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Abstract— The total electricity demand of the whole earth,
can be theoretically satisfied by harnessing the unlimited
photon energy of the alpha source, the sun. Absorbing the
solar power in a full efficient way is still on progress, due to the
limitation of our solar cell technology. On commercial aspects,
it is also promising but not up to the mark. Recent high
efficient solar cell still leaves more space to improve the cell
efficiency. On these circumstances, the use of Graphene, Multi-
Junction Cells and Quantum Dot Cells will be helpful to
increase the rate of recent research flow. This paper visualizes
GaAs, InP, CdTe and Graphene implementations on four
proposed basic models, which have showed a positive impact to
overcome the losses and SQ limits. These models also postulate
the maximization of the solar cell efficiency, omitting the
corresponding losses along with maintaining the inter-junction
relation suitably.

Keywords— Solar Cell Efficiency, Multi-Junction, Quantum
Dot Cell, Cell Efficiency Improvement, Graphene, Loss Analysis,
Absorptivity, Transparency, Voltage Loss, Fill Factor Loss,
Optical Loss, Electrical Loss, Low Energy Photon, Excess
Energy Photon, Sub-Band Gap, Recombination Loss, Resistive
Loss, Encapsulation, MPPT.

1. INTRODUCTION

Among the other available renewable sources, Solar
energy is the most unlimited energy. According to the US
Department of Energy, the amount of power from the sun in
a single hour that strikes the Earth is more than the entire
world consumes in a year. Each hour 430 quintillion Joules
of energy from the sun hits the Earth. In comparison, the
total amount of energy that all humans use in a year is 410
quintillion Joules. To be noted that, 430 Exajoules (EJ) is
equal to 119444444 GWh and 410 EJ is equal to 113888888
GWh. The MIT Physics Professor Washington Taylor
explained that a total of 173,000 terawatts (trillions of watts)
of solar energy strikes the earth continuously. That is more
than 10,000 times the world's total energy use. And that
energy is completely renewable until the sun’s Lifetime. It is
still acceptable that, this Energy source has still 5 billion
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more years to be utilized. However, fully harnessing the total
amount of energy which hits per square feet of the earth, is a
great challenge over material, efficiency, cost, technology.
But at any cost to also maintain a clean environment for the
future, making the solar cell efficiency higher in every aspect,
should be the main concern.

Usually, Mono-crystalline cell is around 20% efficient
commercially. It is usually shaped as single hexagonal size
for scaling criteria. But theoretically it achieved around 29%
efficiency. Amorphous thin film is 10% efficient and it is
good for its transparency along with low cost. Poly-
crystalline is around 15% efficient at lower cost category.
Considering the space congestion this type of cell is designed
in square shape. Reaching 16.5% efficiency, CdTe thin film
cell is popular for its lower expense and large number of
array deployment facility [1]. CdInGa Selenide thin film cell
is around 20% efficient.

Hybrid Solar Cell with Perovskite has the efficiency
range around 29% to 32% [2]. GaAs Multi-Junction Cell,
having maximum 42.4% efficiency is used for expensive
commercial purpose [3-5]. Adjusting doping level and the
size of emitter-base layers, the efficiency of multi-junction
cell can be improved [6-7].

Solar cell is not achieving around 100% efficiency due to
several loss factors [8-9]. Depending on some criteria, power
loss analysis has been done to avoid this efficiency loss.
Maximum Power Point Tracking (MPPT) System cannot be
achieved for numerous reasons. We cannot choose randomly
a material with a lower band gap. Because, the band gap also
determines the strength (voltage) of electric field [10]. And if
it is too low, then we can gain some extra current (by
absorbing more photons). But on the other hand, we will be
introduced to a small voltage also.

Energy conversion phenomena is also needed to be taken
care of. Because few times after energy conversion, electron
charge travels to a side and also to load area. In the
meantime, these flows sometimes get resistive behavior due
to lack of space shortage in the path of charge flow. For this,
access charge gets trapped and create temperature rise in the
system [11].

High generation of electron and hole pair, rises the
congestion of charge carriers. As a result, the conversion
efficiency reduces rapidly. The analysis for charge carrier
separation [14], dynamics, efficiency and stability should be
taken care of, while designing solar cells [11].

