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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-frequemtyared with
the subband energy spacjngHz 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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[. INTRODUCTION Indeed, the optical transitions occur between the valence and
conduction bands. The THz field can be in resonance with
Optics is widely used for long-haul communication of in- the subbands in either the conduction or valence band and
formation and shows promise for use inside digitalthus can very efficiently modify the optical absorption. From
information-processing machinés:rom these perspectives, the technological viewpoint, semiconductor heterostructures
semiconductors play a crucial role in the practical realiza-can easily be integrated with both electronic and optic de-
tions since they offer an unprecedented possibility for tailorvices. The recent development in solid-state THz sofrces
ing their optical properties. There are several ways in whichgives hope that the merger of optical and THz technologies
the optical properties of semiconductors can be tailored. Onwill not take long to emerge.
way is band-gap engineering, i.e., growing layered low- The investigation of the effects of a modulating THz field
dimensional semiconductor structu@égterostructurgswith on the optical properties of semiconductor heterostructures
prescribed electronic properties. In addition to that, one cahas only recently become a field of extensive exploration.
use externally applied magnetic and electric fields for furthefFollowing the developments in atomic optics, some earlier
tuning or for controlling the properties in time with time- studies applied a few-level model to study the effects of the
varying fields. It is well known that a dc electric field ori- intersubband field on the interband optical absorptibater,
ented in the growth direction of a semiconductor quantunoptical absorption in semiconductors including excitonic ef-
well (QW) changes the optical absorptibf.Without the fects was studied. For example, Ref. 6 studies the optical
electron-hole interaction, the electric field induces a redshifabsorption of a QW driven by a strong growth-direction-
of the absorption edge, leads to a reduction in the magnituderiented THz field with injected carriers. Inclusion of many
of the absorption near the edge, and results in the appearansebbands in describing the optical absorption in semiconduc-
of additional absorption steps due to transitions forbidden irtors is important since the THz field can simultaneously
the absence of the field. This is called the quantum-confinedouple several subbands, and the optical absorption can be
Stark effect(QCSB, and it constitutes the basis of the op- changed quite significantly compared with the case when
eration of an important class of electro-optic modulators. only two THz coupled subbands are considétedt has
In a typical electro-optical modulator, the dc field is been shown that the linear optical absorption in QW's in the
turned on and off by electronic devices and this controls thgresence of a THz field tuned at resonance with the subband
optical absorption. The latent electronic components put theplitting produces splitting of the excitonic [#H&°similar to
upper limit on the switching speed and thus the bandwidth othe well-known Autler-Town splitting in atomic physiésA
signals is extremely narrow. To use to the fullest the broadecent stud}f discussed the possibility of observing quench-
bandwidth afforded by silica optical fiber, one can employing of the optical absorption in bulk semiconductors using
multiple wavelengths to route information into different resonant THz fields. As well as the change in the absorption,
channels, as realized in the wavelength division multiplexinghe generation of optical sidebands has attracted attention.
(WDM) technology. However, simple proliferation of chan- For example, the emission of optical sidebands from QW
nels in WDM systems leads to many problems. The mostagnetoexcitons in the presence of an in-plane polarized
challenging problem appears to be the need for stable multifHz field was reported in Refs. 11 and 12. A theoretical
frequency laser sources. Another approach is to eliminatdesription of the optical absorption and sideband emission
insofar as possible the use of inherently slow electronics tdor in-plane THz fields was given in Refs. 13 and 14. Due to
modulate optical signals at high rates. This, in principle, carthe symmetry of the structure, only even sidebands can be
be done by exploiting THz fields, and it provides a stronggenerated. The breaking of this symmetry due to spin effects
motivation to study the optical properties of QW’s under thewas discussed in Ref. 15; however, the magnitude of the
influence of THz fields. The marriage of optical and terahertzyenerated first-order sidebands is rather small. Recently, the
technologies is particularly advantageous in semiconductorgeneration of first-order THz optical sidebands in asymmet-
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ric coupled QW'’s when the THz field was oriented in the Quantum Well
growth direction was realizef. Similar effects are expected g

in a symmetrically grown QW that is biased by a dc field. E,

The optical absorption of such a QW is the focus of this

paper. The advantage of dc-biased QW'’s over asymmetri- B E,
cally grown QW'’s is the possibility of straightforward con- r

trol of the degree of asymmetry by the dc bias field. In ad- E, g’\/\N\F’
dition, similar properties should be present if the dc field is “ B
intrinsic rather than externally applied. In the present study, t
we consider the optical properties of undoped QW’'s. We Bo

present the results of the near-band-gap optical absorption :

for both unbiased and biased QW’s. Two cases are particu- Optlcal Pulse

larly interesting:(i) when the THz field is in resonance with h

an intersubband transition arfiil) when the THz frequency .

is very small compared with the QW intersubband transi- F(t)=Fj; +E,¢ sin(Qt)
tions. In unbiased QW'’s, the effects of the THz field on the bias THz
optical absorption are more likely to be observed for reso- field field

nant THz fields, rather than for nonresonant THz fields. For
biased QW's, both resonant and nonresonant THz fields can FIG. 1. Schematic representation of a normally incident optical
significantly change the optical properties. Particularly notepulse(with electric fieldEy) onto a quantum well in the presence of
worthy is the case of nonresonant THz fields where the press growth-direction-oriented electric fiekel(t) with dc and ac com-
ence of several THz replicas of the absorption peaks argonents.

found.

