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Three-terminal real-space transfer devices have been impiemented in InGaAs/InAlAs/
InGaAs heterostructure material. The use of nonalloyed contacts provides excellent ohmic
contacts to the channel without compromising insulation from the second conducting layer.
The observed negative differential resistance has a peak-to-valley ratio that typically exceeds
100, both at room temperature and cryogenic temperatures. The highest observed peak-to-
valiey ratio at 300 K was 490. With increasing heating voltage, the injection current across the
InAlAs barrier rises in a sequence of sharp steps. We explain this feature by an instability
caused by a positive feedback between the heating field in the channel and the local real-space

transfer current.

Charge-injection transistor (CHINT) or negative resis-
tance field-effect tansistor {NERFET) is a three-terminal
semiconductor device based on the effect of real-space trans-
fer (RST) of hot electrons between conducting layers, sepa-
rated by a potential barrier and contacted independently.’™
One of these layers, referred to as the channel, has two sur-
face contacts, source and drain. Application of a source-to-
drain bias leads to a heating of channel electrons and charge
injection into the second conducting layer. The channel acts
as a hot-electron emifier and the second conducting layer as
a collector. The device shows a strong, negative differential
resistance {NDR) in the source-drain characteristic (the
NERFET action’), and an efficient control of the injection
current by the drain voltage (CHINT action™). Such devices
have been extensively investigated, both experimentalty®®
and theoretically.®'® Successful experimental studies, re-
ported so far, used GaAs/AlGaAs heterostructures,”” and
strained-layer InGaAs/InAlAs heterostructures grown on
GaAs substrates.® In most of these structures, the RST is
likely to be accompanied by a momenturn-space transfer,
which limits the intrinsic performance of CHINT/
NERFET devices. Monte Cario simulations'® suggest that
formation of Gunn domains degrades the NDR and limits
the ultimate device speed. It is of considerable interest,
therefore, to implement these devices in materials where the
momentum-space transfer would be absent or negligible rel-
ative to the RST. Working in this direction, we have recently
realized devices, based on the injection of hot holes across a
potential barrier in the Ge,, S 5 /Si valence band."’

Another attractive material combination is the
InGaAs/InAlAs system lattice matched to InP. Because the
separation: AE|, between the I and the lowest satellite val-
leys in the conduction band of InGaAs seems to be higher'?
than the conduction-band discontinuity’®> AE.~C.5 eV
between InGaAs and InAlAs, the RST may have a lower
threshold than the momentum-space transfer (it is unlikely,
however, that the latter can be fully suppressed. }. The rela-
tively large AE. (compared to GaAs/Al,Ga, ,As for
x<0.4) allows one to expect a lower leakage current of
“cold” electrons and, hence, an improved performance at
room temperature, A further advantage of the InGaAs/
EnAlAs system results from the lower electron effective mass
in InGaAs, which favors heating effects in an electric field.
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Previous attempts at implementation of CHINT/NERFET
in this system® were not successful; 2 major difficulty was
associated with Au-Ge alloyed contacts te the channel.
These contacts either showed nonohmic behavior, or, if al-
loved at an elevated temperature, penetrated too deep, short-
ing electrically to the collector. In the present work, this
essential problem was solved by using an epitaxially grown
cap layer, heavily doped with tin and subsequently pat-
terned lithographically to form the source and drain n™* con-
tacts.

The structure was grown by molecular beam epitaxy
(MBE} at 550°C on 2 semi-insulating iron-doped
InP {100) substrate. The sequence of epitaxially grown lay-
ers was as follows: first a 5000-A-thick In, 5: Gay, 4, As col-
lector layer with a donor (Si) concentration of N, = 10
cm’ ?, next a 2000-A-thick undoped Ing 5, Al, . As barrier
fayer, foltowed by a 500-A-thick In, ., Ga, ,, As channel lay-
er, lightly doped with 8i (¥}, = 1 X 10" em ), and a 300-
A-thick Ing.,Gay,, As cap layer, heavily doped with
Sn (N, = 1 x10% cm %). Figure I shows a cross section of
the device structure cobtained after several etching steps in
H,PC H,0,:H,0. All paiterns were defined by a standard
optical contact lithography, including the critical definition
of the trench between source and drain areas. This trench,
approximately 300 A deep, removes the #* cap layer from
the top of the channel. The emitter length, defined by the
trench, varied from 0.6 to 1.2 um for different devices. The
emitter width varied from 25 to 75 gm. After the etching, the
exposed portion of the channel is entirely depleted by the
surface potential. Therefore, the channel conduction relies
on a positive collector voltage, which induces an inversion
layer as ilustrated in Fig. . Epitaxial contacts to the chan-
nel were chmic in our experiments down to liguid-helium
temperatures—without any high-temperature alioying.

