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Exciton-polariton eigenmodes in light-coupled In 1/Gay sAYGaAs semiconductor
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Features of exciton-polariton eigenmodes in a series of light-couplegGe, ofAs/GaAs semiconductor
multiple quantum wells with varying number of quantum wéll§rom 1 to 100, and with various periodicities
(Bragg, near-Bragg, and anti-Brag@re studied in linear measurements of reflection, transmission, and ab-
sorption. At Bragg periodicityperiodd=\,/2), a photonic band-gap mode grows in amplitude and increases
linearly in linewidth with increasing\. TheN times increased radiative damping rate is seen to arise from the
light character of the eigenmode being swept out of a photonic band-gap structure. The slope of linewidth
versusN gives the radiative linewidth of the exciton. Away from Bragg periodicity two branches of energy
levels can be resolved in absorption, corresponding td\tlegciton-polariton normal modes in the multiple-
quantum-well structure. Signatures of individual modes becoming optically active are observed in the rich
structure of reflection spectra for changing quantum-well periodicity. Antireflection coating of the samples is
shown to be an effective way of thus isolating the multiple-quantum-well response.

[. INTRODUCTION an enhanced decay rate. The effect is basically the same as
light reflected from a dielectric distributed Bragg mirror and

A topic of basic interest to semiconductor and solid-stateshows some similarities but also pronounced differences to
physics is the study of the optical and electronic properties otollective (superradiantemission from atoms within a vol-
layered and periodic structures. A wealth of high-quality lay-ume small compared t®,;om
ered structures such as optical microcavities, quantum-well Some of the most interesting radiative coupling effects are
(QW) embedded microcavities, superlattices, and multipleobserved with the QW period that is different from the Bragg
quantum-well(MQW) nanostructures has been made pos-condition whered=\,/2, with d the center-to-center QW
sible by the development of epitaxial growth techniques suclspacing, and , the wavelength in the material corresponding
as molecular beam epitaxf¥BE) in the last few decades. to the Is electron—heavy-holge-hh) exciton energyE,
Such structures have been used to tailor the optical and elee-hc/\,. Separated by large enough barriers so that they are
tronic properties of semiconductors and to investigate fundaelectronically uncoupled, the QW’s are still coupled by light
mental physical phenomena. In this study we report on feapropagating in the MQW structure. Each QW is a compli-
tures of N light-coupled QW’s, or exciton-polariton cated semiconductor crystal with quantum confinement in
eigenmodes, in MQW structures witlh QW'’s spaced with the growth direction and the potential for containing a very
Bragg and non-Bragg periodicities in linear measurements.high density of excitons and carriers. Nonetheless from a

Building upon early works of radiative lifetime of exci- linear-regime, radiative-coupling viewpoint, much can be
tons in QW’s!~® lvchenko, Nesvizhskii, and Jorfi@stab- learned by treating each QW as a single classical oscillator.
lished theN times broadening of the radiative linewidth of Then N coupled oscillators result iiN normal modes. For
the exciton-polariton mode at Bragg resonance, the so-calleideal QW's at exact Bragg spacing, only one mode, the su-
“superradiance.” This was confirmed and extendedperradiant mode, couples to the field. But away from Bragg
further>=*2The first observation of superradiance in the timespacing, allN modes couple to the field. Some are bright,
domain in Bragg MQW's done in degenerate four wave mix-that is, with stronger radiative damping, and some are dark
ing (DFWM) experiments on GaAs/AGa_,As QW’s by  or subradiant, with reduced radiative damping, giving rise to
Hubneret al,***showed arN times enhanced decay rate of an energy “band” withN sublevels.
the excitonic polarization. The broadening was observed in One particular period that has been investigated both
the spectral domain in reflection in CdTe/Sth, _,Te (Ref.  theoretically and experimentally in the semiconductor case is
15) and in CdTe/zpCd,_,Te (Ref. 16. A direct analogy to  the anti-Bragg periodicity, i.ed=AX\,/4, where observation
Bragg MQW's in atomic systems is thé times increase of of an energetic splitting of the modes has been
the radiative damping rate predicted in an optical lattice ofpredicte§*°*®and observations have been repotted po-
atoms, formed by trapping atoms in a standing wave of lightarization beats via DFWM experiments. A splitting has also
and probed with a weak linear probe. been reported at ®,/6 periodicity’®

As we will show in this paper, in both situations, the fast We began our study by growing a series of MQW Bragg
decay, or spectral broadening, arises from the formation of atructures with a much larger rangeMfup to 100 and with
photonic band gap from the index contrast, not the absorpa much larger range of periodsthan previously available.
tion, at the dipole planes spaced with Bragg periodicity.The structures were studied in reflectiéR), transmission
Light is forbidden in such a structure and is swept out with(T), and absorptio=1—R~—T in the linear regime. Grow-
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ing MQW'’s with varyingN gave us the opportunity to test 40— T T Y T
the prediction of a linear growth of the radiative damping
rate with increasingN in reflection for Bragg MQW'’s. A
way to determine the radiative contribution to the total exci-
ton linewidth, which is made up of homogenedb®th ra-
diative and nonradiatiyeand inhomogeneous parts, is also
presented. By taking advantage of the wedge shape of the
layers in our structures, we studied properties ofNhegen-
modes as a function of QW periodicity, which all become
coupled to the field away from Bragg periodicity to some
degree, again in lineaR, T, and A. These results can be
successfully modeled by linear dispersion theory.

