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The semiconducting iron disilicide β-FeSi2 has recently attracted considerable attention due to its remarkable optical and 

electrical properties. In this paper, we investigate the β-FeSi2/c-Si(p)/µc-Si(p
+
) heterojunction solar cells and optimize its 

structure by AFORS-HET software. By adjusting the emitter and back surface field (BSF) parameters, we find that increment 

of the emitter thickness would decrease the short current density and the conversion efficiency; the influence of the interface 

state could not be ignored; an optimized BSF will increase 1 point of conversion efficiency. The final optimized parameters of 

heterojunction solar cell are Voc=600.8 mV, Jsc=40.81 mA/cm
2
，FF=80.77% and η=19.8%. 
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1. Introduction 

 

β-FeSi2 is an attractive semiconductor owing to its 

extremely high optical absorption coefficient (α>10
5
 cm

-1
), 

and is expected to be an ideal material for a thin film solar 

cell [1]. Generally the optical absorption coefficient of 

β-FeSi2 is 10
5
 cm

-1
 corresponding to photon energy 

beyond 1 eV and reaches to the peak coefficient 2.67×10
5
 

cm
-1

 when photon energy is 6.26 eV. And a 1µm-thick 

β-FeSi2 film absorbs almost all of the sunlight [2]. The 

β-FeSi2 films can be epitaxially grown on the silicon 

surface and well matched with silicon devices in 

fabricating techniques. Besides this, β-FeSi2 solar cell also 

can be integrated as a module similar to thin film silicon 

solar cell. So it is preferable to employ low cost β-FeSi2 

film solar cell in PV industry. 

In experiment, β-FeSi2 thin film was demonstrated to 

be used in heterojunction structure [3]. But the conversion 

efficiency of cells mentioned in literatures is not good, 

there is a great potential space to be improved [4-7]. In this 

article, the AFORS-HET software [8] was used to simulate 

the I-V characteristics of n-β-FeSi2/p-Si/µc-Si(p
+
) 

heterojunction solar cells. The simulation results showed 

that the optimal thickness and doping concentration of 

β-FeSi2 film were 2 nm and 8×10
20

 cm
-3

, respectively. 

Moreover, the computation results indicated that interface 

defect states had critical influences on cell performances. 

In addition, BSF could increase conversion efficiency 

effectively compared with solar cell without BSF. All these 

indicate that n-β-FeSi2/p-Si/µc-Si(p
+
) heterojunction is a 

good potential structure for photovoltaic applications. 

 

 

 

2. Structure of the heterojunction solar cells 

 

 

 

Fig. 1. Schematic diagram of n-β-FeSi2/p-Si/µc-Si(p+) 

heterojunction solar cell. 

 

 

The structure of n-β-FeSi2/p-Si/µc-Si(p
+
) solar cell is 

shown in Fig. 1. The top layer is a β-FeSi2 film, with 

variable thickness from 1 nm to 10 nm and adjustable 

doping concentration. The bottom one is a µc-Si layer, 

which forbidden band gap is fixed at 1.4 eV [9] and 

thickness varies from 2 nm to 20 nm. The p-type layer is 

mono-crystalline silicon. 
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Table 1. Parameters used in simulation. 

 

 n-β-FeSi2 c-Si(p) µc-Si(p+) 

Thickness (nm) Adjustable 3×105 Adjustable 

Dielectric constant 31 11.9 11.9 

Electron affinity (eV) 4.71 4.05 4 

Band gap (eV) 0.87 1.12 1.4 

Effective conduction band density (cm-3) 1.7×1018 2.8×1019 1020 

Effective valence band density  (cm-3) 1.7×1018 1.04×1019 1020 

Electron mobility (cm2V-1s-1) 206 1041 10 

Hole mobility (cm2V-1s-1) 168 412 3 

ND (cm-3) Adjustable 0 0 

NA (cm-3) 0 1016 Adjustable 

 

In simulation, the default values are used for the 

defects in c-Si(p) layer. The parameters of β-FeSi2 layer 

are cited from Ref. [10]. All initial parameters are listed in 

Table 1. The simulated illumination condition is AM1.5 

with temperature 300 K. 

 

 

3. Results and discussion 

 

3.1 Influences of the emitter thickness 

 

The role of emitter layer is to create a built-in electric 

field with the base region, and allow incident light enter 

into the base region as more as possible. If the thickness of 

β-FeSi2 layer increases, which means the incident 

absorption in n-layer increases, the photocurrent should 

increase too. But there is a premise that the minority 

carrier lifetime in β-FeSi2 film should be long enough. 

