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Abstract 

In this work, we have carried out a study in the modeling of photovoltaic devices based on lead-free perovskite materials, such as 

CH3NH3Sn(1-y)GeyI3, in which the germanium content varies from 0 to 1, using thin ZnO, TiO2 or SnO2, films as window layers. 

Thin Cu2O or NiO layers used as buffer layers ensure the n-p junction with the perovskite absorber material and act as an 

interface layer with the transport window layer. With the above window and buffer layer materials, photovoltaic devices have 

been designed. The study highlights the influence of geometric parameters such as the diffusion length of the minority carriers in 

the buffer layer as well as the thickness of this layer on the performance of photovoltaic devices. The evolution of the internal 

quantum efficiency is analyzed as a function of the window and buffer layer materials and also as a function of various other 

parameters including the thickness of the buffer layer materials and the minority carrier diffusion length in these materials. The 

results showed that NiO thin films offer better performances, especially when combined with ZnO or SnO2 window layers, 

respectively. The corresponding models with structures ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) and 

SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) give an internal quantum efficiency of 72.7% and 70.9% respectively. 
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1. Introduction 

In recent years, solar cells based on organic/inorganic hy-

brid materials with a perovskite structure have developed very 

rapidly, and their photovoltaic conversion efficiencies have 

increased from 3.8% in 2009 to 25.2% in 2019 [1, 2]. The 

high-performance perovskite solar cells currently reported are 

mainly lead-based materials [3, 4]. The presence of lead, 

which is very harmful to humans and environment, as well as 

the stability issue of these materials are major challenges for 

the development of these photovoltaic structures [17, 18]. In 

response to these difficulties, a large number of alternative 

absorber materials based on lead-free or low-lead perovskites 

and inorganic perovskites have been developed. Theoretically, 

lead can be replaced by metals such as tin (Sn) [5, 6], bismuth 

(Bi) [7, 8], copper (Cu) [9], germanium (Ge) [10] or antimony 
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(Sb) [11, 12]. 

In this work, we carried out a modeling study of photo-

voltaic devices based on a CH3NH3Sn0.75Ge0.25I3-type perov-

skite material in which the germanium content is varied from 

0 to 1. 

In thin-film solar cells, window and buffer layers play a 

decisive role in optimizing photovoltaic performances of 

devices. 

A wide band-gap window layer which allows light to pass 

through while minimizing reflection losses and helps limit 

recombination of charge carriers on the surface, is required. 

The buffer layer, which is an interface layer, is also a wide 

band-gap layer allowing an adaptation of energy levels by 

reducing the energy barrier between materials to facilitate the 

transport of charges carriers. It also limits defects that can trap 

charges carriers and reduce the performance of the device. 

In our recent work, a modeling and analysis of a mixed 

Sn-Ge lead free perovskite based solar cells have been carried 

out [17]. This study shows that the best photovoltaic devices 

are obtained for values of the germanium (Ge) content close to 

0.25. In the range 0 to 1 of the Germanium content, the 

highest internal quantum efficiency (65.8%) is obtained for a 

value of y = 0.25 and for an absorber thickness of about 0.5 

μm. 

The thin-film photovoltaic devices investigated in this 

work are based on CH3NH3Sn0.75Ge0.25I3 lead-free perovskite 

absorber material. Thin films of ZnO, TiO2 and SnO2 were 

chosen as window layers. The buffer layer materials used 

which are Cu2O and NiO ensure good electrical contact and 

the formation of the n-p junction with the absorber 

3 3 0.75 0.25 3
CH NH Sn Ge I  material. With the above window and 

buffer layer materials, the following photovoltaic devices 

ZnO(n+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p), 

SnO2(n+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) and 

ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

SnO2(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) have been de-

signed. In a recent work, the influence of window layers on 

the spectral evolution of the total current flowing through 

such solar cells, have been investigated [18]. 

In the present work we investigate the influence of physical 

parameters of buffer layers on the internal quantum efficiency 

of these photovoltaic cells. 

2. Theoretical Approach and Model 

The equations used to model solar cell operation are based 

on the continuity equations of the minority carriers in each 

part of the solar cell [17, 18]. These continuity equations make 

it possible to study all the phenomena that occur in semi-

conductors, and to determine the properties of devices man-

ufactured using these materials. 

