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Real-space-transfer (RST) transistors are studied theoretically. In a symmetric configuration, with no
voltage applied between the channel electrodes, we find anomalous steady states in which the RST is
driven by the fringing field from the collector electrode. Some of these states are unconditionally stable
and hence accessible experimentally. Our study elucidates the formation of hot-electron domains, which
is shown to be a discontinuous process that passes the control of electron heating from the drain to the
collector. Multiply connected current-voltage characteristics are predicted.

PACS numbers: 73.50.Fq, 73.40.Kp, 73.50.Lw

The concept of real-space transfer (RST) refers to a
process in which electrons in a narrow semiconductor lay-
er are heated by a parallel field and spill over an energy

_barrier into adjacent layers [1,2]. A number of high-
speed electronic and optoelectronic devices have been pro-
posed based on this principle [3-7]. The generic RST
transistor [8] is a three-terminal device (see the inset to
Fig. 1) consisting of a channel with two contacts, S and
D, and an individually contacted collector C, separated
from the channel by a heterojunction barrier. In the nor-
mal operation, the channel electrons are heated by the la-
teral field due to a voltage ¥ applied between S and D.
The resultant RST leads to highly nonlinear effects, in-
cluding a strong negative differential resistance (NDR)
with sharp steps, indicative of an internal switching and
the formation of high-field domains [4,9,10]. These pro-
cesses are not well understood, even though RST transis-
tors have been extensively studied, both experimentally
and theoretically [11].

The RST transistor is symmetric with respect to re-
flections in the midplane normal to channel. Hence states
of the device at an external bias [Vp,V¢] are related to
those at [—Vp,(We—Vp)l. In particular, states at
Vp=0 must either be symmetric or possess broken-
symmetry partners. An important discovery of the pres-
ent work is the existence of a number of such states, some
of which are not only stationary but also szable with
respect to small perturbations. In these ‘“anomalous™
states [12], the electron heating is due to the fringing
field from the collector electrode. Our study shows that

the formation of hot-electron domains at ¥Vp >0 repre-

sents a transition to a collector-controlled state that is
continuously related to one of the anomalous states at
VD =(.

The tool of our study is a numerical simulation of the
hot-electron transport in a three-terminal RST structure.
Details of the program and computational methods are
described elsewhere [13,14]. The analysis is based on the
solution of a set of coupled partial differential equations,
including Poisson’s equation and expressions [15] for
current continuity and energy balance, in a two-di-
mensional sample, subject to boundary conditions at the
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three electrodes. Models for the local hot-electron mobil-
ity u(T,) and the energy relaxation time tg(T.) are
chosen so that in a uniform electric field F, one obtains
given velocity-field v(F) and temperature-field T.(F)
characteristics. The current density is assumed to consist
of drift (enuVV) and thermodiffusion (uVInkT,l) com-
ponents, where n is the electron concentration and V the
electrostatic potential. The quasi-Fermi level and T, are
assumed continuous at all heterostructure interfaces; this
implies that the RST current density is thermionic and
included self-consistently in the continuity equations.

The results presented correspond to a specific choice of
an InGaAs/InAlAs heterostructure, lattice-matched to
InP. In particular, the height of the Ings>Alg4sAs bar-
rier, separating the Ings3Gag47As channel and collector
layers, is taken equal 0.5 eV. In order to disentangle our
results from NDR effects arising from the momentum-
space transfer, we have chaosen the v (F) dependence in a
simple form [16], v =poFI1+ (uoF/vs)?l "2, parame-
trized by the low-field mobility o and the saturation ve-
locity vgy. Our results remain qualitatively similar for a
more realistic v(F) model, appropriate for InGaAs. To
further simplify the discussion, we have excluded the
phenomena of impact ionization and tunneling. In the
examples below, we assumed the lattice temperature T
=300 K, a constant (T, independent) diffusivity [17]
D =uokT/e, and a ug(Np) that is a function of the local
ionized impurity concentration lin the low-doped (Np
=10'% ¢m ~3) channel and undoped barrier regions o
= 10* cm?/Vsl. We have performed a number of simu-
lations, varying the geometry (channel length L., and
barrier thickness dp), the transport parameter vg,, and
the external bias conditions.

