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I. INTRODUCTION A

This research grant was aimed at exploring some new possibilities for

(818) 356-4849

electronic devices based on indium and later on antimony. Recently it has
been widely recognized that the future digital and high speed electronic
systems will have to exploit device technologies which are substantially
different from the current transistor technologies. It is widely held that in
the mid to early parts of the next decade the strategy of continuing to shrink
current transistor technologies to ever smaller dimensions will fail. At this
point new device concepts will have to take over to allow a continuation of

the electronics revolution that we have become addicted to.

In the military, it is particularly important to have high frequency
solid state sources. Some of the device concepts explored under this
program have led to the world's records in high frequency, high power solid

state sources.




The effort encompassed by this program included the development of
an indium and antimony MBE technology, the exploration of single barrier
tunnel devices, and the exploration and development of double barrier tunnel
devices in a material system which is now widely acclaimed as the optimum
for such structures. As with all research programs in universities, one of the
major outputs of the activity has been the training of students. Each of these

topics is covered in sections of the rest of this report.

II. MAJOR RESULTS
A.  Materials Development Program

As with all device technology programs, they are only as good as the
materials program that underlies them. When we started our In and Sb
program there was little information on MBE growth of In and Sb based
structures. While GaAs/AlAs MBE had arrived at a high level of
sophistication, little effort had been aimed at developing a materials growth
technology that would be appropriate for In and Sb. The first part of this
program was aimed at developing such a technology. Notably, we expended
a great deal of effort in attempting to learn to grow In and Sb based systems
on substrates other an InAs and GaAs. A substrate technology was
developed in which the widely available GaAs substrates were used as a
basis on which a superlattice of InAs/GaAs or GaSb/GaAse was grown. On
this structure a thick layer of either GaAs or InAs was then grown to provide
high quality material for the fabrication and devices on a relatively
inexpensive and widely available substrate. Some of the results of these

activities are reported in the paper in Appendix A-1.

B. Single Barrier Tunnel Devices




The work to date when we started this program had been on so-called
double barrier resonant tunneling devices. In these device structures, the
negative resistance phenomena is produced by moving the electron
distribution from the contact through the resonance produced in the well
between the double barriers. This device approach has a number of
disadvantages: notably the need for careful control of the well width and
possible frequency limitations due to the lifetime of the electrons in the
resonance in the well. Our group at Caltech invented a new tunncl device
based on a single barrier. For particular values of the band offsets, it was
predicted that negative resistance could be obtained from a single barrier.
The advantages of such device structures are that the negative resistance is
not controlled by a quantum well thickness and the lack of a resonance
should increase the frequency of operation. Under this program this device
concept was demonstrated in two material systems. The first was single
barrier structures based on HgTe/CdTe/HgTe device structures. In
Appendix A-2, we have included the paper reporting this first observation of

the negative resistance.

Efforts in our own laboratory resulted in the fabrication of a III-V
based single barrier negative resistance device. In the paper included in
Appendix A-3, we report the observation of negative resistance in single
barrier tunnel devices based on InAs/GaAlSb/InAs single barrier tunnel
devices. At the present time we hold the record for peak to valley current

ratios in these structures.

Finally, in the area of single barrier tunnel structures, we reported the

first observation of single barrier tunneling in a structure based on tunneling




from the conduction band of InAs through the valence band of GaSb. This
novel tunnel device works on a quite different principle than that for the
other two single barrier structures since its negative resistance is produced
by tunneling through a resonance produced in the GaSb valence band due to
the discontinuities in the band structure at the InAs/GaSb interface. This
device structure has the potential of producing much higher peak currents
than that observed in the single barrier negative resistance devices discussed
above. The results of this work are included in the paper attached in
Appendix A-4.

C. Indium and Antimony Based Double Barrier Negative Resistance
Devices

The traditional system of choice for double barrier negative resistance
devices has been GaAs/AlAs. While some investigators have improved the
performance of the standard device structure by the addition of In, our work
has pioneered the way to what is now widely regarded as the optimum
system for making double barrier negative resistance devices. Notably, InAs
is the material of choice for the two cladding layers. Indium arsenide has a
high electron mobility and easily makes a high quality ohmic contract for
electrons. When used in the cladding layer InAs can lead to extremely small
series resistance between the outside world and the negative resistance
device. Aluminum antimonide is a lattice match material with InAs.
Further, it has the property that the barrier for electrons is quite high and
pecularities of the band structure lead to the potential for small leakage
currents. In our laboratory we fabricated the first InAs/A1SbInAs/AISbInAs
double barrier structures. These structures indicated the largest peak to

valley ratios observed with very high peak current densities. The basic work




on these systems is included in the papers attached in Appendix A-4 and A-
5. Subsequent work on samples fabricated under this program were
investigated at Lincoln Laboratories for their high frequency capabilities. At
the present time these device structures hold the world's records for power
and frequency. Power levels as high as 90 W/cm? at 360GHz and
frequencies as high as 712 GHz have been measured. Projections indicate

that these device structures are capable of oscillating at 1.4 THz.

D. Students

One of the major results of any funding of university research
programs is the training of graduate students. With the funding provided by
this program a number of graduate students were trained, notably David H.
Chow and J. R. Soderstrom. These two students are now leading M} £
device authorities. David Chow is leading the effort at Hughes Research
Laboratories and exploring antinimides for infrared superlattices. Jan
Soderstrom is continuing his academic studies at Chalmers University where
he has transported the antinimide based technology developed at Caltech.
Also supported under this program were Michael K. Jackson, who has
received his Ph.D. and is currently a research fellow at the Ecole
Polytechnique in France. Two other students supported by the Air Force
during this time were Mark Phillips and Todd Rossi.

1. SUMMARY
This research program was very successful in its objectives to explore
indium and later antimony based ITI-V's for novel electronic device

phenomena. This program successfully developed a materials technology




and produced a number of device structures which potentially might find
applications in digital as well as high frequency applications.




Apendix A-1. MBE Growth of InAs/GaSb Epitaxial Layers and GaAs
Substrates. J. R. Soderstrom, D. H. Chow and T. C. McGill.
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MBE-GROWTH OF InAs AND GaSb EPITAXIAL LAYERS ON GaAs SUBSTRATES

J. R. Stdersadm®, D.H. Chow and T.C. McGill

T.J. Watson, Sr., Laberatory of Applied Physics, California Institute of Technology, Pasadena,
CA 91125

* On leave from: Chalmers University of Technology, Phys. Dept., S<12 96 Goteborg, Sweden

ABSTRACT

We have grown 2 number of InAs and GaSb bulk layers on CaAs substrates and studied the
properties of the semriconductor films as a function of the various growth parameters. Preliminary
results from GaSb growth are presented in addition to an extensive study of InAs growth. The
films were characterized during growth by RHEED. RHEED-oscillations were observed during
boih InAsand GaSb gmowths. Hail effect measurements yielded peak electron mobilites for InAs
of 18.900 em/Vs at 300 K and 35,000 cm?/Vs at 77 K. For GaSb the as grown layers were
found to be p-type with a carrier concentration of 9x101%cm'3 and a tole mobility of 910 cm?/Vs a1
300 K.

INTRODUCTION

The nearly lattice martched semiconductor materials InAs. GaSb and AlSb are promising
candidates for several interesung heterostructures. Many of the devices that have been made in the
GaAs/AlAs system also can be made with these materials. perhags with even berter performance.
For example InAs/AIStVInAS/AISb/InAs double barmier tunnel devices are expected to have higher
peak-to-valley current ratios and smaller series resistance!.”. Furthermore, InAs/AlGaSb
heterostructures can be used for novel devices such as single barrier tunnel structures? and
infrared superlattice desectors®. Thus the growths of high quality epimaxial InAs and GaSb films are
important material pretlems.

Molecular beam epitaxy (MBE) is a promising method for InAs-growth and has been used
in most previous stucies5-9, Since InAs substrates are expensive and of relatively poor quality
(high impurity concentration and disiocation dencities) GaAs is preferred as substrate material.
The lattice mismatch between the two materials (7.2%) makes epitaxy complicated since
dislocations develop afier the first few monolayers have been grown. To be able to grow material
with bulk-like properties (U=35000 cm?/Vs at 300 K) it is important to find a way of preventing
these dislocations from pencmatng all the way through the epitaxial film. An InGaAs/GaAs
superlartice in the GaAs(bulk)/InAs(bulk) interface has proven important for high quality filmsS.
In this study we have grown several InAs films on GaAs substrates with one or two superlattices
at the interface. Subszate temperatures and growth rates were varied and the samples were
investigated with Hail measurements at 293 K and 77 K. RHEED patterns were studied and
RHUEEL uscillations werr obuenved. X-ray measuicnicats for checking the crystal quality were
made on one of the samnpies.

The MBE growth of GaSb on GaAs has similarities to the InAs growth (7.8 % lattice
mismatch)!1.32, As in the case of InAs growth a superlattice at the GaAs(bulk)/GaSb(bulk)
interface should help to reduce the number of dislocations. We expect the interfaces to be less
abrupt since under growth conditions there is an excess anion flux and the switch from As to Sb
cannot occur instantaneously. Thus, a short period GaAs/GaSb superlattice at the interface is
difficult to achieve. The InGaAs/GaAs superlattice (the same as for InAs growth), on the other
hand, would serve the same purpose and is easier 1o grow since only the eroup III fluxes are
changed. The GaSb sammples were investgated with Hail measurcments at 5uv K. Dunng growth
the RHEED pattern was studied to find the optimum substrate temperature and S$5/Ga ratio. We
also observed RHEED oscillatons during the GaSb growth (the first reported).

In the next section we provide the details of the procedures used in growth. The results of
characterizations of the grown films are presented in the following secton. Finally we present our
major conclusions in the last section.

EXPERIMENTAL METHOD
The InAs and GaSb samples were grown in a Perkin-Elmer 430 MBE system. Subszate
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temperanires were measured both with & thermocouple touching the back of the molybdenum block
and a pytometer. The termperature readings were calibrated agatnst tie desorpion temperature of
the nauve oxide of GaAs (:90—(:00 C). The oxide desorpnon was observed by studying the
RHEED pauemn. We csur":ue he accuracy of our temperature measurements to =10°C. Unlike
most previous studies® 1112 we used an As-cracker and an Sb-cracker jor evaporating the group
V materials. This results in As. and Sb, dimers instead of the Asy and Sby tetramers that
evarorate {from elemental sourcas.

All samples consisted of 1 3000 A GaAs buifer layer, an InGaAs GaAs superiattice interface
laver and a thick InAs or GaSb laver. The GaAs butfer layer was grown at 600°C. Dunng a five
minute interrupt atter this .ayer, the substrate remperature was lowered 10 525°C, which was the
temperature dunng the sugeriattice growth. After this the temperature was ramped 0 S45°C for
GuSb growth and to the values listed :n table | for the InAs growth.

[n the InAs case, a 2 zm thick 3im was g:'own on top of the interizce laver. Two different
interface layers were used. Samples #118 to #122 had a five period ng -Gag 1As, GaAs (2 MIR2
ML) superlatice interface laver. Samries #1253, #1’6 and #132 had e same superiatiee plus an
adéitional five period InAsIng -Gay:As (100 A/ 6 A) superlartice grown directy arter the first.
Table I lists the growth parameters used Jor the InAs lavers. The two cifferent interface suctures
are labelled with "1 SL” or ™2 SL". indicating whether one or two superiztuces were used. Beam
tluxes were Kept the same for all sampies excert for sample #122 which was grown ar a lower
growth rate and had haif the In-flux compared to the oi..r sampies. The actuai .\s/In rato is
difficult to esumate as the measured Juxes d=pend on growth chamber geomerries. However, for
GaAs we were able 1o cali»rate the fluxes to the relatvely well known!® transition beoween the
Arsenic (2x4) and the Gallium (4x2) smbilized surface reconstruction. By comparing the InAs and
GaAs growth rates we estimarte our As~/1% ratio to be in the range 10 to 20 (sample #1232 twice as
much}.

Two GaSb films were grown on the same type of supcrl:mlcc interface layer as used for
some of the InAs samples tie. a five perod Ing 7Gan 3As/Gas , 2 ML2 ML) to accominodate the
strain in the interface. The superiamice was again grown at a substrate temperature of S25°C, The
first 500 A of GaSb growth was also grown at this temperature after which the temperature was
raised to 545°C. However, samp.c #1325 was used for RHEED-oscilladon experiments and the
substrate temperature was for a short tme ramped down to 450°C and then back to S45°C again,
as will be discussed later. The growth rate was 0.6 umh and the GaSb film thickness for the two
samples #155 and #159 were 1.5 um and 0.8 wm, respectively.

The RHEED-pattern was monitored for all samples using a RHEED gun working at 8 kV
high voltage and 1 mA emission current. RHEED oscillations were measured for both InAs and
CaSb using a home-built serup. Hail measurements were performed at 300 K and 77 K using the
convennonal Van der Pauw technigque with samples grown on semi-insulatng GaAs substrates.

Table !

The result of the Hall measwements ar 200 K and 77 K listed wogether with the growth
parameters used for each sample.The rotation for interface struczure is expiained in tke tea. The
swrjace reconstructions (2x4) and (4x2) corresponds to arsenic and indium stabilized surfaces
respectively. The notation “zransiton” indicates that the sample was grown in the transition region
between arsenic and indium stabilized growth.

300 K 77K
Sample Substrate Iwerfxce  Swixe  Growth Hh electron conc. Uh €1e.L0N Conc.
# emp. (°C)  swucture  reconsy.  rate (/) (emeVs) (1018 cm)  (emivs) (2018 cm3)
118 525-530 15L- 24 1.0 16600 45 28200 4.1
119 525-530 1SL x4 i0 18900 38 22000 34
120 490495 1SL x4 1.0 13300 4.6 14500 42
121 540-550 1SL 4x2 1.0 13200 1.1 35500 0.6
122 525-520 1SL 2x4 0.5 15200 34 22900 27
123 525-520 2SL x4 1.0 15300 3.0 24200 22
126 530-535 2SL  Transitem 1.0 13900 1.7 23600 1.0
132 535-540 28L 42 1.0 12000 1.6 35100 09
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RESULTS AND DISCUSSICN

=As Mohilines

The resuits of the Hall measurements are zresented in Table L The highest mobilives at 300
K (18900 cmi/Vs) and 77 K (35300 cm/Vs) were obtained for samples #1190 and #4121,
sespecuvely. Samples #2118 ard #1119 were zrown under identical condizens but gavc somewhat
terent results. Sample #1153 was e first sampie grown after the sysiem had been baked and
erefore had a higher backzround doping. The interface structure that seems to give the best result
s the single superlattice strucrure ("] SL”) as can be seen by comparing the results of samples
=119 and #123. which were stown under identical conditions except for the interface strucrure.
The additional long-period suzeriatcee in 4123 decreases the mobiliry ind:cating a degradaton of
crvstal quality.

The sutsmate :emperature and te surface reconstruction have a significant influence on the
mobiiities and carrier conceamatons.We observe that samples grown under As-stabiiized
conditions (i.¢. substrate temp.<S30°C) have a higher room temperature mobility than samples
Zown under otherwise simijar condmons but witn a In-stabilized surface {compare tor example
sample #119 with #121 and sarnple 2173 witn #122). We suspect the diTsrence o be due o the
‘..uger number of dislocations ia the lmcr case. On the other hand In-swahiized growths have a
~igher mobility at 77 K, where impunty scattering becomes dominant. We armbute this effactto a
lower background doping levei Sample #120 was crown at As-stabilized conditons bur at a fower
substrate ternperature resultng in a fairly high bacx zround doping and a lower room temrerature

mobility than sample #119. Sampie 4122 was grown at a lower growth rate and consequently
'ugher As/In ratio. This sarzple had a lower mobility than #119 even though the background
coping level was lower. This suggests that the excess arsenic resulits o elecincally inactve
impurnides that decreases the medility.

All samples grown at As-siabilized conditions had smooth miror-like surfaces with
morphology as seen Y under optical meruscope aimost as good as GaAs epmaxial layers. Samples
zrown under In-stabilized concitions had a rough. hazy surface. These rv:sx.lts are con'*adxc'ory o
most previous reports 1304 in which Asg teramers were used, and in agreement with Kalan et al. 3
who also used Asa The use of As» dimers appears to markedly change the optimum growth
concitions. The possibility o grow high guality crystals under As-rich concinons makes 1t easier to
reproduce the results since high gquaiity crvsials can be grown in a xmuch larger substrate
zmperature interval than in the case of In-rich growth.

inAs RHEED-raterns and -c<ci!atons

Figure | displays the RHEED-ranem along the [110] azimuth durng the growth of sample
2132, Fiﬂu.c 1a shows the panem oner to the superlattice growth recogmzzd as the weil known
GaAs 2-tcid pattern. In figure 1b the short period superlattice has Secn grown (5 periods
Ing ~Gan 1As/GaAs 2ML/ZML) pius rwo monoiayers of pure [nAs. The pattern is somewhat
spotty indicating that the growth s sot purely two-dimensional, with Bat islands of InGaAs
beginning to appear. Stull tus pattern is much better than that obtained when InAs is grown
directly on GaAs?. It is also interestag to note that even though the patiernis a bit spotty it is still
2-fold so that our surface reconsrucnon is the same throughout the growth After 1500 A of InAs-
growth the pattern looks as in figure ic which is a mce streaky 2-fold panem.

After £000 A of InAs-growth the growth was interrupted for about a minute and then
restarted while monitoring intensitv osciilations in the RHEED panem. The result of this
expenment is shown in figure 2. where a large number (~20) of RHEED-oscillanons can be seen.

InAs X-rav diffs

Sample #123 was inveszgated with X-ray crvstal diffraction. The InAs layer zave a peak at
28=19.3720.2" corresponding o a lamce constant of 6.08 £ +0.04 A. This 15 close 1o the bulk
lattice constani for InAs (6. Lo A) and indicates that the major part of the InAs epilayer is free-
standing. The haif-wicth of the InAs-peak is M(26)=0.09°, Since the x-ray data is averaging over
the enure film thickness it is likely that most of the broadening comes from the InAs close to the
GaAs substrate where the strain is large. Thus we expect that the quality of the top of the layer is
better than what the x-ray data shows.
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Figure 1.

RHEED-patterns in the {110] azimuth for
sample #132. Figure (a) is :aken just before
the growth of the InGaAsiGaAs SL und
shows the well known two-7old pattern of the
As-stabilized GaAs surface. After the growth
of the first SL (totally 40 monolayers of
InGaAs and GaAs) the partern becomes
somewhat sposty but is stil two-fold (b).
When the second superlattice and additionally
900 A of InAs has been grown (totally
~1500 A of InAs) the pattern again becomes
streaky, still two-fold, as can be seen in (c).

Figure 2. .
RHEED intensisy oscillations afier 5000 A of
InAs growth and a one minute growth
interrupt. About twenry oscillatons can be
seen. The growth rate as calculated from
these oscillations is 3.17 AUs.

