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Foreword

Dennis Flood
Chief, Photovoltaic Branch
Lewis Research Center

The Eleventh Space Photovoltaic Research and Technology Conference is the largest yet
held in the series, both in terms of attendance and in the number of papers presented.
There are several noteworthy observations that can be made as a result. It would appear
possible, for example, to conclude that GaAs space solar cells have become a mature
technology. The evidence for that is the fact that only four papers on GaAs cells were
presented, two of which were manufacturing status reports, and two of which were
radiation damage studies related to potential actual flight usage. A second conclusion,
based on the fact that 25% of the papers presented were in this area, is that interest in InP
solar cells has grown. Rapid progress is being made on achieving high efficiency in a
variety of alternate InP cell structures, and in understanding the radiation resistance of this
material. If we add to the above the additional papers on multijunction cell development
using indium and phosphorus based compounds, it becomes very evident that InP and
related compounds have become very important for future improvements in space solar
cells.

This conference can also be characterized by the breadth of its content, which ranged from
Space Station Freedom 8 cm x 8 cm silicon solar cell test results to flexible, thin film solar
cell blanket development, to solid progress on multijunction solar cells. Results were
presented on the latter topic from a variety of approaches, all directed toward-achieving or
exceeding 30% AMO in planar and/or concentrator devices. Rapid progress in all these
areas seems assured, given adequate funding.

The size and content of the Eleventh SPRAT make it a challenge to organize. The fact that
it went so smoothly is a tribute to the dedication of the organizing committee. Donald
Chubb served as General Chairman , Sheila Bailey as Logistics Chairman, and David Wilt
as Publication Chairman. Their persistence and hard work were very much appreciated by
all who attended.




TUNNEL JUNCTIONS FOR InP-on-SI SOLAR CELLS '

C. Keavney, S. Vernon, V. Haven
Spire Corporation
Bedford, Mass. 01730-2396

We have succeeded in growing, by metalorganic chemical vapor deposition, a tunnel junction which makes
possible an ohmic back contact in an n-on-p InP solar cell on a silicon substrate. The junction between heavily
doped layers of p-type InGaAs and n-type InP shows resistance low enough not to affect the performance of these
cells. InP solar cells made on n-type Si substrates with this structure were measured with an efficiency of 9.9%
(AMO, 1- sun). Controls using p-type GaAs substrates showed no significant difference in cell performance,
indicating that the resistance associated with the tunnel junction is less than about 0.1 ohm-cm®.

INTRODUCTION

Growth of InP solar cells on silicon substrates is one promising approach to achieving the high efficiency
and radiation resistance of InP solar cells (refs. 1,2) without the high cost of InP wafers. Research into InP on Si
has been motivated by the favorable results achieved with GaAs cells on silicon substrates (refs. 3-6). Dislocation
densities as low as 2 x 10° cm™ (ref. 4) and efficiencies over 18% AMO have been reported (ref. 5). Since a recent
theoretical study (ref. 7) projected achievable efficiencies of 18% with InP if dislocation density of 10° cm™ or less
could be achieved, these results make InP on silicon solar cells a promising avenue of research.

Considerable progress has been made in the related area of InP growth on GaAs substrates. In
reference 8 a cell with 13.7% efficiency at one sun and 19% at concentration is reported on a GaAs substrate.

However, growth of n-on-p InP cells on silicon substrates has proved difficult because the first IlI-V layer
grown on the silicon is always n-type; this makes an ohmic contact to the back of the cell problematic. (ref. 9) In
previous work, researchers have circumvented this problem by using a p-on-n cell structure (ref. 10), by arranging
to contact the base from the front of the structure, or by providing current paths outside of the active area of the
cell (ref. 9). The p-on-n cells currently have somewhat lower efficiency than n-on-p, and the other techniques limit
the size of the cells and detract from the available active area, which is expected to complicate the assembly of
practical arrays.

The use of a tunnel junction between the substrate and the cell has been proposed as a solution to this
difficulty (ref. 9). Here we report success in using such a tunnel junction, leading to InP-on-Si efficiencies of 9.8%
AMO.

THEORY
The tunnel junction consists of two heavily-doped semiconductor layers of opposite types. The doping in

each layer must be degenerate (Fermi level outside of the band gap), and the width of the depletion region must
be narrow enough for quantum-mechanical tunneling to occur across the triangular barrier formed by the depletion

! This work was supported by the NASA Lewis Research Center under contract # NAS3-25798.
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region (fig. 1). Under these conditions, electrons can tunnel between states in the valence band of the n-type
material and states of the same energy in the conduction band of the p-type material.

Specifically, as shown in references 11 and 12, the effective conductance of the tunnel junction is given

roughly by:

aw (2mE,)"? E,
3 h qVv,

(M

2
S=—9 __ ©2mE)" exp
4n’w2W 0)

where W, the depletion width, is given by:

1/2
2eEy(N4+Np)

q*N4Np

(2

In these equations, S is the tunnel junction conductance (which has the units of A/cm?V), g the elementary
charge, E, the band gap energy, V, the built-in voltage (slightly larger than E ), m the effective mass of electron

(the tunneling current for holes is generally less than that for electrons), 1 (Plank’s constant h/2r, € the dielectric
permittivity (12.2¢, for InP), and N, and N, the dopant concentrations.

In practice, useful values of current density for solar cells require W to be less than 20 nm, which in turn
means that the doping density in each of the two regions must be approximately 10'° or greater. From experience
with the materials involved and from the results of reference 13, we concluded that the most appropriate choice
for the tunnel junction was a combination of p-type In,s;Ga, ,;As and n-type InP, since doping levels of this order
can easily be achieved in those materials, and the combination has a good lattice match. Figure 2 shows the
calculated tunneling resistance for this combination as a function of the doping densities.

EXPERIMENT

Figure 3 shows the experimental structure used in this work. All the layers described here were grown by
metalorganic chemical vapor deposition. On a an n-type silicon substrate, a layer of GaAs is grown, following
procedures developed earlier (ref. 14). Then alayer of In,Ga, As is grown, with a graded composition varying from
close to x=0 to x=0.53, which is the lattice-matched composition to InP. All these layers are n-type. After the
graded layer, a thin layer of n+ InP is deposited, followed by a thin layer of p+ In,,Ga, ,,As to form the tunnel
junction. Measurements indicated a dopant density of about 1.2 x 10'° cm™ in the p-type layer and 3 x 10'° cm?®
in the n-type layer. This is followed by the solar cell structure, which consists of a p+ BSF, p-type base, thin n+
emitter, and n-type In,5,Ga, ,;As cap. (The solar cell structure is described in more detail in reference 1.)

Control cells were made using a p-type GaAs substrate with a graded layer which was similar but p-type.
The same cell structure was used for the controls, but no tunnel junction.

The material was characterized by transmission electron microscopy and photoluminescence decay as well
as solar cell measurements.

After the growth of the structure was complete, solar cells were made using established metallization,
etching, and antireflection coating procedures (ref. 1,2). Solar cell areas were 1.00 and 0.25 cm®. The efficiency
of the cells was measured under a Spectrolab X25 solar simulator at AMO intensity, calibrated with a GaAs
reference cell. Internal quantum efficiency and dark |-V characteristics were also measured, and the series
resistance extracted.
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RESULTS

TEM examination of InP films grown uncer the same conditions revealed a defect density in the range of
10® cm™ This is only slightly lower than that measured on InP films grown on GaAs or silicon without such a
graded layer, and considerably more than reported in reference 8. Figure 4 shows a cross-sectional TEM image
of the graded layer; it can be seen that the distribution of defects in the graded layer is uneven. Further work on
graded layers is in progress. Photoluminescence decay measurements showed lifetime of 0.7 ns.

Results of the solar cell efficiency measurements are given in table I. Itis interesting to note that the results
of wafer #2 are essentially equivalent to those of wafer #3, the GaAs control. This indicates that the low efficiency
is due primarily to the high defect density, and not to the formation of a barrier at the back surface.

Figure 5 shows the measured I-V characteristics for representative 1.00 cm? cells from wafers 2 and 3.
The similarity of the curves shows that the use of the silicon substrate has not resulted in additional series
resistance. The total series resistance, obtained from dark I-V and V_-I, curves, is 1.17 ohms for an 0.25 cm® cell
on the silicon substrate (#2), and 1.16 ohms for a similar control cell (#3).

CONCLUSIONS

We have made n-on-p InP solar cells on silicon substrates using a tunnel junction to make ohmic contact
to the back of the cell. Measurements indicate that the tunnel junction has a resistance which is negligible, at least
for one-sun applications (less than 0.1 ohm-cm?).

This result, in addition to yielding the highest InP-on-Si solar cell efficiency so far published, is important
because it indicates that InP structures of either polarity can be grown on silicon substrates without suffering a
penalty due to the back contact. Using this technique, we expect that any efficiency which can be achieved in InP
with GaAs substrates can be duplicated with silicon substrates.
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Table I. Solar Cell Results.

(AMO, 25°C)
Wafer Substrate V. Joe Fill Efficiency
# Structure (mV) (mA/cm?) Factor (%)
2 (avg.) n-GaAs/n-Si 679 27.24 0.710 9.6
2 (std.) 2 0.43 0.009 0.2
2 (best) 682 28.07 0.706 9.9
3 (avg.) p-GaAs 689 26.62 0.706 9.4
3 (std.) 3 0.41 0.022 0.3
3 (best) 689 27.66 0.699 9.7
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Energy band diagram for n—InP/p—InGaAs tunnel junction
1.0 . . - - — - . ' -
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Figure 1. Band diagram of an n-InP/p-InGaAs tunnel junction. Tunneling takes place between filled states in the
valence band of the n-type material and empty states of the same energy in the p-type material.

Calculated conductance for n—InP/p—InGoAs junction
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Figure 2. Calculated resistance of the tunnel junction as a function of the doping densities (note log scale).
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emitter n+ InP 0.03 um
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graded layer n+ InyGay_yAs 7 pm
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buffer layer n+ GaAs 1 pm
g substrate n+ Silicon
6 /\—‘—A

Figure 3. Cell structure used in this work. The graded InGaAs layer reduces the defect density and the tunnel
junction provides an ohmic interconnection between the p-InP layer and the substrate.

: P

Figure 4. Cross-sectional TEM image of the cell structure. High defect density results from lattice mismatch at
the intermediate interfaces.
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Fabrication and Performance Analysis of 4-cm?2 Indium Tin Oxide/InP Photovoltaic Solar Cells*

T.A. Gessent, X. Li, P.W. Phelps and T.J. Coutts
Solar Energy Research Institute
Golden, Colorado

and

N. Tzafaras
AT&T Microelectronics
Reading, Pennsylvania

Introduction

Large-area photovoltaic solar cells based on direct current (dc) magnetron sputter deposition of indium tin oxide
(ITO) onto single-crystal p-InP substrates have demonstrated both the radiation hardness and high performance
necessary for extraterrestrial applications. (ref. 1) Recently, ITO/InP cells with a total area of 4 cm? have been
delivered to NASA for flight and experimental analysis on the UoSAT-F satellite, attesting to the advancing maturity of
this technology. Although only a small number of these 4-cm? ITO/InP cells (approximately 10 cells total) were
fabricated for this experiment, the efficiency of the best cell (15.7% at air mass zero [AMO], NASA measurement)
compares favorably with the best result reported from a larger production of ~1300 2-cm2 cells, in which the junction
was fabricated through a closed-ampoule diffusion process (16.6% AM0, NASA measurement). (ref. 2)

Because the results mentioned above indicate that the ITO/InP technology is quickly nearing practicality, a small-
scale production project has been initiated in which approximately 50 ITO/InP cells are being produced. Through this
project, not only is a more representative assessment of the performance of large-area ITO/InP cells being
established, but the heretofore assumed advantages of production scale-up are also being tested. This larger volume
of cells has also created the opportunity to gain a better understanding of the effect of fabrication procedures on cell
performance and has allowed several recently developed process improvements to be further optimized. These
improvements include two-gun sputtering, pre-metallization plasma cleaning, and grid/metallization optimization.
Performance improvements have been achieved through these changes, resulting in cells with AMO efficiencies of
16.1% (SERI measurement).

This paper presents and discusses the procedures used in this small-scale production of 4-cm2 ITO/InP cells.
The discussion includes analyses of the performance range of all available production cells, and device performance
data of the best cell thus far produced. Additionally, processing experience gained from the production of these cells
is discussed, indicating other issues that may be encountered when larger-scale productions are begun.

Experimental

The materials and processes used for this small-scale production of ITO/InP cells have been developed over
many years of research and are discussed in detail elsewhere. (ref. 3 & 4) However, some important process
parameters are outlined here. The single-crystal InP substrates were supplied by AT&T Microelectronics (Reading,
PA) in two different carrier concentrations of 0.5-2.0 x1 016 and 1-2 x 1017 ¢cm™3 [Zn-doped, (100) orientation]. The
substrates were supplied polished on the front side and chemically etched on the back side. Except for cleaning the
surfaces in organics, no additional surface preparation was performed before back-contact metallization or ITO
deposition (i.e., junction formation). Photoluminescence measurements of these as-received substrates indicated
bulk lifetimes very similar to those of other ~2 x 1016 (Zn-doped) materials used in previous research, demonstrating
up to ~10 nsec on unpassivated surfaces.

Prior to junction formation, back-contact metallization was performed using a multistep process involving the
vacuum deposition of 120 nm of AuBe (1 weight % Be), annealing, chemical etching, and electrochemical Au plating
(1.5 um). (ref. 5) The ITO deposition was performed in an ULTEK vacuum system using 2-inch planar US Guns in a
sputter-up orientation. The ITO targets were 91 molar % In2O3 and 9 molar % SnO2. Earlier studies indicated that
adding a small amount of H2 to the Ar sputtering environment during ITO deposition substantially increased the open-

* This work was supported by NASA Lewis Research Center under Interagency Order No.C-3000-K and by the U.S.
Department of Energy under Contract No. DE-AC02-83CH10093.
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circuit voltage (Voc) and fill factor (FF) of the resultant solar cell. [3] However, continued sputtering in this Ha-rich
atmosphere progressively altered the target material, resulting in a poor control of the optical and electrical properties
of the ITO. Thus, to provide greater compositional control of the ITO film(s), two US Guns have been incorporated into
the vacuum system for this production. The first gun deposits ITO in an Ar/H2 atmosphere at a very slow deposition
rate (~0.01 nm sec'1). Because the optical transmission of this Ha-rich ITO is poor, the thickness of this layer is limited
to 5 nm. The remaining 50 nm of ITO is deposited with a second US Gun source. This layer reduces the emitter sheet
resistance and completes the necessary thickness for the first layer of a two-layer ITO/MgF2 antireflection coating
(ARC). For this second ITO deposition, an Ar/O2/H2 ambient is used ("O2-rich" ITO); the O2 and H2 partial pressures
are adjusted to yield optimum electrical and optical properties. Both the H2-rich and the O2-rich depositions are
performed without breaking vacuum. Following deposition, ellipsometry and four-point probe measurement are used
to determine the ITO thickness and sheet resistance, respectively. If the sheet resistance is found to be excessively
high (1000-40,000 Q/J), the ITO-coated cell is placed in a Technics Planar Etch |l plasma etching system and
exposed to a pure-H2 plasma. This procedure reduces the sheet resistance of the ITO to ~600-800 Q/] while still
maintaining optical clarity. It is believed that this process removes excess O2 for the ITO, thereby creating vacancy-
generated carriers. (ref. 6)

Ag Conduction Layer
(5-6 um)

Pd Diffusion Layer (40 nm)

e
\

5-6 um
Cr Adhesion Layer (80 nm)
\ 4 RRRRRRTRRRNY

07 P

<4—— [TO (~55 nm)
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/ Junction Depth
Cell Definition by (~70 nm)

Chemical Etching

A R TR RwRRRw -
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2 (p-Type) Substrate.
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Figure 1. Cross-sectonal view of ITO/InP solar cell showing metallization and antireflection coatings. Note high
aspect ratio of grid line made possible by the photolithographic lift-off techniques used.
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Figure 2. Plan view of grid design used on 4 cm2 ITO/InP solar cells. The (modeled) losses of this grid are:
Resistance ~2.8% and Shadowing ~3.3%, yielding a total grid losses ~6.1%.

After ITO deposition, top grid electrical contacts were patterned using an additive lift-off procedure involving
chlorobenzene. (ref. 7 & 8) Following photolithography, but prior to metallization, the cells were plasma cleaned in
Ar using the same Technics Planar Etch Il system already mentioned. This promoted the adhesion of the the
subsequent metallization. Metallization (See Figure 1) was performed in an electron-beam vacuum system with
Cr/Pd/Ag layers of 80 nm, 40 nm, and 5 um, respectively. (ref. 9) The top grid contact is an optimum design which, in
addition to very high aspect-ratio grid lines, utilizes tapered bus bars and fingers (See Figure 2). The grid also
included two relatively large contact pads and an interconnect between the pads, a design conforming to the
requirements of semi-automatic mounting equipment currently used in the space industry. After metallization lift off,
the active cell area was defined using photolithography and HCI chemical etching. Following cell definition, the
second layer of the ARC was formed using resistively evaporated MgF2.

As a final process step before cell measurement, a post-deposition heat treatment (PDHT) at 125°C for 30 min
was performed. This treatment increased the short-circuit current (Jsc) of the cells by ~2% without adversely affecting
other device parameters. This PDHT was necessary because the photolithographic processes used for this
production are of lower temperature (<100°C) than those used in previous research (~120°C). Thus, PDHT occurs
automatically if the photolithographic processing involves typically used temperatures. Although the PDHT does add
an additional step to the process, it also yields the opportunity to isolate and study an aspect of the ITO/InP cell
fabrication that has not been previously observed. After fabrication, the cells were characterized using quantum
efficiency measurements and light and dark current-voltage measurements using standardized methods. (ref. 10)
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Results and Discussion

The project began with 38 1-in.2 InP substrates of the low doping density range (low 1016 cm-3), and 20
substrates of the higher doping range (low 1017 cm3). At this time, all of the 1016 cm3 substrates have been
fabricated into solar cells, but only one cell has been fabricated for the 1017 ¢cm-3 material. Thus, most of the results
presented here involve performance characteristics of cells made on the 1016 ¢cm3 material, although some
preliminary, yet insightful results from the cell made on the higher-doped material will also be discussed. Of the 38
(1076 cm3) substrates, four were broken or damaged during back contacting procedures, one was broken during
chemical etching, and one suffered grid adhesion loss. Shown in Figure 3 and Figure 4 is the range of
demonstrated AMO performance for the remaining 32 cells. From these data, the average cell efficiency is determined
to be 15.5%, with a standard deviation of 0.35%. The highest cell performance obtained is 16.1% AMO (SERI
measurement). Dark |-V data analysis indicates that the cells demonstrate near-ideal characteristics, with a diode-

ideality factor and reverse-saturation current density of 1.02 and 1.1 x 10-12 mAcm™2, respectively.
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Figure 3. Histograms illustrating the AMO (1367 Wm2) performance parameters of the 32 4-cm2 ITO/InP solar cells
fabricated during the small-scale production. a) Efficiency. b) Open-circuit voltage. ¢) Short-circuit current density. d)
Fill factor.