A technique to isolate the MQW response and remove the
effect of the cladding laye(shown to influence the radiative
properties of the collective systéfnis developed that en-
tails antireflectionAR) coating the sample on both the front
and back.
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II. THEORETICAL BACKGROUND

radiative broadening (7))

A. Eigenmodes in a MQW structure with arbitrary periodicity

Exciton-polariton modes were originally discussed by 0
Hopfield® by diagonalizing the Hamiltonian for a bulk crys- 060 095 100 105 110
tal interacting with the quantized modes of the electromag- ]
netic field. Furthermore, it was realized that the exciton- Period (A /2)
polaritons correspond to resonances in the transmitted ) )
intensity. These two approaches have given rise to two tech- F'G- 1. (8) Calculated energy shifigelative to the 5 e-hh ex-
niques used to solve for the exciton-polariton modes in ag)ton E,) of the first six modes on both sides of Bragg periodicity
MQW.*~° One approach solves for eigenmode energies an ran N=60MQW. At Bragg periodicity theN QW's are un-
damping rates from resonances in some quantity characteri%EJlJpIed and degenerate. Away from Bragg spacing, the radiative
ina the excitond (material approaghor as resonances in coupling splits theN normal modes of the system into a “band”
sogme quantity characterizingﬁhe light propagation throug with two subbranchegb) shows the calculated radiative broaden-

Y . : hng of the first six modes around Bragg periodicity. At the Bragg
the mediurf (optical approach In this paper we follow the spacing,N—1 modes are dark; only the superradiant mode is

optical approach: eigenmode energy and damping rates afight.
solved by finding the complex poles in the transmission co-

efficient for theN periodic QW structure. The transmission . " .
coefficient for the structure is calculated using a transfer maguantum-well embedded microcavitf€sin this paper LDT,

trix approach, as discussed in Sec. Il B. The real part give';S used to model th&, T, andA on and off-Bragg resonance
: , . . . or our samples. LDT, based on a transfer matrix
the energy shift and the imaginary part gives the damping. In 94,25 . . )
: . ' approactt, = requires detailed knowledge of the absorption
special cases, such as at the exact Bragg configuration, the™ . .

L - . . ; ._coefficienta and the index, corresponding to the complex
transmission coefficient is an analytical expression, as dis-
cussed in Sec. Il C, but in general, the complex poles must be
solved numerically. The case df=60 is shown for a lim-
ited range of barrier thicknesses around the Bragg condition
in Fig. 1. Figure 1a) displays the eigenenergies of the modes
referenced to thed e-hh exciton energ¥, . At periodicities
different from Bragg, the mode energies cluster around two
branches, as can be seen in Figg) 1Figure 1b) shows the
corresponding damping rates of the modes, which are also a
measure of the potential coupling to the field. At Bragg pe-
riodicity, it is seen that the coupling of all modes to the field
goes to zero except for the one superradiant mode. For fur-
ther clarity, the eigenenergies and corresponding widths for 0
two (_Jllfferent periodicities, Bragg a_nd 1.03 times _the_Bragg 1.488 1490 1492 1494 1.496 1498
spacing, are shown above the exciton spectrum in Fig. 2. Energy (eV)
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FIG. 2. Measured and extracted absorption coefficient for the
INg 0G& ofAS/GaAs QW's in this study, used as input for LDT.

Linear dispersion theory DT) has been highly success- Superimposed at the top are the calculated energetical position and
ful in modeling measurements linear and T for Bragg  widths of the eigenmodes from Fig. 1 for two QW periodicities,
MQW’s?! and other coupled structures such as atéfraad  Bragg(dashed lingand 1.03 times the Bragg spacifeplid lines.

B. Linear dispersion theory
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2.5F periodicity, the field quickly decays in the first part of the
structure because the field cannot avoid the quantum wells
2.0 and is thus quickly attenuated, as shown in Figp).3
1.5
C. Bragg resonance
o 1.0
g Beginning from an exciton susceptibility with a single
v 0.5 pole and no disorder as an input to the LDT calculation, an
g analytical expression for the transmission and reflection co-
£ 00 b+ttt efficients can be derived for MQW'’s with exact Bragg peri-
:m\ 25¢ (b) ] odicity. The analytical expression conveniently illustrates the
-‘§ 20} | dependence of the collective response of the system as a
a function of the number of QW’&:*
8 15}
W gof ] - —iNT
T Mn(kd=m) = e I(T NIy’ @
0.5} .
M ~ N hwg—ho—T
40 1 2 3 4 5 6 7 8 tnkd=m) = (=) =it +NTy)’ @

