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Effects of inhomogeneous broadening on reflection spectra of Bragg multiple quantum well
structures with a defect
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The reflection spectrum of a multiple quantum well structure with an inserted defect is considered. The
defect is characterized by the exciton frequenrgy different from that of the host's wells. Effects of both
homogeneousy and inhomogeneous broadening®n a modification of the reflection spectrum caused by the
defect are studied. In the case when the penetration length at the frequgrecgmaller than the length of the
system, the modification of the spectrum is quite sharp and is noticeable up to very high valies of
Moreover, the position of the minimum of the reflection is shifted and this shift leads to a suppression of the
effect of inhomogeneous broadening. This results in a significant drop of the reflection. A method of measuring
vy andA from a single reflection spectrum is suggested.
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[. INTRODUCTION structures with a small number of periods, the reconstruction
of the optical spectra in Bragg MQW'’s can be described as a
Optical properties of multiple quantum we(MQW) concentration of the oscillator strengths of all oscillators in
structures have been attracting a great deal of attention duone superradiant mode, while all other modes becomedark.
ing the past decade® The main motivation for this interest A presence of the large band gap in the spectrum of Bragg
is the potential in these systems for effective control of theMQW polaritons invites attempts to introduce a defect into a
light-matter interaction. Quantum wells in MQW structures structure in order to create local polariton states with fre-
are separated from each other by relatively thick barriersgquencies in the band gap. This would affect the rate of spon-
which prevent a direct interaction between excitons localizedaneous emission as well as other optical characteristics of
in different wells. They however, can be coupled by a radiathe system. Such an opportunity was first considered in Ref.
tive optical field, and their optical properties, therefore, be-14, and was studied in detail in Refs. 15 and 16. It was
come very sensitive to the arrangement of the structureshowrt® that by introducing different types of defects one
Most of the initial research in this area was focused on propean obtain optical spectra of a variety of shapes, which can
erties of periodic MQW's, which consist of identical quan- be preengineered through the choice of the type of a defect,
tum wells separated by identical barriers. The radiative couits position in the structure, the number of defects, etc. This
pling in this case gives rise to MQW polaritons—coherentlyfact makes these systems of interest for optoelectronic appli-
coupled oscillations of the exciton polarization and light. Incation. However, in order to be able to predict the optical
structures with a small number of wells, the spectrum ofspectra of realistic structures, any theoretical calculations
these collective excitations consists of a discrete number ahust deal with the problem of inhomogeneous broadening,
guasistationaryradiative modes with a redistributed oscil- which is always present in these systems due to unavoidable
lator strength: the modes can be classified as superadiant siructural disorder present in quantum wells. Calculations of
subradiant>®With an increase of the number of wells in the Refs. 15 and 16 included inhomogeneous broadening using
structure, the radiative lifetime of the latter decreases, anthe linear dispersion theofy:*® The linear dispersion theory
the lifetime of the former increases. When the number ofreats inhomogeneous broadening as a simple addition to ho-
periods in the structure becomes large enough, the modes afogeneous broadening, ignoring therefore, effects of the
the MQW are more conveniently described in terms of stamotional narrowing, which have been very well studied in
tionary polaritons of infinite periodic structur&$The spec-  periodic multiple quantum welf$-2!By doing so, the linear
trum of polaritons in this case consists of two branches sepatispersion theory grossly overestimates the negative influ-
rated by a polariton gap, which is normally proportional to ence of inhomogeneous broadening, thereby giving unrealis-
the light-exciton coupling constart,. There exists, how- tically pessimistic predictions. The latter fact was verified in
ever, a special arrangement of MQW'’s where the magnitud®ef. 22, where effects of the vertical disorder on the defect-
of the gap can be significantly increased. If the period of thénduced features of the spectra were considered numerically.
MQW structure is made equal to the half-wavelength of the More accurately inhomogeneous broadening can be stud-
exciton radiation, the geometric, Bragg, resonance occurs &d with the help of the effective medium approximation,
the same frequency as the exciton resonance. As a result, thghich was introduced in Refs. 23 and 24 on the basis of
band gap between two polariton branches becomes of theome qualitative arguments. In this approximation, a random
order of magnitude ofyT'gwo>TI"y, where wy is the fre-  susceptibility of a single quantum well is replaced by its
quency of the exciton transition. These, so called Braggalue averaged over an ensemble of exciton frequencies, and
MQW structures were quite intensively studied boththerefore, one only needs to take into account the horizontal
theoretically>®3 and experimentall§®=2? In the case of disorder, since on average all wells in the structure are as-
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sumed identical. This approach was shown to agree well witlwheree.. is the background dielectric constant assumed to be
experimental results for both cw and time-resolved spéttra. the same along the structur@,,, is the excitonic contribu-
In this paper, we demonstrate explicitly the physical meaningdion to the polarization defined by
of this approximation and the regions of its applicability.

