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1.0 Introduction and Summary of Accomplishments 

1.1 Introduction 

The purpose of this report is to review the progress that has been made toward 

achieving the goals of Subcontrct No. XM-0-19142-3. The report will focus on the work 

that has been accomplished during Phase III between July 1, 1992 and November 30, 

1993. The overall goals of the program are: 

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

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

3. to demonstrate GalnAsP/Ge cascade solar cells suitable f9r operation 
·under concentrated (500x) sunlight. 

1.2 Summary of Phase I and Phase II Accomplishments 

The major accomplishments of Phase I include: 

1. modification of the organometallic vapor phase epitaxy (OMVPE) reactor 
for growth of GainAsP, 

2. growth of Gao.s4Ino.16As0.68Po.32 (hereafter referred to as GalnAsP) 
lattice-matched to GaAs having a band gap of 1.55 eV, and growth of the 
same composition on Ge, 

3. demonstration of the compositional uniformity of the GainAsP films, 

4. control and calibration of the n- and p-type doping in the films, 

5. growth of the double-heterostructure for both then-type material and the 
p-type material, and measurement of minority carrier lifetimes of 37 ns 
and 3.7 ns in the respective materials, 

6. demonstration of a p-on-n solar cell with an active area efficiency of 
18.8% under AMl.5 illumination, and 

7. growth of higher band gap compositions of GainAsP. 
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The major accomplishments of Phase II include: 

1. fabrication of p-on-n and n-on-p GalnAsP cells on GaAs, with the n-on-p 
cell demonstrating a I-sun (AM l.5D)active area efficiency of 21.8% and 
a IO-sun (AM 1.5) active area efficiency of 23.4%, as measured at NREL, 

2. evaluation of AlxGa(l-x)As, GalnP2, and AIInP2 window layers, and 

3. fabrication of GainAsP cells on Ge, with the demonstration of a p-on-n 
GainAsP cell grown on Ge with a I-sun (AMI.5) active area efficiency of 
14.4%. 

The Annual Reports for 1991 and 1992 contain further discussion regarding the 

above accomplishments. 

1.3 Summary of Phase m Accomplishments 

Progress has continued during Phase ill of the contract. The major accomplishments 

include: 

1. demonstration of a GalnAsP tunnel diode for use as an interconnect in the 
GalnAsP/Ge cascade cell, and 

2. demonstration of a GalnAsP/Ge cascade cell. 

The development of the GalnAsP tunnel diode is a major accomplishment because it 

allows for the GalnAsP and Ge cells to be connected without optical losses for the 

bottom Ge cell, as say a Ge tunnel diode would cause. The GalnAsP/Ge cascade cell 

development is significant because of the demonstration of a cascade cell with a new 

materials system. Further progress made during Phase ID is contained in the following 

pages. 
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2.0 Technical Effort 

2.1 Introduction 

The focus of the technical effort for Phase ID has been on the following: 

I. development of a tunnel diode suitable for use in the GainAsP/Ge 
monolithic cascade structure, 

2. development of a Ge bottom cell, and 

3. development of the final cascade cell structure. 

2.2 Growth of GalnAsP on Ge 

One technical aspect of the program that has required considerable attention has been 

the growth of GalnAsP on Ge. The difficulties have involved two issues, nucleation of 

the GalnAsP on the Ge, and also lattice-matching between the GainAsP and the Ge. 

In regards to nucleation of GainAsP on Ge, the challenge involves growth of a polar 

material on a non-polar substrate. Under appropriate conditions, GaAs can be readily 

nucfeated on Ge, and high quality GaAs films grown [1]. In our own work we have 

found that we can nucleate GalnAsP directly on Ge at the normal GalnAsP growth 

temperature (675 °C) provided that the H2 carrier gas flow is increased from 3 liters/min 

to 8 liters/min and also that the Ge substrates are misoriented by 10° from (100). 

Without the increase in carrier flow, the GalnAsP films are hazy; with the increase in 

carrier flow, the films are specular to the eye. It is believed that the increase in carrier 

flow decreases the growth rate, allowing more time for adatoms to move about the 

surface and rearrange before being buried by ensuing layers. Varying the growth 

temperature and trying to nucleate thin layers of GaAs did not lead to specular films. 

The misorientation of the Ge is also critical. At misorientations of less than 10° from 

(100) the films are hazy to the eye. The 10° misorientation is necessary to suppress the 
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formation of anti-phase boundaries (APBs), which commonly occur when polar materials 

are grown on non-polar materials. 

The second difficulty, that of lattice-matching between the GalnAsP and the Ge, is 

more challenging. The difference in mechanical properties between GaAs and Ge 

required much more precision lattice-matching when growing on Ge substrates as 

compared to growing on GaAs substrates. When growing on GalnAsP on GaAs, the 

epitaxial layer may not be precisely lattice-matched with the substrate, and no apparent 

bowing of the substrate is seen. However, in growing the same GalnAsP composition on 

Ge, the slight mismatchs between the GalnAsP film and the Ge substrate can cause the 

substrate to be bowed. A 5 µm GalnAsP film is capable of causing visible bowing in a 

350 µm Ge substrate. The thicker the epitaxial film is, the more precise the lattice

matching has to be. With care, GalnAsP films can be grown on Ge substrates with no 

visible deformation in the substrates. It should be emphasized that great care must be 

taken to achieve the lattice-matching. In one set of experiments, the composition of the 

GalnAsP films was varied by about 1 % between two runs. In the first run, the Ge 

substrate and GalnAsP film were bowed one way {up), while in the next run the film and 

substrate were bowed in the other direction (down). The cause of the deformation in the 

Ge substrates as compared to the GaAs substrates is due to the difference in the elastic 

constants of the materials as compared to differences in the thermal expansion 

coefficients, since the thermal expansion coefficients of Ge and GaAs are virtually 

identical. As mentioned previously, with considerable care films can be grown that do 

not distort the Ge substrates. 