Position in sample (um)
o ] ] S wherek=(w/c)n, is the wave vector of light in the sample
FIG. 3. (a) |E|? distribution, proportional to intensity distribu- and is normal to the QW planes, is barrier refractive in-
tion, in a 60-MQW structure at Bragg periodicity calculated by gey qis the QW period is the nonradiative exciton damp-
LDT for A =hc/E,. The. inset is a closeup of a portion @ to ing rate of a single QWI' is the radiative damping rate of
clearly show that the field nodes occur at the QW(ls). Same . < .
calculation aga) except for 0.8R,/2 periodicity. a single QW, anduo is the Is heavy-hole ?XClto.n resonant.
frequency. Thus in a Bragg MQW, there is a single pole in
the reflection and transmission coefficients corresponding to
dielectric response, in each layer. In contrast to Secs. Il A superradiant mode with resonant frequemgy Lorentzian
and Il C, where an idealized excitonic susceptibility is usedshape, and total damping rate
to calculate the eigenmodes and to derive the analytical ex-
pressions, respectively, here the material input is measured, y=T+NT, 3)
spatially averaged over the probe diameter. The measured '
absorption coefficient of the-hh exciton and its continuum
and higher states for our samples is shown in Fig. 2. Th
absorption coefficient was extracted from a transmissio
measurement of theN=30 MQW at a periodicity of
0.8\,/2, where radiative coupling effects are less pro-
nounced, using Beer’s lawe= (1/N)In(ly/1), where« is the
absorption coefficientN the number of QW’s|, the inci-
dent intensity, andl the transmitted intensity. The index was

obtained from the absorption coefficient using a Kramersyherer , is the reflection coefficient at the interface between
Kronig transformation. The background dielectric responsezcyum and the outermost barrier layer, aids the phase
was assumed to be the same as that of the GaAs barrier,cﬁange a wave undergoes in traveling a distaneer/k,
good approximation due to the low concentration of Inin ouryhere| is the thickness of the cladding layer. Hence the
INg 0G& ggAs QW'’s. Further, making this assumption in cladding layer masks the intrinsic radiative linewidth. In a
LDT reproduces the measurgdjuite well. See Ref. 21 fora gragg MQW with the top layer of the same thickness as the
more detailed justification of this procedure. barriers, orl = ar/k, the reflection consists of a Lorentzian

_ LDT can also be used to construct the electromagnetigitting on top of a background reflectidng,|?, with line-
field and spatial intensity distributions in layered structures,yidtn

including the MQW'’s considered here. For this calculation,
each layer of the structure is artificially divided into slices,
and the field is calculated in each slice. The intensity distri-
bution in the steady-state spectral domain for 60 QW’s,at

is calculated for Bragg and off-Bragg periods in an AR- From a consideration of the dispersion relation it was
coated sample in Fig. 3. Figuréa shows that the QW’s are pointed out that in an infinite Bragg structure with ideal
located at the nodes of the field, in agreement with the resutivo-dimensional2D) QW'’s, a standing wave forms in the
for an infinite number of QW's in Ref. 4. In our case, due tostructure such that the QW'’s are located at the nodes of the
the finite well width and structure length, there is some smalfield. Hence the coupling of the excitons to the electromag-
overlap of the field and the QW'’s, causing the standing wavaetic field is decreased at the Bragg resonance. The above
to slowly decay through the structure. Away from the Braggresults are tested experimentally in this paper.

which has arlN times enhanced radiative damping rate com-
ared to a single quantum webBQW).
The reflection amplitude for a MQW may be written

2

: (4)

o1+ Tne??
1+rone??

y=T+(1—rg)NT. (5)
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Ill. EXPERIMENTAL METHOD 100 T
— 10" Wiem
A. Samples __ | 107 Wiem
80F... 10° Wiem

All samples were grown by MBE. The structures consist

of 85-A Ing o Gay ogAs QW’s with GaAs barriers grown on a S g0l

semi-insulating GaAs substrate, and with a top cladding §

layer equal to the barrier thickness. Thg diGa, ggAS QW'’S *g 40

are particularly well suited to this study, because the back- % 1.48

ground dielectric responses of both the barrier and the low % 20}

indium concentration §yGaoAs QW's are the same,

making it easier to concentrate on the pure excitonic effects. ot

The strain introduced by the indium in the QW layer shifts . : 1 1

the light-hole energy far above that of the heavy hole, further 1475 1480 1485 1490 1495 1.500
idealizing experimental conditions. TheyjGa, gAs QW'’s Energy (eV)

w
o
.

also have the experimental advantage that the GaAs substrate
is transparent in the energy range of the QW exciton,
making the structures convenient to study in transmission.
MQW’s were grown withN=1, 3, 10, 30, 60, and 100
QW’s. The 1-, 3-, 10-, 30-, and 60-QW samples were grown
under the same conditions close together in time. The
100-QW sample was grown some time later after some
changes were made to the MBE machine, but was grown in
the same way.

