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Foreword

The 19th Space Photovoltaic Research and Technology Conference, SPRAT XIX, was held
from September 20 to 22, 2005. The purpose of the SPRAT conference was to bring members of
the space solar cell community together to discuss the recent developments in solar cell
technology and future directions of the field. The SPRAT conference is convened roughly every
2 years. The venue for SPRAT XIX was the Ohio Aerospace Institute (OAI), located just outside
the West Gate of the NASA Glenn Research Center at Lewis Field. SPRAT is sponsored by the
Photovoltaic and Space Environments Branch at the NASA Glenn Research Center.

About 100 representatives of industry, government, and universities gathered together to hear
topical papers on space solar cell and array technology. The SPRAT conference also held a series
of half-day workshops on current issues in space photovoltaics. Many of the papers and
workshop summaries are included in the SPRAT proceedings.

This year there was a continued focus on lighter, more efficient, and less expensive cells.
This was seen in the discussions of thin-film solar cells, and multijunction solar cells, as well as
the issues in qualifying these new technologies for space applications. For example, the
MISSE-5 mission provides a convenient way to space test many new types of solar cells.

As chairman of SPRAT XIX, I had the pleasure of awarding the Irving Weinberg Award to a
researcher who has made significant contributions to space solar cell research and technology.
The SPRAT XIX Irving Weinberg Award went to Dr. Geoffrey Summers of the Naval Research
Laboratory and the University of Maryland, Baltimore County. By introducing the concept of
displacement damage dose and demonstrating that it could be used to analyze solar cell radiation
degradation, he enabled a new way of thinking about space solar cell radiation damage, which
reduces the cost and complexity of preflight testing.

The SPRAT committee this year consisted of the following people: Publication Chair
Stephanie Castro (OAI); Refreshments Chair Anna Maria Pal (GRC) and Roshanak Hakimzadeh
(GRC); Mike Piszczor (GRC); Sheila Bailey (GRC); and Barbara Madej (SGT). In addition,
Tracy Stidham (SGT) and Sue Ritter (GRC) provided assistance at the registration desk. It was a
privilege for me to work with such a talented and dedicated committee, and I would like to thank
them for all their hard work before, during, and after this conference.

Thomas Morton
Chairman of the 19th Space Photovoltaic Research and Technology Conference
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PRELIMINARY LOW TEMPERATURE ELECTRON IRRADIATION OF TRIPLE JUNCTION
SOLAR CELLS

Paul M. Stella, Robert L. Mueller, Roy L. Scrivner, Roger S. Helizon
Jet Propulsion Laboratory, California Institute of Technology
Pasadena, CA, 91109

INTRODUCTION

For many years extending solar power missions far from the sun has been a challenge not only due
to the rapid falloff in solar intensity (intensity varies as inverse square of solar distance) but also because
some of the solar cells in an array may exhibit a LILT (low intensity low temperature) degradation that
reduces array performance. Recent LILT tests performed on commercial triple junction solar cells have
shown that high performance can be obtained at solar distances as great as ~ 5 AU". As a result, their use
for missions going far from the sun has become very attractive. One additional question that remains is
whether the radiation damage experienced by solar cells under low temperature conditions will be more
severe than when measured during room temperature radiation tests where thermal annealing may take
place. This is especially pertinent to missions such as the New Frontiers mission Juno, which will
experience cell irradiation from the trapped electron environment at Jupiter. Recent testing® has shown that
low temperature proton irradiation (10 MeV) produces cell degradation results similar to room temperature
irradiations and that thermal annealing does not play a factor. Although it is suggestive to propose the same
would be observed for low temperature electron irradiations, this has not been verified.

JPL has routinely performed radiation testing on commercial solar cells and has also performed
LILT testing to characterize cell performance under far sun operating conditions. This research activity was
intended to combine the features of both capabilities to investigate the possibility of any room temperature
annealing that might influence the measured radiation damage. Although it was not possible to maintain the
test cells at a constant low temperature between irradiation and electrical measurements, it was possible to
obtain measurements with the cell temperature kept well below room temperature. A fluence of 1E15
1MeV electrons was selected as representative of a moderately high dose that might be expected for a solar
powered mission. Fluences much greater than this would require large increases in array area and mass,
compromising the ability of PV to compete with non-solar alternatives.

PROCEDURE

Although radiation tests are typically performed at room temperature (28C), the JPL irradiation
test chamber does have a capability for testing at various temperatures, with a low temperature near liquid
nitrogen levels (-180C). There is also an available light source and optically clear quartz window that
allows illumination of the solar cells during irradiation. However, the light source does not presently meet
the optical spectra requirements needed to accurately measure triple junction solar cells. The Dynamitron
irradiation test plate and the X-25 solar simulator LILT test plate are of the same configuration so that cells
can be firmly mounted in either chamber. Since the Dynamitron radiation facility and the X-25 Solar
Simulator are located in separate areas of the Cell Characterization Test Laboratory, the test procedure
required transport of the cold and irradiated test plate from the Dynamitron test chamber to the X-25 LILT
test chamber to ascertain the impact of the irradiations on the solar cells.

Various methods were examined to transport the samples between tests facilities without any
significant heating of the test plate and to avoid or minimize moisture condensation. Following the
irradiation, the chamber was returned to ambient pressure (with a dry nitrogen back fill) and opened. The
test plate was then wrapped in aluminum foil during transport. It was removed when the plate was mounted
in the X-25 solar simulator test chamber which was being purged with dry nitrogen. The access port was
then closed and pump down initiated. The foil was intended to minimize direct contact of the cell/cover
front surface with the ambient room air.
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During trials of transport methods, a surrogate plate was monitored for temperature in order to
observe any changes occurring during the dismounting of the test plate from the Dynamitron and ~ 1
minute transit to the X-25. Due to the large heat capacity of the 1/8 inch thick copper test plate, it was
possible to perform the exchange between test chambers with only a slight warming of the test plate. The
initial test procedure used a covered aluminum pan with a layer of liquid nitrogen in the bottom, but due to
the above mentioned temperature stability the approach for the actual testing used a plain covered
cardboard box filled with Styrofoam “popcorn”. Not elegant, but less of a possible hazard than carrying
liquid nitrogen.

For these tests a small number of production triple junction solar cell CICs (solar cell-
interconnect-coverglass) were purchased from the two U.S. Space cell manufacturers, Emcore and
Spectrolab. The CICs are the basic component provided by the manufacturers for array assembly. The CICs
also had rear contact tabs attached by the manufacturers using space qualified processes to enable JPL test
fixture assembly. The cells were tested under (AMO) air mass zero (Space) conditions at JPL, and CICs
were then selected to assemble two test plates for each manufacturer (four cells per test plate). The standard
test plate (Figure 1) consists of a 1/8” thick copper plate machined to provide a central location for the
radiation dose measuring Faraday cup, and a number of smaller holes for insertion of terminal posts. The
terminals are used for hard wiring the solar cells to the posts and attached electrical connector to ensure
stable electrical connections. The CICs are bonded to the substrate with a thermally conductive silicone
adhesive. A separate connection is made to a thermocouple fixed to the surface of a top contact tab where it
is attached one of the test CICs. The cells were all retested electrically following the plate assembly, both at
AMO0/room temperature and LILT conditions. This is a standard procedure performed for all JPL LILT
tests.

