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ABSTRACT 
 
While lattice-matched Ga0.51In0.49P on GaAs has the ideal 
bandgap for the top converter in triple-junction GaAs-
based solar cells, more complex designs will benefit from 
flexibility in the composition of this alloy.  Changes in the 
gallium/indium ratio are accompanied by lattice-mismatch 
relative to GaAs substrates, so higher dislocation densities 
are expected in alternative gallium/indium epitaxial alloys.  
We report deep level transient spectroscopy (DLTS) and 
photocapacitance measurements on metamorphic, Zn-
doped Ga0.58In0.42P.  The experimental evidence, including 
thermally-activated non-exponential capture and escape 
and an augmented optical threshold energy, indicates that 
hole traps with an occupation-dependent lattice 
configuration are present in this device.  Similar behavior 
has been linked with Zn-doping in GaAsP, raising the 
suspicion that zinc may also be involved in the AX-like 
complex reported here. 
 

INTRODUCTION 
 
Optimization of multi-junction solar cells includes the 
identification of bandgap energies that capitalize on the 
energy distribution of the solar spectrum.  The highest 
conversion efficiencies are achieved when thermal losses 
due to the energy differences between the incident light 
and subcell bandgaps are minimized.  But in practice, the 
ideal bandgaps must be considered in the context of 
compatible epitaxial semiconductors.  In lattice-
mismatched epistructures, crystal dislocations will trigger 
recombination losses that diminish the theoretical gains 
from bandgap tuning.  When appreciable dislocation 
densities are present, device engineers need to 
understand the defect-related recombination losses in 
order to assess their impact on device performance. 
 
When the gallium and indium concentrations are 
approximately equal, GaInP is lattice-matched to GaAs.  It 
is fortuitous that this alloy has a nearly ideal bandgap 
(~ 1.83 eV) for the top converter in GaAs-based triple-
junction tandem cells. [1]  But when GaInP is used for the 
highest bandgap converter in GaAs-based tandem cells 
with just two [2] or more than three [3] junctions, different 
gallium/indium ratios can change the bandgap to yield 
better theoretical conversion efficiencies.  A higher 
bandgap GaInP-based alloy is also useful for multi-
junction cells grown on germanium. [4]  We should note 
that some degree of compositional ordering in the group-III 
sublattice is known to occur in epitaxial GaInP, which also 
affects the bandgap energy. [5] 

 
EXPERIMENTAL RESULTS 

 
At our metal-organic vapor phase epitaxial growth 
temperature of 700oC, our alloys are partially ordered.  
Nevertheless, we use spectral quantum efficiency 
measurements to estimate the alloy composition.  We 
measure a bandgap energy of 1.97 eV, which corresponds 
to an approximate alloy composition of 58% gallium and 
42% indium.  The test structure is shown in Fig. 1.  The 
device is grown lattice-matched on the top layer of a 
GaAsP step grade that incrementally decreases the lattice 
spacing from that of GaAs.  Capacitance vs. voltage (CV) 
and secondary ion mass spectroscopy (SIMS) results 
indicate that the zinc concentration in the base is 
approximately 1016 cm-3.  The sulfur concentration profile 
shows evidence of diffusion into the base during sample 
growth, but the n+ concentration is approximately 1017 
cm-3 at a distance of less than 0.1 µm from the 
metallurgical junction.  Since CV measurements show a 
depletion thickness of approximately 0.5 µm at zero bias, 
we believe that our capacitance measurements are 
primarily probing changes near the depletion edge in the 
p-type base of our device. 
 
Our deep level transient spectroscopy (DLTS) system 
allows us to measure full capacitance transients at each 
temperature (T).  Since the capture and escape processes 
are highly non-exponential (see Fig. 2), we use a 
stretched exponential function of the form: 
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Fig. 1: Schematic of the test structure (not to scale). 
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to fit our results.  Keeping the stretching parameter fixed at 
d = 0.16 and using fixed amplitudes (A) for capture and 
escape, we obtain the temperature-dependent rates (k) 
shown in Fig. 3.  With this approach some of the stretched 
exponential fits are not particularly good, but we do obtain 
rates that change systematically with temperature, yielding 
thermal activation energies of 0.21 eV for capture and 
0.32 eV for escape. 
 
Since a thermal capture barrier [6] and nonexponential 
behavior [7] are signatures of defect complexes that 
experience a change in lattice configuration with 
occupation, we employ photocapacitance measurements 
to determine the threshold energy for optical escape.  
Photons do not carry enough momentum to alter the 
lattice configuration, so the optical threshold usually 
exceeds the thermal activation energy in this class of 
defects.  We set the bias to 0 V and cool the device to 
77 K.  Then we apply a reverse bias (−5 V) and illuminate 
the cell with monochromatic light.  After correcting for the 
photon flux, the rate of the capacitance change yields the 
optical cross-section at each energy as shown in Fig. 4.  
Since a thermal barrier prohibits capture at 77 K, we 
thermally cycle the device to 150 K between each 
measurement to refill the traps. 
 

 

 
In Fig. 4, the change in cross-section σ with energy hν is 
characterized by the following equation: [8] 
 

32/5 )()( ννσ hEh Th−∝ .  (2) 

 
 

CONFIGURATIONAL DEFECT MODEL 
 

We note that the optical escape threshold energy 
ETh = 0.70 eV is significantly higher than the thermal 
escape energy of 0.32 eV obtained in Fig. 3.  We propose 
the model shown in Fig. 5 to explain these results.  The 
arbitrary configuration coordinate is a measure of the 
distortion of the lattice in the vicinity of the defect.  The 
energy of the available hole states near the defect 
change as the local configuration of the lattice is modified 
as shown.  Lattice vibrations (phonons) can push the 
defect level toward the valence band, facilitating thermal 
capture and escape.  But photons, carrying much smaller 
momenta, have little effect on the defect level.  As a 
result, the optical energy required for escape is much 
larger than the thermal escape threshold. 
 
This class of defects is relatively common in n-type III-V 
alloys, particularly near bandgap crossover (from the Γ to 
X conduction band minimum).  Since donor impurities are 
involved in the formation of these complexes, such 
defects are known as DX centers.  But reports of 

analogous hole traps in p-type material (i.e. AX centers) 
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Fig. 2: Conventional and stretched exponential fits to the 
capture transient measured at 143 K, demonstrating the
non-exponential response and the suitability of the 
stretched exponential analysis.
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Fig. 3: Arrhenius plot of stretched exponential rates
used to fit the capacitance transients.  The slopes
of the linear fits yield thermal activation energies of
0.21 eV for capture and 0.32 eV for escape.
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are rare.  That said, theoretical work suggests that AX-like 
traps are likely to form in large-bandgap II-VI alloys 
[9,10,11] and AX-like behavior has been observed in Mg-
doped p-type GaN. [12]  In addition, our recent study of 
Zn-doped p-type GaAs(1-x)P(x) revealed a host of 
phenomena typically attributed to configuration-changing 
defects. [13]  And in the x = 0.28 alloy, the defect 
concentration was comparable to the zinc doping, 
indicating that zinc is playing a role in the formation of AX 
centers in this system.  We hypothesize that zinc may also 
be linked with the occupation-dependent lattice 
configuration states implicated in the high-bandgap GaInP 
reported here. 
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Fig. 5: Valence band and defect energies as a function of 
lattice configuration in the occupation-dependent model. 
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Fig. 4: Photocapacitance cross section as a function
of the energy of the incident light.  The solid line is
a theoretical fit using the the optical threshold energy
designated by the dashed vertical line.
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