usually unstable and tend to be toxic. For example, the source materials for
(Al,Ga)As growth are trimethyl gallium (TMGa), trimethyl aluminum (TMAL),
and arsine. These materials are pyrophoric in the case of TMGa and TMAI, and
highly toxic in the case of arsine. These materials are handled in large amounts

at high flow rates. Safety is therefore a very significant issue with MOCVD. A
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lot of current research is focused on finding sé.tisfactory materials with lessened -
hazard potential. On the positive side, MOCVD has a much higher throughput
potential than MBE, is lower cost, and has been argued to produce as good or
better material than MBE.[29,32]

A cross-breed between MOCVD and MBE is currently being extensively stud-
ied. This type of epitaxial growth utilizes an MBE system with gaseous sources.
The modifications range from use of arsine for the group V source, to the use of
all the metalorganic sources (with or without arsine as the group V source). The
pressure of the system is intermediate between the UHV environment of MBE and
the atmospheric pressure of the CVD system, typically in the 10~% Torr range.[29]
This work is motivated by the desire to obtain the quality and control of MBE in
a production-scale system.

An MOCVD reactor at Xerox Research Labs produced the samples described in
this thesis. It is an RF heated, vertically-oriented reactor whose primary purpose
is to produce heterostructure laser material. A schematic of such a reactor is

presented in Fig. 2.5.[33]

2.5 Three-Terminal Devices: An Overview

2.5.1 Motivation

The tunnel diode was an interesting semiconductor device discovered in the
late 19508 by Esaki.[34] A great deal of research was done on this device, some
of which is summarized in Ref. 35. It was the first high-frequency semiconductor
oscillator. Following it came the Gunn diode and the IMPATT diode. These
devices were easier to produce and were capable of higher powers at equal or gréater
frequencies. The result was that the tunnel diode fell from favor and is now rarely

used. Two problems resulted in the demise of the tunnel diode. First, the device
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Figure 2.5: Schematic of MOCVD reactor, from R. D. Burnham.
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was difficult to integrate with other structures because of the hyperabupt p* n*
junction required. Further, it was difficult to produce and package and was difficult
to use for logic applications because of the two-terminal nature of the device.

These two problems may be surmountable with the double barrier. The device
is operational at 200 GHz, with predicted frequencies exceeding 600 GHz. The
main problem with the DBD oscillator is not speed, but power. The output power
at 200 GHz, for a single oscillator, was 0.2 4 W.[11] For comparison, an IMPATT
diode is capable of generating milliwatts at 300 GHz.[36] There are two ways
to solve this problem. One way is to push the operating frequency to a range in
which no other device can compete. Another method is to pursue power-combining
techniques and new designs aimed at increasing the output power. Both areas need
attention.

The integration problem is addressed with the realization of a new class of
device, the resonant tunneling transistor (RTT). This term is used to refer to any
three-terminal device incorporating the resonant tunneling features of the double

barrier.

2.5.2 Working Devices
DB/VFET and DB/MESFET : Types of RTFETs

The resonant tunneling field-effect transistor (RTFET) is the type of RTT with
which this thesis is concerned. It is a combination of a double barrier with a field-
effect transistor (FET). This combination has the desirable properties of the field-
effect transistor with the added features of the double barrier. It should be realized
by placing a double barrier in the source or drain of the FET structure, since these
are the high-current terminals of the device. Two particular examples are the
DB/MESFET and the DB/VFET.

There are many reasons for being interested in such a device. The FET struc-
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ture is well matched to the double barrier insofar as growth is concerned. The FET
is a unipolar device, as is the DBD. It is currently being realized in GaAs, which
is the material in which the double barrier is most highly developed. The FET
is capable of high-speed operation, as evidenced by the proliferation of microwave
MESFETs. It can be used for logic applications, which was one of the major hoped-
for applications of NDR devices such as the tunnel diode. Tunable oscillators,
amplifiers, and signa.1~proce'ssing elements might also be envisioned. Additionally,
a whole range of integrations are accessible. Planar MESFETSs, vertical FETs, as
well as modulation-doped field-effect transistors (MODFETs) and permeable base
transistors (PBT) could be integrated with the DBD. The MODFET integration
is particularly attractive for very high speed applications. Learning to successfully

-make one of these integrations should aid in realizing the remaining types.

RHET

The resonant tunneling hot-electron transistor (RHET) was the first RTT.
It is a hot electron transistor with a double-barrier injector. It is described in
Ref. 37. The most attractive feature of this device is the potentially high-speed
nature of the hot electron transistor. This device is conceivably capable of speeds
approaching that of the DBD. All three terminals of this device exhibit NDR.
The most severe problem is associated with the hot electron transistor, which has
a history of problems.[38] To overcome these problems, effort in new materials
systems, such as GaSb, and Indium-based compounds, such a.s.In,Ga.l_,As, is
needed.[39,40] Recently, successful In,Ga;_.As/(Ga,Al)InAs-based RHETs have
been reported, with 77 K current gains of 25.[41]
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RBT

The resonant tunneling bipolar transistor (RBT) has been realized by two
groups.[42,43] The RBT has the advantages of the biﬁolar, with the added twist
of resonant tunneling. Comparing this device to the RTFET is like comparing the
bipolar transistor to the field-effect transistor. The devices are different, and each
has its uses. For high-current applications, the RBT might be preferable to the
RTFET. However, the RBT is a bipolar device, and therefore does not combine
very well with the double barrier, which is naturally a unipolar structure. The
most successful RBTs place the double barrier in the base of an n-p-n transistor,
requiring that large numbers of acceptors be near the double barrier. This place-
ment could be detrimental for the operation of the double barrier, due to increased
impurity scattering. Finally, all three terminals exhibit evidence of the negative

resistance.

RT Gate FET

There has been a report of a device integrating a double barrier into the gate
of an FET.[44] This structure resulted in a device in which all terminals drew

similar amounts of current. All terminals also exhibited NDR.

2.5.3 Quantum-Well RTTs

To date, the only realized RTTs are combinations of double barriers with more
conventional structures. Several more sophisticated devices, in which the double
barrier is not combined with a familiar structure, have been proposed. None have
been made. Nevertheless, it is instructive to consider how a third terminal could
be added to a fund;mental double-barrier heterostructure. The only place to put
such a terminal is in the quantum well. This feature is common to all the new

devices, and presents a fabrication problem. This problem is not insurmountable.
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We have devised methods whereby the quantum well can be contacted via the use
of selective etches and contact annealing.

A representative new structure is illustrated in Fig. 2.6. The operational prin-
ciple of the device has been explained elsewhere.[45] Carriers are removed from a
quantum well, and the base of the transistor is placed at the back of the structure,
accounting for the device’s name: the inverted base—collector tunnel transistor.
Field from the base contact depletes the thick Al.Ga;_.As barrier and places elec-
tric field in the quantum well. This field modulates the positions of the levels via
band bending and the Stark effect.

The most serious problem with this device relates to the quantum-well contact.
The resistance of the central-well contact can be very large. This tends to slow the
device down, because capacitive delays become significant. The resistance is large
~ because the quantum well forms a 50 A wire through which carriers-must flow.
The resistance of this wire can easily be the dominant resistance of the device.
Materials with very high mobilities would probably be needed in order to realize
this type of structure.

We have attempted to realize the inverted base—collector tunnel transistor, us-
ing a few samples produced by MOCVD. Major difficulties were encountered in 2
areas. First, the resistance of the base Al.Ga;_.As layer was not sufficiently high.
This problem was not expected and prevented many diagnostic measurements.
The other major problem related to the resistance of the quantum-well contact,
particularly when surface depletion at the GaAs was considefcd. Attempts to pas-
sivate the GaAs surface were made without success.[46] This made it very difficult
to observe any transport between the mesa contact and the collector contact. We
believe that successful contact to the quantum-well region was made. This was
done with the growth of a thin marker layer of AlAs above the device structure.

A selective etch of 250:1 H;O0; : NH,OH (pH ~ 7.5) was sufficiently selective to
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Figure 2.6: The inverted base—collector tunnel transistor, from Ref. 48.
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stop at the AlAs marker layer. Au:Ge evaporation and annealing (as described
in Chapter 3) contacts the quantum region. We did not observe short circuits
between this contact and the backside layer, which leads us to conclude that this

may be a satisfactory method for contacting thin layers.

2.8 Conclusions

This chapter has reviewed a number of topics. The major points are summa-

rized below:
1. The theoretical literature of resonant tunneling has been reviewed.

(a) An expression for the current was presented.

(b) A-transfer matrix technique for obtaining the elastic transmission coef-

ficient was outlined.

(c) Major theoretical issues were discussed.
2. An experimental project to produce DBDs by MBE was described.
3. An overview of the MOCVD process was presented.

4. Several RTTs were discussed, including efforts to fabricate the inverted base-

collector tunnel transistor.
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Chapter 3

DB/VFET Devices

There are a variety of reasons for pursuing the study of three-terminal NDR devices.
These were presented in Chapter 1. This chapter is concerned with the growth,
fabrication, and testing of a double barrier combined with a vertical field-effect

transistor (DB/VFET).

