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Significant advances were achieved in tunneling hot electron amplifiers and in the understanding
of hot electron transport in the work funded by the contract and carried out by M. Heiblum and
his co-workers.# This results of this work are described in detail in nine papers that have been
published in the open literature. (These papers are listed below as references 1-9 and copies of them
are attached.) This report summarizes the principal results.

There are three aspects of the work in which the results are particularly noteworthy:

1. The demonstration of the first hot hole tunneling transistor and its use to study hot hole
transport in GaAs,

2. The successful fabrication of a hot electron “THETA" transistor with a psuedomorphic
InGaAs base which allowed high transistor gains (8 ~ 30) to be achieved, and

3. The conception and successful fabrication of a lateral hot electron device and its use to
investigate ballistic, hot electron transport in a 2-dimensional electron gas in GaAs.

Hot Hole Tunneling Transistor!

The first operation of a tunnelling hot hole transfer amplifier was demonstrated and spectroscopic
evidence of ballistic light hole transport was observed. Light holes can be separated from the ma-
jority of the heavy ones by tunnelling which favors the light holes due to the mass difference. Thus,
a tunnelling barrier was used as an injector of light hot holes into a p-type, 30nm-thick GaAs base
layer. Energy spectroscopy was performed at the exit o” the layer by using a 46 nm wide AlGaAs
collector barrier. Narrow energy distributions of hot holes were detected with width of about 35
meV and with peak energies corresponding to the injection energies at the entrance to the layer,
confirming ballistic transport. The fraction of the holes travelling ballistically (i.e., without scat-
tering or energy loss) is about 10% for holes injected at energies 180-220 meV, suggesting a mfp in
2x10" cm-3 p-type GaAs of about 14 nm. This is about three times smaller than the mean free
path of electrons in n-type GaAs doped to the same level.

By applying a magnetic field perpendicular to the direction of ballistic hole motion, thus deflecting
the holes from their original straight trajectories via the Lorentz force, it was demonstrated that one
can estimate the effective mass of the hot holes and thus their velocity. Analysis of the data using
a simple model suggests that the light holes injected 0.22 eV below the top of the valence band have
a mass of about 0.15 /m,, where m, is the free electron mass (at the top of the valance band their
mass would be about 0.082 m,), and a group velocity of about 6.5x10” cm/sec. This value is ~ 10x
faster than that of heavy holes in GaAs and approaching the value of ~ 10x10’ cm/sec for hot
clectrons. Hot light-hole THETA devices should thus have performance potential approaching that
of similar hot electron devices.

Hot Electron Transistor with Psuedomorphic InGaAs Base* ¢

An AlGaAs/InGaAs/AlGaAs pseudomorphic base structure can be incorporated in the THETA
device. The use of the strained InGaAs layer as the base material increases the energy separation
between conduction band I" and L-valleys of the base region, and enables the use of a lower alu-
minum mole fraction in the AlGaAs collector barrier for the same base-collector leakage current.
As a result, two factors limiting the current gain in THETA device, hot-electron transfer into the
L-valleys in the base and scattering of hot-electrons in the AlGaAs collector barrier, can be reduced.

Successful fabrication of the first pseudomorphic base THETA devices was achieved. Ballistic
electron transport was observed using hot electron spectroscopy. From collector current onsets and
activation energy measurements, it was found (assuming iic charge in the AlGaAs) that the con-
duction band discontinuity, AE., between strained Iy ;sGassAs and Ak sGaygsAs increases by about
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100 meV compared to that of the GaAs - As1sGdussAs interface. Also a slight decrease in the cur-
rent gain a at high base-emitter voltage is observed, which suggests that I'-L valley energy sepa-
ration in Iny ;sGassAs is about 400 meV compared to 290 meV in GaAs.

These increased energies result in significant increases in transistor gain: Common emitter cusrent
gains of 25-30 at 77 K and 35-40 at 4.2 K were obtained. These values are about 4x higher than
in devices with GaAs bases having similar thickness and doping and correspond to a transfer ratio
in a common base operation of about 0.97, suggesting that a very large fraction of the electrons
traverse the device with negligible energy loss. This is a significant advance since these gains are
reaching the range that would be needed for practical devices.

Lateral Ballistic Electron Transistor® ?

The first lateral ballistic kot electron transistors have been constructed. In these devices, transport
occurs in the plane of a high mobility two dimensional electron gas (2 DEG) at a GaAs/AlGaAs
heterojunction. The device is formed by the deposition of two metal gates, 50 nm long, and 0.5
microns wide, separated by 50 nm on the surface over the 2DEG. With an applied negative voltage
to both gates with respect to the 2DEG, the clectron density underneath the two gates is reduced
to zero and two potential barriers are induced. The two barriers separate the 2DEG into three
different regions: an emitter, base (center region), and coliector to which separate ohmic contacts
arc made. The emitter barrier, separating the emitter from the base, is used as a tunnelling injector
of a quasi monoenergetic beam of hot electrons. The hot electrons, with excess energy of 30-100
meV above the Fermi level traverse the base (in the plane of the 2 DEG) and surmount the second
induced barrier, the collector barrier, to be collected. The principles of operation are the same as
for the vertical THETA device but, the lateral device is easier to make and very flexible in its op-
eration. For example, ohmic contacts to the base can be readily made and the gates enable the
potential barriers to be adjusted to optimize the operation of the device. Lateral devices also offer
some new device possibilities: For example, it should be possible to steer electrons in the plane
of the 2DEG and to integrate lateral hot electron devices with conventional HFET structures.

Several types of lateral devices were fabricated. They were used to verify the tunnelling behavior
of the injector, to investigate the sensitivity of the current transfer ratio « to the design of the emitter
and collector gates, and to carry out electron encrgy spectroscopy experiments in order to investi-
gate the conditions under which ballistic transport can occur. From the lattermost, phonon scat-
tering was found to be the primary scattering mechanism in these devices. At base lengths of ~
lum (significantly greater than the mean-free-path for phonon scattering in GaAs), the
spectroscopy results show clear evidence of phonon scattering at multiples of 36meV (the phonon
energy in GaAs). For transistors with a base length of 220 nm (approximately equal to the mfp),
electron transport was shown to occur without electron wattenng i.e., it was mainly ballistic. For
devices of this base length having gate clectrodes designed for gain improvement, it was possible to

achieve very high current gains - as large as « = 0.99 (8 = 100) at 4.2K.
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Observation of Ballistic Holes

M. Heiblum, *’ K. Seo, " H. P. Mecier,® and T. W. Hickmott "

IBA¢ Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10598
@18 Research Division, Zurich Research Laboratory, 8803 Riischilikon, Switzeriand
(Recaived 13 November 1987) )

We report the first direct observation of ballistic hole transport in semiconductors, via energy spectros-
copy experiments. Light holes are preselected and injected via tunneling into 31-nm-thick p *-GaAs lay-
ers. About 10% of the injected holes have been found to travei ballistically maintaining distributions
=35 meV wide, with & mean froe path of about 14 am. Resonances in the injection currents, resulting
from quantum interference effects of the ballistic holes, are used to support the light nature of the ballis-

tic holes.
PACS numbers: 72.20.)v, 71.25.Ta, 73.40.Gk

Ballistic transport of carriers in solids was previously
inferred via a variety of indirect techniques.'!”* Recent
energy spectroscopy experiments in GaAs have demon-
strated directly the existence of ballistic electrons; how-
ever, holes were never directly observed to be transported
ballistically. In GaAs there are two valence bands®: a
light-hole band containing about 5% of the total hole
population, with a curvature effective mass my
=0.082m,, where m, is the frec-clectron mass, and a
heavy-hole band with my, =0.51m,. Since the mean
free path (mfp) is approximately proportional to the in-
verse of the mass, ballistic transport of heavy holes is un-
likely in practical structures. In order to look for ballis-
tic hole transport we have used s tunnel barrier, which
has large transmission for light holes, injecting ==30-
meV-wide energy distributions of light holes into heavily
doped p *-GaAs layers, 31 nm thick. With spectroscopy
performed after traversal, we have measured similar dis-
tribution widths and peak energies, with about 10% of
light nature of the holes are supported by the observation
of resonances in the injection curreats due to quantum
interference effects of the ballistic light holes in the thin
GaAs layers.*

Experiments were done with a novel three-terminal
structure (hot-hole transistor) grown by molecular-beam
cpitaxy on a p* (100) GaAs substrate, described in Fig.
1. A tunnel injector, composed of a p*-GaAs layer
(called emitter), an intrinsic Al,Ga)-,As barrier layer
with x=0.5 (12 nm thick), and a p*-GaAs layer (31
nm thick, called base), was used to select and inject light
holes. When biased with V3, it injected a quasimonoen-
ergetic distribution of light hot holes (==30 meV wide),
favored by the tunneling process (by a factor of =107),
with most holes emerging into the base layer with excess
energy near eVzs. The 31-nm base layer was terminsted
with a spectrometer made of a relatively thick, intrinsic
collector barrier), followed by a thick p*-GaAs layer
(called collector). The AlAs mole fraction in the collec-

tor barrier was lincarly graded down to y =0.17 over 6
am oa the base side to minimize the quantum-mechan-
ical reflections. The GaAs layers were doped with accep-
tors (Be) to a level of 1.6x10"® cm ™3, The structure
was selectively etched to expose the base layer, and al-
loyed Ohmic contacts were made to the emitter, base,
and collector layers.

Arriving hole distributions were analyzed by the thick
AlGaAs spectrometer barrier. Upon the application of a
potential difference, Vs, the potential height of the col-
lector barrier, ®c, changes, affecting the collected cur-
mtdenﬁtylc-ej:cn(E;)v;(E;)dE;,whetG¢isthe
electronic charge, and n(E ;) is the number of holes per
unit normal energy, an energy associated with the nor-
mal component of the velocity, v, (E,). The normal en-
ergy distribution can be found from ev, (E I)a(E,)
wdjc/d®c, or

v, (E In(E e "2p "V djc/dvcs,
where n=e ~!d®¢/dVcs is a proportionality factor. If
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FIG. 1. Valence band in the hot-hole transistor with hole
energy plotted upward. The tunnel injector and spectrometer
barriers have AlAs mole fractions of 0.5 and 0.31, respectively.
The collector is shown biased negatively. The emitter, base,
and collector are p *-GaAs doped to a level of 1.6%10' cm ~>.
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our graded barrier were ideal, for Vs > 0 we would
bave n==1 (with peak potential at collector side), and for
Vca <0, na= & =0.13 (with peak 6 nm away from the
base side). However, some barrier parameters such as
the density of any unintentional charges,” of the extent
of acceptor (Be) segregation from the collector,® are im-
portant and difficult to determine accurately. Thus, a
study of the spectrometer barrier, leading to the actual
@c and 5, has to be done.

This study is done, with our hot-hole transistor struc-
ture, by our finding a low-temperature threshold injec-
tion voltage, V23, for some Vcp, for which an onset in
the collector current occurs. Then the Fermi level in the
emitter is at the same height as the peak potential of the
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FIG. 2. (a) Collector-current onsets for different Vs, and
an example of determining the threshold eV2y for Vs =0.
Note the very small currents rising from the noise line. (b) ®¢
and the derivative n as functions of Vcs. Also plotted are the
barrier heights from separate measurements of activation ener-
gy for thermionic emission lfor Vcp > 0 (<0) the barrier is
that for holes in the collector (base)l. Inset: A probable
collector-barrier shape.

+

collector barrier, and some ballistic holes can graze and
pass the top of the barrier.” More accurately, the
collector-barrier height is ®c =eV2y+{p+5, where {
is the Fermi energy in the base (Fig. 1), and §=10-20
meV is a correction due to holes tunneling somewhat
below the barrier top. The results of such experiments,
done at high current sensitivities, are seen in Fig. 2(a).
From here, with neglect of 4, the collector-barrier height
above the Fermi level in the base, ®c =eVg;, is plotted
in Fig. 2(b). With no bias applied ®¢ =170 meV and
{»=9 meV for our doping, and thus ®c =179 meV+34,
s value higher by at least 20 meV than the published
band-discontinuity values.'!® This difference is most
probably related to unintentional positive charges in the
barrier, which we address below.

Figure 2(b) also gives the calculated n, which together
with ®¢ is sufficient for the analysis of our spectroscopy
experiments; however, the study of ®¢ and n in some de-
tail gives us a physical insight of the barrier shape, as re-
lated to actual barrier parameters. In the range —50
mV < Vs <50 mV, n=0.4, suggesting a barrier peak
at some 0.4%47 nm=19 nm away from the base side.
This, and the increase in the barrier height from the
value given in Ref. 10 (seen above), can result from
unintentional positive charges in the barrier, charges
which we independently measured.!! One can also see
that n approaches unity only at large positive Vcp, an
effect that can be attributed to barrier lowering on the
collector side, most probably due to Be segregation into
the barrier during growth.® This was verified by mea-
surement of activation energies for thermionic emission,
with results given in Fig. 2(b).'° The method proved
credible as seen from the good agreement between the
activation energy results for Vcp <0, and ®¢ deter-
mined from the threshold measurements. For large posi-
tive Vcp we find a rather low barrier height on the col-
lector side, ®c—{c=90 meV. From these results a
more realistic shape of the collector barrier is shown in
the inset in Fig. 2(b). This barrier has a potential peak
that moves from near the base side to the collector side
as Vp increases.

