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1.0 Introduction and Summary of Phase Il Accomplishments

1.1 Introduction

The purpose of this report is to review the progress that has been made during
Phase II of Subcontract No. XM-0-19142-3. The report is a description of the work that
was accomplished between July 1, 1991 and the end of June, 1992. The overall goals of

the program are:

1.  to develop the necessary technology to grow high-efficiency GalnAsP layers that
are lattice-matched to GaAs,

2. to demonstrate high-efficiency GalnAsP single junction solar cells, and

3.  to demonstrate GaInAsP/Ge cascade solar cells suitable for operation under
concentrated (500x) sunlight.

Specific Phase II goals include the following:

1. optimization of the GalnAsP cell on GaAs, and the demonstration of a 500-sun
(AM 1.5) efficiency of > 23 percent,

2. development of a window layer, including the evaluation of AlGaAs, GalnP,
AlGaAsP, AlGalnP, and GaP,

3. development of a front-surface contact, with a grid designed for 500-sun
concentration, and a goal of a contact resistivity of ~ 105 ohm-cm? , and

4. growth of GalnAsP cells on Ge, with a goal of a 1-sun (AM 1.5) efficiency of > 15
percent

1.2 Summary of Phase Il Accomplishments

Many of the goals of Phase II have been achieved. The major accomplishments

include:




fabrication of p-on-n and n-on-p GalnAsP cells on GaAs, with the n-on-p cell

demonstrating a 10-sun (AM1.5) active area efficiency of 23.4%, as measured at
NREL,

evaluation of Al,Gay_y)As, GalnP,, and AllnP, window layers, and

fabrication of GaInAsP cells on Ge, with the demonstration of a p-on-n GalnAsP
cell grown on Ge with a 1-sun (AM1.5) active area efficiency of 14.4%.

The above items will be discussed in further detail in the following pages.




2.0 Technical Effort

2.1 Introduction

The focus of the technical effort for Phase II has been on the optimization of the

GalnAsP cell on GaAs, as well as on the development of the GalnAsP cell on Ge.

2.2 System Modification

Due to the requirements of another contract, the OMVPE system was modified
from a horizontal to a vertical atmospheric-pressure configuration. Also included in the
modifications was the installation of a burn-box in the exhaust line. The advantage for

the GalnAsP program is:

1. that much lower flow rates are required with the new configuration to achieve the
same film thickness, i.e., there is a much higher utilization of the precursors,
resulting in lower costs for growth of a cell, and

2.  that there is a much lower generation of white phosphorus in the exhaust lines,
leading to a safer growth process.

There was a need for re-calibration of both the composition and the doping levels of the
GalnAsP, but this is no different than what would be normally required with a source

change.

2.3 GalnAsP Cells Grown on GaAs

Both n-on-p and p-on-n cells have been grown on GaAs substrates. The basic
details of the growth are included in last year's annual report. A schematic of the n-on-p

cell is shown in Fig. 1. The p-on-n cell is similar, except for the dopant in each layer. A
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n*-GaAs:Se 5 x 10'% cm-3 0.2pm
n*-GalnP,:Se 1x10!8 cm-3 400 A

nt-GalnAsP:Se 1x10!8 cm-3 0.3 ym
p-GalnAsP:Zn 1x1017 cm-3 2.5 ym
p-GalnP,:Zn 1x10!7 cm-3 400 A

p-GaAs:Zn 1x10'7 cm-3 0.2 um
p*-GaAs substrate

Figure 1. Schematic of the n-on-p GalnAsP cell grown on GaAs substrates.




layer of GalnP, to develop a back surface field is incorporated to prevent carrier loss at
the GalnAsP-GaAs interface. The GalnP, has a bandgap of 1.86 €V, as determined from
PL measurements. GalnP; is also used as the window material for the comparison of the
n-on-p structure with the p-on-n structure. Results for the two cell types, both with an
active area of 0.136 cm?, as measured under 1-sun AM1.5 direct illumination at RTI, are
shown in Table I. Because the cells are eventually going to be used in concentrator
applications, which will include a large grid obscuration, the efficiencies are reported for
the active area of the cells. The results indicate that while the V. and fill factor for both
the cells are similar, the n-on-p structure gives better currents than the p-on-n structure.
This is reflected as significantly higher efficiencies for the n-on-p structure. The higher
currents are believed to be due to the longer minority carrier diffusion length of the
electron in the p-type base as compared to the hole in the n-type base, for comparable
dopant levels. The results of the GalnAsP cells grown on GaAs indicate that the n-on-p

structure is preferable.