3.1 Results Summary

This section summarizes the main points of the chapter. Functioning resonant
tunneling transistors were made. The device is referred to as a DB/VFET. Results
for two DB/VFETSs form the core of the chapter. The devices showed NDR in the
source-drain characteristic of the FET, which was controllable with gate bias. The
FET section of the device functioned at room temperature. The double-barrier
component of the device did not function as well at room temperature as it did
at 77 K. One sample exhibited NDR at room temperature, with a peak-to-valley
current ratio not exceeding 1.15. Other samples exhibited NDR at 77 K. Transistor
operation was observed in forward and reverse bias, and in common-drain as well as
common-source bias configurations. NDR was observed at high-bias levels, which

was attributed to interaction between the the double barrier and the FET parts
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of the device.

3.2 OQOutline of Chapter

The theme of this chapter is the DB/VFET device. The device concept, growth,
and fabrication are described in Sections 3.3 through 3.6. The experimental set-
up is described in Section 3.7. Basic results for two working DB/VFET devices
are presented in Section 3.8. These results are then discussed, and logical follow-
up measurements are presented in Section 3.9. Results for additional working
DB/VFET devices are presented in Section 3.10. At the end of the chapter are
several tables, which summarize results for the full complement of samples grown

for this project.

3.3 Device Concept

The DB/VFET concept is a basic one. By changing the resistance of one of the
electrode regions of the double barrier, the voltage at which negative differential
resistance (NDR) is seen changes. The basic idea was described elsewhere.[l] In
its purest form, the VFET is formed by Schottky barriers placed along the vertical
sides of a mesa structure. The basic idea is illustrated in Fig. 3.1.

Very sophisticated processing techniques are necessary to realize a structure of
the type shown in Fig. 3.1. The major difficulties are associated with the definition
of the mesa, the sidewall deposition of the Schottky barriers, and attendant con-
tacting issues. At Westinghouse such a device has been made, and had a maximum
predicted frequency of about 60 GHz.[2] Fabrication of the structure required re-
active ion etching of 0.3 pm mesas, carefully controlled gate evaporation, as well as
air-bridge contact techniques. The final step was the removal of the substrate. The
prohibitive expense and fragility of the resultant device make it unlikely that such
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Figure 3.1: The basic DB/VFET concept. Some difficulties in realizing this con-

cept are listed.
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a structure would be useful in real circuits. The initial concept for the DB /VFET

was similar to this device.

3.4 Actual Device Design

These techniques, while perhaps necessary for particular applications, may not
be required in all cases. Generally, the right way to pursue new device concepts is to
start with a simple design and refine it as needed to produce working structures.
Performance considerations may then be applied to produce more sophisticated
devices, like those mentioned above. Such was the philosophy with which the
DB/VFET was pursued. A simplified design places the gates on a horizontal
rather than a vertical surface. This concept is shown in Fig. 3.2.

While the horizontal placement of the gate electrode simplifies fabrication pro-
cedures, the question of whether the device can be made to work with horizontal
electrodes remains to be answered. The operating concept is that lateral extension
of the primarily vertical depletion region underneath the gate will provide tran-
sistor action. Whether this idea is reasonable or not is open to question at this
point.

A basic idea can be had by considering the electrostatic problem of a capacitor
with a hole in one plate, with free space between the plates. The two important
length scales in this problem are the size of the hole and the separation of the
plates (‘X’ and ‘T’ in Fig. 3.2). The ratio X/T defines a dimensionless scale for the
problem. A small hole combined with a large plate separation (X/T << 1) should
result in a field distribution approaching that of the uniform case, corresponding to
large lateral field extension. Conversely, a large hole and a small plate separation
(X/T >> 1) should look like two separate capacitors, with little lateral extension.
Clearly, we want X/T to be small. |
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Figure 3.2: Actual DB/VFET cross-sectional diagram. Most devices were fabri-
cated with X = 7pum, and a mesa width of 5um. Variable cross-section masks were
made, with ‘X’ values of 7pm, 12pum, and 22pm. Channel thickness ‘T’ ranged

between 2 and 3 um for working devices.
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A more realistic problem would introduce charge between the plates and require
the solution of Poisson’s equation in at least 2 dimensions.® For a semiconductor
device, X/T ~ 1, and asymptotic relations are not useful. A full solution to the
problem would be an interesting theoretical project, which was not undertaken for
this thesis.

A more experimental approach to this issue is to consider two length scales. The
first is the depletion length of a Schottky barrier. In the abrupt approximation,
the formula for this length is given by[3]

2 kT \/?
W= (;Nid(v,,‘. —V- —q-)) , (3.1)

where W is the depletion length, € is the dielectric constant of the material, Ny is
the impurity concentration, q is the electron charge, k is the Boltzmann constant,
Vii is the barrier height of the Schottky barrier, and V is the applied bias. Break-
down via avalanche multiplication usually results at field strengths in e;ccess of
5% 10° V/cm. Fig. 3.3 shows plots of the maximum depletion width versus doping
concentration, as well as the breakdown field strength, from Ref. 3. Maximum
depletion lengths of 3 to 6 pm are possible for doping levels in the 5 x 1015cm ™3 to
1 x 10 cm™3 range. These doping levels may be achieved with MOCVD methods. -

The other important length scale deals with fabrication. For contact mask
alignment and wet etching, 1 um is about the limit for convenient alignment. Mesa
widths of several microns are feasible with wet etching, with smaller mesas made

more difficult by undercutting and resist stability. One may therefore conclude
that DB/VFET devices with horizontal gates might work.

°3 dimensions might be preferable, allowing circular holes and slots in the top electrode to be

differentiated.
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3.5 Growth

All samples were produced by MOCVD at Xerox Research Labs in Palo Alto,
California,‘. Samples were grown on degenerately doped substrates. MOCVD
growth technique is discussed in Chapter 2. A number of samples were produced
in the effort to obtain working DB/VFET devices. Tables 3.2 and 3.3 contain
relevant growth parameters for all the DB/VFET samples studied.

3.5.1 Double Barrier

The initial samples were used to find a successful recipe for production of double
barriers with reasonable negative resistances. This recipe was used consistently
for all the DB/VFET samples studied. Transmission electron microscopy (TEM)
results, which were not obtained until well into the project, revealed that the
typical dimensions of the double barrier were 80 to 110 A for the barriers and 40 to
60 A for the Well;, These values fluctuated, depending upon details of the growth
conditions, and reflect the lower degree of thickness control possible with MOCVD
as compared with MBE. Only a few samples were studied with TEM. Therefore, the
table entries list growth parameters rather than actual thicknesses. On the top
of the double barrier, 20 seconds of lightly-doped growth was deposited. These
spacer layers are commonly used in double-barrier growth, to decrease impurity-
assited excess currents, and are discussed in Chapter 2. This region was intended
to be 500 A thick and doped in the 101® cm~3 range. The channel of the VFET lay
beneath the double barrier, and was a thick, lightly-doped region.

Double barriers were produced with Al Ga;_,As barriers. The Al percent-
age was intended to be 0.45. This choice was based on earlier studies of double
barriers.[3] The Al percentage was determined by thick-layer calibration growth

and therefore is subject to some uncertainty when applied to very thin layers.
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Some samples did not exhibit NDR.

3.5.2 FET

The transistor portion of the device relies on a single lightly-doped layer. As
mentioned, a thick region is desirable for maximization of the lateral depletion
effects, and to avoid reach-through of the gate depletion to the degenerately doped
substrate beneath. Some of the samples grown had thin channel layers. Achieve-
ment of low doping was difficult.

The n-type dopant used for these growths was selenium, which exhibits a
“memory” effect.[5] This effect means that once a layer is grown with Se doping,
subsequent layers will contain some Se. Prior to growth of the structure of inter-
est, a buffer layer of heavily doped material is usually grown, to provide a good
surface for epitaxial growth of the structure. “Memory effects” were found to be
incompatible with successful production of DB/VFET layers. However, growth
without a buffer layer was found to be acceptable. This project demonstratés that
successful double-barrier growth can be obtained without a buffer layer, provided
that a thick initial layer is grown. The doping in the channel layer will thus be
the background doping level of the reactor. An ultimate background level of about

2 x 10'® cm~3 was achieved at a growth temperature of 775°C.
g

3.6 Fabrication

This section covers the mask design, layout, and fabrication procedures devel-
oped for the DB/VFET. Layouts involving circular mesa structures with surround-
ing ring-gate contacts were rejected because the small mesas would have been very

difficult to contact.
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3.6.1 Layout

The selected layout begins with long, narrow mesas. Isolation of these mesas
must be the function of one mask. Since any pattern on this mask would be repli-
cated in a mesa structure, the only function of this mask must be to isolate the
double barriers. Subsequent masks must be used to define gate and mesa contacts.
Thus, the minimum number of masks possible for the DB/VFET fabrication pro-
cedure is two. There remains the problem of contacting these long, thin mesa
structures. Wire bonding directly to the mesas is not possible. Surface passivation
techniques or ion implantation could be used, but at the expense of complicating
fabrication. By overlapping a gold pad with the edge of the mesa, a functional
contact to the mesa can be made without resort to these techniques.

A three-dimensional schematic of the finished structure is shown in Fig. 3.4.
Following isolation of three 75 X 5um mesa structures (the elevated boxes in
Fig. 3.4), a second mask was used to define planar Schottky barrier contacts offset
lpm from the base of the mesa. This mask also forms a pattern allowing the
deposition of a separate Au patch that overlaps the last 5 um of the mesa fingers.
Wire bonding to the Au patch also contacts the mesas that contain the double
barrier. This bond forms a parallel connection of the three mesa fingers with a
Schottky diode formed by the bonding pad. The high resistance of the diode,
prior to forﬁud-bias turn-on, means that significant current flows only through
the tunnel structure.

