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Abstract—In this work a three-terminal active solid state device, that operates well into submillimeter-
wave frequencies is proposed. The activity of this device is due to negative output resistance. The origin
of the negative output resistance is shown to be injection and transit-time delays that any finite sized device
possesses. Generating proper injection delays utilizing specially designed tunneling junctions and
combining these injection delays with transit-time delays a novel hot electron transit time transistor
(HETT) is introduced and its small signal analysis is carried out. Having three terminals in an active device
provides isolation between input and output and completely integrated monolithic negative resistance
amplifiers can be fabricated, without the need for non-reciprocal circuit components, like circulators. It
is shown that negative output resistance should also be observed in transistors due to inherent intrinsic

delays.

1. INTRODUCTION

Solid state devices that operate at millimeter and
submillimeter-wave frequencies are highly desirable
and have many important applications such as space
based millimeter-wave imaging arrays, all weather
radar, weapons detection, space based communi-
cations, nondestructive testing and plasma diag-
nostics. To extend the upper frequency of activity of
solid state devices into this frequency spectrum is a
very active research area. The technological improve-
ments in device processing and material growth over
the past decade accelerated the research towards this
goal as well as opening new possibilities to create new
and totally novel device structures. In this work a new
hot electron transit-time transistor (HETT) with po-
tential to operate at these frequencies is introduced.
The principle of operation of this device is to utilize
intrinsic time delays (injection and transit-time
delays) that the charged particles (electrons or holes)
experience in any finite sized structure. In this work
such intrinsic delays are taken advantage of, rather
than being seen as limitations that need to be mini-
mized. In the next section the existence of the negative
output resistance due to these time delays will be
explained. Next the generation of proper injection
delays utilizing specially designed tunneling junctions
and creation of a novel hot electron transit-time
transistor (HETT) combining these injection delays
with transit-time delays will be explained. Then a
specific device structure will be proposed and its
small signal analysis will be carried out. Finally
implications of negative output resistance and
effects of intrinsic time delays on transistors will be
discussed.
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2. NEGATIVE RESISTANCE DUE TO INTRINSIC
TIME DELAYS

Until recently, in active solid state devices the
limiting factor for the upper frequency of operation
has always been the external parasitics associated
with the device rather than the intrinsic limitations.
At present, however, technological developments and
improved device structures result in devices for which
external parasitics are reduced to comparable levels
to intrinsic limitations[1, 2]. In the near future exter-
nal parastics will be reduced even further to insignifi-
cant levels compared to intrinsic limitations, hence
intrinsic limitations will become the bottleneck for
the speed of operation. The main source of intrinsic
limitations is the inevitable time delays in any finite
sized device. But, when external parasitics are suffi-
ciently reduced so that intrinsic time delays become
the dominant limitations to high frequency perfor-
mance, the resistances representing the drift zones can
be negative over certain bands of frequencies. In
order to demonstrate the origin of this negative
resistance phenomena consider the generic model for
an active device shown in Fig. 1(a). It consists of an
injector, which injects charge into a drift zone of
length L and cross sectional area A. Assume that the
voltage across the device is kept sinusoidal by attach-
ing a resonator across the device. A small fraction of
this voltage drops across the injector, which injects
particles into the drift zone. The small signal, or a.c.,
particle current, 1,4, entering this drift zone is delayed
with respect to the total small signal current, I, i.e.,

Io = K I,exp(—jo), M

where ¢ is the injection angle which is given as
¢ = wr, © being the injection delay. The origin of this
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Fig. 1. (a) Schematic of a generic active device. (b)
A negative resistance device in which the drift zone is
partioned.

delay is related to the speed of response of the
injector. K, which is usually a frequency dependent
coefficient between 0 and 1, indicates what fraction of
the total current entering the drift zone is particle
current. Assuming that these injected carriers drift
with a velocity, v(x), in the drift region, the particle
current at any position in this region is

