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Abstract

The goal of this paper is to develop two physically based models to optimize the boron thermal diffusion profiles in
novel N-type thin film monocrystalline silicon solar cells. The first model is used to represent the boron doping
induced strain. In this model, the strain is position dependent. The second model is used to include the effects of this
strain on the boron diffusion coefficient. These models are both applied to investigate and optimize the effects of
doping induced strain on boron diffusion. This original investigation will help manufacturers and researchers optimize
doping and diffusion parameters and design more robust and highly efficient solar cells. A wide range of doping
energies, doses, diffusion times, diffusion temperatures, and different thicknesses of the solar cell films have been
tested and qualitatively validated with literature. From this study, we found that the junction depth of the diffused
boron dopant is significantly smaller under the effects of the proposed doping induced strain model. The junction
depth of the diffused boron with the doping induced strain model is about 71% smaller than that without the doping
induced strain.
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1. Introduction

The goal of this paper is to develop two physically based models to help understand and optimize the boron thermal
diffusion profiles in novel N-type thin film monocrystalline silicon solar cells. The first model is used to represent the
boron doping induced strain. In this model, the strain is position dependent. The second model is used to include the
effects of this strain on the boron diffusion coefficient. These models are both original and are applied to investigate
and get the taste of the effects of doping induced strain on boron diffusion. As far as we know, this investigation is
lacking in the published literature. This original investigation will help manufacturers and researchers optimize doping
and diffusion parameters and design more robust and highly efficient thin film silicon solar cells. Thanks to their lower
weight and reduced thickness, thin film monocrystalline silicon solar cells (TFMSSCs) are used in applications not
suitable for traditional silicon solar cells. For example, thin film silicon solar cells are a better option for vehicles and
vertical or curved surfaces. Thin film silicon panels typically cost around $1 to $1.50 per watt. Traditional panels cost
around $2.85 per watt. However, TFMSSCs are still less efficient (10% to 18%) compared to traditional thick silicon
solar cells (18% to 26%). The aim of this paper is to investigate how to increase the efficiency of TFMSSCs by
optimizing the boron dopant thermal diffusion processes at the fabrication level.

1.1 Objectives

The main objectives of this study are as follows. The first objective is to develop an original model to
represent the relation between the doping distribution of boron and the induced local strain in the positively
dopant region of a thin film silicon solar cell. The second objective is to develop a second model that will
include the effects of doping-induced strain in the diffusion coefficient of boron dopant. The third objective
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is to apply these innovative models to investigate the effects of doping-induced strain on the junction depth
of boron dopant after diffusion. The boron junction depth is the key parameter in this study. The fourth
objective is to improve the physical models of pair diffusion used in the open-source two-dimensional
process simulator: Suprem-IV (Hansen and Deal 1993). The proposed models are implemented in Suprem-
IV.

1.2 Literature Review

The mechanical stress that exists in solar cells is primarily induced by the different technological processes that are
used to fabricate solar cells. The challenging problem is that the stress coming from one fabrication process will
significantly affect the next fabrication processes and the photovoltaic performance of the solar cell after fabrication.
For example, the local stress coming from doping processes will impact the next oxidation and diffusion fabrication
processes. On the other hand, some residual stresses will stay in a solar cell even after fabrication and will affect the
aging, cracks, lifespan, stability, and efficiency of the solar cell [perovskite solar cells: nano micro letter (Daily et al.
2021), (Rahman et al. 2023). These effects are significant for multijunction or perovskite/silicon tandem solar cells
(Kon et al. 2023), (Liu et al. 2022).

The mechanical stress that exists in solar cells during or after fabrication has different sources (Daily et al. 2021). In
single or multijunction solar cells, this stress is generated from the material mismatch or thermal mismatch that exists
between the different materials that are making up the solar cell (Wu et al. 2021). It can also be generated from the
introduced doping atoms in silicon solar cells during doping processes. For example, the boron doping of N-type
silicon solar cells is fundamental for the fabrication of the emitter region of the silicon solar cell (Zimbardi et al. 2012),
(Ho et al. 2011).

Since boron atoms are smaller than silicon atoms, the lattice spacing between silicon atoms will be modified after
doping. This modification of lattice spacing in the bulk silicon will generate a local strain and stress. This strain will
significantly influence the diffusion and the activation of boron dopants and defects in the silicon solar cell during the
diffusion processes (Liu et al. 2022).

