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ABSTRACT                                  
This study focuses on the examination of the 

optical and electronic properties of CH3 NH3 PbI3 

perovskite structures, with particular emphasis on the 
effect of germanium ( Ge) doping on these properties. 
The aim of this study is to explore how doping CH3 NH3 

PbI3 with Ge can affect its optoelectronic properties 
and thus optimize its efficiency in applications such 
as photovoltaic solar cells. We used the code CASTEP 
from the Materials Studio software to calculate 
the optical and electronic attributes of perovskite 
structures CH3NH3PbI3, doping the lead (Pb) metal 
with three different percentages of germanium:

12.5%, 25%, and 37.5%. Pure CH3NH3PbI3 perovskite has a bandgap energy (Eg) of 1.733 
eV. The bandgap energies of the doped materials are 1.57 eV, 1.545 eV, and 1.503 eV, respectively. 
The pure CH3NH3PbI3 structure has a maximum absorption coefficient of 8,11x10-4 cm-1 in the 
wavelength range of 400 nm to 800 nm. This calculation also studied the effects of Ge doping 
on the bandgap energy, absorption, total density of states, the real and imaginary components 
of the dielectric function, as well as the refractive index, the optical conductivity, and the loss 
function. The computed results align with the experimental findings and provide information 
on the possibility of modulating the optical properties and electronic of CH3NH3PbI3 through 
Ge doping, doping CH3NH3PbI3 with Ge enhances its optoelectronic properties, particularly its 
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م بالجرمانيوم: الخصائص  دراسة من المبادئ الأولى للبيروفسكايت CH3 NH3 PbI3 المطعَّ
البصرية والإلكترونية    

الحسين مولاوي، عبد الحافظ نجيم، عبد المنعم العسولي ، عمر باجو، خالد الرحماني، بوزيد مانوط.

ملخ��ص: ترك��ز ه��ذه الدراس��ة عل��ى فح��ص الخصائ��ص البصري��ة والإلكتروني��ة لهي��اكل البيروفس��كايت CH3 NH3 PbI3، م��ع 
التركي��ز بش��كل خ��اص عل��ى تأث�ري تطعيمه��ا بالجرماني��وم )Ge( عل��ى ه��ذه الخصائ��ص. ته��دف ه��ذه الدراس��ة إلى استكش��اف كيفي��ة 
تأث�ري تطعي��م CH3 NH3 PbI3 بالجرماني��وم عل��ى خصائص��ه البصري��ة والإلكتروني��ة، مم��ا يس��اعد في تحس�ين كفاءت��ه في تطبيق��ات 
مث��ل الخلاي��ا الشمس��ية الكهروضوئي��ة. اس��تخدمنا ش��فرة CASTEP  م��ن برنام��ج   Materials Studio لحس��اب الخصائ��ص 
البصري��ة والإلكتروني��ة لهي��اكل البيروفس��كايت CH3 NH3 PbI3  ، حي��ث تم اس��تبدال مع��دن الرص��اص )Pb( بث�الث نس��ب مختلف��ة 
م��ن الجرماني��وم 2.5 1 % ،25 %، و 37.5 % . يتمت��ع البيروفس��كايت النق��ي CH3 NH3 PbI3  بطاق��ة فج��وة نط��اق   )Eg(  قدره��ا 
eV 1.733، في ح�ين أن قي��م فج��وة النط��اق للم��واد المطعم��ة هي 1.503eV ، 1.545eV ،1.57 eV، على التوالي. تمتلك البنية النقية 
ل��ـ    CH3 NH3 PbI3 معام��ل امتص��اص أقص��ى يبل��غ 8,11x10-4 cm-1 ضم��ن نط��اق الط��ول الموج��ي ب�ين nm 400 و  800nm. كم��ا 
تناول��ت ه��ذه الدراس��ة تأث�ريات تطعي��م الجرماني��وم عل��ى طاق��ة فج��وة النط��اق، الامتص��اص، الكثاف��ة الكلي��ة لح��الات الطاق��ة، المكون��ات 
الحقيقي��ة والتخيلي��ة للدال��ة العازل��ة، معام��ل الانكس��ار، التوصيلي��ة البصري��ة، ودال��ة الفق��د البص��ري. تتواف��ق النتائ��ج المحس��وبة م��ع 
النتائ��ج التجريبي��ة، مم��ا يوف��ر معلوم��ات ح��ول إمكاني��ة تعدي��ل الخصائ��ص البصري��ة والإلكتروني��ة ل��ـ CH3 NH3 PbI3   م��ن خ�الل 
تطعيم��ه بالجرماني��وم. يس��اهم تطعي��م CH3 NH3 PbI3  بالجرماني��وم في تحس�ين خصائص��ه البصري��ة والإلكتروني��ة، خاص��ةً قدرت��ه 
على الامتصاص في نطاق الضوء المرئي، مما يعزز كفاءته في الخلايا الشمس��ية الكهروضوئية. تجعل هذه التحس��ينات بيروفس��كايت 
CH3 NH3 PbI3 المطع��م بالجرماني��وم م��ادة واع��دة لتطبيق��ات الطاق��ة المتجددة، بالإضافة إلى اس��تخدامه في الثنائيات الباعثة للضوء 

