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Abstract-In this paper an analytical work has been carried out on a p+ p n n+ structure photovoltaic cell in which a low- high 

junction is present in the front as well as the rear side of the device. The expressions for photocurrent and spectral response of 

this solar cell structure have been obtained and their variations with different device parameters and wavelength of incident 

light have been shown graphically. It is observed from theoretical considerations that this structure gives improved 

performance over previous silicon solar cell structures.  
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1.  Introduction 

      After the first silicon solar cell was developed [1], lot 

of research work have been made to improve the 

performance of these cells, the most recent one being 

quantum dot and quantum well solar cells [2-9]. Now a 

day solar cells have become a strong contender for 

generation of energy. Their applications in various aspect, 

and analylitycal and experimental studies have been 

reported by researchers [10-13]. The first major 

improvement in the efficiency of a conventional solar cell 

was obtained by incorporating a low-high junction at its 

back which gave the n+ p p+ structure [14]. This p p+ 

junction gave rise to a back surface field and the device 

was called a back surface field (BSF) solar cell. 

Theoretical studies on these BSF solar cells were 

performed and the improvement in the efficiency was 

attributed to the reduction in the back surface 

recombination in these cells [15, 16]. It was then 

suggested that a low-high junction may be incorporated at 

the front surface of the solar cell to give rise to n+ n p 

structure [17-19]. This high-low junction emitter structure 

gave increased open-circuit voltage and short-circuit 

current. Further theoretical investigations on the front-

surface -field (FSF) solar cells were carried out and it was 

shown that a low-high junction had the significant role to 

collect light generated current [20]. The role and function 

of front- surface-field on an n+ n p GaAs solar cell has 

been reported recently [21] in which a high-low junction 

factor  has been introduced.  determines the 

effective carrier collection of the low-high junction. Dark 

current generating in a solar cell has an important 

contribution in calculating the overall efficiency of such 

device. Its experimental and analytical studies has been 

discussed in [22, 23] based on different cell parameters 

including doping effects. In our present work we have 

assumed a p+ p n n+ solar cell structure that has low-high 

junction at both the front and the rear surfaces giving rise 

to front surface field (FSF) as well as back surface field 

(BSF). A complete analytical study for this proposed new 

structure has been carried out. 

2.  Analysis 

      Silicon solar cell considered in this study is 

highlighted in Fig. 1. The front and rear parts of this p+ p 

n n+ structure are formed with a p+ p and an n n+ low-high 

junctions respectively. The thicknesses of the quasi-

neutral p+, p, n and n+ layers considered for this cell are 

,  and  respectively.  and are 
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the widths of the depletion regions at the respective 

junctions.   

     
                 Fig. 1. The p+ p n n+ solar cell structure. 

As shown in the Fig. 1, 

, 

, 

 

. 

       The photocurrent contribution from each layer of the 

solar cell and also from the depletion regions may be 

found out by solving the current density and the continuity 

equations with special boundary conditions [21, 24]. 

The required boundary conditions for p+ region are 

 

 

where  denotes the excess electron density at high-low 

junction. 

Solution of the electron continuity equation along with the 

current density equation in using the above two boundary 

conditions gives the following expression of excess 

electron density at p+ region. 

 

 

 

where α is the absorption coefficient of the material. 

The expression of the photocurrent density generated in p+ layer and collected at  is seen as follows  

 

 

where λ is the wavelength of incident light. 

If then , the collected photocurrent at x1 in the case of a conventional p-n junction cell. Imposing 

this condition in equation (4) the expression for  is obtained as 

 

Now, Substitution of equation (5) in equation (4) gives the following form of the photocurrent density. 
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Due to presence of the high-low junction, surface 

recombination velocities in p+ and p regions may be 

modified as effective surface recombination velocities 

 and  as suggested by Dai et al [20]. The high-

low factor of low-high junction has been defined by the 

relation [21]. 

 

 
The expression of the photocurrent, which is collected by 

the p-n junction at x3, may be written as [21] with a 

correction factor 

 

The photocurrent density collected at x3 from the 

depletion layer of the low-high junction is given by the 

following equation [21]. 

