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We study analytically defect polariton states in Bragg multiple quantum well structures and defect-induced
changes in transmission and reflection spectra. Defect layers can differ from the host layers in three ways:
exciton-light coupling strength, exciton resonance frequency, and interwell spacing. We show that a single
defect leads to two local polariton modes in the photonic band gap. These modes cause peculiarities in
reflection and transmission spectra. Each type of defect can be reproduced experimentally, and we show that
each of these plays a distinct role in the optical properties of the system. For some defects, we predict a narrow
transmission window in the forbidden gap at the frequency set by parameters of the defect. We obtain analyti-
cal expressions for corresponding local frequencies as well as for reflection and transmission coefficients. We
show that the presence of the defects leads to resonant tunneling of the electromagnetic waves via local
polariton modes accompanied by resonant enhancement of the field inside the sample, even when a realistic
absorption is taken into account. On the basis of the results obtained, we make recommendations regarding the
experimental observation of the effects studied in readily available samples.
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[. INTRODUCTION to those studied in Ref. 8 can be considered sufficiently long
for 90% of the gap region when the number of wells be-
Optical properties of multiple quantum welldMQW) comes close to 200.

have attracted a great deal of interest recenflyUnlike In a number of papefs'’8it was shown that the width of
other types of superlattices, excitons in MQW are confined irthe polariton band gap can be significantly increased by tun-
the planes of the respective wells, which are separated bing the interwell spacing to the Bragg conditiona= \ /2,
relatively thick barriers. Therefore, the only coupling be-where)\, is the wavelength of the light at the exciton fre-
tween different wells is provided by the radiative optical quencyQ,. Under this condition, boundaries of two adjacent
field. The coupling results in MQW polaritons—coherently gaps become degenerate, and one wider gap with the width
coupled quasistationary excitations of quantum wW&W)  proportional toyT'Q, is formed. Detuning of the lattice con-
excitons and transverse electromagnetic field. The spectrugtant from the exact Bragg condition removes the degeneracy
of short MQW structures consists of a number of quasistaand gives rise to a conduction band in the center of the Bragg
tionary (radiativg modes with finite lifetimes. This spectrum gap® A well-pronounced Bragg polariton gap was observed
is conveniently described in terms of super- or sub-radianin recent experimen’iswith In,Ga _,As/GaAs Bragg struc-
modes:**When the number of wells in the structure grows, tures with the number of wells up to 100. These experiments
the lifetime of the former decreases, and the lifetime of theconvincingly demonstrate that despite homogeneous and in-
latter increases. In longer MQW structures, however, thissomogeneous broadening, the coherent exciton-photon cou-
approach becomes misleading, as discussed in Ref. 9, andbiing in long MQW is experimentally feasible. Polariton ef-
more appropriate description is obtained in terms of stationfects arising as a result of this coupling open up new
ary modes of an infinite periodic structure. The spectrum obpportunities for manipulating optical properties of quantum
MQW polaritons in this case consists of two branches sepaheterostructures.
rated by a gap with a width proportional to the exciton-light One such opportunity is associated with introducing de-
coupling constanf'.>® The length at which this description fects in MQW structures. These defects can be either QW’s
becomes preferable usually depends upon a problem at hanaf. different compositions replacing one or several “host”
For instance, even though the discrete structure of the subraells, or locally altered spacing between elements of the
diant modes of 100 long MQW in Refs. 5,8 could be re-structure. It is well known in the physics of regular crystals
solved, the description of the gap region in terms of the(see, for instance, Ref. Lthat local violations of otherwise
superradiant mode leads to an apparent contradiction witheriodic structures can lead to the appearance of local modes
the absence of significant luminescence in this region. If onavith frequencies within spectral gaps of host structures. This
is interested in properties of the gap region, a “long system’idea was first applied to MQW in Ref. 11, where it was
usually means that it is longer than the penetration length o$hown that different defects can indeed give rise to local
radiation into the sample. The latter length depends upon thexciton-polariton modes in infinite MQW. Unlike regular lo-
frequency, therefore the system can be long enough for frecal modes in 33 periodic structures, these modes are local-
guencies close to the center of the gap, and still “short” forized only in the growth direction of the MQW, while they
frequencies in the vicinity of the band edges. Systems similacan propagate along the planes of the wells. Therefore, one
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should clearly distinguish these defect polariton modes fromwhich we base our numerical examples, the width of the QW
well-known interface modes in layered systems or nonradialayer amounts only to about 10% of the period of the struc-
tive two-dimensional polariton modes in ideal MQ¥* ture. In this case, one can neglect the overlap of the exciton
The latter exist only with the in-plane wave-numbgfsex-  wave functions from neighboring wells and assume that an
ceeding certain critical values, while the local mode in ainteraction between well excitons occurs only due to cou-
defect MQW structure exists & =0 and can be excited pling to the light. It is also important that the width of the
even at normal incidence. wells is also considerably smaller than the exciton’s Bohr
In this paper, we present results of detailed studies ofadius, and, therefore, one can neglect spatial extent of the
local polariton modeLPM’s) produced by four different wells, and describe them with polarization density of the
types of individual defects in Bragg MQW structures. Theform: P(r,z)=P,(r) 6(z—z,), wherer is an in-plane posi-
peculiar structure of Bragg MQW's results in a wider thantion vector,z, represents a coordinate of thth well, andP,
the usual polariton gap, which is actually formed by twois a surface polarization density of the respective well. Opti-
gaps with degenerate boundaries. This property has a preal response of the system even in the presence of inhomo-
found effect on the properties of local modes, leading, forgeneous broadening is successfully described by the linear
instance, to the emergence of two local states from a singldispersion theorysee, for instance, Ref. 1®ased upon a
defect. The similar effects of doubling the number of localsingle oscillator phenomenological expression for the exci-
modes was also predicted in the case of braggoritons—ten susceptibility
excitations arising inside photonic band gaps of periodic

structures made of a dispersive material, if the resonance d?
frequency of the dielectric functions happens to belong to the X= %5 5 ' (N
gap’® Of— 0 =2y,

