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Evidence for Spatial Propagation of Photon-like Polaritons Generated by 

Exciton-Exciton Scattering in a GaAs/AlAs Multiple-Quantum-Well 

Structure 

Yoshiaki Furukawa and Masaaki Nakayama
*
 

Department of Applied Physics and Electronics, Graduate School of Engineering, 

Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan 

 

We have investigated the polariton characteristics of the photoluminescence (PL) due to 

exciton-exciton scattering at 10 K in a GaAs/AlAs multiple-quantum-well structure 

with the use of spatially-resolved PL spectroscopy. We found that the PL band from the 

exciton-exciton scattering, the so-called P emission, is detected only at spots along a 

sample edge which is spatially separated from an excitation spot. In contrast, the PL 

bands attributed to the exciton and biexciton were observed only at the excitation spot. 

Because the exciton-exciton scattering occurs at the excitation spot, the appearance of 

the spatially-separated P-emission spot demonstrates that the photon-like lower 

polariton, which is the final state of the exciton-exciton scattering process, propagates 

along the interface, leading to conversion to a photon. The spectral shape of the P-PL 

band detected at the spatially-separated spot exhibits a fringe pattern, which is 

quantitatively explained by the Fabry-Pérot interference originating from the spatial 

separation of the P-emission and excitation spots.  
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1. Introduction 

 Inelastic scattering processes of excitons with elementary excitations such as 

excitons, phonons, and free carriers are prominent phenomena leading to stimulated 

emission in an intermediate excitation-density regime below a Mott transition density.
1)

 

As schematically shown in Fig. 1, in the inelastic scattering process of two excitons 

with a hydrogenic quantum number n=1 under the energy and momentum conservation, 

the so-called exciton-exciton scattering, one exciton is scattered into an n≥2 state 

including the continuum state with n=∞, while the other is scattered onto the 

photon-like region in the lower polariton (LP) branch, and then the photon-like LP is 

converted to a photon, the so-called P emission. Thus, the photon-like LP is generated as 

the final state for the P emission. The P emission has been mainly observed in wide-gap 

semiconductors with large exciton binding energies such as ZnO,
2-5)

 CdS,
6)

 

lightly-alloyed ZnxMg1-xO,
7)

 GaN,
8-11)

 lightly-alloyed InxGa1-xN,
12)

 and CuI.
13-15)

 The 

exciton-exciton scattering in quantum-well (QW) systems was reported in 

ZnxCd1-xSe/ZnSe,
16,17)

 ZnO/ZnxMg1-xO,
18)

 and GaAs/AlAs
19-21)

 multiple-QW (MQW) 

structures. In the QW system, the exciton binding energy is enhanced by the quantum 

confinement effect, which leads to enhancement of the stability of the excitonic system. 

As a result, the P emission becomes observable in GaAs/AlAs MQWs
19-21)

 in contrast to 

non-observable in a GaAs bulk crystal. 

In the framework of the exciton-polariton picture, the exciton-exciton 

scattering process generates the photon-like LP as the final state as described above. The 

photon-like LP propagates in principle through a sample, and then is converted to a 

photon when it reaches the sample surface and/or edge at which the translational crystal 

symmetry is broken.
22,23)

 This is one of key characteristics of the exciton-exciton 

scattering; however, there have been limited works related to the polariton 

characteristics.
4,20)

 In these previous works, it was revealed that the energy dependence 

of the photoluminescence (PL) decay rate of the P emission is scaled by that of the 

group velocity of the photon-like LP; namely, the decay rate, 1/, is proportional to the 



3 

 

LP group velocity, vg, at a given energy: 1/(E)=Avg(E). In the polariton picture, the 

proportional constant should be A=1/Lp if we neglect reflection at the sample surface 

and/or edge, where Lp is the polariton propagation length for the conversion to a photon. 

The value of A, however, largely deviates from 1/Lp in the previous works.
4,20)

 For 

example, in a ZnO thin film with a thickness of 4 m,
4)

 the value of A was 35 cm
-1

 

(1/A=2.9×10
2
 m) in spite of that Lp is expected to be the film thickness. Thus, the 

proportional relation between 1/ and vg is phenomenological. It should be noted that 

the direct evidence for the polariton nature is to reveal the spatial propagation of the 

photon-like LP leading to the P emission. In a QW system, the spatial propagation of the 

photon-like LP is limited to the in-plane direction; therefore, it is expected that the 

conversion from the photon-like LP to the P emission occurs at a sample edge. This is 

advantageous in investigation of spatial propagation of the photon-like LP. 

