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The effects of a thermal cycle annealififCA) process on the defects in GaAs and®@& _,As

solar cells on Si substrates are described in this paper. The defect density is reduced and the solar
cell efficiency is improved by TCA. The defect density and the solar cell efficiency are evaluated in
detail with respect to TCA temperature and Al composition. The problems involved in the
fabrication of a high efficiency AlGaAs solar cell on a Si substrate are discussedl99®
American Institute of Physic§S0021-8976)03712-7

I. INTRODUCTION lar cells grown on a Si substrate with annealing temperature
and Al alloy composition.
Recently, high efficiency solar cells have been studied
actively for future photovoltaic systems. A tandem solar cellj|, EXPERIMENT

including more than two junctions is one of the candidates Enpitaxial th ‘ db . tional
for the photovoltaic cell, having a conversion efficiency atmoslr?;?c g:g\évsurga;eﬁ);;?r;ic czeljni’;zgl ‘i/c;m:)erndlgnisi
higher than 30%. Among many material systems, the two; P P g P P

. ) - . . _tion (MOCVD). Trimethylgallium (TMG), trimethylallumi-
terminal AlIGaAs/Si monolithic tandem solar cell is attractive num(TMA), and AsH, were used as the source materials for

for its high efficiency, low cost and large-area photovoltaicGa’ Al, and As, respectively. Diethylzin®EZ) and HSe

cell from the band-gap-energy point of _V'éWt has been \ are p-type andn-type dopants, respectively. The substrate
calculated that a conversion efficiency higher than 33% ca@ientation wag001) 2° off toward[110]. The growth con-

be obtained with AJ,G&, 7¢As as the top cell and Si as the gitions and the solar cell structure were almost the same as
bottom cell? The problem with high efficiency solar cell reported previousl§.After forming apn junction in the Si
fabrication is the difficulty in growing AIGaAs on a Si sub- substrate, a GaAs solar cell or AlGaAs solar cell was fabri-
strate with long minority carrier lifetime. This results from cated. Although the AlGaAs/Si tandem solar cell was fabri-
the generation of defects in the AGa, ;¢As layer due to  cated in the present study, we report only the characteristics
lattice mismatch, difference in the thermal expansion coeffiof an AlGaAs top cell. The detailed characteristics of an
cients, the creation of Al-O or Al-C related defects, etc. In aAlGaAs/Si tandem solar cell will be reported elsewhere. A
previous paper, we reported an AlGaAs/Si tandem solar cell.7-um-thickn* Al,Ga, _,As (n=2.1x10" cm™3), 1.0 um

with a conversion efficiency as high as 20.6% at AMO and 1AIGa _,As (n=2.3x10"" cm™®), 0.3 um Al,Ga_,As
sun? However, this value is much lower than the theoretical(P=1x10"® cm™® and graded Al compositiop was fromx
value. In order to improve the conversion efficiency, it ist 0-29 and 50-nmp™-Al, (GaAs window layer were
necessary to study the relationship between the solar cefoWn sequentially. The Al composition was varied be-

efficiency and the crystal quality of the AlGaAs layer grown tWeen 0 and 0.22. The growth temperatures of GaAs and
on Si substrates. AlGaAs were 750 °C and 800 °C, respectively, unless other-

Until now, it has been generally known that the thermalWise mentioned. The detailed solar cell structure is shown in

cycle annealingTCA) is effective in reducing the disloca- Fig. 1. TCA was performed five times during growth of the

: . . n”-type AlGaAs layer. The TCA sequences were as follows;
tion density of GaAs on Si substréte However, there WETE  after the initial growth of 0.7um-thick n™ AlGaAs layer,

9rca was performed twice, followed by the growth of a 0.7

the dislcg:atign density in an AlGaAs alloy grown on a Si m AlGaAs layer. TCA was then performed three times be-
substrate. This paper describes the defect reduction and th ore the final growth of a 0.2um n* AlGaAs layer. The

conversion efficiency improvement of GaAs and AIGaAs So-;,4vima of the TCA temperature was varied from 850 to

