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We investigate experimentally hot-electron transport in GaAs/Ga, sAl, sAs superlattice (SL) oscilla-
tors designed for high-frequency operation at room temperature. Two effects are considered: intra-
miniband heating and intervalley scattering involving L and X well and barrier states. We show that
both effects can be sensitively measured by using the hydrostatic-pressure dependence of the SL electri-
cal conduction. Finally we demonstrate the feasibility of wide-miniband ultrafast GaAs/Ga,_,Al, As

SL transport, fully devoid of intervalley transfer.

In 1970, Esaki and Tsu brought about the idea that
negative differential conductance (NDC) might be ob-
tained in superlattices (SL’s).! Most theories developed
up to now rely on semiclassical approximations based on
the Boltzmann transport equation (BTE),? although some
authors have incorporated quantum effects through a
Wigner formulation.®> As a matter of interest, the two
basic effects pertaining to miniband NDC in SL are (i)
negative miniband effective mass along k, beyond 7/2d
(d being the SL period), (ii) Bloch oscillations for Bragg-
statted electrons beyond 7/d. Both effects have been cal-
culated and partly involved in the NDC.* Experimental-
ly, however, the first clear observation of NDC as a SL
effect was due to space charge effects and high field
domain formation in highly doped sample.’ It was not
until 1989 (Refs. 6 and 7) that systematic and reproducti-
ble investigation demonstrated the occurrence of mini-
band NDC as proposed by Esaki and Tsu.

It has been shown that the NDC could be at the origin
of instabilities such as commonly known in the Gunn
effect and therefore, exploitable for high-frequency oscil-
lator applications.®® All these features are clearly unre-
lated to intervalley transfer, which is consequently a de-
trimental effect to be avoided as much as possible.

In this work we address this competition in
GaAs/Ga, sAl, sAs superlattices, specially designed to
operate as millimeter wave oscillators, by measuring the
hydrostatic pressure dependence of the SL current-
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voltage characteristics. The experimental data are com-
pared to our numerical simulations of transport which
supply the velocity versus field V' (F) laws by solving the
BTE. The computations incorporate the main realistic
scattering mechanisms, namely, optical- and acoustic-
phonon scattering, interface roughness fluctuation
scattering, and ionized impurity scattering.

The two samples used in this study have been grown by
molecular-beam epitaxy on Si-doped (001) GaAs sub-
strates and basically consist of 0.5-um Si-doped (10"’
cm~?) SL under study sandwiched between n* contacts,
through n ™ SL intermediate layers of graded parameters
intended to facilitate electron injection. The SL nominal
parameters are (19/4) (19 monolayers of GaAs/4 mono-
layers of Ga, sAlj sAs) for the first sample and (17/3) for
the second one. These choices offer ground-state conduc-
tion miniband width A of A(9,,)=70 meV and
A(17,3)=113 meV, as calculated by envelope function ap-
proximation using k-p derived effective masses. Conven-
tional lithographic techniques were employed to provide
top and bottom AuGe Ohmic contacts and etched mesas.
Current measurements under hydrostatic pressure were
performed using liquid pressure cell techniques at room
temperature and pressures were measured by means of a
calibrated InSb resistance. In the following we
specifically focus on SL (19/4), as qualitatively identical
results were obtained on SL (17/3).

The band structure of SL (19/4) is schematically illus-
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trated in Fig. 1. It consists of (in increasing energy) the
I'-related conducticn miniband (I°), the first I’ excited
miniband (I''), the lowest L band, and the first X, and
X,, bands.'® They provide energy () offsets (in units of
miniband width A) of &(I'')—&(T{oyom) =233 for (19/4)
and 2.4 for (17/3) e(L)—€&(T o om) =3-5 and 2.2, respec-
tively, and e(X)—e(I{,yom)> 5.4 and 3.5, respectively,
whose rates were expected to express sufficiently high sa-
tellite valleys compared to the conduction miniband I to
dismiss any thermal population. Indeed, our BTE simu-
lations predict a mean electronic energy of about 1.5A at
the critical field F, for the onset of NDC.