2.3 GalnAsP Tunnel Diodes 

Development of a monolithic cascade cell requires the development of an appropriate 

interconnect between the component cells. For the GalnAsP/Ge cascade cell, we have 
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considered four possible tunnel junction interconnects. The first two tunnel diodes were 

grown as stand-alone devices to test their suitability for cascade use, while the second 

two tunnel diodes that were examined were only considered within complete cascade 

structures. Of the first two tunnel diodes, one is an all GalnAsP tunnel junction, while 

the second is a GalnAsP/GaAs heterotunnel junction. The all GalnAsP tunnel junction 

has the advantage of not causing any optical losses for light that has passed through the 

top cell, but has not yet reached the bottom cell. The GalnAsP/GaAs tunnel junction 

allows for the possibility of nucleating GaAs on Ge, which might improve the material 

quality of the subsequently grown GalnAsP layers. However, as mentioned previously, 

our work on the growth of GalnAsP directly on Ge indicated that nucleation of GalnAsP 

directly on Ge was not a problem, whereas GaAs on Ge was. In any case, both types of 

tunnel junctions were fabricated to see which one gave a superior performance. 

Fig. 1 shows the structure of a p++ -on-n++ GalnAsP tunnel diode that was grown on 

Ge. Since there are no optical losses due to the tunnel diode, there are no constraints on 

the thickness of the layers, i.e., no need to thin the layers to reduce optical losses. Fig. 2 

shows the current-voltage curve for the device. Notice in particular the existence of a 

"kink" in the negative resistance region. This is believed to be du~ tunneling occuring 

between the degenerate bands and a deep level within the band gap, leading to the small 

increase in the current with increasing voltage in part of the negative resistance region. 

The peak current is 4.33 x HP mA/cm2, and occurs at a voltage of 65 mV. For a 

GalnAsP/Ge cascade cell under 10 sun concentration (a current density of approximately 

300 mA/cm2), the voltage drop across the tunnel junction is about 4.5 m V, while for 100 

sun concentration, the voltage drop is about 45 m V across the tunnel diode. Clearly the 

tunnel diode is sufficient for 10 sun operation, but for higher concentrations more work 

needs to be done to improve the tunnel junction interconnect. One possibility lies in 

pulsed growth of the tunnel diode, which is reported to give tune! junctions capable of 

carrying larger currents with lower resistive losses [2]. 
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Metal 

u++-GainAsP -1020 cm-3 0.8 l.1Ill 

n++-GaJnAsP -1020 cm-3 0.8um 

n-Ge substrate -300 µm 

Metal 

Fig. 1 Schematic of the GalnAsP tunnel junction grown on Ge. 

Fig. 2 Current-voltage curve for the GainAsP tunnel diode shown in Fig. 1.The x-axis 
scale is 0.1 volts per large division, and the y-axis scale is 2 mA per large 
division. The area of the tunnel diode is 9 x I o-4 cm2. 
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Fig. 3 shows the schematic of the GainAsP/GaAs heterotunnel junction. The GaAs 

layer was kept thin to keep optical losses to a minimum. The current-voltage curves for 

the devices did not show the negative resistance region; rather, poor quality diodes are 

typically seen, with turn-on voltages of about 0.2 volts and breakdown voltages about the 

same. We believe that Ge is diffusing through the thin GaAs layer into the p*-GainAsP 

layer, compensating for the doping, and creating a poor quality junction in the GalnAsP. 

The GaAs layer has to be kept thin to prevent optical losses, so increasing the thickness 

of the GaAs layer is not a viable option. The morphology of the films was also not very 

good. Clearly, a comparison of the first two tunnel diodes indicates that the GainAsP 

tunnel junction is the. obvious choice. The second two tunnel junctions were both 

GalnAsP/Ge type heterotunnel diodes, and since they were only grown within complete 

cascade structures, their discussion will be reserved for Section 2.5, Development of the 

Cascade Structure. 

Metal -

p++-GaJnAsP -1o20cm-3 0.8um 

n++-GaAs -1o20cm-3 -sooA 

n-Ge substrate -300µm 

Metal 

Fig. 3 Schematic of the GainAsP/GaAs heterotunnel junction grown on Ge. 
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2.4 Development of the Ge Cell 

A number of different configurations were considered for the bottom Ge cell, both 

as-grown junctions and junctions created by diffusion during growth of the GalnAsP 

epitaxial layers. The different Ge cell options were considered in order to increase the 

possible structures that could be considered for the final cascade structure. Initially, both 

n-on-p and p-on-n Ge cells were grown in a vapor phase epitaxy (VPE) reactor. 

Fig. 4 shows a schematic of the n-on-p Ge cell, and Fig. 5 shows the current-voltage 

curve for the same cell under AM l.5D illumination. The V oc for the cell is 0.175 volts, 

the Isc is 2.92 mA, and the fill factor is 0.60. With an active area of 0.141 cm2, the 

active area efficiency of the device is 2.2%. Fig. 6 shows the schematic of the p-on-n Ge 

cell, and Fig. 7 shows the current-voltage curve for the cell under AM l.5D illumination. 

The Voe for the cell is 0.149 volts, the Isc is 3.86 mA, and the fill factor is 0.60. With an 

active area of 0.141 cm2, the active area efficiency of the device is 2.4%. 