The paper is organized as follows. Section Il gives thewith « the carrier type(electron or holg n the subband
theoretical model used to describe the optical properties dhdex, k the two-dimensional in-plane momenturg, the
QWr’s, and it also gives the relation between the microscopiguantization area of the QW, angd(z) the single-particle
polarization components of the QW density matrix and macenvelope functions. As a basis, we take the envelope func-
roscopic quantities such as reflection, transmission, and altions that are eigenstates of the HamiltonianFor 0:
sorption coefficients. The optical absorption in QW'’s without
excitonic effectqdband-to-band absorptipiis investigated in 2 [cognwz/L) if nisodd
Sec. Ill and with excitonic effects in Sec. IV. Section V gives eo(2)= \/E[ 2
our conclusion. In the Appendix we give necessary details of

the numerical integration. The convenience of expanding the wave functions into the
eigenstates of an unbiased QW stems from two factors. First,

the Coulomb interaction between an electron and a hole de-

Il. GENERAL THEORY pends on their separation and thus on their wave functions. A

Our goal in this section is to present a general theory fOttime-dependent field induces motion of the electron and the

calculating the opticalinterband absorption of a QW that is holes in their res_pective bands and the interaption between
subjected to a growth-direction-polarized electric fielt) them_ becomes time dependent as v_veII. Takmg. the wave
as schematically shown in Fig. 1. The electric field can havx%.“n(:t.'onS of the unpgrturbed_ Hamiltonian, we avoid the d'f.'
in general both a dc,) and an acF,) component. The ac iculties of recalculating the time-dependent Coulomb matrix
component is periodi(é in time, but naot necessarily. harmonicelemems' Secc_md, this representatio_n allpws us to treat both
with the frequency in the THz range. The approach can b he dc and ac fields on the same footing, i.e., we do not need
conveniently split into several successive steps. First, we will®_récalculate the single-particle wave functions. However,

describe the QW structure. Second, we will introduce thave need to take several zero-field single-particle wave func-

equation for the interband polarization components of théion.S in ord_er to descripg correctly the optical properties as-
density matrix for the QW. Third, we will relate the micro- sociated with the transitions between the lowest conduction

scopic quantities to experimentally accessible macroscopian® valencehsubbanQS.”F uc\?er, We_;Vl” glvle Jt?\Stlzcatlonr? Olf
quantities such as optical absorption. our approach numerically. We consider only the heavy hole

For simplicity, we consider a GaAs QW with infinite bar- states. A more realistic calculation would include the light-
fiers atz= + /2 With zthe growth axig[001] direction). We hole states; however, for the aims of the present study, inclu-

take L =150 A. The wave function for confined carriers in sion of only the heavy-hole subbands suffices. The material

I ters are typical for GaAS:m,=0.109m,, mj
the QW is written as a product of the bulk Bloch stategr) ~ Parame > L
and a slowly varying envelope part as =0.408n, mg=m,, =0.067M,, with m, the free electron

mass. It is convenient to define the energy for free electrons
(holes with respect to the bottorttop) of the lowest(high-

sin(nzrz/L) if nis even.

er es) state in the conductiofvalence band and to define the
P (N =u,(r)e"(2) , (1) band-gap energﬁg)g as the energy difference' between the
\/K extremum states in the valence and conduction bands. The
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free-particle energies aee,, ==, +4%k?/(2m,)) with ey o (12 | T
=h2m?(1=1)%/(2L% Mgy, ). In the numerical simulation fis" (@)= _L,zdzedzh“’e(ze)@h(zh)e < Men(zn) elZe),
we retain only two conduction subbands and four valence (9)
subbands.