Figure 1 illustrates a time-dependent simulation, in
which both the S and D electrodes are kept grounded,
while V¢ is linearly ramped from 0 to ¥¢=2 V. Depend-
ing on the ramping time 7 the device settles in one of two
states: for T > 7 it is the normal [12] state, whereas for
7 < T the steady state carries a large RST current [Fig.
1(a)]l. The critical ramping speed is determined by the
rate at which the increasing fringing field [Fig. 1(b)] is
screened by channel electrons. The relevant parameter is
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FIG. 1. Time-dependent simulation of a real-space-transfer
transistor with La=5 gm, dz=0.2 gm, and rs; =107 cm/s.
The collector voltage is ramped linearly from V¢ =0 at £ =0 to
V=2V at t=t. The results are plotted for two situations:
7=32.0 ps <7 (solid lines) and 7=32.5 ps> 7, (dashed
lines). (a) Collector current I¢(¢). Inset: Cross section of the
device structure. Dotted curve corresponds to the absence of a
RST (pure displacemenf current); it is obtained by artificially
increasing the barrier height. (b) Potential distribution V{(x)
along the channel at selected times.

the displacement current (ocd¥V/dt) compared to a tran-
sient current (= pgy) in the channel [18]. The value of
Tor == 32.3 ps roughly corresponds to the time of electron
travel from § and D contacts to the middle of the chan-
nel.

Starting from the two stationary states at Vp =0, we
were able to determine the characteristics Ip(Vp) and
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FIG. 2. Current-voltage characteristics obtained by the con-
tinuation method. Circles mark the states where the distribu-
tion of internal fields has been closely examined; states dis-
cussed in this Letter are labeled. Dashed lines indicate the
transitions studied by transient simulations.

Ic(Vp) at a fixed collector voltage V=2 V relative to
the S electrode. Using a predictor-corrector continuation
method [13], we are able to trace arbitrarily shaped, con-
nected components of the characteristic, starting from
any established state within each component. The curves
in Fig. 2 correspond to the locus of points in the (Vp,Ip)
plane for which the device has a steady state at a given
Vc. To our knowledge, the displayed Ip(Vp) dependence
represents the first example of a multiply connected
current-voltage characteristic. The known NDR devices
may exhibit multivalued functions in the I(¥) depen-
dence (e.g., the pnpn diode), in the V' (I) dependence (the
Esaki tunnel diode, the Gunn diode), or even in both (the
thyristor [13], the resonant tunnel diode in the intrinsic-
bistability range [19])—but these can always be traced
as a continuous curve in the (V,I) plane.

Points, separated by a finite distance on a (V,I) plane,
correspond to macroscopically distinct states of the de-
vice. Any transition between disconnected components of
the graph requires a global redistribution of the state
fields [i.e., all the fields n(r), T.(r), V(r), etc.] corre-
sponding to the formation or repositioning of high-field,
high-temperature domains in the structure. Such a redis-
tribution, reminiscent of a phase transition, is forced as
Vp increases beyond the rightmost point (k) of the
bounded graph component. The potential profiles ¥ (x)
along the channel—before and after the transition—are
shown in Fig. 3. Of the three collector-controlled states,
s, ¢, and u, corresponding to the same (Vp=0.82 V)
external bias as the state k, two (s and u) are stable.
The actual transition occurs into the state u# which has
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FIG. 3. The channel potential profile ¥'(x) in states k, s, t,
and u, corresponding to the same external bias (Ve=2V,
Vp=0.8246 V).

the highest value of the collector current. This has been
ascertained by a time-dependent simulation in which the
initial state k was perturbed by a small step Vp(k)
— Vp(k)+6Vp. The hot-electron domains in the state u
are characterized by a strong field concentration, accom-
panied by a dramatic rise in T,. The electron concentra-
tion in the domain is depleted so that the collector field
remains unscreened and the local potential goes below
that of the drain [20], resulting in a negative Ip.

Increasing Vp beyond Vp(u) results in a smooth evolu-
tion of the field distribution inside the device— until
another instability is encountered at Vp = 0.94 V and the
device switches between states p and g. On the way back
(decreasing Vp), the device remains stable at s, but at
Vp=0.73 V (the small knee in Fig. 2) it suffers another
instability and goes over into a high-current state similar
to u. The large knee at ¥p = 0.52 V is in an unstable re-
gion and cannot be reached. On the other hand, all states
on the high-current branch p-u-d of the collector-
controlled component are perfectly stable. Of particular
interest is the state d that we had arrived at (Fig. 1) in
rapid ramping of V¢ at Vp=0. Stability of the p-u-d
branch suggests that d is experimentally accessible by a
quasistatic variation of V) at fixed V.