1000 °C, and the minimum temperature was kept constant at
dCorresponding author; Electronic mail: soga@elcom.nitech.ac.jp 300 °C. The total area of the fabricated solar cell wx$5
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FIG. 3. Conversion efficiency ratio and DSD of an AlGaAs solar cell as a
function of Al composition. The dark spot density is increased and the
efficiency is degraded with increasing Al composition.
n-si 8%1015¢m3 350 ym
ne - Si 19 e 8 0.8 um for various TCA temperatures. A TCA of 750 °C means that

the TCA is not performed. The DSD decreases with increas-
ing maxima of the substrate temperature. Accordingly, the
Au-Sb/Au conversion efficiency increases with increasing temperature.
The DSD of GaAs on Si as low as &30° cm 2 and the
FIG. 1. Schematic cross-sectional view of the AlGaAs/Si tandem solar cell “OMVETSION efficiency as high as 15.1% have been achieved
only by the TCA process.

Since the GaAs solar cell is not suitable for the top cell
mn? and the photovoltaic properties were active-area valuesf the two-terminal tandem cell, the &a _,As solar cell is
under AMO and 1 sun at 27 °C. The total area efficiency isfabricated by changing the Al compositi@anFigure 3 shows
0.882x the active area efficiency. The solar cell has beerthe DSD and the ratio of the experimentally obtained con-
evaluated by dark spot densitSD) of electron beam in-  version efficiencyr to the theoretical efficiencyjeqry as a
duced current(EBIC) image, cross-sectional transmission function ofx. The maxima of the TCA temperature is 850 °C
electron microscopyTEM), and secondary ion mass spec- and 900 °C. In this figure, the ratio of conversion efficiency

troscopy(SIMS). is chosen as the scale of the vertical axis because the theo-
retical efficiency decreases with increasimgThe DSD is
Ill. RESULTS reduced and the conversion efficiency ratio is increased at alll

When GaAs or AlGaAs is grown on a Si substrate, thethe Al compositional range when the TCA temperature in-

) ) reased from 850 to 900 °C. However, the DSD increases
defects which are not desirable for a solar cell are generatealith increasing Al composition and the DSD of the
Dﬁferc]:ts suT:h as rc]iislotl)catiodns becofmﬁ rec?mbir}?ti?fn centerlglozze‘ao LAs solar cell on Siis still higher than 1@m 2
which results in the degradation of the solar cell efficiency. . :

First, a GaAs solar celx—0) is fabricated on a Si Sub- after the TCA process, although the DSD of the GaAs solar
strate by changing TCA temperature. Figure 2 shows the
DSD and the conversion efficiendy) of the GaAs top cell
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FIG. 2. Conversion efficiency and DSD of the GaAs solar cell as a functionFIG. 4. Conversion efficiency and DSD of anyAiGa, ;¢As solar cell as a

of the maxima of substrate temperature. The conversion efficiency is imfunction of the maxima of TCA temperature. The conversion efficiency is
proved and the dark spot density is reduced at higher TCA temperature. Thenproved and the dark spot density is reduced at higher TCA temperature.
lowest dark spot density is 6RL0° cm™2 The lowest dark spot density is still on the order of ttn2.
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FIG. 6. SIMS in-depth oxygen concentration profile of an AGa ;AS
(a) solar cell and GaAs solar cell grown on Si substrates at various growth
— temperature. Growth temperature is varied from 700 to 800 °C.

tions in GaAs are bent parallel to tli601) plane near the
GaAs/Si interface. On the other hand, most of the disloca-
‘w tions propagate toward the surface in the case of the AlGaAs
— solar cell. It means that the TCA is not so effective on dis-
location reduction for AlGaAs-on-Si as compared to GaAs-
on-Si.

GaAs Figure 6 shows the in-depth SIMS profile of normalized
oxygen concentration of an AlGaAs solar cell and GaAs so-
lar cell grown at various temperatures. The oxygen concen-
tration of AlGaAs slightly decreases with increasing growth
temperature. However, the oxygen concentration of AlGaAs
on Si is more than one order of magnitude higher than that of
GaAs on Si.