The use of nonalloyed contacts produced a dramatic
enhancement of the NERFET performance. NDR charac-
teristics with peak-to-valley ratios of over 100 are routinely
observed in our devices both at room and cryogenic tempera-
tures (see Figs. 2 and 3)."" The highest observed peak-to-
valley ratio at room temperature was 4990, the current f,
switching from 4.83 mA to 9.86 gA in a 25 um channel-
width device.

Figure 2 presents the drain 7, and the collector {. cur-

© 1980 American Institute of Physics 2563

--Downloaded 02 Feb 2002 to 129.49.68.184. Redistribution subject-to-AtR-ticense-or copyright-see-http:Hojps-aip-org/aplofapter.jsp



e Rownleaded.0;

3004 InGoAs
(50:9020) . _
500 A InGaAs EMITTER
(si:10%¢ A
2000A InAlAs N
{UNDOPED) BARRIERY
50004 InGuAs
R
(Sh 107 COLLECTO
"""" N
InP SEMI-INSULATING ke eV —
SUBSTRATE

FIG. 1. (2) Cross section of the device structure and (b} the energy-band
diagrams in the emitter portion of the channel. The equilibrium diagram is
shown by a dashed line and diagram under an applied collector bias by a
solid line. Arrows indicate the directions of electron flow when both the
drain and the collector are biased.

rent characteristics at room and liquid-nitrogen tempera-
tures. The characteristics are plotted versus the drain vol-
tage for different fixed biases on the collector, viz., ¥ = 1.0,
2.0, and 3.0 V. At low drain voitages, below the onset of
NDR at ¥, =0.7V, we observe typical field-effect transistor
source-drain characteristics, accompanied by a gradual in-
crease in £~ due to the RST of hot carriers. In this range the
weak RST does not significantly affect the drain current. At
V5, = 0.72 ¥, the R8T increases in a step-like fashion and the
drain current drops precipitously. Note that the dropin [, is
larger than the jump in /-, which implies a drop in the source
current. At ¥V, =24V (for T=77K) or ¥, = 2.2V {for
T=300 K) a second abrupt drop in the drain current is
observed together with a jump in the coliector current. Be-
yond this point, we observe a nearly flat valley in 7,, and a
plateau in /.. These plateaux persist over a broad range of
¥y, until the injection of cold electrons from the collector to
the drain takes over at ¥V, > V. It is noteworthy that the
peak-to-valley ratio in Fig. 2 is actually higher at 300 K than
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FIG. 2. Basic device characteristics: (a) Drain current vs the drain voltage
at 300 K (solid lines) and 77 K (dashed lines). Curves are labeled by the
value V. == 1, 2, and 3 V. (b) Corresponding plots of the collector current
vs the drain voltage.
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at 77 K. This observation is common to all present devices
and is likely to be related to a parasitic leakage of coid elec-
trons from the drain area to the collector.

The two steps described above have been seen in all
working devices for all available emitter widths and lengths.
Exact position on the ¥, axis, where these steps occur, var-
ied from one device to another and with the temperature, but
gualitatively they remained similar in the whole range
4.2 % T'= 300 K. The first step, corresponding to the onset of
NDR, moves slightly to lower drain voltages with lowering
T, as can be expected from the reduction in phonon scatter-
ing, but its position is almost insensitive to the collector vol-
tage. The second step typicaily moves toward higher drain
voltages with increasing ¥.. This step occurs typically at
lower ¥/, in devices with smaller channel widths.

The behavior in between the main steps is not universal,
even with the sign of the resistance being positive in some
devices and negative in others. The shape of the characteris-
tic in this region can be varied by changing the RC constant
of the external circuit. Many devices exhibited more than
two steps in the drain and the collector characteristics. Fig-
ure 3 shows exemplary characteristics of such a device. The
displayed curves correspond to 6.5 X, but a similar multiple-
step structure was present also at room temperature. In all
cases, the total source current, fy = I, + I, plotted in Fig.
3(c), drops abruptly, together with the drain current at the
onset of the NDR (here at ¥, = 0.68 V) and rises abruptly,
similarly to the collector current, at the onset of the final
plateau (F, = 2.2 V). In the intermediate region, abrupt
but smali drops of I are observed, and in some cases steps in
I and [, nearly cancel each other. As a function of ¥~ these
steps behave similar to the second main step, moving toward
higher drain voltages. The NDR and the ladder structure in
the /-¥ characterstics require a certain minimum collector
voltage. For the device of Fig. 2, no steps are observed below
V. =1.5 V. Above this threshold, the step height is an in-
creasing function of the collector voltage. In some devices,
the number of intermediate steps increases with V..

