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Recently we proposed a novel three-terminal structure which employs hot-electron
transfer between two conducting layers separated by a potential barrier and
contacted individually. Several new device concepts based on this principle have
been demonstrated experimentally. In the present work we review these devices —
a charge injection transistor, a negative-resistance microwave oscillator controlled
by a third terminal, and a memory element — emphasizing the physics of their
operation.

1. Introduction SECOND CONDUCTING
LAYER { ANODE)

The effect of real-space hot-electron transfer in 2
multilayer semiconductor structures was first suggested S CHANNEL o
by Hess et al.! Guided by an analogy with the __Y_. _______
momentum-space intervalley transfer (Gunn effect)
they proposed that in layered heterostructures high- BARRIER l 1 erOT
energy (hot) electrons, heated by an applied electric
field, can move between adjacent layers causing 2 .n"
enhancement of the mobile charge concentration in one Z "SECOND CONDUCTING LAYER 2 )
set of layers and depletion in the other. When the 5//////////////////////////% s D
layers had different mobilities, the real-space transfer

. - . . . CHANNEL
was predicted to result in a negative differential (CATHODE)
resistance (NDR) in the two-terminal circuit.

Recently, we proposed®> a novel three-terminal
structure in which the effect of real-space transfer gives
rise to charge injection between two conducting layers
separated by a potential barrier and contacted
individually. The idea of our structure can be
illustrated by the glow-cathode analogy, displayed in
Fig. 1. In a vacuum diode the anode current as a
function of the anode voltage saturates at a value
determined by the cathode work function and the
temperature. One can think of a hypothetical amplifier
in which an input circuit controls the cathode demonstrated experimentally.>~> In the present work

Fig. 1 Illustration of the principle of our charge
injection structure. The channel serves as a
cathode whose effective electron temperature
is controlled by the source-to-drain field.
The second conducting layer separated by a
potential barrier serves as an anode and is
biased positively.

temperature and thus the output current, but that we shall review these devices: the charge injection
would be a slow device. In our structure the input transistor (CHINT),?> the negative resistance field-
circuit controls the electron temperature T, which, effect transistor (NERFET),* and the hot-electron
unlike the temperature of a material, can be rapidly = erasable programmable random access memory
varied in one of the conducting layers (“the channel™), element® (HE’PRAM) — emphasizing the physics of
resulting in an efficient charge injection into the other their operation, as we see it now, after one year of
layer. Based on this principle, we suggested several experimentation. It should be said that much of our
new device concepts, most of which by now have been understanding remains on a qualitative level.
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Fig. 2

2. Device Structure

Cross-section of the typical device used in most of
our experiments is shown in Fig. 2. The device has
been implemented in an AlGaAs/GaAs heterojunction
structure. Details of its MBE growth and processing
can be found in ref. 3. One of the conducting layers
represents an FET channel, the other a heavily doped
GaAs substrate. The device is essentially three-
terminal with the electrodes labeled source (S), drain
(D), and substrate (SUB). Application of a source-to-
drain voltage Vgp leads to a heating of channel
electrodes and charge injection into the substrate over
the AlGaAs potential barrier. The aluminum content
in the barrier was graded from x=0.34 near the
channel to x=0.1 near the substrate. This triangular
or, more precisely, trapezoidal form of the barrier is
not essential for most applications. We have done
experiments (to be reported elsewhere) with a similar
structure having a rectangular-shaped barrier.

The fourth (gate) electrode plays an auxilliary
role in our devices. Its purpose is to concentrate the
source-drain electric field in a lum region under the
gate notch. The gate bias can be used to fine-tune the
operation of hot-electron injection devices by modifying
the equilibrium carrier concentration in the channel.
Devices can also be operated without gate
metallization, the field concentration being still
provided by the notch etched into the AlGaAs layer
enough to produce a slight channel depletion.

A critical step in manufacturing the
CHINT/NERFET structure is to provide ohmic
contacts to the 2-dimensional electron gas in the
channel, while keeping them electrically insulated from
the conducting substrate. This is no easy task since the
two conducting layers are separated by less than
0.15um, cf. Fig. 2. Our solution was to use Au/Ge-
Ag-Au contacts which appear to give an abrupt edge of
alloy penetration into the semiconductor material. The
resultant diode characteristics between the two
conducting layers are shown in Fig. 3. The curves are
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similar to those one would expect for an asymmetric
triangular-barrier diode® of an approximate barrier
height 0.3 eV. Quality of the contact is demonstrated
by the absence of any ohmic leakage in the reverse-bias
characteristic, Fig. 3a, down to picoampere currents.