In solar cell, temperature gets a high rise due to the sun
radiation. To reduce this heat, cavity base high pressurized
air was introduced [12]. Water cooling made this step much
easier but due to less boiling point level of water, water
become non-suitable to transfer the heat from the cell.
Accessing several heat transfer systems, some got little bit of
efficient. From the analysis, a highly heat transfer system
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should be introduced to carry the heat from the cell and sink
it to the air or other source.

Since Graphene can be engineered as slight super-
conductor and can be materialized for transparency, it can be
used in this case to full fill the desire of encapsulation layer,
heat transfer layer and electrode layer [13].

Band gap has a direct relation to the solar energy harness.
Suppose, a solar cell is designed with silicon having 1.12eV
bandgap. That means from 0.38 um to 1.11 um wavelength’s
photon are usable for the cell to convert it to electron-hole
pair [15]; but other photons (1.12 pm to 2.5 um) are wasted
for the cell. This happens because, for 1.12 eV band gapped
material, photons with wavelengths longer than 1.11 pm
have less energy than the band-gap energy of silicon (1.12
eV) and photons with wavelengths shorter than 1.11 pm
have more than enough energy to excite an electron.

Graphene has a unique set of properties which set it apart
from other materials. In proportion to its thickness, it is
about 100 times stronger than the strongest steel. It conducts
heat and electricity very efficiently and is nearly transparent.
Researchers have identified the bipolar transistor effect,
ballistic transport of charges and large quantum oscillations
in the material [16]. Graphene’s reduced band gap (nearly
zero) makes graphene a wonderful candidate to use in PV
cells. It can absorb photons with energy at every frequency.
Photons of different frequencies of light are converted to
electrons with matching energy levels. A material with a
band gap can't convert wavelengths of light that correspond
to the forbidden energy states of the electrons. Almost zero
band gap means every wavelength is penetrable into the cell.

Non-covalent functionalized CVD-grown graphene
shows a good conductivity and can have up to 0.55 V open
circuit voltage, a fill factor of 55% and a PCE of 1.71%. The
flexibility of graphene allows the solar cell to bend up to 78°
more than pure ITO electrodes [17-18]. Moreover, Doped
Graphene Solar Cell [19], QD Graphene Solar Cell,
Graphene Tandem Solar Cell, Graphene Bulk-
Heterojunction Solar Cell [20], Graphene Schottky GaAs
Solar Cell [21] [5], created an addition to advance research
on efficient solar cell technology [22].

II. PROPOSED IMPROVISED SOLAR CELL

Taking the possible loss facts, improvisation of solar cell
can be done both theoretically and practically [23-26].
Taking a model as reference, makes the path easier for
improvisation. Here, a 2D model of GaAs was the reference.
From that model an improvised solar cell are proposed
considering several phenomena which will be easier for
future commercialization of power generation. These models
can be useful for future multi-junction coupled solar cell.

A. Existing Simple GaAs Model:

The reference base model is a GaAs 2D model where,
moderate p-n doping and high p+ or n+ doping was created.
Based on the model other combination of PV cell are done
(such as - multi-junction solar cell). Silicon based solar cell
is also leading the edge of efficiency but other models will
be helpful to get sandwiched for future multi-junction solar
cell.
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Fig. 1: Reference GaAs Solar Cell Basic Model

B. Proposed Graphene-GaAs-Graphene 2D model.:

As Graphene has advantage along with GaAs in Solar
Cell, a first try of the model has been made to test the
variation. Due to Graphene’s electron super-conductivity and
transparency, it is placed on the top. And for its thermal
conductivity and all solar spectrum absorption quality, it is
placed on the last layer also. In the middle GaAs is placed
due to its direct bandgap and crystal structure it is considered
as the main doped layer of the cell [27-28].
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Fig. 2: Proposed Graphene-GaAs-Graphene 2D Model

C. Proposed Graphene-CdTe-GaAs-InP 2D model:

This model is the variation of some suitable material
designable for Solar Cell. This basic model has been treated
like multi-junction but assembled like union form. The
material order from top to bottom layer is Graphene, CdTe,
GaAs, InP consecutively.
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Fig. 3: Proposed Graphene-CdTe-GaAs-InP 2D Model.
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Fig. 4: 3D version of Proposed Graphene-CdTe-GaAs-InP model.
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D. Proposed CdTe-GaAs-InP-Graphene 2D model:

This model is similar to the previous one but the layer

size has difference and the Graphene is layered as the last
layer of the Cell to test the phenomena. This basic model is
treated like multi-junction but assembled like union form.
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Fig. 5: Proposed CdTe-GaAs-InP-Graphene 2D Model.