Intensity (arb units)

————
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aS ilities and RHEED-oscillations

Sample #159 had a shiny surface and a surface morphology as seen under an optical
microscope almost as good as GaAs films. Sample #155 on the other hand had a somewhat hazy
surface and looked rough and tex:ured under the microscope. The reason for this difference is
probably due to the facs that sample#155 was used for RHEED-oscillztions experiment and the
temperature was for a short time ramped down to 450°C. Even though [ um of GaSb was grown
at 545°C following i:is experiment the surface did not recover. This can also be seen from the Hail
measurements where sarnple #159 has better mobility than sample #155. The mobilites and carrier
concentrations at 300 K are shown in Table II (no measurements at 77 K were made dve to
problems with the Hall setup). The background doping is p-type as observed in previous studies!0
with a hole concentraticn of 9x10!5 cm3 for sample #159. The hole mobility for this sample is as
high as 910 cm?/Vs which is among the best reported for MBE-grown materiall0. This should be
compared to bulk grown GaSb crystals which have hole mobilites of 1400 cm2/Vs.

Table Il
The mobilities and carrier concentration (holes) at 300 K for :he GaSh samples.

Sample # Hp (cm?/Vs) p (1016 cm3)
155 660 5.0
159 910 0.9

Figure 3 displays the RHEED-pattern along the [1 -1 0] azimuth during GaSb growth. We
can see a three-fold panern, which together with the observed one-fold pattemn in the [110]
direction (not shown), indicates that we have a (1x3) or ¢(2x6) surface reconstruction. Figure 4
shows the results of the RHEED-oscillation experiment. At 550°C (the substrate temperature we
consider as the best for GaSb growth), no oscillations could be seen. However, as the temperature
is lowered to 510°C some oscillations can be observed. At 450°C relatively intense oscillations are
seen. The fact that osciilations cannot be seen at 550°C but are observed at lower temperatures
indicates that at 550°C the growth occurs at step edges rather than by forming islands on the
surface as has been discassed in previous studies of GaAs growth!5. The surface mobility of the
atoms at 550°C is high enough for them to have time to move to a step edge before being
incorporated in the lattice. The combined RHEED oscillatdon and Hall measurement results
indicate that the existence of RHEED oscillations does not necessarily mean that a high quality film
is grown.

Figure 3.

The RHEED-pattern in the [1-10]
azimuth for sample #155. The three-
fold pantern is the image of the 1x3
surface reconstruction of the GaSb

surface.

e s Tt
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Figured. i ' ‘ T
RHEED intensity oscillarions during
GaSh growth (sample #155) after a —_ Pt
one minute growt™ iruerrupt. At 550°C
no oscillations can be seen. However,
as the temperature decreases, RHEED
oscillations start to appear. Thus at £
S550°C the crystal growth occwrs at step 2
edges while at the two lower § 17 N\ T
temperatures the GaSb molecules form x| -
two-dimensional islands on the surface 2 |
(which is the condifion under which ¢
RHEED oscillations can be observed).
W
l -3 10 5 20 -3 3o =

Time {seconds)

CONCLUSIONS

The results of the InAs growths indicate that for maximum room temperature mobility and
good surface morphology the crystal snould be grown under the 2x4 As-stabilized surface
reconstruction, as close 10 the transition region as possible (ie. with minimum excess arsemic to
maintain a As-stabilized surface). We have also observed inwase RHEED-oscillations during
InAs-growth which 1o our knowledge are the best ever repored!6.

In this study we find optimal GaSb crystal quality at substrate temperatures around 545°C,
while the best RHEED-oscillations are seen at much lower texperatures. To our knowledge this is
the first report of RHEED-oscillations during GaSb growth.
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Appendix A-2. Observation of Negative Differential Resistance for a Single
Barrier Heterostructure. D. H. Chow and T. C. McGill, I. K. Sue, J. P.
Forray and C. W. Nee.
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We report the first experimental observation of negative differential resistance (NDR) due to
electron tunneling in a single barrier heterostructure. The largest peak-to-valley current ratio
attained is slightly greater than 2:1. The single barrier structure studied here consists of a thin
CdTe layer sandwiched between two Hg,, -3 Cd, ;2 Te electrodes. In this particular material
system, NDR can only be achieved at low temperatures (7= 4.2 K) due to the dominance of
thermionic hole currents at high temperatures. The observation of NDR in this system
suggests that the low-temperature valence-band discontinuity at the HgTe-CdTe interface is
small (less than 100 mV). Room-temperature operation of single barrier NDR structures may

be possible in other semiconductor systems.

It has been proposed that a few specific semiconducting
materials may be suitable for fabricating single barrier heter-
ostructures which display negative differential resistances
(NDR’s) in their current-voltage (I-¥) characteristics.'
In these devices. a thin layer of one semiconductor forms a
quantum barrier between two thick cladding Iayers of an-
other semiconductor. Charge transport in such a structure is
achieved via tunneling of electrons in the cladding layers
through the quantum barrier. Therefore, it is reasonable to
suggest that these structures will have good high-speed prop-
erties. In fact, single barrier structures may have better high-
frequency response and are easier to fabricate than quantum
well (double barrier) devices, which produce NDR due to
resonant electron tunneling. A single barrier NDR hetero-
structure might have applications in high-frequency micro-
wave oscillators, amplifiers, and mixers. In this letter, we
report the first experimental realization of such a structure.

The device used in this study consisted of a thin CdTe
layer sandwiched between two Hg, ., Cd,,, Te electrodes,
doped n-type. The alloy Hg, _ . Cd, Te has been used as an
infrared (IR) detector material since the 1960s.* A great
deal of attention has been focused upon the high quality
layered growth of HgTe, CdTe, and Hg, _ ,Cd, Te, largely
due to the potential applications of the HgTe-CdTe superlat-
tice as an IR material.>® Recently, room temperature NDR
has been observed in the I-V curves of double barrier heter-
ostructures grown from HgTe and Hg, _,Cd,Te.'®!
Hg, -s Cd, ;, Teand CdTe were selected for the single barrier
heterostructure because their band alignments satisfy the re-
quirement for observing NDR.? Tunneling electrons which
originate in the Hg,, -, Cd,, ,, Te electrodes lie much closer in
energy to the valence-band edge in CdTe than to the conduc-
tion-band edge. Such a structure can produce NDR because
the electron tunneling probability is reduced as the valence-
band edge in the barrier is pushed to lower energies (away
from the electron energies) by an increasing applied voltage.
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This situation is depicted in Fig. 1, which is a calculated
energy-band diagram for the single barrier heterostructure
under an applied bias of 50 mV. The diagram was calculated
by solving Poisson’s equation self-consistently via the meth-
od of Bonnefoi et al."?

In addition to the appropriate band alignments, there
are several conditions which must be satisfied in order to
observe NDR from a single barrier heterostructure. The
most important of these is that the total current must be
dominated by elastic electron tunneling. This is not the case
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FIG. 1. Calculated band diagram for the Hgqy+CdgnTe-CdTe-
Hg, 73 Cdy 5, Te single barrier heterostructure, under an applied voltage of
50 mV. The upper (lower) solid line represents the conduction- (valence-)
band edge as a function of distance in the direction of growth. The dashed
line represents the Fermi energy in each of the electrodes, which are doped n
type at 3.6X 10'® cm ™ *. The CdTe barrier is 170 A thick. The CdTe va-

lence-band edge is pushed away from tunneling electron energies as the ap-
plied voltage is increased.
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at high temperatures for the Hg,-; Cd, ., Te-CdTe hetero-
structure studied here, because of thermionic hole currents
across the CdTe layer."® It is important to note that ther-
mionic hole emission is not prohibited by the n-type doping
of the electrades, because the band gap in the electrodes is
very small ( <200 meV). All measurements reported here
are taken at low temperature (4.2 K) to eliminate these ther-
mionic currents. Another condition which is necessary for
obtaining NDRis thatareasonably large fraction of the total
applied voltage must be dropped across the barrier, instead
of across the cladding layers. For example, the band diagram
in Fig. 1 depicts a situation in which roughly 40<% of the total
bias appears across the CdTe layer. The remainder of the
voltage is lost in creating depletion and accumularion re-
gions in the electrodes. The theoretical calculations for this
device discussed in Ref. 3 do not include this effect. /-¥ sim-
ulations which incorporate band bending have been devel-
oped recently.'* These simulations indicate that peak-to-val-
ley current ratios can be expected to be drastically reduced
by voltage drops in the electrodes. The structure depicted in
Fig. 1 is predicted to have a maximum peak-to-vailey cur-
rent ratio of 3:1, depending upon the valence-band offset at
the HgTe-CdTe interface. A larger barrier voltage drop can
be obtained by increasing the thickness of the CdTe layer.'?
However, this reduces the overall elastic tunneling current
through the structure, making it more likely that other
transport mechanisms, such as inelastic or impurity-assisted
tunneling, will dominate. Calculations indicate that the
quantum barrier must drop at least 25% (roughly) of the
total voltage in order to observe NDR.

The sample studied here was grown by molecular beam
epitaxy (MBE) on a GaAs substrate in a Riber 2300 system.
The Hg, -, Cd .. Te electrodes were doped n-type with In, to
a carrier concentration of 3.6 10'® ¢m~ 3. The top (bot-
tom) electrode was grown 0.5 (3.0) um thick. Growth of the
bottom electrode was preceded by a 2.5-um CdTe buffer
layer. Transmission electron microscopy (TEM) yielded
measurements of the CdTe barrier thickness ranging from
17010 240 A. A detailed description of the procedure used to
prepare the sample for electrical measurements will be given
elsewhere.!” Mesas were fabricated in the sample by wet
etching with Br, :HBr:H, O in a 0.005:1:3 ratio. Au was used
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FIG. 2. Reverse bias /- ¥ curve ( negative voltage on the top electrode) taken
at 4.2 K. The curve displays negative differential resistance over the voltage
range 109-139 mV. The peak-to-valley current ratio is slightly zreater than
21
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to make ohmic contacts to both the tops of the mesas and the
etched Hg, 55 Cd, -, Te surface, forming a set of isolated two
terminal devices. In order to make electrical measurements
at liquid helium temperatures, it was necessary to attach thin
{20 um) Au wires to the devices. This was accomplished by
using a conductive epoxy which could be cured at room tem-
perature (Acme, E-Solder No. 3021). The bonding tech-
nique was both tedious and time consuming, and resulted in
bonds which were not particularly resilient at low tempera-
tures. Consequently, only a few devices have been studied.

Figure 2 is an experimental -V curve, taken in reverse
bias (negative voltage on the top electrode) from a 37-um-
diam device at 4.2 K. The curve displays negative differen-
tial resistance, with a peak current density of 0.51 mA/cm?
at 109 mV. The peak-to-valley current ratio is slightly
greater than 2:1, in reasonable agreement with the previous-
ly discussed simulations. However, the calculations also in-
dicate that NDR should be displayed over the voltage range
20-100 mV (roughly), in contrast to the 109139 mV range
observed in Fig. 2. The forward bias ( positive voltage on the
top electrode) J-¥ curve from this device is shown in Fig. 3.
The curve displays two distinct NDR regions, with peak
current densities of 0.010 mA/cm® at 57 mV and 0.039
mA/cm’ at 109 mV. This bimodal characteristic is not pre-
dicted by our straightforward electron tunneling model. It is
possible that nonuniformity in the portion of the sample cov-
ered by this device is responsible for the observed behavior.
Another possible explanation is the presence of interface
states at energies which lie within the Hg, -, Cd, .. Te band
gap. Other devices tested at 4.2 K gave a variety of results.
One device showed forward bias NDR at approximately the
same position as the lower voltage region in Fig. 3, with a
peak-to-valley current ratio of 1.4:1. This device also dis-
played inflections (d?] /dV * changed from positive to nega-
tive) at approximately the same voltages as the second peak
in Fig. 3 and the peak in Fig. 2. Two other devices showed
inflections in both bias directions, but did not have NDR.
Finally, three devices did not display any inflections or
NDR. The variations in the I-V behavior of different devices
may have been caused by nonuniformity in the sample or by..
the poor resiliency of the conductive epoxy bonds at low
temperatures.

The asymmetry between the forward and reverse bias /-
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FIG. 3. Forward bic. I- ¥ curve (positive voltage on the top electrode) tak-
en at 4.2 K. Two distinct NDR regions are observed. The lower (higher)
bias region has a peak-to-valley current ratio of 1.8:1 (1.3:1).
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V curves from the single barrier heterostructurz at 4.2 K
may be caused by an asymmetry between the interfaces on
either side of the Cd Tz barrier. Figure 4 is a high-resolution
TEM photograph of tke active region of the samrle. A twin
boundary is seen at the interface between the top
Hg, -3 Cd, .- Te electroce and the CdTe barrier. In contrast,
the interface between the barrier and tke bottom
Hg, ;s Cd, ., Te layer stows no evidence of twinning. The
two types of interfaces are similar to the type .4 and B orien-
tations which have besn observed for NiSi, on Si.** In both
cases, the { 111] growth direction gives rise to the two possi-
ble orientations. The NiSi, :Si barrier height was shown to
vary by greater than 100 mV, depending upon wiich type of
interface was grown.'*** However, no evidence of asymme-
tric barrier heights was found in high-temperature I-¥ stud-
ies of the heterostructure discussed here."?

In this letter, we have reported the first experimental
observation of negative differential resistance frcm a single
barrier heterostructure. Because of the choice of
Hg, s Cd,,; Te and CdTe as materials for this study, ther-
mionic hole currents prevented the observation of electron
tunneling effects at room temperature. /-V measurements at
4.2 K showed NDR in scme devices, but not in others. The
variety of results obtained from different devices may be due
to nonuniformity in the sample, or to the unreliability of the
low-temperature bonding technique used. It should be noted
that the observation of NDR implies that the valence-band
offset at the HgTe-CdTe interface is small (less than 100
mV) at 4.2 K. Single barrier NDR devices may have high-
speed applications, but it seems likely that room-tempera-
ture operation will be highly desirable. In this respect, it may
be advantageous to try fabricating these devices with materi-
als which do not have large thermionic currents at room
temperature. One notable example is the InAs-GaSb (or
perhaps InGaAs-GaAsSb) system.' It is also possible that
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FIG. 4. High-resolution TEM photograph of
the active region of the sampie. A twin bound-
ary is seen at the interface between the top
Hg, 73 Cd, 5, Te electrode and the CdTe bar-
rier layer.
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heterostructures grown from combinations of 111-V and 1I-
V1 semiconductors will be achievable, creating a number of
systems which have the appropriate band alignment proper-
ties.
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Appendix A-3. Demonstration of Large Peak to Valley Current Ratios in
InAs/AlGaSb/InAs Single Barrier Heterostructures. J. R. Soderstrom, D. H.
Chow and T. C. McGill.
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Demonstration of large peak-to-valley current ratios in InAs/AlGaSb/InAs
single-barrier heterostructures

J. R. Soderstrdm,® D. H. Chow, and T. C. McGill
T. J. Watson. Sr.. Laboratory of Applied Physics, California Institute of Technology, Pasadena,
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We report larze peak-to-valley current ratios in InAs/Al, Ga, _, Sb/InAs single-barrier tunnel
structures. The mechanism for single-barrier negative differential resistance (NDR) has been
proposed and demonstrated recently. A peak-to-valley current ratio of 3.4 (1.2) at 77 K (295

K), which is substantially larger than what has been previously reported, was observed in a
200-A-thick Al ,, Gag ss Sb barrier. A comparison with a calculated current-voitage curve
yields good agreement in terms of peak current and the slope of the NDR region. The single-
barrier structure is a candidate for high-speed devices because of expected short tunneling

times and a wide NDR region.

Double-barrier tunnel devices with negative differential
resistance (NDR) have been the subject of great interest for
several years.'> New devices such as field-effect transistors
with NDR,? the Stark effect transistor,** the resonant hot-
electron transistor,® and devices for multiple level logic’ are
based on the double-barrier structure. High-speed devices
such as oscillators and detectors for the THz range have also
been made.’ These devices are all based on the NDR in the
current-voltage (/-V) characteristic of the tunnel structure.

Recently we proposed a new tunnel device in which
NDR occurs in a single-barrier structure.'™'' The NDR in
this structure occurs because of the alignment of the bandsin
the barrier and contact layers and has a completely different
origin than in the double-barrier case. A number of material
systems have the required band structures and offsets to dis-
play this effect, including HgCdTe/CdTe, InAs/AlGaSb,
and perhaps InAs/ZaTe.

Single-barrier structures are interesting for devices for
several reasons. In double barrier structures the electrons
tunnel through a quantum state with a width that will gov-

ern the tunneling time. In single barrier structures the elec-.

trons are not captured in such a quantum state which could
yield faster tunneling times (good for high-speed opera-
tions). The NDR region is predicted to be much wideron the
voltage scale than in the case of double barriers. This is of
importance for high-frequency oscillators where the output
power is governed by the product A/ X AV, where Aland AV
are the width of the NDR region on the current and voltage
scale, respectively.

The single-barrier NDR has experimentaily been dem-
onstrated by a few groups. The first observation was madein

1987 by Chow ez al. in a single-barrier HgCdTe heterostruc-

ture.'? In 1988 Munekata et al. observed NDR in an InAs/
Aly, Gag . Sb/InAs (200 A barrier) structure.' A peak-to-
valley current ratio (P/V ratio) of ~ 1.1 was obtained at 77
K. Recently Beresford er al. reported room-temperature
NDR in an InAs/AL ;Ga, s Sb/InAs (150 A barrier) struc-
ture."

In this study we have investigated NDR in InAs/

*On leave from Chalmers University of Technology, Department of Phys-
ics, $412 96 Goteborg, Sweden.
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Al,Ga, _,Sb/InAs single-barrier structures with 200-A-
thick barriers. P/V ratios as high as 1.2 and 3.4 at room
temperature and 77 K, respectively, have besn observed for
an aluminum concentration 0f 42%. The 77 K valueof 3.4 is
substantially larger than what has previously been reported
for any single-barrier structure. We also report a wide NDR
region ( ~ 140 meV). Six single-barrier samples were grown
with aluminum concentrations in the barrier ranging from
38% to 48%. Four of the samples yielded NDR. We have
compared our results to a simple theoretical calculation.

