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ABSTRACT 
A new carrier distdmtion function is derived to describe the the thermodynamics of carriers within localized 

smes with a broad energy dismbution. With the aid of this function, several luminescence behaviors, i.e., ( I )  
fast redshift of peak positions at low temperatures; (2 )  decrease of full-width-at-half-maxi" WHM) of 
luminescence band at low temperatures; and (3) blueshift of peak positions at high temperatures, frequently 
observed in above material systems can be explained. Finally, the model is employed to ti t  the experimental data 
of cubic InGaN thin film grown on GaAs. A good agreement between the experimental data and the theoretical 
fitting is obtained. 

1 INTRODUCTION 
Presence of localized electronic states with a broad energy distribution is a common characteristic feature of many 
material systems such as self-assembled quantum dots, GaInP and InGaN alloys. Generally, the random alloy 
disorder exists in temary semiconductor materials. However, in InGaN, there have been more and more evi- 
dences [ 1 4 ]  showing that instead of a simple random statistical distribution of In and Ga atoms, In-rich clusters 
with a broad size distribution from the atomic scale up to 100 nm naturally form. These In-rich clusters create 
a complex spatial landscape for the electronic states and leads to the presence of localized states with energies 
of several hundred meV below the handgap [5] .  Several anomalous phenomena such as the coexistence of high 
luminescence efficiency and high density of threading dislocations as well as the blue-shift of the luminescence 
peak position with increasing temperature, etc., are quite often observed in InGaN alloys grown on different sub- 
strates with different growth techniques. A hand-tail state emission model has been proposed by Eliseev et al. 161 
to interpret the blue-shift of the emission peak with temperature. Another interesting example is In(Ga)As/GaAs 
self-assembled quantum dots (QDs). The Gaussian-like size distribution of In(Ga)As/GaAs QDs [7] results in lo- 
calized electronic states with a Gaussian energy distribution. Fast red-shift of peak position of luminescence band 
at low-temperature region in such materials was observed [8]. 

In the present work, a temperature-dependent distribution function taking into account thermal activation, 
transfer and re-capture of localized carriers is derived to describe the thermodynamics of carriers within localized 
states. The energetic peak positions and full-width-at-half-mimum (FWHM) of the distribution function are 
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calculated as a function of temperature. It is found that the temperature behavior of photoluminescence (PL) 
spectra in the cubic InGaN film can be interpreted very well with the model. 

2 THEORY AND EXPERIMENTAL 

2.1 Distribution function 
In order to explain the fast red-shift of luminescence band of self-assembled InAsIGaAs QDs, a “coupled InAs 
QDs model had been proposed by Xu ef al. [SI. In the model, carriers are thermally activated away from localized 
electronic states such as InAs QDs, transfer and be re-captured by other localized states. Under weak excitation 
condition, the dynamics of the carriers can be described by the following rate equation 191: 

where the energy distribution of the localized states is assumed to be a Gaussian-like function, that is, p (E)  a 
exp[-(E ~ Eo)/2u2], where EO and U represent the center and the width of of the distribution respectively. 
N ( E , T )  is the distribution of the localized excitons, G(E)  is the generation rate which is proportional to the 
distribution of the localized states, E, represents a barrier level that the carriers must overcome to transfer, k B  is 
the Boltzmann constant, T is the lattice temperature, itr is the canier transfer time, T~ is the carrier recombination 
time, and Q represents the canier re-capture coefficient. The second term on the right side of Eq. ( I )  describes 
that the re-captured process of the thermal-activated carriers by the localized states, the third term describes the 
thermal-activation of carriers from the localized states and the last term describes the caniers recombination. Under 
steady-state condition, that is, dN(E,  T) /d t  = 0, the solution of Eq. (1) can be written as 

The above is the temperature-dependent distribution function describes the thermodynamics of carriers within the 
electronic localized states. 

If all localized excitons are assumed to have same radiative recombination rate and carrier transfer time, Eq. (2) 
can be used to represent the shape of the luminescence band. In the following the distribution function is used to 
explain several luminescence behavior observed in our InGaN sample. 

2.2 Anomalous temperature dependence of peak positions of InGaN. 
The In,Gal-,N epilayers investigated here were grown on GaAs (001) substrates with metal-organic vapor phase 
epitaxy. Prior to the growth of about 0.3 fim InGaN layers, an about 0.6 pm thick zinc-blende GaN buffer layer 
was deposited. Further details of the growth can be found elsewhere [IO]. The In concentration of the sample 
investigated here is 21% [IO]. The PL spectra of the sample has been previously reported [ I  11. 