The main objective of this paper is to study the effects of ~ / "o
the inhomogenjeous broadenFi)ng in Bragg I\XQW structures PEX(Z)_J X(@.2,2")E(z')dZ, @
with defects. Here we consider only one structure, namely a
GaAlAs/GaAs structure with one of the wells replaced by a@
well with a different exciton frequency. A similar defect was ~ S~ ,
considered in Ref. 16, where it was called @ndefect; we X(,2.27)=x(0)®(2)P(2'), ®)
retain this terminology in this paper. The consideration inwhere ®(z) is the exciton envelope function armis the
Ref. 16 was focused mostly on the concept of local polaritoryrowth direction. Considering only thesiheavy-hole exci-
states arising in infinite Bragg MQW structures, and on theon states and neglecting the in-plane dispersion of excitons,
effect of the resonant light tunneling arising due to theseahe susceptibility can be written d52°
local states in long ideal Bragg MQW's. In this paper, we
consider defect-induced modification of the optical spectra in ~
more realistic systems. We take into consideration the inho- x(w)= wo—w—i7’ 4
mogeneous broadening and concentrate on structures with ) ) )
the number of periods readily available with current growthWNere o is the exciton resonance frequency, is the
technologies. Keeping in mind the potential of these struc€XCIton raelazxatlzpn rate due to inelastic processes
tures for applications, we study under which conditions the™ €=@L18gwg/4C%, w1 is the exciton longitudinal-
defect-induced resonant features of the spectra of realistiéansverse splitting, ana is the bulk exciton Bohr radius.
structures can be observed experimentally. We develop a The reflection spectrum of MQW structures is effectively
MQW's in the presence of defects and disorder required fof the_ growth dlrect!on of 'Fhe structure, the transfer matrix
identifying structures most interesting from the experimentadescribing propagation of light across a single quantum well
and application points of view. We also obtain a simplifiedin the basis of incident and reflected waves is
analytical description for the main features of the spectra, 1/t2=r2
valid in some limiting cases. This description is comple- T=—( ) (5)
mented by a detailed numerical analysis. One of the surpris- t\ —r t)’
Ing re_sults_ls that the featu_res assomategl W.'th the resonafyorer andt are the reflection and transmission coefficients
tunneling via the local polariton state survive in the presence; o single quantum well
of disorder for much shorter lengths of the structure than was '

nd the susceptibility is

originally expected®® This makes experimental observa- ety el
tion and application of these effects significantly more attrac- r= iy’ t= iy’ (6)
tive.

We also suggest a method of determining experimentallyp=kd,k=/e.w/c is the wave number of the electromag-
parameters of homogeneous and inhomogeneous broadeningtic waved is the period of the MQW structur¢he sum of
of a defect well in our structures from a single cw reflectionwidths of the barrier and the quantum well
spectrum. Such an opportunity seems to be quite exciting _
from the experimental point of view, since currently the Tox Iy
separation of homogeneous and inhomogeneous broadenings = sz' )
requires the use of complicated time-resolved spectroscopic ) o
techniques. Attempts to develop a method for an independerto IS the effective radiative rate
extraction of the parameters of homogeneous and inhomoge- 2k 2

. . . T
neous broadenings from spectra of periodic MQW structures 0= , 8
were undertaken in Refs. 23 and 26, but they also required €

either a time resolved spectroscopy or a not very reliablgynq we neglect the radiative shift of the exciton resonance
Fourier transformation of the original cw spectra. frequency.

The parametery in the exciton susceptibility, Eq4),
ll. REFLECTION SPECTRUM OF A MQW STRUCTURE introduces the nonradiative homogeneous broadening due to
inelastic dephasing of excitons. Inhomogeneous broadening

Within the framework of the linear nonlocal response . . L
theory, propagation of an electromagnetic wave in a muItipIereSl.“tS from fluctuations of the exciton transition f_requency
quantum well structure is governed by the Maxwell equa-~° in the plane of a well caused by, for example, imperfec-

tions of the interface between the well and the barrier layers

J dz®(z)coskz

tions ; L
and/or presence of impurities.
2 We are interested here only in the characteristics of waves
VX (VX E):w_(emEJr 47P,y), (1)  reflected in the specular direction. As it is shown in the Ap-
c? pendix this component of the scattered field obeys &J.
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sing
. = Sinhy, (74— 7n). (13
=
é Here we introduceda-., nonunit components of the
8 eigenvectors off,,
1—e*Mnt,
m m aiva (14)

and\, 4 are the eigenvalues of the host and defect quantum
well's transfer matrices obeying the dispersion law in a pe-

_ . _ _ riodic quantum well superlattice™
with the susceptibility averaged with respect to the distribu-

tion function of the exciton frequencidgwg)

FIG. 1. A MQW structure with a defect.

