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1.0 EXECUTIVE SUMMARY

This report describes the efforts to develop Lightweight Low-Cost, High-
Efficiency Solar Cells for Space Planar Arrays (Contract No. F33615-91-C-2155). This
is the Final Report for the program, includes details of technical information, and covers

= the period from 31 August 1991 through 15 November 1995 (technical period of per-

formance).

Program objectives were described in RTl (Research Triangle Institute) Proposal
No. P831-010, submitted in response to PRDA 91-01-PKRN POC. To meet PRDA ef-
ficiency, weight, cost, radiation degradation, high-temperature exposure, terminal con-
nection, and space qualification requirements, RTl began developing a mechanically
stacked tandem solar cell.

The bottom cell in the stack is a high-efficiency Si cell, fabricated by ASEC
(Applied Solar Energy Corporation), RTI’s partner in this program. Stand-alone Si cells
from ASEC demonstrated efficiencies greater than 16.0 percent during the course of
the program using conventional processing. The final target efficiency was 18 percent,
to be accomplished using advanced processing such as that being developed by the
photovoltaic group at the University of New South Wales, Sydney, Australia.

To match the current of a Si cell, top cells made of either AlGaAs or GalnAsP
alloys (alloy compositions with band gaps of about 1.7 eV) were grown and fabricated
by RTI. These cells were to be thinned and mechanically stacked onto the Si cell using
a process developed at RTI called EMB (eutectic metal bonding). In the program, Al-
GaAs cells achieved efficiencies as high as 17 percent, and GalnAsP cells attained 20
percent. GaAs wafers were bonded to Si wafers with EMB and survived cycling be-
tween liquid nitrogen and boiling water without wafer delamination. This temperature
cycling demonstrates the strength of joints formed by the EMB process although the
work was terminated before any stacked celis could be tested. Thin AlGaAs layers
were bonded to Si, providing a proof of concept.

Individual component cells, as well as completed cells, were to undergo radiation
testmg and space qualification. The radiation testlng (1 MeV electrons at a fluence of
10" cm’ %) uncovered a major problem for Si cells in the context of the structure being
developed. Under a GaAs wafer, which filters the high energy photons as a high-band-
gap cell would in a tandem stack, standard Si cells degraded more dramatically than
under a full spectrum. In fact, under the truncated AMO spectrum, the EOL/BOL current
ratio of Si falls from 0.74 to 0.45. Spectral response data clearly show the Si cells are
susceptible to degradation at longer wavelengths. This problem is fundamentally re-
lated to the relationship between the absorption of radiation and diffusion length and is
likely to be more severe as the efficiency of a low-band-gap cell increases, i.e., as the
diffusion length becomes longer and more subject to degradation.

The radiation resistance of the GalnAsP met expectations, both showing
EOL/BOL efficiency ratios greater than 0.8. The GalnAsP exhibits low-temperature an-




nealing of some of the radiation-induced damage, similar in behavior to InP but to a
lesser extent. This behavior was an unexpected benefit for GalnAsP.

The second major problem iencountered during the effort is the ability to grow
AlGaAs cells reproducibly well. Al-containing compounds are particularly sensitive to
oxygen and water vapor contamination because the Al-O bond is very strong. For an
. AlGaAs solar cell, oxygen contamination introduces deep levels in the material that act
as nonradiative traps, enhancing Shockley-Read-Hall (SRH) recombination limits to mi-
nority-carrier lifetime.

GalnAsP cells have a drawback also. To lattice-match Ge and GaAs substrates,
upon which the GalnAsP is grown (prior to substrate removal), requires control of four
source gases that have different decomposition profiles and vapor pressures. This is
not a trivial task even in a small reactor. Looking toward manufacturing where control in
large production-sized reactors are paramount issues, we elected to focus on the Al-
GaAs cells for the top cell in the structure under development. This decision was made
regardless of better performance from GalnAsP cells.

The program was truncated at the end of Phase Il (of a three-phase program) for
two reasons: (1) funds limitations and (2) progress made with the GagslngsP/GaAs
monolithic tandem cell in another PRDA programs. The final work on this program fo-
cused on evaluating a TMA (trimethylaluminum) source that is believed to have the po-
tential to improve the quality of AlGaAs cells and to enable AlGaAs to be grown at lower
temperatures than is normally required. If successful, this TMA source has the poten-
tial to make an AlGaAs/GaAs monolithic cell competitive with the GalnP/GaAs one, and
there are manufacturing factors that favor the AlGaAs/GaAs.




2.0 INTRODUCTION

This report, the Final Report for Contract No. F33615-91-C-2155, presents the
details of experimental work conducted during the program’s duration. The effort was

- originally funded out of the Wright Laboratory, Wright-Patterson AFB, OH, but was

transferred to Phillips Laboratory, Kirtland AFB, NM, shortly after it began. This transfer
caused a 6-month interruption in the effort. There was also an interruption in the pro-
gram when Phase |l funding was depleted, and the program was descoped to evaiua-
tions of a TMA source and AlGaAs cells grown with this TMA. All delays combined ex-
tended the period of performance to 15 November 1995 from 31 August 1991.

2.1  Technical Objectives

The technical objectives the this program to develop Lightweight, Low-Cost,
High-Efficiency Solar Cells for Space Planar Arrays are found in PRDA 91-01-PKRN
POC and are summarized as follows:

o Efficiency. The cell efhcnency must be > 23 percent (AMO) at 30 to 50°C
The program efficiency goal is 30 percent (AMO0).

o Weight. The cell must be lightweight. When mounted on a lightweight, rigid
aluminum honeycomb structure, the module specific power must be > 80
W/Kg. For 23-percent efficiency, the specific power lmplles an overall density
for the cell/module combination of less than 390 mg/cm?.

o Cost. The cell cost should be low. The advanced technology used must
provide cost-effective producibility.

o Radiation Degradation. The maximum power of the cells should not de-
crease by more than 20 percent after exposure to 1 x 10", 1-MeV elec-
trons/cm®.

o High Temperature Exposure. The cell must withstand temperature cycling to
425°C without significant degradation.

e Terminal Connections. The cell must have two terminals and must be easﬂy
integrated into present-day arrays.

¢ Qualification Tests. Cell performance must be acceptable after exposure to
qualification tests, including radiation, thermal cycling, contact/interconnect
pull strength, humidity/temperature, temperature characterization, and expo-
sure to high temperatures.




These are a demanding set of requirements. A plan to meet these technical ob-
jectives, offered in RTI's proposal response to the PRDA solicitation, is set forth in the
next section. -

2.2 Approach to Achieve PRDA Program Goals

Philosophically, in responding to the PRDA solicitation, RTI felt that there were
two approaches with the best chance to meet the goals. The first is a monolithic tan-
dem cell consisting of a high-band-gap junction made of AlkGai.x\As or GagslngsP
(hereafter call AlGaAs and GalnP, respectively, uniess reference is made to a specific
alloy composition), The low-band-gap junction would be GaAs in this structure, and
growth would employ a Ge substrate. Our preliminary modeling showed that this
structure has the potential to achieve an efficiency of about 25 percent under AMO illu-
mination. Subsequent work by Bertness et al. [1] resulted in a GalnP/GaAs that
achieved the modeled efficiency in small-area cells. And quite frankly, results with this
cell progressed much faster than we anticipated.

The fundamental problem with an AlGaAs/GaAs or a GalnP/GaAs cell is that the
band gaps are too high to make maximum use of the solar spectrum, i.e., the efficien-
cies are limited because photon utilization is incomplete. To overcome this problem,
the band gaps need to be lowered. Modeling [2] shows that the optimum band gaps for
a two-junction cell under AMO illumination are about 1.1 and 1.7 eV for the bottom and
top junction, respectively, with a potential efficiency over 30 percent. This band-gap
pair forms the basis for the approach a team consisting of RTI and ASEC proposed to
meet the PRDA requirements with more engineering margin than the higher band-gap
pair provides.

The proposed program pulls from the strength of both team members. ASEC
has been fabricating and providing Si solar cells that are fully space qualified for a
number of years. Si has the desired low band gap for the cascade pair but is also the
cheapest, most lightweight, most available, and most rugged of all solar cells currently
in widespread use. It is the logical low-band-gap choice for the structure that was pro-
posed. ASEC-produced Si cells reached a 16.5-percent efficiency during the program,
and at termination, more advanced processing offered the potential to reach 18 per-
cent. Stand-alone cell efficiencies between 16 and 18 percent are essential since the
bottom cell in a stack is expected to produce about 8 or 9 percent, and cell currents in a
stack are about one half of those in a free cell (thereby cutting efficiency in half). Re-
sults of the Si work are described in detail in Section 3, which follows.

RTI's contributions to the program began with the top-cell technology. To pro-
vide a cell with a 1.7-eV band gap, two materials were considered. The first is
Alp2GapgAs, and the second is Gap7Ing3Asp4Pos. Both lattice-match GaAs and Ge
substrates. RTI brought considerable experience in both materials systems to this re-
search effort. With either of these materials, we expected efficiencies of at least 18
percent and more optimistically of 20 percent, giving a stack efficiency potential of pos-




sibly as much as 28 or 29 percent. Details of work with both AlIGaAs and GalnAsP can
be found in Section 4.

RTI! also had developed the final piece needed for the structure, a means of
joining Si and llI/V materials such as GaAs. The method, called EMB has been shown
to allow thin GaAs layers to be joined to Si with essentially no strain [3]. Using TPL
- (transient photoluminescence), Dr. R.K. Ahrenkiel estimated that the minority-carrier
lifetime in 6-um-thick GaAs layer exceeded 100 ns, suggesting that these thin IlI/V lay-
ers would have more than adequate diffusion lengths for high-efficiency solar cells.
Details of cell bonding are located in Section 5.

The program approach, then, was to grow thin AlGaAs or GalnAsP cells, bond
these cells to a fully processed Si cell with EMB, remove the original substrates used
for the lll/V growth, and complete the cell processing of the Ill/V material bonded to the
Si.

This program, if successful, would have met all technical goals of the PRDA so-
licitation. The cell cost goals would be evaluated as cost issues were identified, and
scale-up plans to manufacturing quantities were to be developed. The program con-
tained, in short, a solid technological base from a team of well-blended research and
manufacturing personnel.

In the sections that follow, the technical details are presented. Included are de-
tails of the problem areas—Si radiation resistance and AlGaAs cell reproducibility—that
made progress difficult. We conclude this report with recommendations for future re-
search.

~




3.0 DEVELOPMENT OF SI JUNCTIONS

3.1 Introduction

In this section, the details of the work ASEC completed with the Si bottom cell
are found. The effort includes demonstration of cell efficiencies greater than 16.5 per-
cent under AMO illumination, exceeding a Phase | goal of 16 percent. A problem with
Si radiation resistance under a truncated AMO spectrum was identified during irradiation
testing of cells. Attempts to modify the Si structure to improve EOL performance are
described.

3.2 Si Cell Structures

3.2.1 Baseline Cells

The baseline cells used for this program are similar to standard production cells
being manufactured but with some modifications of the surfaces to increase perform-
ance. These cells were fabricated from p-type Si slices using double diffusion to form a
p* region at the rear of the device that acts as a back surface field. The second diffu-
sion, using P, forms an n* region at the front, yielding an n*/p/p* structure. The P dif-
fusion is shallow, forming a junction about 0.2 um deep. The resistivity of the Si is 0.2
ohm-cm.

The front surface (the cell’s emitter) undergoes subsequent processing to form a
passivated emitter solar cell (PESC) that contains the following features:

o front surface texturing,

o atwo-layer AR (antireflective coating),
o front-surface passivation, and

e a back-surface reflector.

The grids for these devices are located on flat areas that were masked during
the texturing of the surface, and grid spacing is closer than for most Si space cells to
reduce contact resistivity when Si and AlGaAs (GalnAsP) are bonded together. The
PESC design was selected because the technology is compatible with present space
cell manufacturing technology, has the possibility of reasonably low cost, and can meet
space qualification requirements in all areas (except for severe radiation conditions).

The enhanced output of these cells, compared to non-PESC production cells,
results from a combination of increased minority-carrier lifetime (and, therefore, diffu-
sion length) and light trapping (because of back reflector), giving higher currents. Pas-




sivation of the extemal surfaces leads to reduced recombination, prowdmg higher volt-
ages (lower dark currents).

Preliminary estimates (see below) of the output of these cells, when placed un-
der a truncated AMO spectrum with wavelengths shorter than 730 nm removed, show
that the Si cell should %enerate about 20 mA/cm?2. Planned improvement to these cells

- to attain the 22-mA/cm* current density goal were changed after radiation testing of the

first cell batch showed a significant degradation of current in the spectral region of in-
terest.

Improvements planned for the cells come from the advanced processing being
developed by the research group of the University of New South Wales, Sydney, Aus-
tralia, under the direction of Dr. M. A. Green. This group has made impressive im-
provements in terrestrial Si-cell efficiencies. These improvements include improved
texturization schemes to get more light into the device, thinner structures that use more
efficient light trapping than the baseline cells, and better surface passivation to reduce
dark currents even further. These improvements were not included in any cells tested
for radiation degradation.