Spectroscopy was done by the measurement, at 4.2 K,
of the collector current Ic versus the collector verltage
Vcs, at different injection voltages Vip [Fig. 3(a)]. The
current rises steeply up to a knee where the slope clearly
changes. The hole energy distributions, shown in Fig.
3(b), are derived by the division of the di¢c/dVcy curves
by the n determined above, and the conversion of the
horizontal scale to excess normal energy above {p [with
use of Fig. 2(b)). A few interesting features can be no-
ticed. For injection energies in the range 190-210 meV,
a clear ballistic behavior is observed. The distributions
are extremely sharp with widths at half maximum of
==35 meV, and peaks tracking exactly the injection ener-
gy, eVes (10 meV apart). At the lower-energy end, de-
caying 1ails of distributions, peaking somewhere closer to
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FIG. 3. (a) Collector cucrrent Ic vs spectrometer voitage
Ves, for different injection voltages ¥Vzs. (b) Hole energy dis-
tributions deduced from the above /c — Vs curves and the
givea in Fig. 2(b). Ballistic peaks are seen for Vga =190, 200,
and 210 mV. For lower Vs, upper energy tails of nonballistic
bole distributions are dominant.

the base Fermi level, are scen, masking the correspond-
ing lower energy ballistic peaks. These tails are likely to
originate from holes excited up from the equilibrium
hole population in the base.'? For eVgp> 220 meV,
peaks do not shift in energy any more, as the spectrome-
ter potential peak moves rapidly toward the collector
side. Then holes, most probably, cannot traverse ballisti-
cally the full width of the AIGaAs barrier against a rela-
tively strong retarding electric field, resulting in a drop
of the collector current and in an artificial peak in
dic/dVes.

The observed hole distributions are narrower by a fac-
tor of 2 compared with those of ballistic electrons mea-
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FIG. 4. Solid curves are the derivative of the logarithm of
the injected current (high-frequency oscillations at the low Vi
are due to noise). As the collector voitages changes from posi-
tive t0 negative, fewer bound states are visible. The dotted line
is dlg/dVgs for Vs =0, showing the lower-energy resonances.

sured by a similar technique.* This is due to the nar-

rower supply function in the emitter being determined by

the heavy holes: {z+band bending (calculated classical-
ly)==27 meV for Vgp=200 mV. The small displace-

ment in the peak positions below the Fermi level in the .

emitter is fully accounted for when we note that the in-
W distribution R(EJ.)“'(.EF-E;)D(E,L) at 0 K,
where D(E, ) is the one-dimensional tunneling probabil-
ity, peaks some 15 meV below Eg,*!? and that the actual
®¢ is higher by § than the one used in Fig. 3(b). The
above results are consisteat with ballistic transport of the
narrow distributions. Integrating the area under the dis-
tributions, we find that 8%-11% of the injected hole
current is ballistic, with a calculated mfp==14 am [by
use of 0.1 2=exp(—31/mfp)).

Even though it is highly likely that the observed ballis-
tic holes are light, the spectroscopy measurements de-
scribed above are not sufficieat to prove it. Confirmation
is provided by the analysis of strong resonances resulting
from hole interference effects, observed in the injection
tunnclingcumnts,ateeminenctgiathatmrnicu-
larly sensitive to the effective mass of the holes.® These
resonances are due to a faster increase in the injection

current whenever the Fermi level in the emitter crosses &
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the bottom of a quasi-2D hole band formed in the base.
Figure 4 shows the derivatives d(in/g)/dVys = Vis, for
different Vcp. As long as eV S @, strong oscillations
ia the derivative are observed because the participating
2D states are strongly bound. However, when eV,
> &, the oscillations are due to the less confined (virtu-
al) states, and thus weaker. As seen in Fig. 4, when the
collector voltage changes from positive (high ®¢) to neg-
stive (Jow ®¢) values, the topmost bound states gradual-
ly become virtual, and the corresponding oscillations get
weaker.® The observation of the peaks due to interfer-
ence effects confirm the ballistic transport of the holes.

In order to find the corresponding ballistic-hole mass,
we have estimated the positions of the bound light-hole
states in a symmetric square well, 31 nm wide and 200
meV deep. Obviously this is a gross simplification since
it ignores the exact potential distribution in the base and
the nonparabolicity effects of the hole band; however, it
distinctly shows the nature of the ballistic holes. For
my,=0.082m,, we find bound levels at 3, 15, 35, 62, 97,
138, and 182 meV.' From Fig. 4, for Vcs =0, the ob-
served bound peak positions including {p are at 41, 72,
102, 133, and 168 meV, agreeing well with the calcula-
tions (the first two calculated levels are not seen since
they are just at or below the Fermi level). Note that at
energies higher than 100 meV the well widens and non-
parabolicity increases the light-hole effective mass,®
causing the last two observed peaks to be at somewhat
lower energies. For comparison, heavy holes with
mu=0.51m, would have sixteen bound states in the
base, excluding them from the observed transport.

In summary, our results show, for the first time,
snambiguous spectroscopic observation of ballistic
light-hole transport in GaAs. Ballistic hole distributions,
35 meV wide, with a mean free path of about 14 nm,
have been measured. Lower energy distributions, that
might be due to excited holes from the Fermi bath, are
observed too. Quantum interference effects in the thin
transport regions provide added evidence for the ballistic

transport.
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High-mobiliity inverted selectively doped heterojunctions

Hadas Shtrikman,® M. Helblum, K. Seo,D.E. Galbi,and L. Osterling
IBM, ThomasJ. Watson Research Center, Yorktown Heights, New York 10598

(Received 5 September 1987; accepted 14 December 1987)

We have used reflection high-energy electron diffraction (RHEED) to study the surface recovery
of AlGaAs under different conditions. A modified process for growth interruptions was then
introduced, where a GaAs monolayer was grown at each growth stop, and the arsenic flux was
turned off during the low-temperature phase of growth interruptions. Selectively doped inverted
heterojunctions were grown using the modified growth interruptions together with low-growth
temperature (to avoid Si and impurity segregation). This combined process gave :epmducxble
decmnmouhnuuhnghumowcm‘ﬂsmthsheetmeommuonofzx10"

at4.2K.

Much attention has been focused on investigating the differ-
ences between normal and inverted selectively doped GaAs-
GaAlAs heterojunctions. In the normal structures the
doped AlGaAs layer is grown on top of the undoped GaAs
layer, and thus the two-dimensional electron gas (2-DEG)
is formed at the top edge of the undoped GaAs layer. In the

inverted structures the undoped GaAs layer is grown on top _

of the AlGaAs layer, so that the 2-DEG is formed in the
GaAs right on top of the AlGaAs layer.

The inferior low-temperature electron mobilities of in-
verted structures, always below 100 000 cm?/V s'2 (com-
pared with values as high as 5 X 10° cm?/V s* for the normal
structures), were attributed to result from two main prob-
lems: dopant (usually Si) and impurity segregation from the
AlGaAs into the GaAs-AlGaAs interface, and the GaAs—
AlGaAs interface roughness. However, the inverted struc-
tures have advantages for some applications due to the easier
formation of Ohmic contacts and the better electrical isola-
tion of the 2-DEG from the substrate. The growth of high-
quality inverted interfaces is especially important for achiev-
ing good quality quantum well and superlattice structures
(as they are comprised of an equal number of normal and
inverted interfaces).

Pastmanpt:tosolveth:sproblemdndnotludtorepro-
ducible results and were only marginally successful. Si segre-
gation was reduced by using low-growth temperatures,**
which in turn dictated the use of low-growth rates in order to
maintain a good crystalline quality. An attempt to improve
the interface smoothness was done by reducing the Al mole
fraction.’ The best reported mobilities for the inverted struc-
ture were achieved by introducing a short superlattice in the
AlGaAs below the 2-DEG, which was believed to reduce
impurity movement and improve the surface smoothness.®
However, these results were never further confirmed.

The important role of including short superiattices and
performing growth interruptions in obtaining high-quality
epitaxial lsyers and smooth interfaces by molecular-beam
epitaxy (MBE) has already been recognized.’” It has been
related both to surface smoothing processes’ facilitated by
the surface migration of the atoms and to impurities getter-
ing at the interfaces.'®

We have first tackled the problem of improving the quali-
ty of inverted heterojunctions by applying growth interrup-
tions in order to improve the quality of the AlIGaAs layers.
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Using reflection high-energy electron diffraction (RHEED)
intensity measurements we have optimized the conditions
for periodic interruptions during the growth of A1GaAs lay-
ers. We thus combined periodic growth interruptions with
low-growth temperature in the doped AlGaAs region (to
avoid Si segregation) to give, for the first time, a reproduc-
ible procedure for growing high-mobility selectively doped
single inverted heterojunctions. Electron mobilities as high
as 460 000 cm?/V s were measured at 4.2 K with electron
concentration of 2X 10" cm ™2,

The layers were grown in RIBER 1000-1 system under
arsenic stabilized conditions. The intensity of the specular
reflection in the RHEED pattern of a (100)-c(2X4) As-
stable reconstructed surface, with the beam in the (110) azi-
muth was monitored as a function of time at different rough-
ening and recovery conditions. The intensity of the RHEED
pattern was recorded in the conventional way using an opti-
cal fiber and an amplifying system.®

The RHEED intensity time evolution clearly shows that
the smoothness recovery of GaAs layers is much faster and
more complete than the recovery of AlGaAs surfaces. More-
over, a similar enhanced recovery can be seen when only 1 or

Al +Ga On
~Al+GaOn __Al+GaOn
Ga Off
2
i o
z
Al + Ga VNO"
oft Al
oft
Ig 1 1 | — o 1 "l
o | 4« 8 120 0
| Time (sec)
o o b
Stop at Stop at Stop at
AlGaAs GeaAs AIGaAs + TML GaAs

FI6. 1. A typical time evolution of RHEED specular beam intensity takes
from (001)-2 X 4 reconstructed surface, during the growth and recovery of:
(a) an AlGaAs layer (left-hand side), (b) 10 ML of AlGaAs covered by §
ML of GaAs (center), and (c) a few AlGaAs monolsyers covered by 1 ML
of GaAs (right-hand side).
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1 monolayers (ML) of GaAs are grown on top of an
AlGaAs layer. A comparison between surface recoveries at
various conditions is given in Fig. 1 for layers grown at
600 °C. The recovery of an Al, ;, Ga, 1 As surface is seen at
the left end of the figure. The following RHEED intensity
oscillations reflect the growth of 10 AlGaAs ML followed by
8 GaAs ML. The GaAs surface recovery is considerably fas-
ter and more complete (the intensity goes out of scale). We
concluded that even a deposition of a single GaAs mono-
layer on the AlGaAs surface is sufficient for enhancing the
recovery process; as can be seen on the right-hand side of
Fig. 1. The RHEED intensity recovery is as fast and com-
plete a3 in the case of the thicker depositipn of GaAs on top
of AlGaAs.

The arsenic flux is normally left on during growth inter-
ruptions, while the substrate temperature is near the congru-
ent sublimation temperature ( ~ 600 °C) or above it, in order
to prevent the decomposition of the surface. However, we
found that at substrate temperatures as low as 500 °C arsenic
molecules impinging on the surface during growth stops lead
to a roughening of the surface. Figure 2 shows the RHEED
intensity from a GaAs surface maintained at 520 °C. The
RHEED intensity decreased during growth interruption as
long as the arsenic flux was impinging on the surface. As
soon as the impinging arsenic flux was turned off the
RHEED intensity increased significantly, reflecting the en-
hanced surface recovery.

Selectively doped inverted heterojunctions investigated in
this work were basically conventional (in doping, mole frac-
tion, and growth temperature) structures with a single 2-
DEG located in the GaAs on top of the doped AlGaAs layer.
A schematic description of the layers configuration is given
i Fig. 3. A 0.5-um-thick buffer layer was first grown at a
gowth rate of 0.7 um/h at a substrate temperature of
600 °C. The growth rate was then reduced to 0.20 um/h, in
order to maintain a high-crystalline quality during the sub-
sequent lower temperature growth of 500 °C using during
the growth of the Si doped 10-nm-thick Aly,, Gag 1y As lay-

RHEED intensity

1 1 1 1 1
60 B0 100 120 10
Time {sec)

1 i
0O 2 &

.2 A typical time evolution of RHEED specular beam intensity taken
om (001 )-2 X 4 reconstruction surface, during the growth and recovery of
Gaas ot 520 °C (bottom) and at 620 °C (top).
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F1G. 3. A schematic cross-sectional view of a typical inverted selectively
doped beterostructure, emphasiring the layers in which 20 s long growth
interruptions were introduced. A schematic presentation of the respective
conduction band disgram is given on the left-hand side of the figure.

er. Two undoped Al,,, Ga, 5 As spacers were grown, the
top one ranged from 4-25 nm and the bottom was 100 nm.

The bottom spacer prevented a 2-DEG from forming at the
bottom (normal) interface. Periodic growth interruptions
(including a GaAs recovery monolayer) were introduced
during the growth of the AlGaAs layers, according to the
procedure described above. A 120-nm-undoped GaAs layer
followed the top AlGaAs spacer, capped by 30-nm-thick Si
doped GaAs that was designed to be fully depleted by the
surface potential.