To describe the carrier dynamics, we introduce creatiorfn€rées is the backtgrm_:_rr]]d dir(]electric colnstgntl,;mdﬁdtge
[+ ymt G L em screening wave vector. The phenomenological dephd&ipg
a,', by'" and annihilatiore, , b,' operators for electrons and , -
holes, respectively, in subbamhar m. All optical properties n Ekc)i((s) IS ﬁhosen tB bek depe?]plehntﬁl“sc(k) _éiFO(lh
are characterized by the interband components of the density ¢ ma><.)’ w ereﬁ_l“o—ll meV (w 1ich corresponds to the
matrix <kaaL>- We employ the rotating-wave approxima- aracteristic polarization decay time of 0.66),pand we

tion relative to the band gap and introduce the slowly vary-cn0S€a=7. Our model includes botk- and Coulomb-

. . induced multisubband couplings in calculating the optical
ing envelopes p{''(t) defined as (b™,a})=p(t)exp . : )
(—iwgt). The equation of motion for the slowly varying en- spectra. Without these couplings, E@) reduces to the po

velopes of the interband dipole matrix elements is obtaineI rization semiconductor Bloch equatioSBB) in the
) o rtree-Fock roximatiort. The slowly varying envel
directly from the Hamiltoniart®® artree-Fock approximatioit. The slowly varying envelope

P(t) of the real macroscopic optical polarization per unit
dpE" i area of the QW

| m ml
—=— +ep—h +i&(t) 6
gt~ pCaten hog P el o P(1)=P(t)exp —iwgt) +C.C. (10

i Inemn  mnnl is related to the interband polarization matrix elements as
+ﬁF(t)§n‘4 (r"p = 1"py)

d*
i PO)= > pi(). (11
+3 2 VIEk—q)p§*- TPy, 3 |
p.sd The relation(11) between the microscopic and macro-
with £(t) the normalized slowly varying envelope of the real scopic quantities allows us now to treat the propagation of
optical fieldE(t) at the QW location such that light through the QW from the point of classical electrody-
namics. We take the complex slowly varying envelope of the

_ hEt) incident field in the form

E(t)= e iogl+c.c. (4)
do E(t)=E e il )t 12
. = wo— @
whered, is the projection on the direction of the electric- (=Ece € ’ (12
field polarization(which is assumed linearly polarizedf  with the full width at half maximum of the energy of the
the interband dipole matrix element between the conductiopulse 7vIn4=1.177 and w, the center frequency of the

p-like and the valence-like bulk Bloch states pulse. Integrating Maxwell’s equations across the QW and
taking into account that the QW width is much smaller than
dozeXcU:eJ dr u® (r)xun(r) (5)  the wavelength, we immediately obtain boundary conditions

for the fields. Neglecting the derivatives of the envelopes in
and x¢,~(7/v/2) A.X” The coupling to the growth-direction the boundary conditions, we obtain the relation between the
polarized electric field envelopes of the incideng;(t), transmitted&(t), and re-
flected&, (t) waves®®

F(t)=F 4ot FacsinQt (6)
; : ; ; ; 2miw,d
is determined by the intersubband dipole matrix elements, &= 905 and E=£.+ & 13
which are defined for the electrons in the conduction band " ficVe, oo 13
L/2 . . . . . .
In_ _afn—_ [ n 7 Changing the summation over discrétéo integration in
® € ef_ledZ(pe(Z)ZgDe(Z) ™ Eq. (11) and substituting it into Eq(13) we arrive at
and for the wave function&) are ir o
s(0=-28S [Takdrn ag
L 160 ¥ 18 B 27 A 54 nooe
Tom g 2B g 2 g 4y with

2 A2
Since we take the same confinement wave functions for the radzliwg [Xco| &
holes, the dipole elements will differ from those for electrons Ve, a2 fic
only by sign. The Coulomb matrix elements in Eg) are

(15

the radiative broadening of QW excitons in an infinitely thin
27e? f0P(q) QW, i.e.,I' ..} is the characteristic decay time of QW exciton

VP(q) = A et (8)  polarization?’ For the QW material parameters that we use,
b 9 F,‘a§= 13.3 ps. We note that the envelope of the optical field
with the Coulomb overlap integrals E(1), which enters into the polarization SRB), must be the
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field at the QW location and it coincides with the transmitted Fgc=0 kV/em Fgc=60 kV/em
field &(t). However, if the reflection from the QW is very
small, which is the case i<l the field at the QW
location differs from the incident field by the reflected field
and thus this difference can be neglected. We define the op-
tical absorption as the ratio of the energy irreversibly ab-
sorbed per unit area of the QW per unit time assuntog-
tinuous wave (cw) illumination. For such a case, the
absorption of a single QW is

Conduction Band

Alw)=—-2Rdr(w)], (16)

where Re denotes the real part of the complex reflection
coefficientr =&, (w)/E(w). The expression for the optical
absorption(16) is the result for which we are looking. It
deserves some important comments. Our approach to calcu- FIG. 2. Electron and hole wave functions =0 kVv/cm and
lating the cw optical absorption is essentially a time-domairf«=60 kVv/cm.