A qualitative understanding of the single-barrier NDR
can be obtained by considering the positions of the conduc-
tion- and valence-band edges under applied bias as shown in
Fig. 1. From the Wentzel-Kramers-Brillouin approxima-
tion theory we know that an electron traveling in the z direc-
tion has a probability of tunneling through the barrier given
by the transmission coefficient

T« exp( -2 f K a'z),
0

where K is the imaginary wave vector (or the decay
constant) in the band gap of the barrier and w is the thick-
ness of the barrier. X can be obtained from a two-band mod-
el, k-p theory calculation.'® The important thing about the ™
two-band model is that it accounts for the reduction of the
decay constant for energies closer to the valence band, re-

electron/
energy

‘—‘—"J 0
Imaginary
K-vector

FIG. 1. Band-edge diagram (I point) for the single-barrier structure under
applied bias. The imaginary wave vector in the barrier layer is plotted as
function of the electron energy. NDR occurs due to the enhanced tunneling
probability for electrons close to the valence band of the barner layer.
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sulting in a maximum of K at (or close to) midgap of the
barrier layer as shown in the left-hand side of Fig. 1. The
requirement for getting NDR in a single-barrier structure is
that the tunneling electrons (at low voltages) are injected
close to the valence band of the barrier layer where the decay
constant is small. As the voltage increases the electrons tun-
nel at higher average energies in the barrier, resulting in larg-
er K, smaller transmission coefficient and hence a lower cur-
rent. It should be emphasized that this effect can be seen only
in single-barrier structures where the electrons tunnel below
midgap (or below the maximum of the imaginary wave vec-

tor) of the barrier. This explains why GaAs/AlGaAs single-

barrier structures do not display this effect.-

The samples were grown in a Perkin—-Elmer 430 molec-
ular beam epitaxy (MBE) system. An As cracker and an Sb
cracker were used to produce dimers instead of tetramers in
the molecular beams. Details of bulk growth parameters for
InAs and GaSb can be found elsewhere.'® Calibrations of
growth rates and x values were done with reflection high-
energy electron diffraction (RHEED) oscillations and bulk
film thickness measurements.

The single-barrier structures were grown on
GaAs (100) substrates. Due to the large lattice mismatch
(7.2%) between the substrate and the epilayer, a thick buﬁo'-
er layer was grown. The buffer layer consisted of 5000 A
GaAs grown at 600 °C, a five-period Ing , Ga, 3 As/GaAs (2
monolayers/2 monolayers) superlattice grown at 500-
520°C, and 1.5 gm InAs (heavily Si doped) grown at
500 °C. The superlattice at the GaAs/InAs interface reduces
the number of strain-induced dislocations which penetrate
into the InAs layer.'®'” The single-barrier structures were
grown at 500 °C on top of the buffer layers. Each structure
consisted of a 200 A undoped Al Ga,_,Sb
(38%<x<48%) barrier sandwiched between 100 A un-
doped InAs spacer layers and 500 A lightly doped

(n = 2% 10" cm™?) InAs spacer layers. The two-step spac-
er layer technique is used to reduce the number of Si donors
in the barrier region and has previously been used for dou-
ble-barrier structures.”® Finally a 2500-A-thick heavily
doped (n =2X 10" cm ) InAs cap layer was grown.

Mesa structures with varying areas (down to 100 um?)
were prepared using standard photolithography and liftoff
techniques. The evaporated Au/Ge contacts served as
masks during etching in H,SO,:H,0,:H,O (1:8:80) for 90s,
which resulted in ~0.7 um high mesas. Au/Ge deposited on
the etched InAs buffer layer was used as the back contact.
No annealing was necessary since Au/Ge forms an ohmic
contact to InAs. The mesas were probed with a thin gold
wire to establish electrical contact to the devices.

Figure 2 shows an experimentally obtained current den-
sity versus voltage (J-V) characteristic for a single-barrier
structure with a 200-3-thick Aly 4, Gay <4 Sb barrier. NDR
can be seen at room temperature and 77 K for both positive
and negative bias. The remainder of the discussion focuses
on the reverse bias peak (i.e., electrons injected from the top
mesa contact) since it gave the best result. The P/V ratios
are as high as 1.2 and 3.4 at room temperature and 77 K,
respectively. The 77 K value is the largest P /¥ ratio ever
reported for single-barrier structures. The peak current den-
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FIG. 2. Experimental J-¥ characteristic at (a) room :emperature and (b)
77 K for a 200-A-thick Al ;; Ga., ;4 Sb single-barrier enclosed by InAs. The
devicesizeis 10°< 10um”. The P/ Vratios (in reverse bias) areashighas 1.2
and 3.4 at 295 and 77 K. respectively.

sities are 30 A/cm" at 295 K and 22 A/cm® at 77 K. The
width of the NDR region at 77 K is about 140 mV.

Figure 3 shows the calculated J-V curve for the same
structure. Details of the calculations have been reported ear-
lier.'" A peak at ~ 15 mV followed by a wide region of NDR
can be seen. The peak current density is ~20 A/cm® which
is only slightly smaller than the measured value. The mea-
sured peak voltage is about twice as large as the calculated
peak voltage which could be atrributed to series resistance in
the circuit which has not been accounted for in the calcula-
tion. The slope of the NDR region is about 200 0~ ' cm~?
which is close to the 350 2! cm ™ value that was obtained
from the theoretical curve.

Obviously the calculated and experimental curves are in
good agreement in several respects. This is in contrast to
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previous studies. The computer program does not account
for any other current iransport mechanism than elastic tun-
neling of electrons. We will briefly discuss possible addi-
tional curre * transpor: mechanisms that could account for
the measured excess vailey current. Since the barrier in the
conduction band is hiza (1.3 eV), thermionic currents over
the barrier will only give a small current contribution at low
voltages. However, at higher voltages the potential drop
over the undoped layer on the emitter side will result in elec-
trons being ballistically injected close to or above the top of
the barrier, producing a larger current. In the valence band,
thermally excited holes are present (due to the small band
gap of InAs) which do not experience any barrier and give
rise to a hole current. Furthermore, electrons occupying va-
lence-band states will siart to tunnel over to states in the
conduction band when the voitage over the barrier aligns the
energy of these states. Other possible current mechanisms
include inelastic tunneling processes and currents on the
mesa surface. The caicuiated J- ¥ curve indicates that much
better P/ ratios can be obtained if the excess currents can
be reduced. We are presently working to achieve this goal.

NDR was observed in three more samples with the alu-
minum concentraticns ~f 44, 40, and 38%. P /¥ ratios in
these samples were smaller than 1.5. At an aluminum con-
centration of 38¢% the single-barrier structure may be semi-
metallic according to reported values of band gaps and off-
sets.’®2! The fact that NDR is observed anyway can be
explained either by an error in the growth rate calibration or
by error in the band ofisets. Even if the calibraticn and the
offset values are correct we might still be able to explain the
NDR due to the fact that when a bias is applied to the semi-
metallic structure the barrier region gets skewed and the
valence-band state of the barrier layer gets quantized. These
states will no longer extend out in the InAs conduction band
and the incoming electrons will experience a barrier exactly
as in the case of higher x values.

The samples with 44 and 46% aluminum concentra-
tion have some interesting features. The 46% sample shows
no NDR at any temperature. However, a room-temperature
inflection in the J-V curve can clearly be seen. This inflection
disappears as the temperature is lowered, and at 77 K the
curve is exponential as in the case of thermionic emission
currents over a barrier. We attribute this effect to an increase
in the energy difference between the conduction band of the
contact layer and the valence band of the barrier (due to the
increase of the InAs and AlGaSb band gaps). Thus, the tun-
neling probability is reduced at 77 K. The same argument
holds for the behavior of the 449 sample in which no NDR
isobserved at 77 K. As the temperature is increased to ~ 180
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K a NDR region with a ratio P/V of 1.1 appears. As the
temperature is increased even further, the NDR disappears
due to thermionic currents.

To summarize, we have observed NDR in InAs/
AlGaSb/InAs single-barrier structures with substantially
larger P/ V ratios than previously reported. The measured J-
Vcurveisin close agreement with the theoretically obtained
curve in terms of peak current density, peak voltage, and the
slope of the NDR region. The result of the calculation also
shows that much larger P/V ratios can be obtained if the
excess currents can be controlled. Other experiments to ex-
amine the physics of these structures are in progress.

We acknowledge the support of the Air Force Office of
Scientific Research under grant No. 86-0306. Two of us
(JRS and DHC) are thankful for financial support from the
Sweden-America Foundation and TRW, respectively.
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Appendix A-4. Observation of Negative Differential Resistance in Broken
Gap Interband Tunnel Structures. D. A. Collins, D. H. Chow and T. C.
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We report the experimental observation of negative differential resis-
tance (NDR) in an InAs/GaSb/InAs heterostructure. The NDR is read-
ily observable at room temperature with peak-to-valley current ratios of
~1.6-2 and peak current densities greater than 10* A/cm?. These mate-
rials have type II staggered band alignments, hence the electrons do not
tunnel through a classically forbidden region as they traverse the device.
The resonance giving rise to the NDR is due solely to the coupling of
conduction band states and valence band states in adjacent layers of the
device. This unique feature raises the possibility of high-speed switching

or high-frequency oscillator circuits.




Recently, there has been a great deal of investigation into heterostructures in which
coupling of conduction band states in one material with valence band states in an adjacent
layer of another material is crucial to the performance of the device. In 1977 Sai-Halasz
et al.! proposed that negative differential resistance (NDR) could be realized for single
barrier structures if the conduction band edge in the emitter electrode is close to valence
band edge in the barrier material. They reasoned that if the coupling between conduc-
tion band states in the emitter and valence band states in the barrier material was large
enough then there would be an enhancement of the tunneling current for electrons tunnel-
ing near the valence band edge of the barrier material. As the bias across the structure
is increased the electrons impinge on the barrier at energies farther from the barrier ma-
terial’s valence band edge and as a result, the interaction between the conduction band
states and valence band states in the adjacent layers will decrease giving rise to NDR.
Such single barrier structures in which NDR is due to the coupling of conduction band
states in one material with valence band states in an adjacent layer of another material
have been demonstrated in two material syst.ems: HgCdTe/CdTe? and AlGaSb/InAs.3:45
More recentiy, resonant devices in which conduction band electrons tunnel into quasibound
valence band states of neighboring materials have been proposed® and demonstrated?:3 in
InAs/AlSb/GaSb/AlSb/InAs heterostructures. These devices in particular demonstrate

that strong coupling can exist between valence band and conduction band states.

In this letter we report NDR from a recently proposed broken-gap resonant interband
tunneling (BRIT) structure.® The' two structures grown consisted of thin, undoped GaSbh
layers sandwiched between heavily doped InAs cladding layers. The central layers were 150
A and 300 A thick (with an uncertainty in the GaSb layer thickness of ~2%.) Both BRITs
showed NDR at room temperature with peak-te-valicy current (PVC) ratios ranging from

1.6:1 to 2:1 and peak current densities greater than 10* A/cm? in both devices.

Fig. 1 shows the band edge diagram for the structure along the growth direction. This

diagram can be misleading in that it implies that it is possible to have ohmic conduction
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of electrons originating in the InAs cladding layer across the GaSb layer as long as the
electron’s energy is less than that of the valence band edge of GaSb. However, because
the electronic wavefunctions in the InAs conduction band and the GaSb valence band are
very different the charge carriers are partially confined in the GaSb. These quasibound
states in the GaSb valence band give rise to resonances in the transmission probability as

a function of the electron energy and hence NDR.

A layer &agam of the structures is given in Fig. 2. The samples studied were grown
on GaAs/[l,Oﬁ];/sibstrates in a Perkin-Elmer 430 molecular beam epitaxy system. A buffer
layer of 1500 A of GaAs was grown on the substrate at 600 °C in order to smooth the
growth surface. The growth temperature was then lowered to 520 °C and a five period
inGaAs/GaAs superlattice with 2 monolayer thick layers was grown in order to reduce the
number of threading dislocations in the IaAs buffer layer caused by the lattice mismatch
between the two materials.!®1! The substrate temperature was then lowered to 480 °C and
held at this value for the rest of the growth. The growth rates for the InAs and GaSb were
1.0 pum/hr and 0.5 prB/hr, respectively. The InAs was heavily Si-doped n-type. Undoped
spacer layers EOIK"il.Jick were grown on both sides of the GaSb layer in order to inhibit
the diffusion of silicon into the undoped well region. Device mesas (with a surface area of

10°° Cn12~).\wg_;e fabricated using photolithography and a wet etch. The etch was stopped

in the InAs layer éIdSéSt\LQ the substrate and two Au wires were used to probe the mesas

—~
~

-~

at 300 K. _ o
o ~

Representativell\-}z:urves taken at 3m,‘ﬁhe two structures are shown in Fig. 3
and Fig. 4 for the devices witwO/K and _SOO‘XC aSb\w&,\rcspectively. The peak current
densities in forward bias are (2.65+.18)x10* A/cm? and (1.0(5‘\&.08):(104 A /cm? for the 150
A and/&OO’A/Ga.Sb wells, respectively. The above values for the peak current density are
the mean and standard deviation for 25 randomly chosen devices. These current densities

are comparable to those obtained for AlGaAs/GaAs and AlGaSb/InAs heterostructures,

hence they hold promise for use in applications that require large current densities such as
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high-frequency oscillators.

We should note that there is an unpublished report of NDR in a BRIT structure
grown by atmospheric MOCVD.12 In this letter we conclusively demonstrate that large
peak current densities and reasonable PVC ratios can be obtained from BRIT’s at room
temperature.

In summary we have demonstrated a broken-gap resonant interband tunneling device.
Unlike conventional tunneling devices that show NDR, the charge carriers in BRIT de-
vices do not tunnel through any classically forbidden regions hence, the cbserved NDR is
due to the imperfect overlap of the InAs conduction band wavefunctions and the GaSb
conduction band wavefunctions. The structures show NDR at room temperature with
current densities greater than 10* A/cm?. These current densities are comparable to those
reported in AlGaAs/GaAs double barrier tunneling diodes. Further, a recent calculation®
has estimated that the intrinsic lifetime of the quasi-bound state for a similar structure to
be 50 fs which suggests that BRIT structures could be useful in high-frequency oscillator
and high-speed switching circuits. .

The authors would like to thank J.R. Séderstrom, M.K. Jackson, E.T. Yu, Y. Ra-
jakarunanayake, D.Z.-Y. Ting and M. Hudson for helpful discussions. This work was
supported by the Office of Naval Research under contract No. N00014-89-J-1141 and by
the Air Force Office of Scientific Research under contract No. AFOSR-86-0306.
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FIG. 1.

FI1G. 2.

FI1G. 3.

FIG. 4.

FIGURE CAPTIONS

Band edge diagram for the structures grown.

Layer diagram for the structures grown. The layer thicknesses are not drawn
to scale.
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I-V curves for the device with a./150 A"/G’;a,Sb well taken at 300 K.
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I-V curves for the device with a §00*A}éa5b well taken at 300 K.
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Appendix A-5. Observation of Large Peak to Valley Current Ratios and
Large Peak Current Densities in AlSb/InAs/AlSb Double Barrier Tunnel
Structures. J. R. Soderstrom, D. H. Chow and T. C. McGill.




Observation of large peak-to-valley current ratios and large peak current
densities in AlSb/InAs/AISb double-barrier tunnel structures

J. R. Sdderstrém,® D. H. Chow, and T.C. McGill
T. J. Watson, Sr., Laboratory of Apphed Physics, California Institute of Technology,
" -Pasadena, California 91125 -

(Received 1 May 1989; accepted for publication 1 August 1989)

We report improved peak-to-valley current ratios and peak current densities in InAs/AlSb

~ double-barrier, negative differential resistance tunnel structures. Our peak-to-valley current
ratios are 2.9 at room temperature and 10 at liquid-nitrogen temperatures. Furthermore, we
have observed peak current densities of 1.7X 10° A/cm?. These figures of merit are
substantially better than previously reported values. The improvements are obtained by addmg
spacer layers near the barriers, thinner well reg;ons, and thinner barriers. . L - "

( TR
Double-barrier tunnel devices have been a subject of estmg device physics, and the possxblhty of makmg hlgh-
great interest for several years.'” These device structures  speed and high-density devices. To date most of the effort
offer the possibility of making new devices, exploring inter-  has been concentrated on heterostructures based on GaAs/
' : GaAlAs."”? This heterojunction system suffers from three
* Previous address: Chalmers University of Technology, S-41296 Gote. ~ major problems. First, difficulty in making ohmic contacts
borg, Sweden. to n-type GaAs causes a substantial series resistance in the
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circuit, limiting the performance of the device. Second, smail
barriers for electrons in this heterojunction system lead to
substantial contributions to the room-temperature current
from thermally excited carriers. This current substantially
reduces the peak-to-vailey (P/V) current ratio observed in
GaAs/AlGaAs double-barrier structures. Finally, it is diffi-
cult to obtain the high current densities that are necessary to
obtain high powers from these device structures. There has
been some work on InGaAs/AlAs heterostructures which
addresses these problems with good results.** However, the
lattice mismatch in these structures makes them difficult to
fabricate.

To fix these difficulties, we have proposed the use of
double barrier structures consisting of InAs/ZnTe/InAs/
ZnTe/InAs.® This nearly lattice-matched hetercjunction
system has a number of advantages. First, it is very easy to
make n-type, low-resistance ohmic contacts to the InAs.
Second, the InAs has a high electron mobility and. conse-
quently, can carry large currents through the requisite clad-
ding layers. Finally, the conduction-band offset between
InAs and ZnTe is estimated to be about 1.6 eV. This is in
contrast to the conduction-band offset of roughly 1 eV for T
point to I point GaAs/AlAs and roughly 0.2 eV for the I’
point to X point barrier in GaAs/AlAs. We projected that
this structure would have substantially higher peak-to-val-
ley current ratios at room temperature and would not suffer
from some of the difficulties associated with transport
through the ohmic contacts and cladding layers.

A 11I-V alternative in these attempts to improve perfor-
mance is the near lattice-matched InAs/AlSb structure.’
This structure has the same advantages as the ZnTe/InAs
structure with low series resistance and high mobility. The
I'-point conduction-band offset is 1.8 eV; the X point is 1.2
eV. Experimentally, negative differential resistance has been
observed in this structure by Lou, Beresford, and Wang.’
They reported P/V ratios of 1.8 at room temperature and 9
at 77 K fora 168-A InAs quantum well sandwiched between
25-A AISb barriers. They further point out that the small
effective mass of InAs makes it possible to have thicker InAs
layers and still provide substantial separation berween sub-
bands. This additional width of the quantum well should
facilitate three-terminal device fabrication.3-'°

In this communication we report results of a study of
these new III-V double-barrier structures. In particular, by
applying spacer techniques'' and working with thinner bar-
riers we have substantiaily improved the performance of the
devices. The reason for having undoped spacer layers is the
reduction of Si donors that diffuse into the barrier region
during growth.!! This reduces the impurity scattering result-
ing in a lower valley current. The potential drop in the un-
doped spacer layers also causes the peak to move to higher
voltages compared to a sample with no spacer layers. We
have increased the peak-to-valley current ratio to 2.9 at
room temperature and to 10 at liquid-nitrogen temperature.
Furthermore, we have made substantial increases in the
peak currents by working with thinner barriers. The ob-
served peak current densities are as high as 1.7 X 10° A/cm?

