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Abstract 

A novel structure for a Si-based 2-terminal tandem solar cell was proposed. The 
structure was optimized to get high efficiency considering the realistic material 
parameters. Gallium arsenide phosphide (GaAs1 -xP x) and indium gallium phosphide 
(ln1 -xGaxP) were suggested as a top-cell material. A semi-empirical method was proposed 
to calculate the absorption coefficients of GaAs1 -xp x and In1 _xGaxP at any value of the 
composition x. The conversion efficiency of the cell was calculated by simulating its 
voltage-current characteristics. It was shown that an efficiency of 33.1 % can be obtained 
for a GaAs.73P.27/Si cell and 34.2% for an ln_57Ga.43P/Si cell. ln 1-xGaxP was shown 
to be more promising because of its larger absorption coefficient than GaAs1 _xp /s. 

1. Introduction 

Single crystalline silicon (Si) is the most promising material for high-efficiency 

solar cells as a future energy source, because high-quality and large-area substrates 

can be easily obtained at a reasonable cost. Recently, there has been significant 

improvement in the conversion efficiency of Si solar cells, and the maximum of 

23.1% (1 sun, A.M.1.5) has been attained experimentally. 1
•
2> To make sure that 

solar cells can be an energy source in the future, it is necessary to get an extremely 

high conversion efficiency of over 30%, which is higher than the limitation value 

of Si solar cells. In order to raise the efficiency of Si solar cells, a combination 

of a wide gap semiconductor with Si (a so-called "tandem" solar cell) is the most 

useful way, since it can utilize the solar spectrum in a wide range effectively. 

There have been several reports on theoretical analyses of tandem solar 

cells. 3 ,4 > In these analyses, the efficiency of tandem solar cells was examined 5> 

assuming that all photons with energies larger than the bandgap are absorbed 

and that there is no recombination loss. In experimental reports, AlGaAs/GaAs6>, 
InGaP/GaAs 1>, and AlGaAs/Si8 •9> cells were fabricated and reported on. In these 

reports, conversion efficiencies over 27% were obtained for GaAs-based tandem 
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solar cells6
•
7>, but efficiencies of only about 18% were obtained for AlGaAS'Si 

cells8
•
9 >, which is less than that of a Si single cell. 

We suggested gallium arsenide phosphide (GaAs1 -xP x) and indium gallium 

phosphide (In1 -xGaxP) as wide gap semiconductors, because their bandgaps can 

be easily adjusted to the range of 1.7 ~ 1.8eV, which is the most appropriate value 

for the top cell to combine with a Si cell 5>, and because they can be grown 

continuously on a GaP buffer layer grown heteroepitaxially on Si, whose 

lattice-mismatch is very small (0.4%). We proposed a novel structure of a 

2-terminal tandem solar cell, and examined its theoretical performance. 10> We 

precisely discussed the efficiency of the proposed cell considering the realistic 

material parameters such as absorption coefficient and diffusion length, and showed 

that a high efficiency of more than 30% can be obtained in the 2-terminal tandem 

structure. 10> In this paper, we discuss the simulation process in detail and show 

the device characteristics. 

2. Novel structure 

Figure 1 shows a schematic configuration of the proposed tandem solar 

cell. This structure consists of three parts, a top cell made of GaAs1 -xPx or 

ln1 -xGaxP, a bottom cell made of a Si substrate, and a buffer layer between the 

top and the bottom cells which functions as a tunnel junction connecting the top 

and the bottom. 

The top cell layer and the buffer layer are heteroepitaxially grown on the 
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Fig. 1. Schematic configuration of proposed novel structure for 
2-terminal Si tandem solar cell with ln 1 -xGaxP. 
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bottom Si cell. Such 2-terminal, or "monolithic", tandem solar cells can be 

connected with external circuits more easily than 4-terminal, or "mechanically 

stacked", tandem solar cells. 

The bandgap of the semiconductor for the top cell can be easily controlled 

by changing the composition x. The proper bandgap can be optimized to get 

the highest efficiency under the condition of current continuity between the top 

and the bottom cells. 

