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Abstract:- This theoretical research paper investigates
the influence of p-type and n-type carrier
concentrations in semiconductors on the efficiency of
solar panels. As solar photovoltaic (PV) technology
remains at the forefront of renewable energy solutions,
understanding the impact of carrier concentrations on
solar panel performance is critical for enhancing their
energy conversion efficiency. The paper delves into the
fundamental principles of solar cells, focusing on the
role of p-type and n-type doping in altering the
semiconductor material's electronic properties. The
effects of carrier concentration on carrier mobility,
recombination rates, and bandgap tuning are explored
to elucidate the underlying mechanisms governing solar
panel efficiency. By providing valuable insights into the
correlation between carrier concentrations and solar
panel performance, this research paper contributes to
the advancement of solar energy technologies and the
sustainable integration of photovoltaic systems into the
global energy landscape.

» Research Question

How is the efficiency of solar panels affected by the
p-type and n-type carrier concentration in
semiconductors?

I INTRODUCTION

Today’s modern world demonstrates the urgent need
to enhance the efficiency of solar panels to achieve more
cost-effective energy conversion and greater renewable
energy penetration in the global energy mix. Higher solar
cell efficiency directly translates to increased electricity
generation per unit area, reducing the overall system cost
per kilowatt-hour (kwWh). In light of global climate change
concerns and dwindling fossil fuel reserves, the effective
utilization of solar energy has become imperative in
mitigating greenhouse gas emissions and fostering
sustainable energy practices.

In solar photovoltaics, semiconductor materials such
as silicon are used to absorb photons from sunlight,
generating electron-hole pairs. These charge carriers are
then separated and driven towards the respective p-type and
n-type regions of the solar cell by the electric field present
at the p-n junction. The efficiency of this charge carrier
separation process is influenced by the concentration of
dopants in the semiconductor material.
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P-type doping involves introducing trivalent
impurities (focus: boron), into the silicon crystal lattice.
Boron atoms replace silicon atoms, creating "holes" in the
valence band, which act as positive charge carriers. On the
other hand, n-type doping incorporates pentavalent
impurities (focus: phosphorus), into the silicon lattice,
introducing excess electrons that serve as negative charge
carriers. Boron and phosphorus were chosen as optimal
dopants due to their high availability and applicability. The
optimal concentration of these p-type and n-type dopants
can significantly impact the electronic properties of the
semiconductor, affecting carrier mobility, bandgap and
recombination rates, thereby influencing the overall
efficiency of solar panels.

To comprehend the intricate relationship between p-
type and n-type carrier concentration and solar panel
efficiency, a thorough theoretical analysis will be
conducted, and existing scientific literature will be drawn
upon.

» Background Information

Semiconductors, a class of materials with intermediate
electrical conductivity between conductors and insulators,
play a vital role in solar cell operation. In pure form,
semiconductors possess a crystal lattice with a specific
number of valence electrons, enabling the formation of
covalent bonds. The addition of controlled impurities
through the process of doping creates regions with excess
or deficient electrons, thus altering the electronic properties
of the semiconductor.

The properties this paper will focus on are as follows:

e Carrier Concentration:

In a semiconductor material used for solar cells,
electrical conductivity arises from the movement of charge
carriers — electrons (negative) and holes (positive). These
carriers determine how well the material can transport
charge and thus generate electricity.

v" 1Electron Concentration (n): In n-type semiconductors,
extra electrons are introduced into the crystal structure
by adding specific dopant atoms. These extra electrons
are mobile and contribute to the material's conductivity.

v' Hole Concentration (p): In p-type semiconductors,
dopant atoms with fewer electrons than the host
material are introduced. These missing electrons create
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"holes" that can carry positive charge, effectively
behaving like positive carriers.

e Recombination Rates:

Recombination refers to the process where charge
carriers recombine and neutralize each other, reducing the
overall current output of the solar cell.2 Minimizing
recombination rates is crucial for improving solar cell
efficiency. Doping in the optimal concentration has been
shown to reduce charge carrier concentrations, leading to
fewer recombination events and thus, improved efficiency.

e Bandgap:

The bandgap is the energy difference between the
valence and conduction bands in a semiconductor material.
It determines the range of light wavelengths that the solar
cell can absorb and convert into electricity. Bandgap
altering through carrier concentration involves introducing
energy levels within the bandgap, thereby modifying the
absorption spectrum of the semiconductor. An optimally
doped bandgap enables the solar cell to efficiently capture a
broader range of photons, enhancing its overall energy
conversion efficiency.

e Open-Circuit Voltage (Voc):

The open-circuit voltage (Voc) of a solar cell refers to
the maximum voltage that the cell can generate when no
external load is connected, and no current flows through it.
In essence, it's the voltage at which the solar cell is not
producing any usable power. Voc is a crucial parameter as
it provides insights into the potential energy output of the
solar cell.

e Short-Circuit Current (Isc):

The short-circuit current (Isc) is the maximum current
that a solar cell can deliver when its terminals are short-
circuited, meaning that there's no external resistance. In this
condition, the voltage across the cell is effectively zero. Isc
is a vital parameter as it signifies the maximum current the
solar cell can generate under optimal conditions.