Large ideality factor n;==13 for thermionic emission in
the reverse direction (i.e., when the substrate is biased
positively) ensures that the barrier can be regarded as
blocking for Vgyg<3 V (at T=77 K). On the other
hand, at 300 K one has to worry about the reverse-bias
leakage already at Vgyp~1 V.}

Analysis of the forward-bias characteristic,
Fig. 3b, suggests the existence of acceptor-like traps in
the nominally undoped AlGaAs barrier layer. Indeed,
for an ideal triangular-barrier of the form shown in
Fig. 2 one would expect an ideality factor n~1 in the
forward direction (neglecting the channel thickness),
while we have n,=1.5 at low currents. Moreover, the
inverse ideality factors £,=1/n, and £,=1/n, do not
add up to unity, as would be the case for an ideal
asymmetric triangular barrier.” We believe that after
an initial forward biasing the barrier traps are charged
and the shape of the barrier changes as shown in the
insert to Fig. 3b. The measured barrier height
$=0.32 eV is somewhat larger than what one would
expect for a GaAs/Aly3,GageeAs heterojunction
(assuming the recently proposed®  conduction-band
discontinuity rule AE;=~0.6 AE,, the expected
&=0.25eV). The difference A®==0.07 eV can be
attributed to the space-charge potential of electrons
trapped in the barrier layer, and the curve in Fig. 3b
can be fitted by assuming a uniform trap density
~1.5%x10 cm™3. It should be said that this
interpretation is only tentative. We are not even
certain at this time whether most of the thermionic
current flows in the channel-barrier region or under the
alloyed contacts. Moreover, the locus of this current
may actually be different for the forward and reverse
bias conditions.

3. Electron Temperature in the Channel

We are certainly not yet at that stage of
understanding where we could present a quantitative
analysis of what happens in our structure when voltage
is applied. between the surface electrodes S and D. A
substantial amount of theoretical and experimental
work is required before such an analysis becomes
possible. Electron heating in the channel involves an
interplay between the real-space and the momentum-
space transfers, formation of domains of high electric
field, redistribution of electrons both laterally and
vertically within the channel, transient “ballistic”
transport, and various quantum effects due to the two-
dimensional confinement. Our treatment of most of
these “complications” will not go beyond naming them.
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Our qualitative picture of hot-electron injection is
based on the assumption that the relevant non-
equilibrium properties of the ensemble of channel
electrons can be described by postulating a local
electron temperature T, (x) which may be a function of
the channel position x between S and D. The areal
density J(x) of the hot-electron current is then given
by the Richardson-like expression

=2 v(T) AT )

where o (x) is the charge density per unit area, A the
channel thickness, and

v(T,) = (kTo/2xrm*)/2 @

is the mean velocity of hot electrons in a given
direction. Equation (1) assumes the validity of the
electron-temperature approximation in the entire range
of the electron energy distribution. This approximation
is reasonable even in the high-energy tail of the
distribution because of ‘ the high (N>10'7 cm™3)
electron concentration in the channel. Indeed, it is well
known® from studies of bulk hot-electron transport that
at such concentrations establishment of the electron
temperature is provided by electron-electron (e-¢)
collisions.

Typical hot-electron injection characteristics
taken at 77 K are shown in Fig. 4. One of the surface
electrodes (labeled D) was grounded. The heating
voltage Vgp of both polarities was applied to the other
electrode. The substrate was kept at a fixed positive
voltage Vgyp. We see that the substrate current Igyp
exhibits a sharp minimum when Vgp — 0. Consider
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Fig. 4  Hot-electron injection at 77 K for different

substrate biases.

the curve corresponding to Vgyg=1 V. As the heating
voltage increases in either polarity the current rises by
many orders of magnitude and its polarity corresponds
to electrons injected into the substrate. This is a direct
evidence of the hot-clectron nature of Igyp. An
analysis of the characteristics in Fig. 4 allowed us to
determine® the electron temperature T, as a function of
the heating voltage Vgp. For low Vgyp we found
(Fig. 5) that T, «(Vgp)* and at a fixed Vgp, the T,
increases with Vgyp. It should be born in mind that
this determination was based on rather crude
assumptions [neglect of the variations in the pre-
exponential factor and in the barrier height @ in
eq. (1)), so that the accuracy of our estimates for T, is
not better than 20%.
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heating voltage Vgp, for several low values
of Vgyp. For higher Vgyp these simple
dependences no longer hold.

