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ABSTRACT 

A microscopic theory of gain in a group-I11 nitride quantum well laser is presented. The 
approach, which treats carrier correlations at the level of quantum kinetic theory, gives a 
consistent account of plasma and excitonic effects in an inhomogeneously broadened system. 

INTRODUCTION 

To analyze experimental results in group-I11 nitride lasers, it is helpful to be able to 
predict their gain spectra Wcurately. Both excitons and electron hole plasma play important 
roles in the optical properties of group-I11 nitride compounds, even under lasing conditions 
of high carrier density and temperature.[l] Also, inhomogeneous broadening is present, due 
to localization effects from dimensional or composition variations.[2] This paper describes a 
consistent tre@ment of the above factors. 

THEORY 

Our approach is based on a Hamiltonian that contains the Coulomb interaction energy 
among carriers. [3] Using this Hamiltonian and following a derivation similar to that resulting 
in the Semiconductor Bloch Equations, we get the equation of motion for the microscopic 
polarization, p z ,  due to an electron hole pair,[4, 51 , 

The first two terms on the right hand side describe the oscillation of the polarization at 
the transition Eequency, wc, and the stimulated emission and absorption processes. The 
many-body Coulomb effects appear in the form of a carrier density, N ,  dependence in the 
transition energy, 

where Aesx is the exchange contribution to the renormalized band gap energy. They also 
lead to a renormalized Rabi frequency, 
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where p; is the optical dipole matrix element, E is the laser electric field, and V, is the 
Fourier transform of the bare (unscreened) Coulomb potential. Carrier-carrier collisions 
give rise to the last two terms. The third term on the RHS describes diagonal polarization 
dephasing, with a dephasing rate, 

where D ( A )  = 6(A) + ix-'P(A-'), and P denotes the principle value. The last term shows 
a nondiagonal scattering contribution that couples polarizations with different c's. The 
coefficient, . 

In this paper, we limit the discussion to the small signal gain, where the carrier populations, 
ne,g and nh,z are inputs to the calculations. 

The polarivtion equations are solved numerically for the steady state solution. Using a 
semiclassical laser theory, the intensity gain G is given by[3] (MKS units): 

where I is the slowly varying electric field amplitude, w is the laser frequency, EO and c are 
the permittivity and speed of light in vaccuum, n is the background refractive index, V is 
the active region volume, and the summation is over all electron and hole states. 

Equation (6) gives the homogeneously broadened gain spectrum for an ideal structure, 
where the quantum well thickness and composition are precisely known. On the other hand, 
experimental data suggest that the gain region may consist of localized regions of different 
quantum well thjcknesses or compositions. Assuming that these regions are sufficiently large 
so that the quantum confinement remains only along the epitaxial direction, we can treat 
the effects of inhomogeneous broadening by a statistical average of the homogeneous gain 
spectra, i.e., 

where P(z)  is a normal distribution representing the variation in z, which can either be the 
quantum well thickness or indium concentration. 



RESULTS 
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Fig. 1. Calculated TE gain spectra for a 4nm In,-,1Gao.9N/Ab.2Gq,8N quantum 
well at  T = 300K and densities N = 0.1, 0.5, 1.0, 2.0, 4.0, and 6 . 0 ~ 1 0 ~ ~ c m - ~ .  
The inset shows the gain portion-of the spectra. 

Figure 1 shows the computed spectra for a 4nm Ino.lGao.sN/Alo.aGao.8N quantum well 
structure and different carrier densities. The laser field polarization is in the plane of the 
quantum well (transverse electric or TE polarization). For the wurtzite structure considered, 
the orthogonal (TM) polarization has negligible gain, even at high carrier density. We use a 
6~ 6 Luttinger-Kohn Hamiltonian and the envelope approximation[6] to compute the hole en- 
ergy dispersions and optical dipole matrix elements. Input parameters are the bulk wurtzite 
material parameters (Table I). The ratio of the band offset (conduction/valence bands) is 
assumed to be 67/33. Alloy properties are obtained as composition-weighted averages of 
the bulk values, except for the optical bowing parameters, where we use b = 0.53eV for Al- 
GaN and b = 1.02eV for InGaN.f7] The spectra are calculated assuming an inhomogeneous 
broadening due to a 0.01 (10%) standard deviation in the indium concentration. 
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Table 1. Material parameters for AlN, GaN and InN. Unless otherwise noted, the values are 
from density functional calculations (see Ref. [lo] for details). Calculations for the crystal- 
field splittings and deformation potentials use the Sterne-Inkson formulation. [ll]. 