Based on the results for the Ge cells themselves, there is no clear preference as to 

cascade cell polarity. Either type of Ge device could be used in a cascade cell. If either 

of the as-grown Ge devices were incorporated into the cascade structure, they should add 

approximately 1.2% to the efficiency of the device, i.e., the voltage of the devices would 

be about the same, while the current would be approximately halved. This is based on 

the assumption that an appropriate tunnel junction and top cell can be grown on the Ge 

device without having a deleterious effect on the Ge device. 
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Metal I 
n*-Ge -mid 1019 cm-3 0.1 um 

n+-Ge -1018 cm-3 1 um 

p-Ge -1017 cm-3 6µm 

p+-Ge -1018cm-3 0.1 um 

-
p-Ge substrate -300µm 

Metal 

Fig. 4 Schematic of the n-on-p Ge cell. 
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Fig. 5 Current-voltage curve for the n-on-p Ge device, a schematic of which is shown 
in Fig. 4. The x-axis scale is 0.1 volts/large division, and the y-axis scale is 1 
mA/large division. 
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Metal I 
p++-Ge -mid 1019 cm-3 0.1 um 

p+-Ge -1018cm-3 1 um 

. n-Ge -1017 cm-3 6µm 

· n+-Ge -1018cm-3 0.1 um 

n-Ge substrate -300µm 

Metal 

Fig. 6 Schematic of the p-on-n Ge cell. 
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Fig. 7 Current-voltage curve for the p-on-n Ge device, a schematic of which is shown 
in Fig. 6. The x-axis scale is 0.1 volts/large division, and the y-axis scale is 2 
mA/large division. 
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2.5 Development of the Cascade Structure 

In developing the final cascade cell, a number of different structures were considered, 

both p-on-n and n-on-p structures grown on as-grown Ge junctions and on Ge junctions 

created by diffusion during the growth of the GainAsP layers. Each type of structure 

will be discussed in turn. 

2.5.1 Cascade Cells Grown on Active Ge Junctions 

The first of the structures grown on active Ge junctions that we will consider has the 

p-on-n configuration. A schematic of the device structure is shown in Fig. 8. An n++

GainAsP layer was nucleated on a p++-Ge layer, and then the subsequent GainAsP layers 

were grown. The n++-GaJnAsP/p++-Ge structure within the device is meant to be the 

tunnel diode. A typical current-voltage curve (under AM I.SD illumination) for one of a 

number of devices that was grown is shown in Fig. 9. The cell does have an anti

reflection (AR) coating. The V oc for the device is 0.962 volts, the Isc is 2.11 mA, and 

the fill factor is approximately 0.80. The active area of the device is 0.141 cm2. 

Analysis of the device under GaAs filtered light gave no indication of a junction in the 

Ge. Under the GaAs filter, the GainAsP junction is "turned off' except for leakage 

current. Any Ge junction would have a photoresponse to the filtered light, and would 

still be seen in the I-V curve. The p++-Ge and the p+-Ge layers are lost during growth of 

the GainAsP layer, apparently due to diffusion of As and P from the GainAsP into the p

Ge layers, converting them ton-Ge. Even at growth temperatures of 675 °C, enough 

diffusion occurs during the overgrowth of the GainAsP that the p-Ge layers are lost, and 

a p-on-n GainAsP junction is left on n-Ge. Obviously, the n++-G_ainAsP/p++-Ge 

heterotunnel diode is not stable enough at 675 °C to remain intact after the growth of the 

GainAsP. Because of the amount of time required to recalibrate compositions and 

doping concentrations at other temperatures, i.e., 650 °C, the decision was made to 

examine other cascade structures grown at 675 °C, rather than grow cascade cells at 

lower temperatures. 
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Metal 

p+-GaAs 

-mid 1018 cm-3 

0.2um 

p+-GaJnP, -1018 cm-3 400.A 

p+-GaJnAsP 1 x 1018 cm-3 0.2um 

n-GalnAsP 1 x 1017 cm-3 3.5µm 

n+-AIInP, 1 x 1018 cm-3 400.A 

n+-GaJnAsP 1 x 1018 cm-3 1.0µm . 

n++-GainAsP -1019 cm-3 0.5 um 

p++-Ge -1019 cm-3 0.1 um 
-

p+-Ge 1 x 1018 cm-3 0.5um 

n-Ge substrate -300µm 

Metal 

Fig. 8 Schematic of the cascade cell that was grown on the p-on-n Ge junction. 

14 



Fig. 9 Typical current-voltage ·curve for the type of cell shown in Fig. 8. The x-axis 
scale is 0.5 volts/large division, and the y-axis scale is 1.0 mA/ large division. 
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The schematic for the cascade structure grown on n-on-p Ge junctions is shown in 

Fig. 10. Figs. 11 and 12 show typical current-voltage curves that are seen for these types 

of cells. V ocs for a number of the cells are about 0.9 volts, and Iscs are between 1 and 2 

mA, for cells of area 0.141 cm2 active area. Under illumination, a "kink" appears in the 

curve. The "kink" may be pronounced, as in Fig. 11, or it may be much smaller, as in 

Fig. 12. Examination of the cell under 6 suns concentration reveals a second "kink", one 

that is completely in the second quadrant. The second "kink" appears when the current

carrying limits of the tunnel diode are reached. Further increase in the magnitude of the 

concentrated light gives rise to the negative differential region of the tunnel diode being 

seen. The first "kink" seen in the I-V curves in Figs. 11 and 12 is not due to the tunnel 

diode, but is instead due to a poor quality junction in the Ge. During growth of the 

GalnAsP, the quality of the Ge junction degrades such that the Ge junctions have a very 

low reverse bias breakdown. The combination of the low breakdown voltage and current 

mismatch between the GalnAsP and Ge junctions leads to the type of "kink" seen in Figs. 