At low substrate biases, the hot-electron injection
is observed only when Vgp<O0. At positive Vgp the
effect is masked by a “cold” electron current of
opposite polarity thermionically emitted from the
substrate into the S electrode (which actually is a drain
now). In this case the thermionic emission in the
forward-biased triangular barrier diode occurs before
the onset of an efficient hot-electron injection. At a
sufficiently large Vgp>0 the cold thermiomic current
always wins and the total substrate current changes
polarity. It would be very interesting to observe a
competition between these currents when Vgyp=0. In
that case, even a small range of Vgp> 0 accompanied
by charge injection into the substrate would imply a
spectacular effect of “absolute negative resistance”.
Despite considerable efforts, we have failed (so far) to
detect the hot-electron injection at Vgp>0 and
Vsup=0. Assuming that most of the hot-electron
injection occurs near the drain and using (1), it is easy
to estimate the conditions for this effect to occur:

(T/T) (1—Vgp/®) > 1 3

Clearly, this condition favors lower lattice temperatures
and higher heating efficiencies. In our experiments we
were not able to achieve a sufficiently high T, at low
heating voltages (Vgp <®).

The curves in Fig. 4 were measured in the
configuration with unbiased gate electrode’ (so that we
could register the injection current under heating
voltages of opposite polarities). Figure 6 shows the
analogous curves for the case when the gate is biased
relative to the source. The hot-electron current Igyp

(solid lines) is measured simultaneously with the drain
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electrode. The kinks represent an evidence
for the high-field domain formation in the
channel. Dashed lines correspond to the
drain current I measured simultaneously
with the injection current Igyg.

current Igp (broken lines). We see that for the gate
biases VG<—0.1 V the injection curves have a kink
(indicating a discontinuous process), which occurs
exactly at the onset of an NDR in the drain channel.
This feature reveals an abrupt transition of the channel
into a new state in which the electric field under the
gate is highly nonuniform. This phase transition
(formation of a high-field domain) accounts for the
observed discontinuous rise in T, The role of the
negative Vg is to provide the initial field concentration
within the 1um region under the gate. Note that the
drop in Igp is several orders of magnitude higher than
the accompanying increase in Igyp. Therefore, the
observed NDR in this case cannot be explained by a
real-space transfer. It is probable that the responsible
mechanism here is the momentum-space transfer
(Gunn effect) in the channel.

Figure 7 shows our results for hot electron
injection at 4.2 K in the presence of a magnetic field H
perpendicular to the sample’s surface. Even a
moderate H~1T shifts the threshold for hot-electron
injection by about 0.3 V. It is clear that the magnetic
field inhibits electron heating. A theory of such an
effect in the bulk!® gives qualitatively similar
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electron injection at a fixed bias
configuration (Vgp, Vgyg). In the region
H <0.25 T the injection current Igyp varies
little. The straight line refers to the upper
horizontal axis and corresponds to log Igyp
plotted without change of scale against
square root of the magnetic field in the
‘region H>0.25 T.

predictions. Figure 8 shows the magnetic field
dependence of charge injection at a fixed voltage
configuration Vgp=0.5V, Vgyp=1.5 V. We see that
as H is increased to ST, the injection current drops by
three orders of magnitude. Most of this drop occurs in
the region H>0.25 T; at lower H we see almost no
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variation in Igyg. If we plot log Igyp versus vVH for
H>0.25 T, we find a nearly perfect linear dependence
over 3 decades in current. It is tempting to interpret
this variation as arising mainly from the dependence
T.(H) in the exponent of (1), and thus conclude that
Tec:H"m. It should be born in mind, however, that
application of the magnetic field can also affect the
electric field distribution in the channel — especially its
concentration in a high-field domain. Consider our
data in Fig. 9, obtained in a configuration similar to
that of Fig. 6, but at the temperature of liquid helium
rather than nitrogen. We see that application of a
magnetic field suppresses the kink on the injection
curve which we had attributed to a Gunn-effect
transition. At the same time we see a disappearance of
the NDR in the channel circuit and a substantial
depression of the channel current by the magnetic field.
On the other hand, as we shall see below (Sect. 5), the
NDR characteristics in the regime of NERFET
operation (high substrate currents) is little affected
even by strong magnetic fields (up to 8T).