The buffer layer is made of GaAs1-xPx or ln1-xGaxP in accordance with 

the top-cell material. The composition x is the same as the top cell's just beneath 

it, and gradually increases from the top to the bottom. The layer just above the 

bottom Si cell is made of gallium phosphide (GaP) which is almost lattice-matched 

to Si. The layer is transparent to the light which passes through the top cell, 

because its bandgap is wider than that of the top cell. Therefore, the buffer 

layer can be made thicker, which suppresses crystalline defects due to the 

heteroepitaxial growth of the top cell layer, without significant loss in the light 

incident to the bottom cell. 

A high-efficiency Si solar cell with very thin thickness (110µm) is used as 

the bottom cell. Bulk recombination loss is substantially decreased by the use 

of this cell. A deeply diffused and point-contacted pn+ junction for carrier 

collection is formed at the rear surface. The area of junction can be reduced to 

about 1 percent of the whole cell area. It causes a reduction of the dark saturation 

current, and gives extremely high open circuit voltage. The front p + -region is 

used as a potential barrier for the reduction of surface recombination velocity of 

minority carriers (electron) in the p-region. 111 A high conversion efficiency of 

22% can be expected in the case of independent use. The performance of Si 

cells has been described elsewhere. 121 

In the next section, we establish the process to optimize the structure of 

tandem cells to get the highest efficiency. We design the optimum structure and 

estimate the highest efficiency which can be realized based on realistic material 

parameters such as absorption coefficient and minority carrier diffusion length. 

3. Optimization of structure and examination of efficiency 

3.1 Absorption coefficient of to~ell material 

3.1.1 Calculation model for absorption coefficients 

In a 2-terminal tandem solar cell, photo-generated currents m the top and 

the bottom cells must be equal. These currents are determined by photo

absorption and transmission of the top-cell material, which are derived from its 
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thickness and absorption coefficient tx(A). 

To use an alloy semiconductor such as GaAs1-xPx or ln1-xGaxP for the top 

layer, the absorption coefficient tx(A) of a semiconductor with the composition x 

is required. The values of tx(A) of GaP13l, GaAs14>, and lnP15l were reported 

experimentally in a wide range of wavelengths, but those of GaAs1 -xP x and 

In1 -xGaxP for a continuously-changed composition x have been rarely reported. 

We propose a new semi-empirical method to estimate the values of tx(A) for 

GaAs1-xPx and ln1-xGaxP in a wide range of x. 
Figures 2 and 3 show the change of bandgaps for GaAs1-xP/ 6l and 

ln1-xGaxP. 17l Two curves in each figure show r-point and X-point bandgaps 

which show direct and indirect transitions, respectively. These curves are derived 

as follows: 

E~1 = 1.424 + 1.1 S0x + 0.176x2 l 
E;1 = 1.810+0.306x+0.145x2 ) 
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Fig. 2. Change of bandgaps of GaAs1 _x_ 

P. upon composition x. 16> The 
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rect and indirect transitions, re
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E~2 = 1.351 +O.643x+O.786x
2 l 

: ln1-xGaxP17>, 
E:i =2.311-O.2596x+O.2O7x2 
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(2) 

where E~ and E; (e V) are r-point and X-point bandgaps, respectively, and subscripts 

1 and 2 are for GaAs1-xPx and ln1-xGaxP, respectively. 

As seen in Figs. 2 and 3, the transition types of GaAs1-xPx and ln1-xGaxP 

vary with x, direct with smaller x and indirect with larger x. When the absorption 

coefficient ix(l) is considered, it is the sum of contributions from the direct and 

indirect transitions. 

In general, absorption coefficient ix(l) has a relation with extinction coefficient 

k(l) as in the following: 

ix(l) = 4nk(l)/ A.. (3) 

From now on, the extinction coefficient k(l) will be mainly used for discussion 

about the absorption coefficient ix(l). Figure 4 shows the extinction coefficients 

of GaAs and GaP. The two solid lines in Fig. 4(a) show the reported extinction 

coefficients k(l) measured for GaAs14> and GaP. 13> The points Br and Ax show 

the wavelengths corresponding to the bandgaps of GaAs and GaP, respectively. 

The wavelength of the point Br(Ax) is 873(549)nm, derived from the following 

equation: 

l[nm] = 1240/E[eV]. (4) 

The extinction coefficient k(l) 1s considered to consist of kr(A.), which is 

contributed from the direct transition, and kx(A.), from the indirect transition. 