As mentioned previously, the PDHT was found to increase the Jg¢ of the cells. However, as indicated by
quantum efficiency analysis shown in Figure 5, the effect of the PDHT is not completely beneficial. Indeed, although
during PDHT the central and short-wavelength response is enhanced, the long-wavelength response is noticeably
reduced. A plausible explanation for this is that the PDHT tends to reduce the extent of type-conversion throughout
the junction region, with the overall effect being to shift the effective depth of the sputter-formed junction nearer the
surface. This is consistent with earlier observations, in which higher-temperature heat treatments (200°C) resulted not
only in increased current density but severely reduced Voc. (ref. 11) However, in this earlier work, a reduction in the
long-wavelength QE was not observed, probably because the substrates and processes used at that time resulted in
much poorer long-wavelength response.
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Figure 4. AMO performance characteristics of the 32 4-cm? ITO/InP solar cells as a function of fabrication experience.
Note that the only performance parameter that indicates a slight progressive improvement is the Vgc.

Shown in Figure 6 is the light current-voltage characteristics of one of the two best 4-cm? cells made on the
1016 cm™3 material, demonstrating an AMO efficiency of 16.1% (SERI measurement). By comparing these data with
those taken from the best small-area cell produced (16.5% AMO, 0.1 cm?2, SERI measurement), (ref. 3) one notes
that the Jg¢ and the FF values are nearly identical. This not only suggests that the junction-formation mechanism is
spatially very uniform, but also that the grid design/metallization are nearly optimal for this 4-cm? cell. Only Voc is lower
(by ~10-20 mV) than that previously measured on best smaller ITO/InP cells made from previously used bulk material.
At present, the reason for this is not apparent. Past observations from these ITO/InP cells have indicated a trend of
decreasing Voc With increasing substrate doping (i.e., increasing Na). (ref. 3 & 12) However, the recent results from
the cell fabricated on the1017 cm3 substrate, as discussed below, indicate that the substrates and processes used
for this production demonstrate the opposite (but more classical) behavior of increasing Vg with increasing substrate
doping.

Although the efficiency spread of the cells made on the 1016 cm3 substrates is quite small, it should be noted
that several process-related aspects strongly affected the measured performance of the individual cells. Perhaps the
most important of these is the amount of time during which the cell is exposed to air between ITO and MgF»

deposition. Indeed, a cell will degrade by up to ~5 mV per week if it is not capped with MgFo. A possible explanation
for this is that the sputtered ITO is believed to be relatively porous, allowing O2 diffusion and subsequent reaction at
the emitter/ITO interface. Here, the O2 may neutralize the passivating effect of the Ho. The evaporated MgFo,
however, may be much less porous, reducing O2 diffusion. Other parameters that were initially difficult to control were
the sheet resistance, transparency, and thickness of the ITO. As observed in earlier work, care must be taken to
maintain an optimum combination of electrical and optical properties of the ITO as the sputtering source erodes.
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Although this can be accomplished through small adjustments in the O2/H2 ratio of the sputtering ambient of the O2-
rich ITO layer, considerable variation is still observed. Luckily, the effects of this problem (FF reduction) were virtually
eliminated once the post-deposition H2 plasma exposure procedure was developed and implemented. The final area
of noted weakness in device fabrication was the back contacting procedure. It was during this part of cell production
that the majority of cell breakage occurred. The underlying reason for this appears to be that, although the two-step
back metallization procedure gives a reliably low-resistance ohmic contact, it involves many steps in which the
substrate is physically handled (e.g., during wax mounting, chemical etching, annealing, etc.). Because most of this
handling results from the requirement to remove the BeO that forms during sintering, (ref. 5) it has been suggested
that other contacting procedures could be developed that would make use of either different metals and/or entirely in-
vacuo process techniques.
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Figure 5. External quantum efficiency of a 4-cm2 ITO/InP cell produced on 1016 ¢cm-3 substrate material. a) ITO only.
b) ITO/MgF2. c) ITO/MgF2 after post-deposition heat treatment.
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Figure 6. Light |-V characteristics of one of the best 4-cm?2 ITO/InP cell produced from 1018 cm-3 substrate material.
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As mentioned previously, 20 substrates with a higher doping density of 1-2 x 1017 cm™3 were supplied by AT&T
Microelectronics. Because earlier research had indicated that the best cell performance has always been achieved on
1016 ¢cm3 material, only a single device has thus far been fabricated on the 1017 cm™3 material. Although it was
thought that the performance of this device would, as in the past, be much poorer than that of the1016 ¢cm-3 material
(due to reduced Vpc and Jgg), Figure 7 shows the surprising result that an efficiency of 15.8% AMO (SERI
measurement) was achieved. Perhaps the most noteworthy fetaure of this result is that, instead of a reduced Vg, as
was always observed in past research, the Vo is 12 mV higher than than that from the best of the 32 cells made from
the 1016 ¢cm3 material (nearly 20 mV greater than the average Voc measured for the 32 cells). However, because the
long-wavelength portion of the QE is reduced, the Jsc of this cell is ~3% lower than that of cells made on the 1016 cm-
3 material. Presently, studies are ongoing to determine if the grid design can be modified to function without the
benefits of the ITO (lower sheet and contact resistance). If this can be done, better optical matching of the ARC may
be possible. For example, if a material such as ZnS replaces the ITO, modeling studies indicate that the Js¢ of these
(1017 cm3) cells would increase to ~33.8 mAcm-2. If this can be done while maintaining current values of FF and Vo,
than the efficiency would increase from 15.8% to 16.3% AMO. In addition, because the ZnS is less absorbing than
the ITO, modeling results also suggest that Jg¢ values up to 36.5 mAcm™2 may be possible (assuming 4% shadow
loss); this would result in a cell with an efficiency of ~17.7% AMO. Finally, because these large-area cell results
indicate that the junction formation is relatively insensitive to surface irregularities, investigations are ongoing in
collaboration with researchers at NASA Lewis Research Center to determine what effects deliberate surface texturing
(V-Groove) may have on the junction parameters (ref. 13). If these parameters are insensitive to texturing, further
increases in current collection may be possible.
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Figure 7. Light I-V characteristics of a 4-cm2 ITO/InP cell produced from 1017 cm-3 substrate material. Note that the
Vo is higher than for the 1016 ¢cm3 material but that the Jsc is slightly reduced.
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Conclusions

This project has demonstrated that the sputtering process used to form small-area ITO/InP solar cells can readily
be scaled to produce large-area (4-cm2) devices. These large-area cells demonstrate nearly identical performance to
similar small-area cells, suggesting that the spatial independence of the junction-formation mechanism may be
exploited further to productions involving larger batches. These results also suggest that this method of junction
fabrication is not as sensitive to the same predeposition surface irregularities, which tend to have devastating effects in
other solar cell technologies. The highest resultant solar cell efficiency from the 32 cells produced on substrate
material doped 0.5-2.0 x 1016 cm=3 is 16.1% AMO (SERI measurement), which is comparable to the highest efficiency
reported from another production method using closed-ampoule diffusion. Additionally, because the sputter-
deposition technology can be configured for in-line (rather than only batch) production modes, this process may
possess additional economic advantages. Finally, since the substrates used for this production were acquired from a
US supplier, this technique represents a completely US-based technology for manufacturing radiation-hard solar cells.
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ABSTRACT

The purpose of this study was to demonstrate the possibility of
fabricating thermally diffused p‘n InP solar cells having high open-—
circuit voltage without sacrificing the short circuit current. The p'n
junctions were formed by closed-ampoule diffusion of Cd through a 3-5 nm
thick anodic or chemical phosphorus-rich oxide cap layer grown on n-
InP:S(N, = 3 x 10 and 5 x 10' cm™@) Czochralski LEC grown substrates.
After thinning the emitter from its initial thickness of 1 to 2.5 Um to
0.06 — 0.15 um, the maximum efficiency was found when the emitter was 0.2
to 0.3 um thick. Typical AMO, 25° C values of 854-860 mV were achieved
for V,,. J,. values were from 27.5 to 29.1 mA/cm? using only the P-rich
passivating layer left after the thinning process as an anti-reflection
coating.

For solar cells made by thermal diffusion we expect the p'n
configuration to have a higher efficiency than the n'p configuration.
Based on this study we predict that the AMO, BOL efficiencies approaching
19% should be readily achieved providing that good ohmic front contacts
could be realized on the p' emitters of thickness lower than 1 um. If,
as we expect, the p'n structures prove to be at least as radiation
tolerant as n'p structures, then p'n InP solar cells made by thermal
diffusion can become attractive for space applications, due to a
relatively low fabrication cost, for this method of fabrication.

INTRODUCTION

Owing to its potential low cost, reduced complexity and adaptability
to large scale batch processing thermal diffusion is a desirable
technique for p'n or n'p InP junction formation.

***Funded by NASA Lewis Research Center
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Most research on InP solar cells, so far has concentrated on the n'p
configuration. However, there 1is no apriori reason why the n'p
configuration should yield higher BOL efficiency and/or higher radiation
tolerance than the p'n configuration.

n'p InP solar cells made either by closed ampoule diffusion of sulfur
into InP:Zn [1l] or InP:Cd [2] substrates or by open tube diffusion [3]
have been extensively studied. Good quality p'n InP solar cells on the
other hand, have been fabricated only by epitaxial techniques [4,5].
This may be so because of the difficulty of 1) fabricating thin p°’
emitters in a controlled manner, 2) forming good ohmic contacts to p'
surfaces and 3) passivating p*' surfaces.

The results we report here are part of a larger experimental effort
undertaken in an attempt to optimize the processing of InP homojunction
solar cells made by thermal diffusion, so as to achieve high-efficiency
low cost InP solar cells by this method of junction formation.

We have previously reported on limitations of n'p InP solar cells
made by closed ampoule diffusion [2,6]. Therefore, most emphasis here is
on the p'n configuration. Specifically, the objective of this preliminary
work was to demonstrate the possibility of fabricating thermally diffused
p'n InP solar cells having high open-circuit voltage (V,.) without
sacrificing the short circuit current (I..).

In developing high-efficiency, radiation resistant p'n InP solar
cells made by thermal diffusion our short-term effort, still in progress,
consists of:

1. Investigate the effects of i) various surface preparation procedures
including chemical treatments and anodic or chemical oxidation,
ii) choosing between Zn and Cd diffusants, in elemental form or as
Zn,P, and Cd,;P,. and iii) diffusion through bare and capped surfaces,
on the characteristics, reproducibility and quality of p'n InP
structures made by closed ampoule thermal diffusion of Zn or Cd into
Czochralski LEC grown n-InP:S substrates;

2. Design optimum front contact grid pattern and form good ohmic
contacts on the emitters of thickness lower than 1 Hum;
8. Choose from among the following processes for thinning the p* InP
emitter and optimize the processing parameters:
a) anodic dissolution;
b) anodic oxidation-removal cycles;
c) chemical etching,

so that the residual oxide left as a result of thinning i) is
stable, 1i) has good passivating properties at the p*/oxide
interface, and 1iii) can possibly be used as a first layer AR

coating.
4, Find an appropriate second layer AR coating.
5% Radiation tolerance measurements.
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Based on previous reports on n‘p InP solar cells made by closed-
ampoule diffusion [1l, 2, 6] and this work, we evaluate the limitations of
the n'p and p'n configurations in order to choose the structure and the
fabrication procedure of solar cells made by thermal diffusion with
efficiencies approaching those of epitaxially grown structures [5, 7].

EXPERIMENTAL

Cd and Zn diffusions into n-InP:S (N, = 3.5 x 10'® and 4.5 x 10"
cm™@) were performed by a closed ampoule technique, using high purity Cd

and Zn or Cd;P, and Zn,P, [8]. Diffusion temperatures were from 480 to
550° C in the case of Zn and from 550 to 600° C in the case of Cd
diffusion. Diffusion times were from 5 to 75 minutes. The substrates

were Czochralski LEC grown with EPDs from 3 x 10% to 7 x 10‘m™@.

Diffusions were performed through bare surfaces or by using cap
layers of: 1) resistively evaporated SiO, (50-100A thick) [9]; ii)
phosphorus rich anodic [10] and chemical [11] oxides (35-50A thick).

The quality of p'n InP structures was investigated from:

i Inspection of the post-diffused surface topography using Nomarski
and SEM microscopy;

2. Revealing the surface and deep precipitates after thinning down the
p’ layer to different depths by anodic dissolution using the FAP
electrolyte, and SEM inspection [12].

S Investigation of surface and deep etch pit density revealed
electrochemically using the FAP electrolyte at high current
densities (1-3 mA/cm?) under illumination [12].

4. Electrochemical C-V; 1/C?-V, G-V and I-V characteristics by using
a Polaron PN4200 profiler.

5. Performance parameters of p'n InP solar cells fabricated on selected
p'’n structures.

RESULTS AND DISCUSSION
p'n InP JUNCTION FORMATION

Using elemental Zn and Cd as diffusants, the p' surfaces were
seriously pitted even when phosphorus-rich oxide capping was employed.

Using high purity Zn,;P, and Cd,P, sources, significant improvements
in the surface and p'n diode quality were achieved. Due to space
limitation we are going to refer here only to diffusions using the
compound sources.

Diffusion through bare surfaces has led to unacceptable levels of

-surface defect densities, e.g., as high as 10°cm™? in the case of 2Zn-

diffusion and of up to about 5 x 10’cm™ in the case of Cd-diffusion.
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The surface quality could be improved by diffusion through
resistively evaporated SiO, cap layers. 1In the case of Cd-diffusion EPDs
values as low as 8 x 10°cm? were recorded, after removing the SiO, cap
layer and the contaminated front emitter layer (about 100A) from the
surface using the FAP electrolyte [12]. However, from electrochemical C-
V, 1/C*-V, G-V and I-V characteristics, in this case, it was found that
relatively good diode characteristics were obtained only after removing
the front 0.2-0.3 um layer from the surface.

Using phosphorus-rich anodic and chemical oxide cap layers, the
quality of p'n structures was dramatically improved.

Anodic oxides were grown in 0-H;P0,:H,0:ACN (1:200:300) under strong
illumination (= 100 mWecm™@) at a constant current density of 0.6 mA/cm™
[10]. Prior to diffusion the front In-rich oxide was removed by a short
dip in dilute HF (5%) solution, and the thickness of P-rich interfacial
oxide layer used as a cap was varied from about 25 to 50A (cell voltage:
30 to 40 V).

Chemical oxides were grown using a newly developed etchant, called
“PNP" [11] with general formula: (o-H;PO,),: (HNO;),: (H;0,): (H;0) 100-(usvetys
which grows an interfacial layer rich in In(P0O,;); of thickness which is
proportional to the etching time and depends on the composition of the
etchant.

Zn diffusion due to its higher diffusivity as compared to Cd
diffusion is hard to control. Furthermore, not only do the surface
precipitates have a high density but these precipitates extend deep into
the p' emitters. The surface precipitates have a density ranging from 5
x 10* to about 5 x 10%cm™? depending on the diffusion temperature, amount
of evaporating material and temperature gradient between the end of the
quartz ampoule containing the source and the substrates region, and the
P-rich diffusion cap being used. We observed that keeping the source
region at a lower temperature (about 10° C below the substrate region)
improves the diode quality by reducing the surface precipitates.

In the case of Cd diffusion the precipitates which had a density
ranging from 4 x 10? to 6 x 10’cm™?, depending on the diffusion conditions,
appear to be superficial. After removal of about 50A from the surface
(below the oxide layer), no deep precipitates could be revealed.

Figure 1 shows a typical view of p' surface topography for Cd and Zn
diffusion through capped and uncapped surfaces. As seen, specular
surfaces are obtained in the case of Cd diffusion through the thin P-rich
oxide cap layer.

Surface dislocation densities as seen in Figure 2 revealed either
electrochemically using the FAP electrolyte [12] at a high current
density or chemically using the Hubert etchant, have shown that extremely
low EPDs are achieved in the case of Cd diffusion using P-rich anodic or

chemical cap layers. The lowest EPD of 400-800 cm™? in this case was
obtained at a diffusion temperature of 560°C with a temperature gradient
between the source and substrates of about 15°C. EPDs were about one

order of magnitude higher if no temperature gradient was used (see Figure
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2B) and as high as 10° cm? in the case of Zn diffusion through bare
surfaces (Figure 2C).

A,

Figure 1. SEM view of surface topography Figure 2. EPD’s revealed electrochemically
of p'n InP structures made by diffusion of (A & B) using the FAP electrolyte at 2
Cd at 560°C (A & B) and Zn at 540°C for 30 mA/cm? under illumination and C)
min (C) through about 35 A thick chemical chemically wusing HBr:o0-H,PO, (1:2) for
oxide cap layer (A & B) and bare surface structures in Figure 1.

(s Temperature gradient between the

surface and the substrates: A) 15°C; . 2

B) 0°C; C) 15°C. From electrochemical C-V, 1/C*-V,

G-V, and dark and illuminated I-V

characteristics, which were done for
all p'n structures, the diode quality was found to be the best for Cd
diffusion through the P-rich oxide cap layers. An example of these
characteristics after removing about 0.03 pm is shown in Figure 3. As
seen quasi-ideal characteristics are obtained in this case even at a
diffusion temperature of 600° C. The diode characteristics in this case
were found to be near perfect even after removing just the front oxide
layer, implying an absence of a front dead layer, which proves that the
P-rich oxide is a very good choice as a diffusion cap layer.
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Figure 3. Electrochemical C-V, 1/C?-V and G-V
characteristics using the FAP electrolyte [12]
for a p'n InP structure, Cd diffused at 600°C
for 10 min, after removing 0.03 um from the
surface.

After 2Zn-diffusion, in the
best case (diffusion at 540°C)
reasonably good diode
characteristics were obtained only
after the removal of about 0.4 to
0.5 um from the surface.

Electrochemical C-V (EC-V)
profilings performed using the FAP
electrolyte [12] have shown that
the net acceptor concentration,
(N,-N,), at the surface, in the
case of Cd-diffusion for diffusion
temperatures of 550 to 600°C, was
from 9 x 10 to 2 x 10*® cm?3?,
depending on the diffusion
conditions. In Figure 4 are shown
two EC-V profiles after Cd
diffusion through about 40A P-rich
chemical oxide <cap layer into
InP:S of two doping levels. As
expected the diffusivity of Cd

into the highly doped substrate appears lower than in the low doping

substrate.

p'n InP SOLAR CELL PERFORMANCES

Small area (0.48 cm?) p'n InP

solar cells were fabricated on

structures diffused at 560°C, the diffusion temperature at which the

1gCS9751511 (INP?SS?SISFHP) 9 Nov 1998

"a: 30 min at 575°C ]

(N, = 3.5E16 cm™)
b: 30 min at 575°C
(N, = 4.5E17 cm™)

T T

N(cm—-3)
ETCH

11

1§ i
Depth (um)

Figure 4. EC-V profiles of two p'n InP structures
made by Cd diffusion into n-InP:S through a
In(PO;);-rich chemical oxide cap layer

(~40 l thick) .

surface dislocation density is
minimum.

