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Abstract: In this article, we are discussing the Gauss’s law used to determine the width emitter 

extension region of the solar cell operating in open circuit condition. Taking into account the 

grain size (g), the grain boundary recombination velocity (Sgb) and the emitter doping density 

(Nemitter), the Gauss’s Law helped us to calculate the width emitter extension region of the solar 

cell operating in open circuit condition. 

To determine the width emitter extension region, we first showed that grain size (g), grain 

boundary recombination velociy (Sgb) are oppesite effects and concluded that best solar cells 

are characterized by low junction extension region width observed only with high grain size (g) 

and low grain boundary recombination velocity (Sgb).  

In a second way using Gauss’s law, we deduced that the ratio R of the width emitter extension 

region on the base extension region is equal to the ratio of the base doping density to emitter 

doping density. We concluded that when 315

emitter cm105.1N −⋅< , the ration R is practically 

constant and when 316

emitter

316 cm105Ncm10 −− ⋅≤≤  the ration R variation is soft and we finely 

saw that the emitter contribution to the photoccurent can be neglected for emitter doping 

density greater than 10
17

cm
-3

. 

Key words: doping density, extension region width, grain size, grain boundary recombination 

velocity. 

 

Introduction 

 

Considering AlGaAs/GaAs heterojunction emitter bipolar transistor grown with emitter 

thickness varied from 300  to 
0

A900 , Chen et al [1] showed that current gain decreases by 

increasing emitter thickness but the offset voltage variation depends to interval value of the 

emitter thickness.  
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In other works, Tadayon et al [2] experimented the effects of AlGaAs layer thickness and GaAs 

cap layer thickness in the emitter of abrupt npn AlGaAs/GaAs heterojunction bipolar transistor. 

These authors showed that only 
0

A500 of Al0.25Ga0.75As layer in the emitter is enough to 

produce high injection efficiency and a small current gain of more than 1100. 

For an n
+
- p- p

+
 solar cell structure in work done by [3] it is shown that if the stucture doping 

density under the selective emitter is very high compared to the field (non selective) region, 

then the width of the emitters fingers strongly influences Voc. But if the surface doping density 

under the selective emitter is only slightly high compared to the field region, then the influence 

on Voc  is modest. 

Introducing Sf as a junction recombination velocity some researchers [4-5] showed that there is 

an extension region width Z0 which is the distance between two diffusion capacitance’s plane 

electrodes of the solar cell’s junction [4-5]. Z0 is calculated on the base and varies with the 

grain size, the grain boundary recombination velocity, the wavelength and the type of 

illumination modes (front side, rear side or both front and rear sides) of the n
+
- p- p

+
 of solar 

cell structure. These results are obtained without emitter contribution to the photocurrent and 

the photovoltage [4-5] 

So in this paper, considering the base extension region width (ZB,), we are going to calculate 

the emitter extension region width (ZE) when the solar cell is in steady state and under open 

circuit operating conditions. Effects of grain size (g), grain boundary recombinaation velocity 

(Sgb) and the emitter doping density on ZE  will be investigated. 

In open circuit operating condition, the ratio of the width emitter extension region on the base 

extension region width will be studied. 

Study is made with some hypothesis: 

The grain boundary recombination velocity (Sgb) is the same in the base and the emitter; 

The columnar orientation is considered and we focused on an isolated grain; gE is the thickness 

of the emitter and g is the thickness of base; 

Sf0 is the intrinsic junction recombination velocity [4, 5]. It is the second term of the junction 

recombination velocity (Sf); other one is Sfj which is related to the external charge. In open 

circuit operating condition, Sfj=0 and Sf is equal to Sf0. The intrinsic junction recombination 

velocity characterized losses at the junction. Hence the diode photocurrent, the series and shunt 
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resistances depend strongly to this parameter [6]. For ideal solar cell, Sf0 reaches to zero but for 

a non ideal solar cell, Sf0 isn’t null and is related strongly to the extension region of the base [7] 

at the junction; 

ZE is the emitter extension region in open circuit operating condition; 

ZB is the base extension region in open circuit operating condition; 

 

Theory: Materials and Methods 

In this study, we apply the Gauss’s law in the solar cell’s junction which is considered as a 

plane capacitor with two identical plane electrodes. For an ideal solar cell characterized by a 

higher shunt resistance Rsh [8], the thickness of these two electrodes is very low and for a non 

ideal solar cell, characterized by a low shunt resistance Rsh [8], meaning higher current lost at 

the junction corresponding to an extension region of the junction. Usually, the emitter 

contribution on the photocurrent is neglected and hence, the extension region of this region is 

not included in all our studies. So that, in figure 2, we considered ZB and ZE as base and emitter 

extension region in open circuit operating condition of the solar cell, respectively. It is clear 

that ZB depends strongly on the grain size and the grain boundary recombination velocity [4-5]. 