Because the flux maxima were directed to the center of
the rotating substrate, all layers in the structure become L
monotonically thinner as a function of radius from growth 0 10 20 30 40 50 60 70 80 90 100
center. Moving along a radius, the period decreases while the Number of Quantum Wells
QW exciton energy stays essentially constant. Although the _ _ _
QW becomes thinner, its exciton energy does not change FIG- 4. (8 Increase of experimental reflection wikhfor 1, 3,
much because it is determined in first order by the 3D ban 0, 30, 60, and 100 QW's W'Fh Bragg per'oqm'ty' The experimental

A . . easurements were done with an AR coating on the front and back.
gap, which is independent of QW thickness, and in secon%

et
o

n
=)
T

HWHM Total Linewidth y (meV)
(3]

order bv the confinement ene Samole ere arown ) Square dots with error bars represent experimental HWHM line-
y onting _Energy. samples Were grown S, s tor AR-coated samples measured in reflection. The solid line
that Bragg periodicity typically occurred 1 to 2 cm from

is generated from LDT for MQW samples in semi-infinite GaAs
growth center, so thed could be swept through,/2 by using the measured QW absorption coefficient. It is a straight line

moving the probe along a radius from growth center. with slope I'y=27=2 ueV, wherel', is the HWHM radiative

A strip along a radius of the samples was given an ARyigth. The inset to(a) shows reflection from a 30-MQW Bragg
coating on the front and back. The 1-, 3-, 10-, 30-, andstructure in the limit of vanishing exciton density, emphasizing that
60-QW samples were AR coated with a single quarter-wavene superradiance phenomenon does not depend on exciton density.
layer of material having index close ta§,.dY? by CVI
Corporation, and the 100-QW sample was AR coated inodicity, which was done in an open-cycle helium cold finger
house with a single quarter-wave layer of Hffaving also  at 4 K, with weak 100-fs pulses with average power W,
an index close tor{gaa9 % The AR coatings on bulk GaAs focused to 5Qum. The signal was resolved by a 32-cm Prin-
have a room-temperature reflectivity of about 0.2%, and &eton Instrument$Pl) spectrometer with a 0.6-A band pass
low-temperature reflectivity of about 0.75% from bulk GaAs. and detected by a PI liquid-nitrogen-cooled charge-coupled
The role of the AR coating is to remove the influence of thedevice(CCD) array.
cladding layer of the samples, as discussed in Sec. IV.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
B. Method

Measurements of the linear reflectivity and transmission A MQW's with Bragg spacing

were done with a broad-band, square-wave-driven light- The principal experimental result at Bragg periodicity is
emitting diode(LED). Its output was first monochromatized the growth of a photonic band gap in reflection, growing in
with a 1.25-m scanning Spex spectrometer to a 0.35-A bandmplitude and in linewidth witiN, as can be seen in Figs. 4
pass, to produce a very weak 100-pW monochromatic probegnd 5, the so-called superradiant response. Fig(eobn-
which was imaged to a 50m diameter spot on the sample, clusively shows that experimentally the linewidth in reflec-
with an f number of 12. The monochromatized probe wastion for the collective system does indeed increase linearly
detected by a fiber-coupled Hamamatsu H943-02 photomulwith N, at least for AR-coated structures, in accordance with
tiplier tube, and amplified with a Stanford Research System&q. (3). Thus Eq.(3) allows a convenient way to extract the
DSP 830 lock-in amplifier. The samples were cooled to 8 Kradiative linewidth from the slope of linewidth vershsand

by a helium closed-cycle APD cryogenics cold finger. All the remaining contributions to the linewidth from the inter-
measurements were done with the above setup except tlgept. Such an extraction yields a least-squares value of 27
measurement of the reflection of the 100 MQW versus peri==2 peV for the half width at half maximunHWHM) ra-
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oo —— L FIG. 6. (@) and (b) show the measureR, T, and A at Bragg
0 10 20 30 40 50 60 70 80 90 100 periodicity (solid lineg and 1.03 times Bragg periodicity, respec-
Number of Quantum Wells tively, and correspondin®, T, and A calculated by LDT(dashed