technique. For unmodulated QW's, the optical absorption

can be obtained in two equivalent ways: using cw fields orsingle-particle wave functiong(z) which are the eigen-

by using a short optical pulse and taking the Fourier transstates of the Hamiltonian with the dc field. The presence of
form. The second approach is experimentally and computeathe dc field changes the single-particle wave functions and
tionally very attractive since it allows one to obtain all rel- gives rise to transitions between the valence and conduction
evant optical properties with just one short pulse. These twgubbands with different subband indices. The approximation
approaches are not equivalent for modulated QW's. Ceref a QW with infinite barriers allows exact calculation of the
tainly, in our case a cw field means a long pulse whoseQW properties such as the confinement wave functions, sub-
duration significantly exceeds the THz period, while a shortband energies, and energies and strengths of the optical tran-
pulse is a pulse whose duration can be comparable to @itions. We will later use these exact results to compare them
much less than the THz period. So, strictly speaking, if onewith those obtained from the time-domain approach before
wants to find the optical absorption one is bound to use longve proceed to the optical properties of the QW in the pres-
pulses and scan through frequency. However, we have reence of a THz field. This will help to estimate the field
cently proposed a technique that relates the data obtainesirengths at which the use of only a few zero-field single-
with short optical pulses to the cw optical properties. Thisparticle wave functions works well. The calculated single-
technique can be extremely convenient both in numericaparticle wave functions for electrons and holes are shown in
simulationd! and in experiment$’ The basic idea behind the Fig. 2. The change of the hole wave functions with the field
short-pulse technique is to use several pulses that arrive & much more noticeable than that for electrons. This is due
some known phases of the THz field. The results for theo the much smaller energy difference between the valence
optical absorption of modulated QW'’s presented in the papesubbands compared with the conduction subbands. Figure 3
were obtained using short pulses. This helps to reduce sighows how the average position

nificantly the computational efforts in solving E).

Valence Band

L/2
l1l. BAND-TO-BAND OPTICAL ABSORPTION (Z0)= f 7L/2d2 do(2)2d}(2) (17)

Before we include the excitonic effects let us investigate

the optical absorption due to electron-hole pairs in the ab- P T e A A .

sence of excitonic effects. The band-to-band absorption cat
be obtained using the approach developed in the previou: h1
section if we neglect the Coulomb interaction. R o )
= + 7 h2 -
s t -
A. Optical absorption in the presence of a dc field QCSE) % 15T P h3'
In this section we recall the effect of a dc field on the s,( 0 S 62_ -------------
optical absorption. Without the dc field, the optical absorp- V i
tion shows the simple staircaselike behavior. For an ideal s [ “M ]
QW with infinite barriers, each step function has the same r—— ....... &
magnitude and starts at an energy that is equal to the differ
ence between the valence and conduction subbands with th 30 ¢ 20 pos % 120 150

same subband index. The transitions between subbands wit Fy. (KV/em)

different numbers are forbidden. To discuss how the dc field

changes the picture, we for now will divert from our model FIG. 3. Average electron and hole positions as a function of
and use the conventional approadti using as a basis the F.

155309-4



A. V. MASLOV AND D. S. CITRIN PHYSICAL REVIEW B 64 155309

75 - 1 T T T T T T
5 % . 08 |
[
E
S 25 ] 06 |
[1]
C
w
g0 ] 04
L
L
@ 25 ]
02 L
-50 1 1 1 1 ]
0
0 30 80 90 120 150 0 20 40 80 80 100 120  14C

Fyc (KV/em) F.. (kV/cm)

‘ FI_G‘ 4.”:Energ|es of the conduction and valence subbands as a FIG. 6. Squares of the overlap integrals between the valence and
unction ofF gc. conduction subbands. The data points show the results obtained by

keeping only the lowest four valence subbands and two conduction
of an electron and a hole in different subbands changes witbubbands.

the field. A hole(electron in the lowest subband always

moves alongagainst the direction of the applied field for

small F 4. while in all upper levels it moves againgilong Alw)=Ag>, g""O(hw—e"™) (19
the direction of the field. The change in the subband energies nm

with Fg4. is shown Fig. 4. Again, the change is much morewhere

pronounced for holes compared with that for electrons. The

change in the subband energies gives rise to a change in the 2m M fhog |Xco|* €
energy of the optical transitions. For convenience, we define Ao:\/i 2 .2 o (20)
the energy of the optical transitios§™ with respect tdh w4 €p 110 MeC™  Ag

ase""=ep+eg . Figure 5 shows the energies of the optical x_—7/(m,c) is the free-electron Compton wavelength, and

_transitions. The ove_rlap integrals b_etween the wave _functionm: My Mgy / (My+Mg) is the relative electron-hole mass.
in the valence and in the conduction bands are defined as The numerical value for the material parameters we use is
A,=2.54x 10" 3. The band-to-band optical absorption calcu-
L2 lated using Eq(19) near the band gap for different values of
g”m—f dz ¢pn(z) p2(2) (18)  Fgis shown in Fig. 7.
L2 We now compare the exact results for the optical absorp-
tion shown in Figs. 5 and 6 with the results we obtained by
and are shown in Fig. 6. The band-to-band absorption isising the time-domain approach and retaining four zero-field
completely characterized by the energy of the transitieg. states in the valence band and two in the conduction band. To
5) and the overlap integral§ig. 6) and can be written as  do this we calculated the optical absorption by integrating
Eg. (3) in the presence of the dc field using a short optical

