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Abstract—We report a study of the hot-electron real space
transfer (RST) between two InGaAs layers separated by a
200-nm InAlAs barrier. The electron heating is generated by
an electric field applied parallel to one of the layers, which rep-
resents a two-dimensional hot-electron emitter. We observe a
strong suppression of the RST by an increased concentration n,
of the emitter electrons. With increasing n,, the critical heating
voltage, required to initiate the RST, increases. At a fixed heat-
ing voltage, a sudden quench of the RST is observed as n, in-
creases. Both phenomena are explained by an electronic
screening effect which smoothens out the nonuniformity of the
electric field in the emitter channel.

I. INTRODUCTION

HE EFFECT of hot-electron real space transfer (RST)

in multilayer semiconductor structures, has generated
a great deal of interest, both for its inherent physics and
the possibility of device applications [1], [2]. The RST
physics is rather involved because the effect is sensitive
to the details of the electron energy distribution at high
energies. Device applications are attractive because ad-
justments of the electron distribution occur very rap-
idly, with subpicosecond delays. Perhaps the most im-
portant electronic device based on the RST principle is
the charge injection transistor or CHINT [2]. In recent
years, this device has been studied extensively, both as a
microwave transistor and as a logic element [3]. The pe-
culiar advantage of CHINT for logic applications results
from the basic symmetry of the RST current with respect
to the polarity of the heating field [4].

The CHINT devices studied in this work (Fig. 1) were
fabricated following the same procedure as described in
[5]. The lattice-matched heterostructure was grown by
molecular beam epitaxy on a semi-insulating InP sub-
strate. The channel was defined by a trench obtained with
a highly selective wet chemical etch of the InGaAs cap
layer. Its length L, varies from 0.5 to 5 um, and there
are devices with three different channel widths W = 25,
50, and 75 pm for every L. After the etching, the trench
exposes the emitter channel to a complete depletion by
the surface potential. Channel electrons are induced upon
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Fig. 1. A cross section of the sample structure. The current from the
emitter channel to the collector layer. as indicated by the downward arrow.
arises from the real space transfer of hot electrons.

the application of a positive collector bias V., higher than
a threshold value V, and their two-dimensional (2D) con-
centration n, is controlled by the value of V( relative to
the source and by the barrier capacitance C.

The hot-electron RST occurs between the emitter and
the collector InGaAs layers, which are separated by a
200-nm InAlAs barrier layer (the conduction-band dis-
continuity ¢, =~ 0.5 eV). Electron heating is generated
by a source-to-drain bias ¥p. For small heating V), the
thermionic transfer of emitter electrons over the barrier is
insignificant. For high Vp, the heating electric field E
along the 2D channel supplies energy to the emitter elec-
trons at a rate higher than that of the electron energy loss
to the lattice, and, in a steady state, the electron temper-
ature T, is higher than the lattice temperature 7. As a con-
sequence, the thermionic emission of hot electrons, which
increases exponentially with T,, becomes a dominant cur-
rent path when V), exceeds a critical value V5. This in-
creasing RST current gives rise to a negative differential
resistance in the drain circuit.

We have investigated the hot-electron RST in a total of
27 samples with five different channel lengths L. In par-
ticular, we focus on the dependence of RST on V¢, Ly,
and the lattice temperature 7. As V. increases, so does n,,
while the effective barrier height ® for RST decreases [6].
Because of the reduction of barrier height, one could ex-
pect that an increase of V- should reduce V", Contrary
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to this expectation, we observe a monotonic increase of
V& as a function of increasing V. Moreover, when the
RST current is measured at a fixed V), it first increases
with V¢ as & is decreasing, but then exhibits an abrupt
drop at a critical V&". The drop can be as large as 80%,
indicating a quench of the RST current at V", Our data
suggest that both the increase of V5" with increasing V¢
and the quench of the RST at V" can be explained by an
electronic screening effect which smoothens out the non-
uniformity of the channel electric field. This nonuniform-
ity exists because of the gating effect on the channel by
the highly conducting collector layer. The screening be-
comes more effective as in increasing V increases n,.