Steps in /- V characteristics are, generally, indicative of a
positive feedback ioop that causes the system to switch. Let
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FIG. 3. (2} Drain, (b) collector, and (¢) source currents vs the drain vol-
tage at the collector bias ¥V = 3.5 V and the tempersture 7= 6.5 K. Multi-
ple steps in the I~} characteristics are clearly in evidence. At ¥, =0.67V
the total (source) current abruptly drops, whereas at ¥, = 2.2 V it riscs.
The peak-to-valley ratio in the plot (a) is 210. Inset shows the characteristic
at low ¥, in expanded scale. Parasitic source-to-collector leakage at the
valley is of the order of 100 uA.
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us discuss its possible physical mechanism. As the drain vol-
tage is increased from zero, the RST process begins in some
section of the emitier channel, where the electric field is lar-
gest. We shall refer to this section as the “hot spot”. At the
onset of charge injection, the voliage difference between the
collector and the hot spot begins to diminish. This reduces
the electron density at the hot spot, which in turn increases
its resistance and causes a larger fraction of the source-to-
drain voltage to drop across the hot spot region. The in-
creased latera! electric field raises the electron temperature
and the hot spot becomes even hotter. This self-accelerating
instability'” leads to an avalanche-like increase in the RST
from the emitter hot spot and the emergence of a high-field
domain in the emitter. The process is limited by a negative
feedback, arising with the decrease of the electric field in the
InAlAs barrier near the interface with the InGaAs channel
at the hot spot and the drop in I due to the lowering of the
electric field in the section between the source and the hot
spot. { The latter mechanism explains the abrupt drops in fg
evident in Fig. 3, that accompany steps in {,.) It is clear that
the hot spot potential ®,, cannot rise above ¥, because that
would be prevented by diffusion of cold electrons from the
drain. If ¥, > ¥, then the process will stabilize as ®, ap-
proaches ¥, since the diminishing field in the barrier will
effectively raise the space-charge accumulation of injected
electrons dynamically stored during the transit across the
barrier. One can expect 2 strong suppression of the RST if
the interface field becomes negative; the steady state is prob-
ably established before that happens.

After the RST is stabilized and 2 high-field domain es-
tablished, a further increase of ¥V, may initiate a new ava-
lanche RST process and a new domain in the channel, lead-
ing to multiple steps in the J-¥ characteristic, as in Fig. 3.
The last step seems to be different in that it is accompanied
by an abrupt #ise in the source current. It is clear thatas ¥,
increases, the domain cannot stay in the vicinity of the drain,
where the electric field across the barrier diminishes and can
even reverse its direction. We believe that the last step at high
¥, may be associated with the hot spot moving toward the
source, raising the electric field there and thereby increasing
the source current.

COur present experimental data are insufficient to discuss
what limits the lateral domain size and whether these do-
mains can propagate, as in the Gunn effect. These interesting
questions warrant further studies, combined with a numeri-
cal simulation of the device. Another important guestion is:
what is responsible for the saturation of the collector and
drain current in the final plateau region? Similar saturation
is normally seen in GaAs/AlGaAs devices, where it has been
attributed'’ to the effect of the momentum-space transfer
which cuts off the heating to channel electrons. This process
can also take place in our devices, especially at lower coliec-
tor voltages. As the ¥, increases, the barrier becomes trans-
parent for high-energy electrons that tunnel under the top of
the barrier. This “thermally assisted” hot-electron tunneling
process plays an important role in the operation of CHINT.”
it is unlikely that momentum-space transfer effects could
play a significani role when the satellite-valley separation is
much higher than the effective barrier height. As discussed
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in Ref. 16 the self-limitation of the RST may result when the
electron density in the domain becomes so low that the high-
energy tails of the electron distribution function above the
barrier height are not repopulated by the electron-clectron
scattering.!”

In conclusion, we reported experimental results on hot-
electron injection in CHINT/NERFET devices implemen-
ted in 2 InGaAs/InAlAs/InGaAs heterostructure lattice
matched to InP. The use of nonalloyed epitaxial contacts
and excellent properties of the InGaAs/InAlAs system pro-
duced a dramatic improvement of the device characteristics
and brought into focus a peculiar instability of RST process.
A plausible mechanism of this instability is related to a posi-
tive feedback between the RST and the heating electric field
in the emitting channel. This feedback leads to the formation
of high-field domains in the emitter channel.
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