3.2.2 Cell Modifications After Radiation Testing

As a result of the data produced during radiation testing of the baseline cells,
ASEC fabricated other Si structures that used substrates as thin as 50 um (2 mils),
junctions as deep as 0.7 um, and substrate resistivities as great as 10 ohm-cm. These
cells were fabricated to evaluate potential improvements in the radiation resistance of
the baseline cells. The rationale for these structural changes is the following: the heav-
ily doped Si wafers will be more susceptible to degradation of the diffusion length, and a
shallow junction exacerbates the problem of poorer current collection. Hence, by mak-
ing cells thinner with deeper emitters in more lightly doped substrate material, current
collection after irradiation should improve. Lower BOL efficiencies may be the cost of
these EOL improvements.

Of these changes, probably the most important is the base layer thickness. As
base layer thickness is reduced, the absorption, particularly of the longer wavelengths
is reduced; so, it is essential that intemnal light trapping (using the back-surface reflec-
tor) be effective to make the reflected light pass through the cell a second time. This
approach increases the optical thickness of a cell by a factor of two but also requires
very good passivation of the back surface to keep carrier recombination low.

A final Si modification was considered and modeled to determine options for the
stack. Since the cells of this program are in a mechanical stack, more flexibility in de-
sign exists compared to a monolithic cell. By stacking a top cell on a larger bottom cell,
several things could be accomplished. First, top cells can be made to limit BOL cur-
rents. Therefore, at EOL the currents can match since the bottom cell degrades more
rapidly than the top cell. The bottom cell also sees some of the short-wavelength pho-
tons not masked by the top cell, perhaps yielding greater EOL currents in the Si. We




considered two cases for Si cells with increased areas using the modified production
devices described above as the performance model to predict efficiencies.

1. By making the Si bottom cell 22 percent larger than an AlGaAs top cell, the
current densities of the two cells match at BOL. This structure projects a
BOL efficiency of between 24 and 25 percent, meeting the program goal, but
the EOL/BOL ratio is likely to be no more than 0.62, short of the 0.8 specified
in the requirements. ‘

2. If the area of the Si were increased even more, by about 48 percent com-
pared to the top cell, cell currents can be made be made to match at EOL.
This change decreases BOL efficiency to about 20 percent but raises EOL to
15 percent, giving an EOL/BOL ratio of 0.75.

The results of modeling of equal cell areas and variable bottom-cell areas are
summarized in Table 3.1.

Table 3.1. Modeled AlGaAs/Si Stacked Tandem Cell Efficiencies Using Equal Areas
And Oversized Si Bottom Cells To Compensate For Poor Radiation Resis-
tance Of Si To Long Wavelengths.

A. Equal area AlGaAs and Si as

tested in preliminary radiation 18.9 % 7.5% 0.40 BOL low; EOL/BOL ratio
testing low

B. Equal area AlGaAs and Si with
Jsc of Si improved 3 mA/cm? 22.8% 9.1% 0.40 BOL marginal; EOL/BOL
to current match at BOL ratio fow

C. Si cell area increased by 22%

to current match at BOL using 24.1% 14.9% 0.62 BOL meets spec.;
cells like those in A. EOL/BOL ratio still low

D. Si cell are increased by 48% to
current match the AlGaAs at 19.9% 15.1% 0.76 BOL low; EOL/BOL ratio
EOL using cells from A. marginal

The modeled data in Table 3.1 show that this approach of varying the Si cell
area comes close to meeting the EOL/BOL ratio but cell efficiencies must be improved
in either case—equal cell areas or oversized Si cells—if BOL efficiencies and EOL/BOL
ratios are to be met simultaneously. This approach might be an interesting avenue to
pursue in the future but did not seem to offer enough to make it a part of this program.
These results clearly point to one important factor. These cells, and perhaps all tandem
cells that have component cells degrading at different rates when subjected to irradia-



tion, need to be designed for either BOL or EOL current matching. This choice should
be dictated by the mission requirements and expected radiation problems.

3.2.3 Effect of Cell Thickness and Junction Depth on BOL Performance

. The first irradiation of Si identified a problem at long wavelengths for the baseline

cells. Since baseline cells are about 200 um thick, with shallow, 0.2-um junction
depths, we needed to examine cells with other dimensions of thickness and junction
depth to determine the effects of these parameters on current collection. ASEC pro-
duced a series of Si cells with nominal thicknesses of 50, 100, and 275 um (2, 4, and
11 mils; 1 mil = 25 um) and junction depths of 0.2 and 0.7 um. These cells were fabri-
cated from Si with a resistivity of 10 ohm-cm, rather than 0.2 ohm-cm used for the
baseline cells. Regardless of EOL performance, these cells must have reasonably
good BOL performance to meet the program BOL efficiency requirement. The BOL ef-
ficiency and current are shown graphically in Figure 3.1.
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Figure 3.1. BOL efficiency and current of 4 cm? Si solar cells. Junction depths of 0.2
and 0.7 um were used for the devices. Closed symbols show BOL effi-
ciency; open symbols show BOL current.




The BOL efficiency drops off as cells get thinner. The thinnest cells are in the
range of 13 to 14 percent for shallow junctions. This efficiency will not be sufficiently
high to meet the stack BOL efficiency needs, but if the EOL efficiency is also high, the
EOL/BOL ratio may meet requirements.

Much of the decrease in efficiency for the thinner cells comes from lower cur-
rents, also indicated by the data. Currents in these cells can be increased if the BSF
(back-surface-field) layer is added, and improving the back-surface reflector should
make a substantial improvement in the current. In addition, surfaces were not textured,
but they were left rough after sawing. Making all of these improvements will undoubt-
edly reduce current losses. The thin cells, using high resistivity substrates, actually
project efficiencies more than 16 percent when fully optimized. However, determining
the radiation characteristics was more important for these cell.

These cells were irradiated and the data are reported in Section 3.4 and showed
improved EOL/BOL ratios in the long-wavelength regime.

To produce these thin cells, ASEC developed a thinning process. This process
has the following steps:

1. Begin with 4-mil (100 um) Si slices and diffuse the n* layer.
2. Apply the grid and AR coating to complete front-side processing.

3. Mask front surface with mylar tape with UV-sensitive adhesive (to protect
surface during thinning.

4, Thin wafer with HF:HNO; solution

5. Apply SiO, passivating layer and backside metallization (grid and reflect-
ing layer).
6. Remove mylar tape by irradiating cell with UV illumination.

This process can reliably and reproducibly thin Si wafers and may be useful for
other devices or applications.

3.2.4 Si Cell Polarity

The Si cells that ASEC manufactures, including the modified ones being made
for this program, use the n-on-p device polarity. There is an a priori reason to believe
that the n/p polarity will have superior radiation resistance to a p/n device: the electron
mobility in a p-type base is greater than the hole mobility in an n-type base, suggesting
longer diffusion lengths in n/p ones. ASEC fabricated several p/n devices, but none
met the Phase 1 efficiency goal of 16 percent. Because of this relatively poor BOL
performance, these p/n Si cells were not irradiated, and we decided not to allocate ad-
ditional contract resources to the development of p/n Si celis..
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The result had a significant impact for the program: Since we were, in essence,
fixing the bottom-cell polarity to n/p, we also fixed top-cell polarity to the same in the
series-connected device.

Unfortunately, most of the AlGaAs top cells, including those that met the Phase 1
efficiency goals, have p/n polarity. Developing the n/p AlGaAs cells has been consid-
- erably more difficult, as will be described in Section 4.

3.3 Si Cell Electrical and Spectral Characteristics at BOL

ASEC has been a major supplier of space-qualified Si solar cells for many years.
In this program, some of the better 2 cm x 4 cm modified production cells were se-
lected, and their |-V characteristics were evaluated. The best of these demonstrated an
efficiency above 16.5 percent, measured under a two-source simulator at ASEC. Cells
flown on the JPL balloon experiment serve as the reference standard for setting S|mula-
tor intensity.

The I-V curve for two good baseline cells are shown in Figure 3.2. These cells
exceeded the Phase | goal of 16 percent and showed that attaining the 18 percent effi-
ciency desired for the final cell design (under a full AMO spectrum) is a reasonable goal.
The 16.5-percent efficiency comes from the modified production-line cell, described
above, that uses a p* rear diffusion and a shallow n* diffusion into 0.2 ohm-cm material.
All processing, including the two-layer AR coating, is standard for space-qualified cells
that ASEC manufactures.

A typical Si cell spectral response, measured in A/W at JPL, for these devices is
shown in Figure 3.2 under a full AMO spectrum. Since the top cell of the tandem stack -
has a band gap of about 1.70 eV in the structure, the AMO spectrum can be split at
about 730 nm to determine the current that should be generated by the Si cell using the
spectral response from 730 nm to the band edge (1.1 um). If there is compiete photon
absorption in the top cell, only these longer-wavelength ghotons reach the Si. With this
approach, a short-circuit current density Js. of 20 mA/cm*® was estimated for the spectral
response pictured by convoluting the spectral response W|th the AMO spectrum trun-
cated at 730 nm. This value is lower than the 22 mA/cm? predicted for the AlGaAs/Si
tandem stack and shows the need for improvements for Si to meet program efficiency
goals. However, recall that these are modified production ceIIs and no rigorous optimi-
zation had been attempted. So, achieving close to 20 mA/cm? was certainly a favorable
beginning with which we were pleased.

RTI provided ASEC with thin layers of Alp2GaggAs to use as filters when evaluat-
ing Si cells, thus putting the Si in a configuration that closely resembles the mechanical
stack. Both sides of the Alg2GaggAs have AR coatings to reduce current losses in the
Si. Amyl alcohol is used to optically couple the two cells, providing index matching.

It is important to understand how the Si cells respond under the Alp>GaggAs fil-
ters since that is the environment Si will see in the final device. To put bounds on cell
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performance for shallow and very deep emitters, ASEC processed a device from a slice
of Si that was thinned to about 75 um (2.5 mils). Front processing was standard (n*
diffusion, AR coating, metallization), but the backside of the device also received a
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Figure 3.2. llluminated I-V characteristic of two baseline Si cells: (a) this cell was one
of the best produced in Phase | of the program with an efficiency of 16.5
percent, and (b) is another good cell more typical of the devices with an
efficiency of 16.3 percent.
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Figure 3.3. Spectral response of Si solar cell. The device was measured at JPL and
is typical of most high-quality Si cells. Eliminating wavelengths equal to or
less than 0.73 pm in the AMO spectrum and convoluting that spectrum
with this spectral response gives a Js; of about 19 mA/cm? for the cell.
The vertical line shows the 0.73-um-wavelength cutoff.

metal grid and an AR coating after the p* diffusion. The AR coating on the backside of
the device matches the longer wavelengths that a Si cell will see beneath an AlGaAs
cell. llluminating from the front of the device gives a standard measurement, but illumi-
nation from the backside gives the effect of a junction that is almost the depth of the
wafer thickness. Data for the cell using both illuminations are shown in Table 3.2 both
with and without the AlGaAs filter.
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Table 3.2. |-V Characteristic of Si Solar Cell llluminated From Both Front and Rear

Normal Cell 614 | 155 | 77.2 | 13.6 | 580 | 54.1 | 76.4 | 4.5

Deep Emitter | 600 | 116 | 77.0 | 9.8 | 564 | 37.0 | 76.7 | 3.0

The interesting thing about these data is that the voltage of the normal configu-
ration is only about 15 mV higher than the deep-emitter configuration. In both cases,
the voltage dropped about 35 mV under the filter. Therefore, if the starting voltage of
the Si cell is about 660 mV (higher than the 614 mV shown in Table 3.2), we should
achieve at least 600 mV under and AlGaAs cell even with a very deep junction. This
observation is important because we modeled the bottom cell to deliver 600 mV when
projecting BOL efficiencies. The junction depth has little impact on the current ratios of
filtered and unfiltered illumination, and fill factors are essentially unchanged.

Finally, ASEC has shown another reason besides radiation resistance to use the
higher resistivity Si wafers for the bottom cells. Tests showed that under the AlGaAs
filter, Vo decreased faster than expected. Changes in the diode ideality factor are likely
responsible at the reduced current levels filtering produces. The Vi of a cell is classi-
cally described by:

v, = nkT n Jge

qg J

As the current in the cell drops, the ideality factor begin to change from near 1 to 2,
giving an increased voltage drop because of the larger relative dark current. In most of
ASEC'’s experience, this has always been a greater problem for low-resistivity Si.

Radiation testing identified the key problem with the Si cells in the mechanical
stack, and radiation work is described next.

3.4 Si Cell Radiation Testing

Radiation testing of high-efficiency baseline Si cells was the most important early
part of the program. Not only did the test help confirm the relatively poorer radiation
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resistance of Si (compared to GaAs), but it also showed surprising new and promising
results for the GalnAsP cells. All irradiation was performed at the JPL facility under the
direction of Dr. B. Anspaugh.

Two of the best Si cells were irradiated along with GalnAsP junctions. The pre-
and post-irradiation data are shown in Table 3.3. It is important that the highest effi-
- ciency cells were used for the test because radiation damage generally identifies itself
more clearly as cell efficiencies increase, i.e. cells wuth low starting efficiencies usually
show smaller radiation effects. Cell areas are 8 cm®.

