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This paper studies both the intraband polarization and terahertz emission of a semiconductor superlattice in

combined dc and ac electric fields by using the superposition of two identical time delayed and phase shifted optical

pulses. By adjusting the delay between these two optical pulses, our results show that the intraband polarization is

sensitive to the time delay. The peak values appear again for the terahertz emission intensity due to the superposition

of two optical pulses. The emission lines of terahertz blueshift and redshift in different ac electric fields and dynamic

localization appears. The emission lines of THz only appear to blueshift when the biased superlattice is driven by a

single optical pulse. Due to excitonic dynamic localization, the terahertz emission intensity decays with time in different

dc and ac electric fields. These are features of this superlattice which distinguish it from a superlattice generated by a

single optical pulse to drive it.
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1. Introduction

The dynamic properties of electrons and holes in
low dimensional systems, driven by external dec and/or
ac electric fields, reveal exciting emergent phenom-
ena in the time span around the turn of the cen-
tury. The electronic and optical effects in semiconduc-
tor superlattices have been fields of continued interest
after the proposal of the semiconductor superlattice
by Esaki and Tsu in the early 1970s,!'~% both be-
cause of the implications for interesting device appli-
cations and for the insight into the basic principles of
solid state physics. There are many fascinating phe-
nomena in the semiconductor superlattice when it is
driven by external dc and/or ac electric fields,/6= 1]
such as Bloch oscillation (BO), the Wannier—Stark
ladder (WSL), dynamics localization (DL) and tera-
hertz (THz) emission.['>=2% The quantum mechanical
description of a superlattice in the presence of an ap-
plied electric field shows that the miniband is split
into a series of discrete levels. These levels are called
the WSL and their energies are given by the WSL in-
dex. If an electron in a periodic potential is subjected
to a static electric field, the electric wavepacket will

oscillate spatially at the so-called Bloch oscillations.

Bloch oscillations are simply the time evolution of a
wave pack constructed from a linear combination of
WSL states. The study of Bloch oscillations contin-
ues to be an interesting and fascinating field of re-
search. Bloch oscillations are a source of tunable elec-
tromagnetic radiation in the THz range.l*!l To date,
the existence of the WSL as well as BO in semicon-
ductor superlattices has been confirmed by a number
of experiments. The BO has been detected by moni-
toring the interband polarization, intraband polariza-
tion, and terahertz radiation. With the development
of free-electron lasers that can be continuously tuned
in the THz range, the dynamics of charged particles
in semiconductor superlattices in time-dependent ex-
ternal electric fields via an optical pulse has been a
subject of intense research. More recently, much in-
terest in the intraband dynamics of biased semicon-
ductor superlattice excited via an optical pulse has
arisen. M. M. Dignam et al have investigated the
quasienergy spectrum and the intraband dynamics of
a semiconductor (GaAs/AlGaAs) superlattice by a
single optical pulse.?2-24 All these investigations fo-
cus on GaAs/AlGaAs material; there are few investi-

gations on the properties of GaAs/InGaAs semicon-
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ductor superlattices via double optical pulses.

In this paper, we apply an excitonic basis to calcu-
late the intraband polarization and terahertz emission
of a semiconductor superlattice in combined static
dc and ac electric fields, using a superposition of
two identical, time-delayed and phase-shifted optical
pulses. We find that the intraband polarization is sen-
sitive to the time delay and the amplitude of the in-
traband polarization is much larger when 75,=10 fs
than when 1791 = 0. The THz radiation has ampli-
tude variation and peak values appear due to super-
position of two optical pulses. We find in this case
that Fg. = 12 kV/cm is more beneficial to emission of
the THz signal. The emission lines of THz blueshift
and redshift in different dc electric fields; however, the
emission lines of THz only appear to be blueshifted by
a single optical pulse. On the other hand, dynamic lo-

calization can be observed.