Thus, we assumed the relationship of k(l), kr(l) and kx(A.) as follows: 

(5) 

The kr(l) curve of GaAs can be expressed as follows by fitting the curve around 

the point Br: 

{
1 o- 1.3-0.0022(.t-873) 

kr(A.)GaAs= 1O -1.3-0.084(.t-873),' 
(A.<873), 
(A.>873). 

These two equations express the curve bending sharply at the point Br. 

(6) 

In the same way, the kx(l) curve of GaP can be expressed as follows by 

fitting the curve around the point Ax: 
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Fig. 4. Wavelength-dependence of extinction coefficients k(..i) of GaAs and 
GaP. (a) Reported values of GaAs and GaP. (b) Calculated values of 
kr(A) and kx(A) together with reported values, based on our assumption. 
Two solid lines represent reported values. Dashed and dotted lines 
represent kr(A) and kx(..i), respectively. The point Ar shows the r-valley 
bandgap of GaP, and the point Ax the X-valley one. The point Br and 
Bx are for GaAs. The wavelengths of the points Ar, Ax, Bx, and Br 
are 451, 549, 685, and 873 nm, respectively. 

j 
10-3.0-0.018(.<-549+30) 

kx(A)GaP = 1 o- 3.0-0.0053(-<- 549+ 3~)1.•, 

10
-4.3-0.087(.<- 549>, 

(l < 549 - 30), 

(549-30<A.<549), 

(A.>549). 

(7) 

These three equations express the curve bending gently at the point Ax. The 

second equation in eq. (7) expresses the region bending gently, assuming that the 

range of the region is 30nm. 

If the kr(A) curve of GaP can be assumed to be given by a parallel-shifted 

curve of eq. (6) from A.=873nm to 451nm without changing the values of the 

vertical axis, it is expressed as follows: 

{

1 o- 1.3 -0.0022(.<-45 l) 

kr(A)GaP= 
10

-1.3-0.084(.<-451),' 
(A.<451), 
(A.>451). 

(8) 
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Here, the wavelength 451nm corresponds to the r-valley bandgap of GaP (2.75eV). 

If the same assumption holds for the kx(,1,) curve of GaAs, it is expressed 

as follows by parallel-shifting the curve of eq. (7) from A.= 549nm to 685nm: 

j 
10-3,0-0.018(.1.-685+30) 

kx(A.)aaAs = 1 o-3.0-0.0053(.1.-685 + 30;1.., 
10-4.3-0.087(.1.-685), 

(A.< 685-30), 

(685-3O<A.<685), 

(A.>685). 

(9) 

Here, the wavelength 685nm corresponds to the X-valley bandgap of GaAs (1.81 e V). 

Figure 4(b) shows the calculated extinction coefficients of eqs. (6)~(9) with 

the reported values of GaAs and GaP in Fig. 4(a). The solid lines represent 

reported values, and dashed and dotted lines represent calculated kr(A.) and kx(A.), 

respectively. The wavelengths of point Ar and Bx are 451 and 685nm, 

respectively. Figure 4(b) shows that kr(A.)+kx(A.), eqs. (6)+(9) or eqs. (7)+(8), 

are roughly equal to the reported values for both GaAs and GaP, so the assumption 

of eq. (5) mostly holds. Therefore, these assumptions are considered to be 

appropriate for GaAs and GaP. 

If these assumptions hold for GaAs1-.xP.x with any value of composition x, 

kr(A.) and kx(A.) of GaAs1-.xP .x are expressed as follows: 

(A.<A.~1), 
(A.> A.~1). 

(A.<A.;1-3O), 

(J;,-3O<A.<A.;,), 

(A.>A.;1). 

(10) 

(11) 

where A.~1 and J;, are the wavelengths corresponding to E~, and E;, in eq. (1). 

Figure 5 shows a comparison between the curves of extinction coefficient 

k(A.) calculated by this procedure and the measured values. 18 The measured 

absorption coefficients were converted to extinction coefficients using eq. (3) The 

calculated curves fit well with experimentally obtained values, which shows that 

the procedure is appropriate. Using eqs. (3), (5), (10), and (11), the absorption 

coefficients oc(A.) of GaAs1 -.xP .x with any values of x can be calculated for a wide 

range of A.. 
Similarly, ln1 -.xGa.xP, kr(A.) and kx(A.) for any values of composition x are 

obtained. Figure 6(a) shows the extinction coefficients k(A.) of lnP15> and 
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GaP. 13
> The kr(A,) curve of InP can be expressed as follows by fitting: 

{
1 o-0.93-0.00l 2(A-919) 

kr(A,)1nP= 10-0.93-0.071(A-919),' 
(,l<919), 
(,l>919). 