Table 3.3  Current-Voltage Charactenstlcs of S| Solar Celis Before and After Irradia-
tion With 1-MeV Electrons (10" cm?).

Before | 660 347.8 78.4 16.6

11 0.876 0.740 0.980 0.640
After | 578 257.5 77.0 10.6
Before | 661 0.8 78.4 16.8

14 0.873 35 0.738 0.980 0.630
After | 577 258.9 76.8 10.6

The EOL/BOL ratio of current is the parameter to focus on in considering these
data because the efficiency ratio is essentially that seen for any good Si device. Con-
sider cell number 14 as a typical device. As described in the last section, if the spectral
response is convoluted with the truncated AMO spectrum (1.1 2 A = 0.73 um), the BOL
current density should be about 17.4 mA/cm?, but the EOL density is only 7.75 mA/cm?.
This gives an EOL/BOL ratio of 0.45, not 0. 74 By filtering most of the more energetic
photons, we place the burden of current collection on the base since longer wave-
lengths of light penetrate more deeply in the material. Therefore, any degradation of
the diffusion length with the skewed spectrum makes a significant impact on current.

The effect can be seen quite graphically in the spectral response of this cell
measured both before and after irradiation. Figure 3.4 shows this quite clearly and
gives a comparison of a Si cell to one of the GalnAsP cells (sample no. 6-628-8) that
showed good resistance to radiation damage.

This is the crux of the problem. For longer wavelengths, the baseline Si cell
shows much more degradation than for short wavelengths. Unfortunately, the cell in
the mechanical stack will see only photons in this sensitive spectral region. Hence, we
concluded early on that the baseline cell does not have a remote chance of meeting the
EOL/BOL efficiency ratio requirement for the program. There was no choice for the Si
but to investigate the other structures, the thinner cells with variable junction depths, in
hopes that these structures would improve long-wavelength response.
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Figure 3.4. Spectral response curves measured at BOL and EOL before and after ir-
radiation with 10'%,1-MeV electrons/cm?. Irradiation performed at JPL fa-

cility.

As mentioned in previous sections, several different Si structures were evaluated
to improve the radiation resistance. While awaiting delivery of the 10-ohm-cm Si slices
(Czochralski Si grown in the presence of a magnetic field to reduce turbulence in the
molten Si) from which those devices were to be fabricated, ASEC performed a very
quick experiment that suggested potentially better radiation properties. From pieces
similar to the ones ordered, two devices were fabricated with shallow emitters. One
piece is 200 um (8 mils) and the other is 75 um (3 mils). The BOL and EOL currents
(irradiated with 10'°, 1 MeV electrons/cm?) were measured under ASEC's two source
simulator. This S|mulator has both W (tungsten) and Xe (xenon) lamps. The W lamp is
filtered to eliminate wavelengths shorter than 0.65 pm. By estimating the amount of
current generated between 0.65 and 0.73 um and subtracting that value from the cell
current measured under the W lamp, we arrive at a reasonably good approximation to
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the truncated spectrum incident on the Si cells. This process was used to evaluate the
cell currents here. The results are shown in Table 3.4.

Table 3.4. BOL and EOL Currents for Si Solar Cells Measured Under Two-Source
Simulator with Both Lamps and Each Lamp Separately.

0%‘;;5;"' 435 19.0 | 245 17.4 32.4 17.3 15.1 7.75 .
10 Q-cm, 422 174 | 248 | 172 | 346 | 167 | 17.9 9.2
8 mils
10Qcm, 1 402 | 172 | 23.0 16.3 | 36.1 16.7 10.4 10.0
3 mils

Note: Current estimated from W measurement for wavelengths longer the 0.73 um

The last two cells show significantly improved EOL/BOL current ratios, compared
to the first cell which was from the first batch irradiated. The data from Table 3.4 are
presented in bar graph format in Figure 3.5 to show these improvements graphically.

The EOL/BOL ratio for the 10 ohm-cm, 75-um cell improved from 0.45 to 0.61 for
A 2 0.73 pm. This is a significant improvement and gives reason to hope that for cells
with more optimum parameters, for example, junction depths, needed EOL/BOL ratios
will at least be approached.

Finally, the last effort in the program with the Si cells was the fabrication, irradia-
tion, and evaluation of the Si cell variations similar using the high resistivity Si. The I-V
data for these cells are shown in Table 3.5. The cells were measured under two simu-
lators, a xenon-lamp simulator and a two-source simulator, at ASEC. Under the two
source simulator, the total current under both lamps and the current under each lamp,
Xe and W, were measured. The cell thicknesses and junctions depths are also in-
cluded in the information in Table 3.5. The BOL efficiencies and currents of most of the
cells are given in Figure 3.1.

Several comments are in order about the cells and the testing. The cells, con-
ventional in design, were randomly selected from the matrix of cells that ASEC fabri-
cated. They represent the nominal 50- and 100-um (2- and 4-mil, respectively) celis.
Two, 275-um (11-mil) cells, similar to those irradiated previously, and a group of 82.5-
um (3.3 mil) cells were added as controls. Nominal junction depths are 0.2 and 0.7 um.

Irradiation was done at JPL in a single dose.
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Figure 3.5. EOL/BOL ratios of data from Table 3.4. EOL/BOL ratio for A > 0.73 um
has improved from 0.45 in first irradiation experiment to 0.61 with 10 ohm-
cm, 75-um-thick cell (3 mil cell).

Evaluation of the celis focused on the |-V characteristics measured before and
after irradiation. ASEC’s two simulators, the Hoffmann (two lamps) and an XT-10,
complemented each other nicely for this task. The XT-10 provided illumination for most
of the efficiency measurements, and the Hoffmann unit, coupled with AlGaAs filters,
yielded the estimation of long-wavelength performance.

Based on the known spectral characteristics of the “red” filter on the Hoffmann
unit and the known band gap of the AlGaAs filter, Mr. lles, the ASEC Project Manager,
has estimated that the currents measured under the AlGaAs should be about 0.75 of
the current measured under the red filter only. However, measured ratios have been
between 0.60 and 0.70 both before and after irradiation, suggesting that optical trans-
mission losses are 5 to 15 percent between the AlGaAs filter and the cells. As a result,
the currents we report in Table 3.5 may actually be understated by as much as 15 per-
cent. But even with this additional current, the cells in this test failed to meet program
requirements at long wavelengths.

Analysis of the data reveal several significant bits of information. First, the mean BOL
efficiency excluding the controls is 13.2 percent, substantially iess than the
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needed 16 percent to meet stack BOL efficiency requirements. Under the AlGaAs filter,
the mean efficiency is 4.5 percent, giving a ratio of 0.34 for filtered and unfiltered effi-
ciency. Decreased current causes most of the efficiency loss, as expected. The aver-
age ls. (filtered)/ls. (unfiltered) is 0.37, the average Vo (filtered)/Vq (unfiltered) is 0.93,
and the product of these two ratios is 0.34, implying that the fill factor ratio is close to

unity.

The efficiency with and without the AlGaAs filter should ideally give a ratio closer
to 0.5 (actually, about 0.485—0.5 for the current and 0.97 for the voltage). Therefore,
voltage loss under the filter is about twice the expected value.

We remind the reader that most of the BOL efficiency and current data were
presented earlier if Figure 3.1. As the cell thickness decreases from 11 to 2 mils, the
efficiency drops from 15 to about 13 percent for junction depths of 0.2 um. In perform-
ing a linear regression on these data, the correlation coefficient r is 0.87. The thinnest
cells with the 0.7-um-deep emitter have efficiencies of 10 to 11 percent and seem to
show about the same rate of decrease with thickness (not enough data to be absolutely
certain). The decreased efficiency comes directly, as the data show, from lower lg; val-
ues as the cells become thinner. Hence, we restate the importance of the point made
earlier that the processing for these cells must yield improved current collection. The
data also suggest that the current decrease at about the same rate regardless of junc-
tion depth (for 0.2 and 0.7 um).

Turming now to the EOL/BOL relationships, the worth of the Hoffmann simulator
becomes especially apparent. The cells were illuminated by either the xenon (+Blue in
Table 3.5) or tungsten (+Red in Table 3.5) lamps before and after irradiation. These
measurements yielded an EOL/BOL ratio for current generated under each lamp. By
looking at these ratios, shown in Figure 3.6, it is obvious that the +Red response de-
creases much faster, by a factor of 3, with increasing cell thickness than the +Blue re-
sponse, and the correlation coefficients are about 0.98 for both sets of data. The de-
crease of both is completely insensitive to junction depth (for 0.2 and 0.7 um)

Therefore, a major result of this experiment is that in the tandem structure being
developed in this program, considering both the decreased BOL performance of the
thinner cells and the smaller EOL/BOL ratios for the thicker cells, optimum Si cell thick-
nesses are between 2 and 4 mils. Cell parameters must then be rigorously optimized to
produce the highest BOL efficiency possible.

For Ve, the average EOL/BOL ratio in this test is 0.85 (see Figure 3.7). Since ir-
radiation has little effect on the fill factor, the product of an EOL/BOL current ratio of 0.8
and the voltage ratio yield an efficiency ratio of 0.682. We believe that this is about the
best that can be achieved with any of the cells tested in this program. This value is too
low to meet the stack EOL/BOL efficiency ratio of 0.8. This means that the bottom-cell
current must be increased (idea of larger area described earlier) so that the top cell lim-
its the current at BOL.
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Figure 3.6. EOL/BOL current ratio for xenon (B) and tungsten (R) lamp illumination by
Hoffmann simulator. Long-wavelength response decreases three times
faster than short-wavelength response as a function of cell thickness.
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3.5 Summary of Si Cell Development

The Si cells fabricated in the early part of this program using some modification
of ASEC’s standard production design are very good Si devices. Efficiencies ranged
between 16 and 17 percent under AMO illumination. These cells proved to be very
“soft” to radiation damage in the long-wavelength spectral region that would be incident
upon them in a tandem stack with a 1.7-eV top cell. These cell are relatively thick,
about 200 um (8 mils), and are made from low-resistivity (0.2 ohm-cm) Si slices. The
EOL/BOL ratio for cell current is 0.45 in the spectral range of interest.

Improved devices were made using thinner Si slices of high-resistivity (10 ohm-
cm) material, and the optimum thickness for the Si cell in the tandem stack is between
50 and 100 pm (2 and 4 mils). BOL efficiency decreases as cells are made thinner
while the EOL/BOL ratio improves. EOL/BOL ratios greater than 0.6 were achieved for
the relevant wavelength range, more than a 30 percent improvement above the original
measurements. '

Even with improved structures, the radiation performance of Si in the mechanical
stack has been estimated to approach but fall short of that needed to meet the goals of
the program’s EOL/BOL ratio. There is a trade-off between BOL performance and
EOL/BOL that must be taken into account when designing a cell such as the one being
developed here. The cell design needs to address the application, particularly in the
case when the two cells in a stack, monolithic or mechanically connected, degrade at
different rates. |

Plans for the development of a Si cell that incorporates some of the most ad-
vanced recent technologies were not implemented because of the program’s early ter-
mination.
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4.0 AlGaAs AND GalnAsP HIGH-BAND-GAP JUNCTIONS

4.1 Introduction

Preliminary modeling showed that the top cell to be stacked upon the Si bottom
cell needs a band gap of about 1.70 eV. This band gap allows the currents in the cells
to match at BOL, a requirement for series-connected tandem stacks and high BOL effi-
ciency. Several of the llI-V alloys have this band gap. For this program, two of them,
Alp2GaggAs and Gag7ingaAso4Pos, Were likely candidates. Each has advantages and
disadvantages.

The Al-Ga-As materials system, which includes GaAs, is the most mature of any
-V system. Other technologies, for example, light-emitting diodes and microwave
transistors, are made mainly from GaAs and AlGaAs and have helped support devel-
opment costs of the system. For solar cells grown by OMVPE, though, AlGaAs re-
quires high growth temperatures, in the range of 750 to 800°C, to achieve long minor-
ity-carrier lifetimes. Growth temperature has been a major impediment to good quality
AlGaAs/GaAs monolithic tandems (because high temperatures severely degrade tunnel
junctions that are used to connect the GaAs and AlGaAs cells). Oxygen-related defects
dramatically shorten minority-carrier lifetimes and, therefore, current collection, when
growth temperatures are lowered. These are Al-related effects, i.e. they become more
problematic as the Al concentration increases in AlGaAs. AlGaAs is also notorious for
its DX center, a defect that traps majority electron carriers and makes high n-type dop-
ing of alloys difficult to achieve. Finally, the strength of the Al-C chemical bond makes
carbon incorporation in AlGaAs almost a certainty, implying that n-type doping must
also overcome a residual carbon background (or the layers will convert to p-type mate-
rial).

AlGaAs also has attractive features. All the alloys are closely lattice-matched to
the GaAs and Ge substrates that were planned for this program. The Al and Ga
sources, TMA (trimethylaluminum) and TMG (trimethylgallium), are the cheapest and,
related to the OMVPE growth, decompose at approximately the same temperature.
This latter characteristic facilitates growing uniform compositions over large areas,
which would be a major consideration for manufacturing because of its considerable
impact on yield. Cost of source materials clearly is an obvious manufacturing issue.
Finally, the chemistry of the Al-Ga-As system is well defined, and it is possible to etch
these materials selectively to produce sophisticated structures or, to meet the needs of
this program, to remove substrates from epitaxial layers.

