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Optical absorption of THz-field-driven and dc-biased quantum wells
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Linear optical absorption in a quantum well driven by a growth-direction-oriented THz electric field is
investigated. We show that if in addition to the THz field a dc bias field is applied to the quantum well, the
optical absorption becomes much more sensitive to the presence of the THz field. This results in the emergence
of multiple replicas in the absorption spectrum of biased quantum wells for a low-frequency~compared with
the subband energy spacing! THz field. We consider undoped quantum wells and develop an approach that
allows us to treat nonlinear effects in THz field strength. We discuss separately the optical absorption due to
free-electron-hole pairs and due to excitons.
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I. INTRODUCTION

Optics is widely used for long-haul communication of i
formation and shows promise for use inside digi
information-processing machines.1 From these perspectives
semiconductors play a crucial role in the practical reali
tions since they offer an unprecedented possibility for tail
ing their optical properties. There are several ways in wh
the optical properties of semiconductors can be tailored. O
way is band-gap engineering, i.e., growing layered lo
dimensional semiconductor structures~heterostructures! with
prescribed electronic properties. In addition to that, one
use externally applied magnetic and electric fields for furt
tuning or for controlling the properties in time with time
varying fields. It is well known that a dc electric field or
ented in the growth direction of a semiconductor quant
well ~QW! changes the optical absorption.2,3 Without the
electron-hole interaction, the electric field induces a reds
of the absorption edge, leads to a reduction in the magnit
of the absorption near the edge, and results in the appear
of additional absorption steps due to transitions forbidden
the absence of the field. This is called the quantum-confi
Stark effect~QCSE!, and it constitutes the basis of the o
eration of an important class of electro-optic modulators.

In a typical electro-optical modulator, the dc field
turned on and off by electronic devices and this controls
optical absorption. The latent electronic components put
upper limit on the switching speed and thus the bandwidth
signals is extremely narrow. To use to the fullest the bro
bandwidth afforded by silica optical fiber, one can empl
multiple wavelengths to route information into differe
channels, as realized in the wavelength division multiplex
~WDM! technology. However, simple proliferation of cha
nels in WDM systems leads to many problems. The m
challenging problem appears to be the need for stable m
frequency laser sources. Another approach is to elimin
insofar as possible the use of inherently slow electronics
modulate optical signals at high rates. This, in principle, c
be done by exploiting THz fields, and it provides a stro
motivation to study the optical properties of QW’s under t
influence of THz fields. The marriage of optical and terahe
technologies is particularly advantageous in semiconduct
0163-1829/2001/64~15!/155309~10!/$20.00 64 1553
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Indeed, the optical transitions occur between the valence
conduction bands. The THz field can be in resonance w
the subbands in either the conduction or valence band
thus can very efficiently modify the optical absorption. Fro
the technological viewpoint, semiconductor heterostructu
can easily be integrated with both electronic and optic
vices. The recent development in solid-state THz sourc4

gives hope that the merger of optical and THz technolog
will not take long to emerge.

The investigation of the effects of a modulating THz fie
on the optical properties of semiconductor heterostructu
has only recently become a field of extensive explorati
Following the developments in atomic optics, some ear
studies applied a few-level model to study the effects of
intersubband field on the interband optical absorption.5 Later,
optical absorption in semiconductors including excitonic
fects was studied. For example, Ref. 6 studies the opt
absorption of a QW driven by a strong growth-directio
oriented THz field with injected carriers. Inclusion of man
subbands in describing the optical absorption in semicond
tors is important since the THz field can simultaneou
couple several subbands, and the optical absorption ca
changed quite significantly compared with the case wh
only two THz coupled subbands are considered.8,9 It has
been shown that the linear optical absorption in QW’s in
presence of a THz field tuned at resonance with the subb
splitting produces splitting of the excitonic line8,6,9 similar to
the well-known Autler-Town splitting in atomic physics.7 A
recent study10 discussed the possibility of observing quenc
ing of the optical absorption in bulk semiconductors usi
resonant THz fields. As well as the change in the absorpt
the generation of optical sidebands has attracted atten
For example, the emission of optical sidebands from Q
magnetoexcitons in the presence of an in-plane polari
THz field was reported in Refs. 11 and 12. A theoretic
desription of the optical absorption and sideband emiss
for in-plane THz fields was given in Refs. 13 and 14. Due
the symmetry of the structure, only even sidebands can
generated. The breaking of this symmetry due to spin effe
was discussed in Ref. 15; however, the magnitude of
generated first-order sidebands is rather small. Recently
generation of first-order THz optical sidebands in asymm
©2001 The American Physical Society09-1
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OPTICAL ABSORPTION OF THz-FIELD-DRIVEN AND . . . PHYSICAL REVIEW B64 155309
ric coupled QW’s when the THz field was oriented in t
growth direction was realized.16 Similar effects are expecte
in a symmetrically grown QW that is biased by a dc fie
The optical absorption of such a QW is the focus of t
paper. The advantage of dc-biased QW’s over asymm
cally grown QW’s is the possibility of straightforward con
trol of the degree of asymmetry by the dc bias field. In a
dition, similar properties should be present if the dc field
intrinsic rather than externally applied. In the present stu
we consider the optical properties of undoped QW’s.
present the results of the near-band-gap optical absorp
for both unbiased and biased QW’s. Two cases are part
larly interesting:~i! when the THz field is in resonance wit
an intersubband transition and~ii ! when the THz frequency
is very small compared with the QW intersubband tran
tions. In unbiased QW’s, the effects of the THz field on t
optical absorption are more likely to be observed for re
nant THz fields, rather than for nonresonant THz fields.
biased QW’s, both resonant and nonresonant THz fields
significantly change the optical properties. Particularly no
worthy is the case of nonresonant THz fields where the p
ence of several THz replicas of the absorption peaks
found.