Special care was taken to use more frequent growth inter-
ruptions at the top S nm of the AlGaAs spacer layer. There,

. wehave used a growth stop every 5 ML of AlGaAs. Figure 4

shows the RHEED intensity oscillations recorded during
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F1G. 4. The RHEED intensity time dependence taken during the growth of
the top portion of the AlGaAs spacer layer. The GaAs stop layer can be
clearly seen, after each interruption. One of the GaAs stop layers is indicat-
ed by a broken line, as well as the point at which the growth of the undoped
GaAs layer begins (where the 2-DEG resides).
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the growth of the top portion of the AlGaAs spacer. The
GaAs reccvery layer is clearly seen at each stop, as well as
the point at which the growth of the undoped GaAs top layer
was initiated. Note that no growth stop was introduced at
the very top interface of the AlGaAs layer due to the fear of
impurities incorporation at this critical growth interface.
Mobilities and sheet electron concentrations of some

structures grown under different conditions that were mea-
sured at 300, 77, and 4.2 K in the dark are detailed in Table L.
Mobilities as high as 460 000 cm?/V s with a sheet carrier
concentration of 2X 10'! cm~2 were measured at 4.2 K in
structures which were grown with many growth interrup-
tions. A lower but still comparatively high 4.2 K mobility of
200 000 cm?/V s are achieved for the growth in which only a
single 1 min long, growth stop was introduced, some 3 nm
below the AlGaAs-GaAs interface with no GaAs stop layer.
These results are compared with the values achieved when
no growth stops were used but the growth temperature was
reduced during the growth of the Si-doped AlGaAs layer, to
m&e&wmpdpm'blempunnummm
The electron mobility in this'case wiis 150 000cm?/V sat 4.2
K for a spacer thickness of 20 nm. We grew some structures
with a 4-nm-thick AlGaAs top spacer, using one growth
stop 30 nm below the AlGaAs-GaAs interface. The 77 K
electron mobility in this case was 70 000 cm?/V s with a
sheet carrier concentration of 8 10! cm ™2,

We found that low-temperature growth was needed in or-
der to prevent Si segregation or impurities propagation to
thbpmmmmmmfunhademonmuedby
growing “normally-off” structures. In these structures,
grown on conductive substrates, AlGaAsis undoped and the
2-DEG is accumulated by the application of a positive vol-
tage on the substrate with respect to the top contacts. In
these structures, even though Si was not present, it was still
essential to reduce the growth temperature within the later
part of the AlGaAs layer growth, in order to achieve a high
mobility. This clearly indicates that unintentional impurities
are present and migrate at higher temperatures towards the
top interface. Resuts on the normally-off inverted devices
will be published elsewhere.!! -

We relate the enhanced surface recovery of the GaAs cov-
ered AlGaAs surfaces to the higher surface diffusion of Ga

J. Vac. Scl. Technot. B, Vol. 8, No. 2, Mar/Aor 1988
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atoms on GaAs compared with Al and Ga atoms on
AlGaAs. The activation energies, for diffusion E,, were
found to be 1.3 and 1.6 eV for Ga on GaAs and Al on
AlGaAs, respectively.'? As a result, the average terrace
width on AlGaAs is significantly smaller than on GaAs, re-
fiecting the faster recovery of a GaAs surface. Furthermore,
shutting down the arsenic flux during the low temperature
(500 °C) growth stops reduces the relative amount of GaAs
molecules on the surface which in turn enables the Ga atoms
to diffuse muth faster.'* Another mechanism which could
be responsible for the improvement in the electron mobilities
could be the trapping of impurities at each of the interfaces
formed during the growth interruptions layers.'®

In conclusion, we present for the first time, a reproducible
procedure for growing high-mobility selectively doped in-
verted heterojunctions. The key features are the low-growth
temperature to avoid Si and impurities segregation, the slow
growth rate and the introduction of modified periodic
growth interruptions during the growth of the AlGaAs lay-
ers. Mobilities as high as 460 000 cm?/V s and sheet carrier
concentration of 2 10'' cm~? were measured at 4.2 K in
the dark.
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High-mobility variable-density two-dimensional electron gas in inverted

GaAs-AlGaAs heterojunctions
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Inverted heterointerfaces (GaAs on AlGaAs), which are basic constituents of all quantum
wells and superlattices, have been significantly improved using electron diffraction and a
refined molecular beam epitaxy growth procedure. Utilizing them in a novel structure allowed
the variation of the electron density over a wide range, with peak mobilities of 4 10° cm?/V s.
The continuously variable electron density allowed comparison to a theoretical analysis of the
Jow-temperature scattering mechanisms, and their relation to the growth process, establishing
the importance of interface charges and roughness. High-mobility samples were used to
observe the quantum Hall effect with varying carrier concentrations in & single structure,

A high-mobility quasi-two-dimensional electron gas
(2DEG) can now be routinely produced in GaAs-AlGaAs
normal heterojunctions where a doped AlGaAs alloy is
grown on top of a pure GaAs layer.' So far, in the inverted
heterojunctions, where the pure GaAs is grown on top of the
AlGaAs, 2DEG mobilities were relatively low. Inverted he-
terojunctions are extremely important since half of the inter-
faces in GaAs-AlGaAs quantum wells and superiattices are
inverted. Single inverted interfaces also have some technolo-
gical advantages.? Attempts to improve inverted structures
have been reported before,> but the difficulties were never
resolved. Tw .nain reasons were offered to explain the low
mobilities in the inverted structures: (a) interface roughness
that is inherent to the growth process, and (b) impurity seg-

regation during growth towards the interface and the top
GaAs layer.

We report here a study that led to the development, for
the first time, of high-mobility inverted interfaces. More-
over, the interface was embedded in a novel structure (an
inverted semiconductor-insulator-semiconductor, or ISIS)
that enabled the variation of the 2DEG density continuously
from the low value of 2 10" to 5 10'! cm~? in a single
structure, with mobilities approaching those measured in
normal heterojunctions. We find strong correlations be-
tween the electron mobility and the AlGaAs interface
smoothness, as indicated by the intensity of grazing angle
reflection high-energy electron diffraction (RHEED) spots.

A variable density 2DEG formed at an interface could
facilitate its study, and in particular be useful for inverted
structures. Hence, a novel ISIS structure was developed
where the 2DEG is formed by the application of an electric
field at the GaAs-AlGaAs inverted interface. The structure,
grown by molecular beam epitaxy (MBE), is described in
Fig. 1. Mesas = 0.2 um deep were etched, and four (or six)
lithographically defined AuGe/Nb/Au shallow ohmic con-
tacts were alloyed (to a depth of ~ 150 nm, avoiding short-
ing to the gate) to form a Van der Pauw (or a Hall bar)

pattern. Initially no 2DEG is formed, and current does not
flow between the top contacts. As the (positive) gate voltage
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is increased above a threshold voltage of =1 V, the sheet

density n, of the 2DEG increases proportionally to the elec-
tric field at the interface (see Fig. 1).

Our initial attempts to produce inverted structures re-
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sulted in a relatively low 4.2 K mobility of X 1G* cm*/Vs, -

as also obtained by other researchers.*® However, normal
structures with donors in the AlGaAs and thick AlGaAs
spacer layers, grown under the same conditions, had mobili-
ties of some 4 10° cm?/V 3. In order to overcome these
fundamental differences, which are obviously interface re-
lated, we have exploited the RHEED technique,® observing
the specular reflection pattern of an electron beam in the
(110) direction during growth. The diffraction intensity,
corresponding to the surface smoothness, exhibits decaying
oscillations as GaAs growth proceeds. Each oscillation cor-
responds to a single monolayer growth time, due to a period-
ic roughening and smoothing of the surface. The overall de-
cay results from the increased roughness with increasing

i~ AlGaAs 300nm

= n* GaAs 1um {:

L neame L Ey- o,

FIG. 1. Description of an ISIS structure. The potential diagram on the right
corresponds to the accumulation mode. The top doped GaAs layer is de-
signed to be exactly depleted by the surface potential.

© 1988 American Institute of Physics 1268

R

-

interfact

Inc

wasinte
" reduced

mobilit:
em?/V

bility d
was rec

At

onthe.

substal

ruptio

{(x=0
Them
Fig. 3

was li
to tur
rier o

RAHEED imteneity

-

BEEY XA




layer thickness. When growth is interrupted, the smoothness
of the surface improves and RHEED intensity increases over
a time period determined by the growth conditions. When
AlGaAs is grown, surface roughness builds up more rapidly
than in the GaAs case, and the recovery is much slower and
incomplete. This is due to the low surface mobility of the Al
atoms,responsibleforthcgruwmghnmofthemvmed
{ interface.’®

In order to smooth the top AlGaAs surface the growth
- wasinterrupted frequently under excess As flux,” and its rate
reduced to 4 nm per minute, to allow the Al atoms reach
terrace steps and nucleate smoothly.” The resultant electron
mobility was thus improved, and reached a peak value of 10°
cm?/V s for a density n, =6 X 10"’ cm~2. However, the mo-
bility dropped very sharply (to a few thousands) when n,

. was reduced to 2X 10" ecm 2.

A deposition of about one monolayer (1 ML) of GaAs
on the AlGaAs surface just before growth interruption led to
substantially faster and more complete smoothness recov-

§ ery. Figure 2 compares RHEED intensity oscillations dur-

he sheet § N8 AlGaAs growth followed by the recovery of both
‘he elec- AlGaAs and AlGaAs + 1| ML of GaAs. The shorter inter-
i ruption time is highly advantageous since the number of in-
gresre- { corporated impurities from the surrounding is minimized.
m3/Vs, 1 Employing this technique in the growth of the AlGaAs
normal (x=x0.26) improved the peak mobility to 1.5X 10° cm?/V s.
AlGaAs The mobilities and sheet densities, shown in the lower part in
mobili- Fig. 3, were measured by the Van der Pauw method, while
1e these varying the gate voltage V,. The maximum achievable n,
face re- was limited by the onset of leakage curreat into the gate due
werving to tunneling through the resulting triangular potential bar-
1in the rier of the AlGaAs.
density, A further and crucial step involved the reduction of im-
ecaying purity movement toward the interface. This was accom-
ion cor- plished by reducing the substrate temperature to 500 *C dur-
lm "‘ nl.
nll de- 4r A, G, As AL Ga, As
;
d As On
l non I
“m:"‘ ;, CY
Aaks ecory 1ML GeAs
; FIG. 2. Description of RHEED intensity oscillations during GaAs snd
AlGaAs m followed by surface smoothness recovery facilitated by
the right ‘ growth At Jeft, 8 relatively Jong recovery time is required for a
bare A}JGaAs surface. At right, the faster and more complete recovery of the
et is de- ‘ mmnmmwamdamdﬂw(mmnmu-
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FIG. 3. Mobiiity vs 2DEG density (countrolled by a gate voltage) in two
ISIS structures. The results at the bottom (circles) are for an inverted inter-
face with AlAs mole fraction x«0.26 grown at a high substrate tempera-
ture, thus suffering from high interface charge density and more roughness.
The top results (squares) are for x=0.21 incorporating s thin A}GaAs re-
gion grown st 2 low temperature. The lines are calculation results from a
simple model invok.ag roughness, interface charges, and bulk impurities.

ing the growth of a thin AlGaAs layer some 5 nm below the
inverted interface (thereafter the temperature was quickly
raised). This procedure, in conjunction with reducing the
AlAs mole fraction to 0.:1, produced superior inverted
structures with an extremely wide range of electron densi-
ties, from n, aslowas2 X 10'°cm~2upto 5% 10'' cm~2,and
a maximum mobility of 4X 10° cm?/V s (upper curve of
Fig. 3).'° The mobility increases sharply as the electron den-
sity increases and then levels off. Good ohmic contacts to the
2DEG were maintained even at the extremely low density
range.

To understand this dependence and to analyze electron
scattering in these inverted structures, we applied an ap-
proximate model'’ that includes scattering by background
impurities in the GaAs, by interface charges at the GaAs-
AlGaAs interface, and by interface roughness. A Fang-
Howard envelope wave function (i.e., infinite barrier height
approximation) was used, and the calculation made an ap-
proximation for the effective depletion field, that does not
accurately reflect the more complicated potential profile
near the interface (due to the vicinity of the GaAs-vacuum
interface). The calculation was otherwise conventional.'?
The interface roughness was characterized by a Gaussian
autocorrelation function with rms step height A = 0.2 am
corresponding to one monolayer steps (somewhat smaller
than the value used by Hirakawa ef al."’ in thin quantum
welis) and a lateral correlation length A = 5.5 nm. It was
necessary to invoke a density of $X10° cm~? interface
charges to account for the low mobility at low electron densi-
ties. The background acceptor concentration was taken to be
7% 10" cm~3, approximately consistent with values found
for other samples grown under similar conditions. As shown
in Fig. 3, an excellent fit was achieved over the entire range of
electron densities for this higher mobility sample (with
x=0.21). The data measured on the lower quality sample
(x=0.26) could be accounted for by a rougher interface
with about 3 % 10'° cm~? interface charges. While no great
significance should be attached to the specific numerical val-
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ues used in the analysis, it seems clear that both interface
charges and interface roughness are required to explain our
results. Furthermore, the changes in these quantities result-
ing from different growth procedures give a direct qualita-
tive correlation between RHEED intensity and interface
roughness and also between the growth temperature and the
accumulation of charged impurities at the interface, as re-
flected by Coulombic scattering.
Since a 2DEG in inverted structures has never been
shown to exhibit the quantum Hall effect before, low-tem-
perature (0.5 K), high magnetic field (1S T) measurements
were carried out on these structures with Hall bar geome-
tries. The potential of this inverted structure is demonstrated
by doing the measurements at different gate voltages thus
varying the density over a wide range. We have observed the
quantized Hall effect, including magnetoresistance dips at
some fractional filling factors as shown in Fig. 4(a). The
shift in the positions of the minima in R,, at different carrier
densities is clearly demonstrated. Figure 4(b) gives R, and
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G. 4. Quantum Hall eflect and magnetoresistance of the ZDEG at the
‘erted interface. (2) The magnetoresistance as a function of magnetic
d for three different gate voltages and 2DEG densities in a single struc-

‘e {b) The Hall resistance and the magnetoresistance at 3 T as 2 function
iate voltage.
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R,, as a function of the gate voltage (and consequently
carrier density) at 3 T.
In summary, we report the study of inverted heterojun..
tions with a two-dimensional electron gas (2DEG). W,
have shown that charges and roughness at the interface s
responsible for the generally poor quality of inverted str.
tures. The growth process has been refined with the use of
high-energy electron diffraction, leading to peak mobilitie
at 4.2 K of 4x10° cm?/V s. Moreover, this interface wx
incorporated in a novel structure (ISIS) which allowed usty
vary the electron density continuously, over a wide range, by
the application of a gate voltage. A numerical calculation
using a simple model allowed the determination of the domi.
nant scattering mechanisms influencing the mobility of the
2DEG, which were clearly related to the different growth
procedures. We have demonstrated how the structure could
be exploited by measuring the quantum Hall effect overa
wide range of carrier densities and mobilities.
Note added in proof. A similar ISIS structure for charged
injection purposes was worked on before by A. Kastalsky, J.
H. Abeles, R. Bhat, W. K. Chan, and M. A. Koza [Appl
Phys. Lett. 48, 71 (1986) ].
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Psesudomorphic InGaAs base ballistic hot-electron device
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We report the first successful incorporation of a pseudomorphic InGaAs base in a ballistic hot-
electron device. The device, with a 28-nm-thick In, ;s Ga, 45 As base, had a collector-base
breakdown voltage of 0.55 V and a maximum current transfer ratio of 0.89 at 4.2 K,
considerably higher than the 0.75 in a comparable GaAs-base device. Electron energy
spectroscopy measurements revealed that at least 309% of the injected electrons traversed the
InGaAs base ballistically, causing a strong modulation in the injected currents into the
quantized base. The I'-L valley separation in the strained In, ,Gag o5 As was estimated to be

about 410 meV.

