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Comparison of Dominant Electron Trap Levels in n-Type and p-Type GaAsN Using 
Deep-Level Transient Spectroscopy 

Steven W. Johnston and Sarah R. Kurtz  
National Renewable Energy Laboratory, Golden, Colorado, steve_johnston@nrel.gov 

ABSTRACT 

Higher-efficiency solar cells improve the likelihood 
that concentrator photovoltaic systems will become 
cost effective. A four-junction GaAs- and Ge-based 
solar cell incorporating a 1-eV bandgap material has 
an ideal AM0 efficiency of ~40% and could also be 
used in a terrestrial concentrator module. The dilute-N 
GaAsN alloy’s bandgap can be reduced to near 1 eV 
when the nitrogen content is 2% - 3%.  Indium can 
also be added to the alloy to improve lattice matching 
to GaAs and Ge. We have used deep-level transient 
spectroscopy (DLTS) to characterize traps in both p- 1.5x10 -2 

reverse bias of 1 V, was biased to 0 V for a filling pulse 
width of 1 s, which ensured signal saturation. 

The addition of small amounts of nitrogen led to 
peaks in the DLTS spectra for both p-type and n-type 
GaAsN.  As shown in the upper graph of Fig. 1, a 
positive peak corresponding to minority-carrier 
electron trapping occurs near 125 K using a 23 s-1 rate 
window for the p-type GaAsN samples.  The lower 
graph of Fig. 1 shows a negative peak, corresponding 
to a majority-carrier electron trap, occurring between 
150 K and 170 K for the n-type GaAsN samples. 
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type and n-type GaAsN. For each type of material, the 
dominant DLTS signal corresponds to an electron trap 
having an activation energy of about 0.35 eV for p-type 
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GaAsN and about 0.45 eV for n-type GaAsN. In both 0.0 
types of materials, the trap concentrations, modified by 
λ-effect factors, increase with both increasing N 0.0 
content and increased doping. 

1. Objectives 
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-2.5x10 -3The Solar Program seeks to develop higher
efficiency III-V solar cells for concentrator photovoltaic 50 100 150 200 250 300 350 400 
(CPV) systems, therefore improving the likelihood that 
CPV systems will become cost effective.   

2. Technical Approach 
Deep-level transient spectroscopy (DLTS) is a 

powerful technique that can identify and characterize 
defect levels that may be limiting performance in solar 
cell materials. 

3. Results and Accomplishments 
The epitaxial layers studied here were grown by 

atmospheric-pressure metal-organic chemical vapor 
deposition on p- and n-type conductive GaAs 
substrates.  One series of samples was grown with 
increasing amounts of N for both p-type and n-type 
GaAsN.  Another series of samples held N content 
constant while varying Zn-doping for p-type GaAsN 
and Se-doping for n-type GaAsN. The bandgaps range 
from 1.4 to about 1.2 eV.  

Capacitance-voltage (CV) and DLTS data were 
collected using an Accent Optical Technologies 
Fourier transform DLTS system. This system uses a 1 
MHz modulating signal.  Samples were measured 
between 0 V and 1 V reverse bias. The leads 
connected to the sample contacts are reversed to 
apply opposite polarity bias to n-type samples. Traps 
were filled when the sample, which was held at a 

Temperature (K) 
Fig. 1.  DLTS data for p-type GaAsN (upper graph) 
and n-type GaAsN (lower graph). 

The N-varying samples are labeled p1 through p5 for 
the p-type samples and n1 through n5 for the n-type 
samples.  Samples p1 through p5 contain 0.05%, 
0.1%, 0.25%, 0.6%, and 1.2% N, respectively. 
Samples n1 through n5 contain 0.011%, 0.033%, 
0.11%, 0.23% and 0.45% N, respectively. 

Although not typically expected unless optical 
injection or forward bias is applied, minority-carrier 
electron traps are observed for the p-type GaAsN. 
Electrons from the n-type side can fill empty traps by 
surmounting the potential energy due to the band 
bending in the depletion region. Without forward bias, 
this process takes time, especially at the low 
temperatures of the DLTS peak trap emission. 
According to a thermionic emission estimate, the time 
to fill these traps at low temperature agrees with the 
experimental value approaching seconds to trap-filled 
saturation. 

The trap density, NT, is proportional to the DLTS 
peak magnitude.  The λ-effect factor accounts for 
some traps within the depletion region always being 
full and some never being filled.  We use depletion 
widths and carrier concentrations from CV data 
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measured at the temperature where the DLTS peak 
occurs, and the trap activation energy, Ea, attained 
from the DLTS data, to calculate the adjusted trap 
densities.  For the n-type samples, NT increases by a 
factor of ~4.  The p-type samples’ trap densities are 
also adjusted to account for the carrier concentration 
measured at low temperature and the volume where 
electrons are actually trapped by modeling each 
sample at DLTS-peak temperatures using simulation 
software.  A factor of ~50 accounts for the narrow trap
filling region about 10 nm from the junction.  Here, the 
electric field is near its maximum value, ~2x105 V/cm. 
Field-enhanced emission, such as Poole-Frenkel 
emission, may effectively lower the measured Ea by 
~0.1 eV.  The n-type samples are more heavily doped, 
and modeling shows trap emission also occurs within 
similar field strength.  The adjusted Ea and NT values 
are plotted in Fig. 2. Ea values are near 0.4 eV; NT 
increases with increasing N content for both types of 
materials. 

Fig. 2. Ea (solid lines) and NT (dashed lines) for mid
1016 cm-3 p-type and mid-1017 cm-3 n-type GaAsN. 

A second series of GaAsN samples for each doping 
type was also grown and had roughly constant N, 
~0.25%, while varying the p-type and n-type doping 
levels.  The adjusted parameters are plotted in Fig. 3. 

Fig. 3. Ea (solid lines) and NT (dashed lines) for 
~0.25% N, varying-doped p-type and n-type GaAsN. 

4. Conclusions 
An electron trap dominates the DLTS spectra for 

both p-type and n-type GaAsN samples. The details of 
the DLTS analysis include low-temperature CV 
measurement and software modeling that show that 
the trap emission occurs in regions of high electric 
field, and that Poole-Frenkel enhanced emission 
effectively increases Ea by about 0.1 eV. Calculation of 
the λ-effect factors showed that these should not be 
neglected:  the majority-carrier trap concentrations 
were increased by about a factor of four, whereas, the 
minority-carrier traps (that are usually not reported for 
p-n junctions in reverse bias) showed very large 
correction factors approaching 50.  In both types of 
materials, the trap concentrations, modified by λ-effect 
factors, increase with both increasing N content and 
increased doping. 
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