Since Au-Zn-Au front
contacts melt as far deep as 2 um
into InP during sintering at
430°C, p'n structures with thick
emitters were fabricated.
Therefore, after front contact
sintering at temperatures from
390°C to 430°C, the emitters had
to be thinned down over the
uncontacted areas. Anodic
oxidation-removal cycles and
chemical etching were considered.
Since none of the etchants known
to us could be wused, a new
etchant which we call the "PNP"
etchant wad developed o)t
Resulting surfaces wusing this
etchant are very smooth as seen
in Figure 5 and a P-rich oxide
grows during the dissolution

process. Performance parameters were recorded at CSU after each thinning
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Figure 5. Nomarski micrograph of a surface
after thinning the p* layer from ~2.5 um to
~0.1 um using the "PNP" etchant,

(u=15, v=45,t =1) [11].

step (see figure 6a). Up to 150 steps rigure 6. Illuminated I-V characteristics
were used in the case of 'chemical of cell #33 using a) an ELH lamp and b)
thinning in order to find the optimal under AMO, 25°C conditions.

emitter thickness. For selected cells, illuminated I-V (see Figure 6Db)
dark I-V, I,.-V,. and spectral response measurements were done under AMO
conditions at NASA-LeRC.

Dark I-V, I,-V.. characteristics, have shown that the diode quality
factor calculated at the maximum power point was from 1.03 to 1.08 and
the dark saturation current density from 8 x 1077 to 2 x 107!¢ A/cm?.

As seen in Figure 7, I,. values increase with decreasing emitter
thickness and reaches a maximum at 0.15 to 0.25 um. M.« was found
for emitter thickness of 0.2 to 0.3 um. This means that most of the
current comes from the low defect density emitter and space charge
regions. The low FF values are due to the large values of R, due to an
inappropriate front grid design. The decrease of FF as a result of
thinning the emitter is directly related to an increase in R, due to a
large increase in sheet resistance once the surface concentration goes
below 9 x 10Ycm™.
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Table 1 shows the wvariation of
the short circuit current density J..
and the open circuit voltage V., for
several p'n InP solar cells fabricated
by closed ampoule diffusion of Cd into
InP:S substrates after thinning the.
emitter from about 2.5 um to 0.06-0.15
Mm by anodic and chemical oxidation,
as a function of the oxide type and
thickness. As seen, by using the PNP-
2 etchant [11] the largest J,., and V_
values have been obtained. The high
V.. values for these thermally diffused
p'n InP solar cells correlate well
with the low surface state density
minimum Ny ., of 3 x 10%%m? ev?
recorded after dissolution of a p'n
InP structure using the PNP-2 etchant,
from 2 um down to = 0.25 um. The
oxide thickness in this case was = 120
nm. The N,, values were calculated
from the conductance-voltage (G-V)
data at different frequencies using a
Polaron PN 4200.

In-rich surface layers have
previously been identified to be a
possible cause of the high density of
interface states [13]. From the large
enchancement of Photoluminescence
Intensity as a result of removing the
In-rich surface oxide layer [14], it
will appear that this is the case.
This might explain the data in Table 1
which show an increase in V_. of anodic
oxide covered solar cells after

Table 1. J,. and V,. of selected p'n InP Solar cells after thinning the p' emitter by anodic
oxidation-removal and chemical etching with PNP etchant [11].
* Approx. Before removing After removing Jsc (b) /T4 (a)
Cell Oxide oxide the front oxide the front oxide
# type thickness layer (b) layer (a) (%)
(nm) J,. (b) Voo (b) J,. (a) Vo (a)
(mA/cm,) (mV) (mA/cm,) (mV)
20 (c) anodic 120 25.69 849 23.33 854 90.8
22 (d) chemical 850 27.00 859 22.43 852 831
23 (e) chemical 150 27.65 859 22.33 850 80.0
26 (f) anodic 130 20.80 846 21.22 851 102.0
27(g) chemical 400 27.96 859 23.04 853 82.4
33(h) chemical 120 29.10 860 = = =
* Illuminated I-V characteristics measured at NASA LeRC, under AMO, 25°C conditions; (c) grown in 3%
citric acid in ethylene glycol (1:3) buffered to pH7 with 20% NH,OH solution; (d), (e) and (g) grown in
PNP-1 etchant; (d):(u=0, v=60, t=1); (e):(u=15, v=45, t=1); (g):(u=5, v=60, t=1); (f) grown in
0-H,PO,:H,0:ACN (1:200:300) [10]; (h) using PNP-2 etchant: (u=10, v=30, t=1); where the PNP etchant is:
[ (0-HPO,), : (HNO;)y : (H,0,)¢ 3 (Hp0) 00— (usvety )
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removing the front In-rich oxide layer. As seen, after removing the
front oxide layers, the solar cell performance parameters are comparable
for the cells made using the two thinning processes, namely, the PNP-1
etchant and anodic oxidation. However, the cell performance parameters
are even better using the PNP-2 etchant. Since the anodic oxidation-
removal process is very laborious and hard to control [10] as compared to
a simple chemical etching process, the latter seems to be the Dbest
answer.

The above V,, values, measured at NASA LeRC under the AMO, 25° C
conditions, are higher than any previously reported V., values for InP
solar cells made by thermal diffusion.

Table 2. Measured or Predicted AMO, 25°C p/n or n/p InP Solar Cell Performances

Structure Junction Dopant Approx. Voc Jsc FF n References
formation Junction (mv) mA/cm? (%) (%)
technique depth
(ptm)
p'-i-n _ LPE Mg/Ss 0.6 8237. 7 37.6 75.4 L2 Itoh et al., NTT [4]
(active (active (Measured)
area) area)
p:(InGaAs)/ LPE 866 29,25 81 15 Shen, et al. [5]
p' (InP) /n(InP)/ ) Zn/S 0.7 Arizona State Univ.
n' (InP) MOCVD 864 32.84 1677 15.9 (Measured)
n*-p Closed S/Zn 0:2~0.3 828 337 81.6 16.6 Okazaki et al., NTT [1]
Ampoule (Measured)
n'-p Faur, et al., CSU [2]
. Closed s/cd 0515 806 30.5 80.1 14.35 (Measured)
Ampoule 0.08-0.1 840 36.5 84 18.8 (Predicted)
X Faur, et al., CSU,
p'-n 0.25 860 29.1 52,.2 9.52 (Measured) This work.
(Cell 33) Closed cd/s 0.25 880 34.5 83 18.36 (Predicted)
Ampoule 0.25-0.3 890 37.4 84 20.4 (Predicted)
Radiation tolerance scale: p‘'-n = n'-p-p' > n'-p > p'-i-n (after Okazaki, et al., NTT ) [1]

External Quantum Efficiency In Table 2 is shown a
. +

vs, W review of performances of p'n

= avelength InP solar cells including

08 those measured and predicted
for our high performance p'n
§ 06 F junctions. For comparison,
c performances of n'p InP solar
= cells made by closed-ampoule
e O5r sulfur diffusion into Zn and
= Coll 17 (110 v choment oo goun | Cd doped substrates are also
'§ 03 o n PNP=1 etchant ) \ given in this table.
£ L0 B e - g One can see that our
% 02 atiC.6/ma/crii undeclminatica ) measured V, . and I, values are
= —F5— Cell 35 ( 120 rm chemical oxide grown higher or very close to
in PNP-2 etchant )
0.0 * ' ' : '
0.4 05 06 0.7 08 09 10 Figure 8. External Quantum

Efficiency plots of selected p'n InP
solar cells measured under AMO, 25°C

wevalengtisinm] conditions at NASA LeRC.
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previously reported values of epitaxially grown p'-i-n [4] or
p*_(InGaAs)/p+ InP/n(InP)/n* InP [5] solar cells.

From the external quantum efficiency plots, seen in Figure 8, an
increase of 15 to 25% in I, can be expected by optimizing the passivating
layer and wusing a second layer AR coating. From the I,-V,.
characteristics such an increase in I, will produce an increase of about
10 mV in V,.. By further optimizing the diffusion process we estimate
that a V,. value of 880 mV is readily achievable using these high
performance thermally diffused p‘n InP structures. Assuming that by
reducing R,, FF values of 83% can be achieved, a simple computation based
on presently measured V.. and I,. values indicates that AMO efficiencies
of over 18% are readily achievable. By further reducing the external
losses (i.e. 4% grid coverage and below 5% overall reflexivity), using
better quality substrates (i.e. defect density below 10%%cm™), optimizing
base doping, further optimizing the diffusion process and the quality of
the passivating layer, AMO, 25° C V.. values as high as 890 mV for solar
cells fabricated by this method of junction formation should be possible.
The J,. nx in this case is of about 37.4 mA/cm’. Assuming a FF of 84%, the
expected maximum AMO efficiency is of 20.4%.

B0 (oo o g e e i 50,0 . ,
) - By comparison, the maximum
e - reported AMO efficiency for an
' (i n‘p InP solar cell made by
oo £ thermal diffpsion is 16:6% [As))s
§ {1304 Voe 1n thlS. case 1s the
Z ol e principal 1limiting parameter.
£ | P Based on our thorough
= X investigation on n'p InP
ik ~. thermally diffused structures
G 1108 Z [2, 6 ] we estimate that the
maximum achievable V, . is about
000 : : ; 1.0 840 mV which 1is in <close
0.01 0.03 0.05 0.07 0.09 0.11 agreement with previously
' predicted values [1]. The
% ) maximum J,. in this case is
Figure 9. Variation of I, and majority carrier limited to 36.5 mA/sz s

concentration (N,) as function of depth after Assuming a similar FF value of
photoanodic dissolution using the FAP electrolyte 84% the maximum AMO efficiency
[12] of an n*p InP structure made by thermal o . &
diEFusion [2]. in this case is of about 18.8%.
These values were calculated
for an n'p InP solar cell with similar minimal external losses as
described above, for a stucture fabricated by sulfur diffusion into Cd-
doped InP substrates, using a thin In(PO;); diffusion cap layer and

removing the phosphorus depleted dead layer from the surface ( 4004).

As seen in Figure 9 which plots the variation of I,. at the FAP
electrolyte/n* InP interface and Ny as a function of the dissolution
depth, however the highest I value is found after removal of about 400A
from the surface, which corresponds to a surface concentration Ny of about
2 x 10¥cm™. The dislocation density minimum at this level was about 6
x 10°cm™2, as revealed electrochemically. This explains the relatively
low V,., and I,. predicted values. However, by further thinning the
emitter, I, and V,. both increase and reach a maximum at about 500A. Due
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to the graded nature of the diffusion profile [6], in this case the R,
drastically increases due to an increase in sheet resistance. Because of
this the maximum efficiency in this case was found for emitter thickness
of 800 to 1000A, which offers an explanation of why the V. ... is only 840
mV, and the J,. is below than that expected from a well designed p'n InP
solar cell.

Very few and contradictory comparative radiation resistance
measurements of the two n'p and p'n InP configurations have been reported
(1 151 While Okazaki, et al. [1l] assume the radiation tolerance scale
for InP solar cells of different configurations to be: p'-n = n*-p-p* > n*-
p > p'-i-n, Weinberg, et al. [15] on the contrary predict the n'p
configuration to be more radiation resistant than the p'n configuration.
An explanation of this is that radiation tolerance evaluations were not
done on structures fabricated under similar conditions. Therefore more
insight in this area is necessary. We plan to do radiation resistance
measurements on p'n InP solar cells but only after the external losses are
drastically reduced, i.e. an AMO efficiency greater than 16%.

CONCLUSIONS

From our preliminary investigation it appears that optimal
conditions for high quality thermally diffused p'n structures are: 1i)
Cd;P, as source; no added phosphorus; ii) diffusion through thin (25-40A
thick) In(PO;),;-rich chemical oxide; iii) diffusion temperature: 560° C
and 1iv) about 15°C temperature gradient between the source and
substrates.

For solar cells made by thermal diffusion we expect the p'n
configuration to have higher efficiency than the n'p configuration, due
especially, to an increased V...

Based on this study we predict that p'n InP solar cells with AMO, BOL
efficiencies approaching 19% should be readily achievable providing that
good ohmic front contacts could be realized on the p' emitters of
thickness lower than 1 um. The maximum expected AMO efficiencies for the
p'n configuration is about 20.4%, while for the n'p configuration, it is
about 18.8%.

If, as we expect, the p'n structures prove to be at least as
radiation tolerant as the n'p structures, then p'n InP solar cells made
by thermal diffusion can become very attractive for space applications
due to a potential low cost, reduced complexity and adaptability to large
scale batch processing.
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IMPROVEMENTS IN CONTACT RESISTIVITY AND THERMAL STABILITY OF
Au-CONTACTED InP SOLAR CELLS

Navid S. Fatemi T and Victor G. Weizert
tSverdrup Technology, Inc., Brook Park, Ohio 44142
FNASA Lewis Research Center, Cleveland, Ohio 44135

Specific contact resistivities for as-fabricated Au contacts on n/p InP solar cells are typically in the
103 Q-cm? range, but contact resistivities in the 10 Q-cm? range can be obtained if the cells are heat
treated at 400°C for a few minutes. This heat treatment, however, results in a dramatic drop in the open
circuit voltage of the cell due to excessive dissolution of the emitter into the metallization. We have found
that low values of contact resistivity can be secured without the accompanying drop in the open circuit
voltage by adding Ga and In in the Au metallization. We will show that Au contacts containing as little as 1%
atomic Ga can suppress the reaction that takes place at the metal-InP interface during heat treatment,
while exhibiting contact resistivity values in the low 10™ Q-cm< range. Similarly, we have found that the
deposition of the alloy Auging on InP can inhibit all the metallurgical reactions which take place at the
metal-InP interface even when heat treated at 400°C for many hours. We will present detailed
explanations for the observed superior thermal stability of these contacts when compared to Au-only
contacts. In addition, we will show that the very low contact resistivities observed with Au on n-InP when
heat treated at 400°C is due the formation of the compound Au, P at the metal-InP interface.

INTRODUCTION

Ohmic contacts to Ill-V solar cells have not traditionally met all of the requirements expected of
them. Ideally, these contacts should show negligibly low contact resistance, react minimally with the
semiconductor substrate yet remain adherent, and be stable with aging at operating temperatures. These
requirements are more stringent for the front emitter contacts than for the back base metallization.

For the front emitter contacts of 11I-V cells to have a negligible contribution to the series resistance,
the contact resistivity P, should be in the low 103 Q-cm range for one sun and in the low 10'5 Q-cm
range for 100X operations (ref. 1,2,3). p, values two orders of magnitude higher than those for the front
contacts are normally adequate for the back base contacts (ref. 2). Post-fabrication high temperature
contact heat treatment or prefabrication semiconductor surface ion damage methods are normally used to
obtain low resistance ohmic contacts (ref. 4 to 7). Both of these techniques, however, can be destructive
for devices with shallow emitters such as n/p InP homojunction solar cells.

Ideally, a contact system should exhibit low contact resistance as-fabricated and also should be
able to withstand thermal stress, such as high operating temperatures or radiation damage annealing,
without compromising emitter integrity. Traditionally used Au and Au-based contact systems can not
adequately satisfy either of the above criteria. However, we have found that the addition of small amounts
of Ga or In to Au contacts not only lowers the as-fabricated pc by an order of magnitude compared to Au-
only contacts, but it also suppresses the metal-InP solid state interactions that normally occur at elevated
temperatures. Our investigation of the Au-InP system and the mechanisms involved in contact formation
(ref. 8 to 11), have enabled us to explain the superior thermal stability of these contacts as compared to
Au-only contacts.

We will present the results of our study on Au-Ga and Au-In contact systems to n-InP and will also
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provide an explanation for the observed two-to-three order of magnitude drop in contact resistivity of Au
on n-InP at 400°C.

EXPERIMENTAL

Epitaxially grown n/p InP diodes used in our study were obtained from the Spire Corporation. n-
type emitters were 0.2 um thick with a doping density of 1.7 X 10 18 om™3 (Si). The p-type (100) substrates
were Zn doped to about 8 X 1016¢cm™S. The Transmission Line Method (TLM) (ref. 12) was used to
measure specific contact resistivity of the contacts on n/p diodes, and the Cox & Strack (C&S) method
(ref. 13) was used to measure contact resistivity of the contacts made to bulk n-InP (100) substrates
doped to about 5E18 cm™ (S).

Contact deposition was by e-beam evaporation at a pressure in the 1078 Torr range. Au-Ga
contacts were made by sandwiching 20A (1% atomic) and 200A (9% atomic) Ga layers between two 900A
layers of Au. The Au-In deposition technique has been described elsewhere (ref. 9). The metallization
thickness for all Au and Au-In contacts was 2000A. Also contacts referred to as as-fabricated have
undergone mild heat treatments (110°C, 30 min.) during photolithographic processing. Also, The diodes
were contacted on the base with ohmic Au-Zn metallization.

In order to monitor the degree of emitter dissolution/perforation caused by the heat treatment
process, we observed the n/p diode current-voltage (I-V) characteristics. As a measure of |-V quality, we
arbitrarily defined a diode conduction voltage V , as the voltage at which the forward current through the
TLM patterned diode with an area of 5.6 X 1073 was 1 mA. A good n/p junction should exhibit a V4 of
about 900 mV. Lower values of V4 indicate a degraded emitter.

All heat treatments were performed in a rapid thermal annealing (RTA) furnace in a forming gas
ambient. The compositional depth profile analysis of the contacts was performed via x-ray photoelectron
spectroscopy (XPS), that was specifically calibrated for use with the Au-In binary system (ref.14).

RESULTS
l. Au-Ga CONTACTS

The motivation to add Ga to Au was provided by the phosphorus release studies of Mojzes et al.
(ref. 15), where it was shown that adding Ga to Au contacts on InP was effective in suppressing the
release of P during heat treatment. We know from our previous studies of the Au-InP system (ref. 8 to 10)
that the interaction of Au with InP is always initiated by the dissolution of In into Au followed by the release
of P. Therefore, suppressing the release of P through Ga addition to Au was an indication that the
dissolution of In was also suppressed. Fig. 1 shows XPS depth profiles of Au-only and Au-1%Ga
contacts on InP heat treated simultaneously at 355°C for 40 minutes. As shown, addition of only 1% Ga to
Au can suppress the metal-InP interaction significantly.

Fig. 1 also shows that Ga addition to Au eliminates the characteristic In peak at the free surface of
the metal observed in Au-InP couples even at room temperature (ref. 11, 16, 17), replacing it with a Ga
peak. The absence of this In peak indicates that Ga is somehow preventing In from diffusing dissociatively,
i.e. interstitially, in the Au lattice (ref. 8). The presence of a Ga peak, on the other hand indicates that Ga is
itself being transported dissociatively in Au. Therefore, it is apparent that Ga, by saturating the interstitial
sites in Au prevents In from entering the interstitial pool, thus suppressing the metal-InP interaction. In
fact, the presence of Ga in Au suppresses all the solid state phase transitions in the Au-InP system (three
stages) which involve the formation and diffusion of the In interstitial (ref. 18).

Fig. 2 illustrates the effectiveness of adding 9%Ga to Au in preserving the emitter integrity of a n/p

4-2



diode during heat treatment. As shown, the diode with Au-only metallization begins to fail at about 370°C,
whereas minimal degradation is observed for the Au-9%Ga contacted diode up to 440°C. It should be
noted that addition of 9% Ga to Au is more effective in suppressing the metal-InP interaction than is the
addition of 1% Ga to Au. This is due to the fact that some Ga interstitials take substitutional positions in the
Au lattice during heat treatment, thereby losing their ability to prevent In interstitials to enter the lattice.
However, if sufficient amount of Ga is added to Au (i.e., 9%) so that some Ga atoms can remain in their
interstitial positions during heat treatment, the In interstitial entry into the Au lattice can still be prevented.