11 and 12. The "soft knee" seen in the dark I-V curve in Fig. 11 is also due to the soft 

breakdown of the Ge junction. Even though n-011-p Ge junctions can be made that show 

good diode properties, e.g., Fig. 4, if these same junctions are held at 675 °C for growth 

of the GalnAsP layers, the Ge junctions deteriorate such that they cannot support a 

reverse voltage of any size. 

Clearly, GalnAsP/Ge cascade cells cannot be made by the growth of GalnAsP layers 

on Ge junctions at 675 °C. In the case of the p-on-n structure, the p-type emitter is lost 

due to diffusion of As and P into the emitter, while in the case of the n-on-p structure, the 

quality of the Ge junction deteriorates during growth of the GalnAsP layers. 

16 
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Metal 

n+-GaAs 

-mid 1018 cm-3 

0.2um 

n+-AIInP., -1018 cm-3 
0 

250A 

n+-GaJnAsP 1 x 1018 cm-3 0.2um 

p-GainAsP 1 x 1017 cm-3 3.Sµm 

p+-GainP? 1 x 1018 cm-3 400.A 

p-GainAsP 1 x 1017 cm-3 I.Oum 

p++-GaJnAsP -1019 cm-3 O.Sum 

n++-GaJnAsP -1019 cm-3 0.Sum 

n+-GaJnAsP -1018 cm-3 3.Sum 

n++-Ge 5 x 1018cm-3 0.1 um 
-

n+-Ge 1 x 1018 cm-3 0.Sum 

p-Ge 1 x 1017 cm-3 6.0µm 

p+-Ge 1 x 1018 cm-3 0.1 um 

p-Ge substrate -300um 

Metal 

Fig. 10 Schematic of the cascade cell that was grown on the n-on-p Ge junction. 
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Fig. 11 Current-voltage curve for the structure grown in Fig. 10. The x-axis scale is 0.5 
volts/large division, and the y-axis scale is 1.0 mA/large division. 

Fig. 12 Current-voltage curve of a second type for the structure shown in Fig. 10. The 
x-axis scale is 0.5 volts/large division, and the y-axis scale is 1 m.A/large 
division. 
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2.5.2 Cascade Cells Grown with Diffused Ge Junctions 

The results with the cascade devices grown at 675 °C on the Ge junctions led to 

considering growth of the GainAsP layers at 675 °C on Ge substrates and having the Ge 

junction form by the diffusion of either Ga and In, or As and P into the Ge to create a 

junction. For example, the structure for a p-on-n cascade cell with a diffused Ge is 

shown in Fig. 13. The idea behind the device is to have Ga and In diffuse from an n++

GalnAsP layer into then-Ge at a higher solid solubility than As and P [l], hence creating 

both a p++-Ge layer for an n++-GainAsP/p++-Ge tunnel diode, and a p+-Ge layer for an 

emitter. Two different types of I-V curves are seen (Figs. 14 and 15) from devices 

grown in this manner. The first type of curve, Fig. 14, is similar to that shown in Fig. 

11. Apparently, a poor quality junction is created in the Ge, one that has poor diode 

quality and also poor breakdown. The second type of curve, that of Fig. 15, has a very 

good I-V curve. The V oc for the device shown is 1.06 volts, the Isc is 2.4 mA, and the 

fill factor i~ 0.80. The device, with an active area of 0.141 cm2, is illuminated with AM 

1.5D light and does not have an AR coating. Further examination of the cell, however, 

does not indicate cascade action. As in the previous discussion on the use of GaAs 

filtered light, no evidence was seen for a junction in the Ge. Also, driving the cell with 

IR rich light gave no indication of a current mismatch in the I-V curve (which would 

indicate two junctions in the device). For a single junction, the V 0c is quite good, about 

equal to that seen for GainAsP junctions grown on GaAs substrates. Apparently, for 

devices showing the second type of I-V curve, not enough diffusion of Ga and In into the 

n-Ge occurs at 675 °C to cause type conversion. It should be noted that both types of 

curves are seen in devices processed from the same wafer, the wafer being about 1 cm. 

by 2.5 cm. in size. Either not enough diffusion occurs to create the desired junction in 

the Ge, or if enough diffusion of Ga and In into the n-Ge occurs to type convert to p-type 

material, the junction created in the Ge is of too poor a quality to give good I-V curves. 
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Metal 

p+-GaAs 

-mid 1018 cm-3 

0.2um 

p+-GaJnP? -1018cm-3 400.A 

p+-GaJnAsP 1 x 1018 cm-3 0.2um 

n-GalnAsP 1 x 1017 cm-3 3.5 µm · 

n+-AIInP? 1 x 1018 cm-3 400.A 
-

n+-GaJnAsP 1 x 1018 cm-3 1.0µm 

-
n++-GainAsP -1019 cm-3 0.5um 

diffused p++-Ge -1019 cm-3 250.A 

diffused p+-Ge -1018 cm-3 0.1 um 

n-Ge substrate -300µm 

Metal 

Fig. 13 Schematic of the cascade cell that was grown on the n-type Ge substrate. 
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Fig. 14 Current-voltage curve for the structure grown in Fig. 13. The x-axis scale is 0.5 
volts/large division, and the y-axis scale is 1 mA/large divisio~. 

Fig. 15 Current-voltage curve of a second type for the structure grown in Fig. 13. The 
x-axis scale is 0.5 volts/large division, and the y-axis scale is 1 mA/large 
division. 
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The difficulty in trying to create a diffused p-on-n Ge junction is that so much As and P 

have already diffused in, once the Ga and In diffuse in in sufficient quantities, the doping 

levels on both sides of the junction are so high that the junction is of poor quality. 

