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Motivation 

Knowledge of the semiconductor radiative lifetime is essential for the design 
and analysis of high-efficiency semiconductor solar cells and other optoelectronic devices. 
   
Investigations have shown that the rate of radiative recombination may be modified by the presence 
of a reflecting surface, cavity or photonic crystal that changes the electromagnetic environment near 
the radiating system. Research has shown that the spontaneous emission rate in optically thin GaAs/AlGaAs 
double heterostructures can be changed by the refractive index of the surrounding material.  
 
E. Purcell et al. Phys. Rev. 69, 37 (1946), H. Morawitz Phys. Rev. 187, 1792 (1969), E. Yablonovitch et al., Phys. Rev. Lett. 61, 
2546 (1988) 
 
GaAs/AlGaAs double heterostructures (DH) with a Bragg reflector (BR) are used in solar cells 
 
The effect of the BR on the radiative and nonradiative lifetimes of thin DHs is not known 
 
Photoluminescence (PL) decay time measurements, which are typically used for the determination of 
the minority carrier lifetime in GaAs, are sensitive to surface recombination, recombination at  
the active layer/substrate interface and self-absorption of recombination radiation.    
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GaAs/AlGaAs double heterostructures 
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1/𝜏 = 1/𝜏↓𝑟  − 𝐹/𝜏↓𝑟  + 1/𝜏↓𝑛𝑟  + 2𝑆/𝑑  

                         = 1/𝜙𝜏↓𝑟  + 1/𝜏↓𝑛𝑟  + 2𝑆/𝑑   

Including self-absorption of emitted photons and surface recombination 
 
The effective minority carrier lifetime Ƭ, is given by 
 

Ƭr is the radiative lifetime, Ƭnr is the nonradiative lifetime, S is the surface recombination velocity 
d is the thickness of the GaAs layer in DH, F is the fraction of emitted photons that are self-absorbed 
 
Φ = 1/(1-F) , has been calculated for GaAs/AlGaAs DH with no BR; depends on d and carrier density 
 
P. Asbeck, J. Appl. Phys. 48, 820 (1977), R. Nelson and R. Sobers, J. Appl. Phys. 49, 6103 (1978)   
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Time-resolved photoluminescence measurements (TRPL) at the GaAs bandedge energy 1.42 eV 
are used to determine the minority carrier lifetime.  
 
Samples were excited using a 250-kHz repetition rate, ultrafast 632-nm laser  
 
Photoluminescence was detected through a 700-nm long-pass filter, to minimize the laser scattering signal 
with a fast 300-mm diameter Si photodiode.  
 
Bragg reflector (BR), comprising ten periods of a 598-Å GaAs / 726-Å Al.8Ga.2As superlattice,  
 
TRPL on a set of DH structures that do not have a BR. The recombination parameters, τr, τnr and S for these DHs 
can be determined from measured Ƭ, theory and calculated ϕ. 
 
TRPL measurements on DH structures with a BR give ϕƬr 
  
This allows us to determine the effect of the BR on ϕ. 
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TRPL spectra of a GaAs/AlGaAs DH structure that was grown with d=2 µm 
 without a Bragg reflector for several excitation intensities. 
 
At high intensity, PL spectra show nonexponential decay for the first 40 ns due to fast surface recombination 
 as a result of screening of the electric field in the depletion region by photoexcited carriers. 
 