4. The CHINT

The charge injection transistor or CHINT is a
direct solid-state analog of the hypothetical vacuum
diode with controlled cathode temperature discussed
above in connection with Fig. 1. It is a three-terminal
device whose output (substrate) current Igyg is a
function of the input voltage Vgp. Increasing Vgp
results in a higher T, and an enhanced injection into
the substrate - just like the anode current in a vacuum
diode responds to increasing temperature of the cathode
filament. By the physical principle involved, CHINT is
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different from all previous three-terminal
semiconductor devices — all of which could be
classified in either of the two groups: potential-effect
and field-effect transistors. In the first group (which
includes the bipolar transistor and the so-called analog
transistors, such as the static induction transistor,!! the
permeable base transistor,!2 and the thermionic
emission transistor!”) the transistor action results from
modulating the height of a potential barrier by an
input electrode. The second group, containing a great
variety of FET’s, employs the modulation of charge in
a resistive channel due to the screening of an input
field. This classification, of course, is quite relative (for
example, MOSFET in its subthreshold regime should
be regarded as a potential-effect device), since both the
field-screening and the potential-modulation effects are
at work in every transistor. Neither of these effects,
however, constitutes the physical mechanism of
CHINT which is based on charge emission over a
barrier of fixed height due to a modulation of the
electron temperature in the emitter.

Transistor characteristics of the CHINT have
been studied in ref. 3 at 300 K and 77 K. A family of
curves Igyp versus Vgyp with the heating voltage Vgp
as a parameter (drain grounded, negative source bias
varied) is similar to the collector characteristics of a
bipolar transistor in its common-base configuration.!
Electrically, one can draw an analogy between the two
devices: source = emitter, drain = base, and
substrate = collector, although the CHINT is entirely
unipolar. The existence of power gain in CHINT at
77 K has been inferred from the static measurements.3
The highest value of the mutual conductance,

gm= (3lsyp/dVsp) vgyz=const » @)

achieved to-date is about 300 mS/mm at 77 K. A
peculiar feature of CHINT is the value of its
common-base current gain «,

a = (aISUB/aIs)VSUB-oonst > )

which can substantially exceed unity. Since the source,
drain and substrate currents are related by Kirchhoff’s
law

ISUB = IS— ID ‘ (6)

we can have a>1 only in the region of a negative
differential  resistance in the drain  circuit.
Interestingly, the early bipolar transistors also had an
alpha greater than unity and their static emitter base
characteristic exhibited an NDR.'® However, this effect
resulted from a parasitic positive feedback mechanism
(the so-called p—n hook effect) and was not an
intrinsic property of the ideal transistor. As will be
discussed in the next Section, the strong NDR in the
drain circuit is an inherent property of the CHINT-
NERFET structure. A simultaneous plot of the drain
and the substrate currents versus the heating voltage
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a) The substrate (Igyg) and the drain (Ip)
currents versus the heating voltage Vgp at
fixed VSUB=4 V.

b) The dependence Igyg(lg) at a fixed Vgyp,
obtained from a) by eliminating Vgp and
using (6).

Vgp is shown in Fig. 10a. We see that rise in Igyp is
accompanied by a drop in Ip, so that the source current
varies little in the NDR region. The curves in Fig. 10a
give the dependence Igyp (Ig) at a fixed Vgyp in a
parametric form, Igyg(Vgp) and Ig(Vgp). This
dependence is plotted explicitly in Fig. 10b by
eliminating Vgp and using (6). Its slope gives the
value of « which, as we see, can be very large in the
NDR region. The a>1 effect is highly reproducible
and being an inherent property of the device it does not
impede its speed of operation (the fundamental
limitations on the speed of CHINT will be discussed in
Sec. 6).
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Fig. 11  NERFET at room

temperature; the Ip
versus Vgp characteristic at Vg p=2.4 V.

The dependence Igyp(lg) in Fig. 10b clearly
shows a discontinuity which is indicative of an
instability corresponding to the formation of a high-
field domain in the channel. In contrast to the regime
discussed above in connection with Fig. 6, the domain
is now formed at high densities of the injection current.
We believe that in this case the instability is caused by
the real-space transfer and the responsible mechanism
is the dynamical screening of the substrate field by the
injected charge of hot electrons. This mechanism, first
predicted in refl. 2, will be discussed in the next
Section.

