2-3-2. Three-terminal tandem solar cell

From formula (2-23), it can be seen that the
minority-carrier diffusion length (L,) of GaAs-on-Si is not
only affected by the concentration N, but also by the
dislocation density N,. This property was described in Fig.
2-4 with a 3-dimensional graph. Considering formula (2-24), L,
has a property similar to L,.

Fig. 2-5 shows the effect of dislocation density on the
spectral response of the GaAs top cell on Si. When N,>10° cm?,
there is a serious effect on the GaAs top cell. It degrades
the quantum efficiency in whole wavelength region.

Fig. 2-6 shows calculated efficiency, open-circuit
voltage and short-circuit current for the GaAs top cell as a
function of the dislocation density. The dislocations act as
recombination centers in the active layers of the GaAs cell on
Si, which shorten the ndnority-carrief lifetimes and result
in decrease of Jsc. On other way, the dark-saturation

®) and it make

current is also increased by the dislocations
Voc reduced. So the conversion efficiency of the GaAs top cell
on Si decreases rapidly with increase of the dislocations.
From these results, it can be found that if the dislocation
density can be reduced to less than 8X10° cm?, the calculated
efficiency will be boosted more than 20%.

Fig. 2-7 shows effect of the carrier concentration of
n-GaAs base layer on the spectral response of the GaAs top
cell on Si. The spectral response is enhanced in the long

wavelength region by reducing the concentration of n-GaAs base

layer. Voc 1is increased with increase of the concentration,
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Conditions:
Xj=500 nm
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Fig.2-5 The effects of the disloéation density on the
spectral response of the GaAs top cell on Si.
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Fig.2-7 The effect of carrier concentration of the
n-GaAs base layer on the spectral response of the
GaAs top cell on Si.
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Fig.2-9 Calculated spectral response of the GaAs top cell on
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550 nm, N4=10 , E=0).
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but Jsc is decreased simultaneously. The optimal concentration
for the efficiency is about 1X10" cm™. That is shown in Fig.
2-8.

Fig. 2-9 shows calculated spectral response of the GaAs
top cell on Si as a function of the front surface
recombination velocity (S,). The spectral response in the
wavelength region from 400 to 650 nm is relatively enhanced by
decreasing S,. The dependence of the photovoltaic
characteristics of the GaAs top cell on Si is shown in Fig.
2-10. For ideal condition, S,=0, the calculated AMO efficiency
will approach to 27%.

The épectral response of the GaAs top cell is
contributed by the p-GaAé emitter layer and the n-GaAs base
layer in the most part, because the contribution of the
depletion layer is small enough to neglect in comparison with
them. From the numerical analysis, it was found that there is
a critical junction depth (X; ) about 400 nm. Fig. 2-11 (a)
shows when X, =300 nm, the contribution fraction of the n-Gals
bése layer to the spectral response is larger than the p-GaAs
emitter layer. However, when X, = 500 nm reversely, the
contribution fraction of n-GaAs base layer is smaller than
p-GaAs emitter layer. That is shown in Fig 2-11 (b).

Using a graded bandgap emitter layer (GBEL) for the GaAs
top cell, it provides an electric field in the emitter region.
The effective electron diffusion length (L,_) can be expressed
as formula (2-35). L is a function of the electric field
strength (E) and the dislocation density. These properties are

described in Fig. 2-12. Fig. 2-13 demonstrates the spectral
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Fig. 2-11 The influence of the junction depth Xj

on the spectral response of the GaAs top cell on Si
(under conditions: Np=3X 1018 -3, ND=1015 cm'3,sf=104

cm/sec, Nd=106 cm"3, E=0).
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The relationship of the equivalent diffusion

the dislocation density and the doping
concentration when there is a electric field

E in the
p-GaAs emitter layer (Np=3X10!% cm-3).



Spectral response

Fig. 2-13 Dependence of the spectral response of the
GaAs cell on the electric field strength E in the p-GaAs
emitter layer (Np=3X10!% cm-3, Np=1X10!6 cm-3, Sg=104,
xj=300 nm, N4=10% cm-2).
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Fig.2-14 Calculated AMO conversion efficiency for the

GaAs top cell with the structure parameters: a p-GaAs
layer carrier concentration of 31018 cm'3, a junction
depth of 0.3um, an n-GaAs layer concentration of 1X 1016
cm'3, the electric field strength of 14500 V/cm and
the dislocation density of 104 em—2.
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response of the GaAs top cell in a 3-dimensional graph vs. the
eleétric field strength E. These results suggested that the
spectral response of the GaAs top cell in the short wavelength
region behaves almost perfect performance when the field
strength is increased to 14500 V/cm. Fig. 2-14 shows the
calculated éurrent—voltage characteristics of the GaAs‘.top
cell with optimal parameters. The calculated AM0 conversion
efficiency is 25.1%.

. Fig. 2-15 shows the photocurrent density distribution of
Si solar cell without (a) and with (b) a 3-um-thick GaAs top
cell on it. The total photocurrent (J,) consists of emitter
layer current J,, depletion layer current J, and base layer
current J,. J, is the main quantity among them. There is a
3-um~-thick GaAs top cell on the Si cell and the incident light
is almost completely absorbed in the wavelength region below
the energy bandgap of GaAs. The total current J, is dominated
by the base layer current J, as shown in Fig;2-15 (b).

Fig. 2-16 shows the spectrai résponses of the Si bottom
cell with various resistivities of Si substrate. The quantum
efficiency increases with resistivity but when resistivity is
up to 100 Q-cm, the quantum efficiency is degraded because of
the recombination at the rear surface.