 In the present work, we have focused on the spatially-resolved PL properties of 

exciton-exciton scattering at 10 K in a GaAs/AlAs MQW structure. Spatially-resolved 

PL spectroscopy provided the information for spatial propagation of the photon-like LP 

and conversion to the P emission. The key finding is the fact that the P-PL band is 

observed only at spots along a sample edge which is spatially separated from an 

excitation spot. In contrast, the exciton and biexciton PL bands are observed only at the 

excitation spot. This finding is the direct evidence for the polariton nature of the P 

emission. In other words, the photon-like LP generated by the exciton-exciton scattering 

at the excitation spot propagates along the interface, leading to the P emission at the 

spatially-separated spot. The spectral profile of the P-PL band detected at the 

spatially-separated spot exhibits a fringe pattern. The fringe pattern is quantitatively 

analyzed in the framework of the Fabry-Pérot interference due to the spatial separation 

between the P-emission and excitation spots, taking account of the energy dependence 

of the refractive index of the MQW sample. 

 

2. Experimental Details 
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The sample used was a GaAs (10 nm)/AlAs (10 nm) MQW structure with 30 

periods grown on a (001) GaAs substrate at 560°C by molecular beam epitaxy. The 

polariton profile related to the P emission of this sample was already described in Ref. 

20, where the energy dependence of the decay rate of the P emission was 

phenomenologically scaled by that of the group velocity of the photon-like LP 

calculated using an equation for the polariton dispersion relation. The above finding 

demonstrates that the P emission originates from the photon-like LP, which is closely 

related to the main issue in the present work. 

The schematic diagram of the measurement system for spatially-resolved PL 

spectroscopy is shown in Fig. 2(a). The excitation light source in the PL measurement 

was a mode-locked Ti:sapphire pulse laser with a pulse duration of 110 fs and a 

repetition rate of 76 MHz. The peak energy of the excitation laser was fixed at 1.717 eV 

which is far above the fundamental exciton energies. We used a refractive beam shaper 

in combination with a beam expander to produce a flat-top shape of the excitation laser 

beam according to Ref. 24, which considerably reduced spatial inhomogeneity of a 

photogenerated exciton density. An objective lens with a numerical aperture of 0.40 and 

a focal length of 10 mm was used for the excitation and collection of PL. The PL from 

the sample was focused on a complementary metal-oxide semiconductor (CMOS) 

profiler to observe a spatial PL image. In this case, a pinhole was removed from the 

light path. The magnification of the PL image at the focal plane was 20 times, which 

was calibrated using a micro-ruler. Figure 2(b) shows the spatial PL-intensity profile 

observed with the CMOS profiler under a weak excitation condition. It is obvious that 

the spatial profile exhibits a flat-top shape. We defined a diameter of 52 m, within 

which 86.5% corresponding to 1-1/e
2
 of the total intensity is covered, as a measure of 

the excitation-beam spot size. In the measurement of spatially-resolved PL spectra, the 

PL image was spatially selected using a pinhole with a diameter of 50 m at the focal 

plane in the light path as shown in Fig. 2(a): The spatial resolution was 2.5 m. The 

position of the pinhole was monitored using the CMOS profiler. A cooled charge 
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coupled device attached to a 32-cm single monochromator with a spectral resolution of 

0.10 nm was used to measure PL spectra. In addition, we observed spatially-integrated 

PL spectra. The experimental setup was the same as that for spatially-resolved PL 

spectroscopy shown in Fig. 2(a); however, the pinhole at the focal plane was removed. 

Furthermore, a PL excitation (PLE) spectrum was measured to characterize the energies 

of the first quantized heavy-hole (H11) and light-hole (L11) excitons. The excitation 

light was produced by combination of a tungsten lamp and a 32-cm single 

monochromator with a spectral resolution of 0.2 nm. The PL was dispersed by a 25-cm 

double monochromator with a spectral resolution of 0.3 nm and detected using a photon 

counting system. All the optical measurements were performed at 10 K with the use of a 

low-vibration-type closed-cycle helium cryostat: The vibration amplitude was ~2 m. 