We neglect in-plane disorder in individual QW's, and as-\yhere ), and y,,, are Is exciton frequency and relaxation
sume that apart fro_m a dellberate_ly |_ntr0duced S|_ngle defecbarameter, respectivelg,is a parameter describing the light-
the structure remains ideally periodic. We consider LPM’Sgyciton coupling. For our purposes, however, it is more con-

with zero in-plane wave vector only. Such modes can bgjienjent to consider explicitly equations of exciton dynamics
excited by light incident in the growth direction of the struc- coupled with Maxwell equations for the electromagnetic

ture, and can result in the resonance transmission of lighta|q. In the case of waves propagating along the growth
with gap frequencies. This effect is studied both analyticallyyirection of the structure, which is considered in the present

and numerically with _the nonradiative decay taken ir_1to aCpaper, only excitons with the zero in-plane wave number are
count phgnomenologlpally. The rate of the nonradiative deboupled to light, and the equations of motion can be pre-
cay may include contributions from homogeneous, as well aganted in the form:

from nonhomogeneous broadening; such an approach was

shown in Ref. 16 to give a good description of high quality 1

MQW structures. Equations describing the dynamics of the (Qﬁ—wz—Zi Yr@)Pr=—cl'E(Z,), (2)
light-exciton interaction in this situation are essentially &

equivalent to a model of the one-dimensional chain of di- 5 PE(2) 5

poles used in the series of our previous works where LPM’s © zZ) w

in polar crystals were discusséd:'® Similar equations also ?E(Z)’L 2 _47T§ En: Pno(z=2zy), (3
appear in the theory of atomic optical lattic@dhe essential

difference between results presented in this paper and previvhere (), is the exciton frequency of thath QW. The
ous studies stems from the peculiarities of the Bragg arrangestrength of the exciton-photon coupling in E®) is de-
ment. Using Green’s function and transfer-matrix formal-scribed by the parametéy, equal to the radiative decay rate
isms, we study both eigenfrequencies of LPM'’s for differentof a singlenth well. This parameter is related to the param-
types of defects and transmission properties of the defeaterd of Eq. (1) according tad?= (cI')/(7w), wherew char-
structures. Using parameters of the system studied exper&cterizes the spatial extent of exciton wave functions in the
mentally in Ref. 8, we predict which defects will produce thegrowth direction(we assumed it to be zero when we de-
most significant changes in transmission and reflection propscribed the exciton polarization by thefunction). In what
erties of realistic MQW structures. follows, we refer tal",, as to a coupling parameter. The rela-
tion of I',, to the radiative lifetime can be established, for
instance, if one uses EgR) and(3) to obtain the reflection
coefficient for a singleath QWr,,,

In order to describe optical properties of QW's one has to

Il. DEFECT MODES IN BRAGG MQW

take into account the coupling between retarded electromag- 2iwly, _ iI'n
netic waves and excitons. This is usually done with the use rn_Q(Z)—wz—Zi o(yn+T}) T Qo= w—i(yytTy)’
of the nonlocal susceptibility determined by energies and (4)

wave functions of a QW excitoh'* The treatment of the

exciton subsystem can be significantly simplified if the inter-which in the resonance approximatifthe last expression in
well spacing is much larger than the size of a well itself. INnEq. (4)] coincides with the standard linear dispersion theory
In,Ga _,As/GaAs MQW structures studied in Ref. 8, on expression used in Refs. 2, 8, and others.
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In an infinite pure system, all,, =Ty, Q,=Q¢, z,=na, a-defect (nonlocal)
wherea=»\,/2 is the Bragg’s interwell separation. Equation
(3) describes an electromagnetic wave of one of the degen-
erate transverse polarizations, propagating in the growth di-
rection of the structure. This equation coincides with equa-
tions used in Refs. 17-20 for one-dimensional chains of
atoms. The spectrum of ideal periodic MQW's with a homo-
geneous broadening parametg,=0 has been studied in b-defect (local)
many paper$>°2°-?2|n the specific case of Bragg struc-
tures, the exciton resonance frequetizyis at the center of
the band gap determined by the inequaliy<w<w,,
where  0=Qy(1—2I'o/7Qy) and w,=0Q(1
+2T o/ 7Q4).° In the formed band gap, the electromag- l
netic waves decay with the penetrati@ocalization length, 2a-b

ajajlajlal b |a a

ajalajal| b alala

B FIG. 1. Two types of interwell spacing defects. The nonlatal
I-1=a LInl cogk.a)+ —sin(k.a defect(a) as opposed to the lochldefect(b). Solid bars represent
loc ( tkod) in(koa) locations of QW'’s in the defect lattice. The empty bars represent
what would have been a perfectly ordered MQW lattice.
2
- \/ - 1) , (5  changedFig. 1(a)]. It can be seen that this induces a shift in
the position of all wells that follow the defect, making it
wherek,= w/c and significantly nonlocal. Theéb defect is produced when one
shifts just one well keeping positions of the rest unchanged
[Fig. 4b)]. Experimental realizations of these two defects is
4F0(l) .
B=—F—. (6) simple and can be done at the sample growth stage. In the
w =g following section, we show that each of these types affects

the optical properties of the MQW lattice in remarkably dif-
ferent ways.

cogkpa) + gsin( koa)

ParameteB is proportional to the susceptibility of the well
in the absence of exciton relaxation Ed) and is the main We start withQ andT defects, which are similar in a

quantity used in our theory to characterize the optical "®Sense that they both introduce perturbations in the equation
sponse of the single well. The homogeneous broadening cap motion, Eq.(2), which are localized at one sitéhe diag-

b;aEtake6n.|nto ﬁccount by a?d'rt‘%%ff[‘.’l LE trlle (tjenotmlnat?trh onal disorder. Therefore, they can be studied by the usual
of Eq.(6); we, however, neglect it until the last section of the reen’s function technique like the one used to treat the lo-

paper, where transmission and reflection spectra of defe% lized phonon states in impure crystéee, for instance,

MQAVSV iftvrvljacsfur;?ntz?(r)?]gésg:rslfgd.for structures that are IongerRef. 10. Using the polarization Green'’s function defined in a
. ' standard way by addin to Eq.(2), we can express the
than the penetration length,. for most of the band gap, y by Gn.ng a.(2) b

consideration based upon modes of the infinite periodi(polarization of thenth QW in terms of the polarization of the

structure is more appropriate. Using E§) one can show defect QW.Py, as
that in the case of 14(for GaAs/ALGa, _,As) or 200 (for
In,Ga, _,As/GaAs) wells long, MQW's of the type consid-

ered in Refs. 5,8,,>Na for 90% of the band gap of the [see details of the derivation, as well as an expression for
infinite structure characterized by the boundatgandw, . G(n—ny) in Ref. 1. Allowing n=n,, and using expression

This band gap is the frequency region where we look for neWq the Green function from Ref. 18 one obtains the equation
local states associated with the defects. In this paper, wg,, eigenfrequencies of LPM:

consider four types of such defects. First of all, one can
replace an original QW with a QW with different exciton

Ph,=G(n—ng)Py,.