Figure 1. Typical Test Plate in X-25 Solar Simulator Test Chamber

A test plate was installed in the Dynamitron electron accelerator test chamber. (Figure 2) The test
chamber was then pumped down to 4x10-5 torr or better and the test plate temperature was reduced to -
120C, at which time the irradiation began. When the required 1E15 1 MeV electron equivalent dose was
reached, and the accelerator shut down, the test chamber was back filled with nitrogen gas to return the
pressure to ambient levels.
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Figure 2. Dynamitron Cell Irradiation Test Chamber

The chamber was then opened maintaining a low volume flow of nitrogen gas over the test plate
and aluminum foil was wrapped around the front of the cold test plate. After disconnecting the plate from
the plate holder the covered test plate was quickly transferred to an insulated box and carried to the X-25
test chamber (Figure 3) in an adjacent room. Once in the X-25 test chamber, which was being purged with
dry nitrogen, the foil was removed and the plate attached to the temperature control mounting block. Then
the quartz access window was reattached to initiate the pump down to 4x10-5 torr. During this time the
temperature of the test plate remained below -80C. Once the vacuum level was achieved, the test plate
temperature was increased to ~ -70C in order to sublimate a thin layer of frost from the CICs, and then
returned to -120C. The cycle from ~ -80C to -70C and back to -120C typically required 40 minutes
duration.

Figure 3. X-25 Vacuum Test Chamber
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Once at -120C, all cells on the test plate were measured at an intensity of 4.7 mw/cm®. The cell
temperatures were then increased to 28C and maintained for approximately 45 minutes while the
illumination intensity was increased to 136.7 mw/cm” (AMO). Slow heating and cooling rates were used to
minimize thermal shock. Then the cells were returned to LILT conditions (4.7mw/cm’ and -120C) for the
second measurement. This process was repeated for each test plate. The time line for the second Spectrolab
test plate is shown below in figure 4. This plate had the lowest radiation flux and consequently the longest
irradiation time.

Spectrolab S2J
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Figure 4. Spectrolab Test Plate S2J Temperature Timeline

The short interval starting at 440 minutes is the start of the frost sublimation phase, with the first
LILT electrical measurement at ~485 minutes. High temperature exposure begins after this with the second
LILT electrical measurement at ~740 minutes.

RESULTS

Results were somewhat mixed in that while the cells on one of the four test plates showed notable
improvement following a exposure to room temperature, the other test samples (including one plate for the
same manufacturer and two for the other) showed little to no change. This fluence typically results in
approximately 15% power loss after room temperature irradiations. Cells irradiated at -120C and tested at
that temperature showed losses comparable to or worse than the 28C test data. Exposure to room
temperature improved the performance loss of the most degraded cells to levels near the room temperature
irradiated values. In the extreme case the average cell efficiency on one test plate recovered 3.7 percentage
points after room temperature exposure. The change in cell efficiency following the soak at 28C for the
other three test plates ranged from 0 to 2.4%, values close to the estimated measurement of 2%.

The first plate tested showed a light haze contamination on the front surface of the CICs. This was
traced to the Dynamitron test chamber where a section of Tygon tubing slipped into the edge of the electron
beam. (This was eliminated for subsequent tests). The initial average power degradation was 12.6% which
was reduced slightly to 12.0%, following the 28C temperature soak. The improvement was recorded in the
voltage and fill factor primarily, with no change in Isc (short circuit current). This would be consistent with
a slight variation in before and after temperature (approximately 1° C) than with radiation annealing. The
magnitude of the change is in the range of test accuracy. It was also noted that the degradation from the
1E15, 1 MeV electrons was less than the manufacturer’s listed degradation of 14%. For the second plate of
that same cell manufacturer, both the before and after 28C soak degradations were 14.9%. This plate had
one cell with poorer LILT performance before irradiation and the data was re-examined with that one cell
eliminated to see if it had any impact on the average change. As a result, the before “annealing” power
degradation of the three remaining “good LILT” cells increased to 14.5% with an improvement to -12.5 %
after the 28C soak, consistent with the plate 1 degradation. Again, the final degradation was slightly less
than the manufacturer’s data of 14% (obtained using room temperature irradiations) with the degradation
before the 28C thermal soak in approximate agreement with the published value (based on 28C irradiation
testing).
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The results for manufacturer B were somewhat different. For one plate the average cell
degradation following irradiation was 19.9%, improving to 17.3% degradation after ~ 1 hour 28C soak, and
then to a degradation of 16.2% with an additional ~117 hour soak at 28C. This resulted in a total gain (after
118 hours) of 3.7 percentage points in cell efficiency corresponding to a 19% reduction in the irradiated
power loss. For this plate improvements were noted in current and voltage. The final degradation agrees
with the manufacturer’s published data of 16% based on room temperature irradiation. Although this result
was in line with an explanation of modest annealing, the second plate for manufacturer B showed different
behavior. Although the initial degradation was measured at 20.6%, the value after the 28C soak (1 hour)
was 19.5%, for a gain of 1.1 percentage point in cell efficiency, within measurement error. The 19.5%
degradation after thermal soak was still below the manufacturer’s published data.

DISCUSSION

Ideally, irradiation at -120C and in situ electrical measurements at that same temperature would be
the best method for performing these tests. Due to the need to use two separate chambers with a quick
transfer between them, it was necessary allow a short term temperature increase to -70C, still well below
room temperature. The fluence of 1 E15 1MeV electrons typically incurs losses of approximately 15% in
cell power in room temperature testing. Based on estimates of LILT measurement errors, changes of 2%
are not considered significant. Additional potential sources of error include the impact of the cell transfer
and coverglass adhesive anomalies (both discussed below). For each manufacturer, one test plate showed
power changes of less than this amount after room temperature thermal soak. Also for each manufacturer,
one test plate showed small improvements after the room temperature soak with improvements of 2.4 to
4.6% in cell power. For one manufacturer this increase was noted only after removing one cell from the
data. Excluding the one test plate with the 4.6% improvement in power following the room temperature
soak, the evidence would strongly suggest that room temperature annealing was not a significant factor. For
manufacturer A, the measured cell degradation prior to any soak at room temperature was equal to or less
than the data published by the manufacturer for room temperature irradiation. For manufacturer B, initial
degradations following irradiation were greater than shown in the published data; with degradation values
corresponding to published data only occurring after the room temperature soak (for one of the two plates).
It is possible that there is a difference in the role of room temperature annealing between the performances
of the two manufacturer’s cells and testing of additional cells would be needed to better establish this. Short
of that, a small margin can be added to the expected degradation for missions that undergo low temperature
irradiation to account for the changes observed in these tests.

As mentioned earlier, similar low temperature irradiations of triple junction solar cells, using high
energy protons, showed no indication of thermal annealing. Normally the high energy protons would be
expected to show similar results in the cells as the 1 MeV electrons. Those tests had some difference from
the tests described herein which may explain the differences in results: The cells were manufactured by a
Japanese company, Sharp Corporation, and the irradiation and electrical testing was done in a single
vacuum system, with no need for a physical transfer.

The transfer of cooled cells from the Dynamitron test facility to the X-25 test chamber limited the
ability to maintain temperatures to the -120C irradiation temperature. Although it was possible to keep the
temperature rise during the transit to within 10-15C of the -120C test temperature, the moisture
condensation on the cells required a subsequent increase to approximately -70C in the X-25 vacuum test
chamber for condensation removal prior to the initial -120C cell measurements. For this reason, testing of
the last three plates allowed the temperature during transfer to rise as high as ~-70C, the temperature they
would need to be at during for condensation removal. These temperatures were well below the more
typical room temperature irradiation testing of 28C. Furthermore the rapid transfer from Dynamitron to the
X-25 meant that the test cells were between -70C and -120C for approximately an hour, generally shorter
than the time between room temperature irradiation in the Dynamitron and X-25 measurements, which can
range up to a day or so. In addition to the above discussed measurement constraints, some unusual CIC
behaviors were also observed in the course of these tests that compromise the test accuracy.

When the test cell temperatures were increased to ~28C in the X-25 test chamber following the
minus 70C condensation removal and the initial -120C post-irradiation electrical performance
measurements, adhesive bubbles were noted on some of the cells. This was evident as a large bubble or a
number of small bubbles between the cover slide and cell. This did not become noticeable until the cell
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temperature was close to room temperature. The initial bubble could become fairly large (few cm. in
diameter) and would typically shrink as the bubble perimeter reached the cover/cell edge (Figure 5).

