
The Emission Spectra due to Exciton-Exciton 
Collisions in GaAs/AlGaAs Quantum Well System 

Surendra K Pandey 

 

Abstract— Optical emission based on excitonic scattering 
processes becomes important in dense exciton systems in which the 
average distance between excitons is of the order of a few Bohr radii 
but still below the exciton screening threshold. The phenomena due 
to interactions among excited states play significant role in the 
emission near band edge of the material. The theory of two-exciton 
collisions for GaAs/AlGaAs quantum well systems is a mild attempt 
to understand the physics associated with the optical spectra due to 
excitonic scattering processes in these novel systems. The four 
typical processes considered give different spectral shape, peak 
position and temperature dependence of the emission spectra. We 
have used the theory of scattering together with the second order 
perturbation theory to derive the radiative power spontaneously 
emitted at an energy ħω by these processes. The results arrived at are 
purely qualitative in nature. The intensity of emitted light in quantum 
well systems varies inversely to the square of temperature, whereas in 
case of bulk materials it simply decreases with the temperature. 

Keywords— Exciton-Exciton Collisions, Excitonic Scattering 
Processes, Interacting Excitonic States, Quantum Wells. 

I. INTRODUCTION

TRONG enhancement of excitonic effects in the optical 
spectra of quantum well (QW) systems is observed due to 

carrier confinement [1]. Radiative recombination processes 
based on interacting excitonic states, become important in 
dense exciton systems in which the average distance between 
excitons is of the order of a few Bohr radii but still below the 
exciton screening threshold. Under these conditions van der 
Waals like interactions between excitons play significant role 
in the spontaneous emission near the band edge of the 
material. The spontaneous radiative decay of excitons and 
excitonic molecules (biexcitons) induced by inelastic 
scattering between quasi-particles, are the phenomena which 
contribute to the characteristic optical spectra for medium 
density of excitons in quantum wells [2]. 

The main feature of the collective processes in 
semiconductors is that they result in a modified ground level 
for the crystal, and the resulting emission always occurs at 
lower energy than the intrinsic emission of the unperturbed 
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crystal. This qualitatively reflects the amount of energy spent 
by the interaction responsible for the formation of some new 
quasi-particles in the crystal. In terms of mean inter-particles 
distance rs and the exciton Bohr radius a0, the medium or 
intermediate density regime is characterized as rs > a0. Two-
exciton collision processes have been reported in various 
semi-conducting compounds and also suggested to be 
important in the optical amplification or the laser action [3]-
[4]. A below band gap emission band (P band) observed in 
CdS, CdSe and ZnO crystals have been interpreted in terms of 
inelastic collision process of two excitons leaving a free 
electron-hole pair and a luminescent photon. Moriya et al.
have developed a detailed theory for the emission spectra due 
to exciton-exciton collisions in bulk GaAs at non-zero 
temperatures [5]. An extension of the theory for 
GaAs/AlGaAs quantum well systems provides some striking 
qualitative results. 

We consider four typical exciton-exciton scattering 
processes to produce spontaneous emission, which occur in 
bulk semiconductors also [2]. These are symbolically 
expressed as: 

(i) (EK
1S, EK′

1S) → (ħω, e-h) 
(ii) (EK

1S, EK′
2S, 2P) → (ħω, e-h) 

(iii) (EK
1S, EK′

1S) → (ħω, EK″
1S) 

(iv) (EK
1S, EK′

1S) → (ħω, EK″
2S, 2P) 

where ħω is the photon energy, EK
1S, 2S, 2P correspond to the 

energies of 1S, 2S, 2P excitons with momentum ħK, and (e-h) 
is the energy of an electron-hole pair in the continuum state. 

The use of scattering theory together with the second order 
perturbation theory under desired approximations gives the 
expression for radiative power spontaneously emitted at an 
energy ħω by these processes. Our results and the subsequent 
explanations are purely qualitative in nature. 

II. EXCITONIC SCATTERING PROCESSES

In highly excited semiconductors the phenomena like 
exciton-exciton or exciton-carrier scattering, formation of 
excitonic molecules, Bose condensation of excitons or 
excitonic molecules and transition to metallic electron-hole 
systems, play significant roles in the optical emission near the 
band edge of the material. In the four typical exciton-exciton 
scattering processes considered as (i)-(iv), we have denoted 
the photon energy as ħω, the binding energy of exciton as Eb, 
the energies of 1S, 2S, 2P excitons with momentum ħK as 
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EK
1S, 2S, 2P and the energy of an electron-hole pair in the 

continuum state as (e-h). We consider the exciton as a 
composite particle of an electron and a hole with two kinds of 
freedom of motion, the internal and the translational motions. 
The coordinate for the internal motion of excitons, r and the 
center-of-mass coordinate, R are related as 