The material order from top to bottom layer is CdTe,
GaAs, InP, Graphene consecutively. The last two layers are
doubled from the first two layers.

III. SIMULATED RESULTS AND ANALYSIS

Every proposed model is tested in different simulation
environment. With the best fitted environment, results are
being plotted. Somehow, more simulation environment can
be approached on these models to make it even more
efficient.

Semiconductor and electromagnetic wave physics have
been chosen for the model. To couple the physics, a software
built-in coupler theory “Semiconductor - Electromagnetic
Wave Coupler” is attached to the model. Mesh has been
prepared for that.

A. Existing Simple GaAs 2D Model:

The existing model is changed a little bit and the output
has been balanced.
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Fig. 6: Energy band diagram for GaAs cell

B. Proposed Graphene-GaAs-Graphene 2D Model:

This model is simulated in a union form. For which the
three layers are combined into one layer. That means, it will
behave like a compound material layer. As a result,
Graphene-GaAs-Graphene, the energy level diagram comes
as follows. On the zero region, the electron fermi-level and
hole fermi-level have been detected. One the positive side
0.10 Conduction band has been detected and valence band
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have been detected on the negative 0.16 level. For which the
total band gap between conduction and valence band seems
0.26 eV.

Energy level diagram
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Fig. 7: Energy band diagram for Graphene-GaAs-Graphene cell.

The band-gap, E, for silicon is 1.12 eV, which means an
electron needs to acquire that much energy to free itself from
the electrostatic force that ties it to its own nucleus (to jump
into the conduction band). For photovoltaics, the energy
source is photon of electromagnetic energy from the sun.
When a photon with more than 1.12 eV of energy is
absorbed by a solar cell, a single electron may jump to the
conduction band. Thus, photons with enough energy create
hole-electron pairs in a semiconductor.

For Silicon with 1.12 eV band gap; photons with
wavelengths longer than 1.11 um have less energy than the
band-gap energy of silicon (1.12 eV), so all their energy is
wasted as heat within the cell.

But for this model, as it is entirely 0.26 eV in band gap,
so only 0.26 eV or 260 meV is needed to create the electron-
hole pair on the PV cell. That means, up to 4.77 um
wavelength of the spectrum can be absorbed. According to
solar spectrum, 2.5 pum is the highest wavelength for photon
energy. That means all the photon of solar spectrum can be
absorbed.
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Fig. 9: Bandgap energy VS V,, for usual solar cell [29].
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From this graph, we can see the V. is so less for 0.26 eV.

If this 0.5 Volt is needed to make higher than we can use an
external voltage just to initialize it and always connect the
solar cell in series. Though the voltage is getting lesser for
the model’s band gap (0.26e V), it can be overcome by
wiring the solar cell in series for the panel, which will
increase the voltage level. It is like same current with
additive voltage value. And for the extra charge solution, as
the PV charge controller is getting smarter in manufacturing,
we can store the extra charge to battery.

In the best possible case, the QFL (Quasi-Fermi Level)
splitting is equal to the external voltage (in reality, it may be
larger than the external voltage). Normally, this is true
because, to get a net flow of photo-generated electrons into
the cathode lead, the electron QFL has to tilt downward
towards the cathode lead, and likewise to get a net flow of
photogenerated holes into the anode lead, the hole QFL has
to tilt upwards towards the cathode lead. However, in a
tandem cell, the QFLs repeatedly split apart and come back
together, such that the external voltage can be much greater
than the QFL splitting at any given point.

50 efficiency limit as a function of b

Max efficiency (%)
E B M B

w

05 LD 15 20 25 3n
Bandpap energy (eV)

Fig. 10: Bandgap energy VS SQ Max-n Limit, for usual solar cell [29].

According to Shockley—Queisser limit, 1.2 eV to 1.6eV

Band-gapped solar cell can achieve higher efficiency (~34%).