We have recently reported on the dc performance of
GaAs tunneling hot-electron transfer amplifier (THETA)
devices and the direct evidence of ballistic electron transport
through thin n*-GaAs layers.'? In a typical THETA device
with a 30-am-wide n*-GaAs base doped to ~1x10'
cm™?, about 30% of the injected current was observed to
traverse the base ballistically, while the maximum differen-
tial current transfer ratio (a,,) was 0.75 at low tempera-
tures.? By reducing the collector barrier height and thus in-
creasing the available window for ballistic transport an
a,, = 0.9 was achieved.’ However, the small collector bar-
rier height limited the maximum allowed collector-base vol-
tage without collector leakage to less than 0.3 V.,

In this letter, we report the first successful incorporation
of a 28-nm-wide n*-In,Ga, _,As (y =0.15) psendomor-
phic layer as the base in the THETA device. This device is
expected to suffer less from transfer to the L valleys duetoa
larger I'-L valley separation. At the same time, the increased
conduction-band discontinuity between AlGaAs and
InGaAs enables us to reduce the AlAs mole fraction in the
collector barrier for the same collector-base breakdown vol-
tage. This tends to improve the quality of the AiGaAs and
reduce the scattering of hot electrons in the collector barrier.
Indeed we have found in the novel device a collector-base
breakdown voltage of 0.55 V for an AlAs mole fraction of
0.15, and & maximum differential current transfer ratio
ayy=089at4.2K.

The InGaAs pseudomorphic structures were grown by
molecular beam epitaxy (MBE) on (100) n*-GaAs sub-
strates. Figure 1 describes the energy-band diagram of the
device under normal bias conditions in a common-base con-
figuration (CBC). The tunnel injector on the left is formed
froma thin Al,Ga, _, Aslayer (10 nm, undoped, x = 0.28)
which is sandwiched between an n*-GaAs emitter and 2 28-
nm-thick n*-In,Ga, _ ,As (y = 0.15) base which is doped
to 1.1x10"* cm "’ Another undoped Al Ga, _,As layer
(70 nm, x = 0.15) betweenthehueandthen"-GaAseol-
lector layer forms the collector barrier, thus preventing the
equilibrium electrons in the base from entering the collector.
The AlAs mole fraction in the collector barrier is graded
down to x = 0.07 over the last 10 nm on the base side to
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reduce the quantum mechanical refiections of the incoming
hot electrons.

The measured output characteristics, /-V 3, in a CBC
at 4.2 K are shown in Fig. 2(a). These characteristics are
very similar to those of a bipolar transistor. Due to the larger
conduction-band discontinuity, the collector-base break-
down voltage (Vg ) is about 0.5 V compared to
Veam =x0.3 V in the GaAs device with similar AlAs moke
fraction in the collector barrier. The differential current

transfer ratio-injection voltage characteristics, dJ./

dlg —~ Vg, of the same device are shown in Fig. 2(b). Note
that the device has a,, ~0.89 (0.87 at 77 K ) that is substas-
tially higher than a,, ~0.75 in the GaAs devices with similar
base doping and thickness.? Note also the resonances evidest
in the curves which are related to quantum mechanical inter-
ference of the ballistic electrons in the thin base and will be
discussed later. We attribute the higher a,, to the larger I'-L
energy separation Ey; in the strained InGaAs base.
When the injection energy is high enough, some of the
ballistic electrons transfer to the L valleys in the base, result-
ing in a decrease in the current gain a. This was seen before
in the GaAs THETA devices.> In the pseudomorphic
InGaAs-base device, only a slight decrease in a is observed
at high injection energies [Fig. 2(b) ). The value for E;, i

AlGaAs
Emitter 20nm 70nm

Cotlector

F1G. 1. Schematic diagram of the conduction band of s THETA device
under forward bias operation.
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dent current-voltage characteristics.

T) plots were good and the effective Richardson constant 4 :

he incoming . was 0.8-1.2. The results in Fig. 3 show a linear dependenc:
g of the collector barrier height, @, on Ve, in the rang:

-»,inaCBC 3 greater than 40 mV. Since 7 = 0.23 in the range of our spec
>teristics are troscopy measurements (ideally it should be 10 am/X
tothe larger 2 nm~0.14), G, = dI./dVy and the true hot-clectron dis.
base break- tribution are linearly scaled and are similar in shape. G,
xmpared to curves for injection energies ¢V = 150-170 meV are plot-
AlAs mole r . ted in Fig. 4. A clear ballistic behavior is observed. The peak
tial current (] 850 positions in G track exactly the injection energy ¢Vy; and
dics, dl./ ®) injection Vottage, Vee (V) are at gVp: — A (the “ballistic condition™) where A ~25

2(b). Note - . meV (Ref. 6) is the displacement of the normal energy dis-
. FIG. 2. Output current-voltage characteristics of the device at 4.2 K. The N . . .

"_'m. ° perameter is the injection current /. (b) The differential current gaingvs  tYibution peak below the Fermi level in the emitter (Fig. 1).

with similar the injection voltage Ve 8t 4.2 K. ¥, is the threshold voltage for the L-  The ballistic fraction of the electrons that cross the AlGaAs

ces evident valley transfer. analyzer peak is estimated at about 30% of the injected cur-
mical inter- rent.
and will be The ballistic transport maintains the phase coherence of

slarger I-L 'tbesminedbasecanbestimatedfromthevalueof

Vo = ¥, wherea d ing. If this point is iat- the electrons and thus interference effects in the base can

ase. . < . A : take place. This resulted in resonances in the tunneling cur-
some of the | ¢4 with the Fermi level In the emitier being one phouon 1oy inys the base as shown in Fig. 5. The tunneling conduc-
sase, result- | Y tance is expected to reach a peak whenever the peak of the
seen before Epy~qV, +85s —Epn —qVas » normal energy distribution, at g¥y; — A, crosses the bottom

domor, it | yhere £, is the Fermi energy in the base, E,, the optical
isobserved | ohonon energy at the edge of the Brillouin zone, and V.
for Erp i | the voltage drop due to the parasitic base resistance. We
estimate a I'-L valley separation of about 410 meV (com-
pared to 290 meV in GaAs®). This is somewhat bigger than
~370 meV predicted by the virtusl crystal approximation.
Employing the “electron energy spectroscopy” tech-
nique,’ the application of ¥ causes the potential height of
the collector barrier above the Fermi level in the base, @, to
change, thus affecting the collector current density J.. The
.| energy distribution associated with the perpendicular mo-
-] mentum (normal energy distribution) can be approximated
by (1/g9)(d/c/dVcp ), where n = (1/g) (d®c/dV 3 ) isa
proportionality factor.' Since the potential shape of the col-
T * lector barrier is complicated by barrier parameters that are
difficult to control (unintentional charges,* Si segregation,’
sctor and the shape of the composition grading), the barrier
{ beight as a function of ¥y was determined from theactiva-  F1g. 4. Differential output conductance G a5 s fanction of the collector-
[ETA device | tion energy for thermionic emission. In the temperature  bese voitage. The parameter is the injection voltage ¥pe . The value of G, is
; range 100K < T < 180K, the linearities of In(J/T?) vs (1/  proportional 10 the number of ballistic electrons.

Oig/dVeg = Gc x 10° (8)

1946 | 1947  Agol Phys. Lett, Vol. 53, No. 20, 14 November 1968 Seoeral. 1947
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injection Voltage, Vg (MV)

FI1G. 8. Derivative of the messured injected current /; with respect to base-
emitter injection voltage Fy, for Ve, = 02t 4.2 K. Each peak corresponds
to & crossing of & subband minimum in the base. The calculated peak posi-
tions are marked by the vertical bars for comparison.

of a quasi-2D electron band formed in the base. We have
estimated these conductance peak positions by solving the
Schrodinger equation in the In,,; Ga, 43 As base assuming
m*® = 0.060m,, where m, is the mass, and a
nonparsbolicity parameter a = 0.72 ¢V~ obtained from
the virtual crystal approximation,” and noted them in Fig. 5.
Even though this is not a self-consistent solution for the Pois-
son and Schridinger equations,® it still gives a very good
sgreement with the experimental resuits. Note also that the
observed strong pesks in Fig. 5 are another indication of the
large fraction of ballistic electrons.

In summary, we report on the first successful demon-
stration of a pseudomorphic n-type InGaAs base THETA
device. The maximum current trzasfer ratio was 0.89 at 4.2

1948 Appl. Phys. Lett, Vol. 83, No. 20, 14 November 1988
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K (0.87 at 77 K), and the minimum bellistic fraction wag
about 30%, detected by an energy spectroscopy technique.
The relatively high gain was attributed mainly to the greater
T'-L energy separation.

The authors would like to acknowledge with gratitude
T. W. Hickmott and S. Tozer for their help in the messure.

ments. The work was partly supported by DARPA and ad-
minijstered by ONR, contract No. N00014-87-C-0709.
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Observation of Siagle-Optical-Phonoa Emission

M. Heiblum, D. Galbi, and M. Weckwerth

IBM Research Division, Thomas J. Watson Research Center, Yorkiown Heights, New York 10598
(Received 13 October 1988) .

We report an obeervation of a single-optical-phonon emission by monoenergetic hot electrons travers-
ing thin a *-type GaAs and thin undoped AlGaAs layers in times much shorter than the classical phonon
period. This was done by injecting ballistic electrons into the thin layers with energy around the thresh-
old for optical phonon emission and monitoring their exit energy. We estimate a scattering time of
=200 fsec for eloctrons with energy of about 85 meV in a*-type GaAs, and ==550 fsec for 40-meV

electrons in uadoped AlGaAs.
PACS aumbers: 73.50.Gr, 63.20.D;j

Among the variety of phonons in GaAs, the longitudi-
nsal optical (LO) phonons are coupled most strongly to
low-energy electrons. Electrons with wave vector k will
scatter via phonons with wave vector tok'(q-k k)
with a probability proportional to |q| ~2 in unscreened
material, thus preferring to maintain their original direc-
tion. Tlleq-OLOpllononmgymGaAshubeen
numndmmtmmmmg and inclastic tunnel-
ing,? and is Awyo=36 meV. At low temperatures, when
the phonon occupation number is small, scattering events
are mostly due to phonon emission which is possible only
when the electron energy exceeds the lowest unoccupied
mgymtebyatlem%mev Uungenergyspectm

via photoconductivity experiments, and more recently by
Hwkmot.tnd’mtynuhngupmmenu. We report

Toohavetheemmdapbombyabo(elemon
a potential barrier (spectrometer) was constructed; its
height was considerably lower than Ao to enable elec-
trons with energy less than Aen o to pass, but sufficiently
high to prevent those hot electrons that lost Aeyo from
passing. A quasi monoenergetic hot-electron beam was
by a tunnel barrier (injector), which was made
especially wide in order to achieve an energetically nar-
row hot-electron beam. Olrhm-ebctm:tmc(uta.de-

:

m.nmmmmfmx-n
had s conduction-band discontinuity of 63 meV. Be-
cause of some 1x10'-cm™? unintentional negative

© 1989 The American Physical Society

charges in all our molecular-beam-epitaxy layers,® the
measured barrier hei;bt was about 73 meV (the addi-
tional 10-meV bowing is expected to have a potential
maximum at the center of the barrier). With doping of
8x10'" cm ~? in all #*-type GaAs layers and Fermi en-
ergy of 45 meV at 4.2 K, the spectrometer potential
beight above the Fermi level in the base was @
=73—45=28 meV. The barrier height was measured
by observing the onset of the collector current as will be
shown later. For our thick injector tunnel barrier, S0 nm
thick with x =7%, the expected full width at half max-
unumofthempaedenergydutnbnuouuabout4
meV.%

Applying Vcp = 30 meV across the spectrometer bar-
rier, reduces its potential peak to 63 meV (by flattening
the bowing potential) and shifts its position to the base
side (flat-band conditions as seen in Fig. 1). A further
increase in Vcp affects ®¢ only slightly. This assures
that a large enough window A exists between the phonon

AlGaAs

Phonon

Q}  enonon
|
i
Batlistic Phonon ! {
| Thresholde |
O B o+

AlGaAs
Emitter  Injector

FIG. 1. The conduction band in the hot-electron structure
with the expected ballistic eclectron distribution and the
different thresholds for phonon emission. Inset: The expected
behavior of a, as a result of phonon emission in GaAs and in
AlGaAs.
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FIG. 2. The transfer ratio a curves for different Vs's (5-
mV steps) in the 52-nm base device. As Vcp increases, the
window between the phonon emission threshold and the collec-
tor barrier height increases and a experiences a stronger dip.
The a measured in the 32-nm base device at Vep=35S mV is
also shown.

threshold and the barrier top [A=A w0 ~®c=36—(63
—45) =18 meV], allowing the full width of the ballistic
distribution, injected by the tunnel barrier, to surmount
the spectrometer barrier before emitting a phonon. We
have looked at the differential transfer ratio, defined as

a=dlc/dIg for V¢p =const, where Ic and /g are the col-

lected and emitted (injected) currents, as a function of
the injection voltage, V3. The quantity a is a good
measure of the electron loss since it eliminates constant
leakage currents and normalizes the collected current to
the injected current (which rises rapidly with the injec-
tion voltage).