)LEDs( وأجه��زة اللي��زر.
الكلمات المفتاحية:  CH3 NH3 PbI3؛   معامل الامتصاص، طاقة فجوة النطاق، كثافة حالات الطاقة، معامل الانكسار. 

.

1.	  INTRODUCTION

Energy consumption is rising sharply due to the rapid growth of the global population and the 
expansion of industrial units [1]. This situation not only exacerbates the energy shortage but 
also worsens environmental pollution. Therefore, it has become imperative and it is crucial to 
discover new sources of sustainable and clean energy. In this context, solar energy possesses now 
emerged as one of the leading options [2-5].  
Photovoltaic energy is a form of renewable energy that generates no pollution, utilizing solar 
cells to capture and convert light rays into electricity. Currently, innovative research is focusing 
on metal halide perovskites with a general formula of  ABX3 [6]. In this formula, A+ refers to 
the organic ion  CH3 NH3

+ (MA+), B2+, corresponds to Pb2+, where X^-denotes a halide ion  
such as I-, Cl-, or  Br-. These types of  perovskites are known for their outstanding optical and 
electronic properties, which hold significant promise for solar technology applications. In the 
year 2009, Kojima and his team successfully used 3D perovskite MAPbI3 in combination with a 
liquid electrolyte in solar cells, achieving a 3.8% efficiency More recently, in 2012, Other rese arch 
substituted the liquid electrolyte with a solid one, achieving an efficiency of 9% [7]. Our research 
is centered on a detailed analysis of characteristics of organometallic methylammonium lead 
triiodide perovskite CH3 NH3 PbI3.