In addition to the desirable reaction suppressing effects of Ga addition to Au, we have found that
Ga addition improves the contact resistance of Au contacts. As shown in Fig. 3, Au-9%Ga contact shows a
one to two order of magnitude lower contact resistivity than the Au-only contact up to 400° C. A minimum
pc value of 3.2 X 1072 Q-cm? is observed with Au-9%Ga contacts at the 270-280°C range. The contact
resistivity values of Au-1%Ga contacts are very similar to those of Au-9%Ga contacts.

Since Ga causes the In entry rate into Au to slow down, P atoms released at the metal-InP
interface have time to dissipate. It has been shown that a decrease in the amount of accumulated P at the
metal-InP interface can result in lower contact resistivity values (ref.18). This may explain the lower p,
values observed with Au-Ga contacts as compared to Au-only contacts.

Il. Au-In CONTACTS

Another method to inhibit In entry into the Au lattice, and thus improve p, is to introduce In into
the metallization in place of Ga. But since the addition of In to Au in amounts less than 10% atomic (the
saturated solid solution of In in Au) can not suppress the metal-InP interactions, we deposited Au-In
mixtures ranging from 12 to 35% In. Fig. 4 shows the effect of adding In (and Ga) to Au for as-fabricated
contacts on n-InP. As shown, Au-In and Au-Ga as-fabricated contacts have about an order of magnitude
lower contact resistivity than Au-only contacts.

To examine the thermal stability of Au-In contacts at elevated temperatures, we subjected Au
contacts containing 23, 35, and 30% (Auglng) In to isothermal annealing at 400°C. The compound
Auglny was specifically chosen because it is the end product of the third stage of a series of solid state
interactions in the Au-InP system (ref. 10), and therefore, was expected to withstand thermal stress at
elevated temperatures. Indeed, as shown in Fig. 5, n/p diodes contacted with Augln, showed no
degradation at 400°C for at least 12 hours. Also evident from the figure is the fact that although the 23%
and 35% In-Au contacts are not as stable as Auglny, they are far superior than Au-only contacts.

In addition to their metallurgical stat%mty, Au-In contacts show stable contact resistivities at 400°C.
As shown in Fig. 6, p,, values in the low 10™ to low 10 4 Q-cm range are obtainable with these contacts.
Here again, Auglng is more stable than other Au-In contacts.

lll. AuCONTACTS

Looking back, in Fig. 3, it is seen that although Au-only contacts show higher p values than the
Au-Ga contacts at lower temperatures, at 400°C a two-to-three order of magnitude drop in contact
resistivity is observed. We were able to correlate this resistivity drop with a phase transition (stage ) in the
Au-InP system where the contact metallization is transformed to the pink colored compound Aug|n (ref. 9).
This is illustrated in FI% 7 where Au-contacted InP was heat treated at 353°C. As shown, p, reaches a
plateau in the low 10™°Q- -cm? range as the entire metal is converted to AugIn.

The stage Il phase transition, which is apparently responsible for this resistivity drop, is
accompanied by three prominent physical changes in the Au-InP system. First is the conversion of the
contact to the stable alloy Augln. Second, the compound Au,Pg is formed at the metal-InP interface
concurrent with the appearance of AugIn, and finally the surface of InP beneath the contact becomes

pitted (ref. 9).
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In order to determine which of the above changes are responsible for the resistance drop, we
designed the following experiment where various stage Il products were selectively removed and
replaced. To facilitate alignment and remasking of the contacts, we prepared five samples each having Au
discs of various sizes on bulk n-type InP for contact resistivity measurement via the C&S technique. The
contacts were heat treated at 390°C for 3 minutes to induce stage Il phase transition. As shown in Fig. 8,
all five samples exhibited ~two order of magnitude drop in p,, (note that here overall p, values are lower
than samples used for TLM measurements since the InP doping density is higher by ~factor of 3) (ref.19).

We then removed Augln and Au, P4 from three samples (dark circles in Fig. 8), leaving a pitted InP
surface, and only AuglIn from the remaining two samples (light circles) leaving Au,Pg on the InP surface.
As shown in the figure, p values for samples with Au, P4 remained essentially the same after Augin
removal. We then remasked all samples and redeposited a 2000A layer of Au over original patterns. Again
as seen in the figure, p., values for samples with Au, P4 did not change, but samples without Au,P
showed resistivity values nearly as high as their original as-fabricated values (note that pitted InP surface,
having a larger area than the smooth surface, measures a lower p., value than its true value).

From the above results, we can conclude that the observed large drop in contact resistance is due
neither to the changes in the InP surface geometry nor to the presence of the Augin alloy, but in fact it is
due to the formation of Au, P at the metal-InP interface.

SUMMARY

We have investigated Au-Ga and Au-In contact systems as front emitter metallization for use on
n/p InP solar cells. Our major findings are as follows:

1). When Ga is added to Au, it precludes the entry of other species such as In and Au into the Au
lattice.

2). Because In interstitial formation and migration are involved in all three stages of the Au-InP
interaction, all aspects of the reaction of Au with InP are suppressed if sufficient interstitial Ga is present in
the Au lattice.

3). The addition of as little as 1% atomic Ga into Au on n-InP reduces the as-fabricated contact
resistivity by an order of magnitude.

4). Addition %f various amounts of In to Au on n-InP can show as-fabricated contact resistivity
values in the high 10 Q-cm? range.

5). The alloy Augln,4 deposited on n-InP is metallurgically and electrically stable for many hours of
heat treatment at 400°C.

6). The two-to-three order of magnitude drop in contact resistivity observed with Au on n-InP
when heat treated at 400°C is the result of the formation of the compound Au, Pgatthe metal-
semiconductor interface.

7). Finally, we have shown that Au-Ga and Au-In contact systems have lower contact resistivity

and superior thermal stability than Au-only contacts to n-InP, and they are suitable candidates for use as
the front emitter ohmic contacts to n/p InP solar cells for one sun or concentrator applications.
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INTRODUCTION

Formation of a textured or grooved front surface on a solar cell can increase the efficiency in several ways,
including enhanced absorption and light trapping. Anisotropic etching techniques have been little used on
indium phosphide (InP), principally because anisotropic etching in the l1I-Vs is more complicated than on silicon. In
11I-V materials the (111) plane is chemically different from the (111) plane, and both etching and epitaxial deposition
behave differently on these surfaces [Ref. 1]. This paper summarizes the current state of profile etching in InP
and includes data on novel geometries attainable as a function of etchant temperature and composition, substrate
orientation and carrier concentration, and the oxide thickness between the substrate and the photoresist.
Depending on dopant concentration, the same etchant can produce either anisotropic or isotropic grooves. V-
grooved solar cells have been manufactured on InP, and the improved optical absorption demonstrated [Ref. 2].
Preferred parameters for various applications are listed and discussed.

ANISOTROPIC ETCHING

Reduction of surface reflection, as shown in figure 1, can be achieved by use of a grooved surface. The
groove walls are (111) In crystal planes. The grooves are defined by a photoresist pattern, and an anisotropic
etchant is used to etch the groove profile through the open stripes in the photoresist. Reflection is minimum
when the groove top and bottom surfaces are sharp, with minimum or no flat area. For the (111) grooves on a
(100) InP wafer, the photoresist stripes must be aligned along the [011] direction. (As discussed, alignment in the
perpendicular direction will produce other groove shapes.) Figure 2 shows the flat orientation for a (100) InP
wafer. Note that the Japanese and European standard for the primary and secondary flat is different from the SEMI
standard.

An etchant composed of 10:1:1 proportions of HBr, H,O,, and HCI, respectively, will produce V-grooves on
InP. Each component is precooled to -20°C prior to mixing and carefully maintained at -20°C during the required
etching time to achieve the desired geometry. This time varies with the chosen geometry and the substrate
doping concentration. For doping concentrations less than 1E18 cm™3, a complete sawtooth structure of 8 micron
periodicity takes approximately six minutes, when the photoresist is applied over a native oxide layer.

The effect of the etchant used can be seen in Figures 3 and 4, which are views of InP wafers that have been
cleaved after etching but before removal of the photoresist stripes to show the cross section of the grooves
produced. The photoresist is visible at the top of the grooves. Figure 3 shows an InP wafer etched in HCI. The
HCI etchant reveals low-angle (311) planes. Figure 4 shows an identical wafer etched with the HBr:H,O5:HCI
etchant discussed above. The planes revealed by the etching are (111) surfaces. It should be noted that the
etching shown here was done in ambient "room light," and is believed to be unenhanced by photoetching [Ref.
3]

We have found that producing the desired sharp groove-tops is dependant on the surface treatment of the
InP wafer. Initial oxidation has been found to be rapid in InP [Ref. 4]. A "native" oxide layer formed in room air of
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variable humidity can be expected to be approximately 3 nm thick. Removal of this oxide layer prior to photoresist
application has a dramatic effect on the lateral etch rate, as can be seen by comparing Figures 5 and 6. Nearly
sharp groove peaks are produced by undercutting on InP wafers with an oxide layer, while almost no undercutting,
resulting in flat groove tops, is produced on InP wafers where the oxide layer has been stripped. Deliberate growth
of anodic oxides was found to slightly increase the rate of lateral etching, but yielded the same final structure.
Previous authors have found differences in etch rates and profiles using SiO, and standard photoresist [Ref. 5].

incident light

Front contact ! :
metallization e &
/ 2 o y

Figure 1. V-Grooved InP Solar Cell.
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Figure 2. Orientation of InP wafer and mask lines for desired geometries
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g3 20Ky X11.8K

Figure 3. InP (Zn: 2E16 cm'3) etched in HCI

1080089 20KY X5.0

Figure 5. InP (Zn: 2E16 cm3) with native oxide;
etched 6 minutes

Figure 4. InP (Zn: 2E16 cm™3) etched in
10HBr:1H205:1HCI

190001 208KV X5.0

Figure 6. InP (Zn: 2E16 cm™3) without oxide;
etched 10 minutes
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EFFECT OF CARRIER CONCENTRATION

The etching results are also influenced by the carrier concentration, as is shown in Figures 7 and 8.
Anisotropic etching can be achieved for all substrates with carrier concentrations lower than 1E18 cm3.
Substrates with carrier densities greater than 1E18 cm3 etch anisotropically at the initial stage of etching, but
rapidly become isotropic. The mask lines in this case parallel the primary flat illustrated in Figure 2.

The orientation of the photoresist stripes is also important. When the mask lines are perpendicular to the
primary flat, the resulting geometries are shown in Figures 9 and 10. Again, the etching changes from isotropic to

anisotropic when the carrier concentration increases, however, as expected, in neither case is a V-grooved profile
obtained.

<
110017 3KV X5.88K "&.dum 118811 3KV X5.88K "6.0um
Figure 7. [011] direction; Zn: 4E17 cm™ Figure 8. [077] direction; Zn:1.5E18cm™3
etched 1 minute etched 1 minute

1100863 9KV X

Figure 9. [017] direction; Zn: 4E17¢m™3; Figure 10. [011] direction; Zn: 1.5E18cm™3;
etched 1.5 minutes etched 1.5 minutes
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The etching time has a dramatic effect on the surface geometry of samples with carrier concentrations greater
than 1E18 cm3. The rate of lateral versus vertical etching can be controlled on samples with lower concentrations
to produce a complete saw tooth, with the vertical depth of etching controlled by the mask line widths and spacing.
However, in the case of samples with higher concentrations, the effect of etching time is marked by a change from
anisotropic to isotropic etching. This is shown in Figures 11 and 12.

110029 20KY X5.00 190092 25KY X5.18
Figure 11. [017]direction; Zn: 1.5E18cm; Figure 12. [011] direction; Zn: 1.5E18cm™3;
etched 30 seconds etched 60 seconds

UNMASKED V-GROOVES

It is also possible to produce low-angle V-grooves on InP without a photoresist mask [Ref. 6]. The low-angle
groove process uses concentrated HCI (assay 37%) as an etchant at 17°C in room light. The grooved surface
produced by this process is shown in Figure 13. Approximately 100 microns of InP are removed before grooves
of approximately 2.4 um cover the entire surface. This effect is not dependent on the carrier concentration or
type. These grooves are approximately 23.2° with respect to the (100) plane which is typical of the (311) plane
which is preferentially exposed by an HCI etchant.

These low-angle V-grooves can also be used to decrease the surface reflectivity in solar cells which include a
glass cover. This effect is achieved by the use of total internal reflection at the air/coverglass interface [Ref. 6].
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110004 20KY X5

Figure 12. SEM image of low-angle V-grooves formed after etching InP in concentrated HCI

CONCLUSIONS

Geometric etching can be controlled in InP by an appropriate choice of etchant and mask orientation. The
conditions required for a given geometry are dependent on the dopant concentration and oxide thickness
between photoresist and substrate. There is a transition from anisotropic to isotropic etching when substrate
carrier concentrations exceed 108 /cm3. Recent work has indicated that isotopic profiles are possible in InP when
a diffusion-controlled reaction dominates [Ref. 5]. The lateral etch rate was found to be strongly dependent on
the surface conditions. The desired sharp-topped (111) V-grooves are most readily achieved with an etchant of
10HBr:1 HoO,:1 HCl at -20°C. An alternative maskless process in HCI can be used to produce low-angle (311)
grooves.
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ABSTRACT

The apparently unrelated phenomena of temperature dependency, carrier
removal and photoluminescence are shown to be affected by the high
dislocation densities present in heteroepitaxial InP solar cells. Using
homoepitaxial InP cells as a baseline, it is found that the relatively
high dislocation densities present in heteroepitaxial InP/GaAs cells
leads to increased values of dVoc/dt and carrier removal rate and
substantial decreases in photoluminescence spectral intensities. With
respect to dVoc/dt, the observed effect is attributed to the tendency
of dislocations to reduce Voc. Although the basic cause for the
observed increased in carrier removal rate is unclear, it is speculated
that the decreased photoluminescence intensity is attributable to defect
levels introduced by dislocations in the heteroepitaxial cells.

INTRODUCTION

Several research programs, now underway, are aimed at producing InP
solar cells from thin layers of InP epitaxially deposited on cheaper,
more durable substrates (refs. 1,2,3). The motivation for this research
lies in the high cost and relative fragility of InP. Efforts to date
have focused on the use of Si and GaAs substrates. Although intervening
lattice matching layers have been used , the lattice constant mismatch
between InP and these foreign substrates introduces dislocations which
tend to adversely affect cell performance. It is anticipated that the
adverse effect of dislocations will eventually be minimized. However,
in the present state of the art, dislocations are a dominant factor in
adversely affecting cell performance and in contributing to increased
radiation resistance (refs. 1,3,4). Although information exists
concerning the effects of dislocations on cell performance and radiation
resistance, little or nothing is known concerning their effects on such
cell properties as temperature dependence, carrier removal and photolu-
minescence spectral intensities. The present paper is concerned with
our initial results concerning the effects of dislocations on these
properties.

EXPERIMENTAL DETAILS

The cells were produced by organo-metallic vapor phase epitaxy (OMVPE)
at the Spire Corporation under contract to NASA Lewis. Both homoepitax-
ial and heteroepitaxial n+p+ cells were processed, the latter consisting
of InP cells on GaAs substrates. _Etch pit densities, determined by
electrochemical etching, were 4X10’7 cm™2 for the heteroepitaxial cells

6-1




and 4X103 cm™? for the homoepitaxial cells. Performance parameters of
both cell types are listed in table I. Temperature dependencies were
determined over a range from 25 to 75°C. Over this temperature range,
a pulsed Xenon arc solar simulator was used to determine cell perfor-
mance. Carrier concentrations were determined by capacitance-voltage
(C-V) measurements after irradiation by 10 MeV protons in the Lewis
cyclotron. Photoluminescence (PL) spectra were obtained at 11 and 298K.
The PL spectrometer covered the wavelength range from 850 to 3000 nm
while the excitation wavelength was 514 nm.

RESULTS AND DISCUSSION

Temperature Dependencies

The temperature dependency of Voc, from 25 to 75°C is shown in fig.1.
With the exception of Isc (fig.2) all of the parameters shown in table
I were linear over this temperature range. The non-linear behavior of
Isc is consistent with our previous data obtained over a much wider

temperature range (ref. 5). A summary of temperature dependencies at
328 K is shown in table II. This temperature was chosen to avoid the
non linearity in Isc. 1In addition, it falls within the temperature

range of several space orbits of interest. As seen from the table, the
temperature dependencies of all parameters, except Voc, are equal within
the standard deviations. Clearly, dVoc/dT is greater for the heteroe-
pitaxial cell.

The temperature dependency of Voc can be discussed using the relation
(ref. 6),

dVoc/dT = ((Voc-Eg(T))/T) - 3k/q - a T(T+2 B)/(T+ B)2
+ (kT/qIsc) (dIsc/dT) (1)

where Eg(T) is the bandgap at temperature T, k 1is the Boltzmann
constant, while a and B are constants in the expression

Eg(T) = Eg(0) - a T?/(T+B8) (2)

Eg(0) is the bandgap at 0 K (1.421 eV) and a = 6.63X10™% ev/K with B8 =
552 K (ref. 5). Values calculated for dvVoc/dT, at 328 K, are shown in
table III where it is seen that the measured and calculated values
differ by 9.7 and 13% for the homoepitaxial and heteroepitaxial cells
respectively. Despite this, equation 3 is useful in correlating values
of Voc with its temperature coefficient. Detailed calculations indicate
that the first term in equation 3 is dominant. Hence cells with higher
values of Voc should have smaller values for dVoc/dT. The data of table
III is in agreement with this prediction. Furthermore, since increased
dislocation densities result in smaller values of Voc (ref.7) the data,
and equation 1, tend to support the conclusion that increased disloca-
tion densities result in higher values of dVoc/dT.

Carrier Removal

Carrier removal, after 10 MeV proton irradiations, is shown in fig.3.
The carrier removal rate is obtained using the relation,
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AP = RgP (3)

where theAp are carriers removed at the fluence p and Rc is the carrier
removal rate. From (3) a slope of one is indicated for the plot shown
in the figure. Since this is indeed the case, Rc can be determined from
points on the straight lines of fig.3. The results shown in table IV
indicate that the cell with the highest dislocation density has the
highest carrier removal rate. Although the increased carrier removal
is correlated with the increased dislocation density, the basic
mechanism responsible for this effect is unclear at present.

Photoluminescence

The photoluminescence spectrum of an unirradiated InP/GaAs cell, at 11
K, is shown in fig.4. The peaks at 1.382 eV and 1.419 eV are attributed
to the conduction band to acceptor and interband radiative transitions
respectively. The remaining peak is the so called phonon replica of the
conduction band-acceptor peak. Except for additional structure in the
interband peak, the peak positions and slope of the homoepitaxial cell
are similar to those shown in fig.4. The relative intensities, at 11
K, for each spectral component, except the phonon replica, are shown in
fig.5. It is readily seen that the intensities for each component of
the heteroepitaxial cell are at least an order of magnitude less than
the spectral intensities for the homoepitaxial cell. The room tempera-
ture peaks of fig.6 confirm the tendency for the cell with greatly
increased dislocation density to exhibit a considerably reduced
photoluminescence intensity. The decreased intensity for the heteroepi-
taxial cell can be attributed to the presence of additional transitions
outside the range of the spectrometer and/or to additional non-radiative
transitions, both effects attributed to the effects of dislocations.
In either case, it is assumed that the undetectable transitions are to
defects caused by the increased presence of dislocations in the
heteroepitaxial cells. It is noted that we have been unable to find
evidence, in the literature, for the presence of additional defects,due
to dislocations in p-type InP. However, for n-type InP, DLTS measure-
ments indicate the presence of defects attributable to the presence of
dislocations (refs. 8,9). Lacking such evidence for the p-type base of
the InP/GaAs cell we tentatively assume the presence of additional
defects due to the high dislocation density in this cell.

