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Nonequilibrium electron transport in wide miniband GaAs/Al,Ga;_,As superlattices
at room temperature
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Nonequilibrium electron transport in a GaAs{AGa, ;As superlattice with a miniband width of 100 meV
has been investigated by time-domain terahertz spectroscopy. When the superlattice is pumped at the bottom of
the miniband, the transient electron velocity is found to exhibit acceleration-deceleration characteristics unique
to miniband dispersion. The time taken to reach the steady-state velocity was determined to be of the order of
1-2 ps. When pumped at the top of the miniband, no phase reversal in the transient velocity was observed,
indicating the importance of the density of photoexcited states by femtosecond laser pulses.
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The sophistication of crystal growth technologies over theresponse of electrons in a wide miniband SL. The transient
last few decades has helped realize the ideas of Esaki an@locity of electrons exhibits a peak followed by a decrease
Tsu' and has made it possible to tailor the superlat®E)  before reaching a steady state, characteristics of miniband
parameters with great accuracy. This was followed by manyransport. The time taken to reach steady-state velocity was
experiments to study the electronic properties of SL's andjetermined to be of the order of 1-2 ps. We have also stud-
also |ed to the ?Xperimental Opsel_‘vation of the .theore-tica.HYed the pump photon energy dependence Of the transient ve-
predicted Wannier-Stark quantization of the miniband in thgqcity response and noticed an importance of the preparation
presence of large electric fields” More recently, of injtial wave packets by femtosecond laser pulses.
femtosecond-time-resolved optlcal_ stu_dles were carried out The sample used in the present work was an undoped
successfully t_(}eobs_erve Bloch oscnlatlor_ls at low and rOOmGaAs/Alo_gGa”As SL with 73 periods of 6.3-nm-thick GaAs
temperatures;*® which settled the ongoing arguments re- wells and 0.7-nm-thick Al-Ga, -As barrier layergperiodic-

garding their existence. ) v
Along with these optical properties, transport propertiesIty dof 7 nm grown on ann”-GaAs (100 substrate by

of doped SL's have also been extensively stutfiedtand, in molecular beam epitaxy. The width of the first electron mini-

particular, wide miniband SL structures have recently at-_band'A' in this sample was designed to be 100 meV, which

tracted a lot of interest mainly due to their potential applica-'S Much larger than the longitudinal optical phonon energy in
tions to high-frequency oscillators. High-frequency transit-GaAs and confirmed by weak-excitation photocurrent
time current oscillations with frequencies up to 100 GHzMeasurementS, We fabricated am-i-n (metal-intrinsica-
have been reported recently in doped wide miniband Sitype) diode by depositing a semitransparent 4-nm-thick NiCr
structure$? These oscillations were understood to be due tdayer on the sample surface over an area of approximately
the formation of traveling dipole domains, which originate 2.5 mnf. An Ohmic contact was fabricated on the back sur-
from the negative differential velocitigdlDV's) of electrons ~ face by depositing and annealing AuGeNi alloy. A dc bias
intrinsic to miniband dispersion. The frequency of such trav-field F was applied between these two electrodes. In order to
eling domain oscillations is higher for wider miniband create carriers in the miniband, the sample surface was illu-
widths owing to larger domain velociti€&However, a com- minated with femtosecond laser pulses from a tunable
plete understanding of the dynamical transport properties ofi:Al ;05 laser operated at a repetition frequency of 76 MHz.
carriers in SLs is still lacking, which is very essential for The spectral width of the laser pulses was 15 nm. The pho-
designing high-frequency SL oscillators. toexcited carrier density was maintained below 1

A direct measurement of electron velocity in perpendicu-X 10*> cm™ 3 in order to avoid field screening by photoex-
lar transport will present a clear picture of the Bloch trans-cited carriers.
port characteristics of SL's and aid in the complete under- The photoexcited carriers in the undoped SL are acceler-
standing of their electrical properties. The purpose of thisated by the dc electric field, and the THz electromagnetic
paper is to bridge the optical and transport properties of SL'svave, whose electric field compondgy,, is proportional to
and obtain deeper insight into the high-frequency propertieghe acceleration of photoexcited carriers, is emitted into free
of Sl's. With the advancement in time-domain terahertzspace. Since the effective mass of holes is much larger than
(TH2) spectroscopy, it has become possible to study ultrafaghat of electrons, holes are considered to be almost localized
transport phenomena in condensed matter, which were hitiin each quantum well and, therefore, the emitted THz signal
erto beyond the scope of experimental observation. Recentlis dominated by the acceleration of electrons in the mini-
this technique was applied to measure directly the velocitypand. The emitteé,, was detected in a reflection geometry
overshoot phenomenon in bulk compound semiconduéfors.by the free-space THz electro-opti€EO) sampling

