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Abstract


In this paper, the current mechanisms and theoretical performance as solar cell of hydrogenated amorphous silicon/ crystalline silicon heterojunction are evaluated also their dependence with the amorphous silicon doping level ND, the interface states density are studied. We have found that the dominant dark current mechanism is multitunnelling across localized states of amorphous silicon gap, and variation of ND will not affect total photocurrent but affect dark current only.
The dependence of multitunnelling current on doping level comes from the variation of Fermi level position with doping mechanism.     
الخلاصة

تم في هذا البحث دراسـة وتحليل وملاحظة تأثير تغيّر نسب تطعيم الشوائب المانحه(ND) للسليكون العشوائي على ميكانيكية تيار الوصلـة الغير متجانسة اوتيار الخليه من خلال اشتقـاق صيـغ ومعادلات نظريه لمكونات تيار الوصلة الغير متجانسة. وقد وجـد ان تغير نسـب التطعيم (ND) لايؤثر على التيار الضوئي الكلي للخلية وانما يؤثر فقط على ارتفاع حاجزالجهد وتوزيع شحنات حاجز الجهد وبالتالي سيؤثر على تيار الظلام.
 كما وجد ان معظم تيار الظلام هو التيار المتعدد الاختراق خلال المستويات الموقعيه عبر فجوة السليكون العشوائي. ويأتي اعتماد تيار الاختراق ((tunneling current على مستوى التطعيم للشوائب المانحة(ND) ,من خلال تغيرموقع مستوى (Fermi) مع تغيّر نسب التطعيم.
1. Introduction


Hydrogenated amorphous/crystalline silicon (a-Si:H/c-Si) heterojunction solar cells gain more and more interest for high efficiency and low cost solar cells. (Grigorovici et al., 1964) developed the first study about (I,V) curves of amorphous-crystalline heterojunction. They experimentally determined the (I,V) curve of amorphous germanium-crystalline silicon contacts. (Sinha et al., 1983) determined that the dominant current mechanism in a crystalline silicon amorphous germanium junction is tunneling, if the applied bias is lower than 300mV, the presence of interface states was also demonstrated. In the above mentioned reports the amorphous material was always non-hydrogenated. (Okuda et al., 1983) have developed a new type of amorphous silicon solar cell stacked on polycrystalline silicon. This material can absorb the light more effectively at the longer wavelength region of solar radiation spectrum. Recently, Sanyo reported an efficiency above 21% for an a-Si:H(p,i)/c-Si(n)/a-Si:H(i,n) heterojunction solar cell (Taguchi et al., 2005)], while Swanson calculates the potential efficiency of a-Si:H/c-Si solar cells as 25% (Swanson, 2005).
          The main advantage of using a-Si as the emitter and on the rear side is that, it passivates the silicon surface in an excellent way. More information about the basic physical properties of the a-Si:H/c-Si heterojunction can be found in (Schmidt et al., 2006). In this paper, the dependence of each current term on amorphous doping level, also n-amorphous/p-crystalline heterojunction as solar cell is studied.       
2. Simulation Equations
The following assumptions were adopted: (Mimura and Hatanak, 1984)
1. The validity of the abrupt heterjunction model.
2. The doping impurities are completely ionized at room temperature.

3. The density of localized states g(E) in amorphous silicon gap is approximated by two exponential branches as shown in fig.(1).
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   where     
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   and        
[image: image3.wmf](

)

÷

÷

ø

ö

ç

ç

è

æ

-

=

D

D

D

E

E

A

g

E

g

exp

…….…...(3)
Where EA and ED are the characteristic energies of the acceptor like and donor like states respectively. A is the energy difference between the mid gap and the density of states, while the density of states is given by 
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4. The Fermi function was approximated by the 0K step function in amorphous silicon gap.

5. The quasi-Fermi levels EFN and EFP are assumed to be flat across both depletion regions.

6. Low injection level is assumed.

7. The density of extended states in amorphous silicon is similar to that of crystalline silicon.

8. Both semiconductors are not degenerate.

The space charge densities in amorphous silicon are 
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And in crystalline silicon are
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Where ND and NA are the densities of donor and acceptor doping respectively, nt1 and pt1 the densities of trapped electrons and holes in a-Si gap and nf1, pf1, nf2, and pf2 are free electrons and holes in a-Si and c-Si respectively. For the sake of definiteness NA has been adopted equal to 1017cm-3.In this work, the subindex 1 refers to a-Si and the subindex 2 to c-Si. The depletion zone widths are noted by the symbols w1 and w2.Distribution of localized states at the interface decay exponentially away from crystalline silicon band edges has been adopted i.e.:

                     
[image: image7.wmf](

)

÷

÷

ø

ö

ç

ç

è

æ

-

=

1

exp

2

1

2

1

A

E

E

E

g

E

g

G

A

………….. (7)
                     