Figure 5. Coverglass “Bubble”

Upon re-cooling to -120C, the bubble size would shrink to less than ~one cm. radius. The cell area
affected by the bubbles was estimated at less than 10% so that any impact on cell performance would be
small. It was assumed that this was the source of some of the data uncertainty, although examination of test
results for cells with and without bubbles did not show any clear differences. This behavior was not
expected and has not been observed on previous LILT testing over similar temperature ranges. Cover and
cell bubbles have been observed on flight array programs during the mid 1990s, when very large area solar
cells became commonplace. The manifestation of this was called “blow-out” since the central portion of the
cover and also solar cell would actually break out as if pushed from below during thermal cycling. It was
attributed to incomplete curing of the adhesive near the cell central regions. A high temperature vacuum
bake-out was developed to accelerate the curing and is used on modern solar arrays. This bake-out is not
done for cells used in JPL LILT testing and “bubbles” have never been noted previously in any JPL testing
of individual cells. The primary difference in these tests compared to previous LILT testing was the transfer
between test chambers and the frost deposit on the CICs. The frost and/or ice deposit certainly is a
candidate for the cause of the unusual bubble occurrences, although a mechanism has not been identified.

CONCLUSION

The comparable cell degradations measured in these low temperature tests and in standard room
temperature testing suggests the conclusion that there is no significant thermal annealing from low
temperature electron irradiation although small annealing improvements can not be ruled out.. However,
this comment only refers to temperatures above approximately -70C, the frost removal soak temperature.
Although the intention was to confirm or deny annealing occurrence at irradiation temperatures on the
order of -120C, a condition comparable to a Jupiter orbital environment, this was not possible. The source
of the difference in behavior for plates with the same manufacturer’s cells is not known. Uncertainties in
these test results due to the test plate transfer can be removed by spectral modification of the cell
illumination source in the Dynamitron test facility to allow for accurate in situ measurements of triple
junction solar cells. This would then allow electrical testing of the cells to be performed in the Dynamitron
test chamber immediately following the irradiation without changing the cell temperatures. Such testing
would remove the influence if any, due to the transfer, between test chambers. Funding for this
modification is being pursued for possible future testing.

Although the low temperature irradiation conditions are limited to a small number of potential
missions, Jupiter orbiters, for example, the increasing attractiveness for PV power systems at these

NASA/CP—2007-214494 6



extended solar distances makes the resolution of any annealing behavior critical. Testing costs to resolve
this are anticipated to be minimal especially when compared to any array cost required for such a mission.
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ABSTRACT

An analysis of the effects of low energy proton irradiation on the electrical performance of triple junction (3J)
InGaP,/GaAs/Ge solar cells is presented. The Monte Carlo ion transport code (SRIM) is used to simulate the damage
profile induced in a 3] solar cell under the conditions of typical ground testing and that of the space environment. The
results are used to present a quantitative analysis of the defect, and hence damage, distribution induced in the cell active
region by the different radiation conditions. The modelling results show that, in the space environment, the solar cell
will experience a uniform damage distribution through the active region of the cell. Through an application of the
displacement damage dose analysis methodology, the implications of this result on mission performance predictions are
investigated.

1. INTRODUCTION

A multijunction (MJ) solar cell consists of two or more p-n junctions stacked on top of one another, where the thickness
and bandgap of each subcell is specifically chosen to maximize absorption of the illumination source spectrum. In this
discussion, we focus on the InGaP,/GaAs/Ge triple-junction (3J) technology. In space, the illumination spectrum is the
air mass zero (AMO) spectrum (Figure 1). A measurement of the quantum efficiency (QE) (a measure of how efficiently
a solar cell converts individual wavelengths of light into electricity) of a 3J InGaP,/GaAs/Ge cell shows how the spectral
response of this technology overlaps the AMO spectrum, thereby enabling better light collection than single junction
devices.
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An MJ cell is a series-connected device. The total device photovoltage is the sum of photovoltages from each subcell.
The MIJ device photocurrent, however, is limited to the least value of the three subcells, which is referred to as the
“current limiter”. As a result, the radiation response of the MJ device is primarily controlled by the most radiation
sensitive subcell, which is the GaAs subcell (Figure 1) for the 3] InGaP,/GaAs/Ge. The structure of the 3J cell can be
engineered to control the radiation resistance to some extent. The most common method used for this has been to thin
the top InGaP, cell, thereby forcing the 3J cell to be current limited at beginning of life (BOL) by the more radiation
hard InGaP; top cell. However, the trade-off is a slightly reduced BOL conversion efficiency.
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Figure 1: AMO solar spectrum, normalized to the maximum irradiance value with QE data from a 3] InGaP,/GaAs/Ge
solar cell measured before and after electron irradiation. The middle GaAs cell is the most radiation sensitive subcell.

While this technique has been proven to render the 3J device more resistant to 1 MeV electron radiation, the specific
case of low energy proton irradiation has remained a point of discussion. Protons with incident energies of about 200
keV or less have the potential to decelerate (slow-down) and stop within one of subcells, and may preferentially degrade
one junction over the others. This may have a significant impact on the balancing of the photocurrents and, therefore,
the overall device radiation response.

This paper presents a modelling study designed to quantify low energy proton irradiation effects in 3] InGaP,/GaAs/Ge
solar cells. Using the Monte Carlo ion transport code SRIM[1], we quantify low energy proton effects by calculating the
amount of displacement damage absorbed within each layer of the 3J device due to various energy proton irradiations
and calculating the expected solar cell degradation using the displacement damage dose (Dy) analysis methodology [2,3].

This modelling is performed for several cases. The first one is the case of a monoenergetic, unidirectional beam of
protons normally incident upon an uncovered solar cell, representative of a typical radiation ground test. This modelling
is repeated for the same monoenergetic proton beam except that the protons are assumed to be omnidirectional. As a
third case, an omnidirectional spectrum of protons that has been modified to reflect transport through a coverglass is
modelled. This case is representative of the true space radiation environment. These cases were specifically chosen to
bridge the gap between ground test results and the degradation expected to be seen on-orbit.

The analysis highlights the different defect structure induced by an omnidirectional as compared to a unidirectional
irradiation. Furthermore, the defect structure induced within a covered solar cell after exposure to an omnidirectional
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spectrum of protons is compared to the unidirectional, monoenergetic case. The data are used to demonstrate that the
localized defect structure induced at the end of a proton track clearly observed after monoenergetic, unidirectional
irradiation of an uncovered solar cell is not evident within a covered solar cell exposed to an omnidirectional spectrum
of protons. The implications of this result on ground test and on-orbit predictions are discussed.

2. DISPLACEMENT DAMAGE EFFECTS

As a charged particle passes through a material, it transfers energy to the crystal lattice through either ionization or
atomic displacements. Whereas ionization damage dominates the particle range in a material, it is the displacement
damage that causes the degradation of the photovoltaic output of a solar cell, as the introduction of point defects
(vacancies, interstitials, etc.) gives rise to recombination centers that degrade the minority carrier diffusion length
[4,5,6].

The rate at which an irradiating particle transfers displacement damage energy to the target lattice is referred to as the
nonionizing energy loss (NIEL), which can be calculated analytically based on the displacement interaction cross
sections [7,8]. The NIEL for protons and electrons incident upon the three materials of a 3J InGaP,/GaAs/Ge solar cell
are shown in Figure 2. The NIEL values are quite similar for the three materials since the interaction cross sections vary
with the average atomic number of the material which are essentially equal amongst the three.