CONCLUSION

The present data indicates that large differences in dislocation density
lead to increased values of dVoc/dT and carrier removal rate together
with a drastic decrease in photoluminescence intensity. Considering the
limited data set, it is perhaps premature to overgeneralize concerning
the effects of dislocations on these quantities. On the other hand, the
present data set tends to indicate that the increased value of dvVoc/dT
is due to the tendency of dislocations to reduce minority carrier
diffusion length and thus Voc. Considering photoluminescence, it is
speculated that the decreased intensity in the heteroepitaxial cells is
due primarily to defects associated with the increased dislocation
density. However, the basic cause of the increased carrier removal rate
is relatively unclear at present.
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ABLE I. C ERS
NUMBER Jsc Voc FF EFFICIENCY
CELL TYPE | OF CELLS mA /cm? (mV) (%) %
InP/InP 4 32.3%0.1 0.874%.001 83.3%1.4 17,1+0.3
InP/GaAs 4 28+0.2 0.7%.006 69.8+3.9 10+0.6
TABLE II. CELL TEMPERATURE COEFFICIENTS AT 328K
CELL dPy/dT dvoc/dT dIsc/dT dFF/dT
mW/cmZK mV/K mA/cmzK %$/K
InP/InP -(5.46+.21)X1072 | -2.07%.02 | +(2.21+.4)X1072 | -5.43%1.56
X1072
InP/GaAs | -(5.63%+.25)X1072 | -2.51+.01 | +(1.99%.11)X1072 | =7.5+1.97
X102
TABLE III. CALCULATED AND MEASURED VALUES OF dvVOC/dT
CELL EPD Voc Voc/dT (mv/K)
cm™? mv MEASURED CALCULATED
InP/InP 4 X 103 8741 -2.07+.02 -2.27+.01
InP/GaAs 4 X 107 700%6 -2.51%.02 -2.84103
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TABLE IV. CARRIER REMOVAL RATES AFTER 10 MeV PROTON IRRADIATION

CELL oV T EPD
cm™1 cm™2
InP/GaAs 8.8 X 102 4 X 107
InP/InP 5 X 102 4 X 103
(]
0.85 |-
Voc
0.80 |
V)
0.75 | | | | |
25 35 45 55 65 75

TEMPERATURE (o()

FIGURE 1 - TEMPERATURE DEPENDENCE OF OPEN
CIRCUIT VOLTAGE (InP/InP CELL)
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CIRCUIT CURRENT (InP/InP CELL)
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FIGURE 3 - CARRIER REMOYAL BY 10 MeV
PROTONS
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ABSTRACT

An extensive experimental study was conducted wusing various
electrolytes based on HC1l, o-H,PO,, H,SO,, HIO,;, HNO,, HF, CH,;COOH, H,0, and
NH,OH in an effort to find an appropriate electrolyte for anodic
dissolution of InP. From the analysis of electrochemical C-V, 1/C*-V, G-
V, I-V characteristics in the dark and under different illumination
levels, X-ray Photoelectron Spectroscopy and SEM/Nomarski inspection of
the surfaces, we have determined that the anodic dissolution of InP front
surface layers by FAP electrolyte is a very good choice for rendering
smooth surfaces, free of oxide and contaminants and with good electrical
characteristics.

After experimentation with a fairly large number of p, n, p’, n
Czochralski LEC/VGF grown InP substrates and n'p and p'n InP structures
made either by thermal diffusion or epitaxy, the FAP electrolyte based on
HF, CH;COOH and H,0, appears to be inherently superior to previously
reported electrolytes (i.e., 0.5M HCl and the pear etch) for performing
accurate EC-V profiling of InP at current densities of up to 0.3 mA/cm?.
It can also be used for accurate electrochemical revealing of either
precipitates or dislocation density with applications to EPD mapping as
a function of depth, and for defect revealing of multilayer InP
structures at any depth and/or at the interfaces. Owing to its inherent
qualities, the FAP electrolyte can also be used, with good results, for
surface passivation of InP prior to deposition of an insulator or
antireflective coating.

o

INTRODUCTION

One of the major problems yet to be solved in InP device technology
is to remove, in a controlled manner, the contaminated and/or damaged
surface layers due to processing steps such as masking, doping and
annealing, 1in such a way that smooth surfaces with good electrical
characteristics are obtained.

***Funded by NASA Lewis Research Center
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For most semiconductors, including InP, simple chemical etching does
not yield smooth surfaces with good electrical characteristics. Thinning
the damaged surface layers of InP by plasma etching so as to obtain
smooth surfaces is also not easily achieved due to preferential
sputtering at the defect areas.

Anodic dissolution [1] can be successfully used for controlled
thinning of surface layers, providing that a proper electrolyte and
processing parameters are selected. For InP, none of the previously
reported electrolytes such as 0.5M HC1l [2] and the pear etch [3] seem to
satisfy the criteria of an ideal electrolyte. They either dissolve InP
preferentially at the defect areas, and/or form insoluble products on the
surface. This makes the thinning process dependent on the surface
chemistry and, therefore hard to control.

Thinning InP surfaces by anodic dissolution occurs via an anodic
oxidation-dissolution process. The choice of the -electrolyte 1is
therefore crucial if smooth surfaces, free of contaminants and oxide, and
with good electrical characteristics are desired. The electrolyte should
contain both an oxidizing and a reducing component, chosen such that both
elemental species of InP are nearly equal during dissolution. In other
words, it should not promote preferential oxidation at the dislocation
areas [4] or form stable oxide species on the surface [1].

From a fairly large number of new electrolytes we have tried in this
study we have selected the so called "FAP" electrolyte [5], which proved
to be inherently superior to previously reported electrolytes know to us,
for thinning the heavily damaged n* and p* front layers of thermally
diffused n'p and p‘n InP structures [6]. In this study we investigated
the use of this new electrolyte for other applications where smooth
surfaces are required (e.g. electrochemical C-V (EC-V) profiling and
surface passivation of InP), as well as for exposing the structural
defects (precipitates and etch pit densities) at a given depth of front
n*- or p'-InP layers.

Other studies wusing the FAP electrolyte, presently still under
investigation include:

1. Photocapacitance spectroscopy.
2 Determination of surface state density of InP.
S The use of this and/or related electrolytes for material

characterization and/or processing of other III-V compounds.

EXPERIMENTAL
We have conducted an extensive experimental study using wvarious
electrolytic solutions based on HCl1l, o-H,PO,, H,SO,, HIO,, HNO,, HF,
CH,COOH, H,0, and NH,OH in an effort to find an appropriate electrolyte for
anodic dissolution of InP.

The experimental study was performed using a large number of:
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(a) n, p, n' and p' Czochralski LEC grown InP substrates from
Crystacomm, Inc. and Nippon Mining Co.;

(b) p-InP substrates grown by the VGF method, from AT & T;

(c) thermallly diffused n'p and p'n InP structures fabricated
by us at the Cleveland State University.

(d) high quality epitaxially grown n‘p InP structures from
SPIRE Corporation.

The dissolution process and the quality of the surfaces after
dissolution to different depths were characterized by:

(a) an analysis of C-V, 1/C?-V, G-V and I-V characteristics
using a Polaron Model PN4200 profiler with an exposed area
ef 0.009 or 0.1025 cm?;

(b) inspection of surface topography using Nomarski and SEM
microscopy;

(c) Dektak inspection of the craters;

(d) and, on selected samples, X-ray Photoelectron Spectroscopy
(XPS) study of the surface contaminants and oxidation stage
after dissolution in different electrolytes.

RESULTS AND DISCUSSION

As a result of this study, a new electrolyte, which we call the FAP
electrolyte was developed for controlled thinning of InP resulting in
smooth surfaces with good electrical characteristics and free of oxide
and contaminants. The FAP electrolyte has successfully been used for
accurate EC-V profiling, defect revealing and surface passivation of InP
prior to growing deposition of the insulator or anti-reflective (AR)
coating layers.

ANODIC DISSOLUTION

Most of the processing steps used in fabrication of InP devices such
as masking, diffusion and annealing, leave contaminated and/or damaged
surface layers which are not desired if good quality devices are to be
fabricated.

To limit our discussion we are going to refer here only to InP
structures made by thermal diffusion used for fabrication of homojunction
n'p or p'n InP solar cells. It is known that n'p or p'n InP structures
made either by thermal diffusion or ion implantation have the surface
stoichiometry destroyed. As an example, in the case of n'p InP structures
made by closed-ampoule diffusion of sulfur into p—-InP substrates, we have
previously found that the phosphorus depleted dead layer can extend up to
several hundred angstroms below the surface [7] and it strongly affects
the solar cell performance parameters [8]. Therefore, an
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important step in the fabrication of high performance InP solar cells or
other devices using thermal diffusion or ion implantation consists of
removing, in a controlled manner, the destroyed surface layer.

By using different electrolytes
it has been reported [9, 10] that
during anodic dissolution of InP or
GaAs, reactive intermediates capable
of injecting electrons into the
conduction band expose crystal planes
other than those initially found at
the surface. Usually, smooth surfaces
can be obtained only if both elemental
species of the InP are nearly equal.
Also, surface defects generally
inhibit anodic dissolution of the
semiconductors by enhancing the
recombination rate of photogenerated
holes.

In an effort to find a well
suited electrolyte for anodic
dissolution of high defect density n'p
InP made by thermal diffusion [1], we
have previously found that from a
large number of possible combinations
of oxidizing and reducing agents, the

FiguEsil Nenarak N anc SENnicrenrarusiofin b FAP electrolyte was the best answer
InP surfaces: a) initial (x1,100), and after .

photoanodic dissolution to a depth of 0.3 pum (1]. As an example the micrographs
using: b) 0.5 M HCl; ¢c) 0.5 M H,S0, (x1,100); 4 l ures al show

d) 1MHF (x1,100); e) 1 M HF:O.EM ‘HCl (15205 presented L0 3 d 9 the
and FAP electrolyte (x1,100) [1]. surface topography of the bottom of

the craters after anodic dissolution
to a constant depth of 0.3um of high defect density n'p InP structures

using selected electrolytes. The polarization was maintained in the
dissolution region
1.50 T T T ' 50.0 (anodically relative to Vi)
so as to yield an anodic
125 02 = current density of 0.3mA/cm?.
~ % As seen, the smoothest

o 1.00 | 5 ] i ]
g - age 2 surface 1s obtained using
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= o075 = the © = and I1-V
= 206 o characteristics, and XPS
5 220 - inspection it was also found
— 108 Z that the resulting surfaces
' are free of oxides and

? contaminants.
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photoanodic dissolution at 0.2V bias voltage of the n' highly damaged front nt layer
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the quality of the emitter is evident in Figure 2 by the variation of the
photoelectrochemical short circuit current at the FAP electrolyte InP
ligquid junction under a constant low level illumination. The Isc reaches
a maximum after removal of about 400A from the surface corresponding to
a surface carrier concentration of about 2 x 10%®cm™. Interestingly
enough, AES profiling have shown in this case that the phosphorus
depleted dead layer also extends to about 400A below the surface [7].

EC-V PROFILING

Electrochemical C-V (EC-V) profiling of semiconductors is probably
the most used and convenient method for accurate determination of thermal
equilibrium majority carrier concentration depth profiles. The accuracy
of EC-V profiles of III-V compounds in general and InP in particular, is
strongly dependent on the surface chemistry, structural defect density,
electrolyte type, current density and illumination level. For a given
InP structure the electrolyte plays an essential role. In choosing the
electrolyte, several criteria should be met, such as:

15 It should make good rectifying contact to both p- and n-InP
surfaces;

2. The electron number for p—-and n-InP should be constant;

e The chemical etch rate should be much smaller than the anodic

dissolution rate;

4, The crater must have a smooth bottom, free of oxide, with
straight walls and no rounding at the crater rim.

O,

T T T
LR S U7 S I A S S S 1 [

R fi=c
E 18 1T
S Jw
z 4
r 51(20): Diffusion temperature: 660°C
17 Diffusfon time: 3 hours
E 1 ag InyS,/ca’; 1 mg Plen’.
1§ T
Depth (um)
Figure 3. a) EC-V profile of a high defect density n'p InP structure using 0.5 M HCl; b) close-up view

of the bottom of the crater.

EC-V profiling utilizes an electrolyte-semiconductor liquid junction
for the C-V measurements where the electrolyte is also an anodic etchant
for the material being profiled [11]. The depth profiling is
accomplished by alternately dissolving the surface of the semiconductor
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to some depth, thereby creating a crater-like etch profile, and then
performing a low reverse bias C-V measurement.

None of the previously reported electrolytes, recommended for EC-V
profiling of InP, such as 0.5M HCl [2] and the Pear etch [3] seem to
satisfy the criteria of an ideal electrolyte because of one or more
drawbacks such as: dissolving InP preferentially at the defect areas,
forming insoluble products on the surfaces, producing rounding at the
crater rim, introducing parasitic capacitance components at the
electrolyte/semiconductor interface, etc., which result in inaccurate
profiles.

This study was promoted by the necessity to record accurate EC-V
depth profiles of high defect density n’'p InP structures. Using the 0.5M
HC1l electrolyte, a typical EC-V profile of these n*p InP strucures is
shown in Figure 3a. HCl based electroytes dissolve InP ppreferentially
at the dislocation areas and since with this electrolyte the dissolution
rate in dark for p-type InP is much higher than that of n-type InP,
several micron deep pits are etched along the (111) planes before the
thin (about 0.15 um thick) n* layer is completely removed, as seen in
Figure 3b. The large differences between the geometric and effective
areas explain why the apparent carrier concentration values are over one
order of magnitude higher than expected.

sais e The accuracy of all carrier
J T G R OaM. Bt 1) ] concentration profiles derived from
2 RI0E 1 measurements of Mott-Schottky
2 iEAE leamalite 1 capacitances are critically
dependent on the area of the
semiconductor contact and its edge
definition. Due to the square low
dependence of |N,-N,| on the barrier
] area, small differences between the
VP fﬂ o geometric and effective areas due to
il - 2o 1) rough bottoms or ii) rounding at
the crater rim, as is the case with

Depth (nm) 0.5M HCl aqueous solutions, will

Figure 4. Comparison of EC-V profiles of an n'p InP Jinte iels to .large e ¢ e
structure using three different electrolytes. calculated carrier concentration
depth profiles such as that shown in

1e+18 F

N (cm™3)

1e+17 F

Figure 3a.

Using 0.5M HF:0.5M HCl1l (curve 1) or 10% HF (curve 2) electrolytes,
as seen in Figure 4, we observe an improvement in the quality of the
EC-V profiles of n'p InP structures similar to the ones discussed in

Figure 3a. The apparent junction depths (xX;; and xy,) were still about
twice than the expected value since these electrolytes still dissolve InP
preferentially at the dislocation areas. Using the FAP electrolyte

(curve 3), we claim the EC-V profile to be very close to the real one
since all the requirements of good EC-V profiling mentioned before, are
met.

Figure 5 shows the view of the craters after EC-V profiling of
thermally diffused p‘n InP structures with low dislocation density [12]
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made by Cd diffusion into n-InP:S (N,
= 3.5 x 10*cm™) using four different
electrolytes. We have also done a
SEM inspection of the bottom of
craters and verified that the
smoothest surface 1is obtained by
using the FAP electrolyte as seen in
Figure 5A. Dektak profiles of the
craters of Figure 5 shown in Figure
6 indicate that using the FAP
electrolyte, the crater walls are
straight with no rounding at the
crater rim (as is seen to be the
case for 0.5M HCl solution) and the
crater Dbottom is flat. This,
associated with very low parasitic
capacitance components, explains the
excellent agreement Dbetween the
depth obtained by a dektak
measurement and that calculated from
the integrated current density of
anodic dissolution wusing the FAP
electrolyte.

In choosing a good electrolyte
for the EC-V profiling, the C-V

‘ = " characteristies () 55 the
Figure 5. Nomarski view of the craters formed 1 - i
in good quality p'n InP structures after EC-V semlconductqr eleCtrOlyte lnterféce
profiling using: (A) the FAP electrolyte; (B) must approximate a Schottky barrier
9.om HCl; (C) the Pear etch (in H0); (D) the  over a reasonable voltage range such
ear etch (in CH,0H). .

that the overall interface

capacitance, C, is given by the well-known equation [11]:

1/C% = 2 (Vg=V~kT/q) /Q€EE,|N;—N, | (1)
== . i.e. effects due to
”*,mi__L“i“J_ E&jm = I R B PR electrolyte, surface oxide

- A: FAP electrolyte ,I o B o5 MHC [F | | :m layer, or surface states on

4. 000 e | j.|l-an the capacitance should be

2 -~—//’ % =« negligible. This is the

e [TTY % ™ case for the FAP

_ ol g1 oo IR I .e €electrolyte as shown in
o | F O AERT e e  x  eT NUB SRR Fig?re 7 which shows C-V,
= [ T T e EHT"“VW‘%“?” o 1/C%V, G-V and I=¥
I P e mpﬁnnn-%-- i characteristics of a good
Hihb nHo 1 g e i O OMOM| =l f A bem quality p'n InP structure
i = il '—"'Fﬁw [1*™ [12]. The characteristics

ﬂ { 30,000 1 **  of Figure 7 were done after

e o s [~ “*®  removal of the front oxide
i | e | ' layer (= 30A). One can see
oo ' e GRS TR e, from Figure 7 that the FAP

x ( um ) electrolyte is a very good

choice for EC-V profiling

Figure 6. Dektak profiles of craters shown in Figure 5. of InP as compared to 0.5M
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Figure 7. a) I-V characteristics of a good quality p'n InP structure using the FAP and 0.5 M HCl
electrolytes; b) Electrochemical C-V, 1/C?-V and C-V characteristics at a frequency of 3 kHz using the
FAP electrolyte after removal of 0.03 um from the surface.

HC1l solution. Although not shown here, in all cases studied, we found
that the contribution of the parasitic capacitances to the overall
interface capacitance was insignificant in the <case of the FAP
electrolyte as compared to previously recommended electrolytes.
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presented a comparison of EC-V
profiles in the case of a good
quality p'n InP structure [12] using
the FAP electrolyte, the 0.5M HC1
and the Pear etch (in methanol).
The large deviation of EC-V profile
& i 2 performed using the 0.:5M * HCIL
Bepth: Cum) solution is mainly due to the
. ~ . rounding at the crater rim, while
ztg‘fftya' p?:mpaf;:on ggrfgcgrgspthusirgéllezi?gegggg the fluctuations a0 the EC-V
slestralyreas profile using the Pear etch is
mainly due to fluctuations in the

thickness of the residual surface oxide layer.