In addition to the normal state o and the anomalous
state d, Fig. 2 reveals three other anomalous states (a, b,
and ¢) at ¥p =0. The profiles ¥ (x) along the channel in
these states are shown in Fig. 4. It is clear that because
of the nonlinear nature of the problem, the actual station-
ary states may not transform according to irreducible
representations of the symmetry group of the equations
governing the device behavior at ¥p=0. Thus, states a
and ¢ under reflection transform into each other, even
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FIG. 4. The channel potential in the four anomalous states
at Vp =0. Solid lines correspond to states on the bounded com-

ponent of the graph in Fig. 2, and dotted lines to the unbounded
component. ’ ' o ’

though the group has only one-dimensional linear repre-
sentations. On the other hand, states o, b, and d are sym-
metric. Biasing the D electrode with respect to .S breaks
the reflection symmetry and allows a continuous transfor-
mation between states of different symmetry on the loop.
Of the fives states at ¥p =0 only two (o and d) are
stable with respect to small perturbations. This has been
ascertained by following the evolution of states in the vi-
cinity of the steady states at Vp =0. In these simulations,
the initial states @ +, b+, and ¢ + have been assumed to _
coincide with a state on the loop displaced from a, b, and
¢, respectively, by an infinitesimal voltage 6Vp=* 10
meV. Even though these states are virtually indistin-
guishable from the corresponding stationary ones, we
found that a +, b —, and ¢ — evolved into o, while a —, b4,
and c+ into d. The instability of states a and ¢ is associ-
ated with a NDR in the Ic(V¢) dependence, (8I¢/
9V c)ac <0, and that of b with both (81c/8V ), <0 and
(81p/9Vp)s <0. The instabilities develop rapidly [18]
and result in either the formation of a stable hot-electron
domain or its complete quench due to the screening by
channel electrons. i . o i
We believe the phenomena that occur at Vp =0 cap-
ture the essential physics associated with the RST
domains in general. Hot-electron domains are formed
when the finite supply rate of electrons to a “hot spot” is
exceeded by the RST flux from that spot. The supply is
limited by the electronic transport along the channel. Be-
sides the geometry and the barrier height, vg, is the most
relevant parameter for the domain formation. The de-
pleted domains unscreen the fringing field (“normally”
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[12] screened by channel electrons) and the RST be-
comes collector controlled. States of a multiterminal
RST device under general bias are “adiabatically” con-
nected to the anomalous states of the symmetric
configuration at ¥p =0. Either the distribution of inter-
nal fields in the anomalous states is fully symmetric or
these states form a set of partners and transform into one
another under the symmetry operations [21].

All steady-state results reported in this Letter corre-
spond to a fixed bias ¥ =2 V. We have also performed
an extensive mapping of the device Ip (Vp, V) phase
space, varying the geometry and assumed transport pa-
rameters. Slicing the Ip(Vp, V) surface at different Ve,
we find Ip(Vp) curves of different topologies, with
disconnected loops and possible self-intersections [22].
We believe the loops and folds are responsible for the
steps observed [10] in the characteristics of RST transis-
tors. The internal fields n(r), T.(r), V(r), etc., evolve
smoothly along a connected Ip(V)p) trajectory and do not
signal the approach of a switching transition. Phase-
space mappings successfully give the global type of infor-
mation. Moreover, they give an unerring guess as to the
stability of a given state, subsequently supported by cost-
lier transient simulations.

The existence of a stable anomalous state d is obviously
a necessary (though insufficient) condition for the multi-
ply connected topology of the Ip(Vp) characteristic. As
discussed above, it results when the competition between
RST and screening of the fringing collector field is
resolved in favor of RST. Precisely when this happens
depends on the transport parameters assumed and the
structure geometry. We stress, however, that qualitative-
ly the occurrence of these novel anomalies is a conse-
quence of the hot-electron injection only and can be
reproduced in any transport model that allows channel
electrons to be heated and self-consistently includes the
RST flux.
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