The paper is organized as follows. Section II gives
theoretical model used to describe the optical propertie
QW’s, and it also gives the relation between the microsco
polarization components of the QW density matrix and m
roscopic quantities such as reflection, transmission, and
sorption coefficients. The optical absorption in QW’s witho
excitonic effects~band-to-band absorption! is investigated in
Sec. III and with excitonic effects in Sec. IV. Section V giv
our conclusion. In the Appendix we give necessary details
the numerical integration.

II. GENERAL THEORY

Our goal in this section is to present a general theory
calculating the optical~interband! absorption of a QW that is
subjected to a growth-direction-polarized electric fieldF(t)
as schematically shown in Fig. 1. The electric field can h
in general both a dc (Fdc) and an ac (Fac) component. The ac
component is periodic in time, but not necessarily harmo
with the frequency in the THz range. The approach can
conveniently split into several successive steps. First, we
describe the QW structure. Second, we will introduce
equation for the interband polarization components of
density matrix for the QW. Third, we will relate the micro
scopic quantities to experimentally accessible macrosc
quantities such as optical absorption.

For simplicity, we consider a GaAs QW with infinite ba
riers atz56L/2 with z the growth axis~@001# direction!. We
take L5150 Å. The wave function for confined carriers
the QW is written as a product of the bulk Bloch statesua(r )
and a slowly varying envelope part as

cak
n ~r !5ua~r !wa

n~z!
eik•r

AA
, ~1!
15530
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with a the carrier type~electron or hole!, n the subband
index, k the two-dimensional in-plane momentum,A the
quantization area of the QW, andwa

n(z) the single-particle
envelope functions. As a basis, we take the envelope fu
tions that are eigenstates of the Hamiltonian forF50:

wa
n~z!5A2

L H cos~npz/L ! if n is odd

sin~npz/L ! if n is even.
~2!

The convenience of expanding the wave functions into
eigenstates of an unbiased QW stems from two factors. F
the Coulomb interaction between an electron and a hole
pends on their separation and thus on their wave function
time-dependent field induces motion of the electron and
holes in their respective bands and the interaction betw
them becomes time dependent as well. Taking the w
functions of the unperturbed Hamiltonian, we avoid the d
ficulties of recalculating the time-dependent Coulomb ma
elements. Second, this representation allows us to treat
the dc and ac fields on the same footing, i.e., we do not n
to recalculate the single-particle wave functions. Howev
we need to take several zero-field single-particle wave fu
tions in order to describe correctly the optical properties
sociated with the transitions between the lowest conduc
and valence subbands. Further, we will give justifications
our approach numerically. We consider only the heavy h
states. A more realistic calculation would include the ligh
hole states; however, for the aims of the present study, in
sion of only the heavy-hole subbands suffices. The mate
parameters are typical for GaAs:17 mhi50.109m0 , mh'

50.408m0 , mei5me'50.067m0, with m0 the free electron
mass. It is convenient to define the energy for free electr
~holes! with respect to the bottom~top! of the lowest~high-
est! state in the conduction~valence! band and to define the
band-gap energy\vg as the energy difference between t
extremum states in the valence and conduction bands.

FIG. 1. Schematic representation of a normally incident opti
pulse~with electric fieldE0) onto a quantum well in the presence
a growth-direction-oriented electric fieldF(t) with dc and ac com-
ponents.
9-2
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A. V. MASLOV AND D. S. CITRIN PHYSICAL REVIEW B 64 155309
free-particle energies are«ak
l 5«a

l 1\2k2/(2mai) with «e(h)
l

5\2p2( l 21)2/(2L2me(h)'). In the numerical simulation
we retain only two conduction subbands and four vale
subbands.