1

cosh)\h,d=§TrTh,d= COS¢— 7p ¢SiN . (15

©) In the case of an ideal system without homogeneous or in-
homogeneous broadenings, this equation describes the band

The inhomogeneous broadening is characterized, in this agiructure of the electromagnetic spectrum of MQW's, con-

proach, by the variance df{wo). This constitutes the effec- Sisting of a number of bands separated by forbidden band
tive media approximation. gaps, defined as frequency regions wherexRe0. This

real part describes the exponential decrease of the amplitude
of an incident wave, and its inverse gives the value of the
éespective penetration length. In the allowed bands,s

o
X= f dwof(wo)m-

The function y replacesy in Eq. (7) and determines a
single-well transfer matrix of a broadened w&liwhich is
then used to construct the transfer matrix describing th . - L . :
propagation of light through the entire Bragg MQW struc- purely imaginary, and its imaginary part is the Bloch wave

ture. The structure considered in this paper, a Bragg MQV\yecFor.of the respective ejx_ci'Fation. There.are two types of the
with an Q0 defect, consists oN=2m+1 quantum well- excitations here. In the vicinity of the exciton frequenay,

barrier layers which are all identical except for one, at thetherg eXF')f;T‘;VO polar|t<|)n branchﬁstse'pabratedd bytﬁtﬁmﬁmodn
center, where the quantum well has a different frequency Ol?an gap-” Ihere are aiso pure photonic bands wi € ban

the exciton resonand€ig. 1). Such a defect can be produced boundaries at the geometrical resonanagy,)=nm (n

either by changing the concentration of Al in the barriers ™ 1.2,...). Thesize of the polariton gap strongly depends

surrounding the central wel?:3! or the width of the well ©n the relation betweem, and w;, and reaches the maxi-

itsel2 during growth. In principle, both these changes will MUm value when they coincide, i.e. whek{wp) = (the
also affect the optical width of the defect layers, either be-Bragg structure For these frequencies, it is convenient to
cause of the change in the background dielectric constant, &tract the imaginary part from, and to present it in the
due to the change of the geometrical thickness of the welform
However, in both cases this effect is negligible, and we deal
here with the case of a pufe defect.

The total transfer matrix through the MQW structure con-If the coupling parametel’, is small, «;, in the gap can be

)\h:Kh+i7T. (16)

sists of the product approximated by the following expression, which is obtained
by expanding Eq(15) near the resonance frequency
M:Th...TthTh...Th, (10)
kp=Nmq(— 27y~ mq), (17

where T, and T4 are the transfer matrices through the host
and defect layers, respectively, described by the reflectio
and transmission coefficients, 4 and t, 4. Substitution of

thereq is the detuning from the Bragg resonance

w—w
the explicit expressions fof,, and Ty leads to a compact gq= i (18
expression for the total transfer matrix in the basis of eigen- @h
vectors of the host transfer matrix, Taking into account the form of the susceptibility in an ideal

system, we obtain
e M_ a,A )

M=l _a A e'm. (1 kn= Q5 &, (19
where A =N\, where
2e* M 1 Qc= 2o (20)
Mi=ei(”d*”h)tSinh)\hsinr?z()\d—)\h), (12) Twh
determines the boundary of the forbidden Yaps a point
and whereky, vanishes. The frequency, which corresponds to this
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1.0+ behavior of the transmission is smeared out, while the reso-

nance in reflection, as we can see, survives.
In order to analyze the form of the reflection spectra, we

= 0.8
5 represent the reflection coefficient in the form
Q
2
5 0.6 r
8 rMQW:—O- (23
g 04 1-raqq
% where
S 02
2sini(A) Th
00 —————— —— No=—4 TS T - (24)
o 0 2 1 P 10 B a_et—a,e” a+1 COtl"(A)Slnh)\h

8
0-0, meV _ _ o _
is the reflection coefficient of a pure MQW structueith-

FIG. 2. A typical dependence of the reflection coefficient of aout a defegtwith the lengthN, a=sin ¢+ 7,cosp, andr 44
MQW structure with an embedded defect well in a neighborhood ofintroduces the modification of the reflection caused by the
the exciton frequency of the defect well. The dotted line shows thedefect
reflection for a lossless system, and the solid line corresponds to a

broadened systerfparameters are taken for GaAs/AlGaAs sinh\p,+i 7,sinhA

Fada= (74— 7n)SiN¢ —
boundary determines the width of the gap V&l wp,/7. 7hCOSA — o
This value is significantly greater than the respective width 1

in the off-Bragg case, which is proportional Ig<wy,. In (29

the presence of homogeneous and inhomogeneous broaden-

ings, the notion of the band gap becomes ill defined, becausgys expression allows for making some general conclusions
«, does not vanish anywhere. At the gap boundary, for inyegarding the effects of the defect and broadenings on the

x A(a+ n,coshA) — ppsinhA -

stance, it becomes complex valued reflection spectrum. First of all, it should be noted that re-
0 gardless of the value of the defect frequengy, r,qq Van-
Kkn(wg)=(1+i)m\ 1Y G (21)  ishes at frequencies»=w, because of the phase factor
2wy, sin¢~—mq.

