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SUMMARY

Copper indium diselenide, cadmium telluride and amorphous silicon
alloy solar cells have achieved noteworthy performance and are currently
being investigated for space power applications. Cadmium sulfide cells
had been the subject of considerable effort but is no longer considered
for space applications. This article presents a review of what is known
about the radiation degradation of thin-film solar cells in space.
Experimental investigations of the electron and proton degradation
resistance of cadmium sulfide, copper indium diselenide, cadmium

telluride and amorphous silicon alloy cells are reviewed. Damage
mechanisms and radiation-induced defect generation and passivation in
the amorphous silicon alloy cell are discussed in detail due to the greater
amount of experimental data available.

1. INTRODUCTION

There is no universally accepted definition of a thin-film solar cell.
In this paper we will refer to a thin-film solar cell as one made from thin
amorphous and/or polycrystalline layers deposited on an inert substrate
or superstrate. Thin-film solar cells are made from thin polycrystalline
or amorphous semiconductor layers ranging from a fraction of a micron
to a few microns in thickness. Various deposition technologies are used
to fabricate cell structures on inert substrate or superstrate materials.

Typically, the materials used in the active layers of a thin-film solar
cell are high optical absorption direct-bandgap semiconductors. Optical
absorption coefficients greater than 105 cm -I result in a high level of
light absorption. This allows the active layers in thin-film solar cells to
be extremely thin, of the order of a few microns or less.

*NASA/.ewis/NRC Resident Research Associate at NASA Lewis.
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Thin-film solar cells are currently the focus of research for low-cost
terrestrial electricity production. Low materials usage, high throughput
and automated deposition result in the potential for low production costs.
Since large-area monolithicly-interconnected structures can be made,
highly automated manufacturing system may be employed. Initial
production efforts have focussed on amorphous silicon alloys; recently
copper indium diselenide and cadmium telluride have exhibited desirable
properties for low-cost large-area solar panels. Thin-film solar cells can

also be made from a wide variety of other ternary and quaternary
materials; few of these kinds of materials have been studied extensiveIy.

One of the advantages of thin-film solar cells for space power
applications is they have the potential for high specific power and
stowability [1]. The specific power is the total power produced by an
array divided by its mass; the mass includes the solar cell, substrate or
superstrate, optical coatings, protective windows, encapsulants, grids,
array supporting structures and connections to the power bus.
Stowabflity, the power per unit volume, is a measure of the array storage
volume needed to generate a required power level. The stowability will
be larger for materials which are flexible and self supporting.

Thin-film solar cells can potentially have very low weight if the cells
are deposited on low mass substrates or superstrates. However, most of
the current technology development programs are directed at terrestrial

use. The preferred substrate for terrestrial applications is typically about
1/4 inch thick glass, which is inexpensive and rugged but not
lightweight. Some consideration has been given to the use of light
substrates for the fabrication of high specific power a-Si arrays for space
power applications. Hanak and his collaborators [2,3] showed that a-Si
alloys can be made into flexible ultralight modules having thicknesses
from 7.5 to 50 microns with thin metal or polyimide sheet substrates.
Kishi and co-workers [4] fabricated amorphous silicon arrays on 20
micron thick plastic for a solar powered airplane. Others have also
reported on the use of thin substrates with a-Si alloy solar ceils; Wallace,
Sabinsky, Stafford and Luft reported on the use of thin polyimide
substrates [5]; Natakatani and co-workers of Teijin Ltd. studied cells on
thin polyethylene terepthalate substrates [6]. However, for other cell
materials, there is little or no research on alternative, lightweight
substrates and superstrates. Additionally, little work has been done in
the area of array design and encapsulation, and testing for space power
applications.

Thin active layers result in higher radiation resistance; the reason
suggested is that the number of electrically-active radiation-induced
defects is related to the active layer thickness. This topic will be
explored in more detail in the discussion on the radiation resistance of

a-Si alloy solar cells.

Conversion efficiencies of thin-film solar cells are often quoted for
terrestrial conditions, where the solar spectrum is filtered by passage
through the terrestrial atmosphere. Efficiencies are usually reported for
air mass I (AM1) and air mass 1.5 (AM1.5) spectra. Far fewer
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measurements have been made on cells under the extraterrestrial solar
spectrum, referred to as AM0. Efficiency measured under an AM0
spectrum is lower than under the AM1 or AM1.5 spectra because most of
the additional light energy in the AM0 spectrum is in the infrared and
ultraviolet regions of the spectrum, where the spectral responce is very
low.

A correction factor may be used to estimate an AM0 efficiency from a
measured AM1.5 efficiency. The exact correction factor will depend on
the spectral response of the cell. Typically, a reduction in the AM1.5
efficiency of 15 to 20 percent is used for cells with bandgaps in the range
of 1 to 1.5 eV. A multiplicative factor of 0.8 has been reported to correct
an a-Si alloy cell from an AM 1.5 to an AM0 efficiency [3].

Thin-film photovoltaic materials developed for terrestrial use which
may be adapted to space power arrays include CulnSe 2 and a-Si alloys [1].
These applications include solar electric propulsion, a manned Mars
mission, and lunar exploration and manufacturing. While the efficiencies
are low compared to space cells based upon crystalline materials, the
projected specific power levels are still extremely good. Additionally, the
development of multi-bandgap thln-film tandem structures has shown
that efficiencies can be improved significantly.

While thin-film technologies have not yet developed a record of
performance in space, there is a large manufacturing base which has been
developed for terrestrial applications: tens of megawatts per year for a-Si
alloys, a rapidly increasing capability for CulnSe2, and a moderately small
capability of perhaps tens of kilowatts per year for CdTe. By contrast,
U.S. space solar cell requirements have been nearly constant at 100-120
kW per year for nearly a decade.

Overall, for space power applications, thin-film solar cells have
potential advantages of:

-high specific power
-large area solar cells with integral series interconnections
-flexible blankets
-large body of array manufacturing experience
-potential low cost
-potential high radiation tolerance

with the corresponding potential disadvantages of:

-lower efficiency
-lack of spacecraft experience
-lack of current production with space qualified encapsulants and
lightweight superstrates and/or substrates.
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2. TYPES OF THIN-FILM SOIAR CEILS

2.1 CdS/ Cu2 S Thin-Film Solar Cells.

The first thin-film solar cell developed was the heteroJunction
cadmium sulfide/copper sulfide cell. In earlier references the cell was

often referred to as the "CdS" cell; the role played by the Cu2S layer was

obscure. The best efficiency was about 8% AM0 [7], and the cells had
excellent radiation resistance [8,9,10]. There was some difficulty in
achieving good stability against humidity. These cells were made obsolete
by the development of more stable and higher efficiency thin-film
materials.

2.2 CulnSe 2 Thin-Film Solar Cells

A thin-film photovoltaic material of great interest and currently
under investigation is copper indium diselenide (CuInSe 2) and copper

indium diselenide/copper gallium diselenide alloys [11]. Several
fabrication technologies have produced AM0 efficiencies of over 10%
[12]; the technologies for deposition of the cell layers onto substrates and
superstrates include vacuum evaporation, reactive sputtering, and
electroplating. In general, cell processing involves deposition
temperatures and/or annealing temperatures of about 450 ° C. The high
processing temperature is a problem for space applications where it
would be desirable to deposit the cell onto a thin polylmide material such

as Kapton. Deposition onto a thin substrate or superstrate has not yet
been demonstrated.

The bandgap of CuInSe2 is about 1.0 eV and the optical absorption

coefficient is greater than 10 5 cm-I above the band edge. Existing cells
consist of a layer of the active copper indium diselenide, typically about 3
microns in thickness; a front contact and heterojunction window of
either cadmium/zinc sulfide or zinc oxide plus cadmium sulfide, with a
thickness of about one micron; and a back contact of molybdenum. A

CuInSe 2 cell efficiency of 13% AM1.5 has been reported by Mitchell,

Eberspacher, Ermer and Pier [13]; the corresponding AM0 efficiency is
10.4% using a factor of 0.8 for conversion from AM1.5. Efflciencies of
12% AM0 are expected to be achievable in the near term.

Other I-III-VI 2 semiconductors have also been studied for solar cell

use. An AM1 efficiency of 10.2% has been reported for a CUInl_xGaxSe 2

cell [14]; while the efficiency is lower than CuInSe 2, it offers future

promise. Other materials of interest include CuGaSe2 and CuInS 2. No

radiation testing has been done on these materials to date.
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2.3 CdTe Thin-F_Im Solar Cells

Another high-absorption coefficient material suitable for thin-film
deposition is cadmium telluride (CdTe). The bandgap of CdTe is 1.44 eV,
very close to the optimum value for the AM0 spectrum. Thin-film CdTe
solar cells have been produced in thin-film form by a wide variety of
deposition methods, including vacuum evaporation, close-space
subiimation, eiectrodeposition, and screen printing [15]. Processing
temperatures of about 450 ° C are typical. Recently thin-film CdTe cells
have been made which resulted in corrected AM0 efficiencies as high as

9.8% [16]. Like CulnSe 2, it is currently not produced on thin substrates

or superstrates. Unlike CuInSe 2, most CdTe deposition methods produce

a cell on a superstrate: the cell is deposited inverted upon a glass sheet,
which then serves as a front cover.

