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Foreword

On behalf of the entire conference committee, I would like to thank you for your
participation in the 15th Space Photovoltaic Research and Technology (SPRAT XV)
Conference. We hope that it was an informative and enjoyable experience for all of the
participants.

In an effort to make the information presented at the conference available to the
you in as timely a manner as possible, we have had an “express” volume of the
conference proceedings printed. In this volume you will find all of the papers and
workshop summaries that were available at the time of printing.

This publication will be followed by a more thorough “official” publication of the
conference proceedings. The official publication will include all of the papers presented
at the conference, workshop summaries, and The Irving Weinberg Award presentation.

Please do not hesitate to contact me if there is information that you need urgently
that is not contained in this volume.

Eric B. Clark

15th SPRAT Conference Publications Chairman
216-433-3926

eric.clark@lerc.nasa.gov
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SPACE SOLAR CELL R&D ACTIVITIES IN JAPAN

Masafumi Yamaguchi
Toyota Technological Institute
Tempaku, Nagoya 468, Japan

In this paper, space solar cell R&D activities in Japan are briefly described.
The terrestrial R&D program of multi-junction solar cells, in the New Sunshine project
of MITI (Ministry of International Trade and Industry) in Japan is also reviewed. Up to
now, monolithically grown InGaP/GaAs 2 junction solar cells have reached the
highest efficiency achieved in Japan of 30.3% at AM1.5 (1-sun). The mechanical
stacked 3-junction cells of monolithically grown InGaP/GaAs 2-junction cells and the
InGaAs cells have reached 33.3% at AM1.5 (1»sun).

This paper also reports our recent results for high-efficiency InGaP/GaAs tandem
cells and their radiation-resistance. The world-record efficiency of 26.9% at AMO has
also been attained with InGaP/GaAs 2 junction solar cells. Irradiation effects of 1-
MeV electrons on InGaP single-junction solar cells and InGaP/GaAs 2-junction solar
cells fabricated on GaAs substrates have been examined in comparison with those of
GaAs and InP cells. Superior radiation-resistance of InGaP cells compared to GaAs
cells has been found in terms of solar cell properties and minority-carrier diffusion
length. Moreover, minority-carrier injection-enhanced annealing (light illumination or
forward bias) of radiation damage to InGaP single-junction cells and InGaP/GaAs 2-
junction cells has also been observed. The superior radiation resistance of InGaP
materials is thought to be attributed to the fact that the migration energy (annealing
temperature) of radiation-induced defects is lower than that in GaAs and is also
related to the minority-carrier injection-enhanced annealing of defects.

These results show the great potential of InGaPIGaAs tandem solar cells for space
applications. :

I. SPACE SOLAR CELL R&D ACTIVITIES IN JAPAN

Space solar cell R&D works have been conducted mainly in NASDA (National
Space Development Agency of Japan), ISAS (Institute of Space and Astronautical
Science), JAERI (Japan Atomic Energy Research Institute), Sharp Corp., and Toyota
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Technological Institute.

NASDA is promoting development of high-efficiency thin Si space solar cells in
cooperation with Sharp Corp. and is organizing the Research Committee for
Radiation Damage of Solar Cells to clarify the severe degradation of Si solar cells
used in the Engineering Test Satellite-VI (ETS-VI) launched in 1994. As part of this
collaboration, the following R&D works are conducting: ISAS is studying radiation
damage and impurities in Si solar cells and materials using PL (photo-luminescence).
JAERI is working on in-situ monitoring of radiation damage to Si solar cells. Sharp
Corp. is developing high-efficiency thin Si space solar cells and is working on
radiation damage to advanced Si cells.

Toyota Tech. Inst. is studying radiation damage to Si, InGaP cells and InGaP/GaAs
tandem cells by using DLTS (deep-level transient spectroscopy) and solar cell
properties in collaboration with NASDA and Japan Energy Corp., and has proposed a
mechanism for the anomalous behavior of Si solar cells under high-fluence electron
and proton irradiations. Figure 1 compares experimental data for short-circuit current
degradation in Si solar cells after 1-MeV electron irradiation with modeled results
which consider (a) degradation of only the minority-carrier diffusion length L, (b)
degradation of L and carrier removal, and (c) degradation of L, carrier removal, and
depletion width broadening [1]. We have also found minority-carrier injection-
enhanced annealing phenomena for radiation damage to InGaP/GaAs tandem solar
cells. : - : .

Il. TERRESTRIAL MULTI-JUNCTION CELL PROGRAM IN JAPAN [2]

The super-high efficiency solar cell project started in FY 90. The objectives of the
projects are conversion efficiencies about twice the 90 year values at the laboratory
level by the beginning of the 21st century and production of such efficiency cells by
2010. Some subprogrammes are carried out by Japanese production companies
and are technically and scientifically supported by universities and the
Electrotechnical laboratory. ‘ , . -

Figure 2 shows chronological improvements in the efficiencies of various solar
cells developed in Japanese projects. . R

Multi-junction solar cells show potential for super-high efficiency cells with
efficiencies of 36~40% due to their wide-band photo-response, although the
theoretical target efficiency for single-junction GaAs or InP cells is 27~28%.
Concentrator operation of 2-junction cells and 3-junction cells are promising for
obtaining super-high efficiency more than 40%.

Thin-film compound solar cells fabricated on inexpensive substrates would be
useful in terms of low-cost cells. The fabrication of I1I-V compound cells on Ge or Si
substrates shows promise as an approach for achieving this. In addition,
concentrator operation of solar cells is also effective not only in improving efficiency
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but also in lowering cost by reducing the cell size per unit output by a factor of 100 to
1000 (almost equal to the concentration ratio) as shown in Fig. 3 [3]. Another cost
analysis [4] of solar cell modules that suggests concentrator operation is promising for
cost reduction.

As described above, it is necessary to improve conversion efficiency by using a
multi-junction structure, reduce costs by using thin-film technology on inexpensive
substrates such as Si and Ge, and reduce material and process costs for the
widespread application of 11l-V compound solar cells.

Based on the above mentioned background, the Japanese R&D program of super
high efficiency solar cells started at FY 1990 under support by MITI, NEDO and
PVTEC. Five companies namely, Hitachi, Hitachi Cable, Sumitomo Electric
Industries, Japan Energy and Oki Electric Industries are developing the program. The
proposed structures and materials of the solar cells are AlGaAs/GaAs/Si(Ge),
InGaP/GaAs/Si(Ge), and super lattice structure solar cells as shown in Fig. 4.

Up to now, monolithically grown InGaP/GaAs 2 junction solar cells have reached
the highest efficiency achieved in Japan of 30.3% at AM1.5 (1-sun). Figure 5 shows
a schematic cross-section and |-V characteristics of a high-efficiency InGaP/GaAs
tandem solar cell fabricated by Japan Energy Corp. [5]. More recently, the
mechanical stacked 3-junction cells of monolithically grown InGaP/GaAs 2-junction
cells and the InGaAs cells have reached 33.3% at AM1.5 (1-sun) following joint work
of Japan Energy Corp. and Sumitomo Electric Corp.

As a by-product of these results, the same cells are being developed for space
applications.

lll. InGaP/GaAs TANDEM SOLAR CELLS WITH WORLD-RECORD
EFFICIENCY OF 26.9% AT AMO

An InGaP/GaAs tandem cell which consists of an optically thin InGaP top cell and a
GaAs bottom cell has great potential to provide a high conversion efficiency for space
applications. Since both the lattice parameters and generated current of these cells
has been matched in this combination, a two-terminal monolithic tandem cell can be
successfully obtained by using a tunnel junction for the inter-cell connection.
Efficiencies of 25.7% (1-sun, AM0O) GalnP/GaAs tandem cells have already been
reported [6] and some efforts have been made to put this type cells into commercial
production for space applications [7]. Some studies on radiation resistance of the
tandem cell have been done and a high efficiency of 19. 6% at EOL has been
obtained [8].

Recently, a world record efficiency of over 30% under one-sun AM1.5 global
conditions for the InGaP/GaAs tandem solar cell has been attained [5]. This paper
also reports AMO I-V characteristics of InGaP/GaAs tandem solar cells and their
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radiation resistance. The characteristics of the tandem cells after 1 MeV electron
irradiation and minority-carrier injection-enhanced annealing of radiation damage
have been investigated. In addition, the optimal cell design for current matching at
EOL is predicted.

InGaP/GaAs cell layers were grown on a GaAs substrate by the metalorganic
chemical vapor deposition (MOCVD) method. Silane and diethylzinc were used as
n-type and p-type dopants, respectively. The lattice mismatch between an InGaP
epitaxial layer and a GaAs substrate was reduced to 500 ppm, and the
photoluminescence energy of InGaP layers was 1.88eV. The carrier concentrations
of the p-InGaP and p-GaAs base layer were 1.5x1017 and 1.0x1017 cm-3, respectively.
The n-type emitter thicknesses were 0.05 and 0.1 ym, respectively. The minority
carrier lifetime in the p-InGaP base layer and the recombination velocity at the
interface between the AlinP window layer and the n-InGaP emitter were estimated to
be around 10-50 ns and 5800 cm/s, respectively, using the time-resolved
photoluminescence technique. The top and bottom cells were connected by an
InGaP tunnel junction.

A world-record efficiency of 26.9% (Voc=2.451V, Isc=67. 4mA FF=88.1%) under
AMO, 28 oC conditions, which has been measured at NASDA using a one light source
simulator, has been obtained for 4 cm2 InGaP/GaAs tandem cells, as shown in Fig. 6.

IV. RADIATION-RESISTANCE OF InGaP/GaAs TANDEM SOLAR CELLS

1 MeV electron irradiation at normal incidence was carried out using an electron
accelerator at room temperature. Electron fluences ranged from 3x1014 to 1x1016 cm-
2, with an electron flux density of about 1012 cm-2s-1. The AM1.5G solar simulator with
100mW/cm2 was used for measurement of I-V curves and injection of minority carriers
after irradiation.

Figure 7 shows the radiation resistance of InGaP/GaAs tandem cells against 1 MeV
electron “irradiation with fluences in the range from 3x1014 to 1x1016 cm-=, in
comparison with those of InP; InGaP and GaAs-on-Ge solar cells.  The radiation
resistance of our tandem cell observed is similar to a GaAs-on-Ge cell. ~ The
remaining factor of Voc, Isc, FF and n is thought to be mainly attributed to large
degradation in the GaAs bottom cell with a highly doped base layer. Figure 8 shows
the change in spectral response of the tandem cells before and after electron
irradiation.  Larger degradation in the GaAs bottom cells compared to that in the
InGaP top cells is confirmed.

Figure 9 shows the maximum power recovery due to light illumination at various
temperatures.  The ratios of maximum power after injection P to maximum power
before irradiation Py are shown as a function of injection time. The recovery ratio
increases with an increase in ambient temperature within the operating range for
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space use. Such a remarkable recovery of a tandem cell is thought to be caused by
the photoinjection-enhanced annealing of radiation damage to the InGaP cell. In
fact, minority-carrier injection annealing of InGaP cells in this temperature range has
been observed by the authors [9,10] and Chiang et al [11], and that of GaAs cells
have occurred at higher temperatures (150-200 0C) [12]. Therefore, the results show
that InGaP/GaAs tandem solar cells under device operation conditions have superior
radiation-resistant properties.

Figure 10 shows the temperature dependence of the injection-enhanced
annealing rate A* due to injection (forward bias) and photo annealing for InGaP/GaAs
tandem solar cells, in comparison with the injection annealing rate A* and the thermal
annealing rate A for InGaP single-junction cells, determined from forward bias and
thermal annealing of solar cell properties, for radiation-induced defects in InGaP.

Although the radiation-induced defects in InGaP have an annealing rate of the
order of 10-12 s-1 at room temperature as shown in Fig. 10, under minority-carrier
injection, the defect annealing shows a large enhancement factor of 6-7 orders of
magnitude. On the other hand, in the case of InGaP/GaAs tandem solar cells, the
radiation-induced defects in InGaP top cell layer are thought to be annihilated under
forward bias and light illumination conditions but those in the GaAs bottom cell layer
still remain.  Therefore, the forward bias injection annealing rate for InGaP/GaAs
tandem cells is a factor of 2 lower than that for InGaP single junction cells. For
InGaP/GaAs tandem cells, the photo-injection annealing rate is a factor of 3 lower
than the forward bias injection annealing rate because the current density of
~15mA/cm2 produced by a light injection intensity of 100mW/cm2 is much less than
the density of the carrier-injection measurements(100mA/cm2). The enhancement of
defect annealing in the InGaP top cell layer under minority-carrier injection conditions
is thought to occur as a result of the nonradiative electron-hole recombination
processes [12] whose energy Er enhances the defect motion. As shown in Fig. 10,
the thermal activation energy Ea (1.1eV) of the defect is reduced to E; (0.48-0.54eV)
by an amount Eg (0.56-0.62eV), and thus the electronic energy from a recombination
event can be channeled into the lattice vibration mode which drives the defect motion:
Ei = Ea - ER. However, further studies are necessary to clarify the mechanism of the
minority-carrier injection-enhanced annealing phenomena and the origin of the
radiation-induced defects.

Next, the optimal cell design for current matching at EOL has been examined. The
photo-current generated under AMO illumination in both top and bottom cells as a
function of the InGaP base layer thickness was investigated for the tandem cell before
and after electron irradiation of 1015 cm-2, as shown in Fig. 11. The photo-currents
were determined from the integration of the AMO spectral response. Minority carrier
lifetime in p-InGaP and p-GaAs base layers at both BOL and EOL were estimated to
be 10ns and 0.2ns for InGaP, and 10ns and 0.04ns for GaAs, respectively, which
were fitted by numerical simulation. Also, the dependence of the photo-current on

NASA/CP—2004-212735 5



the InGaP base layer thickness was calculated, as shown in Fig. 11. The calculated
Isc of the tandem cell at EOL as a function of the InGaP base layer thickness is also
plotted in Fig. 11. It is found that the tandem cell Isc does not agree with the photo-
current of the GaAs bottom cell, which is lower than that of the InGaP top cell.

Figure 12 illustrates the calculated |-V curves of an InGaP cell, a GaAs cell and a
tandem cell, at EOL. When the minority carrier lifetime is low, most of the photocurrent
in any cell (the GaAs cell in the case of the InGaP/GaAs tandem cell) is generated in
the depletion region and the photocurrent is therefore bias dependent. This effect is
expressed in the analysis of the equivalent circuit of the illuminated diode as an
effective increase in shunt resistance. When the shunt resistance of the GaAs bottom
cell is small, the tandem cell Isc is greater than the photocurrent in the GaAs.
Therefore, the current matching point of the InGaP base layer thickness at EOL is
found to be around 0.2ym.

SUMMARY

Space solar cell R&D activities in Japan has been briefly described and the R&D
program of multi-junction solar cells in the New Sunshine project of MITI in Japan has
also been reviewed. Up to now, monolithically grown InGaP/GaAs 2 junction solar
cells have reached the highest efficiency achieved in Japan of 30.3% at AM1.5 (1-
sun). The mechanically stacked 3-junction cells of monolithically grown lnGaP/GaAs
2-junction cells and InGaAs cells reached 33.3% at AM1.5 (1-sun).

The world-record efficiency of 26.9% at AMO were also attained with InGaP/GaAs 2
junction solar cells. Irradiation effects of 1-MeV electrons on InGaP single-junction
solar cells and InGaP/GaAs 2-junction solar cells fabricated on GaAs substrates were
examined in comparison with those of GaAs and InP cells. Superior radiation-
resistance of InGaP cells compared to GaAs cells was found in terms of solar cell
properties and minority-carrier diffusion length. Moreover, minority-carrier injection-
enhanced annealing (light illumination or forward bias) of radiation damage to InGaP
single-junction cells and InGaP/GaAs 2-junction cells was also observed. The
superior radiation resistance of InGaP materials is thought to be attributed to the fact
that the migration energy (annealing temperature) of radiation-induced defects is
lower than that in GaAs and is also related to the mlnonty-camer injection-enhanced
annealing of defects.

These results show great potential of InGaP/GaAs tandem solar cells for space
appllcatlons
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UPDATE ON EUROPE'S SPACE PHOTOVOLTAICS PROGRAMME.

Lothar Gerlach, Klaus P. Bogus
European Space Agency
European Space Research Centre
Noordwijk, The Netherlands

SUMMARY

The current space PV technology development programme of ESA is described. The programme is
closely coupled to the European space mission scenario for the next 10 year period and has as main
objective to make the most effective use of the limited resources available for technology in the present
economical climate. This requires a well-balanced approach between concentration on very few options
and keeping the competition alive if more than one promising technology exists.

The paper describes ESA's main activities in the areas of solar array technology, solar cell technology,
solar cell assembly technology, and special test and verification activities including the in-orbit
demonstration of new technologies.

INTRODUCTION

Europe has had a very successful record in the field of space photovoltaics and has achieved a
competitive position in the world market. For a large variety of European spacecraft systems photovoltaic
solar generators are the exclusive source of electrical power and additionally, Europe has succeeded in
exporting solar arrays across the Atlantic (e.g. IUE, Hubble Space Telescope, CTS-Hermes, INTELSAT
and GLOBALSTAR). .

The main purpose of the space photovoltaic technology development programme is to maintain the high
standard of European solar array technology by carefully modernising the existing concepts in a step-wise
approach. The smooth introduction of new technologies into flight programmes is achieved by close
cooperation between technologists and project engineers.

The close coupling of the technology programme to the European mission scenario for the next 10 years
is perfectly in line with the approach described above and leads to a fast application cycle of new
technologies. A disadvantage of this approach is the resulting low priority for globally attractive new
technologies which are not directly required in the ESA mission scenario with it's limited scope.

DETAILS OF ESA'S SPACE PV TECHNOLOGY PROGRAMME

The programme is described in the 7 tables below according to a systematic division into solar array
technology, solar cell technology, assembly technology, technology verification activities and
supplementary activities.

The first column of each table contains the technology activity title, the second column indicates the
present status of the activity. "Proposed” stands for a new activity which is not yet accepted in the budget
planning, after acceptance it turns into "planned" , and after initiation into “running”. The 3rd column
identifies the frame-programme under which the activity is funded: "Basic" is the general basic
TRP(Technological Research Programme) of ESA, "ASTP" is the acronym for applied supporting

NASA/CP—2004-212735 11



technology programmes of the Telecommunications satellite area, "GSTP" standing for the general
supporting technology programme of ESTEC for all ESA missions and “ARTES” is special supporting
programme on advanced research in telecommunication systems. Additionally, several of the national
activities in the ESA-member states are harmonised with ESA and run under common management
arrangements. Schedule indications can be found in the 4th column. The last column contains summary
descriptions.

SOLAR ARRAY TECHNOLOGY

ESA's Solar Array Technology is based on a two main design concepts: Advanced lightweight rigid panel
arrays and advanced flexible blanket arrays. With both concepts a high degree of maturity and flight
experience has been accumulated in recent flight programmes: OLYMPUS-1, HST and ERS-1 are
operating very successfully with flexible blanket arrays, whereas EURECA, HIPPARCOS and the
ECS/MARECS satellites are supplied with rigid panel arrays.

The solar array technology development aims at the improvement of the present lightweight carbon-fibre
face-sheet panels for specific future telecom-missions . Since the technology requirements are generally
very mission specific it has become general practice do these developments within the corresponding
flight programmes and not in generic technology programmes.

Unfortunately EUROPE has presently no new programme requiring fiexible blanket solar arrays so that
this technology which has already reached a high degree of maturity, can not be further improved.

The development of alternative concepts was limited to studies on concentrator arrays (SARA-Louvre,
Holographic Dispersive).

SOLAR CELL TECHNOLOGY

This part of the programme comprises two main elements: Further improvement of silicon solar cells and
follow-on development of GaAs solar cells:

B Hi-ETA silicon cells with 16-17% efficiency have been pre-developed and are now approaching the
pilotline production stage.

B Further improvement towards 18% efficiency are under pre-development using advanced passivation
and optical confinement

B a demonstration of a 20% efficiency silicon cell is foreseen in a basic R&D study on small area, low

quantity samples

GaAs and GaAs-on-Ge cells have been pre-developed in Italy, Great-Bntam and Germany.

The next step is a pilotline production of GaAs-on-Ge cells: 1996 - 1998.

In parallel two contracts have been awarded to elaborate the potential of cost savings in silicon and

GaAs wafer production. ‘

B Further improvements of Ill-V-compound cells are expected in the area of ultra-thin (superstrate
supported) GaAs cells and multi-junction/tandem cells.

B For deep space missions (Jupiter distance) GaAs and silicon cells have been developed in Italy and
Germany. At such extreme conditions these LILT (Low Intensity Low Temperature) solar cells have
efficiencies of 25%. The Type Approval test on these cells has been started.

B For the potential mission to Mercury ESA issued an Invitation To Tender to study the feasibility if solar
cells in general are a credible candidate for the power generation at these extreme operating
conditions. HIHT (High Intensity-High Temperature) solar cells would have a worst case operating
temperature of about 400 deg.C.
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SOLAR CELL ASSEMBLY TECHNOLOGY

This part of the Programme covers :

- the development of improved Aluminum solar cell interconnectors (ATOX-resistant, low-cost)

- the development of ultrasonic welding for Si- and GaAs cells ( long cycling life, low-cost )

- advanced cover-glass bonding (Direct Electrostatic bonding, Teflon Pre-preg bonding)

- Infra-red reflective coatings on cover-glasses (improved efficiency through lower Temp.)

~ - Development of integrated solar cell modules (GaAs-thin film and Silicon superstrate concepts).

TECHNOLOGY VERIFICATION TESTS

Apart from the activities performed at SPASOLAB (ESA's solar cell laboratory in Madrid), the main
activities are related to the investigation of space environmental effects on solar arrays. This includes
investigation of synergistic effects, thermal cycle induced fatigue, UV and atomic oxygen effects, micro
meteoroid impact effects and particle radiation damage in solar cells. Except for radiation effects these
activities are concentrating on extending the investigations from the Post-flight investigation programmes
on the retrieved HST and EURECA solar arrays.

Extensive radiation damage investigations are required for two different reasons: One is the evaluation of
new solar cells (e.g. advanced GaAs and Hi-ETA silicon cells), the other the planning of missions in
different orbits (e.g. the new Telecom-missions in high-inclination, medium altitude orbits with equivalent
fluences of more than10E16 One-MeV-electrons /sqcm).

STATUS OF CURRENT ACTIVITIES

1. ARRAY SYSTEM DEVELOPMENT

2. ASSEMBLY TECHNOLOGY

3. COMPONENT TECHNOLOGY |
4. TECHNOLOGY VERIFICATION TESTS
5. SUPPLEMENTARY ACTIVITIES

Cesa_____....... B
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5. SUPPLEMENTARY ACTIVITIES
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SUN SIMULATOR

* SOLAR DYN POWER planned IIIA7 GSTP-2 Flight Demonstration of
EXPERIMENT (SDPS) European sub-assemblies
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RUSSIAN ACTIVITIES IN SPACE PHOTOVOLTAIC POWER
MODULES WITH CONCENTRATORS'

Vyaéheslav M.Andreev and Valeri D.Rumyantsev
loffe Physico-Technical Institute,
St.Petersburg, 194021 Russia

Abstract

Space concentrator modules with point- and line-focus Fresnel lenses and with reflective parabolic troughs
have been developed recently at loffe Physico-Technical Institute. PV receivers for these modules are based:
on the single junction LPE and MOCVD AlGaAs/GaAs solar cells characterized by AMO efficiencies of
23.5-24% at 20-50 suns and 24-24.7% at 50-200 suns; on the mechanically stacked tandem
AlGaAs/GaAs-GaSb cells with efficiency of 27-28% at 20-100 suns. MOCVD AlGaAs/GaAs cells with internal
Bragg reflector have shown a higher radiation resistance as compared to a traditional structure. Monolithic
two-terminal tandems AlGaAs (top)-GaAs (bottom) for space application and GaSb (top) - InGaAsSb
(bottom) for TPV application are under development as well.

Introduction

Concentrator concept in space provides potentially higher PV conversion efficiency and inherent protection
from radiation effects at reduced cost. Optimal lll-V materials and their combinations can be used for
fabrication of the solar cells in this case to obtain the best output parameters of the PV modules. As to the
sunlight concentrators for these modules, so they can be based on the refractive or reflective optical
elements. An attractive feature of the refractive concentrator approach is a more "natural” module design.
Here solar cells are placed on the bottom plate of the module which at the same time serves as a heat sink.
A potential advantage of the reflective concentrator approach is an extremely high optical efficiency (if silver
coating is used) and better radiation stability. That is why both these approaches are under development at
the loffe Institute.

Solar Cells

The first heterostructure solar cells based on AlGaAs system were developed at loffe Physico-Technical
Institute in 1969-1970 [1,2]. LPE method was used to grow those heterostructures. Many efforts had been
done in the field of LPE technique, so that LPE is known to be a relatively inexpensive and effective method
for production of the single-junction AlGaAs/GaAs SCs. LPE method have shown up to now the best crystal
* quality parameters of the epitaxial AlGaAs layers realized with more or less simple equipment. .

! This work was supported, in part, by the US National Aeronautics and Space Administration and by
the US Department of Defense.
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Last years low-temperature LPE had been promoted successfully at loffe Institute in respect to fabrication of
multilayer AlGaAs/GaAs SCs [3]. In particular, the crystallization rates of high quality layers as low as 0.1-1
nm/s in temperature range 550-400 C had been demonstrated - the rates of the same order of magnitude
as in MBE and MOCVD. Both free electrons and free holes concentrations can be varied in epitaxial layers

within a wide range. That is why LPE can be used for the growth of the monolithic tandem AlGaAs
(top)-GaAs (bottom) SC heterostructures with tunnel junction. In the case when AlGaAs-layers are not
photoactive, for example, in the case of the single-junction AlGaAs/GaAs SCs with internal Bragg reflector,
MOCVD method is used successfully by us for the heterostructure growth.

An alternative to the monolithic tandems is a mechanical stack of two individual SCs, for instance, based on
GaAs and GaSb materials [4]. This approach is under development at loffe Institute as well. A simple Zn
diffusion method is used for GaSb subcell fabrication. At the same time narrow-gap monolithic two-terminal
tandems GaSb (top) - InGaAsSb (bottom) could give an increase in net efficiency for space and especially
for TPV applications. Such heterostructures are grown by LPE method.

Module Design And Fabrication

Two types of concentrator modules have been designed and manufactured for flight experiments. The first .
one is based on 4x4 Fresnel lens panel [5] (see Figure 1) and the second is based on the reflective parabolic
troughs [6] (see Figure 2). An optical efficiency of 93% for parabolic trough concentrators has been
achieved and misorientation curves suitable for space application have been realized in these modules.
Diamond-like carbon layers provided an effective corrosion protection of the Ag-coatings of the mirrors: no
reduction of the optical efficiency was measured in parabolic trough mirrors during 15 months of their usage
in the ordinary indoor conditions. AMO power density value of 230-235 W/m? and specific power 70-75W/kg
have been predicted in the arrays based on developed parabolic trough concentrators and linear receivers.
Also, the module with ENTECH linear Fresnel lens as a solar concentrator [4] has been developed and
measured [7] (see Figure 3). In the latter case the secondary optical elements - quartz cylindrical lenses:
have been introduced on the front surfaces of the 4x4 mm solar cells. These elements are characterized by
a very high optical efficiency providing an additional radiation resistance, 1.5x increased concentration ratio
and more wide misorientation range (see Figure 4). o " ‘ . - '

High efficiency (23.4-24.7%, AMO, 20-100 suns) single junction AlGaAs/GaAs solar cells (see Figures 5 and
6) have been designed and manufactured for the modules with concentrators (parabolic troughs and Fresnel
lenses). Linear receivers (see Figure 3) with an efficiency of 18.5-19% have been manufactured on the basis
of the radiation stable solar cells with internal Bragg refiector.. The employment of the Bragg reflector -
allowed us to increase the internal quantum vield in the long-wavelength range of the spectrum and to use a
thinner n-GaAs base layer. Radiation resistance under 1 MeV and 3.75 MeV irradiation was increased in
these cells owing to an improvement in the radiation stability of the long-wavelength spectral response (see
Figures 7 and 8). Mechanically stacked GaAs-GaSb tandem cells with an efficiency of 28-29% at 100 suns -
have been fabricated for the linear receivers as well. ’

Advanced Cells and TPV Devices o e

The heterostructure AlGaAs/GaAs cells with extremely thin both AlGaAs window Iéyer (4-5'nm)} énd GaAs .

surface layer (2-3 nm) have been proposed and developed [8] regarding to improvement the cell ultraviolet

sensitivity and especially for operation as the betavoltaic cells. In such a device the surface built-in electric
field, which, in fact, reduces the height of the protective barrier in a very thin AlGaAs window layer, is
accumulated in a heavily doped transparent enough GaAs front layer. This provides a suppression of the
" fundamental loss mechanism consisting in the tunnelling of the generated hot electrons from absorbing
P-GaAs region to the surface states through or over the surface AlGaAs barrier. ’

Monolithic two-terminal two-junction Al, ,,Ga, ,,As/GaAs solar cells (see Figure 9) have been dééined and
manufactured by low-temperature LPE. Connecting tunnel diode (see Figure 10) was prepared by LPE
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method for the first time providing n-type (Te) and p-type (Ge) dopant concentrations as high as 10¥cm™.
Figure 11 shows the spectral response curves for such a tandem cell. The following parameters have been
achieved in one of the best samples: V,.=2.53 V, FF=0.81 at 50 suns (AMO, 25°C; see Figure 12). Current
densities under one sun AMO illumination correspond to 15.3 mA/cm? in the GaAs subcell and 14.2 mA/cm?
in the Al,,Ga,.As subcell. The combination of high sensitivities of both AlGaAs and GaAs subcells in one
tandem cell will allow us to achieve the efficiency values comparable with those obtained in InGaP-GaAs
monolithic tandem solar cells. ‘

Thermophotovoltaic devices based on GaSb and InGaAsSb have been fabricated by LPE and Zn diffusion
methods. The maximum efficiency of 11.3% was measured in GaSb cells under 70 suns AMO illumination (no
GaAs filter). 1 sun AMO current density of 45 mA/cm? and V,.=0.46V at 3.15 A/cm? have been achieved in
these cells. Lattice matched In,Ga, As Sb, /GaSb heterostructures were grown by LPE from a Sb-riched
melt. Band-gap energy of InGaAsSb cells was in the range 0.52-0.6 eV, which provides a long-wavelength
edge of photosensitivity of 2150-2350 nm in TPV devices.