To describe the carrier dynamics, we introduce creat
ak

l †, bk
m† and annihilationak

l , bk
m operators for electrons an

holes, respectively, in subbandl or m. All optical properties
are characterized by the interband components of the de
matrix ^b2k

m ak
l &. We employ the rotating-wave approxima

tion relative to the band gap and introduce the slowly va
ing envelopes pk

ml(t) defined as ^b2k
m ak

l &5pk
ml(t)exp

(2ivgt). The equation of motion for the slowly varying en
velopes of the interband dipole matrix elements is obtai
directly from the Hamiltonian,18,9

dpk
ml

dt
52

i

\
~«ek

l 1«hk
m 2\vg!pk

ml1 iE~ t !d lm

1
i

\
F~ t !(

n
~m lnpk

mn2mmnpk
nl!

1
i

\ (
p,s,q

Vls
mp~k2q!pq

ps2Gscpk
ml , ~3!

with E(t) the normalized slowly varying envelope of the re
optical fieldE(t) at the QW location such that

E~ t !5
\E~ t !

d0
e2 ivgt1c.c. ~4!

whered0 is the projection on the direction of the electri
field polarization~which is assumed linearly polarized! of
the interband dipole matrix element between the conduc
p-like and the valences-like bulk Bloch states

d05excv5eE dr ue* ~r !xuh~r ! ~5!

and xcv'(7/A2) Å.17 The coupling to the growth-direction
polarized electric field

F~ t !5Fdc1FacsinVt ~6!

is determined by the intersubband dipole matrix eleme
which are defined for the electrons in the conduction ban

m ln52ezln52eE
2L/2

L/2

dzwe
l ~z!zwe

n~z! ~7!

and for the wave functions~2! are

z125
16L

9p2
,

z14

z12
52

18

225
,

z23

z12
52

27

25
,

z34

z12
5

54

49
.

Since we take the same confinement wave functions for
holes, the dipole elements will differ from those for electro
only by sign. The Coulomb matrix elements in Eq.~3! are

Vls
mp~q!5

2pe2

Aeb

f ls
mp~q!

q1k
, ~8!

with the Coulomb overlap integrals
15530
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f ls
mp~q!5E

2L/2

L/2

dzedzhwe
l ~ze!wh

m~zh!e2quze2zhuwh
p~zh!we

s~ze!,

~9!

whereeb is the background dielectric constant, andk is the
screening wave vector. The phenomenological dephasingGsc
in Eq. ~3! is chosen to bek dependent:\Gsc(k)5\G0(1
1ak/kmax), where\G051 meV ~which corresponds to the
characteristic polarization decay time of 0.66 ps!, and we
choosea57. Our model includes bothF- and Coulomb-
induced multisubband couplings in calculating the opti
spectra. Without these couplings, Eq.~3! reduces to the po-
larization semiconductor Bloch equation~SBE! in the
Hartree-Fock approximation.18 The slowly varying envelope
P(t) of the real macroscopic optical polarization per u
area of the QW

P~ t !5P~ t !exp~2 ivgt !1c.c. ~10!

is related to the interband polarization matrix elements a

P~ t !5
d0*

A (
n,k

pk
nn~ t !. ~11!

The relation~11! between the microscopic and macr
scopic quantities allows us now to treat the propagation
light through the QW from the point of classical electrod
namics. We take the complex slowly varying envelope of
incident field in the form

Ei~ t !5E 0e2t2/t2
e2 i (v02vg)t ~12!

with the full width at half maximum of the energy of th
pulse tAln 451.177t and v0 the center frequency of the
pulse. Integrating Maxwell’s equations across the QW a
taking into account that the QW width is much smaller th
the wavelength, we immediately obtain boundary conditio
for the fields. Neglecting the derivatives of the envelopes
the boundary conditions, we obtain the relation between
envelopes of the incidentEi(t), transmittedEt(t), and re-
flectedEr(t) waves:19

Er5
2p ivgd0

\cAeb

P and Et5Er1Ei . ~13!