 

3. Results and Discussion 

To confirm the overall PL properties, Fig. 3 shows the spatially-integrated PL 

spectra at various excitation fluences at 10 K in the GaAs (10 nm)/AlAs (10 nm) MQW, 

where the maximum excitation fluence was F0=50 J/cm
2
 and the intensity of each 

spectrum was normalized to the maximum value. The black dashed curve on the top 

indicates the PLE spectrum detected at 1.564 eV to evaluate the H11- and L11-exciton 

energies. The PLE spectrum on the low energy side of the H11-exciton band could not 

be measured because of Rayleigh scattering by the excitation light. The blue dotted line 

labeled EH11 indicates the H11-exciton energy. The exciton-PL band labeled X is mainly 

observed at the lowest excitation fluence of 3×10
-5

F0. The slight difference between the 

energies of the X-PL peak and H11 exciton results from weak localization of the exciton 

due to interface fluctuations. With an increase in excitation fluence, the PL band labeled 

M continuously grows on the low energy side of the X-PL band. The low energy tail of 

the M-PL band is a typical feature of the biexciton PL, the so-called inverse-Boltzmann 

line shape. The biexciton binding energy in a 10-nm thick GaAs QW was reported to be 

2.0 meV using degenerate four wave mixing spectroscopy.
25)

 The energy spacing 
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between the X and M PL bands almost corresponds to the biexciton binding energy.  

At an excitation fluence of 0.2F0 (~10 J/cm
2
), a new PL band labeled P 

appears with a threshold-like nature, and then its intensity relative to the X- and M-PL 

bands markedly increases with an increase in excitation fluence. The threshold-like 

appearance of the P-PL band suggests the occurrence of optical gain producing the 

stimulated emission, which is one of the typical characteristics of the exciton-exciton 

scattering.
1)

 The occurrence of optical gain was experimentally confirmed in various 

semiconductors.
8, 12, 13, 17, 19)

 The mechanism of stimulated emission is theoretically 

explained in Ref. 26 in the framework of the second quantization for creation and 

annihilation of excitons and photons in the exciton-exciton scattering process. Taking 

account of the momentum and energy conservation in the exciton-exciton scattering 

process, the peak energy of the P-PL band is given by
2)

 

p X, 1 X, 2 X, 1 B ff( ) 3n n n eE E E E k T      , (1) 

where EX,n is the exciton energy with a hydrogenic quantum number n, Teff is an 

effective temperature, and  is a positive constant smaller than unity. The last term in 

Eq. (1) corresponds to an excess kinetic energy. The red dotted line labeled Ep in Fig. 3 

indicates the calculated P-PL energy on the assumption of the scattering process into the 

n=2 exciton state, the so-called P2 emission, where the energy spacing between the n=1 

and n=2 H11 excitons was taken from Ref. 27: EX,n=2EX,n=1=8.9 meV. Here, the term of 

the effective temperature, -3kBTeff, in Eq. (1) is negligible at the threshold excitation 

fluence at 10 K, which was confirmed from the following fact observed in the P-PL 

dynamics.
20)

 The temporal energy of the P-PL band reflecting a change of Teff in the 

decay process was almost constant and consistent with the P2-emission energy without 

-3kBTeff. The calculated energy Ep is in agreement with the peak energy of the P-PL 

band at the threshold in Fig. 3. The P-PL band exhibits a low energy shift with an 

increase in excitation fluence from the threshold, which reflects an increase in effective 

temperature. 
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 Figure 4 shows the spatial PL images at the excitation fluences of (a) 0.10 

J/cm
2
 and (b) 40 J/cm

2
 at 10 K, where the PL intensity is shown by the color scale. 

The black dashed line indicates the sample edge and the white-colored area corresponds 

to the outside of the sample. At 0.10 J/cm
2
, which is much lower than the threshold 

excitation fluence for the P-PL band shown in Fig. 3, only the PL spot corresponding to 

the excitation spot is observed. In contrast, at the excitation fluence above the threshold, 

40 J/cm
2
, we notice appearance of new PL spots along the sample edge spatially 

separated from the excitation spot. This fact is a key issue in this work. 