FIG. 5. (a) Experimental reflection from MQW's, 1-, 10-, 30-, lines) for N=60.
60-, and 100-QW, samples with Bragg periodicities and Bragg clad-
ding layers and no AR coatingb) Square dots with error bars ~ QOne difference between experiment and the theoretical
represent experimental HWHM linewidths for samples with aassumptions used for Eq&l)—(5) is the presence of inho-
Bragg QIaning layer and no AR coating measure.d in reﬂectionmogeneous broadening. From other measurenféritsis
The solid line is generated from LDT for the experimental MQW .\ that the nonradiative contribution to the homoge-
structures. The dotted line is a plot for MQW'’s with a Bragg clad- - . L .
ding layer and no AR coating as predicted by &), using the neous wu_jth is not much larger thgn th.e radlatlvg contribu-
value forT', experimentally obtained from Fig.(4). tion obtained above; hence the I|neW|dth§ are inhomoge-
neously broadened by a factor of roughly 5 in the case of our
INg 0/Ga ogAS SQW. In previous theoretical papers, the lines
diative width and 0.320.03 meV HWHM for the remaining were assumed to be homogeneous|y broadened. For the
nonradiative and inhomogeneous contributions of oursmall absolute inhomogeneous broadening in these samples,
INg.04G &y 9eAs QW’s. T’y can also be determined by precision it is a good approximation to simply lump the inhomoge-
reflection measurements from a single quantum well ameous broadening with the nonradiative homogenous broad-
shown in Ref. 26. However, the method in our work hasening in Eq.(3), so thatl'=TI";,y+ I"onradiaive 'NhOMoge-
much larger signals. The variation in the quantum wells of aneous broadening basically causes the various oscillators to
MQW sample is expected to have very little effect Bp, become slightly detuned from one another. The inhomoge-
since it depends mostly on the well material and thickness.neous broadening in these samples corresponds to averaging
Figure Ga) shows that LDT reproduces the measuRed over periodicities with such minute differences from Bragg
T, andA at Bragg periodicity. LDT even reproduces the mea-[ (1.0000+ —0.0001),/2] as to be insignificant. Therefore
sured line shapes. The asymmetry of the reflection linghe inhomogeneous broadening acts only as the intercept to
shapes in Fig. @) for largeN and deviation from a Lorent- the linear dependence of linewidth d# Eq. (3). Such a
zian shape are due to the influence of higher states such asmplification would not be true if, for example, the inhomo-
the 2s and continuum states, whereas E({3—(5) assume a geneous broadening were much larger, drwas much
single-exciton resonance approximation. We verified that théiigher, where the modes become more closely spaced for
asymmetry for largeN is reproduced by our theory even changing QW periodicity. In that case light could couple to
when an excitonic susceptibility with a homogenous Lorentthe other modes, and coupling to the photonic band-gap
zian line shape is used, indicating that the asymmetry result:iode could be significantly decreased. One final note on the
from the contributions of the 2 and higher states and not subject of linewidths is that for MQW'’s with larghl, the
from disorder. Finally, we have demonstrated that it is posdinewidths are by far predominantly radiatively broadened at
sible to determine the radiative contribution to the linewidthBragg periodicity, i.e.NI'o>T";p.
from the measured absorption coefficient alone using LDT as An ideal AR coating removes the effect of the cladding
an extraction tool by generating a plot of linewidth verdus layer and mimics an MQW structure embedded in semi-
and finding the slope. infinite GaAs. The principal evidence for this is that the am-
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plitude, linewidth, and the line shape Bf T, andA spectra ; g ¥ y ’ y T
generated by LDT assuming the MQW was embedded in (@A, [
semi-infinite GaAs agree very well with the experimerRal
T, andA measurements of the AR-coated samples, as shown
in Fig. 6. Besides isolating the pure MQW response, the AR
coating may have the practical application of increasing the
efficiency and contrast of a Bragg optical switthy in-
creasing the amount of light getting into the structure and
decreasing the background reflection. 4 ()
Without an AR coating, the cladding layer plays an im-
portant role in influencing the radiative damptihd® seen in
reflection measurements. FNr= 30, the cladding increases
the damping rate by a factor of as much as 1.5. A compari-
son of Figs. 4b) and 5b) shows the experimental difference
in linewidth between samples with and without an AR coat-

o m a

E-E, (meV)

-E (meV) E-E, (meV)
h b o

ing. In contrast to Eq(5) (rq; is negative for thev,/2 clad- =

ding layepy and shown in Fig. &) (dotted ling, the depen- 4 =
dence is not simply linear with an increased slope, but i = ©1log T, -
curved, and begins to level off for lardé LDT reproduces 2 ] i
this behavior, also shown in Fig(l§ (solid line). The reason 0 | ——.
for this deviation is that then,/2 cladding layer strongly . -
increases the amplitude of the reflection, causing it to “satu- -2 B
rate,” i.e., R cannot increase above 1. Therefore the spectral 4 [

shape oR must deviate from a Lorentzian and become more
square, as shown in Fig.(&. Such a saturation was also
calculated for atoms in an optical lattite Already by N
=30 QW'’s, the reflectivity is nearly 100%, while in an AR-
coated structure we expelt=200 is needed to produce this
effect. Reexamination of Fig.(B) shows that Eq(5) in fact
agrees with experiment and LDT for smél] before “satu-
ration” is reached.

