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Three-terminal real-space transfer devices with improved room-temperature characteristics
have been implemented in InGaAs/InAlAs/InGaAs heterostructures lattice matched

to InP. The devices exhibit extremely sharp charge injection, characterized by a
transconductance exceeding 23 S/mm and a negative differential conductance with a
peak-to-peak ratio of over 7000. Our experiments suggest that both of these characteristics
are limited only by the dielectric strengih of the InAlAs barrier laver.

The charge-injection transistor {CHINT) and the neg-
ative resistance field-effect transistor {NERFET) are two
modes of operation of a three-terminal heterostructure de-
vice (Fig. 1) based on the real-space transfer (RST) of hot
electrons between two conducting layers. One of these lay-
ers (“‘emitter”’) has source and drain contacts and plays
the role of a hot-electron cathode. The other layer (*col-
lector™) is separated by a potential barrier and draws littie
current, uniess electrons are heated by the source-drain
fieid. When that happens, however, most of eiectrons do
not reach the drain but are injected into the collector layer.
A strong negative differential resistance (NDR} deveiops
in the drain current (/) characteristic (the NERFET ac-
tion). Control of the injection {the CHINT action) allows
the implementation of novel circuit elements. In particular,
we have proposed and experimentally demoustrated a sin-
gle device structure that performs such logic operations as
NOR and AND with a fast switching between these func-
tions.!

Recently, we reported” the first successful implemen-
tation of CHINT/NERFET devices in the InGaAs/
InAlAs system lattice matched to InP. Advantages of this
system for RST transistors stem from the low effective
electron mass m = 0.042 m, in the I" valley of InGaAs, the
high conduction-band discontinuity (AE-~=0.5 eV}, and
the still higher satellite-valley separation (AZy;=0.55
eV).? Although these advantages were apparent a long
time ago, they had not been exploited until recently be-
cause of the difficulties in impiementing nonshorting chmic
coniacts. This essential problem was solved with the help
of nonafioyed epitaxial contacts. The present letter reports
a further modified device structure with enhanced
CHINT/NERTET characteristics.

The heterostructure has been grown by molecular
beam epitaxy (MBE} at 550 °C on a semi-insulating iron-
doped InP(100) substrate. It consists of the following
layer sequence {(Fig. 1}: a 5000-A-thick n ¥ -Ing 5,Ga, 47AS
collector layer followed by a 500-A-thick lightly doped
7~ -Ing 53Gag 4:As setback layer, a 2000-A-thick undoped
Ings,Aly sgAs barrier iayer, and a lightly doped S00-A-
thick Iny, 5:Gag 47As emitter layer, followed by a 25-A-thick
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#ntIng5;Alg45As etch-stop layer, and an ultraheavily
doped (Sn) 200-A-thick Ing 59Gag 47As cap layer.

Figure 1 shows a cross section of the device obtained
after several wet chemical etching and ion milling steps.
ATl patterns were defined by the standard optical contact
lithography, including the critical definition of a trench
separating the source and drain areas. This trench, 200 A
deep, defines the emitter channel. It is obtained by a highly
selective wet chemical etching of Ings;GagsrAs, which
stops reliably at a 25-A-thick Ings,Aly.sAs layer intro-
duced especially for that purpose. For different devices, the
trench length L, varied from 0.6 to 5 pgm, and the trench
width W varied from 25 to 75 pm. After etching, the ex-
posed portion of the channel is entirely depleted by the
surface potential, but with a positive voltage applied to the
collector, a two-dimensional electron gas is induced in the
channel, as illustrated in Fig. 1. Contacts to the channel
were chmic down to liguid-helium temperatores.

The 25-A-thick InAlAs etch-stop laver is one of the
modifications of our present structure compared to earlier
work.? We found no degradation of the contacts from the
introduction of this layer. Another new element in the
structure is the lightly doped setback layer between the
barrier and the collector. Its purpose is to reduce the pos-
sibility of unintentional doping of the barrier during MBE
growth by an out-diffusion of donors from the collector.
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FIG. 1. Cross section of the device structure and the energy-band diagram
under an applied collector bias. The trench in the heavily Sn-doped cap
layer defines the emitter channel.
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FIG. 2. Basic device characteristics at 300 K: (a) Drain current (I) and
collector current (/o) vs the heating drain voltage ¥, at a fixed collector
bias Vo= 3.9 V for a device with L, =1 pm. {Inset) Collector-bias
dependence of the peak-to-valley ratio and the leakage current, defined as
the magnitude of I at ¥p=10. (b) Collector-bias dependence of the
critical voltage Vypr (the value of ¥, at the peak of 1) for various
emitter channel lengths L.