The Ga-In-As-P system provides a non-Al option. Band gaps is this system
range from GaAs (1.43 eV) to GagslngsP (1.9 eV) when alloys match the lattice con-
stant of GaAs or Ge. At the program'’s beginning, only a handful of papers had been
published about GalnAsP alloys that lattice-match GaAs (or Ge) although there is an
extensive literature about alloys lattice-matched to InP because of the fiber optics in-
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dustry. RT! had previous experience (NREL-funded work) with GalnAsP alloys with
band gaps of 1.55 eV grown on Ge. So, extending this work to 1.70-eV band gaps was
a logical extension to circumvent the Al problems of AlGaAs alloys. The alloy of interest
for this program is Gag 7Ing.3As0.4Pos, Which has the desired band gap. :

During the program, RTI’s progress with GalnAsP and AlGaAs was matched and
- surpassed by the GagsingsP/GaAs monolithic tandem. The progress of GalnP, a ma-
terial related.to GalnAsP, supported the notion that GalnAsP is an alternative to Al-
GaAs. We believe that these quarternary alloys have the potential to be superior mate-
rials for space photovoltaics. Our early results with the GalnAsP and Yamaguchi’s re-
cent analysis [4] lend further credibility to this idea from our original proposal.

The major disadvantage of GalnAsP is the requirement to control the ratio of two
Group lll elements (Ga and In) and two Group V elements (As and P) simultaneously.
There is only one alloy composition of this quartemary material that lattice-matches
GaAs and provides the needed band gap concurrently, and if the ratios of the compo-
nents change, compositional variation must accompany the changes. Controlling these
ratios is difficult because the elements in each group have significantly different vapor
pressures and because the thermal decomposition characteristics of the OMVPE
sources, TMG and EDMIn (ethyldimethyindium), and the hydride gases AsHjz and PHj,
the As and P sources, respectively, are not nearly as similar as TMG and TMA. The
result can be variations in composition that affect both the band gap of the cell and the
lattice match with the substrate. These, in tum, affect current matching between cells,
which depends upon band gap, and the quality of the epitaxial growth, which requires
close lattice matching.

To summarize this discussion, we were faced with two potential top-cell materi-
als, each with advantages and disadvantages. At the beginning of the program, we did
not have a priori reasons to choose one over the other. During the program, in spite of
promising data from GagsIng3Aso4Pos, the weight of the ease of lattice-matched
growth, cost, and manufacturing factors led us to select Alp2GaggAs for the top-cell
material. This, unfortunately, may have been a poor choice since we encountered
considerable problems getting Alp2GaosAs cells, particularly n/p cells, to meet program
goals.

The sections that follow contain details of the AlGaAs and GalnAsP cell growth,
development, and testing.

4.2 AlGaAs Cell Development

4.2.1 AlGaAs Growth and Materials Characterization

Toward the end of the program’s Phase 2 funding limitations forced the effort to
be descoped. The work described in this section was completed prior to descoping. In
Section 4.2.2 the descoped effort with a TMA source, purified by an improved method,
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is described. This section focuses on the problems that were encountered during the
AlGaAs growth, and the next on promising results that suggest solutions to these prob-
lems.

All the AlGaAs layers grown during this program were produced by OMVPE.
The sources are TMG, TMA, AsHis, DEZ, hydrogen selenide, and silane. SiH; and
- H.Se are n-type dopants, delivered as dilute gases in hydrogen with concentrations of
about 50 parts per million. Diethylzinc, an organometallic liquid, is the p-type dopant,
and TMG, TMA and AsH; are the Ga, Al, and As sources, respectively. The reactor
used for AlGaAs growth operates at reduced pressure, and most AlGaAs layers were
grown at about 100 mTorr. This reactor also has a load-lock to prevent the inside of the
growth tube from being exposed to the atmosphere. We believe that this type of sys-
“tem is essential for reproducible growth of high-quality AlGaAs layers. A point-of-use
scrubber is used to remove residual oxygen and water vapor from the AsHs;, which is
supplied as boil-off from a liquid source. Palladium-purified H; is the carrier gas and
also has its own point-of-use scrubber to remove oxygen and water vapor. The key is
to keep residual and background oxygen and water vapor level as low as is absolutely
possible in the growth environment. '

Aware of the difficulty growing AlGaAs alloys, particularly at low temperature, the
first step in the program was to quantify the quality of RTI's material using the technique
of DLTS (deep-level transient spectroscopy). Deep levels generally act as majority-
and/or minority-carrier traps that will lower lifetimes, thereby limiting diffusion length and
current collection. DLTS coupled with TPL (transient photoluminescence) and Hall-
effect measurements of majority-carrier properties, provide a relatively good overall
picture of the photovoltaic potential of AlGaAs or any other material.

A series of simple p/n junctions were fabricated to serve as DLTS samples. The
samples have compositions of GaAs, Alg.1GagsAs, Alg2GaggAs, and AlyzGag7As, and
one of each was grown at temperatures of 660, 720, and 780°C. These samples were
evaluated by Dr. R.K. Ahrenkiel of NREL (National Renewable Energy Laboratory),
Golden, CO. The data from Dr. Ahrenkiel's testing of the GaAs and AlGaAs junctions
are presented in Table 4.1.

The data of Table 4.1 essentially reinforce what is known about AlGaAs. Traps
begin to appear at very low Al concentrations when growth temperatures are low. At
any growth temperature, the trap content increases with Al content. This feature of
these and other data strongly suggest that the entity responsible for trap formation is
linked to the Al. Our belief at RTl is that a likely candidate for this observation is resid-
ual contamination of the TMA sources. For a single alloy composition, the trap density
generally decreases with increasing growth temperature (except sample 1-1368, which
behaved somewhat anomolously). Remarkably, even at a nominal growth temperature
of 780°C, the trap density is about the same as the doping level in the base. This is
likely a reflection of this particular TMA source as much as anything else.

These devices that Dr. Ahrenkiel examined have p/n polarities. The above data
indicate one of the problems of the opposite polarity. If n-type AlGaAs were to be used
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in the emitter and window layer, achieving high majority-carrier densities is problematic
because of majority-carrier traps such as the ones identified in Dr. Ahrenkiel's data.
Identification of trap-producing entities was not attempted because to do so was be-
yond the performance and funding scope of this contract.

Table 4.1. DLTS Analysis of GaAs and AlGa1.xAs Junctions Grown at Tempera-
tures of 660, 720, and 780°C

x=0.0 ND (1-1365) ND (1-1376) ND (1-1384)
x=0.1 461 meV; 7.2e14 cm® ND (1-1381) ND (1-1385)
(1-1366)
x=0.2 238 meV; 6.4e14 cm® | 446 meV; 2.1e15 cm® | 467 meV; 1.4e15 cm?
488 meV; 3.4e15 cm’ (1-1382) (1-1386)
(1-1367)
x=0.3 426 meV; 4.0e16 cm® | 383 meV; 5.5e16 cm® | 354 meV; 4.8e16 cm®
(1-1368) 518 meV; 5.7e16 cm® | 588 meV; 3.8e16 cm®
(1-1383) (1-1387)
Notes: 1. ND signifies “none detected”.

2. Trap energies are measured from the bottom of conduction band.
3. All traps are majority-carrier electron traps in cell base layers.

The minority-carrier properties, i.e. the minority-carrier lifetime, were estimated
from TPL data for double-heterojunction structures for which an active AlGaAs (or
GaAs) layer is “sandwiched” between two, thin AlGaAs window layers. These lifetimes,
also measured at NREL by Dr. Ahrenkiel, ranged from subnanosecond (0.3 to 0.4 ns)
to about 3 ns and varied with laser intensity to as much as 6 or 7 ns. As the laser in-
tensity increases, Schockley-Read-Hall-like traps (nonradiative in nature) saturate and
lifetimes increase. This type of behavior gives strong evidence that minority-carrier
traps are abundant in the AlGaAs as well as the majority-carrier traps identified by
DLTS.

If we assume an average minority-carrier lifetime of about 1 ns and a mobility of
1000 cm?/V-s for Aly2GaosAs, which is probably a conservative value, a diffusion length
of about 1.6 um can be estimated using the Einstein relationship to evaluate the diffu-
sion coefficient D,. Using the EBIC (electron beam induced current) mode of an SEM,
a sample (#1-1347) was measured, and the estimated diffusion length that resulted is
1.4 um. The good agreement with the calculated value suggests that the materials
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properties are in the range of the assumptions. This is a “good news/bad news” situa-
tion. The “good news” is that we have a fairly good understanding of the AlGaAs mate-
rial quality; the “bad news” is that the materials properties may preclude this AlGaAs
from reaching the potential needed to meet the program’s goals. While we had hoped
to lower temperatures for AlGaAs growth, the material quality from early efforts in the
program indicated otherwise. As a result, most of the work was done with AlGaAs cells
that were grown at temperatures around 780 to 800°C. Obviously, it is desirable to
have the diffusion lengths as long as possible to maximize current.

It should be made very clear, though, that AlGaAs quality can vary fairly signifi-
cantly with different TMA sources. While the bottle of TMA that produced the data de-
scribed above may not yield material that meets program goals, we have seen other
sources that enable better characteristics. This variability is one of the most vexing
problems related to AlGaAs growth. In Section 4.2.2, work with a much better TMA
source is described that offers hope of better devices and lower growth temperatures.

The surface of sample #1-1347, used for EBIC analysis, was also examined with
cathodoluminescence (CL). Using CL, areas that contain crystalline defects character-
ized by nonradiative carrier recombination will appear as dark regions in otherwise light
backgrounds. Dislocations are common crystalline defects that produce this type of
behav:or In sample #1-1347, the defect density was determined to be about 2 x 10°
cm®, which is the same as the defect density as in the GaAs substrate. Hence, the
crystalllne quality of the AlGaAs appears good and not the lifetime-limiting factor. This
again points to deep levels, caused by residual impurities, as the limit to long minority-
carrier lifetimes in this AlGaAs.

The singularly most important ramification of the above data is that the growth
temperatures must remain high if photovoltaic quality AlGaAs is to be produced. We at
RTI believe very strongly that residual oxygen in TMA sources necessitates the high
temperatures.

A subtle result of the high growth temperatures involves the use of Ge sub-
strates. Ge was to serve as the growth substrate for the top cell as part of achieving
low production costs. Ge wafers are less costly than GaAs and can be removed with
plasma-assisted dry etching, a production-compatible process. In Figure 4.1, PL
(photoluminescence) scans from three Aly2GaogAs layers are displayed. The scan
marked “A” comes from AlGaAs grown on Ge at 780°C, “B” comes from AlGaAs grown
on GaAs at 780°C, and “C” from AlGaAs grown on Ge at 700°C. The PL emission in-
tensity of the AlGaAs grown on GaAs is about 10 greater than for AlGaAs grown on Ge
at 700°C, and both are significantly more intense than the AlGaAs grown on Ge at
780°C. In addition, the AlGaAs grown at high temperature on Ge shows a significant
amount of sub-band-gap luminescence that is absent in the other two scans. These
emissions are likely the result of high concentrations of Ge in the AlGaAs and are a di-
rect consequence of the high growth temperature.

Since PL intensity is qualitatively related to minority-carrier lifetime, these
data suggest that there may be additionzl performance problems if the AlGaAs -
is grown on Ge
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without a thick buffer layer to reduce Ge incorporation into epilayers. Buffer layers, 5 or
more um thick, are common in the growth of GaAs cells on Ge substrates in the pro-
duction reactors at ASEC. Such buffer layers are not complicated, but they do, in ef-
fect, double the growth time needed for the top cell, and any additional time means
additional cost.

: The discussion pursued in this section makes an unambiguous point: AlGaAs is

a most difficult material to grow well consistently. While the above discussion highlights
the problems of growth, good cells were produced when high growth temperature and
GaAs substrates were used. P-on-n cells met the Phase 1 efficiency requirement of 17
percent. Cells such as that, coupled with Si cells capable of 8 percent under thin
Alp2GaggAs layers, potentially meet the BOL efficiency requirement of the program.
So, the picture is certainly not as bleak as the above discussion might lead one to be-
lieve. The advantages of AlGaAs, described in the introduction to this section, are
powerful, particularly the lattice-matching and developed chemistry. But because of the
chemical reactivity of Al with elements such as oxygen and carbon, AlGaAs is likely to
remain a demanding material if the growth technology is OMVPE.

A. 780 C; Ge Substrate
. B, 780 C; GaAs Substrate
. €. 700 C; Ge Substrate

—— )

p §1-1)

4]

p I X -]

Figure 4.1. Photoluminescence spectra from three Aly2GaggAs layers grown at: (a)
780°C on Ge, (b) 780°C on GaAs, and (c) 700°C on Ge. Relative ampli-
fier sensitivities are indicated for each scan.
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4.2.2 Recent AlGaAs Developments Using improved Al Sources

The results presented in the previous section describe growth difficulties that
were encountered during Phases 1 and 2. The TMA sources used in that part of the
effort were thought to be the best commercially available at that time. A new TMA
source, purified in a proprietary manner (from EMF Limited, a U.K.-based company),
became available at about the same time that funding limitations caused the main pro-
gram effort to be descoped. As the last task of the program, a sample of this TMA was
purchased and evaluated. The hope was that the quality of this TMA would be ade-
quate to obviate many of the problems that were identified above.