frequency () defec). This can be experimentally achieved —sin(kya)

by varying the composition of the semiconductor in the well. - 2 )
Another possibility is to change the coupling constaht ( Qr 8 2

defec}) at one of the wells. Even though an experimental \/ cogkoa)+ —sin(kpa)| —1
realization of this defect in its pure form is not straightfor- 2

ward, it is still methodologically important to consider such . A2 o )
an idealized situation in order to be able to estimate hOV\yVhere the funct|orF“—(Qll—w )/(Q1-Qg) correspgnds
changes inl" could effect optical properties of the systems t0 the€) defect and the functioR =1I'y/(I';—1I'¢) describes
with real defects. The third possibility is to perturb an inter-theI" defect;{); andI'; denote respective parameters of the
well spacing between two wells. Here we distinguish twodefect layer. Equatiof¥) is an exact consequence of E¢3.
defects, which we calh andb defects. The former is realized and(3), and was first derived in Ref. 17 for th& defect. It
when the interwell spacing between a pair of wells ishas been studied in that paper in the long-wave approxima-
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1.496 . a-defect

1.491 - W, Yo

1.486 [ . Cavity

-0.010  -0.005 0.000 0.005 0.010
% ((21_90)/90 ___’// \\\_
£ 149% b
% Evanescent mode Evanescent mode
s 1491 . ) Lo
2 FIG. 3. Matching the solutions for half-infinite perfect MQW
“2 with cavity modesy.. one can obtain the dispersion equation for
& 1486 (quas)local modes(in finite systems of such a system with the
2 0 L ba 2 3 defect.
= 14916 <
' —To\?
1,2)_ 1 0
1.4912< \>< \> wéef)—wu,liz( 0, | (@) (10
1.4908

which exist only for 6<I'y<I'g and are very close to the gap
1.4904 boundaries. The situation is similar to the second solution for
0.0 05 1.0 15 2.0 the Q defect, and one can conclude, therefore, thatlthe
b/a defect would not affect significantly the optical spectra of the
FIG. 2. Positions of the local modes in the band gagge—  SysStem.

1.496 eV} for the O defect(a), a defect(b) and, b defect(c) as The next defect we consider, thelefect, is shown in Fig.
functions of the defect strengths. Numerical values of the excitorl(@). One can see that this defect differs from the other two

resonant frequency and the exciton-light coupling constant werén a fundamental way. An increase in an interwell distance
taken the same as in InGaAs/GaAs structures studied in Ref. 8. between any two wells automatically changes the coordi-
nates of an infinite number of wellg,=na for n<ny and
tion; it was found that the equation had one real valued soz,=(b—a)+na for ng<<n, whereb is the distance between
lution for anyQ,>(,. We find that in the case of the Bragg thenth and 1+ 1)th wells. Therefore, this defect is nonlocal
structures, there are always two solutions for both types oénd cannot be solved by the same methods as the two previ-
defects, one belo2, and one above. This is a manifestation ous cases. The best approach to this situation is to consider
of the fact that the band gap consists of two gaps positionethe system of a finite length and match solutions fon
one right after the other. The above equations can be solvedny and n>ny4+1 with a solution forna<z<na+ (b
approximately whenl" <<€}, which is the case for most —a), which is schematically shown in Fig. 3. Eigen frequen-
materials. For th&€) defect, one solution demonstrates a ra-cies can be derived then considering lirhit- . Solutions

diative shift from the defect frequendy;,, for the finite system can be constructed using the transfer-
matrix approach. The state of the system atriith well is
O1—Qp described by a two-dimensional vectgy, with components
wid=01-Tg ' ®  E(x,) and (1ko)[dE(x,)/dX]
V(0y= Q1) (21— o) m 0 m
m
while the second solution splits off the upper or lower . A A
boundary depending upon the sign@f—Q: Um_nﬂl Tvo=Tvo. (11)
@ m Q— Q)2 The 2X 2 transfer matrixArn at thenth well is
Oher= Wyt (@) | 5 —5— |, 9 . .
0 ~ [ coskoan)+Bsin(keas)  sin(koay)

where one chooses,, and “—" for ,<Q,, and w, and " | —sin(koa,) + B cogkoa,) cogkea,) )’ (12

“+"in the opposite case. This is illustrated in FigaR It
can be seen that the shift of(%; from the defect exciton
frequency(), is negative for();>(, and positive for(),
<Qq. The magnitude of the shift is of the order of the cou-
pling constantl’y, which is usually rather small, and this
fact, as it is shown in the next section, is crucial for the
optical properties of the defect. The second local moéfgf r t
lies very close to the edges of the band gap, and it would be, UO:( _ ) and vy= ( it)'
therefore, very difficult to distinguish it from the modes
making up the allowed bands even for negligible dissipationA resulting dispersion equation for the eigenfrequencies can
In the case of th& defect, one again finds two solutions be expressed in terms of the elements of the total transfer-
of Eq. (7): matrix T:

wherea,=Xx,, 1—X, and 8 is defined by Eq(6). The eigen
quasistates for a finite systeme (1,N), can be found if one
looks for nontrivial solutions when no wave is incident upon
the system. This corresponds to the boundary conditions of
the form
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T11F+Top) —i(T1o— Ty =0. (13 2
(Tart T2 =1 Teo™ Tod %sinz[ko(b—a)] Ly P kR eikea)
It is clear that for finite samples the solutions of this equation 2\ 2D
are complex, reflecting the fact that the modes are not sta- B 2 B
tionary; they have lifetimes that tend to infinity only in the +sirf(koa)| = — \/5 +sin(2koa)| = — \/5) =0.
limit N—co. 2 2
Equation(13) for the a defect in the infinite MQW sys- (17

tem, after some cumbersome but straightforward algebra, can

be presented in the form This equation can be solved approximately assuming that the

) splitting of the solution from the Bragg frequendy, is
cottkeb) = — sin(koa) — BN _/2 (14  Much smaller than the width of the gap. Expanding different
0 cogkpa)—A_ ’ terms of Eq.(17) in terms of powers of @ — ) and keep-
ing the lowest nonzero contribution, one obtains two differ-
where\ _ =[ cot(k,a)+ 3/2— JD]sin(ka) is one of the eigen- ent solutions for frequencies of LPM’s:
values of the transfer matrix, Eq12), andD=—1+ /4
+ B cot(kya). This equation, as well as in the cased’oand o\ UA[ T\ 34
() defects, has two solutions—above and beldy. These wgle,?)zgo[li<_) <_°) |sinar(&— 1)@_ (18)
solutions can be approximated as ™ Qo