The space charge region is assumed to lie between the two 

layers n-type buffer layer Cu2O or NiO and p-type 

CH3NH3Sn0.75Ge0.25I3. The electric field is also assumed to be 

zero outside this region. In the steady-state case, the continu-

ity equations are given by: 

1
0

1
0

  

   

n n n

p p p

divJ G R
q

divJ G R
q

 

In the absence of an electric field, we can have: 

. ( )

. ( )



 

n n

p p

J qD grad n

J qD grad p
 

Our calculations are limited to the one-dimensional case. 

The solar cell model used in this work is illustrated in Figure 

1 [17, 18]. 

 
Figure 1. CH3NH3Sn0.75Ge0.25I3(p) perovskite solar cell Model. 
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Its structure is 
   

  3 3 0.75 O.25 3

Window layer / Buffer layer /

CH NH Sn Ge I

n n

p


 


. The 

absorber layer is the CH3NH3Sn0.75Ge0.25I3 perovskite. It is a 

p-type semiconductor material and has a function of absorbing 

incident photons from solar radiation to generate electron-hole 

pairs [17, 18]. The particular feature of this material is to have 

forbidden band width which can be modulated according its 

germanium content germanium. The forbidden bandwidth is 

1.3 eV for 3 3 3
CH NH SnI   y = 0 and 2.0 eV for 3 3 3

CH NH GeI  

 y = 1 , which influences the optoelectronic properties of the 

solar cell. By enhancing the germanium content, we can thus 

continuously vary the band gap width between 1.3 eV and 2.0 

eV and obtain different solar cells [17, 18]. 

The Cu2O or NiO buffer layer, of a few nanometers thick, is 

deposited on the surface of CH3NH3Sn0.75Ge0.25I3. This n-type 

semiconductor layer provides the n-p junction with the ab-

sorber and acts as an interface with the window layer [17, 18]. 

With a direct gap of 2.1 eV, the non-toxic Cu2O is considered 

one of the most promising materials for photovoltaic applica-

tions. The window layer which a transparent conductive oxide 

ZnO, TiO2 or SnO2, completes the solar cell structure. Its 

thickness varies from 0.55 μm to 1 μm . The window layer allows 

incident photons to pass through to the absorber, and also 

collects charge thanks to its high conductivity. 

2.1. Current Density Generated by Light in the 

Emitter 

The current density 𝐽𝑝ℎ,𝐸  generated by the incident pho-

tons in the emitter comprises two contributions: the current 

density generated in the (𝑛+) − 𝑊𝑖𝑛𝑑𝑜𝑤 𝑙𝑎𝑦𝑒𝑟  region, 

𝐽𝑝ℎ1
and the current density generated in the (𝑛) −

𝐵𝑢𝑓𝑓𝑒𝑟 𝑙𝑎𝑦𝑒𝑟 region, 𝐽𝑝ℎ2
. 

1 2,ph E ph phJ J J   

2.1.1. Current Density Generated in the (n
+
)-Region 

In the window layer region (ZnO, TiO2 or SnO2) where 

minority carriers are the holes, the continuity equation is 

given by: 

1 1

11

2

2 2

p p WL

pp

d g

Ddx L

 
    

 
1 1 1

2
1 WL

x

WL WL p p p
g F R e L Dand


 


    and 

Window LayerWL   

In this equation 
1

p
 is the minority carries concentration, 

1 1
p

L and D
p are the hole diffusion length and the hole diffusion 

coefficient in the windows layer region, respectively. 

1
p

  and WL
  represent the hole lifetime and absorption 

coefficient of the windows layer respectively. 

R  is the reflection coefficient and ( , )F E   is incident 

photon flux of energy E and wavelength  nm . 

The resolution of this equation was make taking into ac-

count the following boundary conditions: 

1

1 1 1

1 1

 for x = 0

0  for x = x

p

p p p

p

D S
x


  



  

 

Where 
1

p
S  is the recombination velocity on the front sur-

face of the window layer. 

The photocurrent 
1

ph
J  in this region is given by: 

 
1

1 1

1p

ph p

x
J qD

x


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
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       
             

 
    
       
    

 

2.1.2. Current Density Generated in the n - Region 

In this region, which consists of a thin layer of 2
Cu O or NiO  

serving as a buffer layer, the minority carriers are the holes. 

The continuity equation for the minority carriers is given by: 

2 2

22

2

2 2

p p BL

pp

d g

Ddx L

 
    

Where: 

 
1 1(1 ) .WL BL

x x x

BL BL
g F R e e

 


  
   and 

2 2 2

2

p p p
L D   

Where BL stands for  2
Buffer Layer Cu O, NiO . 