absorption in the visible range, optimizing its efficiency in photovoltaic solar cells. 
These improvements make Ge-doped CH3NH3PbI3 promising for renewable energy 
applications, as well as in light-emitting diodes and laser devices.
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The use of perovskites in photovoltaic technology has seen significant advancements over the 
past decade, with recently certified power conversion efficiencies surpassing 25.2% [8]. However, 
all perovskites that have achieved such high efficiencies to date contain lead. As a result, there has 
been growing interest in lead-free perovskites made from alternative metals, such as germanium 
(Ge). Although germanium-based perovskites are still relatively underexplored, it is expected 
that interest in these materials will increase in the coming years, driven by their potential for a 
wide range of applications. Ge is an abundant metal, and when compared to lead, it offers lower 
toxicity and fewer environmental concerns [9]. However, additional research is still required to 
fully explore the broad potential applications of germanium-based perovskite cells.
     Doping perovskite materials with Ge significantly boosts their performance in photovoltaic 
applications. It enables precise control over the band gap, enhancing light absorption and 
overall efficiency. Germanium-based perovskites also demonstrate greater stability, particularly 
against environmental challenges such as moisture and UV radiation, while offering lower 
toxicity compared to conventional lead-based perovskites, making them a more sustainable 
option. Furthermore, Ge doping helps reduce charge carrier recombination, improving charge 
transport and increasing power conversion efficiency. These advantages make germanium-doped 
perovskites a promising alternative for high-performance, environmentally friendly solar cells.
In recent years, MAPbI3  perovskite has become extensively utilized as an effective photovoltaic 
absorption layer, thanks to its considerable gains [10]. These include a high absorption, an 
optimal bandgap energy, notable photoelectric conversion efficiency [11]. Three distinct crystal 
structures are observed in MAPbI3: MAPbI3 has an orthorhombic phase with P221 space group 
at temperatures below 162.2 K, a tetragonal phase with the space group I4/mcm between 162 
K and 327.4 K, and a cubic phase with the Pm3m space group at temperatures exceeding 327.4 
K[12].
This study focused on analyzing the optoelectronic characteristics of pure MAPbI3 and examined 
the impact of doping with Ge on these properties. Specifically, we introduced Ge atoms into the 
Pb sites at doping levels of 12.5%, 25%, and 37.5%.

2.	 COMPUTATIONAL PROCEDURES

Optical and elctronic characteristics attributes of MAPbI3  were analyzed using Density Functional 
Theory (DFT). These properties were computed employing the Cambridge Sequential Total 
Energy Program (CASTEP) [13,14]. In the MAPbI3  structure, to ensure precise calculations, 
ultrasoft pseudopotentials were utilized for representing the electrons of  valence, using functional 
of Perdew-Burke-Ernzerhof (PBE)  and the generalized gradient approximation (GGA) [15]. 
Electron-ion interactions were characterized through the OTFG ultrasoft pseudopotential [16,17]. 
Optimizing the geometry of the materials was essential for attaining stable configurations of 
the relaxed structures, necessitating stringent convergence criteria for both atomic positions and 
lattice parameters. A energy cut-off of 500 eV was used for calculations. The Brillouin zone was 
sampled using K points arranged in a 5×5×1. For the self-consistent field operations, the Pulay 
density mixing method was used, adopting a convergence criterion of 2x10-6 eV/atom [12]. The 
maximum allowable stress was 0.1 GPa. The valence shell configurations of the atoms considered 
are:  H: 1s1, C: 2s22p2, N: 2s22p3, Ge: 4s24p2, Pb: 6s2, and I: 5s25p5. A 2×1×1 supercell of MAPbI3   

tetragonal was the focus of this study, with lattice dimensions of a = b = 8.851 Å, c = 12.642 Å and 
α = β =γ =90° The lattice dimensions adopted in this study, namely a = b = 8.851 Å and c = 12.642 
Å, were extracted from experimental studies [12] . These values have been validated and serve as 
the basis for our calculations and analyses. Figure 1 illustrates the tetragonal structure of MAPbI3   
and its germanium-doped variants, the bond lengths of the atoms in the MAPbI3 perovskite are 
presented in the table 1 below. These values may vary slightly depending on the crystal phase and 
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experimental conditions.

Fig.1.Tetragonal structures of  CH3 NH3 PbI3 , showing (a) pure MAPbI3 , (b) MAPb0.85 Ge0.125 PbI3, (c) MAPb0.75 

Ge0.25 PbI3, and (d) MAPb0.625 Ge0.375 PbI3, with color codes: black (C), white (H), blue (N), bluish-gray (Pb), dark 
gray (I) and  green (Ge).