2.4 a--Si Alloy Cells

The most intensively researched thin-film solar cell material, and
the material with the largest body of array manufacturing experience, is
amorphous silicon (a-Si) alloy. The material commonly referred to as
a-Si is an alloy containing silicon and other elements. Examples of a-Si
alloys are: silicon and hydrogen, a-Si:H; silicon, hydrogen and fluorine,
a-Si:H,F; silicon, germanium and hydrogen, a-Si,Ge:H; silicon,
germanium, hydrogen and fluorine, a-Si,Ge:H,F; and silicon, carbon and
hydrogen, a-Si,C:H. The hydrogen incorporation is necessary for good
electronic properties and can range from a few percent to as much as
15%. An amorphous Si alloy thin film differs from the other solar cell
materials in that its structure is amorphous rather than crystalline.

While several deposition methods have been used in the fabrication
of a-Si alloy devices, plasma enhanced chemical vapor deposition
(PECVD) is commonly used in large scale fabrication. The method
consists of flowing gases, such as silane at a few Torr pressure, through a
chamber in which there a plasma discharge is sustained by
radio-frequency power. Silicon complexes and hydrogen deposit on a
heated substrate maintained at about 250°C. Doped n and p layers are
produced by adding gases such as phosphine and diborane to the gas-flow
stream.

The optical bandgap of device grade a-Si:H ranges between 1.7 and
1.8 eV, which is a reasonable match to the solar spectrum. The bandgap
can be tailored further by addition of carbon to raise the bandgap or of
germanium to reduce it. Most testing is done at simulated AM1.5; two
published simulated AM0 measurements on single junction a-Si alloy
based cells report efflciencies of 4.85% [17] and 8.57% [18]. Cell
efficiencies have been improved with multi-bandgap multi-junction
structures, as well as bandgap profiling within a Junction. a-Si,Ge:H,F
alloys, along with bandgap profiling, have been used by Guha, Yang,
Pawlikiewicz, Glatfelter, Ross and Ovshinsky to fabricate a triple tandem
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structure with a 0.25 cm 2 area to achieve a 13.7% AM1.5 efficiency [19].

A difficulty experienced with amorphous silicon is light-induced
degradation, known as the Staebler-Wronski effect [20]. First generation
a-Si modules experienced between 20 and 40% degradation upon
exposure to light [21]. Yang, Ross, Mohr and Fourier found that the
performance of a triple cell with an initial efficiency of 11.2% degraded
about 15% [22]. Sabinsky and Stone reported on recent tests of cells
from three manufacturers; they concluded that "...multi-Junction cells
show reductions in efficiency of only around 10% for cells with initial
efficiencies as high as 11%" [21]. It is believed that future improvements
in materials and cell design, as well as a better understanding of the
physics of light-induced degradation, will reduce the degradation still
further.

Amorphous Si alloy solar cells for terrestrial use are the subject of
very large and active research programs, currently funded at several
million dollars per year. Much of this research will likely be applicable to

space.

3. RADIATION RESISTANCE OF THIN-FILM SOLAR CELLS

The data on radiation damage to thin-film cells is a large but

unorganized data set covering a wide range of cell types, fluences,
energies and test conditions including irradiations with both protons and
electrons. It must be kept in mind that results obtained by researchers
at one institution are not necessarily directly comparable to data on ceils
of nominally the same material fabricated at another institution. In
general, the details of cell structure and efficiency are different for
different investigations; they also change with time as improved cell
materials and designs supplant older ones in the quest for higher cell
efficiencies and improved stabilities. It should also be cautioned that the
older radiation resistance results may not apply to future ceils, since the
improved structures and materials may have a major influence on
radiation resistance. For example, recent a-Si solar cells are designed to
reduce degradation due to Staebler-Wronski effect; however, many of the
design and materials changes developed to minimize this effect are also
likely to reduce radiation damage effects.

For this reason, radiation damage values on cells alone are of only
partial value. It is also important to understand the mechanisms of

radiation damage, in order to be able to understand and predict the effect
of cell design changes on radiation tolerance.

This section will discuss the radiation resistance of completed solar
cells. Since considerable work has been done on the mechanisms of

radiation damage to amorphous silicon films, a separate section, section
4, will discuss these studies. The reason for discussing damage

mechanisms in a-Si alloy based materials at length is that a-Si is the only
material which has been the subject of fundamental studies of the

radiation effects on the opto-electronic properties.
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3.1 Electron Irradiation Resistance of CdS/Cu2S Cells.

While CdS/Cu2S cells are no longer considered a potential candidate

for photovoltaic power generation, considerable work was done between
1963 and 1968 to characterize the effects of radiation. The results are
still of some interest because they are qualitatively representative of the

effects of radiation on other types of thin-film cells. In general, thin-film
CdS/Cu2S solar cells have shown excellent radiation tolerance, with no

degradation in power for 1 MeV electron fluences up to 1016 cm -2. This
led to the hope that thin-film cells in general would have high radiation
resistances, an expectation which has for the most part been met.

The first electron irradiation studies of CdS/Cu2S cells were

reported by Schaefer in 1963 [23]. The initial efficiencies were about 2%
and the cells had Mylar covers which were about 25 microns thick. A

degradation of about 10% in the initial efficiencies was observed when
the cells were irradiated with 1 MeV electron fluences of about 1015

cm -2. The degradation was later interpreted as being caused by the

darkening of the Mylar covers [24].

Brandhorst and Hart reported electron irradiation results in 1964 on

CdS/Cu2S ceils [25]. The cells were encapsulated in various plastic films

of unspecified thicknesses. Ten cells were irradi_Ited in air using 0.60,
1.00 and 2.50 MeV electrons with fluences ranging between 1015 and
10 17 cm -2. The cells were mounted on a water-cooled plate;

temperatures during irradiation did not exceed 60°C. The initial cell
efficiencies were about 2% and the areas 2 cm 2. The short-circuit

current, open-circuit voltage, power, spectral response, series resistance
and shunt resistance were investigated. The cells ,encapsulated in Mylar
and "H film" [Kapton] showed no degradation at any of the energies and
fluences up to 1016 cm -2. At 4-10 r6 cm -2 and higher fluences, all 21
cells showed efficiency degradations of 50 to 90% when they were tested
immediately following irradiation. The degradation was primarily in the
short-circuit current. The spectral response measurements showed the

greatest decrease in carrier collection occurred in the blue region of the
spectrum. The initial efficiencies were restored when the cells were
placed in open-circuit conditions and exposed to various light levels;
light levels of 40 mW/cm 2 for 24 hours and "ambient room light for
several days" restored the efficiencies. No annealing was observed under
short-circuit or maximum-power conditions.

Bernard, Berry, Buisson, and Paillous investigated electron
irradiation of CdS/Cu2S cells and Acklar covers in vacuum and argon [26].

The radiation resistance of the covers was investigated both with and

without bonding adhesive. The electron beam energy was 600 keV prior
to entering the sample chamber. In order for the beam to enter the
chamber, it traversed two aluminum windows of 50 micron thicknesses.
The authors estimated the irradiating electron beam energy at the
surface of the cell was about 450 keV. An electron fluence of 1.7.1016
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cm -2 produced degradation in the cell spectral response primarily in the
blue region of the spectrum. The electron irradiation did not degrade
the Aklar covers but the bonding adhesive apparently degraded and
absorbed light primarily in the blue region of the spectrum; the adhesive
degradation accounted for most ff not all the cell degradation.

3.2 Proton Irradiation Resistance of CdS/Cu2S Cells.

Schaefer and Staffer tested the effect of 1.8 MeV and 3 MeV protons
on CdS/Cu2S ceils. The cells had efficiencies of about 2% and 25 micron

thick Mylar covers [24]. At a maximum fluence of 4.10 12 cm -2, the
efflciencies degraded about 2 and 4% for 1.8 and 3.0 MeV protons,
respectively; the degradations were due to decreases in the short-circuit
current. Some of this effect may be due to cover darkening.

Brandhorst and Hart irradiated CdS/Cu2S ceils with 2.0, 5.0, 7.0 and

10 MeV protons with fluences ranging between 1012 and 4.1014 cm -2.
The investigations were carried out under the same conditions as
discussed above for the electron irradiation studies [25]. The
post-irradiation maximum powers were 80% to 90% of the initial powers
with fluences of 4.1014 cm-2 ; the degradations were not strongly
dependent on the proton irradiation energies. They attributed the
degradation to loss of short circuit current and to increased series
resistance.