~Monolithic two-terminal tandem GaSb-InGaAsSb (E,=0.56 eV) thermophotovoltaic devices with connecting
tunnel GaSb diode have been developed and fabricated (see Figures 13 and 14). Theoretical studies have
indicated that current matching the top (GaSb) and bottom (InGaAsSb) subcells in tandem TPV devices can
be reached in the case of bottom subcell band-gap energies 0.6-0.55 eV for the black-body emitter
temperatures of 1100-1500°C, respectively. External quantum yields as high as 80% in the wavelength range
800-1600 nm (top cell) and about 75% in the range 1800-2100 nm (bottom cell) have been measured in
tandem cells (see Figure 15). The magnitudes of the V,.=0.61 V and FF=0.75 have been achieved in one of
the tandem TPV devices characterized by a high photoresponse up to wavelength of 2150 nm. .

Radiation Resistance Results

1 MeV, 2 MeV and 3.75 MeV electron and 6.7 MeV proton irradiation tests have been carried out on
AlGaAs/GaAs, GaSb, InGaAs and InGaAsSb cells. GaAs-based cells with the junction depth of 0.4-0.5 um are

characterized by a good radiation resistance, comparable to the best published data [9,10]. GaSb- and «

InGaAs-based cells have shown radiation resistance similar to the ordinary GaAs-based cells. An
improvement in radiation resistance has been achieved in AlGaAs/GaAs solar cells with internal Bragg
reflector. In particular, a high stability of the long-wavelength part of the spectral response curve took place
even after 3.75 MeV irradiation with the electron fluence of 10"cm™ (see Figure 7). This result has been
obtained owing to reduction of the photoactive n-GaAs base layer thickness up to 1.5 um when the p-n
junction depth was in the range of 0.3-0.4um. Al ,Ga . As-based top “cells in tandems have also
demonstrated the higher.radiation resistance, than in ordinary GaAs based solarcells. = = )
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SPACE PHOTOVOLTAICS SURVIVABILITY RESEARCH AT
THE NAVAL RESEARCH LABORATORY

Robert J. Walters
Naval Research Laboratory, Code 6615, Washington, DC 20375
ph: 202-767-2533, fax: 202-404-8076, e-mail: rwalters@ccf.nrl.navy.mil

The Naval Research Laboratory (NRL) has been conducting research on the radiation response of space
photovoltaic devices since the 1960’s. The response of many types of solar cells from crystalline Si to dual-
junction InP/InGaAs to various types of particle irradiation such as electrons, protons, and alpha particles has
been studied. The research also includes an analysis of the space radiation environment, and new techniques
have been developed that allow accurate predictions of the on-orbit performance of a given solar cell technology.
This research is currently being expanded to include not only the natural environment but also the weapons
environment of neutrons and flash x-rays. In addition, considerable advances in the area of solar flare proton
events have recently been made. This paper summarizes the highlights and latest achievements in these areas.

A new space solar cell testing program has been established at NRL which emerged out of the UHF
Foliow-On (F/O) Satellite Program. UHF F/O is a Navy Communication Satellite Program. Because of the
addition of the Global Broadcast System (GBS), the final three UHF F/O satellites required more power with a
reduced weight margin. To address this, it was proposed to use a new solar cell technology, i.e. dual-junction
(DJ) InGaP/GaAs solar cells. However, not enough data was available to determine the radiation survivability of
these cells. In particular, the response of these cells in a weapons environment had never been tested, and there
was a major disagreement over whether these cells could be qualified with the existing data and analytical
calculations. Furthermore, the proper testing procedures and analysis techniques could not be agreed upon.
This controversy along with several other factors lead to the decision to revert back to the older, standard Si cell
technology which has proven survivability characteristics but reduced capabilities. This required the addition of a
solar panel to each wing of the UHF F/O spacecraft to meet the power requirments.

While this solved the immediate problem for UHF F/O, the problem clearly still exists for future Navy and
other DoD missions. Therefore, the UHF F/O Program Office and NRL have established a project in which NRL
will perform space qualification measurements of space photovoltaic devices. ;

This is a coordinated, joint DoD/NASA/Industry project which is designed to be a three year project to
qualify emerging technologies. Solar cell radiation response will be measured in both the natural and weapons
environment. The data will be analyzed and tabulated in order to allow an easy calculation of the end-of-life
(EOL) performance and to allow for easy comparison of the survivability of different cell technologies.

This project is open to any interested collaborators who wish to generate survivability data on a new cell
technology.

Displacement Damage Dose Model

The concept of analyzing the effect of particle irradiation on semiconductor materials in terms of
displacement damage dose has been under development at NRL for many years [1-3], and the model has
recently been recognized as a powerful tool for analyzing the performance of solar cells in a space radiation
environment [4,5).

Displacement Damage Dose is given by the product of the calculated nonionizing energy loss (NIEL) and
- the particle fluence. By plotting solar cell degradation data in terms of displacement damage dose, data
measured under irradiation by particles of different energies all fall on the same curve. This curve is termed the
characteristic curve for the given cell technology. The usefulness of the model lies in the fact that the
characteristic curve can be determined from a single set of monoenergetic degradation data, but the
characteristic curve, combined with the calculated NIEL values, can then be used to predict the cell response to
irradiation by any particle energy, even irradiation by a spectrum of particles as found in the space environment.
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An example of this technique is shown in Figure 1. The

degradation of the maximum power (P,.,) of n’p InP/Si solar cells
under irradiation by protons of various energies is plotted as a 15
function of displacement damage dose. All of the data fall on the
characteristic curve, independent of the particle energy. _
Therefore, the characteristic curve can be used to predict the cell "5
response to irradiation by protons of essentially any energy. %
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Furthermore, since the characteristic curve can be determined
from a single data set, it is now necessary to perform only one
proton irradiation measurement to fully characterize the cell
response to irradiation by a spectrum of protons.

This model is also very useful in analyzing the radiation
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spectrum of a given earth orbit, the effect of low energy protons in 101 101 10
the earth’s radiation environment, and the effect of solar proton Displacement Damage Dose (MeV/g)
events on earth satellites. These topics are addressed by other FIGURE 1: The degradation of InP/Si

papers from NRL in this conference [6,7]. cells analyzed in terms of displacement

Cell Response at high fluences - effects of carrier removal damage dose ‘

During NRL's development of homoepitaxial n’p InP/InP solar cells with Spire Corp. around 1991, it was
observed that the radiation response of the cells displayed an interesting dependence on the initial cell base
dopant level [8,9]. The open circuit voltage (V,.) was seen to degrade more rapidly in cells with a lower base
dopant level while the short circuit current (l,.) degraded less rapidly in lightly doped cells. These effects tend to
cancel each other 8o that the degradation of P, is essentially independent of the initial cell base dopant level.
About the same time, this same mechanism was observed by NREL in n’p GaAs solar cells [10]. IR

This behavior was explained through an analysis of the effects of carrier removal. The defects induced
the p-type cell base by the irradiation cause compensation which reduces the majority carrier concentration. This -
causes the depletion region width to increase which has two effects. First, a wider depletion region results in a
larger recombination dark current which degrades V,.. Second, a wider depletion region results in more light
beingabsorbedinanelectricﬁeldregionwhichenhancesmecarﬁeroollectionefﬁdencyand, hence, |-
Therefore, cells with initially low base dopant levels, which more readily show the effects of carrier removal, show
more rapid degradation in voltage but less rapid degradation in ‘0 il
current. The power, being essentially the product of these two, i
degrades at a constant rate independent of the base dopant level.

Recently, this subject has been revisited by NRL in the
development of InP/Si cells and TTI and NASDA in Japan studying
Si and diffused-junction InP solar cells. In these recent studies,
higher fluence levels have been achieved which have shown a
catastrophic failure mechanism in the cells when carmier removal
becomes so severe that the base is type converted, the junction is
destroyed, and the current drops to zero (Fig. 2).-

The cell response in the fluence range just below failure is T R R
quite interesting. The current is seen to increase significantly, in- 3MeVProbnFuence (om®)
fact to a value above the BOL value. - The cell voltage continues to FIGURE 2: The degradation of InP/Si
degrade in this fluence range, but the increase in current is so large solar cells under high fluence imadiation
that the power is seen to remain nearly constant. This has been showing plateau and plummet. :
termed the “plateau” region, and the entire sequence has been S
referred to as “plateau and plummet®. -

InP/InGaAs/Ge Dual Junction Solar Cells

For about the past 10 years, NRL and the National Renewable energy laborat'oryA(-NREL) have been
~ developing homoepitaxial InP/InGaAs tandem solar cells for space applications. The best cells produced were
2x2 cm? cells with 1 sun, AMO efficiencies ~ 22%. In 1995, NRL began a one year project to transition this cell to
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resistantance than the n’p cells at high fluences (Fig. 6). If the BOL efficiency of the p’n cells is increased, then
this advantage may appear at lower fluences.

Another advantage of the p’n structure is related to heteroepitaxial growth on Si wafers. Si is an n-type
dopant in InP. During MOCVD growth, Si atoms from the substrate diffuse into the epitaxial layers inducing an n-
type layer at the rear of the cell. In n'p InP/Si cells, this necessitates a tunnel junction at the cell/substrate
interface. However, no such tunnel junction is needed in the p’n structure, so the heteroepitaxial growth is
simpler.

Recently, researchers at Essential Research have grown p*n InP/InP cells with efficiencies ~17% [11].
This is a significant improvement, and it is anticipated that higher efficiencies may soon be achieved. With BOL
efficiencies this high, it is likely that the advantages of the p’'n structure in a radiation environment may be
realized. To this end, NRL is working with Essential Research to measure the radiation response of the improved
p'n cells. ~ ‘

InP/Si Solar Cells ‘ 3%

It is now well known that the superior radiation resistance of I
InP/Si solar cells make them an excelient candidate for high 2
radiation space missions [12,13]. Spire has grown 2x4 cm? cells &
with BOL efficiencies ~13%, 1'sun, AMO which show essentially no
degradationunderlrradiaﬁonbﬂMeVdectronﬂuencesashigh‘as%
1x10" em* (Fig. 7). With this performance, the InP/Si cells out-
perform even the DJ InGaP/GaAs cells in a radiation environment. ol
The mechanism for the radiation response of these cells
has been studied [14). Through measurements such as quantum
efficiency (Fig. 8) combined with dark current measurements (Fig. R
9), it has been determined that at low fluence levels, the .cell FIGURE 7: Comparison of the radiation
degradation is caused primarily by a decrease in the minority carrier response of InP/Si cells with other cell
which degrades V. Athighaﬂumoes,medegradaﬁmmed\anlsmduetommmwaldominatesas
Atpresent.melnPISipmgmmIsfundingSpiretofabﬁcateapower‘panelformeSTRVresearchsatellite
based on InP solar cells. The satellite is destined for a high radiation transfer orbit, and the expected launch date
is Spring 1999. PG R, 0 wilema
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a heteroepitaxial version grown on Ge substrates. A team consisting of NRL, Tecstar, NREL, and RTI was
assembled for the project. The significant achievements of the project were improvements design and structure
of the individual cell components. In particular, improved lattice matching grade schemes were developed and
alternate p-type dopants to Zn with lower diffusion constants were studied.

At the end of the 1 year project, the team was ready to
fabricate the full tandem structure. However, no follow-on
funding for the project could be obtained.

InGaP/GaAs Single and Dual Junction Solar Célls

The InGaP/GaAs dual junction cell technology has made
significant advances in BOL efficiencies and is quickly gaining a
place in the space photovoltaic market. However, there is still a

- significant lack of radiation response data on these cells. NRL
has been studying p'n cells, both single junction InGaP and dual
junction produced by Tecstar. The degradation under 1 MeV
electron and 3 MeV proton irradiation has been measured and
analyzed in terms of displacement damage dose model (Fig. 3).
The basic mechanisms of the cell degradation are also under
study through quantum efficiency (Fig. 4), dark current (Fig. 5),

FIGURE 3: Degradation of single and dual
junction InGaP/GaAs cells under electron
and proton irradiation analyzed in terms of

and other measurements. displacement damage dose.
lo" T T T T I L) L L] L) I T L] L ]
oo | Pasorsaca -
E os 109 [V -
% - 104 ,.._::_ ‘. 1 -
; s § 10° -F:x::" -
s —-- mo::
-9 g 106 8- 4x10 -
g LR S - .
: 02§ 10 —
0.0 i 10° § -
0o ey ‘V’n“ﬁlngtl’::-) e " 10 e . - el
\ 00 : %5 yeltage m‘l'.o K
. : : SRIRY FIGURE §: Increase in the junction dark current
FIGURE 4: Degradation of the external quantum = of SJ InGaP solar cell under proton irradiation.
efficiency of a DJ InGaP/GaAs solar cell under B
elecm imdiaﬁon. u‘:m T T T T T TTYT
pn InP/inP _=f
In the development of InP solar cells, the focus has % “F
been on n’p cells. This is the case because there has, as yet, § nf
been no suitable passivation scheme developed for InP, sothe &
cell emitter must be made very thin for optimum current 3
collection.” In InP, thin, heavily doped n-type layers are easier oF,
to grow than p-type, so it has not been possible to achieve the 0100 1° 10® 1" 102 109

high efficiencies of the n'p cells with the p'n structure. Displacement Damage Dose (MeVig)

However, the p'n structure has certain advantages. The

radiation-induced defects in InP do not act to compensate n- FIGURE 6: Comparison of the degradation of

type material, so the p'n cells do not show carrier removal. n'p and p'n InP/InP solar cells. Because the p+n

Because of this, the p'n cells show better radiation cells are not affect by carrier removal, they may
show better radiation resistance.

NASA/CP—2004-212735 34



References

1. G.P. Summers, E.A. Burke, and M.A. Xapsos, "Displacement Damage Analogs to lonizing Radiation
Effects”, Radiation Measurements 24 (1), 1-8 (1995). :

2. G.P. Summers, E.A. Burke, P. Shapiro, S.R. Messenger, and R.J. Walters, "Damage Correlation in
Semiconductors Exposed to Gamma, Electron, and Proton Radiations", IEEE Trans. Nuc. Sci. 40, 1300-1306
(1993). :

3. G.P. Summers, R.J. Walters, M.A. Xapsos, E.A. Burke, S.R. Messenger, P. Shapiro, and R.L. Statler, "A
New Approach to Damage Prediction for Solar Cells Exposed to Different Radiations”, IEEE Proc. 1* World
Conference on Photovoltaic Energy Conversion, Waikoloa Hawaii, Dec., 1994, p. 2068-2073.

4. M. Yamaguchi, T. Takamoto, S.J. Taylor, R.J. Walters, G.P. Summers, D.J. Flood, and M. Ohmori,
“Correlations for Damage in Diffused Junction InP Solar Cells Induced by Electron and Proton Irradiation”, J.
Appl. Phys. 81 (9), (1997).

5. S.G. Bailey, R. Chock, H.B. Curtis, “Accurate On-Orbit Solar Cell Performance Using the Environmental
Work Bench and Radiation Damage Modeis”, Proc.s”‘PhotovoltaichenceandEngineeringConfemnoe.
Miyazaki, Japan, p.627, Nov. (1996)

6. G.P Summers, S.R. Messenger, E.A. Burke, M.A. Xapsos, and R.J. Walters, “Contribution of Low Energy ,
Protons to the Degradation of Shielded GaAs Solar Cells in Space”, this conference. : :
7. M.A. Xapsos, S.R. Messenger, R.J. Walters, G.P Summers, and E.A. Burke, “The Effect of Large Solar
Flares on GaAs Solar Cell Efficiency”, this conference. -

8. R.J. Walters, C.J. Keavney, S.R. Messenger, G.P. Summers, and E.A. Burke, "The Effect of Dopant
Density on the Radiation Resistance of MOCVD InP Solar Cells”, Proc. 22™ IEEE Photovoltaic Specialists
Conference, Las Vegas, NV, October 1991, p 1588-1592.

9. C.J. Keavney, R.J. Walters, and P.J. Drevinsky, “Optimizing the Radiation Resistance of InP Solar Cells:
Effect of Dopant Density and Cell Thickness®, J. Appl. Phys. 73, 60-70 (1996). .

10. K.A. Bertness, B.T. Cavicchi, S.R. Kurtz, JM. Olson, A.E. Kibbler, and C. Kramer, “Effect of Base
Doping on Radiation Damage in GaAs Single-Junction Solar Cells”, Proc. 22nd IEEE Photovoltaics Specialists
Conference, Las Vegas, NV, October 1991, p 1582-1587.

1. R.W. Hoffman, Jr., “High Beginning-of-Life Efficiency p/n InP Solar Cells", this conference.

12. G.P. Summers, R.J. Walters, S.R. Messenger, and E.A. Burke, “Role of Radiation-hard Solar Cells in
Minimizing the Costs of Global Satellite Communication Systems”, Progress in Photovoltaics: Research and
Applications 4, 147-154 (1996).

13. S. Wojtczuk, P. Colter, N.H. Karam, H.B. Serreze, G.P. Summers, and R.J. Walters, “Radiation-hard,
Lightweight 12% AMO BOL InP/Si Solar Celis", IEEE Proc. 25" Photovoltaic Specialist Conf., Washington, DC,
May 1996, p.151-155. ' g

NASA/CP—2004-212735 35






L66l dung Q]

PIYD Youeayg Jomod ddedg - sswep ydjey] “IAl
+dxo)) ddedsordy oY I, - WIAIBJA UBd( A(q

22UI§u0 ) ASofouyda],
PUE [O.I8ISAY d12)[0A0)0Y ] dedS PS]T

Alojeroqe sdiyqd ay) je
A3010Uydd ], UON)BIIUID) ASIIU

XJOLVIO™VT SAITIIHd
210, ATV $3)B)S paju()

\ QW~.
_

37

NASA/CP—2004-212735



E1INg - SOYNaMeS SO Pue ‘dSA ‘MISOSA ISIIA Wog paeions vied 4

STTOIHAA HONNVTHATIVIAS 40 TSN YO/ANV HIMO0d ANV SSVIN AVO'TAVd YALVIID

, .m—,.-m<Zﬁ OL (9X/M) 4AMOd DTIIOAdS Sdd ASVAIUONI :AONATIVHD TVOINHOIAL

%0¢-0C
Sdd

» _.a.e_..»a.—

sse
»SSEN SdHA % SSEJAI MIAeS
AOVIOLS
w ADUANA
..A )
m SSIANAVH AVINd ‘N9 AOUANA
w SOINOULDATA EEEEEEEE
m | . I AEEEERERNI]

38

NASA/CP—2004-212735



| avid

. uoj wniyy cods
031NV jeuusy] Jejos

SAVINV AVI0S

A 0L< 0} A 87 Wi0IJ 338)[0A IsBIIIUL

(@VIND) uonnqLysi(q » judwddeue 1Mo g
8y/1q-M (S< 03 3¥/1Y-M ST W0

%0€ < 0} %81 wory
ASUJIDIJJO ISBIAIIUI UOHBIIUIL) ASIdU

OID A 14 ST-0T ‘OA'T AININ SIA 01-L
‘M/000SS$> “SY/M +ST AIYIE 0) SIIF0[OUYII) PIJUBAPR :SUONN[OS

~ Ay1suap 31913 3seIIIUI :93eI0)S ASIUY

39

NASA/CP—2004-212735



| | 1500
SI'T €- o1 I pacmoN
6.0 6L°0 SLL'O SL'0 °d/d

Wog Xy , aomxm | wozxg wog HXy 713
%ST %WT | %TT-0T %8I B

6661-CIN | L66I-TIN | S661-LIN syeD

ﬁﬂﬂ SPUSL, 9OUBULIOLIS] [[3)) Te[0S

40

NASA/CP—2004-212735



%rC - N %81 - SVED

§100JJ9 UOIJBIPRI PUR SJUSIONJo00 ormeladwo] «
ymo18 QADON eare o81e] ‘ploik Y31y Jo Aqiseags

sdeSpueq paIisap YIIM SI0JONPUOIIWS PAYIJBUI DI o

swasAs paperddn

ur m:oo m<«0 JoJ Jjuowaoejdax ur-dop “9A1199]J9 150D «

Swd)sAs mau JoJ uonnjos uonerousld £31ous paurjesegq «

1509 Euammm pue eare Lele paonpay »

SPEdm/5ouTINusIS

°3 mo

°3 ybiH

°3 pan

EA + PA + PA = O°udp

—F

(:W/M 0SE1) Wnyoedg Jej0S OV

\

af{l.\\ A

41

NASA/CP—2004-212735



(809 30 10 677)

S[[99 KSUDIOILIR %772 JO PIOIA %8E W
- (8% %8'17)
POlRIISUOWOP [T ‘WOST PXp ‘0% 1°7Z M
(S1190 0S T 10§ A€ %G°7T)
P2RIISUOWIAP [T “WITXT ‘% T W

(L1€ 30 1m0 907)
S[[99 KouaIoJa 04,67 JO PISIL %SO W
pajensuowap
Koua191JJ [[99 BaTR 9318] % C'HT M
(S1199 0ST 10J 8A® %7 1T)
pajensuowap ASUaIolJo [[99 € %S°ST M

——
LS

T

42

NASA/CP—2004-212735



%08
loqe]

ZY4%
ojensqng

%8
Axendyg

WOy Xy wo7XY

. ‘

1509 JOqe[ A[qUIasSe JoMO] i
1509 WA)SAS 1omod pasnpay 1
Junoo syed 19M0T N
spoedmy 3500

93emogs S&EOQ. QION W
amjonys Sunpoddns 19Y31T W
sAeire 12y31| ‘O[eWS 1N

sPEdw WeysASqNg

%S1 Aq M/$ 9searood W

0, €€ £q 3/ M 9seaIoU]
3 BY) JOAO SJJoAe]d

43

NASA/CP—2004-212735



%SZ -t ™~ %Y0¥C-rE ~*" %S €T~ +IZ ™" %SGL'2Z-+Z ™ %G8l - SVen —*

(9) eamyesedwo )

091 ovi oci 00l - 08 09 (1] 4 (114
LA B B S S S N S B e m me S — T Ty N—.
9l

[ 5

. P~ R
A/T/ (A4
. ¥2
9¢

(%) Aouejouy3

NASA/CP—2004-212735



I1 aseyq padoos-ap areys 1500 YV.ISOAL
uondo as1919%9 ‘qejonoadg -- I oseyd m

(L6AA) uorfru [§ yim JJ aseyq Surpoddns Mo SYIAS B

[ 9seyq Io1e $s9001d J09[aSUMOP P9IO0J 9ARY p[nom suonepwi| Surpun,] m

qV. LSOHAL pue qejonsads -- $)oenuod [ 9seyd OML N

sou(g|

souI

(]

~ (IDuoryepreA
(IDuorezrundQ

)oureseq

6661

8661

Ad

L661

9661

45

NASA/CP—2004-212735



9[eds 0} Jou SuImeI(] 90N

JSVU[ED U |

aInjonys
a[3urs ojur syjuouodwod Jo uorjeIZu] M

apoip [euum Jsyuren jo Lijenb
A\Eﬁ&m& pue soruadoid [eownos|y W

syurend

1190 dsvuren jo Ayjenb [eLiojejN W
100UU0219)ul puoq [eyou Jo sanaadoid
\ Teo1no9)d ‘feondo ‘[estueyooN M

S9ouldfjey)) [ed1uyd9d |,
| Kouar1011J9

[[90 Ie[OS JO SaLIepuNnoq I9INo Y} 9jeSNSoAU] W

A3o10uyd9) [[99 ASUDIDILJO

yS1y-enyn 10J safejueApe w)sAs AJnuop] M
KoUIOIIJo 949¢-T € YNM [[90 Jejos uondun(
-INOJ ‘payor)IS-A[[edTuByoduW € Sjensuowdq M

46

NASA/CP—2004-212735



UY/1SS
djeasqns Juj

——
JjeIISqng syes)

AQud1YJd OV %SE - 11PD [

1500 ANexsqns Aq :u&.:u 1S0) [[99 [[BI2AQ

SINSST 1S0D) 112D ¥

47

NASA/CP—2004-212735



11y ye sweidoid [[99 94,0€ 0M] JO SUO W
86Ad Ul UMOP MO[S asned [[Im LA Ul IO HOOT$ M

souwr [

weidoid [210) J[08H$ ‘“@mnsu] S[SueLL], YOIeasoy M

UOT)BI}SUOUWD(J
1daduo)

sour ()|

ANTIqises g
7y SUI[OPOIN

@E sorjewweI3o1d [[o) uonoun( @

866T | L66T | 9661

48

NASA/CP—2004-212735



.

SSBN Padnpay %0€<
sjoauuoassiu| ybiamybiy .

juswabeueyy Jamod pajeibajuj «

sng Jamod ss9|a|qe) .

SANLONYULS

TVNOILONNLILTININ \

sainonys
leuonoundiiniy

juswkojdeQ pejjonuo) «

sbuiH vis
~ leanongspuswifoidsg

WS|UBYOaY\ UORUSIDY YoUNET] YINS —

S9{E}OAO}OY
w3 uyL

lequio vins

ININDOTIAIA AVIIY AVI0S T18IX3 T4 ITHOIFMIHON

sW G1°0 > own|oA eBemols «

B/m 00} < o

yesoasoeds

2

il

N

(" 3ONIH VWS

Ayqenesey .
UOIONPaY JUNOD Hed «
SSBIN MO .
usw/ojdeq psjionuoD/ssapooys

30IA30 NOILN3 L3 VNS

o

SISINVHO3IN LMVINS

IvENIO VINS )

Ue pasyyo01
Aejbue ySYN

1d
TsIoupeg

(" 1exue|g siqixeld JyBloMYB « )
ewnjoA eBemols Juaioy .«
(Kouspw3 %8 ) SID »

SOIVLTOAOLOHd W1id NIHL
\ J

49

NASA/CP—2004-212735



udoibojouyd g5 ajqeY WO-01X0]
Aoy s¥Q@ ;

|o13u0d Buunjoejnuew g9 .
¥oeqpas) pue Sjapo
sJosuas sse00.d NSy «

(vdrva)
"Bjw eseyd sodep € .<n_~_<e Juawdojanap si0
_ |aued ‘jonJs i 4
fete teos Mos. /JEULIOY} OIUOLO9|S PIIRIBSIU] «  fenre foomun: ninmy
(vduva/oams/dv)

sainjonJ)s jeuonouny BINN

(1d) seo1A9p asesjas VNS

< Buijepow W3 «
uopesBajul ‘Jonss YIS -

VSVN) lequib yINS

(vduva) saoids
SISaUUAS .
Joyenjoe YNS "PIS «
(vdyva) Sns
5 b.::to&o /
=]
lonensuowiep aiempiet (1d) J03emoe VIS

50

NASA/CP—2004-212735



(sveD [ ‘TN 1) [oued
13d szosuas ammeradwo) oM W
ndino 1amod [aued jo §/1 —
Koud1011J9 93eIoAR 10] %77 —
sse[319A00
BOI[IS PIsny [IW 9 S[[9D WD TXT —
[oued xad sa1I9S UT S[[9D
uonoun(mnu g1 Jo uLys suO m

K3ojouyo9)
[199 uonoun{ 1enp YvILSOHL W

(sVeD %001) [oued doy
auo ‘(syeD %08 ‘ITIN %07) sjoued
apIs ajensqns 9)1sodwod 9 m

51

NASA/CP—2004-212735



sunyyIoS[e uordnpal viep Surjiom ApusLn)) m

speojAed uonelg aoedg o3 anp pakeap ‘gg-SLS ‘Youne| JuUSLN) M

doueurroyred [oued uo joedwi ou -- Surouereq uids Suunp paSeurep sosse[S19A00 OM ] W
KB\ 07 sdiys yerosoeds -- 939[dwod ] 291 Yeroadeds m

(SSOUDOIY} J0UI0D “FULIIM) JOSYO 1 [BIJIUI JO JNSAI € S8 papaau suonesyipow [dued JOUIA B

666 . © youneT
< . DASD 0} AI2A1j9p Yeroaoeds

SANOLSATIN
poday feury

UonvI[0) ee(/suoneradp
L _ s[esreayay suoneiadp
L I . 1] Yeoaoeds
S3SV.L

e
()
()

.
()
()

Ov o] 0¢ 01 _ L6XA

52

NASA/CP—2004-212735



sjuswnadxy sjeuajely Jeinpoy Aoy adeds

T
3591 1d

S[NPON
orejjoAojoyd Je[os SHINIV'S
0} paydeye S[o1e 159} Id M

Iojowiourjor ud8Axo orwoje
SIO}PWILIOfED *

" s1osuas axmerodwa) 06SAV °
| JOSUSS uns °

(AI Jo s[ouueyd ¢) S[[20 Jejos *
wox ejep s109[[00 SHANNVS

urojye[d peojAed
papuny ONE ST T-AULS B

JuowIadxy

[19D Tejos uonoun(um Z-AMLS

53

NASA/CP—2004-212735



ade], jonuo) | Anpuiore) —
() s0suag dway, [eway L,

ameradwa ], Suing —

S3uLns [re uo saden A-]—
UOTJO9[[0J Bl M

uoIssiw Ieak | —

uoneur[oul
89p G ‘uny 0091 X 0SH —

8661-ptuu
ut (6-XS1) youne| ATA ™
(uooIIS) SuIns [0ONUOD UO W
(%t2-07) uonoun( renp YvISOAL -
(%22-07) uonoun( odin qejonoadg —
rgyuvisodl (1s)jopuod  rg qejosnoads ST[99 uonounfynui Jo sod4) oM m

@

uonemsiyuo)) yuourodxs
[1°D rejog uonoun(uny z-AYLS

NASA/CP—2004-212735



8661 b.ao wouoz_ov sjoued Jomod Areunud syen) —
| W31F 8661 e —
oﬁ.ﬁoaom _

838& SID 921, —

(s)usuoduwoo 10) s[[0 mﬁwé%éww\\mﬁw\ Ju[eD ‘W ZXZ OM[, -
'ou] qe[onoads s[jeo Yoo LUBIA 2D/SVeD/ duIeD Wd 7XT ‘%9Z-HT MO0 —
9[qe[IeAe sjo[s Juowrddxa SuIN —

uondioss( Jusuodwio) =

SJUSIIIJ209 UOTJEpRIZop UoLRIpE] mmuo&ouiomn_o -
soueuIofrad 31qI0-U0 amseaw 0} Bjep A -] 199][0D —
(sop uonerper y31y) 31qIQ0 19Jsuel], OO UO UOISSIW JBaK U —.

9A103[qO/UOISSTA| =

55

NASA/CP—2004-212735



UOISIIAUO))
A3x3uyg

jonuo) %
Suissadoag
IIM0g

Y N

JIAINY

Y

J38()

t v

(

adeioyg
A3xouy
[BULIdY L

10333[[0D)

(OALAY)

UOISIOAUO)) J1110[H 0} [ewIdY I, I[eq[V

.mmuoau., [ony —__mmom 1o ‘adojosiorper

‘Ie[OS oSN URD - [RIINAU I0INOS o
-~ SSQUpIey uoljeIpel JUAIaYU] .