1
p

 is the minority carries concentration. 
2 2

p
L  and D

p are the 

hole diffusion length and the hole diffusion coefficient in the 

buffer layer region, respectively. 

2
p

  and BL
  represent the hole lifetime and absorption 
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coefficient of the buffer layer respectively. 

Taking into account the following boundary conditions 

defined as follows, 

2 1

2 2 2 1

2

1

2

  x = x

0  for x = x

p p

p p p p

p

D S D
x x

 
    

 

  

 

the photocurrent in the 1 2
x x x   region is given by: 

2

2 2
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x
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
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2.2. Current Density Generated in Space Charge 

Area 

In the charge space region, carrier recombination may be ne-

glected. Indeed, it is assumed that the transit time of the free 

carriers in this zone is much shorter than their lowest lifetime 

because of the strong electric field which prevails therein. So, 

carriers will not have time to recombine and will all be collected. 

In this region, the current density is given by: 

 2 1 11 1 22 1 1
( )( )

(1 ) 1 (1 ) 1BLWL WL MASGIBL BL
x w xx x wx x w

ZCEJ qF R e e e qF R e e e
                   

   
 

2.3. Current Density Generated in the p – Type 

Region 

In this region, the photo-current is an electron due current. 

The continuity equation for minority carriers (electrons) is 

given by: 

3 3

33

2

2 2

n n MASGI

nn

d g

Ddx L

 
    

Where: 
   

1 2 12 1 1
( )( )

(1 ) . .WL MASGIBL
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     
   and 

3 3 3

2

n n n
L D   

3
n

 is the minority carries concentration. 
3 3

L  and D
n n are the 

electron diffusion length and the electron diffusion coeffi-

cient in the absorber layer region, respectively. 

3
n

  represent the electron lifetime and MASGI
  the absorp-

tion coefficient of the absorber CH3NH3Sn0.75Ge0.25I3 layer. 

With boundary conditions defined as follows: 

3

3 3 3
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w

 

we get the following expression for the photocurrent in the 

absorber layer: 

 

 

3

3 3

1 2 1 1

3

3

3 3 3 32 1 2

3

3 3 3 3

3 3

3

2

( )

2 2
3

( ) 2 2

( )

(1 )

1

( ) ( )

(

WL BL

MASGI MASGI

n

ph n

x x x w
MASGI n

n

n n n nH x w w
MASGI n

n n n n

n n

n

x w
J qD

x

q F R L e e

L

S L S L H x w H x w
L e e ch sh

D D L L

S L H
sh

D

 

 







   

   

 





 



         
        

            




3 3

2 2) ( )

n n

x w H x w
ch

L L

 
 
  
 

      
       

     

 

http://www.sciencepg.com/journal/am


Advances in Materials  http://www.sciencepg.com/journal/am 

 

99 

 

2.4. Expression of the Total Photocurrent 

The total photocurrent results from the contributions of the dif-

ferent parts of the cell [17, 18]. For a given wavelength, it repre-

sents, for our model, the sum of all the above current components, 

which include the hole diffusion currents in the window and 

buffer regions, the current generated in the space charge region 

and the electron diffusion current in the p-type region. 

3, ,ph T ph E ZCE phJ J J J    

The internal quantum efficiency is then given: 

,

(1- )

ph TJ
IQE

qF R
  

After developing our model and establishing the govern-

ing equations, we calculated the total current flowing 

through the solar cell using the absorption coefficients of 

ZnO and Cu2O as a function of photon energy. The absorp-

tion coefficients values were taken from Zhang [13] et al. 

and Kar et al. [14]. Those of the perovskite 

CH3NH3Sn0.75Ge0.25I3 materials are given by S. Nagane [15] 

for photon energies ranging from 1.2eV to 3.0eV. We have 

approximately completed the values by extrapolation for 

photons of energy below 1.2eV and for photons of energy 

above 3.0eV. This makes it possible to cover the entire visi-

ble spectrum and achieve higher efficiency. 

3. Results and Discussion 

3.1. Influence of the Buffer Thickness and 

Influence of the Diffusion Length of 

Minority Carriers in Buffer on the Internal 

Quantum Efficiency 

3.1.1. ZnO(n
+
)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

 
Figure 2. Influence of the Cu2O layer thickness on the internal 

quantum efficiency: case of the solar cell with ZnO window layer. 