[image: image8.wmf](

)

÷

÷

ø

ö

ç

ç

è

æ

-

=

1

1

exp

2

1

D

D

E

E

g

E

g

 …..………… (8)
                     
[image: image9.wmf](

)

(

)

(

)

E

g

E

g

E

g

D

A

1

1

1

+

=

 ………....… (9)
Where EA1 and ED1 are the characteristic energies of acceptor like and donor like interface states respectively. The number of interface states is the relevant parameter and is given by
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When the distribution is symmetrical (EA1=ED1=E1). 
The current density J is evaluated at the edge of the crystalline depletion zone x2 as 
                   
[image: image11.wmf](

)

(

)

2

2

x

p

J

x

n

J

J

+

=

 ……………… (11)
                  
[image: image12.wmf](

)

2

2

2

D

J

LN

J

x

n

J

-

=

  ………..…… (12)
Where JLN2 is the photocurrent of electrons diffusing out of the crystalline quasi- neutral region and JD2 is the current arising from electron diffusion recombination in the same region. The term Jp is given by 
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Where JLP1 is the photocurrent of holes diffusing out of amorphous quasi-neutral region, JG1 is the photocurrent of holes developed in amorphous depletion zone w1 and JG2 is the photocurrent of holes developed in crystalline depletion zone w2. JD1 is the current arising from hole diffusion recombination in amorphous quasi neutral region, JR1, JR2 are the current arising from recombination across gap states in depletion zones w1 and w2 respectively. J11and J12 the currents arising from recombination across the interface states and JTH is a multitunnelling capture emission process (Rubinelli, 1987).  

In multitunnelling capture emission process a hole coming from crystalline silicon flows from one gap localized states to another until the edge of amorphous silicon depletion zone xj, where it is released to the valence band (term JLH) or it recombines with an electron from the conduction band (term JLN). Equating the hole current density flowing across gap states of amorphous silicon to the sum of JLH and JLN, it results
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    where
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Being σp the hole capture cross section, θL the space width where the release or the recombination of the hole take place and EF1 indicates the Fermi level position at equilibrium. The factor Ntp is the effective density of states for trapped holes and is given by

          
[image: image16.wmf]ú

û

ù

ê

ë

é

-

=

D

E

v

E

A

D

E

D

g

tp

N

1

exp

 ……………………..……. (16)   

and    
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Being σn the electron capture cross section. The total multitunnelling current is given by      
[image: image19.wmf]LN

J

LH

J

TH

J

+

=

 …………………………………… (19)
          
[image: image20.wmf](

)

ú

û

ù

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

+

=

1

exp

D

E

qV

LNO

J

LHO

J

TH

J

 …………….….. (20) 
3. Numerical Values for Parameters
      The following values have been adopted:

For amorphous silicon

χ1 (electron affinity) = 3.93eV (Mimura and Hatanak, 1984)
gA≈ gD= 1.0548x1021cm-3eV-1

EG1= 1.7eV,EA=0.059eV, ED=0.095eV, A=0.2eV (Rubinelli et al., 1989)

ν=107cm/sec, θL=11A (Hovel, 1975)
σN=σC=5x10-17cm-2, μp=10-3cm-2eV-1sec-1, τp1=10-8sec (Centurioni,2005), 
gmin=1016cm-3eV-1
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(Centurioni, 2005), Nc1=5.41x1019cm-3,  Nv1=3.52x1019cm-3, 
ni1=1.9x105cm-3.
For Crystalline silicon
χ2=4.01eV, EG2=1.1eV, NC2=2.8x1019cm-3, Nv2=1.04x1019cm-3, NA=1017cm-3, μn2=650cm-2eV-1sec-1, τn2=5x10-6sec (Rubinelli, 1987), ni2=1.45x1010cm-3 
Interface and contacts
EA1=ED1=0.1216eV (Rubinelli, 1987), g1=108cm-1eV-1, Sp=Sn=0, Ni=107cm-3
The above values of g1, gmin and EG1 are adopted when they are considered as non-variable parameters. The values of g1 corresponds to negligible density of interface states, it represents the case Ni=0.
4. Multitunnelling Mechanism 
      When donor doping of amorphous silicon is varied between intrinsic level and 1018cm-3, the multitunnelling mechanism is the dominant dark current term at forward biases. Fig.(2) shows the variation of multitunnelling current JTH with applied voltage at different values of ND, but near open circuit voltage the tunneling term JTH will over come the diffusion recombination term JD2, and if the value of ND is between 1017cm-3 and 1018cm-3 it can be seen in equ.(14) that the diode factor of JTH is given by ED/kT. On the other hand, the diode factor of the term JD2 is (1). Then there is a cross point of both terms at high voltages.