One interesting question is whether a cladding layer can
influence the linewidth of a SQW. While in theory it can, we
did not observe any difference in linewidth within experi-
mental error. In a SQW, because the radiative linewidth is
only 10% of the total linewidth, as shown above, even
changes of a factor of 1.5 in the radiative linewidth make
only small changes in the total linewidth. The ratio of the
peak absorptiorA at the exciton resonance for no AR di-
vided by that with an AR was approximately This is due to . . L . L . L
the trivial effect of5 less light getting into a non-AR-coated 0.96 0.98 . 1.00 1.02
sample compared to an AR-coated sample. It is possible that Period (,/2)
the ratio is smaller than this, based on the field distribution, . )
but again it was not observable within experimental error.__ FIGh' ; (S) Expenrgerll(tal ?bslorptlon t])‘or a GO'CM?V\{ str;ctu_re.
The situation would be different if the radiative component € shade becomes darker for larger a So.rp(b)n alculated en
made up a larger portion of the total linewidth, ergy shifts _of the exmton_-polarlton mod_es_ in a 60-MQW strupture

for comparison to experiment. The splitting observed experimen-

. At Bragg spacing, the excnon-po_lar!t(_)n IS more I|ghtl|!<e tally agrees with the calculated energetical positions of the modes.
in character than at any other periodicity, and the excitor Linimum in absorption is seen to occur (@) at Bragg period-

character is diminished. As shown in FigiaB the field is iy (c) and (d) show the logarithm of the corresponding experi-
nearly zero at the QW's. Experimental evidence of the fieldnental transmission and reflection, respectively. Maximum in both
distribution shown in Fig. @) can be seen in transmission: {ransmission and reflection occur at Bragg periodicity. The shade
In spite of the reflection reaching a maximum at Bragg perihecomes whiter for larger reflection and transmissienshows the
odicity in the 60-MQW structure, as shown experimentally calculated damping raté&WHM) of the eigenmodes for compari-
in Fig. 7(d), the light transmitted by the structure is at a son to(d).

maximum at Bragg periodicity, as shown in Figc)Z Com-

pare Figs. 6 and @b) for an alternative representation of distribution, in the same relative units for Bragg periodicity
the data. The maxima iR and T at Bragg resonance corre- and 0.8 Bragg periodicity. The energy stored as light, found
spond to a minimum in absorption, shown in Figa)7While by integrating over the intensity distribution in the structure
the energy stored in the QW'’s is at a minimum, the energye.g., as in Fig. B is 20 times greater al=\,/2 than at
stored in the electromagnetic field is at a maximum at Bragd..03(\,/2), and 60 times greater than at Q\8(2) for the
resonance, as shown in Fig. 3, which shows the intensitji=60 MQW.
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The linear increase in the linewidth, or damping rate, with
N can be understood from the point of view of light travel-
ling in a Bragg periodic potential. Common to any situation
of a wave traveling in a Bragg periodic potential, an energy
gap forms at the boundary of the first Brillouin zone. For a
light wave, a “photonic band gap” forms. Because propa-
gating modes are forbidden in the band gap, they experience
large damping, and the light is reflected out of the structure
with anN times enhanced decay rate. The large mode damp-
ing may be viewed as the source of the “superradiance.”

The superradiance discussed here can be compared/
contrasted with the atomic situation. The Bragg resonance in
monolithic semiconductor MQW'’s is most analogous to the
situation of reflection of a weak probe from an optical lattice
of atoms!’ In the atomic case, the atoms are arranged in a
lattice by a nearly resonant optical standing wave, position-
ing them with Bragg spacing. Theory has shown for increas-
ing N planes of atoms, a large broad reflection signal grows
as a Lorentzian, eventually turning into a square stop band
with a fixed bandwidth for further increase Nf It was noted
that even if the imaginary part of the dielectric function is
artificially set to zero in the theory, the stop band essentially F|G. 8. Normalized experimental reflection from a 100-MQW
remains; in other words, the response is essentially an indestructure, showing a rich behavior of peaks and dips peeling off as
effect. Thus the form of superradiance associated with phoa function of periodicity.
tonic band gaps is more closely associated with the large

damping experienced by the photon. It would perhaps bg,q ahsorption coefficient, shown in Fig. 2: The sharper edge
C'eare'f to call the superradiant mode the photonic band-gagy, e low-energy side, emphasized for periodicities thicker
mode instead. than Bragg, gives rise to sharper features of the collective

The photonic band-gap mode is quite different fromS stem
atomic superfluorescence. Whereas superfluorescence timeysI ,

: X X n addition to absorption, signatures of the modes can also
become shorter inversely with the number of excited atdMSya seen in reflection. For example, see Figsl) and 8.