(12) 

And the kx(,l) curve of InP can be expressed as follows by parallel-shifting the 

curve of eq. (7) from A=549nm to 537nm: 

(,l < 537 -30), 

(537-30<,1.<537), 

(,l>537). 

(13) 

Here, the wavelength 537nm corresponds to the X-valley bandgap of InP 

(2.31eV). Therefore, kr(,l) and kx(,l) for In1 -xGaxP are expressed as follows: 

(,l<,l~2), 
(,l > ,l~2 ). 

10- 3.0-0.018(A-A:2+ 30) 

k (,l) -l 10-3,0-0.0053(A-AX2+3;)1.6 
X ln1-xGaxP- g , 

10-4.3 -0.087(A-A:2), 

(,l < ,t;,- 30), 

(,t;,- 30 <,l<,l;>), 

(,l > ,t;,). 

(14) 

(15) 

Figure 6(b) shows the kr(,l) and kx(,l) curves of lnP and GaP with the reported 

values. Therefore, for In, -xGaxP, the absorption coefficients ix(,l) can be 

calculated, but there has been no report on measurements. 

3.1.2 Photo-generated current 

Using these calculated values of absorption coefficients, photo-generated 

current densities in the top and the bottom cells were roughly estimated. Two 

simple assumptions were used: carriers are generated only in the p-active layers 

of both the top and the bottom cells, and there is no recombination loss. The 

solar spectrum used in this calculation for the top cell is A.M. 1.5, 

lOOmW·cm- 2.19> For the bottom Si cell, the spectrum was modified as follows 

assuming no reflection loss at the interface: 

(16) 

where F'(,l)(nm - 1) is the number of photons incident to the bottom cell per unit 
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wavelength, F 1(,1,) is that of A.M. 1.5 (incident to the top cell), and w/ and wn1 

are the thicknesses of p- and n-layers of the top-cell, respectively. 

Figure 7 shows the w/ (top-cell active layer thickness) dependence of 

photo-generated current densities in both the top and the bottom cells when the 

top cell material is GaAs1 -xP x· The phosphorus composition x of each figure 

is (a)x= 1 (GaP), (b)x=0.33 (GaAs.61P_33), and (c)x=0 (GaAs). With decreasing 

phosphorus composition, the bandgap becomes narrow. As seen in Fig. 7(a), the 

generated current in the top cell is much less than that in the bottom cell even 

for a large wp1
, because the bandgap of the top cell is too wide to absorb enough 

photons. In Fig. 7(b), the currents in the top and the bottom cells are almost 

equal for w/ ~ 10µm. It is shown, by comparing Figs. 7(a) and (b ), that there 

is no w/ where both currents become equal when the phosphorus composition 

x is in the range of 0.33 <x< 1. On the contrary, in Fig. 7(c) both currents are 

equal when w/~0.3µm, and they will become equal in a certain value (0.3 ~ 10µm)of 

w/ when the phosphorus composition x is in the range of 0<x<0.33. As 

described in the beginning of this section, photo-generated currents in the top 

and the bottom cells must be equal in a 2-terminal tandem solar cell. Figure 7 

shows that this condition is satisfied in the case of x<0.33. Then, the transition 

type of GaAs1-xPx is direct, and the bandgap E
9 

is less than 1.82eV. 

Similarly, Fig. 8 shows the case in which the top cell material is 
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Fig. 7. Photo-generated current densities vs. top-cell active layer thickness 
(w/) of GaAs 1 _xpx/Si cell assuming no recombination Joss, 

(a) x=l (GaP), (b) x=0.33 (GaAs.67 P.33), and (c) x=O (GaAs). 
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Fig. 8. Photo-generated current densities vs. top-cell active layer thickness 
of ln 1 -xGaxBSi cell. (a) x= 1 (GaP), (b) x=0.48 (ln,52Ga.48P), 
and (c) x=O (lnP). 

ln1 -xGaxP. The gallium composition x of each figure is (a)x= 1 (GaP), (b)x=0.48 

(In.s2Ga_4sP), and (c)x=0 (GaAs). The same as in the case of GaAs1-xPx, with 

decreasing gallium composition x, the bandgap becomes narrower. The generated 

currents in the top and the bottom cells become equal at a certain value of 

thickness for 0<x<0.48. In this case, the transition type of ln1-xGaxP is direct, 

and the E
9 

is less than 1.84eV. 

