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Time-of-flight measurements of negative differential velocity
and electron heating in GaAs/AlAs superlattices
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We report time-resolved photocurrent measurements of electron time of flight in GaAs/AlAs 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/AlAs (Ref. 4) SL’s having wide minibands
(A>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/AlAs (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/AlIn,_,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.

NDYV is very fast in principle since it relies upon the
existence of a miniband structure (#/A <66 fs for A> 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/AlAs SL structures is shown to yield the electron
time of flight (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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transport models.

The samples are grown by molecular-beam epitaxy on
GaAs semi-insulating substrates. They consist of an un-
doped GaAs/AlAs SL (~1.4 um) sandwiched between
n *-type (2X 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. 1. Photocurrent responses of the 16/5 SL (A=30 meV)
as a function of applied voltage at 77 and 300 K. n, is the max-
imum photoexcited carrier density at ¢ =0.
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tion to smooth out all conduction-band discontinuities.
Small area (3400 um?) mesas are processed using conven-
tional photolithographic and etching techniques. The
samples are mounted in a cryostat on a 50-Q microstrip
transmission line, which is connected to a 40-GHz sam-
pling oscilloscope through wide band (40 GHz) passive
components. The SL is photoexcited by picosecond light
pulses (~3 ps) tunable between 1.675 and 1.82 eV. The
time-resolution is limited by the sample capacitance and
risetimes as short as 18 ps have been recorded. A series
of six SL’s is studied here at 77 K, three of them at 300
K. Their miniband widths range from 22 to 114 meV
when calculated in the envelope-function scheme using
the Kane dispersion relations.!” In the following they are
referred to by the number of atomic monolayers (2.825
A) in the wells and in the barriers (for instance 16/5).
Figure 1 shows typical photoresponses corresponding
to a 16/5 SL (A=30 meV) at T; =77 and 300 K, under
negative bias on the top contact. The wavelength is ad-
justed so that the photon energy is slightly above the SL
band gap. Only n =1 electrons are created (the n =2
electron miniband is at least 200 meV above the n =1
miniband in all the samples). The photoexcited carrier
density is larger than the SL p ~ residual doping (5X 10'*
cm™3). At 77 K a distinct photocurrent overshoot is ob-
served at the outset, superimposed over a stronger injec-
tion current step. Above —3 V, the overshoot is increas-
ingly delayed as bias is increased. Although it is less clear
at room temperature, it is still quite observable. This
effect is present in all the SL’s at 77 and 300 K except in
sample 12/4 (A=78 meV) at 300 K. It is an evidence of
NDYV in the time domain, displaying the longer and
longer time for photocreated primary electrons to drift
throughout the SL as the internal field is increased.
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The above interpretation is supported by a time-
dependent numerical simulation, based on the one-
dimensional classical drift-diffusion equations and
Poisson’s equation (Fig. 2). They are solved in a finite-
difference scheme for a n "-(GaAs)—p ~-(SL)-n *-(GaAs)
three-layered structure with fixed voltage boundary con-
ditions, according to the Scharfetter-Gummel method.'®
The SL is considered as an anisotropic effective medium
in which the carrier velocities depend on the local
electric field F. The electron velocity law v(F)=uF/
(1+|F/F,|") has three parameters: a low-field mobility
u, a critical field F,, and an exponent 7 characterizing
the sharpness of NDV for > 1. This phenomenological
relation, which amounts to an Esaki-Tsu law for n=2

-and puF.=Ad /2% (d is the SL period), is expected to
correctly describe NDV around the critical field. In ad-
dition its high-field behavior F!~7 agrees with the experi-
mental responses for 7>1 since the delay of the
overshoot continuously increases with bias.

The temporal evolution of the electron density after
photoexcitation by a 8 pulse is depicted in Fig. 2(a) for a
16/5 SL at —7 V. The photocreated electrons drift from
the cathode to the anode, so that the hole positive charge
has to be compensated by additional electrons injected at
the cathode. The velocity of holes being very small, their
direct contribution to the current is negligible. An elec-
tron accumulation builds up thanks to NDV, because the
electrons coming from the cathode catch up with the
slower electrons near the anode where the field is higher.
The overshoot is associated in time with the transit of the
electron bump [Fig. 2(b)] and reflects its TOF. As it is
absent in the simulated responses when 7 =<1, it can be
considered as a signature of NDV.'>!° It has to be noted
that the photoexcited electron density is not large enough
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FIG. 2. Simulation results at 77 K for sample 16/5. (a) Time evolution of the electron density distribution at —7 V. a=2X10*
cm™! is the absorption coefficient. (b) Time evolution of the photocurrent density as a function of applied voltage. The inset shows

the band diagram and the motion of the photocreated carriers.
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13/7 20/4 16/5 12/5 12/4 13/3 Two other mechanisms have been invoked to explain

—s | | | the microscopic origin of NDV: (i) the negative effective
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FIG. 3. (a) Potential drop over one period at the critical field
vs miniband width. There is no difference between 7, =77 and
300 K within experimental error. 7 is also given at 77 and 300
K in parentheses. (b) Experimental [(@), T, =77 K; (0O),
T, =300 K] and calculated [(— — —), T, =77 K, ( ),
T, =300 K] variations of v, /d (peak velocity over SL period) vs
miniband width, for 7/7;,=1 (thin lines) and 7/7;=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.2°

The numerical simulation makes it possible to fit the
experimental responses accurately [Figs. 1 and 2(b)] by
adjusting u, F., and 7 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 uF,, 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 17, edF, the potential drop over one period at the criti-
cal field [Fig. 3(a)], and v, /d the peak velocity over the
period [Fig. 3(b)]. In the Esaki-Tsu model, edF, and
v, /d are proportional to the inverse momentum relaxa-
tion time (edF,=#/7) and to the miniband width
(v, /d =uF,/2d = A /44%), 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"-L 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 L levels and the
top or the bottom of the I'; miniband.

field F =A /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 7, and 7;, towards a heated
and an equilibrium Maxwellian, respectively. The overall
momentum relaxation time is 7=71;7, /(7;+7,), and 7; is
the energy relaxation time. The field-dependent electron
temperature 7 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

v(F)= 1+Ti<2kBTE/A—2kBTL/A)

o TolA/2ks Ty ) uF
I(A/2kgTy) | (1+|F/F,l?)

>

where I, and I, are Bessel functions. The mobility is
u=(er/M)I,/I, with M '=Ad?/2#*, and F,=#/
edV/t7;. The peak velocity is governed by the miniband
width and the ratio 7/7;. It is approximately reduced by
a factor V/ 7/7; with respect to the Esaki-Tsu result,
which is recovered when 7=7; and T; =0. Only the crit-
ical field depends on the magnitude of 7 and ;. It is in-
termediate between % /ed\/ 77; and #i/ed 1.

The experimental peak velocities are in agreement with
7/7;=0.1 [Fig. 3(b)]. The critical field then yields the re-
laxation times 7~30-45 fs and 7;,~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:
T =420, 580, and 780 K for A=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 T, =77
K, 7/7;~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/AlAs SL’s yield the variations of the elec-
tron TOF 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-
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laxation times, reduces the maximum stationary drift ve-
locities.
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