In Fig. 2 we show the behsvior of a for structures with
base widths of 52 and 32 nm, for different spectrometer
biasing voltages Vcg > 0. We see that a rises rapidly
when the injection energy eVzs exceeds the barrier
height, ®¢ [®c(0) =28 meV for Vs =0, as seen in Fig.
3(a)l. When eVgp =36 meV, the LO phonon energy a
drops sharply, reaching a minimum around 40 meV and
thereafter increases again. The drop in a beyond V5
=36 mV is due to those ballistic electrons that emitted a
phonon. The overall monotonic rise of a is determined
by the energy dependence of all scattering mechanisms,
and in particular the quantum-mechanical reflections
from the base-spectrometer interface, dominant for ener-
gies close to the spectrometer potential height. We de-
fine the fractional loss of electrons at energy E due to
phonon emission as amin(E )/amas(E), where anin(E) is
the measured a(E), and amu(E) is the extrapolated
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(b)

FIG. 3. The transfer ratio a exhibiting the phonon emission
in Al;Ga,-xAs, for (a) x=7%, and for (b) x =20% and 32%.
Note in (a) how the phonon-related loss peak in the AlGaAs
builds up as Vca becomes slightly negative.

a(E) as if phonon emission did not occur, as seen in Fig.
2. The different slopes of a(E) before and after thresh-
old indicate an increase in the scattering rate as the elec-
tron energy increases. To minimize the error in our esti-
mate for the scattering rates deduced from the extrapo-
lated amax(E), we measure amia/amax at the lowest possi-
ble energy above threshold, namely, about a distribution
width above the threshoid energy. As ¥y increases, ®¢
éacreases (indicated by the shifting onsets of a in Fig.
2), and the ballistic window A increases (up to about 18
meV as shown before), followed in turn by an increase of
Cmia(E)/amax(E). We find that increasing Vs above 35
mYV does not increase A and amip(E)/ ame:(E) any more.

We estimate the mean free path A from Fig. 2 using
exp(—ds/L) =amia(E)/amu(E), where dp is the base
width. At an energy of about 85 meV we find A=126
nm and A==130 nm for the structures with base width of
52 and 32 nm, respectively. Since at 85 meV the ballis-
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tic electron velocity is about 6.1x10” cm/sec (assuming
s band-edge effect've electron mass of 0.067m, and a
sonparabolicity parameter f=~0.834/cV),’ the de-
duced scattering time for phonon emission r at 85 meV
is about 210 fsec in the n *-type GaAs layers. At slight-
ly highermrgia. say 90 meV, we find A==115 nm and
t==18S fsec. It is interesting to note that our results are
in approximate agreement with experiments done in un-
screened GaAs layers.! We compare our results with
the theoretical predictions for the LO phonon emission
rate in undoped GaAs.'' In mks units,

i -czm'”hm_o
tE)  4V2xhEV

[-—'— -L ] (1 +nL0)F(E.E).
- énc

(1
Here,

nal rHUE) +y HUE)
F(E.E) [Al ) = r,,,(E,)ﬂ,

YHE)=E(1-BE), E'=E —hayo, nLo is the phonon
occupation number, epc ™= 12.9¢o and €. =10.9¢¢ are the
static and optical dielectric constants of GaAs and ¢ is
the permitivity of free space, A, B, and C are factors due
to nonparabolicity effects (in parabolic bands A =C=1
and B=0), and m=0.067m,. Substituting in Eq. (1)
no™=0at T=4.2K, E=85 meV, E'=49 meV, and cal-
culating!! A=5.5, B=~0.52, and C=5.3, we find
=240 fsec.

This excellent agreement with our measured t is some-
what surprising since at our equilibrium electron concen-
tration of 8%10'7 cm ~3 the q=0 LO phonons and plas-
mons have similar energies (hw,==38 meV), and thus
interact strongly, resulting in two coupled modes: a
plasmonlike mode with q=0 energy Ae+(0) =43 meV
and a phononlike mode with Aw-(0) =28 meV (Ref.
12). The lowest possible | q| modes for which scattering
is most dominant in unscreened GaAs is

Gmin™ | k(85 meV) | = | K'(49 meV) | >=1x10%cm ™!

and gmin/ks==0.35, where kr is the Fermi wave vector.
Because of dispersion, we would expect to observe two
thresholds, one at Aw+(0.35)==57 meV and the other at
Ro-(0.35)=31 meV (R:f. 12), both are not observed.
Screening might be rather important since ko> |Qminl,
where 1/kg is the Thomas-Fermi screening length. Then
emission of higher @ LO phonons with Awp o==36 meV
can dominate due to their high density, explaining the
36-meV peak. Since the eouphng to the plasmon branch
is expected to be strong. 2 the absence of an observed
threshold at 57 meV is not clear. The higher g, higher
frequency, plasmons modes, however, are heavily
damped by single-electron excitations, and thus not ob-
servable. Quantization effects in the narrow base are
less likely to affect our observations due to the similarity
of the results found in the 52- and 32-nm-wide bases.

However, the possibility of an emission of an unscreened,
uncoupied, LO phonon, in agreement too with our obser-
vations should not be ruled out.

The same structure enabled us also to observe single-
phonon scattering events in AlGaAs. In the spectrome-
ter barrier, when the ballistic hot electrons lose energy
and relax to the bottom of the conduction band, they can
“roll back™ to the base or “roll forward” to the collector,
depending on the potential shape in the barrier. Indeed,
for Vcp > 0 it is difficult to verify the existence of elec-
tron scattering in AlGaAs, since both the ballistic elec-
trons and the ones that scatter reach the collector. How-
ever, when a small negative bias is applied across the
barrier (=10 to —20 mV), a clear pesk in a is observed
near eVep =®c+ 36 meV,'? as we show in Fig. 3(a) (the
GaAs-like LO phonon is 35.5 meV in AlGaAs with
x=7%). Here the estimate for A is cruder since it is
more difficult to determine accurately the traversal re-
gion in the AlGaAs barrier (see dotted line in Fig. 1).
At higher ncgative bias, the threshold voltage is not
unique and the phonon threshold broadens and shifts to
higher energics. We have used the same method as be-
fore to estimate A. Using an estimated length to the po-
tential peak of 45 nm for V3= — 10 mV (via a Poisson
solution) and an excess energy in the AlGaAs of =40
meV, we find A==230 nm. With an estimated average
ballistic velocity of 4.2x 107 cm/sec in the barrier, we ar-
rive at t=550 fsec. Using in Eq. (1) E =40 meV, E'=4
meV, and the appropriate parameters for Algo7Gages-
As, """’ we find r=x490 fsec, which is in good agreement
with our measurements.

Phonon emission can also be observed in AlGaAs lay-
ers with higher AlAs mole fractions. We have fabricated
similar hot-clectron structures but with x=20% and
32% in the barriers. Here, an electron energy in the
GaAs base must be at least some 180 and 290 meV, re-
spectively, to enter the AlGaAs spectrometer; however,
in AlGaAs the electron energy can be near the phonon
emission threshold. Figure 3(b) shows the a of these two
devices for a small negative spectrometer voltage,
Vep™ — 10 mV. Again, the peaks in a are very near 36
meV above @, resolving clearly the GaAs-like LO pho-
nons (which are about 35 and 34.3 meV in AlGaAs with
x=20% and 32%, respectively'*!*). The AlAs-like pho-
nons, being 44.6 and 47 meV, respectively, are difficult
to resolve since the ballistic distributions at high injec-
tion energies in these structures are much broader (=60
meV, Ref. 7). Since the energy width of the ballistic dis-
tributions here is wider than the window A==36 meV,
and its width requires an extrapolation too long for an
accurate determination of amex(E ), the validity of a as a
quantitative measure of electron loss is questionable. If
we assume the dominant scattering to be due to the
GaAs-like LO phonons and E =40 meV, Eq. (1) predicts
=400 fsec in AlGaAs with x =25%, and a A of about
150 nm.
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In summary, we have directly observed clectrons that
emitted a single longitudinal optical phonon in n *-type
GaAs and in undoped AlGaAs layers. In both layers a
clear single threshold at 36 meV (the LO phonon ener-
gy) was observed, and we have estimated the phonon-
related scattering time near threshold to be ==200 fsec in
n *-type GaAs.
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High-Gain Pseudomorphic InGaAs Base Ballistic
Hot-Electron Device

K. SEO, MORDEHAI HEIBLUM, smaoe Mmass, mxe, C. M. KNOEDLER, J. E. OH,
J. PAMULAPATI, anp PALLAB BHATTACHARYA, reLLow, e

Abstract—We repest on 8 high-gain ballistic het-sloctron device. The
GaAs-AlGaAs hoterestructure device, with s 21-am-thick pesnde-
morphic Iy 1/Gag 0As base, had & curvest gain of 27 2t 77K and 41 8 4.2
K. As charscieristically seen in ballistic devices, transfer inte the L valleys
lmited the maximum gain. The I'-L valley ssparation in the sirained
Ing 1/GagnAs wes estimated to be about 300 meV.

HAVE recently reported on the dc performance of a

bellistic pseudomorphic InGdAs base, ing hot-
electron transfer amplifier (THETA) device [1). With our
research on GaAs base devices [2], [3]), we have found that
most scatterings [4], such as electron-plasmon and electron-
electron in the n-doped base, are relatively small in thin and
nonheavily doped base devices, but scattering to the L valleys
is severe and limits the maximum possible current gain. For
GaAs base devices, by reducing the AlGaAs collector barrier
transport (between collector barrier top and L valleys bottom),
a maximum current transfer ratio oy = 0.9 (and a current
gain of 9) were achieved [2]. In pecudomorphic InGaAs base
devices the intervalley energy separation Er; is larger and so
is the band discontinuity between InGaAs and AlGaAs, thus
allowing a lower AlAs mole fraction in the barriers and a
wider energy window without excessive leakage currents. We
have previously reported a gain of 9 in a heavily doped
peeudomorphic Ing 1sGag ssAs base device, having also a high
collector breakdown voitage [1]. Recently, Hase ef al. [5)
have reported on the characteristics of a THETA device with
an Ing ;Gag 3As 30-nm-thick base. However, the base thickness
exceeded the critical layer thickness [6] for a pseudomorphic
layer, as evidenced by the very large voltages required in the
structure. Here, we report a dramatic improvement in the
current gain of a pscudomorphic InGaAs base device resulting
from a reduction in the base thickness and doping and the
calargement of the energy window. We have measured current
gains as high as 41 in the new devices.
The InGaAs ic structures were grown by
molecular beam epitaxy on (100) n* GaAs substrates. Fig. 1
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Fig. 1. Schematic diagram of the coaduction baad of s THETA device under
forward-bias operation.

describes the energy-band diagram of the device under normal
bias conditions in a common-base configuration (CBC). The
tunnel injector on the left is formed from a thin Al,Ga, . As
layer (10 mm, undoped, x = 0.28) which is sandwiched
between an n* GaAs emitter and a strained n* In,Ga,_,As
base (21 nm, y = 0.12) doped to 7 X 10" cm-?. Another
undoped Al,Ga,_.As layer between the base and an n*
Ing.17Gag nAs collector layer forms the collector barrier (65
am, 2 = 0.1, and graded on the base side to 2 = 0 over 10 nm
to reduce the quantum mechnical reflections for the incoming
bot electrons). This barrier prevents the equilibrium electrons
in the base from entering the collector. The 10-nm-thick
n* GaAs buffer and substrate by compositional grading. The
emitter area of the device was 16 X 18 um?.