Degradation studies of unencapsulated CdS/Cu2 S cells were carried

out by Hui using low energy protons [27]. The effect of a protective Mylar
window was also investigated. Cells with 11 cm 2 areas and roughly 5%

efficiencies were irradiated with proton energies of 50, 100, and 400
keV and fluences ranging between 1012 and 5.1014 cm -2. Degradations of
about 20% were reported in both the open-circuit voltage and
short-circuit current at fluences of 5-10 14 cm-2. There was a slight
dependence on the irradiating proton energy; degradations in the
open-circuit voltage and short-circuit current were slightly larger at 100
keV. No improvement was observed in the radiation resistance of cells
constructed with 25 micron thick Mylar covers. However, a cover of
silicone with an unspecified thickness resulted in no degradation of ceils
exposed to 400 keV proton fluences up to about 1014 cm -2.

Curtin investigated proton irradiation of CdS/Cu2S ceils with 25

micron Kapton covers [28]. Cells were 2 cm 2 in area and had efficiencies
of 3.6%; they were irradiated in four cell groups with proton energies of
0.60, 0.80, 1.00, 1.20, 1.40, 2.00, 4.00 and 5.00 MeV. For proton

energies less than 1.40 MeV, no open-circuit voltage degradation was
observed suggesting the proton energy was too low to penetrate the
Kapton cover; degradation in the short-circuit was observed and shown
to be due to the degradation in the optical transmission of the Kapton
cover. The change in the optical properties of Kapton was verified by
measurements of the optical transmission as a function of proton
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irradiation. Protons with energies greater than 1.40 MeV were expected
to penetrate the Kapton. At these energies, the power output of the cells
degraded negligibly at a fluence of 1013 cm-2; they degraded to about
90% of the initial power at a fluence of 1014 cm -2. Degradations in the
initial power of 45% and 70% were observed at a fluence of 1015 cm -2,
with the worst degradation being at 2.0 MeV and the least degradation at
5.0 MeV; significant open-circuit voltage degradation was seen only for

1.6 and 2.0 MeV protons.

In summary, both the electron and proton radiation resistance of the
CdS/Cu2S thin-film cells were superior to that of single-crystal cells.

Even though the initial efficiencies were low, the post-irradiation
efflciencies for high fluences exceeded the crystalline cells. This result

encouraged the development of thin-film solar cells using other
materials.

3.3 Electron and Proton Irradiation Resistance of CulnSe 2 Cells.

The first experiments on electron irradiations of CuInSe2 were

reported in 1984 by Gay, Potter, Tanner and Anspaugh [17]. They studied
ceils with areas of 0.18 cm 2 and AM0 efficiencies of 7.37% The cells
were irradiated with 1 MeV electrons with fluences ranging between
1014 and 1016 cm -2. The irradiations produced no changes greater than

the experimental accuracy (estimated at about 5%) in the open-circuit

voltage, fill factor or short--circuit current.

Studies of the electron and proton radiation resistance of CuInSe2

cells were reported by Dursch, Chen and D. Russell in 1985 [29]. They
report irradiation of the cells with 1 MeV electrons to fluences up to
2.1016 cm -2 with no loss of efficiency. Protons with 1 MeV energies
were used to irradiate cells to six fluences ranging from 2.5.10 I0 to
5.1013 cm -2. Eleven cells with 1 cm 2 areas and AM1 efflciencies ranging
between 7.7 and 9.6% were investigated. The cells had aluminum
gridded front contacts, a two micron thick In-doped CdS window, 3 to 4
microns of CuInSe 2 , a two micron molybdenum back contact, and an

alumina substrate. The degradation in the performance (averaged over all
eleven cells) due to the proton irradiations is shown in Fig. 1. The
degradation is negligible for fluences up to 1011 cm-2. Above this fluence
it decreases to 40% of the initial value at a fluence of 5"1013 cm -2. Most

of the degradation was in the open-circuit voltage and fill factor;

negligible degradation was measured in the short-circuit current and the
spectral response except at very high fluence. Figure 2 shows the effect
of the irradiation on the I-V curve. The authors suggested that the

irradiation damage occurs near the junction of the cell. The relative cell
efficiency recovered to 95% of the initial value with a six minute anneal at
225 ° C. They compared the 1 MeV proton irradiation resistance of the
CulnSe 2 cell to crystalline GaAs and Si. The CuInSe2 cell shows about 50

times more radiation resistance to 1 MeV proton radiation than either Si
or GaAs.

It remains to be seen whether the high radiation resistance will be a
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property of future high-performance versions of the CulnSe2 cell
technology. However, the radiation resistance of existing cells is
sufficiently high that the end of life (EOL) efficiency of even present-day
cells may be higher than that of conventional crystalline cell technologies
in high-radiation space environments.

3.4 Electron Irradiation Resistance Of CdTe Cells,

The electron radiation resistance of thin-film CdTe cells have been

reported by Bernard and co-workers using the same techniques
discussed above in their work on CulnSe 2 [26]. Ceils were irradiated both

bare and protected by Krylon, a spray-on polymer film. The ceils were
irradiated with approximately 450 keV electrons and the degradation was
the same for the bare and Krylon-coated films. The cells were highly
resistant to the electron irradiation; only a small decrease in the
short-circuit current was measured at a fluence of 3.1016 cm-2. The

spectral response decreased slightly at short wavelengths and increased
insignificantly at long wavelengths.

3.5 High-energy Electron Irradiation Resistance of a-Si Cells.

The first study of high energy particle irradiation effects on a-Si:H
solar cells was reported in 1983 by Katayma, Morimoto and Sugawara
[30]. They irradiated single-junction a-Si:H,F alloy gridded ITO/n+ip +
structures fabricated on stainless steel, with area of about 1 cm 2. The

cell cross-sectional structure is show in Fig. 3. The cells were produced
by PECVD using silane as the source gas for the intrinsic layer. The
transparent conductor was an indium tin oxide (ITO) layer about 100 nm
thick. Phosphine and diborane were used for doping the n + and p+

layers, of thicknesses Xn=15 nm and Xp=70 nm, respectively. Intrinsic

layers with thicknesses of Xi= 200, 500 and 700 nm were investigated.

The cell was deposited on a flexible stainless steel substrate 0.2 mm in
thickness.

AM1 cell efficlencles were between five and seven percent. The
degradation rate, as indicated by the change in the relative power
efficiency, was independent of the initial efficiency. Electrons With an
energy of 1 MeV and fluences of 1013 to 1016 cm -2 were used to irradiate

solar cells. Fig. 4 shows the variation in relative efficiency versus
thickness and fluence. There is no noticeable degradation for a fluence of
1013 cm -2 for the three thickness. A fluence of 1014 cm -2 produces no

noticeable degradation in cells with 200 nm thick intrinsic layers; the
500 and 700 nm thick cells show degradations of a few percent and
20%, respectively. Fluences of 10 Is and 1016 cm -2 produce significant
reductions in the relative cell efficiencies which decrease With increasing

intrinsic layer thickness. The relative efficiency is less than about 20% at
a fluence of 1016 cm -2 for all intrinsic layer thicknesses. Fig. 5 shows the
quantum efficiency of a cell with an intrinsic layer thickness of 500 nm.
The spectral response shows significant changes at a fluence of 1014
cm-2; it decreases and the peak shifts to higher wavelengths with
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increasing fluences. The authors reported that the initial efficiencies
recovered with annealing in air at 200 ° C for one hour. Dark

current-voltage characteristics before irradiation and as a function of
fluence showed the reverse saturation current increased and the slope
tended to decrease with increasing fluences. The detailed
current-voltage characteristics were not reported and it is not possible
to determine the role the open-circuit voltage, short-circuit current and
fill factor play in the reduction of the relative power efficiency. It was

suggested that atomic displacements and the introduction of dangling
bonds in the intrinsic layer reduce the minority carrier drift lengths.
However, no analyses was presented to support the suggestions.

Studies of the effect of 1 MeV electrons on single junction a-Si:H

cells were conducted by Gay, Potter, Tanner and Anspaugh [17]. They
irradiated pin cells with 1 MeV electron fluences of 1014, 1015 and 1016

cm -2. The structures of the cells were AI(200 nm)/p+in+/tin
oxide/quartz substrate; the AM0 efficiencies were about 8.5%. The
thicknesses of the layers were not specified. The cells were irradiated
through the Al film and showed an average efficiency degradation of 39%
at a fluence of 1016 cm'2; most of the degradation was in the fill-factor
with only a 7% change in the open-circuit voltage and 4%' in the
short--circuit current. The spectral irradiance degraded by about '10% in
the ultraviolet and 5% in the red regions of the spectrum. An air anneal
at 175 ° C for fifteen minutes restored over 97% of the initial cell

efficiency. The authors did not speculate on the mechanisms involved in
defect production and annealing. The relative insensitivity of the spectral
irradiance to the irradiation, as compared to the measurements of
Katayma, Morimoto and Sugawara [30], may be due to the cell structure;
the p+ layer of the cells of Gay et al. is near the surface, resulting in a

higher collectio n efficiency for holes generated near the surface. This
point is discussed at greater length later in the section on basic damage
mechanisms in a-Si alloy solar cells.