 

 

     

where  is the thickness of depletion layer of the low-

high junction. 

Assuming the space charge region to be entirely spread 

into lightly doped region, its thickness  has been 

calculated using the expression discussed in [25]. 

Similarly, photocurrent contributions from p, n and 

depletion region of the p-n junction may be evaluated. 

With reference to the present structure of the solar cell 

and following [26, 27], the expressions of photocurrent 

collected from the p-region, n-region and the depletion 

layer are respectively given by   

 

 
 

 

 
and 

where  is the effective recombination velocity of 

hole in n region due to the effect of n+ region, and  width 

of the depletion region formed between p and n layers has 

been calculated as [28]. 

    Since n- n+ low-high junction is present at the back side 

of the device, some currents are also generated in n+ and 

n- n+ space charge regions. Using similar boundary 

conditions as the calculation of photocurrent from front p+ 

and p- p+ high-low junction space charge regions, we can 

obtain the expressions for the photocurrents  and 

 collected from n+ and n- n+ high-low junction 

depletion regions. 

Thus, the spectral response (SR) of the proposed p+p n n+ 

silicon device is given by the sum of the contributions 

from each layer of the cell including the contributions 

from all the depletion regions. 
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   Hence the photocurrent density supplied by the 

proposed cell is measured as [24].   

  
3.  Results and Discussion 

 

     The high-low factor has been calculated from equation 

(7), whereas the spectral response and the photocurrent 

density have been calculated using equation (13) and (14) 

respectively. Wavelength of the incident photons used for 

the calculation of photocurrent density has been ranged 

from 0.24 µm to 1.08 µm, and photon density 

corresponding to different wavelengths has been 

measured following the relation as proposed by Liou and 

Wang [29] for this simulation. α as a function of λ has 

been measured by the relation discussed in [30]. Effect of 

heavy doping in narrowing band gap has been considered 

and doping dependent mobilitites, diffusion coefficients 

and minority carrier lifetime have been taken into account. 

     Graphical representation of the high-low factor against 

acceptor concentration  for various values of front 

surface recombination velocity ( ) is shown in Fig. 2. 

The high-low factor increases as the value of  decreases 

and also as the acceptor concentration in the p+ layer is 

increased. On the other hand high-low factor decreases for 

increasing values of . At higher values of the 

recombination velocity more and more carriers are lost, 

giving low values of high-low factor. 

 
 Fig. 2. High-low factor with acceptor concentration. 

      The variation of SR as a function of wavelength of 

incident photons is shown in Fig. 3 for various values of 

acceptor density . The value of  is chosen as 

 for this graph. For a particular value of , if 

wavelength of the incident photons gradually increases, 

spectral response increases slowly and attains maximum 

value, and then if the wavelength is further increased, 

spectral response abruptly falls. On the other hand as the 

value of  increases, spectral response increases due to 

increased values of high-low factor at the front. 

 
 Fig. 3. Spectral response (SR) against wavelength of 

incident photons. 

            Photocurrent density versus front layer width  

is plotted in Fig. 4 for various values of acceptor 

concentration . It is observed that for a particular value 

of , photocurrent density almost remains constant as 

 increases, whereas photocurrent increases 

significantly when  is increased. 

 
Fig. 4. Photocurrent density against Wp

+. 

       The variation of photocurrent density with  is 

shown in Fig. 5 for various values of acceptor 

concentration . It is noticed that for a particular value of 

, photocurrent density decreases as the value of  is 

increased. The photocurrent density decreases for 

increasing values of . This may be explained following 

the argument that the effective surface recombination 
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velocity in p region increases when  increases and 

hence photocurrent decreases due to carrier lost at high 

recombination. 

 
Fig. 5. Photocurrent density with Wp for different values 

of Na. 