Changing the summation over discretek to integration in
Eq. ~11! and substituting it into Eq.~13! we arrive at

Er~ t !5
iG rad

16
ab

2(
n
E

0

`

dk kpk
nn~ t ! ~14!

with

G rad5
16vg

Aeb

uxcvu2

ab
2

e2

\c
~15!

the radiative broadening of QW excitons in an infinitely th
QW, i.e.,G rad

21 is the characteristic decay time of QW excito
polarization.20 For the QW material parameters that we us
G rad

21513.3 ps. We note that the envelope of the optical fi
E(t), which enters into the polarization SBE~3!, must be the
9-3
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OPTICAL ABSORPTION OF THz-FIELD-DRIVEN AND . . . PHYSICAL REVIEW B64 155309
field at the QW location and it coincides with the transmitt
field Et(t). However, if the reflection from the QW is ver
small, which is the case ifG rad!Gsc, the field at the QW
location differs from the incident field by the reflected fie
and thus this difference can be neglected. We define the
tical absorption as the ratio of the energy irreversibly a
sorbed per unit area of the QW per unit time assumingcon-
tinuous wave ~cw! illumination. For such a case, th
absorption of a single QW is

A~v!522 Re@r ~v!#, ~16!

where Re denotes the real part of the complex reflec
coefficient r 5Er(v)/E0(v). The expression for the optica
absorption~16! is the result for which we are looking. I
deserves some important comments. Our approach to ca
lating the cw optical absorption is essentially a time-dom
technique. For unmodulated QW’s, the optical absorpt
can be obtained in two equivalent ways: using cw fields
by using a short optical pulse and taking the Fourier tra
form. The second approach is experimentally and comp
tionally very attractive since it allows one to obtain all re
evant optical properties with just one short pulse. These
approaches are not equivalent for modulated QW’s. C
tainly, in our case a cw field means a long pulse who
duration significantly exceeds the THz period, while a sh
pulse is a pulse whose duration can be comparable to
much less than the THz period. So, strictly speaking, if o
wants to find the optical absorption one is bound to use l
pulses and scan through frequency. However, we have
cently proposed a technique that relates the data obta
with short optical pulses to the cw optical properties. T
technique can be extremely convenient both in numer
simulations21 and in experiments.22 The basic idea behind th
short-pulse technique is to use several pulses that arriv
some known phases of the THz field. The results for
optical absorption of modulated QW’s presented in the pa
were obtained using short pulses. This helps to reduce
nificantly the computational efforts in solving Eq.~3!.

III. BAND-TO-BAND OPTICAL ABSORPTION

Before we include the excitonic effects let us investig
the optical absorption due to electron-hole pairs in the
sence of excitonic effects. The band-to-band absorption
be obtained using the approach developed in the prev
section if we neglect the Coulomb interaction.

A. Optical absorption in the presence of a dc field„QCSE…

In this section we recall the effect of a dc field on t
optical absorption. Without the dc field, the optical abso
tion shows the simple staircaselike behavior. For an id
QW with infinite barriers, each step function has the sa
magnitude and starts at an energy that is equal to the di
ence between the valence and conduction subbands with
same subband index. The transitions between subbands
different numbers are forbidden. To discuss how the dc fi
changes the picture, we for now will divert from our mod
and use the conventional approach3 of using as a basis th
15530
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single-particle wave functionsfa
n(z) which are the eigen-

states of the Hamiltonian with the dc field. The presence
the dc field changes the single-particle wave functions
gives rise to transitions between the valence and conduc
subbands with different subband indices. The approxima
of a QW with infinite barriers allows exact calculation of th
QW properties such as the confinement wave functions, s
band energies, and energies and strengths of the optical
sitions. We will later use these exact results to compare th
with those obtained from the time-domain approach bef
we proceed to the optical properties of the QW in the pr
ence of a THz field. This will help to estimate the fie
strengths at which the use of only a few zero-field sing
particle wave functions works well. The calculated sing
particle wave functions for electrons and holes are shown
Fig. 2. The change of the hole wave functions with the fie
is much more noticeable than that for electrons. This is d
to the much smaller energy difference between the vale
subbands compared with the conduction subbands. Figu
shows how the average position

^za
n&5E

2L/2

L/2

dzfa
n~z!zfa

n~z! ~17!

FIG. 2. Electron and hole wave functions forFdc50 kV/cm and
Fdc560 kV/cm.

FIG. 3. Average electron and hole positions as a function
Fdc.
9-4
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A. V. MASLOV AND D. S. CITRIN PHYSICAL REVIEW B 64 155309
of an electron and a hole in different subbands changes
the field. A hole ~electron! in the lowest subband alway
moves along~against! the direction of the applied field fo
small Fdc while in all upper levels it moves against~along!
the direction of the field. The change in the subband ener
with Fdc is shown Fig. 4. Again, the change is much mo
pronounced for holes compared with that for electrons. T
change in the subband energies gives rise to a change i
energy of the optical transitions. For convenience, we de
the energy of the optical transitions«nm with respect to\vg

as«nm5«h
n1«e

m . Figure 5 shows the energies of the optic
transitions. The overlap integrals between the wave functi
in the valence and in the conduction bands are defined a

gnm5E
2L/2

L/2

dzfh
n~z!fe

m~z! ~18!

and are shown in Fig. 6. The band-to-band absorption
completely characterized by the energy of the transition~Fig.
5! and the overlap integrals~Fig. 6! and can be written as

FIG. 4. Energies of the conduction and valence subbands
function of Fdc.