Output characteristics, Ic~Vcg, in 2 CBC, measured at 77

- K, with Iy as a parameter, are shown in Fig. 2(a). Ic and I are

the collector and emitter currents, and Vp is the collector-
base voltage. The high output conductance is due to the wide
graded region of the collector barrier, leading to a reduction of
the barrier height as Vg increases. Even for 10 percent AlAs
mole fraction in the collector barrier, the collector breakdown
voltage is near 0.3 V due to the increased conduction-band
discontinuity. This can be verified by measuring the differen-
tial current transfer ratio a = dlc/dlg versus Vagat Vg = 0,
as shown with the dashed lines in Fig. 2(b). At the onset of o
(or the collector current) the emitter Fermi level crosses the
collector barrier peak, and eVyy at the onset determines the
collector barrier height above the Fermi level in the base (128
meV). Using 45 meV for the Fermi energy in the base, we find
a collector barrier height of 173 meV. In a similar device but

0741-3106/89/0200-0073$01.00 © 1989 IEEE
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Fig. 2. (s) Output cusrent-voltage characteristics of the device at 77 K. The
parameter is the injection current /5. (b) Differential currest gaia o and the
derivative of the emitter curreat versus the injectioa voltage Ve, measured
at 77 K. Plotied also are the onsets of the o’s of the same device and another
with x(AlAs) = 15 percent for V3 = 0 (dotted lines). Calcuisted peak
positions i the emitter conductance are marked by the vestical bars.

with x(AlAs) = 15 percent (also shown in Fig. 2(b)),|lmrier
height of 213 meV is determined. Using the conduction-band
discontinuity AEc. = 0.67AEq [2], [7] for GaAs/AlGaAs
beterostructure, we get AEe between Ing 2Gag nAs and GaAs
of some 90 meV, or 7.5 meV/1 percent of InAs. For Vg =
0.2 V, the device shows a rather uniform a ~ 0.97, with
strong resonance peaks that reach unity. Note that o pear its
onset rises rapidly over sbout 60-80 meV, a characteristic
feature of ballistic distributions ~60 meV wide [8). The
resonances in a are due to the ‘‘virtual states’” in the thin
quantum-well base [9], resulting from interference effects of
the ballistic electrons passing over the collector barrier (small
quantum mechanical reflections from the collector barrier
form these states). These resonances are also visible in the
ing currents injected into the base, as shown in the
derivative of Iy with respect to V3¢ in Fig. 2(b). For m* =
0.061m,, where m, is the free electron mass, the peak
positions agree fairly well with the quasi two-dimensional
subband energies calculated for a square well base [1] (see
Fig. 2(b)). Note that the strong peaks observed also indicate a
large fraction of ballistic electrons.
We attribute the high « particularly to the large I'-L energy
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Fig. 3. (2) Output characteristics in common-emitter coafigurstion. (b)
Curreat gaia ia this configuration 52 & function of the injection voltage,
resching 3 muximum of 41 at the threshold for L valley tramsfer.

separation Ep;. The typical drop commonly observed in a
when the injection energy exceeds Er; [3] was difficult to
observe here due to the thin base. However, a distinctive
reduction was observed in the differential current gain in a
common-emitter configuration (CEC), 8 = dlc/dl,, where
Iy is the base current. The output charcteristics of the device in
CEC are shown in Fig. 3(a), exhibiting a rather high output
conductance. f is plotted in Fig. 3(b) as a function of V¢
where Vg is a parameter. The transfer to the L valleys can be
clearly identified when 8 reaches a maximum and subse-
quently drops sharply. 8 reaches a maximum of 41 at Vg =
0.7V and Ve = 360-365 mV (st 77K, Bon, = 27 at the same
applied voltages). A simple exponential dependence of the
static current gain (/c/Iz) on the base thickness leads to a
mean-free path (mfp) for ballistic transport larger than 500 nm
at 4.2 K just below the threshold for L valley transfer. A
similar device but with heavier doping in the base (1 x 10'®
cm~?) and 1S percent AlAs mole fraction in the collector
barrier had a maximum current gain of 17 st 77 K and 21 at 4.2
K (a mfp of some 360 nm). We attribute the resultant long
mfp’s to the quasi two-dimeasional nature of the base, thus
leading to reduced scattering events [10). Er; can be found by
adding the Fermi energy (45 meV) to the threshold (360-365
meV), and subtracting an LO zone edge phonon energy (28
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meV) (3). This leads to Ep; = 380 meV in the strained [3) wumem **Evidence of hot-clectron transfer into an upper
Ing 1yGag wAs (we have found before Ep; = 410 meV in in GaAs,™ Phys. Rev. Lett., vol. 56, p. 2854, 1986.
. [4) A.P.Long. P BewnndMJKdly, ‘Hot-electros transport
strained Ing ;sGag gsAs layers [1)). heavily doped GaAs,” Semocond. Sci. Technol., vol. 1, p. 63, m:u

To conclude, with the introduction of the InGaAs pseudo- (5] 1 Hase ef ol., “‘Strainod GalnAs-base hot electron tramsisior,’
morphic base in a ballistic hot-electron device, high gain (41 at 5‘;’"":'0'::1-8“ . vol. 24, p. 279, 1988.

. . o1 P L. ladLllD«mn,“Cxiﬁalh thickness

4.2 K), attributed My toa Iargg r-L encrgy scparation (= in 1.,,0.‘,.4\./@%; single strained quantum well m:uw." Appl.

Q 380 meV), was realized. Further increase in the I'-L energy Phys. Lett., vol. 51, p. 1004, 1987.
separation might enable even higher gains. The devices exhibit 7] M. Hﬂ'b!lm“'l-- “Electron interfereace effects in quastum wells:
’ nguannnmiueﬁectsdmtothehrgeﬁ ion of ballistic mvulx;aofwmwm Phys. Rev. Lett., vol. 58,
electrons traversing the 21-nm base. [8] G. Ji et al., 'Determination of bend offsets in AJGaAs/GaAs and
REFERENCES hGnAsIGnAs multiple quanstum wells,”” J. Vec. Sci. Technol. B,
vol. §, p. 1346, 1987.
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Inert gas reactive ion etching damage to GaAs using inverted heterojunctions

C. M. Knoedier, L. Osteriing, and M. Helblum

IRM T. J. Watson Research Center, Yorksown Heights, New York 10598
(Received 12 September 1988; accepted for publication 24 October 1988)

Selectively doped inverted heterojunctions containing a two-dimensional electron gas were
used as 2 sensitive vehicle for monitoring dry processing damage. We found that the electron
sheet concentration, strongly dependent on the total number of carriers in the GaAs cap layer,
and the mobilities were significantly depressed even for very short exposures to low-voltage
helium plasmas. Argon, which caused less degradation than helium, was found to increase the
sheet carrier concentration and hence the mobility after prolonged exposure. The damage
mechanism responsible for the carrier loss in both cases is most likely the production of traps.
The subsequent carrier increase seen for the argon case is probably attributable to the creation
of a very thin donorlike damage layer on the surface of the GaAs cap layer.

GaAs/AlGaAs heterostructure devices are suscentible
to electrical damage caused by dry etching.' The damage
becomes more evident as the epitaxial layers are reduced in
thickness. The tunneling hot-electron transfer amplifier
(THETA) device,? whose base dimensions have decreased
by 80% since first fabricated, experiences carrier depletion
after reactive ion etching (RIE) at low dc self-bias voltages.
Previous work® related the carrier depletion in the base layer
of the device to overetching at an etch stop layer. That study,
however, did not explore the role of the inert buffer gas in
causing damage. While other work** did study the effect of
inert gas ion damage on GaAs, this communication exam-
ines the particular effect of low-voltage inert gas plasmas on
the sheet carrier concentration and electron mobility in he-
terostructures.

The selectively doped inverted heterojunction (SDIH)*
samples used for this study were grown by molecular-beam
epitaxy (MBE). An undoped GaAs buffer layer, grownon a
semi-insulating GaAs (100) substrate, is followed by a thick
(85.6 nm) Aly, Gay, As spacer layer. This spacer prevents
the formation of a two-dimensional electron gas (2DEG) in
the GaAs buffer layer. A 10-am-thick layer of n*-type
(1X10'*/cm®) Si-doped Al,, Gag, As followed by a 6-nm,
undoped Al , G, ; As spacer layer comes next. The struc-
ture is completed with a 100-nm, undoped GaAs layer and a
32-nm n*-type (1 10'*/cm®) GaAs cap layer. This GaAs/
AlGaAs heterostructure, which serves as the diagnostic tool
in this study, has a single 2DEG located in the GaAs on top
of the AlGaAs layer. In this type of structure, the 2DEG
concentration at the GaAs/AlGaAs interface is critically
dependent on the number of carriers in the GaAs cap layer.

Square (100 100 zm?) van der Pauw’ patterns, litho-
graphically defined and mess etched on the heterostructure,
had ohmic contacts [ AuGe(120 nm)/Ni(20 nm)/Au (200
nm)] alloyed at 450 °C to the edges of the squares. After
chemical or inert gas ion etch processing, van der Pauw
squares were mounted on headers and bonded at a tempera-
ture of 160°C. The Hall mobility, measured on as-grown
samples at 77 K in the dark, was 34 400 cm?/V s with a sheet
carrier concentration of 6.7 10"'/cm?. The solid dots in
Fig. 1 represent these results.

The samples used as a baseline for the experiment had
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their cap layers etched in a 3:1:50 phosphoric acid etch
(phosphoric acid: hydrogen peroxide: water) maintained at
0°C. This etch removes 30 nm of GaAs per minute. Etch
times ranged from 5 to 30 5. The S-s etch samples displayed a
decrease in the number of 2DEG carriers and a slight in-
crease in the mobility. This suggests some parallel conduc-
tion in the as-grown heterostructure. The other chemically
etched samples showed reduced sheet carrier concentrations
ss well as decreased mobility as more of the cap layer was
removed. The solid triangles in Fig. 1, with the etch times
listed next to each point, represent these data.

The decrease in sheet carrier concentration with the re-
duction in cap layer thickness is attributable to the systemat-
ic removal of carriers from this layer which caused an in-
crease in the depletion layer width at the surface. Simple
modeling results, using a heterostructure simulator which
solves the one-dimensionsl (1D) Poisson’s equation for the
potential and uses Fermi-Dirac statistics to determine the
charge, show a reduction in carrier concentration with a de-
crease in cap layer thickness. Plotted as a line in Fig. 2(a) is
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FIG. 1. Hall mobility plotted vs carrier concentration for the ss-grown sams-
ples: (@), the phosphoric acid etched, baseline samples (A ), the helium
exposed samples (§), and the argon exposed samples (). Note that the
experimental points tend to lie on a line running diagonally through the
figure. .
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FIG. 2. Simulation results for a SDIH structure at 77 K. (a) The sheet
carrier concentration as a function of the GaAs cap layer thickness is plot-
ted as a line. The solid triangles are the experimenta! data points derived
from the phosphoric acid etch results. (b) Plot of the increase in the sheet
carrier concentration as the density of donorlike traps is increased within a
thin (1.5 and 2.0 nm) surface layer of the GaAs cap.

the data derived from this simulation which qualitatively
agree with the phosphoric acid etch data plotted as solid
triangles. The decrease in mobility is directly related to the
decrease in sheet carrier concentration because of the screen-
ing effect produced by the electron gas. A density reduction
in this electron gas results in increased scattering and a sub-
sequent mobility decrease.

The SDIH van der Pauw squares, subjected to helium
and argon plasmas under RIE-like conditions, helped to
quantify the electrical damage caused by the inert gases. The
reactive ion etching system is a conventional, parallel plate
reactor described elsewhere.>® The van der Pauw samples
were first exposed to a helium plasma under conditions simi-
lar to those used to etch the THETA devices. These condi-
tions include a flow rate of 6 sccm, a pressure of 15 mTorr, a
dc self-bias voitage of — 85 V, a power density of 0.03 W/
cm?, and an exposure time of 15 5. Although no measurable
etching of the heterostructure surfaces took place, these
samples showed extensive reductions in sheet carrier con-
centration and mobility. A dc self-bias voltage of — S0V, at
a pressure of 15 mTorr, a power density of 0.01 W/cm?, and
plasma exposure times of 7 and 15 s were the next set of
helium parameters. The sheet carrier concentration and mo-
bility were low but not to the extent of the — 85 V case. The
results for these samples, plotted as solid diamonds in Fig. 1,
lie approximately on a line with the results for the chemically
etched samples.

The van der Pauw surfaces exposed to an argon plasma
ata flow rate of 6 sccm, a pressure of 15 mTorr, a dc self-bias
of — 50 V, and a power density of 0.01 W/cm? for times
ranging from 10 to 40 s displayed less degradation. Figure 1
shows the argon data, plotted as solid squares, clustering
between and approximately on a line with the S- and 10-s
phosphoric acid etch results. The sheet carrier concentra-
tions and mobilities are slightly less than the as-grown sam-
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ples, however these quantities both increase as the plasma
exposure time increases.

The experimental data points, for the most part, lie
along a line that runs diagonally through Fig. 1. This sug-
gests that the mechanism for the sheet carrier concentration
and mobility decrease in the ion exposed samples is similar to
that in the.chemically etched baseline samples. This mecha-
nism is carrier loss in the cap layer. In the chemically etched
samples, carriers are systematically removed from the cap
layer. The generation of traps by ions and photons® that
compensate the dopant in the GaAs cap layer appears to be
responsible for the carrier loss in the plasma exposed sam-
ples. Trap generation induced in GaAs has been observed
and characterized for various dry etching techniques.'”

The experimental results indicate that the low-voltage
helium and argon plasmas affect the heterostructure sam-
ples differently. The helium damage ( — 50 V and 7 s) is
equivalent to the removal of carriers from the cap layer and
reduces the number of carriers in the 2DEG by about
3x10'""/cm?. A 15-5 exposure results in a loss of about
5% 10'"'/cm? carriers. Argon, after an initial loss of about
2% 10''/cm? carriers, shows an increase in carrier concen-
tration and mobility with increased exposure times. Figure 3
shows an expanded view of the argon data from Fig. 1. Listed
beside each point is the plasma exposure time. A probable
explanation f-r the carrier increase in the 2DEG is the cre-
ation of a high density of donorlike traps at the surface of the
GaAs cap layer by the prolonged argon bombardment.'"-*?
Modeling results given in Fig. 2(b) show an increase in car-
rier concentration as the density of these donorlike traps is
increased within a thin layer at the GaAs cap surface. The
results from the argon experiments represent a balance be-
tween the carrier loss in the cap layer and the creation of the
donorlike damage layer. In Fig. 3, the 10-s argon exposure
resulted in a loss of about 2 10''/cm? carriers in the
2DEG. Shorter argon exposure times might have shown
greater depletion. Longer times show the effect of the surface
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FIG. 3. The Hall mobility for the samples exposed to an argon plasma are
plotted vs carrier concentration. The various exposure times are listed next
to the experimental points. For these samples the effect of longer bombard-
ment times increases the effective carrier concentration and the mobility.
The as-grown values (@) are plotted as a guide.
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modification with an apparent limit to the carrier increase.
The mobility, however, continues to increase and ap-
proaches the value of the as-grown samples plotted as solid
dots in Fig. 3. It has been suggested'? that arsenic depletion
at the GaAs surface, with the arsenic vacancies having a
domor character, is responsible for the donorlike damage lay-
er.