Byvik, Slemp, Smith and Buoncristiani also studied the effect of
electron irradiation on single junction a-Si:H solar cells with ini.tial AM0
efficiencies of about 5% [18]. They used 1 MeV electrons with fluences
between 1014 and 1016 cm -2 and irradiated grid/ITO/n+ip+/stainless
steel structures; the cell layer thicknesses were not specified. The
current-voltage characteristics of a typical cell with irradiation is show in
Fig. 6. The figure shows that the open-circuit voltage is somewhat
insensitive to the fluence while the fill factor decreases for fluences above

10 TM cm -2. The short-circuit current decreases significantly for a
fluence of 1016 cm -2. Typically, irradiation of the cells resulted in
efficiency degradations of 7.4, 25 and 99.8% with fluences of 10 TM, 1015
and 1016 cm-2; a fluence of 1016 cm -2 produced a decrease of 67% in the
short circuit current, 28% in the fill factor and 9.9% in the open circuit
voltage. The normalized spectral response of irradiated cells decreased
by about 80% at 440 nm with the decrease less as the wavelength
increased to 600 nm; beyond 600 nm the irradiation had a negligible
effect on the cell response.
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Annealing the damaged cells for two hours at 200 ° C in vacuum
restored the open circuit voltage; the short circuit current, fill factor and
efficiency were restored to 91%, 95% and 85%, respectively, of the
initial values. An increase in the surface recombination rate for excess
charge carriers resulting from surface damage was suggested as the
mechanism for the reduction in carrier collection efficiency. It was
suggested that the defect annealing mechanism was that proposed by
Street, Biegelsen and Stuke [31], discussed in section 4.1, namely, the
passivation of mid-gap recombination centers by the hydrogenation of
dangling bonds.

3.6. Low-energy Electron Irradiation Resistance of a-Si Cells.

The effect of 20 keV electron irradiation on a-Si alloy cells has been
reported by Schneider and Schr6der [32]. Cells of conversion efficiency
-7% were irradiated in a scanning electron microscope with fluences in
the range of 1014 to 1017 cm -2 under conditions where the
beam-induced annealing was believed to be unimportant. The cell
structure was glass/p +(SiC:H)/i(Si:H)/n+(Si:H)/AI. The cell layer
thicknesses were not specified. Reductions of the order of a few percent

in the relative open-circuit voltage, short-circuit current and fill factor,
and of the order of 10% in cell conversion efficiency, were observed at a
fluence of 1014 cm-2; at a fluence of 1017 cm -2, the corresponding
decreases are 50%, 70%, 55% and 92%, as shown in fig. 7. Significant
room temperature annealing was observed. The efficiency was restored
to 90% of the initial value with annealing at 130 °C for six hours. The
authors attribute the degradation as caused by the same defects as
Staebler-Wronski light-induced degradation. It is notable that this work
reports degradation of a-Si solar cells by 20 keV electrons is greater than
that of 1 MeV electrons with the same fluence [17].

3.7 Proton Irradiation Resistance of a-Si Cells.

The first studies of proton radiation resistance on a-Si alloy cells
were reported concurrently by Schwarz, Kolodzey, Aljishi, Wagner and
Kouzes [33] and by Hanak, Myatt, Nath and Woodyard [34].

Schwarz et al. studied the effects of 12 MeV protons on a-Si:H
Schottky barrier cells using proton fluences ranging from 9.10 12 to
7.3.1015cm -2. Film thicknesses were between 0.7 and 2.0 microns and

deposited on 8 micron thick Al substrates by PECVD. The top contacts
were Pd or Cr semi-transparent dots two millimeters in diameter.
Protons with energies of 12 MeV deposit energy uniformly in a-Si:H films
by nuclear and electronic stopping; they have ranges of about one
millimeter and therefore readily passed through the Schottky barrier
cells. The investigators found that as the fluence increased from 9.1012
to 7-10 15 cm -2, the normalized short-circuit current decreased

sublinearly from 1.0 to about 0.01 and the open-circuit voltage decreased
from 230 mV to 70 mV. An initial defect density of 1.7.1016 cm -3 eV -1

was used for the cells in the analysis of the results. The initial spectral
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response of the short-circuit current peaked at about 600 nm; following
irradiation it was attenuated by about a factor of ten at 400 nm and
decreased monotonically as the wavelength increased. The irradiation
also increased the sub-gap optical absorption and decreased the minority
carrier diffusion length from about 0.18 to 0.02 microns.

Annealing studies showed partial recovery of the normalized
short-circuit current, but the results were complicated by the
deterioration of the metal contacts during the anneals. Following
irradiation of the cells, measurements of the normalized short-circuit
current showed a few percent increase over a time interval of about five
minutes. The effect was interpreted as evidence of room temperature
annealing.

The authors developed a model to explain the sublinear decrease in
the normalized short-circuit current with increasing fluence. They
assumed the normalized short-circuit current was inversely proportional
to the radiation induced defect density; the radiation induced defect
density was related to the proton fluence raised to some power; the
model produced a reasonable fit to the data. In considering the defect
generation mechanism, the authors' analysis of the transport properties
result in an estimate of an average of 0.03 defects produced per proton
per micron; 0.019 defects per proton per micron are estimated from an
analysis using the cross section for nuclear displacements by the protons
and the number of knock--ons producing displacements. Considerations
of defects produced by the electronic stopping of the protons did not
lead to an estimate of defect densities because of the lack of data on the

relationship between irradiating beam current density and defect
densities. It is concluded that the inherent disorder in a-Si:H and the

presence of hydrogen makes it difficult to identify the defect generation

mechanism. Also, the authors generalize and state that it is wrong to
conclude a-Si:H is more radiation resistant than c-Si; they conclude that
the high initial defect density of a-Si:H makes it appear to be more
radiation resistant than c-Si. The conclusion is drawn from a materials

perspective and does not consider the importance of device design in
determining radiation resistance. The investigations were carried out
with Schottky barrier structures which are thick, have low corlversion
efficiencies and operate by diffusive carrier transport. The work shows
the importance of the solar cell structure and the initial characteristics of
device materials in determining the radiation resistance of thin film a-Si
alloy based solar cells.

The proton radiation resistance studies of a-Si:H alloy based solar

cells reported by Hanak, Myatt, Nath and Woodyard included
measurements on both single and tandem junction cells [34]. They
reported the results of irradiating sixty a-Si alloy thin film solar cells with
1.0 MeV protons ranging in fluences from 1011 to 1015 cm "2. The
structures are the same as shown in Fig. 3 except the p+ layer is next to
the ITO layer and the n + layer next to the stainless steel substrate. The
films were deposited by PECVD and the intrinsic layer thicknesses were
between about 250 and 500 nm. Three types of cells were studied. Two
types were single-Junction cells with different kinds of alloys in the
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intrinsic layers. The alloys were a-Si:H,F and a-Si,Ge:H,F with bandgaps
of 1.7 and 1.5 eV, respectively. The single-Junction cells had
grid/ITO/p+in+/stainless steel structures. The third type of cell which
was studied had a tandem cell structure of
grid/ITO/p+in+/p+in+/stainless steel and the two Junctions were
same-gap a-Si:H,F alloys. The conversion efficiencies were between 6.0
and 8.5% for all the cells. The irradiations were through the 60
nanometer thick ITO films.

Fig. 8 shows the variation of the relative conversion efficiency with
1.00 MeV proton fluence. Figure 9 shows the open-circuit voltage,
short-circuit current, fill-factor and conversion efficiency at 1014 cm -2.

The conversion efficiency decreases approximately logarithmically with
dose starting from about one at 1012 cm -2 and decreasing to about zero at
1015 cm -2. Fig. 9 shows that for a fluence of 1014 cm -2, most of the
decrease in the relative efficiency is due to changes in the fill factor and
short-circuit current; the open-circuit voltage changed less than about
10%. Both Figs. 8 and 9 show that the single-junction cells degrade

slightly more than the tandem-junction cells for the same fluence. The
intrinsic layers in the single--Junction cells are thicker than the intrinsic
layers in the tandem-junction cells. The observation of poorer radiation
resistance for thicker cells is consistent with the observations of both

Kalayama et al. [30] and Schwarz et al. [33]. The annealing data shown in
Fig. 8 were measured after annealing the cells at 160 ° C for the times
specified. A one-hour anneal eliminates the dSfects produced by 1 MeV
protons with fluences less than about 1014 cm-2; with a fluence of 1015
cm -2, annealing for twenty-slx hours restores a tandem cell to the initial
relative efficiency.