1,()=KI, exp(—qu)exp[—jw f dx’/v(x')] @
0

The total small signal current through the drift zone
is the summation of a displacement current, [;, and
the particle current. Then

L= I,(x) + I(x) = K I,exp(—jg)exp

x [—jw J dx’/v(x’):l + jwed E(x) (3)
0

where E(x) is the small electric field in the drift zone.
One can solve for E(x) from eqn (3) and integrate
E(x) along the drift zone to find the small signal
voltage across the drift zone. The ratio of this voltage
to the total current is the small signal impedance of
the drift zone. Carrying out the algebra and assuming
a constant velocity v in the drift zone, one obtains
that the real part of this impedance, R, which is the
resistance across the drift zone, is

cos(¢p) —cos(¢ + 8)
whCA ’

where C =¢/L is the capacitance per unit area and
0 = wL /v is the transit angle of the drift zone respec-
tively. Since a lage fraction of the total voltage across
the device drops across the dift zone, the impedance
of the device will be dominated by the impedance of
the drift zone. Hence R can be regarded as the
resistance of the device. From eqn (4) one observes
that if ¢ >0, i.e. if there is a finite injection delay, by
adjusting the length or the transit angle of the drift
zone one can achieve negative resistance. Utilizing
this principle a class of two terminal transit-time
devices were successfully generated. The most well
known examples of such devices are IMPATT([3],
BARITTI[4] and TUNNETTI[5] diodes. But the fact
that negative resistance develops across a drift zone

R=K

4)
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if the carriers entering the drift zone are delayed has
broad implications. This can happen in any finite
sized device due to inevitable intrinsic delays, since all
active solid state devices have drift zones in which
charge is injected utilizing various mechanisms and
all these injection mechanisms have inevitable injec-
tion delays. Since negative resistance is a means of
activity, its existence implies that intrinsic time delays
can be taken advantage of rather than being regarded
as limitations. The approach proposed in this work is
to take advantage of this inevitable phenomena to
generate a class of three-terminal devices with nega-
tive output resistance. Then, at least in principle,
finding active devices that show negative output
resistance is reduced to finding methods of delaying
the particle current injected into a drift zone with
respect to the total current in a controllable way.
From eqn (4) it is obvious that the most desirable
value for both ¢ and 8, which makes the magnitude
of the negative resistance maximum, is 7. One way of
achieving this is to partition the drift zone. This way
one can obtain a three-terminal device as well as
introducing control on the injection delay as ex-
plained in the next section.

3. A HOT ELECTRON TRANSIT-TIME
TRANSISTOR (HETT) BASED ON
INJECTION AND TRANSIT-TIME DELAYS

Consider the device structure shown in Fig. 1(b). In
this structure the drift zone after the injector consists
of three separate regions. Carriers injected from the
injector drift in regions 1 and 2 first and suffer a delay
before entering to region 3. Even if the injection
process in the injector is very fast, it is possible to
create the desired injection delay into region 3 by
properly designing the length of the regions 1 and 2.
Due to this injection delay the resistance across the
third region will become negative over certain bands
of frequencies. If one can achieve the required injec-
tion delay keeping the total thickness of regions 1 and
2 smaller than thickness of region 3, the majority of
the voltage across the device will drop across region
3. Hence the overall resistance of the device will be
dominated by the resistance of region 3 and will be
negative. Yet there is another significant advantage in
dividing the drift zone into separate regions. If a
barrier to the d.c. current flow between regions 2 and
3 is created, current flow between these two regions
will be inhibited when a d.c. bias is applied. Then one
can contact regions 2 and 3 separately and create a
three-terminal device. Schematic of one possible
device that satisfy all the requirements that the
proposed structure should satisfy and its conduction
band diagram in equilibrium are shown in Figs 2(a)
and (b) respectively. In this example injector, which
injects electrons, is an asymmetrical tunneling barrier,
whereas an isotype heterojunction, a planar doped
barrier or a resonant tunneling injector are other
possibilities. Let’s call the three terminals of this
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Fig. 2. A hot electron transit-time transistor (HETT) and its
conduction band diagrams under equilibrium and operating
bias conditions.