the photonic band:gap mode discussed_ he_re depef?ds qnly Biyure 1d) shows the reflection from a 60-MQW as a func-
the number of QW's and not on the excitation de”S'tY withingon of periodicity. Peaks and dips are seen peeling off for
them (as long as the exciton susceptibility remains Un-perjnds different from the Bragg spacing. As Bragg spacing
phanggd; but compare, e.g., Refs. 11 and.12 for intricat approached, the bright photonic band-gap mode dominates
|nt'en5|'ty-dependent effec)tsz.or exqmple, thél times broad-' }Ee spectrum. Figure 8 shows a rather spectacular behavior in
ening is unchanged as the |nten5|t¥§)f the mqnochromatlze flection from a 100-MQW structure as peaks and dips grow
F’ro.be IS wgakened f_rom 16 to 10"° whent?, 1€, 1n the  in the center of the spectrum and peel off for periods larger
I|m|t of vanishing exciton density, as shown in the inset of 4, the Bragg spacing as various modes become optically
Fig. 4 for the 30-QW structure. active. However, some care should be given to the interpre-
tation of the dips and peaks in reflection; there is no simple
one-to-one correspondence between a peak or a dip and a
Away from the Bragg resonance, the phenomena obsenparticular mode. Only the photonic band-gap mode at the
able in MQW systems become even richer. While at Bragg3ragg condition can be identified as a peak. A numerical
resonance only the photonic band-gap mode is optically acnalysis using an ideal excitonic susceptibility with a Lorent-
tive, for periods different from Bragg, all thid—1 modes zian broadening of 0.21 meV HWHM reveals that some of
become optically active to some degree. It is convenient téhe reflection dips can be attributed to energetic mode posi-
view the eigenenergies from the QW point of view: At Braggtions. For example, Fig. 9 shows the calculated reflection
resonance, the index contrast between the barriers and QW&pectra for the period=1.0065,/2 andd=1.013\,/2, and
sets up a light field that is almost zero at the QW'’s, and thdor two different SQW oscillator strengths. Since the ener-
N QW oscillators are barely coupled. The Bragg MQW thengetic mode position, when scaled kg, is independent of
consists ofN degenerate energy levels, as shown in Fig),1 the oscillator strength, only energetically overlaying reflec-
as one would expect fax uncoupled oscillators. For other tion dips can be attributed to eigenmodes. Only these reflec-
periods, the radiative coupling splits the degenerate QW ogion dips agree energetically with peaks in the absorption
cillators into N sublevels accumulating around two energy (not shown here Figure 9a) and the inset in Fig. (®) show
branches. Direct evidence of the formation of split energythat as soon as the mode labeled 2 reaches its energetic mini-
branches of the eigenmodes of the interacting system can mgum, the reflection dip starts to pull off to lower energies, so
seen in Fig. 7) in absorption. The modes in each branchit is no longer a clear identification signature of an eigen-
cannot be resolved, but the branches themselves can. Tiheode energy. In Figs.(d) and 8, the photonic band-gap
splitting is more distinct on the thicker side than the thinnermode at the Bragg condition is a peak for all periodicities;
side of the QW structure probably due to the asymmetry ofhe dips appearing as the periodicity increases or decreases

B. MQW with non-Bragg spacings
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FIG. 11. The solid lines show the experimental absorp#on
transmissionT, and reflectiorR for an N= 10 anti-Bragg structure.
The dotted lines show the LDT calculation.

Reflection (%)

homogeneously broadened SQW exciton linewidth, i.e., one
can reproduce the narrowing of the reflection peaks without
, ) , , , , ) any disorder.
125 100 75 -50 -25 0 25 50 75 The mode energetic positions are best interpreted in ab-
E-E)IT sorption as_shown in_Figs.(g‘x) gnd K.b) for N=60 QW'’s.
el o The peaks in absorption coincide with the calculated mode

FIG. 9. Calculated reflection spectra of a 100 MQW at a periodenergi_es' The success of LDT in explaining th(_a re_fl_ection at
of (a) 1.0065.,/2 and(b) 1.013\ /2 for an oscillator strength pro- all periods, at Bragg and away from Bragg periodicity, seen
portional tol’, (solid) and twice as largédashedl The inset shows 1N Figs. fa) and Gb), is excellent as expected.
the real parts of the eigenmodes. The arrows show the correspond-
ing mode numbers.

C. Anti-Bragg periodicity

are at first associated with an individual mode. As the di In previous studies, a good deal of attention has been
. . : . oo pgiven to the anti-Bragg periodicitgi= \,/4. Common to all
continues to peel off, it loses its mode identity.

. ) TR . periodicities except Bragg, & coupled modes are optically
. This anaIyS|s_ shows th",it itis difficult to interpret reﬂe_c- active to varying degree§.e., several modes are brightest
tion data of periodic MQW'’s. For example, one cannot sim-

. . : R and dominate over the darker mogesnti-Bragg periodicity
ply identify reflection peaks with “bright” modesmodes a5 somewhat of a focus initially because a splitting of the

with a radiative damping larger thdfy) as was done in Ref.  apsorption was predicted for that periodicity, which stands in
28. Kavokin and co-workef8?° found a narrowing of the contrast to the special case of Bragg periodicity. But in fact,
reflection peak of a 5-QW sample compared to a SQWhe splitting of theN modes into two branches occurs at
sample. They interpreted this behavior as a motional narrowaimost all periodgexcept Bragy as is shown clearly in the
ing due to the underlying disorder. Figure 10 shows the Ca|absorption measurements shown in Figa) 7for a small
culated HWHM of the reflection peaks as a function of therange of periodicities.