) wy— o (— 1)t 2sin( 7 ¢/2) The relative splitting of these modes frdiy, is of the order
wher= Qo™ — P , of (I'g/04) %4 and is much smaller than the relative width of
1+ ;Q £(— 1) Y2leoq wél2) the gap, which is proportional td'¢/Q)Y? in accord with
0

our initial assumption. Similar to the case of thedefect,

(15 these frequencies change periodically withbut unlike the
previous case, they both split off the center of the ghp
@, Q@ (— Dl 2lecog w¢l2) and at integer values @&f merge back td),. The maximum
@der—2lot wy— ) ' deviations of the local frequencies frofly, are of the order
1-—5g 8= D Y2sin(7¢l2) of (I'/94)%* they take place for half-integer values &f
0 (16) One can notice that thb defect involves two adjacent

wells, and in the Green’s function approach, one would have

whereé=b/a, and[ . . .] denotes an integer part. Therefore, {0 deal with a system of two coupled equations. Accprdingly,
for [y<€Q, and not very large, ¢<(Qy/Tg)¥2=1%, and It can bg expec_ted that there must be fogr possible local
both solutions are almost periodic functionstgf with the frequencies(two in each half of the ggp while we found
period of 1, as shown in Fig.(B). These solutions oscillate ONly two of them. The reason for this is that the Bragg con-
between respective boundaries of the gap ér w,) and the dition makes a pair of frequencies, which are both above or
exciton frequency),. At the integer values of, one of the below Q,, nearly degenerate, and the dlffer'ence betwee'n
frequenciesoY; or »{; becomes equal 1, and the other them is much smaller than the terms we kept in our approxi-
reachesw, or , depending upon the parity af. When ¢ mate solutlon. ThI.S can be understood if one not|c_es that the
crosses aun integer value, the solution passing thrddgh transfer matrices n Ed12) contain fact_ors cokp). sinkb),
changes continuously, while the second one experiences d cqsk(Za—b)], S|r[k(2a—b)]_ for the first and the second
jump toward the opposite gap boundary. The observabl®@ the involved wells, respectlvgly.. Exactly'at the Bragg fre-
manifestations of the defect modésr instance, transmis- quencyk_a=w these_ factors coincide leading to the degen-
sion resonances as described in the next section of this)pap acy. Since the S_h'ft of the actual local freque_ncy from the
vanish when the defect frequencies approach the gap boun ragg frequency is relatively small, _the solut!ons remain
aries. This jump, therefore, would manifest itself as a disap[‘ear!y deg'enerate. The fact that obtained sgluuons are sym-
pearance of the transmission peak near one of the gap bourfgetrical W'_th respect to the replacementtoivith 2a—b is
aries, and a gradual reappearance at the opposite edge aglpt surprising and reflects the symmetry of the transfer ma-
changes through an integer value. It is interesting to not&1ces discussed above.
again that the exciton resonance frequefity, which for-
mally lies at the center of the gap, behaves as one of the gap
boundaries. This is another manifestation of the fact that the
polariton gap in the Bragg structures is formed by two adja-
cent gaps with a degenerate boundarylat In this section, we study how the local defect modes ob-

Calculations of the defect frequencies for thdefect can  tained above affect the reflection and transmission spectra of
be done in the framework of both schemes. The transferthe finite-size periodic Bragg MQW's in the presence of ho-
matrix approach, however, turns out to be less cumbersomenogeneous broadening. Transmission and reflection coeffi-
The dispersion equation for LPM’s in this case takes thecients can be expressed in terms of the elements of the total
form transfer matrix defined by Eq1l) as

IIl. DEFECT LPM’'S AND TRANSMITTANCE
AND REFLECTANCE EXPERIMENTS
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‘ 2defl ‘2 exhibiting an exponential decay characteristic of the evanes-

T=|t|?= . , (190  cent modes from a band gap.

(T11+T22)_'(T12_T21)| Equation (21) describes the resonance tunneling of the
_ . 2 electromagnetic waves through MQW with the defect. The

R=|r|2=‘— (T T22)+|(T12+T21)‘ (200  equation

(Tt To)—i(T1=Top)|

Without absorption,T and R in the form of Egs.(19) and
(20) can be shown to add up to unity. In the denominators of
T and R one can recognize the dispersion relation Ed)
that was obtained in the previous section by matching the€an be shown to coincide with the dispersion equations for
decaying solutions on both sides of the defect. local defect modes of the infinite structure in the casélof
I' andQ) defects differ from the original QW’s only in the andI’ defects. Given this fact and the structure of E2{), it

definition of the parameteg, therefore, they both can be seems natural to assume, as we did in our previous papers,
dealt with at the same time. The exact expressionTios  that the transmission reaches its maximum value at the fre-
cumbersome, however, if the length of the system is longeguencies of the local modes. More careful consideration
than the penetration length over the frequency region of inshowed, however, that the systems under consideration be-
terest, it can be simplified. In this case, the smaller eigenhave in a less trivial way, and that maxima of the transmis-
value of the total transfer matrix is proportional to sion occur at frequencies shifted from the frequency of the
exd —Nall,o(w)], wherel . is given by Eq.(5), and can be local modes. This is quite unusual behavior that distinguishes
neglected. The expression for the transmission coefficierthe systems under consideration from other instances of reso-

1+e=0

then can be presented'as nance tunneling. Moreover, we shall show that contrary to
our previous resuft’ the transmission at the maximum is
_ to always equal to unityin the absence of absorption
~ (1+e)+iexp—ikoNa)ePtycosi (N—2n,+1)xa]’ Evaluation of the exact analytical expression for the trans-

(21 mission coefficient Eq(19), obtained from the total transfer
matrix, showed that the distinctive resonance transmission
occurs only if local modes lie not too close to the boundaries
or the cente(which is, strictly speaking, also a degenerate
boundary of the gap.I' defects, therefore, can be excluded
from consideration, as well as one of the solutions for@he
defect. For frequencies close to the remaining local mode
[the solution for the) defect given by Eq(8)] the expres-
(22) sion for the transmission coefficient E@1) can be simpli-

where we introduce the defect parameter=(Byes
— B)I2\/D, which is equal to zero wheBy.s=; ng is the
position of the defect QW, x=1/,,(w), and &
= Bl[sin(ga)\D]. Fore =0, Eq.(21) gives the transmission
coefficientty of the pure system,

2e't exp(— kL)