80 pulse and then plotted the positions and the heights of the
80 1.5 ————
40 - Fyc=0kV/em ——
s <& Fac=30 kV/em —----—--
® o e Fo=60 KV/cm «eeeeune
z 0 ® 1} Fa=120kv/cm
5 5
(]
5 20 g
-40 = 5
8 05+ 5 7
-60 = . :
B ...................
-80 1 1 1 1 1 1 B
0 20 40 60 80 100 120 14 < {
ch (kV/ClTI) 0 i) 1 : 1
50 25 0 25 50

FIG. 5. Energies of several lowest optical transitions as a func-
tion of F4.. The data points show the results obtained by keeping
only the lowest four valence subbands and two conduction sub- FIG. 7. Band-to-band optical absorption forFg.
bands. =0,30,60,120 kV/cm.

Energy (meV)
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FIG. 8. Band-to-band optical absorption fd¥ =0, Fg FIG. 9. Band-to-band optical absorption fd¥4;=0, Fg
=10,20,30,40 kV/cm, and)=3 meV. Peaks are used intead of =20 kV/cm, and#(}=5,7,9,11,13,15,17,19 meV. The spectra are
steps. displaced vertically for clarity and peaks are used intead of steps.

absorption steps as data points in Figs. 5 and 6, respectivelyalence and the first conduction subbands centered at about
We can see that for the lowest optical transition our approxi12 meV. It is interesting that replicas can exist while the
mation is valid for dc fields as strong as 150 kV/cm while for direct transtion itself does not. Similar to the replicas around
the second optical transition it is correct up %,  the main step, the replicas around the second transition are
<60 kV/cm. asymmetric. However, in this case the lower-energy replica
is significantly higher than the higher-energy one.

We now turn to the case when the THz frequency is close
to the energy spacing between the two lowest valence sub-

We now turn to the optical absorption in the presence of @ands. Figure 9 shows the optical absorption in this case,
THz field where we are going to use the time-domain ap-\Nith peaks instead of step functions, for different driving
proach whose validity we just discussed. In the presence of liequencies forF,.=20 kV/icm. As the frequency of the
THz field, the optical absorption will still be a set of step THz field passes through the resonance at about 12 meV, the
functions because the growth-direction-oriented field carinain step splits into two. The splitting is proportional to the
couple only subband states with the sakrand the sum over field strength and at exact resonance the two steps have equal
all k gives the two-dimensional density of states, which is aheights. For higher frequencies, at about 16 meV, the split-
step function. So instead of plotting the step functions it isting occurs due to two-THz-photon coupling of the the first
convenient to plot a narrow peak at the position of each stepnd the third valence subbands. Note that for such weak
with its height equal to the height of the step function. It isfields F,c=20 kV/cm, no replicas are observed in the near-
equivalent to solving Eq(3) only for the lowest states in band-gap optical absoprtion spectrum.
each band, i.e., the=0 states. Figure 8 shows the optical
absorption, with peaks instead of step functions, in the pres- _ S ,
ence of a THz field withi0=3 meV, which is much lower C. Optical absorptlon. in thg presence of a dc field and a THz
than the energy difference between the two lowest states in field simultaneously
the valence ban¢l2 me\). The phenomenological broaden-  Much richer optical absorption spectra can be obtained if
ing of the peaks wasI';.=0.5 meV. Similar to the case of the THz field drives a biased QW. Such a spectrum is shown
a dc field, the presence of a THz field gives rise to a redshifin Fig. 10 for F,.=50 kV/icm, 2#Q=3 meV, and Fg4
of the absorption edge and reduction of its height. However=5,10,20 kV/cm. Note that in the absence of the bias field
both these effects are smaller compared with what one woulthe main effects we observed for such THz fields are a slight
observe with a dc field of the same strengompare with  redshift of the main step accompanied by a slight reduction
Figs. 6 and 5 More importantly, we can also observe the of the step heightsee Fig. 8 In the presence of the dc field,
formation of replicas in the absorption spectrum. These repwe can clearly see multiple replicas on both sides of the main
licas are not present for dc fields. One type of replica isstep and the second step. The replicas are separated from the
separated from the main stéwhich is due to optically al- steps by an integer number of the THz frequency. It is inter-
lowed transitions between the lowest conduction and valencesting that the first step can actually disappear completely
subbandgsby twice the THz frequency, which is taken to be and only replicas can remain. For relatively strong fields,
3 meV in Fig. 8. The replicas are not symmetric and thethere is a slight overall red shift in the position of the replicas
upper one is stronger than the lower. As well as the replicaand the main step. The origin of the high strength of the
on both sides of the main step, we can see significant stepeplicas can be understood from Fig. 5. The replicas appear
separated by the THz frequency from the position of thedue to the change in the position of the transition energy with
second, optically forbidden, transition between the seconthe field. For a weak THz field the change of the energy of