N(ecm=-3)
ETCH

TTTTT

Using the FAP electrolyte after experimentation with fairly good
quality p, n, p' and n* InP we found that the electron number for n- or
p-InP is constant (n = 6). The relatively high anodic dissolution rate
(i.e. of about 0.3 um/h at 0.2 mA/cm?) is much higher than the chemical
etch rate which for p-InP, in the dark, is below 5A/h. The best results
for p-type surfaces were obtained in the dark at a current density of 0.1
to 0.3 mA/cm® and for n-InP under low illumination at 0.05 to 0.25 mA/cm?.
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The low values refer to high defect density surfaces. The resulting
surfaces in these cases were very smooth, free of oxide and contaminants,
and with excellent electrical characteristics.

DEFECT REVEALING

Chemical etching (i.e. the Hubert etch, e.g. H;PO,:HBr(2:1)) is
generally used for defect revealing of InP. The drawbacks are:

(a) High chemical etch rate (over lum/min. in most cases),

(b) The larger pits meld with the nearby smaller ones, thereby
making the EPD appear smaller than it is in reality,

(c) It is not possible to perform defect density mapping as a
function of depth, to reveal the defect density at the
interfaces, etc.

In our experience the Hubert etch can be used for relativey accurate
revealing of InP substrates or diffused structures of up to 10° EPD/cm?.
For higher defect density the larger pits meld with the nearby smaller
ones, which makes the EPD appear to be
much smaller than it really is [13].

Using higher resolution etching
solutions such as HBr:HNO,;(3:1), which
produce sharp pits on both p— or n-InP
[14], accurate defect revealing of up
to 5 x 10° EPD/cm? is possible, but due
to a relatively large overall etch
rate it is not possible to perform EPD
revealing inside one given layer of a
thin multilayer structure or at the
interfaces.

Electrochemical revealing
techniques can be made a 1lot more
accurate than chemical revealing
techniques, providing that the
electrolyte and working conditions are
carefully chosen.

The parameters that affect the
width and the depth of the etch spots
include the electrolyte type,
dissolution time, current density and
illumination level.

Figure 9. Defect revealing of a p'n InP (Cd:S)
structure (X; = 2 um) diffused at 575°C [12] after
removing about 1 um from the surface using the
FAP electrolyte. SEM view of the bottom of the

craters at a current density (J.): (A) J. = 0.3
mA/cm?, in the dark; (B) J. = 2mA/cm?, under
illumination; (C) close-up view of B.



As a by-product of this study
we show that 0.5M HF:1M HC1(1:1) and
0.5M o-H,PO,:0.5M HE (1:1)
electrolytes, due to a high aspect
ratio (depth/width) of the etch
pits, are good <candidates for
accurate defect revealing of high
dislocation density n'p InP surfaces
[13]. However, as in the case of
chemical revealing techniques, these
electrolytes can be used for defect
revealing at a given depth only for
fairly homogeneous substrates.

The choice of the FAP
electrolyte for defect revealing was
done having in mind i) mapping of
dislocation density as a function of
depth and ii) defect revealing of
thin multilayer InP structures. 1In
this case the InP structure 1is
dissolved first to the required
depth as described in the first

,. » paragraph (i.e. current density of
pe e @ S up to 0.3 mA/cm?, see Figure 9a, in
o® p 0, & =iy . the dark for a good quality p*-InP)

P 4 s o o & and then by changing the working

L Rali = - conditions (i.e. 1-3 mA/cm?, under
4 R illumination for p'-InpP)

e " o cos © preferential dissolution at the
" «® o & g dislocation areas occur. (See

o o 9w, Figures 9b and c). The high aspect

‘a N ratio (of up to 3 recorded) after

Figure 10. Deep precipitates and EPD revealed removal of only about ]_OOA from the
using the FAP electrolyte of (A) high defect :
density n'p InP (S:2n) structure (X, = 150nm), surface, allows accurate mapping of
after removing ~ 50 nm from the surface at J, = dislocation density as a function of
0.2 maA/cm’; (B) EPD and deep precipitates :

revealed after first removing ~ 100nm from the depth and/or at the interfaces.
surface (J, = 0.2 mA/cm?) of a good quality However, for each depth one needs a
epitaxially grown n'p InP (Si:Zn) structure (X, . : 2

= 0.2 pm) at J, = 1.5 mA/cm®. (X440) different spot to be wused which

imply that the structure should be
very uniform over the area.

The FAP electrolyte was used for revealing deep precipitates in the
case of n'p InP stuctures made by closed-ampoule sulfur diffusion into
Zn-doped InP substrates. The white spots seen in Figure 10a, revealed
after removal of about 500A from the surface were identified to be 2Zn$
conglomerates.

Figure 10b shows the defect density EPDs and deep precipitates

revealed after removal of about 1000A of a good quality epitaxially grown
n'p InP structure (emitter thickness 0.2um).
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SURFACE PASSIVATION

In our experience [15] most of the chemical etching solutions used
for surface passivation of InP leave a thin (at least 15A thick) oxide
layer on the surface, with a large content of contaminants, which are in
part responsible for i) instabilities of devices such as MISFET’s and ii)
high SRV values in the case of InP solar cells.

In order to form clean, well-ordered InP surfaces, an alternative

approach to chemical etching is anodic dissolution using a non-defect
revealing electrolyte. This technique exploits the good inherent
characteristics of the FAP electrolyte described in the previous
paragraphs. After anodic dissolution using the FAP electrolyte of both
p- and n-InP at current densities of up to 0.3 mA/cm?, the resulting
surfaces are very smooth, free of oxide and contaminants and with
excellent electrical characteristics. This makes this technique
desirable for surface passivation prior to growing or deposition of an
insulator or a first layer AR coating. As an example, after removal of
about 300A from the surface using the FAP electrolyte, and further
removal of about 1pum by chemical etching using a newly developed etchant
[16] of a good quality p'n InP structure [13] (initial thickness 2.5um),
we have recorded a surface state density minima N, ., as low as 3 x 10'°cm”
2 eV! at the p'InP/P-rich oxide interface. The newly developed so called
"PNP" etchant, has the general composition (0-H;P0,),: (HNO;),: (H;0;).:
(Hs0) 9 (usvrey » The residual oxide layer left after using fuming HNO; is
homogeneous with depth and rich in In(PO,;);. Due to its good passivating
and optoelectronic properties [16] we do propose it to be used as a first
layer AR coating in fabrication of high voltage p’n InP solar cells made
by thermal diffusion [17].

CONCLUSIONS

We have developed a new electrolyte which we have called the "FAP"
electrolyte. We have tested it for anodic dissolution of InP surfaces,
and have found the following:

1) Using the FAP electrolyte we have been able to remove heavily
damaged InP surface layers and the resulting surfaces were
very smooth, free of oxides and contaminants and with
excellent electrical characteristics.

2) Based on our experience, we have found the FAP electrolyte
to be the best choice for performing accurate electrochemical
C-V (EC-V) profiling of InP, at current densities (J.) of up
to 0.3 mA/cm?.

The experimental study of EC-V profiling of InP which was conducted
using a large number of p, n, p', n' InP substrates and n'p and p'n InP
structures seems to indicate:

(a) 0.5M HC1l solution cannot be used for accurate profiling of
InP even in the case of high quality substrates;

(b) The Pear etch (in the methanol system) could be used with
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reasonably good results for high quality p—-InP substrates.
It gives relatively poor results on n-InP substrates and
p'n InP structures and the profiles are highly questionable
for large front dislocation density n'p InP structures;

(c) Due to its inherent qualities, the FAP electrolyte is, in
our opinion, the best choice for performing accurate EC-V
profiling of InP.

We have tested the new electrolyte with very good results for other

applications, such as:

(1]
(2]
(3]
(4]
(5]
(6]

(7]

[14]
[15]
[16]

(17]

a) Revealing surface and deep dislocation defects in InP at
higher current densities of 1-3 mA/cm?, and

b) Removing the damaged and/or contaminated surface layer prior
to extrinsic surface passivation, or deposition (growing) of
the first layer AR coating.
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RECENT ADVANCES IN GaAs/Ge SOLAR CELLS

C. L. Chu, P. A. Iles W. Patterson
Applied Solar Energy Corporation MANTECH Directorate
City of Industry, CA Wright Laboratories, Ohio

1.0 BACKGROUND

GaAs solar cells have several advantages for space use including high efficiency, radiation
resistance and lower power fall-off at elevated operating temperatures. In the latter part of the
1980’s, GaAs cells delivering 50 KW of space power were manufactured at ASEC.

By growing the GaAs cell on a Ge substrate, the advantages of GaAs cells can be retained and
the higher mechanical strength of the Ge makes larger, thinner GaAs cells possible.

To conform to immediate user requirements, ASEC modified GaAs growth conditions to eliminate
the additional PV output at the GaAs/Ge interface. GaAs cells on inactive Ge substrates have
demonstrated efficiencies over 20% (AMO), for areas up to 6 x 6 cm?, and cell thicknesses down
to 3.5 mils (lower thicknesses are possible). Those cells had all the other advantages of
GaAs/GaAs cells.

An unexpected bonus was the much reduced degradation observed after exposure to high reverse
currents, thus increasing survivability of partially shadowed panels in space applications.

2.0 MANUFACTURING TECHNOLOGY

To demonstrate acceptable cell manufacturing technology, the major areas in cell manufacture
were analyzed and developed, and effectively combined. Also the cells were successfully
assembled on current lightweight arrays. The main areas of effort are discussed next.

2.1  Ge Substrates
We continued to specify square substrates (4.5 x 4.5 ¢cm®), 8 mils thick. Because of the inactive
Ge design, we could relax the electrical requirements, specifying only the crystallographic and

surface quality. We evaluated three Ge suppliers, who used either Czochralski or Horizontal
Bridgman techniques to grow the Ge crystals. Table 1 shows the results of those tests.
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Table 1 Comparison of Ge Substrates

Ge Ingot Vendor Wafer Size Elec. Process

Growth (cm? - mil) Yield Lot
(=17%)
Czochralski Laser Diode 4.5x4.5--3.5 96.2% M111
Eagle Picher 4.5x4.5--3.5 95.2% M84,M86

Horizontal Crystal 4.5x4.5--3.5 82.6% M79
Bridgman Specialties M81
M82

Note: The mechanical yield of the 4.5 x 4.5 cm? thin cell is around >70%.
The results of 6.0 x 6.0 cm? thin cells are also close.

Low dislocation density or lineage were not serious requirements. Some crystals contained "linear
defects" and these defects often caused cracking because they etched perpendically during the
thinning process and the resultant thin Ge layer was more easily cracked. Figure 1 shows some
of these defects. These defects were problems even when substrates as thin as 5 mils were
thinned. We are working with the Ge suppliers to eliminate these defects.

Figure 1 Linear defect (revealed in Ge Substrate Thinning)
(X400)
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2.2 MOCVD Growth

All our layers were grown on one of five production reactors operating continuously. The overall
MOCVD growth conditions have been optimized and generally give high electrical yields. In a
few runs, poor surface morphology or unwanted impurities can lead to reduced electrical
performance. For runs with very poor morphology, repolishing the wafers for re-use is cost-
effective, and can provide good cells with reasonable yields.

To show the effectiveness of the process, we present Figure 2 which shows electrical yields for 40
successive runs. These cells were 8 cm? area, 8 mils thick, but similar results were obtained for
thin, larger area cells.

| |IProjected |
IEEL (XY VELTE %) |
1@ 825 mVliat Pmax |

1

I |

| |

| |

Lot # IVoc (mV)IIsc (mA)|l4x2 cm 12x4 cm

[isi==l=mim = S i P=se=sma sie oo i I
| 1 | 1008.0 | 246.5 | 17 6) | 18.7 |
| 2 | 1008.0 | 248.5 | 17590 1 19.0 |
| 3 1 1005.0 | 245.8 | L7501 18.6 |
| 4 | 1007.0 | 247.3 | U750 18.6 |
| S | 1012.0 | 245.3 | 17...8 | 18.9 |
| 6 | 1009.0 | 245.5 | P77 18.8 |
| 7 1 1002.0 | 245.1 | L7441} 18.35 i
| 8 | 1007.0 | 248.8 | 17..8 | 18.9 I
| 9 | 1005.0 | 246.6 | L7 7 18.8 |
I 10 | 1008.0 | 244.0 | X7.5: | 18.6 |
| 11 | 1008.0 | 246.5 | L7800 18.9 |
| 12 | 1006.0 | 249.0 | 17.6 | 18.7 1|
| 13 | 1006.0 | 244.3 | 17.6 | 18.7 |
| 14 | 100S9.0 | 245.0 | 17.8 | sl ]
| 15 | 1010.0 1| 246.7 | 17.8 1 18591
| 16 | 992.0 | 246.7 | 17-2 | 18.3 |
| 17 | 992.0 | 246.7 1 LT 2 18.3
| 18 | 1005.0 | 246.9 | 17.6 | 18.7 |
| 19 | 1007.0 | 247.4 | 177 1 18.8 |
| 20 | 998.0 | 248.2 | 1756 | 18771
| 21 | 1013.7 | 246.1 | Y72 | 183"
| 22 | 995.7 || 246:S | 17528 18530 ||
| 23 | 1002.0 | 243.3 | L72 S 18.4 |
| 24 | 1001.0 | 248.2 | 17.4 | 18.5 |
| 23S | 999.0 | 245.0 | 7.2 A 18.3" |
| 26 | 1004.0 | 244.4 | 17..6 | 18.7 |
| 27 | 1010.0 | 245.8 | 17.8 | 19.0 |
| 28 | 1006.0 | 244.8 | 17.4 1 18.5 I
| 29 | 1006.0 | 247.9 | 17.:6 | 18.7 |
I 30 | 1009.0 | 244.7 | 17.6 | 18.7 |
| 31 | 1009.0 | 246.1 | 178 | 18.9 1
I 32 | 1008.0 | 246.1 | 17.7 | 18.9 )
| 33 | 1009.0 | 244.5 | 17.6 | 18.7 |
| 34 | 998.0 | 248.2 | 17.3 1 18.4 |
1 35 1 1013.0 | 247.6 1\ 18.0 | 19: 20 |
| 36 | 1009.0 | 248.5 1 17.8 | 18.9 |
| 37 | 1012.0 | 248.7 | 1841 | 19.2 1
| 38 | 1008.0 | 246.7 | 17,8 | 19.0 |
| 39 | 1009.0 | 241.7 | 17208 | 18.6 |
| 40 | 1012.0 | 247.9 | 18.1 | 4962l
=== | Pmmimimim i === R T O |emmeremnna- |
| Averagel 1006.3 | 246.4 | 1746 18.7 |

Figure 2 Lot Average Data for GaAs/Gei Solar Cells (8 cm?) at AMO
Condition, 28 Deg. C for 40 Consecutive Lots, 1991
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2.3

Cell Processing

Ge Wafer Pre-Clean

|

A0, 28 T Test

MOCVD Growth

|

|

Dicing

Front Contact

|

|

Back Contact

AR Coating

|

Ge Thinning

Figure 3 Flow Chart of GaAs/Ge Thin Cell Process

We have adapted standard production processes to apply front surface contacts and Al coatings

to the grown layers. We have slightly modified the processing sequence and methods along with
the testing to reduce breakage in the thinning process.

24 Thinning the Ge Substrates

A protective layer is applied to the front surface, and the Ge substrate is thinned (from 8 to <4
mils) by wet-etching. We are continuing evaluation of dry etching and other wet processes to see
if the preferential attack on linear defects is reduced.

3.0 CELL PERFORMANCE

< | Electrical Output

For cells up to 6 x 6 cm?, 3.5 mils thick, efficiencies over 20% have been obtained.
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SERIAL NO. S
7 1165:4 mA
o - = 4 m
v 1 EsE 2 1e337 my
. 8 b .
£-8 fcff = 82.1 %
is Eff = 20.1 %
8 [

o Pm = g;g.vaN

& = m
c.4rY™ 2977672 mA
(&
£.2 F11 = 1146.8 mA
U T L e e | A al 1 Ak A 3 S A A
-~ 93 3 ! " 1

(Voltage, Volts)
Figure 4 I-V Curve 6 x 6 cm® Thin Cell

Average lot efficiencies have exceeded 18% (4 x 4 cm?, 3.5 mil thick).

Table 2 Electrical Testing Results of GaAs/Ge 4 x 4 cm® Thin Cells

Description: GAAS/GE THIN 4X%4 MISS

Test: Raseline Nate: 4 Dec 199
Lot number: M155 Time: J):4R:2
Load Voltage: .825

Cell # Voc Isc 1L Um Im Pm Cff Ef

mY mf mA my mA mi % %

| 10186 435 485 882 466 411 81147 1185

2 1012 495 480 866 464 402 80.2 18.

3 1010 488 475 867 460 399 80.9 18.

4 1011 485 452 846 440 372 74.4 725

) 1010 436 486 877 470 412 82.3 1i9:

6 1011 482 460 862 434 374 74504 77

7 1012 495 482 874 465 408 81.1 18.

8 1010 499 488 870 473 412 81.7 19

9 1018 492 482 871 467 407 81.2 18

10 1018 501 491 874 476 416 81.5 19
11 1004 497 485 867 470 407 81.7 18
12 1012 430 475 868 460 3399 80.5 18
13 1016 4399 489 875 474 415 81.8 19
14 1911 495 476 861 462 398 79.5 18
15 1016 505 43S 871 480 418 81.5 19
16 1009 496 405 855 394 337 67.3 1S
17 1014 501 483 873 478 417 82.1 19
18 980 494 482 871 466 406 83.8 18
19 1016 50S 483 869 477 415 80.8 18
20 1015 505 486 873 480 419 81.8 19
21 1013 436 478 857 464 398 7851 18
22 1011 504 483 867 474 411 80.7 19
23 1016 489 488 871 474 413 81.4 19
24 1013 500 430 872 475 414 81.8 19
25 1014 4395 484 875 469 410 81.8 18
26 1003 494 358 843 347 283 59.0 13
27 1012 493 483 876 465 407 81.6 18
28 1018 488 487 875 470 411 811 )
29 1013 504 488 863 473 408 80.0 18
30 1015 497 486 876 470 412 81.6 19
31 1014 497 486 872 470 410 81.3 18
32 1014 486 484 877 466 408 81.3 18
33 1815 507 496 868 481 418 81.1 19
34 1211 4387 486 875 469 410 81.7 18
35 1005 490 479 862 465 401 81.4 18
36 1017 507 497 877 480 421 81.6 19
37 1015 497 486 874 471 412 81.6 19
38 1014 435 471 862 455 392 78. 1 18
Average 1012 497 479 869 463 402 79.9 18
Standard Dev 6 5 26 8 25 24 4.5 il
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The cell efficiency has been retained when cells are mounted on panels (see 3.6).

32 Temperature Coefficients, Radiation Resistance

Similar values to those requested for GaAs/GaAs cells are obtained.

3.3 Contact Pull Strength

High pull strengths and satisfactory bonding onto arrays were obtained for thin cells using both
soldered and welded interconnects with only slight adjustment in normal bonding schedules.

Table 3 Pull Strength of GaAs/Ge Cells

Pull Strength (Gram)
No. of Joints Interconnected Front Back
Area (mil®)
34 Soldered Joints 1173 --
55 35x75 758 -
43 -- 1130
Welded Joints
11 50 x 75 464 -
54 - 810
10 25 x 45 358 --

The efficiency of the cells used for the test is 17% - 18%.

34 Resistance to Reverse Current Stressing

After exposure to reverse currents 20 to 30% above the Isc (AMO) value, the degradation of

GaAs/Ge cells was very low, a significant improvement over results obtained for GaAs/GaAs
cells.