Thus, in order to achieve a significant modification of the

Nevertheless, ify<{I'qwn, Which is the case in realistic L
Y ovn gpectrum, it is necessary to choasg as far away fronwy,

systems, the optical spectra retain most of their propertie

specific for the gap region, and this concept provides a usefiS POssible. In this case, however, we can immediately con-

hvsical framework for discussing optical properties Ofclude that the broadening of the host wells does not signifi—
IE/I()Q/W structures. g op prop cantly affect the defect-induced features of the reflection

Once the transfer matrid for the entire MQW structure  SPECtrum.

is known the reflection and transmission coefficients can be Indee_d_,.the brogdenings enter into EZS5) t.hrough th?
expressed in terms of its elements; as susceptibilityz,, defined by Eq(9). Let us rewrite this defi-
nition in the form

— Mg+ Mypp— My +my,

f'mow= , T
a_(my,+my)—a,(my+m
( 12 22) +( 11 21) = de(V) —, (26)
—q-i
tyow= a-—a: (22) e
MW a_(myptmyy) —ag (Mgt myy) where we have introduceBl=Ty/w,, v=ywn, v=(w

A defect inserted into the structure leads to a modification of” @n)/@n, and w, is the mean value of the exciton fre-
the reflection spectrum of the MQW in the vicinity of the duency. If the functiorf(») falls off with increasingy fast
exciton frequencyo of the defect well. We are interested in €n0Ugh, so that all its moments exist, we can approximate
the situation whenwg lies within the polariton band gap of the integral for the frequenciegA,q/y>1 as

the ideal host structure, because in this case the defect pro-

duces the most prominent changes in the spectra. A typical _

form of such a modification in broadened systems is shown Nh~ 77th dvf(v)
in Fig. 2, and is characterized by the presence of a closely
positioned minimum and maximum. In an ideal system, this
form of reflection would correspond to a Fano-like resonance’
in the transmission with the latter swinging from zero to
unity over a narrow frequency intervil.In the presence of ~ I'o 28)
absorbtion and inhomogeneous broadening, the resonance

14
1+ ——=+---

gty

; (27)

here
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is the susceptibility in the absence of the inhomogeneouponentially small nonresonant terms in Eg5) can be ne-
broadening. Noting that now integration of each term in theglected and the reflection in the vicinity of; can be pre-
parentheses gives an appropriate central moment ofe  sented in the form

obtain

~ Q4—-TyD
AZ ) d od , (31)

~ r=r
nh%nh<l+¥+"' (29) OQd—FODd—Zie_A(Sth
Therefore, the corrections due to the inhomogeneous broadthereDg n=1/74, and
enings become small for frequencies, which are farther away
from the central frequency than the inhomogeneous width 1
Since the width of the polariton gap in Bragg MQW struc- lo= : ECYY
tures is significantly greater than the typical value of the 1+Dp[mq+ikn(1+2e 7]
inhomogeneous width, we can choose such a position of the

defect frequencw.. which is far enouah from. . and at the = the approximation for the reflection coefficient of the
req ¥oq WHICH g h» < structure without the defect for frequencies deeply inside the
same time remains within the gap frequency region.

Significant diminishing of the effects due to disorder in forbidden gap. We keep the term exi#A) in this expres-

; o . sion in order to preserve the correct dependence of the re-

optical spectra of periodic MQW for frequencies away from . - .
. . . flection coefficient of the pure structure on its length. The

the resonance exciton frequency was obtained theoreticall equencyo
in Ref. 23 and observed experimentally in Refs. 33 and 34. q Yl
This can also be seen in Fig. 2, where deviations from the
spectra of an ideal structufdashed lingcaused by disorder
in the host wells are significant only in the vicinity af,.
The modification of the defect-induced features of the spec- ) ) N )
tra, which takes place in the vicinity aby are caused by describes the shift of the position of the reflection resonance
broadenings of the excitons in the defect layer, and this is thEom the initial defect frequency,. This shift is an impor-

only broadening, which has to be taken into consideration if@nt property of our structure, which takes place in both ideal
this situation. and broadened systems.

Deriving Eq.(31) we also assumed that the exciton fre-
IIl. DEEP AND SHALLOW DEFECTS quency of the defect well lies far enough from the frequency
of the host wells, neglected the contribution of the host sus-
While Eq. (25 is suitable for a general discussion and ceptibility 7, into the terms proportional tejq— 7,, and
numerical calculations, it is too cumbersome for a detailediropped a frequency dependence of the nonresonant terms.
analytical analysis. For such purposes we consider the reflec- Equation(31) shows that when the defect well exciton
tion coefficient for two limiting cases when the expressionfrequency lies deeply inside the forbidden gap the effect of
for r 444 Can be significantly simplified. The first limit corre- the defect on the reflection spectrum of the system exponen-
sponds to the situation when the penetration length of théally decreases when the length of the MQW structure in-
electromagnetic wave at the frequency of the defect is mucbreases. This behavior is strikingly different from that of the
smaller than the length of the structufwe call it a deep respective ideal systems, where resonant tunneling results in
defecy, and the second is realized in the opposite case, whethe transmission equal to unity at the resonance regardless of
the system is much shorter than the penetration le¢gthl-  the length of the system. One can see that homogeneous
low defec). broadening severely suppresses this effect, as was anticipated
in Ref. 16.
A. Deep defect If the shift 4 of the resonance frequency fromy is
arge enough, so thab, is well separated fronwy, the ef-
ects of the inhomogeneous broadening can be neglected. In
is case, we can derive a simple approximate expression for
1e reflection coefficient in the vicinity ab, . The condition
4=A can, in principle, be fulfiled because,(wy) de-
pgreases when the frequency goes to the edge of the stop band
where k, is determined by Eq21) and for GaAs/AlGaAs
MQW structures with w,=1.49 eV, I'(,=67 neV, vy

(32)

1)
Qd:’]TFOK_h, (33)

Such situation was analyzed in Ref. 16 for the case of
lossless system. To determine the range of validity of thes
results in the case of broadened systems we represent
broadening as a sum of the homogeneous and inhomog
neous ones as in linear dispersion theory. The estimation
the effect of the broadenings on the reflection spectru
shows that when

—2A =12.6 ueV, and A=290ueV we obtain REQ4(w
e 2As8 M iz d(on
y+A<8mwnQG— & —5—, (300 +wg)]/A=6.3.

