€, a); T

o[l + 7o+ aof]

where €, is the lattice dielectric constant, w, = ne’/e,m*, o
the incident photon frequency, and r the electron scattering
time.

The procedure of computer fitting is to alternatively
adjust the two unknown parameters 7 and m* in w, and o,
to minimize the deviation at each point. The crosses in Fig. 3
are the calculated values from best fit (with standard devi-
ation 2%) to the experimental data. The fitting parameters
are m* = 0.063m,and 7 = 2.72 X 10~ '? 5, corresponding to
w1 = 7700 cm®/Vs. We would like to point out that the elec-
tron effective mass is 0.068m, in GaAs and 0.048m,, in GaSb.
By using linear extrapolation, the electron effective mass is
~0.062m,in GaAs, , Sb, ;, which agrees quite well with our
result.

In conclusion, we have investigated the transport prop-
erties of a GaAsSb-AlGaAs SLS, using low field Hall mea-
surements from 4.2 to 300 K, high field quantum transport,
and the far-infrared cyclotron resonance at 4.2 K. The exis-
tence of a 2DEG with an electron mobility of 7700 cm?®/Vs in
our sample suggests that high quality semiconductor super-
lattices with controllable electrical and optical characteris-
tics are possible in the GaAsSb-AlGaAs modulation-doped

2nk, =

heterostructure using the SLS scheme.
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Hot-electron memory effect in double-layered heterostructures
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We studied a memory effect due to the real-space hot-electron transfer between two conducting
GaAs layers separated by a graded AlGaAs barrier. Application of a lateral electric field to one of
the layers enhances its electron temperature and leads to a charge injection into the other layer
which is kept floating. As the heating voltage is removed, the injected electrons remain in the
second layer, giving rise (at low temperatures, 77 K) to a persistent potential difference. Kinetics

of the charge-up process are studied at different heating voltages.

The effect of real-space hot-electron transfer in multi-
layer semiconductor structures was first suggested by Hess
et al.' Recently we proposed” a novel structure in which this
phenomenon gives rise to a charge injection between two
conducting layers isolated by a potential barrier and contact-
ed separately. Several new high-speed semiconductor de-
vices based on this mechanism have been proposed” and ex-
perimentally demonstrated.>® In the present paper we
describe a memory effect observed in our charge-injection
structure.

1294 Appl. Phys. Lett. 45 (12), 15 December 1984 0003-6951/84/241294-03$01.00

The device is implemented in a AlGaAs/GaAs hetero-
structure, as shown schematically in Fig. 1. Details of its
growth and processing can be found in Ref. 4. One of the
conducting layers is realized as a (selectively doped hetero-
junction) field-effect transistor (FET) channel, the other as a
heavily doped GaAs substrate. The layers are separated by
an AlGaAs graded barrier. Application of a source-to-drain
voltage Vs leads to a heating of channel electrons and
charge injection into the substrate. There is a fourth (gate)
terminal whose purpose is to control the electric field distri-
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FIG. 1. Experimental structure and its energy diagram.

bution in the channel, concentrating it in a narrow (1 um)
region under the gate notch. If a positive bias is applied to the
substrate, then the hot-electron injection from the channel
results in a steady-state current /., controlled by the heat-
ing voltage Vg, This process is accompanied by a pro-
nounced negative differential resistance in the drain circuit.
These effects underlie the operation of high-speed devices
studied in Refs. 3 and 4.

In the present work we study the situation in which the
substrate is floating. In this case the hot-electron injection
charges up the substrate thus depleting the channel. The
resultant rise in the substrate potential (thermoelectric force
of hot electrons) is applied to the substrate-to-channel trian-
gular-barrier diode in the forward direction. A steady-state
situation obtains when the “cold” thermionic emission ex-
actly balances the hot-electron injection.? If one now re-
moves the heating voltage, one can expect a retention of
charge in the substrate for a period of time controlied by the
cold thermionic emission. In this case the substrate acts as a
“giant trap” for injected electrons.’

Experimental demonstration of this effect at 77 K is
presented in Fig. 2. The solid line shows the development of
the substrate potential ¢, (relative to the grounded drain)
as a function of ¥ gy, . This potential is measured with a high-
impedance (10' £2) electrometer. As the heating voltage is
slowly increased, we reach a point Vs, =~0.3 V at which ¢,
rises sharply and saturates at 1, ~0.2 V within several se-
conds. At the same time the drain current drops by about
30%;, as indicated by the broken line in Fig. 2. Since this drop
occurs well below the FET saturation regime, we can esti-
mate the amount of transferred charge Ao by assuming that
prior to the transfer the channel has an equilibrium electron
concentration ¢,. From the measured 0, = 5Xx 10" cm—?
we have A0~ 1.5 X 10'' cm 2 This amount of charge trans-
ferred to the distance 1450 A (the barrier thickness) corre-
lates with the measured potential ¢, ~0.2 V. Further in-
crease of the heating voltage above Vg, = 0.3 V leads to a
smooth rise of ¥, . In this region the dependence ¥, (¥'sp)
is not hysteretic. On the other hand, as we decrease Vg,
below 0.3 V we see a strong hysteresis in both v, and I .
The residual potential #,,(0) = 0.18 V holds for the long
time controlled by a discharge through the electrometer. If
the latter is disconnected, the residual potential does not
change measurably for several hours.