315 Contact Modifications

3:5:.1 Coplanar Back Contacts
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To adapt to flexible array interconnections, 6 x 6 cm, 8 mil cells with coplanar contacts
(wraparound or wrapthrough) have been made with efficiencies up to 18%. Present work is
directed at improved consistency in the process sequence.

3.5.2 High Temperature Stability

We have modified the contact structure to withstand exposure to high temperatures. With
minimum process modification (addition of a barrier layer), cells can withstand exposure to 500-
550°C. With additional process steps, we have shown the feasibility of no degradation (from 18%)
after 600°C for 5 minutes and less than 5% degradation after heating at 600°C for 30 minutes.
Present work is aimed at simplification of structures and processes to increase the yields of cells
which are stable after high temperature exposure.

3.6 Panel Performance

These large area, thin GaAs/Ge cells have been successfully assembled on lightweight rigid panels.
Panels 1 ft x 1 ft, containing forty-nine 4 x 4 cm? cells were made with both welded and soldered
interconnects. The panel efficiencies were 17.7%.

nuw s GPECTROSUN LAPSGe =xwn [MODEL ¥ HORMAL RAMIF

SERIAL * SOLDERED
DATE =289

AMPERES
5.9 —
TEMPERATURE
CORRECTION
AMBIENT 21.20 C
4.0
DATA ADJUSTED
TO 28.00 C
= IsC 3.364 A
3.0 \\ voc 7.856 U
TEST POINT
I 3.135 A
2.0 \ U 5.950 V)
\ MAX. POWER POINT
P 18.75 U
1.0 1 3.102 A
U 6.045 U
= = 1 77-7] 70
2) ->
0 2 4 6 8 10 UOLTS

Figure 5 1-V Curve of Soldered 4 x 4 cm? Thin Cell Panel (7P, 7S)

8-7




v s HPECTRCSUN LAPGS A m -

AMPERE:S
<.

1{}]
(o]
P
/L"”

Y

3 2 4 6 8 10

MOCEL # [“WELD PrreL

GERLAL & 14X7T
DATE 1D—4-20

TEMPERATURE
CORRECTION

AFB IENT 22.30 ¢

DATA ADJUSTED
TO 2g8.00 C

ISC 3.349

vuoc 7.0e51

B i)

b

TEST POINT
I 3.139 A
U 5.950 L

MAX. POWER FOINT
P 18.74 Ll
1 3.121 A
U 6.006 U

EFF~1T.77%

>

VOLTS

Figure 6 I-V Curve of Welded 2 x 2 cm?® Thin Cell Panel (7P, 7S)

cells) had efficiency 19.4%.

i

0.%

0.6

H BH ‘ | ' ¢ & i . .'.’, i
o2 o4 ok yomagd®  ME i

Figure 7 1-V Curve of 4 x 4 cm? Thin Cell Coupon (2P, 2S)

After 5,000 Thermal Cycles
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A small panel (3S, 3P, 6 x 6 cm” cells) had efficiency 18.8%

====SPECTROSUN LAPSGS==e= MODEL %2
SERIAL %
RAYPERES DATE s/2/9l
5.2
TEMPERATURE
CORRECTION
AMBIENT 21.52 C
4.9

DATA ADJUSTED
TO @8.82 C

'\X I1sC 3 .32
3.9 \ UOC 3.e29 V]
TEST POINT
I 3.221 A
2.9 \ U 2.550 v
\ MAX. POWER POINT

i @ P 8 .228 u
' ‘ I 3.183 A
Vv 2.577 v
~——-Eff=18.8%

) - ->

e 1.0 2.0 3.0 4.0 5.0 UOLTS

Figure 8 I-V Curve of 6 x 6 cm? Thin Cells (3S, 3 P Panel)

These panels have withstood standard space qualification testing conditions.

Other users have successfully mounted these thin, large area cells on lightweight flexible cells as
well as other lightweight rigid panels.

3.7 Costs

Although costs depend on cell specification and quantities, we have demonstrated that the reduced
material costs and higher mechanical yields have resulted in a significant reduction in costs of
GaAs cells grown on Ge substrates.
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4.0 CONCLUSIONS

We have demonstrated the advantages of using Ge substrates for supplying large area, lightweight,
highly efficient GaAs cells. These cells and panels made from them, have passed typical
qualification tests. These results have provided the foundation for firm estimates of controlled

yields and lower costs for high production rates, and have helped to increase the demand for these
cells for a variety of space missions, both military and commercial.
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PRODUCTION STATUS OF GaAs/Ge SOLAR CELLS AND PANELS

B. Smith, M. Gillanders, P. Vijayakumar, D. Lillington
Spectrolab, Inc.
Sylmar, CA

and

H. Yang, and R. Rolph
Hughes Aircraft Company
Torrance, CA

GaAs/Ge solar cells with lot average efficiencies in excess of 18.0% have been
produced by MOCVD growth techniques. A description of the cell, its performance
and the production facility are given. Production GaAs/Ge cells of this type
were recently assembled into circuits and bonded to aluminum honeycomb panels to
be used as the solar array for the British UOSAT-F program.

INTRODUCTION

GaAs/Ge solar cells are in demand for applications involving spacecraft solar
arrays which require increasingly higher power outputs per unit area but have no

capacity for growth due to limitations on the array envelope. GaAs is grown onto
a germanium wafer by metallo-organic chemical vapor deposition (MOCVD)
techniques. The wuse of germanium as a growth substrate instead of gallium

arsenide, enables solar cells to be manufactured which are robust enough to
survive the assembly processes and handling required to produce solar arrays.

To meet this demand for high efficiency, rugged GaAs/Ge solar cells, Spectrolab
has recently commissioned a new production facility which is able to fabricate
solar cells in excess of 18.0% efficiency in a range of sizes varying from 2cm x
2cm to 6cm x 6cm. To date this facility has processed over 2000 4.5cm x 4.5cm
wafers and produced material from which single junction GaAs/Ge, wrapthrough
GaAs/Ge and dual junction GaAs/Ge solar cells have been fabricated. These cell
types are presently being integrated into solar cell circuits for wuse on military
and scientific research programs.

Earlier this year single junction GaAs/Ge cells of dimension 2cm x 4cm were
produced and assembled into the UOSAT-F solar array. This effort is noteworthy
on many counts. The program was completed in an extremely short time frame - 3
months; the bare cell lot average efficiency was 18.3% with a maximum of 19.7%
the delivered solar array had an average circuit efficiency of 18.2% with a
maximum of 18.6%.

In the following sections, a description of the solar cell design is given,
including some unique features devised to increase cell stability at high
temperatures. The new Spectrolab facility is described with its projected
capacity for mass production of GaAs/Ge solar cells. Cell performance
distributions from different programs are shown and finally, a description of the
design and build of the UOSAT-F solar array is given including acceptance test
performance data of the completed array.
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MOCVD MANUFACTURING FACILITY

Spectrolab has established a high volume MOCVD manufacturing facility, currently
occupying 7000 sq. ft. with room for expansion to 30,000 sq. ft. This area
presently houses 3 MOCVD barrel reactors, each of which has produced GaAs solar
cells of over 20% at AMO, 28°C efficiency.

Currently, the problem with large scale barrel MOCVD reactors is that gas
depletion, which occurs as the source gases traverse the wafer, results in large
variations in layer thickness and doping uniformity which ultimately translate to
reduced yield and radiation hardness.

Based on this fact, and the need for improved uniformity to meet the more
stringent needs of advanced solar cells such as GaIan/GaAs or AlGaAs/GaAs
tandem cells, our strategy has been to pursue the development of improved, MOCVD
systems to replace the conventional barrel design. Delivery of the first reactor
is scheduled for delivery in the second quarter of 1992 with commissioning
completed by the third quarter of 1992. Additional systems will be added to meet
the needs of the market as it matures.

Our MOCVD strategy is also driven by the need for substantial cost reduction and
the ability to provide an enabling technology for larger area GaAs/Ge solar cells
up to 8cm x 8cm in size. The reactor is therefore being designed with 4"
diameter wafer capability to provide a growth option for Air Force programs
currently utilizing large area silicon cells or as a possible growth option for

Space Station Freedom. Alternatively up to six 2cm x 4cm cells can be laser
scribed from a 4" wafer, substantially reducing the cost of smaller area cells
below current levels. Further cost reduction will also be possible through a

three-fold reduction in cycle time thus substantially increasing the reactor
throughput.

CELL DESCRIPTION
The cross section of the GaAs/Ge cell is shown in Figure 1.

The starting wafer upon which the active GaAs layers are grown is 7 mils thick,
4.5cm x 4.5cm n-type Ge, chem-mechanically polished on the fjront side and
chemically etched on the backside. The wafer is doped to 5EI7 cm - with Sb and
oriented several degrees off <100> toward the nearest <111> plane.

MOCVD growth of GaAs is performed at low pressure. Growth conditions have been
optimized to ensure electrical performance uniformity of + 3% between the top and
bottom rows.

The ,n-type GaAs buffer is between 2 to 6 microns thick and is doped to S5EI8
cm‘3 with Si. It is grown using a specific nucleation/growth procedure
designed to minimize the diffusion of Ga into the wafer, thus assuring the
elimination of an active Ge junction.

The base is typically 2 to 3 microns thick and is doped to nominally 2E17 cm‘3
with Si.

The p-type emitter is doped to between 2 and 4EI18 cm'3 with Zn and is typically

0.5 microns thick. The thickness is controlled using SPC to ensure radiation
hardness which is known to be a strong function of emitter thickness.
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An Alo Ga As window serves to passivate the surface of the emitter by
providing an’ optically transparent heteroface at the cell surface. It is
typically 500 A thick and is heavily doped to 2E18 cm™~ with Zn.

The dual antireflection (AR) coating wused is Ta205/A1203. The window
surface is specially treated prior to AR coating” to guarantee subsequent
environmental stability.

A noteworthy feature of the cell design is the front contact GaAs cap structure.
This provides a very effective barrier against metal diffusion into the sensitive
junction region. Cells manufactured at Spectrolab with this type of contact have
shown thermal stability up to 550°C for several minutes duration and for over

500 hours at 350°C. Thg GaAs cap is typically 0.3 to 0.5 microns thick and is

heavily doped (>1E19 cm™~) with Zn to allow good ohmic contact to be achieved
between the grid and the front of the cell. It also allows higher efficiencies to
be achieved, compared to other designs, since it reduces the recombination
velocity beneath the contact, allowing higher Voc to be achieved.

Both front and back silver contact layers are typically 5 microns thick and are
weldable using Ag or Ag/Kovar interconnects without degrading cell performance.

CELL PERFORMANCE

Spectrolab has processed approximately 2000 Ge wafers on its manufacturing line
into cell sizes from 2cm x 2cm, up to 6cm x 6cm. AMO efficiencies exceeding 18%
have been achieved for each cell type.

In Figure 2 we show the efficiency distribution of approximately 640 weldable 2cm
X 4cm GaAs/Ge cells fabricated for the UOSAT-F flight program. The average
efficiency was 18.3%. Representative cells, flown on the NASA Lewis Research
Center**Learjet under near ideal AMO conditions confirmed the inactivity of the Ge
wafer.

In Table 1 we also show the efficiencies of thirty two 4cm x d4cm cells recently
fabricated. The average AMO, 28°C efficiency was 18.3% with a best efficiency
of 19.2%.

A limited number of 6cm x 6cm prototypes have also been made from 6.5cm x 6.5cm
wafers. The IV curve of the best cell with an AMO efficiency of 18.2% 1is shown
in Figure 3. Further improvements in efficiency are expected by increasing the
grid height to over 12 microns.

** The authors would like to thank David Brinker of NASA LeRC for assistance in
performing the learjet measurement.
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UOSAT-F

The UOSAT series of micro-satellites are built by the University of Surrey.
Their primary goal is to provide a vehicle for research into satellite
engineering topics at low cost. UOSAT-F is the fifth in the series and will fly
an RAE Solar Cell Technology experiment, including indium phosphide and cleft
GaAs cells for NASA-Lewis. The payload also includes a CCD Earth imaging camera.

The solar arrays are body mounted and fairly small area. To maximize power,
therefore, GaAs is the material of choice for the array solar cells. The UOSAT-3
and -4 arrays were made by Mitsubishi and FIAR/CISE/EEV respectively. UOSAT-F
provided an opportunity to fly an American GaAs/Ge solar array for the first time
on an European satellite. Specifically it enabled Spectrolab to combine its
skills as cell manufacturer and panel assembler to design build and test the

array in an extremely short timeframe. UOSAT-F is scheduled for ARIANE launch in
early May 1991.

UOSAT-F SOLAR PANEL ASSEMBLY

Cells taken from the distribution shown in Figure 2 were interconnected by means
of welded silver-plated Kovar interconnects. Welding was chosen as the method of
interconnection since earlier panel assembly experience had shown that solder
wets GaAs and sometimes wicks under the interconnect and over the cell edge, thus
shorting out the GaAs cell junction just below the surface. Attrition through
the welding line was, as a result, less than 1%.

The cells were covered with 6 mil ceria doped microsheet and then interconnected
into circuits of 42 cells series, 2 parallel.

The array consisted of three panels, each panel having two circuits bonded to it
with CV 2568 silicone adhesive.

Each circuit was wired with 24 awg redundant wiring which were later connected
directly into the spacecraft power system since the panels were body mounted.

The six circuits were tested on a LAPSS and found to have efficiencies varying
from 17.9% to 18.6%.

The panel outputs at maximum power varied from 32.6 watts to 33.9 watts at 38
volts. The I-V curve for the latter is shown in Figure 4. The three completed
panels are shown in Figure 5.

CONCLUSION

Spectrolab’s MOCVD GaAs/Ge solar cells are now available in lot average
efficiencies in excess of 18.0% in dimensions varying from 2cm x 2cm to 6.5cm x
6.5cm. Production capability is to be significantly increased with commissioning
of a new, improved design reactor which will allow production of 8cm x 8cm cells.

Spectrolab’s capability for integrating these cells into solar panels has been
proven by the fabrication of the UOSAT array with circuit efficiencies as high as
18.6%.
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Table | PERFORMANCE DISTRIBUTION OF 4cm x 4cm GaAs/Ge CELLS

Voc Isc Vmp Imp Pmp CrL Eff

(mV) (mA) (mV) (mA) (mW) (%) (%)

1019 488 870 455 396 79.6 18.3

1013 474 874 444 389 80.9 18.0

1022 484 893 450 402 81.4 18.6

1018 468 873 444 387 81.3 17.9

1020 466 883 439 388 81.7 17.9

1025 468 896 444 398 83.0 18.4

1029 485 890 458 407 81.5 18.8

1020 465 888 435 386 81.5 17.8

1031 483 910 456 415 83.3 19.2

1025 455 893 438 391 83.9 18.1

1032 481 900 456 410 82.7 19.0

1031 484 894 443 396 79.4 18.3

1028 482 888 448 398 80.3 18.4

1031 490 892 463 413 81.7 19.1

1022 469 872 435 379 79.1 17.5

1026 469 886 433 384 79.7 17.7

1025 485 878 438 385 77.3 17.8

1027 478 894 444 397 80.9 18.3

1025 469 886 430 381 79.2 17.6

1028 475 902 449 405 83.0 18.7

1029 480 892 449 401 81.1 18.5

1031 488 892 467 417 82.8 19.2

1027 476 890 440 392 80.1 18.1

1031 468 904 447 404 831,17 18.7

1018 459 886 427 378 80.9 17.5

1023 478 900 448 403 82.5 18.6

1021 472 900 442 398 82.5 18.4

1023 471 898 439 394 81.9 18.2

1026 474 898 449 403 82.9 18.6

1026 483 891 444 396 80.0 18.3

1028 477 908 449 408 83.1 18.8

1025 470 900 436 392 81.5 18%1

Average Effy = 18.3

* AMO, 28 C
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PHOTOREFLECTANCE AND DLTS EVALUATION OF PLASMA-INDUCED DAMAGE
IN GaAs AND InP PRIOR TO SOLAR CELL FABRICATION

L. He and W.A. Anderson
State University of New York at Buffalo
Center for Electronic and Electro-optic Materials
Department of Electrical and Computer Engineering

Bonner Hall, Amherst, NY 14260

ABSTRACT

This study considers the effect of plasma etching on both GaAs and InP followed by
damage removal using rapid thermal annealing (RTA). Effects of these processes were studied
by photoreflectance spectroscopy (PR) and deep level transient spectroscopy (DLTS). These
techniques are useful in evaluation of wafers prior to and effects of plasma processing during
solar cell fabrication.

Wafers exammed in this study 1ncluded GaAs with Np =5x10" crn undoped (u) InP with
n= 5x1015cm InP with Np=4x10""cm™ and InP with Na = 1x10" cmj Samples were taken
from these wafers for an initial study of PR and DLTS using Au- Schottky contacts. Some
samples were then plasma etched in CF4 gas using conditions of 50-150W and a pressure of
10-100 m Torr. Some of these were processed by RTA at 450°C for 10s to remove plasma
damage. PR data showed energy gap (Eg) to decrease by 0.006 eV after plasma etching for
n-GaAs and u-InP. Eg recovered completely after plasma etching. PR also showed the ap-
pearance of defect-related extraneous signals after plasma etching which were removed by RTA.
DLTS revealed the addition of new defects after plasma etching which were later removed by
RTA. For example, defects in n-GaAs with activation energy of 0.38 eV, 0.57 eV and 0.67 eV
were proven to be surface related by the shift in DLTS signal with fill pulse height. These
signals disappeared completely following RTA.

INTRODUCTION

Plasma etching is widely used in semiconductor technology to form fine surface structures.
It has the advantages of selectivity, precision and versatility. In photovoltaic devices, plasma
etching may permit selective diffusion or ion implantation, perhaps for the region underneath
grid lines. It may also be used to form openings in passivation layers such that fine grid contacts
may be formed. This study considers the effect of plasma etching on both GaAs and InP fol-
lowed by damage removal using rapid thermal annealing (RTA). Effects of these processes were
studied by photoreflectance spectroscopy (PR) and deep level transient spectroscopy (DLTS).
PR is proven to be an effective non- destructive tool in evaluating processed wafers prior to
final solar cell fabrication.
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Plasma dry etching is used for fabrication of GaAs-based electronic and photonic devices
and their integration (refs. 1-2). Its advantages in high resolution, anisotropic processing and
controllability have been clearly demonstrated. Plasma etching inherently induces damage,
which may affect various surface properties of the substrate. Contamination originating from
polymer formation during etching or materials sputtered from the etching chamber can also
influence device performance. A number of reports have been made on the investigation of
different cases of plasma induced damage (refs. 3-8). Damage has been observed and compared
in GaAs by sputter etching and ion beam etching. The characterization techniques most widely
used include deep level transient spectroscopy (DLTS) and more recently, photoluminescence
(PL). The removal of plasma induced damage has also been discussed by some authors. In this
paper we report the study of reactive ion etching in CF4 performed in a parallel plate reactor for
GaAs, particularly in terms of chamber pressure and power. Photoreflectance spectroscopy
(PR) was used to evaluate the sample surface electrical and optical properties in a nondestruc-
tive manner (refs. 10-13). Rapid thermal annealing (RTA) was conducted for a study of the
plasma induced damage removal. The effect of plasma etching on device characteristics was
studied by evaluating Schottky diodes fabricated on the plasma etched material surfaces. Deep
level transient spectroscopy (DLTS) was used to detect and characterize trap centers.