Qs In this case, in the vicinity of the resonance frequency we

where 6= (wq— wp)/ vy, the effect of the broadenings can can approximate the susceptibiligy by

be neglected, and the results of Ref. 16 are valid. This in-
equality, however, becomes broken for long systems, and the _ Lo (34)
broadenings must be taken into account. In this case the ex- 4 wg—w—iy
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and obtain that the resonance has a form of the Lorentz-typBecause of the inhomogeneous broadening contribution, the
dip on the dependence of the reflection spectrum positionegffective parametery becomes so large thatre 52

at q={q with the depthH and the widthW defined by 7, and the defect-induced reflection resonance be-

EXpressions comes rather weak compared to the case considered previ-

ously.
P 1+ yeA/a)h 52 y
H = | ro| y (35)
(1+ yer2w,6%)? B. Shallow defect
From the experimental point of view, a more attractive
W=y+e 5%y, (36) P P

situation arises when the length of the structure is smaller

It should be noted, however, that while formally this approxi-than the penetration length. This situation, which can be
mation is valid even whemy is close to the edge of the Called the case of a shallow defect, can be described within

forbidden gap, the deep defect approximation requires thdh'® same approximations as used in the preceding section,

A>1. For GaAs/AlGaAs structures this means thst

with an obvious exception of the treatment of terms propor-

>1/Re(ky,) ~ 2000. The structures of this length are beyondtional toe™. Here we can gxpand the e'xponential funct.ion in
current technological capabilities, so this case present€rms of the powers of. Finally we arrive at the following

mostly theoretical interest.

expression, which describes the defect-induced modification

In the opposite situation, when the frequency shift is smalPf the reflection spectra:

(Q4<A), i.e., whenwy is not too close to the edge of the
gap, the inhomogeneous broadening becomes important, and
in order to estimate its contribution we use a Gaussian dis-

tribution of the exciton resonance frequencies in .

T, (= e~ (o~ wg)?/A?

nd:A\/; .

Using the functionN(,u)=e‘“2erfc(—i,u), the integral can
be written as

(37

dog—+.
@0 wo—w—1Yy

7=iTow(u)\m/A, (38)
where = (w— wg+ivy)/A. The smallu expansiof’
W(p)~1+2iul\7
allows us to obtain
Ddzl-\o_ﬂ_(wd_w_i;’)a (39
where’y is the effective broadening,
~ ™
y=y+ TA' (40

One can see that in this case the inhomogeneous and homo-

iT Q—TyDy
r= : — - , (43
wp—w+i(y+T) 1To=ToDyg

where I is the radiative width of the pure Bragg MQW
structure, which idN-fold enhanced because of the formation
of a superradiant mode

T'oN
1-imgN’

(44)

This expression coincides with the results of Ref. 4 with the
exception of the term proportional ®@N, which was ne-
glected in the previous papers. We keep this term to be able
to consider the case when the detuning from the resonance
point wy, is not very smalf®

The distinctive feature of the shallow defect is that the
reflection resonance does not have a Lorentz-like shape,
which is typical for the deep defect when the resonant tun-
neling is suppressed. Instead, we have a reflection spectrum
with a minimum atw_ and a maximum atv, . This is a
surprising result, because the Fano-like behavior associated
with the resonant tunneling is restored even though the
length of the system is too short for effective tunneling to
take place. It is convenient to describe the positions of these
frequencies relative to the modified defect frequency,

Z)d=wd—ﬂs, (45)

geneous broadening combine to form a single broadeninghere() is defined as
parametery, as it is assumed in the linear dispersion theory.

The resonance on the reflection curve also has, in this case, a

Lorentz-type dip centered at

_ 7TF05
a th\/sz — &2

with the depth and the width, respectively, equal to

(41)

27Te7A52(1)h

H=|ro?——=——, W=y+me *&w,. (42
Y

W™ Wp

Q= N

(46)
The positions of the extrema are shifted frapy: w_ to-
ward the center of the gap, aad, in the opposite direction.
As aresultw _ is well separated fronwy, while w, always
lies in the close vicinity of the defect frequency.