O:1+i[2—[300t(ka)]/\/5' fied. Expansion in the vicinity of the local mode gives
( w—Ql )2
B wger— g
= w— o, cosH (N—2ng+1)ka](1+i-A,)|? ( w—Q )2' (23
1+A, :
Wdef™ Wy 0ger—
|
Parameterd\;, A,, andw, are defined by (0, — Wger)(Wger— @)
O = Ogert T QO
0
04— 0ge)(Wger—o_)2 Wyei—
= (o 2def) ( def ) , (24) % ( def 0) efKNa, (26)
A wger— Qo) (et~ o)) (0~ @ger) V(@ger— o)) (0y— 0ger)

wherew . = Qo+ (w,— Q0)/\/2. The resonance transmission
(0gei— Qo) V(wger— o)) (0y— 0ges) occurs when the defect layer is located in the center of the
2= (01— 0ger) (Oger— ®_) systemN—2n,+1=0. In this case, the coefficie®t, be-
comes zero and Eq23) can be presented in the following
XtanH (N—2ng+1)«a], (250  form
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2 1.0
_4yy (0 0rtQ)? 27 1%4 lQ.
475+ Q% (0—wr)?+ayh g 081
=]
whereQ=w,— 4, and the parametey,, is given by ‘é 061
wger— Qo) ? g
Yo= mo(—"‘” °> e e, (29) £ 04
Qo
The transmission spectrum described by &q) has a shape 0.2y
known as a Fano resonarnceAt wr=w, +4v5/Q the reso- oo /
nance frequency, at which the transmission turns to unity, 1.49246  1.49247 149248 149249  1.49250
and parametery, andQ describe the width and the asym- o,eV

metry of the resonance respectively. One can see from Eq.
(26) that in general the transmission resonance frequency is FIG. 4. The shape of the transmission maximum for three
shifted with respect to the frequency of the local mode. ThéengthsN=101,201,301. For all lengths, th@ defect is in the
shift, though exponentially small for long systems consid-center of the systenf);=1.492491 eV is the exciton frequency
ered here, is of the same order of magnitude as the width ¢ff the defect layer. The exciton resonant frequefigyis 1.491 eV,
the resonancey,, and is, therefore, significant. These two the exciton-light coupling constaiity is 27 weV as in the InGaAs/
frequenciesw, andwges, coincide in the special case when GE’?AS §tructures studied in Ref. 8, however, no homogeneous broad-
wger=w- . The fact that the transmission is equal to one, in€ning is assumed.
t1h7|)s particular case, was obtained in our previous p&Ref. yﬂ_is Of_ the order of the _excitqn resonance frequefiy

At 0= w,—Q=0, the transmission equals zero, which is Whlle_Q is pf t_he order of’, i.e., S|gn|f|cantly smaller. There-

. r 1 q ’ fore, in principle, there are two possible casgg>Q for
a signature qf Fano resonances. Usuall_y the presence qf FaRorter systemg 1< «Na<log(Q/Q)], and y,<Q for
resonances is associated with interaction between a discrgig,jar systems. In the first case, the transmission spectrum
level and a continuum of states. This is not the case in th@ag” 5 distinctively Fano-like asymmetrical shape, while in
S|tuat|pn under consideration. Zero of the tran§m|SS|on IN OUthe second limit the spectrum attains the symmetrical Lorent-
case is caused by the fact that thedefect brings to the zjan shape characteristic for Wigner-Bféitesonances. Fig-
dielectric function of the system a new pole @4, which  yre 4 shows the evolution of the shape of the transmission
describes the interaction between electromagnetic waves amg@sonance in the absence of absorption from Fano-like to
excitons of the defect well. The penetration length divergesVigner-Breit-like behavior with an increase of the length of
at (24, and transmission, therefore, vanishes. The interactiothe system. One can also see from this figure how the posi-
with excitons, at the same time, leads to the radiative shift ofion of the transmission maximum moves with an increase of
the frequency of the local mode, and hence, the frequency dhe length. An actual possibility to observe the Fano reso-
the transmission resonance, away from The combination nance in the considered situation depends strongly upon the
of these two factors is responsible for the Fano-like shape dadtrength of absorption in the system, which must be at least
the transmission resonance. The actual form of the Fansmaller thanQ. A more detailed discussion of absorption-
spectrum in an ideal system without absorption is determinedelated effects is given below in the present section.
by the interplay between the width parametgey and the Calculation of the transmission coefficient for theefect
asymmetry parameté). The former exponentially decreases can be carried out in a similar manner. Dropping the expo-
with an increase of the length of the system, while the lattenentially small contribution from the smaller eigenvalue the
is length independent. However, the pre-exponential factor inransmission matrix can be written in the following form:

to
t= ” : (29
(1+e,) +ie '(@ONap2gjn < (b—a) |tocosti(N—2ng)xa]
|
where sion resonance is shifted with respect to the local mode. In

the vicinity of the resonance, E(R9) can be presented as:

. wb | 1 B | | b
sin| < —sin Ea -\ —m sin E( —a) - 1 30
€a= o B w—w7cosi(N—2ng)ka](1+i-A,)|?’ (30
sinl —a 1+A; —
c Wdef™ OT

Similar to the previous defectsHe,=0 coincides with the where parameters, and A, are again given by Eqg24)
dispersion equation for an infinite system, but the transmisand (25), respectively. One only needs to replade-2n,
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+1in Eq.(25) with N—2ng, which reflects the new symme-

try of the system. The frequencies of local modeg.; are
now given by Eqs(15) and(16), and wy is defined by
01= 0gett 2(0ger— Qo)

><(w+_wdef)(wdef_w—)(wdef_ o)) (W, = ®ger)

(wu_‘QO)4

x e~ xNa (31)

The resonance transmission again occurs wier2n,=0,

PHYSICAL REVIEW B 64 075321

Z(wdef_QO)z(wdef_ w) ¥ 0y~ wdef)slze_KNa
(wy— Q0)4

Ya= (33

The frequencywy, where the transmission coefficient takes
the maximum value of unity, is again shifted from the fre-
quency of the defect mode. The two frequencies coincide,
however, when the defect frequency is made equabta

As one can see from E@l5), these conditions can be satis-
fied simultaneously for both defect frequencies of #hee-

fect whenb=(integer+1/2)a [see Fig. 2b)]. In this case,

the position of the transmission resonance becomes indepen-

which requires an even number of wells in the system. Equadent of the length of the system.

tion (30) in this case takes the standard Wigner-Breit

shape

Finally, theb defect gives an expression for the transmis-
sion coefficient very similar to Eq21) with the only dis-
tinction thate has to be replaced by a different expression,
which is too cumbersome to be displayed here. The maxi-
mum transmission for a given defect is again achieved when
the defect is in the center of the systeM i6 odd. Expand-
ing the transmission coefficient near the frequency of the
respective local mode, one obtains

7, (34

T +i.sin{(N—2ny+1)«a]

effect of absorption on resonances caused by different de-
fects by looking at the widths of the respective spectra. For

472
- (32)
(0—w7) +47a
with the half-widthy, given now by
o 1
- n 1( w,— Qg )2 w—w
4\ wger— Qo) |®ger— @71
|
with w now given by
1= 0ger— 2(wger— Qo)e” N (35

all types of defects, the width of respective resonances expo-
nentially decreases with the length of the system, conse-

