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The charge injection transistor is a semiconductor device based on transfer of hot elecirons
between separately contacted conducting layers. The nature of hot-electron injection

by the real-space transfer allows the implementation of novel circuit elements. In particular,
we propose a multiterminal single-device structure that works as a functional element

with three logic inputs X; (j = 1,2,3) and one output equal to (X;NX,NX;) U (X,NX,NX;).
This device, called the NGRAND, can perform both as a NOR(X,X;) and as an AND(X,X,)
element, reprogrammabile electrically by changing the X, input. The operation of NORAND
with logic gain is demonstrated experimentally by an equivalent circuit connection of
discrete charge injection transistors implemented within InGaAs/InAlAs on InP technology.

The charge injection transistor or CHINT! is a three-
terminal semiconductor device based on the effect of real-
space transfer {RST) of hot electrons between conducting
layers, separated by a potential barrier and contacted in-
dependently. One of these layers, referred to as the chan-
nel, has two surface contacts, source (§) and drain (D).
Application of a source-to-drain bias leads to a heating of
channel electrons and charge injection into the second con-
ducting layer. The channel acts as a hot-electron emitter
and the second conducting layer as a collector (). The
device shows a strong negative differential resistance
(NDR) in the source-drain characteristic and an efficient
control of the injection current by the drain voltage. Three-
terminal RST devices have been extensively investigated,
both experimentaily’ ! and theoreticaily,'>'* and a num-
ber of their logic applications have been contemplated.! ™2

In this letter, a new multiterminal RST device struc-
ture is proposed, and its gemeric use in logic circuits is
demonstrated experimentally. The idea is based on the
symmetric nature of charge injection! with respect to the
polarity of the source-drain voltage V. Consider the typ-
ical injection characteristics of a charge injection transis-
tor, Fig. 1. The device structure used in this work for
illustrative purposes is similar to that presented in our ear-
ler report,’® with some modifications resulting in an im-
proved device performance.!® Figure 1(a) shows the de-
pendences f vs Vi, at several collector voltages ¥
Curves of this type were originally reported' for cryogenic
temperatures and used to determine the effective electron
temperature 7, in the emitting channel. The slight asym-
metry of the injection curves is due to the variation in the
gating action of the collector at Vg, <G. The fact that the
injected collector current /- does not depend on which of
the two surface terminals, S or 2, is chosen to be the
source, allows the implementation of devices in which the
rofe of a particular terminal in the circuit is not defined by
the layout.

The room-temperature CHINT characteristics Jo vs
V- at several heating voltages ¥y, are shown in Fig. 1(b)
along with a load curve corresponding to a resistor R in the
collector circuit. Consider the circuit illustrated in Fig.
1{b) not as a transistor but as a logic element with inputs
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S and P corresponding to the biases on the § and D elec-
trodes, respectively. The point to note is that the logic
function OUT(S,D) represents an exclusive NOR, since QUT
is high when I~ is low {no RST) and OUT is low when the
injection current is flowing. The latter situation resulis
only when the voltages 8§ and D are sufficiently different.
Figure 2 illustrates a schematic diagram of the pro-
posed logic element NORAND which has three logic input.
X; (j= 12,3} and one cutput OUT, connected as in Fig.
1{b). Which of the Xj will serve as a source and which as
a drain is determined only at the time when a particular
logic operation is performed. The value of OUT is high
iogic 1) is only when all three X/’s have the same value
{(high or low). All the other six possible logic input con-
figurations lead to the same high injection current resulting
from hot-electron emitters formed in two of the three chan-
nels, X, ;, X, and X, ;. Three of these configerations
correspond to the presence of two sources and one drain,
the other three to one source and two drains. It is easy to
see that the logic function oUT ({X}) is given by

OUT(X,X,,X3) = (X;NX,NX) UK NXN X,

where the symbols M, U, and A stand for logic functions
AND, OR, and NOTA, respectively. The truth table of the
NORAND is as follows:

I 31 j§11 v
X 0 0 1 1 0 0 1 1
X, 0 1 ) 1 0 i 0 i
Xy 0 0 0 0 1 1 i 1
OUT: i 0 0 0 0 0 0 1
X Ux, (NOR) X, NX, (AND)

We see that the NORAND operates as a NOR (X, X,) when
the input to X3 is Jow, and as an AND (X,X,) when X, is
high. Tt is clear that the threefold symmetry of the device
ensures that the injection current has the same value in all
the six states corresponding to logic OUT=0. One can
achieve a similar effect without an exact threefold symme-
try, e.g., with a “cylindrically” symmetric arrangement of
the {X;} electrodes, cf. the bottom part of Fig. 2.