The fact that the charge injection by RST is strongly
nonuniform along the channel has been previously noted
in several analytic models [6], [7] and Monte Carlo sim-
ulations [8], [9]. However, the important role of the elec-
tronic screening in the hot-electron RST has never been
directly addressed. Experimentally, a quench behavior of
the RST has been observed in a GaAs/AlGaAs CHINT
device by Kastalsky et al. [10] who proposed a model
based on the channel pinch-off effect. A similar behavior
has also been reported in a InGaAs /InAlAs CHINT with-
out explanations [4]. Our present study indicates that the
quench effect occurs at much lower values of V, than
would be required for a pinch-off of the channel. We have
developed a simple model, based on the gradual channel
approximation, commonly used in the analysis of field-
effect transistors [11]. The model qualitatively explains
the observations and is consistent with our measurements
made at T between 77 and 300 K.

II. DEPENDENCE OF THE RST ON THE ELECTRON
CONCENTRATION AND THE CHANNEL LENGTH

Fig. 2 shows the data taken at 300 K from a sample
with L, = 5 um and W = 75 um. The drain current I
and the collector current /- are shown in Fig. 2(a) as a
function of the heating voltage V), at fixed values of V.
The dependences Ip(Vp) (solid curves) and /-(Vp) (dot-
ted curves) are displayed for seven different values of V.
As the heating V), increases, I gradually rises as a result
of the RST, and, consequently, I, increases sublinearly
with ¥p. When Vp reaches V3" (indicated by arrows), an
abrupt drop of I, occurs accompanied simultaneously with
a sudden increase of /., indicating the onset of a large
hot-electron RST current. As V- increases from 0.5to 3.5
V, a monotonic increase, instead of the expected de-
crease, of V& is clearly observed.

In Fig. 2(b) the drain current is shown as a function of
Vc taken at a low heating voltage V;, = 0.05 V. At such
a low Vp, there is practically no RST current, and I is
due to a leakage from the emitter channel to the collector
layer which at V¢ = 4 V is approximately 0.6 mA at
300 K, and drops to ~4 pA at 77 K. (The temperature
effect on the data will be discussed in connection with
Fig. 4.) As seen from Fig. 2(b), for V- = 0.5 V, the drain
current [ increases linearly with V.. Extrapolating the
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Fig. 2. Basic device characteristics at room temperature. Ly, = 5 um, and
W = 75 uin sample. (a) I, (solid curves) and /- (dotted curves) versus Vi
atV.=3.5,3,2.5,2. 1.5, 1. and 0.5 V (from the top downward). Arrows
indicate the onset of the instability and the sudden increase of the RST
current. (b) Drain current /[, versus V¢ at ¥V, = 0.05 V. At this low V),
there is no RST and V acts like the gate voltage of a field-effect transistor.
The linear extrapolation to I, = 0 gives V; = 0.33 V for this sample.

linear region of I, we determine the threshold voltage V7,
which for this device turns out to be V7 = 0.3 V. For low
Vp, the carrier concentration in the channel is uniform,
n,(Vp = 0) = n,(x = 0) = ny, and ny increases linearly
with V- above the threshold: ny = C(Vc — V7)/e. The
observed linear I, (V) dependence indicates that the elec-
tron mobility p does not appreciably vary with Vc.

At V;, = V8" the gradual channel approximation gives
the following estlmate for the value of n; at the drain end
of the channel: n,(Ly) = C(Ve — Vr — Vi) /e, corre-
sponding to ~7.4 x 10'' ecm™* for V- = 3.5 V (from the
thickness and the dielectric constant of the barrier layer
C/e ~3.4 x 10" cm™ - V™'). Therefore, the onset of
the large RST cannot arise from a complete depletion of
n, at the drain end. From the values of »; and I, at i
we estimate the electron velocity at the draln end to be
~1.1 x 107 cm/s. Therefore, u is still in the constant
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Fig. 3. Collector characteristics /.- versus V. at a fixed heating voltage.
V= 0 (dashed curve), 0.5, 0.6. and 0.7 V (solid curves). The difference
between the solid curves and the dashed curve is the RST current. The
percentages indicate the amount of the RST current drop at the critical
point. Inset: collector-bias dependence of the ratios /,,/1s and 1../1g for
five different values of V.

range as a function of Vp [12]. It is also seen from Fig.
2(a) that at V3" the average electric field along the chan-
nel, V§"/Ly, is only ~300 V /cm for Ve = 0.5 V and is
~1.8 kV/cm for Ve = 3.5 V. At such low fields, the
population of satellite valleys in the conduction band is
insignificant [13].