The proton NIEL increases with decreasing energy. Thus, lower energy protons produce more displacement damage.
Furthermore, as the proton slows down, its energy decreases further and the NIEL increases accordingly. This process
continues until the proton eventually comes to rest. As a result, lower energy protons create more damage culminating
in a peak in the defect concentration at the end of the proton track. This peak is referred to as the Bragg peak. For a
specific range of incident proton energies, the Bragg peak may occur within the active region of the solar cell.
Moreover, the Bragg peak may occur within one of the subjunctions of the 3J device. It is the response of the 3J device
to such a radiation exposure that is the focus of the analysis of this paper.
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Figure 2: NIEL calculated for electrons and protons incident upon InGaP,, GaAs, and Ge.
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3. SPACE RADIATION ENVIRONMENT

The space radiation environment is a dynamic mixture of protons and electrons that varies with orbital altitude and
inclination. To model on-orbit solar cell performance, a specific orbit must be chosen. Here, we choose an orbit
containing the L2 point. This is one of the so-called Lagrangian points [9]. This orbit places the spacecraft outside of
the Earth’s magnetic field. Therefore, the solar arrays will have no geomagnetic shielding, and the solar cell damage will
be dominated by exposure to protons from solar events. In the case of the geosynchronous orbit, the proton contribution
is essentially the same, but trapped electrons are also important. The conclusions drawn here apply to other missions for
which trapped protons are important, since the trapped proton spectrum is generally similar to the solar proton spectrum.

The differential proton spectrum as obtained using SPENVIS [10] after 3.5 years in this orbit is shown in Figure 3.
These data represent the omnidirectional, isotropic radiation environment in which the solar array will be immersed.
Before penetrating the solar cell active region, the proton spectrum must pass through the coverglass and any surface
layers on the front, and the array structure and cell substrate on the back. Following the theory of the previous section,
the protons will lose energy and decelerate through the shielding materials, thus the spectrum incident upon the cell
active region will be slowed-down. The slowed down spectrum emerging from the shielding material can be calculated
both by analytical and Monte Carlo means.
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Figure 3: Proton spectra calculated after 3.5 years in the L2 obit for various thicknesses of SiO, coverglass.

The slowed-down spectra shown in Figure 3 were calculated by applying the continuous slowing down approximation
[11,12,13], and these results have been confirmed by calculations using the software code MULASSIS [14,9].
Considering only front-side exposure, the calculations are performed over all incident angles, and results are shown for
several SiO, coverglass thickness. To include the back-side exposure component, the array substrate material is
typically expressed as an equivalent thickness of coverglass and the calculations are repeated. The results are then added
to the front-side spectrum to give the total slowed-down spectrum.

Assuming that the total equivalent shielding thickness is equal to a coverglass thickness given in Figure 3, the

corresponding slowed-down spectrum represents the protons incident directly upon the cell active region. The slowed-
down spectrum is omnidirectional. For an L2 or a GEO mission, a coverglass is typically 75-150 um (3-6 mils) thick,
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and an Al honeycomb solar array substrate is equivalent to a coverglass thickness on the order of 750 pm (30 mils) [1].
Since the 3J cell active region is typically < 10 pum, the slowed-down spectrum will not change appreciably as it passes
through the active layers and can be considered constant as was verified in the calculations in [5].

4. MODELLING RESULTS
4.1 Monoenergetic, Unidirectional Protons

For the present calculations, we choose a solar cell structure where the InGaP,, GaAs, and Ge layers are 0.5, 3, and 500
wm, respectively. To calculate the damage induced within the solar cell due to proton irradiation, we have used the
SRIM Monte Carlo program [1]. The first case modelled was that of a monoenergetic, unidirectional beam of protons
normally incident upon the surface of the solar cell. Some SRIM results (vacancy.txt) are shown in Figure 4.

The data in Figure 4 give the rate at which vacancies are produced per incident proton along the proton track through the
material. Integrating with respect to depth into the sample gives the total vacancy concentration, or equivalently the total
displacement damage induced in the cell per incident ion, which can be directly related to solar cell degradation as
described in [15,16].
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Figure 4: Vacancy production rate throughout a 3J solar cell by normally incident, monoenergetic, unidirectional proton
irradiation as calculated by SRIM [1].

The data of Figure 4 illustrate the slowing down of the protons as they traverse the solar cell material, with the Bragg
peak appearing at the end of the proton track. The different irradiations produce different defect distributions, and these
distributions are non-uniform throughout the cell active region. As a result, the solar cell response to each individual
irradiation will be different. Irradiation by protons with the lowest incident energy that stop nearest the surface (63 keV)
will affect only the InGaP, subcell. Irradiation by protons with incident energy of 251 keV protons, however, will affect
both the InGaP, and GaAs subcells but not the Ge. Also, with the Bragg peak occurring in the GaAs layer, the 251 keV
irradiations may preferentially degrade the GaAs. Irradiation by protons with incident energy of 1 MeV and above, on
the other hand, produces nearly uniform damage throughout the entire active region.
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These effects have been shown explicitly in [2] and by the data produced by Sumita et al. [17] as shown in Figure 5.
Figure 5 shows the maximum power output (P,.<) measured in 3J InGaP,/GaAs/Ge solar cells after unidirectional,
normally incident irradiations by monoenergetic protons. The incident energy of each proton irradiation is given in the
legend. These solar cells were uncovered during the irradiations. Following the methodology of Messenger et al. [3],
the data are plotted as a function of Dy which is given by the product of the particle fluence and the NIEL (Figure 2).
Analyses in terms of Dy allow data measured after irradiation by different particles at different energies to be correlated
and presented on a common axis [2,18].

Their data show two general groupings. For unidirectional, normally incident protons with incident energies of 0.1 MeV
and below, the protons stop within the top subcell and the 3J cell response tracks that of the more radiation resistant
InGaP, subcell (solid symbols in Figure 5). For higher incident energies, the protons penetrate the middle subcell, and
the 3J cell response tracks that of the less resistant GaAs subcell (open symbols in Figure 5).
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Figure 5: Data from Sumita et al. [17] showing 3J InGaP,/GaAs/Ge degradation under proton irradiation.

The cells studied in [17] were optimized for radiation resistance, so the cells remained top cell limited for nearly all of
the irradiations considered. Therefore, most of the variation in radiation response was confined to degradation in the
open circuit voltage (V,.). Notable examples are at the highest D4 values for the 0.25 and 0.38 MeV datasets. In these
two cases, severe degradation is observed in the 3J cell output. This is the case because the Bragg peak for these protons
lies within the GaAs subcell (Figure 4), and the GaAs subcell damage is so severe at these high Dy values that it
becomes the current limiter and pulls down the overall 3J device output.

The response of the 3J solar cell to the non-uniform defect distribution induced by these unidirectional, monoenergetic

irradiations can give the impression the that low energy protons are likely to cause the majority of the overall damage
on-orbit. In fact, this is not the case for the reasons that we will discuss below.
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4.2 Monoenergetic, Omnidirectional Protons

The second case modelled assumed the same incident proton energies as shown in Figure 4, except that the protons were
assumed to be omnidirectional. This was accomplished using the user-defined input spectrum option of SRIM
(TRIM.DAT) with all of the protons confined to a single energy. A separate algorithm was developed to produce the
randomization of the incidence angle of each proton from 0 to 180° and tabulate it in terms of direction cosines in the x,
y, and z directions conducive to the SRIM input file requirements. The vacancy production rates are shown in Figure 6.
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Figure 6: Vacancy production rates for omnidirectional, monoenergetic proton irradiations as calculated by SRIM using
the input file TRIM.DAT.

In comparison with the unidirectional case of Figure 4, for each of the incident energies, the damage profile produced by
an omnidirectional exposure is more uniform. In particular, while the end of the proton track occurs in the same region
for each specific incident energy, no clear Bragg Peak is evident in the omnidirectional case. The localized damage peak
induced by a unidirectional proton irradiation is removed when the irradiation is omnidirectional.