Hanak, Fulton, Myatt, Nath and Woodyard irradiated and annealed
single-gap tandem cells with 200 keV protons, and compared the results
with the degradation and annealing of cells irradiated with 1.00 MeV
protons [35]. They used the same cells and techniques reported in the
earlier work of Hanak et al. [34]. The results of the work are shown in

Fig. 10. The 200 keV protons produced more degradation in the relative
conversion efficiency than the 1.00 MeV protons. Protons at 200 keV
and a given fluence produced about the same degradation as 1.00 MeV
protons with fluences about five to ten times greater. The annealing
studies showed the conversion efficiencies could be restored, but the

damage introduced by the 200 keV protons was more resistant to
annealing than the damage produced by 1.00 MeV protons.

Hanak, Chen, Fulton, Myatt and Woodyard then studied thirty
dual-gap tandem cells under 200 keV and 1.00 MeV irradiation in order
to determine the relative radiation resistance of dual-gap tandem solar

cells as compared with single-gap tandem cells and single Junction cells

[2]. They also attempted to understand the defect-generation
mechanisms by comparing the energy dependence of the cross sections
for nuclear and electronic stopping of protons in the a-Si:H alloys. The
tandem ceils had grid/ITO/p+in+/p+in+/stainless steel structures. The

intrinsic layer nearest the surface was fabrlcated with an a-Si:H,F alloy;
the bottom intrinsic layer was fabricated with an a-Si,Ge:H,F alloy. The
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conversion efflciencies of the thirty tandem cells were between 9.37 and
11.48%; the mean was 10.44%. Fig. 11 shows the effect of 200 keV and
1.00 MeV on the AM1 conversion efficiencies. The 200 keV protons have
about the same effect on the decrease of efficiency as 1.00 MeV protons
at about five times the fluence. A comparison of these data with Fig. 10
shows the fluence dependence of the degradation of the dual-gap tandem
cells is about the same as the single-gap tandem cells. The effect of the
irradiation on the open-circuit voltage, short-circuit current and fill
factor was similar to Fig. 9, with the open-circuit voltage relatively
insensitive to 1.00 MeV protons for fluences less than 1015 cm -2.

Annealing studies showed that the efficiencies recovered in a
manner similar to the single-gap tandem cells illustrated in Fig. 8.

The investigators compared the radiation resistance of the dual-gap
tandem cells with other cells. Fig. 12 shows the effect of 1.00 MeV
proton irradiation on the relative efficiency of crystalline Si [36], GaAs
[36], CuInSe 2 [29] and a-Si alloy dual-gap tandem cells. Also shown in

the comparison is the effect of 10 MeV protons on single-crystal InP cells
[37]; the 10 MeV data are shown for comparative purposes because of the
lack of 1.00 MeV proton radiation resistance data for InP cells. While

a-Si alloy dual-gap-tandem cells have a proton degradation resistance
which is only slightly better than CulnSe2 and InP cells, it is about 50 to

100 times more radiation resistant than crystalline Si and GaAs.

Abdulaziz, Payson, Li, and Woodyard [38] compared the 1.00 MeV
proton radiation resistance of a-Si:H cells with that of a-Si,Ge:H ceils with
germanium concentrations in the range of approximately 20-30%. The
study looked at fluences of 10 TM to 1015 cm -2. The material
incorporating germanium material degraded slightly more than the a-Si:H
alone; efficiency decreased to 22% of initial power at 1014 cm -2 for the
a-Si,Ge:H cell compared to 39% of initial efficiency for the material with
no germanium incorporation. They also compared single Junction a-Si:H
cells to single-gap, dual-junction a-Si:H cells, concluded that at high
fluences, the radiation induced degradation of the dual Junction ceils
could not be explained simply as the sum of two non-interacting
single-Junction cells.

3.8 Space Flight Experience on Thin Film Cells

To date only one experiment with thin-film cells has been flown in
space. Both a-Si and CulnSe2 cells are now flying on the solar cell

experiment on the LIPS-III satellite. This was launched in spring 1987
into a 1100 Km orbit of 60 degrees inclination [39]. There is some
difficulty in analysing the experiment due to noise in the data and
temperature stability problems, however, some useful information can be
drawn from the data.

a-Si alloy cells from ECD/Sovonics and from Solarex were flown on
LIPS-III. The ECD/Sovonics cells used a EVA/Tedlar encapsulant. This
choice of an encapsulant was unfortunate, since EVA is subject to
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darkening under exposure to ultraviolet. The encapsulant darkening in
this case was severe enough that no useful data was received about the
cell performance. Two Solarex a-Si cells were flown. Both were
fabricated on ceria-doped glass of roughly 300 microns thickness, which
served as the cell coverglass.

Three CuInSe2 cell strings manufactured by Boeing were flown. One

was uncovered, one had a CMX coverglass of approximately 250 micron
thickness affixed with DC 93-500 adhesive, and the third was flown with

a GaAs wafer used as a filter, as well as a CMX coverglass and adhesive.
Data are being collected via telemetry. The cumulative radiation exposure
is not yet high enough to draw many conclusions from results published
to date. Data after the first year in orbit is reported in reference [40]. It
is encouraging to note that, from the Isc data, no degradation is measured

in the CuInSe2 cells after three years exposure in space; in fact, the

performance of the uncovered CuInSe2 cell has, if anything, improved

slightly.

4. Radiation Effects on a-Si Alloy Thin-Film Materials

An understanding of radiation damage mechanisms is important both
as an aid to understanding cell test data, to the extrapolation of radiation
test results to other ceil designs and radiation energies, and to assist cell
design studies to minimize radiation damage.

The ideas introduced by the investigators who studied thin films are
important in developing an understanding of the defect generation and
passivation mechanisms in solar cells fabricated from a-Si alloys. The
literature dealing with a-Si alloys is unique because thin-film and solar
cell studies, and more generally device studies, have had a symbiotic
relationship since their beginnings; the relationship has been nurtured by
investigators because the development of photovoltaic technology is
critically dependent on an understanding of the materials. We will
emphasize the effect of radiation on opto-electronic properties in the
effort to develop an understanding of both the defect generation and
annealing mechanisms.

4. I Irradiation Studies of a--Si Alloy Thin-Film Materials.

Among the first studies reported in the literature is the work by
Engemann, Fischer, Richter and Wagner, who irradiated a-Si:H thin films
with a variety of ions and monitored photoluminescence [41]. They used
photoluminescence to determine the effects of annealing and to
characterize the defect states. 1.00 MeV protons, 100 keV helium and
400 keV oxygen with fluences of about 1016 cm -2 were used to irradiate

glow discharge deposited a-Si:H films with thickness less than the range
of the ions. Irradiation reduced the luminescence intensity by a factor of
a thousand, which was the limit of detectability. Their work showed that

annealing at temperatures of 220 to 300 ° C restored the luminescence
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intensity almost, but not completely, to the value before irradiation. The
details of the temperature dependence of annealing differed for the
various ions, and the bombarding hydrogen and oxygen appeared to play a
role in defect passivation. Proton and oxygen bombarded films annealed
easier than inert ion-bombarded films, suggesting that the implanted
hydrogen and oxygen chemically passivated defects. The authors
interpreted the ion bombardment-induced reduction in
photoluminescence as due to the introduction of electronic energy states
in the sub-bandgap region; it was suggested that the sub-bandgap states
acted as centers for both radiative and non-radiative recombination. The
suggestion of bombardment induced centers for non-radiative
recombination was based on work which was subsequently published [42]
and showed that ion bombardment resulted in an increase in spin
densities and a decrease in the luminescence intensity. They also
suggested that bombardment introduced a broad distribution of electron
traps about 0.15 eV below the conduction band edge and a broad
distribution of hole traps about 0.35 eV above the valence band edge; the
postulated trap densities made it possible to explain the luminescence
spectra of bombarded and annealed films.