We see from Fig. 2(a) that V§' = 0.83 V for V. = 3
V,anditis 0.9 V for Vo = 3.5 V. If I- is monitored with
Vp fixed at 0.85 V while V¢ is swept from 0.5 t0 3.5 V,
it will first increase with V- for V- < 3 V, but will exhibit
a drop when V¢ changes from 3 to 3.5 V. This observation
is illustrated in Fig. 3 which plots /- as a function of V.
for four different values of V. For ¥, = 0 (dashed curve),
Ic is the leakage current. For V,, # 0, the additional /-
from the leakage current is the RST current. The RST
current first increases with Ve, as the effective @ is low-
cred. At a critical value V¢, however, I shows a sharp
decrease which at V, = 0.5 V is as large as 80%. This
indicates that the hot electron RST current is suddenly
quenched by the increasing V. After the quench point,
the missing RST current is picked up at the drain elec-
trode, resulting in a sharp surge of I,,, as shown in the
inset of Fig. 3. The inset plots I/l and I, /I as a func-
tion of V¢ for five different values of V;,, where I = I,
+ I is the total source current. The inset also shows that
V& increases with V.

We have investigated 27 devices (from the same wafer)
with five different values of L.,. Fig. 4 summarizes our
observations for Vi". Fig. 4(a) shows V4" as a function
of Vo — Vi for five different value of L,. For each sam-
ple, the threshold value V; is determined in the same way
as shown in Fig. 2(b). The data for Ly, = 5 um corre-
spond to those in Fig. 2(a). The following points are to
be noted from the figure: 1) V5" increases monotonically
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Fig. 4. The critical heating bias V3" for the onset of the RST instability.
(a) Dependence on V. — V, for five individual samples with different chan-
nel length L. (b) Dependence on V. — V, representing a large number of
devices with L, = 5 u (@), 3.5 um (O), and 0.5 pm (X). The straight
lines represent the best linear fit to the data points for each L,. (c) Channel
length dependence of AV{"/AV.. Circles and crosses are, respectively,
from devics which give maximum and minimum AV§"/AV.. Blocks are
the average values from all the investigated devices.
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with Ve — V; for every Lg,; and 2) the slope AVH*/AV,
gradually decreases with increasing V¢ — Vy. In Fig. 4(b),
we plot V3" versus V- — Vyobtained from a large number
of samples with different L,. Each device is represented
by several (3-5) points in the figure. The straight lines
represent the best linear fit to the data points for each L.
The figure shows that: 3) the slope AVE"/AV, increases
with L.,; and 4) at any given Vi — V7, VS increases with
Le,. In Fig. 4(c), we plot AVH"/AV as a function of L.
Circles and crosses are, respectively, from samples which
give maximum and minimum AV3"/AV, and blocks are
the average values form all the samples. The figure clearly
shows that: 5) the slope AVH"/AV, is nonvanishing for
all the investigated samples and it increases with L.

III. INFLUENCE OF THE LATTICE TEMPERATURE

We have also studied the dependence of RST on the
lattice temperature T between 77 and 300 K. Fig. 5(a)
plots the I (Vp) characteristics of a L, = 2 um and W =
50 um sample, for three different 7, taken at three different
valus of V. (The accompanying plot of /- is omitted in
order not to overburden the graph. Apart from the above-
mentioned decrease of the leakage current, the behavior
of I at lower temperatures is similar to that shown in Fig.
2(a), i.e., a sudden increase of I occurs simultaneously
with the abrupt drop in I,,.) As seen from Fig. 5(a), at a
fixed V¢, e.g., the solid curves for V- = 5 V, the decreas-
ing T leads to an increase in I, at small V, (<0.1 V),
resulting from an enhancement of the mobility x at lower
temperatures. The increasing I, with decreasing T is ac-
companied by a decreasing V& The unexpected increase
of V§" with increasing V is apparent for all three differ-
ent 7.