The TMA did live up to its promised performance. In a side-by-side comparison
with another source that was supposed to be “low-oxygen grade”, the EMF material
showed clear superiority. The TMA source was the only difference in these experi-
ments.

The most logical parameter (related to solar cells) to evaluate this TMA is minor-
ity-carrier lifetime. Minority-carrier lifetime is the factor that determines the diffusion
length when the carriers have reasonable mobility. Diffusion length, in large measure,
controls the magnitude a cell's current, and low currents have been the pervasive
problem for most of the AlGaAs cells fabricated during this program. To measure the
lifetimes, we again relied on Dr. Ahrenkiel’s facility at NREL. Samples were also sent to
the Aerospace Corporation, but no data were retumed. The samples consist of a dou-
ble-heterojunction. The AlyGa(.xAs active layers are all about 5 pm, and the Al fraction
x has nominal values of 0.1, 0.2, and 0.3. In each sample the active layer lies between
two AlpsGag2As window layers that are about 0.1 um, and a thin GaAs cap layer, added
to facilitate contacting samples for Hall measurements, was grown on the top window
layer. This GaAs layer was removed by selective etching for PL and TPL measure-
ments. Growth temperatures were 620, 680, 720, and 780°C. All samples were grown
on semi-insulating GaAs substrates so that Hall measurements could be made.

It is worth making the point again that the only difference between the two sets of
samples that were prepared is the TMA source. Both TMA sources were connected to
the OMVPE system, there were no system changes made during the growths, and the
system was meticulously checked for leaks with a helium leak detector prior to initiating
sample growth. The samples grown with the EMF TMA were grown after the set that
used the “zero-oxygen” grade of TMA,; so, had a leak developed during the growth, the
oxygen would have affected either both sets of samples or only the set using the im-
proved TMA.

Prior to sending the samples to NREL, room-temperature PL measurements
were made. By accounting for differences in laser power and detector sensitivity and
correcting for carrier concentration differences (carrier concentration from Hall data),
the relative emission intensities were qualitatively estimated. These data are presented
in Figure 4.2.
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Figure 4.2. Relative PL intensity from AlGaAs samples grown with improved TMA
source ( solid characters marked D10, D20, and D30, where numeral indi-
cates Al fraction x) and commercially available zero-grade oxygen source
(open characters marked Z10, Z20, and Z30).

The data in Figure 4.2 show several trends. First, for any AlGaAs composition,
the PL intensity decreases about one decade per 100 C° drop in growth temperature, a
behavior that is not unexpected. Only the samples marked Z30 (Alp30Gao70ASs grown
with “zero-oxygen” TMA) show erratic behavior. Second, and more importantly, all of
the samples grown with the improved TMA (solid symbols) have greater PL intensity
than the respective sample grown with the other source (open symbols). This indicates
that the minority-carrier lifetime is qualitatively longer in the more luminescent samples
and that this improved source does produce better quality AlGaAs.

The lifetime data from NREL for these same samples give a semi-quantitative
perspective but confirm qualitative trends indicated in Figure 4.2. The NREL data are
presented in Table 4.2.

34




Table 4.2.

Transient Photoluminescence Decay of AlGaAs Double-Heterojunction
Structures Grown with Two Aluminum Sources.

620 0.16 0.16 0.2 0.18 0.15 0.14
680 0.73 0.42 1.1 0.19 0.43 0.14
720 6.2 1.0 7.8 0.66 3.1 0.16
780 213 5.9 18.3 1.9 2.3 0.18

Notes:  System response time about 0.14 ns. Data not corrected for interface re-
combination velocities. D source from EMF, Ltd. Z source is “zero-oxygen”
source. All samples illuminated with equal laser powers.

The data of Table 4.2 show two general regimes. The higher temperature re-
gime (= 720°C) has the D samples with markedly longer lifetimes by factors that range
from about 2.6 to more 10. The samples grown at 680 and 620°C comprise the second
regime. Here the lifetimes of alloys grown with the two TMA sources are about the
same or vary by no more than a factor of 3. For all the samples grown at 620°C, life-
times are close to system response, meaning that the actual lifetimes may be shorter.

These data have a very logical explanation. At high temperatures we are clearly
seeing the effects of reduced minority lifetime “killers” in the D samples grown with the
improved TMA. Since the TMA is the only known difference in the growth, it likely ac-
counts for the lifetime differences. At lower temperatures, we may be seeing the effects
of residual oxygen contamination from other sources such as the TMG that combine
more effectively with TMA as the growth temperature decreases.

The presence of some traps even in the material grown at higher temperatures is
suggested by varying the laser power. As the power increases, the additional gener-
ated carriers occupy trap site. As more and more of the traps are occupied, the mate-
rial begins to act as if the traps were absent, and lifetime of excess carriers increases.
This behavior has been observed in almost all of the samples prepared for this experi-
ment. An example is found in Figure 4.3 that shows the data for the Alp3Gag7As grown
at 720°C with the D source. As laser power increases from 0.1 to 16 mW, the lifetime




varies from 3.1 to 25.0 ns, going through a peak at 30 ns and then decreasing slightly to
25 ns.
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Figure 4.3. Effect of increasing laser pump power on TPL decay constant. This be-
havior suggests the presence of Shockley-Read-Hall-like recombination
centers. Saturation of these centers allows minority-carrier lifetimes to
lengthen and enables radiative recombination to place the upper limit on
measured values.

Since the saturation effect occurs at relatively low laser powers when small
numbers of excess minority carriers are generated, we assume that the trap density
also is small. This may be added evidence that the material quality is good. We do not
have an explanation for the decrease in decay constant at the higher laser powers.
The radiative lifetime is the longest that should be seen in direct band-gap materials -
such as Alp2GapsAs. If we assume that the radiative recombination coefficient B of
Aly2Gag gAs is similar to GaAs (about 2 x 10™"° cm® sec™) and electron carrier concen-
tration n ~ 10" cm™ in the layers, the inverse product of these two parameters gives the
approximate radiative lifetime, in this case, about 50 ns. So, the data in Figure 4.3
suggest that the sample has sufficient quality for the radiative limit to be approached
with relatively modest laser pump power.

Based strictly on the lifetime criterion, the AlGaAs grown at 720°C with the new
source should perform at least as well as AlGaAs grown at 780°C earlier in the program
with “less clean” sources, and growth at 780° should produce superior cells to those
fabricated earlier.

This last point, growth and fabrication of better AlGaAs cells, needs to be proven
experimentally but does depend on the total quality of every component in the growth
environment, including the carrier gas and dopant gases, TMG, and As source. Per-
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formance also depends on substrate quality and pregrowth preparation. And finally, it
depends on all parts of the structures functioning as designed.

At the very least, this improved TMA source seems to offer the possibility that
AlGaAs can meet the goals of this program technically. Cost, since the source is ex-
pensive, may be a different story. We attempted to grow a series of Aly2GagsAs cells
. with the improved TMA, but problems with the window layer and possibly the antireflec-
tive coating prevented these junctions from achieving the performance that was ex-
pected of them. These cells will be described in the next section along with the rest of
the AlGaAs cell results.

4.2.3 AlGaAs Cells and Cell Testing

Without question, the most frustrating part of this program has been the per-
formance of Alg>GaggAs junctions. The parameter, as indicated in the discussions of
the preceding sections, that has been the most problematic is the cell current, and the
problem seems to be worse for n/p Alp2GagsAs cells. This problem consumed an inor-
dinate amount of contract resources, much more than was planned, At the program’s
inception, RTI was growing p/n cells, both AlGaAs and GalnAsP. Because ASEC pro-
duces n/p Si cells, both Aly2Gag gAs cell polarities were modeled using the code PC-1D.’
We believe that PC-1D has reasonably accurate materials parameters for Aly2Gag gAs,
and materials parameters are an essential part of any device simulation.

To make the simulations as relevant as possible to the experimental observa-
tions to that point in the program, several of the code’s parameters were changed. The
carrier lifetimes were shortened, and interface recombination velocities (at the surface
and between emitter and window layers) were made fairly high. Our belief was that this
defined a conservative set of parameters that should understate Aly>2GaggAs cell poten-
tial. But the simulation produced numbers that were very similar to those seen experi-
mentally for the p/n cells, having currents only slightly larger than experimental ones.
The simulation further indicated that the currents of the n/p cells should be larger than
for the p/n cells. However, experimentally the n/p Alp2GaggAs currents are about 20
percent lower. The results are summarized in Table 4.3. Note that the current densi-
ties shown in Table 4.3 are 22-24 mA/cm®, which has been the program'’s goal for the
stacked structure.

Table 4.3. Simulated Performance of N-P and P-N Alg-GaggAs Solar Cells.

N-P 1.168 95.89 79.2 16.4

P-N 1.185 92.29 80.5 16.3
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Fairly early in the program, the Phase 1 performance goal was met using a
small-area p/n Alg2GaggAs cell. The active-area of the device is 0.136 cm? and the |-V
curve for the sample (#1-1601) is shown in Figure 4.4. The cell was measured at
ASEC using a two-source simulator. Although this cell is a small-area device, it none-
theless demonstrates that Alp2GaggAs can meet needed performance, and producing
larger cells is usually a matter of optimizing growth and processing. These optimiza-
tions were under way when the decision to use n/p Si cell was made. This decision
forced the same polarity on the top cell since the structure is a two-terminal, series-
connected device. At that point, we abandoned the p/n Aly2GaogAs effort.

w.004 [
®
: -~
% j-1601
& oa3 .
- ~ Isc = 2.97 mA
e | Voo = 1213 mV
9.822 | cif = 88.9 %
; - E4F = 17.0 %
o L p 3,13 mi
(1] - P
“.Bel vn = 1128 mV .
L Im = 2.84 mA
J.Lllllllllljlljjlll.ljl lllllljlll
.| .5 1 1.5

Figure 4.4. |-V characterlstlc of Alp2GaggAs solar cell (#1-1601). The device active
area is 0.136 cm?, giving a current density of 21.8 mA/cm®. Device meas-
ured under a two-source simulator.

Work with the n/p Alp2GagsAs cells began strongly. Several 2 x 2 cm? cells were
fabricated. These celis have thin emitters that are about 0.05 um thick. The best of
these devices showed a V. of 1.22 V and an | of 61 mA before an AR coating was
added. This current projects to 81.7 mA, or 20.4 mA/cm? (total area), with the AR gain
that we nommally see for these devices. Unfortunately, the fill factor was only 0.78. The
fill factor would have limited cell efficiency to about 14 percent had the AR coating been
added. Had the fill factor been the 0.865 of the best p/n cell, the efficiency projects to
about 16 percent. Because electrons have much higher mobilities in GaAs and AlGaAs
than holes, an emitter in an n/p cell can be much thinner than in a p/n cell without
greatly increasing series resistance of the device. Mobilities in AlGaAs are lower than
in GaAs, and apparently the very thin emitters do add to series resistance. We have
measured mobilities of about 1500 cm?/V-s for Alo2GaosAs doped at 8 x 10" cm™
(carrier concentration determined for thick Alp2GagsAs layers using same dopant flow
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as cells; very thin layers, though, will usually have lower concentrations because the
layer is grown so quickly that growth environment does not reach equilibrium). The re-
sult is that the emitter sheet resistance is well over 1000 Q/sq. Electron mobility and
the carrier concentrations in AlggGag2As windows are even lower. So, most of the ma-
jority-carrier conduction is confined to the thin emitter.

The next step was obviously to grow cells with thicker emitters. This step initi-
ated what we believe to be the central issue for the n/p Alp2Gag.eAs cells grown in this
program: As the cell emitters were thickened, cell currents decreased. Spectral re-
sponse data confirmed that the added loss comes in the short-wavelength portion of the
spectrum. In the next section on the development of GalnAsP cells, a comparison of
spectral responses from an Alp>GaggAs cell and a GalnAsP cell are shown in Figure
4.9, and the difference in short-wavelength is glaring. GalnAsP cells met cell current
expectations.

We did not solve this problem before the program was descoped and the effort
terminated. Progress was made by optimizing growth conditions, doping concentra-
tions, window layer composition, and layer thicknesses as much as possnble Typical
cells had the following parameters: Vo, Jsc, and FF were 1.18 V, 19 mA/cm?, and 0.82,
respectively. Efficiencies, with these and similar parameters, ranged between 13 and
15 percent. At the very, very best, these cells would have only marginaily met the BOL
efficiency requirement if stacked on an 8-percent Si cell with absolutely no interconnect
losses and if the efficiencies of the AlGaAs cells did not degrade when substrates were
removed. There was, in effect, no engineering margin for any parameter variation, a
condition that would make attempts to manufacture such a device difficult, risky, and
costly (low yield).

One approach that seemed to hold promise was a heterojunction cell. In a true
heterojunction cell, the emitter and base are made of different material. The rationale
for this type of cell in this program is straightforward. We replaced a very thin emitter
with a layer, somewhat thicker, that served both as an emitter and a window. Since this
layer could be made from a material with an indirect band gap, photon absorption would
be limited, and the base would serve as an absorber layer.