4.3 Omnidirectional Proton Spectrum

To complete the modelling, the case of an omnidirectional proton spectrum irradiation is considered. The calculations
were set up just as was done for Figure 6 except that instead monoenergetic protons, we chose a proton spectrum from

Figure 3. And, in order to simulate a typical application, we chose a 76.2 um (3 mil) SiO, coverglass. Again, we are
only considering front-side exposure in these calculations. The results are shown in Figure 7.

The results of Figure 7 show that exposure to the omnidirectional, isotropic, slowed-down spectrum causes a much more

uniform damage distribution throughout the solar cell active region. Also, the absolute amount of damage produced is
significantly less than the first two cases modelled, which is a result of the shielding provided by the coverglass.
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Figure 7: Vacancy production rate induced by an omnidirectional spectrum of protons that have been slowed-down by a
76.2 um (3 mil) coverglass.

5. DISCUSSION

The ultimate goal of the present analysis is to gain insight into the proper method for predicting the performance of the
3J InGaP,/GaAs/Ge solar cell in a proton-dominated space radiation environment. The basic theory of displacement
damage (Section 2) indicates that the damage increases with decreasing proton energy, and with a typical space proton
spectrum being weighted towards lower energies (Figure 3), it may seem reasonable to base on-orbit predictions on
ground tests made at relatively low proton energies. However, this is inappropriate for two reasons. Firstly, Figure 3
shows that the effect of a coverglass is to attenuate the overall proton fluence and to shift the distribution of proton
energies arriving at the surface of the cell to higher energies. Secondly, the finite proton range, the different radiation

sensitivity of each subjunction, and the geometry of the 3J device complicates the analysis of low energy proton data, as
evidenced by the data from [16,17].

Fortunately, the analysis presented here shows that the effects brought on by the highly non-uniform damage distribution
induced by unidirectional, monoenergetic proton irradiations are not likely to be observed on-orbit. Instead, exposure to
the isotropic, omnidirectional spectrum of space after attenuation by the coverglass (Figure 7) will induce nearly
homogeneous degradation throughout the cell active region.

There is some decrease in the damage profile with depth into the cell, but considering that the active region of the Ge
does not extend much beyond 10 um, the variation is no more than a factor of 2. Furthermore, the effect of backside
irradiation has not been considered. Such irradiation will induce a damage profile of the same structure but decreasing
toward the front of the cell. Since the rear shielding is typically much thicker, the addition to the total damage will be
relatively small, but the backside irradiation will serve to further homogenize the damage profile. In the end, the damage
profile throughout the cell active region is expected to vary by less than a factor of 2, and the variation will be gradual
throughout the cell active region.
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It follows, then, that on-orbit solar cell performance predictions can be based on a ground radiation test that produces a
homogeneous defect profile. For the proton dominated orbit considered here, this can be readily achieved using standard
monoenergetic, unidirectional proton irradiations provided that the incident proton energy is large enough that the proton
loses minimal energy as it passes through the active region. From Figure 4 it is seen that any energy of a few MeV
would be appropriate. Note that the combined effects of protons and electrons can also be calculated as a function of Dy

(2].

Any higher proton energy could be used except for two caveats. First, the slope of the NIEL curve decreases above 10
MeV due to the onset of nuclear effects. Second, a discrepancy between the damage coefficients and the NIEL has been
observed for incident proton energies above 10 MeV [19]. Also, it has been shown that ~ 80% of the degradation of a
shielded GaAs solar cell in a space proton environment is induced by protons with incident energies between 1 and 10
MeV [12,13]. Thus, an energy between 1 and 10 MeV may be most appropriate for ground testing.

The usefulness of the present analysis is clearly seen when the radiation response is analyzed in terms of Dy. Within the
Dy methodology, the space radiation environment is expressed as an equivalent value of Dy that is determined by an
integral over energy of the product of the slowed-down spectrum (Figure 3) with the NIEL. The cell degradation in that
environment can then be predicted from the characteristic degradation curve for the specific cell technology expressed in
terms of Dy. This characteristic curve can be determined from a single ground test at any proton energy provided the
energy is chosen appropriately as discussed above. Thus, qualification of a cell technology for a space proton radiation
environment can, in principle, be reduced to a ground test at a single proton energy.

It is instructive to study how these effects are included in the equivalent fluence methodology developed by NASA’s Jet
Propulsion Laboratory (JPL) [5,5], which serves as the industry standard analysis technique. This method uses a set of
empirically determined relative damage coefficients (RDCs) to correlate the radiation damage produced by different
particles at different energies. An RDC relates the fluence of a given particle at a given energy required to produce a
certain degradation level to the fluence of a different particle and energy required to produce an equal amount of
degradation. The RDCs are determined from monoenergetic, unidirectional irradiations on unshielded solar cells, and
the omnidirectional nature of the space spectrum and shielding effects are compensated for by analytically modifying the
RDCs.

The modification of the RDCs consists of an integral over the solid angle above the solar cell. For those protons with
incident energy large enough to pass through the coverglass and cell active region with minimal energy loss, the integral
reduces by a factor of 2. For protons of lower incident energy, the integral is modified to account for the finite range of
the proton. This is the reason for the two terms in the integral of Eq. 5-13 of [5]. The result is a reduction of the
unidirectional RDCs.

These effects can be seen in a comparison of the unidirectional and omnidirectional RDCs for the case of an unshielded
solar cell. For a fully penetrating proton, e.g. 10 MeV, the omnidirectional RDC is one-half the unidirectional value.
For a 0.1 MeV proton, however, the unidirectional RDC is reduced by a factor of more than 5 [S]. Thus, even without a
coverglass, the omnidirectional nature of the space environment results in a significant reduction in the impact of the low
energy content of the proton spectrum. The addition of shielding effectively truncates the incident spectrum over which
damage is produced. This fact tells us that the use of low energy, normally incident, proton irradiations are not needed
to calculate the omnidirectional RDCs for most practical applications using the JPL equivalent fluence method. For
example, one only need define the normally-incident, uncovered RDCs to energies >1 MeV to generate omnidirectional
RDC:s for a 1 mil coverglass case.

6. CONCLUSIONS

From this analysis, it is concluded that, in a typical operational space environment, an MJ solar cell will experience an
approximately uniform damage distribution throughout the active region. The implications of this conclusion are two-
fold. First, low energy proton irradiation ground testing is not likely to significantly improve the accuracy of the results
if the cell degradation is analyzed in terms of displacement damage dose. Second, any preferential degradation of one
subcell over another will be due primarily to the relative radiation sensitivities of the different subcell materials rather
than non-uniform damage distribution.
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1 INTRODUCTION

A high efficient Ing4sGag s.P/INg01Gag geAs/Ge triple junction solar cell has been developed for application in
space and terrestrial concentrator PV system [1-3]. Recently, a high conversion efficiency of 31.5% (AM1.5G) has
been obtained in InGaP/(In)GaAs/Ge triple junction solar cell, and as a new top cell material of triple junction cells,
(AInGaP [1] has been proposed to improve the open-circuit voltage (Voc) because it shows a higher Voc of 1.5V
while maintaining the same short-circuit current (/sc) as a conventional InGaP top cell under AM1.5G conditions
as seen in figure 1 (a). Moreover, the spectral response of 1.96eV AllnGaP cell with a thickness of 2.5um shows a
higher response in the long wavelength region, compared with that of 1.87eV InGaP cell with 0.6.m thickness, as
shown in figure 1 (b). Its development will realize next generation multijunction (MJ) solar cells such as a lattice
mismatched AlinGaP/InGaAs/Ge 3-junction and lattice matched AlinGaP/GaAs/InGaAsN/Ge 4-junction solar cells.
Figure 2 shows the super high-efficiency MJ solar cell structures and wide band spectral response by MJ solar
cells under AM1.5G conditions.

For realizing high efficient MJ space solar cells, the higher radiation-resistance under the electron or proton
irradiation is required. The irradiation studies for a conventional top cell InGaP have been widely done [4-6], but
little irradiation work has been performed on AlinGaP solar cells. Recently, we made the first reports of 1 MeV
electron or 30 keV proton irradiation effects on AllnGaP solar cells, and evaluated the defects generated by the
irradiation [7,8].