device emitter, base and collector respectively as
shown in Fig. 2(a). A barrier in the conduction band
exists between base and collector regions due to an
isotype heterojunction. When the device is biased as
shown in Fig. 2(a), the conduction band minimum
will be as shown in Fig. 2(c). Now one can control
the injection of electrons using base and emitter
terminals. The presence of the barrier between base
and collector regions hinders the flow of electrons
from base to collector under d.c. bias conditions. This
barrier will also be present for the electrons injected
from the emitter. But, since the injected electrons are
hot electrons, if the base region is made thin enough
so that the transport through the base is mostly
ballistic, a sizable fraction of the injected electrons
can make it over the base—collector potential barrier
into the base—collector drift zone[6]. In such struc-
tures collection efficiencies up to 82% with minimal
collector leakage have experimentally been observed
[7]. Even though such collection efficiencies result in
poor B in the sense of conventional transistor oper-
ation, they are very satisfactory as far as injecting
carriers into a drift zone after they suffer an injection
delay. In this case the injection delay is the combi-
nation of the delay through the tunneling barrier and
the delays due to the transit-time of the carriers in the
first Al, GaAs drift region and the time of flight of
ballistic electrons in the base. Due to this injection
delay resistance across the base collector drift region
will become negative over certain frequency bands as
explained in Section 2. With existing technology it is
possible to control the thickness of drift regions
precisely. The control over the thickness of the first
drift region (L,) is equivalent to engineering the
injection delay. Similarly one can control the thick-
ness of the second drift region (L,) precisely, hence
transit-time delay can also be engineered. Therefore,
this structure permits the independent adjustment of
the injection and transit-time delays, hence the value
of the negative resistance and the efficiency of the
device can be optimized. One can determine the
frequency bands over which the negative resistance
will exist using the results of the analysis in the
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previous section. Integrating eqn 3 along the drift
zone one obtains

1 L x
It={—j exp[—jwf dx’/v(x’)]dx}lp0
L 0 0
. A )
+jw—z V =a(w) I, +jwCAV (5)

where V is the small signal voltage across the drift
zone. Equation (5) indicates that an equivalent circuit
model for a drift zone is a parallel combination of a
capacitor, whose value is the geometrical capacitance
of the drift zone, and a current controlled current
source. The controlling current for the controlled
source is the particle current which is injected into the
drift zone. The tunneling barrier can be modeled as
a parallel RC combination, where the RC time
constant is equal to the tunneling time across the
barrier[8]. Using these models the small signal
equivalent circuit representing the device becomes as
shown in Fig. 3. C, is the geometrical capacitance of
the tunneling barrier. The associated dynamic resis-
tance value can be estimated using the RC product
associated with the tunneling barrier[9]. For a 20 A
thick AlAs barrier a very conservative estimate of RC
product is about 5 x 10~'?s. Current through the
resistor, I, is the particle current that is injected into
the first drift zone. 7, and D are the time of flight and
collection efficiency of the ballistic electrons through
the base respectively. Particle current through the
first drift zone is transported ballistically across the
base and injected into the second drift zone. Hence
only part of the particle current through the first drift
zone enters the second drift zone after a certain delay.
The factor D exp(—jwrt,) scaling the second con-
trolled source accounts for this effect. R, is the base
resistance. o, and a are current controlled current
source coefficients for the first and second drift zones
respectively, i.e.