After 40 ns or at low intensity, a single exponential decay is observed which determines Ƭ  
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TRPL spectra of GaAs/AlGaAs DH structures that were grown with d= 1 µm with and without 
the Bragg reflector. 
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Sample d(µm) ϕ Ƭ(ns) Ƭnr(ns) ϕBR Ƭr(ns) ϕBR/ϕ 
M1165 2.0 4.83 131 209 98 

M1286BR 2.0 4.83 212 539 4.83 98 1 

M1285 1.0 3.0 101 209 98 

M1288BR  1.0 3.0 170 539 4.0 98 1.33 

M1167 0.6 2.07 82 209 98 

M1289BR 0.6 2.07 102 539 1.9 98 0.92 

M1166 0.3 1.69 61 209 98 

M1290BR 0.3 1.69 120 539 6.8 98 4.0 

M1291BR 0.2 1.53 95 539 8.4 98 5.5 

TRPL measurements determine ϕƬr 
 
ϕBR = ϕƬr (structure with BR) / Ƭr (structure with no BR) 
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The DH with a BR may be modelled as a leaky optical cavity for GaAs bandedge spontaneous emission 
 that is reflected by the BR and internally reflected at the air/GaAs interface with a 98% probability. 
 
The observed large increase in ϕƬr of the DHs with the 0.2 µm and 0.3 µm layer occurs near the 
the wavelength of bandedge emission inside GaAs. 
 
The spontaneous emission rate is given by Fermi’s golden rule 
 
1/𝜏↓𝑟  = 2𝜋/ħ 𝑀↑2 𝜌(ѡ) 
 
where ħ is the reduced Planck constant, M is the magnitude of the transition matrix element for e-h 
recombination and ρ(ω) is the total density of optical modes. This is not sensitive to d. 
 
Implies that Ƭr is not sensitive to d and ϕBR increases for the 0.2 µm and 0.3 µm layers. 
 
                                                     Conclusion 
 
The 0.2 µm and 0.3 µm thick DHs exhibit increased self-absorption of emitted photons due to 
multiple reflections from the BR and the air/semiconductor interface.  
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TRPL was used to measure the nonradiative lifetime and the effects of the BR on Ƭnr 
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Optimization of the defects and the nonradiative lifetime of GaAs/
AlGaAs double heterostructures 
Z. Cevher,1,2 P. A. Folkes,3 H. S. Hier,3 B. L. VanMil,3 B. C. Connelly,3 W. A. Beck,3 
and Y. H. Ren1,2,a) 
1Physics and Astronomy, Hunter College of the City University of New York, New York, New York 10065, 
USA 
2The Graduate Center of the City University of New York, New York, New York 10016, USA 
3Army Research Laboratory, 2800 Powder Mill Road, Adelphi, Maryland 20783-1197, USA 
(Received 3 June 2017; accepted 29 August 2017; published online 6 October 2017) 
 
We used Raman scattering and time-resolved photoluminescence spectroscopy to investigate the 
molecular-beam-epitaxy (MBE) growth parameters that optimize the structural defects and therefore 
the internal radiative quantum efficiency of MBE-grown GaAs/AlGaAs double heterostructures 
(DH). The DH structures were grown at two different temperatures and three different As/Ga flux 
ratios to determine the conditions for an optimized structure with the longest nonradiative minority 
carrier lifetime. Raman scattering measurements show an improvement in the lattice disorder in the 
AlGaAs and GaAs layers as the As/Ga flux ratio is reduced from 40 to 15 and as the growth temperature 
is increased from 550 to 595 C. The optimized structure is obtained with the As/Ga flux ratio 
equal to 15 and the substrate temperature 595 C. This is consistent with the fact that the optimized 
structure has the longest minority carrier lifetime. Moreover, our Raman studies reveal that incorporation 
of a distributed Bragg reflector layer between the substrate and DH structures significantly 
reduces the defect density in the subsequent epitaxial layers. Published by AIP Publishing. 
[http://dx.doi.org/10.1063/1.4986297] 

JOURNAL OF APPLIED PHYSICS 123, 161512 (2018) 
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Figure 6  
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Figure 5  

Raman scattering measurements 
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Excellent agreement between Raman scattering and TRPL allowed determination of optimized 
MBE growth parameters to maximixe nonradiative lifetime.  
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HAADF STEM images 

HAADF STEM images show both have smooth and sharp interface 
Additionally, both have no dislocations visible in the observed area 