Unlike other types of defects, in this case, the transmissioguently, in sufficiently long systems all resonances dissap-
resonance is always different fromye;. When the defectis pear. However, pre-exponential factors make different
at the resonance positioh—2ny+1=0, the transmission defects behave differently at intermediate distances. A simple
spectrum again takes the Wigner-Breit shape with the resagualitative estimate would require that the width of the reso-
nance width determined by parametgr, wherey, is given  nances be smaller than the exciton relaxation parameter.
by Therefore, the resonances, where the pre-exponential factor
of the width is considerably larger than the relaxation param-
eter, can be observed in the systems of intermediate length.
On the one hand, the length must be greater than the local-
ization length of the respective local mode. On the other

. hand, it must be small enough for the width of the resonance
In real systems, enhancement of the transmission coeff

Lo L ; o remain larger than the exciton relaxation parameter. The
cient is usually limited by homogeneous broadening of eXClitano resonance arising in the case of éhadefect though,

ton resonances. Two cases are possible when exciton dampsq,ires special consideration since its vitality is determined
ing is taken into account. It can suppress the resonanqgy the asymmetry parameté rather than by the width pa-
transmission, and the presence of the local states can only b§metery,, . Although the latter is determined by the large
observed in not very long systems as a small enhancement gfe-exponent(of the order of the exciton resonance fre-
absorption at the local frequency. This can be called a weakguency(),), the former is of the order of the light-exciton
coupling regime for LPM, when incident radiation is reso- coupling constank ,, which is much smaller. The Fano reso-
nantly absorbed by local exciton states. The opposite cas@ance will likely be washed out as soon as the relaxation rate
when the resonance transmission persists in the presence @fceeds this asymmetry parame@erThis circumstance will
damping, can be called a strong-coupling regime. In thigrevent observation of the Fano resonance due tefect in
case, there is a coherent coupling between the exciton and,Ga _,As/GaAs MQW's, experimentally studied in Ref. 8
the electromagnetic field, so that the local states can be suiivhich is, to the best of our knowledge, the only system,
ably called local polaritons. Qualitatively, we can assess thevhere radiative coupling was observed for systems as long

o= 2((‘)def_QO)2
p=2——

—«kNa
wu—0, e . (36)
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as 100 wells. In this system, the exciton resonance frequency g 100
Q, and the exciton-light coupling parametEy were, re- § 0751 R d
spectively, equal td),=1.491 eV, and =27 ueV, while 2
the exciton relaxation parameter was estimated ygs § 0.50}
=280 ueV.® This parameter, however, includes both homo- a 0251 j
geneous and nonhomogeneous contributions. Experiments ’ ’
carried out in Ref. 5 with Bragg GaAs/Aba _,As MQW 0.00 :
S X L 1.00
system provide information about the magnitude of pure ho- =
mogeneous broadening in this system. According to Ref. 5 2 075
radiative and nonradiative rates in GaAg{ABa, ;AS system ,;:3 050l
consisting of 10 wells are equal, respectively, I 2
=67 neV andy,,=12.6 ueV. One can see that if the inho- 0.25]
mogeneous broadening could be reduced, the conditions for
’ I 0.00
observation of the Fano resonance would be significantly 1.00
improved. §
The pre-exponent of the resonance width in the case of ‘g 0.75¢
the a defect is of the order of magnitude of the gap width, 2 0s50f
which is proportional toyI'gQq. It is considerably larger <
than y,, for the InGa, _,As/GaAs MQW's and we expect, 05y A
therefore, that it can be easily observed in readily available 0.00t=""" . L e
samples of this composition. As far as thalefect is con- 1482 1487 1491 149  1.500

cerned, it gives rise to extremely narrow transmission peaks, 0(eV)

which are characterized by a pre-exponential factor of the g, 5. Transmission, reflection, and absorption coefficients for
order of TI'g. It, therefore, will be washed out in the-type defect. The defect is placed in the center of the MQW
In,Gay - ,As/GaAs MQW's, but can be reproduced in 60—80with 201 quantum wells. The exciton frequency of the defect well
wells long systems with the parameters similar t0Q, is chosen such that);—Q)/Q=1.003. Numerical values of
GaAs/ALGa, _,As MQW's studied in Ref. 5 if inhomoge- the exciton resonant frequency and the exciton-light coupling con-
neous broadening could be significantly reduced. stant were taken for InGaAs/GaAs structures studied in Ref. 8.
We compliment the qualitative arguments presented abov8olid lines show results obtained in the absence of absorption, and
with numerical evaluation of exact expressions for the transdashed lines were calculated in the presence of experimentally
mission, and reflection coefficients, Eq$9) and(20), using  observel homogeneous broadening.
parameters of the mentioned, &g, _,As/GaAs systems. In
order to illustrate what kind of effects could be observed inflat with only insignificant increase at the resonance fre-
samples with reduced inhomogeneous broadening, we alspuency. In the case of thedefect, strong exciton absorption
present results obtained with  parameters  ofcharacteristic for the IGa _,As/GaAs structures washes
GaAs/ALGa,_,As systems with only homogeneous relax- out any resonance features from the spectrum. The reso-
ation included. To account for nonradiative decay quantitanances, however, survive if only homogeneous broadening is
tively, we add an imaginary part to the denominator of theincluded. In this case, one would have very narrow symmet-

parametes: ric transmission, reflection and absorption li€&y. 7) lo-
cated rather close to the center of the gap. It is interesting to

5= Al ow compare resonance behavior of thdefect and thé) defect
B wZ—Q(Z)-i-Zi ynrw. in the regime of strong coupling. The latter results in absorp-

tion that, though increased sharply at the resonance, is still
Figure 5 shows transmission and reflection coefficients of theather weak, at the same time, the transmission reaches in
Bragg MQW lattice made of 201 quantum wells with e  this case almost 80%. In the former case, however, the trans-
defect in the center with parameters corresponding to thenission does not grow that dramaticallyp to about 0.4
In,Ga _,As/GaAs system. One can see that absorptiorbut absorption increases by two orders of magnitude. The
washes out the strong asymmetric pattern of the Fano resdifference is caused by the different shapes of the reso-
nance, but some remains of the resonance are still quiteances: the Fano resonance is considerably wider and, there-
prominent, and can probably be observed in high-qualityfore, results in less dramatic increase in the maximum
samples. Figure 6 represents the spectra of a 101 well lonabsorption.
system with parameters corresponding to GaAsHal _,As, Figure 8 shows the transmission and reflection of the
but without contribution from inhomogeneous broadening.Bragg MQW lattice of 200 quantum wells with tleedefect
One can see a characteristic asymmetric profile of the Fanaith é=b/a=1.5 and parameters of the,lBa, _,As/GaAs
resonance both in transmission and reflection. There is alsosystem. This is the only defect for which the strong-coupling
remarkably strong and narrow absorption line at the resoregime can be realized for this material. But since this is the
nance frequency with more than eightfold growth of absorp-only system, for which the samples with large number of
tion at the resonance. This behavior should be contrastedells were experimentally grown, we shall discuss the re-
with the previous figure, where absorption spectrum is rathelated results in more details. For the defect with the
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FIG. 7. Transmission, reflection, and absorption coefficients for