Mask fabrication procedure is outlined below:

1. Determine pattern
2. Cut pattern from Rubylith acetate
3. First reduction (15-30 times reduction)

4. Second reduction utilizing step and repeat camera (4 or 10 times reduction)
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Figure 3.4: A three-dimensional view of the DB/VFET design. The boxed areas
represent mesa structures, with gate contacts lying around them. The mesa contact

pad overlaps the mesa fingers, forming the mesa contact.
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5. Make iron oxide copy of original master blank

The two-mask set for fabrication of the DB/VFET consisted of an etch mask and
a second lift-off mask, for two reasons. First, experimental results demonstrated
that photoresist plus metal was a more effective etch mask than photoresist alone.
The second reason has to do with the mask fabrication procedure. The net result
of the photoreduction process is an increase in the size of clear areas and a decrease
in the size of dark areas. If two lift-off masks are made, the relative sizes of the
two masks can change by more than 1 micron during the process. Features on
one mask that are supposed to be larger than matching features on the other will
now be smaller, making alignment impossible. A pair of masks in which one is an
etch mask and the other is a lift-off mask will undergo complementary fabrication

distortion, retaining their alignment tolerances.

3.6.2 Procedure

The sample preparation procedure will now be described in detail. Initially, a
small piece of the sample was cleaved from the main wafer. This piece, usually
about 3 mm square, was rinsed in acetone and ethanol, and then cleaned in a
1:1 solution of HCl and water for one minute. This acid does not etch the GaAs
appreciably, but removes any native oxide and organic solvent residue from the
surface. The sample was then loaded into an evaporator, where 1000 to 4000 A of
Au-Ge alloy (88:12) was evaporated onto the top surface of the material at a pres-
sure of about 1 x 1078 Torr. A standard photolithographic process was then used
to transfer the first mask’s pattern to the photoresist-coated sample. Appendix A
contains details of the procedure. Following this procedure, a gold etch! was used

to remove the Au-Ge from the surface of the sample, except in areas protected

tTransene Co. Au etchant type TFA.
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by the photoresist pattern. The sample was then etched in a liquid solution. The
duration of the etch depended upon the desired etch depth, usually 0.4-0.6 um.
The solution used ﬁas a mixture of water, phosphoric acid, and hydrogen peroxide
in a volume ratio 100:3:1. This mixture etches GaAs at a rate of about 400 A per
minute and is not selective for Al,Ga;_,As. Slower or faster etch rates can be
obtained by changing the water concentration. Etch .rate data for a 50:3:1 mixture
are presented in Chapter 4. Other etches are possible, but are usually too fast for
this application. 6]

Upon conclusion of the first etch, photoresist was removed with acetone, and
more Au-Ge was evaporated onto the back side of the sample under conditions
similar to the first evaporation. Following the evaporation, the device was annealed
in a reducing ambient (helium gas mixed with 12 percent hydrogen) at 400°C for
30 seconds to form low-resistance contacts.|7]

A second mask was used to define another pattern on the material. This pat-
tern had to be aligned to the mesas left behind from the first mask process. The
tolerance for the alignment was 1um and could be done reproducibly, using a
Karl Suss MJB-3 mask aligner. This time, a lift-off procedure was used (see Ap-
pendix A). Once this pattern was defined, Au was evaporated onto the sample,
under similar conditions to the Au-Ge evaporations. Then the sample was ultra-
sonically agitated in an acetone bath to remove the resist and the Au on top of it.
This Au “lift-off” gives the procedure its name.

Finally, the samples were photographed and mounted. Photographs were taken,
to identify specific devices being tested. Samples were mounted on T0-8 tran-
sistor headers using silver pﬁ.int. Electrical probes were used to measure room-
temperature characteristics prior to wire-bonding specific devices for further test-

ing using a West-Bond ultrasonic bonder.
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3.6.3 Refinements

In addition to the particular mask discussed above, another type of layout was
made. This mask set allowed the use of a variety of mesa widths. One expects
transistor action to decrease as mesa width increases, because the lateral depletion
becomes less significant. Therefore, a mask set allowing fabrication of variable size
mesas is valuable. This layout incorporated a variety of mesa widths including
3pm, 5um, 10pum, and 20 gum. The fabrication procedure for this mask was the
same as that outlined above.

There are several refinements to the fabrication process that can be imagined for
this structure. Some of these are not practical, and others increase the complexity
of the process. The first thing to be consider‘ed is a self-aligned structure, which
would enable the edge of the gate to be somewhat closer to the edge of the mesa.
The difficulty with this fabrication idea is that it_ offers no convenient way to make
contact‘to the mesa structure. The difficulty arises because a self-aligned procedure
necessarily uses the same mask for two purposes. The Au Schottky-barriér gate
would therefore completely surround the mesa, and another mask would have to
be used to remove the material from undesired areas, and still another to deposit
the Au bonding pads. Additionally, a refractory metal would be needed for the
gates.

Another possible refinement is to utilize a passivating layer, such as SiO,, be-
neath the mesa contact pad. This idea is is a good ome, but requires additional
masking steps and dielectric evaporation. Ion implantation could be used for the
same purpose. This refinement would also require at least one more mask and an
implant.

Yet another refinement to the structure would be to utilize a several micron
trench etch, which would then be filled with Au, effectively forming a vertical

sidewall contact. This idea requires a dry etching process to create the narrow,
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deep trench. Having created this trench, it must be effectively filled with metal.
Finally, one might actually try to fabricate the sophisticated VFET structure
presented in Fig. 3.1. Such a device would probably have enhanced performance.

A procedure of this type is described in Ref. 2.

3.7 Experimental

Basic DC electrical tests were performed on the samples after they were pre-
pared. AC oscillation issues are addressed in Chapter 5. Initial room-temperature
measurements were made on gate electrodes, to determine the quality of the Schot-
tky barrier. Of interest here was the reverse breakdown voltage, as well as the
ideality factor and barrier height of the gate. Typical breakdown voltages varied
from sample to sample, but exceeded V = —20 V for working DB /VFETs. Mesas
were tested for room-temperature NDR, prior to wire bonding individual devices.

Specific devices were wire-bonded and tested at room tempera,h:lre and 77 K.
Liquid nitrogen immersion provided access to the lower temperature. Variable
temperature studies were not performed. Previous studies by Bonnefoi[4,8] have
indicated that little improvement in resonant tunneling behavior is seen at tem-
peratures below 77 K. I-V data were taken, using a Tektronix 577 curve tracer or
a Hewlett Packard model 4145A Semiconductor Parameter Analyzer. This instru-
ment is a digital curve tracer, acquiring data in a point-by-point fashion. It can be
programmed to act as a current source/voltage monitor or a voltage source/current
monitor. This instrument was controlled by an HP9816 personal computer via a
BASIC computer program written for the purpose. Data were subsequently trans-
ferred to a Digital Equipment Corporation VAX 11/785 or MicroVAX II mainframe
computer.

Bias polarities are as follows. For a two-terminal device, forward bias refers to
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positive bias on the mesa containing the double barrier. These mesas are said to
lie at the front of the sample. Positive current would thus correspond to electron
transport from the back of the sample to the front. Positive current is observed
in forward bias. Conversely, reverse bias refers to negative voltage on the mesa
structure, resulting in electron flow from front to back. In a two-terminal device
there are two ways to create a given bias configuration. For example, one way
to create forward bias is to ground the substrate and apply positive bias to the
top electrode. Another way is to ground the mesa and apply negative voltage to
the substrate. In a three-terminal device, these two configurations are no longer
interchangeable. The two configurations just mentioned represent common-source

and common-drain connections, which are different from one another in an FET.[9]

3.8 Basic Results

This section presents basic results of DC characterization measurements of
two DB/VFET samples. These samples represent the best working structures ob-
tained. Relevant information for these samples is contained in Table 3.1. Several
other samples showed DB/VFET behavior, but lacked NDR. A number of samples
exhibited no NDR, but worked as FETs, while several showed NDR without tran-
sistor action. A summary of the operating behavior of all samples is contained in

tables at the end of this chapter.

3.8.1 Sample T245

This section presents results for sample T245, the first functioning DB/VFET
obtained. Important parameters for this sample are contained in Table 3.1. In
Fig. 3.5 we present experimental I-V curves for this sample in reverse bias. In

these curves, negative bias is applied to the mesas containing the double barrier,
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Quantity Sample T245 Sample T335
Al;Ga;_;As z ~ 0.35 z ~ 0.35
DB dim. (&) 90/50/90 90/50/90
Channel (pm) 2.8 3.3

T (cm™3) 1.5 x 10¥cm™ 2 x 10'¥%cm™2
NDR P/V ratio  5.2(f)/3.1(r)  5.3(f)/4.7(x)
Jpeak (A/cm?) 45 264

Table 3.1: Important parameters for T245 and T335. ‘DB’ refers to the dimen-
sions of the double barrier, n., refers to the doping in the channel layer. ‘P/V’
denotes the peak-to-valley current ratio of the NDR, and Jpq refers to the current
density at the peak of the NDR. The Al percentage is approximate only, as are the

double-barrier dimensions.

and the substrate is grounded. Thus, this figure illustrates operation in common-
drain mode, rather than the more conventional common-source mode.