For short systems{) can become larger thah; for ex-
ample, in GaAs/AlGaAs MQW structures, the conditin
>A is fulfilled whenN=<Ny=10. In this case, an approxi-
mate analytical description of the spectrum is possible again.
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FIG. 3. Reflection coefficient near the exciton frequency of the FIG. 4. Dependence of the reflection coefficient on the fre-
shallow defect(solid line) for N=7. The dashed lines depict ap- quency in the neighborhood of the exciton frequency of the defect
proximation using different expressions for the defect quantum wellye|| for different lengths of the MQW structur@olid line N=3,
susceptibility at the vicinities of the extrema: near the minimum thegashed lineN=5). The great difference of minimal reflections re-

inhomogeneous broadening is neglected, while in the vicinity of thesyits from the shift of the resonance frequetity, Eq. (46).
maximum it is accounted for as a renormalization of homogeneous

broadenind Eq. (40)]. For reference, the reflection coefficient of a

pure MOQW structure without a defect is shoddotted line. The minimal value of the reflection is determined only by

the small parameter of the homogeneous broademiagd
can therefore become very small. This fact reflects the sup-

However, since the maximum and the minimum of the spec . X el 2 !
pression of the inhomogeneous broadening in this situation.

tra lie at significantly different distances fromy, the de- .
scription of these two spectral regions would require differ-When the length of the system increasRg;, grows asN”,
ent approximations. The maximum of the reflectivity takes"OWeVer, whenN>N,, the inhomogeneous broadening
place close to the defect frequency, and therefore the inhc3t&'ts coming into playzy must be replaced with a larger
mogeneous broadening near the maximum has to be tak&fif€ctive broadening containing a contribution fram This
into account. At the same time;_— wg>A, and the inho- also leads to a significant increaseRp,;,. This behavior is

mogeneous broadening in this frequency region can be ndlustrated in Fig. 4, where a comparison of the reflection
glected. Thus, we can approxima, by Eq. (34) in the coefficients for two MQW structures with different lengths is

vicinity of w_ and by Eq.(39) nearw, . Using these ap- Provided.

proximations we find that the minimum and the maximum of "€ maximum value of the reflection coefficient in this
the reflection coefficient are at the frequencies approximation depends very weakly on the number of wells
in the system, and is of the order of the magnitude of the

o reflection from a single standing defect well in the exact
w-=wg= 0= 5, (47)  resonance. This result means that for a small number of
S wells, w . lies in the spectral region, where the host system is
and already almost transparent, and the presence of the host has

only a small effect on the reflection properties of the system
with the defect. At the same time, we would like to empha-
size again that the minimum of the reflection is the result of
the radiative coupling between the wells even in this case of
respectively, wherd),=/Q2+4%? andy is the effective short systems.

broadening defined by E¢40). The values of the reflection
at these points are

1 - Fo'y ~
@i =gt —(Qs— Q)+ W(QJ Qg (49

S=&s

C. Characterization of the reflection spectra in the case
|F|272N4 of intermediate lengths
Rmin= 2 5 In the previous sections we examined special situations
(@g=on)(N=1) when the defect can be considered as either deep or shallow.
—i5 = 5 Here we consider systems with intermediate lengths, vithen
T|%(Qs+Qy) (49) is larger tharN,, but is still smaller or of the order of mag-
(0, —wp)?(2T o+ 77;,)2' nitude of the penetration length. From the practical point of
view, this case is of the greatest interest, since this interval of
The exact and approximate forms of the reflectivity arelengths is still easily accessible experimentally, and at the
compared in Fig. 3. One can see that these approximatiorsame time, it is expected that for such structures the defect-
give a satisfactory description of the reflectivity in the vicini- induced modifications of the spectrum become most promi-
ties of the extrema for short systems. nent. Unfortunately, neither approximation used in the previ-

Rimax=
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4007 approximations leading to E¢48). Since usuallyy<<A, the

latter makes the largest contribution to this effective param-
s eter, and determines the value\Wf The shape of the lines of
3007 N constant height demonstrates almost equal contributions
from y andA, which means that the effect due to the inho-
mogeneous broadening is significantly reduced as far as this
feature of the spectrum is concerned. This is also consistent
with an approximate analysis presented in the preceding sec-
tion of the paper.

The remarkable feature of Fig. 5 is that the lines of the
constant width and the constant high cross each other at a
0 ' ' ' ' ! rather acute angle and at a single valueyaind A for each
of the values oW and H. This means that one can extract
both y andA from a single reflection spectrum of the MQW

FIG. 5. Intersections of lines of constant heigtiashed lings ~ Structure. This is a rather intriguing opportunity from the
and width(solid lineg of the resonance allow determination of the €Xperimental point of view, since presently, the only way to
values of the homogeneous and inhomogeneous broadenings.  independently measure parameters of homogeneous and in-
homogeneous broadenings is to use complicated time-
rgsolved techniques.

2007

1007

Inhomogeneous broadening, peV

Homogeneous broadening, ueV

ous sections can be applied here, and we have to resort to tis ol h that the sh fthe I f tant
numerical treatment. Nevertheless, the qualitative under- IS clear, however, that In€ shape ol the ineés of constan

standing gained as a result of the previous analytical consi(%\/ andH depends upon the choice of the distribution func-

erations, serves as a useful guide in analyzing and interpre d-o? utsed Iflorltc_alqulatlotn Otf tt?]e a\f/eragte suhscekpt;]blhtythof the
ing the numerical data. efect well. It is important, therefore, to check how the re-