But as few things are taken on account then, it will not be the
limit at all to SQ limit as the SQ theory. Those are —

Table 1 Model-B Advantage, Over SQ Limit

Challenges Over SQ Limit and other

o Solution on the model
Limit

More photons means more Electron-

C. Proposed Graphene-CdTe-GaAs-InP 2D Model:

This model is simulated in a union form. For which, the
four layers are combined together. As a result, Graphene-
CdTe-GaAs-InP layer’s energy level diagram comes as
follows. On the zero region, the Electron Fermi level and
Hole Fermi Level was detected. One the positive 1.2 eV side,
Conduction band has been detected and Valence band has
been detected on the negative 0.2 level. For which the total
band gap between conduction and valence band seems 1.42
eVvV.
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Fig. 11: Energy band diagram for Graphene-CdTe-GaAs-InP cell.

For this model, it is entirely 1.42 eV in band gap, so only
1.42 eV is needed to create the electron-hole pair on the PV
cell. That means, up to 874 nm or 0.87 um wavelength of the
spectrum can be absorbed.

According to Solar Spectrum, 2.5 pm is the highest
wavelength for photon energy. That means 23.8 %
wavelength of solar spectrum can be absorbed. But from the
fig. 8, around 50% of the photon of solar spectrum is
incident for 1.42 eV band gap. And it will have an acceptable
Vo as per fig. 9 plot.

Moreover, from the fig. 10, the maximum efficiency will
be 34% in SQ Limit, Which will be more efficient over
recent commercial solar cell because, this model has solution
to overcome SQ Limit. The solutions are-

Table 2 Model-C Advantage, Over SQ and Other Limit

hole pair generation. Extracting the
flow of electron as quick as Possible is
a major drawback for the cell,
efficiency will reduce if not wept away.

Graphene (as superconductor)
has been used on the cathode
side for Electron transportation.

Challenges Over SQ Limit and
other Limit

Solution on the model

Due to excess photon than assumption,
the PV cell will be heated up. This heat
will change the device configuration
and will increase the recombination rate
of the pairs.

Graphene (as thermal conductor
has been used to allow the heat
passes away to other place.

[SQ-L] More Electron-hole pair
generation VS high recombination
Problem.

Graphene (as superconductor) has
been used on the cathode side for
Electron transportation.

Photons frequency get lower when it is
of higher Wavelength. For this reason,
the wave may get trap at the middle.

GaAs is placed in between
Graphene to  divide the
conversion rate into top layer
and bottom layer so that no trap
creates an unbalance situation

Due to non-absorption of 50%
photon, heat will be generated. The
PV cell will be heated up. This heat
will change the device configuration
and increase the recombination rate
of the pairs.

Graphene (as thermal conductor)
has been used to allow the heat
away to other place.

[SQ-L] Responding the Excitons to
be converted into electron-hole pair
more.

QD  CdTe  application  and
Graphene’s Electron Transportation
will be helpful.

As solar spectrum exists from 350 nm
to 2.5 um, Light needs to be confined
within the area. An area with 3 pm will
absorb the incoming photon.

The cell size is limited to 3 pm.
For this area, The photon will
enter the cell from graphene
layer and the rest process will be
the conversion process.

Conversion Efficiency and Weight

GaAs is placed in between
Graphene to divide the conversion
rate into top layer and bottom layer
so that no trap creates an unbalance
situation.
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Solar spectrum exists from 350 nm
to 2.5 pm. The depth of the solar
cell will be as the wavelength size to
confine the incident light. The cell
depth for the model should be
atleast 0.87 um to absorb the
incoming photon.

The cell size is limited to 4 um. For
this area, The photon will enter the
cell from graphene layer and the rest
process will be the conversion
process. And the internal reflection
will be done by InP. The photon
will be dense on the mid cell region.

Table 3 Model-D Advantage, Over SQ and Other Limit

Challenges Over SQ Limit and
other Limit

Solution on the model

D. Proposed CdTe-GaAs-InP-Graphene 2D Model:

This model is simulated in an assembly form. As a result,
CdTe-GaAs-InP-Graphene layers will be different. But
somehow there is a whole energy level diagram for the
model which shows best output as negative energy level
have some significant meaning in some high efficiency solar
cell result [6]. On the negative 5.5 eV region, the electron
fermi level and hole fermi level have been detected. One the
negative 4.85eV side, Conduction band has been detected
and Valence band has been detected on the negative 6.48
level. For which the total band gap between conduction and
valence band seems 1.63 eV.
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Fig. 12: Energy band diagram for CdTe-GaAs-InP-Graphene cell.