The basic effect observed is a shift of the NDR to larger bias levels, coupled
with a decrease in the peak-to-valley current ratio, as expecied for an addition of
series resistance. This resistance is provided by gate bias, which was incremented
in —5 V steps to a maximum of V; = —20 V. Significant gate current was not seen
during the acquisition of the data illustrated in Fig. 3.5.

Forward-bias operation of a device fabricated from sample T245 is illustrated
in Fig. 3.6. In these curves the substrate is grounded, and positive bias is applied
to the mesa structure containing the double barrier. This configuration of biases
represents common-source operation. NDR is observed at much lower bias levels

than in reverse bias. The large asymmetry in NDR location between forward and
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Figure 3.5: Common-drain reverse-bias I-V curves for sample T245 at 77 K, with

gate voltage (V;) as a parameter. The leftmost curve was taken with V, = 0. The

V, = 0 peak-to-valley ratio is 3.12.
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reverse bias can be explained by the extreme asymmetry of the structure. The
large-scale conduction onset at the extreme right of Fig. 3.6 is due to the forward-

bias turn-on of the Schottky barrier formed by the mesa bonding pad.

3.8.2 Sample T335

This section presents results for devices fabricated from sample T335. This
sample exhibits DB/VFET behavior qualitatively superior to all other samples.
Important sample parameters are summarized in Table 3.1. In Fig. 3.7 we present
reverse-bias I-V curves for a device fabricated from sample T335, obtained at
room temperature. In Fig. 3.8 77 K results for the same device are shown. For
both figures the substrate was grounded, and negative voltage was applied to the
mesa containing the double barrier. Thus, the mesa acts as the source of electrons,
and the substrate forms the drain.

Room-temperature NDR was observed in this sample. It was the only sample
studied that exhibited room-temperature NDR!. It is interesting to note thaf room-
temperature NDR was seen only in reverse bias. Additional data for sample T335
are presented in Fig. 3.9. Forward-bias operation is possible for this sample.
Results are similar to those obtained for sample T245. These data are illustrated

in Fig. 3.10.

3.9 Discussion and Further Study

3.9.1 Reverse-Bias Behavior

In reverse bias, both samples exhibit NDR at larger bias levels than ever previ-

ously reported. This is due to the presence of a thick, lightly-doped region on the

$Some samples, notably T245, showed inflections in the I-V curve at room temperature.
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rameter. Peak-to-valley current ratio decreases with increasingly negative V,. The
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Figure 3.7: Reverse-bias common-drain -V curves for sample T335 taken at 300
K, with V; as a parameter. The leftmost curve was taken with V; = 0. V, is

incremented in —5 V steps, to a maximum of V; = —20 V. The same device is

illustrated, at 77 K, in Fig. 3.8.
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Figure 3.9: Additional data for sample T335. Conditions are similar to those
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back side of the double barrier. This region is depleted in reverse bias and acts as
a large region over which to drop bias. To satisfy the resonance condition across
the double barrier, a larger bias must be applied across the entire structure.

A simple calculation demonstrates the validity of this explanation. Channel
doping for sample T245 is about 1.5 x 10'®cm™3. From Fig. 3.5 we see that NDR
is observed at about 7 V. Voltage drops quadratically with distance in a doped
semiconductor, according to. Poisson’s equation:

¢'V(z) p(z)
dz3 e ’

d*V(z) N _‘_1_1!‘1
dz? = €

(3.2)

for0<z<W, (3.3)

where V(z) is the voltage and p is the charge density, and other symbols are defined
as in Eq. 3.1. Eq. 3.3 is obtained by making the depletion approzimation, which
assumes that the entire voltage is sustained in a region 0 < z < W in which no
free carriers are present.[3] This equation can be solved to determine the voltage
drop as a function of distance in the material. The boundary conditions are that
the voltage be equal to the applied voltage, V5, at = 0, and be equal to 0 at
z = W, the edge of the depletion region. Solving for the potential above ground

at a point z in the depletion region:

V(z) = ‘11";:‘" {% _ <%>2} +Ve {1— %} (3.4)

Substitution of the definition of W from Eq. 3.1 (neglecting the kT'/q factor) yields

7 (%)

where Vj; is the built-in voltage of the Schottky barrier, equal to about 0.9 V for

the following expression:

V(z) = Vi +Ve [1 -~ i] ’ (3.5)

W

Au on GaAs. From Eq. 3.1, W is about 8700 A for a doping of 1.5 x 10 cm—3

(the doping in sample T245) at a reverse bias of 7 V. Therefore, the voltage at
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a position z ~ 100 A (representing roughly the location of the double barrier) is
about 6.85 V. The potential difference across the double barrier is therefore about
150 mV, a reasonable resonance voltage. This explains why NDR is observed at a
large bias level.

The voltage drop arguments just presented have the effect of expanding the
resonance along the voltage axis, making it possible to study any structure that
might be evident in the resonance level by increasing the resolution along the
voltage axis. In effect the lightly-doped region “blows up” the resonance region
along the voltage axis. The effect is more pronounced in sample T335 because the
doping is even lower, thus making W larger in Eq. 3.5 and requiring still greater

voltages to observe resonance.

3.9.2 Forward-Bias Behavior

The observation of NDR close to zero bias is consistent with the asymmetry
of the device. In forward bias the large lightly-doped region beneath the double
barrier is not depleted, and therefore does not present a large region over which to
drop bias. VTherefore, NDR is seen close to zero bias. In fact, the position of the
NDR will depend in detail on the dynamics of the accumulation region near the
double barrier. Band-bending is critical in determining the voltage at which NDR
is seen.(3] |

Device behavior is radically different in forwa;rd bias, as compared to reverse
bias. The peak-to-valley current ratio is more dramatically affected by V; in for-
ward bias than in reverse bias. This result, consistent for all DB/VFET samples
that worked in both bias directions, indicates that more significant modulation of
the peak-to-valley current ratio is possible when carriers are affected prior to injec-
tion rather than afterwards. There are two important differences between forward

and reverse bias that may account for this effect. First, the depletion region under
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the gate reaches its maximum extent near the drain end of the channel. In forward-
bias operation the drain end of the channel lies near the double barrier and may be
more effective in controlling the tunneling current. More importantly, tunneling
electrons are injected from a region beneath the double barrier in forward bias.
It is possible that the gate bias affects the carrier population in the accumulation
region prior to injection across the double barrier. In reverse bias, carriers are
injected from the degenerately doped top electrode, on whose population the gate

has no effect.

3.9.3 Room-Temperature NDR

Room-temperature NDR was observed in one DB/VFET sample, T335. This
sample exhibits room-temperature NDR in only one bias direction. In this direction
(reverse bias), electrons were injected into the lightly-doped channel region of the
VFET. This result suggests that it is more important to have low-doping on the
side of the double barrier into which carriers are injected, rather that on the side
from which they originate. This conclusion is supported by recent results obtained
with our MBE machine.$

It is also interesting to note that the improvement in peak-to-valley current
ratio seen with temperature is mainly due to a decrease in the valley current. This
suggests that the improvement is mainly due to a decrease in excess current mecha-
nisms, rather than an improvement in resonant tunneling.. This point is illustrated
by considering the previously illustrated data for sample T335 in Figs. 3.7, 3.8,
and 3.9.

§Several MBE samples have been grown with known doping asymmetries (see Chapter 2 for
more details), all of which exhibit NDR or inflections a bias direction that is consistent with the
MOCVD results presented here.
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3.9.4 Common Source versus Common Drain

In a three-terminal device, a variety of bias configurations are possible. For
an FET the predominant configuration is referred to as common source. There is
another configuration, however, in which the drain is common between gate and
source, referred to as common-drain configuration. A common-source junction
field-effect transistor (JFET) is illustrated in Fig. 3.11.

For a MESFET in the simple linear model, voltage drops linearly along the
channel. Consider a common-source configuration similar to that illustrated in
Fig. 3.11. Denoting the absolute value of the gate bias as V,, and the drain bias
as Vg, the bias on the gate at the drain end of the channel will be V, + V4. At the
source end of the channel, the bias is simply V.

Consider a case in which the drain is grounded and the source is negatively
biased. The flow of carriers is identical to the previous case, but the gate bias
is different. The bias at the drain end of the channel is now V;, and the bias at
the source end is the difference of the source bias and the gate bias. Depending
upon which terminal is more negative, a net positive bias may exist on the gate at
the source end of the gate. A large positive gate current would then result, and a
dramatic increase in the negative source current. This explanation points out the
differences between common-source and common-drain operation.

The data pregented in Section 3.8 were taken with the substrate grounded,
meaning that reverse-bias data were taken in common-drain mode (the substrate
was grounded and the mesas were biased negatively). The behavior of the device
is qualitatively similar in either configuration. However, common-drain operation
is preferable for these devices in most instances, for two reasons. Since the bias at
the drain end of the channel is greater in common-source mode, one expects that
NDR will be shifted to larger bias levels than for a common-drain operation, even

at V, = 0. The total bias on the gate can be large, since a lot of drain bias must
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be applied to observe NDR. This voltage (V; + V;) may exceed the breakdown
voltage of the gate, resulting in incomplete characteristics. These two effects are
illustrated in Fig. 3.12.

The net forward bias of the gate alluded to previously does not take place in
these samples, because of the position of the gate contact. Since it does not lie
physically on the channel, the bias at the gate contact does not become positive
until substantial bias is appli.ed between source and drain. Some devices did exhibit
this phenomenon. For higher-performance devices, in which the gate would be
placed directly on the channel, forward bias of the gate might become an issue,
and common-source operation might be preferred.

