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Time-of-Sight measurements of negative difFerential velocity
and electron heating in GaAs/A1As superlattices
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We report time-resolved photocurrent measurements of electron time of Aight in GaAs/A1As super-
lattices. The electron velocity is determined as a function of electric field at 77 and 300 K in a series of
superlattices having miniband widths between 22 and 114 meV. Negative differential velocity is evi-

denced at intermediate electric fields on a picosecond time scale. A Boltzmann-Bloch transport mecha-
nism of the Esaki-Tsu-type is shown to account for the velocity laws when carrier heating is assumed to
take place.

Negative differential conductivity has been associated
from the beginning with the very idea of superlattice (SL)
in semiconductors. ' Bloch transport has been shown to
account for the low-field electron mobilities perpendicu-
lar to the layers in GaAs/Al Ga& As (Refs. 2 and 3)
and GaAs/A1As (Ref. 4) SL's having wide minibands
(b, ) 10 meV). The alternative mechanism of hopping
transport ' is not in agreement with these experiments.
In narrow minibands, negative differential conductance
(NDC) and photoconductance have been attributed to
high-field domain formation, ' Wannier-Stark localiza-
tion, or miniband conduction. ' A clear evidence of
electron negative differential velocity (NDV) has been ob-
tained in wide miniband GaAs/A1As (Refs. 11 and 12)
SL's. It has been interpreted as originating from the
miniband nonparabolicity, ' in agreement with the
Esaki-Tsu model, ' whereas hopping transport has been
shown to disagree with the data. NDC has also been
demonstrated in Ga In& As/Al In& As SL's. ' Tsu
and Esaki have discussed these results in the context of
Stark quantization. ' Recently optical experiments have
evidenced the Bloch oscillations, ' which is a strong sup-
port to the Bloch transport model.

NDV is very fast in principle since it relies upon the
existence of a miniband structure (A'/b, (66 fs for 6 ) 10
meV) and short momentum relaxation times. Its
response time has to be measured in the dynamic regime
in order to dismiss any ambiguity about its origin and
ascertain its ultimate speed. In this paper we report
time-resolved measurements of NDV in wide miniband
SL's. The photocurrent impulse response of n-i-n-type
GaAs/A1As SL structures is shown to yield the electron
time of (light (TOF) in the SL. An optoelectrical TOF
technique relying upon the existence of NDV is thus
demonstrated on a picosecond time scale at 300 and 77
K. The electron velocity laws which are extracted from
the data are compared with the results of several possible
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FIG. 1. Photocurrent responses of the 16/5 SL (5=30 meV)
as a function of applied voltage at 77 and 300 K. no is the max-

imum photoexcited carrier density at t =0.

100

transport models.
The samples are grown by molecular-beam epitaxy on

GaAs semi-insulating substrates. They consist of an un-

doped GaAs/A1As SL ( —1.4 pm) sandwiched between
n +-type (2 X 10' cm ) contact layers (Fig. 1). The top
contact layer includes a short-period SL quasialloy acting
as a large-gap window layer. Graded composition SL's
are grown between layers of different average composi-
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FIG. 3. (a) Potential drop over one period at the critical field
vs miniband width. There is no difkrence between Tz =77 and
300 K within experimental error. q is also given at 77 and 300
K in parentheses. (b) Experimental [(~ ), TL =77 K; (o ),
TL=300 K] and calculated [( ———), TL =77 K, ( ),
TI =300 K] variations of u~ /d (peak velocity over SL period) vs

miniband width, for ~/~;=1 (thin lines) and ~/~;=0. 1 (thick
lines). The error bars correspond to the range of allowed values
in the fitting procedure described in the text.

to alter the band diagram significantly, in contrast to re-
cent results obtained at higher excitation intensity.