The structures were grown in a Perkin-Elmer 430 MBE
system which included arsenic and antimony cracker
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at| 2500 A InAs cap layer
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GaAs substrate

FIG. 1. Schematic diagram of a typical structure used in this study. The
doping levels for the layers labeled #n~ and #* are 23 10" cm~* and
2% 10" cm ™2, respectively.

sources. The growths were carried out using the techniques
described in Ref. 12 which have been demonstrated to pro-
duce high-quality InAs and Sb-based layers. The substrates
were GaAs which is subtantially lattice mismatched to InAs
and AISb. Growth commenced with a 0.5-um-thick GaAs
buffer layer at 600 °C. This buffer layer was followed by a
superlattice consisting of In,, , Ga, ; As/GaAs grown at 500
520 °C. The superlattice reduces the number of strain-in-
duced dislocations in the epilayer. The InAs/AlSb struc-
tures were grown at 300 °C. The device structure is shown in
Fig. 1. A standard lift-off process followed by chemical etch-
ing was used to fabricate mesa structures (5 um X5 um in
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FIG. 2. The current-voltage characteristic of an InAs/AlSb/InAs/AlISb/
InAs structure. The upper (lower) curve was taken at room temperature
{77 K). The AISb barriers were 25 A thick and the InAs well was 100 A
thick.
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FIG. 3. The current-voltaze characteristic at 77 K of InAs/AISb/TnAs/
AlSb/InAs structure. The AiSb barriers were 15 A thick and the InAs well
was 100 A thick.

size) with AuGe contacts on top. The back contact was pro-
duced by AuGe deposited on the etched InAs buffer layer.

Current-voltage (/-¥) characteristics for these tunnel
devices are shown in Figs. 2 and 3. The [-V characteristics
shown in Fig. 2 are for a structure with 25-A-thick AlSb
barriers and an InAs well thickness of 100 A. As can be seen
from these I-V characteristics, a single peak is observed at
room temperature with a peak-to-valley current (P/V) ratio
of 2.9. At liquid-nitrogen temperature, two peaks are ob-
served in forward bias and one in reverse. For the first peak,
we observed a P/V ratic of 6 and for the second peak a P/V
ratio of 10.

The I-V characteristic at 77 K from a second sample
with 15-A AlSb barriers and InAs well layer thickness of 100
A is shown in Fig. 3. Again, this structure shows cne peak at
room temperature and two peaks at liquid-nitrogen tem-
perature. For the second peak at liquid-nitrogen tempera-
ture, we observe a peak current density of 1.7 X 10° A/cm?
and a P/V ratio of 2.3. This compares favorably to the pre-
vious results for InAs/AISb structures where peak current
densities less than 400 A/cm” were obtained.” Our result is
also close to what has been obtained for the extensively stud-
ied GaAs/AlAs system for which peak current densities
~2< 10° have been reported.'> These very large peak cur-
rent densities are in the range of interest for making high
speed tunnel devices.*

In summary, we have reported the results of a study of a
new heterojunction system for double-barrier tunnel struc-
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tures. By the application of some of the simple techniques of
improving negative resistance, that is the addition spacer
layers and the use of thinner barriers, we have substantially
improved the performance over those previously reported.
In particular, we have increased the peak-to-valley current
ratio by roughly a factor of 2 at rocm temperature and have
observed substautial improvements in the peak current den-
sities. In different structures, we have been able to demon-
strate very large current densities and peak-to-valley current
ratios which if they could be produced in the same structure
would bring them near the region of interest as defined in
Ref. 4. These performance goals seem well within the range
that one might hcpe to attain in these structures. We believe
that these new device structures based on the AISb/InAs
heterojunction will be very interesting for further applica-
tions in tunneling devices.
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Appendix A-6. InAs/AlISb Double Barrier Structures with Large Peak to
Valley Current Ratios. A Candidate for High Frequency Microwave
Devices. J. R. Soderstrom, D. H. Chow and T. C. McGill.
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InAs/AlSb Double-Barrier Structure with Large
Peak-to-Valley Current Ratio: A Candidate for
High-Frequency Microwave Devices

J. R. SODERSTROM. D. H. CHOW, axo T. C. McGILL, MEMBER. IEEE

Abstrace—We report negative differential resistance (NDR) 1n InAs/
AlSb- InAs/AlSb/InAs double-barrier structures with peak-to-valley cur-
rent {PVC) ratios as large as 11 (28) at room temperature (77 K). Thisisa
large improvement over previous results for these materials, and also
considerably better than those obtained for the extensively studied GaAs/
AlGaAs material system. We have also improved the peak current density
by reducing the barrier thickness and observed values exceeding 10° A/
cm®. These results suggest that InAs/AlSb structures are interesting
alternatives to conventional GaAs AlGaAs structures in high-frequency
devices. We also report NDR in a InAs, AISb superlattice double-barrier
structure, with a lower PV C ratio than in the solid barrier case. This result
indicates that valley current contributions arising from .\'-point tunneling
are negligible in these structures, consistent with the large band offset.

INCE the first observaticn of negative differential resist-

ance (NDR) in semiconductor double-barrier structures
[1]. there has been much effont aimed towards improving the
characteristics of these devices. The peak-to-valley current
(PVC) ratio and the peak current density are often used as
figures of merit. For the extensively investigated GaAs/
AlGaAs material system, PVC ratios of 3.6 (21) at room
temperature (77 K) have been reported [2]. The highest peak
current densities observed are about 1-2 x 10* AJem’.
However, such high current densities have only been realized
in samples with much lower PVC ratios [3]. For applications
such as microwave oscillators and fast digital switches. some
other parameters of importance are series resistance. capaci-
tance of the active region, quantum-well charging/discharging
time, and drift time over the depletion region. In a recent study
by Brown ef al.. in which microwave oscillations at 420 GHz
were reported. it was suggested that series resistance in the
GaAs cladding layers and ohmic contacts were responsible for
limiting the maximum frequency [4]. In an attempt to solve
these inherent problems of GaAs/AlGaAs structures. we have
investigated the properties of InAs/AlSb doubie-barrier struc-
tures. InAs has a low effective mass and hence a high mobility
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and low resistivity. Furthermore, a metal-InAs junc:ion does
not form a Schottky barrier (n-type InAs bows down at the
latertace), resulting in a very low-resistance contact. Another
advantage of this structure :s the large conduction-band offser:
1.35 eV for the I'-X barrier (InAs T'-point to AlSb X-point)
and about 2 eV for the T'-T barrier [5]-{7). This is much larger
than for any GaAs/AlGaAs structure and should result in
lower valley currents. The first observation of NDR in InAs/
AlSb doubie-barrier structures was reported by Luo er al. {8],
who obtained PVC ratios of 1.3 (9.0) at room temperature (77
K) and current densities around 400 A.cm-. In a preliminary
study of these structures we were able to improve these results
somewhat [9]. The InAs AlGaSb material svstem has re-
cently also been used for other NDR devices such as the
single-barrier structure [i10], [11] and the novel resonant
interband tunneling (RIT) structure {12} with good resuits.

In this letter we report InAs/AiSb double-barrier structures
with PVC ratios as high as 11 (28) at room temperature (77 K),
which is much better than previous results for these structures
and also better than what has been reported for GaAs./ AlGaAs
structures. We have also investigated the effect of reducing the
barrier thickness and observed peak current densities as high
as 2.6 x 10° A/cm?*. The larger peak current densities are
achieved at the expense of lower PVC ratios. We also report
the first InAs/AlSb double-harrier structure with superlattice
barriers. This result provides information regarding the
importance of X-point tunneling in this material system.

The samples were grown on GaAs (100) substrates in a
Perkin-Elmer 430 molecular beam epitaxy (MBE) svstem. An
As cracker and an Sb cracker were used to produce dimers
instead of tetramers in the molecular beams. The details of
bulk growth parameters for these materials can be found
elsewhere [13]. Due to the large lattice mismatch (7.2 percent)
between the GaAs substrate and the InAs epilaver, a thick
buffer layer was grown. The buffer layer consisted of 2500- A
GaAs grown at 600°C. a five-period Ing-Gay 3 As/GaAs (two
monolayers/two monolayers) superlattice grown at 500~
520°C, and 1.0-um InAs (heavily Si-doped) grown at S00°C.
The superlattice at the GaAs/InAs interface is believed to
reduce the number of strain-induced dislocations which
penetrate into the InAs layer [13].

The double-barrier structure was grown at 500°C on top of
the buffer laver and consisted of a 65-A InAs quantum well
sandwiched between AISb barriers, 50-A undoped InAs
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spacer layers, and 500- A lightly doped (n = 2 x 10'¢cm™?)
InAs spacer layers. Finally. a 2500- A -thick heavily doped (n
= 2 x 10"® cm~3) InAs cap layer was grown. Five samples
with AISb barrier thickness varying from nine monolayers
(ML’s) to three ML’s were grown. In the superlattice double-
barrier sample, each barrier consisted of a three-period InAs
(3 ML)/AISb (3 ML) superlattice.

Mesa structures (area 25 pm?) with Au/Ge contacts on top
were prepared using standard photolithography, lift-off, and
chemical etch techniques. Au/Ge deposited on the etched InAs
buffer layer served as the **back™ contact. No annealing was
necessary since Au/Ge forms an ohmic contact to InAs. The
mesas were probed with a thin gold wire to establish electrical
contact to the devices.

Fig. 1 shows the current-voltage (/-V) curve for the
sample with nine ML (27-28 A) barriers. A distinct peak
around 0.3 V corresponding to tunneling through the quantum-
well ground state can be seen. The PVC ratios are 11 at room
temperature and 28 at 77 K. which are much higher than
previous results for these materials 8], [9]). This device also
outperforms all GaAs/AlGaAs structures reported to date. We
believe that this improvement is due to the higher barriers in
the InAs/AISD structure, particularly the I'-X barrier which is
about 1.35 eV compared to about 0.2 eV for GaAs/AlAs
structures. The peak current density of this device is approxi-
mately 4 x 10° A/cm®,

To increase the peak current density, a set of samples with
thinner barriers was grown. The barrier thicknesses for these
four samples were seven, five, four, and three ML's,
respectively. The result is shown in Fig. 2, where the PVC
ratio is plotted against the measured peak current density. As
the barriers become thinner the peak current densities increase
at the expense of lower PVC ratios, as might be expected. The
three-ML sample had a peak current density as high as 2.6 X
10% A/cm* while the PVC ratio was down to 1.2 at 77 K (no
NDR at room temperature). The four-ML sample had a
current density of 1.6 x 10° A/cm? and PVC ratios of 1.4 and
5.0at 295 K and 77 K, respectively. The combination of high
current density and relatively large PVC ratio makes this
device a promising candidate for high-frequency microwave
applications. It should be pointed out that these encouraging
results are obtained without any effort to optimize the doping
of the structure. We believe that with an asymmetric and
optimized doping profile, current densities higher than 105 A/
cm? could be obtained for five-ML or even six-ML barriers,
with hence improved PVC ratios.

GaAs/AlAs superiattice double-barrier structures have pre-
viously been studied, yielding better PVC ratios than those for
solid barriers [2]. The reason for this improvement is not
completely understood. One explanation has been that the
multiple interfaces trap impurities and imperfections in the
crystal, resulting in a ‘*‘cleaner’” quantum well [14], and
another that the superlattice reduces X-point tunneling due to
an increase in the X-point effective mass [15]. By testing the
superlattice barrier for the InAs/AlSb system we could help to
resolve this issue. The structure used was identical to the nine-
ML double-barrier structure from Fig. 1 except that each
barrier was split up into three thinner barriers. In Fig. 3, the J-
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Fig. 3. Current-voltage characteristic of a superlattice double-barrier
structure in which each barnier consists of three AlSb barriers (three ML
thick) separated by InAs layers (three ML thick). The PVC ratio is 6.5 at
room temperature and 18 & 77 K.

V curve displaying PVC ratios of 6.5 (18) at room temperature
(77 K) is shown. This is worse than for the solid-barrier
sample. This result is the opposite of that reported for GaAs/
AlAs superlattice double-barrier structures, suggesting that the
improved PVC ratios for GaAs/AlAs structures are due to the
reduction of X-point tunneling. In InAs/AlISb structures, X-
point tunneling can be neglected for the solid barriers due to
the 1.35-eV band offset, and hence no reduction of valley
current is obtained when using superlattice barmers. More-
over, the superlattice barrier increases the total barrier
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thickness (even though the number of AlSb layers is the same),
which reduces the peak voltage to about 0.2 V. This is because
a larger part of the bias is dropped across the barriers and thus
less voltage is required to line up the quantum-well state with
the Fermi level in the emitter contact. At these lower voltages
the supply of electrons in the emitter contact js reduced, which
can explain the lower peak current density (~ 10% A/cm?) for
the superlattice barrier sample.

In summary we have studied MBE-grown InAs/AlSb
double-barrier structures and obtained PVC ratios as high as
11 (28) at room temperature (77 K) for a structure with nine-
ML-thick solid barriers. When the barriers are made thinner,
the peak current densities increase and the PVC matios
decrease. A sample with four-ML barriers had a peak current
density of 1.6 x 10° A/cm*® and a PVC ratio of § at 77 K,
placing this structure well into the interesting region for
microwave devices. The PVC ratio was lower in a superlattice
barrier sample compared to a sample with solid barriers. This
result is consistent with the high I'-X barrier in this material
system, which eliminates most X-point currents in the solid
barrier structure and cancels out the positive effect of the
superlattice for suppression of these currents.

These results demonstrate that InAs/AISb structures are
serious competitors to the extensively studied GaAs/AlGaAs
structures, particularly since they can be grown on GaAs
substrates. Higher PVC ratios, higher current densities, and
lower series resistance are factors which favor InAs/AlSb over
GaAs/AlGaAs structures for future high-speed devices.
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The current-voltage (I-¥) behavior of a GaSb(p)/AlSb/InAs/AlSb/GaSb(p) resonant
interband tunneling (RIT) heterostructure is analyzed experimentally and theoretically. The
structure has been successfully grown on a (100)-oriented GaAs substrate by molecular-beam

epitaxy, demonstrating that more exotic lattice-matched substrates (such as InAs or
GaSb) are not required for RIT devices. Theoretical simulations of /-7 behavior are
developed. emploving a two-band tight-binding model. Experimental -V curves show
pronounced negative differential resistance, with a peak-to-valley current ratio of 8.3 at 300
K. Good agreement is observed between measured and calculated peak current densities,
consistent with light-hole tunneling through the confined InAs conduction-band state.

Quantum mechanical tunneling of charge carriers in
semiconductor heterostructures continues to be a subject of
great interest. Much of the motivation for studying tunnel
structures stems from their potential high-frequency ana-
log and digital applications."> Many early tunneling stud-
ies were performed on GaAs/AlAs double-barrier hetero-
structures, in which negative differential resistance (NDR)
results from resonant tunneling of electrons through a
GaAs quantum well. More recently, NDR has been dem-
onstrated in a variety of novel tunnel structures involving
different materials and band alignments.>!' Several of
these new heterostructures are superior to the best GaAs/
AlAs double barriers in terms of peak current densities
and/or peak-to-valley current ratios. In particular, reso-
nant interband tunneling (RIT) devices have recently been
proposedlo and demonstrated.>!! In these structures, elec-
trons or holes in one material tunnel through quasi-bound
valence- or conduction-band states, respectively, in a dif-
ferent material. This mechanism vyields a drastic suppres-
sion of valley currents due to the blocking nature of the
quantum-well layer past resonance. Sdderstrom, Chow,
and McGill® observed peak-to-valley current ratios as large
as 20:1 (88:1) at 300 K (77 K) from an InAs(n)/AlSb/
GaSb/AlISb/InAs(n)(n-type InAs electrodes. AlSb barri-
ers, and a GaSb quantum well) RIT structure. Later, Luo,
Beresford, and Wang'! reported peak-to-valley ratios as
large as 13:1 (60:1) at 300 K (77 K) from a GaSb(p)/
AlSb/InAs/AlSb/GaSb(p) RIT structure. However, it
should be noted that Luo er al. obtain this peak-to-valley
ratio from an extremely hysteretic I-¥ curve by dividing
the peak current in one sweep direction by the valley cur-
rent obtained in the opposite direction. Values obtained
from a single sweep direction appear to be substantially
lower.

In this communication, we study the current-voltage
(I-V) behavior of a GaSb(p)/AlSb/InAs/AlSb/GaSb(p)
heterostructure experimentally and theoretically. Growth
parameters and device fabrication features have been se-

lected to reduce the effects of parasitic series resistance in
the GaSb electrodes, yielding NDR without hysteresis.
Peak-to-valley current ratios are thus determined unambig-
uously. Theoretical simulations of I-¥ curves for the RIT
device have been developed, based upon a two-band tight-
binding model. Comparisons are made between the calcu-
lated I-V curves and those obtained experimentally.

Figure 1 contains a band-edge diagram for the hetero-
structure studied here. The GaSb/AlSb and GaSb/InAs
valence-band offsets are taken to be 400 and 510 meV,
respectively.'>!3 It is assumed that the band offsets are
both transitive and commutative. The crucial fearure of the
diagram is that the conduction-band edge in the InAs
quantum well is lower in energy than the valence-band
edge in the GaSb electrodes. The InAs layer has been
grown sufficiently thick to keep the quantum-well ground
state below the GaSb valence-band maximum. Due to the
strong coupling between conduction-band and light-hole
states, a transmission resonance exists for light holes in the
GaSb electrodes whose energies and parallel wave vectors
match those of states in the two-dimensional quantum-well-
subband. It is straightforward to show that this resonance
condition can be satisfied for small applied biases (no
threshold voltage). A peak in the I-V curve is expected
when the applied bias becomes large enough to lower the
valence-band edge in the positively biased GaSb electrode
below the ground-state energy in the InAs quantum well.
Beyond this point, the tunneling probability is drastically
reduced due to the blocking nature of the thick InAs layer
at energies in its band gap. It should be noted that heavy
holes are not expected to contribute significantly to the
tunneling current because they are weakly coupled to
conduction-band states.

We have developed a theoretical model to simulate the
current-voltage behavior of tunnel structures in which in-
teractions betw=en valence- and conduction-band states are
important. The simulation begins by computing the band-
edge diagram throughout the heterostructure via the Pois-
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FIG. 1. Schematic band-edge diagram (energy vs position) for the
GaSb(p)/AlSb/InAs/AlSb/GaSb(p) resonant interband tunneling het-
erostructure. The conduction-band edge, E, valence-band edze, E, and
Fermi energy, E ;, are labeled. The indirect (lower) and direct (higher)
conduction-band edges are both shown in the AlSb layers.

son equation for each applied bias. In the case of the RIT
structure studied here, the heavy-hole band dominates the
band-bending behavior in the GaSb electrodes because its
density of states is 15 times greater than that of the Light-
hole band. Next, localized two-band tight-binding orbitals
(at each monolayer) are used to generate transfer matrices
for the tunneling states. In this manner, a transmission
coefficient is determined as a function of the energy (E)
and parallel wave vector (k) of each state. In our model,
only the conduction and light-hole bands are used to de-
termine the tight-binding parameters for each material.
The restriction to these two bands is effectively an assump-
tion that only electron-light hole coupling is significant in
the tunnel structure (heavy-hole tunneling is ignored). Fi-
nally, the current density is obtained by including appro-
priate velocities and Fermi factors and integrating over E
and ky. It should be noted that we do not use fitted param-
eters in our comparison of measured and simulated
current-voltage curves.