In forward bias the source-drain bias is small compared with the gate bias.
Therefore, there is no difference between common-drain and common-source oper-

atlon.

3.9.5 Variable Cross Section

To confirm that the device is operating as we have described, we have fab-
ricated devices from samples T335 and T245 that have variable mesa cross sec-
tions. Devices with nominal cross sections of 5um, 10 um, and 20 um were made.
Measurements of the cross sections of the devices were performed using optical
microscopy. These measurements showed the actual cross sections to be about
2.1pm, 6.6 pm, and 16.7 um. The discrepancy between designed and realized mesa
width explains why the 3 pm designed mesas (also present on this mask) did not
work. The gate-to-gate spacings remained as designed at 7pm, 12 um, and 22 gm.
Data for common-source biasing of a variable cross-section preparation of sample
T335 are illustrated in Fig. 3.12.

Several devices of each cross section were tested. Two major results come out

of this study. First, improved performance with decreasing gate spacing was seen.
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Figure 3.12: Common-source [-V data for sample T335 at 77 K, for a variety of
gate-to-gate spacings. This figure illustrates a number of interesting points. First,
it illustrates common-source biasing. Second, it shows that current scales with

area. Finally, it verifies that device performance improves with decreasing gate

spacing.



98

One expects such an improvement because the lateral extension of the depletion
region is a more significant effect in smaller mesa devices. Second, current was
found to scale with area. Calculations of current density at the peak of the NDR
for devices with different cross section were made, taking into account surface

depletion effects. Current was found to scale with area to within 10 percent in

Fig. 3.12.

3.10 Supplementary Data

A total of 5 working DB/VFET devices were obtained. Samples T245 and T335
were clearly superior to the remaining three samples. Nevertheless, a complete
description of the project requires the inclusion of samples T338, T410, and T411.

This section presents these clearly supplementary results.

3.10.1 Sample T338

Sample T338 is characteristic of samples T336, T337, T338, and T339, which
were produced with similar channel characteristics. Silane doping was used in
these samples. This doping was used in an attempt to obtain a buffer layer with-
out inducing a memory effect. The resultant structures exhibited markedly poor
surface quality. Sample T335 was grown on the same day as these samples and
had excellent surface morphology. The conclusion is that contaminated Silane may
have been present or that the temperature was not optimﬁm for good growth with
Silane doping. T338 was the only sample of the four exhibiting any evidence of
resonant tunneling. Data for sample T338 are illustrated in Fig. 3.13. These data
are consistent with the T245 and T335 results.
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V, as a parameter.
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3.10.2 Sample T410

This sample differs from previous samples in that a lightly-doped spacer layer
was not grown on top of the double barrier. The omission of the spacer layer had
an impact on the I-V curve. Evidence for tunneling at zero bias was seen and is
illustrated in Fig. 3.14. In particular, forward-bias NDR was seen at extremely low
bias levels. suggesting that the geometry of the double barrier differs from samples
T245 or T335. In particular, it is possible that the first resonance level is close to
the bottom of the well i.e. that the well is thicker than in previous samples. This
is probably true for sample T411 as well, since they were grown sequentially. The
reverse-bias behavior suggests that tunneling at zero bias is quenched by the FET
section of the device. In fact, the near zero bias I-V curve looks a lot like an FET
characteristic. When higher levels of voltage are applied, NDR is observed, and
shifted by gate bias. Is the NDR observed at high bias levels in this sample due
to the ground state or the first excited state? The answer to this question is not

known. It should be noted that relatively few data were taken on this saxﬁple.

3.10.3 Sample T411

This sample exhibits well defined DB/VFET characteristics. The common-
drain characteristics of the sample are illustrated in Fig. 3.15. The major problem
with the device is its extremely low current density. More current is drawn through
the gate of samples T245 and T335 than is seen in the source-drain I-V of this
sample. Thus, gate leakage current could be a problem for this device.

The behavior of this sample is consistent with that observed in other devices.
C-V data for sample saturated at about V = —3 V and remained constant out
to about V' = —35 V. The capacitance saturation suggests that the channel is
fully depleted at —3 V and that additional gate bias drops in the heavily doped

substrate, with some lateral extension. The thickness estimated from these results
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is about 2um. The lateral extension of the gate field should be the source of the
shift in NDR with gate voltage, which is quite significant for this device. NDR is
observed at about —3.0 V, which is about ten times larger than the forward-bias
resonance position. This voltage shift in the position of the NDR is consistent with
the explanation presented in Section 3.9.1.

By comparing with T410 data, we conclude that this sample exhibits tunneling
at very low bias levels, possibly due to a different device geometry. This, and the
decreased thickness of the lightly-doped channel, explains why NDR is not seen
at biases comparable to sample T335. The thinner channel region does not allow
as much bias to be sustained across it as in other samples. It may be that the
presence of a lightly-doped spacer layer on top of the double barrier (present in
this sample, but lacking in T410) allows a lower-voltage resonance to be seen in

this sample, when it was absent in T410.

3.11 Theoretical Considerations

Modeling the DB/VFET would be an interesting theoretical problem. No theo-
retical modeling of the device was done for this thesis. However, several important
issues were brought to light by this study. First, the DB/VFET device is not a
simple device. The lack of simplicity comes from the fact that the double barrier
and the VFET parts of the device interact with one another in a fundamental
way. The interaction takes place in the thick lightly-doped channel region, and
manifests itself in the appearance of NDR at high bias levels.

Another important issue was mentioned early in this chapter; the lateral deple-
tion from the Schottky-barrier gate. This lateral extension is responsible for the
transistor effects. The simple, heuristic model of a capacitor plate mentioned ear-

lier needs to be elaborated upon in order to obtain a good theoretical understanding
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of the device. In addition to the solution of Poisson’s equation in two dimensions,
the source-drain bias must be taken into account. The bias between source and
drain depletes soﬁe of the channel underneath the double barrier, meaning that
lateral extension of the gate field takes place in a region in which field is already
present. It is clear from an examination of the data for sample T335 that the effect
of the gate is not to add a simple series resistance to the source drain characteristic.
If linear resistance were added, the peak of the NDR would shift along the voltage
axis more than the valley would, because more current passes through the device
at the peak than at the valley of the NDR. Since this is not the case, a nonlinear
interaction between the various space charge regions may be occurring. The final

model might resemble a vacuum tube.

3.12 Conclusions

This chapter presents several important results. They are summarized below.
1. Working VFETs with horizontal electrodes have been demonstrated.

2. Integration of a resonant tunneling heterostructure and a VFET was demon-

strated.
3. Progress in MOCVD growth was made.
(a) MOCVD-grown double barriers with room-temperature NDR were demon-

strated.

(b) Successful growth of DB/VFET devices without a buffer layer was

demonstrated.

(c) Background doping in the 1 x 10!5 cm ™3 range was achieved. This is the

lowest background level recorded in the Xerox reactor.
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4. Several novel DB/VFET properties were observed and explained.

(a) NDR was observed at high voltage in reverse bias.

(b) Modulation of the position of the NDR, without changing the peak-to-

valley current ratio, was obtained in reverse bias.

(c) Modulation of the peak-to-valley current ratio, without shifting the

NDR voltage, was obtained in forward bias.

5. The importance of low doping of the side of the structure into which carriers

are injected was demonstrated.
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Double-Barrier Growth Parameters

Sample | Top Layer Data Double-Barrier Data Date Grown
No. Depth Buffer | Barriers Well Dopant Temp. | (DDMMMYY)
(um)  (sec) | (sec) (sec) (°C)

5008 0.55 20 2.0 1.3 Mg 775 27TFEB86
S031 0.6 20 2.0 1.3 Mg 775 13MARS86
$048 0.65 20 2.0 1.3 Mg 775 25MARS86
T223 0.6 20 2.0 1.3 Mg 775 20MAY86
T228 0.6 20 2.0 1.3 Mg 775 23MAYS86
T231 0.7 20 2.0 1.3 Mg 775 28MAYS86
T238 0.5 20 2.0 1.3 Mg 775 2JUNS86
T245 0.37 20 2.0 1.3 Mg 775 5JUN86
T290 0.6 20 2.0 1.3 Mg 800 2JULS6
S192 0.3 20 2.0 1.3 Mg 825 30JUNS86
"T335 0.3 20 2.0 1.3 Mg 770 31JULS6
T336 0.45 20 2.0 1.3 Mg 775 31JUL86
T337 0.45 60 2.0 1.3 Mg 770 31JUL86
T338 0.5 20 2.0 1.3 - 770 31JULS86
T339 0.3 60 2.0 1.3 - 770 1AUGS6
T361 0.5 20 2.0 1.3 Mg 775 14AUGS86
T365 0.45 20 2.0 1.3 Mg 775 15AUGS86
T367 0.5 20 2.0 1.3 Mg 775 21AUGS6
T407 0.4 - 2.0 1.3 Mg 775 70CT86
T410 0.3 - 2.0 1.3 - 775 80CTS86
T411 0.46 20 2.0 1.3 - 775 80CT86
T422 0.36 - 2.0 1.3 - 775 160CT86

Table 3.2: A table of double-barrier parameters for the DB/VFET. MOCVD

growth parameters were as follows: TMGa flow rate was about 15 sccm, with

the TMAI flow rate varied between 30 and 40 sccm to obtain Al,Ga;_,As with

z ~ 0.4. The AsH; flow was about 500 sccm. H; was the carrier gas, at 3.0 SLM.