Much less work has been conducted on InP. Our work is also of a preliminary nature but
includes both PR and DLTS data for studies of the initial wafer, effects of plasma etching and
the healing produced by RTA.

EXPERIMENTAL

The samples used in this work were (100) n-GaAs with doping (Nd) of about 2.5x10"/em?®.
Chemical etching in H3PO4:H202:H20 =3:1:100 for 8 seconds and HCl:H20 = 1:1 for 1 minute
were performed to remove an initial damaged surface and native oxide layer. Ohmic contacts
were first applied to the back of the wafers by AuGe/Ni evaporation. A 450°C, 10 seconds RTA
was conducted for the ohmic contact formation. After RTA treatment, the starting wafer was
sectioned. One of the pieces was directly taken for PR measurement. The others were plasma
etched with the process under study. The plasma etched samples were labeled as G1, G2 and G3
following in sequences of 10mTorr/S0W, SOmTorr/100W and 100mTorr/150W plasma etching
conditions. Each separately etched wafer was then cut into halves. One half was immediately
loaded into a vacuum chamber for Schottky Au deposition. Another half was first taken for PR
testing followed by a 450°C/10s RTA treatment to remove plasma induced damage. Finally,
Schottky metal was deposited as in the other samples. Correspondingly, after RTA removal of
plasma induced damage, 3 samples were labeled as GR1,GR2 and GR3, respectively. Measure-
ment was also conducted on a starting wafer which was labeled GO.

Undoped InP n=5x10"/cm? ), n-type doped InP(Np = 4x10"/em? ), and p-type doped
InP(NA = 1x10'%cm ) wafers were also used in this study. In the plasma etching, a CF4 gas was
used with an etching time of 2 minutes. Plasma etching was conducted in a Varian RF-diode
sputtering system. RTA was conducted with a commercial RTA HEATPULSE 210 in a nitrogen
atmosphere at 360°C for 10s. A standard arrangment of PR apparatus was used to measure PR
on the starting wafer, after plasma etching and after RTA. A detailed description of the PR
set-up was presented elsewhere (ref. 11).
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RESULTS AND DISCUSSION
A. Gallium Arsenide

According to Aspnes’ theory (ref. 12), the parameters of the GaAs layer used in this study
would have the PR spectra near bandedge in the high field limit. Thus, the PR signal is an
expression of the product of Airy functions and their derivatives which shows the asymptotic
form:

AR/R ~ cos{(2/3)[(hw- Eg)AQ]>*- m(d-1)/4} (1)

where fiw is the energy of the probe beam, Eg is the energy of the bandgap, h<Q is the charac-
teristic energy of a quantum mechanical particle of interband reduced mass 4 being accelerated
by the electric field, Fs

Q= (2 Feh% / 8u)' ()
Here, d is the dimensionality of the critical point. For a direct transition on GaAs, d =3 (ref.13).

Figure 1 shows the PR spectra from the starting GaAs wafer and plasma etched samples.
Significant PR spectra inflection was observed from plasma etched samples. The large features
around the bandgap energy region arise from excitonic effects in the surface space charge
region(SCR) (ref. 13). FKO was clearly shown in most samples which are related to the surface
electric field as mentioned above. In Fig. 1 (b), (c) and (d) are plotted the PR spectra immedi-
ately after plasma etching with chamber pressures of 10mTorr, SO0mTorr and 100mTorr. The
starting wafer GO, shown in Fig.1 (a), has the strongest PR signal Wthh implies good crystal
structure perfection (ref. 14). From the FKO period, a Fs of 2. 25x10° V/em was obtained from
GO. The PR spectrum from G1 is shown in Fig.1 (b). PR signal amplitude was decreased about
60% and FKO could not be seen. Both phenomena showed the introduction of crystal imper-
fection by plasma etching. Displayed in Fig.1 (¢) is the PR of G2 where FKO were observed and
a Fs of 1.29x10° V/em was calculated. Fig.1(d) shows the PR from sample G3. Figs.1(c) and (d)
showed decreased PR signal amplitude compared with the starting wafer Fig.1(a). Several fea-
tures at energy lower than bandgap energy position(labeled as T1, T2) were clearly shown. We
consider these features to come from plasma etching-induced damage.

Fig. 2 shows the PR spectra of the samples GR1, GR2 and GR3 which were G1, G2 and
G3 after RTA treatment, respectively. It is obvious that RTA treatment eliminated or reduced
plasma induced damage. The PR signal amplitudes were increased for all samples and the
spectra shapes became similar to those for the starting wafer. In particular, Figs.2 (b) and (c) are
almost exact coples of Fig.1 (a). FKO were observed in all three RTA treated samples giving Fs
values of 1.63x10° V/em, 1. 76x10° V/em and 2.43x10° V/em for GR1, GR2 and GR3, respective-

ly.
B. DLTS analysis

Figure 3 shows the DLTS spectra from the starting wafer GO (solid line) and for com-
parison purpose, from one of the plasma etched sample G3 (dashed line). Two traps were
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detected in the startm%wafer One labeled E1 with activation energy Ea=0.83eV, capture cross
section 0=2.1-2.8x10"" cm” and trap concentration N¢=3- 4x10"/cm? at bias voltage Vr=2V,
and FPH=0.5V. We consider this trap to be the well known residual defect in bulk GaAs
matenal as EL2 (ref. 15). Another trap labeled E2 was found with Ea=0.16-0.17¢V, o= 1.25-
2.25x107 cm2 and Ni=3-4x10"Ycm’. By changing bias and FPH amphtude the DLTS peak
position did not show an apparent shift which indicated these traps in GO to be in the bulk
arising from the material growth process. A plasma induced trap peak in G3 is also shown in
Fig. 3 which is more than one order higher in trap concentration compared with those traps
found in GO.

Figure 4 is a typical DLTS spectra from sample G2. The detected trap was clearly observed
in all 6 different rate windows. Figure S shows DLTS spectra from plasma etched samples G1,
G2 and G3 under the same testmg conditions. One trap peak in a temperature range between
320°K and 360°K was detected in every sample. In the spectra shown, this plasma-induced trap
peak was dominant since it has a much higher trap concentration than those in the starting
wafer. Values of Ea, 0, and Nt were calculated and are summarized i 1r1 Table 1. For 10mT0rr/50W
plasma etching of sample G1, a trap with Ea=0.38¢eV, o0=1. 25x10"7 cm? and Ni=1.6x10"%cm?
was found under 2V bias and 0.5V FPH For the same DLTS condition, a trap with Ea= 0 57e\é
0=4.65x10"> ¢m’ and Ni=12x10'%m’, and with Ea=0.67¢V, 0=2.03x10" cm
Ni=5.4x10"/cm> were detected for the SOmTorr/100W (G2) and 100mTorr/150W (G3) plasma
etching conditions, respectively. Conditions used for sample G3 are obviously preferred. Figure
6 shows DLTS spectra from sample G2 under different conditions of fill pulse height(FPH). The
trap peak shifting can be clearly seen. As the FPH value increased, the peak position shifted to
the lower temperature side. Similar results were obtained from G1 and G3. This shows these
plasma induced traps to be interface traps.

The activation energies of induced traps are related to plasma etching pressure and power.
Data showed the activation energy to increase with the pressure and power during the plasma
etching. This suggests that the higher pressure and power, which increases the plasma particle
density participating in collision with the substrate, creates deeper trap levels. The detailed
mechanism of the activation energy deviation is under investigation. Arrhenius plots of the ther-
mal emission rates of the deep electron levels found in plasma etched GaAs are presented in
Figure 7. The reduction of induced deep levels by RTA annealing was effective. Only one trap,
E2, in the starting wafer, was observed in GR1. All plasma induced trap levels disappeared after
RTA treatment.

B. Indium Phosphide

Very pronounced FKO was observed in p-type doped InP after plasma etching and RTA as
shown in Fig. 8. The PR from the starting wafer is given in Fig. 8(a) where the PR signal was
quite weak and FKO was absent. After plasma etching, a pronounced FKO was achieved and the
PR signal became very strong. The weak PR signal in the starting wafer may come from an
initial oxidation layer which was effectively removed after plasma etching. A Fs of 2.74x10* V/em
was obtained. After RTA treatment at 360°C/10s, good FKO were still observed and the shape
of the PR was similar to that before RTA. The bandgap transition shifted to the higher energy
side and a higher surface electric field Fs of 4.13x10" was obtained.
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Figure 9 shows the PR spectra of an n-type doped InP sample. No obvious FKO was ob-
served here. The PR modulation in the near bandgap region was obtained from every spectrum
which permits the bandgap energy to be determined by Aspnes’ method. A lower energy side
peak labeled To, with energy position at 1.210 eV, was observed in all PR spectra which may
come from impurity or structral defect modulation. Other authors concluded the low energy
side peak to be associated with doping inhomogeneities in the samples (ref. 17). Another PR
maximum peak occurred on the higher energy side labeled O1 in Figure 9 with energy position
at 1.417 eV. After the plasma treatment, the higher energy peak disappeared which implied that
O1 came from a kind of surface oxidation layer which could be removed by the plasma etching.
A new peak with energy position at 1.280 eV, labeled T1, appeared after plasma etching which
should come from the plasma damage. The current RTA treatment on n-type InP (360°C/10s)
could not remove both To and T1. But, the PR signal became stronger after RTA which indi-
cated the partial recovery of the crystal structure damage (ref. 18). It was found that the higher
energy side peak O1 reoccurred after RTA which may be attributed to a newly grown oxidation
layer.

Figure 10 shows the PR spectra of undoped(n-type) InP material. An extra peak at energy
below bandgap with position at 1.258 eV, labeled To, was observed in all PR spectra which may
arise from impurity or defect modulation as found in the n-type doped InP. Another peak,
labeled Ti, occurred in the plasma treated sample with energy position at 1.305 eV which was
introduced by the plasma etching. Different RTA conditions were used for undoped InP which
include: 360°C/10s, 390°C/10s, 390°C/20s, and 420°C/10s. After the 390°C/20s RTA treatment,
Eg shifted back to 1.344 eV and the Ti peak diminished which showed this annealing condi-
tion to effectively recover the crystal imperfection and damage due to the plasma. The energy
peak To kept occurring in all PR spectra, at the same position and intensity, which shows that it
could not be influenced by plasma and RTA. We also noticed that the PR signal became weaker
after plasma treatment which showed that the plasma processing did introduce a disordered
region and affected crystal perfection.

CONCLUSIONS

Both photoreflectance (PR) and deep level transient spectroscopy (DLIS) are effective in
evaluating quality of starting wafers and defects introduced by plasma etching. Photoreflectance
is particularly valuable because of the non-destructive nature of the test. Both PR and DLTS
reveal damage signals after plasma etch with DLTS giving traps having activation energy de-
pendent on plasma condition. Studies on GaAs reveal an almost complete healing of plasma-in-
duced defects after RTA at 450°C for 10s. The degree of damage induced by plasma etch may
be controlled by variation of the power and pressure during plasma etching. Thus, an optimum
condition may be achieved.

Similar studies on InP revealed a much greater sensitivity to plasma etching such that
samples could not be tested by DLTS after plasma etching although a PR signal could be seen.
Complete recovery after RTA was not observed. InP also exhibited extraneous PR signals both
above and below Eg indicating inherent defects as well as plasma induced ones. Similar defects
have been seen by others but have not been clearly identified.

10-5



REFERENCES

L.L.A. Coldren, K. Iga, B. I. Miller and J.A. Rentschler, Appl. Phys. Lett., 37, 681 (1980).
2.S. Semmra, T. Ohta, T. Kwroda and H. Nakashima, Jpn. J. Appl. Phys., 24, 1463 (1985).
3.K. Asakawa and S. Sugata, J. Vac. Sci. Tech., B3, 402 (1985).
4.S.W. Pang, J. Electrochem. Soc.: Solid-State Sci. & Technol., 133, 784 (1980).
5.S.W. Pang, G.A. Lincoln, R.W. McClelland, P.d. DeGraff, M.W. Geis and W.J. Piacentini, J.
Vac. Sci. & Technol., B1, 1334 (1983).
6.Y. Yuba, T. Ishida, K. Gamo and S. Namba, J. Vac. Sci. & Technol., B6, 253 (1988).
7.J.Z. Yu, N. Masui, Y. Yuba, T. Hara, M. Hamagaki, Y. Aoyagi, K. Gamo and S. Namba,
JpnJ. Appl. Phys., 28, 2391 (1989).
8.S. Sugata and K. Asakawa, J. Vac. Sci & Technol., B6, 876 (1988).
9.F.H. Pollak and H. Shen, J. Elect. Mat., 19, 399 (1990).
10.H. Shen, F.H. Pollak and J.M. Woodall, J. Vac. Sci. Technol. B8, 413 (1990).
11.L.He and W. A. Anderson, J. Elect. Mat., 20, 359 (1991).
12.D.E. Aspnes, Proc. 1st Int. Conf. on Modulation Spectroscopy,1972, [surf. Sci. 37, 418
(1973)].
13.M. Sydor, N. Jahren, W.C. Mitchel, W.V. Lampert, T.W. Haas, M. Y. Yen, S.M. Mudare
and D.H. Tomich, J. Appl. Phys., 67, 7423 (1990).
14.N. Bottka, D.K. Gaskill, R.S. Sillmon, R. Henry and R. Glosser, J. Elect. Mat., 17, 161
(1988).
15.D.W.E. Allsopp, Solid State Phenomena, 1 & 2, 211 (1988).
16.K. Yamasaki, M. Yoshida and T. Sugano, Jpn. J Appl. Phys., 18, 113 (1979).
17.M. Gal, R. Shi and J. Tann, J. Appl. Phys., 66, 6196 (1989).
18.S.K. Brierley and D. S. Lehr, J. Appl. Phys., 67, 3878 (1990).

Table 1 Data from DLTS Studies of GaAs
(@ Vr=-2V, FPH =0.5V)

Capture
Activation Energy Cross-Section Trap Density

Sample Ea(eV) a(cmz) Nt(cm's)
G0 0.83 2.80x10™" 3.0x10™
0.16 1.25x10716 4.0x1014

G 0.38 1.25x107Y 1.6x10%
G2 0.57 4.65x10"° 1.2x10%
G5 0.67 2.03x107" 5.4x10%
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Fig. 1 The PR spectra of (a) starting wafer, Fig. 2 The PR spectra from plasma etched

and after plasma etching at (b) 10m samples (a) 10mTorr/SOW, (b) SOmTorr
Torr/50W, (c¢) SOmTorr/100W, /100W and (¢) 100mTorr/150W, all after
(d) 100mTorr/150W. RTA treatment at 450°C, 10 seconds.
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Fig. 3 DLITS spctra for the starting GaAs Fig. 4 A typical DLTS spectra of sample G2
wafer GO (solid line) and plasma (50mTorr/100W plasma etched) for
etched sample G3 where the dashed different rate windows.
line shows the added signal.
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ABSTRACT

Electrical contacts and metallizations to GaAs solar cells,
intended for satellite array and other space-based applications,
must survive at high temperatures for several minutes under
specific mission scenarios. The determination of which
metallizations or alloy systems that are able to withstand extreme
thermal excursions with minimal degradation to solar cell
performance can be predicted by properly calculated temperature
constitution phase diagrams. Alternately, the thermodynamic
behavior of metal-GaAs systems could only be accomplished by
performing hundreds of controlled reactions and experimentally
determining compound formation, diffusion couples, eutectic points,
and finally, electrical/mechanical performance degradation. A
method for calculating a ternary diagram and its three constituent
binary phase diagrams is briefly outlined and ternary phase
diagrams for three Ga-As-X alloy systems are presented. Free
energy functions of the liquid and solid phases are approximated by
the regular solution theory. The three binary systems comprising
the boundaries of a ternary phase diagram are utilized to calculate
the binary regular solution parameters. The free energy functions
for the ternary system liquid and solid phases are then written as
a combination of the binary regular solution parameters. Liquidus
and solidus Dboundaries, as functions of temperature and
composition, for the ternary diagrams are calculated from these
free energy functions. Phase diagrams calculated using this method
are presented for the Ga-As-Ge and Ga-As-Ag systems.

INTRODUCTION

This research effort was initiated to determine an alloy system
which 1is chemically stable when exposed to extreme temperature
excursions, exceeding 873 K, while functioning as electrical
contact metallization to GaAs. The theoretical portion of this
investigation has been the calculation and utilization of
temperature constitution phase diagrams to determine suitable alloy
compositions, which will be in equilibrium with the (p) or (n)GaAs
solar cell emitter when the device is thermally stressed. Large
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numbers of binary phase diagrams have been determined
experimentally and are readily available in the open literature [1-
4]. However, only a few of the possible ternary alloy systems have
been experimentally investigated. The vast numbers of possible
ternary alloys, and the extensive experimental effort that would be
required to satisfactorily determine a ternary phase diagram,
prompted us to utilize computational methods to calculate the
equilibrium phase boundaries for selected alloy systems.
Mathematical representations for the liquidus and solidus phase
boundaries were derived through an application of the heterogeneous
phase equilibrium principle [5-6] to ternary alloy systems. The
analytical expressions were developed with the following
assumptions made: (a) the liquid and solid phases can be described
by the theory of a regular solution [6], (b) the regular solution
parameter is a linear function of the absolute temperature, (c) the
free energy function of the ternary phases can be represented by a
linear combination of the binary regular solution parameters [7],
(d) the binary compounds have a fixed composition and have no
solubility for any of the elemental constituents, and (e) the
Neumann-Kopp rule is obeyed [8].

BINARY ALLOY SYSTEMS

The development of an expression representing the thermodynamic
equilibrium in a binary alloy system was accomplished for two
distinct phase boundary conditions. The first representation
describes the equilibrium between a binary liquid phase and a
terminal solid solubility phase. The second case treats the
equilibrium between a binary liquid phase and an intermediate
binary compound. The equations describing these two cases are
utilized in conjunction with the experimentally determined
elemental and binary alloy data to calculate the values for the
binary regular solution parameters. In order to obtain a
quantitative measure as to the correctness of the computational
method, the calculated values for the regular solution parameters
were used to generate the boundaries for the liquidus and solidus
phases of binary systems and then compared to the experimentally
obtained values for the phase equilibrium boundaries.

EQUILIBRIUM BETWEEN A BINARY LIQUID PHASE AND A BINARY TERMINAL
SOLID SOLUBILITY PHASE

In developing the mathematical relations to express the
thermodynamic equilibrium between a binary 1liquid phase and a
terminal solid solubility phase the following procedure and
principles were utilized:

L Apply the principle of heterogeneous phase equilibrium.
28 Represent the partial molal free energy terms of each of the

elemental components as functions of the standard state free
energies of the pure elements, the activity coefficients, the
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mole fractions of the components, and the absolute
temperature.

3it The difference between the standard state free energies of
the liquid and solid states of each of the elements is
expressed in terms of their heats of fusion and melting
temperatures. The difference between the heat capacities of
the liquid and solid phases is assumed to be zero.

4, Use the regular solution model of alloying behavior to obtain
expressions for the activity coefficients of the elemental
components.

A straightforward application of these steps results in the
expressions for the boundaries of the phase diagram.
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