The RIT structure was grown on a (100)-GaAs sub-
strate by molecular-beam epitaxy (MBE) in a Perkin
Elmer 430 system equipped with cracked As and Sb
sources. Growth commenced with a 2500-A undoped
GaAs layer grown at 600 °C, followed by a -10-period, 1
monolayer/1 monolayer GaSb superlattice deposited at
520°C. The substrate temperature was then lowered to
480 °C for the remainder of the growth. The bottom elec-
trode of the RIT structure consisted of a 0.5-um
GaSb(p*) buffer layer, a 200-A GaSb(p) spacer, with
p=2%10" cm~3, and a 25-A undoped GaSb layer. Sub-
sequently, a 100-A undoped InAs quantum well was de-
posited, sandwiched between two 20-A undoped AlSb bar-
riers. The heterostructure was completed by 25 A of
undoped GaSb, a 200-A GaSb(p) spacer layer (with
p=2x10" cm~—3), and a 2500-A GaSb(p*) cap.

X-ray diffraction has shown that the short-period su-
perlattice at the GaAs/GaSb interface yields a strain-
relaxed GaSb bottom electrode layer.'* Cross-sectional
transmission electron microscopy shows that a dense net-
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FIG. 2. Experimental current density vs voltage curve (soiid), taken from
a 10 10-um device at 300 K. The forward-bias direction is taken to be
when positive voltage is applied to the mesa. The curve displays peak-to-
valley current ratios of 8.8 and 3.6 in the reverse- and forward-bias di-
rections, respectively. Also plotted are theoretically calculated curves for
6 (dot-dashed) and 7 (dashed) monolayer AISb barrier lavers. The the-
oretical model includes only light-hole contributions to the rescnant in-
terband tunneling current.

work of dislocations appears during the short-period su-
perlattice, with the vast majority of threading dislocations
confined to the first 1000 A of the GaSb layer. The remain-
der of the GaSb cladding layer appears to be planar, with
reasonable dislocation densities ( =~ 10° cm ~-). Reflection
high-energy electron diffraction (RHEED) shows a
streaky 1X3 pattern. comparable to that obtainable for
homoepitaxial growth of GaSb, within the first 200 A (2
min) of the cladding layer. p-type doping of the GaSb layer
was achieved by simultaneous evaporation of Si during
MBE growth. It has recently been shown that Si is a sub-
stitutional (for Sb) p-type dopant under these growth con-
ditions, yielding controllable carrier concentrations over
the range 10°-5x 10 ¢m — 3.1

Rectangular 10X 10 um mesas were fabricated in the
RIT structure by chemical etching in Br,:HBR:H,0
(0.5:100:100). Au/Ge was used to make electrical contacts
to the mesas and etched surface, forming a set of two-
terminal devices. The device areas were sufficiently small
to eliminate parasitic series resistance effects (hysteresis)
arising from lateral transport of the holes through the bot-
tom GaSb(p ) electrode. It has recently been shown that
interband tunneling devices with n-type electrodes can
yield extremely high current densities (>10° A/
cm ~2).'® Due to the low heavy-hole mobilities, it is likely
that small lateral separations and/or thicker bottom elec-
trode layers would be needed to avoid hysteresis in p-type
RIT structures with extremely high current densities.

Figure 2 displays a current density-versus-voltage
curve, taken at 300 K from one of the fabricated devices.
Also plotted are theoretical curves, calculated by the
method described previously, for symmetric 6- and 7-
monolayer (18.4 and 21.5 A) AISb barrier layers; the AISb
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layers in the RIT structure are nominally 20 A thick. The
experimental curve shows pronounced NDR in both bias
directions, with peak-to-valley current ratios of 8.3 and 3.6
in reverse and forward bias, respectively (we take forward
bias to mean positive voltage applied to the mesa). The
peak current density is 430 A/cm’ (560 A/cm®) in reverse
{forward) bias, and varied by less than 159 over ten ran-
domly chosen devices. As is expected for RIT structures,
there is no threshold voltage for the current because the
interband tunneling condition is satisfied at zero bias. At
77 K, the valley current shown in Fig. 2 drops by a factor
of 2, with the peak current remaining nearly constant. This
temperature dependence indicates that thermally activated
mechanisms are at least partially responsible for limiting
the peak-to-valley ratio at room temperature. but do not
make a substantial contribution to the peak current.

As shown in Fig. 2, the peak current densities pre-
dicted by the theoretical model are in good agreement with
those measured experimentaily. It has been suggested that
the high scattering rate of heavy holes in bulk GaSb to the
light hole band results in identical tunneling probabilities
for the two types of carriers.!! If this were the case, we
would expect the large heavy-hole density of states to yield
measured peak current densities greater than our theoret-
ically predicted value by more than one order of magni-
tude. Thus, the observed agreement betwesn the experi-
mental and theoretical current densities suggests that
heavy-hole tunneling probabilities are small. The experi-
mental curve shown in Fig. 2 displays some asymmetry,
with the forward-bias peak appearing 20 mV higher than
the reverse-bias peak. This feature is probably caused by
unintentional asymmetries in the doping profile of the de-
vice, introduced during growth.

It should be noted that the observed valley currents are
significantly higher than the calculated values shown in
Fig. 2. It has been reported that valley currents in conven-
tional resonant tunneling structures can be dominated by
elastic scattering mechanisms which result in nonconser-
vation of the momentum parallel to the interfaces."” How-
ever, these mechanisms are disallowed in interband tunnel-
ing structures at high bias because the quantum-well
subband does not overlap in energy with the tunneling
states. Hence, the observed discrepancy between the calcu-
lated and observed valley currents suggests that transport
mechanisms other than elastic tunneling dominate the cur-
rent beyond resonance. .

In summary, we have analyzed a GaSb(p)/AlSb/
InAs/AlSb/GaSb(p) RIT heterostructure experimentally
and theoretically. The resonant interband tunneling mech-
anism yields large peak-to-valley current ratios at 300 K
due to the blocking nature of the InAs quantum well at
energies in its band gap. The structure studied here was
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successfully grown on a (100)-oriented GaAs substrate
with the assistance of a short-period superlattice buffer
layer at the GaSb/GaAs interface. This result is consistent
with several recent reports of successful tunnel structures
with large lattice mismatches to GaAs.*"~® Thus, it appears
that excellent device behavior can be obtained without re-
sorting to more exotic lattice-matched substrates such as
InAs or GaSb. We have developed a theoretical model to
simulate the current-voltage behavior of heterostructures
in which strong interactions exist between conduction- and
valence-band states. The model is a two-band tight-binding
approach, in which localized orbitals are used to generate
transfer matrices for the tunneling states. The observed
agreement between the calculated and measured peak cur-
rent densities is consistent with small interband tunneling
probabilities for heavy holes.
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We have observed negative differential resistance (NDR) and large peak current densities in
a novel resonant interband tunneling structure grown by molecular beam epitaxy in the
InAs/GaSb/AlSb material system. The structure consists of a thin AlISb barrier layer
displaced from an InAs(n)/Gasp(p) interface. NDR is readily observable at room
temperature with peak current densities greater than 10° A/cm> The enhancement in peak
current density relative to a structure with no AISb barrier is consistent with the

existence of a quasi-bound state in the region between the barrier and the InAs/GaAs
interface. Furthermore, we demonstrate that by growing the AISb layer on either the InAs or
GaSb side of the interface, the quasi-bound state can be localized in either material.

The unique features of resonant tunneling diodes have
been intensively studied since their original proposal' and
demonstration.> The motivation has been to understand
the physics of these devices as well as the possibility of
using them to make electronic devices, such as high-speed
digital switches and high-frequency oscillators. Recently, a
new class of tunne{ structures, grown in the nearly lattice-
matched InAs/GaSb/AlISb material system, has been pro-
posed® and demonstrated.** These resonant interband tun-
neling (RIT) structures produce negative differential
resistance (NDR) by exploiting the broken gap band
alignment of InAs and GaSb. Devices with peak-to-valley
current ratios as high as 20:1 (88:1) at room temperature
(77 K) have been realized. The first RIT structures consist
of a GaSb (InAs) quantum weli, sandwiched between two
thin AISb barrier layers and two n-type InAs (p-type
GaSb) electrodes; at low applied bias, transport is domi-
nated by electrons (holes) tunneling resonantly through
the quasi-bound valence (conduction-) band state. A sec-
ond class of RITs has also been demonstrated.*’ These
devices consist of a thin GaSb layer sandwiched between
two n-type InAs electrodes, resulting in a quasi-bound
state in the GaSb valence band due to the mismatch of the
wave functions at the InAs/GaSb interface. These struc-
tures have peak current densities greater than 10* A/cm?
and, due to the weak confinement provided by InAs/GaSb
interface, theoretically estimated tunneling times of ~25
fs.*> NDR has also been demonstrated in interband struc-
tures without resonant states, both in an InAs(n)/AISb/
GaSb(p) heterostructure,’ and in a device consisting of a
single InAs(n)/GaSb(p) interface.'® In both of these in-
terband structures, the mechanism that gives rise to NDR
is similar to that of a p*-n* tunnel diode. However, car-
riers do not tunnel through through a classically forbidden
region in the structure with a single InAs(7)/GaSb(p)
interface.

Figure 1 shows schematic band-edge diagrams of a
single InAs(n)/GaSb(a) interface structure [Fig. 1(a)),
and the RITs discussed in this letter {Figs. 1(b) and 1(c)].
The InAs/GaSb and AlSb/GaSb valence-band offsets are
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taken to be 510 meV'! and 400 meV,'? respectively. The
InAs/AlSb valence-band offset is taken to be 110 meV.
Figure 1(b) depicts a GaSb quantum well and thin AISb
barrier sandwiched between InAs(n) and GaSb(p) elec-
trodes. In Fig. 1(c), a thin AISb barrier and InAs quantum
well are placed between the InAs(n) and GaSb(p) elec-
trodes. All three structures depicted in Fig. 1 are expected
to display NDR when sufficient positive bias is applied to
the GaSb(p) electrode to shut off elastic transport of elec-
trons from the InAs(n) electrode into available GaSb
states. In this letter, we report evidence that the formation
of a quantum well layer between the InAs/GaSb interface
and an AISb barrier results in a resonant enhancement of

(a) InAs/GaSb

(b) InAs/GaSb/AiSb/GaSb

(c) InAs/AISb/InAs/GaSb

1 v

______ T e m

FIG. 1. Schematic band-cdge diagrams (energy vs position) for (a) an
InAs(n)/GaSb{(p) interface, (b) an InAs(n)/GaSb/AlSb/GaSb(p) het-
erostructure, and (c) an InAs(n)/AISb/InAs/GaSp(p) heterustructure.
In all three diagrams, the conduction (E, solid) and valence (E,
dashed) band edges are shown. The insertion of the ALSb barrier layers in
(b) and (c) is hypothesized to create quasi-bound states in the regions
between the barriers and the InAs/GaSb interfaces.
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TABLE 1. Layer sequences for the samples.

Sample Band
No. diagram Layer sequence
1 Fig. 1(a) InAs(n)/GaSb(p) .
2 Fig. 1(b) InAs(n)/GaSb(51 A)/AlSb(12 e})/GaSb(p)
3 Fig. 1(c) InAs(n)/AlISb(21 A)/InAs(120 A)/GaSb(p)

the current density as compared to the InAs(n)/GaSb(p)
interface structure depicted in Fig. 1(a). Peak current den-
sities greater than 10° A/cm" are observed, suggested that
these structures may find applications as high-frequency
oscillators.

In Table I we give the layer sequences and thicknesses
for the samples grown in our study. Sample 1 corresponds
to the band-edge diagram in Fig. 1(a), while samples 2 and
3 correspond to Figs. 1(b) and 1(c), respectively. The
samples were grown on GaAs substrates in a Perkin-Elmer
molecular beam epitaxy system. Our method for growing
high quality InAs, GaSb, and AISb films on GaAs sub-
strates has been reported elsewhere.'® Si was used to dope
the InAs electrodes #n type and the GaSb electrodes p
type." In samples 2 and 3, the AISb layers, quantum wells,
and additional 100 A spacer layers on the InAs sides of the
active regions were undoped. There were no undoped
spacer layers in sample 1. After growth, mesas 6 um in
diameter were fabricated using photolithography and a wet
etch in Bry:HBr:H,0 (0.5:100:100). Current-voltage (I-V)
curves were measured at room temperature and 77 K by
probing the mesas with a thin gold wire. Au/Ge was used
to make ohmic contacts to the mesas and etched surfaces.

In Fig. 2 we show representative I-V curves [positive
bias on the GaSb(p) electrodes] at room temperature for
samples 1 (dashed) and 2 (solid). The peak current den-
sity is much larger in sample 2 (2 1.6% 10° A/cm’) than
in sample 1 (=0.4x10° A/cm®). This result is consistent

200 T -
——~—— Sample 1

Scmple 2

160

120

80

40

Current density (10 A/cm?)

i

0 0.2 0.4 0.6 0.8

Voltage (Volts)

FIG. 2. Current density vs voltage curves for samples [ (dashed) and 2
(solid). The enhanced current density in sample 2 is consistent with
resonant tunneling via a quasi-bound state in the GaSb quantum well.
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FIG. 3. Transmission coefficient for samples 1 (dashed) and 2 (solid),
calculated at flatband conditions, using a two-band mmodel which incor-
porates electrons and Zght holes. The InAs conduction-band edge is taken
to be the zero of enerzy.

with the formation of a quasi-bound state in the region
between the InAs/GaSb interface and the AISb barrier in
sample 2, leading to resonant tunneling of carriers across
the structures. At resonance, the reflection coefficient for
the carriers in sample 2 nearly vanishes; in contrast, sig-
nificant reflection occurs at all energies for the single
InAs{#)/GaSb(p) interface, due to the imperfect coupling
of InAs conducton-band states to GaSb valence-band
states. Figure 3 displays transmission coefficients for sam-
ples 1 (dashed) and 2 (sclid), calculated at flatband con-
ditions using a two-band model which incorporates elec-
trons and light heles.’ In the figure, the InAs conduction-
band edge is taken to be the zero of energy. We estimate
that the Fermi level in the InAs(#n) electrode lies 30 meV
above the conducdon-band edge. Figure 3 shows that sam-
ple 2 possesses a wide transmission resonance near the
estimated Fermi level, which peaks well above the maxi-
mum transmission probability for the single InAs(n)/
GasSb(p) interface structure. The observed enhancement in
the peak current density in sample 2 suggests that reflec-
tion coefficients at the InAs/GaSb interface are not negli-
gible. In fact, the formation of a quasi-bound state in the
quantum well of this structure is dependent upon non-
negligible reflections at the interfaces (Fabry—Perot effect).

As a further demonstration of the tunneling mecha-
nism described above, we have grown sampile 3 witha 21 A
AlISb barrier and 120 A InAs quantum well sandwiched
between InAs(n) and GaSb(p) electrodes, corresponding
to the band-edge diagram of Fig. 1(c). In this sample, we
expect that a quasi-bound state will be formed in the InAs
quantum well due to the confinement of the AISb barrier
and the partially reflecting InAs/GaSb interface. The AISb
layer has been grown substantially thicker than that of
sample 2, resulting in reduced current densities. This sam-
ple displayed NDR, with a peak-to-valley current ratio of
1.5:1 and a peak current density of 6.7x 10° A/cm. This
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FIG. 4. Calculated current densities vs quantum well width for (a) the
heterostructure depicted in Fig. 1(b), and (b) the hetercstructure de-
picted in Fig. 1{c). Both figures show enhanced current densities corre-
sponding to quasi-bound states in the region of overiap between the InAs
conduction band and the GaSb valence band.

result demonstrates that resonant interband tunneling can
be observed with the AlSb barrier placed on either side of
the InAs/GaSb interface. It should be noted that placing
the AISb barrier at the InAs/GaSb interface will reduce
the current carried by the device, since the addition of the
AISb layer will not cause the formation of a quasi-bound
state. However, larger peak-to-valley ratios have been ob-
served in such a structure,’ presumably due to reduced
inelastic currents across the interface.

In Figs. 4 (a) and 4(b) we show plots of the calculated
peak current densities for the structures depicted in Figs.
1(b) and 1(c), respectively, as functions of quantum well
width. The theoretical model used to perform the calcula-
tion has been described elsewhere.” The AISb barriers have
been taken to be 24 A thick. The curves in Fig. 4 have
similar shapes, with the maximum current density occur-
ring at narrower widths for GaSb quantum wells than for
InAs quantum wells, due to the difference in the effective
masses of the two materials. At relatively thick GaSb layer
thicknesses (=170 A), Fig. 4(a) shows a current density
enhancement due to the appearance of a second quasi-
bound state. It shouid be noted that we have included only
light holes in our theoretical model, under the assumption
that electron-heavy hole coupling is weak. Due to the sen-
sitivity of the calculation to the input parameters (such as
band offset values), we have not attempted to compare the
calculated current densities to those measured experimen-
tally. However, the calculation does show that there is an
optimal position for placement of the AlSb barrier. This
position corresponds to a single quasi-bound state in the
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region of overlap between the InAs conduction band and
the GaSb valence band.

The calculated transmission coefficient for sample 2
shown in Fig. 3 has a full width at half maximum of ~28
meV, corresponding to a lifetime of ~25 fs. This puts an
intrinsic upper limit on the oscillation frequency of this
structure of about 6 THz. It is almost certain that any real
oscillator will roll off at a lower [recnency due to series
resistance, depletion capacitance, and the intrinsic
response time of the materials which make up the struc-
ture. Hence, the tunneling time in these structures will not
be the limiting factor in determining the moximem oscil-
lation frequency. Furthermore, the large currents carried
by these devices indicates that their output power should
be large enough to be of practical interest.

In summary, we have observed NDR in two novel
resonant interband tunneling devices. In these structures, a
GaSb or InAs quantum well is formed between a thin AISb
barrier layer and an InAs/GaSb interface. Extremely high
current densities (greater than 10° A/cm”) are realized
due to resonant enhancement of the transmission coeffi-
cient, relative to a single InAs(n)/GaSb(p) interface
structure. Furthermore, the weak confinement provided by
the InAs/GaSb interface results in a broad quasi-bound
state with an intrinsic lifetime of ~25 fs for a structure
with a 12 A AISb barrier. As a result of this short lifetime
and the output power implied by the large peak current
densities, these structures hold promise as high-frequency
oscillators.

The authors would like to thank Y. Rajakarunanayake
and J. R. Soderstrom for helpful discussions. This work
was supported by the Office of Naval Research and the Air
Force Office of Scientific under grant Nos. N00014-89-J-
1141 and AFOSR-86-0306, respectively. E. T. Yu was sup-
ported in part by the AT&T Foundation.

'R. Tsu and L. Esaki. Appl. Phys. Lett. 22, $62 (1972).