" aiqussod [oAS] WwaIsAS 18 SY/M 0T+

I Aduaro1jyo
UOISISAUOD 94,0~ € JO d[qede)) «

SoLIaYIEq PUE S[[90 1e[0s $908[doYy

56

NASA/CP—2004-212735



(8644 O1) 88-SLLS U0 Judurtiadxa 1431y e

"w9)sAs adojosioiper pasueape ssaxdxy omnjd
VSVN J0J I0M9AUO) SB U3SoYd DHIINVe

- URIEN-P39YO07]
pue SUApIOYO0Y B SAIPNIS WAISASe

a1B9I)) I8 A)ISuap A319uU9 [[90
19431y %06 10§ A]0003]° euTWIN(E , ¢ UYL

(8644 OF) ASV ury) 3ursn

sapox}o9]a aje[d-1e[J YIM [[39 JO uonedLIqe e
"1d e uonezis)oeIeyd

souewIo}1ad [[90 aqn-NNJAle

S[[99 9JeoLIqe] pue USISIp 0) PIORIUOD
SWISISAS J9MOJ JB[NPOJA] POOUBAPYe

Hlvd

MO1d NNIAOS

SAT3IHS Lv3H

1NO 1v3aH

Y

3didilv3H
WNIAOS TVYOILNI

d01237702
ANIHAINO/AA0ULOT T3

(3sva)
VNINNTY . ¢

ALYV
NiNL3™H NNIAOos

57

NASA/CP—2004-212735



FAwORS V-V TS

A b Y

are[d 10H

y3nonppasg 1omod
jeld Wnus|d

Jodep wmipog amssalg Y31y

seqny HSVH

Jojerodeaq
aoeysau] Jodep-pmbry

jodep wnIpog amssaid Mo

58

i (IIITITIII I
L R12202022222,

-—

MO[] umipog

A19)1y Wiy wmipos

3poxnodq
SnoIog Jasuapuo)

asvd Teums L, —

@EA/CP—2004-212735




3unurod Q[ ‘oner X00T ‘TN/M 0L
SSB[3 Xopul 9AI}ORLII PIpeRID) «
XOopUJ papeir) SuoneAouu| pajIu() «
Peroooeds SIMOT/LLSS UO WYSI[ »
Supurod ,z ‘oner X/ ‘IN/M 06
WIDISAS SATJORIJDI [SUSII JROUI] e
LHTIVOS *lqV-DdV »
3unuiod .0 ‘oner XS'T “3Y/M 08 «
1da5u09 10303391
‘ssougyns Y31y ‘Wy3rom 317 .
Keiry [ouuey)) 95edsoIdy-01ISY o
unod syred
JOMO] 0} NP IS0 JOMO] A[[e1IU0] «

$109]J° UOTJRIPEI 0} JUR)SISY o

59

NASA/CP—2004-212735



O0¥°T VSVN yim wesdoad jaoymApg jutof —

(10 Ad) uon®rs
9oedg uo uonensuowdp Y3iyJ 10J resodoid —
ug1sap 10301 ‘sarysouerp jne;
918y uus J/A3ojouyoa I, sjerrare parddy .
(86 Ad) SIMT VSVN 18 3UBSS «

oIy 1K ] ‘o3e101S MY 8
Surpiaoid wojsAs [ooym ¢ ad£jojo1d fuo)ies «

swrei3oid juswdoaasp A3o[ouyos], —

SOTUOI}OI[d [OIJUOD puB ‘AdUSIdIJo FuLreaq
onouew ‘uSIsap 10)01 dIe SANSST A9Y —
suonyesijdde pasind 10j aye1 o3reyosip YSIH —
paurquiod wasAs A10)eq ‘HIN pue
‘QVINd Jo sued ‘waisAs SOV [eUONUIAUOD
UNm pareduwiod 9SeaId9P SWNJOA [B)0) 940G —
(9191dw0d) OFT Ul BH/IYM 0€ —
| wa)sAS
[OQUO0T) SpPMINY pue I9MOJ paeidoju].

60

NASA/CP—2004-212735



sjusuodwod n_<_>_n_ awos aoe|dey

|0Jjuod spnjjje ajesodiooul 0} Ayjiqede)

ojes obieyosip-j|as, Mo

ab.ieyosip @ abieyod ‘Aousioiye ybiy
uoljepelbap b_omn_mu ON

aji a[oAo Buo| K1op

lamod o_u:omaw ‘ABiaus oyloads ybiH

Wia)SAg [0JJU0) apnNy _u:mgm\son_ pajelbau]

SOVdI JO SN

61

NASA/CP—2004-212735



“X.1/1 01 9/1

woIsAS (SOVdD)

— [onuoy) spmmy
pue Iomod
- pajeISaU]
s10je[n3oy a8e)oA S0JAD) JUSWOA [oRu0) || Suryonms (19D
s10je[n3ay] Junysg -0 [OQUO)) [BULIdY L,
syun a3reyosi(q/e3rey) || S[YM UOHIBRY souaned ZHIN

E i N
ORRGLEIRABYT Jonuo) age101§
VRTReEN opmmy  ASiouyg
Jomod

62

NASA/CP—2004-212735



b:_na%o ojel
Y3y pue 91| u_oho 3uof Pm mU«ﬁwﬁoﬁ A319u9 pajeidajul

112)S MOU ABLIE JR[OS JOJRNUIIUO))

- 53210)s pUB UOHLISUST [BOIWSYOOLII[-UOU ‘A J-UON
weSoxd Keire Ie]0S S[qIXa[] WYSPMIYSIT

ADUBIOIJO 9%4,CE M S[[90 TE[OS ASUSIOIIS YSIy-enyn
9A}O9JJO

-1S09 2Ie Jey) %oﬁoSEo 0497-HT7 UNM S[[99 Je[0S Yoo J U

@ .bm&&:m wei3o1J uoneIdusn) A310us

63

NASA/CP—2004-212735






PERFORMANCE TRADE-OFFS FOR MBG CELLS USING
DIFFERENT BANDGAP PAIRS '

P.A. lles, C.L. Chu and L. Kilmer
TECSTAR/ASD, City of Industry, CA 91745-1002
M.L. Timmons, P. Sharps
Research Triangle Institute, R.T. Park, NC 27709

BACKGROUND

Present GalnP,/GaAs cells grown on Ge (or GaAs) substrates have demonstrated high efficiency. However, the
individual bandgaps (1.85 eV, 1.42 eV respectively) are not the optimum match to convert the AMO spectrum
efficiently, although by reducing the thickness of the GalnP, cell, good efficiencies have been achieved.

Within the IlI-V alloys, modeling shows that several dual junction cells, comprising different bandgap pairs, could
give higher efficiency.

This paper outlines the modeling used, the bandgap pairs selected, and projections for the AMO -efficiency
assuming that the effects of lattice mismatch associated with the bandgap pairs can be reduced. We also
present preliminary data on |-V performance for the selected top and bottom cells and for some full cascade
cells. We have included some characterization results to check the bandgaps and lattice strain, to check how
closely the fabricated cells conform to the model.

Note )

In order to use continuous access to an MOCVD reactor dedicated to this project, we decided to scan across the
bandgap (and lattice constant) range, rather than use systematically increasing lattice mismatch of selected
bandgap pairs, to check the main problem areas in characterization and cell performance. We also prepared
one set of Ge substrates with a thin GaAs seeding layer to cover all the MOCVD runs; in retrospect, these
substrates may have reduced the quality of the ternary compounds grown on these substrates.

MODELING

Estimates for Optimum Band ombinations
To estimate the optimum bandgap combinations we used the followmg format, based on the bandgap versus
lattice constant plot for lll-V alloys, shown in Figure 1.

1) We varied the y value in Ga,In,,As from 1.0 (GaAs) down to 0.6, using approximate Ay increments of 0.05.

2) For these different y-values, we computed the Ga,in,As energy gap from the expression Eg=0.36 + 1.064y
and the lattice constant a, from Vegard's Law, where a, scales linearly with composition, between the a,-
value for GaAs = 5.6532A°, and the a,-value ‘

3) For these selected y-values, using Vegard's Law, we estimated the x values in Ga,in,.P which glves the
same a, value as the GalnAs alloys.

4) Using the expression Eg = 1.351 + 0.643x + 0.78%% we calcu!ated the Eg-values corresponding to the
various x-values in Ga,In,,P.

11Funded under SBIR Contract NAS3-2764 from NASA-Lewis Research Center
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The resuilts of these computations are given in Table 1, where bandgap pairs A through | are Iisfed, with their
corresponding x and y values, along with the lattice-mismatch with respect to Ge or GaAs.

Table 1 also shows a column of theoretical AMO efficiency values as a function of bandgap péir values, taken
from Fan (1) or Wanlass (2). For reference in the table, we have included the bandgap pair J, the InP/InGaAs
combination.

Figure 2 shows the theoretical AMO efficiency for the selected Eg-pairs where the abscissa is the lattice
mismatch wrt Ge (Curve A). The points plotted do not give a smooth curve because the Eg-pairs were selected
from compounds which were on the tie-lines for the ternary compounds GainAs and GalnP. The figure does not
include the degrading effects of lattice-mismatch. The determination of the trade-off between practical efficiency
and lattice-mismatch effects is the purpose of this study.

In Figure 2, curve B shows estimates of how. practical efficiency values, again not corrected for lattice-mismatch,
will vary for the cells with different Eg-pairs. We have used the practical efficiency ~25.5% achieved for cells
comprising Ga, sinesP and GaAs, grown monolithically, to draw the curve B.

Also in Figure 2 are two “estimated” curves, showing the trends in practical efficiency, when lattice-grading is
used (curve C), or when no grading is used (curve D) This study is intended to provude data to determine
practical curves like C and D.

EXPERIMENTAL DATA

Cell Growth

Three sets of cells were MOCVD-grown at RTl, mostly on GaAsIGe substrates, namely:

a) Ga,n, As structures, where the lattice-grading structures were as shown in Figure 3

b) Ga,n,,P cells grown on the buffer (lattice-grading) layers of Ga,in,;As, where the x values were selected
from the modeling, to give lattice-match to the corresponding z-values. Figure 4 shows the layer scheme,

c) Tandem cells - Gal, P cells grown on Ga,In,,As cells, using buffer layers of Ga,In,.As, where the x and y
values correspond to theoretical lattice match composition. Figure 5 shows the layer scheme.

In previous tests, RTI established that an effective tunnel junctlon could be formed in Iattlce-mlsmatched GalnAs
over the range of z-values used in this study.

Cell Fabrication

RTI had grown a-GalnAs cap layer with the same x-value as the selected composition, on all the cell structures.
We decided to use a “universal” cap-etch solution and the same front side metallization for all the structures, and
we did not experience any problems resulting from this choice. .

Some of the wafers (not always those involving the greatest lattice-mismatch) were bowed, and to reduce the
chance of breakage the processing sequence was more complex.

Cell Testing
Tables 2, 3 and 4 summarize the |-V data for the various runs.

For these tables, we used the I-V data for the best cell of the four celis obtained from the starting substrates. We
have also applied an AR coating gain of 33% to Isc (and to efficiency).

We note that in Table 2, the GalnAs samples grown on GaAs substrates had significantly better performance
than samples grown on Ge substrates. Our decision to complete all the runs in close sequence did not allow the
possibility of optimizing the GaAs seeding layer on the Ge, or even in optimizing the various layer growths on
‘GaAs substrates. When we plotted the trend in the |-V parameters in Table 2 versus lattice-mismatch, we. found
that Voc (and CFF) decreased steadily as expected but that Jsc also decreased, not as expected. These
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reduced Jsc values indicated either substrate and seeding layer deficiencies, and/or ineffective lattice grading
layers. The Jsc decrease showed that practical losses offset the theoretical increase at the lower bandgaps.
The tandem structures also give significantly lower CFF (and Voc) values than the single cell structures,
indicating that the lattice-mismatch was more severe for the more complex structures, especially when GalnP
layers were used.

In a later section we will give some conclusions on the cell I-V data, and also on the characterization methods
tried.

Characterization

X-Ray Diffraction
We used double crystal X-ray diffraction to attempt to evaluate the degree of strain and of lattice-mismatch.
Some of our X-ray results on the GalnAs cells are shown in Figures 6 through 10.

Figure 6 shows the diffraction pattern for sample #6-3464 (Ga, gsIn, osAS layers grown on a GaAs substrate) The
GaAs peak is very narrow, showing little strain. The GalnAs peak is probably that shown at -400 arc-sec and its
width indicates some residual strain. Using Vegard's Law for y = 0.935, the mismatch is around +0.47% and the
peak at -400 arc-sec suggests that RTI has obtained some lattice-grading. The weak X-ray peak at +1488 arc-
sec could indicate a growth anomaly, such as variable Ga/ln ratios or superiattices in the grown layers.

Figures 7 through 10 are diffraction figures for GalnAs samples grown on Ge substrates, with a thin seeding
layer of GaAs. Figures 7, 8, 9 and 10 show the plots obtained for 10%, 15%, 20% and 25% In content. Because
the Ge substrates are deliberately misoriented from the (100) orientation, the tests often show different results
for plots made at +8° and -8° from the horizontal orientation. In principle the In (or Ga) content can be estimated
from the average of these 2 plots; however we observe it is not always clear which peak shows the layer with the
required composition. In some cases, extra peaks, possibly caused by the grading layers are observed.

We also had one sample (6-3776, with 25% In content) characterized outside with triple crystal X-ray diffraction.
The triple crystal instrument could provide both dlffractlon space maps as well as rocking curves, without the
need for alignment to change the optlcs

Figure 11 shows a slice taken through a diffraction space map. Figure 12 shows the same plot overlald with a
simulation plot for Ga,In,_As layers where x varies from 0.95 to 0.75. The measured peak is close to x = 0.88 (1-
x = 0.12) but the individual layers do not show clearly.

We concluded that although X-ray data could provide some insight, we could not obtain quantitative resolution of
the various layers. We do not plan extensive X-ray evaluation of the later growth sets.

Quantum Efficiency (QE)
We use QE measurements to show the spectral response of the cells, and also to determine the bandgap from

the response near the cut-off wavelength. We are completing these bandgap measurements for all three sets of
cells. _

Other Characterization Methods ‘
Microscopic examination of the surface layers did not show systematic increase in growth-generated surface

defects. We are also defining etchants to use to show the dislocation density in the grown layers over the
composition range of the structures.

CONCLUSIONS

Overall we conclude that growth on Ge substrates, possibly because of the GaAs seeding layer obtained in a
single growth, gives lower cell performance than growth on GaAs substrates.
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The target compositions (x or y values) were not always obtained (the measured bandgaps dlffered from the
target values).

Also there are indications that the lattice grading layers did not reduce strain sufficiently, particularly for the
GalnP layers or for the tandem cell structures which are relatively complex.

As mentioned above, this indicates that our rapid scan approach was not as successful as a systematic iterative
program.

We can conclude from this scan, that it is essential to optimize the substrate quality and to systematically refine
the lattice-grading procedures, in order to determine if the deleterious lattice-mismatch effects can be reduced to
allow the optimum bandgap pairs to give higher efficiency.
Our X-ray results also showed that in addition to dislocation counts, we need other characterization methods to
assess the lattice-strain. At present the detailed trend of the I-V parameters is the best indicator, and we are
investigating a wide range of the cell properties (especially dark diode characteristics) to use as indicators.
We are completing characterization of cells in all three growth sets.

REFERENCES

1) J.C.C. Fan, B-S Tsaur and B.J. Palm “Conference Proceedings of the 16" IEEE PVSC, 1983, P. 692
2) M. Wanlass “Photonics Spectra” November 1992, P. 159
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Table 2

I-V Data For Ga,In, As Cells

RTI Structure Target Values Measured Values
Growth In Content Eg Eff Voc Jsc " CFF Eff
# (1-x) (eV) (%) (mV) (mA/cm?) (%) (%)
- Control GaAs/Ge 0 1.42 188 1020 32 78 18.8
6-3464 | GalnAs/GaAs 0.05 1.37 18.6 938 34.1 77.7 184
6-3741 | GalnAs/Ge 0.05 1.37 18.6 790 16.5 74.8 9.2
6-3742 | GalnAs/Ge 0.05 1.37 18.6 903 17.8 79.2 94
6-3747 | GalnAs/Ge 0.10 1.32 18.3 830 16.5 75.9 7.7
6-3751 | GalnAs/Ge 0.15 1.265 17.8 813 12.2 70.1 5.2
6-3773 | GalnAs/Ge 0.20 1.21 17.3 514 12.4 69.6 3.2
Table3 :
|-V Data for Ga,In, P Cells (on Ga,In, As Layers)
RTI Structure Target Values Measured Values
Growth (1) (1-2) Eg Eff Voc Jsc CFF Eff
* @ | | v [maem) | @) | )
6-4028 | GalnPonGalnAs | 0.48 0.05 1.89 1815 | 1077 13.0 735 7.7
64039 | Grading layers 050 | o010 | 1865 | 1835 | 816 14.35 754 | 665
6-4040 0.53 0.15 1.825 18.5 799 14.63 6.9 6.0
6-4029 0.545 0.20 1.80 18.7 879 14.9 62.1 6.0
6-4042 0.57 0.25 1.77 18.9 786 16.0 75 6.9
Table 4
I-V Data for Ga,In,.,P on Ga,in, As Cells (on Ge Substrates)
RTI Structure Target Values Measured Values
Growth (1+y) (1-x) Eg Eff Voc Jsc CFF Eff
* @) | % | v |maemy | %) |
- 6-4040 | GalnP/GalnAs 0.48 1.89 26.0 1634 12.75 55.7 8.5
'g:m ;f::ig; 005 | 137
6-4045 | layers 0.50 1.865 26.5 1718 134 54.3 9.2
) 0.10 | 132 "
6-4044 0.53 1.825 26.9 890 14.35 496 47
' 015 | 1265 (as high
as 1205)
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Ga,In;, As

GalnP

Ga, In,_, As

Ga, In;, As

Galn As Cell

GalnP

Gaz Inl.z As

Grading Layers

GaAs

sisiz|s|s|oe|©

Ge

Substrate

z values in grading layers varied in 5% steps from 0.95 to 0.75
y values selected to give lattice match to appropriate z-value

Figure 3 Layer Sequence for Gay ln;;, As Cells
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AllnP

Ga, In,, P

Ga, In;., P

AllnP

'l".'

GalnP Cell

Gaz Iﬂl.z As

Grading Layers

GaAs

n:a:::::s'u-o-otl

Ge.) . —

Substrate ..

z values in grading layers varied in 5% steps from 0.95 to 0.75
x values selected to give lattice match to appropriate z-value

Figure 4 Layer Sequence for Ga, In;, P Cells

NASA/CP—2004-212735

71



GalnP Cell

Tunnel Junction

GalnAs Cell

Grading Layers

p Ga,In;, As
p AllnP
p GaIn,P
n Ga, In,, P
_r_1_-'br AlInP
n Ga, In;_, As
T Ga, In;, As
p GalnP
P Galn,As
n Gaylnl_y As
n GalnP
n_ Galn,As
n GaAs
n Ge

Substrate

x- and y-values selected to give lattice-match to appropriate z-values

Figure 5 Layer Sequel;ce for Tandem Cell
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PROGRESS IN THE MULTIJUNCTION SOLAR CELL MANTECH PROGRAM
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NASA Lewis Research Center, Cleveland, OH

Introdu

The development of GaInP,/GaAs/Ge multijunction solar cells has progressed rapidly since the
early 1990s under various U.S. government programs. In early 1995, with the demonstration of >20%
efficiency, 2x2cm, dual and triple junction GalnP,/GaAs/Ge solar cells, the successful laboratory
development of multijunction solar cells was completed. Then, in September 1995, the joint Wright
Laboratory/Phillips Laboratory/NASA Lewis Multijunction Solar Cell Manufacturing Technology
(ManTech) Program began to improve multijunction cell performance and scale them up to production size
and quantity to support Air Force and commercial satellite programs. The first milestone of the program
has been reached and the purpose of this paper is to present the results of the program so far.

The objectives of the Multijunction Solar Cell ManTech Program are to increase GaInP,/GaAs/Ge
lot average cell efficiency to 24-26%, increase the cell size to 216cm® while maintaining high efficiency,
and limit the per cell costs to <1.15X state-of-the-art GaAs/Ge cells. Advanced manufacturing technology
and process control techniques such as in-situ process monitoring and real time process feedback are being
usedtoopumwemuluynchmsolareeﬂgrowﬂ:pmcessestoachxeveﬂxesegoals ;

Another objective of the program is for production multijunction solar cells to be available as a
drop-in replacement for arrays currently using GaAs/Ge technology. Therefore, the program requirements
call for ManTech multijunction solar cells to have the same physical qualities as GaAs/Ge cells including
thickness, mass, radiation resistance, and contact strength (See Table 1). Having characteristics similar to
GaAs/Ge cells should minimize concerns about inserting multijunction cell technology into new or
upgraded space systems. Also, as a drop-in replacement, multijunction cells offer the benefit of increased
power for a given solar array size or reduced solar array mass for a given power level.

Overall, the program cost and performance objectives carry the potential to increase solar array
specific power (W/kg) by 33%, reduce array size by 25%, and decrease array cost per watt ($/W) by 15%
or more over GaAs/Ge cells. Additional mass and cost savings in the spacecraft attitude control
subsystems and payloads will be realized as a result of increased solar cell efficiency. All of these sizable
savings are working together to position GalnP,/GaAs/Ge multmmctlon solar cells as the next state-of-the-
art solar cell technology.

Table I - Multijunctlon ManTech Prognm Reqnirements

Parameter : ‘ Requirement
Lot Average Efficiency (bare, glass optimized AR coating) | 24%
p/p, @ 1x10" IMeV electrons 0.75
Cell Area 16 cm*
Thickness : 5.5 mil
Contact Integrity, Ag/Kovar weld >300g w/ <0.2% loss
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Two experienced space solar cell manufacturers, Spectrolab, Inc and TECSTAR/Applied Solar are
working with the government team to meet the program goals, which consist of two phases. The Baseline
Definition phase focused on cell performance improvements in 2x2 cm cells, and was completed in
December 1996. The Optimization and Validation phase, which will focus on manufacturing process
optimization, began in May 1997. Phase II, which runs for 24 months, will culminate with a 16,000 cm?
production demonstration as a primer for full scale production of multijunction solar cells.

This paper will discuss progress made in Phase I of the program and give an overview of Phase II
but will focus on side-by-side testing results collected by Phillips Laboratory and NASA Lewis on Phase I
deliverable cells from both vendors. Cell performance, pre- and post-radiation, and temperature coefficient
results on initial production multijunction solar cells will be presented and discussed. The data shows that
this technology meets the objectives of the program, and that, in the interim before a new solar simulation
standard becomes widely available, the measurement techniques being used by the major space solar cell
manufacturers are providing adequate testing results for solar array design.

Phase I Discussion
Several material systems for high efficiency photovoltaic energy conversion have been

investigated, but at this point, the GaInP,/GaAs/Ge material system, which is being pursued in this
program, is considered the most mature and manufacturable. The current design builds on GaAs/Ge
technology by monolithically integrating three materials with different bandgaps into a single cell structure
to take advantage of a greater portion of the solar spectrum and achieve higher efficiencies than single
junction cells. Small area GalnP,/GaAs tandem cells have been shown to be capable of near 26%
efficiency [1] at 1-sun, AMO conditions, and with this in mind, the goals of the Multijunction Solar Cell
ManTech Program were set at a challenging level for the production environment.

Phase I of the program was the Baseline Definition phase, which was intended to improve cell
performance and identify the best cell design to be transitioned to production in Phase II. At the beginning
of Phase I, Spectrolab and TECSTAR were both manufacturing 20-22% efficiency dual and triple junction
cells [2,3], the relationships between current matching, radiation resistance, and temperature coefficient
were beginning to be documented, and it was unclear whether the dual or triple junction cell would be the
best baseline cell for Phase II. Therefore, both vendors entered the program pursuing parallel dual and
triple junction cell developments anticipating a downselect to one primary technology before the end of
Phase I. However, the specific approaches taken by Spectmlab and TECSTAR did diverge shortly after the
start of Phase L

Fordualjuncnonceus,theapproachwasxdenucaLp/nGalnP,/GaAssu'ucums Theapproaches
differ in the formation of the triple junction cell using the Ge substrate. Spectrolab reverses the cell
polarity, and uses an n/p junction in the Ge substrate to form the third cell, and TECSTAR forms a
controlled n/n AlGaAs/Ge heterointerface at the Ge substrate, which gives the cell a voltage boost. In this
paper, ecﬂsuucunumnamedaecordingmﬂlenmnberofn/porp/njmcumscontamedmthecell
Therefore, the Spectrolab active germanium eell is ealled a triple junction, and the TECSTAR active
germanium cell a dual junction-plus. ‘

Theresmtsofexpermmtalsmdws,opnmiunms,mdbaselmewoducnmnmsmPhaseIwere
used to define the baseline design for Phase II. Specifically, work centered on understanding the effect of
the Ge substrate quality, junction characteristics, and lattice orientation on the overall cell efficiency and
attempts to increase the bandgap of the GaInP, top cell for increased cell voltage and efficiency. This
work led to several very encouraging results including lot average efficiencies of 24.2% and 22.4% and
best cell efficiencies of 25.5% and 24.1% at Spectrolab and TECSTAR respectively [4,5]. However, the
Phase I baseline production demonstrations also indicated that for GalnP,/GaAs/Ge in the manufacturing
environment, the voltage boost from the Ge substrate is probably needed to meet the 24% lot average
efficiency requirement of the program, and each vendor has selected a form of active germanium cell for
the primary baseline design. Table 2 summarizes the baseline cell structures and major results of the Phase

I program.
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Table II - Summary of major Phase I results

Spectrolab TECSTAR

Baseline cell decision n/p triple junction p/n dual junction-plus
Polarity choice reasoning Identical 2J and 3J processes | Direct extension of GaAs/Ge line

Projected radiation resistance | Control of Ge interface voltage
Ge cell formation n/p Ge junction n/n AlGaAs/Ge heterointerface

voltage boost

Best dual junction cell efficiency | 23.7% - 22.8%
Best triple junction cell efficiency | 25.5% 24.1% (dual junction-plus)
Best large area cell efficiency 24.3% (13.78 cm?®) 22.1% (16.6 cm®)
Lot average of Phase 1 242% 22.4%
deliverables ‘

At the end of Phase I, Spectrolab and TECSTAR each delivered 150 multijunction solar cells for
evaluation by Phillips Laboratory and NASA. The purpose of the joint testing program was to verify the
Phase I results with a direct side-by-side comparison of the cells from each vendor and to investigate the
scope of the problem of accurate multijunction cell measurements and correlation with other testing
systems. The test program included near AMO Langley plot and I-V curve traces on the NASA Lewis
Learjet aircraft as well as pre- and post- radiation performance and temperature coefficient measurements
at Phillips Lab and NASA.

Learjet Cell Performance Measurements
Solar simulator measurements of multljunctnon solar cells are the subject of much user community

discussion because a standard testing method has not yet been adopted. The objective of Learjet testing of
Phase 1 ManTech cells was to test cells from each vendor side by side in a near~AMO environment to
remove simulator error from the discussion of the results. Cells from each contractor were flown on the
Learjet, and Langley Plot Isc data as well as I-V curves at 25°C and 70°C were collected. The Isc results
compared favorably with contractor provided data, and I-V curves showed fill factors from 0.8-0.85 with
no evidence of significant current mismatch between the top and middle cells. Tables 3 and 4 show Learjet
Isc results for the cells flown, and the results show reasonable agreement between contractor data collected
on modified X-25 and dual source Hoffman simulators and the NASA data. The Learjet results do not
reduce the need for a standard test method for multijunction solar cells, but they do indicate that, in the
meantime, the individual contractor testing methods are making reasonably accurate cell measurements.

Table III - Comparison of TECSTAR and Learjet Isc Data

Cell | TECSTARI, | Learl, | % Diff
1 641 | 6327 -1.295
2 63.8 62.52 -2.006
3 64.2 63.79 -0.639
2 60.6 61.49 1.469
5 60.9 62.84 3.186
6 62.7 62.02 -1.085
7 60.4 | Uncclisbledata | NJ/A
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Table IV - Comparison of Spectrolab and Learjet Isc Data

Cell | Spectrolab I, Lear L, % Diff
1 616 61.73 0211
2 62.4 62.37 -0.048
3 639 63.39 -0.798
4 63.4 6223 -1.845
5 61.9 6227 0.598
6 63.6 63.10 -0.786
7 63.0 61.45 -2.460

Radiation Degradation Results
‘ Spacecraft solar array sizing is done based on the expected solar cell efficiency at the end of the

required mission lifetime in a given orbit. This method ensures that full power is available for the mission
at end-of-life (EOL). As a drop-in replacement for GaAs/Ge solar cells, it is desirable for multijunction
‘solar cells to have radiation performance similar to or better than .GaAs/Ge cells. The radiation
requirement for cells manufactured under the ManTech Program is p/p, 2 0.75 after 1x10' 1MeV
electrons/cm?, which is a common benchmark for GaAs/Ge cells [6]. GaInP,/GaAs tandem cells have been
documented with better radiation characteristics than single junction GaAs/Ge [7] due to EOL current
match configurations and the slower degradation rate of GaInP, [8]. To verify and independently
document the radiation performance of production cells manufactured for the ManTech Program, Phillips
Laboratory and NASA Lewis each measured the pre- and post-radiation performance of a group of cells
from each contractor. Phillips Laboratory measured the relative radiation degradation on a group of ten
cells using a dual source simulator, and NASA measured a group of five cells with a combination of an X-
25 simulator and the Learjet. Cells for each group were selected from the group of 150 deliverable cells so
that efficiencies over the range delivered were represented. The ten cells from Spectrolab had a BOL
current mismatch of approximately 1% with the GalnP, top cell current limiting, and the TECSTAR cells
measured were current matched for best BOL performance. The irradiations were performed by Dr Bruce
Anspaugh of JPL, and the cells received 1x10'* 1MeV electrons/cm? in a single dose. Tables 5 and 6 hst
the average radiation degradation results for the cells measured by Phillips Lab and NASA.-

Table V - Average Radiation Degradation Results, Spectrolab Cells -

Phillips | NASA Lewis
Voc 0.906 0.918
Isc 0.872 0.888
FF 0.971 0.979
p/p./ifr 0766 | 0.797

Table VI - Average Radiation Degradation Resnlts, TECSTAR Cells

Phillips NASA Lewis |
Voc 0.920 0.932
Isc 0.834 0.833
FF 0.984 0.995
p/pJET 0.754 0.772

The results from NASA are 2-4% higher than the Phillips Laboratory results probably due to
differences in simulator calibration methods for EOL cells. The dual source simulator was calibrated at
EOL with the same standards used for BOL, a GaInP, cell and a filtered GaAs/Ge cell. This method does
not take into account changes in spectral response of the cells after radiation, but the smooth spectrum of
the simulator is expected to keep this error small.
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At NASA, an irradiated cell was reflown on the Learjet and became a secondary standard for the
X-25 simulator. This cell was then used to calibrate the X-25 simulator to collect the other post-radiation
data, but some error in the measurement may still be introduced by the spectrum of the X-25. The error
investigation for these results is still ongoing and will be reported in the future.