We present in Fig. 2(a) current-voltage I (V) measure-
ments at 300 K and 1 bar for both SL’s. They exhibit the
required NDC for oscillator applications beyond 0.6 V
[for SL (19/4)] and 0.5 V [for SL (17/3)]. The fairly good
uniformity of the electric field in these relatively highly
doped SL’s allows a reliable comparison between data
and our V(F) simulations (described below), for fields
lower than F,. We thus determine the latter to be 4.2 and
3.8 kV/cm, respectively, in both samples, taking into ac-
count a series resistance of 5 Q0.

Current-pressure I (P) measurements of the SL (19/4)
under pressures ranging from 1 bar to 10 kbar are shown
in Fig. 2(b) at different biases up to % of the critical volt-
age. A quasilinearity can be observed for each applied
bias below approximately 4 kbar, while a superlinearity
appears above. It is therefore apparent that two different
mechanisms are operating as regards the sensitivity of the
device conductance with pressure, whether low or high
hydrostatic pressures. This conclusion is very clearly
confirmed by the voltage dependence of the pressure
coefficient of current (1/I)(dI/dP) in these two [i.e., low
(LPR) and high (HPR)] pressure regimes, as shown in
Figs. 3(a) and 3(b) (full lines): we observe a decrease of
this coefficient with bias under low pressure, while an in-
crease is found under high pressure. We now show that
an excellent explanation of these two regimes can be re-
lated to the pressure dependence of the SL band structure
and electronic heating.

One first effect (intravalley) which occurs at any pres-
sure is the increase of the electron effective mass, both in
the well and barrier materials. The resulted shrinking of
the miniband width will reduce the perpendicular elec-
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FIG. 1. Schematic band diagram of the (19/4) SL. Vertical
arrows schematize direction and value of band shifting under
pressure.
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FIG. 2. (a) Current-voltage characteristics for both SL’s at
300 K and 1 bar. (b) Current-pressure characteristics for the
(19/4) SL (full lines). Dashed lines are the intravalley effect;
hatches, the difference which is ascribed to the intervalley effect.

tron velocity and therefore SL conduction in a predict-
able way.

The second effect (intervalley) should be ascribed to the
pressure-induced reduction of energy interval between
the main ' conduction miniband and the minibands de-
rived from X and L satellite minima. Because of this
reduction, some electrons will be thermally transferred
from the I" miniband to these satellite minibands charac-
terized by low mobilities, thereby further reducing the
net SL conductance (intervalley transfer).
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FIG. 3. Pressure coefficient as a function of bias in the low
[between O and 2 kbar, (a)] and high [between 8 and 10 kbar, (b)]
pressure regimes: experiment, ; simulation of intravalley
effect alone, - - - .; the same with intervalley effect added:
--—--, without electronic temperature and — — —, with
electronic temperatures.
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In order to confirm these speculations, we now com-
pare our experimental data with calculations of the SL
conductance taking into account both of these effects.
The intravalley effect was straightforwardly accounted
for by simulating the pressure-dependent V (F) through
pressure-dependent effective masses with a pressure
coefficient of (1/m*)dm* /dP) allowed for in the calcu-
lation of the I'-related miniband of conduction. Our
simulations indeed predict a decreasing electron velocity
with increasing pressure as expected. Moreover, a partic-
ularly interesting result is the lesser effect of pressure
when the bias is increased, exactly along with our experi-
mental observations in the LPR [see Fig. 3(a) in dotted
lines]. The intervalley effect [emphasized by hatches in
Fig. 2(b)] has been evaluated by a simple calculation of
the electronic population in each miniband. This has
been achieved by considering the energy gaps between
each of these minibands, their SL type density of states
(depending on the parallel effective masses) and the elec-
tronic statistic distribution (assumed quasi-Maxwellian in
parallel directions). The following data were used in
wells (w) and barriers (b).!!