Fig. 16 shows a schematic of the n-on-p cascade structure with a diffused Ge 

junction. This is the only structure that we grew that demonstrated cascade action. Both 

a GalnAsP tunnel diode and a GalnAsP solar cell are grown on a p-Ge substrate. During 

growth of the GalnAsP layers, As and P diffuses into the p-Ge, type converting it to n

Ge, and thus creating a junction in the Ge. The I-V curve for the best cell that has been 

grown is shown in Fig. 17. Under AM 1.5D illumination, with an AR coating, the V 0c is 

1.18 volts, the Isc is 2.59 mA, and the :fill factor is 0.75. The active area of the device is 

0.141 cm2, and the active area efficiency is 16.2%. 

We have had however, difficulty in duplicating the device shown in Fig. 16. Despite 

a number of growth attempts, we have only had a yield of about 7.5%. Not only do 

results vary from run to run, but devices processed from the same wafer may vary, with 

some cells showing cascade action, and some not showing any cascade action. Several 

factors contribute to the low yield and lack of repeatability. First, the doping in the p-Ge 

must be low enough such that type conversion due to the indiffusion of As and P occurs. 

If the doping in the p-Ge is too high, type conversion will not occur, and a poor quality 

junction remains at the n+-GaJnAsP/p-Ge interface. Secondly, if a diffused junction is 

created in the Ge, it still must be of reasonable quality. Poor quality junctions in the Ge 

lead to the types of I-V curves seen in Figs. 14 and 10. Finally, the issues of lattice

matching , discussed in Section 2.3, must be addressed. If the lattice-matching between 

the GainAsP and the Ge is not exact, bowing of the wafers is seen. The thicker the 

GalnAsP layers, the more stringent are the requirements on the lattice-matching. During 

growths of the structure shown in Fig. 16, slight variations in the composition changed 

the bowing in the wafers from convex to concave. Despite these difficulties, we believe 

that, with further work, the GainAsP/Ge cascade cell can be further improved. 
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Fig. 16 Schematic of the cascade cell that was grown on the p-type Ge substrate. 
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Fig. 17 Current-voltage curve for the structure shown in Fig. 16. The x-axis scale is 0.5 
volts/large division, and the y-axis scale is 1 mA/large division. 
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3.0 Summary and Closing Comments 

Overall, several significant accomplishments have been made during the three years 

of this work. They include: 

1. growth of GalnAsP with minority carrier lifetimes of 35 ns and 3.7 ns in 
n-type and p-type material, respectively, 

2. fabrication of an n-on-p GalnAsP cell on GaAs with a 1 sun active-area 
efficiency of 21.8% and a 10 sun active-area efficiency of23.4%, and 

3. demonstration of an n-on-p GalnAsP/Ge cascade cell with an active-area 
efficiency of 16.2%. 

In view of the accomplishments of the past three years, we feel that the program has 

been a success.· A number of challenges remain in order to approach the theoretical 

efficiencies that are possible with the Galn.AsP/Ge cascade cell. With further effort, we 

feel that these challenges can be overcome, and so improving the GainAsP/Ge is worth 

pursuing. 
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5.0 Appendix 

The following is a copy of a paper presented at the IEEE PV Specialists Conference 

in Louisville, KY, in May, 1993. 
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ABSTRACT 

We report on the development of two compositions of 
GalnAsP lattice-matched to GaAs for photovoltaic 
applications. Successful development of cascade solar cells 
necessitates the development of both high bandgap (1.5 to 1.9 
eV) as well as low bandgap (0.7 to l.4 eV) materials. 
GalnAsP lattice-matched to GaAs is an excellent candidate for 
the high band gap material. Gao.s4lllo.1~S0.6sP032 cells, with 
a band gap of 1.55 eV, have been developed that have 
demonstrated a V oc of 1.047 volts, a Jsc of 22.5 m.Alcm.2, a fill 
factor of 0.849, and an active area efficiency of21.8 per cent 
under AMI.5 direct illumination. A Gao.wno.16AS0.6sP032 
tunnel diode has also been developed with a peak current of 
4.33 x 102 - mA/cm.2 at a voltage of 65 mV. Both the 
Gao.84lllo.16AS0.6sP032 cell and tunnel diode are being used in 
conjunction with a Ge cell to develop a monolithic 
Gao.84lllo.16AS0.6sP032/Ge cascade cell. Gao.6slno32Aso.w>o.66 
cells, with a band gap of 1.7 eV, have been developed that 
have demonstrated a Voe of 1.161 volts, a Jsc of28.9 m.Alcm2, 
a fill factor of 0.86, and an active area efficiency of 21.4 per 
cent under AMO illumination. The Gao.6slno.32Aso.w>o.66 
cells have also demonstrated resistance to radiation damage as 
well as a recovery of preirradiation perf oilllance after low 
temperature annealing. 

INTRODUCTION 

Cascade solar cells have already demonstrated highly 
efficient conversion of sunlight into electricity. The 
GaAs/GaSb and the GaAs/GalnAsP mechanically stacked 
cascade cells have shown efficiencies greater than 30 per cent 
under concentration [1,2]. A three-terminal InP/GalnAs2 
monolithic cascade cell has demonstrated an efficiency greater 
than 30 per cent under concentration [2], and a two-terminal 
GalnP2/GaAs monolithic cascade cell has shown an efficiency 
of27.3 per cent at one sun [3). 