The present study describes the recovery of 1 MeV electron / 30 keV proton irradiation-induced defects in n'p-
AllnGaP solar cells by minority-carrier injection enhanced annealing or isochronal annealing. The origins of
irradiation-induced defects observed by deep level transient spectroscopy (DLTS) measurements are discussed.

2 EXPERIMENTAL DETAILS

The n*p-(Alg.0sGao.e2)0 52IN0.48P single junction (SJ) solar cells (1.97eV) for 1 MeV electron irradiation
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Fig. 2. Super high-efficiency MJ solar cell structures and wide band spectral
response by MJ solar cells under AM1.5G conditions.

experiment and n*p-(Aly 20Gag.go0)o.s521N0.4sP solar cells (2.08eV) for 30 keV proton irradiation were used in this study,
respectively. The AlInGaP solar cells were grown on p-GaAs substrates by metal-organic chemical vapor
deposition (MOCVD). The n* emitter layer (0.03m) was Si-doped and p base layer (0.6~2um) was Zn-doped with
the concentrations of 2x10'"%cm™ and 1x10"cm™, respectively. The back-surface field layer and window layer of
the AlInGaP solar cells were made with InGaP (0.03xm) and AlInP (0.03um), respectively. An anti-reflective
coating was not formed. Additionally, a number of mesa diodes with an area of 1.3x10°cm?® were fabricated from
the same wafer.

The irradiation was carried out at the Japan Atomic Energy Research Institute (JAERI), using fluences in the
range of 1x10"°~3x10"°cm™ for 1 MeV electron and 1x10'°~1x10"%cm™ for 30 keV proton at room temperature,
respectively. Capacitance-voltage (C-V) and deep level transient spectroscopy (DLTS) measurements were
carried out to characterize the carrier concentration and deep level defects introduced with irradiation. The
minority-carrier injection enhanced annealing of radiation-induced defects was investigated at temperatures of
25°C, 55°C and 70°C with applying a forward bias current 100mA/cm? to the n*-p junction to evaluate the origin of
defects, and the resultant changes in the concentration of defects were monitored by DLTS measurements. In
addition, isochronal annealing has been carried out on the irradiated samples at temperatures of 100~300°C for
20min under a nitrogen ambient.

NASA/CP—2007-214494 19



p-AlinGaP emission rate = 665s”' E1 Before irradiation
H1 el

> H2 E}
© o . -
~ r - After 1 MeV electron irradiation
E g
5 | o [
1) After 1 MeV electron irradiation n
%) n
= T =
= |
=) o

s e A e e e M — o =] r

(a) o Before irradiation (b) E3
1 1 1 1 1 1 1 1 1 1
200 250 300 350 400 450 200 250 300 350 400 450 500

Temperature (K) Temperature (K)

Fig. 3. Majority- (a) and minority-carrier (b) DLTS spectra in p-AlinGaP before and
after 1 MeV electron irradiation with a fluence of 1x10'°cm™. (From Ref. [9])
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Fig. 4. Change in DLTS signal of H1 and H2 defects in p-AllnGaP irradiated
with a fluence of 1x10'°cm™ as a function of injection time. (From Ref. [9])

3 RECOVERY OF 1 MeV ELECTRON IRRADIATION-INDUCED DEFECTS IN AlinGaP

We have observed the defects generated in AlinGaP solar cells under 1 MeV electron irradiation, and reported
them in previous reports [8,%]. As shown in figure 3, two dominant traps for majority-carriers (hole) (a) H1
(E,+0.50+0.05eV, N;=2.2x10' cm'3g, H2 (E,+0.90+0.05eV, N;=1.7x10"°cm™) and minority-carrier (electron) traps
(b) E2 (E,-0.70eV, N:=4.3x10"°cm™), E3 (Es-0.85eV, N=9.8x10"°cm™) are observed in p-AlinGaP under 1 MeV
electron irradiation with a fluence of 1x10'"°cm™ from DLTS measurements.

In order to clarify the origin of defects, irradiated samples were subjected to forward bias injection at various
temperatures. In this study, we focus on the majority-carrier traps H1 and H2 because the minority-carrier traps
E2 and E3 are stable against the minority-carrier injection. Figure 4 shows the recovery of defects H1 and H2 in p-
AllnGaP samples irradiated with a fluence of 1x10'®cm™ by a forward bias injection (100mA/cm?). As seen in
figure 4, DLTS signal of H1 and H2 decreases with increasing the injection time. These results imply that H1 and
H2 defects, which act as recombination centers, are annealed out due to nonradiative electron-hole recombination
enhanced process, so called Bourgoin mechanism [10]. A similar behavior has been observed with 1 MeV
electron irradiated p-InGaP [11] and p-InP [12]. The energy release mechanism has been understood to underlie

the recovery of radiation damage.
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Fig. 5. Change in DLTS signal of H1 and H2 defects in p-AlinGaP irradiated with
a fluence of 1x10'cm™ as a function of isochronal annealing temperature.

The minority-carrier injection annealing causes the annihilation of some recombination centers introduced by
electron irradiation. The irradiation-induced defects are annihilated as follows [11]:

Ny = NroeXp(_A*t), (1 )

where Ny and Ny are the concentrations of irradiation-induced defect centers after and before injection annealing,
respectively, A* the annealing rate, and t the injection time. The annealing activation energy of irradiation-induced
defect centers is expressed as follows:

A* = A())exp(-AEIKT) (s 2)

where A(J) is the pre-exponential factor, 4E the annealing activation energy, and k the Boltzmann constant. An
analogous investigation such as isochronal annealing was also performed for the H1 and H2 defects. Figure 5
shows the isochronal annealed DLTS signal of defects H1 and H2 in p-AllnGaP irradiated with a fluence of
1x10"°cm™. As seen in figure 5, the concentration of the defect H1 decreases gradually at temperatures above
100°C, and anneals out at about 250°C. On the other hand, the concentration of H2 defect remains almost
unchanged up to 100°C, and its concentration decreases above 100°C.

Figure 6 shows the temperature dependence of thermal and injection annealing rates for H1 and H2 defects in
the 1 MeV electron irradiated p-AllnGaP. By using Egs. (1) and (2), the activation energy of injection annealing
was estimated as AE=0.50eV for H1 defect and AE=0.60eV for H2 defect, respectively. Moreover, the thermal
activation energy was determined as AE=1.51eV for H1 defect, but that for H2 defect could not be obtained
accurately.

In previous reports, p-InP [12] and p-InGaP [11,13] irradiated with 1 MeV electrons have shown a major
majority-carrier trap labeled H4 (E,+0.32eV) and H2 (E,+0.50-0.55eV), respectively. The activation energy of
injection (4E=0.51eV) and thermal (4E=1.68eV) annealing for H2 defect in p-InGaP suggests a vacancy-
phosphorus Frenkel pair (V,-P;) as a possible origin of H2 defect. In the present study, we observe H1
(E,+0.50+0.05eV) and H2 (E,+0.90+0.05eV) defects in the 1 MeV electron irradiated p-AlinGaP, and they are
likely to be associated with vacancy-phosphorus Frenkel pair (V,-P;) due to the similar annealing characteristics
between H1 (4E=0.50eV for injection anneal, 4E=1.51eV for thermal anneal), H2 (4£=0.60eV for injection anneal)
defects in p-AllnGaP and H2 defect (4E=0.51eV for injection anneal, AE=1.68eV for thermal anneal) in p-InGaP.