As it was pointed out in the preceding section, wién sults depend upon the choice of the distribution function of
becomes larger thaN,, the position of the minimum of the the exciton frequencies. As an extreme example, one can

reflection,w_ moves closer tavy, and the inhomogeneous consider the Cauchy distribution
broadening starts contributing ®y,;,. This effect can phe-

nomenologically be described as the emergence of an effec- A

tive broadening parameteyq¢i(y,A,N), which is not a f(wo)= (_—ﬁ
simple combination ofy and A, but depends upoN. This wom @

parameter is "”_“'te_d from below by, when the |n~homoge- In this case, all the effects due to the inhomogeneous broad-
neous broadening is suppressed, and from aboveg lwhen  ening can be described by a simple renormalizatips; y

the contribution fromA is largest. Because the minimum 4 A “and the level lines in Fig. 5 would have the form of
value of the reflection is always achieved at a pointfhiftedpara”d lines. This distribution though, hardly has any ex-
with respect towy, generallyy.s is always smaller thary, perimental significance, while the Gaussian function has a
and the homogeneous broadening makes a contribution to dlertain theoretical justificatiotf. However, the symmetrical
comparable to that of the inhomogeneous broadedéspite  character of the normal distribution is in obvious contradic-

(50

the fact thaty<A. At the same time, the position @f, , tion with a natural asymmetry of the exciton binding ener-
which determines the width of the spectral interval affectedgies, which can be arbitrarily small but are bounded from
by the defect, depends upan=A. above. It was suggested in Ref. 25 to take this asymmetry

We illustrate this conclusion quantitatively by defining the into account by introducing two different variances in the
width of the resonanc®/(y,A,N)=w, —w_ as a distance Gaussian distributiom _ for frequencies below som@nost
between the extrema of the reflection spectrum, and its deptprobable frequencyw., andA , for the frequencies above
H(v,A,N)=Rax— Rmin as the difference between the val- it. Accordingly, the distribution function can be written as
ues of the reflection at these points. In order to see how these

guantities depend upon parameterand A, we chose sev- 2 e,(wr%)zm_, W<

eral different values oV and H, and plot constant level flwg)=———— ) (51
lines, W(y,A,N)=W,,H(y,A,N)=H;. These lines repre- V(A +AL) e (@0med A o>,

sent values ofy andA for which W andH remain constant

(Fig. 5. It was shown that this choice gives a satisfactory description

The locus of constant widths is the set of nearly straighof time-resolved spectra of MQW?.The distribution func-
lines running almost parallel to the axis representing the hotion, Eq. (51), can be parametrized either By. andw, or,
mogeneous broadening. Slight deviation from the straightmore traditionally, by the mean valug, the second moment
line behavior is seen only for nonrealistically high values ofA, and the parameter of asymmetrydefined as
y. Such a behavior confirms our assertion that the width of
the resonance is determined by an effective parameter, in AL—A A
which y andA enter additively. As we see, this is true even o=@ — _
for systems which cannot, strictly speaking, be described by ¢ NC AT
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taken into account within the framework of the effective me-
dium approximatiorf> Since in Ref. 23 this approach was
introduced on the basis of qualitative arguments only, in the
Appendix we presented a rigorous derivation of this approxi-
mation and clarified its physical status.

We consider two limiting cases in which defect-induced

1504 ~ . .
= features of the spectrum can be described analytically. In one

1004 = case, the length of the system is much larger than the pen-
- etration length of the radiation in the infinite periodic struc-
ture |, (deep defegt The modification of the reflection in
) this case is described by a Lorentz-like minimum, whose
depth exponentially decreases with increasing length of the
MQW structure, Eq.(42). For long enough structures the
presence of the defect in the structure becomes unnoticeable.
FIG. 6. Intersections for different values of the parameter ofA much more interesting situation arises in the opposite case
asymmetry. Dashed and solids lines are lines of constant height ansf systems much shorter thdg (shallow defect In this
width, respectively. case, the reflection spectrum exhibits a sharp minimum fol-
lowed by a maximum. This shape of the spectrum resembles
a Fano-like resonance observed in long lossless systems. The
position of the maximum of the reflection is close to the
exciton frequency in the defect welly, where the short host

. . . structure is almost transparent, and therefore the properties
We use the corrected distribution function, E§1), with spectrum near this point are similar to those of an

the fixed mean frequency and the variance, but different Valfsolated quantum well. At the same time, the minimum is
ues of the asymmetry parameter, in order to see how sensi; . - . .
. . . shifted fromwy by Q= — (wq— w,)/N and due to this shift
tive the defect-induced features of the reflection spectrum arg " nfluence of the inhomodeneous broadenioon the
to the shape of the distribution function. To this end, we plot 9 ®»

the lines of constant height and width for different values Ofspectrum near this point is strongly suppressed. sh

the asymmetry parametar(1<n<2). The results are pre- >4 _the value of the reflection at the minimuRyy, is Qe—
sented in Fig. 6. termined solely by the small homogeneous broadening, and

An interesting result revealed by these graphs is that witﬁhIS results in extremely small values Bfyn, EQ. (49).

the change of the asymmetry, the points at whigrand H The structure of the spectrum with two extrema persists
level lines cross move parailel to the axis gf while the also in the case of an intermediate relation betwgemdN.