For w (GaAs),

m; =0.11 (for confinement),
Lperp

mf =0.0754 and 1.29 (for density of states) 12

For b (Ga, sAl, sAs) ,
my=0.1085, m#% =02, m{y,=12,
mf =0.14 (for confinement),

mf =0.0964 and 1.3 (for density of state). 12

Energy offsets of bulk materials:'! £¥ —e=0.284 eV and
g% —e¥=0.37 eV (to which confinement and strain must

be added) and pressure coefficient of band gaps:

dAL/dP=11.5 meV /kbar (Ref. 11),
dAL/dP=5.5 meV /kbar (Ref. 13),
dAY/dP=—1.5 meV /kbar (Ref. 13) .

At room temperature, we have calculated the total popu-
lation of the upper valleys (which depends on the parallel
masses and multiplicity of each valley) to be definitely
less than 0.5% at room pressure and less than 5% at 10
kbar. The pressure coefficients of transferred electrons
have then been calculated on the whole pressure range
(0-10 kbar) and taken into account in the simulation of
the intravalley effect. The best fit of experimental data
has been achieved with a pressure coefficient of intraval-
ley effect (1/m*)(dm*/dP)=0.70%/kbar (identical in
well and barrier). This value is in excellent agreement
with those available in the literature [0.68%/kbar (Ref.
14) (calc.), 0.70%/kbar (Refs. 15 and 16) (expt.)]. The
simulated intravalley effect alone and the same added
with electron transfer are presented in Fig. 3 in dotted
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FIG. 4. Current as a function of pressure for the lowest and
for the highest voltage (experiment, ® ® ®; simulation of intra-
valley effect alone, - - - -; the same with intervalley effect add-
ed, — — —).

lines [and also in Fig. 2(b)] and dashed lines, respectively.

A good agreement is found in the LPR but in the
high-pressure one, HPR, a qualitative agreement is not
yet achieved because no increased pressure coefficient
(1/D(dI /dP) with bias is found. The reason is that we
have to take into account a moderate electronic heating
(about 58 K at 375 mV in the HPR) which is inherent to
nonlinear miniband transport as long as A appreciably
exceeds kpT.!” Indeed, our BTE calculations predict a
spreading of the quasi-Maxwellian parallel distribution
(with an equivalent electronic temperature T,) due to the
redistribution of energy acquired during the perpendicu-
lar electronic acceleration under applied electric field.
For instance, 350 K are directly yielded at room tempera-
ture for the higher explored voltage (corresponding to 2
of the critical field F,). As a consequence, the thermal
transfer of electrons to the upper satellite valleys is in-
creased not only when pressure is increased but also
when bias is increased.

Finally the calculation of the pressure coefficient
(1/I)dI /dP) takes into account intravalley effect and
pressure and bias-dependent intervalley effect; we present
the results in Fig. 3 (dotted lines). Now the two pressure
regimes are found again. Moreover, we can say that a sa-
tisfactory quantitative agreement is obtained considering
the precision imposed by these two figures: Indeed, the
maximum discrepancy in current-pressure I (P) (Fig. 4)
stands below 2% in the whole pressure and voltage
ranges explored. A possible deviation of the SL parame-
ters from the nominal ones may explain the small quanti-
tative discrepancy observed for intervalley effect in the
HPR.

In conclusion, we have demonstrated a negligible inter-
valley transfer at room temperature and pressure as well
as the presence of electronic heating in the perpendicular
conduction of GaAs/GagsAlysAs superlattices, by
means of pressure esxperiments. A satisfactory agree-
ment has been obtained between calculated electronic
temperatures 7, and those which are necessary to explain
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the experimental bias and pressure dependences of
currents.

From these results, we can safely conclude that the in-
vestigated millimeter-wave SL oscillators are negligibly
affected by intervalley transfer at room temperature.
Therefore it clearly appears that a comfortable margin is
assured in the design of ultrahigh frequency
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GaAs/Ga;_, Al As SL oscillators based on single mini-
band Esaki-Tsu NDC.
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FIG. 1. Schematic band diagram of the (19/4) SL. Vertical
arrows schematize direction and value of band shifting under
pressure.