Calculated AMO conversion efficiencies of the Si bottom
cell under 3-um GaAs vs. the doping concentration of the‘p—si
base layer are shown in Fig. 2-17. Considering the effect of
recombination at the rear surface, equation (2-24), the
highest calculated efficiency of the Si bottom cell is 6.5%

(Jsc=16.8 mA/cm’, Voc=0.628, FF=0.833) with the the base layer
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Fig. 2-15 The photocurrent density distribution of Si
solar cell vs wavelength without (a) and with (b) the
3um-thick GaAs top cell on it.
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Fig. 2-16 The variation of spectral response of the Si
bottom cell with the doping concentration of p-Si base
layer under the 3 um-thick GaAs top cell.
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Fig.2-17 Calculated AMO conversion efficiency of the
Si bottom cellunder the 3-um-thick GaAs top cell vs.
the doping concenctraion of p-Si base layer relative

to the back surface recombination volecity, Sj.
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concentration of 6X 10" em®. If S, =0, the calculated

efficiency will be more than 7% in the region of the p-Si base
layer concentration from 4X10"” cm™ to 5X10* cm™.

Fig. 2-18 shows the.calculated AMO spectral response of
the GaAs/Si three-terminal tandem solar cell with the optimal
parameters. Combing the efficiencies of the GaAs top cell and
the Si bottom cell, the total calculated efficiency of the
GaAs/Si tandem cell is 31.6% under 1lsun, AMO conditions. The

current-voltage characteristics are shown in Table 2-3.

Table 2-3
Photovoltaic properties of the GaAs/Si three-terminal
tandem solar cell (m: calculated AMO efficiency).

Jsc Voc FF n
Cell (mA/cm2 ) (V) (%) (%)
GaAs top cell 39.6 0.987 86.8 25.1
Si bottom cell 16.8 0.628 833 6.50
GaAs/Si tandem cell 31.6




2-3-3. Two-termianl tandem soalr cell

Fig. 2-19 shows calculated spectral response of
Al Ga, As/Si (x~0.22) tandem solar cell vs. Al composition (Xx)
of Al Ga, As with 3-dimensional configuration. With incréasing
the Al content, the absorption-edge of the AlGaAs top cell
shifts to the short wavelength region and the spectral
response of the Si bottom cell becomes wider simultaneously.

For two-terminal configuration, it is necessary to demand
the photocurrent matching condition between the top cell and
the bottom cell in the optimal operation. Fig. 2-20 shows
varieties of normalized short-circuit currents (Jsc) of the
AlGaAs top cell and Si bottom cell with Al content of the
Al Ga, As top cell. Jsc of the AlGaAs top cell decreases and
that of the Si bottom cell increases with Al composition. The
photocurrent matching condition shall be satisfied at =x=0.21
and the short-circuit currents of the top cell and the bottome
cell have same value at Jsc=30 mA/cm’. The I-V data are shown

in Table 2-4.

Table 2-4

Photovoltaic properties of the Al, ,;Ga , ;9As/Si two-terminal
tandem solar cell (n: calculated AMO efficiency).

Jsc Voc FF n
Cell (mA/cm2 ) (V) (%) (%)
Top cell 29.9 1.12 87.5 21.7
Bottom cell 30.0 0.621 82.0 11.3
Tandem cell 29.9 174 840 323




Fig.2-19 Calculated quantum efficiencies of Al;Ga;  As/Si
(x=0~0.22) two-terminal tandem solar cells vs. Al composition (x)
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2-4. Conclusion

In this Chapter, the material properties and the
parameters of GaAs, AlGaAs, Si and GaAs-on-Si were reviewed in
general, and the empirical expressions used in the calculation
were described in detail. The theoretical calculation and
design for high efficiency Al Ga, As/Si tandem solar cells were
carried out. The structure design and the parameter
optimization are concentrated on GaAs/Si three-terminal tandem
solar cells and AlGaAs/Si two-terminal tandem solar cells,
respectively. The calculations are based on the assumption
that the reflection of solar cells is zero and AlGaAs window
layer has no photo-absorption losses.

For GaAs/Si three-terminal tandem solar cells, the
minority-carrier parameters wused in the calculation are
considered as the functions of the dislocations and the doping
concentrations. Effects of the dislocation density (N,) in
GaAs-on-Si, the base layer doping concentration (N,), junction
depth (X,), electric field strength (E) in the emitter layer
on photovoltaic properties of the GaAs top cell were analyzed.
From these results, it has been demonstrated that the AMO
efficiency of the GaAs top cell on Si about 25% can be
expected by reducing the dislocation density below 1X10° cm?,
employing an n-GaAs base layer concentration about 1X10'° cm™,
using a,shallow p-n junction depth about 300 nm and a graded
bandgap emitter layer with the strong electric field (E =
14500 Vv/cm). It is important to improve the spectral response

of the Si bottom cell in the long wavelength region. Reducing



the recombination velocity of back surface (S,) by
passivation, using a Si substrate with high resistivity (~50
Q-.cm) and BSF structure, the efficiency of the Si bottom cell
will be more than 7%. So that, combing the efficiency of the
top cell and the bottom cell, the conversion efficiency over
31% can be achieved in theory for GaAs/Si three-terminal
tandem solar cell.

The performances of AlGa, As/Si two-terminal tandem
solar cells were analyzed from the point of the photocﬁrrent
matching between the top cell and the bottom cell, assuming
that the AlGaAé—on-Si material quality is good as
AlGaAs-on-GaAs. When Al composition 1is about 0.21, the
photocurrent matching between the top cell and the bottom cell
could be satisfied (Jsc=30 mA/cm’) and the conversion

efficiency (1lsun, AMO) of 32.3% could be obtained in theory.
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