In this work, we have employed this technique to measuréechniqué®?’ The EO sampling technique has two advan-
the transient complex current change through aages: First, it measurdsy,, and is sensitive both to the
GaAs/Al ;Ga, -As SL and determined the transient velocity amplitude and phase of the emitted THz radiation. This is
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' e ASAIG A' oL I3kV/cm way that the electrons are photoexcited at the bottom of the
10} " Ai1soo mZVS — =10 KV/em 4 miniband ¢ w=1.44eV). It can be seen that, at low-bias

i T=300K oo 20 kv/iem electric fields,Eqy, gradually increases and reaches a peak
AR hv=144ev  ——-— 30 kV/em

value about 150 fs after photoexcitation. This is followed by
a decrease until it reaches zero acceleration around 400 fs.
Here E1y,, then, becomes negative, which corresponds to
carrier deceleration. With an increase in the bias field, the
peak acceleration attained increases and occurs at earlier
times. The negative feature is slightly more pronounced for
larger bias fields and a shift to earlier times is clearly distin-
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guishable.
0535 o0 05 To py 20 The acceleratlon traces shown in Flga)]were_ mtegratec_i_
Delay Time (ps) once with respect to time to obtain the transient velocities
(a) and are plotted in Fig.(b) for various applied bias fields.
. . . : The velocity atF =3 kV/cm increases, reaches a maximum,
A=100meV — 3 kV/om and slightly decreases before it reaches a steady-state value
6 T=300K  ----10kVicm A approximately 2 ps after photoexcitation. Asis increased,
22 hv=1.44eV ------ 20 kV/ecm R ; PR
_____ 30 KV/om the maximum carrier velocity increases and also occurs gt
-e=+ 40 kV/icm earlier times. The time taken for electrons to reach their
al N NG T 28 mcm ] steady-state velocity is typically around 2 ps, suggesting that
— cm