FIG. 5. Energies of several lowest optical transitions as a fu
tion of Fdc. The data points show the results obtained by keep
only the lowest four valence subbands and two conduction s
bands.
15530
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A~v!5A0(
n,m

gnmQ~\v2«nm! ~19!

where

A05
2p

Aeb

mr

m0

\vg

m0c2

uxcvu2

|c
2

e2

\c
, ~20!

|c5\/(m0c) is the free-electron Compton wavelength, a
mr5mhimei /(mhi1mei) is the relative electron-hole mas
The numerical value for the material parameters we us
A052.5431023. The band-to-band optical absorption calc
lated using Eq.~19! near the band gap for different values
Fdc is shown in Fig. 7.

We now compare the exact results for the optical abso
tion shown in Figs. 5 and 6 with the results we obtained
using the time-domain approach and retaining four zero-fi
states in the valence band and two in the conduction band
do this we calculated the optical absorption by integrat
Eq. ~3! in the presence of the dc field using a short opti
pulse and then plotted the positions and the heights of

a

-
g
b-

FIG. 6. Squares of the overlap integrals between the valence
conduction subbands. The data points show the results obtaine
keeping only the lowest four valence subbands and two conduc
subbands.

FIG. 7. Band-to-band optical absorption forFdc

50,30,60,120 kV/cm.
9-5
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OPTICAL ABSORPTION OF THz-FIELD-DRIVEN AND . . . PHYSICAL REVIEW B64 155309
absorption steps as data points in Figs. 5 and 6, respecti
We can see that for the lowest optical transition our appro
mation is valid for dc fields as strong as 150 kV/cm while f
the second optical transition it is correct up toFdc
&60 kV/cm.

B. Optical absorption in the presence of a THz field

We now turn to the optical absorption in the presence o
THz field where we are going to use the time-domain
proach whose validity we just discussed. In the presence
THz field, the optical absorption will still be a set of ste
functions because the growth-direction-oriented field c
couple only subband states with the samek and the sum over
all k gives the two-dimensional density of states, which i
step function. So instead of plotting the step functions i
convenient to plot a narrow peak at the position of each s
with its height equal to the height of the step function. It
equivalent to solving Eq.~3! only for the lowest states in
each band, i.e., thek50 states. Figure 8 shows the optic
absorption, with peaks instead of step functions, in the p
ence of a THz field with\V53 meV, which is much lower
than the energy difference between the two lowest state
the valence band~12 meV!. The phenomenological broaden
ing of the peaks was\Gsc50.5 meV. Similar to the case o
a dc field, the presence of a THz field gives rise to a reds
of the absorption edge and reduction of its height. Howe
both these effects are smaller compared with what one wo
observe with a dc field of the same strengh~compare with
Figs. 6 and 5!. More importantly, we can also observe th
formation of replicas in the absorption spectrum. These r
licas are not present for dc fields. One type of replica
separated from the main step~which is due to optically al-
lowed transitions between the lowest conduction and vale
subbands! by twice the THz frequency, which is taken to b
3 meV in Fig. 8. The replicas are not symmetric and
upper one is stronger than the lower. As well as the repli
on both sides of the main step, we can see significant s
separated by the THz frequency from the position of
second, optically forbidden, transition between the sec

FIG. 8. Band-to-band optical absorption forFdc50, Fac

510,20,30,40 kV/cm, and\V53 meV. Peaks are used intead
steps.
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valence and the first conduction subbands centered at a
12 meV. It is interesting that replicas can exist while t
direct transtion itself does not. Similar to the replicas arou
the main step, the replicas around the second transition
asymmetric. However, in this case the lower-energy rep
is significantly higher than the higher-energy one.

We now turn to the case when the THz frequency is clo
to the energy spacing between the two lowest valence s
bands. Figure 9 shows the optical absorption in this ca
with peaks instead of step functions, for different drivin
frequencies forFac520 kV/cm. As the frequency of the
THz field passes through the resonance at about 12 meV
main step splits into two. The splitting is proportional to th
field strength and at exact resonance the two steps have e
heights. For higher frequencies, at about 16 meV, the sp
ting occurs due to two-THz-photon coupling of the the fi
and the third valence subbands. Note that for such w
fields Fac520 kV/cm, no replicas are observed in the ne
band-gap optical absoprtion spectrum.