5. The NERFET

As we have seen in Fig. 10a, the hot electron
injection in our device is accompanied by a pronounced
NDR in the source-drain circuit. This effect is
observed not only at low temperatures but at 300 K as
well, see Fig. 11. The NDR device can work as an
efficient generator and amplifier of electromagnetic
oscillations at any frequency below a fundamental cut-
off (discussed in Sec. 6). Microwave generation in
NERFET has been experimentally demonstrated!” with
high dc to ac conversion efficiency in the gigahertz
range. An important advantage of our device over
other NDR oscillators is the possibility of controlling
the oscillations by a third electrode.

The NDR effect in NERFET arises due to the
hot-electron injection into the substrate. One can say
that the substrate circuit “‘steals” current from the
drain circuit. On the other hand, one should realize
that the injected charge does not reach the substrate
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instantly but drifts toward it with a constant

(saturated) velocity in the conduction band of the
AlGaAs barrier. The space-charge thus dynamically
stored (i.e., stored while in transit) in the barrier layer
depletes the channel by screening it from the positive
substrate potential and therefore lowers the drain
current. These two effects — the current stealing and
the dynamical screening (charge storage) — are both
at work in our structure in an inseparable way. Both
aspects of the NDR mechanism in NERFET should be
clearly understood in order to optimize the device
performance.

Below we shall discuss these aspects in
conjunction with Fig. 12 which shows a typical family
of I-V characteristics in the drain circuit of NERFET
at 77 K. These characteristics were taken with
different substrate biases as a parameter. Firstly, we
note that substrate bias exerts a backgate action:
higher Vg enhances the electron concentration in the
channel. In the absence of a real-space transfer this
would lead to a higher drain saturation of the
transistor. Next, we see that an NDR region appears
only for Vgyp>2 V and that higher Vgyp leads to a
deeper NDR. The NDR region is typically followed by
a flat plateau reminiscent of an FET saturation and
then by a sharp rise in the drain current (the latter is
obviously due to the “ordinary” thermionic emission
SUB —D).

Consider first the effect of current diversion. In
what follows we shall measure the channel current |
per unit width of the gate. In the presence of hot-
electron transfer the current 1(x) is position dependent
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and so is the electron concentration ¢ (x). Even in the
region of a high source-drain field, where the electron
drift velocity is saturated, the current I(x) can be
expected to have both drift and diffusion components.
On the other hand, we shall neglect the thermoelectric
component of the channel current, ie. the one
proportional to the gradient of T.(x), by assuming a
model in which the electric field is concentrated in a
domain near the drain, within which T, is assumed
uniform. In the presence of a hot-electron flux J the
current-continuity equation is of the form

dr
ax =J. )
The drift-diffusion current I in the channel is given by
I=0vy— D¢’ 8)

where the prime denotes d/dx, D=D(T,) is the
diffusion coefficient in a hot-electron ensemble,!® and Vg
is the saturation velocity. The injection current densny
J(x) is assumed given by eq. (1). Substituting (1) and
(8) in (7) we arrive at a differential equation

"= Lp'e'~OLp e =0, )
in which Lp = D/v, and
A = A exp (@/kT,) v /v (T,) (10)

with v(T,) given by (2). In our model domain of
uniform T, equation (9) predicts that the density of
charge in the channel decays exponentially from the
beginning of the domain and toward the drain with a
characteristic length

A= —;—[1 + (1+4Lp/N 2] (1)

In the limit A >>Lp, which is realized when & >> kT,
we have A=X\. This limit is usually realized (except
for highest electron temperatures) in our device where
$=0.3eV. At low T, the length A=\ is effectively
infinite but for T,~ 1500 K we have A~107cm and
the diffusion component is not negligible. However, at
high electric fields the hot-electron diffusivity D drops
sharply in polar semiconductors like GaAs, so that we
can estimate!® that in this regime Lp is also quite short
(<107%cm). Therefore, the limit A << Ly (in which
A=./ALp) is, probably, never realized in our
structure. ‘

The described above effect of current diversion by
itself does not explain, even qualitatively, some of the
salient features of the NDR characteristics (Figs. 10-
12), notably their strong dependence on Vgyp and the
existence of flat plateaus. To explain these features one
must bring into consideration the dynamical screening
effect which we shall now discuss.