The major defects H1 and H2 in p-AlinGaP introduced by 1 MeV electron irradiation act as recombination
centers, which cause mainly the degradation of solar cell property. However, to understand which defects play an
important role in the degradation of solar cell property, the correlation between the recovery of solar cell property
and radiation-induced defects by injection and thermal annealing should be investigated, and is open to future
discussion.
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4 RECOVERY OF 30 keV PROTON IRRADIATION-INDUCED DEFECTS IN AlinGaP

We have investigated the 30 keV proton irradiation-induced defects in AlinGaP solar cells, and consequently
two maijority-carrier (hole) traps S ) HP1 (E,+0.98eV, N=3. 8x10"cm’ ) HP2 and minority-carrier (electron) traps
(b) EP1 (EO. 71eV NT—2 0x10"°cm’ ) EP2 are observed in p-AllnGaP after 30 keV proton irradiation with a
fluence of 1x10'%cm™, as shown in figure 7 [14]. However, the energy level of HP2 and EP2 defects could not be
evaluated accurately due to little change of DLTS spectra as a function of emission rate.

The minority-carrier injection annealing was performed in order to characterlze the origin of HP1 defect. The
concentration of HP1 defect decreases with increasing the injection (100mA/cm?) time, as shown in figure 8. This
result implies that HP1 defect acts as recombination center. From the temperature dependence of injection
annealing rate for HP1 defect in p-AllnGaP after the 30 keV proton irradiation, the activation energy was
estimated as 4E=0.46eV for HP1 defect, as shown in figure 9. This activation energy is in agreement with that
(4E=0.44eV) in the 3 MeV proton irradiated InGaP solar cell [5]. HP1 defect observed in p-AlinGaP is likely to be

p-AlinGaP
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el 5
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® [ HP2 ©
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2 >
» I J ‘»
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': T B =
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Fig. 7. Majority- (a) and minority-carrier (b) DLTS spectra in p-AllnGaP before and
after 30 keV proton irradiation with a fluence of 1x10"%cm™ . (From Ref. [14])
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associated with phosphorus-related vacancy complexes, and a similar defect HP1 (E,+0.90eV) has been
observed in 0.1, 0.38, 1 and 3 MeV proton irradiated p-InGaP [15,16]. In that paper, the HP1 defect is annealed
out by the thermal annealing at a temperature above 300°C, and this annealing temperature is higher than that of
H2 defect observed in the 1 MeV electron irradiated p-InGaP to anneal out. However, in order to clarify the origin
of HP1 defect observed in the 30 keV proton irradiated p-AlinGaP, further study of isochronal annealing is
necessary, and will be presented later.

5 SUMMARY

The minority-carrier injection enhanced annealing or isochronal annealing of radiation-induced defects in wide-
band-gap (1.97~2.08eV) n'p- AllnGaP solar cells under 1 MeV electron / 30 keV proton irradiation were
investigated using DLTS measurements. The activation energy of injection annealing for H1 (E,+0.50eV) and H2
(E,+0.90eV) defects observed in p-AlinGaP under 1 MeV electron irradiation, which act as recombination centers,
is 4E=0.50eV and 4E=0.60eV, respectively. In addition, the thermal activation energy for H1 defect is AE=1.51eV.
They are likely to be associated with vacancy-phosphorus Frenkel pair (V,-P;). After 30 keV proton irradiation,
HP1 (E,+0.98eV) defect was observed, and the injection annealing activation energy is AE=0.46eV. This defect,
which also acts as a recombination center, is associated with phosphorus-related vacancy complexes.

AllnGaP is expected as a new top cell material for high-efficient multijunction solar cells for space application
due to a higher open circuit-voltage as well as radiation-resistance.
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INTRODUCTION

This paper presents a method for using the SPENVIS on-line computational suite to implement the displacement damage
dose (Dg) methodology for calculating end-of-life (EOL) solar cell performance for a specific space mission. This paper
builds on our previous work that has validated the D4 methodology against both measured space data [1,2] and calculations
performed using the equivalent fluence methodology developed by NASA JPL [3]. For several years, the space solar
community has considered general implementation of the Dy method, but no computer program exists to enable this
implementation. In a collaborative effort, NRL, NASA and OAI have produced the Solar Array Verification and Analysis
Tool (SAVANT) under NASA funding, but this program has not progressed beyond the beta-stage [4]. The SPENVIS suite
with the Multi Layered Shielding Simulation Software (MULASSIS) contains all of the necessary components to implement
the Dy methodology in a format complementary to that of SAVANT [5]. NRL is currently working with ESA and BIRA to
include the Dy method of solar cell EOL calculations as an integral part of SPENVIS. This paper describes how this can be
accomplished.

Solar Cell Response to the Space Radiation Environment S AL B BRRALL L B B B
w0 | °\'\.\. —=— Protons
As an introduction to our discussion of a methodology for calculating solar w0 | ‘\,\ —*— Electrons
cell EOL performance in space radiation environment, we will briefly 10+ r Y
review the basic mechanisms controlling the response of a solar cell in the o k
space radiation environment. This review will be used to setup the o |

problem to be solved by the computational methodology.
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The space radiation environment consists of a spectrum of electrons and
protons that is (to a close approximation) isotropic and omnidirectional.
The spectral content and intensity of the radiation environment depends on
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the specific orbit. With the orbit specified, the environment can be v v v vvd vvvd v il i
calculated using existing models like the NASA AP8 and AE8 models. As ot E;Oe;gy (M;g;) oo e

an example, the differential proton and electron spectra for a circular orbit
having a 5093 km radius at a 57° inclination are shown in Figure 1. These
data represent the radiation environment that a solar cell will be exposed to
in this particular orbit. Before these particles reach the solar cell active
region, they must pass through any materials in contact with the solar cells,
like the solar array substrate on the rear of the cell and the coverglass on

Figure 1: Proton and electron spectra for the
specified Earth orbit.  The solid symbols
represent the incident particle spectra. The open
symbols represent the spectra after attenuation
by shielding.

NASA/CP—2007-214494 25



the front of the cell. These materials partially shield the solar cell el L B B B B BRRLLL BRRLL BB B
since they tend to attenuate the incident spectra, and these shielding 10 GaAs
effects must be accounted for in an EOL performance calculation. As
an example, the attenuated spectra assuming a 12 mil thick piece of
coverglass are also shown in Figure 1.
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of the irradiating particle. To illustrate typical solar cell radiation
response, we take the extensive single junction (SJ) GaAs ground test
dataset created by Anspaugh of JPL [6] shown in Figure 2. In this
figure and those to follow, the data measured after irradiation are T T T T I
plotted normalized to their pre-irradiation value. These data show that ¢ 10°  10° 10°  10°  10%  10°  10°
proton irradiation is more damaging than that for electron. The proton Particle Fluence (cm™)

degradation rate increases with decreasing energy while the opposite is
true for electron irradiation. These data also give a good description
of a typical ground test dataset, namely a series of monoenergetic,
normally incident irradiations performed on bare solar cells. Since the
space environment can be approximated by an omnidirectional spectrum of particles incident upon shielded solar cells, a
method is needed by which these data can be used to predict the on orbit solar cell performance.

o
3

o
IS

/
4/
l 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1

1

o
w

Figure 2: Proton and electron irradiation data
measured in a SJ GaAs solar cell. The cell
response varies with particle and particle energy.

There are two methodologies currently available [3] to perform on-orbit solar cell performance predictions. One is the
Equivalent Fluence Method developed by JPL. This method has been incorporated into SPENVIS. The other is the
Displacement Damage Dose (D4) Method developed by NRL. The purpose of this paper is to describe how the Dy method
can also be implemented through SPENVIS.

Description of the Displacement Damage Dose Method

In this section, a brief overview of the Dy method is given. The Dy 10°

method entails two primary parts. One part deals with the analysis of -

the ground test solar cell radiation data while the other part deals with ]

the analysis of the space radiation environment. Both parts are based 10°F

on a physical quantity referred to as the nonionizing energy loss = .