B. Optical absorption in the presence of a THz field
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0.5 T . . T T T asymmetry of the replicas comes from the fact that not only
. F4c=50 kV/cm Fao=5 kV/em - does the frequency of the transition level changes adiabati-
< 04l o-3mev 10kViem  ------= il cally with the THz field, but also the overlap integrals be-
£ 20 kV/em —— tween the electron and the hole. Indeed, since the overlap
2 ! decreases with the field strendg8ee Fig. 6, one expects the
¥ 03 " i same order replicas to be higher for replicas with higher
5 ;l energy(i.e., on the right side of the main absorption step in
E 02 it 1 Fig. 10 than for replicas with lower energpn the left side
5 il of the main step Another way to look at the origin of asym-
S 0.1 ; i metry is that the second level with which the first level in-
< teracts through the THz field lies above the first level, so the
o “A replicas above the first level are closer to the second level
. 10 20 30 40 than the ones below.
Energy (meV) In this section we study the band-to-band optical absorp-

tion. Due to the purely two-dimensional 2D density of states
FIG. 10. Band-to-band optical absorption fég,=50 kV/cm,  the absorption spectrum always shows the staircaselike be-

Fac=5,10,20 kv/cm, andiQ=3 meV. Peaks are used instead of havior, although the position and height of the steps depend
steps. on the QW parameters, bias field, and amplitude and fre-

quency of the THz field. In Figs. 8—10 we plotted the posi-
the absorption peaks is simply the slope of the energy versusons and the heights of the steps using peaks instead of
field curve. In the absence of the bias field, the energy of theteps. As well as the convenience, this is very illustrative in
lowest exciton transition changes quadratically with the fieldthe following respect. For near-band-gap absorption, exci-
For nonzero bias field, the change in the energy is linear withonic effects play a major role. So, instead of steps, one
the field. For example, fdf ,.=10 kV/cm, the change in the observes strong peaks due to the creation of bound electron-
energy position of the lowest transition whéfn,,=0 is  hole (e-h) states slightly below the expected position of the
roughly 0.7 meV while foiF4.=50 kV/cm itis 8 meV. The steps and slightly enhanced steps due to creation of corre-
amplitude of the replicas around the first step as a function ofated e-h pairs. At low temperatures the height of the exci-
the THz field strength is shown in Fig. 11. The main steptonic absorption peaks exceeds the continuum absorption.
decreases with the field and completely disappears at So, strictly speaking, we expect that for QW’s with strong
=17 kV/cm and starts to grow after that. The first replicas,excitonic properties we will observe absorption spectra that
separated by+#Q from the main step, initially increase look qualitatively similar to the spikeslike behavior shown in
with the field and then start to decrease. Higher-order repliFigs. 8—10, rather than exhibiting staircaselike behavior.
cas(separated by-27) grow with the field for the field
strengths shown in Fig. 11. Note that the replicas are asym- IV. EXCITONIC OPTICAL ABSORPTION
metric with the high-energy replicas being stronger than the
lower-energy replicas. The assumption of adiabatic change i{h
the energy of the lowest transition gives rise to symmetricre
replicas(with respect to the main pepKrhis is equivalent to

Having studied the optical absorption in a simple model
at neglects the Coulomb interaction, we now turn to a more
alistic model of the QW which includes the Coulomb in-
teraction between the electron and the hole and thus correctly

thel_ model usted_ In calculatlc&nst_of rr(le_JItlap?)ehokt]on-assnsteig WUNgescribes the optical absorption due to both bound and con-
neling currents in superconducting diotewnere only € ., \m e-n states. However, as we shall see in this section

adiabatic change in the energy of the levels is used. Thﬁwost of the effects we are going to see can already be un-

derstood qualitatively using the simpler model of Sec. lll.
0 Figure 12 shows the QW absorption when tté Cou-
Fgc=50 kV/em lomb interaction is included. The numerical details are given

0.5 T T T T

0.4 Q=3 meV . in the Appendix. The absorption spectrum is dominated by
""""" exciton peaks rather than the step functions observed in the

o3k 0N i absence oé-h interaction(compare with Fig. ¥. It is helpful
to estimate the expected height of the exciton absorption
02 peak in the absence of the bias field. In a very narrow QW

the absorption due to the lowest lying exciton is

01 | P N e o = A= 2T adl'sc
LT (0= wex<‘)2+rgc'
where wg,. is the frequency of the lowest exciton state. The
F. (kVicm) peak value of the absorption &=2T",4/T sc=9.9x 102 if
I'.g=13.3 ps and'=0.66 ps which is about five times