A number of different materials combinations have been 
suggested for both monolithic and mechanically stacked 

cascade cells. The work of Wanlass et al. [2] has indicated 
that the cascade cells with the highest theoretical efficiencies 
have IR-sensitive bottom junctions with bandgaps in the range 
from 0.7 to 1.1 eV. For monolithic cascade cells, the 
challenge is to have two photovoltaic junctions of separate 
materials that will both current match as well as lattice match, 
and to also develop a suitable lattice-matched tunnel diode 
interconnect between the two junctions. For series-connected 
mechanically stacked cascade cells, the challenge is to develop 
two photovoltaic junctions of different materials that current 
match, to grow the top juncti_on on a removable substrate, and 
to develop a suitable electrical interconnect between the two 
junctions. 

Quaternary semiconductor compounds are ideal 
candidates for use in cascade solar cells because the lattice 
constant and the bandgap of such compounds can be, within 
limits, independently varied. For Ga.InAsP lattice-matched to 
GaAs (and, hence, Ge), the bandgap spans the range from 1.42 
to 1.92 eV (Fig. I). The lattice constant and bandgap of 
Ga!nAsP compositions are easily measured by x-ray 
diffraction and photolUJilll!.escence measurements. Two 
compositions of GalnAsP lattice-matched to GaAs are of 
particular interest in the present study. Junctions made from 
Gao.wno.16AS0.6sP032, with a bandgap of 1.55 eV, are both 
current-matched and lattice-matched with Ge jtmctions. Under 
concentrated sunlight, a Gao.wno.16ASo.6sPo.32/Ge cascade cell 
projects to a theoretical efficiency of greater than 40 per cent· 
at 100 suns (2]. Such cells are of interest for terrestrial 
applications. The composition Gao.6slno.32Aso.3,4l>o.66 has a 
bandgap of 1.7 eV, andjtmctions made from such a material 
are current-matched with Si junctions. By growing on a 
removable Ge substrate, the Gao.6slno.32Aso.3,4l>o.66 jtmction 
can be mechanically stacked on a Si junction. The 
Gao.6slno32Aso.w>o.66'Si mechanically stacked cell also 
projects to a theoretical efficiency of greater than 40 per cent 
at 100 suns [2], and is of interest for space applications. 

GalnAsP cells of both compositions are grown at RTI in 
a vertical, atmospheric-pressure, organometallic vapor phase 
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Fig. I. The variation in the bandgap and the 
lattice constant in GalnAsP at room temperature (6]. 

epitaxy (OMVPE) reactor at 675 °C. Trimethylgallium 
(TMGa), ethyldimethylindium (EDMln), trimethylaluminum 
(TMAI), 100% arsine, and 100% phosphine are the precursors. 
Diethylzinc (DEZn) is used to supply the p-type dopant, and a 
50 ppm H2Se in H2 mixture is used to supply the n-type 
dopant 

DEVELOPMENT OF THE Gao,84lllo.1t,Aso.68l>o.32 CELL 

A nun1ber of Gao.84lllo.16ASo.6sP032 cells with either an 
n-on-p or p-on-n configuration have been grown and processed 
at RTI. A schematic of a cell with an n-on-p configuration is 
shown in Fig. 2. The cells are 0.16 cm2 in total area, with an 
active area of0.136 cm2. Results to date for a number of cells 
indicate that the n-on-p configuration gives better efficiencies 

than the p-on-n configuration. The V oc for either 
configuration is about the same; the major difference is in the 
Js,;, with the current for the n-on-p configuration being about 
25 per cent higher than that for the p-on-n configuration. This 
is believed to be due to the longer diffusion lengths of 
minority carriers in p-type material as compared to n-type 
material. 

For the n-on-p configuration, Alo.sGao.2As, A1InP2, and 
GalnP2 have been considered as window materials. Growth of 
high quality AIGaAs with an aluminum content greater than 
50% is difficult with our current reactor configuration. Since 
AllnP2 has a larger bandgap (2.3 e V) than GalnP2 (1.9 e V), the 
AllnP2 window will help to improve the blue response of the 
cell. Due to the difficulty in obtaining low resistivity p-AIJnP 2 

Metal 

n+-GaAs 
O.Sµm 

l x I018 cm-3 AR Coating 

n+-GaJnP2 -1Q18 cm-3 400A 
n+-GafnAsp 1 X IQl8 cm·3 0.3 µm 

p-GalnAsP 1 X 1017 cm·3 3.Sµm 

p+-GainP2 - IQ18 cm·3 400A 
p-GaAs Buffer 0.2µm 
p-GaAs Substrate -300µm 

Metal 

Fig. 2. Schematic of a Gao.84lllo.1~.6sP032 
cell with an n-on-p configuration. 

at 675°C, GalnP2 is used to create the back surface field (BSF) 
for the n-on-p cells. 

The best Gao.84lllo.16ASo.6sP032 cell to date, grown on p
GaAs, has a V oc of 1.047 volts, a Jsc of 22.5 mAJcm2, a fill 
factor of 0.849, an active area efficiency of 21.8 per cent for 
AMI.5 direct illumination (Fig. 3), and an active area 
efficiency of 23.4 per cent under 9.73 suns. (Active area 
efficiencies are given because of' the 15% grid coverage and 
because the cells are designed for use with cover glasses). As 
far as we know, this is the highest efficiency ever 
demonstrated for a quaternary cell under AMI .5 illumination. 
A spectral response measurement for the cell is shown in Fig. 
4. The longer wavelength cut-off corresponds well with the 
bandgap of 1.55 eV, and is also fairly sharp, indicating a good 
minority carrier diffusion length. There is some current loss at 
shorter wavelengths, possibly due to the thickness of the 
emitter (0.3 µm) or to the GalnP2 window. Since the cells are 
designed for concentrator applications, the emitter thickness is 
constrained by the need to keep the series resistance low. 
Switching to an AIIDP2 window should help with the blue 
response. 

