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Abstract  

A novel multi-plasmon concept of a light absorption and laser gain of low-dimensional 
structures are comprehensively discussed. A Generalized Semiconductor Bloch Equations are 
derived with account of multi-plasmon optical transitions in direct gap quantum wells, using the 
cumulant expansion method and fluctuation-dissipation theorem. We present results of computer 
simulations concerning gain spectra of In0.05Ga0.95As quantum wells with account of multi-
plasmon optical transitions in two- dimensional systems. 

Multi-quantum LO-phonon-plasmon optical transitions are investigated with account of 
coherent memory effects in quantum wells. It is shown that a red shift of the absorption edge can 
be caused, not only by known mechanism of band gap shrinkage, but also by multi-plasmon 
transitions. The electron-hole plasma properties in the active region of the laser device and its 
interaction with the optical field are studied on a microscopic level using obtained Generalized 
Semiconductor Bloch  Equations. 

The comparison with other theories and experimental data measured in In0.05Ga0.95As 
quantum wells is performed. The gain value g=50 cm-1 in 8 nm In 0.05Ga 0.95As quantum wells is 
obtained at a surface density of electrons  nd0=1.64 10-12 cm-2.  

1. Microscopic theory  

The key step to understand the physical mechanisms governing semiconductor laser 
devices and to develop models capable to predict accurately the relevant experimental properties, 
is to investigate the potential for further progress in design of a wide variety of semiconductor 
lasers and light emitting diodes. The electron-hole plasma properties in the laser device active 
region and its interaction with the optical field are studied in this paper on a microscopic level. 

The Coulomb interaction in the electron-hole plasma leads not only to the band gap energy 
renormalization   and  to the enhancement of the transition matrix element [1-5], but also causes, 
due to correlations, multi-plasmon optical transitions that have been investigated  experimentally 
and theoretically  in works  [6-10]. Here we consider interband light absorption  and radiation in 
quantum wells in two-band approximation, with account of electron-hole pair strong coupling 
with plasmons. Also, as for three-dimensional systems [6-10], we use the cumulant expansion 
method and fluctuation dissipation theorem, allowing to express correlation function density - 
density through a structure factor. 

Generalizing the results of papers [6-10] at low-dimensional  structures, we find for the 
coefficient  of  light interband  absorption  in  the symmetric quantum wells of  width  d0 the 
following expression:  
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Gain spectrum  is determined by a known relation g . Here gg E

 

is the 

band gap of semiconductor 
rk mk 2/2 ,   heher mmmmm / is the reduced electron and a 

hole mass. e
Nf and h

Nf are Fermi-Dirac distributions of electrons and holes. The successions of 

energy subbands are labeled by the quantum numbers N=1,2,3 The constant 0   looks like: 
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      Here c is the speed  of light, and n is refraction  index , m0 is mass, 

 

is electron 
charge, Pcv is matrix element of the momentum projection on light polarization direction. 

Functions C (k ) and g (t) characterize the electron and hole interaction with plasma and 
lattice vibrations.  

Without taking into account a Coulomb interaction, in free carrier approximation C (k ) = 1 
and g (t) = 0 and we obtain the known result for the coefficient of interband absorption in 
quantum wells as a superposition of step functions [1-5]. At low concentrations of plasma 
Coulomb or Sommerfeld factor C (k ) looks like [1]:  

                    
2
0

2

,,
cosh

)(exp

em
a

ka
kq

kq

kq
kC

r
B

B

,             (3)  

Let's consider, that for a screened two-dimensional exciton, C (k ) also looks like (3), 
but q we shall calculate with account of interaction with plasma. Using screened Coulomb 
interaction as perturbation, we find: 
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When the screening length 0 satisfies the inequality 0 k

 

1, function    q (k )  
(4) transfers in kakq

B
/

 

(3). According to expression (4), plasma screening decreases 

the influence of Coulomb electron and a hole attraction on the transition probability. As a result 
of screening, near to the light absorption threshold (k

 

= 0), the power dependence q 1 / k

 

(3) 
is replaced logarithmic (4). The screening length is determined by the expression: 
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At performance of the inequality 12/
0

22 Tkmk

 
the screening length depends on  

electron and hole number, which momentum k

 
 along the interface    is equal to zero.  

In case of electron - hole pair weak interaction with plasma and lattice oscillations, the 
main contribution to integral on time (1) is given by values t

 

, but absorption coefficient 
( )

 

can be represented as a superposition of Lorentzian lineshape functions.  At a strong e-h 
pair coupling with plasma, the limit of small t is actual, but function g(t) can be represented by 
expression:  
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Here the weak coupling with longitudinal optical phonons is taken into account.  e  is 
Frohlich coupling constant for electrons, n ( LO) is phonon number , and 

 

is the second 
moment of absorption band that looks like: 
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Two-dimensional Coulomb interaction V (7) is dynamically screened by plasma, which 

oscillation frequencies are determined  by zeros  of the dielectric function ( , )k .  