Once emitted over the top of the barrier, the
injected charge travels downhill toward the substrate
with a saturated velocity v, (for simplicity we shall
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assume that vy has the same value in the channel and
in the AlGaAs barrier). The volume charge density of
injected electrons is given by J/v; and the sheet density
of charge stored in transit in the barrier of thickness £
is therefore

Ag = Je/v (12)
The corresponding space-charge potential is given by
AY = J0%/2ev, 13)

Let us make simple estimates. In the above model for
current diversion we can relate J to the total substrate
current (per unit gate width): Igyg = JA. For an
efficient channel depletion we must have Ag =0, where
ap=Iy/v; is the electron sheet concentration.in the
channel just prior to the onset of hot-electron transfer
and Ij~2-3 A/cm is the peak channel current. In the
case of a strong NDR, when Igyg=1I, (see Fig. 10a),
we have therefore A=¢ = 1500 A which agrees with
the above estimates for T, > 103K, and have
J~2x10° A/cm?. > From egs. “(12) and (13) we then
find Ac~2x10'2e/cm® and AY~2V. The space-
charge potential Ay opposes charge injection; .to
overcome this additional barrier the substrate bias
Vsup must exceed Ay and hence for the indicated
current densities the NDR is obtained only when
VSUB ?_ 2 V, see Flg 12.

We can regard Ay as a threshold shift in a field-
effect transistor in which Vgyp plays the role of a gate
bias. Due to the dynamically stored charge the FET
drain current saturates at a lower value corresponding
to Vgup—Ay. As the heating field increases, the
injection current density goes up and so does Ay by
eq. (13). For a given Vgyg the highest possible
threshold shift corresponds either to the situation when
most of the channel charge is effectively transferred
away before reaching the drain (in which case ideally
one would have zero valley drain current) or to the
situation where the initial slope of the barrier near the
channel interface and in the vicinity of the drain
(where most of the injection occurs) becomes flat due
to the space-charge accumulation in the barrier region.
It is this latter situation which is normally realized in
our devices. In this case further enhancement of the
charge injection is effectively quenched. Indeed, if the
initial slope would become negative (as in the insert to
Fig. 3b) then the injected hot electrons would cool
down before reaching the barrier top. In this case one
can expect no further reduction of the drain current
with increasing Vgp. However, for a higher Vg the
similar balance is established at a higher value of Vg
and a lower Ip. Therefore, increasing Vgypg not only
gives rise to an enhancement of the peak current
(backgate action) but it can also lead to a depression of
the saturated valley current. This effect, clearly seen
in Fig. 12, is an evidence in favor of our peculiar
charge-storage mechanism. Of course the dynamically
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induced threshold shift in NERFET is highly volatile:
when the charge injection ceases it disappears as soon
as the injected electrons reach the substrate. The
speed with which this happens determines the
fundamental frequency limit discussed in the next
section.

The dynamical screening effect itself is
independent of the ambient temperature and it gives
rise to a qualitatively similar NDR at 300, 77, and
4.2K. Of course, the NDR is affected indirectly by
changing conditions for the electron heating: the
different low-field mobility u, the domain formation,
etc. The higher u typically leads to an earlier onset of
the NDR. However, the difference between the
NERFET curves at 77K and 42K is almost
intangible since the advantage of higher mobility at
4.2 K is lost already at low electric fields — well before
the NDR region. It is instructive to consider the
NERFET characteristic in a high magnetic field,
dashed line in Fig. 12. Note that most of the change
introduced by H occurs before the onset of NDR and
manifests itself in a ,degraded slope of the IV
characteristic and a lower peak current. The NDR
portion of the curve is affected very little by the
magnetic field up to 8 T.

6. Speed of CHINT and NERFET

Fundamental limitations on the intrinsic speed of
our hot-electron devices arise® due to the time-of-flight
delays characteristic of a space-charge-limited current
and because of a finite time required for the
establishment of an electron temperature.