This idea produced positive results for a structure that has a 3-um-thick
Aly2GaggAs base and about a 0.1-um-thick AlpgGagoAs emitter. Small-area cells were
produced, and the best of these has the following |-V characteristics: Voo = 1.18 V, Jsc =
23.3 mA/cm? (actlve area; 22.1 mA/cm? with 5-percent grid obscuration), and FF = 0.81.
The efficiency is 16.5 percent (15.7 percent with 5-percent grid obscuration). In con-
cept, we have attempted to remove current generation in the emitter and force all gen-
eration to the base. The idea worked, and modest improvements in the voltage and fill
factor would produce a 17-percent cell. We believe that this was the first report of a
successful heterojunction cell.

A series of heterojunction cells was grown to identify important process and
structure parameters. The I-V data for these 2 x 2 cells are shown in Table 4.4. These
cells have grids that cover 9 percent of the surface; so, currents would be slightly higher
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for 5- to 7-percent grids. Nonetheless, the current densities of these cells are very
close to 20 mA/cm? for the best ones. Also, these samples were measured at RTI us-
ing a GaAs cell to set simulator intensity, and currents are slightly underestimated (by
about 10 percent). These cells come very close to meeting projected performance.
The parameters that were varied are emitter growth time and temperature and purge
time between the base and emitter growths.

Table 4.4. |-V Data For 2 x 2 AlGaAs Heterojunction Cells.

1-1858 780 1.06 68.0 75
1-1861 800 1.07 67.0 75
1-1862 800 1.16 38.0 76
1-1865 800 1.13 74.0 74
1-1868A 800 1.16 79.8 78
1-1868B 800 1.18 782 79
1-1869A 800 1.13 78.2 80
1-1869B 800 1.18 78.2 78
1-1872 800 1.17 731 82

Plans to improve the 2 x 2 heterojunction cells further had to be postponed be-
cause the intense, and unfortunately futile, effort to get higher currents in the
Alp2GaosAs cells depleted contract financial resources. The effort expended on
Alp2GaggAs was far greater than had been anticipated when planning the program.

The final attempt to produce high-quality Aly.GaogsAs cells came during the
descoped effort. Ten cells were to be grown. The cells were grown with a TMA source
from EMF, Ltd., at a planned temperature of 780°C. We were trying to produce n/p
cells with 025-um-th|ck emitters and 2.5-um-thick bases. Hall measurements per-
formed on separately grown layers showed carrier concentrations of 9 x 10" and 1 x

10" em™, respectively, for the emitter and base. A structure was grown and examined
by SEM to verify that all component layers were in place. SEM did show that Se, the
emitter dopant, diffused significantly at 780°C, and the junction depth is closer to 0.4
pum. A SEM cross-section of the Alg2GaggAs cell is shown in Figure 4.5 below.
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Figure 4.5. SEM cross-section of Aly>2GaogAs solar cell. Sample grown at 780°C. Se
diffusion from emitter causes deeper junction than planned.

To reduce Se diffusion, the growth temperature was lowered to 740°C, and a
series of ten Alp2GagsAs cells were grown and processed through the application of a
two-layer ZnS/MgF,. Cells were evaluated under a xenon-lamp simulator at RTI using
a GaAs cell to set simulator intensity. This GaAs cell was calibrated under ASEC's two
source simulator using balloon-flown cells as the standards. Using a GaAs cell for the
simulator reference underestimated the actual Alp>GaggAs currents by about 10 to 12
percent on our simulator (based on a comparison of cells measured under the RTI| and
ASEC simulators).

The |-V performance of these cells is very poor. But the problem appears to be
structural, particularly the window layers, as much as anything.
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Several cells, which originally had deep, bluish-blackish colors, began tuming
green. This means that either the AlygsGao.12As window (AlGaAs alloy composition
kept this great to minimize photon absorption) is oxidizing, or ZnS is reacting chemically
with the windows. During growth, if the alloy composition drifted to an Al fraction
greater than x = 0.9, AlGaAs becomes hygroscopic (strong affinity for water vapor) in
addition to being highly reactive with oxygen. And finally, the AR gain for all the cells
was very poor, again suggesting something amiss with the surface structure. We have
observed this type of behavior with other samples when the window layer was oxidized.

In the I-V characteristics of the cells, a blocking potential appears near the Vo
point for most of the samples, and this potential behaves as if a junction with p/n polar-
ity is included in the structure. If such a junction exits, the p layer is almost certainly the
window layer or the BSF layer, both of which are higher Al-composition AlGaAs than
Alp2GaggAs. The higher composition would be more difficult to dope n-type heavily and
more easily converted to p-type materiel because of increased residual carbon incorpo-
ration (the Al-C chemical bond is very strong); since the BSF layer is already p-type, the
evidence points to the window layer. The blocking potential lowers the fill factor and Vo
fairly dramatically.

Finally, most of the cells show an inordinate amount of shunting, which also de-
grades fill factors. Forward biasing two of these devices gave some insight into this
problem. Rather than a uniform red emission, as would be expected for a defect-free
device of this band gap, the cells show a dense number of bright red spots in an oth-
erwise dark background. This means that most of the current is confined to these de-
fects that act as device shunts. We do not know the origin of these shunts, but sub-
strate defects, substrate preparation, particulate formation during growth, and other
causes are possible sources.

There are no contract resources available to analyze these samples more rigor-
ously. An impending laboratory shutdown and the lack of resources also prevented
their regrowth before the program’s conclusion.

It is our firm belief that these cells, whose |-V characteristics are given in Table
4.5, do not satisfy the objective of this experiment. The objective is to evaluate
Alp2GaoeAs cells grown with a hopefully superior TMA source. It is very likely that the
structural problems encountered with these cells mask the quality, good or bad, of the
source. We, therefore, draw no conclusions about the TMA source from these cells.

It is our intention to repeat the growth of these cells using IR&D funding. We ex-

pect improved performance and plan to replace these 10 cells with ones that, we hope,
will reflect the material quality that we believe this TMA source capable of producing.
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Table 4.5. ' 1-V Characteristics of Final Alp>2GaggAs Solar Cells Grown in Program’s
Descoped Effort to Evaluate New TMA Source.

1-2491 1.091 31.3 78-80
1-2493 1.146 30.4 78-80
1-2494 1.151 32.3 75
1-2495 1.135 35.4 65
1-2497 1.008 41.9 60
1-2498 1.000 51.7 50
1-2499 1.020 53.5 60
1-2500 1.007 59.8 60
1-2501 1.014 47.4 60
1-2502 1.019 49.4 60
Note: - Cells measured under xenon-lamp simulator using GaAs standard.

4.3 GalnAsP Cell Development

4.3.1 GalnAsP Cell Growth

Like the AlGaAs, GalnAsP alloys were grown by OMVPE. The reactor used for
the growth has a vertical flow geometry with a flat, SiC-coated, graphite susceptor that
sits perpendicular to the gas flow and operates at atmospheric pressure. The growth
temperature for aimost all of the GalnAsP layers remained constant at 675°C, fully 100
C° lower that those used for comparable AlGaAs alloys. The Ga, In, As, and P sources
are TMG, EDMIn, AsHs, and PHj, respectively. Zn from a diethyizinc source and Se
from a H.Se source diluted with Hp to about 50 parts per million were the p- and n-type
dopants, respectively. Palladium-purified H, served as the carrier gas.

GalnAsP was grown on both GaAs and Ge substrates. For growth particularly
on Ge, the nearmess of the lattice match between an epilayer and substrate is ex-
tremely important. For this work, relatively thin Ge wafers were used to reduce the time
required for substrate removal, which yields a thin top cell that is bonded to a Si bottom
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cell. If epilayers are mismatched, the resulting strain bows the Ge wafer, making proc-
essing difficult, if not impossible, by contact lithography. The residual strain also makes
the wafers exceedingly brittle, so much so in extreme cases of mismatch that they
seem to explode if they fracture. A factor such as this will likely have a strong negative
impact on manufacturability of devices and accentuates the need for very tight compo-
sitional control with this quaternary alloy.

In growing GalnAsP on Ge, we also observed some evidence of autodoping.
Autodoping is the phenomenon of Ge atoms from the substrate being incorporated into
the epitaxial layer. The source of Ge can be either solid state diffusion or vapor trans-
ported Ge from the backside of the substrate or the susceptor. The effect is demon-
strated in Figures 4.6 and 4.7. These figures show electrochemical profiles of carrier
concentration in GalnAsP layers that were grown on side-by-side GaAs and Ge wafers,
respectively. The profile of the GalnAsP/GaAs structure is well-behaved and indicates
a clear epilayer/substrate interface. The profile of the GalnAsP structure, however, in-
dicates that As and/or P have diffused into the Ge, the elevated carrier concentration in
the GalnAsP suggests Ge (an n-type dopant in this material) has been incorporated in
the epilayer.

Diffusion into Ge is of little concem since the substrates are to be removed in the
final structures. Incorporation of Ge into the base of an n/p GalnAsP cell is a concem if
the Ge concentration exceeds the p-type base doping, producing an n/p/n structure.
This second p/n junction, the lower one formed near the cell/substrate interface, will
block current and produce an opposing photovoltage to the desired one. This effect
was observed in some of the early GalnAsP cells grown on Ge although it was not veri-
fied if the second junction formed in the p-type Ge substrate or in a p-type GaAs buffer
grown prior to the GalnAsP. In any event, had the GalnAsP cells been pursued, this
potential problem would have required attention.

The material quality of the GalnAsP overall seemed quite good. Photolumines-
cence intensities from the layers were strong, suggesting good minority-carrier proper-
ties.

4.3.2 GalnAsP Celis and Cell Testing

When cells were fabricated, two sizes were fabricated. By using small-area
cells, more test pieces could be fabricated from a single wafer. The small cells were
processed with a concentrator mask and have active areas of 0.136 cm?. Since the
grid obscuration of this mask is greater than 15 percent we report active-area currents
or current densities for these cells. Large-cells, 4 cm?, to meet the program require-
ments were also fabricated, and total-area currents (adjusted for a 7-percent grid) are
reported for these devices.
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Metallization for the GalnAsP devices was standard. For n-type material, layers
of AuGe alloy (12 percent Ge), Ni, and Au formed the ohmic contact, and Ti/Au was
used for p-type contacts.

Development of the GalnAsP devices proceeded rapidly early in the program.

. The results were very encouraging. In fact, the very first junction produced the follow-
ing parameters: Vo = 1.1 V; Jg =18.1 mA/cm? (adjusted for 7 percent grid obscura-
tion); and FF = 0.80. These parameters yield an efficiency of 11.8 percent and were
measured under a two-source simulator (Hoffmann simulator) at ASEC. This simulator
gives a more accurate AMO representation than a single-source, xenon-lamp simulator
such as the one in use at RTI. The cells used to set simulator intensity were calibrated
in a JPL balloon flight. The structure of this first cell is shown in Figure 4.8 in schematic
form. This cell structure is very conventional, and little attempt was made to produce
optimized devices early in the program. At that point, we were more concemed with
establishing baseline performance for the GalnAsP since this material had not been
used for solar cells prior to this program.

This first structure has some weaknesses. First, the base layer is too thin for
complete absorption of incoming photons with energies greater than the bandedge.
Second, and more important, the window layer needed improvement to provide better
minority-carrier confinement. The band gap of the GalnP is about 1.85 eV, or only 150
meV greater than the GalnAsP. The difference in band gap distributes between the
conduction and valence bands in any heterojunction system. Therefore, in the case of
these materials, the valence band offset, needed to confine hole minority carriers, will
not see the full 150 meV. By changing the window material to AlyslngsP, which lattice
matches GaAs and has a band gap of about 2.4 eV, the offset in the valence band is
significantly increased and minority-carrier confinement improved. The importance of
the window layer is suggested by the data in Figure 4.9. Here the spectral responses of
Al slng sP-windowed GalnAsP and Aly7GagsAs-windowed Alg2GaggAs cells are com-
pared. The short-wavelength response of the InGaAsP cell is clearly superior to that of
the AlGaAs cell. In subsequent versions of GalnAsP cells the windows were changed to
AlGaP. A p-type GagslnosP back-surface-field layer was tried to passivate the bottom
of the GalnAsP base layer but was found to be relatively ineffective. We ascribe the
ineffectiveness to most of the band-gap offset being in the valence band, thereby pro-
viding little containment of minority-carrier electrons by the conduction band.
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- Contact Metallization (AuGe/Ni/Au)
GaAs Cap Layer; 0.3um; n=1e18 cm(-3)

GalnP Window Layer; 0.03 um; n=1e18 cm(-3)

GalnAsP Emitter; 0.15um; n=1e18 em(-3)

P ~— GalnAsP Base; 2.0um; p=1e17 cm(-3)

GaAs Buffer Layer; 0.2um; 1e18 cm(-3)

GaAs Substrate

N— Contact Metallization (Ti/Au)

Figure 4.8. Basic structure of GalnAsP solar cells. This structure produced currents
near program goals with little optimization.