(NIEL). When an irradiating particle interacts with matter, energy is w O F

transferred to the target lattice by two mechanisms: ionizing and § 10°f

nonionizing events. It is nonionizing events that most strongly s

control the radiation response of most space solar cell technologies. ooy

NIEL is the rate at which energy is transferred from the irradiating 0k Electron ]
particle to the target lattice through nonionizing events. NIEL is a

calculated quantity, and the values calculated for typical space solar L !
cell materials are shown in Figure 3. The total absorbed nonionizing 10° il it i i i

dose is referred to as displacement damage dose (Dg) and is expressed 0° 10" 10° 10;nerg13;Mev§OO O
in units of MeV/g. This quantity is analogous to ionizing dose ) o

typically expressed in units of Rad (i.e. 100 erg/g) Figure 3: Nonionizing energy loss (NIEL) values

calculated for various space solar cell materials.
Solar Cell Data Analysis

Considering the solar cell data analysis part of the Dy methodology, the goal is to correlate the degradation data measured
after exposure to different particles at different energies. Within the Dy methodology, this correlation is achieved by
analyzing the radiation data in terms of the value of Dy equivalent to the specific irradiation. The equivalent value of Dy is
determined as the product of the particle fluence (®(E)) with the appropriate NIEL value according to the following
expression:

Equation 1

n-1
Dy(E) = @(E) e NIEL(E){LL(E)}

NIEL(E ()
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The quantity in the square brackets is included to account for cases 11 MmN T T T

where the solar cell damage coefficients for a given parameter do not o b s ]
vary linearly with NIEL as a function of energy. This is similar to L GaAs
the quality factor applied in ionizing dose analyses. For solar cell 09 I- ]
analysis, this is only an issue for electron irradiation data. Proton 8 08 |-Proton Energy Electron Energy ]
irradiation data have been c9n5|stently shown_to vary Ime_arly with % o [ (_Me‘rfz (MeV) e h
NIEL. The n parameter in the exponent is an experimentally 2L e o3 v 1 i
determined parameter, and E.s is an arbitrary reference energy Eos o s -
typically set to 1 MeV. Returning to the SJ GaAs data of Figure 2, ST ——fit to electron data ]
with E.&=1 MeV, a value of n = 1.7 has been found to describe the L ——fitto proton data .
data for P degradation well. The data correlated in terms of Dy ot ]
are shown in Figure 4. The electron data are given in terms of 1 o3| 1 1 1 1 ]

MeV electron equivalent Dy.
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The correlation of the data in terms of Dy is seen to reduce the full
degradation data set to two curves, one for the electron and the other ~ Figure 4: SJ GaAs degradation data correlated in
for the proton irradiation data. The solid curves shown in Figure 4  terms of Dy.

represent fits of the data to the following expression:

P(Dq)

0 X

:1—C-Iog{1+ %} Equation 2

In this expression, P, is the pre-irradiation value and C and Dy are the fitting parameters. Typically, the fits can be performed
with a common C parameter used to describe both the electron and proton data, while an individual D, value is determined
for each (designated by D, and D,, for the electron and proton datasets, respectively). This gives four parameters required to
describe a particular dataset: C, Dy, Dy, and n.

As is apparent in Figure 4, the electron and proton data, when correlated in terms of Dy, do not necessarily fall on the same
curve. Therefore, an electron to proton damage equivalency factor (Rep) is required to collapse the electron data onto the
proton curve. Re, can be determined graphically from the separation of the electron and proton curves along the Dy axis or as
the value of D,./Dy,. Thus, in total, within the Dy method, five parameters are required to parameterize the radiation response
of a specific solar cell technology: C, Dye, Dy, N, and Rep.

Analysis of the space radiation environment

Considering the space radiation environment analysis part of the D4 methodology, the first step is to determine the particle
spectra that emerge from the backside of the shielding materials and are, thus, directly incident upon the solar cell active
region. Within the Dy methodology, these spectra are calculated based on knowledge of the incident spectra and the material
properties of the shielding materials, and the spectra emerging from the shielding materials is referred to as the slowed-down
spectra. As implemented within the SPENVIS web suite, the slowed-down spectra are calculated using the MULASSIS
code. Examples of slowed-down spectra have been shown in Figure 1.

The next step in the analysis of the space radiation environment is to reduce the slowed-down spectra to an equivalent value
of Dy. This is accomplished by expanding Eg. 1 to an integral over energy. The integration is performed separately for the
electron and proton spectra, and the results are summed using the R, factor as shown in Eq 3.

NIEL(E,)
NIEL(1MeV)

dD(E,)
Dy = | e NIEL(E,)dE, +Rep [

dD(E,)
p Ee

n-1
~NIEL(Ee){ } dE, Equation 3

In Eq. 3, d@/dE refers to the differential particle spectrum, and the reference energy for the electron contribution has been set
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to 1 MeV. Because values of n and R, are required in this calculation, a specific cell technology must be specified at this
point in the analysis.

With the equivalent value of Dy determined from Eq. 3, one simply returns to the ground test data, expressed in terms of Dy,
and reads the expected EOL degradation factor (Figure 4), which completes the analysis. The remaining sections of this
paper will describe how this can be accomplished using SPENVIS.

Implementation of the Displacement Damage Dose Method in SPENVIS

Step 1: Determine Incident Particle Spectra

The first step in the Dy methodology as implemented within SPENVIS is to determine the incident particle spectra. This
process begins with the orbit generator windows which are pictured in Figure 5. In these windows, the user enters the orbital
parameters for the mission of interest. With the orbital parameters of the mission now defined, the incident electron and
proton spectra are calculated within SPENVIS using calls to AP8 and AES8, for example (Figure 6). SPENVIS does have
other radiation models to chose from such as that obtained from SAMPEX and CRRES.

SPENVIS Proiect: LMMS

Orbit generator
Parameters for segment 1

Segment title:]

SPENVIS Proiject: LMMS

. Orbit type: gsneral
Orbit generator

Mission definition Orbit start: | calendar date
01 Jan 2008 00 ) - 0o
Trajectory generation: sz otitgenerator Representative isjsctory duration  [days]:

Number of mission segments: 1 Altitude specification: altituds for a circular orbit

Mission end: total mission duration Altitude [km]: o0
Mission duration: [i years
. . . Inclination [deg]: =7
Satellite orientation: one axis parallel to the velacity vector [deg]
R. asc. of asc. node [deg w.r.t. gamma50] 0
Account for solar radiation pressure: no Argument of perigee [deg]: —
Account for atmospheric drag: no True anomaly [deg]: u
Output resolution
Reset Mexi>> .
1. [g0.0 s below [2o000.0 krn
2. a0o s below [g0000.0 km
3. 36000 s elsewhere
<< Back Mext >

Figure 6: These are the SPENVIS orbit generator windows. These windows allow the user to define
the orbit for the mission of interest. This is the first sten in definina the sbace radiation environment.
SPENVIS Project: LMMS

Radiation sources and effects
Trapped radiation: Model parameters

Trapped radiation models
Proton model: ap-s Electron model: ez

Model version: solar maximum
Model version: | solar maximum do not include local time variation
Confidence level: 5o0.000%

Model developed by: Model developed by:

Reset | Run Combined Run |

Figure 5: This is the Radiation Sources and Effects window
within SPENVIS where calls are made to AP8 and AES to
calculate the incident particle spectra for the given mission.
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Step 2: Choose a Solar Cell Technology

The second step in this analysis is to choose a solar cell technology. This choice sets the radiation degradation parameters: C,
Dye, Dyp, N, and Rep. This section of SPENVIS is currently under construction. The section will consist of a drop-down menu
choice of possible technologies. The possible technologies will be those for which data are currently available for analysis.
These cells include the SJ GaAs data shown in Figure 2 [6], Emcore triple-junction (3J) cells (Figure 7) [7], Spectrolab 3J
cells (Figure 8) [8], and CIGS cells (Figure 9) [9]. There will also be a user input option where the parameters can be entered
manually.
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