To illustrate the operation of NORAND, we have assem-
bled a circuit consisting of three discrete CHINT devices
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FIG. 1. (a) Charge injection curves at room temperature. Inset shows
schematic cross section of the CHINT device structure and its circuit
symbol used in this work. (b) Loading diagram of a charge injection
transistor. For the resistor R = 300 {}, the gain in thc transitions along
the load line is AOUT/A¥p=1.5.

with similar characteristics. In order to have a meaningful
demonstration it is imperative that the device should op-
erate with a logic gain. In switching a single device, like in
Fig. 1{b), the gain equals g, R, where R is the load resis-
tance and g,, the average transconductance in the logic
transition. The transconductance g, in CHINT is defined
as the slope of the 7 vs Vg, characteristic g,,=0f/dVat
constant V.. At sufficiently high collector biases, g, can
reach very high values in a narrow range of ¥, near the
peak of the drain current.”’ However, because of the un-
avoidable slight differences between the devices it was in-
convenient to operate within the narrow range of high g,
Another difficulty was associated with the fact that each
emitting channel, X p b= 1,2,3, should, ideally, be stable
against oscillations in the input circuit, i.e., the logic state
corresponding 1o a high value of |X; — X;| should be out-
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FIG. 2. Schematic layout of input electrodes in a NORAND logic clement.
Figure in the top left corner shows a symmetric arrangement of three
identical channels, X; ;, X|_;, and X, ;. By symmetry, one has the same
hot-electron injection for any of the six siates of binary input in which at
least one of the three X/'s is different from the other two. The bottom
figure shows the schematic cross section of an asymmetric layout. One of
the electrodes is physically (but not logically) split, resulting in 2 “peri-
odic” boundary condition, equivalent to the threefold rotational symme-
try of the top left figure. Figure on the top right shows a proposed circuit
symbol for the NORAND.

side the NDR region of the (V) characteristic. Exper-
imentally, at high ¥ the NDR region typically spans
about 1.5 to 3 V. This feature is undesirable because it
implies that in order to obtain a voltage gain, one would
have to use a high load resistance. However, the wide ex-
tent of the unstable region appears to be related to the
interaction between the active device and the reactive im-
pedances of an external circuit. The NDR region becomes
narrower for devices with smaller channel widths.

For the purpose of illustration, we can ensure the cir-
cuit stability by operating the switch in a range of relatively
low g,, and employing a high-impedance load, as illus-
trated by the dotted line in Fig. 3 (a). This load line was
obtained with the help of a transistor used as a nearly
constant current source; see the inset to Fig. 3{a). The
resultant functional characteristics of the NORAND are il-
lustrated by four oscilloscope traces in Fig. 3(b). The two
traces on the left correspond to X; = 0 and illustrate the
operation of NOR(X,X,); the traces on the right corre-
spond to X; = 4 V and the operation of AND(X,X,}. The
order of traces agrees with that in the NORAND truth table,
e.g., the bottom trace on the right illustrates the last two
columns of the table.

In order that a logic device could be used in integrated
circuits, it is necessary that its input and output voltages be
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FIG. 3. Experimental illustration of the room-temperature operation of a
NORAND element assembled from three discrete CHINT devices with
similar characteristics. {a) Characteristics of one of the devices employed
in the range of switching operation. Dotted line indicates the constant-
current load (I,.=3.7 mA) used in the demonstration. The circuit con-
nection is shown schematically in the inset. (b) Oscilloscope traces of the
NORAND response function at F. = 3.5 V. Dashed lines correspond to
X,, solid lines to X,, and stippled lines to 0UT. Traces I and II were
obtained with X; = 0; traces IIf and IV correspond to X; =4 V. Each
quadrant in the figure illustrates two columns of the NORAND truth table
with the roman numerals corresponding to those in the table. All traces
refer to a common origin in cach of the four guadrants.

consistent. As Fig. 3(b) suggests, in the case of NORAND
this may require an additional level-shifting circuitry. In
principle, this would not be a necessary requirement if only
the NOR part of the NORAND truth table were to be em-
ployed. In the NOR configuration, the device has a well-
defined ground level, and a consistent range of input-
cutput characteristics can be found, as we have ascertained
experimentally. On the other hand, in the AND configura-
tion the low-OUT voltage must be higher than the lowest of
the input voltages. In an optimized device, this difference
can be made small, but since it would still accumulate after
several stages, the level shifting will be mandatory. Further
discussion of this interesting point will be made elsewhere
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in the context of a specific application. Of course, it is well
known that all logic functions can be implemented on the
basis of a NOR element alone.

The functicnal element proposed in this work departs
radically from all previously contemplated uses for multi-
terminal RST devices.!® At the same time, it represents a
natural embodiment of the essence of hot-electron injection
by the RST. Compared to all existing logic families, the
NORAND offers a considerable economy in the layout of
basic functional elements. Moreover, it promises faster op-
eration of these elements, since the entire function is im-
plemented within one gate delay of a high-speed transistor.
The speed of charge injection transistors is discussed in
Ref. 16, Sec. 7.4.5. The present generation of InGaAs/
InAlAs-on-InP devices show a promising microwave per-
formance.!’

The demonstrated fact that the NORAND element can
perform both AND and NOR functions, and is reprogram-
mable in the course of computation, represents an impor-
tant and natural property of charge injection logic.
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