respective values af remain quite stable. This shift can be This situation, however, is more complicated and can only be

explained by noticing that with change of the parameter omﬁ%ﬁg TZ]IIT:;:rtIi(C)iI|¥}eNi\éigheLenS:’ciL:]e cfgnt:IS dzhﬁ;tf ttﬁg
asymmetry the total width of the distribution remains the q y

same while the effective value of the inhomogeneous broad-l:'zmgr%e\;glrl:ﬁnzfd tEe g(e;ﬂmeecngf?écgengg”%i;?g; t(??tthe
ening at the point of the reflection changes. This indicate ! : y v inatl

that the value ofA, which can be obtained by comparing %g:;?]%znsg;ﬁe::?hénggtrpeorggr}:%?ect;;%agn%'!ggsb’ Vim:fmtg_e
experimental reflection spectra with the theory presented ilsij y by

this paper, is not sensitive to the choice of the distributiond€"€OUS broadening. This circumstance allowed us suggest-

function of the exciton frequencies. The value of the paramlng a simple method of extracting boshand A of the defect

eter of the homogeneous broadening is more sensitive: We” from the reflection spectrum of the structure.
varies by approximately 10% when the parameter of the
asymmetry changes by a factor of 2. However, the estimate
for v can be improved by studying the temperature depen-
dence of the reflection spectra.

Inhomogeneous broadening, ueV
3

(=]

T T T T
20 40 60 80 100 120 140
Homogeneous broadening, peV
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In the present paper we studied the reflection spectra of a

Bragg multiple quantum well system with a defect: the quan-
tum well at the center of the structure was replaced by a well
with a different exciton resonance frequency. In an ideal in-
finite system such a defect gives rise to a local state with a
frequency within the polariton stop band of the host struc- A wave incident at a normadirection on a quantum well
ture, which reveals itself in the form of reflection and trans-can be described by a scalar form of Maxwell's equations for
mission resonanceé$.The main focus of this paper was on one of the polarizations parallel to the plane of a quantum
the effects due to the inhomogeneous broadening, which wasell:

IV. CONCLUSION

APPENDIX: THE HORIZONTAL DISORDER
AND AVERAGE SUSCEPTIBILITY
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w2 at the left-hand side of the quantum wé&l and at the
—V?E(p,2)= —2[600E(p,2)+477P(p,Z)], (A1) right-hand sideE , can be presented in the following form
c
whereP(p,z) is the polarization due to quantum well exci- E_(q.2)=27Eq(e"*+roe %) 8(q) + Eor (q)e ',
tons. The latter is determined by an expression similar to Eq.
(2) with the exciton frequency being a random function of
the in-plane coordinatp

E.(0,2)=2mEqtee**8(q) + Egt(q)e'*a®.  (A8)

After the substitution of EqQA7) and(A8) into Eq.(A5)
we obtain an integral equation for the reflection and trans-
P(P,Z)=f dz' x(p,w)®(2)®(z2')E(p,2"), (A2)  mission coefficients (q) andt(q). Assuming that the ran-
dom process representing the fluctuating parjy afoes not
where the susceptibility is contain constant or almost periodic realizations, we conclude
that y(q,») does not haves-like singularities in almost all
— (A3) realizations. In this case, the terms proportionalstg) in
w(p)-w-iy Eqg. (A5), this equation must cancel each other independently
In order to simplify our calculations we make an assumptiorof other terms. This leads to a system of equations §and
that ®(z) can be approximated by &function, to with the solutions

xX(p,w)=

D(2)=Dy6(2). (A4) in 1
is approximation is sufficient for our particular goals here, n 7
but the results obtained will remain valid for more rigorous
treatment of the excitonic wave functions as well. After the
Fourier transformation with respect to the in-plane coordi-

where

r
nates, Eq(Al) can be presented in the form n:f dwof(wo)—oi, (A10)
Wog—w— 1y
2
_ KSJF d_ E(q,2) vv_ith I'y defined by Eq(8) with the envelope wave function
dz given by Eq.(A4).

These expressions coincide with those of the effective
) w? 5, , , medium approactEMA), Eq(6), with an accuracy up to the
:2¢05(Z)§f d“a’x(a—a’,®)E(Q’,2), (AS) " phase factor, which does not appear here because of the
o-functional approximation for the excitonic wave function.

wheref<§=k2—q2 andk=w\/e./c. This derivation shows that the scattered wave consists of
Let us represent the susceptibility as a sum of its averagthe random and deterministisingula) components. The lat-

value and a fluctuating part ter determines the energy flux through a detector for mea-

_ surements at the specular direction with a small angular ap-

x(q,0)={x(w))275(q)+ x(q,w), (A6)  erture and, thus, is directly measurable. The important

feature of the deterministic component is that it obeys the
Maxwell equations with averaged susceptibility. In other
o words, EMA describes only the specular component of the
<X(w)>=f dwof(we) ————. (A7)  scattered field, but it describes this component exactly in the
wo—w—ly . e e . . . .
limit of the infinite sample. From experimental point of view
The structure of the Maxwell equation dictates that the rethe accuracy of EMA is limited by the finite angular resolu-
flection and transmission coefficients haveddunctional tion of the detector: the better the resolution the more accu-
singularity in the specular directiofi,q=0. Thus the wave rately EMA describes the experimental results.

where(x(w)) can be written in the form
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