 To reveal the origin of the spatially-separated PL spot, we measured the 

excitation fluence dependence of spatially-resolved PL spectra. Figure 5 shows the 

spatially-resolved PL spectra detected at (a) the center of the excitation spot and (b) the 

spatially-separated spot at various excitation fluences, where the maximum excitation 

fluence was F0=50 J/cm
2
 and the intensity of each spectrum was normalized to the 

maximum value. We selected the strongest PL area at the spatially-separated spot along 

the sample edge. The blue and red dotted lines indicate the H11-exciton and P2-emission 

energies, respectively. It is evident that the PL spectral profile at the spatially-separated 

spot is fully different from that at the excitation spot. The striking fact is that the P-PL 

band does not exist at the excitation spot. Here, we mention the measurement of 

spatially-integrated PL spectra shown in Fig. 3. It is evident from Fig. 4(b) that the total 

PL intensity at the excitation spot is much stronger than that at the spatially-separated 

spot. In the measurement of spatially-integrated PL spectra, we adjusted the optical 

configuration for PL detection to highlight the appearance of the P-PL band. 

It is obvious from Fig. 5(b) that only the P-PL band is observed at the 

spatially-separated spot. The disappearance of the X- and M-PL bands can be attributed 

to the reabsorption effect on the PL intensities through the distance between the 

excitation and spatially-separated spots. Note that the energy region of the P-PL band 

overlaps with that of the M-PL band; however, only the M-PL band disappears at the 

spatially-separated spot. This fact indicates that the reabsorption effect on the P-PL band 
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is negligible. As a matter of course, the exciton-exciton scattering occurs at the 

excitation spot. If the polariton nature, which corresponds to spatial propagation of the 

photon-like LP, would be negligible, the P-PL band should appear at the excitation spot. 

From Fig. 5(a), however, it is evident that the P-PL band could not be observed at the 

excitation spot in spite of that the X- and M-PL bands are observable. This fact indicates 

that the conversion from the photon-like LP to the P emission never occurs at the 

excitation spot. In other words, the spatial propagation of the photon-like LP arriving at 

the sample edge is essential for appearance of the P emission. Therefore, the above 

results for the spatially-resolved PL spectra can be explained by the following three 

processes: (1) generation of the photon-like LP by the exciton-exciton scattering at the 

excitation spot, (2) propagation of the photon-like LP from the excitation spot along the 

interface, and (3) conversion from the photon-like LP to the P emission at the sample 

edge. The conversion from the photon-like LP to the P emission is caused by the 

breakdown of the translational crystal symmetry at the sample edge. In the spatial PL 

image shown in Fig. 4(b), the P-PL intensity at the spatially-separated spot exhibits the 

position dependence. A possible reason for the position dependence is as follows. 

Defects also contribute to the conversion from the photon-like LP to a phonon. The 

density of defects usually has spatial distribution. Thus, a higher defect density leads to 

a stronger P-PL intensity. In addition, the influence of micro-cracks, which tend to exist 

at the sample edge because of cleavage of sample piece, on the photon conversion is 

similar to that of defects. We confirmed that the P-PL intensity at the spatially-separated 

spot is sensitively changed by moving the excitation spot parallel to the sample edge. 

Figure 4(b) corresponds to the most prominent PL image for the spatially-separated spot. 

Note that the spatially-resolved P-PL band is observed in the excitation fluence region 

lower than the threshold in the spatially-integrated PL spectra shown in Fig. 3. As 

described above, the threshold-like appearance of the P-PL band results from 

occurrence of the stimulated P emission. The spontaneous P emission is also observable 

in principle.
26)

 Because the PL intensity of the spontaneous P emission is considerably 
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weak, the low energy tail of the M-PL band prevents the observation of the P-PL band 

below the threshold in the spatially-integrated PL spectra. 

The P-PL band detected at the spatially-separated spot exhibits a fringe pattern 

as shown in Fig. 5(b). Such a fringe pattern usually originates from interference due to 

multiple reflections between two interfaces, the so-called Fabry-Pérot interference. The 

quantitative analysis of the fringe pattern, which is described below, is significant in 

clarifying how the appearance of the spatially-separated spot affects the P-PL spectral 

shape. The wavelength separation between two adjacent peaks,  is given by
28)

 

 
/ (2 )

/ /

L

n dn d




 
 