( ) MrmrmRrrr hheehe /; +=−=                 (1) 
The bound states of internal motion are labeled by 1S, 2S, 

2P and K, K′ are the wave vectors related to the translational 
motion of excitons. In a similar way, we have used k and k′
respectively for the internal and translational motions of the 
free e-h pair. They have the following relations with the 
electron and hole wave vectors 

k
M

m
kkk

M

m
kk h

h
e

e ′+−=′+= ;
                    (2) 

where, M (me+mh) is the translational motion mass of the 
exciton. 

With these noitations, the scattering process (i) is described 
as a radiative scattering via the exciton-exciton and exciton-
photon interactions with the initial, intermediate and final 
states as 

 Exciton ǀ1S, K˃ + Exciton ǀ1S, K′˃
→ Exciton ǀ1S, 0˃ + electron-hole pair ǀk, k′˃
→ Photon ħω + electron-hole pair ǀk, k′˃

The other three processes can also be described in exactly 
the same way. The interaction potential of two excitons is very 
complicated, because the exciton has internal structure and the 
direct Coulomb and exchange interactions among the electrons 
and holes must be taken into account. Because of the electrical 
charge neutrality of the exciton, however, this potential is 
considered to be of short-range nature like inter-atomic or 
inter-molecular force which spreads over only a small region 
around each particle. Therefore, the effective interaction 
potential is assumed of the form 

( ) ( )21

2

1212

4
RRa

M
RU −= δ

πh

                        (3) 
In (3), R1 and R2 are the center-of-mass co-ordinates of the 
two excitons with R12 = R1-R2, and ā is the direction 
independent effective scattering length of the excitons. 

If N(ħω), nK
1S, ne and nh are the mean occupation numbers 

of the photon, 1S exciton, electron and hole in their respective 
states, then under the assumption that they are much smaller 
than unity (which is the case except for very high excitation 
rate), Boltzmann distribution is a good approximation for both 
excitons and free carriers. For a QW structure and 2D density 
of states, we can safely assume the relations 

( ) ( )TMkKTMkNn BBS
S

K 2/exp/2 222
1

1 hh −= π       
(4) 

and 

( ) ( )TkmkTkmNn BheheBhehehe ,
2
,

2
,

2
,, 2/exp/2 hh −= π

   
(5)

where T is the effective temperature of each particle system 
and N1S, Ne and Nh are the densities of 1S excitons, electrons 
and holes, respectively. 

The four scattering processes outlined above can be 
described as: 
(i) (EK

1S, EK′
1S) → (ħω, e-h): By the use of the second order 

perturbation theory, the radiation power spontaneously emitted 
at an energy ħω by this process is finally obtained as 

( )
( )

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−+

′
−=

μ
ωω

2

1

2
exp

22
1
0

22

2

2
1 k

EE
TkTMk

k

Tk

N
AI b

S

BBB

S h
h

h
h

(6) 
where, N1S is the density of 1S excitons and μ is the reduced 
mass of electron-hole system given by μ-1 = me

-1 + mh
-1. 

The emission peak will lie at an energy slightly lower than 
(E0

1S-Eb) at low temperatures and the spectrum is symmetric. 
The shift in the peak (E0

1S) due to this process is by Eb. In 
quantum well structures, Eb being larger, the shift will be by 
greater amount as compared to that in bulk. 
(ii) (EK

1S, EK′
2S, 2P) → (ħω, e-h): At higher temperature, the 

population of excitons in the higher states increases, so that 
the collisions between 1S and 2S, 2P excitons are considered 
to become important [6]. The emission spectrum due to this 
process is peaked at [E0

1S - (1/9) Eb] and the spectral shape is 
more symmetric. The spontaneous emission spectrum is given 
by  

( )
( )

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−+

′
−=

μ
ωω

29

11

2
exp

22
1
0

22

2

2,21 k
EE

TkTMk

k

Tk

NN
AI b

S

BBB

PSS h
h

h
h

(7) 
As T increases, the emission channel shifts towards higher 
energies and is reduced in peak amplitude. 
(iii) (EK

1S, EK′
1S) → (ħω, EK″

1S): The spontaneous emission 
spectrum for this process is calculated as 

( )
( )

( )⎥
⎦

⎤
⎢
⎣

⎡
−+

′′
−= ωω h
h

h S

BBB

S E
TkTMk

K

Tk

N
BI 1

0

22

2

2
1 1

2
exp

(8)
The spectrum is completely symmetric with its peak at E0

1S. 
With the increase in temperature, the band broadens 
symmetrically without change in its peak position. 
(iv) (EK