Consider the latter limitation first. Energy
relaxation of hot carriers in bulk semiconductors has
been a subject of considerable number of studies (see
e.g., the reviews!®!® and references therein). The
dominant mechanisms for the maxwellization of the
hot-electron energy distribution function are the polar
optic phonon scattering and the electron-electron
interaction. The phonon mechanism is expected to be
not too different in the CHINT/NERFET structure
compared to the bulk. Monte-Carlo studies?® indicate
that the energy loss rate due to polar optic phonon
emission by electrons in GaAs is nearly constant for
electron  energies above 0.1eV and equals
1.6x10'! eV/sec. This translates into about 1 psec
equilibration time for T, ~ 1500 K. The influence of
e-¢ scattering (which, as discussed in Sect. 3, is of
primary importance for the establishment of the quasi-
equilibrium in high-energy tails of electron distribution
at relatively low heating voltages) is much more
difficult to take into consideration. As far as we know,
there is no satisfactory treatment of this process in a
two-dimensional problem. The results of Inoue et al.%!
are hardly applicable to our case since they are based
on a Debye-like screening, expressed by a length
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(kT,/ne?) /2, where n is the electron concentration.
Such a screening presupposes the existence of a positive
neutralizing background — a condition not fulfilled in
regions of a space charge limited current flow. We
would expect a much stronger n dependence of the e-¢
scattering rate, than that calculated in ref. 21. We
believe it is probably a safe bet to assume that at the
operating voltages of CHINT and NERFET (for which
n=gfleA > 10%¢m™3) the relevant energy relaxation
times are less than 1 psec. Further work is clearly
required in this area — especially to include the
interplay between the real-space and the momentum-
space transfers. Since the latter may considerably slow
down the device operation, we proposed® to employ
such heterostructure materials as InGaAs/InAlAs — in
which the satellite valleys have a higher energy
separation. A further bonus in using these materials is
the lower electron effective mass, which enhances the
heating effects.

The second fundamental limitation of the speed
discussed previously® in connection with CHINT arises
due to the space-charge capacitance associated with the
mobile charge drifting in the high-field regions of the
device. It reduces to the time of flight of electrons over
these regions — the high field domain in the channel
and the downhill slope of the potential barrier. Both
regions are of order 10™5cm and the corresponding
delay is about 1 picosecond.

It should be emphasized that our time-of-flight
limitation is different from the time-of-flight-under-
the-gate limitation characteristic of an FET. The
latter results from charging the channel by the gate
field through the output resistance of a previous
identical device which necessarily gives 7 = L/v with L
being the gate length. In the CHINT the controlling
electrode is the drain and L is the total length of the
space-charge-limited current regions — which can be
substantially shorter than the source-to-drain distance.
The same limitation governs the frequency cut-off in
NERFET.

2

7. The HE°PRAM

A memory effect due to the real-space hot-
electron transfer results when the second conducting
layer (substrate) is floating. In this case the hot-
electron injection induces a negative charge in the
substrate, which raises the substrate potential and
depletes the channel. We have studied this effect® by
using the same structure with a graded potential
barrier, Fig. 2, although it is certainly not an ideal
structure for charge retention. Indeed, in our structure
the rising substrate potential (which can be interpreted
as a thermoelectric force of hot electrons) is applied to
the substrate-to-channel triangular-barrier diode in the
forward direction. A steady-state situation results
when the “cold” thermionic emission exactly balances
the hot-electron injection.? (Evidently, one can optimize
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Fig. 13 Substrate potential ¥gyp and the channel

current Igp as function of the heating
voltage Vgp. Arrows indicate the direction
of slow (10 mV/sec) voltage ramping.

the structure emission by using a narrow rectangular
barrier instead of the graded triangular one, as we have
done with successful results to be reported elsewhere).
If one now removes the heating voltage, one can expect
a retention of charge in the substrate for a period of
time controlled by the cold thermionic emission.

Experimental demonstration of this effect is
presented in Fig. 13. The solid line shows the
development of the substrate potential ¥syp (relative
to the grounded drain) as a function of Vgp. As the
heating voltage is slowly increased, we reach a point
Vgp =03V at which ¥gyp rises sharply and
saturates at Wgyp = 0.2 V within several seconds. At
the same time the drain current drops by about 30%, as
indicated by the broken line in Fig. 13. This shows the
existence of NDR in the channel circuit. Such an
effect was predicted by Price?2. In his words, the
disconnected conducting layer “will act as a giant trap
causing a negative differential mobility to occur.” We
should note, however, that this is hysteretic NDR, not
capable of generating oscillations — in contrast to the
NDR discussed in Sect. 5. As seen from Fig. 13, the
current does not rise again when Vgp in ramped back
and neither does the induced potential ¥gyp go back to
zero. Instead, Wgyp settles at a residual value
¥gyp(0) = 0.18 V. which holds for a long time
controlled by a discharge through the high impedance
electrometer in the substrate circuit. If the latter is
disconnected, then at 77 K the residual potential does
not change appreciably for several hours.