Figure 2 shows the evolution of the internal quantum effi-

ciency of the device for different values of the Cu2O buffer 

layer thickness. The minority carrier diffusion length in the 

Cu2O layer is 0.05 μm  while its thickness values are varied 

from 0.01 μm to 0.3 μm . The hole diffusion length and the ZnO 

window layer thickness are set at 0.55 μm and 0.55 μm , respec-

tively. The electron diffusion length in the 

CH3NH3Sn0.75Ge0.25I3 absorber layer is set at to 0.5 μm  and its 

thickness at 0.5 μm . 

Figure 3 shows the effect of the minority carrier diffusion 

length in the Cu2O layer on the internal quantum efficiency. 

The thickness of the Cu2O layer is set at 0.05 μm . The diffu-

sion length of the holes varies from 0.01 μm to 0.3 μm . 

 
Figure 3. Evolution of the internal quantum efficiency with the 

minority carrier diffusion length in the Cu2O buffer layer: case of 

the solar cell with the ZnO window layer. 

In Figure 2, the variation in the thickness of the layer shows 

a drop in internal quantum efficiency for values greater than 

the carrier diffusion length, and becomes weak for energies 

greater than 2 eV. Indeed, when the value of the Cu2O 

thickness is large compared to the value of the diffusion 

length, the majority of the carriers photogenerated in this 

region do not reach the junction to contribute to the current 

delivered by the solar cell. Instead, they are absorbed by the 

Cu2O (in the energy range above 2.1 eV) or recombine. To 

prevent this from happening, it is important to reduce the 

value of the thickness relative to the carrier diffusion length in 

the design to improve the efficiency of the photovoltaic de-

vice, as shown in Figure 2. 

3.1.2. TiO2(n
+
)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

Figure 4 shows the evolution of the internal quantum effi-

ciency for different values of Cu2O layer thickness. The 

carrier diffusion length of the Cu2O layer is 0.05 μm , and the 

thickness values range from 0.01 μm to 0.3 μm . The hole dif-

fusion length and thickness of the TiO2 window layer is 
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0.55 μm and 0.55 μm  respectively. The electron scattering 

length of the CH3NH3Sn0.75Ge0.25I3 absorber layer is esti-

mated at and its thickness at 0.5 μm . 

 
Figure 4. Influence of the Cu2O buffer layer thickness on the inter-

nal quantum efficiency: case of the solar cell with TiO2 window 

layer. 

Figure 5 shows the internal quantum efficiency for different 

values of minority carrier scattering lengths in the Cu2O layer. 

Hole scattering lengths are varied from 0.01 μm to 0.3 μm . The 

thickness of the Cu2O layer is fixed at 0.05 μm . 

 
Figure 5. Evolution of the internal quantum efficiency with the 

minority carrier diffusion lengths in the Cu2O buffer layer: case of 

the solar cell with the TiO2 window layer. 

The structure TiO2(n
+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) 

exhibits lower internal quantum efficiency values as a func-

tion of energy than the structure 

ZnO(n+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p). For thickness 

values between 0.01 μm and 0.04 μm , the internal quantum 

efficiency is between 50% and 60%. For thicknesses in the 

range, the overall internal quantum efficiency remains low 

for values between 40% and 50%. These low internal quan-

tum efficiency values can be explained by the fact that when 

the layer thickness is large relative to the diffusion length, 

the majority of photogenerated carriers in this region do not 

reach the junction to contribute to the current delivered by 

the solar cell. These are absorbed by the (in the energy range 

above 2.1 eV) or recombine. 

3.1.3. SnO2(n
+
)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

The evolution of the internal quantum efficiency for differ-

ent values of Cu2O layer thickness in the 

SnO2(n
+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) structure shown in 

the figure. Cu2O thickness values range from 

0.01 μm and 0.3 μm . The hole diffusion length and thickness of 

the ZnO window layer is 0.55 μm et 0.55 μm respectively. The 

electron scattering length of the CH3NH3Sn0.75Ge0.25I3 absorber 

layer is estimated at 0.5 μm  and its thickness at 0.5 μm . 

 
Figure 6. Influence of the Cu2O buffer layer thickness on the inter-

nal quantum efficiency: case of the solar cell with ZnO window 

layer. 

The effect of the Cu2O layer's minority carrier diffusion 

length on the internal quantum efficiency is shown in figure 7. 