Table 1 . Bond lengths of the atoms in the MAPbI3 .
Bands Length (Å)
Pb-I 3.2
N–H 1.03
C–H 1.09
C–N 1.42

3.	 FINDINGS AND EVALUATION

3.1.	Electronic structure

3.1.1.	 Band gap

A material’s photoelectric properties and band structure are essential factors influencing the 
efficiency of photovoltaic conversion in solar cells. We calculated the bandgap energy for CH3  

NH3 PbI3,  and its germanium-doped variants MAPb1-x Gex PbI3 with x values of 0.125, 0.25, 
and 0.375 along the high-symmetry directions as illustrated in Figure 2. The results show that  
MAPbI3 functions as a semiconductor characterized by a direct bandgap, with an enegy of 1.733 
eV. For the doped structures, the bandgap energies are 1.57 eV for x = 0.125, 1.545 eV for x = 
0.25 and 1.503 eV for x = 0.375. These findings confirm that all these structures are made up 
of semiconductor materials. The conduction band’s lowest energy point and the highest energy 
point of the valence band both take place at the G point in the Brillouin zone. These findings 
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suggest that varying the germanium doping concentration affects the bandgap of the MAPbI3  
perovskite. In summary, the decrease in the bandgap energy observed when doping germanium 
into MAPbI3  results from perturbations in the crystal lattice structure and associated energy 
levels. These disturbances alter the electronic properties of the material, leading to a reduction in 
the bandgap width.

Fig. 2. Energy band of  pure and doped MAPbI3, (a) pure structure, (b) MAPb0.85 Ge0.125 PbI3,  structure, (c) 
MAPb0.75 Ge0.25 PbI3 structure (d)  MAPb0.625 Ge0.375 PbI3.

Doping the MAPbI3 perovskite with Ge decreases the bandgap [18]. These results are consistent 
with other previously published findings. The table 1 below presents the bandgap obtained in our 
calculation along with those from other calculations using different approximations.

Table 2 : Comparison of the Bandgap (Eg) of MAPbI3 using different approximations.
Apprimations Bandgap (Eg) 
GGA-PBE 1.733 eV  [This work]
GGA-PBE 1.761      [18]
HSE06 1.97 eV  [19]
Experimental 1,55 eV  [20]

3.1.2.	 Density of states

The total density of states (TDOS) plays a crucial role in defining these characteristics, which 
shows how Kohn-Sham eigenvalues are distributed across various occupied and unoccupied 
orbitals. The bandgap energy is indicated by the contrast between states in the upper valence 
band (VB) and those in the lower conduction band (CB). Figure 3 displays the TDOS for both 
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undoped MAPbI3 and MAPb1-x Gex PbI3. These calculations utilized the GGA-PBE method [21]. 
The TDOS profiles highlight the positions of distinct peaks and illustrate the contributions of 
specific electronic states linked to H, C, N, Pb, I, and Ge atoms. The interaction of these states 
forms the perovskite. The spectra of TDOS obtained show distinct regions for the VB and a 
separate region for the CB. In summary, doping lead with germanium in the MAPbI3 perovskite 
modifies the TDOS by introducing new energy levels, reconfiguring electronic states, and 
adjusting the intensity of peaks  [22]. These changes influence the distribution of electronic states 
in the material and can affect its optical and electronic properties.

Fig. 3. TDOS for MAPbI3  and MAPb1-x Gex PbI3 structures at doping ratios of x = 0.125 ; 0.25 and 0.375.