See text for information on double-barrier dimensions.
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FET Growth Data for DB/VFET Samples

Sample Channel Data
No. Time Temp. Thickness Doping Buffer
(min) (°C)  (pm) (cm~?) (Y/N)

S008 2 775 0.5 107 range Y

S031 2 720 0.6 107 range Y

S048 5 75 1.0 107 range Y
2 775 0.5 107 range

T223 2 725 0.3 est. 10'7 range | Y (Si 1)

T228 2 725 0.2 10" range | Y (Si1)

T231 2 725 0.6 10! range | Y (Si 1)
2 75 0.6 10'7 range

T238 20 775 2.0 10'7 range N
2 725 0.4 unknown

T245 20 825 1.6 1.5 x 108 N
5 725 0.6 n < 1.5 x 1018

T290 15 850 1.5 low N
15 700 1.5 very low

S192 20 825 2.0 10'® range N
5 775 0.5 2 x 1016

T335 25 750 3.2 1-3 x 105 N

T336 5 800 0.6 est. 10'7:Si N
10 800 1.3 10%® range
10 725 1.3 105 range

T337 As in T336

T338 As in T336

T339 As in T336

T361 Bad susceptor p-type doping

T365 Bad susceptor p-type doping

T367 20 750 4.8 2 -5 x 10 N

T407 10 775 2.2 low 10® range N

T410 10 750 2.2 low 10 range N

T411 10 750 2.0 low 10® range N

T422 10 825 1.6 low 108 range N

Table 3.3: A Table of channel data for the DB/VFET. MOCVD growth parameters

were as 1n Table 3.2.
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Operating Parameters of DB/VFET Samples, 77 K

Sample | NDR Data (F)orward and (R)everse Bias | FET
No. Voltage (V) | Jpeak (A/cm?) | P/V Ratio | (Y/N)
F R F R F R
S008 0.1 -0.1 | 101 101 4 4 N
S031 0.01 | —-0.09 - - 1.2 | 1.05 N
S048 032 | -0.1 - - 1.1 1.1 N
T223 none | none - - - - N
T228 0.04 | —0.06 | 102 102 1.8 4 N
T231 0.9 | nome | 107! - 1.5 - N
T238 0.05 | —0.05 | 10~2 10-2 1.16 | 2.8 N
T245 0.35 | —6.5 8 45 5 5.6 Y
T290 none | none - - - - N
S192 none | none - - - - Y
T335 0.5 —-17 150 250 9 7 Y
T336 none | none - - - - N
T337 none | none - - - - N
T338 none | —11 - 10—4 - 1.4 Y
T339 none | none - - - - N
T361 none | none - - - - N
T365 none | none - - - - N
T367 none - - - - - Y
T407 none | none - - - - N
T410 0.07 -7 1 10 2.7 2 Y
T411 0.3 -2 0.04 | 0.003 2.6 | 2.6 Y
T422 0.07 | —0.18 1 2.5 5 2.3 N

Table 3.4: A summary of the operating characteristics of DB/VFET samples. This
information was collated from 80 preparations of the listed samples. Voltages refer
to the NDR peak and are averages, where possible. Peak-to-valley (P/V) current

ratios are maximum values. Current densities are are obtained from the current at

the peak of the NDR. FET (Y/N) refers to whether V, affected the source-drain

characteristic.
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Chapter 4

DB/MESFET Devices

This chapter is concerned with the growth, fabrication, and testing of a double-

barrier heterostructure combined with 2 metal-semiconductor field-effect transistor

(DB/MESFET).

4.1 Introduction

The DB/MESFET device is formed by the series integration of a double-
barrier tunnel structure and a planar field-effect transistor, in this case a metal-
semiconductor field-effect transistor. There are several reasons for pursuing the
DB/MESFET. This device should have a high input impedance, with NDR at two
of its three terminals. Such a device might be desirable for logic and signal process-
ing. The DB/MESFET should differ operationally from the DB/VFET, because
of the gate placement. Also, this kind of device structure could be integrated with
existing GaAs circuits. Finally, the understanding of the MESFET is such that

comparison to well-known theory could be made.
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4.1.1 Summary of Results

Altogether, 11 samples were produced, all of which functioned to varying de-
grees. Transistor action was seen at much lower gate-bias levels than in the
DB/VFET. Operational current densities ranging from less than 1 A/cm? to about
400 A/cm? were demonstrated. Results are compared to theory and found to be
consistent with a simple linear MESFET model. Finally, a wide variety of charac-
teristics were demonstrated, depending upon the relationship between the double
barrier and the MESFET. The DB/MESFET, DB/VFET, and another integrated

double-barrier structure were initially proposed in Ref. 1.

4.1.2 Outline of Chapter

This chapter has much the same structure as Chapter 3. Initially, the device
concept and design are described. Growth issues are the next topic, wherein a
novel doping technique is described. Mask design and fabrication procedure are
covered next. Following this discussion, fundamental results for two devices are
presented. A discussion follows, in which consistency with simple MESFET mod-
els is demonstrated. Supplemental results for an additional 5 samples are then
presented. Finally, the main points of the chapter are summarized in a concluding

section.

4.2 Concept and Design

The device concept for the DB/MESFET is to terminate a planar MESFET
growth by the deposition of a double-barrier tunnel structure. The finished device
is schematically illustrated in Fig. 4.1. This structure incorporates a recessed-gate
design. The important point about this design for device considerations is that

the n* region separates the double barrier and the MESFET, preventing device
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Figure 4.1: Cross section of recessed-gate DB/ MESFET.

interaction of the sort seen in the DB/VFET. If this sort of interaction is desired,
ion implantation techniques could be used.

The theory of the MESFET is well developed.[2] The basic idea is that the
depletion region underneath a reverse-biased Schottky barrier is used to modulate
the current transport through the region being depleted. Several models exist,
which predict the behavior of the device quite well. The simple linear model is the
least complex. For short-channel devices, a saturated velocity model may be more
appropriate. These subjects will be dealt with in more detail in Section 4.6.

The operation of the device is straightforward. In common-source reverse-bias
operation, electrons flow from the grounded mesa structure containing the double

barrier, through the channel of the MESFET to the positively biased drain contact.
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The resistance of the channel is variable and modulates the position and peak-to-
valley current ratio of the NDR. Operation in the opposite bias direction, in which
electrons travel the other direction in the channel, should also be possible. The

two configurations do not have to yield the same characteristics.

4.3 Growth

Samples were grown at Xerox Research Laboratory, in Palo Alto, California.
MOCVD epitaxial growth techniques were used to realize the structures. This
project benefits from the work that has been done on the DB/VFET in perfecting
the growth of negative resistance structures. All but one of the samples grown for
this project exhibited NDR in their source-drain characteristics. The recipe for
double-barrier growth was the same for most devices. Some modifications were
introduced in later growths, which had a very pronounced effect on the devi;e

behavior. Growth parameters are summarized in tables at the end of the chapter.

4.3.1 Recessed Gate

The central problem associated with production of working DB/MESFET sam-
ples lay not with the double barrier, but with the MESFET portion of the device.
For a planar MESFET, a good ohmic contact and a good Schottky contact must be
obtained on the same material. This requirement restricts the acceptable doping
level for the channel to a level around 1 x 10} cm~3. This doping level is difficult
to achieve in the MOCVD reactor with which our samples were produced. The
reason has to do with the details of the reactor design and the purpose for which it
was intended. To separate the two problems, a recessed-gate design was employed.
A wider range of acceptable channel-doping levels can be accomodated with the

use of a recessed-gate design. Such a design is shown in Fig. 4.1.
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4.3.2 Pulsed Doping

The problem of channel doping remains. The doping level of interest is in the
10'® cm~2 range, which is higher than the background doping levels needed for the
DB/VFET. It is possible to tailor the background level to be large enough for this
purpose, but the background dopant is not well controlled, typically exhibiting
photosensitive behavior. One would prefer to control the doping via introduction
of a known shallow dopant.

A pulsed doping approach was found to be successful in obtaining moderate
doping levels. Consider a case in which a layer of about 3000 A is desired. At
the usual growth rate of 2000 A /minute, such a layer would take about 90 seconds
to deposit. By cycling the HySe dopant on for 1 second and off for 3 seconds, a
lower doping level may be obtained than if the Se were on for the entire growth.
A range of dopings can be attained with this technique, as illustrated in Fig. 4.2.
In addition to the cycle time, the H,Se flow rate can be adjusted to increase
the doping without increasing the cycle time. A first order a.ppro:dmatioﬁ for the
resultant doping is that it would decrease by a factor of four from the case in which
the Se was on for the entire 90 seconds. There are other effects that prevent this
decrease from being the observed. Most importantl is the memory effect already
mentioned,* which will tend to increase the doping. The data presented in Fig. 4.2
show that this pulsed-doping method works.

Each sample was grown on semi-insulating and n* GaAs.! MESFET devicés
were fabricated from the semi-insulating growth. The n* sample was used for
doping characterization. Rather than growing directly on the substrate, a buffer
layer of several microns of undoped Al,Ga;_.As (z ~ 0.45) was grown prior to

deposition of the desired device structure. In one case this buffer layer was omitted.