A number of Gao.84Ino.16AS0.6sP0.32 solar cells grown at 
RTI have been processed at the National Renewable Energy 
Laboratory (NREL). Fig. 5 shows the results for a cell 
without an anti-reflection (AR) coating, measured at 69 suns. 
The total area efficiency is 15. 7%. Addition of an AR coating 
will increase the efficiency approximately 30%, to give a total 
area efficiency of about 20.8%. Fig. 6 shows the log current
voltage curve for another cell. The modeled shunt resistance 
is 1.9 x I06- kohm-cm 2, and the series resistance is 3.8 x 10-1 
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direct illumination. The active area efficiency is 
21.8%. 
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Fig. 4. Spectral response curve for the n-on-p 
Gao.84Ino.16Aso.68Po.32 cell on GaAs. 

obm-cm2• The results indicate that the 

Gao.s.ilno.16AS0.6sPo.32 cell can operate up to 69 suns with high 
fill factors. 

Since the ultimate goal of the research in 
Gao.&4ID<>.16Aso.6sPo.32 is to develop a 
Gao.s.;lno.16Aso.6sP032/Ge cascade cell, an appropriate tunnel 
jlUlction interconnect has to be developed. The logical choice 
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Fig. 5. Current-voltage curve for an n-on-p 
Gao.wno.16Aso.68Po.32 cell at 69 suns. 

10-l 

10-t 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

10-9 

10-10 

10- 11 

/ 10-12 

10-13 

~ a ~ ~ 
co C? Ci 
d - -

voltage (volts) 

Fig. 6. Log current-voltage curve for an n-on-p 
Gao.wno.16Aso.68Po.32 cell on GaAs. 
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is Gao.~.16Aso.6sP032, since the material is lattice-matched 
to Ge and is also optically transparent to photons that would 
normally be collected by the bottom cell. A current-voltage 

cmve for a p++Jn++ Gao.s.Jno.16ASo.6sP032 tunnel diode, 

nucleated directly on Ge, is shown in (approximately what the 

Gao.~.16Aso.6sP032/Ge cascade cell would produce lUlder 
10 suns), the voltage drop across the tunnel diode is 4.5 mV. 
Under 100 suns, the voltage drop would be 45 mV. The 



Fig. 7. The peak current for the device is 4.3 x 1C>3 -
mA/cm2, and occurs at a voltage of65 mV. For a 

current density of 300 mA/cm 2Fig. 7 Current-
voltage cwve for a p--n++ Gao.s.Jno.16Aso.6sPo.s2 
tunnel diode nucleated directly on Ge. The x-axis 
scale is 0.1 V per large division, and the y-axis scale is 
2 mA per division. the area of the tunnel diode is 9 x 
l()-4cm2. 

"kink" in the negative resistance region is believed to be due to 
tunneling occurring between the degenerate bands and a deep 
level within the bandgap. The fact that Gao.s.Jno.1~So.6sPo.s2 
can be nucleated directly on Ge indicates that the complete 
monolithic cascade structure can be grown without the need 
for a separate material to act as a buffer layer (such as GaAs) 
between Gao.wno.1~.68Po.32 and Ge. 

Research is currently underway to optimize the Ge 
bottom cell (grown by vapor phase epitaxy) and to also grow 

the complete monolithic structure using Gao.84lllo.t6ASo.6sPo.32 
as the tunnel diode. Fig. 8 gives a schematic of a possible 
Gao.84fuo.16Aso.6sPo.32/Ge cascade cell. 

DEVELOPMENT OF THE Gao.68Ino.32Aso.w>o.66 SOLAR 
CELL 

The development of ¢e Gao.6slno.s2ASo.~o.66 solar cell 
is motivated by the desire to fmd a material with a bandgap in 
the 1.7 eV range that does not have the same stringent growth 
requirements as AlGaAs. High quality AlGaAs for 
photovoltaic applications requires high growth temperatures 
(>750°C), ultra-clean growth systems, and very pure sources .. 
The growth of high quality Ga o.6sin0.s2Aso.34Po.66 is not as 
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n+-GaAs 
O.Sµm 

IX 1018 cm·3 AR Coating 
n+-AIJnP2 -101s cm-3 400A 

n+-GaJnAsp l x 1018 cm·3 0.3µm 

p-GainAsP l x 1017 cm·3 3.Sµm 

p+-GaJnP2 -101s cm·3 400A 
p++-GaJnP -1019 cm·3 O.Sµm 
n++-GaJnP -1019 cm·3 0.5 J.llD. 

n+-GaJnAsp l X 1018 cm·3 3.Sµm 

n+-Ge 1 X 1018 cm·3 1.0 J.llD. 

p-Ge l X 1017 cm·3 6.0µm 
. 

p-Ge Substrate - 300 µm 
Metal 

Fig. 8. Schemati~ . of the 
Gao.wno.16Aso.68Po.32/Ge cascade cell. 

difficult The most difficult aspect of growing 
Gao.6slno.s2ASo.w>o.66, when using AsH3 and PH3 as the 
precursors, is the temperature differential in the decomposition 
temperatures ofPH3 and AsH3. AsH3 decomposes at a lower 
temperature than PH3 [4). Fer GainAsP compositions such as 
Gao.6slno.32ASo.~o.66, with a high phosphorus content, 
considerably more PH3 than AsH3 is required to achieve the 
desired composition. However, new precursors, such as 

tertiary-butyl phosphine (IBP), have lower cracking 
temperatures than PH3, and are an obvious alternative for the 
growth of Gao.6slno.s2Aso.3.iPo.66- Future research plans 
include using 1BP for the growth of the quaternary. 