3.2.	Optical characteristics 

3.2.1.	 Absorption 

The absorption is a critical parameter for assessing the performance of SC and other materials 
utilized in technologies associated with energy. This property indicates how effectively a material 
can absorb light at specific wavelengths, which directly impacts its efficiency in converting 
solar energy into usable power. Figure 4 displays the spectral absorption coefficients for both 
MAPbI3   and MAPb1-x Gex PbI3. The data reveal an absorption peak within the 300 nm to 400 
nm wavelength range. For the pure MAPbI3  structure, this peak is situated around 350 nm, 
illustrating its wavelength-specific absorption characteristics, spanning both the UV and visible 
spectra. In the span of 300-400 nm, doping Pb with Ge in the perovskite leads to a lower level of 
absorption, while in the interval of 400 nm to 800 nm, doping increase the absorption coefficient, 
as shown in Fig.4. This variation can be attributed to several mechanisms. In the UV range 300-
400 nm, germanium doping alters the perovskite’s bandgap, introducing intermediate electronic 
states that may interfere with photon absorption in this energy range. These intermediate states 
can reduce the material’s effectiveness in absorbing UV light. Conversely, in the visible range 400-
800 nm, doping improves absorption by narrowing the bandgap, which better aligns the material’s 
energy levels with photons in this range. Consequently, germaniun-doped perovskite exhibits 
enhanced absorption in the visible spectrum, which proves advantageous for photovoltaic and 
photonic  technologies where visible light absorption is critical. Doping the MAPbI3 perovskite 
with Ge enhances absorption in the visible range, these results are consistent with previously 
published studies [18].These doping-induced properties optimize the performance of solar cells 
by making more efficient use of incident light.
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Fig. 4. Absorption of MAPbI3 and MAPb1-x Gex PbI3 materials (x = 0.125, 0.25, 0.375).

Dielectric function
The complex dielectric function provides insight into how light interacts as it propagates through 
a material. It distinguishes dispersion effects through its real part, ε1(ω), and absorption effects 
through its imaginary part, ε2(ω). The general expression for this relationship is given by [22].

( ) ( ) ( ) ( )i                                                                          ε ω ε ω ε ω= +1 2 1
In our investigation, we focus on measuring the dielectric function of MAPbI3 and MAPb1-xGex 
PbI3 within the range of 200 to 1000 nm, as shown in Figure 5.

Fig. 5. Real component (a) and imaginary Component of dielectric function of MAPbI3  and MAPb1-x Gex PbI3 
stucture (x = 0.125, 0.25, 0.375).

The real part ε1(ω) exhibits two peaks for the pure MAPbI3 structure: the first at 209 nm and the 
second at 642 nm. In contrast, for the doped MAPb1-x Gex PbI3 structures (with x = 0.125, 0.25, 
0.375), each structure also shows two distinct peaks. The first peak is observed at 642 nm for all 
doped structures, while the second peaks appear at 670 nm, 700 nm, and 700 nm for the different 
germanium concentrations. The variation of  ε1(ω) with respect to λ indicates that MAPbI3 and 
MAPb1-x Gex PbI3 are dispersive media. After doping lead (Pb) with germanium (Ge) in the 
MAPbI3 perovskite, I found that the imaginary part ε2 (ω) shows a single peak for both the pure 
MAPbI3 structure and the doped MAPb1-x Gex PbI3 structures (with x = 0.125, 0.25, 0.375). This 
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finding indicates that germanium doping enhances absorption in the visible range. The rise in 
ε2(ω) suggests that germanium introduces new intermediate energy levels within the bandgap, 
which facilitates electronic transitions and improves the perovskite’s ability to absorb visible light 
[23]. Consequently, doping with germanium optimizes absorption of light, offering benefits for 
optoelectronic applications like solar cells and photonic devices.  
3.2.2.	 Refractive index

The complex refractive index, n*(ω) is a parameter used to describe how light propagates through 
a material [24]. This index is typically expressed in a complex form to account for the material’s 
dissipative properties. It can be represented as follows :

( ) ( ) ( ) ( )*n n ik                                                                            ω ω ω= + 2

( ) ( ) ( ) ( ) ( )( ) ( )
n                                            

ε ω ε ω ε ω
ω

+
= +

2 2
1 1 2 3

2 2

( ) ( ) ( )k                                                                      
ε ε ε

ω
+ −

=

1
2 2 2
1 2 1 4

2
As the doping of Pb by Ge in MAPbI3   perovskite increases, both the real n(ω) and imaginary 
k(ω) parts of n*(ω)  in the visible range rise due to alterations in the material’s electronic 
structure, as illustrated in Figure 6. The introduction of Ge creates new energy levels and alters 
electronic interactions, leading to a higher density of states for electronic transitions. This results 
in increased polarization of the material, which raises the n(ω), while also enhancing absorption 
in the visible spectrum, thereby increasing  the  k(ω).