Otherwise, the electron-hole pairs can’t be collected by PN 

junction. Therefore, the thickness of β-FeSi2 film must be 

limited by minority carrier diffusion length. On the other 

hand, the series resistance seriously affects the output 

characteristic of solar cell. The series resistance increases 

with the increase of the emitter thickness, which leads to 

decline of the fill factor (FF) and conversion efficiency 

(η)[11]. 

 

 

 

 

 

 

 

 

 

Fig. 2 The effect of emitter thickness on performances of 

the heterojunction solar cells. 

 

Fig. 2 lists the variation of parameters with the emitter 

thickness. In Fig. 2, we find that the open circuit voltage 

(Voc) decreases slowly, while the short circuit current (Jsc) 

drastically decreases with the increase of emitter thickness. 

The reason is that with the emitter thickness increases, the 

number of photons absorbed in emitter layer increases too. 

While there are a large number of recombination centers 

and it lacks electric field in emitter region, photogenerated 

carriers in this region can’t reach the edge of potential 

barrier and contribute to photocurrent. The excess carriers 

will disappear because of recombination, which results in 

the decrease of Jsc. The FF gradually decreases with 

increasing n-layer thickness, mainly because of the 

increases of series resistance [12]. For Voc, generally 

 

0
0[ln( ) 1]oc sc

k T
V J J

q
  , 

where T is temperature, k0 Boltzmann constant, q electron 

charge, J0 reverse saturated current. When Jsc decreases, 

the Voc drops slowly. Finally, solar cell with efficiency 

18.57% is obtained with optimum emitter thickness 2 nm. 

 

3.2 Effect of emitter layer doping concentration 

 

The emitter doping concentration is another key 

parameter of heterojunction solar cells. If the doping 

concentration is known, the performances of a solar cell 

can be easily judged. In order to collect photogenerated 

carriers as more as possible, the diffusion length of the 

minority carriers should be extended. While increasing 

doping concentration equals to increase recombination and 

decrease the minority carrier diffusion length, which 

reduces photogenerated carrier collection efficiency and 

declines Jsc. From this point, a lower doping concentration 

is better. However, in view of Voc, the doping 

concentration should be as high as possible. So it seems 

hard to improve both Jsc and Voc at the same time by 

adjusting the doping concentration. 
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Fig. 3. The effect of different emitter layer doping  

concentration on performances of  the  heterojunction   

                  solar cells. 

 

The variations of parameters on the doping 

concentration are shown in Fig. 3. It can be seen from Fig. 

3, with increasing the emitter doping concentration, Voc 

and FF significantly increase except Jsc. And the 

conversion efficiency increases firstly, then it saturates at 

8×10
20

 cm
-3

, due to the heavy doped defects and Auger 

recombination effect. Furthermore, heavy doping 

concentration will result in a "dead layer", photogenerated 

carriers in this layer almost combine, leading to the drop 

of efficiency. Hence, the emitter layer doping 

concentration should be controlled at 8×10
20

 cm
-3

. 

 

3.3 Impact of the interface states in solar cell 

 

The discussions above are ideal situations. Actually 

we can’t ignore the effect of interface states density on the 

cell performances in practical production process. Here an 

ultrathin c-Si layer model is used as interface defect, with 

continuous donor and acceptor states in the band-gap. 

 

 

 

 

 

 

 
 

 

 

Fig. 4. The effect of interface state density on performances  

of heterojunction solar cells. 

 

 

 

 

Fig. 4 shows the effect of interface state density on 

performances of heterojunction solar cells. As described in 

Fig. 4, when the interface states density (Dit) is less than 

10
10

 cm
-2

, the solar cell performances are almost 

unaffected, and conversion efficiency is maintained at 

about 18.78%, which is close to the efficiency with no 

interface state; when the interface states density is over 

10
10

 cm
-2

, both Voc and Jsc decline. When Dit increases 

from 10
10 

cm
-2 

to 10
13 

cm
-2

, the Voc declines from 596.1 

mV to 336.7 mV, and Jsc declines from 38.85 mA/cm
2 

to 

38.18 mA/cm
2
. When Dit is 10

13 
cm

-2
, conversion 

efficiency rapidly reduces to 6.63%. The reduction of Voc 

is mainly due to increment of PN junction inverse 

saturation current. With interface defect density increases, 

the recombination of excess carrier also increases, which 

results in the increase of reverse saturation current and 

reduces Voc and FF. So passivation technology is important 

for high efficiency solar cells, such as plasma assisted H 

passivation, which is used to control the interface defect 

density lower than 10
10

 cm
-2

. 