The n-on-p cell was sent to NREL and re-measured using their simulator. Fig. 2
gives the results for 1-sun (AM1.5) direct illumination, and Fig. 3 gives the results for
9.73-sun (AML1.5) illumination. The efficiencies are for the total area of the cell, and
translate to active area values of 21.8% for 1-sun illumination and 23.4% for the 9.73 sun
illumination. The NREL efficiency result for the 1-sun measurement differs from the
RTI efficiency measurement by 1.4%, in absolute percentage. A spectral response
measurement was made at NREL on the same cell, and the results are in Fig. 4. The
longer wavelength cut-off corresponds well with the bandgap of GalnAsP (1.55 eV), and
is fairly sharp, indicating a good minority carrier diffusion length. There is some loss in
the shorter wavelengths, and this is believed to be due to the thickness of the emitter (0.3
um). Because the cell is ultimately designed for concentrator applications, the emitter

needsto be thick enough to keep the series resistance low, particularly under




Table 1

Results for n-on-p and p-on-n Cells Grown on GaAs

n-on-p
V. volts 1.04
J,.. mA/cm? 274
ff 0.814
1, active area 232%

AM1.S direct illumination

p-on-n
1.05
204
0.790
17.0%
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Figure 4. Spectral response curve for n-on-p GalnAsP cell on GaAs.




concentration. However, there is still some flexibility in the emitter thickness in
optimizing the final cascade structure, so there may be some improvement in the

collection of the shorter wavelength light with the use of a thinner emitter.

2.4 Window Material Comparison

Due to financial constraints, there was only sufficient time to evaluate
Aly gGag »As, GalnPy, and AllnP, as window materials. Since AlInP; is lattice-matched
to GaAs, and has a bandgap of 2.36 €V, it is actually a better choice than either
AlGaAsP, AlGalnP, or GaP, all of which either have smaller bandgaps or are not lattice-
matched to GaAs. The only difficulty in utilizing AllnP, is that it is difficult to grow p-
type material in our reactor at 675°C. Hence, the comparison of the three window
materials was made with the n-on-p structure. The basic structure of the cells is similar
to that of Fig.1, although no back surface field was incorporated. The results are shown
in Table II. The Aly g Gag ,As window gives the lowest Jg.> with the GalnP, and AlInP,
windows giving Jg. values about 3.5 mA/cm? higher. The Vs and fill factors for the
cells with the various windows are similar. The poor quality of the Alg gGag,As layers
is believed to be the reason for the lower J. for the cell with the Alg gGag,As window.
Although specular, SIMS measurements on the Alg gGag ,As indicate oxygen in the 1019
cm3 range, leading to recombination centers both at the GalnAsP/AlGaAs interface and
in the AlGaAs layer itself. The AllnP, window is slightly better than the GalnP,
window, and this is believed to be due to the higher bandgap of AllnP, (2.36 eV) as
compared to GalnP, (1.86 eV). The oxygen is not as critical an issue in the AlIanA as
compared to the Al gGag As, mainly due to the higher bandgap and lower Al content of
the AllnP,.

10




Table I1

Comparison of n-on-p Cells With Various Window Materiais

Window Aly §Gag,As GalnP, AllnP,
V.. volts 1.090 1.093 1.094
J,.. mA/cm? 14.4 17.2 1793
ff 0.75 0.80 0.82
1, active area 124% 16.8% 16.9%