        The dependence of the current term JTH with the doping level ND comes from the Fermi level position at equilibrium EF1. If the doping level ND is increased, EF1 moves closer to the conduction band edge. The free electron concentration increasers and the trapped hole concentration decreases. Then the term JLN (recombination with electrons) increases with ND and the term JLH (release to the valence band) decreases with ND. If ND values is increased, the equality JLHo=JLNo is obtained for a doping value of 2.3x1018cm-3. Fig.(3) shows the variation of JTH with the doping level ND at constant applied voltage.    

5. Photocurrent Mechanisms Solar Cell 

The total photocurrent is given by (Green et al., 2006):
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The term JLP1 has low value compared to the other photocurrent terms except near equilibrium. The terms JG1 and JG2 decrease when the applied voltage increases because the depletion width decreases with bias. Taking this into account, the total photocurrent can be approximated by the expression
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LA and LC are amorphous and crystalline silicon thicknesses. Then, the total photocurrent depends only of both material thicknesses and of the light absorption coefficient. Variations of ND, Ni or gmin alter the potential barrier height, the barrier distribution and the photocurrent terms, but not the total photocurrent. If ND<<gDED the photocurrent terms are independent of ND, but when ND>>gDED , the increase of ND introduces a decrease of the term JG1 and an increase of the term JG2, because there is a redistribution of the potential barrier to the crystalline side, and a slight increase of the term JLN2, because W2<<L2. Of course, the term JLN2 is a function of crystalline quasi-neutral region width L2. There is a saturation of JLN2 for L2=100μm.
If ND<NA, the increase of Ni introduces a decrease of the term JG1 and an increase in term JG2. The reverse is true if ND>NA, because there is a redistribution of the potential barrier to the crystalline side in the first case and to the amorphous side in the second one. An increase of gmin value introduces a decrease of both terms, because the potential barrier height and the depletion widths decrease. 
6. Influence of ND on solar cell performance  
The total current (J) developed in heterojunction is 
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JCC is the total photocurrent and Jdark the total dark current. It is given by eq.)13(
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Fig.(4) show the curve of JV(V) of amorphous crystalline heterojunction in AM0 condition using  amorphous doping level as varying parameter, it can be observed that a value of ND in the interval (1017 -1018cm-3) is  the most adequate to obtain high values of the product JV. The total photocurrent JCC is independent of ND. If ND<<gDED, the multitunnelling mechanism JTH overcomes the photocurrent JCC for low values of the applied bias, resulting low open circuit voltage. The multitunnelling term JTH is dominated by the hole release to the valence band in the amorphous depletion edge L1. If ND>>gDED and the doping level ND is increased, the release of holes to the valence band decrease and the recombination with electrons of the conduction band increase (the hole trapped density decreases and the free electron concentration increases). In the interval (1017 -1018cm-3) the minimum value of the dark current JTH is obtained, because JTH is the sum of the above mentioned mechanisms. As the diode factor is independent of the value of ND, the cross point between JTH and JCC is obtained for higher values of the applied voltage (Korda et al., 2008); that is, the open circuit voltage Voc is greater. In the interval (1017 -1018cm-3), the dominant dark current mechanism near Voc is the diffusion recombination term JD2. Then, in the interval (1017 -1018cm-3) Voc result independent of the value of ND and maximum. If ND become greater than 1018cm-3, the term JTH increases, falling the open circuit voltage (the recombination with electrons in amorphous depletion edge increases).     
7. Conclusion

The dominant dark current mechanism is the multitunnelling capture emission process. If ND>>gDED for high forward voltage, the dominant current mechanism is the diffusion recombination term of the crystalline quasi-neutral region JD2. The diffusion recombination term of the amorphous quasi-neutral region JD1 is negligible and the recombination current in crystalline depletion zone JR2 is greater than the recombination current in amorphous silicon gap JR1. Variation of amorphous doping level, the interface density of states, and the minimum value of amorphous gap density of states do not alter the value of the total photocurrent of the heterojunction. If standard values are adopted for the parameters of both materials, the best performance in amorphous- crystalline silicon heterojunction is achieved for values of ND in the interval (1017 -1018cm-3). In this interval near the open circuit voltage, the dominant dark current mechanism in heterojunction is the recombination diffusion of electrons outside the p-quasi neural region.     
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Fig.(1) Density of gap states in a-Si:H and density of interface states in a-Si:H/c-Si heterojunction
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Fig.(2) Multitunnelling current term JTH as a function of applied voltage

using ND as a parameter

[image: image27.emf]V (volt)

JV (mA cm

-2

 V)

0 0.1 0.2 0.3 0.4 0.5 0.6

0

5

10

15

20

N

D

=10

16 

cm

-3

N

D

=10

18 

cm

-3

N

D

=10

17

 cm

-3


Fig.(3) Multitunnelling current JTH as a function of amorphous doping

at 0.4V applied voltage
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Fig.(4) JV curve of n-amorphous/p-crystalline silicon heterojunction

using ND as a parameter
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