FIG. 11. Height of the main step and replicad,2 around the higher than the value in Fig. 12. The discrepancy apparently
main step shown in Fig. 10 as a functionfef. comes from the fact that the thickness of the modeled QW is

(21)

Absorption (normaliazed to A;)

P
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T
0 kV/icm

Fy=50 kV/em  F,.=5 kV/em ——
15 | 10 kV/em ----—— Q=3 meV 10 kv/iem

DR 81 N

N & 20 KV/QMm oo
(=} B0 KV/Cm s o
g 10 + 50 kV/em ----—- <
g 5
2 2
< 3

5 i AN
1 1

-30 -20 -10 0 10 20 30 40
Energy (meV)
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FIG. 14. Optical absorption including excitonic effects foy;

FIG. 12. Optical absorption including excitonic effects foy. 50 KV/em 0 =3 meV andF.—=5.10 1520 Kv/cm
- [ - ac— % 3 3 .

=0,10,20,30,50 kV/cm.

) . Figure 14 shows the optical absorption with .
comparable to the bulk exciton Bohr radius and thus the_ 50" k\//ecm and different amplitudes of the THz fiekel,
exciton absorption is expected to be significantly lower infor 5 fixed value of the THz frequency. This result qualita-
comparison with the purely 2D result. The variational calcu-tjyely resembles that of the simple model shown in Fig. 10.
lations that we performed for the given QW show that thepye to relatively fast dephasing the replicas in Fig. 14
exciton radius is about 1.75 times larger compared with thetrongly overlap; however, they are definitely resolvable. As
pure 2D limit, which gives a reduction in the peak value bywe can see from this figure, the excitonic peak decreases and
a factor of 1.75~3.1. Thek-dependent scattering rate and multiple replicas appear as the THz field gets stronger. Again
finite extent of the bands also contribute to the reduction otlue to the presence of the continuum part of the absorption,
the peak absorption. Since our numerical results reprodudde spectrum is very asymmetric. Figure 15 shows similar
reasonably well some basic features of the QW absorption iresults as Fig. 14 but for a fixed THz field amplitude and
the presence of the dc field with excitonic effects we cardifferent frequencies. For a low-frequency THz field, 2 meV,
now proceed to study the effects of THz fields. the central peak in Fig. 15 is absent and only two replicas

Figure 13 shows the optical absorption of an unbiasedXist. Apparently, if the frequency becomes even lower, i.e.,
QW in the presence of a low-frequency THz field. Compar-{2=I's; the replicas merge into one peak. If the THz fre-
ing the excitonic optical absorption with the results of theduency increases, a central peak appears and the replicas
simple model in Fig. 8 we can see many similar features. Th&"0ve away from the central peak. The replicas around the
main excitonic peak shifts to the red and decreases in heigifcOnd peak are essentially unnoticeable. For high-frequency
with the field; replicas are formed around this peak; there ard z fields, resonance between the levels can occur. In this

also two replicas around the position of the second excitoni632? \;ver fﬁg Oi?/ZirveV\?pS:ﬂjneg Oaf é%e k(i/);((::nrr?nk;(i:alsmfei:;d H&":

peak while the peak is absent. Despite much qualitative IitfinobenNegen ththwo lowest valence subbands be,comes

agreement, the excitonic absorption shows that the presené g . . :
out 20 meV. For such high-frequency THz fields, coupling

of the continuum makes the replicas even more asymmetric, . .
0 optic phonons may become very important.

Fac=10 kV/em Fge=b0 KV/cm Q=2 meV wmmm-

15 | E. =0 kV/em 20 kV/em - 5meV ---ee-e--

o ' 30 kV/em ---- g [ FaclOKVem Y

N e 11 meV
2 o
51 5
g =
<C 5 <
0
Energy (meV) Energy (meV)
FIG. 13. Optical absorption including excitonic effects oy, FIG. 15. Optical absorption including excitonic effects foy;
=0 kVicm,#Q=3 meV, andF,~=10,20,30,40 kV/cm. =50 kV/cm,F,=10 kV/cm andk=2,5,8,11 meV.
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V. CONCLUSION 1

0.8
To conclude, we have studied the optical absorption in

undoped QW's driven by a growth-direction-polarized THz 08 Ey

electric field in the presence of a bias field. In the QW model ¢4 | U J
that we used, the energy difference between the hole sub-
bands is much smaller than that for the electron subbands. ™
Thus, the growth-direction-polarized field mostly affects the 0
hole subbands. Depending on the presence of the bias field
and the frequency of the THz field, several regimes were
discussed. First, we summarize the optical absorption in the FiG. 16. Overlap integral$!! and f12 as functions of dimen-
absence of the bias. If the frequency of the THz field issjonless wave numberay, .