The next series of cells began to show the promise that we believe GalnAsP
has. The flrst of these, sample no. 6-568, yielded Vo, Jsc, and FF values of 1.19 V,
19.3 mA/cm?, and 0.83, respectively (values measured at ASEC), for an efficiency of
more than 14 percent. After careful calibration of doping levels and growth rates to op-
timize the structures, the next cells provided ample reward for the efforts; a small-area
cell was produced that significantly exceeded program goals. This cell, sample no. 6-
628-6, produced an active-area efficiency of 21.5 percent (Voe, Jsc, and FF of 1.161 V,
28.8 mA/cm?, and 0.867, respectively). We believe that this was the first report of a
quaternary cell achieving an AMO efficiency greater than 20 percent. The current from
this cell is very close to what might be achieved theoretically. We asked ASEC to re-
peat the measurement to be certain of the simulator calibration, and the numbers were
reproducible. We did measure the band gap using photoluminescence and found that
the band gap was about 1.65 eV.

A series of these small cells were then used for radiation resistance measure-
ments. The |-V characteristics before irradiation are shown in Table 4.6. Seven cells
were used, and all had active-area efficiencies that ranged from 19.4 to 21.5 percent.
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Figure 4.9. Spectral response characteristic of GalnAsP cell with an AlysingsP win-

dow layer compared to an Alp2GaggAs cell with an Alp7GagsAs window.
The short wavelength response of the GalnAsP cell is markedly better.
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Table 4.6.  Current-Voltage Characteristics of GalnAsP Solar Cells Before Irradiation.

6-628-1 1.155 27.6 86.9 205
6-628-2 1.134 27.6 87.0 20.1
6-628-3 1.140 271 85.0 19.4
6-628-4 1.199 26.2 85.0 19.7
6-628-5 1.162 27.6 85.8 20.3
6-628-6 1.161 28.8 86.7 215
6-628-7 1.182 28.5 85.8 213

These are high- quality cells and prove that GalnAsP, as a material, has the po-
tential to meet this program'’s needs. As noted above, these are small-area cells, fabri-
cated for the radiation testing. We also produced cells with areas of 4 cm?, one of the
standard sizes for fitting into arrays. The data for two of these are shown in Table 4.7.

Table 4.7. Current-Voltage Data for 4-cm? GalnAsP Solar Cells

6-728 1.135 22.9 84.0 16.1

6-729 1.149 22.2 85.0 16.0

These efficiencies are total-area efficiencies. The most pleasing characterlstlc is
the current because in both cells current densities exceed the 22-mA/cm? program goal.
The current densities are slightly lower than the small-area cells. (The average active-
area current densnty of the small cells is 27.6 mA/cm?; correcting this for 7 percent grid
obscuration gives 25.8 mA/cm?. Also, the band gap of these cells was determined to
be 1.68 eV, slightly higher than the 1.65 eV of the small cells, resulting in slightly less
current.) Both of these cells, if combined with a Si cell capable of producing an effi-
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ciency of 8 percent (BOL), would result in a stack that exceeds the 23 percent goal, as-
suming minimal interconnection losses.

With these data, combined with favorable radiation-resistance data to be de-
scribed in the next section, the GalnAsP seemed, without doubt, capable of meeting
program goals.

4.3.3 Radiation Testing of GainAsP Cells

The GalnAsP cells whose |-V data are shown in Table 4.6 were irradiated with Si
cells at the JPL facility under the durectlon of Dr B. Anspaugh. The irradiation utilized
1-MeV electrons at a total fluence of 10" cm? The pre- and post-irradiation data are
shown in Table 4.8. The pre-irradiation data are identical to those presented in Table
4.6 and are repeated here to facilitate comparison.

The average EOL/BOL ratio of the efficiency for these seven cells is 0.79. The
remarkable thing about this number is that these cells were not optimized in any way to
enhance radiation resistance. For example, the carrier concentration in the bases are
probably higher than the optimum value, and layer thicknesses have not been opti-
mized. We think that with full optimization, it is not at all unrealistic to think that the
EOL/BOL ratio for optimized GalnAsP junctions will be as larger. This is the level of
performance that is needed for the total stack to have an EOL/BOL ratio of 0.8 since we
expect the bottom cell to be slightly lower.

After testing, these cells were stored in a nitrogen dry box at room temperature.
After three weeks, the |-V data were remeasured. The cells, according to the data, re-
covered some of the performance lost because of the irradiation. This type of low-
temperature annealing is observed in InP but not in the arsenide compounds such as
GaAs or AlGaAs. That the annealing behavior was observed in GalnAsP was a sur-
prise, and we attribute the effect to the InP component of the temary alloy. The magni-
tude of the effect does not seem to be as great as is observed in InP but would be an
advantage of GalnAsP over AlGaAs, which shows littie or none.

The result of remeasuring the cells was an average EOL/BOL that increased
from 0.79 to 0.82. Excited by this result, the idea occurred that perhaps these cells
might also show evidence of photon-assisted annealing, which is also observed with
inP. The cells were placed under a simulator on a temperature-controlled block held at
28 °C in a short-circuit configuration. The cells were measured again after 16 hours of
light soaking, and again performance improved. The average EOL/BOL ratio increased
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from 0.82 to 0.84. This test was followed with thermal annealing experiments, but no
additional performance recovery was observed.

Nonetheless, we were delighted with what was observed. These GalnAsP cells
recovered almost 24 percent of the initial performance loss caused by irradiation with 1-
MeV electrons at a fluence of 10’ cm?. Test results are summarized in Table 4.9.

Again, it is worth pointing out that these cells were not optimized for radiation re-
sistance, and greater EOL/BOL ratios are likely to result as the device and material
system matures. These data also show that the Si cell will limit the tandem stack, not a
new observation, but one with significant impact for this program.

Scientifically, it would be very interesting to study the low-temperature and pho-
ton-assisted annealing of these cells to identify the factors that enhance this phenome-
non, but there was neither the time nor the resources for such a diversion.

4.4 Substrate Removal

The technique used for substrate removal depends on substrate material. For
GaAs substrate, a solution of 19 H,O,; 1 NH OH provides a very convenient wet-
chemical etchant because of its high selectivity for GaAs and very slow etch rates for
AlGa(.xAs with x values > 0.7. Wet-chemical etching using this etchant was used in
the early part of the program to fabricate stand-alone Aly2GaggAs layers that were sent
to ASEC and used as filters to evaluate the realistic performance of Si cells as they
would behave in the mechanical stack. This etching technique and solution are well-
documented and are used in manufacturing processes, for example, for photocathodes.

The solutions were stirred during substrate removal, and etchants were held at
room temperature. Usually the front surface of the layer or device was bonded to a
quartz coverglass with a space-qualified adhesive. The coverglass then acts as a sup-
port for thin AlGaAs layers. Except for an occasional probiem of seepage of the
etchant between the adhesive and cell (resulted in etching of the front surface), this
process works very well and could be used in large-number, batch processing. The
time required to remove a substrate depends upon the GaAs thickness. We could typi-
cally remove a 250-um-thick GaAs substrate in about 30 minutes. AlpsGag2As was
generally used as the stop-etch layer.

To remove Ge substrates, a dry-etching technique has been developed. The
process is plasma-assisted and uses a mixture of CF,/O> in the plasma discharge. This
gas mixtures etches Ge extremely selectively compared to GaAs and leaves GaAs with
very good surface morphologies. The etching rate depends on several parameters of
the process, mainly the rf power, the chamber pressure, CF4/O, ratio, and the total gas
flow rate. These parameters are likely to vary from machine to machine. The equip-
ment located at RT! is a small research-grade plasma system, but large commercial
plasma reactors are commonly found in the Si integrated circuit industry.
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Therefore, scale-up of this process should be both relatively easy and cost effective.
This process is certain to be compatible with the manufacturing environment.

45 Summary of AlGaAs and GalnAsP Results

To summarize the effort expended on the AlGaAs and GalnAsP high-band-gap
cells, it is fair to say a substantial amount of progress was made. GalnAsP cells with
the necessary composition to provide the needed 1.7-eV band gap were demonstrated,
and these cells have the following characteristics:

o Efficiencies exceeded 20 percent—a first for a quaternary cell, we believe.

. EOL/BOL efficiency ratios are about 0.8 immediately after irradiation with
10'%, 1-MeV electrons/cm?,

. Cells show low-temperature injection annealing; cells recovered about 24
percent of the pre-irradiation performance, yielding an EOL/BOL ratio of
0.84—also a first-time observation for a quatemary cell.

In short, this material and these cells look very promising for devices to be used in
space.

Alp2GaggAs cells were very close to performance expectations using p/n polari-
ties, but radiation resistance and BOL efficiency of the Si bottom cell dictated that the
n/p polarity be developed. Although modeling showed that the performance of the two
polarities should be similar, n/p Alp2GaosAs never achieved cell currents that would al-
low goals to be met. Aly>GaggAs cells grown in the program’s last gasp with an im-
proved TMA source failed to perform well because of unresolved structural problems.

At the end of Phase | in the program, the decision was made to focus on
Alp2Gag gAs instead of GalnAsP. This decision was based primarily on perceived ease
of manufacturing of AlGaAs compared to GalnAsP, on more difficult composition con-
trol of GalnAsP, on cost of organometallic source materials, and the well-developed wet
chemistry of AlGaAs needed in device processing. In view of the difficulties that were
encountered with AlGaAs, the inordinately large amount of program resources ex-
pended to achieve performance goals with AlGaAs, and the progress of other
phosphide-based materials such as GalnP ( in the GalnP/GaAs tandems), this deci-
sion, in hindsight, should have gone the other way. While reversing the decision would
not have eliminated the radiation resistance problems of a Si bottom, the top cell diffi-
culties might have been far smaller. Perhaps an old saying should have been modified
for this program: “A GalnAsP bird in the hand is worth two AlGaAs birds in the bush.”
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5.0 METAL BONDED INTERCELL CONNECTION

5.1 Introduction

Connecting an AlGaAs (or GalnAsP) top cell that is only several micrometers
thick to a thin Si bottom cell was not expected to be a trivial task. The results that were
obtained during the program confirm that this is, indeed, the case. However, the data
that were generated do suggest the technique of metal bonding of the two cells is vi-
able. This conclusion is based on mechanical and electrical considerations. Optical
considerations, the third requirement of the interconnect, were scheduled for Phase 3,
which was not funded.

In this section, we describe the means of forming the mechanical interconnect,
analysis of the losses, and characterization of interconnects.

5.2 Formation of Metal Bonded Interconnects

Intercell bonding in the type of structure being developed here must provide
good mechanical adhesion and low electrical and optical losses. The general approach
taken by RTIl and ASEC is to metallize one or both surfaces of the materials that are to
be joined. The pieces are then placed in intimate contact and pressure is applied. The
pieces are then heated. At some temperature, hopefully a reasonably low one, the
metals intermix and/or form alloys with the semiconductors that are being joined. The
matching surfaces must be flat, as would be the surface of a top cell after removing the
substrate and regions of a Si wafer that have not been textured. The bond must not
produce residual strain that can degrade device performance.

In RTI's approach to bonding GaAs to Si, described in Ref. 3, thin metal layers of
Sn-Au-Sn were applied to Si, and a GaAs layer grown on a Ge substrate was bonded to
the metal-covered Si surface. The metal stack forms eutectic alloys with both Si and
GaAs at temperatures close to 300°C. The formation of these eutectic alloys provides
the strength of the bond. After bonding, the Ge substrate was removed with dry,

- plasma-assisted etching. The resulting structure produced a minority-carrier lifetime of

more the 100 ns and demonstrated Fabry-Perot action for sub-band-gap wavelengths.
This minority-carrier lifetime is the longest for any GaAs layer bonded to Si that we are
aware of, and the Fabry-Perot cavity action indicates that the interface between the Si
and GaAs is very smooth and highly reflective. Raman spectroscopy performed on the
GaAs layer revealed no evidence of residual strain, which is an important observation.

ASEC examined other metals, including Au, Pd, An, Nb, and Ti, and found that
Pd gives strong adhesion to both GaAs and Si at fairly low temperatures (below 400°C).
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One of the goals of these efforts was to reduce the bonding temperature as much as
possible to reduce thermal stressing that cannot be avoided during cooling.

ASEC used a tic-tac-toe-shaped grid to evaluate the strength of the mechanical
connection. Using2 x 2 cm? pieces of GaAs and Si, grids were aligned in one direction
on the GaAs and perpendlcular to that on the Si. The overlap area of the grids is esti-
. mated to be about 10° cm® After bonding, the stack was transferred repeatedly be-
tween boiling water and liquid nitrogen. No evidence of delamination could be found.
This experiment, besides showing the resiliency of the interconnect, also suggests that
a pattem of small dots or squares could be used as effectively instead of lines.

Most of the experiments to develop interconnects used thick pieces of GaAs and
Si. However, RTI did use the technique to bond thin layers of AlGaAs to Si. Ge sub-
strates, upon which the AlGaAs had been grown, were removed. This structure is a
proof-of-concept that the proposed devices can be made. Our major concerns abotit
the structure are the cost and yield if this process were transferred out of research and
development to a manufacturing environment.