,                                          (2) 

where  is a wavelength, L is a distance between two interfaces, and n is a refractive 

index. Because the P-PL band appears close to the H11 exciton, the wavelength 

dispersion of n due to the excitonic transition should be considered. To discuss 

quantitatively the fringe pattern, we calculated the energy dependence of the refractive 

index around the H11-exciton energy. According to Ref. 29 in the framework of an 

effective dimension approximation, the complex dielectric function around the exciton 

energy in a QW, QW(E), is given by 
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,      (3) 

  2 2

2 ( / 2 )
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( / 2) (1 / 2 ) d
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g D D

D D

 
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  

 
  
   

,       (4) 

 g( ) / ( )z R E z   ,                                         (5) 

where d is the effective dimension,
30)

 S is a constant related to the exciton oscillator 

strength, R is the exciton binding energy in a bulk crystal, Eg is the band-gap energy of 

the QW,  is the broadening factor, D=d1, and (x) is the gamma function. The energy 

dependence of the background dielectric constant was approximately treated using the 

Sellmeier equation.
31)

 The total dielectric function for a QW including the background 

dielectric constant is described as  
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 total QW2
( ) ( )

1

C
E A E

BE
   


, (6) 

where A, B, and C are the constants for the Sellmeier equation: A=7.10, B=0.18 eV
-2

, 

and C=3.78 in GaAs.
31)

 The value of d was taken from Ref. 30: d=2.4 for a 10-nm thick 

GaAs QW. The value of R is 4.2 meV in GaAs.
32)

 According to Ref. 33, the value of S is 

1.0 eV
1.8

 in d=2.4. The values of Eg and  were estimated from the line-shape analysis of 

the PLE spectrum with the use of an absorption spectrum calculated using 

k0Im[QW(E)
1/2

], where k0 is the wave vector of light in vacuum. We assumed that the 

shape of the PLE spectrum in the vicinity of the H11 exciton is consistent with that of 

the absorption spectrum. Figure 6(a) shows the result of the line-shape analysis of the 

H11-exciton band in the PLE spectrum on the basis of the theory described above, 

where the black solid circle and red solid curve indicate the experimental and fitted 

spectra, respectively. The fitted result reproduces the experimental PLE spectrum for the 

H11 exciton, which indicates the validity of the theory used in this work. The values of 

the fitting parameters are as follows: Eg=1.5770 eV and =2.4 meV.  

Figures 6(b) and 6(c) show the calculated values of n and dn/d, respectively, 

as a function of energy. In the long wavelength approximation, the value of n in the 

MQW is given by the layer-thickness weighted average of the refractive indices of the 

GaAs QW, nW=Re[total(E)
1/2

], and the AlAs barrier, nB: n=(nWLW+nBLB)/(LW+LB), 

where LW and LB are the thicknesses of the GaAs and AlAs layers, respectively. For the 

present MQW sample, the refractive index is given by n=(nw+nb)/2 because of LW=LB. 

The value of nB was treated as a constant because the energy region of the P-PL band is 

far below the band-gap energy of AlAs: nB=3.007 at 1.559 eV.
34)

 Figure 6(d) shows the 

PL spectrum detected at the spatially-separated spot at the excitation fluence of 0.05F0, 

where F0 is the same as that in Fig. 5(b). In Fig. 5(b), at the excitation fluences of 

0.05F0, 0.1F0, and 0.3F0, at which the energy and width of the P-PL band are almost 

constant, the visibility of the fringe pattern is almost unchanged. At 0.5F0 and F0, the 

P-PL band exhibits a low energy shift and broadening, which may modify the visibility 
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of the fringe pattern mainly because of the energy dependence of the refractive index. 

The inset of Fig. 6(d) shows the magnified P-PL band in the wavelength region around 

the peak, where the wavelength spacing of the fringe pattern is =0.59 nm. At the peak 

energy of the P-PL band, 1.5594 eV, n and dn/d were obtained to be 3.40 and -8.010
-3

 

nm
-1

 from Figs. 6(b) and 6(c), respectively. Consequently, L was estimated to be 55 m 

using Eq. (2). In Fig. 4(b), the position of the spatially-separated spot with the strongest 

PL intensity is ~63 m away from the right-side edge of the excitation spot. Here, we 

define the edge of the excitation spot as the boundary of the red-colored area in Fig. 