Compared to cur earlier report, the dielectric strength of
the barrier is substantially enhanced {see below) and we
attribute this improvement to the presence of the setback
layer.

Figure 2 describes the current-voltage characteristics
of 25-um-wide CHINT/NERFET devices at 7= 300 K.
The striking feature of the present devices is a NDR in the
drain characteristic with a peak-to-valley (PTV) ratio typ-
ically exceeding 1000 at room temperature. In contrast to
most of the previous studies of the device, this strong MDR
is obtained in the presence of a low leakage current due to
“cold electrons”. As the plot in Fig. 2{a) illustrates, the
MNERFET switches almost the entire source current from
the drain branch of the biasing circuit to the collector
branch. The resulting collector current, {, is more than
two times larger than the peak value of I,

As the inset to Fig. 2(a) shows, both the leakage cur-
rent and the PTV ratio are increasing functions of the
collector voltage. At Vo=4.4 V, the observed PTV ex-
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ceeds 7000. Our measure of the leakage is the value of I, at
Vp=0; in a perfectly symmetric device it equals half the
value of 7 at the same bias. Within the limit of ¥ imposed
by a dielectric breakdown of the Ing5;Aly :As layer, we
observed no tendency toward saturation in either PTV or
Ip(0). It is likely that the present order-cf-magnitude im-
provement in PTV over our earlier devices® can be attrib-
uted to the introduction of the 500-A-thick lightly doped
Iny 53Gag 47As setback layer that suppressed the outdiffu-
sion of Si from the collector region to the barrier. The
dielectric strength of the barrier and its abruptness at the
collector side is thereby increased, as evidenced not only by
the smaller leakage at low ¥ but also by a broader valley
in 7p at high drain bisses. As seen in Fig. 2(a}, this valley
persists up to ¥y — V=5V, until it is overwhelmed by an
injection of ‘“‘cold electrons” from the collector.

The CHINT common-source characteristics, 7o{V¢)
at fixed values of ¥p, have been discussed in Ref. 1. The
variation of ¥ affects not only the PTV ratic but also the
critical voltage, Fypg, for the onset of NDR. The basic
trends in the dependence of Fypr on ¥ at different emit-
ter channel lengths L are shown in Fig. 2(b). The L,
dependence at low ¥ is gualitatively clear: the electron
temperature in the channel is controiled by the drain field
which at a fixed V), increases with decreasing L. In de-
vices with L, = 0.6 um, the onset of the NDR is observed
at drain voltages as low as 0.34 V. Such a low Fypg in
NERFET devices has not been reported before. MNote that
this Vypr includes the voltage drop in the contacts but still
ts appreciably lower than the barrier height AE/e=~0.5V.
This provides sirong evidence that the RST proceeds from
the tails of a “thermalized” hot-electron distribution func-
tion rather than by a single-event scattering of ballistically
accelerated electrons.

As seen from Fig. 2{b}, increasing the collector bias
first results in a slight downward shift of Viypg, but this
trend reverses at ¥~= 2.5-3.0 V. The initial decrease can
probably be explained by a rise in the channel mobility as
the carrier concentration is enhanced by V. The subse-
quent upward shift in ¥ypgr can be understood in analogy
to the increase of the “pinch-off” voltage at higher gate
biases in a typical FET. Indeed, at V22 V the onset of
RST occurs in the same range where the 7 -V character-
istics typically begin to saturate—suggesting that the pro-
cess initiates in a pinch-off region near the drain. Finally,
we see from Fig. 2(b) that at higher collector voltages the
Vupr shifts back to lower values. Noting that this shift
occurs in the region V-2 4.5 V where the leakage of cold
electrons from the emitter channel is substantial, we ex-
plain it by the increased importance of the tunneling pro-
cess in the RST.* At high V., the charge injection occurs
via “thermally” assisted tunneling. This is equivalent to an
effective lowering of the barrier height; a given RST cur-
rent s therefore realized at a lower electron temperature,
and hence at a lower ¥,

An important figare of merit for any transistor is its
transconductance, g,,. For the CHIMT, it is defined as the
slope of the I vs ¥ characteristic at a constant ¥ per
unit width ¥ of the emitter channel: g,,= W~ 197,./8V,,
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FIG. 3. Drain current I, collector current I, and the transconductance
£, 2s functions of the drain voltage at a high collector bias V.= 5.0 V.
Large enhancement in the transconductance, g, is observed at
V> Vupr in the stable NDR region. Diamonds represent the actual
discrete data points for g, in that region obtained by a numerical differ-
entiation of the £ curve.