On the other hand, the distribution and the amount of the boron dopants and the defects after diffusion processes will
strongly affect the photovoltaic properties of the silicon solar cells (Boyd et al. 2019). For example, too many defects
will cause recombination losses of the photogenerated carriers and reduce the optical efficiency of cell.

The originality of this paper is to develop an accurate mathematical model that represents the doping induced strain
and apply it to quantitively investigate the positive and negative effects of this induced strain on the boron diffusion
and activation in the state-of-the-art textured silicon solar cells. The proposed strain model is applied to calculate the
diffusion coefficient of boron under the impact of different doping and diffusion conditions.

According to the published literature, the impact caused by doping induced strain or stress on boron diffusion in silicon
solar cells has not yet been investigated theoretically or experimentally. The study in this paper represents an initial
attempt to the first investigation of this impact.

From recent literature, most of the published research work has been focused on the study of the negative effects of
stress and strain on the solar cells after fabrication and not during fabrication.

The negative effects of residual stress on the environmental stability, wrinkling, and fracture of perovskite thin film
solar cells have been discussed in (Kong et al. 2023), (Wang et al. 2023). Key sources of the instabilities in perovskite
solar cells are ion migration and defects that are tied to high residual stresses that exist in perovskite materials after
fabrication. Mitigation strategies for these stresses have been highlighted in (Daily et al. 2019). The effect of high
compressive stress on the failure and delamination of perovskite layers has been studied in (Daily et al. 2021), (Bush
et al. 2018), (Kim et al. 2021). Moreover, the impact of the strain in the perovskite layer on the neighboring layers
has been discussed in (Bush et al. 2018).

The peeling-of or wrinkling in perovskite/silicon tandem solar cells due to sputtering induced stress has been studied
and reported in (Liu et al. 2022). The use of encapsulation techniques to help mitigate stress induced harm to the
perovskite solar cells has been highlighted in (Boyd et al. 2019). In general, even moderate stress can cause
dislocations or defects at the interface, leading to recombination losses of photogenerated carriers. The modulation of
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strain in perovskite/silicon tandem solar cells by adding adenosine triphosphate has been reported in (Wang et al.
2022).

Different substrates cause different levels of lattice mismatching between the perovskite and the substrates, leading to
different stress and bandgap in perovskite cells. The work reported in (Cheng et al. 2019) found that the
photoluminescence peak of the perovskite film on silicon substrate exhibited blue shift compared with that on glass
substrate.

On the other hand, there has been a great deal of research work devoted to the study of the effects of stress, due to
material or thermal mismatch, on the dopant diffusion behavior in CMOS transistors (Fang et al. 2021), (Zeng et al.
2019). However, even for CMOS transistors, no study has been done about the effects of doping induced stress on
dopant diffusion. In this research paper, we are focusing on the investigation of the effects of doping induced strain
and stress on the dopant diffusion in thin film silicon solar cells and not in CMOS transistors.

It is well recognized that the key parameters for silicon solar cells, such as short circuit current, open circuit voltage,
recombination losses, spectral losses, and photovoltaic efficiency are all strongly dependent on dopant diffusion
details. Thus, it is crucial to examine strain-dependent dopant diffusion for the state-of-the-art silicon solar cells under
doping induced mechanical strain.

In this paper, we present an original and position dependent doping-induced strain model. Then, we include this model
in the diffusion coefficient model of boron dopant. The boron diffusion equations are then modified and incorporated
into a two-dimensional process simulation environment. We conducted extensive numerical experiments and
validations under different doping and diffusion conditions in a sample N-type monocrystalline silicon solar cell.

This paper is organized as follows. Section 2 outlines the detailed derivation of the doping-induced strain model.
This proposed model is original and accurate. Section 3 introduces the development of the second proposed model
for strain-dependent boron diffusion. This section explains how the first model is included in the diffusion
coefficient of boron.

Section 4 presents and analyzes the numerical results obtained from the application of the two proposed models. A
qualitative comparison of the obtained results with literature is presented as well. Section 5 summarizes the
concluding thoughts.