Anti-Bragg periodicity is unique only in that @br neay

16 . . . ; . : : that periodicity, light reflected from adjacent QW’s destruc-
. ] tively interferes. This makes anti-Bragg structures somewhat
% 14 a5QW difficult to study from an experimental point of view because
E 120 etQw - 1 the reflected light signal is exceedingly small. Figures 11 and
% | S ] 12(a) show experimental reflection, as well as transmission
z 10 P and absorption, foN=10 and 30 AR-coated anti-Bragg
:":: 08l . ] structures, respectively. Superimposed is the calculation
% o6l ‘ g ] from LDT. A splitting is not resolved in absorption for either
& the experimental or the calculated spectra for these samples.
e 0.4 P 1 Splitting is not resolved in LDT calculations using the mea-
02t e - syred absorptior_l c_oefficient for anti-Bragg s_a_mples Niths
00 01 02 03 o4 05 06 07 _hlgh as 200. This is partly becaus_e thg -spllttln.g dec-re.ases to
Exciton HWHM (meV) its minimum value atd=\,/4. This minimum in splitting

reaches a constant value in the limit of lafgeand becomes
FIG. 10. Reflection peak linewidth as a function of the homo- Similar in character to the longitudinal-transverse splifting
geneously broadened exciton linewidth for the sample characteri®f bulk. The magnitude and therefore the resolvability of the
tics of Baumbereet al. (Ref. 29 and Kavokin and Baumber@ef.  splitting atd=X\,/4 depend more on the exciton linewidth
28). than on the number of QW'AL.
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1.488 1.490 1.492 tion R for a sample with a perfect AR coatingam 5 times nar-
Energy (eV) rower linewidth than our experimental samples as a guide for un-
derstanding(b) Same calculation with an anti-Bragg cladding layer

FIG. 12. The solid lines show the experimental absorp#ion and no AR coating.
transmissionT, and reflectiorR for an N= 30 anti-Bragg structure.

The dotted lines show LDTa) is for an AR-coated structure with eled peak in reflection is about 0.3%, it can be assumed that

an anti-Bragg cladding layer, whilg) is for the same sample but the influence of the first interface has not been completely

without an AR coating. removed, and leads to the deviation between LDT and ex-
periment.

The cladding layer on anti-Bragg structures can determine As a final note, in thé\= 10 anti-Bragg structure, a small
the absorption properties. To get a clearer picture of what tgplitting, or shoulder, was observed in transmission not only
expect, an anti-Bragg structure, with 10 QW’s and 5 timesfor the N=10 sample shown here, but for several others,
narrower, nonradiatively broadened line of 0.1 meV but ap-although not for theN=30. This shoulder in transmission
proximately with the same oscillator strength and thereforevas not reproduced by LDT, and is therefore speculated to
radiative width, was numerically calculated. The calculatedbe caused either by greater disorder in the anti-Bragg
homogeneously broadened excitonic susceptibility was usesamples or greater influence of the disorder.
as input into the LDT calculation as before. Figure(@3
show_s an .ant|—Bragg' structure Wlfth a perfgct AR coating. For V. CONCLUSION
this situation, there is a single dip i a single peak iR,
and a splitting inA. However, if the structure is not AR Linear reflection, transmission, and absorption reproduce
coated, the reflection becomes a dip, and the absorption do@s detail the analytical expressions, in particular the linear
not show splitting, but a larger peak, as can be seen in Figncrease of radiative damping rate with increasiNgof
13(b). This emphasizes the importance of AR coatingQW'’s, and the location of the intensity nodes at the QW’s in
samples to remove the influence of the cladding layer and tBragg MQW'’s. The exciton radiative lifetime was extracted
isolate the response of the MQW structure. It also shows th&tom an experimental plot of linewidth versi and even
the resolvability of the splitting at anti-Bragg is quite sensi-from the line shape and magnitude of the absorption coeffi-
tive to linewidth of the absorption coefficient. cient in conjunction with LDT to generate a plot of linewidth

The basic behavior of the structure with versus withoutversusN. Exactly at Bragg periodicity, the light character is
the AR coating is illustrated experimentally in Fig. 12 for an at a maximum, and the fast decay can be understood from
N=30MQW anti-Bragg structure with and without an AR the point of view of light being swept out of a photonic
coating. It is seen that without the AR coating, the reflectionband-gap structure. Away from Bragg periodicity, the energy
is a dip, whereas with an AR coating, the reflection becometevels due toN radiatively coupled nearly identical QW'’s
a peak. The splitting in absorption can still not be resolvedsplit into two branches; these were observed in measure-
LDT reproduces the behavior well, although the peak in thaments of the absorption. Although difficult to interpret, re-
experimental reflection is larger than that in LDT. This isflection spectra showed rich signatures of tNenormal
because the AR coating in the LDT is perfect, whereas on thenodes becoming optically active. A splitting was not resolv-
sample the surface still reflects about 0.75%. Since the modable in absorption for the anti-Bragg structures used in this
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