Overall, the results of this testing shows that both types of multijunction cells being developed in
the ManTech Program meet the requirement for radiation resistance. Also, the radiation resistance of
GalnP,/GaAs/Ge cells is shown to be as much as 6% better at this fluence than single junction GaAs/Ge
cells. Future cell irradiations will include higher electron fluences, proton irradiation, and possibly
annealing studies.

Temperature Coefficient Results
Temperature coefficient data are also important for sizing solar arrays according to the expected

cell efficiency at the array operating temperature, which is determined by several factors including the
mission orbit, spacecraft structure, and thermal control system. For GaInP,/GaAs/Ge multijunction solar
cells, temperature coefficients are related to the amount of voltage activity in the germanium substrate. For
instance, the Spectrolab n/p Ge bottom cell produces more voltage than the TECSTAR AlGaAs/Ge
heterointerface, and therefore, larger temperature coefficients for the Spectrolab cells were expected.
However, when a cell reaches a temperature where the Ge activity goes to zero, the triple junction cell will
assume the temperature coefficient of the analog pure dual junction cell. Phillips Laboratory and NASA
Lewis made pre- post-radiation temperature coefficient measurements for Voc, Isc, Pmax, and efficiency
on two groups of cells. At Phillips Laboratory, five cells were tested at 28°,40°C, and 60°C with three
trials at each temperature. All of the data (45 data points) were plotted together to calculate a linear trend
line through the data whose slope is the temperature coefficient. and NASA calculated temperature
coefficient similarly. As expected, the Spectrolab cells exhibited larger temperature coefficients at BOL
and EOL. Tables 7 and 8 summarize the BOL and EOL temperature coefficient data collected by Phillips
Laboratory and NASA.

Table VII - BOL Temperature Coefficient Data

Spectrolab TECSTAR
Phillips NASA Phillips NASA
Laboratory Laboratory
Voc (mV/C) 6.9 64 5.9 5.2
Isc (mA/cm>-C) 0.01 0.01 0.004 0.007
| Pmax mW/cm™-C) -0.087 -0.085 -0.073 -0.065
Eff (abs %/C) -0.064 -0.062 -0.054 -0.047

Table VIII - EOL Temperature Coefficient Data

: Spectrolab TECSTAR
Voc (mV/C) -1.3 -5.6
Isc (mA/cm?*-C) 0.01 0.01
Pmax (mW/cm?*-C) -0.087 -0.05
Eff (abs %/C) -0.051 -0.036

The implications of these data are in the relative benefits of triple junction and dual junction-plus
cell technology for various operating temperatures. Figure 1 extrapolates BOL efficiency temperature
coefficient trends based on data collected by Phillips Laboratory and NASA to illustrate the trade space
around the triple junction and dual junction-plus cell structures, and three things should be noted. First, the
actual Phase I data shows that the triple junction structure, even with a higher temperature coefficient,
currently has a small efficiency advantage over the dual junction-plus structure to greater than 150°C.
Second, at the projected Phase II BOL lot average efficiencies of 25% for triple junction cells and 23.5%
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for dual junction-plus cells, the previous trend will continue to hold true. Lastly, the triple junction cell
loses its efficiency advantage at about 80°C in the case where the dual junction-plus efficiency increases
more than the triple junction during Phase II. This illustration assumes that the temperature coefficients
remained constant with cell efficiency improvements, which is a reasonable approximation for the purpose
of this discussion. As multijunction cells approach full production in Phase II, this trade space will be
updated to reflect the most current results.
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Figure 1 - BOL Temperature Coefficient Extrapolations Based on ManTech Results

Phase I1 erview

Phase II of the Multijunction Solar Cell ManTech Program will build on the success of Phase I by
reducing the manufacturing cost of multijunction cells while maintaining high efficiency. The objectives
of Phase II are to produce large area cells with a cell-to-cell cost <1.15X GaAs/Ge cells while maintaining
high efficiency. Achieving this goal will require improvements in process control and yield so that the
main cost increases over GaAs/Ge cells is in material and reactor run time. Increasing cell size from 4cm?
to 16cm? will also results mlargesolarmycostsavmgsbyreducmgthepartseountofaglvensolararray
by 4 times not including array size savings due to higher efficiency cells.

To reach the cost objective of Phase II, the program is continuing cell growth process
improvements including better temperature uniformity control, in-situ, real time process monitoring and
control, and design of experiments to identify the critical parameters in the growth process. Some cell
optimizations will also occur to push cell efficiencies to the highest level possible, but the baseline
established in Phase I will essentially be the product transitioned at the end of Phase II.

Conclusions
The Multijunction Solar Cell Program is bringing high efficiency, large area, cost effective

GalnP,/GaAs/Ge solar cells to full production to meet the spacecraft power demands of future spacecraft
systems. In Phase I of the program, baseline multijunction solar cell designs have been developed at two
domestic vendors, and small scale production demonstrations have shown up to 24.2% lot average
efficiencies. The cells also have demonstrated similar physical characteristics and better radiation
performance than GaAs/Ge cells. Phase II of the program will focus on increasing multijunction cell size
and yield while maintaining high efficiency to reduce solar array cost per watt ($/W) by more than 15%.
Together, the Multijunction Solar Cell ManTech Program has positioned high efficiency multijunction -
solar cell technology to be the next mass produced, state-of-the-art, space solar cell technology.
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Introduction

It is well known that high efficiency InP solar cells have excellent radiation hardness."** The
record efficiency for InP that Keavney achieved in 1990 still stands. In fact, the n/p configuration
has consistently demonstrated conversion efficiency records, independent of the substrate material
(see Table I). Because of a high surface recombination velocity value and the fact that no lattice
matched surface passivation window layers have been identified, the design of the n/p
configuration cells have an extremely thin emitter region (~30 nm). They depend on good current
collection from the base region for their high performance where the strongest wavelength
conversion tends to be in the red to far red region of the spectrum, the same region which suffers
the largest loss upon radiation damage due to minority carrier lifetime degradation. Even though
this cell configuration has demonstrated very good radiation hardness, thick emitter p/n diffused
junction cells have demonstrated even better radiation resistance.”! However, the testing of the p/n
configuration has been limited to cells of lower quality as judged by their beginning of life (BOL)
air mass zero (AMO) efficiency values typically below 15%. The emitter structures in these cells,
which must be thick relative to emitters in the n/p configuration for sheet resistance considerations,
have been ineffective and therefore, the p/n configuration cells have suffered from poor blue
response, low short circuit current density (Jo.) and moderate efficiencies.”**!

Table I - Highest reported AMO efficiencies for InP cells on various substrates.

Substrate | Configuration | Efficiency, (%) Source
InP n/p 19.1 Spire Corp.[”}
InP p/n 15.9 Arizona State'®!
GaAs n/p 13.7 NRELY!

Si n/p 13.0 Spire Corp.!'”!

We recently reported on p/n InP cells which had AMO efficiencies above 16%."""! These cells were
fabricated using a new Ag-Zn front contact system''?) which eliminated the necessity of an InGaAs
p-type contact layer employed in early p/n epitaxial InP cells. Diffusion of Zn during the time it
takes to grow the InGaAs Iayer caused the loss of junction depth control in these early cells."*!
The Ag-Zn metallurgy allowed ohmic contact formation to the p-type InP without degrading
junctions as thin as 100 nm. It was believed that cells fabricated without the InGaAs layer would
have better junction depth control, since less opportunity for Zn diffusion existed, and therefore
higher conversion performance was expected.
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InP structures were grown by organo-metallic vapor phase epitaxy (OMVPE) under typical low
pressure conditions. We used PH,, AsH,, SiH,, trimethylgallium, trymethylindium, diethylzinc
and hydrogen in our home-built reactor. InP and InGaAs layers were grown at 620°C, a total
pressure of 150 torr and a V/III ratio of 100. Standard reverse photolithography and vacuum
resistive evaporation techniques were used to form the contacts. A dual layer anti-reflection
coating (ARC) consisting of MgF,/ZnS and optimized for the AMO spectrum was also deposited
by vacuum resistive evaporation. Cell with areas of 0.36 cm” and 1.0 cm’ were fabricated on the
same wafer, defined by mesa etching and had grid shadowing of 6% and 5% respectively. Cell
performance was measured after various steps of processing.

Results and Discussion

We fabricated p/n InP cells with efficiencies exceeding 17.6% under AMO, one sun, 25°C test
conditions. A summary of the cell performance data is presented in Table II. Many cells had -
efficiency values above 17%. A peak cell efficiency of 17.64% was obtained from a 0.36 cm’ area
cell. The corresponding I-V curve for this cell is shown in Figure 2. We were also able to
achieve nearly the same performance from cells which were 1.0 cm? in area as demonstrated by the
I-V curve in Figure 3.

Table II - Results of p/n InP solar cells tested under AMO, one sun, 25°C at NASA LeRC.

Cell Jc | Voc | FF Efficiency |  Area
@Alem’) | @V) | %) | (%) (cm?)
393-1A 349 854 | 79.2 17.3 1.0
393-1C 352 850 | 775 170 1.0
393-2C 35.8 854 | 779 17.4 1.0
393-3A 352 | 85 | 7197 | 175 1.0
393-3C 35.0 855 | 79.9 17.5 1.0
393-3D 34.8 854 | 81.1 17.6 0.36

In Figure 4 we show a comparison of the external quantum efficiency of our p/n cell to the external
quantum efficiency measured from the previous record p/n cell from the literature. Our p/n InP
cells have excellent blue response, significantly higher than the blue response of the previous
record p/n cell while maintaining approximately equivalent red response. In Figure 5 is a
comparison of the external quantum efficiency of our p/n InP cell to the internal quantum efficiency
of the record n/p cell. Our p/n cell has a significantly higher blue response, even though the emitter
region of the p/n cell is almost an order of magnitude thicker than the emitter region used in the
record n/p cell. We do, however, observe a significantly lower red response for the p/n cell
compared to the record n/p cell, a result of lower minority carrier diffusion length in the n-type
base than the p-type base. However, it was precisely in this wavelength region where the n/p cell
lost current collection when exposed to radiation due to the reduction of minority carrier diffusion
length in the base. The p/n cells of the present work may provide better radiation resistance since
they depend less strongly on the long wavelength current collection for high device performance.
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Even though cells fabricated with Ag-Zn contacts exhibited an AMO conversion efficiency above
16%, they suffered from other anomalous behavior. Interesting aging effects were observed
where the cells improved with age, mostly through improvement to Jg values. In addition, a
reversible photo-degradation was observed where the J. value decreased 6% per hour upon
exposure to the AMO, one-sun light in a X-25 solar simulator. We did , however, report an
encouraging result from these cells, in that they demonstrated the possibility of very good quantum
efficiency in the blue region of the light spectrum as compared to the n/p configuration.

In the present work, we report on the fabrication of high performance p/n InP solar cells, which
directly resulted from improved growth of p-type InP. Through our understanding of the
mechanisms involved in Zn doping of InP, we have gained better control of the OMVPE growth
process, and have achieved record efficiencies for p/n InP solar cells under AMO, 25°C test
conditions. These cells exhibit excellent blue response and are believed to demonstrate improved
radiation resistance compared to n/p InP cells.

Experiment

We have returned to the conventional p/n InP cell design seen in Figure 1 where we used pr-gl?e
InGaAs lattice matched to InP under the Au-Ge front contact grid fingers. In previous work!'! we
reported significant p-type dopant passivation due to conditions under which the samples were
cooled to room temperature after growth. Under normal OMVPE growth, the samples are cooled
to room temperature, or at least to 300-400°C in a partial pressure of appropriate hydride gas (PH,
for phosphides, AsH, for arsenides). The unexpected passivation resulted from the rapid, deep
diffusion of atomic hydrogen, available from the cracking of hydride gasses or organo-metallic
vapors, which formed a complex with substitutional, active Zn, thus deactivating p-type majority
carriers. To avoid this passivation effect, the p/n InP junctions were cooled from the growth
temperature flowing only H, through the reactor, however, In droplets appeared on the InP surface
due to loss of phosphorus. To prevent the surface decomposition during cool-down, we deposited
lattice matched InGaAs on the InP cell structure and then cooled the structures under H,. We then
removed the InGaAs between the fingers after front contact formation, thus protecting the InP
surface throughout cell processing.

ZnSMgF2 ARCosting .00 as Contact Layer o

55’“0"'\ Au-Ge Front Grid
23pm
0.1-05ym
0.1-0.2 um p+ InP Emitter (~E18 cm-3)
1.5 -4.0um n-inP Base (~E17 cm-3)
0.25-0.5um " n+ InP BSF (~E18 cm-3)
400 pm n+ InP Substrate

2um - Au-Ge Back Contact -

Figure 1 - Conventional p/n InP solar cell design employing InGaAs p-type contact layer under
grid fingers.
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Figure 5 - Comparison of External Quantum Efficiency of p/n InP/InP cell to internal quantum
efficiency from record n/p InP/InP cell.

Our previous p/n cells showed a reversible photo-degradation effect where the Js. value was
reduced by 6% per hour during exposure to AMO, one-sun intensity light.!'" After removal from
the solar simulator and resting in laboratory environment for a period of several days, the cells
recovered to their pre-exposed performance level. We subjected cells from our present work to a
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one hour AMO light soak and did not observe any significant change in measured cell performance.
An example of the light soaking results (on a cell without ARC) are seen in Table III.

Table III - Stability of p/n InP cells under light soaking in AMO, one-sun conditions at 25 °C.

Soak Time Jsc Voc FF Efficiency
(min.) (mA/em®) [ (@mV) | (%) (%)
0 25.2 854 | 79.5 12.5
60 25.0 853 79.7 12.4

Carrier passivation is a common occurrence in semiconductors when specifically introduced for
defect passivation!*, however, it was an unexpected observation in our OMVPE grown p-type InP
. As an example of the significance of the effect, we designed an experiment where four identical
samples of Zn doped InP were grown by OMVPE. Each sample was 2 pm thick and differed only
by the gas composition exposure during cooling from the 620°C growth temperature to 300°C.
One sample was cooled only in hydrogen, one was cooled in a mixture of hydrogen and
phosphine, another in diethylzinc and hydrogen and the last sample was cooled in phosphine,
diethylzinc and hydrogen. Below 300°C all samples were cooled in hydrogen. Carrier
concentration depth profiles were measured using a Poloran® C-V instrument. The C-V
measurement of carrier concentration measures the active net dopant concentration. The results of
profiling are shown in Figure 6. In the figure, the carrier concentration of the sample cooled in
hydrogen is relatively flat for over 1 pm depth. The value of carrier concentration was nearly
identical to the concentration of Zn as determined by SIMS measurement on other similarly doped
samples. The samples cooled in the phos?hine mixture and in the diethylzinc mixture both show
similar reduction of carriers from 4 x 10"® carriers/cm’ to 1.5 x 10'® carriers/cm® due to hydrogen
uptake. The phosphine cooled sample was affected slightly stronger than the diethylzinc exposed
sample. Both phosphine and diethylzinc liberate atomic hydrogen when decomposed at elevated
temperature. The sample cooled in the mixture of phosphine, diethylzinc and hydrogen showed a
very large passivation effect, roughly an order of magnitude reduction of carrier concentration at
the surface which also extends well into the InP layer. The additional passivation observed in this
sample was explained by the fact that small amounts of organo-metallic compounds can enhance
the cracking of hydride gasses", thus liberating a higher concentration of atomic hydrogen. The
evidence for diffusion of hydrogen is seen most easily in this sample by the increase in carrier
concentration with depth (straight line on a logarithmic plot).

The improvement in observed cell performance of the p/n InP cells resulted from a full
understanding of the OMVPE growth of Zn doped p-type InP and, therefore, better control of the
p-type InP properties. The p-type carrier passivation effects are directly related to the previously
observed aging and light soaking performance anomalies. The effect of carrier passivation on cell
performance is further demonstrated in Figure 7. In this figure we compare I-V curves from two
cells which have identical structures. They differ only in the method used to cool the structures
from the OMVPE growth temperature. Both samples were capped with InGaAs prior to cooling.
One structure, labeled AsH, + H, on the figure, was cooled to 300°C while a mixture of 0.7 torr
partial pressure arsine and hydrogen flowed through the reactor. Below 300°C this sample was
cooled in hydrogen to room temperature. The other structure, labeled H,, was cooled with only
hydrogen flowing in the reactor. The effect of the resulting carrier passivation due to trapped
hydrogen during cooling was evidenced by a comparison of the performance results. The Jg.
values were not affected by the carrier passivation in the emitter, which means that the minority
carrier lifetime was already sufficiently large in the p-type emitter so that reducing the emitter
doping, thus increasing minority carrier lifetime, did not change the carrier collection. It did,
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however, significantly affect the V. and FF values, which can be understood by the following. A
reduction in the emitter doping normally entails a drop in V., and in turn, a decrease in FF. A
further decrease in FF can also occur because of the increase in the emitter sheet resistance due to a
reduction in the emitter doping.
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Figure 6 - Carrier passivation as a function of sample cooling conditions from OMVPE growth
temperature!”’. Curve A cooled in hydrogen, B in diethylzinc and hydrogen, C in
Pphosphine and hydrogen, and D in phosphine, diethylzinc and hydrogen.
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Figure 7 - Demonstration of the carrier passivation effect due to cooling gas composition in
p-type InP on p/n solar cell performance.
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We believe that the conversion efficiency of the p/n cells can readily be improved to the mid 18%
level. Efficiencies as high as 19% may also be achievable. Further, it is believed that these high
efficiency p/n cells will not suffer as much performance loss due to radiation exposure as the n/p
configuration cells since a majority of the current from the p/n cells now originates from the blue
response of the emitter region, whereas the largest loss in performance of the n/p cells due to
radiation damage occurs in the collection of long wavelength light. This loss is due to the
reduction of the minority carrier diffusion length in the base of the n/p cell.

Conclusions

We have achieved a new record efficiency of 17.6%, (AMO) for a p/n InP homo-epitaxy solar cell.
In addition, we have eliminated a previously observed photo-degradation of cell performance,
which was due to losses in J.. Cells soaked in AMO spectrum at one-sun intensity for an hour
showed no significant change in cell performance. We have discovered carrier passivation effects
when using Zn as the p-type dopant in the OMVPE growth of InP and have found a method to
avoid the unexpected effects which result from typical operation of OMVPE cell growth.

This work was supported by the NASA Lewis Research Center under the SBIR contract
NAS3-27677. George Rybicki is the technical monitor of this contract. ,
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HYDROGEN PASSIVATION OF INTERSTITIAL Zn DEFECTS IN HETEROEPITAXIAL
InP CELL STRUCTURES AND INFLUENCE ON DEVICE CHARACTERISTICS'

S.A. Ringel and B. Chatterjee
The Ohio State University
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Columbus, OH 43210

ABSTRACT

Hydrogen passivation of heteroepitaxial InP solar cells is of recent interest for deactivation of dislocations
and other defects caused by the cell/substrate lattice mismatch that currently limit the photovoltaic performance
of these devices. In this paper we present strong evidence that, in addition to direct hydrogen-dislocation
interactions, hydrogen forms complexes with the high concentration of interstitial Zn defects present within the p*
Zn-doped emitter of MOCVD-grown heteroepitaxial InP devices, resulting in a dramatic increase of the forward
bias tum-on voltage by as much as 280 mV, from ~ 680 mV to ~ 960 mV. This shift is reproducible and thermally
reversible and no such effect is observed for either n’p structures or homoepitaxial p'n structures grown under
identical conditions. A combination of photoluminescence (PL), electrochemical C-V dopant profiling, SIMS and I-
V measurements were performed on a set of samples having undergone a matrix of hydrogenation and post-
hydrogenation annealing conditions to investigate the source of this voltage enhancement and confirm the
expected role of interstitial Zn and hydrogen. A precise correlation between all measurements is demonstrated
which indicates that Zn interstitials within the p* emitter and their interaction with hydrogen are indeed responsible
for this device behavior. Excess interstitial Zn defects are shown to introduce deep donor states detected by PL
measurements that partially compensate the desired emitter acceptor doping and likely provide recombination
centers that together act to reduce the device voltage. We find that hydrogenation completely deactivates these-
donor states and that this passivation effect is thermally stable at 400 °C, the temperature at which Zn acceptors
can be fully reactivated. This results in an increase in the emitter acceptor concentration by a factor of 2-3 after
hydrogenation plus acceptor reactivation annealing since the compensating donor states remain deactivated.
The thermal stability of this interstitial Zn passivation was found to be intermediate between Zn acceptor
passivation and deep dislocation state passivation, partially reactivating after annealing at a temperature of 500
°C an completely reactivating above 550 °C, as determined by PL measurements. We find that as the interstitial
Zn donor state is reactivated by progressively higher temperature annealing, both the emitter doping and diode
tum-on voltage systematically return to their original as-grown values, indicating the direct impact of interstitial Zn
on device characteristics. , . S -

1. INTRODUCTION

Hydrogenation of heteroepitaxial InP solar cells grown on substrates such as Si, Ge or GaAs is of recent
interest as an approach to deactivate the electrical activity of dislocations within the InP device regions that arise
. from the large lattice mismatch between InP and the underlying substrate. [1,2] In previous work, we have

extensively characterized this process and have shown that deep levels associated with dislocations are strongly
passivated by hydrogen introduced in a post-growth plasma hydrogenation treatment.[3,4] Deep level :

1 Work supported by NASA grant no. NAG3-1461 and by subcontract to Essential Research via NASA SBIR
contract SBIR96-NAS327677-1
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concentrations were measured to decrease from near 1x10' cm* to the low 10'> cm™ range after hydrogenation.
This passivation was found to exhibit very strong thermal stability, with minimal deep level reactivation occurring
up to anneal temperatures approaching 600 C, and was correlated with orders of magnitude suppression of
reverse bias leakage currents of heteroepitaxial InP diodes. Similar deep level passivation and reverse current
suppression characteristics were also observed for both n’p and p'n cell structures.[5] However, in contrast to
the reverse characteristics and deep level passivation, the forward bias |-V characteristics upon hydrogenation
and annealing exhibited quite different behavior, which is summarized by dark |-V data in Figure 1. Comparison
of the heteroepitaxial p'n and n°p structures (Figures 1a and 1b) reveals a dramatic increase in the forward bias
tumn on voltage, Vi, for the former with no such effect for the latter. Based on the fact that dislocations are
similarly passivated for both structures as verified by Deep Level Transient Spectroscopy (DLTS) measurements,
this voltage enhancement is unlikely to be directly related to dislocation passivation. Moreover, figure 1a shows
that there are significant differences in the dependence of the forward and reverse bias characteristics on post-
hydrogenation annealing temperature even for the same p’n diode which indicates a different mechanism is
~ controlling the forward current and reverse leakage characteristics. Taken together, these observations suggest
that a process other than dislocation passivation is present within hydrogenated, heteroepitaxial p'n InP cell
structures that also has a dramatic effect on device characteristics. It also implies that an additional and ‘
significant benefit can be realized by hydrogen passivation of heteroepitaxial p°n cells which are inherently limited
by the performance of the p-type emitter. .

The obvious difference in these cell structures is the presence of a high Zn concentration within the
MOCVD-grown p-type emitter of the p°n configuration. Zn doping is a convenient but difficult dopant to control in
MOCVD growth, particularly when ultra-sharp and high concentrations are needed, such as in a typical p* emitter
layer, due to the propensity for Zn to diffuse in InP. In addition, high Zn doping is known to lead to high
concentrations of Zn atoms incorporated as interstitial defects (Zn) which contribute deep donor bandgap states,
rather than as desired substitutional defects which contribute shallow acceptor levels.[6] In an earlier paper, we
have shown that the presence of dislocations within heteroepitaxial Zn-doped InP substantially increases the
presence of interstitial Zn (Zn) by a dislocation gettering mechanism.[7] Since interstitial Zn atoms introduce
deep donors in the InP bandgap, we suspect that they may play a role in the observed dark I-V shift. Therefore,
in this paper we explore this possibility by conducting a controlled set of experiments to elucidate the presence of
interstitial Zn and its possible interaction with hydrogen, in order to explain the observed device |-V
characteristics. ;

2. EXPERIMENTAL

InP solar cell structures having a p‘n configuration were grown by MOCVD on both GaAs and InP
substrates to directly compare the effects of hydrogen and interstitial Zn defects with and without the presence of
dislocations. A schematic of the device structures is shown in Figure 2. The target emitter and base doping
concentrations in all cases are 2x10" cm* and 1x10” cm®, respectively, with an emitter thickness of 0.15 um. All
structures were grown by low pressure metalorganic chemical vapor deposition (MOCVD) using trimethyl in and
phosphine for InP growth with silane and diethyl Zn providing n-type (Si) and p-type (Zn) doping, respectively.
Complete details of the growth procedure have been reported elsewhere.[8] For the p’n structures, identical Zn
and Si doping profiles were targeted for all heteroepitaxial and homoepitaxial structures so that the latter can
provide a “control” sample set for comparison. Additional n+p cell structures were also investigated for additional
confirmation of the results.

Post-growth hydrogenation was performed using a 13.56 MHz parallel plate plasma reactor. Immediately
prior to hydrogenation, a thin, H-permeable protective SiN, coating was deposited onto the InP surface to avoid
preferential loss of phosphorous and surface degradation due to sustained exposure to the H-plasma.
Hydrogenation was performed using a substrate temperature of 250 °C at a plasma power density of 0.08 W/em®
for 2 hours at a total pressure of 750 mTorr. After plasma hydrogenation, acceptor and donor dopant atoms were
reactivated by a 5 minute 400 °C anneal in flowing nitrogen followed by chemical removal of the protective silicon
nitride cap. We have previously shown this to result in extensive passivation of deep levels associated with
dislocations and other extended defects throughout the entire depth of the InP devices coupled with complete .
reactivation of the desired dopants. Details of the process have been described in earlier publications.[2-4] For
samples selected for thermal stability studies atter the dopant reactivation step, additional heat treatments for 5
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minutes in flowing nitrogen at either 500 °C or 600 °C, depending on the particular experiment, were performed
prior to nitride cap removal. For device testing, mesas were etched to define device areas and ohmic contacts
were formed to the p’n junctions by electron beam evaporation using Ag-Zn and AuGeNi for p-type and n-type
InP surfaces, respectively. Samples were characterized using a combination of electrochemical C-V dopant
profiling, photoluminescence (PL), dark I-V and SIMS measurements at all stages of the hydrogenation and

- annealing process to monitor changes within the material.

3. RESULTS AND DISCUSSION

1 i I- i
As mentioned above, Figure 1 depicts a representative set of the |-V characteristics observed for
heteroepitaxial p’n and n’p InP cell structures, along with homoepitaxial InP/InP p+n device to provide a )
comparison for the p*n structure without the presence of dislocations. After receiving the hydrogenation plus 400
°C dopant reactivation anneal, the reverse characteristics of both heteroepitaxial configurations displayed similar
improvement in the reverse leakage current, and subsequent higher temperature annealing demonstrated a
similar reactivation behavior. The temperatures at which the reverse leakage current reactivation are observed
track the deep level reactivation associated with the dissociation of hydrogen-disiocation deep state complexes
previously measured by DLTS.[4] In fact, results of Arrhenius analysis of the reverse current activation as a
function of temperature were also previously found to match the dominant deep state in each case, indicating the
correlation between dislocation-related deep states and reverse leakage current.
However, the forward |-V behavior between the two configurations deviate considerably. The optimum 2
hour hydrogen exposure plus 400 °C dopant reactivation anneal increases the forward bias tum on voltage (V)
by ~ 280 mV for the p°n structure, from 680 mV to 960 mV. We have also found that the magnitude of this shift
is proportional to the duration of the hydrogen exposure, with saturation occurring beyond 2 hours. No such
effect is observed for the n’p heteroepitaxial case and a negligibly small increase is observed for the
homoepitaxial p°n structure. It is useful to note that the forward |-V characteristics for the homoepitaxial and
heteroepitaxial pn structures after hydrogenation are now very similar in terms of V,,,. This important similarity
will be discussed later. Additional inspection of figure 1a reveals that, even for the same p’n diode, there are
clear differences in the reactivation of the reverse and forward bias characteristics. Both the reverse leakage
current and forward injection/diffusion current characteristics are markedly improved by the hydrogenation plus .
400 °C dopant reactivation process, with current reduction in the former and a positive voltage shift in the latter.
After a 500 °C anneal, the reverse current magnitude is retained at the passivated value, while the forward I-V
has begun to shift back toward its original characteristic prior to passivation. Incremental annealing at higher
temperatures results in a progressive recovery to the original forward |-V behavior. No such annealing
dependence is observed for the reverse bias characteristics, which instead are quite stable up to temperatures in
excess of 550 °C. This observation, coupled with our earlier results which comelated the reverse leakage current
directly to dislocation-related current generation, suggests a different process is likely to be responsibleforme
observed dependence of the forward bias characteristics on post hydrogenation annealing.

Asenesofexpenmetﬂswerepedonnedtomveshgatewhetheanwasmvolved in the observed |-V
behavior. Zn is a likely suspect for device instabilities due to its high diffusion coefficient and its propensity to
occupy interstitial sites within InP. Figure 3 shows the results of electrochemical C-V dopant profiling of p°n
heteroepitaxial and homoepitaxial structures that have undergone the hydrogen processes described in the
caption. The as-grown emitter doping concentration for the heteroepitaxial sample is slightly lower than its
homoepitaxial counterpart for identical DEZn flow conditions, which we have consistently observed when
comparing identically grown homoepitaxial and heteroepitaxial Zn doped InP layers. In an earlier paper we
showed this to result from a higher concentration of Zn, defects in the heteroepitaxial layer which will lower the
hole concentration by competing with the desired incorporation of Zn as substitutional acceptors and by
compensating the p-type material through the introduction of deep donor bandgap states.[7] Immediately after
hydrogenation and prior to any reactivation anneal, the emitter acceptor concentration reduces by more than two
orders of magnitude for both cases, as expected. The donors within the base are not passivated by hydrogen as
seen by the unchanged dopant concentration in the base of both structures. A subsequent 400 °C anneal is
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expected to reactivate the shallow acceptors to recover their as-grown concentration, and this does occur for the
homoepitaxial sample. However, we consistently find that the net acceptor concentration within the.
heteroepitaxial devices are actually reactivated to values that are a factor of 2-3 larger than their as-grown
concentration. This is clearly observed in figure 3. In fact, this concentration now closely matches that of the
homoepitaxial sample. Further annealing at progressively higher temperatures results in a systematic decrease
in the emitter doping concentration, eventually reaching the as-grown value after a 5 minute anneal at
temperatures in excess of 550 °C.