The thickness of the Cu2O layer is fixed at 0.05 μm . The 

diffusion lengths of the holes vary from 0.01 μm to 0.3 μm . 

 
Figure 7. Evolution of the internal quantum efficiency with the 

minority carrier diffusion lengths in the Cu2O buffer layer: case of 

the solar cell with the SnO2 window layer. 
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Varying the thickness of the Cu2O window layer in the case 

of the structural model shows a good improvement in the 

internal quantum efficiency of the total current flowing 

through the solar cell. For small thickness values between 

0.01 μm and 0.04 μm , the internal quantum efficiency is between 

60% and 80%. Those in the 0.1 μm - 0.3 μm range give the best 

performance. Internal quantum efficiency drops from 70.2% to 

64.3% for thicknesses between 0.1 μm and 0.3 μm . This is be-

cause, for each given thickness, there is a diffusion length at 

which the internal quantum efficiency is maximum. 

3.2. Influence of the Thickness and Minority 

Carrier Diffusion Length on the NiO Buffer 

Layer on the Internal Quantum Efficiency 

In this section, we have also used NiO as buffer layer. NiO 

has a gap energy of 3.4 eV . The NiO buffer layer, also acts as 

a window, enabling the electrical transition between the and 

the absorber material 3 3 0.75 0.25 3
CH NH Sn Ge I . The absorption 

coefficients values of the NiO layer were taken from [16] for 

photon energies ranging from 1.2 eV to 3.5 eV . 

With the aim of optimizing the internal quantum efficiency 

obtained with the Cu2O material and selecting the best per-

forming structure, in this section we study the influence of the 

layer with the different window layers ZnO, TiO2 and SnO2. 

The same continuity equations established and solved in 

Section 2 were used for the different models with the NiO 

material as buffer layer. 

3.2.1. ZnO(n
+
)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

 
Figure 8. Influence of the NiO buffer layer thickness on the internal 

quantum efficiency: case of the solar cell with ZnO window layer. 

Figure 8 shows the influence of layer thickness on internal 

quantum efficiency. The diffusion length of NiO carriers is 

fixed at 0.05 μm . We vary the thickness from 0.01 μm to 0.3 μm . 

The carrier scattering length in the ZnO layer and its thickness 

are evaluated at 0.55 micrometers. For the perovskite layer, its 

thickness is set at 0.55 μm  and the diffusion length of its 

carriers at 0.55 μm . 

Figure 9 shows the internal quantum efficiency as a func-

tion of energy for different values of carrier scattering lengths 

in the NiO layer. Its thickness is fixed at 0.05 μm . The diffu-

sion length varies from 0.01 μm to 0.3 μm . The carrier diffusion 

length in the ZnO layer and its thickness are evaluated at 

0.55 μm . For the perovskite layer, its thickness is set at 0.5 μm

and the diffusion length of its carriers at 0.5 μm . 

 
Figure 9. Evolution of the internal quantum efficiency with the 

minority carrier diffusion lengths in the NiO buffer layer: case of 

the solar cell with the ZnO window layer. 

As the thickness of the NiO window layer varies, we see a good 

improvement in the internal quantum efficiency of the total current 

flowing through the solar cell. For thicknesses between 

0.01 μm et 0.1 μm , the internal quantum efficiency is between 70% 

and 80%. Those in the 0.01 μm - 0.03 μm  range give the best 

performance. Internal quantum efficiency drops from 70.2% to 

64.3% for thicknesses between 0.01 μm and 0.3 μm . This is be-

cause, for each given thickness, there is a scattering length at 

which the internal quantum efficiency is maximum. 

3.2.2. TiO2(n
+
)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

 
Figure 10. Influence of the NiO buffer layer thickness on the inter-

nal quantum efficiency: case of the solar cell with TiO2 window 

layer. 
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Figure 10 shows the internal quantum efficiency as a func-

tion of energy for different values of NiO layer thickness. The 

diffusion length of the de carriers is fixed at 0.05 μm . We vary 

the thickness from 0.01 μm to 0.3 μm . The carrier diffusion 

length in the ZnO layer and its thickness are evaluated at 

0.55 μm . For the perovskite layer, its thickness is set at 0.5 μm  

and the diffusion length of its carriers at 0.5 μm . 

Figure 11 shows the evolution of the internal quantum ef-

ficiency as a function of energy for different values of diffu-

sion length of the NiO layer of the 

TiO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) structure model. 