2. Doping-Induced Strain Model

The efficiency of a silicon solar cell depends mainly on the fabrications processes such as texturing, doping, oxidation,
and diffusion. The first originality in this paper is the development of a mathematical model to represent the strain
induced by doping processes. When dopants are introduced into a silicon solar cell, the mechanical state of the silicon
solar cell will be modified. The dopants could substitute for the silicon positions in the solar cell. Then, silicon atoms
are displaced into interstitial positions forming self-extended point-defects in the crystal lattice of the cell. In general,
different dopants have different atomic sizes and therefore have different mechanical behavior in silicon crystal of the
cell. Different defects introduced by doping such as point-defects, precipitates, clusters, or dislocation loops will also
impact the optical and mechanical properties of the silicon solar cell and cause local strains.
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Figure 1. Lattice deformation due to doping.
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The boron dopant is well known as a substitutional dopant (Hansen et al. 1993). Its atomic size is smaller than that of
silicon. When it is in a substitutional site, lattice contraction results due to its smaller size, see Figure 1. Each boron
dopant atom will create an atomically localized strain in silicon as graphically illustrated by Figure 1.

When the concentrations of boron dopant in a silicon solar cell are high, the local atomic strains add up significantly
and produce a larger localized region of strain in the boron doped region of the silicon solar cell under hand.

The non-boron doped silicon region will resist the diffused boron layer from contracting and thus result in a tensile
strain. This effect has been demonstrated in silicon micro-machining applications (Wang et al. 2022), (Cheng et al.
2019), where boron-doped cantilevers have shown bending due to strain induced by the boron dopant atoms.

Different densitometric studies have been done with boron doped silicon crystals. The dependence of the silicon lattice
constant on boron dopant concentration has been measured by Horn (Horn et al. 1955). From the measurements of
Horn, the induced hydrostatic strain (Aa/a) was extracted and given as a function of the average of the boron dopant

concentration C,(x, ), V(x,y) € ). Here, Q represents the silicon solar cell we are simulating. A sample is
shown in Figure 4. The boron induced strain model, we are proposing in this paper, is a simple linear model with
respect to the dopant concentration ~ C,(x, »). It is given as follows:

L (Cp(x, ) =€, (x,y)=¢,(x,y)=ACy(x,y)+ B
A, B are constants.

(1

We have taken the constants A and B as follows:

A=—FC

x100; B=0

ag N

where ag; is the unstrained silicon lattice constant (5.4295 Angstrom at 25°C), Ng; is the density of Si atoms
(5.02e22/cm3), ¢ is a constant, and C, (x,y) is the boron dopant concentration at any point (x, y) in the solar cell.

The functions &,.(x,y) and &, (x,y) represent the local normal strains respectively. The local strain &, (X, y)
represents the deformation of the solar cell, due to boron doping, along x-axis and normal to the yz-plane. The local
strain &, (x, ) represents the deformation of the solar cell, due to doping, along y-axis and normal to the xz-plane.
The shear strain g, is ignored in this study.

The value of the constant ¢ has been taken from the empirical model introduced by Horn (Horn 1955). In the empirical
model of Horn, C,(X, ) is replaced by the average boron dopant concentration C_B(x, ¥) . In our proposed model,
the boron dopant concentration, C, (X, ), is calculated accurately and analytically using Dual-Person IV model. A

detailed description of the calculation of the function Cy(x,)) is given in our previous publication (EI Boukili
2019).

3. Strain-Dependent Diffusion Model

The second originality in this paper is to develop a physically based model that includes the doping induced strain
given in the Equation (1) into the boron diffusion coefficient, D ,,, and the paired boron diffusion equation given

below in the Equation (2).

The optical efficiency of any silicon solar cell depends strongly on the thermal diffusion process of the implanted n-
dopant or p-dopant ions as boron dopant ions. This thermal diffusion process is needed to activate the implanted
dopant ions (A) and to repair the damage caused by the implantation process. The implantation damage is represented
by the existence of point-defect ions. The point-defect ions are represented by interstitial ions (I) and vacancy ions
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(V). The thermal diffusion of all these charged ions A, I, and V is due to their unequal concentrations, internal electric
field, and temperature (E1 Boukili 2019).

The derivation of the coupled diffusion equations for the ions A, I, and V is based on the continuum theory using
Fick’s laws and the atomistic theory (Hansen et al. 1993). The advanced models of the dopant ions diffusion are based
on the idea of pair-diffusion. This means, most of the dopant ions, A, can’t diffuse on their own. However, they need
the neighboring point-defects I and V as diffusion vehicles as shown in Figure 2.