These observations closely track the evolution of the dark |-V characteristics as a function of
hydrogenation and annealing. To investigate whether a redistribution of the Zn profile can explain these :
observations, SIMS measurements were performed on the same sample matrix. The results are summarized by
the series of SIMS profiles in figure 4. Only the Zn and H profiles were plotted here, although In, P, Si, C and O
were also profiled. From this figure, it is clear that the Zn dopant profile is not significantly affected by either the
hydrogenation process or the subsequent annealing at the temperatures used here. Quantitative variations in the
average Zn concentration within the emitter are within a few percent over this sample matrix, whereas the
acceptor concentration as measured by CV varied by a factor of ~ 2. A similar disparity is also evident by
comparing the as-grown heteroepitaxial and homoepitaxial samples where a factor of ~ 2 change is observed for
CV acceptor concentration but SIMS indicates a comparable total Zn dopant concentration. At this time, it is
instructive to note that the hydrogen profile closely tracks the Zn profile, implying a possible connection between .
the two that will become evident later. In the next section, we provide evidence that the source of this
discrepancy between acceptor concentration and total Zn doping is the presence of a high concentration of
interstitial Zn (Zn) defects.

<t IR L = - LA a d K l

Figures 5 and 6 show low temperature PL spectra measured on homoepitaxial and heteroepitaxial
samples processed as described above. All PL measurements were performed under the same conditions
(temperature, incident laser intensity, etc.) so that meaningful comparisons can be made. A brief description of
the features within the PL spectra is necessary prior to discussing connections o the earlier observations. The .
conduction band to acceptor (C-A) peak (and its phonon replica) is a signature of -type InP and typically
dominates p-InP PL spectra.[6,7] For n-InP however, the dominant feature is a band to band (B-B) peak with no
C-A peak expected. This has been confirmed by performing PL measurements on individual epilayers. Since
here PL is performed directly on the device structures, the PL linescans shown in figures 5 and 6 are actually
composites of the PL emission from the 0.15 um thick p* emitter and the underlying n-type base region, although
the emitter is expected to be the dominant contributor due to the strong absorption of the 488 nm PL excitation
source within the surface region of the InP samples. ‘

We first discuss differences in the as-grown PL spectrum of each figure, which leads to two important,
initial observations. First, the overall magnitude of the PL spectra for the homoepitaxial as-grown sample in figure
5 is about a factor of 40 larger in magnitude than the PL spectra for the heteroepitaxial as-grown sample in figure
6. This is expected as the overall material quality of the homoepitaxial samples are superior to that of the
heteroepitaxial samples. Second, while the overall PL spectrum is reduced for the heteroepitaxial sample, the
quality of the emitter and base layers, as characterized by the B-B and C-A peak intensities respectively, appear
to have degraded differently upon direct comparison between the as-grown spectra. The C-A peak, which is a
signature of the PL emission from the Zn-doped emitter, is much larger than the B-B peak due to PL emission
from the n-type base for the homoepitaxial sample, indicating that the majority of the PL response is from the
emitter layer, as expected based on absorption of the excitation laser light. In contrast, for the as-grown
heteroepitaxial PL spectrum in figure 6, the C-A peak is actually suppressed relative to the B-B peak, suggesting
that a larger fraction of the overall PL emission is emanating from the n-type base. The reason for this is clear
upon further inspection of figures 5 and 6 where a broad PL emission centered near 1.25 eV is also evident. This
feature is easily detected in the heteroepitaxial as-grown sample and results from a donor-acceptor (D-A)
transition between Zn, donor-like levels and Zn substitutional acceptor levels. This D-A peak is generally
observed for Zn doping concentrations in excess of mid 10” cm® range for InP. In some eariier work, we have
shown that the D-A intensity is greatly enhanced for heteroepitaxial samples as compared to identically doped

‘homoepitaxial samples that was explained as a Zn, gettering phenomena due to dislocation strain fields, which
ultimately increases the Zn, concentration at the expense of substitional Zn.[7] This difference is clear from
figures 5 and 6 where the D-A peak for the homoepitaxial sample is evident only in the magnified inset in figure 5.
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From these PL studies, the Zn, concentration as indicated by D-A peak intensities was estimated to be as much
as 50% of the total Zn concentration for Zn doping in the 10" cm* concentration range. Therefore, a large
concentration of Zn, defects within the heteroepitaxial p* emitter here is certainly expected. Therefore, due to the
presence of both dislocations and Zn dopants, the heteroepitaxial p* emitter undergoes a severe degradation that
is not shared by the n-type base, hence the observed suppression of the C-A peak in the as-grown
heteroepitaxial PL spectrum.

Now that the Zn, defect has been discussed via the observation of the D-A PL peak, and the general
features of the PL spectra have been described, the effects of hydrogenation and post-hydrogenation annealing
on the PL characteristics can be considered. After the 2 hour hydrogen exposure and the 400 °C dopant
reactivation anneal, the C-A and B-B peaks increase in intensity as seen in figures 5 and 6, whereas the D-A
peak is completely suppressed by hydrogen incorporation. Since the concentration of shallow Zn acceptors have
been fully reactivated according the CV data shown earlier, the D-A peak suppression can only be due to the
deactivation (effective elimination) of the Zn, donor states. To our knowledge, this is the first direct evidence of
Zn, passivation in any lll-V semiconductor, and indicates a different passivation mechanism for Zn in its interstitial
form versus Zn in its substitutional acceptor form since the latter is fully reactivated by the same 400 °C anneal.
A detailed and quantitative study of the Zn, passivation process and properties in both heteroepitaxial and
homoepitaxial InP is the subject of a publication in progress.

PL measurements were performed after subsequent higher temperature anneals in order to compare with
the doping and |-V behavior already discussed. Both figures 5 and 6 show that the D-A peak is partially
reactivated by a 500 °C anneal, and is fully reactivated after a 600 °C anneal for both heteroepitaxial and
homoepitaxial device structures. This evolution of the PL spectra precisely tracks both the evolution in the Zn
acceptor concentration shown in figure 3 and the forward bias |-V characteristics shown in figure 1, providing a
remarkable correlation between the D-A PL peak behavior, the emitter doping behavior and the device forward |-
v charactensucs This is strong evidence for the direct involvement of interstitial Zn in the hetaroepltaxlal p'n

Takentogether thedatadesctbed above Ieadstothefollowmg model The hlghoonoentratnon of Zn,
defects within the heteroepitaxial Zn-doped emitter is passivated by hydrogen, along with Zn acceptors as well as
deep dislocation states. A 400 °C reactivates only the Zn acceptors, leaving dislocation states and the deep
donor states associated with interstitial Zn passivated. Thedeachvatoonofthedeepdom:sehmmatestheirability
to compensate the shallow Zn acceptor levels, effectively increasing the electrically active Zn acceptor
concentration. This is confirmed by the SIMS data which showed no change in the total Zn concentration, which
is the sum of the substitutional acceptor and interstitial donor concentrations. At higher annealing temperatures,
the Zn donors become reactivated as the H-Zn, complex (the exact form of which is currently under investigation)
dissociates. This then begins to re-compensate the Zn acceptors, ultimately reducing the emitter doping
concentration back to the original as-grown value. Hence, the PL, SIMS and CV data are consistent with each
other and the variation of acceptor doping |seompletelyexplamedbythepasswatuonandreactwatoononnl ;
donor-like defect states.

The trend in passivation and thermal reactivation onqdefectsnsalsoconsusterdwuhtheforward -V
data of figure 1. An increase in the emitter doping after hydrogenation plus the 400 °C dopant reactivation anneal
due to reduced compensation will translate into an increase in the fundamental built in voltage of the pn junction,
consistent with the increase in the tum on voltage, V,,, shown by the |-V data of the heteroepitaxial p°’n device in
figure 1a. However, some simple calculations show the increase in the ideal built in voltage expected for this
factor of 2-3 increase in emitter doping is only ~ 30 mV, not nearly enough to explain the observed 280 mV
increase. Another possibility is a reduction in recombination current and/or increase in shunt resistance. This is
highly plausible since the measured value of V., is far less than the theoretical built in voltage for InP and voltage
loss through a parallel path can be expected, especially for highly defective material having low carrier lifetimes
and since the likelihood of excess interstitial Zn incorporated within the depletion region is high. Whether the
source of the recombination is related to interstitial Zn defects, and if hydrogen effectively suppresses this
recombination current is currently under investigation. Nevertheless, it is clear from these results that Zn, and H-
Zn, interactions have a direct impact on heteroepitaxial p'n InP device characteristics, and given the temperature
range at which these complexes dissociate, such interactions may also be an issue for typical MOCVD growth of
InP where Zn is used as a dopant.
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4. Conclusions

In this paper we have shown that a high concentration of interstitial Zn defects are present within the
emitter of p'n heteroepitaxial InP solar cell structures, and have demonstrated that they are efficiently passivated
by post-growth hydrogenation. Interstitial Zn defects were shown to be responsible for the low turn-on voltages
characteristic of heteroepitaxial p°n InP diodes, and were also shown to compensate the desired maximum
emitter doping concentration. Post-growth hydrogenation was found to efficiently deactivate the deep donors
associated with the interstitial Zn defects, displaying a thermal stability in excess of the common Zn acceptor
passivation. Thus, the beneficial effects of the Zn, passivation can be realized. We find this to be directly
responsible for a factor of 2-3 increase in the maximum acceptor doping achievable in the heteroepitaxial p*
emitter, as well as a remarkable increase in the device voltage output, with an increase from 680 mV to 960 mV
being observed for the forward bias tumn-on dark voltage. This is an important technological result if it can be
sustained in an actual operating solar cell (currently under investigation) since the emitter and V.. in general limit
the performance of heteroepitaxial p'n InP cells.
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Figure 1. Dark I-V characteristics of (a) heteroepitaxial p’n, (b)heteroepitaxial n'p
and (c) homoepitaxial p'n InP cell structures. In each case, the labels a-d correspond
to the following conditions; as-grown, hydrogenation + 400 °C dopant reactivation
anneal, hydrogenation + 500 °C anneal and hydrogenation + 600 °C anneal,
respectively. The magnitude of the forwardbias shift in figure 1(a) is 280 mV.
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ABSTRACT

Chemically grown oxides, if well designed, offer excellent surface passivition of the emitter surface of
space solar cells and can be used as effective passivating window/first layer AR coating.

In this paper, we demonstrate the effectiveness of using a simple room temperature wet chemical
technique to grow cost effective passivating layers on solar cell front surfaces after the front grid metallization
step. These passivating layers can be grown both on planar and porous surfaces. Our results show that these
oxide layers: (i) can effectively passivate the front surface, (ii) can serve as an effective optical window/first
layer AR coating, (iii) are chemically, thermally and UV stable, and (iv) have the potential of improving the
BOL and especially the EOL efficiency of space solar cells. The potential of using this concept to simplify the
II-V based space cell heterostructures while increasing their BOL and EOL efficiency is also discussed.

INTRODUCTION

For space solar cells light- and radiation-induced effects are known to adversely affect the solar cell
performance. An important degradation mechanism is known to be the generation of fast surface states at the
emitter/first layer antireflective (AR) coating interface. It is a common practice to use physical vapor
deposition to deposit the AR coating. For simple solar cell structures (e.g. Si and InP-based homojunction cell
structures), the layers of the AR coating are deposited directly onto the emitter surface. This approach is
known to destroy the stoichiometry of the emitter layer. It introduces additional defects at the emitter/AR
coating interface. Physical vapor deposition of the AR coating is also known to adversely affect the
performance of TPV cells.

The application of theoretical and experimental advances in the physics of semiconductor
heterostructures to space solar cells has resulted in the fabrication of the large variety of high efficiency
heterostructure space solar cells known today. However, increasing the number of layers of the heterojunction
cells may have a negative impact not only on cost but on the functionality of these cells under the space
radiation environment. This is especially true for cells designed for high radiation orbits. Simply put, the more
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layers these heterostructure cells have, the larger the chance of degradation under the space environment.
Therefore, it is highly desirable to reduce the number of layers of heterostructure space solar cells, as for
example, by eliminating the passive window layer.

High efficiency III-V based space solar cells often use a window layer grown on the surface of the
emitter prior to depositing the layers of the AR coating. This window layer partially passivates the emitter
front surface and reduces the surface recombination velocity at the surface, thereby improving the cell
performance. Although current epitaxial growth techniques (e.g. MOCVD, MBE) are capable of producing
abrupt, atomically sharp heterojunction interfaces, lattice matched window layers (e.g. AlGaAs, InAIP, GalnP,
and AllnPy) grown by epitaxy, increase the cost and reduce the yield of finished cells. Based on the results
presented in this paper, we suggest that replacing the presently used window layers with stable, ultrawide
bandgap, chemically grown oxide layers can decrease the fabrication cost and increase the yield of space solar
cells, while increasing both the BOL and EOL efficiencies.

Chemical oxides grown by a simple, yet reproducible wet chemical growth technique, which are of
interest for replacing the above window layers, have ultrawide bandgap, e.g. 6.8 eV for In(PO3)3 grown on
InP [1]. These oxides are transparent in the useful region of the spectra, and bandgap values larger than 5 eV
should help to minimize the Fermi-level pinning effect and the oxide/semiconductor interface electrical
instability. !

One of the early criticisms about chemically grown oxides, still very much widespread within the
semiconductor device community, is that they are thermally and electrically unstable [2]. Based on our
published data on oxides grown on InP [e.g. 3-11] and preliminary unpublished data (oxides grown on Si, Ge,
and GaAs), part of which are summarized in this paper, we are confident that through a relatively short R&D
effort these oxides can be stabilized for any space solar cell. Using this approach, record high Vo and Jgc
values have been measured under AMO, 259C conditions at NASA LeRC at 890 mV for a diffused junction
p*+n InP cell and at 55.5 mA/cm? for a diffused junction n+pp+ Ge cell, respectively. o

RESULTS AND DISCUSSION

InP Solar Cells

While developing the technology of the low cost fabrication of high efficiency, radiation resistant
thermally diffused p n InP solar cells at NASA-LeRC/CSU, using chemically grown In(PO3)3-rich oxide for
surface passivation and as a first layer AR coating, we have been able to consistently and reproducibly obtain
world record high open circuit voltage (Vo) values of 885 to 890 mV (AMO, 25 OC measured at NASA
LeRC). We showed that the origin of the instability of chemically grown oxides on InP surfaces was the
presence of In-rich oxide layer on the top of the P-rich In(PO3)3 interfacial oxide layer.

The fact that these thermally diffused cells had larger Vo values than those of any other InP solar
cells, including cells made by epitaxial techniques, proves that if the chemical growth process is well
designed, the simple to apply and reproducible chemical oxidation technique offers a good surface passivation
of InP surfaces. In fact, presently, we are not aware of any other window layer material for the InP based cell
which offers a better surface passivation and, therefore, a better blue collection efficiency than that obtained

using the simple P-rich chemical oxide on a diffused junction homostructure.

In Figure 1 is shown a typical external quantum efficiency plot of a diffused junction p T n(Cd,S)InP
cell. The AMO, 25°C V. of this cell was 887.6 mV, using only a chemically grown P-rich In(PO3)3 oxide
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layer as an AR coating. From low frequency EG-V measurements, we recorded a surface state densxty
minimum (Ngg) at the Cd-diffused p+-InP/passivating layer interface as low as 2 x 1010 cm2ev-1, which is
lower than other previously published values. Such a low Ngg value is in excellent qualitative agreement with
the high measured V. and blue response values of these cells. Even after irradiating the cells with 1013 cm2,

3 MeV protons and with energetic « particles with 1.06 x 10 17 ¢m2 equivalent 1 MeV electrons, by using
these In(PO3)3-rich chemical oxides as passivating layer, the drop in the blue response was significantly lower
compared to cells without this oxide layer This means that the chemically grown P-rich oxide/InP interface is
stable even after exposing the cell to such extreme radiation environments. The cells had also a very good UV
stability and a higher radiation tolerance and better annealing properties under working conditions compared to
any other InP cell structures. '

The main optoelectronic characteristics of this chemically grown P-rich In(PO3)3 oxide include: (i)
high transparency, with an estimated bandgap of 6.8 eV over the visible range of the solar spectrum, (ii)
lower than 27% blue reflectivity and average surface reflection of 25% (for an oxide thickness of about 40
nm), and (jii) an average refractive index over 300 to 1000 nm wavelength range of 1.496 with a very small
extinction coefficient. These properties, combined with its excellent passivating properties mentioned above,
make this chemical oxide very attractive, indeed, for use as the first layer AR coating. Based on experimental
ellipsometry and reflectivity data, we demonstrated that the reflectance of the InP cells can be reduced to less
than 4% (not including the reflection from the grid metallization) by designing a three-layer AR coating using
the P-rich In(PO3)3 oxide as the first layer, Al2O3, ZnS or S|3N4 as the second layer and MgFg as the third
layer. The proposed three-layer AR coatings designs shown in Figure 2 are optimized for minimum current
loss of the p*n InP solar cell under AMO light spectrum.

GaAs Solar Cells

Our very preliminary data show that using a simple room temperature wet chemical technique, under
development at SPECMAT, good quality passivating layers can be grown on GaAs-based surfaces. Although
not yet known conclusively, apparently these oxide layers are made up of a top layer which is a mixture of
Gay03 and GaAsO4 and an interfacial layer, which should be rich in a stable Ga(AsO3)3 oxide, probably
mixed with some AsyO5 component. We have not yet tested these oxides on any GaAs-based solar cells.

Compared to the InP cells, the GaAs-based space solar cells are at a much more advanced stage of
development. GaAs based heterostructures also have good lattice matched window layers. Hence, it will be
particularly interesting to test the effect of replacing the window layer with chetmcally grown As-rich layer on
BOL and EOL efficiencies of these high efficiency GaAs-based solar cells.

Germanium Cells

Wet chemical oxides grown on Ge surfaces are known to be the worst in terms of their passivating
properties and stability. Here, we demonstrate that it is possible to stabilize the chemically grown passivating
oxides even in the worst case scenario, namely, Ge cells with front surfaces covered with a chemically formed
porous Ge. .

Under a 6 month Phase I Clean Car Initiative, awarded to CSU, we fabricated planar n+pp+Ge
cells. Due to their very good performance parameters (e.g. a record high short circuit current density of 55.5
mA/cm2, measured at NASA LeRC under AMO, 25°C conditions on a 1 cm? n*tppt Ge cell with no AR
coating except for a thin chemically grown passivating layer), these cells appear to have good potential for
high efficiency, low cost TPV applications.
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In Fig. 3 is shown the EC-V net majority carrier concentration depth profiling of the front ntp
junction of an optimized n*+pp*Ge(As,In) diffused structure. We used electrochemical characterization
techniques for the step-by-step diffusion process optimization. The AMO, 25°C short circuit current density of
a planar Ge cell using the above structure and a 750 A thick SiO single layer AR coating was only 28.7
mA/cm2. From the external quantum efficiency of this cell, shown in Fig. 4, it is evident that this device has a
poor current collection at the surface, indicating a need for surface passivation.

We first tried growing a very thin (less than 100 A) chemical oxide on a Ge cell with a thin porous
layer on the emitter surface. This resulted in severe UV instability. We have been able to essentially eliminate
this instability as well as remarkably improve the cell performance by adding a wet chemical step of stabilizing
this oxide layer.

After stabilizing the thin chemical oxide using a wet chemical treatment, for a cell made from a Ge
structure identical to the one in Figs. 3 and 4, a record high short circuit current density of 55.5 mA/cm? was
measured at NASA LeRC under AMO, 25°C conditions. The external quantum efficiency of this cell is shown
in Figure 5 and its spectral response in Figure 6. Note the significantly improved short-wavelength response,
indicating excellent collection at the surface. The n+pp+ Ge cells had a total area (defined by deep etching -
about 5pm into the base, using a mesa etching mask) of 1 cm2. After the chemical treatment the chemical
oxide layer became stable and the UV instability was significantly reduced. The chemical reactions of all three
wet chemical processes, namely porous Ge growth, oxide growth, and stabilizing of the oxide are compatible
with the Au-based front and back cell contacts. ‘

From our preliminary results, it is obvious that treated chemical oxides grown on Ge front cell surface
after the front grid metallization can be used not only for surface passivation, but as an effective first layer AR

coating as well.
Concentrator Silicon Solar Cells

The only high efficiency concentrator solar cells available to us for this preliminary experiment were
some Vertical MultiJunction (VMJ) Si solar cells, provided by PhotoVolt, Inc. The biggest contributor to
efficiency loss in the Si VMJ cell structure is the fact that its illuminated and back surfaces are high
recombination surfaces with exposed junctions which are difficult to passivate by means of thermal oxidation.
This is because thermal oxidaﬁonneeduumpuamrematishighermmthetemperauueatwhichthesmk is
alloyed together. Additionally, as known for these cells, degradation by nonionizing (subbandgap) radiation
(as far as the insulators tantalum pentoxide and silicon nitride are concerned) makes the cell performance
parameters decrease significantly with time, especially if UV or near UV radiation are not completely absorbed
by the cover glass and/or encapsulant. ¢,

On some Si VMJ cells with TagOs as an AR coating, after 1 hour exposure to high intensity (about 50
mW/cm2) near UV light, the drop in the performance parameters was as high as 20%. Afier the exposure, the
cell performance parameters completely recovered after only about 30 minutes, which suggests that fast
surface states at the TayOs/Si interface were responsible for the performance parameters drop. After removing
the TapOs layer, passivating the surfaces using a chemically grown thin film SiO-based layer, the cell
performance parameters increased by as much as 50%. Additionally, no UV degradation was observed even
after exposure to the aforementioned halogen light for as long as 5 hours. In fact, for some cells, with similar
surface treatments, measurements performed in the PV branch at NASA LeRC under AMO, 25°C conditions,

- showed even a small increase in performance parameters after prolonged light exposure.
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CONCLUSIONS

In summary, we show in this paper that using simple, cost-effective room temperature wet chemical
techniques to grow passivating layers on the front surface of Ge, Si and InP and GaAs based solar and TPV
cells, it is possible to reduce reflection and very significantly improve current collection near the illuminated
surface. Based on our results we suggest that replacing the presently used passivating/window layers of high
efficiency homo- and heterojunction III-V based space solar cells with stable ultrawide bandgap chemically
grown oxide layers will increase both the BOL and EOL efficiencies while decreasing the fabrication cost and
increasing the yield of space solar cells. We are confident that through a relatively short R&D effort, stable
chemically grown oxides with good passivating and optical properties can be cost effectively and reproducibly
grown prior to or after the front metallization step for any other space and terrestrial solar cell and TPV cell
configurations.
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LIGHT WEIGHT, THIN-FILM Si HETEROJUNCTION SOLAR CELLS

W.A. Anderson, B. Jagannathan and ™. Klementieva
State University of New York at Buffalo
Department of Electrical and Computer Engineering, Amherst, NY 14260

Abstract. This approach to a thin-film Si solar cell combines theoretical analysis, growth of thin-film
crystalline Si (c-Si) and deposition of amorphous Si (a-Si:H) to form the heterojunction. The PC-1D model
predicts a potential efficiency of > 16% for a Si thickness of 10 um. Liquid phase growth (LPG) of the
base-layer c-Si gave carrier mobility of 100cm?/V-s and lifetime of 8 us. Microwave electron cyclotron
resonance (MECR) deposition of a-Si:H onto a c-Si wafer gives over 10% photovoltaic conversion
efficiency. Work continues to combine MECR with LPG to give a thin-film Si solar cell. ,

INTRODUCTION

The increased use of satellites for communications makes cost of solar cells a ¢ eater concern than in
the past. One way to reduce cost is to reduce the thickness of the cell. Both reduced weight and lower solar cell
cost become attractive. Progress is being made on several fronts in the area of thin film Si photovoltaics.
Researchers in Germany have introduced the “Micromorph” cell, in which they use very high frequency glow
discharge (VHF-GD) to produce microcrystal hydrogenated Si (uc-Si:H) [1]. They report a 10.7% efficiency on an
a-Si:H/uc-Si:H cell. Tanaka et. al. [2] report an a-Si/poly-Si cell having a 9.2% efficiency. The poly-Si was made
using solid phase crystallization of a-Si. Miyamoto et. al. [3] reported a remote PECVD method to obtain poly-Si
on glass. N. Beck et. al. [4] also utilized VHF-GD and different gas dilutions to achieve pc-Si:H with drift
mobilities up to 3 cm?/V-s. Very recently, ultrathin crystalline Si on glass was formed by CVD at 1000°C [5]. Si
films have also been obtained by laser crystallization of a-Si on plastic [6]. The a-Si was deposited at low
temperature by PECVD. It is clear that encouraging progress is being made in the area of thin film Si for
photovoltaics and for flat panel displays.

The work reported herein deals with the a-Si:H/crystalline-Si (c-Si) solar cell, where the crystalllne Si may
be nanocrystalline (nc-Si) or microcrystalline (uc-Si). Usually, the c-Si is p-type and the a-Si:H is layered n/i-type.
Radiation hardness of such a solar cell should be quite good due to the use of a-Si:H [7] and thinner c-Si [8]. This
paper will address design issues using PC-1D, formation of thin film c-Si, deposition of the a-Si :H and prospects
for future advancement of the a- v

Si:H/c-Si solar cell.
Table | Performance Predicted by PC1D :

PC-1D MODEL 0.01um n+ a-Si/0.08 um | a-Si/ 10 pm p ¢-Si/ 0.1 pm p+ c-Si
Fill Efficiency
PC-1D was used to simulale  Special Condition e (mA/m?) V. (V)  Eactor (%)
the performance of the a-Si:H/c-Si  Standard’ 31.2 0.56 0.78 13.6
solar cell having an Si thickness of 10 Texture, 3 pm, 55° 320 0.55 0.79 13.8
pm.  An efficiency of 16.3% was . inl=05 33.0 0.56 0.79 14.6
predicted with use of a double | inp=85um 334 0.60 0.80 16.3

antireflection coating. Table | shows
the variation in photovoltaic output * N, =4x10" cm®, double A/R coating, BSR,
under various assumptions. Huinl=0.1cnPA.s, Lyinp = 10 um
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Interface recombination was introduced at the a-Si:H/c-Si
interface to simulate the condition which we view as the cause for ™ Responsdueto
reduced efficiency. This condition of recombination velocity of interfacial recombination
8x107cm/s for electrons and 1x10%cm/s for holes reduced internal /
quantum efficiency by 20% and photovoltaic power by even more
than we experimentally observed as shown in Figure 1. Increasing
a-Si thickness to above 500 A caused severe reduction in the UV

(-]

Current Density (mA/cm?)

portion of the quantum efficiency plot. -

EXPERMENTAL METHODS ‘ o]

Liquid Phase Growth (LPG) of c-Si J
- <
This study was an attempt at forming a polycrystalline Si 3 Jdeal response

on a foreign substrate using a relatively low temperature process. — . . .
Depositions were done in a diffusion-pumped high vacuum a4 Q2 0 0 04 08
system. A liquid nitrogen cold finger assists in achieving a base Voltage (volts)

pressure in the low 107 Torr range. A filament evaporation source

deposits the solvent metal prior to sputtering of the Si by d.c. Fig. 1 Effect of interfacial recombination
magnetron from a 2" target. Typically, a polished Mo substrate, - ging PC-1D code for the a-Si:H/10um
coated with SiO,, is first coated with a 50-500nm layer of Sn while  tpick ¢-Si.

heated to about 400°C, or at 650°C for the In/Ti prelayer. In future

- use, the Mo would be replaced by a suitable plastic for reduced

weight. Ti is used as a wetting agent to allow full wetting of the -
substrate surface by the liquid In layer. This is followed by
the Si deposition in 2 mTorr-of 5% H,in Ar at a rate of 1
micron per hour with the substrate at about 600°C. During -
deposition, a metal-Si-melt is formed which is kept saturated in
Si by the sputter gun. This liquid layer remains on the surface

and leaves behind a poly-Si film. Chemical etching later Silicide Vias
removes the metal-Si residue and exposes the poly-Si layer.
Films have been grown with thickness ranging from less than Fig. 2 Cross-section of thin-film poly-Si

one micron to about 6 microns. The structure is shown in and substrate.
Figure 2. More detalls have been previously published [9,10].

MECR Deposition of a-Si:H

Thin film silicon growth by a microwave plasma  discharge (operated in an ECR condition) in a
SiH,/Ar/H,/He type mixture addresses the need for obtaining microcrystalline Si (mc-Si) films with lower defect
density at a higher rate of deposition and amorphous Si (a-Si) films with improved stability. The technique permits
electrodeless deposition of silicon films at higher plasma density compared to the rf PECVD.

The schematic of the deposition system is shown in Figure 3. It consists of a Pyrex cross, mated to a -
quartz tube within a resonant cavity. The magnetron tube is mounted directly on the cavity, which is a
rectangular Al waveguide. The input power to the magnetron can be continuously varied up to 1000 W. The two
permanent magnets (885 Gauss) provide the ECR condition in the resonant cavity. The plasma is excited in a
background gas (H,, He or Ar) in the quartz tube and the process gases (2% SiH,/He or 2%SiH,/Ar) are fed at the
front end of the quartz tube. A 2" stainless steel block with heater and thermocouple serves as the substrate
holder. The chamber is pumped by a diffusion pump, and has a base pressure of < 10° Torr. A cold trap is used
to reduce backstreaming and reduce water vapor. Growth of mc-Si has been achieved in both SiH,/Ar/H, and
SiH,/He/Ar/H, type mixtures at low substrate temperatures of 300 - 400°C at operating pressures of 1-10 mTorr.
Amorphous silicon films have also been prepared with these gas combinations at temperatures of 250 °C and
pressures of 40 mTorr. »
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Fig. 4 Lifetime data for pc-Si films
comparing Sn to In/Ti prelayers.

EXPERIMENTAL RESULTS
Liquid Phase Growth of c-Si

Films using the In/Ti prelayer exhibit large
grain size (> 20 um), carrier mobility up to 100 cm?/V-
s, a preferred (111) orientation and carrier lifetime of
0.3 ps, which is lower than desired due to
contamination by Ti. Films using the Sn prelayer
have a grain size of about 1 um, carrier mobility up to
100 cm?N-s, no preferred- orientation and carrier
lefetime of 8 us. Figure 4 shows the carrier lifetime
data, taken by R.K. Ahrenkiel at NREL. Clearly, the
fims made with the In/Ti prelayer have 2
mechanisms, one of which we feel is caused by the Ti
impurity. Figure 5 shows that the Sn-prelayer film
responds well to hydrogenation with carrier mobility
increased to 160 cm?/V-s. '

Data in Table Il show the electrical properties
comparing Sn to In/Ti pre-layers. Ti, as a wetting
agent, causes electrical properties to deteriorate. Ti
must be replaced in future work if In is to be used as
the solvent.

