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Abstract

Si tandem solar cells are expected to have great poten-
tial of terrestrial and new market application because of
high efficiency, light weight and low cost potential. This
paper focusses on III-V/Si tandem solar cells grown di-
rectly on Si. This paper presents analytical results for ef-
fectiveness of low temperature growth of II11-V layer on Si
for realizing low dislocation density. Low dislocation den-
sity of less than 3x10° cm™ in GaAs on Si by low tempera-
ture growth is demonstrated.

1. Introduction

Although 37.9% efficiency has been realized with In-
GaP/InGaAs/Ge 3-junction solar cells, III-V compound
multi-junction solar cells are still expensive. The Si tandem
solar cells [1] are very attractive for realizing super high-effi-
ciency and low cost. This paper focusses on direct growth of
II1-V/Si tandem cells on Si. However, one of major problems
for I1I-V/Si system is to realize low dislocation density.

This paper presents effectiveness of low temperature
growth of III-V layer on Si substrates for realizing low den-
sity dislocations on Si substrates. An approach for low tem-
perature growth of GaAs thin films on Si substrates is shown.

2. Discussion about mechanism for dislocation density re-
duction in III-V compounds on Si by low temperature
growth

The major problems in growing high quality III-V com-
pound semiconductor films on Si are lattice mismatch and re-
sidual stress caused by difference of thermal expansion coef-
ficient between III-V compound film and Si substrate. Our
previous results for X-ray diffraction and photoluminescence
peak shift measurements [2] have shown that residual stains
in GaAs and InP layers on Si are dominated by thermally in-
duced strains after the growth. This result suggest effective-
ness of low temperature growth of III-V on Si for reducing
dislocation density.

The thermally induced strain &4, is expressed by

e =ATAa, (1)
where AT is temperature difference between growth and room
temperature and Aa is thermal expansion coefficient differ-
ence between I1I-V compound film and Si substrate. Figure 1
shows thermally-induced strains estimated from eq. (1) in
films after growth and residual stains measured by X-ray dif-
fraction and photoluminescence for GaAs, GaP and InP films
as a function of temperature. The smaller residual strains than
the ATAa value shown in Fig. 1 suggests that strain relaxation
occurs during cooling process after growth. It is shown in Fig.

1 that strain is thermally induced as temperature decreases af-
ter growth and dislocations can be easily generated under
high stress condition. As shown in Fig. 1, the freezing tem-
perature T for dislocation reconfiguration estimated from re-
mained strains are 450 °C + 90 °C for GaAs/Si. Therefore,
low temperature growth of less than freezing temperature is
thought to be very effective for realizing low dislocation den-
sity in III-V compound films on Si substrates.
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Fig. 1 Thermally-induced strains estimated from eq. (1) in films after
growth and residual stains measured by X-ray diffraction and pho-
toluminescence for GaAs, GaP and InP films as a function of tem-
perature.

Thermally induced strain oy is expressed by

oth = Hem, (2)
where H is Young’s modulus and is 83 GPa in the case of
GaAs. Using egs. (1) and (2), growth temperature dependence
of strain oy, is estimated. It is known in bulk GaAs crystals
that dislocations are generated at high stress condition of
larger than critical stress [3]. The critical stress for dislocation
generation depends on the temperature stressing. The yield
Stress Oun-doped 1N Un-doped GaAs crystals and the yield stress
Odoped in doped GaAs crystals reported by Yonenaga et al. [3]
are given by

Gun-doped [MPa] = 0.004exp[0.46 eV/KT] , (3)

Odoped [MPa] = 0.0019exp[0.63 eV/KT], (4)
where k is Boltzmann constant and T is absolute temperature.

Figure 2 shows calculated growth temperature dependence

of thermally induced stress o for GaAs on Si and the yield
Stress Gun-doped i the case of un-doped and the yield stress
Odoped in the case of doped GaAs. If thermal stress oy, is larger
than the yield stress Gun-doped OF the yield stress Gdoped, ther-
mally-induced dislocations are thought to be generated by
thermally-induced stress. From Fig. 2, freezing temperatures
Trestimated from the yield stress in the case of un-doped and
doped GaAs are 210 °C and 440 °C, respectively. Heteroepi-
taxial growth of GaAs-on-Si with low temperature of less
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than 210 - 440 °C is thought to be very effective for realizing
low density of dislocations in GaAs on Si.
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Fig. 2 Calculated growth temperature dependence of thermally in-
duced stress for GaAs on Si and yield stress in un-doped and doped
bulk GaAs crystals.