Temperature dependence of the peak positions (solid circles) of the luminescence hand of the sample is shown 
in Fig. 1(A). Obviously, it does not follow the behavior of a semiconductor band gap predicted by either Varshni 
1121 or Bose-Einsteiu 1131 formula. When the temperature is below 160 K, the luminescence band red-shifts 
faster than that predicted by Varshni’s empirical formula as the temperature increases. However, a blue-shift of the 
luminescence peak takes place when the temperature is above 160 K. The temperature-induced blue-shift of the 
luminescence peak has been observed in a lot of different semiconductor materials [14,15] including InGaN [6]. 

Let B N ( E ,  T ) / B E  = 0 in Eq. (2). the peak positions of N ( E ,  T) at different temperatures can be derived. We 
rind that when 

E = Eo - z ( T )  . kaT, (3) 

N ( E ,  T) reaches its maximum values. The temperature-dependent dimensionless coefficient z ( T )  in Eq. (3 )  can 
be obtained by numerically solving following equation 
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Figure 1: (A) Peak energies of the luminescence band of cubic InGaN as a function of temperature. The solid 
circles are the experimental data, the dashed line is calculated from Varshni’s formula (a = 0.5 x eVK,  
0 = 630 K taken from Ref. [6]) and the solid line is the fitting curve according to Eqs. (3) and (4). (B) Linewidth 
of luminescence peak of the sample as a function of the temperature (solid squares). The solid line is the calculated 
FWHM taking into account both the contribution from phonon scattering and the contribution from the carriers’ 
thermal re-distribution. 

Eq. (4) has only one solution at 0 < z < ( o / k ~ T ) ’ .  
Eqs. (3) and (4) are employed to fit the energetic peak positions of PL spectra of the sample. The solid line 

in Fig. 1(A) is the fitting result to the experimental data of the sample. The fitting parameters are EO = 2.828 
eV, E, - EO = 75 meV, rtr/r7 =0.022 ps1800 ps, o=30 meV. Quite good agreement between the theory and the 
experiment is obtained. The energy difference E, - Eo reflects the magnitude of the carrier localization. Our 
values of E, - EO are in good agreement with the localization depth in the wurtzite Ino.lsGao.ssN reported by 
Yang et al. 1161. As has been previously pointed out [l I], the present model can be approximated to Eliseev’s 
band-tail model [6] at high temperature region. 

2.3 

The linewidth of the PL peak is -I40 meV at low temperature. When T <60 K, the peak linewidth almost remains 
unchanged. When T >60 K, the peak linewidth starts to shrink. The peak width decreases to -130 meV at 120 
K. When the temperature is above 120 K, the peak width increases. The linewidth of the peak is depicted as a 
function of temperature in Fig. l(B). The phenomenon of linewidth shrinkage in the low-temperature region was 
also observed in InAsIGaAs QDs [SI. Thc solid line is the calculated linewidth. There are two contributions to the 
PL peak linewidth. One is from the carriers’ thermal re-distribution within localized states and the other stems from 
intrinsic phonon scattering, that is, rhotal(T) = r,(T) + r,h(T). The linewidth change caused by the carriers’ 
thermal re-distribution, rc(T), can be numerically calculated directly from Eq. (2). The peak linewidth broadening 
due to phonon scattering can be given by T p h ( T )  = To +UT + y [ e x p ( h L o / k s T )  - 11-l (171. Where ro is 
a constant, standing for the impurity and imperfection scattering. The second term arises from the scattering of 
the excitons by acoustic phonons, exhibiting the linear temperature dependence. U is the exciton-acoustic phonon 
coupling strength. The last term is due to the interaction of the excitons with the LO phonons. Parameters ro = 69 
meV, o = 0.036 meVK, y = 400 meV and t W ~ o  = 80 meV are adopted [181 to obtain a reasonably good 
agreement between the calculation (solid line) and the experimental data (solid squares) (as shown in Fig. l(B)). 
It is clear that the thermal re-distribution of carriers within localized states results in the shrinkage of PL peak 
linewidth at low temperature region. 

Shrinkage of FWHM at low-temperature region 

3 CONCLUSION 
A new carrier distribution function describing thermodynamics of carriers in localized slates is developed. Utilizing 
the function, several anomalous luminescence behavior of the InGaN alloys are explained. It is expected that the 
model can be expanded to other materials within which localized electronic states distribute over hmad energy 
range. 
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