°See Chapter 3 for more about memory effects.

tA small piece of n* was loaded alongside half of & semi-insulating wafer.
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Figure 4.2: Plots of the doping versus the dopant source on/off ratio. The H,Se

flow rate during the ‘on’ state was 10 sccm. Only those samples that did not show

light sensitivity are plotted.

Results for this sample suggest that the buffer layer was desirable.

4.4 Processing

The processing for the DB/MESFET was more involved than for the DB/VFET. -
The reason for the increased complexity is that all three contacts must be placed
on the epitaxial layer. In the DB/VFET one of the contz;cts was to the substrate.
As mentioned previously, growth issues prevented planar layouts from working.
Therefore, another level of complexity was added, in the form of a recessed-gate
design. Consider Fig. 4.1. The three contacts must be placed in three separate
layers. The depth of the final etch will be important to the device function, since

it will define the gate width. Careful monitoring of the etch depth is necessary.
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4.4.1 Mask Layouts

Several types of layouts were made. Three masks were needed for DB/MESFET
fabrication. In keeping with the philosophy of simplified design, it was decided that
long gate devices with generous alignment tolerances would be made. Therefore,
the first layout was a 30 um non-recessed gate device with 10 um alignment tol-
erances. This fabrication procedure utilized three masks, two etches, and two
evaporations, with a mesa contact concept similar to that described in Chapter 3.
The mesa containing the double barrier measured 20 x 80 um. The finished lay-
out is three-dimensionally illustrated in Fig. 4.3. The additional complexity of a
recessed-gate geometry was accommodated without adding another mask step.

Three recessed-gate mask sets were made. Each served a particular purpose.
The first was very similar to the initial layout illustrated in Fig. 4.3, which illus-
trates the finished product if one imagines the gate at a lower level. This first mask
set utilized a 20 ym gate with 5 um alignment tolerances, and a double-barrier mesa
measuring 30 x 80um. A second layout eliminated the mesa bonding pad in fa-
vor of direct wire-bonding to the mesa, which required an increase in mesa area to
60x 140 pm. 20 um gates and 5 um alignment tolerances were used. Once this mask
was demonstrated to yield results unchanged from the first (non-bonded) mask set,
most DB/MESFET devices were fabricated using this mask. A three-dimensional
cutaway view of the finished fabrication is illustrated in Fig. 4.4. Finally, a narrow-
gate mask was made. For ease of comparison to theory, ‘e‘z linear layout was used
for this set of masks. The source and drain contacts were rectangular 60 x 150 pm

pads, with a 5um gate lying between them, aligned to within 1 gm.

4.4.2 Procedure

The fabrication procedure for the recessed-gate DB/MESFET will now be de-
scribed. Areas of overlap with the DB/VFET procedure will not be explained.
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MESFET FABRICATION

(Source)
Contact

Figure 4.3: Three-dimensional view of a nonrecessed-gate DB/MESFET device.
Gate length is 30 um. The mesa is rectangular and measures roughly 20 um x 80 um.

Recessed-gate fabrication would place the gate on a lower level from the drain.
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Figure 4.4: View of recessed-gate DB/MESFET, showing basic layout and
wraparound drain contact. The mesa is directly wire-bonded and measures

60 x 140pum. The gate length is 20 gm.
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Interested readers should refer to Chapter 3. Samples were cleaned in a manner
previously described. The first mask was used to define rectangular mesas. These
mesas were isolated with wet etching in a solution of water, phosphoric acid, and
hydrogen peroxide in the volume ratio 50:3:1. The depth of this etch was moni-
tored using a Tencor Instruments Alpha Step 200 stylus profiler. This instrument
has demonstrated a capability of measuring step heights as small as 100 A. Typi-
cal etch depth for this etch was about 4000 A. This etch needed to be controlled
to better than 2000 Ato be sure that the ohmic contact was being placed on the
correct epitaxial layer (layer ‘d’ in Fig. 4.1). Consequently, careful statistics on the
etch rate were kept. These data are illustrated in Fig. 4.5. A linear fit to the data
yields an etch rate of about 800 A /minute.

After the first etch, photoresist was removed and Au-Ge was evaporated over
the entire surface of the sample. The second mask (an etch mask) was used in
conjunction with an Au etch to selectively remove the Au-Ge. The photoresist
and Au-Ge beneath it were then used to mask the surface during the second
etch, done with a fresh batch of 50:3:1 mixture of H3O:H3PO4:H30;. This etch
defined the channel and was also monitored. Both sets of etch data are plotted in
Fig. 4.5. Following this final etch, the photoresist was removed, and the contacts
were annealed.

The third mask (a lift off mask) was used to define the gate pattern. Au
was evaporated onto this pattern, and a lift-off process removed unwanted Au,
leaving the finished device. Devices were then photogfaphed and mounted to
TO-8 transistor headers prior to wire bonding using a West-Bond ultrasonic wire

bonder.
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Figure 4.5: Etch-rate data for a 50:3:1 mixture of H;O:H;PO,:H,0,. Data ob-
tained via use of a stylus profiler. Data were obtained over many preparations
throughout the entire project. A linear fit to the data is T = 0.001217(d) — 0.1975

where d is depth in A and T is time in minutes.
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4.5 Fundamental Results and Discussion

This section presents data for working DB/MESFETs. As.mentioned, all the
samples showed some sort of transistor action, and all but one showed NDR.
Therefore, all the samples were working DB/MESFETs, in marked contrast to
the DB/VFET project, wherein many samples did not work at all. Of course,
some of the DB/MESFETs were better than others. This section presents ma-
jor results for two representative samples that adequately reflect the character of
the project. Results for another five samples, which are wholly consistent with
the results presented here, will be given in Section 4.7. Information about all the
samples may be found in tables at the end of the chapter.

Details of the experimental procedure were discussed in Chapter 3. DC mea-
surements were made at 77 K and 300 K, using an HP4145 parameter analyzer.
All data were taken in common-source mode. Significant gate current was not
observed during acquisition of the presented data. .

As mentioned, two bias configurations are possible for common-source opera-
tion. When the mesa containing the double barrier acts as the source of the FET,
operation is said to be reverse bias. Conversely, when the mesa containing the
double barrier (see Fig. 4.1) forms the drain of the FET, the device is said to
be in a forward-bias configuration. The difference between the two relates to the

direction of electron flow.

4.5.1 Overview

Several points are made in this section. Samples T573 and T640 are used to
make these points. On a fundamental note, we wish to demonstrate that successful
integration of a double barrier and a MESFET has been accomplished. Further, the
types of I-V curves that can be obtained need to be explored. Finally, individual
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behavior of the double barrier and the MESFET need to be explored because
both influence the composite characteristic of the DB/MESFET. Sample T573
behaves most nearly as expected for a series combination of an FET and a double
barrier. Theoretical comparisons were made to this sample. Sample T640 exhibits

interesting behavior, demonstrating what happens when the NDR moves out of

the linear region of the FET.

4.5.2 Sample T573

In Fig. 4.6 a two-terminal (floating gate) I-V curve for sample T573 is pre-
sented. NDR is exhibited in both bias directions and is highly asymmetric. The
presence of a thick lightly-doped buffer layer on the back side of the double barrier
(layer ‘c’ in Fig. 4.1) accounts for the asymmetry in the I-V. The current density
at the peak of the NDR is less than 1 A/cm?.

This sample exhibits DB/MESFET characteristics in both bias directions. In
Fig. 4.7 the forward-bias common-source behavior of sample T573 is presented.
Both the double barrier and the MESFET characteristics can be clearly seen. The
NDR can be completely eliminated by application of sufficient gate bias. In Fig. 4.8
reverse-bias behavior is shown. These curves do not show evidence of MESFET

saturation current.

Bias Asymmetries

This section discusses the differences between the reverse- and forward-bias
curves for sample T573. A difference is observed because of an asymmetry in the
device. This asymmetry takes the form of a thick, lightly-doped region on the
back side of the double barrier. This region drops voltage in reverse bias, but is
accumulated in forward bias. Thus, NDR is expanded along the voltage axis in

reverse bias, much as in the DB/VFET. In forward bias, this expansion is not
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Figure 4.6: Two-terminal I-V data for sample T573. The extreme asymmetry is

due to the presence of a lightly-doped layer on the back side of the double barrier.

The peak-to-valley ratio is 5.6 in forward bias, and 5.7 in reverse bias.
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Figure 4.7: Forward-bias common-source I-V curves for T573, with V; as a param-

eter. As V, is made increasingly negative, the NDR peak-to-valley ratio decreases,

and NDR is eventually eliminated.
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observed. The shape of the curve differs from the DB/VFET, because the doping
in layer ‘c’ is higher and the layer is thinner than the channel of the DB/ VFE;.T.t
This sort of asyﬁmetry was seen in most of the DB/MESFET samples, but was
largest in T573, because of the temperature and time of growth for this layer. The
ability to tailor the asymmetry in the characteristics of the DB/MESFET might

be a useful device design parameter.

Linear Region NDR Placement

The forward-bias characteristic of sample T573 (see Fig. 4.7) is very nearly a
theoretically ideal DB/MESFET. For low gate biases, near zero drain voltage, the
dominant resistance is clearly the double barrier. For biases in excess of about 0.6
V, the resistance of the double barrier is greatly reduced, and the FET portion
of the device becomes the limiting resistance. It is not until the resistance of the
MESFET becomes comparable to the double barrier that significant shifts of the
NDR peak become apparent. For the illustrated case, significant shift of the NDR
is seen when V, exceeds —0.5 V. Note that NDR can be completely eliminated by
application of V; = —0.7 V. This could be relevant for switching applications. Via
etch depth control, these voltages are adjustable.