   The calculated photocurrent density for various types of 

silicon solar cells has been graphically shown in Fig. 6 for 

increasing values of the concerned cell thickness. Solid 

curve represents the photocurrent density ( ) for a 

normal p-n junction device whereas dotted curve 

represents that of a FSF solar cell, and dashed curve 

corresponds to for a BSF cell and dashed with dotted 

curve gives the photocurrent density of the proposed p+ p 

n n+ device in which both front –surface- field and back -

surface -field are present. This is observed from the figure 

6 that the photocurrent density of the proposed solar cell 

is not only larger than the normal p-n junction and FSF 

solar cells but also this is slightly higher than p+ n n+ BSF 

cell. This is because this proposed structure includes the 

effects of both the front and the back surface fields. 

 
Fig. 6. Photocurrent density versus cell thickness for 

various types of solar cells. 

      The calculations carried out on the basis of the 

analysis derived in this paper give some optimum values 

of the cell parameters for giving improved performance. 

These parameters are given in Table 1. 

Table 1. The optimized parameters for the proposed p+ p n 

n+ device.   

 

 

 

 

Calculated photocurrent density  

for various solar cells.     

Normal         BSF           FSF           BSF & FSF 

34.52            35.67         34.78              35.93     

Suggestions for future work: 

(i) This work may be suitable for designing 

silicon solar cells having improved 

performance and further experimental 

investigation may be carried in this 

direction. 

(ii) Some extension of this work may be carried 

out by considering the materials such as 

GaAs and InAs.  

    4.   Conclusion 

       In this paper the photocurrent and spectral response of 

a proposed p+ p n n+ device have been investigated 

analytically and the importance of low-high junction in 

improving photocurrent has been discussed. Basically the 

contribution of the p+p junction is the remarkable 

reduction of the surface recombination velocity in p-

region, which enhances the photocurrent contribution 

from the p-layer. Theoretically, unit value of  implies 

the best carrier collection of the low-high junction. 

However, the experimental values will be always less than 

this. The most significant contribution of this work is to 

simultaneously consider the effects of both front-surface-

field and back-surface-field in the operation of a solar 

cell. It is concluded from the present work that spectral 

response and photocurrent are significantly higher for p+ p 

n n+ structure, as compared to the case when a normal p n 

n+ structure is considered. 
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Nomenclature: 

       heavily donor doped region 

          lightly donor doped region 

        heavily acceptor doped region 

          lightly acceptor doped region 

     width of p+ type region 

        width of p type region 

     width of n+ type region 

        width of n type region 

     depletion region width produced at high-low 

junction 

     depletion region width produced at p-n junction 

   depletion region width produced at low-high 

junction 

         thickness of the entire solar cell        

 excess minority carrier (electron) 

concentration in p+ type region 

    excess minority carrier (electron) concentration 

at high-low junction 

     front surface recombination velocity for electron 

  diffusion coefficient for electrons in p+ type 

region  

       diffusion length of electrons in p+ type region      

         electronic charge 

         wavelength of incident photons 

  absorption coefficient of the material of solar 

cell 

   incident photon density  

 reflection coefficient of the material of solar cell 

         a factor shown in the text    

  electron photocurrent density contributed 

from p+ type region       

   electron photocurrent density collected at 

high-low junction 

        effective surface recombination velocity of 

electrons in p layer due to the influence of 

electrons   in p+ region 

       effective surface recombination velocity of 

electrons in p+  layer due to the influence 

of electrons in p region 

      effective surface recombination velocity of 

holes in n layer due to the influence of 

holes in n+ region 

      effective surface recombination velocity of 

holes in n+  layer due to the influence of 

holes in n region 

            acceptor concentration in p+ region 

             acceptor concentration in p region 
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      effective acceptor concentration in p+ region 

      effective acceptor concentration in p region 

         high-low factor            

  photocurrent density collected at x3 on  

account of (p+ p) high-low junction 

   diffusion coefficient of electrons in p type region 

    diffusion length of electrons in p type region 

     diffusion coefficient of holes in n type region 

      diffusion length of holes in n type region 

   electron photocurrent density contributed from 

p type layer 

  hole photocurrent density contributed from n 

type layer 

 photocurrent density contributed from p-n 

junction deletion layer 

    hole photocurrent density contributed from 

n+ type layer and collected at x4 

  hole photocurrent density contributed from 

n type layer and collected at x4 

      spectral response of the solar cell 

           total photocurrent density obtained from the 

solar cell 

 