FIG. 6. Transmission, reflection, and absorption coefficients forthe b-type defect. The defect is placed in the center of the MQW
the Q-type defect. The defect is placed in the center of the MQWwith 101 quantum wells. The defect strengthéis b/a=1.5. Nu-
with 101 quantum wells. The exciton frequency of the defect wellmerical values of the exciton resonant frequency and the exciton-
Q, is chosen such that)l; — Q,)/Q,=1.003. Numerical values of light coupling constant were taken for GaAs/AlGaAs structures
the exciton resonant frequency and the exciton-light coupling constudied in Ref. 5. All results were obtained in the presence of ex-
stant were taken for GaAs/AlGaAs structures studied in Ref. 5. Allperimentally observechomogeneous broadening.
results were obtained in the presence of experimentally observed
homogeneous broadening. It is interesting to note that the effects of local modes on

L the resulting absorption of the incident wave is very weak in

strengthé=1.5, one has two symmetric with respect 0 they,q 456 of weak coupling. Even though there is some small

center resonances. The peaks_ are very prpnounced n tIgf?mancement of absorption at the resonance frequencies, it is
tranmission, and the contrast in reflection is very large—

about 30%, and can be made even larger if one increases tﬂqeucfh weaker than absorption peaks yvhen_strong cogpllng IS
€alized. In other words, local polaritons in the regime of

length of the system. The spectra shown in Fig. 8 can, hoV\’r_érong coupling demonstrate resonance behavior in both

ever, be affected by the presence of the additional resonan e . ) oo
due to 2 excitons. in Ref. 8 it was shown that this resonancela1Smission and absorption at the same time, while in the

causes asymmetry of the reflection spectrum. We expect th¥feak-coupling regime there is only a small effect of the local
it could have the similar effect upon spectra presented in FigStates upon all optical spectra of the system. The explanation
8 causing an asymmetry between low- and high-frequenc{Pr this behavior lies in the spatial distribution of the elec-
portions of the spectra. Even ifs2xcitons contribute addi- remagnetic wave intensity throughout the system. In the ab-

tional resonances to the spectra, they would be rather fvealS€Nce of absorption, the_ electric field at the resonance'fre—
and could be clearly distinguished from the effects consigduency decays exponentially away from the defect layer, i.e.,

ered in the present paper. As an additional identification tool'€€ OCCUIS a strong exponential enhancement of the inci-
one can use the dependence of the defect induced featur@gnt field at the defect lay&?2*We used a self-embedding
upon the defect parametiefa, while a contribution from the technique, adopt_ed for the discrete systems in Rgf. .18’ to
2s exciton resonance would not be affected by changes igalculate numerically the eIectromagnetlg field inside a
this parameter. Besides, changing the parameters of the dMQW structure. In the absence of absorption, we observed
fect, one can move the transmission resonances closer to tHe® exponer_1t|a_l increase of the f|e!d compared to the ampli-
center of the gap and farther away from theexciton reso-  tude Of the incident electromagnetic wakdg,

nance. We can conclude, therefore, that the strong coupling |E o] =|Ein| - eN/2x@ (37)
between local excitons and local photons can be experimen- ma n '

tally realized in readily available samples of Nonradiative broadening suppresses not only the resonance
In,Ga _,As/GaAs MQW's. If, however, one could reduce transmission but also the exponential enhancement of the
disorder in the samples, the optical resonances deede-  electric field. If the strong coupling regime is not realized,
fect would be even more pronounced with more dramatidhe intensity of the wave decreases exponentially throughout
increase in transmission and absorption at the resonance frite sample almost as it would in the absence of the defect,
guencies. and is just slightly larger at the resonance frequency than off
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FIG. 8. Transmission, reflection, and absorption coefficients for  FIG. 9. The distribution of the electric field at the frequensy
the a-type defect. The defect is placed in the center of the MQWin the system with the-defect placed exactly in the middle without
with 200 quantum wells. The defect strengthéisb/a=1.5. Nu- () and with(b) experimentally observéhomogenous broadening.
merical values of the exciton resonant frequency and the excitonthe defect strength i§=b/a=1.5. Numerical values of the exciton
light coupling constant were taken for InGaAs/GaAs structuresresonant frequency and the exciton-light coupling constant were
studied in Ref. 8. Solid lines show results obtained in the absence @fken for InGaAs/GaAs structures studied in Ref. 8. Four curves

absorption, and dashed lines were calculated in the presence ghrrespond to different sizes of the system: 100, 200, 400, and 1000
experimentally observéchomogeneous broadening. QWss.

resonance. Therefore, the peaks in absorption in these cadéanslates, as computer simulations show, into the vanishing
are also only minute. At the same time, Fig. 9 shows thaglectric field everywhere behind the defect at this frequency
even in the presence Of absorption thedefect in the —the qefeCtIaCtS as ah a|mOSt perfeCt refleCtOI’. The grOWth
In,Ga,_As/GaAs MQW's, which remains in the regime of Of the intensity of the field at spectrally close frequeiy
strong coupling, demonstrates more than a three-fold erls also limited to onl_y 1.5 of the incident intensity, which is
hancement ofE|? at the location of the defect for the system Much smaller than in the case of thedefect. The strong

of an optimal length. Figure 18) shows the evolution of the enhancement of the field at the location of thelefect has

S : simple physical explanation. The frequency of the local
fAeCtr.'C f|els taht frequte NCyr a\}\(;he Iocattlon of t?ﬁ g%fect "’:S states due to thb defect lies close to the exciton frequency
€ size of the Syslem growsor systems wi ITerent  hat is tuned such that/2=a. This means that at the fre-

Cq'uency of the local mode, all QW'’s but ofhe defect one,

ture). One can see that t_he e>_<ponentia| growth of the field ingee 150 Fig. ()] lie in the nodes of the electromagnetic
the absence of absorptiasolid curve changes to a non- \yave? Therefore, one could expect stronger than usual

monotonic behavior when absorption is includ@thshed  growth of the electric field at the defect. From this consider-
||ne). For the partlcular SyStem under ConS|derat|0n, the fiel tion, one should expect the maximum effect to occur when
reaches its maximum at abol,=450, where we see the the defect QW is placed in an antinode, where the electric
crossover from the resonant enhancement regieN,,)  field is the largest. We already encountered this condition,
to the exponential decayN(N,). Enhancement of the field when we studied the transmittance in the presence of this
at the defect explains both transmission and absorption resgype of defect—the most favorable value of the defect
nances. strength wab/a=0.5 orb/a=1.5. This peculiar spatial dis-