We demonstrated that for a good solar cell under steady state and in open circuit voltage 

operating condition, these electrodes are separated by junction’s extension region width [4-5]. 

 

Figure 1. Ideal solar cell in open circuit operating condition 
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Figure 2. Non ideal solar cell in open circuit operating condition 

 

The negative and positive charges show the nature of the doping.  

The Gauss’s law is expressed as [9]: 

�

Q
dSE   

)(
=� ⋅

Ω

→→

                                                                                                                         (1) 

Using the well known Quasi- Neutral Base assumption (QNB), we set that the electric field 
→

E

in the base and emitter is null.  

Ω is the Gauss surface, Q is the bulk global charge contained in the surface Ω and  � 0r ε⋅ε=

114

0 cmF108.85 −− ⋅⋅ε is the permittivity for the vacuum and 12r =ε is the relative dielectric 

constant of the semiconductor. 

Hence in the base and the emitter, the electric field is null, equation (1) become: 

( )
�

SZNeZNe
0 BBaseEemitter ⋅⋅⋅−⋅⋅

=                                                                                                (2) 

S  is the area of the identical plane electrodes; 

Nemitter is the emiter doping density. Its values range from 10
17

 to 10
19

 cm
-3

 [10]; 

Nbase is the base doping density and the doping ranges 10
15

 to 10
17

 cm
-3

. [10]; 

C106.1e 19−⋅= . 

Here when calculating, we suppose that the diffusion capacitance plane electrodes have a 

surface whose its value is S=1cm
2
. 
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Considering equation (2) we deduced: 

B

emitter

Base

E Z
N

N
Z ⋅=                                                                                                                      (3) 

BZ  is determined by simulation process with MathCAD software, using normalized excess 

minorty carriers density and reference voltage method [4-5] after resolving the continuity 

equation and deducing the excess minority carriers density. The reference voltage is the 

constant voltage at position z = ZB. It characterized the diffusion capacitance in the Shockeley’s 

model. So that, with the fixed value of the reference photovoltage and general expression of 

photovoltage, ZB is calculated when equalizing theses two photovoltages [4-5]. 

 

Results and discussions 

When doing a simulation process, we first presented in table 1, different values of the extension 

region of the emitter EZ  corresponding to one of the base when the grain size varies and for 

different values of the emitter dopage. And in the second table (table 2), we fixed the grain size 

parameter and we vary the grain boundary recombination velocity and did the same work as in 

table 1. 

Setting R as the ratio of the emitter’s extension region EZ  against the one of the base, BZ , we 

plotted this ratio versus the grain size for different values of the emitter dopage Nemitter 

Table 1: Values of the extension regions of the emitter and the base of the solar cell operating 

in open circuit condition. The grain boundary recombination velocity Sgb = 10
3
cm.s

-1 
is a fixed 

value 

g 

(µm) 

ZB 

(µm) 

315

emitter cm101N −⋅=
 

ZE(nm)  

315

emitter cm101.3N −⋅=
 

ZE(nm)  

316

emitter cm101N −⋅=
 

ZE(nm)  

20 25.42 2.54 3.304 25.419 

23 18.55 1.85 2.412 18.556 

26 16.49 1.64 2.143 16.489 

29 15.17 1.51 1.972 15.176 

32 14.21 1.42 1.848 14.216 

35 13.46 1.34 1.750 13.462 
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38 12.84 1.28 1.669 12.843 

41 12.31 1.23 1.601 12.316 

44 11.85 1.18 1.541 11.859 

47 11.45 1.14 1.488 11.453 

50 11.08 1.10 1.441 11.088 

53 10.75 1.07 1.398 10.755 

 

Table 2: Values of the extension regions of the emitter and the base of the solar cell operating 

in open circuit condition. The grain size g = 40µm  is a fixed value. 