3.2 Optimization of structure 

Using the calculated values of oc(A.) and the thickness wp' of the top-cell 

active layer which absorbs the solar light, the spectra passed through and absorbed 

in the active layer were calculated. The generated current density J e(l) per unit 

wavelength in the p-active layer can be calculated in the following equationa 

similarly for both the top and the bottom cells, 

"See Appendix 
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x ~smh_____E + cosh_____E , (
SL . w w )] 
D, L, L, 

(17) 

where, q is the electronic charge, L,, D., and S, are the diffusion length, the 

diffusion constant, and the surface recombination velocity (SRV) of electrons in 

the p-active layer, respectively, and wb is the bottom cell thickness. Rb is the 

reflectivity of the rear surface and the value is assumed to be 0. 97 for the bottom 

cell and O for the top. F(l) for the top cell is that of A.M.1.5, toOmW·cm- 2
, 

and that for the bottom cell is the modified one given by eq. (16). The generated 

current in the n+ -layer is much smaller than J,(l), so it can be ignored. The 

short circuit current Isc can be calculated by integrating J,(l) for the spectrum 

and multiplying the cell area. 

Assuming no series resistance loss, the open circuit voltage Voe is ·derived as 

follows: 

V =nkT In (Isc+I0 ) 
oc q Io ' 

(18) 

where n is the ideality factor of pn junction, and I 0 is the dark saturation current, 

respectively. The value of I 0 is proportional to the area of pn junction, so I 0 

of the bottom cell becomes very small. 

Table 1 Some important parameters used in this calculation. 

Top cell Bottom Si cell 

p n p n 

Thick. 0.5~2.0 0.1 110 1.5 

Dop. 1 X 1016 3 X 1019 1 X 1016 3 X 1019 

S.R.V. 10 1 X 106 

D.L. 4.2 0.089 

Thick.: Thickness (µm) 

Dop.: Dopant concentration ( cm - 3
) 

S.R.V. Surface recombination velocity (cm/s) 

D.L.: Diffusion length (µm) 

10 1 X 106 

590 0.78 
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The product of short circuit current lsc and open circuit voltage Voe was 

calculated. Table 1 shows some important parameters used in this calculation. 

The diffusion length Le of minority carriers (electron) for the top cell is assumed 

to be a realistic one: it followed consideration in the case of GaAs with various 

impurity concentrations. The surface recombination velocity of 10cm/s is 

supposed considering the effect of potential barrier at the front side. 11 > 

The composition x and the thickness w/ were optimized by considering the 

current continuity condition between the top and the bottom cells. 

Figure 9 shows the product I.c V oc of a 1 cm2 cell as a function of w/ with 

changing x in the case of GaAs1 -xP x· On some curves in the figure, there are 

"kink" points. These points show that lsc of the top and the bottom cells become 

equal there. On the left side of the "kink" points, w/ is thin, and lsc of the 

top cell is less than that of the bottom cell. So lsc of the whole cell is limited 

by that of the top cell. On the right side, w/ is too thick and lsc of the top cell 

becomes larger than that of the bottom cell, and lsc of the whole cell is limited 

by that of the bottom cell. On the curves for x>0.27, Isc of the top cell does 

not exceed that of the bottom cell and there appears no "kink" point. The 

optimum condition to get the highest efficiency is where lscVoc becomes maximal, 

and it must be one of the "kink" points. The conditions for GaAs1 -xP x are 

x=0.27, w/=1.73µm as shown in Fig. 9. 

A.M. 1.5, 100mWcm-2 

§' 36 

.s 
1-
(.) 