The highest previously reported CHINT transconduc-
tance, g,,~ [ 000 mS/mm, was obtained by Kastalsky es
al’® in GaAs/AlGaAs CHINT/NERFET devices. The
transconductance characteristics of our present devices are
shown in Fig. 3, which plot the ¥, dependence of Ip,
Icand g,, at a fixed collector bias ¥- = 5.0 V. We see that
in a narrow range of ¥ above 1 V the injection current
rises by an order of magnitude, leading to an extremely
high g,,=23.1 S/mm. When the injection current
exceeded certain limit (=~ 50 mA for 25 gm devices), the
InAlAs barriers usually suffered a dielectric breakdown.
Therefore, we had to limit the I the data presented in Fig.
3 were collected with a compliance set at 40 mA. The large
boost in the injection current is observed within a range
Vp = 1.02-1.03 V right after Vypp, but before the onset of
circuit oscilfations caused by the NDR. The existence of a
stable NDR region has been observed only at large values
of Vo We believe that the ultrahigh transconductance is
related to the formation of a high-field RST domain in the
channel. It appears that at high values of V- the domain
formation in our devices occurs continuously as a function
of V. In a narrow range of ¥}, corresponding to the stable
NDR, the source-to-drain electric field (initially, relatively
uniform over the channel because of the high-carrier con-
centration) concentrates in a “hot spot™ (the domain) de-
pleted to carriers.” A small variation of ¥ reduces the
domain size, thus producing a large change in the electric
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field, hence a large variation in the electron temperature
and the injection current that gives rise to 3 high g,,.

Although the idea of a continuous domain shrinkage is
highly speculative and certainly warrants further study, we
stress that some sort of a cooperative process is likely to be
required in order to explain the observed uvltrahigh values
of g,,. Our understanding in terms of a global charge re-
distribution in the device {the “avalanche” RST p)vrocess)2
is reasonable, especially in light of the results of Monte
Carlo studies of CHINT/NERFET.® What we find most
intriguing, however, is the continuous nature of the do-
main formation, albeit in a narrow range of V. The mea-
sured characteristics in this range are highly reproducible
with no sign of hysteresis. Microwave studies of CHINT
are underway. Qur recent experiments’ demonstrate excel-
lent high-speed performance of the device: a current gain
with f;~40 GHz and the unity maximum available gain at
frequencies exceeding 25 GHz. The measured gain cutoff
frequencies exceeded ~20 GHz in a range of V) at least
0.5 V wide and a still wider range of V.

In conclusion, we have reported dc measurements in
InGaAs/InAlAs CHINT/NERFET devices of an
improved design. In these devices, the peak-to-valley ratic
of the negative differential resistance in the drain circuit
routinely exceeds 1000, with a maximum observed value of
7000. The measured peak transconductance typically ex-
ceeds 10 §/mm, the highest observed value being g,,, = 23.1
S/mm. We observed no sign of saturation of either the
PTV or g, at high collector biases. This suggests that the
only limit to these characteristics is set by the dielectric
strength of the barrier layer.

We thank E. A. Laskowski and J. Bilakanti for sharing
their expertise in selective chemical etching, crucial for the
fabrication of the present devices. We are grateful to A.
Kastalsky for discussions and numerous helpful sugges-
tions.

'S. Luryi, P. M. Mensz, M. R. Pinto, P. A. Garbinski, A. Y. Cho, and
D. L. Siveo, Appl. Phys. Lett. 57, 1787 (1990). This letter contains
references 1o the literature on real-space transfer transistors.

2P. M. Mensz, S. Luryi, A. Y. Cho, D. L. Sivco, and F. Ren, Appl. Phys.
Lett. 56, 2563 (1990).

0. Madelung, H. Schulz, and H. Weiss, ed. Landolt-Borstein Tubles
(Springer, Berlin, 1982); T. P. Pearsall, ed. GalnAsP Alloy Semicon-
ductors {Wiley, New York, 1982).

*A. A. Grinberg, A. Kastalsky, and S. Luryi, IEEE Trans. Electron
Devices Ei3-34, 409 (1987).

3 A. Kastalsky, R. Bhat, W. K. Chan, and M. Koza, Sclid State Electron.
28, 1673 (1986).

*1. C. Kizillyalli and K. Hess, J. Appl. Phys. 65, 2005 (1989).

7P. M. Mensz, H. Schumacher, P. A. Garbinski, A. Y. Che, D. L. Sivco,
and S. Luryi, 1990-IEDM Tech. Prigest (1990).

Mensz et al. 2560

ded.02.Eebh.2002.10.129.49.68.184..Redistribution.subject.to.AlR.license.or.copyright, see hitp://ojps.aip.org/aplo/apler.jsp