» Constant Parameters

Table 1 Constant Parameters

Parameter Specifics
Dopant for n-type Doping Phosphorous
Dopant for p-type Doping Boron
Semiconductor Material Silicon
Dimensions of Solar Cell 100mm x 100mm
Thickness of Dopant Layers 0.05 um
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1. REVIEW OF LITERATURE

A study published in "Progress in Photovoltaics:
Research and Applications" (2023) investigated the effect
of doping profiles on the resistivity of silicon solar cells.*
The researchers found that by controlling the temperature
and concentration of dopants, a variety of doping profiles
could be achieved, which significantly influenced the
resistivity of the solar cells. The study also highlighted the
importance of surface hydrophilicity treatment, which
improved the uniformity of the resistivity. However, the
study did not delve into the specific effects of boron and
phosphorus carrier concentrations.

In a research article in "Applied Physics Letters"
(2022), the authors conducted a computational analysis of a
high-efficiency tunnel oxide electron-selective-collection
(ESC) layer.®> The study found that a low defect-density
oxide layer with a work function of typically <3.6 eV
displayed a superior fill factor (FF) of 86%, which is
competitive with a regular heavily-doped-Si solar cell.

In conclusion, while the reviewed literature provides
valuable insights into the role of doping concentration in
the performance of solar cells, there is a need for more
specific research on the impact of boron and phosphorus
carrier concentrations on the efficiency of solar panels.

Nonetheless, the aforementioned research helps
comprehend the depth and variety of steps taken to answer
this potent question of relevance.

» Hypothesis

The efficiency of solar panels is influenced by the
concentration of p-type and n-type dopants in
semiconductors. It is proposed that there exists an optimal
doping concentration that maximizes solar cell efficiency,
and this relationship can be explained through the impact
on carrier concentrations and subsequently the open-circuit
voltage of the solar cell.

Firstly, a relationship between Voc and Carrier
Concentration must be sought out. This can be done by the
Shockley Diode Equation®, which describes the current-
voltage characteristics of a p-n junction diode. This can be
written as:

gloc

I=1 (6™ —1)forV=0

Sal

‘hitps./www._energv.cov/eere/solar/solar-photovoltaic-cell -basics

Thttps/www.sciencedirect.com/science/article/abs/pil B9 78008046978250034X
3 https:/pubs.acs.org/doi/10.1021/acs.jpclett 8602892

“https-Jonlinelibrary wilev.com/dor/10.1002/pip.1150
https-//pubs.aip.org/aip/apl/article/123/1/011902/2901375/
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Where:

I is the current through the diode

sat s the reverse saturation current

g is the elementary charge (1.602 x 107*® C) Voc is the
open-circuit voltage across the diode n is the ideality factor

k is Boltzmann's constant (8.617 x 10°eV/K)
T is the temperature in Kelvin

Next, we formulate an efficiency equation based on
doping concentration using the previously attained values

and equations.

The efficiency (n) of a solar cell is given by’:

1 ===l 100

Pin)
Where:
Pwmax is the maximum power output of the solar cell
Pin is the incident power (sunlight) onto the solar cell
The maximum power output (Pwmax)® can be expressed as:
PMax = ISC * VMax
Where:
Isc is the short-circuit current
Vmax is the voltage at maximum power point

Substituting the values of Isc and Vmax in terms of
carrier concentration using the Shockley diode equation:

lsc=qA(D, n, + D, p,) -

Isc

+ 1}]

. kT
Vi = o In(;
Where:

A is the area of the solar cell

D, and D, are the diffusion constants for electrons (n) and
holes (p)
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np and p, are the electron and hole concentrations (carrier
concentrations)

W is the width of the depletion region

L is the length of the solar cell

Therefore, combining these equations to ascertain the
maximum power output of the solar cell, the following
equation is attained:
kT (In ( I

5C
q I'sat

Py = gA(D, 1, + D, p,) =% + 1]

Lastly, the above equation must be substituted in the
equation for the efficiency (n) of a solar cell to establish the
final relationship between efficiency and carrier
concentration. This results in:

gA(Dnnp + Dp pr) 4= % 20 (=41

N Pl = 100

However, there is a limitation for this equation, as it is
based on ideal conditions and does not account for factors
such as recombination losses. Thus, a graphical
representation of the same would be more accurate.