Voget-Grote, Stuke and Wagner reported on ion bombardment of
glow discharge deposited a-Si:H thin films [42]. a-Si:H films were
bombarded with 100 keV helium ions to introduce defects to determine
the effect of the defects on electron spin resonance signals (ESR). The
fluence was not reported, however, the fact that the spin densities were
in the range of 1019 to 1020 cm -3 suggests that the fluence was probably
at least 1016 cm -2. Samples were also prepared by evaporation with
different substrate temperatures, and subsequently annealed, to vary the
density of unpaired spins. Ion bombardment and variations in deposition
and annealing conditions were used to produce samples with spin
densities in the range of 1018 to 102o cm-_. The electrical conduction
mechanism was believed to be due to carrier hopping for these large spin
densities. The main relaxation mechanism for the observed large spin

signals was the spin-lattice interaction where a hopping electron
interacts with another electron spin within avoid. The work showed that
the ESR signals were not uniquely related to the spin density. Materials
bombarded and prepared in different ways to produce the same spin
densities, had vastly different ESR saturation powers, linewidths and
hopping conductivities. The investigations suggested that several
different defect structures exist in a-Si:H thin films, and that the type

and density of the defect structures depend on the history of the
material. While this observation is still valid, it is important to note that
recent work [43] shows the radiation resistance of solar cells is sensitive
to defect densities of the order of 1015 to 1017 cm -3, or five orders of

magnitude lower than the highest defect densities used by Voget-Grote
et al.

High energy radiation resistance studies of glow-discharge deposited
a-Si:H films were carried out by Street, Biegelsen and Stuke [31].
Luminescence and ESR were used to characterize the defects introduced

by He + and e- bombardment of a-Si:H films of thicknesses 0.2 to 100
microns deposited on glass. He + irradiations were carried out at 100
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keV with fluences of 1016 cm -2, and electron irradiations at 1.0 MeV

with fluences of 1019 cm -2. The irradiations quenched the luminescence

and increased the spin densities. Helium produced a greater quenching
of the luminescence and a larger increase in spin densities; these effects
were associated with radiation-induced defects. The increased defect

generation for helium irradiation, as compared to electron irradiation,
was associated with the larger collisional kinematic factor for helium.
The authors carried out an analysis of the collisional energy deposition
and spin densities in order to determine the effect of ambient annealing;
they concluded that the majority of broken bonds reconstruct.

The defects produced by both helium and electrons could be
removed by annealing at temperatures up to 300 ° C. Annealing from
room temperature to 300 ° C resulted in a partial recovery of the
luminescence intensity and a reduction in the spin density. However, the
full initial luminescence intensity was not restored. For annealing above
300 ° C, the spin density increased, suggesting a temperature-induced
degradation of the films. The temperature-induced degradation was
believed to be due to hydrogen evolution and the creation of silicon
dangling bonds. The details of the annealing of the luminescence
intensity and spin density depended on the method of preparation of the
thin films and the type of bombarding particle. This suggested the
importance of the structure and composition of the films in defect
annealing; it also pointed to the difference in the defect structures
produced by different bombarding particles. The fact that the ESR signal
of the bombarded films first decreased with annealing to 250 ° C, and
then increased to become relatively stable at 600 ° C, led the authors to
suggest that the motion of hydrogen was involved in the defect annealing.

A 0.9 eV luminescence peak was observed with spin densities in the
range of 2.1016 to 2-1017 cm-2; the peak was attributed to recombination

involving either a trapped electron and a self-trapped hole in the valence
band tail or a self-trapped electron in the conduction band tail and a
trapped hole. In either case the trap was about 0.3 eV from the
respective band edge. The band edge luminescence peak energy
increased from about 1.0 to 1.4 eV with increased annealing
temperatures. The effect was explained assuming broadening of the band
tails originating from the damage introduced by bombardment. It was
suggested that radiation introduces defects with unpaired spins which
serve as recombination sites for non-radiative recombination; the

unpaired spin results from a dangling bond due to an unsaturated silicon
bond. During annealing the dangling bonds may coalesce to form spinless
centers for non-radiative recombination. The authors indicated that it

was unclear if the dangling bonds were produced by radiation
induced-displacement of hydrogen or by the displacement of silicon
followed by diffusion, reconstruction and the formation of voids with
dangling bonds.

The ideas presented by Street et al. have been adopted by several
authors to explain observations. However, one must note that the quality
of a-Si:H films has improved significantly since this work. Additionally,
the large electron fluences and the use of relatively low energy helium
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ions produced major structural changes in the films. The major
structural changes make it difficult to determine the fundamental effects
of high energy particle irradiation on a-Si:H alloyed based films.

It is noteworthy that low energy electron irradiation has been
observed to influence the properties of a-Si films [32]. Schade [44]
reported a fluence of 1018 cm-2 5-keV electrons degraded the
photoluminescence and the annealing behavior was complex; he
suggested temperature-assisted rearrangement of irradiation-affected
bonds in order to explain the annealing of the relative
photoluminescence. More recently, Schneider and Schr6der [45], and
Schneider, Schr6der and Finger [46] used a scanning electron
microscope to irradiate a-Si films with 20 key electron fluences in the
range of about 1015 to 1017 cm-2; they concluded the defects produced
by 20 keV electrons are identical to defects produced by light exposure.

4.2 Defect Generation and Passivation Mechanisms in a-Si alloy Cells.

Some of the mechanisms which could lead to the decrease of the

conversion efficiency of a-Si alloy based cells due to proton irradiation
were investigated [2,47,48]. Fig. 11 shows that 200 keV protons of a
given fluence have about the same effect on the relative efficiency as 1
MeV protons with about five times the fluence. The relative efficiency
curves of the 1 MeV proton irradiations, when shifted to the left by a
factor of five in fluence, compare favorably with the 200 keV data except

for the highest fluences. The factor of five increase in degradation for
200 keV protons, as compared with the 1 MeV protons, is used to
evaluate the primary defect-generation mechanism.

In order to determine if electronic or nuclear collisions is the

primary defect generation mechanism, the stopping powers are
considered. As Table 1 shows, the small values of the stopping powers
result in the protons losing about 10% of their energy in layers about 100
nm thick. Only a small fraction of the proton energy is deposited in the
cells and the protons come to rest in the substrates. Therefore, the
collision rate is uniform with respect to depth; the defect-generation rate

is also expected to be uniform.

Table 1: Proton/Si Nuclear and Electronic Stopping Powers

Proton Energy

200 keV

1.00 MeV

Nuclear Stopping
Power

(keV/mlcron.)

0.101

0.022

Electronic Stopping
Power

(keV/micron)

119

44
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The ratio of the nuclear stopping powers at 200 key and 1 MeV is
4.5, while the ratio of the electronic stopping powers is 2.7. The
stopping power calculations, and the fact that the 200 keV protons
degrade the cell efficiency five times more than the 1-MeV protons,
suggest that nuclear knock-on collisions are important in generating the
defects. The role of the defects produced by the displacement of the
primary knock-on can be considered by calculating the total cross
sections for primary knock-on collisions. The total cross sections are
calculated for the collision of protons with hydrogen, Si and Ge using a
simplified Rutherford model assuming 3.5 eV for the hydrogen
displacement energy, and 13 eV for Si and Ge. As Table 2 shows, the
total displacement cross sections are about five times larger at 200 keV
than 1 MeV.

Table 2. Proton/Si Total Cross Sections and Number of Displacements.

System Energy
(keV)

Cross Section Displacements
{cm-2)

H--_H 200 9.3E-20 5.6

H--_H I000 1.9E-20 6.4

H--_Si 200 1.8E- 19 4.0

H--_Si 1000 3.4E-20 4.8

The H-_Si total cross section is about two times greater than the
H_H cross section. Since the relative hydrogen atomic density is about
10% for the a-Si:H alloy cells, it was suggested that the relative number
of Si and Ge primary knock-ons is at least twenty times greater than the
number of hydrogen primary knock-ons [47]. The total number of atomic
displacements per proton includes the primary knock-on displacements
and the displacements produced by the recoiling primary knock-ons.
The number of secondary displacements can be calculated using the
Kichin and Pease model [49]. The results of the calculations are shown in
Table 2; the total number of displacements per primary knock-on is
about five for protons in the 200 keV to 1 MeV energy range, irrespective
of whether the primary knock-on is hydrogen, Si or Ge.

The analysis suggests the reduction in the relative conversion
efficiency of the cells is due to defects produced by proton knock-on
collisions with Si and Ge. Within the modelling constraints the
calculated defect densities are about 4.1016 cm -3 at a 200 keV proton

fluence of 1012 cm -2. It is generally agreed that high quality a-Si alloy
cells have an intrinsic defect density of about 1015 to 1016 cm -3, which

produces energy states in the bandgap [50]. Irradiation-induced defect
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densities of the order of the intrinsic defect densities would be expected
to degrade the performance of a cell. Fig. 11 shows that the degradation
in the relative efficiency of the dual-gap tandem cells is discernable at a
fluence of 1012 cm-2; the above calculations predict a defect density of
about 4.1016 cm-3 for defects produced by nuclear displacement of Si or
Ge by 200 key protons with a fluence of 1012 cm -2. If the irradiating

protons produce defects which result in energy states in the bandgap on
a one-for-one basis, then it would be expected a radiation induced defect
density of about 1015 to 1016 cm -3 would produce a discernable
reduction in the relative efficiency. Hence, the calculated defect density
is about five to ten times higher than expected. This finding suggests
that either there is annealing of the defects during or following the
irradiation, that all the defects are not electrically active, and/or that the
model is in error. The prediction of a higher defect density for

crystalline Si has also been reported; the observation of a lower
electrically-active defect density is believed to be caused by the annealing
of the displacement damage within 100 seconds of the irradiation [51].