2. Dynamic equations of the exci-

ton

To calculate the intraband polarization and ter-
ahertz emission from a biased semiconductor super-
lattice system excited by two optical pulses, dynamic
equations are given. In the presence of dc, ac and op-
tical electric fields, the Hamiltonian of semiconductor
superlattice excitons is given by

H = Hy+ Hyo(t) + Hop (1), (1)

where Hj is the single-exciton Hamiltonian for super-
lattice excitons in the presence of a dc electric field
Fyc, which is given by

Hy =Y E,B}B, (2)

where B and B, are the creation and annihilation
operators for an exciton in the dc electric field with
internal quantum number v and energy E,, respec-
tively. H,c(t) is the interaction Hamiltonian between
the ac electric field F,. and the excitons, which is given
by

Hac(t) = =V Fac * P, (3)
|

d(B))

ih
ih - |E, -
! dt |: T2inter:| <

where Piptra is the intraband polarization defined by
1
-Pintra - V Z G,uyBprn (4)
v

In this expression, G, is the intraband dipole matrix
element between two excitonic states |¢¥) and |¢*),

and is given by
Guv = (9" —e(re — ) [¢") . (5)

The Hop(t) is the interaction Hamiltonian between the
optical field Eqyp(t) and the excitons, which is given
by

Hop(t) = =V Eopt (t) Pnter (6)

where Piyter is the interband polarization defined by

1
) —— T *
Poter = v E,, (M,Bl +M}B,), (7)
where M, is the interband dipole matrix element of

the v-th excitonic state, which is defined by

Ml/ - MO V ANZ/¢;(272a0)dZ7 (8)

where Mj is the bulk interband dipole matrix element,
A is the transverse area, ¢ is the v-th superlattice ex-
citon eigenstate in the presence of dc electric field, and
N, is the number of superlattice sites.

The optical field is given by!?’!

Eopi(t) = E1(t) + Eaft)

1 1
= §A0 (t) exp(iwet) + §A0(t) exp(—iwct)

+ %Ao(t — 1) expliwe(t — A1) +1 Ag]

+ %Ao(t — 1) expl—iw.(t — AT) — i Ad],

(9)

where Eqpi(t) is the total light field, w, is the central
frequency of the ultrashort Gaussian optical pulses
and A7 is the time delay, A¢ is the phase shift of
the two optical pulses. Ag(¢) has a Gaussian envelope
for simplicity. Using the full Hamiltonian in Eq.(1),
the dynamical equations of motion for the expecta-
tion values of the interband and intraband correlation

functions to the second order in the optical field are!2°!

B}) + Eop(t) * My + Eopi() # Y G (B}), (10)

B
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d(B}B,) ih
ih———~
dt Ty

+ Fopet) # 3 (Gl ( BYBL ) ~Gus (BLBs))

B

where Thipter is the interband dephasing time, and
T, is defined such that 7, = Ty if p = v and
Ty = Toinera if 4 # v, T1 is the excitonic popula-
tion decay time, and Thintra is the intraband dephasing
time.

The linear optical absorption spectra can be cal-

culated from the interband polarization and expressed
by[27:28]

_ drw, Im [P(w)Eopt(w)*]
CVEr  |Bopt(w)?

where P(w) and E(w) are the Fourier transforms of the

x(w) : (12)

polarization function P(t) and the laser pulse Eqp(t),
respectively.

Once equations (10) and (11) are solved, the in-
traband polarization is obtained by Eq.(4). The emit-

_ {E B+ ] (B B, + Bopu(t)  [M;; (B,) — M, (BL)

ted radiation is in the terahertz frequency range. The

intensity of the emitted THz signal is given by[?¢

I, (t) o < |:(§17522Rntra(t)1| 2> :

3. Numerical results and analysis

(13)

We consider a GaAs/Ing 53Gag.47As superlattice
structure with well widths of 45 A (1 A=0.1 nm) and
barrier widths of 45 A. The physical parameters em-
ployed in our numerical calculation are listed in Table
1. The calculations are performed by using 25 basis
states as we find that there is no change in the cal-
culated dynamic results with an increase in the basis

size beyond this.