1. L. Chang. L. Esaki. and R. Tsu, Appl. Phys. Lett. 24, $93 (1974).

IM. Sweeny and J. Xu, Appl. Phys. Lett. 54, 546 (1989).

4J. R. Soderstrom, D. H. Chow, and T. C. McGill, Appl Phys Lett. S5,
1094 (1989).

L. F. Luo, R. Beresford, and W. I. Wang, Appl. Phys. Lert. 58, 2023
(1989).

¢K. Taira. 1. Hase, and K. Kawai, Electron. Lett. 25, 1708 (1989).

’D. A. Collins, D. H. Chow, and T. C. McGill (unpublished).

£]. R. Séderstrom, E- T. Yu, M. K. Jackson, Y. Rajakarunanayake, and
T. C. McGill, J. Appl Phys. 68, 1372 (1990).

°D. Z.-Y. Ting, E. T. Yu, D. A. Collins, D. H. Chow, and T. C. McGill,
J. Vac. Sci. Technol. B 8, 810 (1990).

9D, A. Collins, E. T. Yu, Y. Rajakarunanayake, J. R. Séderstrom, D.
Z.-Y. Ting, D. H. Chow, and T. C. McGill, Appl. Phys. Lett. 57, 683
(1990).

'G. J. Gaultieri, G. P. Schwartz, R. G. Nuzzo, R. J. Malik, and J. F.
Walker, J. Appl. Phys. 61, 5337 (1987).

"2G. J. Gaultieri, G. P. Schwartz, R. G. Nuzzo, and W. A. Sunder, Appl.
Phys. Lett. 49, 1037 (1986).

1. R. Séderstrom, D. H. Chow, and T. C. McGill. Mater. Res. Soc.
Symp. Proc. 145, 409 (1989).

“T. M. Rossi, D. A. Collins, D. H. Chow, and T. C. McGill (unpub-
lished).

Ting et al 1259

o ,—'___J




Appendix A-9. Interband Tunneling in InAs/GaSb/AISb Heterostructures. D.
A. Collins, D. Z. Y.-Ting, D. H. Chow, and E. T. Yu.




Al . IR
. Presented a,t,)\éfgg-w Posten Session

Interband Tunneling in InAs/GaSb/AlSb Heterostructures

D A. Collins, D. Z.-Y. Ting, D. H. Chow, E. T. Yu,
J.R. Séderstrdm®, Y. Rajakarunanayake, and T. C. McGill

Thomas J. Watson, Sr. Laboratory of Applied Physics
California Institute of Technology
Pasadena, California 91125
Abstract

The nearly-lattice matched InAs/GaSb/AlSb material system offers a large degree
of flexibility for growing tunneling heterostructures. In pariicular, the unique stag-
gered band alignment of InAs/GaSb allows electrons to move between the conduction
band of InAs and the valence band of GaSb making possible a new class of tunnel
structures known as interband devices. We report the experimental observation of
negative differential resistance (NDR) at room temperature from a structure consist-
ing of a single InAs(n)/GaSb(p) inierface. The peak current densities ranged from
4.2 x 10* A/em? to 8.0 x 10* A/cm?® depending on how the structure is doped. The
mechanism that causes the NDR is similar to that of an Esaki tunnel d" ~de. We have
also observed NDR at room temperature in a second class of novel devices. These
structures consist of a thin layer of AlSb displaced from a single InAs(n)/GaSb(p)
interface. NDR with peak current densities greater than 1.5 x 10° A/cm? is seen in
structures in which the AISb barrier is placed in either the InAs or the GaSb. We
attribute the increase in peak current densities with the addition of the AISb barrier
to the formation of a quasi-bound state between the AISb layer and the InAs/GaSb
interface. This quasi-bound state forms either in the conduction band of InAs or the
valence band of GaSb depending on where the AlSb barrier is placed and leads to
a resonat enhancement of the current in the structures. All of the devices’ current—
voltage characteristics show very little change when measured at 77 K indicating that
thermionic currents play a negligible role in their operation.

)Present address: Chalmers University of Technology, Department of Physics,
S-41296 Goteborg, Sweden.
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1. Introduction

Quantum mechanical tunneling in semiconductors as well as negative differential
resistance (NDR) were first demonstrated in forward biased Esaki diodes[1]. An Esaki
diode consists of a degenerately doped p-n diode. Because of the relative positions of
the Fermi level and the conduction (valence) band of the n—-type (p-type) mateﬁd,
under forward bias there are unoccupied states in the valence band of the p-type
material with energies less than or equal to that of the quasi~Fermi level in the n-
type material. As a result electrons can tunnel from the conduction band of the
n-type material, across the depletion region and into the valence band of the p-type
material allowing current to flow in the device. When the bias is increased to the
point where the conduction band edge in the n-type matéx;ial is above the valence
band edge of the p~type material, interband tunneling stops because there are no
available states for conduction band electrons in the n—type material to tunnel into.
This sudden shutting off of the tunneling process leads to a reduction in current flow
through the device and hence a region of NDR.

The discovery of NDR generated a tremendous amount of interest and research
into Esaki diodes since NDR can be used to fabricate amplifiers (2] , oscillators [3]
and high speed switches [4]. Although tunnel diode amplifiers have been built that
operate at frequencies as high as 85 GHz, the Esaki diode has two main weaknesses:
their small current densities (~ 10° A/cm? [4]) limit them to much lower output
powers then Gunn-effect or IMPATT diodes, and their large junction capacitance
limits them to much lower frequencies than InAs/AISb double barrier diodes which
can be made to oscillate at fundamental frequencies greater than 700 GHz [5] .

In this work we report on a group of novel devices which show room temperature
NDR due to a mechanism similar to that of an Esaki diode but with peak current
densities of between 10* and 10® A/cm? (compared to ~ 10% A/cm? for Esaki diodes)




and which have junction capacitances which we estimate to be similar to those of
double barrier diodes. These devices can be realized because of the unique staggered
band alignment of InAs and GaSb in which the conduction band of InAs is 150 meV
below the valence band of GaSb[6]. A schematic representation of the InAs/GaSb
band alignments, which is strongly reminiscent of the band structure of an Esaki
diode, is shown in Fig. 1(a). Because of this staggered band alignment a layer of
GaSb(p*) grown on InAs(n*) should show NDR due a mechanism similar to that of
an Esaki diode. Such structures, which we call heterojunction Esaki diodes (HED),
have been grown and show NDR at room temperature with peak current densities
ranging from 4.2 x 10* A/cm? to 8.0 x 10* A/cm?® depending on how the structure
is doped.

In addition we have grown a second class of novel structures, which we call res-
onance enhanced heterojunction Esaki diodes (REHED), which combine favorable
aspects of the HED with those of double barrier diodes. The structures consist of a
thin layer of AlSb (12 to 21 A) displaced from a single InAs(n)/GaSb(p) interface.
The energy band diagrams of these heterostructures are shown in Figs. 1(b) and
1(c). These devices also showed NDR at room temperature with peak current densi-
ties greater than 10° A/cm®. We attribute the increase in peak current densities with
the addition of a thin AlISb barrier to the formation of a quasi-bound state between
the InAs/GaSb interface and the AISb layer, which leads to a resonant enhancement

of the device’s current.
2. Experimental

In Table I we give the layer sequences and thicknesses for the samples grown for
this study. The samples studied were grown on semi-insulating GaAs substrates in a
Perkin-Elmer 430 molecular beam epitaxy system equipped with cracked Sb and As
sources. The details of the crystal growth have been reported elsewhere [7]. Si was
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used to dope the InAs electrodes n-type (n = 2 x 10cm™%) and the GaSb p-type
(p =~ 5 x 10 cm=2) [8]. 100 A undoped spacer layers were grown on each side of
the InAs(n)/GaSb(p) interface in sample 1; there were no undoped spacer layers in
sample 2. In samples 3 ,4 and 5, the AlSb layers, quantum wells, and additional
100 A spacer layers on the InAs sides of the active regions were undoped.

After growth, device mesas 6 pm in diameter were fabricated using photolithog-
raphy and a wet etch. The etch was stopped in the InAs epilayer so that no current
flowed through the GaAs. Au/Ge was used to make ohmic contact to the individ-
ual devices. Current-voltage (I-V) curves were measured at room temperature and
77 K by probing the mesas with a thin gold wire. It is important to use devices
with a small surface area due to the large current densities carried in these struc-
tures. Previous investigators studied the I-V curves of a structure consisting of an
IngsGa1sAs/GaSbyAs,; interface, but did not observe NDR [9]; we attribute this
to the fact that the devices they fabricated had a device area over 250 times larger
than the ones reported here. Because of the large current deasities found in these
structures (which are comparable to those measured by Sakaki et al.) it is essential to
fabricate small area devices so that ohmic heating due to contact and parasitic series

resistance does not destroy the device before it can be biased into the NDR region.
3. Results

In Figs. 2 and 3 we show tépresentative I~V curves for HED structures (see Fig.
1(a)) with and without undoped spacer layers at the heterointerface, respectively.
Both devices show NDR at room temperature with peak current densities greater than
8.2 x 10%(4.0 x 10*) A/cm? for the structure with (without) undoped spacer layers at
the heterointerface. I-V curves are shown at both 77 K and room temperature. The
fact that the device's performance is virtually unchanged at the lower temperature

indicates that thermionic emission plays only a minor role in the large valley current.
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The observed temperature stability of these devices between 77 K and 300 K is similar
to that of conventional Esaki diodes [10] .

The results for the REHED structures, whose schematic band edge diagraias are
shown in Fig. 1(b) and 1(c) are more complicated. Both types of REHED structures
- showed NDR at room temperature with peak current densities ranging from to 6.7 x
10° A/cm? 1.6 x 10° A/cm? depending on the thickness of the AlSb layer used. These
structures a.léo show a strong dependence of the peak current density on the distance
between the AlSb barrier and the InAs/GaSb interface. In fact if the separation is too
small 1 NDR is observed. The qualitative behavior of both variants of the REEED
can be explained by the existence of a quasi~bound state as will be shown in the

discussion seciion.
4. Discussion

The valley currents in the HED structures are rather large considering that they
should be blocked by the GaSb bandgap. However, because there is not a true barnier
between the InAs conduction band and the GaSb valence band (see Fig. 1(a)) there is
little to suppress inelastic processes from scattering electrons in the InAs conduction
band into the GaSb va'cnce band. It isinteresting to note that in the I~V curves shown
in Figs. 2 and 3 the difference between the peak current and the minimum valley
current is approximately the same in both devices. The data strongly suggest that
doping the device up to and tlﬁ:ongh the interface reduces some o these backgrémnd
inelastic currents. This phenomenon will be discussed elsewhere [11].

There are some improvments that can be made to the HED if it were to be used
in a high-speed application. Ome of the most important considerations would beb
to reduce the device’s series resistance which will be dominated by the GaSb 1ay?r. |
However, the series resistance due to the GaSb layer could be greatly reduced simply
by terminating the HED with a much thinner layer of GaSb. Because of the large
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mass of the GaSb heavy hole and the doping densities of p = § % 10'® cm~2 the
Thomas-Fermi screening length is about 20 A which suggests that a GaSb layer as
thin zc 100 A should be sufficiently thick to not adversly effect device performance. -
A thinner GaSb cap layer will reduce the HED’s series resistance, a consideration
which is important for any high speed application. Further, a thinner GaSb cap layer
should improve the crystal’s structural quality since there is a 0.6 % lattice mismatch
between InAs and GaSb. As a result, the 2000 A GaSb cap layer is greater than the
critical thickness of GaSb grown on InAs which a Mathews—Blakesley model estimates
to be a few hundred angstroms. Due to this we anticipate the formation of interfacial
misfit dislocations which may degrade device performance. A GaSb cap layer below
the critical thickness should reduce or even eliminate the number of these dislocations
nucleated at the InAs/GaSb interface.

Because the NDR observed in HED structures is not associated with a quasi-
bound state, which may have a long lifetime, they hold promise for the fabrication of
high speed devices. The intrinsic upper limit of this structure’s oscillation frequency
will be determined by the transit time across the heterointerface and the inherent
frequency response of the materials as well as the device’s RC timeconstant. Fur-
thermore, because this device can be grown without undoped spacer layers, limiting
processes such as transit time delays across depleted regions which can be important
in conventional double barrier heterostructures will be eliminated in this device [12].

In Fig. 4 we compare ty*plca.l I-V curves for samples 2 and 3 (see table I.) The
solid curve is for the REHED (see Fig. 1(b)) structure and the dashed curve is from
the previously discussed HED (see Fig. 1(a)) structure. As the data show, the stmc;
ture with the AISH barrier is more conductive with a peak current density of more
than 1.6 x 10°A/cm?. This unintuitive behavior can be understood by examining the
transmission coefficients of these structures. Fig. 5 displays transmission coeficients

for samples 2 (dashed line) and 3 (solid line), calculated at flat band conditions us-
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ing a two-band model which incorporates electrons and light holes [13]. The InAs
conduction band edge is taken to be the zero of energy. The calculation shows that
sample 3 possesses a broad resonance, in the region between the InAs conduction
band and the GaSb valence band, which peaks well above the maximum transmis-
sion probability for the HED structure. The calculation indicates that a quasi-bound
state forms in the region between the InAs/GaSb interface and the AlSb barrier in
sample 3, leading to resonant tunneling of carriers across the structure at certain
applied biases. At resonance, the reflection coefficient for the carriers in sample 3
nearly vanishes; in contrast, significant reflection occurs at all energies for the single
InAs(n)/GaSb(p) interface, due to the imperfect coupling of InAs conduction band
states to GaSb valence band states. The formation of a quasi~-bound state in the
REHED structure, as indicated by the calculation, is consistent with the experimen-
tally observed enhancement in the peak current density. This also suggests that the
reflection coefficients at the InAs/GaSb interface in sample 3 are not negligible. In
fact, the existence of a transmission resonance in the REHED structure is dependent
upon non-negligible reflections at the interfaces (a Fabry—Perot effect).

As a further demonstration of the tunneling mechanism described above, we have
grown sample 4 with a 21 A AISb barrer and 120 A InAs quantum well sandwiched
between InAs(n) and GaSb(p) electrodes, corresponding to the band edge diagram of
Fig. 1(c). In this sample, a quasi~bound state will be formed in the InAs quantum
well due to the confinement of the AlSb barrier and the partially reflecting InAs/GaSb
interface. The AlSb layer is thicker than that of sample 3, resulting in sharply reduced
current densities. This sample displayed room temperature NDR, with a peak-to-
valley current ratio of 1.5:1 and a peak current density of 6.7 x 10° A/cm?. This
result demonstrates that resonant interband tunneling can be observed with the AISb
barrier placed on either side of the InAs/GaSb interface. It should be noted that
placing the AISb barrier at the InAs/GaSb interface will reduce the current carried
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by the device, since the addition of the AlSb layer will not cause the formation of

a quasi-bound state. However, larger peak-to—valley ratios have been observed in

such 2 structure [14], presumably due to suppression of inelastic transport across the -
interface; hovfever, the peak current density in those structures was ~ 10 A/cm?.

In Fig. 6 we show I~V curves for samples 4 (solid line) and 5 (dashed line). These
samples correspond to the band edge diagrams shown in Fig. 1(c) with the only
difference between them being the width of the InAs well. As the figure shows for a
narrow well there is no NDR present in the structure. This can be readily explained
since our calculations show that for a 75 A InAs well the confinement energy of the
quasi-bound state pushes it above the valence band edge of the GaSb. As a result,
this resonant level is unavailable to electrons tunneling across the structure leading
to a quenching of the NDR.

The calculated transmission coefficient for sample 3 shown in Fig. 5 has a full
width at half maximum of ~ 28 meV, corresponding to a lifetime of approximately 25
fsec. This puts an intrinsic upper limit on the oscillation frequency of this structure
of about 6 THz. While it is almost certain that any real oscllator will roll off at
a lower frequency due to series resistance, depletion capacitance and the intrinsic
response time of the materials which make up the structure, the tunneling time in
these structures will not be the limiting factor in determining the maximum oscillation
frequency. Furthermore, the large currents carried by these devices indicates that

their output power should be laige enough to be of practical interest.
5. Conclusions

In conclusion we have demonstrated three novel variants of the Esaki diode: HED’s
which consist of a single InAs(n)/GaSb(p) interface and two types of REHED struc-
tures consisting of a thin AlSb barrier displaced from a single InAs(n)/GaSb(p) in-

terface. The operation of these structures is dependent on the unique staggered band
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alignment of InAs and GaSb as shown in Fig. 1(a). The mechanism that gives rise to
NDR in these structures is similar to that of an Esaki diode. For devices consisting of
a single InAs(n)/GaSb(p) interface we observed peak current densities ranging from
4.2 x 10* A/cm? to 8.0 x 10* A/cm? depending on how the structure is doped. We
have also observed NDR at room temperature in devices consisting of a thin Ale
barrier displaced from an InAs/GaSb interface. In structures with the thinnest A1Sb
barriers we observed peak current densities of 1.6 x 10° A/cm? which is larger than in
devices without the AISb barrier. We also found that the device’s I-V characteristics
were extremely sensitive to the placement of the AISb barrier. This sensitivity as well
as the enhancement in the peak current density is consistent with the formation of a
quasi-bound state in the region of the crystal bounded by the InAs/GaSb interface
and the AlISD barrier layer.
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CAPTIONS

Figure 1 Schematic band edge diagrams (neglecting band bending) of the structures
grown for this study.

Figure 2 Representative I-V curves for sample 1 (a2 HED structure.) The solid line
was taken at room temperature and the dashed at 77 K.

Figure 3 Representative I-V curves for sample 2 (a HED structure.) The solid line
was taken at room temperature and the dashed at 77 K.

Figure 4 I-V curves for samples 2, a HED structure (dashed line), and 3, a REHED
structure (solid line.) The enhanced current density in sample 3 is consistent with
resonant tunneling via a quasi-bound state in the GaSb quantam well.

Figure 5 Transmission coefficients for samples 2, a HED structure (dashed line),
and 3, a REHED structure (solid line), calculated at flat band conditions, using a
two-band model which incorporates electrons and light holes. The InAs conduction
band edge is taken to be the zero of energy.

Figure 6 I-V curves for samples 4 and 5 showing the dramatic effect that the sepa-
ration between the AlSb barrier and the InAs/GaSb has on device performance. The
solid (dashed) line corresponds to a structure with a 120 A (75 A) InAs quantum

well.
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TABLE I. Layer sequences for the samples.