The open-circuit voltage of a-Si alloy based cells is relatively
insensitive to the proton fluence for fluences less than about 10 to cm-Z;
most of the degradation is in the short-circuit current and in the fill
factor [2,35]. This observation and the annealing behavior of the

conversion efficiency at low temperatures suggests that the defects are
produced primarily in the intrinsic region of the cell and that the p+ and
n + layers are not degraded by the bombarding protons. Certainly, if the
collision cascades produced by the energetic protons intermixed the p+
and n + layers with the intrinsic layer, low temperature annea}ing would
not be expected to restore the layers and their electrical behavior. Since
the p+ and n + layers are much thinner than the intrinsic layer, most of
the primary knock-ons and defects will be produced in the intrinsic
layer. Further conlhTnation_ that the doped layer are essentially unaltered
by the irradiation and that the defects are introduced in the intrinsic
layer is evidenced by the relative effect of the protons on cells with
different thicknesses. Fig. 10 shows that the single Junction a-Si:H:F
cells, which have thicker intrinsic layers than both the single Junction
a-Si:Ge:H:F cells and the single-gap tandem cells, degrade more at a
given proton energy and fluence.

Street et al. [31] suggested protons displace atoms and create
dangling bonds which are passivated by the diffusion of hydrogen upon
annealing. Hydrogen, Si and Ge are the main possibilities for knock-on
displacements in a-Si alloys. If the displacement of hydrogen were the
sole defect mechanism, Woodyard and Hanak [47] suggested that the
defects would anneal by the migration of hydrogen; annealing data should
behave in an Arrhenius fashion with a single activation energy
corresponding to hydrogen diffusion. They analyzed their relative
efficiency data and were unable to find convincing evidence for single
activation energy which could be associated with the diffusion of
hydrogen. It was concluded that the passivation of the electrically active
defects produced by proton irradiation was more complex than a
mechanism involving the diffusion of hydrogen in the film.
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The dependence of a-Si alloy material quality on radiation resistance
and room temperature annealing effects have recently been reported by
Payson, Abdulaziz, Li and Woodyard [52]. The investigators found that
solar cells fabricated in 1989 showed superior radiation tolerance to 1
MeV protons when compared to cells fabricated in 1985. While prior
radiation history and cell structure were different for the cells, the work
suggested that the material properties may be responsible for improved
radiation resistance.

Systematic experiments were carried out to monitor the
current-voltage characteristics of cells immediately following irradiation
and subsequently as a function of time. The objective was to determine
whether a room temperature annealing effect existed in solar cells
fabricated from a-Si alloys. The investigators observed
room-temperature annealing for both the 1985 and 1989 sets of solar
cells. The 1989 cells annealed at a faster rate than the 1985 cells for the
same 1 MeV proton fluence.

From this annealing work it was apparent that there are at least two
types of defects; one type annealed significantly at room temperature and
the another annealed only after one-hour anneal at 200 ° C. They

reported that some devices had improved characteristics following
irradiation and annealing. Improvements were seen in the
current-voltage characteristics of solar cells following irradiation and
annealing. The investigators also reported an improvement in a thin film
property following irradiation and annealing; a reduction in the
sub-bandgap optical absorption of thin films was observed using
photothermal deflection spectroscopy (PDS). A film irradiated with 1.00
MeV proton to a fluence of 1.67.10 15 cm -2 had a significantly lower
sub-bandgap optical absorption following an anneal for one hour at 185 ° C
[53]. The results, in addition to suggesting that improved materials

appear to increase the radiation resistance of solar cells, raise
fundamental questions about radiation-induced mechanisms which also
improve the quality of both cells and films.

Quantitative predictions of the behavior of these solar cells in the
space environment will require knowledge of the degradation and
annealing mechanisms. Future experiments should be directed at
separating these two competing mechanisms, along with determining the
microscopic mechanisms causing degradation and annealing in
hydrogenated amorphous silicon alloy solar cells.

The recent observation of the room-temperature annealing effect

raises questions about the interpretations of the earlier proton irradiation
experiments [52]. The existence of room-temperature annealing makes
it difficult to determine both the defect generation and passivation
mechanisms. It is likely that attempts to quantify the defects introduced

by proton irradiation were not successful because of the role of annealing
[35]. If room temperature annealing removes defects which are different
from the defects which anneal at temperatures in the 160 to 200 ° C
range, the results reported in the literature characterize only the defects
which anneal at the higher temperatures. It may be that the defects
which anneal at room temperature are produced by the electronic
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stopping of MeV protons, while the defects which anneal at higher
temperatures are produced by nuclear stopping. Additional experiments
are necessary in order to elucidate the basic defect production and
annealing mechanisms for the defects introduced by high-energy proton
irradiation.

The 1-MeV electron irradiation results of Katayama et al. [30] can be

analyzed to elucidate the fundamental aspects of radiation resistance of
a-Si:H films and solar cells. The reduction in cell efficiency with
electron fluence is a clear indication of the decrease in carrier collection

efficiency. This is also confirmed by Fig. 4 which shows the decrease of
the collection efficiency for 1-MeV fluences above 1014 cm -2 when the

intrinsic layer is 500 nm. The mechanism suggested by Katayma et al.
[30], namely the reduction of the minority carrier diffusion length, is not
consistent with the current understanding of carrier transport in a--Si:H
solar cells. The carrier transport in a-Si:H solar cells is primarily due to
carrier drift in the intrinsic layer. This can be shown by a simple analysis
which considers the electric field and carrier injection in the intrinsic

layer. The approximate value of the electric field can be estimated using
the intrinsic layer thickness and the open-circuit voltage. The
current-voltage characteristics of a single junction a-Si:H solar cell with
an intrinsic layer thickness of about 250 nm is shown in Fig. 13; the
open-circuit voltage is about 0.86 V. The average electric field in the
solar cell is of the order of 30,000 V/cm. The optical absorption

coefficient for device grade a-Si:H is shown in Fig. 14. The figure shows
that the optical absorption coefficient is less than 10 6 cm -I for the

spectral region shown; this results in the absorption of light over
distances greater than 10 nm for all the wavelengths considered. This
value of the optical absorption length results in negligible diffusive carrier
transport when compared to drift transport. Hence, it follows that
carrier transport in a-S:H solar cells occurs primarily by carrier drift.

The role of the absorption length in the carrier collection efficiency

can be seen by reference to Fig. 5. Note that the spectral response of the
before-irradiation solar ceil first increases as the wavelength increases
from about 400 to 550 nm; it then decreases as the wavelength increases.
The initial increase in spectral response with increasing wavelength, for
this particular cell structure, can be correlated, at least in part, with the
increase in the absorption length with wavelength as shown in Fig. 14.
This statement assumes that contacts, and window and n + layers do not
dominate the short-wavelength optical absorption at the front of the cell.
Illumination with a wavelength of 400 nm produces electron-hole pairs
near the front of the cell because the absorption length is about 40 nm.
Since the cell structure, as shown in Fig. 3, is grid/iTO/n+-i-p+/stainless
steel, the electric field is directed from the n + layer to the p+ layer. The

electrons injected near the front of the cell are readily collected at the
ITO/n + contact. In order for holes injected near the front of the cell to
be collected, they must drift through the i and p+ layers before being
collected at the p+ /stainless steel contact. Fig. 5 shows that the
collection efficiency for holes injected at 400 nm is small, however, as
the wavelength of the light is increased, the hole collection efficiency
increases. The increase in hole collection efficiency with increasing
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wavelength is due to the injection of holes deeper in the intrinsic layer;
holes injected deeper in the intrinsic layer are collected with higher
probabilities because they have shorter distances to drift to the
p+/stainless contact for collection.

Above 550 nm, increasing the wavelength results in a decrease in the
collection efficiency. This decrease is due to the increase in the
absorption length with increasing wavelength. As the absorption length
increases and becomes larger than the thickness of the intrinsic layer,
the number of electron-hole pairs injected in the cell decreases. The
decrease in injected carrier density results in the collection of fewer
carriers, and a decrease in the spectral response of the ceil. For
wavelengths greater than 700 nm, the absorption length is greater than
500 nm and only an insignificant fraction of the light injects carriers in
the solar cell. The room temperature hole drift mobility in a-Si:H is
about 100 to 1000 times smaller than the electron drift mobility [54].
The collection efficiency for holes injected near the front of the cell can
be increased by collecting the holes at the front contact of the cell. This
may be accomplished using a structure with a front contact/p+in+/back
contact structure resulting in the electric field directed from the back
contact to the front contact; the field direction for this structure is
opposite to the field direction for the structure shown in Fig. 3.
Amorphous Si alloy based solar cells are currently fabricated with a front
contact/n+ip+/back contact structure in order to take advantage of the
larger electron drift mobility.