below the resonance, its application causes a redshift of the

lowest exciton peak and a reduction in its height. This is

12
o | fi2 i

5 10 15 20 25
93,

similar to the case of a dc field, although both the shift of the |m|:E 2 VP(k— @) pPS= E A J'wdquwd

peak and the reduction of its height are smaller compared hogSq ' 4 h2m2lo 0 ¢
with the case of a dc field of the same strength. In addition,

small replicas appear separated from the main peak by even XVig(k—q)p§®

numbers of the THz frequency. There are also replicas mp

around the position of the forbidden transitions. These repli- _ Ebabfxdqu”d fis"(a@) ps
cas are separated from the position of the transiton energy by h o (PK+ N q°—2kqcose q

an odd number of the THz frequency. For somewhat reason-

able field stengths, such as 10-40 kV/cm, only first-order _ Epap °°d FMP ¢ ps Al
replicas are noticeable in the absorption spectrum. For THz wh o aFis"(k.a)pg, (AD)
fields close to the energy splitting between the subbands, we

can observe rather complicated absorption spectra due to si-

multaneous mixing of several subbands by the THz field. Invhere we introduced the dimensionless function

the simplest case when only resonance between two sub-

bands occurs, the well known Autler-Towns splitting is re-

covered. More interesting effects are obtained when the THz EMP(k, ) = J‘Zﬂ-d fP(q) 2
field drives a biased QW. In this case, for a low-frequency Is (K,0)=(q o ¢ x+ K2+ 2= 2kq cosg

THz field, multiple replicas appear around the lowest transi-
tion peak. We investigated the amplitude of the replicas as a
function of the THz field strength and found that they behaveFor numerical integration we define the dimensionless wave

nonmonotonically, which is a signature of the multi-THz numbersT<:kab. We choose the upper |imT¢max= 12 and

processes that give rise to the replicas. Interestingly, the Maifk i1 the whole interval intoN=120 parts with AK
exciton peak can completely disappear and only replicas re- ~ ,

main. Our results were obtained using the polarization SBE= Kmax/N- We obtain

in the linear regime with inclusion of excitonic effects in the

optical absorption. We also investigated a simple model -

which allowed us to understand the results qualitatively. jmi_ b 2 Fr;p(k’q)pgs (A3)

kK nh

q
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Figure 16 shows two overlap integrdfs(q) andf13(q). For

the given QW parametets/a,=0.968. The overlap integral
APPENDIX A: CALCULATION OF THE COULOMB f13(q) starts at unity and decreases with increasinghe
TERMS overlap integralf}%(q) increases from zero, reaches a maxi-
mum, and then decreases with increasin§imilar behavior
Numerical evaluation of the Coulomb terms presents thdS obtained for other overlap integrals. For an infinitely thin
most difficult part in solving Eq(3). To simplify the Cou- QW L<tay, f13(q)=1 andf15(q) =0 independent of. Fig-
lomb terms we use the symmetry of the interband polarizaure 17 shows two functions1i(k,q) and F13(k,q), which
tion matrix elements, which allows explicit integration over correspond to the two overlap functions shown in Fig. 16,
the angle in the 2D Coulomb integral, and the functior(k,q) for the case of an infinitely narrow
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asg—o. The singularity is integrable and the introduction

8
______ of small dephasing does not affect the results appreciably.
6r i T However, the fact that the function is constant for lame
gives rise to coupling of the polarization components with
4r Fil i any value ofk in Eq. (3) to all the polarization components
o L7 12 ] extending far above the band gap. Even if an optical pulse is
Fi2 tuned near the band gap, it will excite all the polarization
0 L L L components lying far above the band gap and the contribu-
0 4 8 12 tion of the polarization components with some frequency
SE decreases slowly, nameby,(w,— wg)*l, which gives diver-

o . _ gent macroscopic polarization in Ed.1) and divergent Cou-

FIG. 17. Functions=1,(k,q) andFy5(k,q), which correspond to o1, terms in Eq(3). These artifacts are apparently inherent
e v, i ot vl 1 he assumpton of iy extended bands Ths, @ cutf
(dashed lingfor a fixed val):Je ok—a 1 pintegral 5t a wave number o_f the order of the dimension of the Bril-
b - louin zone must be introduced. We also note that the results

are rather sensitive to the position of the cutoff. However, for

QW (with unit overlap function In evaluating these func- the cutoff used oka,=12, we checked that the results do
tions we assumed a small screenik@,=0.1. For an infi- not change if we use more integration points. From Fig. 17
nitely narrow QW without screening, the functidi(k,q) we also see that the finite width of the QW gives rise to a

exhibits a logarithmic singularity &=q and approaches?2  decrease oF for largeq.
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