3. Preliminary results for low dislocation density in GaAs
grown directly on Si by low temperature growth

The authors have tried the standard 2 step growth of low
temperature (230 °C) and high temperature growth (600 °C)
by MBE (molecular beam epitaxy) growth and our 2 step
growth of low temperature (230-280 °C) and high tempera-
ture growth (300-570 °C) by MEE (migration-enhanced epi-
taxy). Molten KOH etching was carried out to estimate the
dislocation density and observe the dislocation behavior in
the GaAs films grown directly on Si. The KOH etching was
carried out at 300-350 °C and the observed small etch pits
were also counted as etch pit density (EPD). As shown in Ta-
blel, low dislocation density of less than 3x10° cm™ in GaAs-
on-Si by low temperature growth has been demonstrated.

Table 1 Comparison of dislocation density in GaAs
grown directly on Si

Growth condition EPD(cm™)
2 step growth by standard MBE(600°C/280°C) | 5x107-2.2x108
2 step growth by MEE 3%105
(570°C(2.1um)/280°C(70nm))
2step growth MEE (300°C(1.5um)/280°C (70nm) 1x10*

4. Analysis of efficiency potential of III-V/Si tandem cells
We introduce an analytical model [3] for comparing the
sources of efficiency loss of different types of solar cells. This
model only attributes the efficiency loss to non-radiative re-
combination loss and resistance loss, which is a reasonable
assumption because conventional solar cells often have a
minimal optical loss. The non-radiative recombination loss is
quantified by external radiative efficiency (ERE), which is
the ratio of radiatively recombined carriers against all recom-
bined carriers. In this work, we estimate the EREs of various
solar cells by the following relation [1]:
Voc = Vocirad + (kT/q)lH(ERE), (5)
where V. is the measured open-circuit voltage, k is Boltz-
mann constant, T is the absolute temperature, and q is the el-
ementary charge. Vocrd 1s the radiative open-circuit voltage.
Previously, the authors have shown effects of dislocations
upon minority-carrier lifetime by considering one dimen-
sional transport of minority carriers to dislocations [1]. The
resulting dislocation-limited minority-carrier lifetime tq is

given by

1/14 = ©’NaD/4, (6)
where Nqis dislocation density, and D is minority-carrier dif-
fusion constant. Therefore, the effective minority-carrier life-

time 7. is expressed by the following equation:

1/teft = 1/trad + 1/1a = BN + n®NaD/4, (7)
where, T, .4 isminority-carrier lifetime for radiative recom-
bination, B is the radiative recombination probability, and N
is the carrier concentration. For GaAs, B value is 2 x 10_10

cm’/s.

Figure 3 shows calculated 1-sun efficiencies of GaAs sin-
gle-junction, I11-V/Si 2-junction and 3-junction solar cells es-
timated from dislocation density dependence of minority-car-
ried lifetime by using egs. (5)-.(7) in comparison with current
efficiencies [1] of GaAs single-junction, III-V 2-junction and
3-junction solar cells grown directly on Si as a function of
dislocation density. Low dislocation density with dislocation
densities of less than 3x10° cm? obtained in this study is
thought to be very attractive for realizing high efficiency III-
V/Si 2-junction and 3-junction solar cells that have efficiency
potential of 33% and 38%, respectively, as shown in Fig. 3.
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Fig. 3 Calculated 1-sun efficiencies of GaAs single-junction, III-

V/Si 2-junction and 3-junction solar cells estimated from dislocation

density dependence of minority-carried lifetime by using egs. (5)-

(7) in comparison with those current efficiencies as a function of

dislocation density.

5. Summary

The Si tandem solar cells are expected to have great po-
tential of terrestrial and new market application because of
high efficiency, light weight and low cost potential. This pa-
per focused on III-V/Si tandem solar cells grown directly on
Si and presented analytical results for effectiveness of low
temperature growth of I1I-V on for realizing low dislocation
density. Low dislocation density of less than 3x10% ¢cm? in
GaAs-on-Si by low temperature growth was demonstrated.
Such a low dislocation density shows high efficiency poten-
tial of 33% and 38% for III-V/Si 2-junction and 3-junction
tandem solar cells, based on our analytical results.
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