5 34 
0 
a: 
ll. 

g 
> 32 
Jil 

for 1cm2 CELL 

2 
TOP-CELL ACTIVE LAYER THICKNESS(µ m) 

Fig. 9. Product I.,V0 , vs. top-cell active layer thickness w/ of GaAs1 -,

p .!Si cell. "Kink" points show that I,. of top and bottom cells 
become equal there. The point where the product is maximal 
shows the optimum values of x and w/, which are x=0.27, w/= 
1.73 µm in this figure. 
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Figure 10 shows the product I,cVoc as a function of w/ in the case of 

In1 -xGaxP. This figure shows the same tendency as Fig. 9, and it shows the 

optimum condition for ln1-xGaxP: x=0.43 and w/=0.92µm. 
The voltage-current characteristics of the cell were simulated usmg the 

optimum structure designed above, and the energy conversion efficiency was 

figured out. In this structure, it is considered that the two pn junctions of the 

top and the bottom cells are connected in series and that the tunnel junction is 

assumed to be a simple resistance whose value is about O.Sn. The voltage V" 

of the whole cell at current I was calculated as follows: 

V"(J) = V'(J) + V"(J)- Rrunl, (19) 

where V' and V" are the voltages of the top and the bottom cells, respectively, 

and Rrun is the resistance of the tunnel junction. The conversion efficiency 17 and 

fill factor FF were calculated from the maximum of product V"I following eq. 

(19). The relation of V to I for each cell was calculated from the following 

equation of voltage-current relationship: 

where R, 1s the senes resistance including the tunnel resistance. 

A.M. 1.5, 1 00mWcm-2 
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TOP-CELL ACTIVE LAYER THICKNESS (µm) 

Fig. 10. Product I"V0 , vs. top-cell active layer thickness w,' of ln 1 _xGax
P/Si cell. The optimum values of x and w,' are x=0.43, 
w,'=0.92µm. 

(20) 
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Figure 11 shows the result of simulation of the voltage-current characteristics 

m the In.s1Ga_43P;Si 2-terminal tandem solar cell using eq. (19). In this figure, 

the dashed, dotted, and solid lines show the characteristics of top cell, bottom 

cell, and whole cell, respectively. Efficiency r, and fill factor FF can be calculated 

from the product V" I on this solid line. The results of this simulation shown 

in Table 2 were obtained in the case of the optimum conditions derived from 

Figs. 9 and 10. The conversion efficiency is 33.1% and 34.3% when GaAs.73P.21 

and In.s1Ga.43P are used, respectively. 

A.M. 1.5, 1 00mWcm-2 

for 1 cm2 CELL 

2 TOTAL 

0 

----------------TOP CELL 

BOTTOM CELL 

10 
CURRENT (mA) 

---

20 

Fig. 11. Simulation result of voltage-current characteristics in ln_ 57Ga.43-

P/Si 2-terminal tandem solar cell. Dashed, dotted, and solid lines 
show characteristics of top cell, bottom cell, and whole cell. 

Table 2. Results of simulation (1 cm2 cell). 

Top cell GaAs.73P.27 ln. 57 Ga.43P 

w/ (µm) 1.73 0.92 

E, (eV) 1.75 1.77 

I"" (mA) 17.8 17.9 

V., (mV) 2140 2200 

(top) (1380) (1440) 

(bot.) (760) (760) 

FF 0.87 0.87 

,, (%) 33.1 34.3 
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4. Discussion 

The reason why In.s1Ga_43P shows higher efficiency than GaAs.73P.21 is 

explained as follows: Figure 12 shows the calculated IX(A.) near the absorption edge 

of GaAs_73P.21 and In.51Ga_43P. The value of IX for In.57Ga_43P is about two 

times larger than that for GaAs.73P.21, and so w,' for In.s1Ga.43P is required to 

be only a half of that for GaAs_73P,21 to get enough I.,. The reduction of w,' 
leads to a decrease in 10 , and it contributes to the increase in Voe• Therefore, 

higher efficiency can be obtained when In.s1Ga_43P is used as the top-cell material. 

The influence of electron diffusion length Le in the p-layer of the top cell 

upon I'/ was considered. Figure 13 shows the relationship of I'/ to Le when 

GaAs1-xP x and In1 -xGaxP are used as the top-cell material. It is shown that 

the reduction in Le leads to a decrease in I'/ for both materials. When Le changes 

from Sµm to 1µm, 11 goes down from 33.4% to 30.9% (2.Spoints) for GaAs1-xPx, 

but for ln1-xGaxP, I'/ goes down by only 1.Spoint, from 34.4% to 32.9%. The 

influence of a reduction in Le upon I'/ is smaller for ln1 -xGaxP than for GaAs1 -xP x, 

because the p-layer can be thinner owing to a larger IX, and lsc decreases slightly 

even if Le becomes short. 