L; x
a,=lj expli—jwf dx’/v(x’)]dx i=2,3 (6)
Ll’ 0 [

An initial estimate of the device dimensions for very
high frequency operation can be performed in the
following way. At very high frequencies the tunneling
barrier will introduce almost a phase delay of =/2.
Delay due to ballistic transport of electrons through
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Fig. 3. Small signal equivalent circuit representing the device
shown in Fig. 2.
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the base is very small even in THz range. So in order
to create a © injection delay an additional delay of /2
is needed. This is provided by the first Al,GaAs drift
zone. The desired value for the transit time delay in
the second drift zone is n. So assuming equal carrier
velocities in both drift regions, the second drift region
should be twice as long as the first one. Assuming a
value for the carrier velocity the absolute values for
the lengths of the drift zones can be determined. For
lower frequency operation the length of the first drift
zone should be slightly longer than the half of the
length of the second drift zone to provide a delay
larger than n/2 needed to bring the total injection
delay to m. Starting with these initial estimates one
can optimize the device dimensions for the frequency
range of interest and determine the frequency bands
over which the negative output resistance will exist
using the equivalent circuit. In defining an output
impedance to the device, however, one should be
careful, since the device has three terminals and the
output impedance depends on the input termination.
In this case it is best to define the output impedance
in a way which is consistent with the definitions of the
two port device parameters, i.e. z, y or 4 parameters.
The output impedance obtained this way can be used
in the gain expressions given in terms of two port
device parameters, hence the circuit performance of
the device can be related to the device physics. Then
one immediately observes that for a common emitter
configuration the output resistance that needs to be
considered is r,,, which is the resistance seen between
the emitter and collector (output) when the base
(input) is open circuited in the small signal sense.
Variation of the output resistance and device active
area product of a device for which L, =0.5 um and
L;=1.0 um are shown in Fig. 4. In the calculations
for both AlGaAs regions an average drift velocity of
5 x 10°cm/s is used. Basewidth (W) is 500 A, for
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Fig. 4. Variation of the output resistance of a hot electron
transit-time transistor (HETT).
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which t, and D can be estimated as 0.05 ps and 0.6
respectively [6]. For this device the output resistance
changes its sign frequently and there are many
frequency bands over which output resistance is
negative. In the lower end of the spectrum the
magnitude of the negative resistance is very high. For
example one can generate a negative output resis-
tance of —66 Q from such a device of 10 um? active
area at 70 GHz. Such high magnitudes of negative
resistances are quite desirable to offset the other
inevitable device parasitic resistances due to ohmic
contacts and substrates and to make external circuit
design easier. As frequency increases magnitude of
the negative resistance decreases due to the intrinsic
capacitances associated with the drift zones and the
tunneling barrier. One can offset this disadvantage to
a certain degree by decreasing the device active area.
For example a device of 1 um? cross sectional area
will have an output resistance of —5Q at 370 GHz,
—2.4Q at 470GHz and —1.3Q at 570 GHz. The
frequency at which output resistance becomes nega-
tive can be pushed higher and higher by decreasing
the lengths of the two drift zones. The lowest fre-
quency at which output resistance becomes negative,
/1> can be estimated in the following way. The injec-
tion and transit angles (¢ and 6) should each be = as
discussed previously and naturally should add up to
27, which is a complete cycle of oscillations. But
¢ =w (1. + 1,) where 1, =1, + 14, is the addition of
delays due to tunneling barrier (z,,) and the transit-
time of the carriers in the first Al GaAs drift region
(zq1), and 8 = w1, where 7, is the transit-time of the
carriers in the base collector drift region. Hence one
obtains

. 1
T4+

/i (7)
Utilizing eqn (7) one can predict that f; can be
pushed well into THz range by decreasing the lengths
of the drift zones, since 7, and 1. are directly
proportional to the lengths of drift zones. Preliminary
simulations also indicate that negative output resis-
tance, hence activity, can be obtained well into THz
range. The analysis presented so far is valid as far as
the intrinsic operation of the device is concerned. The
external parasitics associated with the device were
neglected altogether assuming that they are reduced
sufficiently by proper design, such as utilizing self
aligned processes and non-alloyed graded gap
ohmic contacts. This is not a fundamental limitation,
however, because any kind of an active device
that is expected to work at such high frequencies
should have these properties. One can also improve
the performance of the device utilizing other
compound semiconductors like InGaAs/InAlAs or
InAs/AISb system which have higher conduction
band offsets[10]. High conduction band offsets
will help to eliminate the thermionic emission
currents and increase the isolation between input and
output.
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4. IMPLICATIONS OF THE NEGATIVE OUTPUT
RESISTANCE