In summary, then, the method of forming this type of intercell connection is es-
sentially this: A “sandwich”, consisting of the two semiconductor parts to be joined and
metal layers between the semiconductors, is made. This stack is heated under me-
chanical pressure until the metals and the semiconductor intermix, forming continuous
alloy mixtures. The amount of pressure required and the bonding temperature varies
with the semiconductor and metals being used and must be optimized empirically.

5.3 Analysis of Interconnect Losses and Optical Considerations

Figure 5.1 gives a schematic representation of the mechanically stacked tandem
solar cell that was developed for this program. S and W are the grid spacing and width,
respectively. This design consists of evenly spaced, narrow grid lines that lie beneath
the front surface grid metallization to minimize shadowing losses. Several assumptions
were made to complete the analysis of the losses. They are:

e Because current flow is vertical in the structure, no grid line losses for the in-
terconnect are assumed, i.e. there is no current flow along the interconnect.

e Both facing surfaces are assumed to have sheet resistances psy of 50 Q/sq,
not unreasonable for a diffused Si cell with surface concentration greater than
10%° cm™ and a very heavily doped lII/V layer.

e Grid line width W is assumed to be 0.005 and 0.010 cm in two analyses.

e The grid spacing S is used as a parameter.

e Specific contact resistivities (pc) of 102 and 10'3 ohm- cm are assumed to op-
timize S, and the effect of reducing p. to 10 ohm-cm? is then examined.
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Figure 5.1. Schematic cross-section of mechanically stacked tandem solar cell. S is
the spacing of the interconnect grid, and W is the grid line width. The top
cell is a very thin (5 um) AlGaAs or GalnAsP junction. The bottom cell is
made of Si.

The interconnect has three main loss sources: sheet resistance (doubled to ac-
count for both surfaces); contact resistance (also doubled to account for both surfaces);
and shadow loss. The loss terms can be expressed as a fraction of the impedance of
the cell at the operating point. For the devices under development we expect Vmax to be
about 1.5 V, and Imax of 20 mA/cm?, or an intemal impedance of about 75 ohms.

There is an obvious trade-off. As the grid spacing is reduced or the grid width is
increased, sheet and contact losses, respectively, will decrease, but shadow losses will
increase. Hence, we are looking for the value of S that minimizes the sum of the three
loss terms. Following an analysis for linear grids presented by Moore [5], the fractional
losses are expressed as:

2
F ~ (ZImaxpSHS ) - 0.11282
SR 12V, ’
I
F, = PmaPc)S _ 645056, and
WV_

Fg =-v§V=O.005/S,
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where Fgg, Fc, and Fs are, respectively, the fractional spreading resistance, contact re-
sistance, and shadowing losses. The sum of these three terms approximates the total
interconnect loss. Differentiating this sum with respect to S and setting the result equal
to zero gives the minimum value of S. With the stated conditions, the minimum value of
S is about 0.28 cm, or between 3 and 4 grid lines per cm.

What is not included in this analysis are the reflective losses that will occur at the
interfaces where the two cells join. Minimizing this loss requires good antireflective
coatings on both semiconductor surfaces. More will be said about optical considera-
tions below.

The results obtained by solving the three loss equations for a range of S values
are shown in Table 5.1. These data show that the minimum loss occurs at 0.2 cm < S
<0.35 cm, in good agreement with the differentiation described above.

Table 5.1.  Fractional and Total Losses as a Function of Grid Spacing.

0.05 0.03 10.0 0.27 0.03 10.3 10.1
0.15 0.25 3.30 0.81 0.08 4.36 3.63
0.20 0.45 2.50 1.10 0.11 4.05 3.10
0.25 0.70 2.00 1.35 0.14 4.05 2.80
0.35 1.38 1.40 1.90 0.19 4.70 3.00
0.45 2.28 1.10 243 0.24 5.81 3.62
0.70 5.50 0.70 3.80 0.38 10.0 6.60
0.90 9.00 0.6 4.90 0.49 14.5 10.1

From the data in Table 5.1, we surmise that even for very modest contact resis-
tivities of 102 ohm-cm?, the total nonreflective losses are below 5 percent, the program
goal, with appropriately spaced grids. The trends in the loss data become more appar-
ent in graphical form, shown in Figure 5.2. It is also worth noting that with the optimum
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value of grid spacmg, very little is gained by trying to push the interface resistivity below
10 ohm-cm®. This, in fact, would be an exercise of diminishing retums.

—&—FSR
~8—FS
—A—FC (10-2)
- 10 + —&—FC (10-3)
2 —8~Total (10-2)
H] ——Total (10-3)
@
o
- 5
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0 0.2 0.4 06 08 1
Grid Spacing (cm)

Figure 5. 2 Results of loss analysis for metal lnterconnects joining AIGaAs and Si so-
lar cell. Contact resistivities of 102 and 10° ohm-cm? have been as-
sumed. Fsp, Fs, and F. are sheet resistance, shadowing, and contact re-
sistivity losses, respectively. Five percent loss, the program goal, is indi-
cated on the chart.

The analysis is also useful in showing the importance of producing minimum re-
flectance at the two facing surfaces for the wavelengths that are not absorbed in the top
cell. With no AR coating on either of these surfaces, the reflectance would be greater
than 30 percent at each surface, and this loss would prevent the cells from generating
equal currents. In the final structure, we planned for the Si bottom cell to have low re-
flectance, produced by a combination of textured surface and an AR coating optimized
to the relatively narrow band of wavelengths between 730 nm to 1,100 nm, the band-
edge of Si.

It is essential to apply a similar AR coating to the back of the top cell.

The AR coatings must be completed during metallization of the surfaces that are
to be joined since that interface will, obviously, no longer be available for processmg
after bonding.
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Even with the appropriate AR coatings in place, it may be necessary to fill the
thin gap between the cell, typically a few um, with a dielectric layer. Reflections can
conceivably be reduced to about 1 to 2 percent with all components optimized at the
interface. Adding the resistive losses to the reflective losses gives a best-case loss of
between 5 and 7 percent for the bonded interconnects.

5.4 Measurement of Interconnect Resistivity

To test the range of resistivities that could be obtained from the metal intercon-
nect, particularly in view of the previous analysis, a test structure was fabricated. The
test structure contained a 300-um-thick, n-type GaAs wafer and a 200 um-thick Si
piece, also with n-type conductivity. The top of the GaAs was metallized with
AuGe/Ni/Au layers, which provides an ohmic contact to the top surface, and the bottom
of the Si received a Ti/Pd/Au contact that was ohmic but fairly resistive. These pieces
were joined with Au/Sn/Au metallization that covered about 15 percent of the interface
surface.

The specific contact resistivity of the entire structure was measured, and a value
of 4.2 x 102 ohm-cm? was obtained. This is the total resistivity of the bonded structure.
With respect to the interconnect, it would be a “worst case” value since it contains con-
tributions from bulk resistivity of the two wafers, which should be small, and contact re-
sistivity. The contact resistivity of the AuGe/Ni/Au to GaAs is typically less than 10*
ohm-cm? and probably makes little contribution. Although not measured, the resistivity
to the Ti/Pd/Au contact was high because the Si wafer was lightly doped. This resistiv-
ity definitely made an impact on the measurement. By the same token, the resistivity of
the bonded connection to Si was probably high because of the same low carrier con-
centration in the Si wafer.

The contact resistivity to the GaAs (assuming a thin layer of heavily doped, p-
type GaAs is grown on the bottom of the AlGaAs top cell to reduce contact resistivity)
was estimated in summer work funded at JPL by ASEC. JPL workers used a multiple-
metal stack of Ti (300 A), Au (3000 A), and Ag (1000 A) to contact the GaAs. This
metallization scheme usually produces good ohmic connection to GaAs without alloying
if p-type carrier concentrations are sufficiently high. However, the contact was sub-
jected to the heat treatment thought necessary to form the metal bond between the top
and bottom cells. Data, using the transmission line model (TLM), were then measured
Contact resistivities for this process ranged from a low of 2.1 x 107 to 4.8 x 10™* ohm-
cm?. These numbers are well below the 10 program goal and show that this portion of
the contact should not limit the total interconnect resistivity.

In short, we believe that attaining an electrical resistivity less than 102 ohm-cm?,
as is indicted to be necessary by the analysis described above, is absolutely within the
realm of what is pragmatically achievable. This further suggests at from a resistivity
point-of-view, the metal bonded interconnect is a viable means of joining two materials.
Reduction of optical losses appears now to be far more challenging.
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6.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 Conclusions

There are several conclusions that can be drawn from this body of work. They
are the following:

1.

While the Si solar cell has been the work horse of photovoitaic devices, it is
being replaced by devices that have higher efficiencies and more resistance
to radiation damage. To include Si in a tandem structure truly accentuates
the radiation “softness”, discussed for the first time in this work, in the spec-
tral region of A 2 0.73 um.

This problem in Si can be ameliorated by using thin cells made of high-
resistivity material, but this cell weakness was not eliminated in the efforts
described herein and would have made program radiation goals difficult to
achieve.

The BOL efficiencies for the Si cells must be very high to achieve the mod-
eled stack efficiency goal.

The metal interconnection using metal bonding has been shown to be a vi-
able means of joining two cells using specific contact resistivity as the deter-
mining criterion. Optimization of the optical characteristic requires careful
attention. The interfaces during this program were not rigorously optimized,
but optical losses were estimated to be only 5 to 15 percent. This bodes well
for the potential of the interconnect in this and other applications.

. AlGaAs remains the elusive entity at the end of the program that it was at the

beginning, particularly for the n/p cell configuration. A good deal of under-
standing of the characteristics for problems have been developed, but work-
able solutions are still not positively identified. An improved source of TMA,
the dominant Al source in OMVPE technology, has been identified, but
structural problems with devices grown at the end of the effort kept, we be-
lieve, improved cells from being manufactured.

Finally, GalnAsP tumed out to be the surprising “star” of the program. Not
only were high efficiencies greater than 20 percent achieved, a first for a
quaternary llI/V material, but both radiation resistance and room-temperature
annealing of radiation-induced damage were demonstrated.

This research conducted under this funded effort has also contributed to the
body of scientific knowledge. Various aspects of the effort were described in three pa-
pers that were accepted and presented at the 23™ and 24™ IEEE Photovoltaic Special-
ists Conferences and one paper at the Space Power Workshop.
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6.1 Recommendations

Making recommendation from this body of work is straightforward because thé
suitable topics are obvious.

Clearly, the most outstanding result was the work with GalnAsP. We believe this
material, like GalnP, is an outstanding material for space applications. While work with
GalnAsP was curtailed prematurely because of perceived, but unproved, manufacturing
considerations, we think the progress made in a relatively short period of time makes
the material an obvious candidate for future research.

We also believe that the metal interconnect is a viable means of joining solar
cells and producing a two-terminal device. It would be better if the top cell were not so
thin, i.e., manufacturing yields will be higher and processing simpler. This approach
may be the only pragmatic means of joining two cells with widely different lattice con-
stants to achieve optimum band gaps in multiple-cell structures.

Finally, high-quality AlGaAs solar cells remain attractive, elusive, and perhaps
unattainable (by OMVPE) in a manufacturing environment because of the chemical re-
activity of Al and deep levels such as the DX center. If it can be made to work, its ad-
vantages are, as noted in the body of the work, powerful. We must admit to what ap-
pears to be a prejudice toward AlGaAs that may color our opinion about its worth.

62




7.0 REFERENCES

1. Bertness, K.A,, Kurtz, S.R., Friedman, D.J., Kibbler, A.E., Kramer, C., and Olson,
J.M., “High Efficiency GalnP/GaAs Tandem Solar Cells for Space and Terrestrial
Applications,” Proceeding of the 1" WCPEC (IEEE Press, NJ, 1995) pp. 1671-1678.

2. Private Communication with Dr. T. Coutts, National Renewable Energy Laboratory,
Golden, CO.

3. Venkatasubramanian, M.L. Timmons, T.P. Humphreys, B.M. Keyes, and R.K.
Ahrenkiel, "High-Quality Eutectic-Metal-Bonded AlGaAs-GaAs Thin Films on Si
Substrates," Appl. Phys. Lett., 60, pp. 886-888 (1992).

4. Yamaguchi, M., “Radiation Resistance of Compound Semiconductor Solar Cells,” J.
Appl. Phys., 78 (3), pp. 1476-1480 (1 August 1995)

5. Moore, A.R., “An Optimized Grid Design for a Sun-Concentrator Solar Cell,” RCA
Review, Vol. 40, pp.140-165 (June 1979).

63




DISTRIBUTION LIST

AUL/LSE

Bldg 1405 - 600 Chennault Circle
Maxwell AFB, AL 36112-6424

DTIC/OCP
8527 John J. Kingman Rd, Suite 0944
Ft Belvoir, VA 22060-6218

AFSAA/SAI
1580 Air Force Pentagon
Washington, DC 20330-1580

PL/SUL

Kirtland AFB, NM 87117-5776

PL/HO
Kirtland AFB, NM 87117-5776

Official Record Copy
PL/VTP/Lt Keener
Kirtland AFB, NM 87117-5776

PL/VT
Dr Wick
Kirtland AFB, NM 87117-5776

1cy

2 cys

1cy

2 cys

1cy

2 cys

lcy