When a binding energy between a dopant impurity, A, and a neighboring defect I or V is not weak, the impurity A
and the point defect I or V will move as a pair impurity-defect Al or AV until they get separated by recombination
or other factors. The pair-diffusion mechanism is shown in Figure 3.

Some dopants will diffuse with vacancies only, some with interstitials only and some could diffuse with both. For
example, boron dopant ions are known to diffuse with interstitials. Phosphorus will diffuse with interstitials at low
doping and with interstitials and vacancies at high doping (Hansen et al. 1993).

Let C, (x,y,t,T) be the total concentration of all the ionized dopants after t seconds of thermal diffusion under the

temperature T at the point (x, y) in the solar cell. Let C,, (x, y,¢,T),and C,, (x,,t,T) be the total concentrations

of interstitials and vacancies, respectively. We have:
c,=C,+C,+C,,
Ch=C+C,, Cp=C,+C,,

Where C,(x,»,¢,T), C,(x,y,t,T), and C,(x,y,t,T) are the concentrations of the unpaired dopants,

interstitials, and vacancies, respectively. The C,,(x,y,t,T), and C,,(x,y,t,T) are the concentrations of the

paired dopants (A) or the paired interstitials (I) or the paired vacancies (V). The diffusion model we are solving
involves 6 coupled partial differential equations of second order whose unknowns are: the electrostatic potential

@(x,y,T) and the 5 coupled concentrations: C,(x,y,t,T),C,(x,,t,T),C,(x,,¢t,T) and
C,(x,»tT),C, (x,,t,T). To illustrate the strain-dependent diffusion model we are proposing, we present
only one diffusion equation for boron dopant. This equation is given as follows:

ocC,, (g,ty, SXDNE N S

Where:
n
J,=D,C,VIn(C, n_)

i

The terms: R ,,, 1, 1, are described in our previous work (El Boukili 2019).

The term: D ,, represents the diffusion coefficient of boron ions without strain. This is the term we want to modify

to include the effects of doping induced strain on the paired diffusion of boron dopant ions. To include the effects of
strain on the paired diffusion of boron dopant, we use Arrhenius form as follows:

Dg,, =D, exp(—¢,(x,y)AE) 3)
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Where D, is the diffusion coefficient of boron dopant ions under strain. D, is the diffusion coefficient of

boron dopant ions without strain. ~ £A is the activation energy per strain. The term &, (X, ) is the total local
strain given by:

g(x,y)=¢.(x,y)+e,(x,y).
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Figure 3. Textured N-type traditional silicon solar cell.

4. Results and Discussion

4.1 Numerical and Graphical Results

The sample structure we are using to test and validate the proposed models is an N-type TFMSSCs (001), textured
with 2 identical pyramids of faces (111) as shown in Figure 4. We have tested the models for a range of implantation

doses going from 1.0e15 to 4e15 atoms per square centimeter and a range of diffusion temperatures going from 800°C
to 1100°C.

Figure 5 shows the simulated 2D contour lines of boron doping profile after diffusion with the proposed doping
induced strain model. This result is qualitatively in a good agreement with measurements and simulations found in
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literature (Ma et al. 2014). Figure 6 shows the simulated 2D contour lines of boron doping profile after diffusion
without the proposed doping induced strain model. This result is qualitatively in a good agreement with measurements
and simulations found in literature (Ma et al. 2014).

Figure 7 shows a vertical cut at x=0.5 microns of the boron dopant after diffusion with the effect of doping induced
strain when t=20mn, T=900°C, and the implantation dose is 2el5 atoms per square centimeter. Figure 8 shows a
horizontal cut at y=1 microns of the boron dopant after diffusion with the effect of the doping induced strain when
t=20mn, T=900°C, and the implantation dose is 2el15 atoms per square centimeter. We consider the boron doping
induced strain to be compressive since the boron atoms are smaller than the silicon atoms.

Figure 9 shows a vertical cut at x=0.5 microns of the boron dopant after diffusion without the effect of doping induced
strain when t=20mn, T=900°C, and the implantation dose is 2el5 atoms per square centimeter. Figure 8 shows a
horizontal cut at y=1 microns of the boron dopant after diffusion without the effect of the doping induced strain when
t=20mn, T=900°C, and the implantation dose is 2el5 atoms per square centimeter.