When the output resistance of a three-terminal
device is negative the device is clearly active. The
power gain that can be obtained from such a device
can be calculated using the gain expressions for two
ports. As an example consider the unilateral power
gain expression in terms of the generalized two port
device parameters, which is[11],

ks

= 4 Relky) Reln]’ ®)

where k parameters stand for any one of the 4, y or
z parameters. When there is a possibility, however, of
negative output resistance one should be very careful
in using the various gain expressions that exist in
literature, such as the unilateral gain which is being
considered presently. In the derivation of U, for
example, it is assumed that Re [k,,], (output resis-
tance, ry,, or conductance, g,,) is positive and input
and output ports are conjugately matched. This
requires that load resistance must be equal to output
resistance. However, if the output resistance is
negative this condition cannot be satisfied, because
negative resistive terminations do not exist. Over the
frequency ranges where the output resistance is
negative the unilateral power gain of the device
should be calculated utilizing the formula obtained
using a realistic positive load resistance, hence eqn (8)
becomes

. I8
2 Re [k)][Ky — |Re[kyll]

O

where K| is either a load resistance or conductance
depending on the type of two port device parameters
utilized. This expression demonstrates that it is poss-
ible to fabricate amplifiers with high gain or even
oscillators by choosing a suitable load resistance.
Another significant advantage is due to the fact that
in the proposed structure there are three terminals
and the input and the output are naturally isolated.
As a result one can design fully integrated circuits
without the need to use nonreciprocal circuit compo-
nents like circulators. This is a significant advantage
compared to two terminal negative resistance devices,
like IMPATT’s or Gunn’s, where input and output
isolation requires external circuit elements like circu-
lators. Hence it is very difficult to fabricate fully
integrated two terminal negative resistance amplifiers
for millimeter-wave applications.

At this stage one must point out that, in the past
there have been other three terminal device ideas that
exhibit negative output resistance. The principle
behind these device ideas was to add a third terminal
to a Gunn or an IMPATT[12]. The first device was
called an emitter controlled negative resistance device
[13] and the second one is called IMPISTOR
(IMPATT Transistor){12] or CATT (Controlled
Avalanche Transit Time Triode)[14]. The function of
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the third terminal in these devices was to control the
current injected into the Gunn or IMPATT to control
the domain formation or impact avalanche. The
resulting negative resistance was due to the Gunn
effect or impact ionization delay rather than the
intrinsic delays in the emitter, base and collector
regions. Indeed none of these device ideas took
advantage of the intrinsic delays that inevitably exist
in any finite sized device. As a consequence of this
principle negative output resistance should also be
seen in transistors (bipolar or field-effect), which have
drift zones in which carriers are injected after they
suffer an intrinsic delay. Existence of the negative
output resistance in a bipolar transistor was predicted
both based on device physics[15] and equivalent
circuit simulations{16]. However, presence of junction
capacitances and minority carrier storage effects
limit the upper frequency of operation of a bipolar
transistor in this mode of operation to lower
values than the ones predicted for the proposed
structure.

5. CONCLUSIONS

In this work a new transistor with negative output
resistance, called hot electron transit-time transistor
(HETT), is introduced and its small signal analysis is
carried out. The basic principle of operation of this
transistor is to take advantage of the intrinsic time
delays that exist in any finite sized device. It is shown
that a HETT with vertical dimensions at the order
of a micrometer starts to exhibit negative output
resistance around 70 GHz. If the device is properly
engineered it is possible to create negative output
resistance extending all the way to submillimeter-
wave frequencies utilizing intrinsic delays. This prin-
ciple of operation is completely different than the
conventional mode of operation where transit-times
are seen as limitations. Negative output resistance
should also be observed in transistors (bipolar or field
effect) and can be utilized to enhance the gain due to
conventional transistor action.
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