The defect generation mechanisms for the stopping of electrons in
a-Si:H involve atomic displacements and electronic excitation. The role
of atomic displacements in the electron irradiation work [17,18,30] can
be estimated using the Darwin-Rutherford model for the displacements
of atoms by the 1 MeV electrons [55]. The calculated density of Si
primary knock-ons varies linearly with fluence and is about 1016 cm -3 at
a fluence of 1016 cm-2; the H primary knock-on density is about an order
of magnitude less. The role of primary knock-ons in producing
secondary atomic displacements may be estimated using the
Kinchin-Pease theory [49]; the calculations show that each primary
knock-on produces of the order of one secondary displacement. Analysis
of the displacement damage density must include defect reducion by
ambient annealing and radiation-induced annealing effects. Analysis must
also include the effect of multiple electrically active defects produced per
displacement. Assuming of the order of one electrically active defect per
atomic displacement, it is expected that a density of 1016 electrically
active defects per cm 3 represents a reasonable upper limit at an electron

fluence of 1016 cm -3. This defect density must be compared with the
intrinsic defect density of a-Si:H thin films in order to determine the
effect of electron irradiation on the reduction of the relative solar cell

efficiency. It is generally accepted that the intrinsic defect density in
device quality a-Si:H is about 1016 cm -3 [50].

The analysis shows that electrically active defects produced by
atomic displacement of Si by the irradiating electrons is on the order of
the intrinsic defect density for a 1-MeV electron fluence of 1016 cm -2.
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Fig. 4 shows that 1-MeV irradiation at fluences between 1013 and 10 TM
cm -2 results in the degradation of a cell with an intrinsic layer thickness
of 700 nm. It appears that the onset of cell degradation occurs at
fluences which are two to three orders of magnitude below the fluences

predicted, assuming the defect generation mechanism is atomic
displacement. This disagreement suggests that electron-induced atomic
displacement of H or Si is not the main mechanism which reduces the
relative efficiency of a-Si:H thin film solar cells when irradiated with
1-MeV electrons of fluences less than about 1016 cm -2. Additionally, the

fact that the defects anneal at temperatures of about 200 ° C also suggests
that atomic displacement is not the dominant defect generation
mechanism.

Defects produced by electronic excitation are more difficult to
quantify than defects produced by atomic displacements because the
cross section for the possible electronically-active defect generation
reactions are not known. We can develop our insights into the effect of
electronic excitation by considering two extreme cases, namely, the
effects of electronic excitations in crystalline silicon and polymeric
materials.

Crystalline silicon materials do not degrade as a result of energy
deposited in the lattice by way of electronic excitation. Measurements
show the range of 1 MeV electrons in crystalline silicon is about 2.3 mm
and the electronic stopping power is about 300 eV/micron [56].
Investigations show that, on the average, one electron-hole pair is
produced for about every 3.6 eV an electron losses by electronic
excitation as it slows down [57]. The electron-hole_pair is produced by
the excitation of a valence electron from a silicon-_ilicon bond into the

conduction band. Upon collection of the electron and hole, the
crystalline lattice is restored to its former defect free and electrically
neutral state. It is this property of crystalline silicon, as well as its
mono-elemental nature, which makes it a desirable material for use in

the detection of MeV electrons and protons.

Polymeric materials, unlike crystalline silicon, are compound
materials which degrade as a result of the electronic energy deposited by
MeV particles. Bond reordering and breaking and chain scission occur.
Irradiation produces major chemical and structural changes which are
complex; the changes cannot be related in a simple way to bond
strengths of the various molecular structures in the materials [58].

a-Si:H contains about ninety percent silicon and ten percent
hydrogen. While the hydrogen in currently fabricated device-grade
a-Si:H materials is bonded primarily as a Si monohydride (Si-H),
materials fabricated several years ago contained large amounts of
hydrogen bonded in Si dihydride (Si-H 2) and Si polyhydride ([Si-H2] n)

complexes. Electronic stopping of MeV electrons leads to the excitation
of the conduction electrons and the Si-Si and Si-H bonds. The

electronic excitation may lead to breaking and/or reordering of the Si-Si
and Si-H bonds, and, in material containing polyhydrides, in bond
reordering, chain scission and bond cleavage. The degradation

25



mechanisms in high quality device a-Si:H caused by the electronic
excitation should be limited to bond reordering and breaking of the Si-Si
and Si-H bonds. It is expected that the excitation of the Si-Si bonds may
lead to defects produced by bond reordering and breaking. The possible
effects of the deposition of electronic energy in the Si-H bonds also
includes the production of defects by bond ordering and breaking. The
difference between Si-Si and Si-H bond excitation is the atomic
hydrogen may diffuse away from the excited zone, leaving the silicon
atom to react with its neighbors in much the same manner as the excited
Si-Si bonds; the hydrogen may react with other defects, bond with
another hydrogen atom, or remain as an interstitial in the amorphous
network. Most of the energy deposited in electronic excitation will be
converted to phonons as the excited bonds return to the ground states
and recombination of charge carriers occurs.

The microstructure of defects in a-Si:H have been the subject of
several papers and their complete characterization is incomplete [59].
The fact that MeV electron-induced defects anneal at temperatures of
about 200 ° C would appear to support electronic excitation, as compared
to atomic displacements, as the major defect generation mechanism.
The reasons for this suggestion are as follows:

1. The average energy deposited by an energetic electron, 300
eV/micron, will be deposited more uniformly on an atomic scale than the

energy deposited in atomic displacements. The energy deposition
mechanism, for the most part, involves energies of the order of a few eV.

2. The energy deposited by electronic excitation can cause bond ordering
and breaking. The activation energies for bond reordering should be less
than one eV because the strengths of the Si-Si and Si-H bonds are about
2.4 and 3.4 eV, respectively [60].

3. Electronic excitation can break Si-H bonds and produce interstitial
hydrogen. Hydrogen diffusion activation energies may be as low as 0.15
eV in silicon, thereby suggesting that it readily diffuses through silicon at
low temperatures [61]. The fact that hydrogen may diffuse at low
temperatures in silicon suggests that it may also play a role in passivating
electronically active defects during low temperature annealing.

It is clear that most of the explanations of the radiation resistance of
a-Si:H devices and thin-film are highly speculative. There is clearly a
need for detailed and systematic studies using state of the art device
quality materials. The materials must be well characterized using several
techniques. Since room temperature annealing occurs, experiments
must be designed considering that the time between irradiation and
analysis is critical in the elucidation of the basic mechanisms.
Investigators also need to report the details of fabrication and the
relevant dimensions of the films and devices studied. This is important if
results from different laboratories are to be compared as well as to
facilitate theoretical interpretations of the basic mechanisms.
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5. CONCLUSIONS

Recent advances in the technology of thin-film solar cells [62] have
led to interest in the possibilities of using thin-film cells for lightweight
solar arrays in space. Thin film solar cells are considerably more
radiation tolerant than single-crystal solar cells. CuInSe2 cells shows no

degradation when exposed to 1-MeV electrons to fluences up to 2.1016
cm -2. a-Si cells showed some degradation when exposed to 1-MeV
electrons at fluences over about 1015 cm -2. This degradation can be
annealed out at temperatures as low as 175 ° C. Both CuInSe 2 and a-Si

showed good performance when exposed to 1-MeV proton irradiation;
CuInSe2 showed negligible degradation up to about 1011 1-MeV

protons/cm 2, and a-Si up to about I012/cm 2. These results are

comparable to or slightly better than InP solar cells, and fifty to a
hundred times more resistant to degradation than single crystal Si or
GaAs cells.

While a great deal of work has been done to characterize the effect of

MeV electrons and protons on amorphous silicon, both solar cells and
thin film materials, the fundamental mechanisms are not well
understood. There are three main reasons for our failure to understand
the radiation resistance of thin film solar cells. First, the influence of

room-temperature annealing is not understood. Without a detailed
understanding of room-temperature annealing, it is not possible to
quantify the radiation-induced electrically active defect density. Second,
technological developments have led to thin film cells with much better
efficiencies, and therefore raises the question of the role device quality

plays in radiation resistance. Finally, the thin film materials technology
has evolved rapidly and basic research has not been able to focus on the
materials to probe fundamental issues, /.e., the "window of interest moves
faster than the fruits of basic research."
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