't .__ 

A1N GaN InN 
44 I101 3.084 3.162 3.501 
4) Pol 4.948 5.142 5.669 
C13(GPa) 108 103 92 
C33(GPa) 373 405 224 

(aet-D2)(eV) -12.04 -9.62 -6.67 
D3(eV) 9.06 5.76 4.92 

A1 (eV) -.221 0.019 0.025 
EL? (W 6.28 [ 1 21 3.50 [ 131 1.89 [ 141 
A,(eV)[15] 0.019 0.013 0.001 
4 0.31 0.18 0.011[16] 

(aa-Dl)(eV) -4.21 -6.11 -4.05 

D4(eV) -4.05 -3.04 -1.79 

3.52 2.01 1.89 
3.52 2.01 1.89 

II 
II 

mhh 

mEh 
msp1it II 0.25 0.15 0.024 

mik 0.32 0.19 0.033 
mspzit 

m?kh 21.8 2113 2.00 

4.38 1.45 1.60 I 
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The low density spectra show an exciton resonance. The existence of excitons at  the high 
temperature of T = 300K and carrier densities up to N = 1012cm-2 is evidence of strong 
Coulomb attraction between electrons and holes. It is important to note that the presence of 
excitonic effects in our results is not due to an ad hoc inclusion of excitonic transitions into a 
free-carrier theory, as is the case €or some phenomenological models.[8] Rather the presence 
of excitons comes about because of the attractive Coulomb potential in the Hamiltonian we 
use to describe the electron-hole system. The present approach gives a consistent treatment 
of relaxation and screening effects in a exciton/plasma system, which is not possible with 
phenomenological approaches that treat the excitons and plasma as non interacting. 

8 

6 

4 

2 

0 

~ ~~ 

homogeneous 

3.2 3.4 
-1 50 - -2 

3.2 3.3 , 3.4 3 
Photon Energy (ev) 

Fig. 2. TE gain,dbsorption spectra at N = 101'cm-2 (left) ani 8x 1012cm-2 
(right). The solid curves depict the homogeneously broadened spectrum, while 
the other spectra are computed €or increasing inhomogeneous broadening due to 
composition variation. All other parameters are similar to those in Fig. 1. 



At high densities the exciton resonance vanishes and gain appears (see inset). Recently, 
there is much interest in the energy of the optical emission. [2] Our calculation shows that for 
the carrier density N = 6 x 1012cm-2, which gives a local gain of N 103cm-2, the emission 
peak is over 1OOmeV in energy lower than the unexcited quantum well bandgap energy. This 
red shift is the net result of the energy shifts due to several physical mechanisms. There 
is band filling, which leads to a blue shift that depends on the bandstructure. In addi- 
tion, Coulomb interactions resulting in bandgap renormalization, Coulomb enhancement, 
dephasing and screening lead to a red shift, as well as reshaping of the spectrum. Finally, 
inhomogeneous broadening can also contribute to a significant red shift of the gain peak. 

Figure 2 illustrates the effects of inhomogeneous broadening. At low densities, inhomo- 
geneous broadening leads to broadening of the exciton resonance (Fig. 2, left). At high 
densities it reduces the gain, and shifts the spectrum towards lower energy (Fig. 2, right). 
Our calculations predict a red shift of the gain peak relative to the unexcited quantum well 
band gap that ranges from 7OmeV for the homogeneously case, to >2OOmeV for composition 
variations >50% (i.e. mean indium concentration of 0.1 with standard deviation of 0.05). 

Spontaneous emission spectra are more readily obtained in experiments than gain spectra. 
Figure 3 (top) shows the sqontaneous emission spectra at carrier density N = 5 x 1012cm-2 
and different inhomogeneous broadening. The spontaneous emission spectra are obtained 
from the calculated gain spectra by using a relationship that is based on energy conservation 
arguements.[9] Comparison with the gain spectra (Fig. 3, bottom) shows that a significant 
energy difference can occur between spontaneous emission and gain peaks. For the homo- 
geneously broa2ened spectra, the gain peak is red shifted by 4OmeV from the spontaneous 
emission. For a standard deviation of 0.03 (30%) in the indium concentration, this shift 
increases to >1OOmeV, making propagation effects important in the determination of the 
energy of the optical emission. 

CONCLUSION 
I 

In summary, we describe a theory of gain for group-III nitride quantum well lasers. 
The effects of excitons are integiated with those of an interacting electron-hole plasma by 
using a Hamiltonian for the electron-hole system that includes the many-body Coulomb 
interactions. The description of carrier correlation effects at the level of quantum kinetic 
theory gives a consistent treatment of broadening and screening effects, due to both the 
electron-hole plasma and the excitons. Finally, by taking into account the inhomogeneously 
broadening due to spatial variations in quantum well thickness or composition, we provide 
a realistic description of actual experimental configurations. 
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Fig. 3 Spontaneous emission (top) and gain spectra (bottom) at N = 5 ~ 1 O ~ ~ c r n - ~ .  
The solid curves are the homogeneously broadened spectra, the long and short 
dashed curves have 15% and 30% variations in Indium concentrations, respec- 
tively. The energy values of 40, 63 and 103meV correspond to the energy differ- 
ences between the gain and spontaneous emission peaks. All other parameters are 
similar to those in Fig. 1. 
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