As mentioned above, at ¥ g, = 0.3 V the rise time of
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SUBSTRATE POTENTIAL g, (V)
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SOURCE -DRAIN VOLTAGE Vgp (V)

FIG. 2. Substrate potential 1, and the channel current / 5, as functions of
the heating voltage Vg, . Arrows indicate the direction of slow (10 mV/s)
voltage ramping.

Y. 18 Of order several seconds. However, at higher heating
voltages the charge-up rate is dramatically enhanced. We
investigated the charge-up kinetics by applying the heating
voltage V5, in the form of a single rectangular pulse of vari-
able amplitude and duration, Fig. 3. For the pulse duration
At = 10"* s the dependence 1, (¥ sp ) exhibits a sharp rise
starting from the pulse amplitude Vs, =~0.4 V. After each
measurement the device was returned to its equilibrium state
by grounding the substrate. For Vg R 0.6 V the resultant
charge-up reaches its maximum value 0.18 V, equal to the
residual ,,, in Fig. 2. This means that for Vg, = 0.6 V it
takes about 100 s to complete the charge transfer. At higher
pulse amplitudes this time is considerably shorter. The de-
pendence of the pulse time A¢ necessary to complete the
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FIG. 3. Residual substrate potential ¢, after a single pulse (47 = 100 us) of
the heating voltage of amplitude ¥y, . Insert shows the pulse duration 4t
which provides the maximum residual potential ¢,,, = 0.18 V at a given
pulse amplitude V.
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FIG. 4 Forward-bias current-voltage characteristic of the substrate-to-
channel triangular-barrier diode. Insert illustrates the distortion of the bar-
rier shape due to electron trapping. Circles indicate the trap level. Filled
circles correspond to occupied traps.

transfer (i.e., to reach the maximum persistent ¥, = 0.18
V)on the pulse amplitude Vs, is shown in theinsert in Fig. 3.
We see arapid decrease of A when Vg, * 1.3 V. It should be
noted that these time dependence measurements are not di-
rectly related to the intrinsic time of the memory charge-up,
since the hot-electron current must also charge all the para-
sitic capacitances between the substrate and the ground
(~100 pF). The intrinsic device capacitance (substrate to
channel) can be estimated to be ~1 pF, which means that
according to our data in Fig. 3 the ideal memory charge-up
time should be less than 10~ ° s at the pulse amplitude of
order 1.5V.

We now return to the data in Fig. 2. Itis physically clear
why the curves are nonhysteretic at Vg 0.4 V: at high
heating levels the steady-state balance between the hot and
the cold electron currents is established at much higher
fluxes in each direction. On the other hand, there is a small
hysteresis at Vgp =~0.3 V, which, in our view, is associated
with electron trapping in the barrier region. We have inde-
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pendent evidence for the existence of traps in the nominally
undoped AlGaAs barrier at the level of ~10'°cm

This evidence comes from the analysis of the forward-
bias IV characteristic of the substrate-to-channel diode, Fig.
4. For an ideal triangular-barrier of the form shown in Fig.1
one would expect an ideality factor n~1 (neglecting the
channel thickness). However, the curve in Fig. 4 corresponds
to n = 1.5 at low currents. This curve was measured in the
dark and after prebiasing the diode at 0.5 V in the forward
direction. Under these conditions the curve is stable and
nonhysteretic. We believe that after the initial forward bias-
ing the barrier traps are fully charged changing the shape of
the barrier as shown in the insert to Fig. 4. The experimental
curve can be fitted by assuming a uniform density of elec-
trons trapped on the barrier equal to 1.5x 10" cm ~*. This
concentration of traps in the undoped AlGaAs region is con-
sistent with recent results of other workers.® Finally, the
curve in Fig. 4 allows us to estimate the barrier height ¢ for
thermionic emission under trap-filled conditions. We find
@ = 0.32 eV which is somewhat higher that what one would
expect for a GaAs/Al 3, Gag ¢ As heterojunction (assuming
the recently proposed’ conduction-band discontinuity rule
AE, =0.64E,,, the expected @ = 0.25 V). The difference
AP =0.07 eV can thus be attributed to the space-charge po-
tential of trapped electrons.

The authors wish to thank W. Wiegmann for the
growth of structures.
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