From Figure 9, we see that the junction depth is about 1.12 microns. However, we see from Figure 7 that the junction
depth is about 0.8 microns. This comparison explains clearly that the compressive boron doping induced strain
significantly decreases the boron junction depth. Then, the boron diffusion is clearly retarded by the compressive
strain coming from doping atoms. The efficiency of the solar cell depends strongly on the junction depth of the
dopants.

Figures 8 and 10 show a lateral cut, at y=1 microns, of the diffused boron profiles with and without doping induced
strain. From these Figures 8 and 10, we see clearly that the doping induced strain significantly affects the lateral
distribution of the boron dopant as well. It does show that the junction depth depends also on the horizontal dimension
(x). This is explained by the effects of texturing. The junction depth is smaller below the valleys between the
pyramids compared to the junction depth below the tips of the pyramids. This is a great finding from the proposed
models.

Solar Cell: SupremIV-Grid
] T

y in microns

-1.5

-2

0 0.5 1 1.5 2
X in microns

Figure 4. Sample textured solar cell with 2 pyramids using Suprem-IV meshing (Hansen et al. 1993).
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Contour lines:Diffused Boron:No Strain
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Figure 5. Simulated 2D Contour lines of Boron profile after diffusion when t=20mn, T=900°C, and no doping-
induced strain model.

Contour lines:Diffused Boron:With Strain
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Figure 6. Simulated 2D Contour lines of Boron profile after diffusion when t=20mn, T=900°C, and with doping-
induced strain model.
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Vertically Diffused Boron:With Strain

log10{boron)

. .
0 0.5 1 1.5 2
y in microns

Figure 7. Vertical cut, at x=0.5 um, of Boron profile after diffusion when t=20mn, T=900°C, and with doping-
induced strain model.
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Figure 8. Vertical cut, at x=0.5 um, of Boron profile after diffusion when t=20mn, T=900°C, and with doping-
induced strain model.

Vertically Diffused Boron:No Strain Effects

log10(boron)

0 0.5 1 1.5 2
y in microns

Figure 9. Vertical cut, at x=0.5 um , of Boron doping profile after diffusion when t=20mn, T=900°C, and without
doping-induced strain model.
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Horizontally Diffused Boron:Mo Strain Effects
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Figure 10. Horizontal cut, at y=1 um, of Boron doping profile after diffusion when t=20mn, T=900°C, and with
doping-induced strain model.

4.2 Proposed Improvements
In this study we are considering the doping induced local strain, &_(x, ), along x-direction to be uniaxial and

identical to the strain, €, (x,y) ,along y-direction at a given point (x, y) on solar cell . This means, we are taking:

&, (x,y)= g, (x,¥). In the future work we are going to consider in the proposed model (1) the difference that

may exist between the lattice constant of silicon in x and y directions. We think this idea will improve the accuracy of
the proposed model. We are also planning to improve the proposed model (1) by including the effects of the diffusion

temperatures, T, on the doping-induced strains, &, (x, y) and &, (x,y).

5.4 Validation

We have tested and validated the proposed models using different doping and diffusion parameters. We have tested
different values of implantation doses from 1e15 to 4e15 and different values of diffusion temperatures from T=800°C
to T=1100°C. The diffusion time was fixed to 20mn. The obtained results in Figures 5 to 9 have been compared and
validated qualitatively with experiments and simulations results found in the published literature for similar structures
(Ma et al. 2014). Ma et al. (2014) have studied experimentally and numerically different diffusion and oxidation
methods of boron in textured solar cells. Ma et al. (2014) did not study the effects of strain on diffusion as we are
doing in this paper. To the best of our knowledge no study has been done about the effects of doping-induced strain
on the diffusion of dopants in published literature in the areas of solar cells or even CMOS transistors.

6. Conclusion

We have shown that the junction depth of the diffused boron dopant has been reduced by about 71% under the effects
of the boron doping induced strain. Then, the diffusion of boron under this compressive strain is significantly retarded
which will impact deeply the open circuit voltage and the short circuit current of the solar cell. In the future work, we
will investigate the output power and the efficiency of silicon solar cells under doping induced strain.
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