A national laboratory of the U.S. Department of Energy
//'- 3 Office of Energy Efficiency & Renewable Energy

\Q'/

*N? == National Renewable Energy Laboratory

Comparison of Dominant Electron Conference Sapes

. NREL/CP-520-38916
Trap Levels in n-Type and p-Type November 2005
GaAsN Using Deep-Level

Transient Spectroscopy
S.W. Johnston and S.R. Kurtz

Presented at the 2005 DOE Solar Energy Technologies
Program Review Meeting

November 7-10, 2005

Denver, Colorado

i

;



NOTICE

The submitted manuscript has been offered by an employee of the Midwest Research Institute (MRI), a
contractor of the US Government under Contract No. DE-AC36-99G010337. Accordingly, the US
Government and MRI retain a nonexclusive royalty-free license to publish or reproduce the published form of
this contribution, or allow others to do so, for US Government purposes.

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the United States
government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: mailto:reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

L 4
'..‘ Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste


http://www.osti.gov/bridge
mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/ordering.htm

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 AMO 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-
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
GaAsN and about 0.45 eV for n-type GaAsN. In both
types of materials, the trap concentrations, modified by
Ar-effect factors, increase with both increasing N
content and increased doping.

1. Objectives

The Solar Program seeks to develop higher-
efficiency lll-V solar cells for concentrator photovoltaic
(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

reverse bias of 1V, 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 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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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, Ny, is proportional to the DLTS
peak magnitude. The A\-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


mailto:steve_johnston@nrel.gov

measured at the temperature where the DLTS peak
occurs, and the trap activation energy, E,, 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, ~2x10° V/cm.
Field-enhanced emission, such as Poole-Frenkel
emission, may effectively lower the measured E, 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 E, and N values
are plotted in Fig. 2. E, values are near 0.4 eV; Nt
increases with increasing N content for both types of
materials.
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Fig. 2. E, (solid lines) and Nt (dashed lines) for mid-
10'® cm™ p-type and mid-10"" cm™ 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.
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Fig. 3. E; (solid lines) and Ny (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 E, by about 0.1 eV. Calculation of
the A-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 A-effect
factors, increase with both increasing N content and
increased doping.
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