Table 1. The effective masses and band-offset values ve and vy, used in all of the calculations in

Section 2. The subscript hh (lh) refers to heavy (light) hole. The remaining parameters, the static
dielectric constant and the band gap of GaAs are taken to be ¢ = 15.1 and Egap = 1.610 eV.

parameter my myp, mfth mi, ml*hH Ve/meV vp/meV
GaAs 0.023 0.263 0.115 0.027 0.106
Ing.53Gag.a7As 0.075 0.335 0.145 0.046 0.185 326 198

In Fig.1 we present the calculated intraband po-
larization with a dc electric field with Fy. = 12 kV/cm
and ac electric field with F,. = 2.0 kV/cm for 791 =0
and 10 fs.

intraband polarization P, is much larger when

As can be seen, the amplitude of the
791 = —10 fs than 77 = 0. This is because the
delay of the other pulse creates a wavepacket with
a different phase relationship between the different
excitonic states. The intensity of intraband polar-
ization decreases with time. The average value of
Pntra moves steadily out beyond a time of 2 ps when
791 = —10 fs and 757 = 0. In clear contrast to this,
when 797 = +10 fs, the oscillations decay much more
slowly and relatively smoothly via double far-infrared

pulses, but the intraband polarization increases or

moves downwards with time via an optical pulse. This
is a key result, and is due to the different time delay
and phase shift.

Figure 2 shows the range of the intensity of the
emitted THz signal as a function of time for dc electric
fields of Fy. = 9 kV/cm, 10 kV/cm and 12 kV/cm for
the ac electric field frequency w,. = wp. As can be
seen, the maximum value of THz intensity increases
with the increase of the dc electric field. When the dc
electric field Fy. = 9 kV/cm the THz intensity decays
much more rapidly to zero with time than when the
dc electric field Fg. = 10 kV/cm and 12 kV/cm. The
dc electric field contribution to the emitted THz is
due to the dipole moment of the excitonic states. We
find in this case that when Fy. = 12 kV /cm it is more
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beneficial to emission of the THz signal. Due to the
superposition of two optical pulses, the peak values

appear again for the terahertz emission intensity.
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Fig.1. Intraband polarization as a function of time for a
superlattice in the presence of dc electric field with Fy. =
12 kV/cm and ac electric field with Fac = 2.0 kV/cm via
double optical pulses.

In Fig.3 we show the time evolution of the THz
intensity signal Itp,(t) for different ac electric fields
and the dc electric field Fy. = 12 kV/cm, and electric
field frequency wa. = wp. Excitonic dynamic localiza-
tion can be observed for the different ac electric fields.
When the time reaches about 0.75 ps, excitonic dy-
namic localization will be observed and the emission
lines of THz appear to blueshift. But the emission
lines of THz redshift and the excitonic dynamic lo-
calization appears again when the time reaches about
1.75 ps.

blueshift by a single optical pulse.

The emission lines of THz only appear to
Due to the su-
perposition of two identical, time delayed and phase
shifted optical pulses, the THz intensity signal is af-
fected and the emission lines of THz appear to red-
shift. At the same time, as the intensity of ac elec-
tric field increases, the emission lines of THz shift due
to the strong electron—hole interaction in the semi-

conductor superlattice, which arises from the broken

symmetry induced by the external dc electric field.
Excitonic dynamic localization can be affected by the
ac electric field. This is due to the fact that the in-
cluded excitonic effects have strongly disturbed the
WSL spacing and intraband dipole matrix elements

in the ac electric field.
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Fig.2. The calculated range of the intensity of the emit-
ted THz signal as a function of time for different dc static
electric fields Fy. for the ac electric field frequency with

Wac — WHB.
12T,
i — Fac=0 kV/cm

z ;“ ----- Fic=1.0 kV/cm
g §(\ ------- Fac=2.0 KV/em
s 8

=

[}
<
3]

o

™

X
~ 4r

N

T

£

0
0
Fig.3. The time evolution of the THz intensity signal

Itn,(t) for different ac electric fields Fac, for the static
electric field Fg. = 12 kV/cm and ac electric field fre-
quency with wae = wp.

4. Conclusions

In summary, we have investigated the dynamics
of intraband polarization, terahertz emission excited

GaAs/Ing 53Gag.47As semiconductor superlattices in
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combined dc and ac electric fields. The numerical re-
sults show that the amplitude of the intraband po-
larization is different in different time-delayed and
phase-shifted optical pulses. The THz radiation has
amplitude variation and peak values appear due to
superposition of two optical pulses. We find in this

case that when Fy. = 12 kV/cm emission of the

THz signal is more beneficial. Due to dynamic lo-
calization destruction, the time evolution of the THz
intensity signal decreases rapidly and the emission
lines of THz redshift and blueshift with the ac elec-
tric frequency increase. These results will be useful
for THz sources produced by optically pumping semi-

conductor superlattice structures.
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