As mentioned above, at Vgp = 0.2V the rise
time of Wgyp is several seconds. However, at higher
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Fig. 14 Structure and energy diagram of the
HE?PRAM logic element.  Thickness
(~1075 cm) and doping level in the second
conducting layer are chosen so that this layer
can be depleted by the gate field.

heating voltages the charge-up kinetics by applying
Vgp in the form of a rectangular pulse of variable
amplitude and duration. We found that for
Vgp = 0.6 V it takes about 100 usec to complete the
charge transfer (ie., reach the state with
¥syp(0) = 0.18 V). At higher puise amplitudes this
time is still shorter and at Vgp > 1.5V the ideal
memory charge-up time is less than 1072 sec. After
each charge-up, the device can be rapidly discharged
by grounding the substrate.

The above properties are exploited in the memory
device, shown schematically in Fig. 14. The structure
must be grown on an insulating substrate, followed by
a thin conducting GaAs layer. The key new element is
the guard-gate MESFET-like structure G and the
second, “deep”, drain D,, contacting both the channel
and the second conducting layer. Electrically, D, is
connected to the source S. When the guard-gate
voltage is negative, the substrate conducting layer is
isolated from D,. Applying voltage to D, (write), we
charge up this layer by the hot electron transfer and
thus deplete the main channel. Information is read by
probing the channel resistance. Applying a positive
voltage to G, we can rapidly erase this information
(with the characteristic MESFET time). An important
advantage of this device, called the HE?’PRAM (hot-
electron  erasable programmable  random-access
memory) is the high speed of all logic operations.

8. Conclusions

We have reviewed the physical principles of
several novel devices which employ hot-electron
transfer between two conducting layers separated by a
potential barrier. Their operation is based on
controlling charge injection over the barrier by
modulating the electron temperature in one of the
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layers. The devices have been experimentally
demonstrated with the help of an AlGaAs/GaAs
heterostructure, in which one of the conducting layers
is realized as the channel of a modulation-doped
transistor and the other as a heavily doped GaAs
substrate.

First we discussed the CHINT (charge injection
transistor), which is a general-purpose three-terminal
amplifying element. Its work can be best illustrated by
a comparison to a hypothetical vacuum diode whose
cathode temperature is controlled without inertia by an
input electrode. This is different from all previous
three-terminal devices — which were based either on
the potential effect, i.e., the modulation of a potential
barrier by an applied voltage (vacuum triode, bipolar
transistor, various analog transistors), or on the field
effect, which is the screening of an applied field by a
variation of charge in a resistive channel. In CHINT
the control of output current is effected by a
modulation of the electron temperature resulting in
charge injection over a barrier of fixed height. The
substrate serves as an anode and the channel as a hot-
electron cathode, whose effective temperature is
controlled by the source-to-drain field. The existence
of power gain in this device has been demonstrated
experimentally. The value of the mutual conductance
obtained in first CHINT devices is comparable to the
best bipolar or field-effect transistors.

Next, the hot-electron injection is accompanied
by a strong negative differential resistance in the
channel circuit. This allows the implementation of a
related device, called the NERFET (negative resistance
FET), which is essentially 'a two-terminal microwave
oscillator, controllable by the gate and substrate
voltages. The NDR in NERFET arises due to a
peculiar dynamical screening effect. ‘Injected electrons
moving in the AlGaAs barrier region constitute a
space-charge limited current. The associated space-
charge potential screens the applied positive substrate
voltage and thus depletes the channel. This dynamical
screening mechanism of NDR is extremely fast —
intrinsically limited by the time of flight of electrons
across the high-field regions of the device, which is in
the picosecond range. (The same speed limitation
applied to the operation of CHINT). Microwave
generation in NERFET has been observed.

Finally, we discussed a memory effect, which
obtains when the substrate is left unbiased. Here one
also sees an NDR in the channel circuit — but this is a
hysteretic NDR, not capable of generating oscillations.
It indicates a charge accumulation due to the hot-
electron injection into the floating substrate (which
remains charged even after the heating voltage is
removed). The thermoelectric force developed between
the two conducting layers has a characteristic decay
time determined by the ambient temperature and the
barrier height. The proposed device based on this
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effect, the HEZPRAM (hot electron erasable
programmable random access memory) has the
advantage of a high speed of all logic operations: write,
read, and erase of information.

Throughout most of our discussion of the
underlying physics of hot electron injection in double-
layered heterostructures, we emphasized the (many)
points where our present understanding is incomplete
and where further work, both theoretical and
experimental, is required.
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