 

Sgb 

(µm) 

ZB 

(µm) 

NE=10
15

cm
-3

 

ZE(nm)  

315

E cm101.3N −⋅=  

ZE(nm)  

316

E cm101N −⋅=  

ZE(nm)  

10 9.647 0.964 1.254 9.647 

13 9.667 0.966 1.256 9.667 

16 9.692 0.969 1.259 9.692 

20 9.724 0.972 1.264 9.723 

25 9.764 0.976 1.269 9.763 

32 9.814 0.981 1.275 9.813 

40 9.877 0.987 1.283 9.876 

51 9.956 0.995 1.294 9.956 

63 10.057 1.005 1.307 10.05 

79 10.184 1.018 1.323 10.18 

100 10.344 1.034 1.344 10.34 

126 10.546 1.054 1.371 10.54 

158 10.804 1.080 1.404 10.80 

200 11.132 1.113 1.447 11.131 

251 11.553 1.153 1.501 11.553 

316 12.100 1.209 1.572 12.099 

398 12.822 1.282 1.666 12.822 

501 13.805 1.380 1.794 13.804 
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630 15.218 1.521 1.978 15.218 

794 17.514 1.751 2.276 17.513 

1000 25.420 2.541 3.304 25.419 

 

We plotted in figure 3, R versus the grain size g of the solar cell’s base for various values of the 

doping density of the emitter which took 315 cm10.1 − , 315 cm101.1 −⋅ , 315 cm105.1 −⋅ , 316 cm10.1 −⋅ ,

316 cm105.1 −⋅ , 316 cm103 −⋅ , 316 cm105 −⋅  and 317 cm101 −⋅ . The grain boundary recombination 

velocity Sgb = 10
3
cm.s

-1
 is a fixed value. 
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Figure 3: The ratio R of the emitter’extension region against the base extension region versus 

grain size g when the emitter dopage varies; Sgb = 10
3
cm.s

-1
,Nbase= 10

17
cm

-3
. 

When the grain size (g) increases, the extension regions of the base and the emitter decreases, 

corresponding to a decreasing of the global extension region of the junction in open circuit 

voltage operating condition.We showed that, the displacement of diffusion capacitance’s plane 

electrode and the crossing of excess minority carriers (holes and electrons) depend on the 

values of extension region in open circuit and short-circuit operating conditions [4]. If these 

two values are close, diffusion capacitance’s plane electrodes displacement are limited and the 

photocurrent is low and then solar cell efficiency decreases. And for best solar cell, the 

extension regions (base and emitter zones) values in open circuit and short-circuit must have an 

important gap apparent only if these values decrease [4]. Tables 1 showed that this situation is 

observed when the grain size increases. 

When the grain boundary recombination velocity increases, the global extension region 

increases leading to a cutting-off of the displacement of diffusion capacitance’s plane elctrodes 

and then to a reduction of holes and electrons crossing to the junction. Then the photcurrent 

density, the photovoltage, the power and the efficiency decrease. This is due to the fact that, 

grain boundary recombination velocity translates losses in bulk of the solar at the grain 

boundary of the solar cell and their increase lead to the decrease of the photocurrent [6]. 

In open circuit voltage operating condition, when the emitter doping increases, we noted at 

table 2 for the range value of Nemitter<10
17

cm
-3 

that global extension region of the junction 

increases. The displacement of diffusion capacitance’s plane electrodes is then restricted. 

Hence, the crossing of charge carriers (holes and electrons) at the junction is low and solar cell 

efficiency is obviously low if we based to results of [6]      

Table 1 and table 2 showed that the grain size effects on the emitter extension region is the 

same effects of the emitter thickness on the current gain of bipolar transistors [1-2] 

In figure 3, we remarked that when 315

emitter cm105.1N −⋅<  the ration R is constant. For fixed 

values 316 cm105.1 −⋅ , 316 cm10.1 −⋅  and 316 cm103 −⋅  of the emitter doping density, the ratio R 

decreases slightly.  

But when the emitter base doping density takes 316 cm105 −⋅ and 317 cm101 −⋅ , figure 3 showed 

that the ration R decresaes drastically. Meneaning that emitter extension region can be negleted 
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to those of base’s extension region. These results corroborate hypothesis maked in many 

studies which allowed neglecting the emitter contribution on the photocurent density. 

 
Conclusion 

Taking into account the result which considers the solar cell junction as a plane diffusion 

capacitance, we used the Gauss’s law to calculate the junction extension region width including 

the emitter contribution. 

We showed that, the emitter’s extension region width in open circuit voltage decreases and 

increases with de grain size and grain boundary recombination velocity, respectively; meaning 

that best solar cells are characterized by high grain size and low grain boundary recombination 

velocity. 

On the other hand, we studied the ratio of the emitter extension region width on the base 

extension region width. We saw that for low values of emitter doping density (Nemitter) smaller 

than 10
16

cm
-3

 the emitter contribution to the photocurrent must be taken into account. But, 

when the doping density (Nemitter) values are greater than 10
17

cm
-3

, we showed that the emitter 

contribution to the photocurrent can be neglected. 
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