From the above discussion, high efficiency of more than 34% can be expected 

for a Si-based 2-terminal tandem solar cell. It is shown that In1 -xGaxP is more 

prom1smg as the top-cell material than GaAs1 -xP x· 
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Fig. 12. Calculated absorption coeffici
ent ix().) of GaAs. 73P.27 and 
In. 57Ga_43P around absorption 
edge. Values of In,57Ga.43P 
are about two times larger than 
that of GaAs_ 73P.27 • 
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Fig. 13. Efficiency vs. electron diffusion 
length L, of top-cell p-layer for 
GaAs 1 - xp x/Si and In 1 - xGaxP 
cell. L, influence for ln 1-x
GaxP/Si cell is smaller than 
that for GaAs 1 -xPx/Si cell. 
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5. Conclusion 

We proposed a novel structure of a Si-based 2-terminal tandem solar cell, 

and optimized the structure of the top cell to get the highest efficiency. We also 

estimated realizable energy conversion efficiency by device simulation. These 

calculations made the followings clear: 

(1) The optimum structure of a 2-terminal tandem solar cell was designed to 

get the highest efficiency using realistic material parameters such as absorption 

coefficient, diffusion length, and so on. 

(2) A semi-empirical method was proposed to calculate the absorption coefficient 

a:(A.) of GaAs1-xPx \}nd ln1-xGaxP at any value of the composition x. The 

method was shown to be closely appropriate by comparison with experimental 

data for GaAs1-xPx. 

(3) The conversion efficiency of the 2-terminal tandem solar cell was calculated 

by the simulation of the voltage-current characteristics, and it is shown that 

the efficiency is 33.1% and 34.2% when GaAs,73P,21 and ln.51Ga,43P are 

used, respectively. 

(4) The absorption coefficients of ln.s1Ga,43P near the absorption edge are larger 

than those of GaAs.73P.21, and the top-cell active layer can be thinner for 

ln.s4Ga_43P, which leads to higher open circuit voltage. Besides, the 

In.s4Ga,43P cell is less affected by the reduction of diffusion length. In1 -x 

GaxP is considered more promising for high efficiency. 
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Appendix 

Here, . we explain how to deduce eq. (17). 

When monochromatic light with wavelength A. is incident to a cell with 

thickness w from a p-type layer, the generation rate G(A.,z) of electron-hole 

pairs at length z from the surface can be expressed as follows assuming no 

reflection loss at the surface: 

(A.1) 

where F(A.) is the number of photons of monochromatic light, oc(A.) is the 

absorption coefficient of the cell, and Rb is the back surface reflectance. 

The 1-dimensional current continuity condition of electrons in the p-layer 

under the steady-state condition is expressed as follows: 

(A.2) 

where np(A,z) is the electron concentration, npo that in an equilibrium condition, 

te electron lifetime, and J e{A,z) the electron current density. 

J e{A,z) is expressed as follows, exclusive of electric field: 

(A.3) 

where De is the diffusion constant of electron. 

The boundary condition at the surface (z = 0) for eqs. (A.2) and (A.3) can 

be expressed as follows: 

where Se is the surface recombination velocity (SRV) of electron. Assuming that 

the depletion layer between p- and n-layers is thin enough to be ignored, the 

p-layer thickness without the depletion layer is almost equal to the original p-layer 

thickness wp, so the boundary condition at the depletion layer edge (z = wp) can 

be expressed as follows: 

(A.5) 

By solving eqs. (A.1 )-(A. 5), electron current density J e{A.) at the depletion 
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layer edge (z=wp)is found to be as follows: 

J (A.)=cx(,l)qF(,l)Le [a(A.)L {e-a(A)w,,_R e-a(A)(2w-w,,>}- cx(,l)Le{1-Rbe-
2
a().)w) 

e cx(,l )2 L; - 1 e b ~sinh~ + cosh~ 

-{s eLe(1 + Rbe - 2a(A)w)-(e -a(A)wp + Rbe - a(A)(2w -w,,>)(s ~ecosh w p + sinh w p)} 
De De Le Le 

where Le is the diffusion length of electron. 

photo-generated current in the p-layer. 

(A.6) 

This value represents the 