 

3.4 Effect of BSF structure  

 

BSF refers to a region of producing barrier effect to 

photogenerated carriers, and reduces the carrier 

recombination rate at this region. The barrier can not only 

improve the photocurrent, but also improve photovoltage 

to some extent [13]. Similar with crystalline silicon cells, 

BSF can be achieved by a layer with same doping type as 

the absorbing layer, but with higher doping concentration. 

Because microcrystaline silicon is the mixed phase of 

nanocrystalline silicon and amorphous silicon, it 

simultaneously owns high optical absorption coefficient 

and good stability. Furthermore its band gap is adjustable 

with the crystalline phase, and easy to realize optimal 

parameters as designed. So in this paper, the 

microcrystalline silicon is chosen in BSF structure [14]. 

The influences of the BSF thickness on performances 

of heterojunction solar cells are shown in Table 2. We note 

that all the parameters are unchanged with thickness 

increases. This is very beneficial. In production, it is very 

difficult to grow thicker microcrystalline silicon films 

because of low growth rate. If the requirement of BSF 

layer is not thick, this will save a lot of time. Therefore it 

is possible to set the BSF thickness at 5 nm.  
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Table. 2. The photovoltaic performances of 

heterojunction solar cells with different BSF thickness. 

 

Thickness/nm Voc/mV Jsc/mA·cm-2 FF/% ƞ/% 

2 600.80 40.76 80.76 19.78 

5 600.80 40.76 80.76 19.78 

10 600.80 40.76 80.76 19.78 

15 600.80 40.76 80.76 19.78 

20 600.80 40.76 80.76 19.78 

 

Fig. 5 listed the effect of different BSF doping 

concentration on performances of heterojunction solar 

cells. It is found that BSF plays a positive role in 

improving cell performances. The effect of BSF is not 

obvious with lower doping concentration. While when the 

doping concentration is over 10
19 

cm
-3

, the conversion 

efficiency reaches 19.8%. After that with the doping 

concentration further increases, the efficiency has no 

improvement. Though barrier effect for carrier transport 

can be reduced by increasing the doping concentration, 

this also shows that a high doping concentration is a good 

guarantee for BSF. Because of its specific crystal phase, 

microcrystalline silicon has the possibility of higher 

doping concentration, which is one of the reasons why 

microcrystalline silicon is chosen as BSF here. 

 

 

 

 

 

 

 

 

 

Fig. 5. The effect of different BSF doped concentration on 

performances of heterojunction solar cells. 

 

Fig. 6 lists a comparison of J-V curves for 

heterojunction solar cells with and without BSF. As shown 

in Fig. 6, after adding BSF, all parameters of 

heterojunction solar cells are improved, which shows a 

reasonable BSF, especially optimal BSF doping 

concentration can improve the conversion efficiency of 

solar cells effectively. The detailed data were listed in 

Table 3.  

 

 

 

 

 

 

 

 
 

Fig. 6. The J-V characteristics of heterojunction solar 

cells with and without BSF. 
 

Table 3. The comparisons of heterojunction solar cells 

with and without BSF. 

 

Type Voc/mV Jsc/mA·cm-2 FF/% η/% 

n/p 596.10 38.85 81.07 18.78 

n/p/p+ 

600.80 40.81 80.77 19.80 

 

In Table 3, we find that a reasonable BSF increases 

the conversion efficiency about 1 percent. This verifies the 

p/p
+

 junction has two major roles: on the one hand, it 

inhibits the back surface recombination, which decreases 

the reverse saturated current and increases Voc; on the 

other hand, it encourages the electron-hole pair collection 

in PN junction, which improves the spectral response in 

long wavelength band and increases Jsc. 

 

 

4. Conclusions  

 

In this paper, the AFORS-HET software is used to 

simulate n-β-FeSi2/c-Si(p)/µc-Si(p
+
) heterojunction solar 

cells. The influences of emitter, interface state and BSF are 

discussed. The computation results show that the thicker 

n-layer will lower the Jsc. Interface state has a greater 

impact on cell performances, so it is necessary to control 

the interface defect density lower than 10
10 

cm
-2

 to 

improve the conversion efficiency. BSF thickness has little 

effect on cell efficiency. While reasonable BSF doping 

concentration effectively improves the conversion 

efficiency. The optimized results of heterojunction solar 

cells are: the thickness of n-layer is 2 nm, with doping 

concentration 8×10
20 

cm
-3

; the thickness, doping 

concentration for BSF are 5nm and 10
19

cm
-3

, respectively. 

And the final J-V parameters of the heterojunction solar 



498                                       W. Y. Xu, F. X. Chen, J. F. Wang 

 

cell are Voc=600.8 mV, Jsc=40.81 mA/cm
2
, FF=80.77%, 

η=19.8% . 
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