C. Optical absorption in the presence of a dc field and a THz
field simultaneously

Much richer optical absorption spectra can be obtaine
the THz field drives a biased QW. Such a spectrum is sho
in Fig. 10 for Fac550 kV/cm, \V53 meV, and Fdc
55,10,20 kV/cm. Note that in the absence of the bias fi
the main effects we observed for such THz fields are a sl
redshift of the main step accompanied by a slight reduct
of the step height~see Fig. 8!. In the presence of the dc field
we can clearly see multiple replicas on both sides of the m
step and the second step. The replicas are separated from
steps by an integer number of the THz frequency. It is int
esting that the first step can actually disappear comple
and only replicas can remain. For relatively strong fiel
there is a slight overall red shift in the position of the replic
and the main step. The origin of the high strength of t
replicas can be understood from Fig. 5. The replicas app
due to the change in the position of the transition energy w
the field. For a weak THz field the change of the energy

FIG. 9. Band-to-band optical absorption forFdc50, Fac

520 kV/cm, and\V55,7,9,11,13,15,17,19 meV. The spectra a
displaced vertically for clarity and peaks are used intead of ste
9-6
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the absorption peaks is simply the slope of the energy ve
field curve. In the absence of the bias field, the energy of
lowest exciton transition changes quadratically with the fie
For nonzero bias field, the change in the energy is linear w
the field. For example, forFac510 kV/cm, the change in the
energy position of the lowest transition whenFdc50 is
roughly 0.7 meV while forFdc550 kV/cm it is 8 meV. The
amplitude of the replicas around the first step as a functio
the THz field strength is shown in Fig. 11. The main st
decreases with the field and completely disappears atFac
517 kV/cm and starts to grow after that. The first replic
separated by6\V from the main step, initially increas
with the field and then start to decrease. Higher-order re
cas ~separated by62\V) grow with the field for the field
strengths shown in Fig. 11. Note that the replicas are as
metric with the high-energy replicas being stronger than
lower-energy replicas. The assumption of adiabatic chang
the energy of the lowest transition gives rise to symme
replicas~with respect to the main peak!. This is equivalent to
the model used in calculations of multiphoton-assisted t
neling currents in superconducting diodes23 where only the
adiabatic change in the energy of the levels is used.

FIG. 10. Band-to-band optical absorption forFdc550 kV/cm,
Fac55,10,20 kV/cm, and\V53 meV. Peaks are used instead
steps.

FIG. 11. Height of the main step and replicas61,2 around the
main step shown in Fig. 10 as a function ofFac.
15530
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asymmetry of the replicas comes from the fact that not o
does the frequency of the transition level changes adiab
cally with the THz field, but also the overlap integrals b
tween the electron and the hole. Indeed, since the ove
decreases with the field strength~see Fig. 6!, one expects the
same order replicas to be higher for replicas with high
energy~i.e., on the right side of the main absorption step
Fig. 10! than for replicas with lower energy~on the left side
of the main step!. Another way to look at the origin of asym
metry is that the second level with which the first level i
teracts through the THz field lies above the first level, so
replicas above the first level are closer to the second le
than the ones below.

In this section we study the band-to-band optical abso
tion. Due to the purely two-dimensional 2D density of sta
the absorption spectrum always shows the staircaselike
havior, although the position and height of the steps dep
on the QW parameters, bias field, and amplitude and
quency of the THz field. In Figs. 8–10 we plotted the po
tions and the heights of the steps using peaks instea
steps. As well as the convenience, this is very illustrative
the following respect. For near-band-gap absorption, e
tonic effects play a major role. So, instead of steps, o
observes strong peaks due to the creation of bound elec
hole (e-h) states slightly below the expected position of t
steps and slightly enhanced steps due to creation of co
lated e-h pairs. At low temperatures the height of the exc
tonic absorption peaks exceeds the continuum absorp
So, strictly speaking, we expect that for QW’s with stro
excitonic properties we will observe absorption spectra t
look qualitatively similar to the spikeslike behavior shown
Figs. 8–10, rather than exhibiting staircaselike behavior.