The sheet carrier concentration and hence the mobility
of the 2DEG in heterostructure devices is critically depen-
dent on the integrity of surface epitaxial layers.! It is impor-
tant to understand, therefore, that even low-voltage plasmas
can drastically alter the conduction of a 2DEG. Also, for
some device structures, thermal processing for damage re-
moval is not feasible, 30 care is recommended when employ-
ing inert gases for cleaning and buffering.

In conclusion, we have examined the damage caused by
low-voltage helium and argon plasmas on an inverted het-
erostructure. Helium severely degraded the sheet carrier
concentration and the mobility of the 2DEG at a dc self-bias
voltage of only — 85 V for 15 s. Argon damage was limited,
with extended bombardment causing an increase in the car-
rier concentration and the mobility. This increase is most
probably due to the creation of a thin, donorlike damage
layer at the surface of the GaAs cap layer. Future studies will

examine the effects of other inert gases on heterostructures
coataining a2 2DEG.
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A focused argon ion laser beam in a controllsd ambient is used to ipédify the transport

properties of superconducting YBa,Cu,0, _, thig films. The laspf"modified region shows a

sharp transition temperature (7, =76 K) that is feduced fropf the unmodified regions of the
film (T, =87 K). In situ monitoring of the room-ten¥pgrapffe electrical resistance is used to
control the laser processing and prevent formation of thgfemiconducting phase. The original

properties of the superconducting film can be recovergé

the laser-induced phase is oxygen deficient.

Electronics is a potentially important area for fture ap-
plications of the high transition temperature ( T4 supercon-
ductors based on the La-Ba cuprates discovergd by Bednorz
and Muller,' and the Y-Ba cuprates discovepéd by Wu ezal.?
These potential applications will rely heayily on the ability to
make and process thin films of these grterials and control
their local transport properties on g/microscopic scale. In
this communicstion, we report on fife transport properties of
superconducting YBa,Cu,0, _ , films that have been locally
modified by laser-induced heating in a controlled ambient.

1802 J. Appl. Phys. 85 (4), 15 February 1989
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by Plasma oxidation indicating that

In contrast to prevings work,>> we demonstrate that the
laser-modified film necy not be driven to the insulating re-
gion of the phase diagrath\but may be controlled in such a
way as to produce a supercdgducting phase with a reduced

and well-defined transition temdperature. This opens the pos-
sibility of controlling critical bt and making weak links.
Furthermore, by placing the lasehqodified sample in an
oxygen plasma, the original film properties can be recovered

leading us to believe the laser-induced phase is oxygen defi-
cient.

© 1989 American institute of Physics 1802
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Lateral Tumneling, Ballistic Transport, and Spectroscopy in 8 Two-Dimensienal Electron Gas

A. Palevski, M. Heiblum, C. P. Umbach, C. M. Knoedler, A. N. Broers,® and R. H. Koch

IBM Research Division, T. J. Watson Researck Center, Yorktown, Hd;tu. New York 10598
(Received 7 November 1988)

We report a direct observation, via electron energy spectroscopy, of lateral tunneling and lateral ballis-
tkchummuponmatwo—dmensmaleleamm(zbm) This was accomplished through the
use of a novel transistor structure employing two potential barriers, indu Jed by 50-am-wide metal gates
deposited on a GaAs/AlGaAs selectively doped heterostructure. Hot electrons with very narrow energy
distributions (==5 meV wide) have been observed to ballistically traverse 2D EG regions =170 am wide

with a mean {ree path of about 480 nm.
PACS numbers: 73.40.Gk, 73.20.Dx

Ballistic transport of hot electrons was established re-
cently in n *-type GaAs by the use of energy spectrosco-
py in a hot-electron structure.! These experiments util-
ized an injector at one end of a transport region and a
spectrometer at the other end, with the electrons moving
normal to the plane of the layers (vertical transport).
This technique proved to be very powerful since it per-
mitted the energy distribution and the mean free path of
the ballistic electrons to be determined. The very recent
demonstration of quantized resistance in a confined
quasi-two-dimensional electron gas (2D EG)*? strongly
suggests ballistic transport of electrons near equilibrium
parallel to the interface between the layers (lateral trans-
port). We report here the first utilization of an energy
spectroscopy technique to establish directly lateral tun-
neling through an induced potential barrier and the ex-
istence of lateral ballistic transport in a 2D EG. This
was done by inducing two closely spaced potential bar-
riers in the 2D EG via two narrow Schottky metal gates
deposited on the surface of the structure. One barrier
was employed as a tunnel injector and the second as a
spectrometer. We have measured narrow hot-electron
distributions ballistically traversing lateral 2D EG re-
gions 170 nm wide, and have estimated their mean free
path.

Several structures were made on a selectively doped
GaAs/AlGaAs heterostructure grown by molecular-
beam epitaxy. On top of an undoped GaAs buffer layer,
an undoped AlGaAs layer (50 nm thick, AlAs mole frac-
tion x=34%) was grown, followed by a thin heavily
doped GaAs cap layer (15 nm thick). AsheetofSn
atoms, with an areal density of =2x10'2cm ~2, was de-
posited under overpressure of As when growth of the Al-
GaAs was interrupted (planar doping), 30 nm away
from the GaAs buffer layer; these supply the electrons in
the 2D EG [Fig. 1(a)). The 2D EG had a carrier densi-
ty of 3x10" cm ™2 and a mobility of 3x10° cm?/Vsec
at 4.2 K. Two parallel AuPd gates, each 52 nm wide
and 0.5 um long, were patterned 93 nm apart using
electron-beam nanolithography, on a S-um-wide isolated
2D EG line [Fig. 1(b)]. Obhmic contacts were made to
the three regions defined by both gates. Biasing the
gates negatively with respect to the central region be-

tween them (called the base) depleted the 2D EG under-
neath the gates and prevented the free motion of the
equilibrium electrons among the three regions [emitter
(E), base (B), and collector (C)]. The potential barriers
shown in Fig. 1(a) give an approximate guide to the po-
tential shape for different gate voltages (which are about
=0.5 V). The separation between the Fermi level, Ef,
and the conduction band outside the base is 10.7 meV.
In the base this separation can be substantially smaller,
and the actual conductive width of the base (always
smaller than the geometrical separation between the
gates) was roughly estimated to be, for example, 70 nm
when both barriers were 10 meV above the Fermi level
[Fig. 1(a)). Since this distance is similar to the average
clectron Fermi wavelength in the base, the base electrons
are expected to be quasi-one-dimensional.

With no applied gate voltages, the measured resis-
tances at 4.2 K among all three terminals (E, B, and C)
were a few kilohms and coastant with the applied termi-
nal voltage. As the emitter- (or collector-) gate voltage,
Ve (or Vc) was made negative with respect to the base
(which was the reference in all our measuremeats), the
emitter current, I, supplied by a source Vg3 (or the col-
lector current, Ic, supplied by a source Vcs) decreased.
For gate voltage Vg (or Vgc) < —0.4 V the resistance
under the gate became very nonlinear and appmched
10°-10° Q at low voltage (shown by /¢ vs Vg in Fig.
2). Simple WKB calculations of the tunneling currents
through square barriers S0 nm wide and 20 meV high,
resembling our barriers, resulted in similar tunneling
resistances. The occurrence of tunneling through the
barriers will be revisited and verified later in more detail.
When only the emitter barrier was formed (Vg < —0.4
V, Y6c =0), the emitter current I, which resulted from
a negative Vg3, split into Iy and Ic in the ratio of the
base and collector resistances of the 2D EG (note that
Vcs™0 V). When the spectrometer barrier was also in-
duced (Vge < —0.4 V, Ve < —0.4 V), the current in
the collector remained practically zero (and Iy =I¢) un-
til | Vea| exceeded a certain value (collector-current on-
set value). Thereafter it increased sharply. As seen in
Fig. 2, the onset value increased as | V¢ | increased and
was similarly affected by an applied small Vcs. These

1776 © 1989 The American Physical Society
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FIG. 1. (a) A cross-sectional cut showing the selectively doped structure and the gates on top. Underneath is plotted the potential
shape in the lateral direction showing injector and spectrometer barriers. As Vg became more negative the potential barrier in-
creased. (b) A scanning electron micrograph showing the gate configuration. (c) A schemaiic description of the potential distribu-

tion for a biased device, Veg <0 and Vs > 0.

observations, which clearly resulted from changes in the
spectrometer barrier height, ®c, demonstrate that the
abrupt onset of Ic is due to energetic electrons that sur-
mount the spectrometer barrier potential [see Fig. 1(c)).
Considering the small distance between injector and
spectrometer barriers, a fraction of the electrons injected
from the Fermi level in the emitter was expected to
traverse the base ballistically, leading to collector-
current onset at eVip =®c, where ®c is the collector
barrier height. This allowed us to measure ®c, a result
we can use to further verify the existence of ballistic
transport and find the actual fraction of ballistic elec-
trons arriving at the collector.

We have performed electron energy spectroscopy
by varying the spectrometer barrier height ®c¢ with Ves.
The collected current is given by Ic=Afe.en(E)
xv(E )dE, where A is the area, n(E) is the energy distri-
bution of the electrons arriving at the spectrometer, and
E and v are the energy and velocity associted with the
clectrons traversing normal to the gates. In a snall
enough energy range v(E) is fairly constant, and the
clectron energy distribution can be described by
n(E) e dlc/d®c for a constant injection energy, eVes.
The same expression can be rewritten as
n(E) « (dIc/deVcg)(deVcp/ d®c). Figure 3(a) (solid
lines) shows a typical family of J. vs Vs characteristics

14,3

for Ve =Vec™= —0.5 V and different injection energies,
all chosen to be higher than the unbiased spectrometer
barrier height (for Vg3 =0 V, Ic =0 in the range of in-
terest). For Vcg > 0, the collector current increased only
slowly as V¢p increased, suggesting that most of the hot
electrons had energies higher than the unbiased potential
barrier height. When the polarity of Vg was reversed,
leading to an increase in ®c, the collector current de-
creased slowly initially, followed subsequently by a sharp
drop to zero over a range of a few mV. This behavior in-
dicates that clectrons with a narrow energy distribution
were cut off by the spéctrometer barrier. Before ela-
borating more on the shape of the energy distribution we
would like to note that for injector barrier heights smali-
er than some 20 meV (Vgg > —0.5 V) the behavior was
quite different, as shown for two lower injector barrier
heights [dotted lines in Fig. 3(a)). The collector currents
became zero at the same negative ¥Vcp (and thus the
same ®c) for the three cases. This indicates that, even
though the nature of the injection in each case may have
been different, the highest energy of the injected and col-
lected clectrons was always determined by eVgs. The
absence of a “knee” observed fe: the lower injector bar-
riers indicates that the injected distributions were broad,
extending from the injection energy eVgp and below, and
were not the result of tunneling. It is quite possible that
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FIG. 2. The collector curreat /c as a function of the injec-
tion voltage Vg when the collector-gate voltage Voo and the
collector-base voltage Vcs serve as parameters. The current
onset, indicative of the collector barrier height, is strongly
influenced by both parameters. The injected curreat Iy is in-
dependent of the parameters.

whean the injector barrier was low, the application of an
injection voltage removed the barrier completely, or
made it so narrow that the injected electron distributions
were very broad.

To determine the collected energy distributions one
has to change the energy scale from eVcp to the corre-
sponding height of the spectrometer barrier ®c, and
multiply the dic/deVcy curves by the deVcs/d®c. The
barrier heights ®c(Vcp) and the factor deVca/d®c,
summarized in Fig. 3(b), were found from collector-
curreat onset measurements in a similar way to that de-
scribed before. The energy distributions shown in Fig.
3(c) have 2 full width at half maximum of about S meV,
which tended to increase i the injection energy in-
creased [up to 10 meV for V5 =30 mV (not shown)].
The peaks of the distributions shifted with the same en-
ergy as that of injection energy (except the lowest one
which was obscured by the lower-energy tail), as expect-

FIG. 3. (a) The family of the collector-current characteris-
tics where Iz =0, —20, —40, —60, —~80 uA. Note the sharp
rise in the current (for Vea= —10 mV) followed by a
moderate rise indicative of a narrow ballistic distribution. The
dotted lines are for lower injector barrier beights and for
eVea™—18 mV, where the injected distributions were very
broad. (b) The spectrometer barrier height determined by
measuring the collector-current onsets, and the deVcp/d®c de-
duced from it. (c) The ballistic distributions for different in-
jection energies as a function of excess normal energy above
the Fermi level in the base. The peaks of the distributions fol-
low rigidly the injection emergy. At higher |Vcs| leakage
currents dominated.
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od in ballistic transport. The peak energies, which were
lower by about 3-4 meV than the corresponding Fermi
level in the emitter (noted by the crossing of the dotted
lines with the energy axis), and the narrow distribution
width (==5 meV) were both expected for the normal en-
ergy distributions injected by 50-nm-wide, 20-meV-high
tunnel barriers.® These results proved that tunneling
was the injection mechanism in our induced barriers. At
probably due to lower-energy electrons that are excited
from the Fermi sea in the base by scattered (nonballis-
tic) electrons.* Even though small-angle elastic-
scattering eveats cannot be excluded, the similarity of
the results presented here with the results that confirmed
ballistic transport in vertical structures,' as well as the
narrow width of the electron distributions, strongly sug-
gests that elastic scattering in our lateral structures was
minimal.