Si
IV. DISCUSSION

Tum The problems in fabricating a high efficiency

Alg,Gay7As solar cell on Si are discussed because
FIG. 5. Cross-sectional TEM micrographs of an Af5a gsAs solar cellon Al ,Ga, 7¢As has a suitable band gap energy and current
Si (@) and GaAs solar cell on $b). High density of dislocation is observed - atching for the top cell of the 111-V/Si tandem solar cell.
in (a), whereas most of the dislocations are bent near the interfad®.in As shown in Fig. 2, the DSD of GaAs grown on a Si

substrate decreases to the level 0f618° cm™2 only by the

TCA at 900 °C. The decrease of DSD at higher temperature
cell on Siis on the order of £a&m™2 after the TCA process is due to the following two reasons. One is that at high tem-
at 900 °C. Therefore, the conversion efficiency drasticallyperature the motion of dislocation is promoted and the prob-
decreases with increasing Al composition ability of two dislocations to combine and annihilate in-

In order to reduce the dislocation density further, thecreases. The other reason is that the larger compressive stress
TCA was performed at higher temperature. The DSD ofdue to the difference in the thermal expansion coefficients is
Al Ga 76As on Si and the solar cell efficienayare shown  applied at higher temperature. The climb of pure edge dislo-
in Fig. 4 as a function of TCA temperature. The DSD is cations toward the interface is enhanced at higher compres-
reduced and the efficiency is increased gradually with insive stress. It results in the lower threading dislocation den-
creasing temperature. However, the DSD is still on the ordesity in the epitaxial layer. The GaAs solar cell with the
of 10’ cm™2 even after the 1000 °C TCA. conversion efficiency as high as 15.1% 7neor=0.59 has
In order to compare the defect structure of a GaAs solabeen achieved only by the TCA process.

cell and the AlGaAs solar cell grown on a Si substrate, the  On the other hand, the conversion efficiency of the
samples are evaluated by cross-sectional TEM. The TEMIGaAs solar cell is degraded with increasing Al composi-
micrographs of the AlGaAs solar cell and GaAs solar celltion x (see Fig. 3 One reason for the degradation is the
grown on a Si substrate are shown in Fig&)5and 8b), existence of a high density of dislocation in the AlGaAs
respectively. The TCA temperature is 900 °C and the Allayer even after the TCA process. The DSD of A&, 74AS
composition of the AlGaAs solar cell is 0.15. The disloca-is still on the order of 10 cm 2 even after the TCA at
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1000 °C. The TEM micrographs clearly show the differencegrown on Si and improving the conversion efficiency. On the
of the effectiveness of TCA for GaAs-on-Si and AlGaAs- other hand, the conversion efficiency of AlGaAs was de-
on-Si (Fig. 5). creased with increasing Al composition. The TCA process
Another reason for the degradation of the efficiency isfor the AlGaAs solar cell on Si was not effective as the GaAs

the incorporation of high density of oxygen into the AlGaAs solar cell on Si. The higher efficiency could be achieved by
layer compared to the GaAs layer due to a strong Al-O bonddecreasing the dislocation density and the oxygen concentra-
The conversion efficiency is reduced by the short minoritytion of the AlGaAs epitaxial layer.
carrier lifetime due to the nonradiative AI-O related
defeCFSB'J . 1J.C. C. Fan, B. Y. Tsaur, and B. J. Pal@pnference Record of the 16th

. It IS,CPnCIUded that the main reasons for the IO_W Conver_ IEEE PhotO\’/oItaic Specilalists Conferend&EE, New York, 1982 p.
sion efficiency of the AlGaAs solar cell are the high dislo- go2.
cation density and high oxygen concentration. The reductiorM. Umeno, T. Kato, M. Yang, Y. Azuma, T. Soga, and T. Jimt@94
of dislocation density and oxygen concentration in the 'EEE First World Conference on Photovoltaic Energy Conversioon-

AlGaA | i for further i t of ference Record of the 16th IEEE Photovoltaic Specialists Conference
S Solar cell IS necessary 1or turther improvement o (IEEE, New York, 1994 p. 1679.

the conversion efficiency. 37T. Soga, T. Kato, M. Yang, M. Umeno, and T. Jimbo, J. Appl. PIg.
4196(1995.
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effective in reducing the defect density of a GaAs solar cell (1982.
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