IV. EXCITONIC OPTICAL ABSORPTION

Having studied the optical absorption in a simple mod
that neglects the Coulomb interaction, we now turn to a m
realistic model of the QW which includes the Coulomb i
teraction between the electron and the hole and thus corre
describes the optical absorption due to both bound and c
tinuum e-h states. However, as we shall see in this sect
most of the effects we are going to see can already be
derstood qualitatively using the simpler model of Sec. III

Figure 12 shows the QW absorption when thee-h Cou-
lomb interaction is included. The numerical details are giv
in the Appendix. The absorption spectrum is dominated
exciton peaks rather than the step functions observed in
absence ofe-h interaction~compare with Fig. 7!. It is helpful
to estimate the expected height of the exciton absorp
peak in the absence of the bias field. In a very narrow Q
the absorption due to the lowest lying exciton is

A5
2G radGsc

~v2vexc!
21Gsc

2
, ~21!

wherevexc is the frequency of the lowest exciton state. T
peak value of the absorption isA52G rad/Gsc59.931022 if
G rad

21513.3 ps andG50.66 ps which is about five time
higher than the value in Fig. 12. The discrepancy appare
comes from the fact that the thickness of the modeled QW
9-7
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comparable to the bulk exciton Bohr radius and thus
exciton absorption is expected to be significantly lower
comparison with the purely 2D result. The variational calc
lations that we performed for the given QW show that t
exciton radius is about 1.75 times larger compared with
pure 2D limit, which gives a reduction in the peak value
a factor of 1.752'3.1. Thek-dependent scattering rate an
finite extent of the bands also contribute to the reduction
the peak absorption. Since our numerical results reprod
reasonably well some basic features of the QW absorptio
the presence of the dc field with excitonic effects we c
now proceed to study the effects of THz fields.

Figure 13 shows the optical absorption of an unbia
QW in the presence of a low-frequency THz field. Comp
ing the excitonic optical absorption with the results of t
simple model in Fig. 8 we can see many similar features.
main excitonic peak shifts to the red and decreases in he
with the field; replicas are formed around this peak; there
also two replicas around the position of the second excito
peak while the peak is absent. Despite much qualita
agreement, the excitonic absorption shows that the pres
of the continuum makes the replicas even more asymme

FIG. 12. Optical absorption including excitonic effects forFdc

50,10,20,30,50 kV/cm.

FIG. 13. Optical absorption including excitonic effects forFdc

50 kV/cm , \V53 meV, andFac510,20,30,40 kV/cm.
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Figure 14 shows the optical absorption withFdc
550 kV/cm and different amplitudes of the THz fieldFac
for a fixed value of the THz frequency. This result qualit
tively resembles that of the simple model shown in Fig. 1
Due to relatively fast dephasing the replicas in Fig.
strongly overlap; however, they are definitely resolvable.
we can see from this figure, the excitonic peak decreases
multiple replicas appear as the THz field gets stronger. Ag
due to the presence of the continuum part of the absorpt
the spectrum is very asymmetric. Figure 15 shows sim
results as Fig. 14 but for a fixed THz field amplitude a
different frequencies. For a low-frequency THz field, 2 me
the central peak in Fig. 15 is absent and only two replic
exist. Apparently, if the frequency becomes even lower, i
V&Gsc the replicas merge into one peak. If the THz fr
quency increases, a central peak appears and the rep
move away from the central peak. The replicas around
second peak are essentially unnoticeable. For high-freque
THz fields, resonance between the levels can occur. In
case we can observe splitting of the excitonic lines. Ho
ever, for the given QW under a 50 kV/cm bias field, t
splitting between the two lowest valence subbands beco
about 20 meV. For such high-frequency THz fields, coupl
to optic phonons may become very important.

FIG. 14. Optical absorption including excitonic effects forFdc

550 kV/cm,\V53 meV andFac55,10,15,20 kV/cm.

FIG. 15. Optical absorption including excitonic effects forFdc

550 kV/cm,Fac510 kV/cm and\V52,5,8,11 meV.
9-8
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V. CONCLUSION

To conclude, we have studied the optical absorption
undoped QW’s driven by a growth-direction-polarized TH
electric field in the presence of a bias field. In the QW mo
that we used, the energy difference between the hole
bands is much smaller than that for the electron subba
Thus, the growth-direction-polarized field mostly affects t
hole subbands. Depending on the presence of the bias
and the frequency of the THz field, several regimes w
discussed. First, we summarize the optical absorption in
absence of the bias. If the frequency of the THz field
below the resonance, its application causes a redshift of
lowest exciton peak and a reduction in its height. This
similar to the case of a dc field, although both the shift of
peak and the reduction of its height are smaller compa
with the case of a dc field of the same strength. In additi
small replicas appear separated from the main peak by e
numbers of the THz frequency. There are also repli
around the position of the forbidden transitions. These re
cas are separated from the position of the transiton energ
an odd number of the THz frequency. For somewhat reas
able field stengths, such as 10–40 kV/cm, only first-or
replicas are noticeable in the absorption spectrum. For T
fields close to the energy splitting between the subbands
can observe rather complicated absorption spectra due t
multaneous mixing of several subbands by the THz field
the simplest case when only resonance between two
bands occurs, the well known Autler-Towns splitting is r
covered. More interesting effects are obtained when the T
field drives a biased QW. In this case, for a low-frequen
THz field, multiple replicas appear around the lowest tran
tion peak. We investigated the amplitude of the replicas a
function of the THz field strength and found that they beha
nonmonotonically, which is a signature of the multi-TH
processes that give rise to the replicas. Interestingly, the m
exciton peak can completely disappear and only replicas
main. Our results were obtained using the polarization S
in the linear regime with inclusion of excitonic effects in th
optical absorption. We also investigated a simple mo
which allowed us to understand the results qualitatively.
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APPENDIX A: CALCULATION OF THE COULOMB
TERMS