Fig. 5(b) summarizes V3" as a function of ¥, obtained
for the same device at eight different temperatures. From
this figure, we make an interesting observation that
AV3"'/ AV is independent of T between 77 and 300 K.

Fig. 5(c) plots the temperature dependence of (V&)
and 1 /I taken at ¥, = 0.05 V in a log-log scale for three
different values of V. The figure clearly shows that both
(V5" and 1/1,, follow exactly the same dependence on
T. At V, = 0.05 V, assuming that n, is a constant, this
dependence corresponds to 1/u(T). From this figure, we
therefore conclude that the product p - (Vi) is indepen-
dent of T. The T dependence of p, resulting from the elec-
tron scattering by phonons, ionized impurities, and alloy
fluctuations, is well understood [14].

IV. MODEL AND ANALYSIS

Both the increase of V5" with increasing V¢ and the
quench of the hot-electron RST at V&" can be explained
by an electronic screening effect which smoothens out the
nonuniform channel field E(x). The total potential drop
from the source to the drain is fixed by Vj, but E(x) is

also affected by the potential V- of the collector layer,
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Fig. 5. Influence of the lattice temperature. Ly, = 2 pm, W = 50 um. (a)
I (Vy) characteristics taken at three different T and V.. (b) V5" versus V,
for eight different 7. (c) Log-log plot of (V&) and 1/1), against T for three
different V.. The I,, value is measured at ¥}, = 0.05 V.
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which is highly conducting and can be assumed to be an
equipotential plate. In the presence of a current flow, the
voltage drop along the channel leads to a lower carrier
concentration near the drain. In the approximation of a
constant mobility, this, in turn, requires an increasing lat-
eral field E(x), in order to maintain a constant channel
current (neglecting the RST). This situation is well de-
scribed by the gradual channel approximation [11]
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At elevated T,, the electronic system is nondegenerate,
and the energy-balance equation can be written in the form

KT, = T) _

TE

epF? 3)

where 7 is the electron energy relaxation time due to in-
elastic scattering. Thus in the constant y approximation,
T,(x) o« E*(x). Furthermore, because the RST current J(x)
is proportional to exp (—®/kT,), the local injection cur-
rent density J(x) is an exponentially strong function of
E(x). Since the total potential drop from the source to the
drain is fixed by V), a larger nonuniformity of E(x) results
in a higher overall injection of hot electrons. Thus we can
expect a smaller Vi when the nonuniformity of E(x) is
higher. In our approximation, this effect is described by
the second term in (2), which decreases with increasing
no. Therefore, V" increases with V- — V. This also ex-
plains why AV{"/AV, decreases with increasing V.. Fi-
nally, since at low biases I, is proportional to V), /L, and
decreases with increasing L., for a given V), the increases
of both V3" and AVH"/AV with L, are also explained
by (2).

Our model is consistent with the observed temperature
effects. Because the electronic screening only depends on
T, but not on 7, the lattice temperature has no effect on
AVE"/ AV, as seen in Fig. 5(b). The observation that the
product g - (V3")* is independent of T indicates that for
T, >> T the critical steady-state energy input to the
emitter electrons required for the onset of the sharp in-
crease of the RST is not a function of 7. The critical power
input is thus completely determined by 75 and the width
of the hot-electron distribution function parameterized by
T,. This implies that the RST phenomenon can provide a
unique tool for studying hot electron transport in multi-
layer semiconductor structures and modern electronic de-
vices.

Finally, it should be pointed out that the model can be
improved and made more quantitative by including effects
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on the channel from the real space transfer current itself.
Such an analysis requires numerical modeling and will be
published elsewhere.
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