: /
§"°‘ = //
i P
]
i e

Fig. 5 Carrier mobility for 'pc?Si fiims
using an Sn prelayer. '

MECR Deposition of a-Si:H and pc-Si

The growth of microcrystalline silicon (mc-Si) by the H, dilution of 2%SiH, (balance of either Ar or He) by
an ECR-CVD process has been examined. Variations in structural and electrical properties of thin films have
been evaluated with respect to growth parameters, mainly, H, dilution (defined here as Ry =H, content/(total gas
content)), substrate temperature, input power and total pressure. Most of the films discussed here were deposited

at 10 mTorr total pressure. .
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Table Il. Properties of LPG Thin Film Silicon - "

Sn Prelayer  In/Ti Prelayer 1M 200w
Growth temperature (°C) ~ 600 ~ 600 R =0 "\ oo w
Conductivity type® N P 2et0: -
Grain size (um) <1 20 or more ) n 02 wow
Grain orientation mixed (111) =]
Dark conductivity (Q-cm)™ 1-10 0.1-2 ]
Carrier mobility (cm®/V-s) 60 @300K 100 @300K H " e oo w
Carrier mobility (cm?V-s) L I ,
after hydrogenation 140 @300K 100 @300K R oo w
Lifetime (”s)(b) ~8 - 03( K *se - c.o'o aso s00 ss0 e00
(a) Controlled by source; R S (e
(b) Measured at NREL, Fig. 6 Raman spectra of MECR-Si

(c) Limited by Ti in film with different power and H-dilution.

Structural Properties

Figure 6 shows the Raman spectra for H, dilution of 2% SiH,/Ar, as it is varied from 0 to 0.55, at a
substrate temperature of 300 °C, and an input power of 400 W. The dilution at a Ry of 0.55 corresponds to a
condition of almost equal amounts of Ar and H, in the system. The films are seen to crystallize even at R, of
zero. Completely amorphous films are obtained when the input power is lowered to 200 W. As the H, content in
the plasma increases, the amorphous contribution in the Raman spectra at 480 cm™ and the shoulder at 503 cm?
decrease, and for Ry levels of 0.55, only a sharp crystalline TO peak is apparent. By analysis of the Raman
spectra, it was found that ~45% of the film crystallizes when no H, is present, however, the grain sizes are only
~30 A. With increasing Ry, the grain sizes and crystalline fraction increases. For Ry levels of 0.55, 70% of the film
crystallizes at grain sizes between 200-300 A. -

Electrical Properties

Table 11l shows the dark/ photoconductivity (cy/ceu)of the best films deposited by this method. The
amorphous films were deposited at 40 mTorr and a substrate temperature of 250 °C, while the mc-Si films have
been deposited at 400 °C and a R, of 0.55. Using He as the carrier gas results in films with very good cp that
also show a higher conduction activation S :

energy compared to the films deposited ~~ Table Il Dark/Photoconductivity of Some ECR-CVD Films
with Ar, implying lower defect densities '
in such films. This is also seen for the Film Type 2% SiH, | op Oru AE.,
mc-Si films. In the case of the mc-Si Carrier (S/cm) (S/cm) | (eV)
films, for films deposited at 400 °C, 8 )
carrier transport was found to be Amorphous Ar 8x10 7x10 S 0.53
thermally activated over many orders of Amorphous He 4x10° 8x10™ |0.80-
magnitude, but the films deposited at Microcrystalline Ar 3x10°® 9x10° | 0.30
300 °C showed two transport " - r 5
mechanisms. Microcrystalline He 6x10 1x10 0.49
Devices

Heterostructure solar diodes with a-Si/crystalline silicon (c-Si) type structures were fabricated. The a-Si
film was typically 300-400 A thick. Figure 7 shows the photovoltaic characteristics of the cells. The cells made by
ECR-CVD deposition of a-Si:H were not as good as ones using sputtered a-Si:H.
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Fig. 7 Photovoltaic results for a-Si:H/c-Si wafer using Fig. 8 Proposed design of a thin-film Si solar cell.
: 100 mW/cm? illumination, without an A/R coating.

For sputtered a-Si:H/p-type crystalline Si, V. = 0.55V, Ji = 30 mA/cm?, FF = 0.67, and efficiency =
10.9%, without an A/R coating. . A : ' :

DISCUSSION

The a-Si:H/c-Si thin film solar cell has a potential efficiency of >16%, based on PC-1D modeling. This
work has explored the growth of thin-film c-Si using a liquid phase growth (LPG) in conjunction with a DC
magnetron sputter source. Use of an Sn melt to promote LPG has led to film thickness exceeding 6 um, carrier
mobility of 100 cm?N-s (160 cm2/V-s after hydrogenation), and carrier lifetime of 6 ps. On the negative side, film
non-uniformity has hindered the fabrication of large-area solar cells. Solution of this problem might lie in use ofa
rotating substrate, introduction of a better buffer layer to improve wetting of the liquid phase or a seeding
technique to control uniform nucleation. = : .

~ Microwave electron cyclotron resonance (MECR) deposition of the a-Si:H has been quite successful.
Films may be a-Si or nc-Si, by adjusting substrate temperature. Control of hydrogen dilution provides films of
lesser hydrogen content which may improve upon light-induced degradation normally seen in a-Si:H. Solar cells
fabricated using MECR-deposited a-Si:H/c-Si wafer have produced a 10% efficiency. The efficiency is limited by
the a-Si/c-Si interface. We are exploring a solution to this problem-utilizing hydrogenation and/or introduction of a
thin nc-Si transition region between a-Si:H and c-Si. A more complex-solution would alter the structure to a
tandem cell using (n-i-p) a-Si:H/(n-p)c-Si. This would remove the junction from the a-Si:H/c-Si interface.

At some point, the MECR process will be applied to the LPG thin film to give a truly thin-film Si solar cell.
Such a design is given in Figure 8 and includes a stable nucleating barrier (SNB). o

B ~CONCLUSIONS
PC-1D modeling of the a-Si:H/c-Si thin film solar cell predicts a potential efficiency > 16%. The liquid

phase growth (LPG) process gives a thin Si film having good electrical properties and grain sizes up to 20pm or
more. Improved uniformity is required which may be achievable by altering the buffer layer and/or wetting agent.
- MECR deposition of a-Si:H and nc-Si has produced quite promising films, the properties of which are easily
controlled by process variables. Hydrogen dilution results in films having less incorporated hydrogen which may
be more stable. MECR deposition of a-Si:H onto c-Si gave cells with an efficiency of 10%. Once LPG is
improved, the MECR process can be used to complete the solar cell. A possible structure is shown in Figure 8
[11).
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NOVEL S| SOLAR CELL FOR SPACE POWER APPLICATIONS

by
Dr. Henry Brandhorst and Hayden Hontgas
Center for the Commercial Development of Space Power and Advanced Electronics
Space Power Institute
Auburn University
Auburn, AL 36849-5201

Abstract: This paper presents evidence that a high efficiency (~18%), radiation tolerant (~GaAs) n-p silicon solar
cell for space power applications can be developed.

It is estimated that 50% to 75% of all commercial satellites now under construction will be equipped with solar cells
from lll-V elements such as GaAs. But, the cost of a single crystal GaAs solar cells is as much as eight times the
price of silicon cells. By fabricating the GaAs cell on a Ge substrate, costs have dropped to only two to three times

the cost of Si solar cells. Theory suggests that the addition of small amounts ~10! 7Icn13) of Ge into the silicon
lattice in the bulk region can decrease the base minority carrier mobility feading to significant Voc increases. The
mobility decrease reduces Jo and should not greatly affect Jsc, thus leading to increased efficiency. PC1D
simulations show agreement with these presumptions. The base resistivity (~10-100 Q-cm) of the cell allows it to
retain good radiation resistance. Because the cell is basically Si, it can be produced at a lower cost per cell than
present GaAs space solar cells yet possessing similar efficiency and radiation tolerance.

Introduction -

The idea presented in this paper is to show theory and simulation results that suggest a silicon (Si) based
n-p solar cell for space power applications may be produced that is competitive in performance characteristics with
GaAs solar cells. Recent theoretical studies indicate that S;_,Ge, may be used with conventional doping schemes
to achieve improvement in presently available Si solar cells. It is believed that through the introduction of material
such as germanium into the solar cell structure, characteristics such as power-conversion efficiency and radlauon
hardness equivalent to that of gallium-arsenide (GaAs) solar cells can be achieved.

Itis estimated that 50% to 75% of all commercial satellites now under construction will be equipped with
solar cells from lil-V elements such as GaAs. But, the cost of a single crystal GaAs solar cells is as much as eight
times the price of silicon cells [1]. By fabricating the GaAs cell on a Ge substrate, costs have dropped to only two
to three times the cost of Si solar cells. Therefore, development of a silicon-based solar cell with equivalent GaAs
performance characteristics will offer significant additional cost reduction for satellite solar cells.

Theory -

The fundamental rationale for this research is to reduce the reverse saturation current of the diode by
reducing the electron mobility within the PV cell bulk without significantly affecting the minority carrier diffusion
length. This effectively increases the open-circuit voltage and may provide good power-conversion efficiency (up
to 18%), while maintaining a relatively high resistivity (~10 W-cm) base, which ensures good radiation hardness.
The governing solid-state equations are as follows:
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In general, the reverse saturation current is given by [2] -

2 2
= qDn; +thni.
° LeNp LpNp

Where D and Dy, are the minority carrier electron and hole diffusivity, respectively. N and Np are the p-region
and n-region doping concentrations, respectively. L and Ly, are the electron and hole diffusion lengths,
respectively. The intrinsic carrier concentration is n;, and q is the electric charge.

The open-circuit voltage is given by [2] -

(kT) In(—-— + 1)

T = temperature
J_ = light generated current density

Using the Einstein relationship [2] -

kT
D = e h
e h q

where u, ;, = minority electron or hole mobility, and the definition of diffusion length [2] -

Ls h = JPe.h%.h

where z, ;, = minority electron or hole lifetime, and combining these relationships, one kobtains' -

Voo = E e |
q {(JgkT)(1/N x /l»le/‘te"'l/Np,X w./%,)

For 10 W-cm n-p cells, J, is dominated by the contnbuhon from the base reglon Therefore, we can
simplify this relationship to obtain- ~ o -

V- le(n Ji | )
T (Janxl/N,,(q/u,/r)

Thus, by inspection, it is clear that for a fixed base fifetime, mobility reductions in the base lead directly to
V,c increases. However, J; depends on diffusion length and mobility so care must be taken not to adversely

impact diffusion length while reducing mobility. This has the effect of increasing the maximum power output of the
cell so long as J; is not greatly reduced.

Maintaining a high resistivity (~10 W-cm) p-region leads to high radiation hardness. Recent theoretical
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work [3] has shown that introduction of germanium into p-type silicon (SiiGe,) doped to levels less than 10"%cm®
can significantly decrease electron mobility. Germanium is an ideal additive in Si, being isoelectronic with Si as
well as being infinitely soluble.

Simulations -

PV cell simulation software called PC1D{4}] was-used-to-perform-simulations to-determine the effect of
lowering the minority carrier mobility in the p-type base region of a silicon solar cell. Figure 1 shows the structure
of the simulated cell. The simulations were performed by applying-a 1 mieron region of low-electron mobility at
the junction and gradually increasing the thickness of this region until it made up the entire base. The total cell
thickness was maintained at 150 microns. - Simulations were-performed-for eleven different- values of electron
mobility. An optical coating was applied to the surface, intemal reflectance, base contact and emitter contact
were enabled and an exterior rear reflectance was-set to 70%- The-emitter was maintained-at 0.5 micron and n-
doped with a gaussian profile with a peak of 3x10'%/cm>. The cell background doping was maintained at 100-cm
with a bulk recombination of 206us. The celt was-excited with-the-AMO-spectrum.

np cell

e

RS

Figure 1. Cell structure.

Figures 2 and 3 show the simulation-resuits-for epen-eweuit—voltage and short-cireuit-current. These
results show the trend of increased open-circuit voltage and short-circuit current, and therefore efficiency, with
decreased electron mobility in the p-type-base.
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Figure 2. V,. vs low . region thickness for different electron mobilities.
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ABSTRACT

The need for a reliable, inexpensive technology for small-scale space power applications where
photovoltaic or chemical battery approaches are not feasible has prompted renewed interest in high-efficiency
radioisotope-based energy conversion devices. Although a number of devices have been developed using a
variety of semiconductors, the single most limiting factor remains the overall lifetime of the radioisotope battery.
Recent advances in growth techniques for ultra-wide bandgap lli-nitride semiconductors provide the means to
explore a new group of materials with the promise of significant radiation resistance. Additional benefits resulting
from the use of ultra-wide bandgap materials include a reduction in leakage current and higher operating voltage
without a loss of energy transfer efficiency. This paper describes the development of a novel plasma-enhanced
pulsed laser deposition system for the growth of cubic boron nitride semiconducting thin films, which will be used
to construct pn junction devices for alphavoltaic applications.

INTRODUCTION

Alphavoltaic Device Concept

There are a number of space power applications where sufficient quantities of solar photons are not
available, and chemical-based battery technology is not an optimum choice. As a result, there has been renewed
interest recently in the concept of a radioisotope based battery, which is a potential alternative to solar and
chemical based technologies. The concept has been described by a number of authors [1-5], and reviewed in
detail by Olsen [6]. The basic idea consists of capturing highly energetic particles (such as those emitted from
various radioisotopes) by a semiconductor device capable of converting the particle energy to electrical energy.
Perhaps the most significant demonstration of the concept to date used silicon pn junction diodes with Pm-147 as
a source of beta particles to obtain peak powers of 400 uW in a physical package suitable for pacemaker
applications [6]. The functionality of such a device is presently limited by tradeoffs resulting from the damage
threshold of the semiconductor material versus the amount of available energy per particle, as well as the stopping
power of the material for a specific particle type and energy. Concentrating on absorbing MeV-range alpha
particles can theoretically lead to a higher energy conversion efficiency due to the comparatively large stopping
power of most semiconductors for such particles, but this simultaneously leads to a probable reduction in overall
device lifetime [7]. Therefore, in order to provide both the necessary output power levels and overall system
lifetime, a suitable semiconductor with the required degree of radiation tolerance must be identified.

For the radioisotopes of interest, the energy of a single alpha particle is on the order of several MeV (5.5
MeV if using Am-241). Therefore, the bandgap energy of the semiconductor is largely irrelevant from a particle
absorption standpoint. In fact, a single particle has sufficient energy to generate hundreds of thousands of
electron-hole pairs or more. From a device perspective, then, a larger bandgap energy is preferred, as it will lead

! This work was supported by NASA under grant number NAG3-1971.
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to a reduction in reverse leakage current and a higher value for the maximum attainable open circuit voltage. A
larger bandgap energy also implies the potential for better radiation resistance due to generally stronger bond
strengths. Rybicki, et. al. have demonstrated a SiC-based alphavoltaic battery, and although they found a
significant initial power output, a degradation of 58% after 100 hours of exposure to a 5 millicurie Am-241 sample
was observed [7]. In order to realize an alphavoltaic device with a useful lifetime, then, it is necessary to look to
materials with even greater radiation resistance.

Cubic Boron Nitride

There exist a number of ultra-wide bandgap materials which, until recently, have been regarded more as
insulators than actual semiconductors. Among these, diamond and the cubic phase of boron nitride exhibit a
number of interesting properties beyond bandgap energies on the order of 6 eV, including hardness and good
thermal conductivity (table 1). Although diamond appears to be an attractive candidate, especially as it has been
found to be reasonably radiation-tolerant, so far efforts to obtain n-type diamond in particular have not yet
produced the desired material [8,9]. In contrast, amphoteric doping has been possible in bulk samples of cubic
boron nitride (formed by high temperature, high pressure techniques) for some time using beryllium and silicon
[10]. In fact, reference [10] describes the fabrication of a blue/ultraviolet emitting pn junction fabricated from cubic
boron nitride, strongly suggesting the potential for successfully fabricating a pn junction diode from the material for
use in a high-energy betavoltaic or alphavoltaic application.

Table 1. Selected properties of h-BN, c-BN and diamond.

Property hexagonal BN cubic BN - | Diamond
| Density (g/cm’) 2.26 3.45 3.52
Melting Point (K) - > 3000 3800
Lattice Constant (A) c=2.5, a = 6.661 3.615 3.567
Hardness (kg/mm?) - 9000 10000
Stiffness (10" dyne/cm’) 33 71 -
Energy (eV) 3.63 6.4 5.45
Rel. Dielectric Constant 3.8 7.1 5.5
Doping Capabilities - n-type, p-type p-type

OVERVIEW OF CUBIC BORON NITRIDE FILM GROWTH

Although fabrication of bulk cubic boron nitride is relatively straightforward (it is available commercially in
powder form for example, at approximately $25/gram), single phase thin films of cubic boron nitride still remain
elusive despite numerous attempts using a variety of growth techniques [11-28]. Both chemical and physical
vapor deposition techniques have been employed, both with and without some type of ion source. Many authors
have reported the existence of the cubic phase of boron nitride in films grown by these and related methods, but
there is no strong evidence that any cubic material has been obtained without the use of simultaneous ion
bombardment, either pure N, or nitrogen-containing mixtures. Of all the methods discussed in the literature, the
most popular seems to be ion-assisted pulsed laser deposition [17-23], which has produced some of the most
convincingly cubic-containing films to date. However, there are no reports of actual nucleation of 100% cubic
boron nitride, largely due to the extraordinary lattice mismatch between the film and the (001) silicon substrates
commonly employed. Instead, the interfacial layer is almost always reported to be amorphous or at best a mixture
of amorphous and turbostratic phases of boron nitride. However, there are reliable reports of films containing at
least some fraction of the cubic phase, indicating that the cubic phase is formed some time after film nucleation.

. Reference 24 describes a mechanism whereby the crucial parameter determining whether a film is cubic
or not is actually the momentum of the bombarding ions. The fact that a number of groups have reported a
relatively sharp threshold in terms of the bombarding ion energy (and hence the ion momentum) required to obtain
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cubic as opposed to purely hexagonal films lends support to this explanation. Furthermore, almost all ion-assisted
reports (mostly Kauffman-type ion sources) mention that resputtering of the film is observed if the ion energy is
further increased, so that a window of ion energy exists in which it is possible to obtain cubic-containing films.
There still exists some question as to the exact mechanisms at work, but compressive stress induced by ion
bombardment is consistent with the fabrication techniques employed to form bulk samples of cubic boron nitride.
However, although it is clear that ion bombardment plays a role in the formation of the cubic phase, it is also clear
that some type of activated nitrogen is required in order to grow stoichiometric films, as the binding energy of
molecular nitrogen is 9.9 eV. Substrate temperatures sufficient to disassociate the nitrogen are impractical, so an
alternative is required.

Another difficulty encountered in duplicating reported techniques for successful growth of mostly cubic
boron nitride thin films is that there exist a number of complications in almost every type of characterization
measurement employed. The result is a great deal of skepticism with regard to whether thin films (< 1000 A) on
substrates with enormous lattice mismatch to cubic boron nitride (e.g. silicon, the most commonly employed
substrate) possess more than a small fraction of cubic sp® bonded material. Although infrared measurements
frequently suggest the presence of sp® bonded BN, there also exists a wurtzitic phase of BN that is also sp®
bonded. Perhaps the most detailed description of such difficulties is given in reference 27, which suggests that
many reports of cubic boron nitride films are in error, in part because of similarities between the signature features
of the hexagonal and cubic phases, as well as interactions involving the silicon substrate that can lead to the
incorrect conclusion that the cubic BN phase is present. The authors of reference 27 even point out that some of
their own work incorrectly led to the conclusion that cubic boron nitride had been deposited, due to contamination
of the sample with copper, which is closely lattice matched to cubic boron nitride. Thus, it will likely be necessary
to achieve a distinctly high quality single phase film of cubic boron nitride that can be characterized by
luminescence-based techniques in order to unambiguously establish a technique as successful.

In order to achieve device-quality p- and n-type single-phase thin layers of cubic boron nitride, it is unlikely
that the phase conversion/compressive strainfion bombardment approach will prove sufficient. Even if nearly
100% of the film could be converted to the cubic phase, the extremely high defect density resulting from both ion
bombardment and severe lattice mismatch between the film and typical substrate choices will make the realization
of efficient devices impossible. Beyond such critical issues, it should also be pointed out that the film growth
techniques described result in amorphous or polycrystalline morphologies characterized by grain sizes typically on
the order of 100 A, which can also seriously reduce device efficiency through grain boundary transport effects. In
order to realize practical devices, a different approach is clearly required. In this work, a pulsed laser deposition
system has been modified to incorporate an inductively coupled nitrogen plasma source capable of delivering
atomic nitrogen to the surface of the growing film, in contrast to ionized molecular nitrogen. The necessary boron
flux is provided through ablation of a pure boron target by a pulsed ultraviolet-wavelength laser.

PLASMA-ENHANCED PULSED LASER DEPOSITION

Technique Description - ‘ - o

Pulsed laser deposition (PLD) is a common technique for growth of a variety of thin film materials,
including insulating coatings, superconducting ceramics and semiconductors. Depending on deposition
parameters (especially substrate temperature), amorphous, polycrystalline or single-crystal epitaxial layers may be
formed. The basic technique consists of mounting a target inside a vacuum chamber in proximity to a heated
substrate. The target is evaporated by focusing a laser beam through a window, usually with the target rotated to
prevent cratering and to maximize the target life (Figure 1). Initially PLD was accomplished using Q-switched
Nd:YAG lasers, which typically provide ~10-100 mJ in a pulse of approximately 10 ns duration, delivering on the
order of megawatts of optical power to the ablation target. However, infrared lasers such as the Nd:YAG (A =
1064 nm) ablate the target through a thermal process, which is typically characterized by a nontrivial amount of
particulate expulsion that can seriously affect the film morphology. It is now common practice to employ an
ultraviolet wavelength laser such as an ArF or XeCl excimer (A = 193 nm and 308 nm, respectively) or even a
frequency tripled or quadrupled Nd:YAG laser (A = 355 nm and 266 nm, respectively). The ultraviolet wavelengths
appear to ablate many targets through a more electronic (i.e. bond-breaking) process rather than a purely thermal
process, resulting in significantly reduced particulate damage to the growing film. Although it is essentially a
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physical vapor deposition technique, PLD presents a number of interesting opportunities for enhanced chemical
interaction at the substrate, as the vapor plume leaving the ablation target is frequently associated with a plasma,
especially if there is any interaction between the plume and the incoming laser beam. The introduction of reactive
gases or dense plasmas other than those generated by the laser ablation process can be also be used in PLD,
providing the opportunity for unique types of non-equilibrium film growth processes.

Mirror Focusing Optics
i s )
B (LASER
Deposition Chamber
SEu—E

?

Heating
element
Plasma Source
substrate
i
rotating

target Pressure Gauge

Turbo Pump

Figure 1: Schematic of plasma-enhanced pulsed laser deposition system.

Chamber Description/ Experimental Setup

Although a number of groups have attempted laser-based techniques for growth of cubic boron nitride,
only ion-assisted methods seem to be successful, at least from a reproducibility standpoint. In all cases, however,
the actual process seems to be a conversion of the growing film from non-cubic phases to some type of partially-
cubic mixed-phase material, most likely in response to ion bombardment. Recent comparison studies of molecular
beam epitaxy (MBE) growth of GaN material using different types of nitrogen sources suggest that an alternative
may be possible. Hughes, et. al. recently compared an electron cyclotron resonance (ECR) plasma source and
an inductively coupled RF plasma source under similar conditions to determine which source is better suited to
growth of high-quality GaN [28]. As part of the study, the emission spectra from both plasma sources were
measured using a monochrometer [28]. Results of the measurements indicate that the ECR source produces a
plasma that contains a large fraction of excited states of both neutral and ionized molecular nitrogen, but very littie
atomic nitrogen (at least under the power levels and N, flow rates employed) [28]. In direct contrast to this, excited
states of atomic nitrogen were observed using the RF source, and no evidence of molecular nitrogen ions was
found [28]. The conclusion of the study (based on characterization of the GaN films) was that the RF source was
superior to the ECR source, most likely due to the ability of the source to deliver atomic nitrogen to the growing
film. -

Based on the MBE-based GaN literature, an existing PLD vacuum chamber was modified to include an

'EPl model EPI-RF-450-G-N UNI-Bulb N, RF plasma source (Figure 2). Since the EPI source was designed for

use in an MBE system, it was necessary to modify the configuration in order to install the unit on the PLD
chamber. In particular, an external sleeve was required over the plasma source to accommodate the 12.5" in-
vacuum length of the unit and to match the 4.5" conflat plasma source flange to the 2.75" conflat flange on the
PLD chamber. Also, a tantalum extension tube (Figure 3) was mounted on the plasma source to direct the plasma
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into the PLD chamber and towards the substrate assembly. A capacitive tuning unit is then mounted directly on
the end of the plasma source, and is used to provide impedance matching between the 600 W 13.56 MHz RF
power supply and the plasma source. Operation of the plasma source consists of first pumping down the chamber
to ~1x10® Torr base pressure using a turbomolecular pump, and then introducing 99.9995% purity N, gas through
a leak valve mounted on the plasma source. The RF power supply is dialed to a setpoint of 200 W, and the tuning
unit is used to adjust for any impedance mismatch. If the plasma does not ignite at that point, the flow rate of N,

" must be temporarily increased. Once a plasma has been established, there exists an appreciable impedance

mismatch, as the plasma now acts as a lossy secondary inductance coupled to the plasma source coils. Typical
chamber pressures during the presence of a high-brightness plasma are on the order of 5x10° to 1x10™ Torr. The
most dramatic visual effect is the intense orange glow emanating from the plasma source, in contrast to the
purplish glow observed in capacitively-coupled RF and ECR nitrogen plasmas. According to the spectroscopic
analysis in reference 28, the orange plasma corresponds to excited states of atomic nitrogen, and the purple glow
in other N, plasmas corresponds to the 1st negative transitions of N, molecular ions.

Figure 2: Photograph of PLD system modified to include nitrogen plasma source. The tuning unit used
to minimize reflected power is shown unmounted and off to the left in the photo.

The source of boron for growth of BN films is a 99.9% purity 1" diameter x 0.25" thick boron target
mounted on a rotating holder. This is one of the advantages to using PLD as opposed to thermal evaporation
techniques such as MBE: low vapor pressure targets such as boron can be evaporated easily without the need for
high-temperature sources. The rotation of the target prevents cratering where the laser is focused, and increases
the lifetime of the target. The laser presently used is a frequency quadrupled (A = 266 nm) Spectra Physics model
DCR3G Nd:YAG laser, which is also capable of operation at 1064, 532 and 355 nm. The ultraviolet lines (266 and

" 355 nm) are preferable for laser ablation, in that the target is ablated more smoothly and less particulate emission

is obtained than with infrared lines. Up to 80 mJ per pulse (~ 5 ns for the 266 nm line) can be focused through the
laser port window onto the target to obtain a boron flux. The heated substrate is parallel to the target, with the
distance adjustable from about 1.5 to 4”. At present, there is no means of measuring the boron or atomic nitrogen
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fluxes in-situ, so they must be estimated by measuring the film thickness after growth. With the plasma source on-
line, present efforts are directed towards initial depositions of BN films, and characterization by Xray diffraction,
FTIR, SEM and optical spectroscopy. Once adequate material quality is obtained, the next phase is to explore
both in-situ and ex-situ means of doping the layers in order to form pn junction diodes for testing under alpha and
beta particle irradiation.

Figure 3: Interior view showing tantalum extension tube used to direct plasma flow. Thé substrate
mounting assembly and target rotator are not in growth position, where the extension tube lines
up with the substrate. :

SUMMARY

in order to effectively implement the concept of an alphavoltaic device, it is necessary to develop the
capability to fabricate devices with a significant degree of radiation resistance. The best possible approach is to
utilize a material with an inherent ability to withstand the expected radiation environment, such as cubic boron
nitride. Additional benefits of cubic boron nitride based devices include a reduction in leakage current and large
open circuit voltages as a result of the ultra-wide bandgap (~6.4 eV). Previous attempts to obtain high-quality
single phase thin films of the material have resulted in mixed phase or amorphous films, with any cubic content
resulting from compressive strain induced by ion bombardment. An alternative approach to cubic boron nitride film
growth is proposed, in which atomic nitrogen is provided directly to the substrate in what is termed plasma-
enhanced pulsed laser deposition. The non-equilibrium growth inherent to PLD in conjunction with atomic nitrogen
is expected to provide the means to directly nucleate the cubic phase in order to obtain device-quality
semiconductor material.
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Abstract

There has been a traditional trade-off in thermophotovoltaic (TPV) energy conversion development between
system efficiency and power density. This trade-off originates from the use of front surface spectral controls such as
selective emitters and various types of filters. A monolithic interconnected module (MIM) structure has been
developed which allows for both high power densities and high system efficiencies. The MIM device consists of
many individual indium gallium arsenide (InGaAs) devices series-connected on a single semi-insulating indium
phosphide (InP) substrate. The MIMs are exposed to the entire emitter output, thereby maximizing output power
density. An infrared (IR) reflector placed on the rear surface of the substrate retums the unused portion of the
emitter output spectrum back to the emitter for recycling, thereby providing for high system efficiencies.

Initial MIM development has focused on a 1 cm? device consisting of eight series interconnected cells. MM
devices, produced from 0.74 eV InGaAs, have demonstrated V, = 3.2 volts, J,, = 70 mA/cm? and a fill factor of 66%
under flashlamp testing. Infrared (IR) reflectance measurements ( >2 um ) of these devices indicate a reflectivity of
>82%. MIM devices produced from 0.55 eV InGaAs have also been demonstrated. In addition, conventional p/n
InGaAs devices with record efficiencies (11.7% AMO) have been demonstrated.

Introduction

In thermophotovoltaic energy conversion, an emitter is heated to incandescence and a photovoltaic device is
placed in view of the emitter to convert the radiant energy into electrical energy. Research in TPV has been renewed
recently, due to the development of new emitter, filter and photovoltaic cell technology. Most current efforts in TPV
research have concentrated on using front surface spectral control elements such as selective emitters!'! or
graybody emitters combined with plasma, dielectric or dipole filters'® 3 in order to improve system efficiency to the
20-40% range predicted by theory!“l.

The front-surface spectral control approach tends to produce systems with low power density (W/iem?).