The thickness of the NiO layer is fixed at 0.05 μm , and the 

diffusion length varies from 0.01 to 0.3 mm. The diffusion 

length of the carriers in the ZnO layer and its thickness are 

evaluated at 0.55 mm. For the perovskite layer, its thickness is 

set at 0.5 mm and the diffusion length of its carriers at 0.5 mm. 

 
Figure 11. Evolution of the internal quantum efficiency with the 

minority carrier diffusion lengths in the NiO buffer layer: case of 

the solar cell with the TiO2 window layer. 

3.2.3. SnO2(n
+
)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) 

Structure Model 

Figure 12 shows the internal quantum efficiency as a func-

tion of energy for different values of NiO layer thickness. The 

scattering length is fixed at 0.05 μm and the thickness varies 

from 0.01 μm to 0.3 μm . 

 
Figure 12. Influence of the NiO buffer layer thickness on the internal 

quantum efficiency: case of the solar cell with SnO2 window layer. 

Figure 13 shows the evolution of the internal quantum ef-

ficiency of the SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) 

structure model for different values of the diffusion length of 

the NiO layer [17, 18]. The thickness is fixed at 0.05 μm and 

the diffusion length varies from 0.01 μm to 0.03 μm . The 

thickness and diffusion length of the SnO2 carriers are esti-

mated at 0.55 μm . The perovskite layer thickness is set at 

0.5 μm and the carrier diffusion length at 0.5 μm . 

 
Figure 13. Evolution of the internal quantum efficiency with the 

minority carrier diffusion lengths in the NiO buffer layer: case of 

the solar cell with the SnO2 window layer. 

As the thickness of the NiO window layer varies, we see a 

good improvement in the internal quantum efficiency of the 

total current flowing through the solar cell. For thicknesses 

between 0.01 μm and 0.1 μm , the internal quantum efficiency is 

between 70% and 80%. Those in the 0.01 μm - 0.03 μm range 

give the best performance. Internal quantum efficiency drops 

from 68.1% to 62.7% for thicknesses between 

0.1 μm and 0.3 μm . This is because, for each given thickness, 

there is a scattering length at which the internal quantum 

efficiency is at its maximum. 

3.3. Comparative Study of Internal Quantum 

Efficiency Models with NiO 

Figure 14 shows the internal quantum efficiency of the 

three models studied with different window layers 

ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) et 

SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p). This figure 

shows the best internal quantum efficiency of the three 

models. For all three curves, we set the thickness of the ZnO, 

TiO2 et SnO2 (window layers at 0.55 μm , and the carrier 

scattering lengths at 0.55 μm . The values for carrier scatter-

ing lengths and NiO layer thicknesses are 0.5 μm and 0.05 μm  

respectively. For the 3 3 0.75 0.25 3
CH NH Sn Ge I  absorber layer, the 

carrier diffusion length is equal to 0.5 μm and the thickness 

0.5 μm . For the three different models 
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ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) and 

SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) and the internal 

quantum efficiency are 72.7%, 50.9% and 70.9% respec-

tively. The ZnO and NiO materials for transport layers with 

the structure ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) 

model give the best internal quantum efficiency of 72.7%. 

 
Figure 14. Internal quantum efficiency as a function of photon energy 

for the three models: ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) and 

SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p). 

4. Conclusion 

In this article, we have carried out a theoretical study to 

determine the internal quantum efficiency of photovoltaic 

devices using the lead-free perovskite material 

CH3NH3Sn0.75Ge0.25I3 as absorber. The effect of the minority 

carrier diffusion length and the thickness of the Cu2O and 

NiO buffer layers on the spectral evolution of the total cur-

rent flowing through the solar cell was investigated. The 

materials ZnO, TiO2 and SnO2 were used as transport win-

dow layers. This enabled us to obtain the following different 

structural ZnO(n+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n
+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p), 

SnO2(n
+)/Cu2O(n)/CH3NH3Sn0.75Ge0.25I3(p) and 

ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

TiO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p), 

SnO2(n
+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) models. Optimi-

zation of these structures shows that the best internal quan-

tum efficiency is obtained with the transport window layer 

materials ZnO and NiO . The corresponding model with 

structure ZnO(n+)/NiO(n)/CH3NH3Sn0.75Ge0.25I3(p) gives an 

internal quantum efficiency of 72.7%. 
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