the energy relaxation time in the present superlattice is of
~~~~~~~~~~~~ this order. This is one order of magnitude longer than the
e energy relaxation times of the order of a few hundred fem-

toseconds that have been estimated by transport
experimentg®°

In the case of bulk GaAs, the velocity overshoot phenom-
5 0.0 05 7o 15 20 enon is understood to be due to the intervalley scattering and
exhibits well-known transient velocity characteristfésin
the case of superlattices, however, electrons are accelerated
(b) beyond the inflection point of the Brillouin zone before they
are scattered to higher valleys. Beyond the inflection point,

velocity obtained by integrating the THz sigr) are plotted as a the effective mass for miniband transport becomes negative.

function of delay time when the bottom of the miniband is photo_Thergfore, yvhen a significgnt fra_ction O.f electrons popula_te
excited i w=1.44 eV). the dispersion beyond the inflection point, the electron drift

velocity starts decreasing. We can make a rough estimate of
advantageous over other detection techniques which measuiee time taken for the electrons to reach the inflection point,
the power of the emitted radiation. Second, since the At, by solving a simple equation of ballistic motiohAk,
sample is excited only once by the pump pulse, the informa=eFAt, and settingAk,= w/2d, where# is the reduced
tion at zero time delay is not lost; in other techniques such aBlanck constant ank, the momentum in the SL direction.
four-wave mixing or transmittive electro-optic sampling, the Assuming F=3 kV/cm, we find thatAt is about 500 fs,
sample is excited both by the pump and probe pulses andavhich is in reasonable agreement with the time for the tran-
therefore, the signal at zero time delay is plagued by arsient velocity to reach its maximum value experimentally
instantaneous pedkThe EO sensor used in this experiment observed foiF =3 kV/cm. For higher electric fields\t be-
was a 100xm-thick (110 ZnTe crystal, which has a cutoff comes much shorter and the signal lies beyond the detection
frequency of about 5 THZcorresponding time resolution bandwidth of the EO sensor used.
~200 f9. The time resolution in this experiment could be  Now let us look at the steady-state velocity of electrons.
improved with the use of thinner EO sensor crystdldow-  As is well known, SL's exhibit NDV's beyond a critical bias
ever, this would also proportionally cut down the signal am-field.>*"~2%In Fig. 2, electron drift velocities determined at 2
plitude. Since the THz signal emitted from SL's is relatively ps after photoexcitation from the time-domain d&g.
weak due to their transport in a limited miniband width, the1(b)] are plotted by solid circles as a functionfeflt can be
use of much thinner detection crystals would pull the signakeen that for low-bias fields the drift velocity increases be-
below the noise floor in our shot-noise-limited detection sys{ore it reaches a constant value beyond 20 kV/cm. The pho-
tem, which has a relative sensitivity of about #0/Hz.  tocurrent through the Schottky diode during the measure-
Therefore, a 10Qsm-thick ZnTe is a compromise between ments, plotted in the inset in the same figure, is also found to
the detection bandwidth and the sensitivity. All the measureslightly decrease for->20 kV/cm. These behaviors are
ments were carried out at room temperature. reminiscent of the existence of NDV’s of electrons beyond a

In Fig. 1(a), E1y, measured at various applied electric critical field.

fields F is plotted as a function of the delay time. For this In the case of excitation at the bottom of the miniband,
experiment, we set the pump photon enefgy in such a carriers are created at states wiktfy~k,~0, wherek,, is

Transient Velocity (arb. units)

Delay Time (ps)

FIG. 1. Detected THz electric fiel@d) and the transient electron
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FIG. 2. Steady-state drift velocity as a function of applied bias 15 . . | .
field for the photoexcitation at the bottogsolid circles of the GaAs/AlGaAs SL 3 kviem
A=100meV - -=--10kV/icm

miniband. The inset shows the photocurrent across the Schottky

! ] - ' ) - hv=154evV """ 20 kV/cm
diode as a function of the applied bias field during the THz mea- T=300K  ~———~ 30 kV/em
10 F == 40 kV/em

surements.
------- 50 kV/em

—— 60 kV/cm

the electron momentum in the in-plane direction. In this case,
when the electrons are subjected to instantaneous accelera-
tion in the presence of the applied bias field, they are accel-
erated almost in phase froky~ 0. If, on the other hand, the
carriers are excited at the top of the miniband, then, from a

(4]
T

Transient Velocity (arb. units)

. . . . 0
simple one-dimensional picture, one would expect that they 0.5 0.0 0.5 1.0 15 2.0
be Bragg reflected and start moving in a direction opposite to Delay Time (ps)
the applied bias field. This would, then, correspond to a (b)

phase reversal iky,,. Figures 8a) and 3b) showE,, and
the transient velocities, respectively, when electrons are ex- FIG. 3. Detected THz electric field) and the transient electron
cited at the top of the minibandi@=1.54 eV). It is clearly velocity obtained by integrating the THz sigri@) are plotted as a
seen that no such phase reversakip,, is observedEqy;,, function of delay time when the top of the miniband is photoexcited
in fact, exhibits a similar behavior to the case of the excita{fiw=1.54¢eV).
tion at the bottom of the minibandiw=1.44 eV).

When carriers are photoexcited at the top of the miniband

(hw=1.54eV), because of the continuous lateral dispersiongexcited electrons with initiak,> 7/2d are accelerated in
not only electrons wittk,~/d andk,,~0, but also elec-  tne direction opposite t&, they partly cancel the accelera-

trons with finitek,, and smallerk, are created. Therefore, (o THz signal due to the majority electrons with initig)
electrons are not accelerated from well-defined initial quan— =12d

tum states and the emitted THz radiation is proportional to an

ensemble average of electron acceleration O.f marny differentt e nonequilibrium transport properties of electrons in a
guantum states. Furthermore, from a consideration of th@vide miniband GaAs/AJ-Ga, -As superlattice is presented.

densiFy of states, the number of available states for the phGrpe  rangient  electron velocity shows acceleration-
toexcited carners decreases froky=0 to k,=7/d as yeceleration features that are characteristic of the miniband
*[AE—E,(k,)]™, whereAE is the excess kinetic energy of yisnersion. Electron velocity is found to reach its steady-state
photoexcited electrons arigl(k;) the kinefic energy inthe e approximately~2 ps after the excitation, suggesting

direction. This means that the number of carriers createghs; the energy relaxation times in these structures is of this
with small k, is much larger than that ne&,=m/d even  qorqer When pumped at the top of the miniband, no phase
when the SL is pumped at the top of the miniband. ThiS ey ersal in the transient velocity was observed, owing to a

explains why the behavior d, is qualitatively similar in large density of quantum states néar-0.
the two cases.

If we look at the traces in Figs. 1 and 3 more closely, The authors thank A. Leitenstorfer for valuable discus-
however, there are some noticeable differences: for examplgjons. This work was supported by CREST of the Japan Sci-
the acceleration and deceleration observed atHofer #w  ence and Technology Corporation, a Grant-in-Aid from Ja-
=1.54 eV is less steep than fbw=1.44 eV. This is due to pan Society for the Promotion of Scien@¢o. 12450140 a
ensemble averaging effect of THz radiation generated byrant-in-Aid for COE research from MEXT (No.
electrons with different initial quantum states; since the pho412CE2004, and NEDO international collaboration program.

In conclusion, the bias and excitation energy dependence
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