Selective emitters, for example, have demonstrated in-band emittances which range from 0.7 to 0.8,® with
efficiencies of ~40% (i.e. 40% of the emitted energy is convertible by the photovoltaic device). In order to
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recuperate the non-convertible energy, filters are used to reflect the long-wavelength photons back to the selective

emitter. Unfortunately, there are no filters available which provide both 100% transmission in the usable wavelength

region and 100% reflection everywhere else. Thus, a selective emitter emitance of 0.8, coupled with a typical filter

transmission of 80% leads to a reduction in the power density of 36%. This is an expensive loss, particularly given
the cost of TPV cells. Grey body emitter based systems have similar power density problems.

A different approach involves the use of rear-surface spectral controls. Using this technique, the entire radiant
output from the emitter is iricident upon the photovoltaic (PV) device, thereby providing high output power
densities. 'Photons which the PV device is unable to convert pass through the cell structure, reflect off of a rear
reflector and are returned to the emitter for recycling. Researchers have developed TPV cells which utilize low-
doped substrates and reflective rear contacts to provide photon recycling!® 7). Other researchers have developed
series-interconnected, monolithic cells for laser, fiber-optic and TPV applications'® %I, We are developing a cell which
combines the advantages of both of these approaches.

The Monolithic Interconnected Module or MIM consists of series-connected indium gallium arsenide (InGaAs)
devices on a common, semi-insulating indium phosphide (InP) substrate (Fig. 1). An infrared reflector is deposited
on the rear surface of the InP substrate to reflect photons back toward the front surface of the cell. This provides a
second pass opportunity for photons capable of being converted by the cell. In addition, long wavelength photons
are returned to the emitter for “recycling”, improving the system efficiency.

p+ InGaAs contact layer

Interconnect
3 p+ InP front window

n++ InGaAs lateral conductor -
Semi-Insulating InP substrate
... IR reflector

b

Figure 1.—a) 3-dimensional view of two cells of a MIM. b) a cross-sectional view of a MIM showing the individual
layers and interconnect scheme.

The MIM design offers several advantages compared to conventional TPV cell designs. First, small series-
connected cells provide high voltages and low currents, thereby reducing PR losses. In addition, the small size of
the cells allow an array to be comprised of senes/parallel strings rather than a single series-connected string of larger
cells. This should improve the reliability of the TPV module since the failure of a single cell would not debilitate the
entire amay. Second, the MIM design maximizes output power densnty since losses associated with front-surface
spectral controls are eliminated. .

Third, the rear surface of the device is not electrically active, therefore the cell may be directly bonded to the
substrate/heat sink without concern for electrical isolation. This greatly simplifies the array design and improves the
thermal control of the cells. Fourth, the amay may easily be designed with differing cell sizes to reduce view factor
losses and losses associated with non-uniform emitter temperatures. Last, photons which are weakly absorbed have
the possibility of multiple passes through the cell structure. This feature is particularly important for lattice-
mismatched devices, where poor minority carrier diffusion length can be partially offset by making the cell thin, forcing
the carrier generation to occur closer to the p/n junction.
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Materials Development

The MIM structures were deposited in a horizontal, low-pressure organo-metallic vapor phase epitaxy (OMVPE)
reactor described elsewhere!’®. The precursor materials were trimethyl indium (TMin), trimethyl gallium (TMGa),
arsine, phosphine, diethyl zinc (DEZn) and silane for p and n doping respectively. Several test growths were
. conducted to determine the compositional, thickness and doping uniformity of InGaAs across the 2-in. diameter
substrate. Secondary electron microscopy analysis indicates the thickness variation was +3% in the axial direction
and +9% in the perpendicular direction (exclusive of a 5-mm wide region at the perimeter of the substrate). These
results were consistent from run to run. Double crystal x-ray rocking curve measurements indicated a variation in
InGaAs composition of +0.7% (relative) in the axial direction and +£0.4% (relative) in the perpendicular direction. This
compositional uniformity was reproducible from run to run, although we did observe a variation in the absolute
composition of £0.5% In. This was attributed to a variation in the transport efficiency of the TMIn source. '

Hall measurements were conducted for both n-type (Si doped) and p-type (Zn doped) InGaAs to map the
doping distribution over the 2-in. diameter substrates. The results indicate a variation of +14% in the axial direction
and +42% in the perpendicular direction for the n-type material and 2% in the axial direction and +4% in the
perpendicular direction for the p-type material. The p-type result is consistent with the compositional and thickness
uniformity observed for this sample. The variation observed for the n-type material in the perpendicular direction is
believed to be due to enhanced SiH, cracking caused by the close proximity of the hot chamber walls. We are
examining the use of altemative dopants or modified reactor geometry to reduce this variation.

The MIM device requires dielectric isolation for the interconnect. Three different dielectrics were tested for their
suitability. The three materials were e-beam evaporated Ta,O,, spin on glass (SOG) and plasma-enhanced chemical
vapor deposited (PECVD) Si;N,. A test structure was developed to characterize the deposited material for dielectric
constant, resistivity and breakdown strength, as well as to test for the presence of pin hole defects. Both the Ta,O,
and SOG contained many pinholes and shunting paths. A suitable layer of Si;N, was developed which
demonstrated a resistivity of >10'® ohm-cm.

Several different contact and R reflector metallization materials were tested. The important requirements for
these materials were: 1) low specific contact resistance (107® ohm-cm?) for both n and p-type InGaAs, 2) good
adhesion between the metallization and the InP, InGaAs and the dielectric, and 3) good IR reflection (>95%) for the
IR reflector material. The initial tests were conducted with the Au-Ge-Au contacts used in our planar cell develop-
menti''l. This material provided excellent contact resistivity and IR reflectivity, but had poor adhesion to the dielectric.
We also tested Ag-Au, Cr-Au and Ti-Au and found that the Cr-Au and Ti-Au demonstrated acceptable resistivity (mid
10~ ohm-cm?) as well as excellent adhesion to the Si;N, and Ta,O; dielectric fims and is being used for the MIM
contacts. The addition of the Cr sticking layer, however, degraded the IR reflectivity. The devices reported here
utilized an Au IR back surface reflector (BSR). ,

Device Design

A p/n cell configuration (Fig. 1) was chosen for several reasons. First, the free carrier absorption for n-type
InGaAs is significantly lower than for p-type, as will be addressed in the following section. Thus, the p/n configuration
minimizes the areal density of holes, making it optimum in terms of optical recuperation. Second, the MM design
requires a thick rear conductor layer to conduct current the length of the device (laterally), to reach the back
contact/interconnect. The p/n configuration takes advantage of the 25x higher mobility for n-type InGaAs in this
conductor layer, reducing the resistive losses. . L ‘

Finally, an increase in the optical bandgap of the n** conductor layer material (see below) permits the use ofa
thin base region. Bandedge photons which are not absorbed in the base region are able to pass through the n**
layer without being absorbed. These photons reflect off the rear reflector and have a second chance of being

absorbed in the base region.

NASA/CP—2004-212735 133



Initial device configurations for both 0.74 and 0.55 eV InGaAs MIM's illuminated by a 1200 K blackbody were
developed (Fig. 2). The thickness’ and doping levels of the lateral conduction layers and emitter layers were chosen
to limit the resistive losses to 1% for each layer. The base thickness (2 microns) was intentionally produced for
incomplete absorption in a single pass in order to take advantage of the BSR.

The optical efficiency of the 0.74 eV MIM device (long wavelength reflectivity) was modeled by determining the
free carier absorption (FCA) for both n- and p-type InGaAs as a function of dopant type, level, thickness and
wavelength. Calibration samples with doping levels ranging from 5x10'® to 3x1 0'® cm™ were fabricated on semi-
insulating InP substrates. Absorption measurements were conducted using a spectrophotometer for the near R
(1-3 pm) and an FTIR for the mid IR ( 3-10 um).

0.1ump++InGaAs (0.55eV)
50A p+ hP
0.5ump++InGaAs (0.55eV)
20umn hGaAs(0.55eV)
50A n+ hP
0.5umn++InGaAs (0.55eV)

0.1ump++IinGaAs(1e19)
0.1ump+ hP(2e18)

0.1ipmn+ hP(1e18)
- ]1.0pmn++inGaAs(20e19)

2.0umn++step graded buffer
layer(InGaAs)

0.74eV | 0.55eV
Figure 2.—0.74 and 0.55 eV device structures for operation with a 1200 K blackbody.

The spectrophotometer absorption data (Fig.3) shows several interesting features. First, the absorption for
p-type material is significantly higher than for n-type material. Second, the n-type material has an apparent bandgap
which is significantly higher (0.3 V) than the equivalent composition p-type material. This shift in absorption is due
to a Burstein-Moss shift. : ; ‘ .

fo00 1500 2000 2500 3000
Wavelength (nm)

Figure 3.—Absorption data for In, 5sGa, 45As with various doping types and densities.

Device Performance

Conventional planar p/n InGaAs devices were produced using the active cell layers shown in Figure 2a (note:
the emitter doping was reduced to 1x10'® cm for these devices) in order to verify the basic material quality. The I-V
curve shown in Figure 4 demonstrates the quality of the baseline devices. The efficiency (11.7% AMO) represents a
record for 0.74 eV p/n InGaAs. Calculations indicate that reducing the grid shadowing from the 16% on the test
device to the 5% normally used in AMO devices would increase the efficiency to >13%, a record for any 0.74 eV
InGaAs (p/n or n/p).
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Figure 4.—I-V curve for baseline p/n cell

The external quantum efficiency for a 0.74 eV baseline device with a dual layer anti-reflective coating is shown
in Figure 5. As was stated earlier, the base region was intentionally grown thin so that the effect of the BSR would be
demonstrated. It was initially puzzling to observe the high bandedge photoresponse from the conventional cell (with
no BSR). Optical modeling indicates that only 62% of the bandedge photons (1600 nm) are absorbed in the thin
base region, assuming a single pass. Thus, the internal QE could not be greater than 62%. At 1600 nm the baseline
device demonstrated a 74% internal QE (66% extemal QE, 10% reflection). The transmission characteristic of a n*
InP substrate was measured at 1600nm and indicated >45% transmission (not corrected for absorption and
reflection). Thus, bandedge photons are able to reach the back contact, which is a very reflective, non-alloyed Au
based contact. ‘It is believed that this contact acts as a BSR, reflecting the bandedge photons back toward the active
cell region. Our past p/n devices had all utilized a sintered contact, which forms a highly absorbing Au,P; compound
at the semiconductor/metal interface. The QE charactensm of these devices did not demonstrate this enhanced
bandedge photoresponse.

A negative aspect of this feature is that the reflection is diffuse in nature. Thus non-convertible photons may be
totally internally refiected and add to the thermal load of the cell. A benefit of the diffuse reflection is that convertible
photons will generally have a longer path length in the active cell layers, improving the probability for absorption.
Given the high absorption coefficient for InGaAs, this is a marginal benefit.
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Figure 5.—External quantum efficiency for the 0.74 eV baseline InGaAs device.

The IV curve for a 0.74eV MM device is shown in Figure 6 under flashlamp testing. The data indicates an
average voltage of 400 mV per cell. This particular device was produced prior to the development of the high quality
SizN, dielectric and, therefore, is not expected to demonstrate optimum performance. The extemnal QE curve for the
0:74eV device is shown in Figure 7 (without an anti-reflective coating). The QE data represents the aggregate worst
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response from across the entire device, given the series interconnected nature of the MIM design. This device is
expected to produce 48.5 mA when illuminated by a 1200 K blackbody emitter with a view factor of 1.
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Figure 6.—I-V characteristic of 0.74 eV MIM under flashlamp testing (10 °C).
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Figure 7.—Exterhal QE OF 0.74 eV MIM device without anti-reflective coating.

A 0.55 eV MIM was produced to determine if there were any unforeseen difficulties or problems in producing a
MIM from lattice mismatched material. Figure 8 shows the I-V characteristic of a 0.55 eV MM under AMO testing. As
with the 0.74 eV device reported above, this cell was produced prior to the optimization of the dielectric material.
Unfortunately, this device was destroyed prior to |-V testing at higher injection levels.
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Figure 8.—AMO |-V characteristic of 0.55 eV MIM (no AR).

NASA/CP—2004-212735 136



Figure 9 shows the external QE characteristic for the 0.55 eV MIM (without AR). Given the rudimentary nature
of the buffer layer used to produce this device and the limited development of the cell layers, the results were very
promising.
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Figure 9. —Ext’emal QE of 0.55 eV p/n MIM without AR.

Figure 10 shows the measured reflectivity for a 0. 74 eV MM devnce (without an AR coating). This particular
device had a 3 pm LCL and a low doped emitter (1x10'8). Optical modelmg suggests that IR reflectivity’s of >90% are
possible with optimized device structures.

500 1000 1500 2000 2500 3000 3500

Figure 10.—IR reflectance of 0.74 eV MIM.
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Modeling of In,,, G, ,As/In , Ga ,, As (x>0.6) Multiquantum Well
Thermophotovoltaic Converter

|. Serdiukova, A. Freundlich
Space Vacuum Epitaxy Center, University of Houston, Houston Texas 77204

Abstract.

In this work the performance of a new thermophotovoltaic converter is investigated. Strained
narrow band gap In,Ga, As / In,,,Ga, As (x>0.6) multiple quantum wells (MQW) are introduced
within the intrinsic region of a conventional In,,,Ga,,As p-i-n cell lattice matched to InP. An
appropriate choice of well /barrier thickness and number of wells in the i-region maintains the
pseudomorphism and lattice matching to InP. In principle, the presence of narrow band gap wells
extends photon absorption up to that of confined energy states in wells.

The device characteristics such as open circuit voltage (Voc), short circuit current (Isc) and
Spectral Response, have been calculated for 1000 to 1500 K black body emitter as a function of
In composition, well/barrier thickness and number of wells in the MQW region (e.g. see figures). It
is shown that the insertion of these narrow bandgap well extends the spectral response toward
the infrared. A rough estimate shows that 20-40% of the incident power is available for
conversion by such a MQW device for a 1500 K blackbody. The short circuit current I, of the
p-i(InGa,,As / In,,Ga,,,As MQW)-n cell may therefore be substantially increased compared to
that of a baseline p/n In,,,Ga,As cell. Device open circuit voltage remains comparable ( The
voltage drop associated with increased dark current in MQW is compensated by the operation at
a higher current ).

In summary, for a typical low temperature TPV the strained p-i(In,Ga, As / In,,,Ga, ;As MQW)-n
cells conversion efficiency is predicted to exceed twice that of its conventional counterpart.

Introduction.

A strong renewed interest in TPV in 1990's is due to recent developments in principal
TPV system components. After have been proposed in 1960’s," a large number of investigations
in 1960’s-1980's was concentrated ® on silicon or germanium TPV cells and high-temperature
radiators (1500-2000 C°); current trend is toward lower radiator temperatures ® “, which
necessitates the development of the low band gap (0.4-0.7 eV) TPV devices and efficient below
band gap spectral control techniques.
Among materials with band gap energies in the range 0.5-0.8 eV, fit for the efficient conversion of
radiant energy from’ heat sources in the temperature range 1200-1500 K, two materials, InGaAs
(0.55 and 0.75 eV) and GaSb (0.72 eV), have been extensively studied. InP based strained 0.55
eV InGaAs devices produce higher currents, but suffer open circuit voltage losses compared to
lattice matched 0.75 eV InGaAs. The MQW cell approach intends to avoid a strong coupling
between an open circuit voltage and a short circuit current of a single solar cell. We realize this
approach in the 0.75 InGaAs based Multi-Quantum-Well (MQW) solar cell (InP substrate). It
combines the benefits of having higher current and voltage output and a relatively low strain.

Modeling.

Our model includes a thermal radiation source and low band gap MQW cell. Since it was
meant to be general, it omits details like optical filter or reflector. The reflection coefficient of the
cell itself has also been neglected. All calculations for the cell were done for the room
temperature.

NASA/CP—2004-212735 139



The dependence of critical thickness on composition for a single epitaxial layer and MQW is compared on
Figure 1.

1E-7 ¢

1E-8

Critical thickness

1E-9 1 .
0.6 0.3 1.0

Indium Composition

Figure 1. Critical thickness, m, vs. Indium Composition in In,Ga, As. For the single layer it was assumed
that strain is equal to the half of misfit, &=f/2.

Critical number of periods. '

For the estimate of the maximum number of periods in MQW, the whole stack of layers is
treated as a single epitaxial layer with the average lattice constant. The estimate of such a
number of periods shows that it would be possible to realize structures with up to 10 period, but it
would be necessary to use strain balancing to substantially increase this number.

Modeling of strain modifications to band structure.

For the modeling of MQW region, the strain induced modlﬁcatlons of (001) InGaAs band
structure were modeled using parameters of ref. 7
The unstrained ternary compound band gap was interpolated from the binary components. Then,
Van der Walle’s ‘model solid’ theory ® was closely followed in describing the strain dependence
of the valence and conduction band edges. The effective masses for heavy, light holes and
electrons in unstrained material were linearly interpolated from GaAs and InAs values. ©
The modifications of the light hole and electron effective masses .induced by strain .along the
quantification axis of the quantum well should also be taken into account in the calculation.®
This was followed for the electron, but neglected for the light hole, since the well for it is shallow
and its states are resonant with the bamer energy

MQW absorption coefficient.

The calculation of the MQW structure absorptron coefficient is based on the determmrng
the confinement energies of the electrons and holes in quantum wells and Ferml’s golden rule
estimation of the absorptlon rate.

The confined energies of the electrons and holes are computed within a one-band model, since |t
can be shown that in the present case the correction from band non-parabolrcrty to the confined
energies can be neglected

The exciton binding energies are calculated using the method of ref 11 and parameters of ref.12.
Following the calculation of confined energy levels, the absorption coefficient is calculated from
Fermi’s golden rule ™. First three confined energy states and excitonic effects for the ground
state were accounted for

MQVW spectral response.

The MQW region contribution to the photocurrent depends on the dlﬁuswn length of the
majority carriers, photogenerated in a well. This diffusion length is expressed as L=pFt, where F
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Radiation source.

We model a thermal radiation source as a broadband blackbody emitter at temperatures
1000-1500 K. The blackbody emission is described by Planck’s distribution of photons by energy
E, which gives the following formula for the photon flux in the unit energy:

1 E?
¢bb =

4h37r2c2( ( E) J
exp| — | -
KT,

where k is Boltsmann’s constant and T is black body temperature.

1)

Modeling of TPV cell .

Strained narrow band gap In,Ga, As/ In,,Ga, ,As (x>0.6) multiple quantum wells (MQW)
are introduced within the intrinsic region of a conventional In,,Ga, ,As p-i-n cell lattice matched to
InP.

Since InAs lattice constant is bigger than GaAs, the well InGaAs material is undergoing
compressive strain. This necessitates the consideration of strain modification to band structure
and critical thickness in strained structures.

Strain limitations on thickness.
Single Layer. '

The lattice misfit during the heteroepitaxy imposes critical thickness limitation on the well
thickness and number of periods which can be grown before the relaxation occurs.
The critical thickness is estimated by equating the force exerted by misfit strain and tension in the
misfit line. For a single epitaxial film on a substrate of an infinite thickness, the critical thickness h,
can be found by solvnng the following equation ®

b (1-vcos’a
h: = ( )(1 —+ 1) , 2)
8af (1+v)cosd b ’ ,
It had been assumed in the derivation that the maximum value of the strain ¢ is equals to lattice
misfit £.

Here v is the Porsson ratio, b is a magnitude of Burgers vector of dlslocatron, A is the angle
between the slip direction and that direction in the film plane which is perpendicular to the line of
intersection of the slip plane and the interface; @ is the angle between the dislocation line and its
Burgers vector. In our case these parameters have the followmg values

b| cosa = cos A=1/2.
|l = ﬁ

The calculation of a critical thickness versus eprtaxral Iayer composmon gnves a dependence,
illustrated by Figure1.

To avoid relaxation, a single epitaxial InGa, As layer thickness has 1o be Iess than the critical
value. Consequently, to achieve a relaxation free growth-of a single epitaxial In Ga, As film of a
certain thickness, the composition x should be contained within x=0.53 and the critical value.

Critical thickness in MQW. -

For the growth of a MQW regron, other cntrcal thrckness consuderatrons arise. For the QW period
comprising of a strained well and an unstrained barrier, there is a limitation of a well thickness in a period
and on the number of well/barrier perlods in MQW structure. - -

Well critical thickness.
Since the well material strain is partially aocommodated by the barrier, the well material critical

thickness in the MQW is higher than for a single epntaxlal layer ©

. __b (- vcos® a) ‘
L‘"_an (1+v)cos (l b +l) ' @
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is a perpendicular electric field in MQW, created by the ionized impurities at the junction, p is the
carrier mobility and  its recombination time.™"

The effective carrier mobility for perpendicular transport in microstructures is related to different
processes." "

Most importantly, the effective mobility depends on both thermionic emission,” which dominates
when the barrier is thick; and multi hopping"® when the barrier is thin (phonon-assisted tunneling).
Using the method of references 15 and 16, we can theoretically estimate the effective mobility of
carriers (electrons and holes) versus barrier and well widths, electric field, and temperature.
Following the modeling of MQW solar cell @ , we estimate diffusion length of carriers in the

intrinsic zone (x) as L, = le®-F and L= 4¢™ - F for the regions where quasi-Fermi level is

close to the valence (x,=xN,/(N,+N,) ) or conduction (x,=xN/(N,+N,)) band, respectively; Fis the

electric field in the intrinsic region in V/cm. For the typical electric field of 15 kV/cm in the MQW

region of a solar cell, this would give 0.15 and 0.6 micron diffusion length each.

The spectral response of i(MQW) zone, obtained by solving the continuity equation, ref. 14, is

expressed as: '
a(E)-L, -xy/ L, _e—a(E)xﬂ/Le

sEy=a-my| e ) @,

(E)=(1-R)- .

i . a(E) Lb (e-xiZ/l'b(l_e.(a(E)+1/I1>)xi2ll1x))
a(E)-Lb+l

where a(E) is the spectral distribution of the absorption coefficient of the MQW, X, is intrinsic
region thickness (defined as the total thickness of all the MQW periods in the region ). R is the
front-side reflection coefficient.

Figure 2 represents a normalized spectral response of a 20 period 80/190 Angstrom well/barrier
MQW solar cell, 90% Indium in the well.
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Figure 2. Normalized Spectral Response of a MQW solar cell vs. Wavelength, [micron].

MQW cell dark current.

We have considered several mechanisms contributing to the dark current of a p-i(MQW)-
n photodiode:
- A diffusion current I; due to majority carriers having diffused through the junction and
recombining in the opposite quasi-neutral region **
- A generation-recombination (GR) current *® associated with Shockley-Read-Hall recombination
levels, related to impurities in the depletion and intrinsic regions.
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The GR current consists of contributions from bulk (l.,s) and MQW regions (1) and is expressed
qng W
bY lor=long*lcan Where 1, GRBJ = ).
Teyr.B.1

W is a region thickness, 7, is the effective generation-recombination carrier lifetime which is

directly dependent on the material quality and impurity density. The effective GR lifetime in MQW
region becomes much smaller than in the bulk because of high recombination center density due
to multiple interfaces and residual doping. A rapid increase in GR dark current due to MQW

region is therefore predictable. For this modeling we assume 7,; ;=1 ps and 7, ;=0.1 ps.

-A tunnellng current due to the probability of band-to-band tunneling of carriers through the
junction #*

This current, usually neglected in moderately doped diodes, becomes significant in a MQW
under an electric field. This effect becomes more noticeable due to reduced band gap of a MQW
region and is also influenced by the barrier width.

Results of calculations.

The device characteristics such as open circuit voltage(Voc), short circuit current (Isc)
and Spectral Response, have been calculated for 1000 to 1500 K black body emitter as a
function of In composition, well/barrier thickness and number of wells in the MQW region (e.g.
see figures). It is shown that the insertion of these narrow band gap well extends the spectral
response toward the infrared. A rough estimate shows that 20-40% of the incident power is
available for conversion by such a MQW device for a 1500 K blackbody. The short circuit current
lgc of the p-i(In,Ga, As / In,,Ga, As MQW)-n cell may therefore be substantlally increased
oompared to that of a baseline p/n In,,,Ga, ,As cell.

Isc vs number of periods.

Ideally, the introduction of QW periods in the intrinsic region increases photocurrent (see
Figure 3). However, the saturation reached at around 20 periods can be explained by a decrease
in the electric field and carrier collection due to the increasing intrinsic region thickness.
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Figure 3. Short circuit current, [A/cm?], vs. the number of penods, for a 60/220 Angstrom well/barrier QW
period, 90% Indium in the well.

Since in our calculations for the sake of comparison we fix the total period thickness at 0.028

micron, this conclusion should be valid for well of different thickness, provided this fixed period
thickness.
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Isc vs composition.

The calculation of short current versus InGaAs composition in the well showed a
substantial growth with increasing In concentration. Figure 4 illustrates such a dependence for 20
periods with 90/190 Angstrom in well/barrier.
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Figure 4. Short circuit current, [A/cm’], vs. Indium composition in InGaAs well, for a 90/190 A
well/barrier period MQW cell.

Ideally, almost twofold increase in Isc can be obtained by having introduced i-MQW region wnth
strained In,Ga, As layers into conventional p/n In,., Ga,,As solar cell.

Voc vs. composition.

~ The open circuit voltage of a MQW cell is expected to be less than that of a baseline cell
because of the dark current increase due to MQW region. However, our calculations showed
higher, but comparable, Voc for the MQW cells, mcreasmg with In composition in wells. This is
because the voltage drop associated with dark current in MQW is oompensated by the operation
at a higher current due to increased photoabsorption.
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Figure 5. Open Circuit Voltage, [V], vs. Indium composition in InGaAs well.

The Figure 5 shows our results for a MQW solar cell with 20 periods of 90/190 Angstrom in
well/barrier and radiation from a 1500 K blackbody .

Overall, the projected efficiency of this MQW cell (9% for 1500 K blackbody) can be twice
as high as that of a single p/n In,, Ga, ,As solar cell (4.5%).
We have presented the results calculated for 1500 K blackbody. We would like to give a more
complete picture by adding that for a 0.75 eV bad gap p/n cell about 3% of the power of a 1000 K
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blackbody is emitted above its band gap; this ratio increases to 16% for a 1500 K, and 35% for a
2000 K blackbody. Assuming no transparency and recombination losses, it leads to a theoretical
efficiency limit of 2%, 13% and 26 %. For a 0.47 eV band gap, which is close to the excitonic
absorption edge of a strained 90 angstrom InAs well with In,., Ga, ,As barriers, this figures are
20%, 48% and 67 %, respectively. The upper efficiency limit would be 16%, 34% and 42%.

Strain limitation on photoabsorption and short circuit current.

For the assessment of the best achievable absorption edge of a MQW:- structure, we
plotted the QW confined energy vs. well thickness for different In composition.
We estimated the QW critical thickness as that for a single layer with half the strain of it. This
estimate is in between values for the single layer and QW layer, as done in ref. 5.
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Figure 6. QW Confined energy, [micron], vs. well width, [Angstrom], for 70%, 80%, 90%
In,Ga, ,As. ‘ - : - '

With 90% Indium composition and 6 nm well, aimost 2.0 micron (1.97) confinement energy can
be reached. Such a cell with 20 periods is projected to have 6.8% conversion efficiency. '

If we return to the calculations of a short circuit current, we can state that 90 A well is close to the
critical thickness for 82% In. So with the 90 Angstrom well thickness we would be limited to 6.9
Amp/cm’® and 5.9% efficiency. :

Conclusions.

Ideally, for a typical low temperature TPV the strained p-i(In,Ga, As In,,Ga,,As MQW)-
n cells conversion efficiency is predicted to exceed twice that of its conventional counterpart. This
is achieved through increase in the short circuit current, while no degradation of the open circuit
voltage is predicted. However, we could expect to be limited in the number of QW penods grown
without relaxation. It is possible to avoid strain limitation on the number of periods by using InxGa‘
«ASs, x< 0.53, to balance the well strain.

First strained MQW TPV cell structure has been fabricated. As could be deduced from
the X-Ray characterization data, a 15 period 60/300 Angstrom well/barrier with 0.79 Indium
composition in the well successfully maintained pseudomorphism.
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LOW BANDGAP, HIGH BANDGAP, AND ALTERNATIVE CONVERSION DEVICES AND
TECHNOLOGY WORKSHOP SUMMARY

Navid S. Fatemi
Essential Research, Inc.
Cleveland, OH

Alex Freundlich
-University of Houston
Houston, TX

About 20 people attended this workshop. The focus of the workshop was on technologies
that utilize low bandgap or high bandgap photovoltaic (PV) cells. Their use in conventional
multijunction tandem solar cell structures was, however, not considered. Instead, the
applications for these cells in the context of newer and emerging technologies were considered.
These technologies were identified as: thermophotovoltaics (TPV), alphavoltaics, betavoltaics,
and planar high temperature photovoltaics. Three broad mission scenarios were discussed.
These were earth orbit and near earth missions- (~1 A.U.), near sun missions (<<1 A.U.), and
missions to the outer planets of the solar system (>>1 A.U.).

Thermophotovoltaics

TPV systems, in general, utilize emitters which operate at temperatures of <2000°C.
Low bandgap (Eg) PV cells are, therefore, used to match the spectral output power distributions
of these emitters. PV cells with bandgaps in the range of 0.5-1.1 eV are suitable candidates for
TPV applications.

The general consensus was that only two types of TPV technologies are suitable for space
applications: radioisotope thermophotovoltaics (RTPV) and solar thermophotovoltaics (STPV).
The TPV emitter temperature in an RTPV system is about 1100°C, whereas, the emitter
temperature in an STPV is system-dependent, but is generally greater than 1200°C.

In an RTPV system, the fuel which provides the heat to a TPV emitter is a Pu-based
radioisotope. As a result, an RTPV system can be used for missions where the solar flux is
prohibitively low (i.e., >>1 A.U.) for conventional PV systems to be practical. The relatively
long half-life of the radioisotope fuel also accommodates the long duration of these missions
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(>10 years). Since NASA's future spacecrafts are envisioned to be much smaller than their
historic counterparts, accommodating the relatively large radiator required to rejeqt excess
heat from an efficient RTPV system, however, can be a challenge for spacecraft designers.

For earth orbit and near earth missions where solar insolation is relatively high (~1.4
kW/m?), an STPV system can be an alternative to conventional planar or concentrator PV
systems. In an STPV system, concentrated solar radiation is used to provide heat to the TPV
emitter. Like conventional PV systems, STPV is still a passive power generating system. Yet it
has some of the advantages of the solar dynamic power systems, such as less concentrator
pointing accuracy requirements, and thermal energy storage capability for night orbits.