The ultimate goal of the research into 
Gao.6slno.32Aso.w>o.66 is the development of a cell that can be 
mechanically stacked with a Si cell for use in a cascade 
structure. A schematic of an n-on-p Gao.68Ino.s2ASo.w>o.66 
cell is shown in Fig. 9. The n-on-p configuration is chosen 
again because of the longer minority carrier diffusion length in 
p-type as compared to n-type material, and also because of the 
difficulty in growing a low resistivity p-type AIInP2 window. 
Results for efficiency, radiation resistance, and recovery from 
radiation damage for the cells indicate that 
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Fig. 9. Schematic of the n-on-p 
Gao.68Ino.J2Aso.w>o.66 cell. 

Gao.6slno.n.Aso.w>o.66 is an outstanding material for solar cell 
applications. 

To date, all cells have been grown on GaAs. Fig. IO 
shows the I-V curve for the best cell. The total area of the cell 
is 0.16 cm2. Under AMO illumination. the Yoe is 1.161 V, the 
Jsc is 28.9 mA/cm.2, the fill factor is 0.86, and the active area 
efficiency is 21.6 per cent. The active area efficiency again is 
given because the cell has a grid obscuration of 15 per cent. 
As far as we Imow, this is the highest efficiency ever 
demonstrated for a quaternary cell under AMO illumination. 

Spectral response measurements of the cell before and after 
irradiation with I MeV electrons at a fluence of 101s - cm-2 
are shown in Fig. 11. Table I gives the average data for 7 cells 
before and after irradiation. and also shows the recovery of 
preirradiation performance with low temperature annealing. 
The EOL/BOL ratio, measured just after irradiation. is 0.79, 
but recovers to 0.84. The improvement in radiation damage 
occurs ·while the cells are held at room temperature. As far 
awe know, these are the first epitaxial films to demonstrate 
such recovery from radiation damage. 

By way of comparison, results for the Gao.6slno32Asa.w>o.66 
cell are compared with those for an Alo.2Gao.sAs cell, a 
material with the same nominal bandgap, in Table II. The Voe 
for the Alo.2Gao.sAs cell is about 5 per cent higher, but the Jsc 
for the Gao.6slno32Aso_34l>o.66 cell is about 21 per cent larger, 
taking into account the bandgap difference. The minority 
carrier diffusion length of the Gao.6slno32Aso.w>o.66 is an 
excellent alternative to Alo.2Gao.8As since it has approximately 

Fig. IO. Current-voltage curve for the best n
on-p Gao.6slno32ASo.J4l>o.66 cell to date. The x-axis 
scale is 0.5 V per large division, and the y-axis scale is 
I mA per division. 
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Fig. 11. Spectral response measurements for the 
Gao.6slno.32ASO.w>o.66 cell before and after irradiation 
with I MeV electrons at a fluence of IO 1s cm-2. 

the same bandgap, gives a higher efficiency for photovoltaic 
cells, and is grown apparently much better than that for the 
Alo.2Gao.8As. The about I 00°C lower than the Alo.2Gao.sAs. 

The efficiencies, radiation resistance, and recovery from 
radiation for Gao.6slno.s2Aso.w>o.66 cells indicate that it is an 
outstanding material for space photovoltaic applications. 
Since the material is lattice-matched to GaAs, it is also lattice
matched to Ge and can be grown on Ge with the appropriate 
buffer. With the removal of the Ge substrate (5) and the use of 
an appropriate bonding technique: the Gao.6slno.32ASo.J4l>o.66 
cell can be stacked on Si cells for the development of a 
cascade structure. 



Table 1. Average I-V Data for 7 GalnAsP Solar Cells Before and After Inadiation with I MeV Electrons at a 
Fluence of IO ts cm·2 Showing Recovery of Preirradiation Performance With Low-Temperature Annealing 

,;~~;~~~:: -~:·:::~~.ii:::·;~~~;;t~!:.;::·::::::i:.;:;r,~:'.:: ::~:::giifi.i::::E:r!.;&i~~;:;;:::~:;:·if:f!.:7::.::::: 6::~~-~:;:::~6::~~;i~i~!:X:::;::::::~ .. ,: 
AVG. 1162 1096 1114 1122 3.76 3.25 3.30 3.36 20.4 16.1 16.7 17.2 

NOTES: V ocO, IscO, and Efi-0 are preirradiation values. 
V ocl, Iscl. and :Efrl are values measured immediately after irradiation.. 
V oc2, Isc2. and Etf 2 were measured after 3-week storage in dry box at room temperature. 
V oc3, Isc3, and :Efr3 were measured after 16 hours Wlder AMO spectrum 

(from Hoffinann simulator) at 28 °C after 3-week storage. 

Table 2. Comparison of GainAsP and AlGaAs 
Solar Cells 

Voe 
Jsc 
ff 

11, % 

121SmV 

21.9mA/cm2 

0.865 

17.1 

1161 mV 

28.9mA/cm2 

0.86 

21.6 

The cells were measured tmder AMO light from a 

Hoffinan simulator. The efficiencies refer to the 
active area. 

CONCLUSIONS 

Both compositions of GalnAsP that we have examined 
have demonstrated solar cells with active area efficiencies 
greater than 21 per cent. For terrestrial applications 
Gao.wno.16Aso.6sPo.32, in conjtmction with a Ge cell, is an 
excellent candidate for a high efficiency, monolithic cascade 
cell. For space applications Gao.6Slllo.32Aso_34l>o.66 has 
demonstrated good radiation resistance as well as recovery 
from radiation damage in addition to high efficiencies. 
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