The relationship between solar cell efficiency and
doping concentration leads to a distinct graphical curve.
This curve illustrates how changes in carrier concentration
impact the efficiency of the solar cell. The curve can be
modeled through 5 steps:

e Initial Rise in Efficiency

The increase carrier concentrations increase charge
transport,® resulting in a higher short-circuit current (lsc)
and a higher maximum power output (Pmax). As a result, the
efficiency tends to rise initially with increasing dopant
concentration.

e Approaching Optimal Concentration

The efficiency curve reaches a point where it begins to
flatten. This signifies that the benefits of increased doping
concentration are beginning to diminish. While higher
doping concentrations lead to greater carrier concentrations
and, thus, higher currents, other factors come into play.

e Optimal Point

The optimal point represents the point on the curve
where the carrier concentration maximizes the solar cell’s
efficiency.

*https-/eng libretexts.org/BookshelvesMaterials Science/Supplemental Modules {Materials Science)/Solar

Basics/D. P-N Junction Diodes/3%3A Ideal Diode Equation

"https://sinovoltaics.com/leaming-center/solar-cells/efficiencv-of-solar-cells/

*hitps:/www pveducation.org/pvedrom/voltage-at-the-maximum-power-point-vimp

*hitps:/www.sciencedirect.com/topics/engineering carrier-concentration
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e Diminishing Phase

At a certain carrier concentration, the efficiency
reaches its peak. Further increasing the carrier
concentration does not lead to a proportional increase in
efficiency due to the rising impact of recombination losses.
Recombination losses occur when electrons and holes
recombine, neutralizing their charges and reducing the
cell's output current. This effect counteracts the benefits of
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o Efficiency Decline

If carrier concentration continues to increase beyond
the optimal point, the curve might show a decline in
efficiency. Excessive doping can lead to a higher density of
defects or impurities in the material, introducing further
losses and reducing the cell's efficiency.

» Theoretical Experiment Set-up

higher carrier concentrations, limiting the overall
efficiency.
Proton beam from
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Bend 1 y Bends 2 &3
(Bending __ (Bending
manget) I magnets)

Collimators

Cherenkovs

Tungsten

Solar cell Video Qutput Cord

]

1
I
1
I
1
I

Monochromators

CCD Camera &
(Detector)
Fig 1 Diagrammatic Representation of our Experiment Set-up
To perform this experiment, a 24 GeV/c proton beam 1. CONCLUSION

from a Synchrotron would be optimal. As the radiation
reaches the production target, a secondary beam (electron
beam) will be emitted. This beam passes through the bends
and a pair of collimators. The bends host the bending
magnets that control the particles’ momentum and direct
them through the Cherenkovs 1 and 2 to meet with the
experimental area.

Here, the radiation passes through a tungsten target,
where high-speed electrons are converted into X-rays
(bremsstrahlung radiation).’® The monochromators then
focus polychromatic radiation into a range of individual
wavelengths, specifically X-ray radiation. These X-rays
then pass through the solar cell.

In conclusion, this theoretical research paper has
delved into the critical relationship between the efficiency
of solar panels and the p-type and n-type -carrier
concentration in semiconductor materials. The analysis of
existing literature highlights the profound impact of carrier
concentration on various parameters that govern solar cell
performance.

The review of literature demonstrated that an optimal
carrier concentration is essential to maximize the efficiency
of solar panels. It delineated that there is a lack of research
on the topic discussed, nonetheless, commends the steps
that have been taken.

Whttps:/www sciencedirect com/science/article/abs/pii/B9780323084936000014

IJISRT23SEP844

WWW.ijisrt.com 686


http://www.ijisrt.com/

Volume 8, Issue 9, September — 2023

Further, it is hypothesized that optimally concentrated
doping levels in both p-type and n-type regions enhance
carrier mobility, facilitating the efficient transportation of
charge carriers within the semiconductor material. This, in
turn, leads to increased current output and improved energy
conversion efficiency. However, excessive doping can
result in higher scattering rates and recombination events,
which counteract the potential benefits of increased carrier
concentration. Achieving a delicate balance in carrier
concentration is, therefore, crucial to minimizing
recombination losses and maximizing solar panel
performance.

By gaining a deeper understanding of the intricate
relationship between carrier concentration and solar cell
performance, researchers and engineers can develop novel
strategies to maximize the efficiency of solar panels and
accelerate the transition to a sustainable and renewable
energy future. As global efforts intensify to combat climate
change and reduce greenhouse gas emissions, harnessing
the full potential of solar energy through efficient solar
panels becomes ever more crucial in shaping a cleaner and
greener tomorrow.
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