The ballistic fraction, a, is defined as the ratio between
the number of ballistic electrons collected (the ballistic
current is Ic at Vep =0 or the area under the distribu-
tion) and the total number of injected electrons (the in-
jected current Ir). From Fig. 3(a) we find Ic/I==0.25
at Vcp =0, which is approximately the ballistic fraction
collected. Since some of the injected current emerged
from the periphery of the injector barrier (where the sep-
aration between them increases) and never surmounted
the spectrometer barrier, the value 0.25 was not ap-
propriate to use for the calculation of the ballistic mean
free path (A). To minimize the number of these “stray”
electrons, different structures where the collector gate
was 3 times longer (0.75 um) than the emitter gate
(0.25 um) were made (base width 170 nm). Carrying
out energy spectroscopy in these devices, ballistic frac-
tions higher than 0.7 (Ref. 7) were measured. Using
a=cxp(—dp/r) =0.7, where dp is the effective base
width for the hot electrons, we find A==480 nm. This
lower limit on A suggests that the mean free path of the
bot electrons is on the same order as that of cold elec-
trons. This might result in part from the relatively low
density of electrons in the base and from size quantiza-
tion effects in the quasi-one-dimensional base that may
reduce the scattering cross sections.®

Since tunneling occurred into a quantized base, we
have looked for, but did not observe, resonant tunneling
effects in the injection currents.® Upon increasing the
injection energy, but keeping ¢ | Ves | < ®c, we had ex-
pected to see an enhancement in the injected current
when the Fermi level in the emitter crossed a bound state
in the base. To get a rough idea of the expected posi-
tions of the states, we modeled our double-barrier poten-
tial with a sine function, having a peak-to-peak value of
30 meV and a period of 140 nm. The solutions, which
involved Mathieu functions, '° predicted two states under
the Fermi level (3 and 8.6 meV), and five states above
(14, 19, 23.5, 27, and 29.5 meV). Since emitter currents
could be measured only for Vg5 < ~(10-15) mV, only

5205522 S ——

the highest two states (near the coatinuum) could in
principle have been observed. Because of the finite width
of the distribution (=5 meV) it would be difficult to
resolve these states from the coatinuum. In cases of
lower barrier beights the energy separation between the
states was expected to be even smaller and their energy
width wider, making observation difficult.

In summary, we have scen for the first time, lateral
tunneling through narrow poteatial barriers induced by
thin gates, and ballistic hot-clectron transport with a
long mean free path, in & two-dimensional electron-gas
(2D EG) channel. Via the utilization of an energy spec-
troscopy technique, narrow electron distribution injected
by a tunneling barrier were detected, establishing direct-
ly ballistic transport and tunneling injection. We esti-
mate a ballistic mean free path for hot electrons of about
0.48 um.
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High-gain lateral hot-electron device
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A lateral hot-electron device has been fabricated in a plane of a two-dimensional electron gas.
The transfer ratio of the device, a, was studied for different geometrical configurations of the
emitter barrier. The maximum transfer ratio was greater than 0.99 at 4.2 K, corresponding to a
current gain greater than 100 for devices with base widths of 220 nm. An emission of a single
longitudinal optical phonon, by the injected electrons, has been observed.

The tunneling hot-electron transfer amplifier (THE-
TA) is alow-gain ballistic device.'? Although it is a unipolar
device its behavior is similar to a bipolar transistor. Because
of its vertical configuration the device has some drawbacks:
it is difficult to form low-resistance chmic contacts to the
parrow { ~30nm) base avoiding shorting of base and collec-
tor, it is difficult to expose the buried base avoiding its deple-
tion, and it is difficult to obtain high gain because of the short
ballistic mean free path (mfp) in the heavily doped base. To
circumvent some of these problems we proposed and fabri-
cated a novel hot-electron device ( a “lateral THETA"” de-
vice®) in the plane of a two-dimensional, high-mobility elec-
tron gas (2DEG). The characteristics of this lateral device
are similar to those of the vertical device, but it is easier to
fabricate. The device is expected to have a higher gain due to
the longer mfp of hot electrons in the plane of the 2DEG. We
report here on the realization of lateral hot-electron devices
with a 4.2 K current transfer ratio a greater than 0.99, for
base widths greater than 200 nm. We Jook in some detail at
the injection properties of our lateral injector and also ob-
serve single phonon emission by the hot electrons.

In the vertical THETA device* a tunnel barrier injector

emits a fairly monoenergetic hot-electron beam into the -

base. After their traversal through the base, the electrons
surmount another thick potential barrier. This barrier pre-
vents the equilibrium electrons that reside in the base from
entering the collector. Since the collector current is only
slightly affected by the shape of the collector barrier (if
quantum mechanical reflections are small), the current
transfer ratio is almost independent of the collector voltage
and the output differential resistance can be large, as desired
for device applications.

In order to make a lateral THETA device, two narrow
barriers separated by a thin base were constructed in the
plane of a GaAs-Al, ; Ga, , As selectively doped heterojunc-
tion. The 2DEG had a carrier density of n, ~2.0x 10"
cm ™7 and a mobility z 7.5 X 10° cm?/V s at 4.2 K. Utiliz-
ing nanolithography two narrow metal gates, each about 50
nm long, were deposited on the surface of the heterojunction
(length is the dimension along the current path, as seen in
Fig. 1). In a variety of devices the emitter gate G, was made
0.25-1 um wide and the collector gate G was made 0.75-1
pm wide, wider than the emitter gate in order to collect all of
the ballistic electrons. The three regions defined by the two
gates, emitter (E), base (the central region B), and collector
(C) were contacted with NiAuGe alloyed ohmic contacts.
An application of a sufficiently negative gate voltage,
Vae (or Vg ), with respect to the 2DEG depletes the elec-

142 Appl. Phys. Lett. 85 (14), 2 October 1989 0003-6951/89/401421-038$01.00

trons underneath the gate, forming thus a potential barrier
for the electrons residing on both sides of the gate. Inducing
two potential barriers, with the two gates shown in Fig. 1,
enables us to reproduce, in the lateral plane, a potential dis-
tribution similar to that of the vertical hot-electron device.
Using the emitter barrier as a tunnel injector produces a hot-
electron distribution ~$ meV side.> Quantum mechanical
reflections from the collector barrier are negligible because
of the slow change of the collector barrier potential. Scatter-
ing events in the base are expected to be few due to the lower
dimensionality of the base® and the absence of nearby impur-
ities. Note that the tunneling currents through the wide parts
of the emitter and collector gates (see Fig. 1) can be ignored,
thus contacting the 2DEG in the narrow base region is estab-
lished by contacting the remote, external parts of the base.
We have recently reported results of energy spectrosco-
py experiments made on a lateral THETA device. There we
found the transport to be ballistic with ballistic distributions
3-S5 meV wide.? In symmetric structures where the width of
the emitter and the collector gates is similar, the electrons
emerging from the edges of the injector, not perpendicularly

-Ves
+ch

E B Cc

F1G. 1. Scanning electron microscopy micrograph of the lateral THETA
device and a schematic description of a potential distribution for a negative-
ly biased emitter and a positively biased collector.
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FIG. 2 Output I-¥ charsc-
teristics of the lateral device
in 3 commoa base coafigurs-
is 0.2 um, the collector gate
width is 0.75 um, snd base
length is 0.17 um.

to the gates, are not collected. Indeed, in these symmetric
devices, the transfer ratio a2 I. /Iy, where I . and I ; are the
collector and the emitter currents, respectively, was only 0.4
at 4.2 K.? To alleviate this problem a device with emitter and
collector gate widths of 250 and 750 nm, respectively, and &
base length of 170 nm, was made (Fig. 1). The measured
output characteristics in a common base configuration are
shown in Fig. 2, demonstrating a transfer ratio a = 0.9 over
a large range of injected currents and collector voltages. The
ballistic fraction of the collected current, a,, is measured at
a collector to base voltage Vg where the collector current
I. almost saturates (Vep=20mV).? Using a,
= exp —dg/A =0.7, whered, is the base width, we find a
mfp, A =480 nm. The true mfp is longer since some of the
injected electrons emerging from the edges arrive at the col-
lector with a Jow normal energy component and thus are not
collected.

The solid line in Fig. 3 shows a typical dependence of a
on the injection energy eV for fixed emitter and collector
barrier heights. The existence of a maximum value @, is
characteristic for these types of curves. In general we expect
to see a monotonic increase in a due to the increasing group
velocity of the ballistic electrons and the reduction of scatter-
ing cross sections as the kinetic energy of the electrons in-
creases. Also, a larger fraction of the ballistic distribution
will surmount the collector barrier.® The drop in a observed
at higher Vg, is due to the relative increase of the side-tun-
neling current. This can be seen from the Wentzel-
Kramers-Brillouin expression for the tunneling probability
D exp[ — 4(¢**w/V)], where A is a constant, ¢ is the

Transler Ratio,

Maximum Transfer Retio, Qe

] S

tnjection Voitage, Vgs (MV)

F1G. 3. Variation of the transfer ratio a with the injected voltage (a solid
line) at a fixed value of the emitter gate voltage. The dashed line shows the
behavior of a,,,, (extracted from s few curves of @).
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emitter barrier height, w is a barrier width, and V is the
applied injection voltage. From here, the ratio of the tunnel-
ing probabilities through two barriers with different widths
w, and w, is D,(w,)/D;(w,) = exp[ ~ A¢**(w, — w,)/
¥}, explaining the relative increase of the side currents and
the drop in a beyond a,, . As the emitter potential barrier
increases, the side currents become substantial only at high-
er values of injection voltages, moving thus a__, to higher
Vea's. The increasing part of the transfer ratio curve for all
emitter barrier heights, displayed in Fig. 3 (up to the maxi-
mum on the solid line) however, is not affected by the side
currents.

Plotting the measured a,,, for different emitter barrier
heights versus Vg, in Fig. 3 (a dashed line) recovers the
behavior of @ vs Vg, in the absence of any side tunneling and
at approximately the same injected currents. The interesting
feature of the plot is the maximum reached by a,, ( > 0.98)
at energies just below 36 meV. The drop in a for injection
energies that exceed =36 meV is due to an emission of s
longitudinal optical (LO) phonon (already observed in thin
GaAs layers®). The high value of a,,, measured here for
Vs < 36 mV suggests that LO-phonon emission is the domi-
nant relaxation mechanism of hot electrons in a high-mobil-
ity 2DEG.

To eliminate side-tunneling currents altogether we have
modified the injector structure. Two gates, each 65 nm wide
separated by ~ 600 nm, were added in the emitter region as
shown in the insert of Fig. 4(a). Since the emitter current is
now confined to flow between these negatively biased gates
(with voltage V.., applied relative to base) without reach-
ing the emitter gate corners, side-tunneling currents are pre-
vented. Figure 4(a) shows the behavior of a for different
side-gate potentials. As the negative side-gate bias increases
upto — 0.55 V, a increases. However, for abias — 0.6V or
greater a does not increase anymore indicating the elimina-
tion of side tunneling. A more sensitive measurement of this
increase can be obtained by measuring the current gain
P=a/(1 — a),asshownin Fig. 4(b). At Vo= —0.55V,
B exhibits pronounced maxima which move towards higher
values of Vg as the emitter barrier height increases. The
drop in the gain for higher injection voltages is somewhat
surprising since side currents have been eliminated. Ina clos-
er look we find that the gain always reaches its maximum
when the injection current reaches approximately 100 nA,
corresponding to a current density of ~3x10* Acm™?in
the 2DEG. This is found to be the case for all emitter barrier
heights and for all values of a,,,,,. This observation might
suggest that the decrease in the gain is related to the current
density being higher than some critical value. Although this
phenomenon is not yet understood, it is plausible that at a
sufficiently high current density charging of the collector
barrier region becomes important leading to an increase in
the barrier height and to the observed reduction in the gain.

The maximum value of 8 is found to be as high as 105,
corresponding to a> 0.99. This is the highest current gain
ever reported in a hot-electron device. The large value of the
transfer ratio does not necessarily imply that the mfp is that
long. At sufficiently high injection voltage the electrons are
injected at energies much higher than the collector barrier
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FI1G. 4. (a) Effect of the side gates (inset), biased V., with respect to base,
on the transfer ratio. (b) The variation of the current gain with the injection
voltages ¥V, :0r different emitter gate voltages in the absence of side-tun-
neling current.

height (which is about 20-30 meV high). Hence, they may
lose a part of the normal energy component as a result of
inelastic or elastic scattering and still be collected by the
collector.
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Our side gates can be used not only to eliminate side-
tunneling currents but also to narrow the width of the emit-
ter channel and eventually to pinch off the injector. The nar-
rowing of the channel should result in increasing of
transverse momentum components due to size quantization
effects. This eventually should lead to the reduction of the
current gain. We indeed observe a decrease in the gain when
the channel is narrowed substantially (not shown). The
maximum current gain § drops by a factor of ~2.5 as the
side gates voltage varies from — 0.55t0 — 0.7 V.

In conclusion, we have looked in some detail at the char-
acteristics of a lateral hot-electron device fabricated on the
plane of a high-mobility 2DEG. The high mobility of the
2DEG enabled a long mfp of the ballistic hot electrons below
the LO-phonon energy. Current gains greater than 100 were
measured. The possibility to tune the emitter and collector
barrier heights, which are induced by submicron metallic
gates, makes the device extremely powerful for studying bal-
listic transport and relaxation mechanisms in small systems.
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