In the absence of the inhomogeneous broadening, mudfibution of the electric field explains the narrow transmis-
stronger enhancement of the field at the resonance for thregon peak and strong enhancement of the electric field on the
types of defects takes pla¢Big. 10b)]. We see that foN  defect. This fact has great potential for applications if this
=100, the intensity of the electric field at the location of thetype of the defect is realized experimentally.

b defect is enhanced by the factor of 50. It correlates with the

strong increase of absorption in this case. The difference in IV. CONCLUSION
absorption betweeb and () defects also signals about the
difference in the field distribution. The fact that thedefect The main objective of the present paper was to demon-

leads to the vanishing transmission at the frequeflcy strate that introducing “defects” in periodic Bragg MQW
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can significantly affect optical spectra of the system. We
found that the resonance transmission of radiation due to the
local state results in strongly asymmetric Fano-like transmis-
sion spectrum. This transmission resonance turned out to be
very sensitive to the presence of nonradiative broadening, it
can only survive if the total broadenir@cluding both ho-
mogeneous and nonhomogeneous contributidass not ex-
ceed the strength of radiative coupling between excitons and
light. Using available data, we concluded that the Fano reso-
nance could not be observed in Gy _,As/GaAs systems,
but would survive if inhomogeneous broadening could be
significantly reduced. Absorption spectrum of such a struc-
ture would demonstrate a narrow line with absorption though
increased at resonance, but still relatively weak. The weak-
ness of the absoprtion correlates with the fact that the inten-

- \ sity of the field at this defect increases only slightly.
5- Another defect with interesting properties considered in
the paper is thd defect, which arises when one shifts the
position of one of the wells keeping coordinates of all others
intact. This corresponds to changes in the thicknesses of two
FIG. 10. () The dependence of the strength of the electric ﬁe|dadjacent'barriers. This defect produces two local mo'des with
at the position of the defect in InGaAs/GaAs structurésom Fig.  frequencies close to the center of the gap. Respective trans-
9) at w7 on the size of the system wittdashed lingand without ~ Mission resonances have regular symmetric Lorentzian
(solid line) homogeneous broadening. The other defects did noshapes but with rather narrow widths. The last circumstance
demonstrate resonance enhancement of the electric field and are io@kes these defects also very vulnerable to the nonradiative
shown here(b) The dependence of the strength of the electric fieldbroadening, and they can only survive in systems with the
at the position of thes, b, and Q) defects in GaAs/AlGaAs struc- radiative decay rate greater than the non-radiative one. If,
tures atwt on the size of the system is shown. Numerical values ofhowever, this resonance is realized, one can obtain a narrow
the exciton resonant frequency and the exciton-light coupling conabsorption line with almost two orders of magnitude increase
stant were taken from Ref. 5. All results were obtained in the presin absorption at the resonance, or what is even more impor-
ence of experimentally observetiomogeneous broadening. The tant, 50-fold increase in the intensity of the electromagnetic
defect strengths ar¢=b/a=1.5 for a and b defects, and @;  field at the defect QWfor zero inhomogeneous but realistic
—0g)/Q7=0.9963 for the) defect. In the presence of the realistic homogeneous broadenings
homogeneous broadening, all three types of the defects show the The most robust of the local polariton modes is produced
resonance enhancement of the electric field. by thea defect. In this case the width of one of the barriers
is increased, while all other barriers remain the same. The
systems, one can obtain new opportunities to tailor opticatiefect produced in this way resembles a regular microcavity,
properties of quantum heterostructures. By “defects” webut with optically active mirrors. This fact distinguishes the
mean wells or barriers with properties different from those ofsystem considered here from regular cavities with, for in-
the host structure. We consider four different types of defectstance, Bragg-distributed mirrors. Local states arising in this
and show that each of them affects the optical spectra of thease give rise to rather wide resonances in optical spectra,
structure differently. Using available from literature param-which can survive strong enough nonradiative broadening
eters of InGa, _,As/GaA$ MQW'’s we generate the reflec- and can be observed in readily availableGa;_,As/GaAs
tion and transmission spectra for this readily available strucsamples.
ture and show that they are significantly modified in the The results obtained demonstrate that one has a great va-
presence of the defect layers. We also computed optical sperdety of opportunities to tailor optical properties using defect
tra for a hypothetical system without inhomogeneous broadMQW'’s. These systems can have a range of different appli-
ening. Other parameters such as the rate of homogeneouations. For example, the great sensitivity of the defect-
decay, and exciton-photon coupling corresponded to redhduced features of optical spectra to characteristics of the
GaAs/ALGa, _,As MQW's studied in Ref. 5. We showed system can be used for characterization of both host QW'’s
that inhomogeneous broadening is the main limiting factor inand defect wells. This sensitivity also leads to possibilities to
producing strong modifications of optical spectra of defecttune the frequencies of local modes by means of application
MQW's. of stress, electric or magnetic field, or other stimuli. Another
Among the four types of defect considered in the paperimportant feature with great potential for applications is the
three are of special interest. First, thedefect, arises when increase of the field intensity in the vicinity of the defect
one of the QW's is replaced by a well with a different exci- well. It can be utilized in order to enhance optical nonlinear-
ton resonance frequend{;. In this case, two new local ity of the system. It is also worth noting that the local modes
modes arise within the band gap of the original structure, butonsidered here can be useful as tunable sources of narrow
only one of them, which manifests radiative shift frdi, luminescent lines at the frequencies of the local modes.
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Besides opportunities for applications, the effects consida variety of applications. We hope that this paper would
ered in the paper are interesting from the academic point oftimulate experimental observation and utilization of the pre-
view. The tunneling resonances associated with the local patdicted effects here.
laritons have a number of peculiarities compared to other
examples of resonance tunneling phenomena. For instance,
the Fano-like transmission produced by thalefect appears
here under new circumstances, specific for this particular
system. Another interesting feature of the local polaritons is We would like to thank David Citrin and Gottfried
that the frequencies of transmission resonances are alwagrasser for useful discussions of our work. We are also in-
shifted with respect to the eigen frequencies of the modedebted to S. Schwarz for reading and commenting on the
and depends upon the length of the system. Concluding, th@anuscript. This work was partially supported by NATO
structures considered in the present paper demonstrate Linkage Grant No. N974573, CUNY Collaborative Grant,
number of interesting optical effects and have a potential foand PSC-CUNY Research Award.
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