4(b). The calculated and experimental values of L are almost in agreement with each 

other in spite of the troublesome calculation of the refractive index. Therefore, the 

fringe pattern of the P-PL band is attributed to the Fabry-Pérot interference between the 

sample edge and the right-side edge of the excitation spot. Note that the refractive index 

in the excitation spot is slightly smaller than that in the surrounding area because 

photogenerated excitons with a relatively high density reduce the exciton oscillator 

strength.
35)

 Thus, the refractive index difference between the inside and outside of the 

excitation spot results in formation of the interface for the Fabry-Pérot interference. The 

quantitative estimation of a change of the refractive index at the excitation spot is 

beyond the scope of this paper. The left side edge of the excitation spot can also 

contribute to the Fabry-Pérot interference. In this case, L corresponds to ~24 m; 

therefore,  is estimated to be ~1.4 nm using Eq. (2). Because  of ~1.4 nm is about 

two-thirds of the full width at half maximum of the spatially-resolved P-PL band, the 

P-PL band itself may hide the relatively long fringe pattern originating from the left side 

edge of the excitation spot. 

 

4. Conclusions 

We have investigated the spatially-resolved PL properties from the viewpoint 

of the polariton characteristics of the P emission due to exciton-exciton scattering at 10 

K in the GaAs (10 nm)/AlAs (10 nm) MQW structure. From the spatially-resolved PL 
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spectra at various excitation fluences, we found that only the P-PL band appears at the 

spatially-separated spot along the sample edge away from the excitation spot, while it is 

not observable at the excitation spot in spite of that the exciton and biexciton PL bands 

are observed. This fact demonstrates that the photon-like LP generated by the 

exciton-exciton scattering at the excitation spot propagates along the interface, and then 

is converted to a photon corresponding to the P emission at the sample edge. The P-PL 

band observed at the spatially-separated spot exhibits a fringe pattern. We analyzed the 

fringe pattern in the framework of the Fabry-Pérot interference, taking account of the 

refractive index dispersion due to the H11-exciton transition. As a result, we showed 

that the spatial separation of the P-emission and excitation spots causes the Fabry-Pérot 

interference.  
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Figure captions 

 

Fig. 1. (Color online) Schematic diagram of the exciton-exciton scattering process, 

where EX is the n=1 transverse exciton energy at the  point and Eg is the band-gap 

energy. 

 

Fig. 2. (Color online) (a) Schematic diagram of the measurement system for 

spatially-resolved PL spectroscopy and (b) spatial PL-intensity profile observed with a 

CMOS profiler under a weak excitation condition. 

 

Fig. 3. (Color online) Spatially-integrated PL spectra at various excitation fluences at 10 

K in the GaAs (10 nm)/AlAs (10 nm) MQW, where the maximum fluence is F0=50 

J/cm
2
 and the intensity of each PL spectrum is normalized to the maximum one. The 

black dashed curve on the top depicts the PLE spectrum for the reference of the H11- 

and L11-exciton energies. The vertical dotted lines labeled EH11 and EP indicate the 

H11-exciton and P2-emission energies, respectively. 

 

Fig. 4. (Color online) Spatial PL images at the excitation fluences of (a) 0.10 J/cm
2
 and 

(b) 40 J/cm
2
, where the PL intensity is indicated by the color scale. The black dashed 

line indicates the sample edge. 

 

Fig. 5. (Color online) Spatially-resolved PL spectra at various excitation fluences 

detected at (a) the center of the excitation spot and (b) the spatially-separated spot, 

where the maximum excitation fluence is F0=50 J/cm
2
 and the intensity of each PL 

spectrum is normalized to the maximum one. The vertical dotted lines labeled EH11 and 

EP indicate the H11-exciton and P2-emission energies, respectively.  

 

Fig. 6. (Color online) (a) Result of the line-shape analysis of the H11-exciton band in 
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the PLE spectrum based on the theoretical model for the dielectric function given by Eq. 

(3), where the black solid circle and red solid curve indicate the experimental and fitted 

spectra, respectively. (b) Calculated refractive index n and (c) dn/d as a function of 

energy using Eqs. (3) and (6). (d) PL spectrum detected at the spatially-separated spot at 

the excitation fluence of 0.05F0, where F0 is the same as that in Fig. 5(b). The inset 

shows the magnified PL spectrum in the wavelength region around the peak, where  

indicates the wavelength spacing of the fringe pattern. 
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