Sample Band
numker diagram Layer sequence
1 Fig. 2(2) InAs(n)/undoped InAs(100 A)/undoped GaSb(100 A)/GaSb(p™)
2 Fig. 2(a) InAs(n)/GaSb(p*)
3 Fig. 2(b) InAs(n)/GaSb(51 A)/41Sb(12 A)/GaSb(p+)
4 Fig. 2(c) InAs(n)/AlSb(21 A)/InAs(120 A)/GaSb(p+)
5 Fig. 2(c) InAs(n)/AlSb(21 A)/InAs(75 A)/GaSb(p*)
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ABSTRACT

The nearly lattice-matched InAs/GaSb/AlSb system offers tremendous flexibility in de-
signing novel heterostructures due to its wide range of band alignments. We have recently
exploited this advantage to demonstrate a new class of negative differential resistance (NDR)
devices based on interband tunneling. We have also studied “traditional” double barrier (res-
onant) and single barrier NDR tunnel structures in the InAs/GaSb/AlSb system. Several of
the interband and resonant tunneling structures display excellent peak current densities (as
high as 4 x 10° A/cm?) and/or peak-to-valley current ratios (as high as 20:1 and 88:1 at
300 K and 77 K, respectively), offering great promise for high frequency and logic applications.

. INTRODUCTION

Quantum mechanical tunneling of charge carriers in semiconductor heterostructures con-
tinues to be a subject of great interest. Much of the motivation for studying tunnel structures
stems from their potential high frequency analog applications.! For example, a 420 GHz os-
cillator was recently demonstrated using a GaAs/AlAs resonant tunneling diode.? It has also
been proposed that three terminal devices incorporating GaAs/AlAs tunnel structures could
have advantages in digital applications via multiple level logic.3

In spite of the progress that has been made with GaAs/AlAs (and Al,Ga;_.As) res-
onant tunneling structures, it has become clear that fundamental limitations exist on their
performance. Maximum peak current densities of approximately 1.5 x 10° A/cm? can be
reached only by reducing room temperature peak—to—valley ratios to 2:1 or less.2¢* Further
improvements seem unlikely because of inherently poor GaAs ohmic contacts and low indirect
conduction band minima in the AlAs barriers. The nearly lattice-matched InAs/GaSb/AlSb
material system would seem to be an attractive alternative to GaAs/AlAs because of its flex-
ibility for tunnel structure design. Fig. 1 displays the band edges of the three materials, using
recent band offset data.5® In addition to the obvious flexibility enhancement derived from
having three materials from which to choose, this material system allows for the possibility of
staggered and broken-gap band alignments. Furthermore, the InAs/AlISb conduction band
offset is substa.nt‘a.lly higher than that of GaAs/AlAs (referring to the indirect conduction
band minima in AlSb and AlAs). Finally, InAs and GaSb are excellent materials for n—type
and p-type ohmic contacts, respectively.

In this paper, we present experimental results from several InAs/GaSb/AISb tunnd
structures. Several of these new heterostructures are superior to the best GaAs/AlAs dou-
ble barriers in terms of peak current densities and/or peak-to—valley current ratios. The
tunnel structures can be divided into three classes, based upon the mechanisms through
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InAs GaSb AlSb

Fig. 1. Conduction (dashed) and valence (solid) band edges of InAs, GaSb, and AlSb.
Band offsets values have been taken from recent x-ray photoemission reports.5:8

which they produce negative differential resistance (NDR): “conventional” resonant tunnel-
ing, single barrier (simple elastic) tunneling, and resonant interband tunneling. In the first
category, InAs/AlISb double barrier heterostructures have been shown to yield peak current
densities and peak-to-valley current ratios superior to those obtainable from GaAs/AlAs (or
GaAs/Al,Ga;,As) double barriers. The other two categories of tunnel structures result di-
rectly from the staggered (InAs/Ga,;_,Al.Sb) and broken-gap (InAs/GaSb) band alignments
afforded by this material system. In the case of the resonant interband tunneling devices,
extremely high peak-to—valley curent ratios with reasonable peak current densities have been
observed.

oo 2. EXPERIMENTAL
2.1, ijowth

All of the tunnel structures stutiied have been grown by molecular beam ;pita.xy (MBE)
on (100)—or§entcd GaAs substrates. The Perkin Elmer 430 MBE system is equipped with
cracked As and Sb sources, which produce dimeric molecular beams of the two materials
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(Asz and Sb;). Substrate temperatures above 500°C were monitored with an optical py-
rometer, calibrated to the GaAs oxide desorption temperature and the As-stabilized to In-
stabilized transition in the surface reconstruction of InAs. A thermocouple in contact with
a molybdenum block, to which the substrate was bonded with indium, was used to estimate
temperatures below 500°C.

The InAs/GaSb/AlISb heterostructures were deposited on thick, strain-relaxed buffer
layers of InAs or GaSb, depending upon whether InAs(n*) or GaSb(p*) electroces were
desired. In both cases, a short period, heavily strained superlattice was grown at the
GaAs/buffer layer interface to reduce the number of threading dislocations in the buffer
layer.™® For InAs electrodes, growth commenced with 3000 A of GaAs at a substrate tem-
perature of 600°C, followed by a five period, 2 monolayer/2 monolayer, Iny 7Gag.3 As/GaAs
superlattice at 520°C, and a 5000 A thick InAs(nt) layer grown at 500°C. GaSb buffer lay-
ers consisted of 3000 A of GaAs grown at 600°C, followed by a 1 monolayer/1 monolayer,
GaAs/GaSb superlattice at 520°C, and a 5000 A thick GaSb(pt) layer grown at 470°C. Some
structural characterization of the buffer layers has been reported elsewhere.? Doping of the
electrodes (n-type for InAs, p—type for GaSb) was achieved by codeposition of silicon during
growth. It has recently been demonstrated that GaSb can be controllably doped p~type with
silicon under the growth conditions described above.l® For some of the tunnel structures,
lightly doped (n &~ 5 x 10’ cm™3 or p & 5 x 10'® cm™3) and/or undoped spacer layers
sandwiched the barrier and quantum well layers. Reflection high energy electron diffraction
patterns observed during growth revealed a 2 x 4 surface reconsiruction for InAs, and 1 x 3
reconstructions for GaSb, AlISb, and Ga;_;Al,;Sb.

2.2. Device fabrication

Conventional photolithographic and chemical etching techniques have been used to define
mesas ranging in size from 2 pm diameter circles to 70x160 pm rectangles. Samples with InAs
electrodes were etched in H;S04:H;02:H20 (1:8:80), while Br;:HBr:H; O (0.5:100:100) was
used to etch GaSb electrodes. In most cases, electrical contacts were formed by depositing
Au/Ge on the mesas and etched surface. We have also tested Al contacts to GaSb(p*)
electrodes, and in situ In (prior to removal from the MBE) contacts to InAs(n*) electrodes
with good results. Current-voltage characteristics were measured with a Tektronics 577 curve
tracer and/or an HP4145 analyzer, by probing the mesas with a 25 pm diameter Au wire.

3. CONVENTIONAL RESONANT TUNNELING

GaAs/AlGaAs double barrier heterostructures have been studied extensively as poten-
tial high frequency devices.2¢ However, the performance of these GaAs/AlGaAs structures
appears to be limited by poor ohmic contacts and the loss of NDR at high current densities.
InAs/AlSb double barrier heterostructures are expected to have significant advantages over
GaAs/AlGaAs structures because, (5) n-type InAs is ideal for chmic contacts, and (ii) the
InAs/AlSb conduction band offset (InAs I'-point to AlSb X-point) is much larger than that
of GaAs/AlAs (GaAs I'-point to AlAs X-point) or GaAs/Aly,Gag ¢As (GaAs I'-point to
Alg 4Gag.sAs I'-point). NDR in InAs/AlSb double barrier heterostructures was first demon-
strated by Luo et al.l! with moderate peak-to—valley ratios and current densities. More
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recently, we have observed peak-to—valley ratios cf 11:1 at room temperature at a peak cur-
rent density of 4 x 103 A/cm?, as shown in Fig. 2.} The curve displayed in Fig. 2 was
obtained from a heterostructure which consisted of a 65 A InAs quantum well sandwiched
between 28 A AlSb barriers, 50 A undoped InAs spacer layers, and 500 A lightly doped
(n=2x 10'® cm™3) InAs spacer layers. The electrodes consisted of thick, heavily doped
InAs layers, withn =~ 1 x 10!® cm™3.

g00O0 " .
- %) %)
7000 |nAs|=Z| InAs |Z| InAs 1
~
= 5000+ — 295K -
> S 77K A
G 4000}
(o] 1 g
= , ; ;
— 3000t : ;o
| g 1 ’
8 1 ‘\ Il 9
S 2000f f I3 A
1000} / ! e i
O ':' . [ 2y ,
0 0.5 1 1.5
Voltage (V)

’-:"

Fig. 2. Experimental current density vs. voltage curve, taken from an InAs/Ale
double barrier heterostructure with 28 A ba.mers

:  Although a trade—off between peak-to-valley ratios and current densities exists for

: .InAs/AlSb resonant tunneling structures (as for GaAs/AlGaAs structures), reasonably high
- values for both figures of merit have been achieved. For example, we have observed a peak-
».. current density of 4 x 10° A/cm? with a peak-to-valley ratio of 4:1 from a sample with
" - 4 monolayer AlSb barriers and an asymmetric doping profile.3. In terms of high frequency
" :analog applications, these values are significantly better than the best GaAs/AlGaAs results
reported. Thus, it is likely that InAs/AlISb resonant tunneling structures can be used as
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microwave oscillators at frequencies significantly higher than 420 GHz, the highest frequency
reported for GaAs/AlGaAs resonant tunneling devices.?

4. SINGLE BARRIER NDR

It has been proposed!:! and demonstrated®-1? that single barrier tunnel structures
can exhibit NDR in certain material systems. The basic requirement for observation of single
barrier NDR is that tunneling electrons (holes) lie much closer in energy to the valence
(conduction) band edge in the barrier material than to the conduction (valence) band edge.
This requirement can be satisfied by electrons tunneling from InAs(n) electrodes into an
Al,Ga,_.Sb barrier for z ~ 0.4, as depicted in Fig. 3. The single barrier structure can yield
NDR because the electron tunneling probability is reduced as the valence band edge in the
Al,Ga,_,Sb barrier is pushed to lower energies (with respect to the tunneling electrons) by
an increasing applied voltage.

Al,Ga_« Sb
x=0.42

INAS InAs

«—200A — By

Fig. 3. Band-edge diagram for an InAs(n)/Als.42Gao.5sSb single barrier heterostruc-
ture under an applied bias. ' R
o -‘:;i:-?"“:';:'":". t . . U
- Fig. 4 eonta.ms room temperature and 77 K current density vs. voltage (3-V) cnrv&ﬁ-‘om
a single barrier InAs/Al; 42Gao.ssSb heterostructure. A room temperature (77 K) peak-to-
* valley current ratio of 1.2 (3.4) is observed in reverse bias (negative voltage on the mesa), at
. & modest current density (x 25 Afcm?). The J-V curves were taken from a structure which
consisted of a 200 A Al ,3Gag 5sSb barrier sandwiched between 100 A undoped InAs spacer
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Fig. 4. Experimental current density vs. voltage curve at (a) room temperatire and
(b) 77 K for an InAs(n)/Alg.42Gag_saSh single ba.r;ier heterostructure.

layers, and 500 A lightly doped (n 5 2 x 10'® cm~3) spacer layers. The electrodes consisted
of thick, heavily doped InAs layers, withn= 1 x 10" ecm™3. . . ST PRt
It is interesting to note that the J-V curves shown in Fxg 4 do not dxsplay thxeshold
voltages for tunneling because single barrier elastic tunneling is allowed at any apphed bias (m
contrast to resonant tunneling). The peak in the J-V curve occurs when addxtxona.l incident
“Velectrons in the negatively biased electrode are no longer genented by an mcreasmg b:as
(a.pproxxmately when the voltage surpasses the Fermi level i m the spacer layers) ' We have
E “ also dcmonstra.ted NDR in this material system for smgle Al Ga;-,Sb ba.mer composxtxons
oxz—038 0.40, and 0.44.1° :

R IR
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5. RESONANT INTERBAND TUNNELING

Resonant interband tunneling (RIT) structures have recently been proposed?® and
demonstrated?!22, In these structures, electrons (holes) in one material tunnel through a
quasi-bound valence (conduction) band state in a different material. This mechanism yields
a drastic suppression of valley currents due to the blocking nature of the quantum well layer
past resonance. We have observed peak-to-valley current ratios as large as 20:1 (88:1) at
300 K (77 K) from an InAs(n)/AlSb/GaSb/AlSb/InAs(n) (a-type InAs electrodes, AlSb
barriers, and a GaSb quantum well) RIT structure.??

We report here an experimental and theoretical study of tte current-voltage behavior of
a GaSh(p)/AlSv/InAs/AlSb/GaSb(p) heterostructure. Fig. 5 contains a band-edge diagram
for the heterostructure. The crucial feature of the diagram is that the conduction band edgein
the InAs quantum well is lower in energy than the valence band edge in the GaSb electrodes.
The InAs layer has been grown sufficiently thick to keep the quantum well ground state below
the GaSb valence band maximum. Due to the strong coupling between conduction band and
light hole states, a transmission resonance exists for light holes in the GaSb electrodes whose
energies and parallel wavevectors match those of states in the two dimensional quantum well
subband. It is straightforward to show that this resonance condition can be satisfied for small
applied biases (no threshold voltage). A peak in the I-V curve is expected when the applied
bias becomes large enough to lower the valence band edge in the positively biased GaSb
electrode below the ground state energy in the InAs quantum well. Beyond this point, the
tunneling probability is drastically reduced due to the blocking nature of the thick InAs layer
at energies in its band gap. It should be noted that heavy holes are not expected to contribute
significantly to the tunneling current because they are weakly coupled to conduction band
states.

We have developed a theoretical model to simulate the current-voltage behavior of tunnel
structures in which interactions betweea valence and conduction band states are important.
The simulation begins by computing tke band edge diagram throughout the heterostructure
via the Poisson equation for each applied bias. In the case of the RIT structure studied here,
the heavy hole band dominates the baand bending behavior in the GaSb electrodes because its
density of states is fifteen times greater than that of the light hole band. Next, localized two-
band tight-binding orbitals are used to generate transfer matrices for the tunneling states. In
this manner, a transmission coefficient is determined as a function of the energy and parallel
wavevector of each state. In our model, only the conduction and light hole bands are used
to determine the tight—binding parameters for each material. The restriction to these two
bands is effectively an assumption that only electron-light hole coupling is significant in the
tunnel structure (heavy hole tunneling is ignored). Finally, the current density is obtained
by including appropriate velocities and Fermi factors and integrating over all energies and
parallel wavevectors.

MBE growth and device fabrication have been performed as described in Section 2.
The active region of the structure consisted of a 100 A InAs quantum well, sandwiched
between 20 A AlSH barriers, 25 A urdoped GaSb spacer layers, and 200 A lightly doped

(p & 2 x 10'® cm™?) GaSb spacer layers. The electrodes consisted of thick, heavily doped
GaSb layers, with p = 5 x 10! cm™3.
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GaSb(p) InAs GaSb(p)

Fig. 8. Schematic band-edge diagram (emergy vs. position) for the
GaSb(p)/AlSb/InAs/AlSb/GaSb(p) RIT heterostructure. The conduction band edge,
E., velence band edge, E,, and Fermi energy, Ey, are labeled. The indirect (lower) and
direct (higher) conduction band edges are both shown in the AlSb layers. The position
of the quasi-bound state in the InAs quantum well is also shown

Fig. 6 displays a current deasity vs. voltage curve taken at 300 K from one of the fab-
ricated devices. Also plotted are theoretical curves, calculated by the method deseribed
previously, for symmetric 6 and 7 monolayer (18.4 and 21.5 A) AlISb barrier layers. The ex-
perimental curve shows pronounced NDR in both bias directions, with peak~to—valley current
ratios of 8.3 and 3.6 in reverse and forward bias, respectively (we take forward bias to mean
positive voltage applied to the mesa). The peak current density is 430 A/cm? (560 A /cm?)
in reverse (forward) bias, and varied by less than 15% over ten randomly chosen devices. -

As shown in Fig. 6, the peak current densities predicted by the theoretical model are
in good agreement with those measured experimentally. It has been suggested that the
high scattering rate of heavy holes in bulk GaSb to the light hole band results in identical
tunneling probabilities for the two types of carriers.?? If this were the case, we would expect
the large heavy hole density of states to yield measured peak current densities greater than
our theoretically predicted value by more than one order of magnitude. Thus, the observed
agreement between the experimental and theoretical current densities suggests that heavy
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Fig. 8. Experimental current density vs. voltage curve taken from the

GaSb(p)/AlSb/InAs/AlSb/GaSb(p) RIT device. Also displayed are theoretically simu-
lated curves, calculated for 6 and 7 monolayer (ML) AlSb barrier layers. The theoretical
model includes only light hole contributions to the resonant interband tunneling current.

hole tunneling probabilities are small. The experimental curve shown in Fig. 6 displays some
asymmetry, with the forward bias peak appearing 20 mV higher than the reverse bias peak.
This feature is probably caused by unintentional asymmetries in the doping profile of the
device, introduced during growth. It should be noted that the observed valley currents are
significantly higher than the calculated values, suggesting that transport mechanisms other
than elastic tunneling dominate the current at high bias.

In addition to the demonstration of high peak-to—valley current ratios in RIT devices,
we have recently explored interband tunneling devices designed to yield high peak current
densities. Each of these heterostructures consists of an undoped GaSb quantum well (= 150 A
thick) sandwiched between heavily doped InAs(n*) electrodes.?* The major difference be-
tween this structure and the RIT’s described previously is the absence of AlSb barriers.
Nevertheless, a quasi-bound state is formed in the GaSb quantum well due to non-negligible
reflections of the free carrier wavefunctions at the InAs/GaSb interfaces. This quantum well
state results in a transmission resonance for electrons in the InAs electrodes whose energies
and parallel wavevectors match those of states in the two dimensional quantum well subband.
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We have observed peak current densities in excess of 2 x 10* A/cm? from these structures,
with peak-to—valley current ratios of 2:1.22 These results suggest that interband tunneling
devices may be suitable for high frequency applications. Furthermore, the quasi-bound states
in the barrierless RIT’s are extremely broad, due to the extremely weak confinement. As a
result, the tunneling time in these structures, as defined by the uncertainty principle relating
the energy width of the resonanance to the lifetime of the quasi-bound state, is very short
(= 50 fs), and should not be the limiting factor in the frequency of operation.

6. CONCLUSIONS

In summary, we have studied several novel InAs/GaSb/AlSb tunnel structures. This
material system offers several advantages over GaAs/AlGaAs for tunnel structure design:
(§) enhanced flexibility from three nearly-lattice matched materials, (ii) the possibility of
staggered and broken-gap band alignments, (#ii) large conduction band offsets, and (iv)
excellent ohmic contacts. We have studied three distinct mechanisms for achieving negative
differential resistance from InAs/GaSb/AlSb structures: conventional resonant tunneling,
single barrier tunneling, and resonant interband tunneling. Several of the structures show
extremely high pesk current densities and/or peak-to-valley current ratios. These results
suggest that the InAs/GaSb/AISb material system is ideal for fabrication of high frequency
oscillators and mixers.
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Abstract

The nearly lattice-matched InAs/GaSb/AlSb system offers tremendous flexibility
in designing novel heterostructures due to the wide range of available band alignments.
We have recently exploited this advantage to demonstrate several different devices ex-
hibiting negative differential resistance (NDR) based on interband tunneling. These
devices show a wide range of different characteristics including very high peak cur-
rent densities (1.6 x 10° A/cm?) or peak to valley current ratios (20:1 at 300K and
88:1 at 77K). We have also studied “traditional” double barrier (resonant) tunneling in
the InAs/GaSb/AlSb system. In particular, extremely high peak current densities in
InAs/AlSb double barrier devices have been exploited to fabricate oscillators operating
at the highest frequencies yet reported. Two and three terminal tunneling devices in
this material system show great promise for use in high frequency analog and digital
applications.