1S, EK′
1S) → (ħω, EK″

2S, 2P): The calculated spontaneous 
emission spectrum is 

( )
( ) ⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛

−−+
′′

−= b
S

BBB

S EE
TkTMk

K

Tk

N
BI

9

81

2
exp 1

0

22

2

2
1 ωω h

h
h

   

(9) 
The peak position of the emission spectrum is [E0

1S - (8/9) Eb], 
which is nearly close to that obtained by process (i). The band 
is not symmetric in shape in this process. 
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III. RESULTS AND DISCUSSION

To summarize the results, we have found that the four 
typical processes considered give different spectral shape, 
peak position and temperature dependence of the emission 
spectra. In QW structures, the intensity of emitted light due to 
excitonic scattering processes decreases inversely to the 
square of temperature, whereas in case of bulk it decreases 
inversely with the temperature. The emission channels (ii) and 
(iv) are rather symmetric and located between E0

1S and (E0
1S-

Eb), while the spectrum (iii), which is peaked at E0
1S, is 

perfectly symmetric in shape. The channel (i) is asymmetric 
with a width broader than the others and is situated on the low 
energy side of (E0

1S-Eb). 
In the energy region between E0

1S and E0
1S-Eb, usually there 

exists emission due to many types of bound excitons as well as 
that due to free exciton or exciton-polariton. Further, emission 
bands arising from free carrier-exciton collision and biexciton 
recombination processes are expected to lie around this energy 
region. Therefore, distinct observation of emissions due to the 
exciton-exciton scattering processes (ii)-(iv) may be 
obstructed by these overlapped emissions. In the low energy 
side of (E0

1S-Eb), there usually exist almost no bound-exciton 
emissions. Sometimes, emissions due to impurities and 
phonon-assisted exciton recombination appear in this spectral 
region. 

In process (i), the emission peak will lie at an energy 
slightly lower than (E0

1S-Eb) at low temperatures and the 
spectrum is symmetric. The shift in the peak (E0

1S) due to this 
process is by Eb. In quantum well structures, Eb being larger, 
the shift will be by greater amount as compared to that in bulk. 
Process (ii) usually takes place at higher temperatures, where 
the population of excitons in the higher states increases, so 
that the collisions between 1S and 2S, 2P excitons become 
important. The emission spectrum due to this process is 
peaked at [E0

1S - (1/9) Eb] and the spectral shape is more 
symmetric. The spectrum in process (iii) is completely 
symmetric with its peak at E0

1S. With the increase in 
temperature, the band broadens symmetrically without change 
in its peak position. And, finally the peak position of the 
emission spectrum in process (iv) is at [E0

1S - (8/9) Eb], which 
is nearly close to that obtained by process (i). The band is not 
symmetric in shape in this process. 

Our results and observations are purely qualitative in 
nature. The experimental observations of Moriya et al. [5], 
Göbel et al. [7], and Cingolani et al. [8] are qualitatively in 
agreement with our findings. 

IV. CONCLUSION

In quantum well systems of III-V semiconductors, the 
theory of exciton-exciton scattering processes suggests four 
typical phenomena of scattering between different excitons. 

1. The emission channels (ii) and (iv) are rather symmetric 
and located between E0

1S and (E0
1S-Eb), while the 

spectrum (iii) which is peaked at E0
1S is perfectly 

symmetric in shape. The channel (i) is asymmetric with a 

width broader than the others and is situated on the low 
energy side of (E0

1S-Eb). 
2. In the low energy side of (E0

1S-Eb), there usually exist 
almost no bound-exciton emissions. Sometimes, 
emissions due to impurities and phonon-assisted exciton 
recombination appear in this spectral region. However, 
because of the broad characteristic low energy band-tail, 
the identification of process (i) is considered to be much 
easier. 

3. In the energy region between E0
1S and E0

1S-Eb, usually 
there exists emission due to many types of bound excitons 
as well as that due to free exciton or exciton-polariton. 
Further, emission channels arising from free carrier-
exciton collision and biexciton recombination processes 
are expected to lie around this energy region. Therefore, 
distinct observation of emissions due to the exciton-
exciton scattering processes (ii)-(iv) may be obstructed by 
these overlapped emissions. 

4. The peak position, symmetry of the spectrum and the 
temperature dependence of the spectrum in these four 
typical scattering processes are different and they 
cohesively depend on the exciton binding energy, which 
in turn, is a function of well width of QW systems.
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