In a broader sense the forward-bias behavior of sample T573 is exemplary of
the behavior expected when the NDR lies in the linear region of the FET. This
sort of behavior was seen in several other samples, some of which can be found in
Section 4.7. These are the sort of samples for which mo&eling simulations might

be expected to be most successful.

¢t Doping is higher due to memory effects. See Chapter 3 for more information.
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Dominance of Double-Barrier Resistance

What happens when the resistance of the double barrier does not become neg-
ligible? This case is well illustrated by the reverse-bias behavior of sample T573.
These data are illustrated in Fig. 4.8 as well as Fig. 4.24. The lightly-doped re-
gion present in this sample results in a large double-barrier resistance over a wide
bias range. The behavior is qualitatively similar to that seen in the DB/VFET,
wherein NDR was not eliminated, but merely shifted along the voltage axis. Other

samples, such as T548, exhibit signs of this behavior as well.

4.5.3 Sample T640

Sample T640 is very different from T573. This device was grown in an at-
tempt to obtain higher current density operation. Higher currents were obtained
by changing the dimensions of the double barrier and altering the buffer layer
thickness. In fact, the top side buffer appears to play a dominant role in deter-
mining the current density. Also, the channel doping was increased. The resultant
device exhibits NDR with a peak current density of about 400 A/cm?. A two-
terminal (thick channel, floating gate) I-V curve for sample T640 is shown in
Fig. 4.9. NDR was observed in only one bias direction. The channel doping for
this sample was between 2 x 1017 cm™3 and 3 x 10" cm™3. The resultant device is
very sensitive to channel depth, because of the depletion length scale in the chan-
nel. No three-terminal effects were seen for channel depths greater than 3000A.
For devices having channel depths (‘a’ in Fig. 4.1) of 2500 A, I-V characteristics
are presented in Fig. 4.10. When the channel is thinned below 2000 A, significant
modulation of the NDR is observed. However, the resistance of the FET channel
is now larger than the negative resistance at all gate-bias levels. The resulting
 load-line effect results in hysteresis in the characteristic.[4] These results are il-

lustrated in Fig. 4.11. This bistability is interesting in that an operating point
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Figure 4.9: Two-terminal I-V behavior of sample T640. NDR was observed in

one bias direction only.
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Figure 4.10: 2500 A channel DB/MESFET characteristics for sample T640.

may be switched from one branch of the hysteresis to another, with voltage pulses
to the drain or the gate. To further illustrate this point, we present drain current

vs. gate bias plots, for a drain bias of 3.0 V. These results are shown in Fig. 4.12.

Load-Line Effects

For a 2500A channel, the resistance of the channel is not greater than the
magnitude of the negative resistance. The three-terminal effects are small, because
the channel is too thick. When the channel is thinned to less than 20004, the
effects become significant, and the NDR is replaced with a boxlike hysteresis region.

The effect can be understood by considering the distribution of bias across the

entire device. When a particular voltage is applied, it divides between the FET
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Figure 4.11: 2000A channel common-source reverse-bias I-V curves for sample
T640. Direction of bias sweep is indicated by arrows. The hysteresis observed is
due to series resistance addition. Vj is incremented in 0.4 V steps, and hysteresis

increases in extent as V; is made more negative.
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and the double-barrier region. More current passes through the device at the peak
of the NDR than at the valley. Consequently, the voltage across the channel of the
FET at the peak of the NDR is larger than it is at the valley of the NDR, where the
current is smaller. When the difference between these two voltages becomes larger
than the difference between the peak and valley voltages of the NDR, a bistability

develops. A condition for bistability can be written:
VEer + Vbs > Vier + Vs » (4.1)

where VEgr is the voltage across the FET portion of the device at the peak or
the valley, with similar quantities defined for the double barrier. Writing Vigy =

IP* Rppr leads to a simple expression for the critical resistance:
Rpgr = AVDB/AIP‘” = RNDR, (4.2)

where Rypg is the magnitude of the negative resistance. This expression simply
states that the resistance in series with the NDR must be less than the magnitude
of the NDR value, or else the NDR will not be seen. This effect has been seen in
tunnel diodes.[4]

Another way of looking at the same phenomena is to consider the load-line of
the FET channel on the two-terminal I-V curve of the double barrier. For a steep
load-line there is only one intersection of the load-line with the device characteris-
tic. When the load-line becomes sufficiently shallow (defined by Eq. 4.2), multiple
intersections with the load-line become possible. The particular state observed
depends upon the history of the device. When the load resistor and the NDR are
considered as a single device, the curves shown in Fig. 4.11 are obtained.

If the resistance of the channel could be decreased, this hysteresis might be
eliminated. The resistance of the channel can be expressed as pL/A, where p is
the resistivity of the material, L is the gate length, and A is the cross section.

By decreasing the gate length, the channel resistance can be decreased. We were
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therefore motivated to make 5um gate-length devices. These devices continued
to exhibit hysteresis. Preparations having increased gate periphery and decreased
gate length might succeed in eliminating the hysteresis, but it is probably easier
to grow a different sample with slightly lower channel doping.

This section describes what happens when the series resistance of the FET
channel impacts the NDR characteristic itself, effectively moving the NDR from
the linear region to the saturation region of the FET. The ability to control the

onset of bistability could be another useful device design parameter.

4.6 Simple Models

This section compares experiment to well-known theoretical models of the
MESFET. Four things are done. First, a series resistance addition is considered.
Then, a simple linear MESFET model is compared to T573 experimental results.
An experimental test of the theory was performed by combining the I-V curves
for separate preparations of the FET and the double barrier. Finally, velocity

saturation effects and a two-region model are described.

Linear Resistance

The first approximation to the DB/MESFET is a simple series combination
of the double barrier and a resistor. Sample T573 is well described in forward
bias by this simple model. A FORTRAN program that added a constant series
resistance to a two-terminal -V of T573 was written. The results of this program
are presented in Fig. 4.13. As can be seen, linear resistance addition is a good first-
order approximation to the actual experimental data (see Fig. 4.7). This model is

not successful for other samples. See, for example, Section 4.7.3.
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Figure 4.13: Linear-resistance addition model of DB/MESFET applied to sample
T573.

Simple Linear Model

The ‘long’ channel, or simple linear model, is a basic MESFET model.[2] It
is valid for cases in which the electron velocity in the channel of the MESFET is
not saturated. The model is generally used for devices with gate lengths greater
than a few microns. The 20um gates of our DB/MESFETs should fall into this
category.

Modeling was done for two samples, T573 and T640. A fair comparison can
be made by removing the double barrier from the sample by etching to layer ‘c’
in Fig. 4.1. Recessed-gate MESFETs were then fabricated as outlined previously.
A comparison between these devices and the simple linear model can be made. A
program to calculate MESFET characteristics was written, using the simple linear
model. The input parameters are the gate length, the gate width, the channel

depth and doping, and the mobility. Using experimentally measured values for
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these parameters, and assuming a mobility of 8000 cm?/(Vsec) at 77 K, MESFET
characteristics were calculated. The results are presented in Fig. 4.15 and can be
compared to the experimental results presented in Fig. 4.14.

The theoretical curve agrees with the experimental data to within a factor of
2. Adjustment of parameters such as mobility, gate depth and doping, and gate
width make it possible to match the data more precisely, but this is not the issue.
The point is that the simple linear model is capable of modeling the experimental
results adequately.

Combining the experimental FET-only data illustrated in Fig. 4.14 with a two-
terminal I-V curve for the double barrier should yield data consistent with the
experimental data for the complete DB/MESFET. These data are illustrated in
Fig. 4.16.

Sample T640 is very different from T573 in doping and channel depth. The
simple linear model was also applied to this sample for 5 um gate lengths. A
separate FET preparation was not done for this device. Thus, some discrepancy in
voltage might be expected due to the added resistance of the double-barrier region.
The saturated current for T640 in either bias direction at 300 K is between 30 and

40 mA, somewhat lower than that observed in the calculation.

Two-Region Model

A two-region model of the MESFET could also be applied.[2] This model
assumes that a saturated velocity region exists under the gate near the drain. The
model calculates the point at which the electric field is large enough to create
velocity saturation, and assumes constant velocity transport beyond that point.
The resultant curves show pinchoff at lower currents and lower voltages than in
the simple linear model. Calculations for both models, taken with identical input

parameters, illustrate the effect. Results are presented in Figs. 4.17 and 4.18.
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Figure 4.14: MESFET characteristics for a preparation of T573 in which the double
barrier has been removed. Data obtained at 77 and 300 K. Note the increase in
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decreasing temperature.
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Figure 4.16: Series combination of two-terminal NDR characteristic with FET

characteristics for T573.

Actual device behavior is more like the linear model than the two-region model in
form, but is more like the two-region model in current scale. It should be noted
that the behavior of GaAs MESFETSs can be more complicated than the two-region
model, due to the formation of a dipole layer underneath the gate.[5]

A scaling parameter z provides a measure of the importance of saturated ve-

locity effects:[2]

zZ =

2 (4.3)

where u is the mobility, V; is the pinchoff voltage, v, is the saturation velocity,
and L is the channel length. ‘z’ is just the ratio between the velocity predicted
by constant mobility (at the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>