For this model, it is entirely 1.63 eV in band gap, 1.63 eV
is needed to create the electron-hole pair on the PV cell. But
as the layer is in assembly mode, the cell accommodates four
types of original bandgap material. And the bandgaps are
1.5 eV, 1424 eV, 1.34 eV and 0.250 eV from top layer
consecutively.

That means, on 1st layer (CdTe) 827 nm or 0.827 pm; on
2nd layer (GaAs) 871 nm or 0.871 um; on 3rd layer (InP)
925 nm or 0.925 um; on last layer (Graphene) 4.96 pum
(highest 2.5 um, according to solar spectrum) wavelength of
the spectrum can be absorbed.

According to Solar Spectrum, 0.360 pm to 2.5 pm is the
highest wavelength for photon energy. Here, from 1st to 3rd
Layer 0.360 pm to 0.925 pum, (26.4 % wavelength of solar
spectrum); and on last layer of Graphene, up to 2.5 pm; (rest
73.6% wavelength of solar spectrum), can be absorbed. That
means almost all the wavelength will be absorbed in this
hybrid band gapped cell. But from the fig. 8, around 80% of
the photon of solar spectrum is incident for the model. And it
will have an acceptable V. as per fig. 9 plot.

Moreover, from the fig. 10, the maximum efficiency will
be highest in SQ Limit, Which will be more efficient over
recent commercial solar cell because, this model also has
solution to overcome SQ Limit. The solutions are-

AJSE Volume: 19, Issue: 1, Page 1 -6

[SQ-L] More Electron-hole pair
generation VS high recombination
Problem.

Graphene (as superconductor) will
be used used on the cathode side for
Electron transportation.

[SQ-L] Responding the Excitons to
be converted into electron-hole pair
more.

QD  CdTe  application and
Graphene’s Electron Transportion
will be helpful.

Conversion Efficiency and Weight

QD CdTe, GaAs, InP and Graphene
has been used to balance the
conversion efficiency

Solar spectrum exists from 360 nm
to 2.5 pm. The depth of the solar
cell will be as the wavelength size to
confine the incident Light. The cell
depth for the model should be
atleast 3 pm to absorb the incoming
photon.

The cell size is limited to 1 pm for
CdTe and GaAs as its incident light.
And for InP and Graphene 2 um
each is allocated. For this sizing,
The corresponding photon will enter
the cell from each of the layer and
the rest process will be the
conversion process.

[SQ-L] More photons means more
Electron-hole  pair  generation.
Extracting the flow of electron as
quick as Possible is a major
drawback for the cell, efficiency
will reduce if not wept away.

In practical representation Graphene
(as superconductor) will be used on
the cathode side for Electron
transportation.

[SQ-L] Due to excess photon, the
PV cell maybe be heated up. This
heat will change the device
configuration and will increase the
recombination rate of the pairs.

Graphene (as thermal conductor has
been used at the bottom to allow the
heat passes away to other place.

[SQ-L] Removing the hot electron
from band edges during generation.

GaAs is used to subdue it by the
help of  graphene electron
transportation

Photons frequency get lower when it
is of higher Wavelength. For this
reason, the wave may get trap at the
middle.

GaAs and InP is placed before
Graphene to divide the conversion
rate before bottom layer so that no
trap creates an unbalance situation

IV. CONCLUSION

Four efficient solar cell models are proposed with proper
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simulation, on the basis of possible solution facts. According
to the simulation results, the energy level diagram seems
good, as it should be on the high-efficient solar cells [6]. If
these solar cells contain no optical loss with radiative
recombination, it can still reach to 85% efficiency [30]. But
the proposed model will cross the barrier over 95%. The
application of Graphene ensures it. These proposed four
basic models will be the gateway of future high-efficient
solar cell with the possibility of 85% to 95% overall
efficiency. The usage of Graphene (for heat and electron
conduction, along with internal photon conversion activity)
and CdTe (for Quantum Dot purpose) with GaAs and InP
will create a revolution on these models.
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