INTRODUCTION

The InAs/GaSb/AlSb material system is a nearly lattice-matched system in which
Type I, Type Il and Type II broken—gap band alignments are obtainable. Figure 1 shows
the currently accepted energy positions of the conduction and valence band edges for
InAs, GaSb and AlSb.}?3 As shown in this figure, the band offset between InAs and
GaSb is such that the conduction band edge of InAs lies below the valence band edge of
GaSb, leading to a Type 1l broken-gap heterojunction. The band offset between GaSb
and AlSb is of the Type I variety, with the conduction and valence band edges of GaSb

* Current address:Department of Physics, Chalmers University, Goteborg, Sweden
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Fig. 1. Conduction (dashed) and valence (solid) band edges for the InAs/GaSb/AlSb
material system. The energy gars and band offsets allow the possibility of Type I, Type
11, and Type II broken-gap band alignments. The indirect conduction band minimum

is shown for AISDh.

falling in the band gap of AlSb. Finally, the InAs/AlSb heterojunction exhibits a Type
II band alignment, with the conduction band of InAs lying well below the conduction
band edge of AlSb (a high barrier for electrons) but above the valence band edge of
AlSb, and with the valence band of InAs lying below that of AlSb.

The electrical properties of InAs and GaSb also make these materials extremely
attractive as electrodes for tunneling devices. InAs can be made n-type with very low
resistivity, asd forms an ohmic contact for electrons to metals. GaSb can be made
p-type with relatively low resistivity,* and the small p-type Schottky barrier for GaSb
facilitates the formation of p-type ohmic contacts to GaSb. Hence, parasitic series
resistance can be minimized for metal contacts to n-type InAs layers and p-type GaSb
layers. Furthermore, contacts to thin layers of n-InAs and p-GaSb are relatively easy
to make due to the lack of surface depletion. Finally, the small effective mass of InAs
compared to that of GaAs enhances quantum effects (quantum confinement energies
vary inversely with effective mass), so that subband spacings will be larger in InAs
than in GaAs, and limitations in lithographic resolution, for example, should be less
important for InAs than for GaAs.

To illustrate the tremendous variety of device structures with NDR that can be
realized in this material system, we have shown schematically ten such structures in
Fig. 2. TableIcontains a summary of measured peak current densities and peak to valley
current ratios for these devices. The device in Figure 2(A) is a standard InAs/AlSb
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Fig. 2. Schematic energy band diagrams (energy vs. position) for ten different tunnel
structures realized in the InAs/GaSb/AISb material system. Energy gaps for each
material are shaded, so that the top (bottom) of each shaded region represents the
conduction (valence) band edge in the heterostructure.




TABLE I. Summary of two-terminal device performance.

Material sequence Temperature Peak-to-valley Peak current
(K) current ratio  density (A/cm?)
InAs(n)/AlSb/InAs/AlSb/InAs(n) 300 4.0 3.7 x 10°
300 13.0 4.0 x 10°
InAs(n)/AlSb/GaSb/AlSb/InAs(n) 300 12.0 950
300 21.0 50
7 60.0 1.7 x 103
7 88.0 90
GaSb(p)/AlSb/InAs/AlSb/GaSh(p) 300 8.0 — 10.0 450 — 500
7 16.0 450 — 500
InAs(n)/GaSb/InAs(n) 300 2.2 5.1 x 103
300 1.2 1.2 x 10°
InAs(n)/GaSb/InAs/GaSb/InAs(n) 300 2.2 1.2 x 10*
InAs(n)/GaSb/AlSb/GaSb/InAs(n) 300 3.5 1.4 x 10*
InAs(n)/GaSb(p) 300 1.7 4.2 x 10*
300 1.2 8.4 x 10*
InAs(n)/GaSb/AlSb/GaSb(p) 300 1.5-1.8 1.6 x 108
300 1.5—-1.8 3.5 x 10*
InAs(n)/AlSb/InAs/GaSb(p) 300 1.5 -1.7 3.1 x 103
InAs(n)/AlSb/GaSb/InAs(n) 300 15.0 — 18.0¢) 2.7 x 103(e)

1.6 — 2.2(® 1.52 x 104 (%)

(¢)Reverse bias, i.e., negative voltage applied to electrode next to AlSb barrier.
(®)Forward bias, i.e., positive voltage applied to electrode next to AlSb barrier.

double barrier structure.58:7 The first of the interband devices, which has been named
the resonant interband tunneling device (RIT),%? is shown in Figure 2(B), with the
p-type analog of this devicel® shown in Figure 2(C). In Figure 2(J), we have showu
a device structure that is the basis of our efforts to fabricate three-terminal devices;
a contact to the central InAs layer, which can be made quite thick in this structure
without the loss of NDR, would allow the fabrication of either Stark effect transistors!?
or the more standard tunneling transistor.}13

Each of the device structures shown in Figure 2 has been grown, fabricated, and
characterized in our laboratories. We have also developed theoretical simulations of the
electrical behavior of these structures which have allowed us to explore a wide range
of device parameter space relatively efficiently, and have also provided insight into the
transport mechanisms that are important in these devices. In Sections 2 and 3 we
present experimental and theoretical results for several of the devices shown in Figure
2. Further details of the growth and fabrication can be found in Ref. 14.

InAs/AlSb/InAs/AlSb/InAs DOUBLE BARRIER TUNNEL DEVICES

Until very recently, the standard double barrier tunnel structure has been the prindi-
pal subject of research in the field of semiconductor tunneling heterostructures; research
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Fig. 3. Current-voltage characteristics for an InAs/AlSb double barrier heterostructure.
The structure was grown at Caltech and characterized at Lincoln Laboratories by E.R.
Brown.

activities have focused primarily on GaAs/AlGaAs and InGaAs/InAlAs structures. In
spite of the progress that has been made with GaAs/AlAs (and Al.Ga,__As) reso-
nant tunneling structures, it has become clear that fundamental limitations exist on
their performance. For example, maximum peak current densities of approximately
1.5 x 10® A/cm?® caa be reached only by reducing room temperature peak-to-valley
current ratios to 2:1 or less,15:16

Recently, InAs/AlSb structures grown at Caltech and characterized at Lincoln Lab-
oratories have shoi.n the highest peak current densities of any double barrier devices
reported to date, while maintaining peak-to-valley ratios of 3.7:1. Figure 3 shows the
current-voltage characteristic for an InAs/AlSb device. At Lincoln Laboratories, this
InAs/AlSb structure has been used in oscillator circuits which demonstrate power and
frequency characteristics that significantly exceed those obtained from other devices.1?

INTERBAND DEVICES

Interband tunneling devices are made possible by the unusual Type II broken-
gap band alignment in the InAs/GaSb heterojunction. Because the valence band edge
of GaSb is higher in energy than the conduction band edge of InAs, it is possible to
produce devices in which conduction band states in InAs interact with valence band
states in GaSb. Devices exploiting this feature have been found, in many cases, to
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Fig. 4. Current-voltage characteristics for n-type and p-type resonant interband tunnel
(RIT) structures. Schematic energy band diagrams for these structures are shown in

Figures 2(B) and 2(C), respectively.

exhibit performance markedly superior to that of more conventional structures.

Resonant Interband Tunneling (RIT) Devices

The first device of this type studied experimentally was the resonant interband
tunneling (RIT) device. Two varieties of this device have been studied, one in which
electrons tunnel through valence-band states in a quantum well (the n-type RIT, shown
in Figure 2(B)), and the other in which holes tunnel through conduction-band statesin a
quantum well (the p-type RIT, shown in Figure 2(C)). Current-voltage characteristics
for an n-type RIT and a p-type RIT are shown in Fig. 4. As discussed in Ref. 9,
these devices typically exhibit extremely high peak-to-valley current ratios — as high
as 20:1 and 88:1 at 300 K and 77 K for n-type RIT’s, respectively. At low bias, resonant
tunneling of electrons (holes) occurs in the n~type (p-type) RIT via the quasi-bound
valence (conduction) band state in the quantum well. As the bias is increased beyond
the resonance in these devices, the carriers are required to tunnel through not only
the AlSb barrier layers, but also through the band gaps in the quantum well layers.
This leads to a strong suppression of the valley current, resulting in extremely high
peak-to-valley current ratios.

Barrierless Resonant Interband Tunneling (BRIT) Devices

To date, RIT structures have displayed relatively low peak current densities, a dis-
advantage for high frequency analog applications. Because the peak current density
depends strongly on the AlSb barrier widths, we have investigated a RIT-like device
structure, shown in Figure 2(D), in which the AlSb barriers have been removed. The
current transport mechanism in this device has been claimed by some investigators!® to
be simply ohmic conduction from one InAs electrode to the other through the GaSb va-
lence band. Our studies have shown, however, that this interpretation is incorrect, and
that resonant tunneling in these devices occurs via a quasi-bound state in the GaSb va-
lence band that exists despite the absence of confinement by classically forbidden barrier
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Fig. 5. Current voltage characteristics at 300 K and 77 K for a barrierless resonant
interband tunneling (BRIT) device. A schematic energy band diagram for this structure
is shown in Figure 2(D).

regions. Current-voltage characteristics for a barrierless resonant interband tunneling
(BRIT) device are shown in Fig. 5. As expected, the peak current densities for this
structure are far higher than those obtained from the RIT device — (few)x10? A/cm?
for a typical RIT compared to (few)x10* A/em? for the BRIT.

A theoretical analysis of this device reveals a number of interesting features. Be-
cause interband tunneling devices involve both conduction and valence band states,
any theoretical model for these structures must include both conduction and valence
bands, and must also correctly account for the interactions between these bands. We
have implemented a simple two-band tight-binding model that satisfies these require-
ments.!® This model, in conjunction with realistic band bending calculations, allows
us to simulate the current-voltage behavior of a wide variety of interband tunneling
devices.

Simulations of BRIT structures with varying GaSb layer widths and subsequent
experimental measurements for these devices have provided strong evidence that the
current transport mechanism responsible for NDR is indeed resonant. Figure 6 shows
transmission coefficients for BRIT structures with three different well widths. The
main feature of interest is that, despite the absence of any classically forbidden barrier
regions, transmission resonances are formed due solely to the imperfect matching of InAs
conduction band and GaSb valence band wave functions at the InAs/GaSb interfaces.
For the 15 monolayer (ML) GaSb well (Figure 6(a)), the confinement energy moves
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Fig. 6. Theoretical transmissions coefficients for the barrierless resonant interband tun-
neling (BRIT) device (the structure depicted in Fig. 2(D)). The energy range shown
is from the valence band edge of the GaSb to the conduction band edge of the InAs.
Transmission coefficients for three different widths (in monolayers) of the GaSb layer
are presented.

the quantum well state below the InAs conduction band edge; in this case, resonant
transport cannot occur. For the 30 ML GaSb well (Figure 6(b)), a single broad resonance
is present in the transmission coefficient, and for the 100 ML GaSb well (Figure 6(c)) a
large number of resonances occur in the energy range between the InAs conduction band
edge and the GaSh valence band edge. This variation in the transmission coefficient
with the width of the GaSb layer leads to a nonintuitive variation in the peak current
density. The absence of a resonance should lead to a small peak current for a device with
a thin GaSb layer; BRIT devices with intermediate GaSb layer widths should exhibit
much higher peak current densities, due to the presence of the single broad resonance.
For wide GaSb layers, however, the peak current density should decrease since the
resonances, although more numerous, are significantly narrower than for GaSb layers of
intermediate width and therefore allow less of the incoming electron distribution to be
transmitted across the GaSb layer.

As shown in Figure 7, this qualitative dependence of peak current density on GaSb
layer width is exhibited both experimentally and theoretically. Figure 7(a) shows the
theoretically calculated peak current density as a function of GaSb layer width; calcu-
lated valley currents for these devices are extremely small compared to the peak cur-
rents. Figure 7(b) shows the difference between the peak and valley current densities
measured experimentally for devices with varying GaSb layer widths. The difference
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the peak and valley curent density for the BRIT device (shown in Fig. 2(D)) as a function
of GaSb layer width. The discontinuity in the theoretical curve is due to the presence
of two widely separated transmission resonances that lead to two separate peaks in the
calculated current-voltage characteristic.

between the peak and valley current densities, rather than simply the peak current
density, has been used in order to eliminate contributions to the peak current density
from inelastic transport mechanisms, which have not been included in our calculations.
Both the experimental and theoretical curves show the qualitative dependence on GaSb
layer width expected from our analysis of the transmission coefficients; in particular, the
sharp drop in the resonant current for narrow GaSb layers is strong evidence that NDR
in these devices is due to transport through a light-hole-like resonance in the GaSh well,
rather than simple ohmic conduction through the GaSb valence band that is eventually
blocked by the GaSb band gap.

Another atiractive feature of the BRIT device structure is the broadness of the
transmission resonances. The width of a typical transmission resonance for a BRIT de-
vice corresponds to a quasi-bound state lifetime of a few tens of femtoseconds, compared
to typical quasi-bound state lifetimes (i.e., tunneling times) of picoseconds or longer for
typical double barrier structures.!® These shorter lifetimes in BRIT structures suggest
that limitations on device speed due to quartum well charging effects should be mmch
less stringent for BRIT’s than for conventional double barrner structures.

Variations of the BRIT structure in which intermediate layers of InAs or A1Sb have
been inserted in the GaSb layers, as shown in Figures 2(E) and 2(F), have also been
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studied both theoretically and experimentally. Results of this work will be reported
elsewhere.2?

n-InAs/p-GaSb Devices

The possibility of interband tunneling in the InAs/GaSb/AlSb materia! system
leads very naturally to the device structure shown in Figure 2(G), which consists simply
of an interface between n-type InAs and p-type GaSb, and which can be thought of as a
heterojunction Esaki diode. This device, which works only in forward bias (i.e., positive
voltage applied to the p-type GaSb layer), hxs yielded very respectable peak current
densities (up to 8.4x10*A/cm? at 300 K) with peak-to-valley current ratios of 1.2 to 1.7.
One advantage of this device structure is that, because a quasi-bound state resonance
is not formed, speed limitations due to finite resonance lifetimes are eliminated.

InAs/GaSb/AlSb/GaSb and InAs/AlSb/InAs/GaSb Devices

A substantial improvement in the performance of the heterojunction Esaki diode
can be achieved by inserting a thin AlSb barrier layer on either side of the InAs/GaSb
interface. The AlSb barrier induces a resonance in either the GaSb valence band (for the
structure in Figure 2(H)) or the InAs conduction band (Figure 2(I)). Because resonant
transport in this structure requires that the InAs electron Fermi sea, the transmission
resonance, and the GaSb hole Fermi sea all be aligned in energy, the performance of
these devices is quite sensitive to the exact distance between the AISb barrier and the
InAs/GaSb interface. Simulations of these device structures have allowed us to achieve
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Fig. 9. Theoretical transmission coefficients for an InAs/GaSb/AlSb/GaSb structure
(solid line) and for an InAs/GaSb structure (dashed line).

an approximate optimization of the peak current density as a function of the InAs
or GaSb quantum well width. Figure 8 shows current-voltage characteristics for an
InAs/GaSb/AlSb/GaSb structure and for a simple InAs/GaSb device. As shown in
this figure, the introduction of the AlSb barrier layer increases the peak current density
dramaztically.

This effect can be understood if one examines the transmission coefficients for
these two structures, shown in Figure 9. The smooth transmission coefficient for the
n-InAs/p-GaSb structure is replaced by a broad resonance in the GaSb quantum well;
this resonance is due to confinement from the AlSb barrier and from imperfect matching
of GaSb valence band and InAs conduction band wave functions at the InAs/GaSb
interface. Because of the finite widths of the Fermi seas of electrons in InAs and of holes
in GaSb, the resonance in the InAs/GaSb/AlSb/GaSb structure is much more effective
in allowing carriers to be transmitted across the device. Peak current densities as high
as 1.6 x 10°A/cm? have been achieved using the InAs/GaSb/AlSb/GaSb structure.

Three-Terminal Devices

Although two-terminal tunnel devices have been demonstrated in a number of ap-
plications, most notably high-frequency analog circuits,'17:2! a great deal of flexibility
would be gained if three-terminal tunnel devices were available, and considerable effort
has been expended in this area. Historically, the efforts to make three-terminal tunnel
devices date to the pioneering work of Mead in the 1960’s.)* However, these devices
were plagued with high base currents and low collector effidencies. Based on these
previously noted short comings, Bonnefoi and co-workers proposed inverting the gate
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and collector positions and using electric fields from the gate to modulate the emitter-
collector current.!! More recently, Mead’s original structure has been revived by Schul-
man and Waldner,!® with the additional concept of establishing two distributions of
carriers in separated subbands — one to apply the potential and the other to carry the
resonant current. We plan to pursue both of these concepts in the InAs/GaSb/AlSh
material system. A basic device structure is shown in Figure 2(J). Our initial eforts
involved studying the curr nt-voltage characteristics of this structure as a standard two-
terminal device. Typical current-voltage characteristics are shown in Figs. 10(a) and
10(b). A particularly notable aspect of these structures is the marked asymmetry in
the current-voltage behavior between forward and reverse bias. The reproducibility of
this asymmeiry for samples with the AISb barrier grown above and below the GaSb
quantum well demonstrates that this phenomenon is an inherent feature of this device
structure, and does not depend on growth sequence.

Three-terminal devices like that shown in Fig. 11, based on the structure in Figure
2(J), have also been fabricated. Preliminary results show that modulation of the emitter-
collector curreat can be achieved by changing the bias on the base elecirode. The
prospects for fabricating three terminal devices in the InAs/GaSb/AlISb material system
thus appear to be quite encouraging.

CONCLUSIONS

We have presented recent results for several different tunneling devices based on
the InAs/GaSb/AISb material system. These devices exhibit a wide range of peak
current densities and peak-to-valley current ratios. Table I summarizes the results we
have obtained from each structure. In addition, the InAs/AlSb double barrier structure
has been shown to be capable of oscillation at the highest frequencies yet reported,
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Fig. 11. A schematic layer diagram for a three terminal device. The ability to modulate
the emitter-collector current through the bias on the base electrode has recently been
demonstrated.

and several other device structures we have studied are expected, based on calculated
resonance lifetimes, to be capable of operation at even higher frequencies. Preliminary
results also suggest that vhis material system is extremely promising for the fabrication
of three terminal tunnel devices.
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