The numerical simulation makes it possible to fit the
experimental responses accurately [Figs. 1 and 2(b)] by
adjusting p, F„and g in order to obtain the correct vari-
ations of the delay between the onset of the pho-
toresponse and the maximum of the overshoot at
different applied voltages and, to a lesser degree, the
correct current amplitudes. As the fit is primarily sensi-
tive to the product pF„ i.e., the peak velocity, responses
under positive bias are also used to reduce the uncertain-
ty on F, . The results are summarized in Fig. 3 in terms
of q, edF, the potential drop over one period at the criti-
cal field [Fig. 3(a)], and u /d the peak velocity over the
period [Fig 3(b)]. I.n the Esaki-Tsu model, edF, and
U /d are proportional to the inverse momentum relaxa-
tion time (edF, =filr) and to the miniband width

(uz /d =pF, /2d =6/4'), respectively.
Intervalley transfer is responsible for NDV in bulk

III-V materials. It has been rejected as a dominant mech-
anism in SL's, ' because current-voltage and pressure-
dependent measurements are insensitive to the I -X and
I -I. separation energies. This is in agreement with our
data for the critical fields F, (or edF, ) are uncorrelated
with the energy separation between X or I levels and the
top or the bottom of the I, miniband.

Two other mechanisms have been invoked to explain
the microscopic origin of NDV: (i) the negative effective
mass eff'ect, ' (ii) the Wannier-Stark localization. In prin-
ciple, (i) and (ii) are physically equivalent. ' They lead to
different results because they rest upon different transport
equations, which are not reducible to each other: ' (i)
rests upon Boltzmann-Bloch transport and (ii) upon hop-
ping transport. Hopping is not in agreement with the
present data for the experimental velocity is markedly
larger than theoretically predicted (by about two orders
of magnitude in sample 16/5 at room temperature for a
field F =b, /ed), and it is a decreasing function of temper-
ature between 77 and 300 K. On the other hand, our re-
sults can be quantitatively explained by a simple one-
band model, exactly solving the Boltzmann equation in a
constant relaxation time approximation, and taking car-
rier heating into account. Elastic and inelastic collisions
are assumed to additively relax the distribution function
with distinct relaxation times ~, and w;, towards a heated
and an equilibrium Maxwellian, respectively. The overall
momentum relaxation time is r =r, r, /(r, +r, ), and r, is
the energy relaxation time. The field-dependent electron
temperature 7 E obeys an energy balance equation in
which elastic collisions do not dissipate the total (in-plane
and miniband) energy. The velocity is then given by

u (F)= 1+ (2k~ TF /b, 2k~ TL /b, —)

Io(A/2k~ Tl )

I, (b/2k~ T~ ) (1+~F/Fo ~2)

where Io and I, are Bessel functions. The mobility is

p, =(er/M)I, /Io with M '=Ed /2A, and Fo =A/
edQrr, . The peak velocity is governed by the miniband
width and the ratio ~/w;. It is approximately reduced by
a factor Qrlr; with respect to the Esaki-Tsu result,
which is recovered when ~=~, and Tz =0. Only the crit-
ical field depends on the magnitude of w and ~, . It is in-
termediate between A'/edQrr; and A'/ed'.

The experimental peak velocities are in agreement with
sir, =0. 1 [Fig. 3(b)]. The critical field then yields the re-
laxation times r-30 —45 fs and r, —300—450 fs [Fig.
3(a)]. Energy relaxation thus occurs on a much longer
time scale than momentum relaxation. As a result, the
electrons are significantly heated by the field. The model
gives the electron temperature at the critical field:
Tz =420, 580, and 780 K for 6 =30, 63, and 114 meV,
respectively, at room temperature. This is consistent
with more detailed time-dependent calculations in which
accurate collision integrals have been used. Strong elastic
scattering has to be invoked to account for fast momen-
tum relaxation. We believe that interface roughness con-
tributes dominantly. Carrier-carrier collisions should
also be considered because they alter the average velocity
due to the nonparabolic miniband dispersion. At TL =77
K, ~/~;-0. 1 is too large for the narrowest minibands
[Fig. 3(b)]. Smaller values would lead to very long energy
relaxation times, and it is likely that a more complex
transport mechanism involving localization takes place in
those SL's.
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In conclusion, time-resolved photocurrent measure-
ments in GaAs/A1As SL's yield the variations of the elec-
tron TOP in the SL and give evidence of electron NDV.
It is shown that NDV obeys Boltzmann-Bloch transport
and can be a fast process, although carrier heating by the
field, resulting from different momentum and energy re-

laxation times, reduces the maximum stationary drift ve-
locities.
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