AML.S direct illumination

11




2.5 GalnAsP Cells Grown on Ge

Both n-on-p and p-on-n GalnAsP cells have also been grown on Ge. The
structure of the n-on-p cell is shown in Fig. 5. Again, the p-on-n ceil is similar except
for dopant type. Although specular films of GalnAsP have been nucleated directly on Ge
at 675°C, the most consistent results to date are achieved using a thin GaAs nucleation
layer. The GaAs nucleation layer is grown at 710°C for a brief time, followed by a
decrease in temperature to 675°C and growth of a thicker buffer layer. Ultimately, the
buffer layer will be GalnAsP, but to date the layer has been GaAs. Resuits for a cell with
a p-on-n structure using GaAs as the buffer are shown in Table III. The overall cell
performance is lower than that for the cell grown on GaAs. The V., J, and fill factor
are all lower, probably due to Ge incorporation in the junction. A thicker buffer layer
(6.0 um) should help improve the overall quality of the cell. Cells were also grown with
the n-on-p structure, but the I-V curves for the cells indicate the formation of a junction
at the Ge/GaAs interface. Since the Ge substrates are heavily doped p-type (=5 x 1018
cm-3), in all likelihood Ge is entering the p-GaAs layer and causing type conversion.
Future plans for the growth of n-on-p cells on Ge involve heavily doping the initial GaAs
nucleation layer such that type conversion does not occur. Other ideas for the
improvement of the GalnAsP cells on Ge include using GalnAsP for the buffer layer,
growing a thicker (6 pm) buffer layer, and obtaining consistent morphologies using
GalnAsP as the nucleation layer. Because of the current loss that will be caused if a
GaAs nucleation layer is used in the final cascade structure, the GalnAsP nucleation layer

is preferable.

12
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nt-GaAs:Se S x 10!'8 cm-3 0.2um
n*-GalnP,:Se 1x10!8 cm-3 400 A

p-GalnAsP:Zn 1x10!7 cm-3 2.5 ym

p-GalnP,:Zn 1x10!7 ¢cm-3 400A
p- Buffer:Zn 3.5um

p-GaAs:Zn 500 A

p-Ge substrate

Figure 5. Schematic of the n-on-p GalnAsP cell grown on Ge substrates.
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Table III

Results for the p-on-n GalnAsP Cell Grown on Ge

V.. volts 1.01
J,c» mA/cm? 19.7
ff 0.72
1. active area 14.4%

AM1.S direct illumination




3.0 Final Cascade Structure

Based on the results to date, a proposed structure for the GalnAsP/Ge cascade
structure is shown in Fig. 6. The n-on-p configuration is preferred based on the results of
the GalnAsP cell on GaAs. However, several key areas in the successful development of
the n-on-p cascade structure include development of the n-on-p GalnAsP cell on Ge, as
well as the development of a GalnAsP/Ge heterotunnel junction. The n-on-p GalnAsP
cell on Ge seems within reach, the critical issue being the growth of the p-type buffer
layer. Growth of a GaAs/Ge heterotunnel junction has already been demonstrated at

RTI, so the development of a GalnAsP/Ge junction does not seem unreasonable.

15
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nt-GaAs:Se 5x10!8 cm-3 0.2pm
n*-AllnP,:Se 1x10'% cm3 400 A
n*-GalnAsP:Se 1x10!8 ¢cm°3 0.3 um
p-GalnAsP:Zn 1x10'7 cm-3 2.5 um
p-GalnP,:Zn 1x10!7 ¢cm-3 400 A
p-GalnAsP:Zn 1x10'7 cm3 3-Sum
p*-GalnAsP:Zn 1x10!% cm-3 500 A
n*-Ge:As 1x1020 ¢m-3 500 A
n-Ge:As 4x1018 cm-3 3.0 pm
p-Ge:B 1x1017 cm-3 10 um
p-Ge - substrate

Figure 6. Schematic of the suggested structure for the GalnAsP/Ge cascade cell.
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4.0 Preview of Phase il

The work during Phase II has been very encouraging. The Phase II efficiency
goal for the GalnAsP cell on GaAs has been achieved, several different window
materials have been evaluated, and the Phase II efficiency goal for the GalnAsP cell on
Ge is easily within reach. Unfortunately, due to budgetary constraints, little effort has
been put forth in developing the front surface contacts to GalnAsP during Phase II, and

this portion of the work has been moved to Phase III.

The focus of Phase III will be on developing the final cascade structure.

Specifically, Phase III includes the following goals:

1.  optimization of the GalnAsP cells grown on Ge, particularly for the n-on-p
configuration,

2. optimization of the grids and front-surface contacts for 500x concentration solar
cells,

3. development of a three-layer AR coating for the cascade cell, and

4. demonstration of a GalnAsP/Ge cascade cell with a 500x concentration efficiency
of > 32 percent.

Based on the results to date, we are excited about the start of Phase III and expect

significant results during the next year.
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