At high temperatures   
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Here n is  the  concentration of  plasma.  Substituting g (t) (6) in expression (1) for  the 
absorption    coefficient   and integrating on time, we find with account of LO-phonon satellites:    
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The strong electron and hole coupling with plasmons is valid at performance of the 
inequality :     
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2. Results and discussion  

The light gain frequency dependence in case of strong charge carrier interaction is 
determined by processes of absorption and radiation of several oscillation quanta of two-
dimensional plasma and several optical phonons.     

Fig.1. Absorption coefficient ( ) frequency dependence of 10 nm GaAs quantum well at 
T=300K and at different plasma concentrations 1,1 - n =1016cm-3, 2,2 - n =1017cm-3 and 3,3 - n=1018cm-3 , 

g=Eg+
2 2/2mrd0

2.  

Figure.1 is a plot of the absorption spectra for different plasma concentration. In the 
absence of doping, the total carrier density is the same for electrons and holes. For each of two 
groups the top curves   1,1

 

are for n =1016cm-3, the middle 2,2

 

for  n =1017cm-3 and the bottom 
3,3

 

for n=1018cm-3. Curves 1,2,3 are the absorption spectra calculated with account of 
Sommerfeld enhancement factor, 1 , 2 , 3

 

at C (k ) = 1. The attractive Coulomb interaction 
between electrons and holes is responsible for the absorption increase, when compared to the 
free-carrier approximation   C (k ) = 1, but plasma screening leads to the decrease in it. At low 
plasma concentrations n = 1016 

 

1017 cm-3 the absorption coefficient    g (9)  

looks like a step. With growth of plasma concentration n, the frequency dependence is flattened, 
and the absorption threshold is shifted in the long-wave region of a spectrum. These features are 
represented in figure1.  And at last, at  n 2. 1018 cm-3  there is an amplification. 
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Results of numerical calculation of laser amplification spectrum of 8 nm In 0.05Ga 0.95 As 

quantum well under formula (9), using  (3), (4) and (8) formulas, at a surface plasma density nd0 

= 1.56, 1.60, 1.64. 10 12 cm -2 are shown in figure 2. Apparently from the figure, the theoretical 
results and experimental data  [11] shown on a parenthesizing of figure 2, are in agreement 
between themselves.The gain value  g = 50  cm 1  is  obtained at nd0=1.64 . 10 12 cm -2, that 
approximately is twice less, than in the theory [11]. The experimental value of n in paper [11] is 
not given. Injection currents have been 5, 7.5, 10, 15, 20 mA [11].  

                         

Fig.2.  Laser gain spectra designed unde formula (9) with account of  transitions between two subbands  
(N = 1) and functions (3), (4) and (8) at the following values of parameters: T = 300 K, me = 0,0648 mo, 
mh = 0,476 mo, Eg = 1,42 eV, LO=35meV, e=0,07, 0=13,13 =11,1. Surface density of electrons are  
1-1.56, 2-1.60, 3-1.64 1012 -2 .  Experimental gain spectra are measured at the following  injection 
currents   5,  7.5,  10,  15,  20  mA  [11].   

Two - dimensional plasma approach is valid for a narrow quantum well. For an arbitrary 
width well one obtains:           
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For d0 < 1 formula (11) gives known result for two-dimensional 
plasma

rp mden 00
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[1-5], whereas at d0 > 1  plasma behaves as volumetric. In a 
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three-dimensional case plasma oscillations are similar to longitudinal optical lattice oscillations 
and  multi-plasmon processes determine an equidistant thin structure of emission bands [6-10]. 
Thus, the multi-plasmon satellites of radiation lines, under condition of  plasma oscillation 
existence 

 

where 

 

is the plasmon lifetime , may be  also allowed in case of wide quantum 
wells. Optical properties of wide quantum wells have been explored in papers [12-14]. Gossard 
with co-authors [14] have found out, that photoexcitation spectra of  wide (4000 ) GaAs/AlxGa1-

xAs quantum wells in which 

 

was incremented from zero near the interface, up to 

 

= 0,3 in  the 
middle of the well, consist of a series  of equidistant peaks, parted energy distance about 3 meV. 
This equidistant structure has been attributed  by authors of paper [14] to the parabolic shape of 
the quantum well and to the equidistant electron and hole energy spectrum . In our opinion the 
equidistant  structure may be caused by resonant radiation of several plasmons  alongside with a 
photon. For the benefit of our guess quantity of plasmon energy p 

 

3 meV meets to a surface 
density of electrons nd0 

 

1012 cm-2 given in paper [14] speaks, first. Except for that in work [14] 
the magnification of distance between peaks was observed at a doping of donor silicon strata 
which can be also easily explained by the multi-plasmon  mechanism of radiation, namely - 
magnification of energy plasmon with increasing  of an electron plasma concentration. 
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