Numerical evaluation of the Coulomb terms presents
most difficult part in solving Eq.~3!. To simplify the Cou-
lomb terms we use the symmetry of the interband polar
tion matrix elements, which allows explicit integration ov
the angle in the 2D Coulomb integral,
15530
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I k
ml5

1

\ (
p,s,q

Vls
mp~k2q!pq

ps5
1

\

A

~2p!2E0

`

dqE
0

2p

dw

3Vls
mp~k2q!pq

ps

5
Ebab

p\ E
0

`

dqE
0

2p

dw
f ls

mp~q!

k1Ak21q222kq cosw
pq

ps

5
Ebab

p\ E
0

`

dqFls
mp~k,q!pq

ps , ~A1!

where we introduced the dimensionless function

Fls
mp~k,q!5qE

0

2p

dw
f ls

mp~q!

k1Ak21q222kq cosw
. ~A2!

For numerical integration we define the dimensionless w
numbersk̃5kab . We choose the upper limitk̃max512 and
divide the whole interval intoN5120 parts with D k̃

5 k̃max/N. We obtain

I k
ml'

EbD k̃

p\ (
q̃

Fls
mp~ k̃,q̃!pq̃

ps
~A3!

with q̃50,D k̃,2D k̃, . . . ,k̃max. The functionsFls
mp(k,q) are

tabulated before integrating Eq.~3! in time. The behavior of
the functionsFls

mp(k,q) is very important for understandin
the origins of some of numerical errors in integrating Eq.~3!.
Figure 16 shows two overlap integralsf 11

11(q) and f 12
12(q). For

the given QW parametersL/ab50.968. The overlap integra
f 11

11(q) starts at unity and decreases with increasingq. The
overlap integralf 12

12(q) increases from zero, reaches a ma
mum, and then decreases with increasingq. Similar behavior
is obtained for other overlap integrals. For an infinitely th
QW, L!ab , f 11

11(q)51 andf 12
12(q)50 independent ofq. Fig-

ure 17 shows two functionsF11
11(k,q) and F12

12(k,q), which
correspond to the two overlap functions shown in Fig. 1
and the functionF(k,q) for the case of an infinitely narrow

FIG. 16. Overlap integralsf 11
11 and f 12

12 as functions of dimen-
sionless wave numberqab .
9-9
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QW ~with unit overlap function!. In evaluating these func
tions we assumed a small screeningkab50.1. For an infi-
nitely narrow QW without screening, the functionF(k,q)
exhibits a logarithmic singularity atk5q and approaches 2p

FIG. 17. FunctionsF11
11(k,q) andF12

12(k,q), which correspond to
the overlap functions shown in Fig. 16, and the functionF11

11(k,q)
for the case of an infinitely narrow QW with unit overlap integr
~dashed line! for a fixed value ofk5ab

21 .
r

s

B

A

J

15530
as q→`. The singularity is integrable and the introductio
of small dephasing does not affect the results apprecia
However, the fact that the function is constant for largeq
gives rise to coupling of the polarization components w
any value ofk in Eq. ~3! to all the polarization component
extending far above the band gap. Even if an optical puls
tuned near the band gap, it will excite all the polarizati
components lying far above the band gap and the contr
tion of the polarization components with some frequencyv
decreases slowly, namely,;(vk2vg)21, which gives diver-
gent macroscopic polarization in Eq.~11! and divergent Cou-
lomb terms in Eq.~3!. These artifacts are apparently inhere
in the assumption of infinitely extended bands. Thus, a cu
at a wave number of the order of the dimension of the B
louin zone must be introduced. We also note that the res
are rather sensitive to the position of the cutoff. However,
the cutoff used ofkab512, we checked that the results d
not change if we use more integration points. From Fig.
we also see that the finite width of the QW gives rise to
decrease ofF for largeq.
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