Fig. 6. Refractive index (a) and extinction index (b) of MAPbI3 and its MAPb1-xGexI3 Structures.

3.2.3.	 Optical conductivity

Optical conductivity, denoted as σ, which is directly related to the ε(ω), characterizes the linear 
response of a material’s charge carriers to an externally applied electromagnetic (EM) field. This 
optical conductivity is typically represented in the following form [25,26].

( ) ( ) ( ) ( )i                                                                        σ ω σ ω σ ω= +1 2 5

( ) ( )nk                                                                                ωσ ω
π

 =  
 

1 2 6
4
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( ) ( ) ( )n k                                                              ωσ ω
π

  = − −     
2 2

2 1 7
4

Figure 7 shows the variation in optical conductivity for the materials  MAPbI3 and  MAPb1-x Gex 

I3  within the range of 200 to 1000 nm. The MAPbI3 and MAPb0.635 Ge0.375 I3 structures exhibit 
peaks with different intensities at 386 nm. In contrast, the MAPb0.875 Ge0.125 I3 and  MAPb0.75 Ge0.25 
I3  structures also display peaks with varying intensities at a wavelength of 406 nm. The peak value 
of real part of optical conductivity for the  MAPbI3 perovskite is 2.61 (1/fs). The σ1 component 
of MAPbI3 and doped structures reduces in the UV range and increases with the percentage of 
doping in the visible region, due to changes in light absorption by the material. The imaginary 
part, σ2(ω), for MAPbI3 and MAPb1-x Gex I3  exhibits negative values, with the minimum value 
reaching -2 (1/fs) at a wavelength of 500 nm.

Fig.7. Real part (a) and the imaginary part (b) of the  complex Optical conductivity, (b) imaginary part for the 
perovskite MAPbI3  and its MAPb1-x Gex I3  as a function of wavelength.

3.2.4.	 Loss function
The optical loss function L(ω), determines the energy dissipated by incident photons as they 
propagate through a material. It can be expressed as [27-29].

( ) ( )
( )

( ) ( ) ( )L Im                                                  
ε ω

ω
ε ω ε ω ε ω

 
= − =   + 

2
2 2
1 2

1 8

The variation of the function L(ω) for MAPbI3 and MAPb1-x Gex I3 materials as a function of the 
incident wavelength as represented in Figure 8.

Fig. 8. Loss Function of MAPb1-x Gex I3 Structures (x = 0, 0.125, 0.25, 0.375) versus Wavelength.
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The increase in Pb doping by Ge in MAPbI3 perovskite results in a rise in the loss function L(ω) 
in the visible region of the spectrum. This effect is primarily due to the addition of novel energy 
states within the material’s structure, which enhances the density of available electronic states 
for transitions. Additionally, changes in polarization and electronic interactions promote greater 
absorption of visible light. As a result, these combined factors lead to a significant increase in 
energy losses within the material.

4.	 CONCLUSION

We examined and analyzed in this research the electronic and optical features of MAPbI3, as well 
as those of the MAPb1-x Gex I3 structure, where x denotes the germanium doping concentration. 
The investigation was conducted using first-principles calculations based on the DFT method. 
We employed the GGA+PBE approximation, as implemented in the CASTEP software. Doping 
MAPbI3 with Ge at concentrations of 12.5%, 25%, and 37.5% led to a gradual reduction in 
bandgap energy and an an enhancement in the absorption coefficient within the visible spectrum. 
Additionally, Ge doping affected the overall TDOS,  the components of n∗(ω), the ε(ω), σ(ω) and 
the L(ω). Doping MAPbI3 with Ge enhances its optical and electronic properties by reducing the 
bandgap energy and improving absorption in the visible range, making it ideal for photovoltaic 
applications. These improvements open opportunities for its use in optoelectronic devices such 
as LEDs, as well as in laser systems and energy storage technologies.
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