Several components already developed for solar dynamic power systems, can also be used
for the STPV system. The Stirling dish concentrator mirror (up to 15,000X concentration) and
thermal energy storage systems are examples of these components. A thermal storage unit,
comprised of phase change salts or bulk silicon, can be an efficient alternative to
electrochemical batteries. In addition, such an energy storage unit should, in theory, have a far
greater life span than batteries.

One point that was made in regard to non-PV powered satellites, in general, was that the
conventional wing-like solar panels, usually symmetrically positioned on two sides of the
satellite, act as mass inertial references for the satellite. Since TPV systems will eliminate
this inertial reference, they will force the designers of satellites to rethink this issue. It was
also agreed that the most important drivers for space-based systems will be the total system
power-to-weight (W/kg) ratio and efficiency. Both RTPV and STPV systems are envisioned to
show conversion efficiencies approaching 20%. '

The low bandgap PV cells which may be used in these TPV systems will probably be one
or more of the following technologies: InGaAs, GaSb, GalnSb, GalnAsSb, Si, and Ge, with
bandgaps in the range of 0.5-1.1 eV. With the exception of InGaAs, currently all others are
only available in a conventional format of p/n junction residing on a conducting substrate. The
InGaAs is also available in the monolithic integrated module (MIM) format. This format enables
the use of rear surface spectral control in a TPV converter, via the use of an IR transparent
semi-insulating InP substrate and a metallic back surface reflector.

Alphavoltaics and Betalvoltaics

Higher bandgap cells, in the range of 1.8-6.0 eV, are generally thought to be suitable for
o— and B-voltaic applications. The power level requirements for these systems are thought to
be rather small, in the range of 100’s of uW. As such, they are envisioned to have niche
applications, such as self-powered digital electronic components.
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The biggest obstacle in developing such systems is thought to be the electronic damage PV
cells will incur due to the high levels of radiation emitted by a and B sources. Pm'¥, Sr%, TR%,
tritium (H®), and Ni®® were identified as possible sources for B-voltaic systems. Am?*' was
identified as a source for a-voltaic systems. It was noted that H® and Ni*®® were being studied
more intensely than other B sources, and that Ni®® is a rather expensive source.

Because of the large radiation damage PV cells are likely to experience in these systems,
the following unconventional PV cell technologies are being considered: diamond, cubic BN, SiC,
and (Ga, Al)N. No n-type doped material exists for diamond, however, and although ¢-BN is a
very promising material, it is still in its early stages of development. p/n junctions and small
area devices such as UV detectors, lasers, and LEDs, however, do exist for SiC or Ga and Al
nitrides. As such they are very attractive candidates for use with future a— and B-voltaic
systems. A note of caution was also raised that conventional radiation tolerant PV cells such as
InP will probably not be able to handle the very large radiation doses emitted by these systems
effectively.

Planar Large Area PV systems

Another interesting application for large bandgap PV cells was raised during the
workshop. They are at least two near sun missions (i.e., <<1 A.U.) proposed by NASA (JPL)
and the European Space Agency: the solar probe and the mercury missions. The PV cells in an
environment 8o close to the sun will experience large solar fluxes and very high operating
temperatures (2400°C). As a result, PV cells will be needed that can withstand these
conditions. ‘

Large solar flux presents a problem with heat rejection at the cell level in a high
temperature ambient environment. The high cell operating temperature presents several
problems. with material decomposition, enhanced metal-semiconductor interactions, and the
rate of reverse saturation current (J,) increase with temperature.

Because of the above conditions, larger bandgap materials should be more suitable
candidates than smaller bandgap cells. Conventional large bandgap lli-V cells such as GaAs and
InP, however, will likely have problems with material decomposition and excessive metal-
semiconductor interactions. -

The one material that was identified by the group as a possible candidate for near sun
missions was SiC. Although, to our knowledge no large area SiC solar cells has ever been
fabricated, SiC UV detectors do exist that are stable in the temperature range of 400-600°C.

NASA/CP—2004-212735 149



Conclusions

Three different technologies for low and high bandgap cells were discussed in the
workshop. They were thermophotovoltaics (TPV), alphavoltaics, betavoltaics, and planar high
temperature photovoltaics. Three broad mission scenarios were also considered. These were
earth orbit and near earth missions (~1 A.U.), near sun missions (<<1 A.U.), and missions to
the outer planets of the solar system (>>1 A.U.).
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THE ROSSI X-RAY TIMING EXPLORER (XTE) SOLAR ARRAY ANOMALY

Edward M. Gaddy, Robert Kichak, and Lee Niemeyer
Goddard Space Flight Center, Greenbelt, MD 20771

Richard Stegeman
Jackson and Tull, Seabrook, MD 20706

ABSTRACT

The XTE was launched December 30, 1995. Shortly after launch, it became apparent that the solar array
was not performing as expected. On leaving shadow, the array exhibited many discontinuous drops in current
output. The size of each of these drops was consistent with the loss of a part of a cell. The current decreases
could not be caused by the loss of an entire cell or an entire circuit. This meant that the array may have had
numerous cracked solar cells that opened as the array got warmer. Studies performed on the array’s
qualification panel suggest that the cell cracks may have been caused by extensive tap testing performed on
the array and that these cracks were undetectable at room temperature using usual inspection methods.

CONFIGURATION

The XTE's solar array is such that it is always oriented to the sun except when the spacecraft is slewing
from one “target” to another. Figure 1 shows that the XTE solar array is divided into eight circuits. Six of these
circuits are each contained completely on a single solar panel. The other two, circuits four and eight, are each
divided on three panels. Each circuit is further subdivided into nine strings of silicon solar cells. Six of these
strings have 100 cells in series and three have 103 cells in series. The strings comprising each circuit are
paralleled at the most positive and negative cell. Each cell's size is 3.92 centimeters by 5.70 centimeters. The
cells are fixed to aluminum face sheet substrates with CV 2568. The circuits are wired into the spacecraft as
depicted in Figure 2; and, their voltages and currents are monitored as shown.

Figure 2 shows that each of the eight circuits feeds into the spacecraft independently. As the battery
charges during the sunlit portion of the orbit, the spacecraft needs less current. This current control is
accomplished by partially and then sequentially completely shorting out one circuit after another, with circuit
eight shorting first. For example, soon after coming into sunlight circuit eight is shorted, circuit seven is
partially shorted, and the remaining circuits are fully on line. Sometime thereafter circuits eight, and seven are
shorted, circuit six is partially shorted and the other circuits are fully on line; etc.

ARRAY PERFORMANCE

Figures 3 and 4 respectively show the voltage across and the current produced by circuits five and four
during the sunlit portion of orbit five. The performance of circuit five is normal in all respects. The voltage rises
rapidly across the circuit when it comes into sunlight. It then reaches the battery voltage and is clamped to
battery voltage through the diode. The voltage rise continues at a slower rate as the battery is charged. The
rise in voltage stops when the battery hits its voltage limit. The voltage then holds steady for about seven
. minutes. Subsequently, it decreases suddenly. This is due to the power system shorting out the circuit which
is no longer needed to maintain the battery at constant voltage. The circuit voltage stays at about 0.6 volt until
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Figm 1
~ The XTE Spacecraft and Solar Panels

the spacecraft begins to enter darkness. At this point, there is insufficient power to maintain battery voltage,
and the power system electronics takes the short off circuit five and its voltage again rises.

The current from circuit five rises rapidly as the circuit comes into sunlight. It then rises more slowly. This
second rise is due to two effects. First the array is approaching and then going over the terminator about ten
minutes into the orbit. This event corresponds to an increase in the array current due to earth albedo.
Second, the array produces more current because its temperature is rising. The current then drops and rises
again as the spacecraft crosses the terminator again at about 55 minutes. The shorting of the circuit to about
0.6 volts at about 17 minutes shows little effect on the current. This is because the operating voltage of the
circuit is well to the short circuit side of the current versus voltage curve knee. There is nonetheless an effect.
it cannot be seen in Figure 3, but a barely perceptible increase in current occurs every time the circuit is
shorted. We will contrast the increase to the increase in the malfunctioning circuit four later.

Circuit four performance, shown in Figure 5, is abnormal. For the first nine minutes or so in the sunlit
portion of the orbit, the circuit is performing as expected. Then the current from the circuit drops
discontinuously. It then recuperates and then drops suddenly again and then again. This occurs while the
" voltage on the circuit steady. The only explanation is that the circuit current versus voltage characteristic is

NASA/CP—2004-212735 152



S. A Y'Y
g I T
TO PWM —l
SHUNTDRIVER | =
I H &
CKT. 2
TO PWM —l
SHUNT DRIVER | =T
Hro 57
| CKT. 3
| TO PWM - -
| T SHUNT DRIVER | — T
| s 5
| CKT. 4
| TO PWM —_
| T SHUNT DRIVER | =T
‘ ol 2
| CKT. 5
| TO PWM —l
| 1T SHUNTDRIVER | =T
, Ho [ 2 1
| CXT.
Ho{ 22 '
CKT. 7
=z ]
CKT. 8
TO PWM
SHUNT DRIVER
[ '
‘ —[t]1]1]1
N e LOADS
- Figure 2
Simplified Schematic of the XTE Power System

NASA/CP—2004-212735

153




saJadwy uj Jua.un)

O O N O N ¥ M N ~ O
I S N D S S S S |
.
t
o
[}
'
[
£ .
S :
£ T
= [
O '
\ |
1]
; :
4
m- ”II
¢
t |
/ -\lllvlhc T
e T
QI.IO\.-h.l.I\ll
L
o
-“-n“-“ “-
M O N ¥ — 0 DN O O MmO
M N N N N v v ™
S)OA U} 96e3jon

o
~

30 40 50 . 60
Time in Minutes

20

10

Figure 3
Module Five Voltage and Current Versus Time for Orbit Five

sasadwy uj Juaun)
(<)
- 0O O N © I ¥ M N ~ O
L " ¥ L] " L) ¥ 1) "
Y AR AT AR E L E R N RSl e s et
!
.
- L
o !
£ m
=] 4
o :
_ '
.m it
> ;
/ - o
- - - - - =TT
!
.-
M ON € — O ID N GO O M O
M M N N N = v e
S3OA uj aBejjop

30 40 © 50 - 60 70
Time in Minutes

20

10

Figure 4 ‘
Module Four Voltage and Current Versus Time for Orbit Five

154

NASA/CP—2004-212735



changing anomalously and discontinuously. The current decreases discontinuously until about thirteen
minutes after coming into sunlight when the circuit is shorted out by the spacecraft electronics. At this point
the current rises quite suddenly. Normally, the current is expected to rise very slightly with decreasing
voltage, as with circuit five, but not nearly as much as it does with circuit four. Seven of the eight circuits
showed anomalies similar to those in circuit four. Circuits 1 through 8 showed maximum orbital degradations
of approximately 5%, 14%, 18%, 22%, 0%, 20%, 4%, and 15%. The total average loss was much smaller.

Circuit four performance, and the performance of the other malfunctioning circuits, is explained by
Figure 5 which shows the I-V curve of one of the circuit’s strings with none, one and two cracked solar cells.
Each cell is cracked such that the maximum amount of cell that can be lost is lost. The Figure was generated
by measuring the reverse bias performance of the XTE solar cells, extrapolating what their current versus
voltage characteristics would be with a “maximum” cell crack, and then simulating string performance. A
complex example of such a “maximum” crack is shown in Figure 7. If the crack were any further to the “left”
both pieces of the cell would be connected into the circuit by the parallel redundant interconnects and the cell
would function as if it were in a single piece. Such a crack would have little effect on the overall output. If the
crack were any further to the “right”, the cell would lose somewhat less than the approximate 1/3 it looses
with the worst case crack depicted in the Figure.
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Figure 5 , ‘
String Voltage Versus Current at 70C with 0, 1, and 2 Cracked Solar

The decrease in current observed in circuit 4 is caused by cracks opening in one cell after another in different
strings, dropping the current by about 0.3 amperes in a given string each time a cell opens. Furthermore, the
effect of the cracks is not observed at short circuit current if only one cracked cell is present in a single string;
but is present with two or more cracks in a string. This explains the current recovery in circuit four after it is

shorted. Apparently, some of the strings have just one crack. It also explains how the current recovery is not
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complete. If any of the strings in circuit four have more than two cracked solar cells, the current will not
recover. :

The possibility that there are completely open strings in the circuits was explored. This is easy to
eliminate as it would cause current decreases on the order of 0.9 amperes. Current decreases that large are
not seen in any of the circuits.

TEST OF THE XTE QUALIFICATION PANEL

Because of the array’s unexpected performance in space, the XTE qualification panel was used to help
determine the cause. Prior to array delivery, the qualification panel underwent extensive testing including
exposure to thermal vacuum cycles, thermal cycles at ambient pressure and an acoustic environment. The
panel showed no anomalous behavior due to these exposures. However, all the evaluations of the panel
were performed at room temperature. When the panel was flash tested at elevated temperatures, subsequent
to the XTE’s launch, the panel showed an anomalous |-V curve, see Figure 6. At elevated temperature, a
crack was clearly seen that could lead to the anomalous performance, see Figure 7.
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: Figure 6 : .
XTE Qualification Panel Circuit One I-V Curve at 70C

However, the crack in the solar cell was such that only one of its four branches could be seen at room
temperature with the usual methods the cell manufacturer, Spectrolab, and GSFC use to inspect for cracks.
This suggested the possibility that the XTE array was launched with cracked cells that could not be seen. The
plausibility of this was increased because the flight panels were extensively and repeatedly tapped tested to
check for delaminated substrates. Further inspections were carried out on the qualification panel to determine

the conditions under which the crack could be seen, and also, to further determine if tap testing, bending, or

NASA/CP—2004-212735 156



heating could cause cell cracks that were not visible at room temperature. These last two items were
performed because the flight panels were bend tested and were subjected to high temperatures in bake out.

The panel was reinspected at Goddard using two methods: infrared light and a stereo microscope with
normal light. The cracks in the solar cell were not detected using infrared equipment despite several
approaches that were tried. Using a stereo microscope, the GSFC located the “vertical” part of the crack at
7X. This vertical crack actually consists of a small series of 45 degree zigzags that on the whole proceed
vertically, not unexpected for a silicon solar cell crack as the zigzags follow the crystalline “planes” in the
silicon. The other cracks were not visible using this method until the cell was heated to “45 to 50C” with a
heat gun at which temperature they were plainly visible.

f—sro—

, Figure 7
Sketch of the Cracked Cell on the XTE Qualification Panel, Dimensions in Centimeters

Subsequently, GSFC sent the qualification panel to Spectrolab and to another organization to determine
if they could see the “cracks” under either infrared light or using the more usual stereoscopic examination.
Neither organization picked up the crack using the stereomicroscope. Using infrared, Spectrolab did identify,
at room temperature, an anomaly whose shape slightly resembled two branches of the crack. :

Circuit two of the qualification panel, see Figure 8, was inspected, electrically measured, and then
vigorously tapped. (Circuit 1 had the cracked cell in it.) Subsequent to the tap test, the panel was again
inspected and its electrical output measured. The circuit showed some damage that was visually detectable
at both room temperature and at elevated temperature, but did not show the phenomenon of a crack that was
hidden at room temperature but visible at elevated temperatures. The results of the electrical test, Table |,
show a slight power decrease at 28C and at 70C. Note that the results designated as 28C were actually
taken at room ambient temperature and extrapolated to 28C, the standard temperature at which solar cells
and panels are evaluated. Because of one of the results of subsequent testing, a fairly substantial increase in
power at the last test at 28C, we believe that changes in circuit two output on the order of + 5 % are not
significant. This is somewhat outside of the usual error of + 2% and is probably due to an unknown error in
the measuring equipment or our test setup. Or it could also represent the actual performance of the circuit
which might be somewhat unstable due to numerous small cell cracks or deteriorated solder after the thermal
cycles the panel circuits underwent. in Table |, the notation “Slight Current Cut Off" means that the circuit two
current versus voltage curve is a bit too sharp at the knee indicating that one or more cells is producing
slightly less current than the others. This is a very mild example of the anomalous curve in Figure 5; but is not
generally considered a fault. It can occur simply because a low output cell is in circuit two.

Subsequently, circuit two was tapped using a harder tap than previously. It is not conceivable that the
Spectrolab technicians would have tapped the flight panels with such force. Numerous cover cracks and
several cell cracks were noted both at room temperature and at elevated temperatures, but there was no
evidence of cracks that were “hidden” at room temperature but otherwise visible. Table | provides electrical
results at 28C and 70C. o _ v

Subsequent to these measurements, the qualification panel was subjected to a “bend” test, the purpose
of which was to closely replicate the “bend” tests of the flight array. These tests made certain that the “fixes”
for the delaminations on the flight panels worked and verified that there were no additional areas on the
panels that might delaminate that had not already delaminated.(Some of the flight panel substrates had
delaminated in thermal vacuum exposure). Table | again shows that at both 28C and 70C, there was no
" significant change in electrical output and visual inspection showed no additional cracks.
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Figure 8

Sketch of the XTE Qualification Panel

As a last environmental exposure, the qualification panel was thermal cycled twice in vacuum between
ambient temperature and a nominal 110C with two hour soaks at the extreme temperatures. The panel
reached a maximum of 111.9C. Subsequent to this test there was no degradation at room temperature
electrical testing, see Table I; but, there was a greater than 50% degradation at high temperatures and a
mimicking of the electrical signature of the original crack on the XTE solar panel.

In addition, ten cells in circuit two were inspected with a hood and with the naked eye after the thermal
cycle test. A large number of cracks that could not be seen prior to the test were visible. An inspection of the
ten cells with a stereo microscope at room temperature and at 70C showed a very large proportion of the
cracks visible at 70C that were not visible at 28C.
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Table 1
Electrical Output of Qualification Panel Circuit 2

Power

Condition Temp. Curve Shape Output (W)

Pre Tap Test 28 Slight Current Cut Off 425
Post First Tap Test 28 Sight Current Cut Off 42

Post Second Tap Test 28 Slight Current Cut Off 413
PostBend Test 28 Slight Current Cut Off 402
Post Bake Test 28 Slight Current Cut Off 446
PreTapTest 70 Good - 32
Post First Tap Test 70 Good . ... 318
PostSecond Tap Test 70 Good - 31.7
" PostBendTest 70 Good o 207
Post Bake Test . 70 Cell Reversed . -14.8

CONCLUSIONS

The tests run on the qualification panel demonstrate that it is possible that the array was launched with
cell cracks that could not be detected visually or electrically at room temperature. Three organizations and
several people could not accurately detect the original crack in the qualification panel at room temperature.
Additionally, we could not detect some of the cracks induced by the “severe” tap test at room temperature,
but could at elevated temperature. Further, thermal cycling the qualification panel seemed to make the hidden
cracks worse by severely impacting circuit two’s power producing capability at high temperature. Perhaps the
erackswereonlymnedbytheﬁappmg'andthen'ﬁmshed'bythebakeom.Themghtpanelsunderwerua
similar sequence of tapping, albeit with less force, and then thermal cycling.

Thefact@ealmgagamstmls‘luddenaad(theoty'iswmemsﬂ\eﬁrsttlmewchaphemnemn
has been known to occur. Thousands of spacecraft arrays have flown without showing. evidence of
undetected cracked cells, and many though probably not most of these arrays were tap tested. There are two
possible explanations. The first is that the XTE substrates delaminated in test and this resulted in numerous
tap tests to the panels’ cells, certainly far more than is usual. The second is that the XTE had good
telemetry on it. This allowed detection of signatures that definitely had to be cell cracks. Had the XTE had
more typical telemetry it only would have been known that the array output was somewhat low, probably not
enough to be concemed about.

RECOMMENDATIONS L

WemwmeMthmMummngdmpamlsuMemoavisualmpechmawaneIedﬁealoummmm
elevated temperatures. The electrical output test need not precisely determine the power output of the array
but just the I-V curve shape. This test found the defect on the XTE qualification panel when room temperature
tests did not. In addition, a similar test run on a NOAA K qualification panel found failed cell to interconnect
connections, when room temperature testing did not. Foﬂunatelyﬂwuxspeetona:;dﬁ;ete&minupenswa
and quickly performed.

Secondly, we recommend that tap testing solar panels, usually performed to determine whether or not
they have a delaminated area, be replaced by other less stressful testing. This testing could include acoustic
_ transmittance through the panel, which is really quite equivalent to a tap test, a suction test where the cells
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aré pulled with a known force and observed for undue motion, or a pressure test where the cells are gently
pushed with known force and observed for undue motion. i
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IN-ORBIT PERFORMANCE OF HS-376HP GaAs/Ge SOLAR ARRAYS

Richard E. Daniel, Steven W. Gelb, Joseph S. Powe and Joel A. Schwartz
Hughes Space and Communications Company
El Segundo, California 90245

Abstract

The first two commercial communications satellites using gallium-arsenide on germanium (GaAs/Ge)
solar arrays were launched in January and November of 1996. The spacecraft, named HS-376HP M1 and
M2, were built by Hughes Space and Communications Company. In this paper, we present the in-orbit
performance data collected from both spacecraft. These data are compared with predictions generated by
Hughes’ solar array prediction model. The results show that the in-orbit power output of both M1 and M2
arrays exceed the minimum power predictions from launch through the present time. When compared to
nominal case predictions, the in-orbit power for M1 falls approximately 1.7% below the prediction and the
in-orbit power for M2 is approximately 0.4% above the prediction. These results are comparable to
previous studies on Hughes silicon solar arrays showing agreement with prediction to within approximately
2%. We assess the differences between M1 and M2 solar amrays, the effect of balloon standards, the
measurement uncertainty, and the accuracy of the prediction model.

Introduction

In recent years, the spacecraft industry has experienced a dramatic transition with the introduction of
higher efficiency solar arrays, primarily using gallium-arsenide on germanium (GaAs/Ge) solar cells [1]). In
the commercial satellite industry, the use of GaAs/Ge solar cells was impeded for several years by the high
cost of these devices. However, progress in GaAs/Ge manufacturing technology, as well as the demand
for higher power spacecraft, has now made the use of GaAs/Ge solar cells on commercial spacecraft both
feasible and desirable [2].

The first two commercial communications satellites with GaAs/Ge solar arrays were launched in January
and November of 1996. The spacecraft, named HS-376HP M1 and M2, were built by Hughes Space and
Communications Company (HSC) [2]. In-orbit data from spacecraft telemetry are now available on both M1
and M2. In this paper, we assess the in-orbit performance of these arrays and validate the testing and
analysis used in generating performance predictions.

Solar Array Description

The HS-376HP spacecraft, illustrated in Figure 1, are both Hughes HS376 model spin-stabilized
spacecraft. The solar array consists of two cylindrical solar panels as shown in Figure 1. The solar panels
were built by Spectrolab Inc. and delivered to HSC for systems integration. The introduction of GaAs/Ge
solar cells on this spacecraft significantly increased the power generation capability of the solar panel. As a
result, GaAs/Ge solar cell technology has made a major contribution to the longevity of this product line.

The solar cell assemblies used on HS-376HP consisted of large area GaAs/Ge solar cells
manufactured by Spectrolab, Inc.. Five solar cell sizes were used, ranging in area from 20.0 cm? to 22.9
cm?. The average solar cell thickness was 140 pum, prior to installing coverglass. The coverglass was 150
pum thick CMG, manufactured by Pilkington Space Technology [3]. The coverglass included a front surface
antireflective (AR) coating and a back surface infrared reflective (IRR) coating. The IRR coating was used to
minimize the spacecraft temperature by reflecting wavelengths of light too long to be converted into
current by the solar cell. Coverglass was bonded to the solar cells using Dow Comning 93-500 adhesive.
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Solar cells were connected into circuits
using 25 um thick silver mesh interconnects.
The interconnects were installed by welding to
the front ohmic contact of the solar cell and

Fixed solar soldering to the backside of the adjacent cell.
panel Each circuit consisted of either 36, 37 or 38
/ cells in series, depending on the location of

the circuit on the amay. Temperature
predictions for different portions of the array

were used to determine the expected cell
Deployable voltage at end-of-life (EOL); the number of
solar panel cells in series was then chosen to optimize

power output at an EOL bus voltage of 29.3 V.

Electrical output was measured for each
solar cell assembly prior to connection into
solar cell circuits. This data was used to assign

- cells of a given output to particular circuits and
assign circuits to particular locations on the
Figure 1. HS-376HP Solar Array solar amay. The designated locations were

chosen to minimize ripple in the spacecraft bus
voltage, induced by the array as the spacecraft spins. Predicted ripple, defined as the difference between
average and minimum available power, was less than 1% for both M1 and M2 solar arrays.

The generic HS376 electrical power system is described in reference [4]. To summarize briefly, the
spacecraft bus voltage is regulated using an array of tap limiters which shunts excess power from the solar
array to ground. When the payload is extracting full power, all limiters are non-conducting. When excess
power is available (at the bus voltage), a subset of the limiters regulates using bipolar transistors in the
active gain mode. [f these limiters saturate, another subset begins to regulate in active gain. To minimize
heat dissipation in the limiters, each solar cell circuit is “tapped” by a limiter at a point between two cells in
the circuit; for HS-376HP, this point is 10 cells above spacecraft ground.

Spacecraft telemetry includes the bus voltage, bus current and tap limiter current These data are
used to calculate the telemetered in-orbit power, as described below :

Prediction Methodology

Solar armay performance predictions were generated using the HSC solar amay prediction model.
Figure 2 presents an overview of the prediction model's functions. As shown in the figure, the model
incorporates a large number of input variables which are needed to predict performance. The inputs
include the detailed solar cell characterization data generated by HSC and reported in reference 2. These
data include the effects of radiation exposure, temperature and angle of incident llght on solar cell current-
voltage (I-V) curves. .

The detailed design data for the HS-376HP solar panels are used to generate predictions specifically
for HS-376HP. These include the layout of solar cell circuits on the panels, IV curves for isolation diodes
and estimated voltage drops in the wire hamess. Power output is predicted at the minimum EOL bus
voltage; for M1 and M2, this voltage is 29.3 V. The model allows any number of failed (non-conducting)
circuits to be assumed in the prediction; for M1 and M2, one failed circuit is required for predictions of
minimum power. However, to assess the accuracy of the prediction methodology, we aiso include a
calculation with no failed circuits, as discussed below.
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Figure 2. Solar array performance prediction methodology

The design data also include temperature predictions for various portions of the amay. Temperature
predictions vary as a function of the time of year and location on the panels. For example, the fixed panel
in Figure 1 tends to have higher temperatures, due to heat from the intemal payload. However, during
winter solstice, the deployable panel temperatures increase, due to sunlight on the panel backside. After
the spacecratft is launched, telemetry from temperature sensors located on the array can be used as inputs
to the model. This allows the accuracy of the model to be assessed while excluding the effect of
deviations from predicted thermal behavior.

Inputs to the power prediction model also include the space radiation environment. For predictions,
the model uses the AE8 and AP8 trapped radiation environments [5,6] and either the 20th or 22nd solar
cycle [7] for solar flare protons (provided by the National Oceanic and Atmospheric Administration Space
Environment Laboratory). For M1 and M2, the 20th solar cycle is used, since the spacecraft was designed
prior to completion of the 22nd cycle. Relevant details of the mission, such as the mission duration, orbit
and launch date are used to reduce the radiation environment to an equivalent fluence of 1 MeV electrons
[8]). HS-376HP is a geosynchronous mission with a design life of 15 years. Since both spacecraft were
launched near the solar cycle minimum, the expected solar proton fluence corresponds to a single solar
cycle. After the spacecraft is launched, actual solar flare data may be used as model inputs, to assess the
model’s accuracy while excluding the effect of short-term fluctuations in solar activity. : -

The prediction model accounts for the effects of different angles of incident light on solar panel
output. As the spacecraft revolves around the sun, the nominal sun angle to the spacecraft varies from 0
degrees in equinox to 23.5 degrees in solstice periods. However, on HS376 series spacecraft, there are
additional angle of incidence effects, since the solar amay is cylindrical and spinning. As a result of the
spacecraft configuration, the angles of incident light on any solar cell circuit vary from the nominal sun
angle to 90 degrees during any rotation. Furthermore, the angle of incidence effects are a function of
radiation exposure [9]. Hence, the prediction model calculates the effects of angle of incidence on each
solar cell circuit as a function of date and time in orbit. The aggregate effect on the solar armay |-V curve is
then generated for each day of the mission. After the spacecraft is launched, actual telemetry on
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spacecraft pointing may be used as input data, to assess the effects of any deviation from the riominal
expected sun angle on solar array performance.

Another important aspect of the prediction model is the ability to include losses due to shadowing of
the amay. For M1 and M2, the fixed panel in Figure 1 is subjected to partial shadowing under normal
operating conditions. The shadow is cast by a mechanical par, located behind the antenna dish in Figure
1, and extends over an area of the fixed panel which varies with the season. The maximum length of the
shadow occurs at summer solstice and is expected to reach 3 inches down from the top of the panel.
However, the precise dimensions of the shadow are only estimated, since the part which casts the
shadow is wrapped in a thermal blanket. The prediction model includes the nominal losses due to solar cell
shadowing, as a function of time, based on the expected shadowing pattern.

Finally, the solar panel acceptance test results are used as input data. For M1 and M2, these data were
taken by Spectrolab, Inc. using a large area pulsed-xenon solar simulator (LAPSS). The measured -V
curves, at ambient temperature and AMO, for each solar cell circuit are used to establish the initial electrical
output of the solar array. Therefore, the model predictions are absolute power predictions, in watts, based
on ground test data. ‘

The output of the prediction model is the solar array power versus date and time in orbit, as shown in
Figure 2. To generate the prediction, the model determines the beginning-of-life (BOL) power from the
LAPSS data, corrected to predicted operating temperatures and sun angles using the characterization
and design information. Characterization data and the radiation environment are then used to generate
power predictions throughout the life of the spacecraft. This methodology has been in use at HSC for
approximately 20 years [10], with periodic refinements made to the algorithms and the database.

Comparison Of Predicted And Telemetered Performance

To obtain a meaningful comparison between predicted and telemetered data, we have found it useful
to generate two types of prediction data [10], shown in Table I First, we generate minimum power
predictions, which represent the model outputs generated prior to launch. As such, they are required to
include some conservative factors such as one failed circuit. They also include a loss factor for the ripple
effect discussed above. As shown in Table |, they are based on (nominal) predicted temperatures and the
nominal predicted solar proton fluence. Next, we generate “in-orbit predictions™. As shown in Table |, the
in-orbit predictions assume no failed circuits, no ripple factor, are adjusted for telemetered temperatures
and sun angles, and use actual solar flare data.

Comparison of telemetered power output with the minimum power predictions is used to assess our
process for generating predicts prior to launch. Comparison with the in-orbit predictions is used to assess
the accuracy of the prediction methodology using completely nominal inputs and excluding, as far as
possible, the uncertainty in the thermal predictions, fluctuations in solar activity and any deviation from the
expected spacec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>